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ARTICLE INFO ABSTRACT

Keywords: 21@22.2-3 deletion is the most common copy number alteration in prostate cancer (PCa). The genomic rear-
Prostate. rangement results in the androgen-dependent de novo expression of ETS-related gene (ERG) in prostate cancer
Organoids cells, a condition promoting tumor progression to advanced stages of the disease.

S\ﬁg Interestingly, ERG expression characterizes 5-30% of tumor precursor lesions — High Grade Prostatic Intra-
Nkx3.1 epithelial Neoplasia (HGPIN) - where its role remains unclear.

Egf Here, by combining organoids technology with Click-chemistry coupled Mass Spectrometry, we demonstrate a
prominent role of ERG in remodeling the protein secretome of prostate progenitors. Functionally, by lowering
autocrine Wnt-4 signaling, ERG represses canonical Wnt pathway in prostate progenitors, and, in turn, promotes
the accumulation of DNA double strand breaks via Gsk3p-dependent degradation of the tumor suppressor
Nkx3.1. On the other hand, by shaping extracellular paracrine signals, ERG strengthens the pro-oxidative
transcriptional signature of inflammatory macrophages, which we demonstrate to infiltrate pre-malignant
ERG positive prostate lesions.

These findings highlight previously unrecognized functions of ERG in undermining adult prostate progenitor
niche through cell autonomous and non-autonomous mechanisms. Overall, by supporting the survival and
proliferation of prostate progenitors in the absence of growth stimuli and promoting the accumulation of DNA
damage through destabilization of Nkx3.1, ERG could orchestrate the prelude to neoplastic transformation.
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1. Introduction

Prostate Cancer (PCa) is one of the most commonly diagnosed cancer
in men [1]. In addition to aging, other risk factors are ethnicity (African
American > Caucasian > Asian), family history (hereditary gene mu-
tations of BRCA2), and lifestyle [2-5].

PCa is a slow-growing tumor commonly considered the natural
progression of proliferative lesions characterized by clusters of cells
invading the lumen of the prostatic ducts and accompanied by a reduced
integrity of the basal epithelial compartment, namely High-Grade
Prostatic Intra-epithelial Neoplasia (HGPIN) [6-8].

Among the molecular alterations described in PCa, unquestionably
Ets-related gene (ERG) expression is the one with the highest incidence
[9-11]. ERG is a member of the ETS-family of transcription factors,
which is expressed in several tissues and involved in many different
processes from cell proliferation and angiogenesis to cell differentiation
and apoptosis [12,13].

The most common genomic rearrangement of ERG gene in prostate
cells is a microdeletion in the q22 region of chromosome 21, which fuses
exon 1 of the AR-responsive Transmembrane Serine Protease 2 (TMPRSS2)
gene with exon 4 of ERG gene [14]. Since TMRPSS2 Ex1 covers the
promoter and 5'UTR region of the gene, the outcome of TMPRSS2-ERG
fusion is not a chimeric protein but the de-novo AR-driven expression of a
delta-40 amino-terminal truncated isoform of ERG in prostate epithe-
lium [15-17]. TMPRSS2-ERG rearrangement is considered a very early
event during prostate tumorigenesis and it is commonly identified in
5-30% of HGPIN prostate lesions [17-22]. However, several in vivo
studies exploiting Genetically Engineered Mouse Models (GEMM) show
that the expression of ERG in mouse prostate can, at most, induce benign
lesions in the prostatic epithelium, but never malignant cell trans-
formation and PCa [7,16,23-25]. These findings are further strength-
ened by the inability of ERG to trigger cell transformation in
immortalized human prostate cell lines [23-26].

Even if the oncogenic role(s) of ERG in PCa have been functionally
associated with invasive and metastatic tumor progression, the presence
of genomic rearrangements driving ERG expression in 5-30% of HGPIN
prostate lesions is at least counterintuitive and suggests possible critical
role(s) of ERG in the very early stages of prostate tumorigenesis.

Here, by combining organoids technology and Click-chemistry
approach coupled to Mass Spectrometry analyses, we demonstrate that
ERG expression in prostate progenitors is functional to compromise
normal prostate epithelium homeostasis, and characterize an ERG-
dependent signature of secreted proteins with potential autocrine and
paracrine roles in the generation of permissive conditions for tumor
onset.

2. Material and Methods
2.1. Mouse husbandry and care

Wild-type C57BL/6J (JAX # 000664) mice were purchased from The
Jackson Laboratory. Mice were housed in a certified Animal Facility in
accordance with FELASA guidelines and recommendations, and were in
compliance with the Directive 2010/63/UE and its Italian transposition
D. L.vo 26/2014. All animal experiments were performed according to
the European Communities Council Directive (2010/63/EU) and
approved by the Italian Ministry of Health and the University of Trento
Animal Welfare Committee (642/2017-PR) as conforming to the rele-
vant regulatory standards.

2.2. Mouse prostate organoid cultures

Mouse prostate organoids (mPrOs) were generated from prostate
glands collected from adult (6-12 months year-old) C57BL/6J wild-type
males. Generation and establishment of mPrOs cultures were achieved
as previously described [27-29]. Briefly, single cells or small clumps of
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cells were embedded in growth factor reduced Matrigel® (Corning,
356231) or BME-2® (AMSBIO, 3533) and plated as a 40 pl dome
(1000-2000 cells/dome) in a 12-well cell culture plate (3 domes/well).
Matrix domes were left to solidify and covered with ENRAD medium
including: 50 ng/ml Egf (PeproTech, 315-09), 100 ng/ml Noggin
(PeproTech 120-10C), 10% R-Spondinl (conditioned medium), 200 nM
A83-01 (Tocris, 2393) and 10 nM Dihydrotestosterone (DHT, Merck,
10300). Additionally, the medium was supplemented with 10 pM
Y-27632 (Calbiochem, 146986-50-7; for 24-48 h after seeding) and with
10 nM ATRA (Merck R2625). Organoids were cultured in a standard
tissue culture incubator. Medium was changed every 2-3 days and
mPrOs growth was followed by stereoscopic analysis (Leica MZ16F).
Organoids were passed once a week by recovering cells using 1 mg/ml
Dispase II (ThermoFisher Sci.) and TrypLE (ThermoFisher Sci.), and
mechanically dissociating into single cells or small clumps before
replating/reseeding.

2.3. Generation of retroviral vectors and transduction of mPrOs

The retroviral vector pTGMP-ERGy40 inducible for the expression of
ERG was generated as previously described [26]. To produce retroviral
particles, half-confluent HEK-293T cells in antibiotic-free DMEM me-
dium were transfected with 10 pg of pTGMP-ERGy40, 2.5 pg of the en-
velope pHDM-VSVG plasmid and 7.5 pg of the packaging
pRetro-Gag-Pol plasmid supplemented with 50 pl of polyethylenimine
(PEIL, Sigma). Eight hours after transfection the medium was replaced
with low FBS (3-5%) complete medium and, after 48 h, the supernatant
was collected, filtrated, quantified [30] and, finally, stored at —80 °C.
Stable mPrOs inducible for the expression of ERG were generated as
described below. mPrOs cultures were mechanically dissociated into
single cells and counted. The transduction was performed by spinocu-
lation, mixing 2-3 x 10° cells, retroviral particles (0.3 RTU/reaction) and
4 pug/ml polybrene (Sigma, H9268) in a low adhesion 96-well plate. The
sample was centrifuged for 1 h at 600 g. Cells were then gently resus-
pend, collected into a tube, and further incubated for 4-6 h at 37 °C.
After this time, cells were pelleted and seeded as usual. Positive selection
started 48 h after transduction adding 1 pg/mL puromycin (InvivoGen)
to the medium and maintained for 2 weeks. The inducible expression of
ERG was stimulated adding 1 pg/ml doxycycline (Sigma Aldrich) to the
medium for at least 96 h. Stable mPrOs were tested and authenticated by
Western blot and RT-qPCR for specific expression of ERG and its activity
on known ERG-targeted genes [24,25].

2.4. Cell lines

RWPE-1 (#CRL-11609), LNCaP Fast Growing Clone (#CRL-1740)
and VCaP (#CRL-2876) cell lines were purchased from the American
Type Culture Collection (ATCC). LNCaP and 22Rv1 prostate cancer cell
lines with inducible expression of ERG were generated in the Demi-
chelis’ laboratory with a vector kindly provided by David Rickman. Cells
were cultured in a humidified incubator at 37 °C and 5% CO- and
maintained according to manufacturer’s instructions.

2.5. Quantitative RT-qPCR and end-point PCR

To collect RNA from mPrOs, 3 domes (1200-1500 cells/dome) were
processed for each analyzed condition. The samples were mechanically
dissociated with Dispase II, collected in a tube, incubated at 37 °C for 5
min, washed with 0.1% BSA in PBS and centrifuged (300 g, 5 min)
before resuspending the cell pellet in the provided lysis buffer. RNA was
extracted using the RNeasy Plus Micro kit (Qiagen, 74034) following the
manufacturer’s protocol. The concentration of the RNA was evaluated
with a NanoDrop™ 2000c spectrophotometer (ThermoFisher Sci) while
RNA quality was controlled via gel electrophoresis. Subsequently, RNA
was retrotranscribed into ¢cDNA using iScript™ cDNA synthesis Kit
(Biorad, 1708891) according to the manufacturer’s protocol.
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Quantitative gene expression analysis was achieved through RT-
gPCR exploiting the qPCRBIO SyGreen Mix (PCRBiosystems, PB20.14-
05), according to the manufacturer instructions. Reaction mixes were
prepared in final volumes of 10 pl, including 10 ng of cDNAs and gene-
specific primers used at a final concentration of 200 nM. The experi-
ments were performed in three or more technical replicates using the
CFX96 qPCR thermocycler (BioRad) following standard protocols. Re-
sults were processed using the BioRad CFX Manager software (V. 3.1),
while gene expression and statistical analysis were performed through
GraphPad PRISM (V. 6.01).

End-point PCR amplification was carried out using Phusion Univer-
sal qPCR Kit (Life Tech, F566L), analyzing 50-100 ng of DNA on a C1000
Touch thermal cycler (Biorad). PCR products were loaded on agarose
gels and separated by standard gel electrophoresis. DNA gels were
imaged with an UV scanner (UVITEC). RT-qPCR and End-point PCR
analyses were performed with at least 3 independent biological repli-
cates, unless stated in the figure legend; representative data are shown.
Primers are reported in Supplementary Table S1.

2.6. Subcellular fractionation and Western blotting

Organoids, usually collected from 6 domes (1200-1500 cells/dome),
were washed in ice-cold PBS twice, pelleted and lysed for 30 min at 4 °C
with RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1% Triton X-
100, 1% sodium deoxycholate, 1% NP-40) supplemented with protease
(Halt™ protease inhibitor cocktail, Life Tech, 87786) and phosphatase
inhibitors (Phosphatase-Inhibitor-Mix II solution, Serva, 3905501). Cell
fractionation was performed using NE-PER Nuclear and Cytoplasmic
Extraction Kit (Life Tech, 78833) according to the manufacturer’s in-
structions. Protein concentrations were quantified via BCA assay
(Pierce™ BCA protein Assay Kit, ThermoFisher Sci. 23225). Lysates
were resolved by SDS/PAGE and transferred to PVDF membrane
(Amersham™ Hybond™, Fisher Scientific) using a wet electroblotting
system (BioRad). The membranes were blocked with 5% non-fat dry
milk or 5% BSA in TBS-T (50 mM Tris-HCl, pH 7.5, 150 mM NacCl, 0.1%
Tween20) for 1 h at RT and then incubated with specific primary anti-
bodies O/N at 4 °C (see below). After washes in TBS-T, membranes were
incubated with an HRP-conjugated anti-rabbit (Cell Signaling, 7074) or
HRP-linked anti-mouse (Cell Signaling, 7076) secondary antibody for 1
h at RT. Immunoreactive bands were detected using ECL LiteAblot plus
kit A + B (Euroclone, GEHRPN2235) with an Alliance LD2 device and
software (UVITEC). Western blots were performed in at least 3 inde-
pendent biological replicates; representative data are shown. Primary
antibodies used were: AR (Santa Cruz, sc-816), Cytokeratin 5 (Bio-
legend, 905501), Cytokeratin 8 (Abcam, ab53280), ERG (Abcam,
ab133264), Fibrillarin (Abcam, ab4566), GAPDH (ThermoFisher Sci.,
MA515738), Nkx3.1 (Millipore, ab5983), PARP (Cell Signaling, 9542),
phosphor-53BP1 (8> Abcam, ab70323), phosphor-Atm (S'°81, cell
Signaling, 5883), phospho-H2AX (S'%°, Abcam, ab26350), p-Actin
(Sigma, A2228), p-Catenin (Abcam, ab32572), p-Tubulin (Santa Cruz,
sc-5274).

2.7. Egf deprivation experiment

Two days before seeding, mPrOs were treated either with 1 pg/ml
doxycycline-containing or mock medium. Following mechanical disso-
ciation, 1200 cells were seeded in each dome and supplemented with
EGF-deprived medium. After O/N incubation, 1 pg/ml doxycycline was
added to treated samples, changing the medium every 2-3 days. At day
8, organoids were entirely reseeded in a new dome and doxycycline was
added after 24 h, as previously described. Stereoscopic analysis (Leica
MZ16F) was performed daily up to day 14, while viability assay was
performed incubating organoids with 5 pM Calcein-AM (eBioscience,
BMS65-0853-78) for 1 h and then analyzing them by fluorescent ste-
reoscopic imaging.
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2.8. Sample preparation for immunostaining

Organoids were seeded within ECM-like dome, let grow for 48 h and
then treated with or without doxycycline during 72 h. Domes were then
enzymatically disaggregated, and organoids were washed with 0.1%
BSA in PBS and embedded in collagen-based matrix (Corning, 354249).
After complete polymerization of the domes, complete medium was
added to the cultures with the appropriate treatment and incubated for
24 h. Samples were washed with PBS and fixed with 4% PFA (Sigma
Aldrich, P6148) for 5 h at RT, then collected into histological cassette
and subjected to paraffin embedding. Prostate tissue was harvested,
fixed and paraffin embedded using the same conditions. Formalin-fixed
paraffin-embedded (FFPE) blocks were sectioned (5 pm-thick sections),
collected onto glass slides and dried O/N at 37 °C.

2.9. Immunofluorescence

After deparaffinization and antigen retrieval, performed using a
citrate-based buffer (pH 6.0) (Vector Lab, H3300), slides were per-
meabilized in blocking solution (5% FBS, 0.1% Triton X-100 in PBS) for
1 h at RT and then incubated O/N at 4 °C with primary antibodies. After
washing, slides were incubated with Alexa Fluor conjugated secondary
antibodies for 2 h and, before mounting, they were counterstained with
Hoechst 33342 (Abcam, ab145597). All the images were acquired using
an Axio Imager M2 (Zeiss), while image analysis and quantification was
performed with ImageJ software (ImageJ 1.46r NIH). Immunofluores-
cence studies were performed in at least 3 independent biological rep-
licates; representative data are shown. The following antibodies were
used for immunofluorescence analysis: Ar (Rabbit, Santa Cruz, sc-816),
Cytokeratin 5 (Chicken, Biolegend, 905901), Cytokeratin 8 (Rat, Merck,
MABT329), ERG (Rabbit, Abcam, AB92513), §-Catenin (Rabbit, Abcam,
ab32572), Ki67 (Rat, eBioscience, BMS14-5698-82), a-rabbit Alexa
Fluor 488 (Donkey, Life Technologies, A21208), a-rat Alexa Fluor 594
(Donkey, Life Technologies, A21209), a-chicken Alexa Fluor 633 (Goat,
Life Technologies, A21094).

2.10. Immunohistochemistry

Human prostate samples were retrieved from the archives of the
Units of Surgical Pathology of the S. Chiara Hospital, Trento, Italy
(protocol number 1946). Prostate TMA bearing 43 cases of HGPIN were
generated at the Units of Surgical Pathology of the S. Chiara Hospital,
while a TMA with 90 cases (60 cases of PCa and adjacent normal tissue
+ 30 cases of PCa) was purchased from US Biomax (HProA150PG01).
Immunohistochemical analysis was performed at the Department of
Histopathology (S. Chiara Hospital, Trento, Italy) using an automatic
immunostainer (BOND-III platform, Leica Biosystems). Antigen retrieval
was carried out with optimized BOND reagents (Bond epitope retrieval
solution 1, Leica Biosystems) at pH 6 for 20 min. The following primary
antibodies were used: ERG (Abcam, ab92513/1:500; Biocare, 9FY/
1:400), CD68 (NCL-L-CD68, Leica Biosystems, 1:60), NKX3.1 (Biocare,
D2Y1A/1:50), CK-5 (Novocastra, NCL-L-CK5/1:600), P63 (Leica, NCL-
p63/1:50). BOND compact polymer detection solution (Leica Bio-
systems) was used for the detection. Slides were reviewed independently
by two trained pathologists (M.B. and F.G.C). Images were acquired
using an Axio Imager M2 (Zeiss). This study was conducted according to
the guidelines of the Declaration of Helsinki.

2.11. Flow cytometry analysis

Organoids were treated for 4 days with or without 1 pg/ml doxy-
cycline and labeled with 10 pM 5-ethinyl-2'-deoxyuridine (EdU) for 3 h
prior harvesting the samples. mPros were then collected, washed with
1% BSA in PBS, mechanically dissociated into single cells and filtered
through a 30 pm cup strainer (BD Biosciences). Cells were pelleted and
processed with the Click-iT™ Plus EdU Alexa Fluor™ 488 Flow
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Cytometry Assay Kit (ThermoFisher Sci, C10632), following the manu-
facturer’s instructions. DNA content staining was achieved through in-
cubation with TO-PRO™-3 Jodide (Life Tech, T3695), before proceeding
to the analysis. Flow cytometry was performed with a FACS CantoA flow
cytometer (BD Biosciences), and data were analyzed with FlowJo v.10.
For FACS analysis a CantoA flow cytometer (BD Biosciences) was used,
and data were analyzed with FlowJo software (Treestar, V. 10.5.3).

2.12. Click-iT enrichment of secreted proteins

Organoids were seeded at the desired density, left to grow for 2 days,
and then treated with or without doxycycline for 96 h. Before harvesting
the medium, a step of Methionine depletion was performed culturing
cells with Methionine-free medium for 2 h and then labeling samples O/
N with Methionine-free organoid medium containing 0.1 mM L-azido-
homoalanine (AHA) labeling agent (Jena Bioscience). Afterward, me-
dium was recovered, centrifuged and clear supernatant was transferred
in a new tube supplemented with protease and phosphatase inhibitors
cocktail. At this stage, samples were stored at —80 °C or immediately
processed for secreted, labeled protein enrichment. Enrichment protocol
was based on Click-iT™ protein enrichment kit (ThermoFisher Sci,
C10416) according to the optimized procedures described previously
[31,32]. Collected medium was concentrated through centrifugation,
mixed with Urea lysis buffer (8 M Urea, 200 mM Tris-HCl, 4% CHAPS, 1
M NaCl, pH 8) and then incubated with 1 mM Iodoacetamide dissolved
in SDS washing buffer (100 mM Tris-HCl, 1% SDS, 250 mM NacCl, 5 mM
EDTA pH 8) for 30 min at 20 °C, protected from light and with mild
centrifugation (3000-4000 g). After that, the sample underwent
cyclo-addition reaction incubating O/N at RT with alkyne matrix and
catalyst solution. Reduction-alkylation steps were performed incubating
the sample first with 10 mM DTT for 15 min at 70 °C plus additional 15
min at RT, and then with 40 mM Iodoacetamide for 30 min, protected
from light. Subsequently, the resin was resuspended and extensively
washed with SDS washing buffer, Tris-Urea washing buffer (8 M Urea,
100 mM Tris-HCl, pH 8), 20% isopropanol and 20% acetonitrile,
respectively. The resin was then resuspended in digestion buffer (100
mM Tris-HCl, 2 mM CaCl,, 10% acetonitrile, pH 8), pelleted and incu-
bated with 2.5 ng/pl MS-grade trypsin (ThermoFisher Sci.) O/N at 37 °C
with continuous rotation. After tryptic digestion, samples were centri-
fuged and the supernatant transferred in a new tube, while the resin was
washed with water, pelleted and the supernatant added to the same tube
to collect as much peptide as possible. Samples were then acidified with
Trifluoroacetic acid and stored at —80 °C until MS analysis.

2.13. MS analysis

Tryptic peptide mix was first purified by reversed phase (C18) stage
tip purification, as previously described [33] and eluted with a solution
of 80% acetonitrile, 0.1% formic acid. The sample was vacuum dried
and then resuspended with a solution of 2% acetonitrile, 0.1% formic
acid.

LC-MS/MS analysis was performed with an EASY-LC 1000 coupled to
a Q-Exactive mass spectrometer (ThermoFisher Scientific). The analyt-
ical nanoLC column is a pulled fused silica capillary, 75 pm i.d., in-house
packed to a length of 12 cm with 3 pm C18 silica particles (Dr. Maisch
GmbH). Peptide mixtures were loaded directly onto the analytical col-
umn. A binary gradient was used for peptide elution. Mobile phase A
was composed by 2% acetonitrile/0.1% formic acid, whereas mobile
phase B was 80% acetonitrile/0.1% formic acid. Gradient elution was
achieved at 300 nl/min flow rate, ramped from 6% B to 40% B in 90 min,
from 40% B to 100% B in 18 min, and remained at 100% B after addi-
tional 10 min. Mobile phase composition was finally brought to 0% B in
2 min. MS detection was performed on a quadrupole-orbitrap mass
spectrometer Q-Exactive (ThermoFisher Scientific) operating in positive
ion mode, with nanoelectrospray (nESI) potential at 1800 V applied on
the column front-end via a tee piece. Data-dependent acquisition was
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performed using a top-12 method with resolution (FWHM), AGC target
and maximum injection time (ms) for full MS and MS/MS of, respec-
tively, 70,000/35,000, 1e6/1e5, 50/120. Mass window for precursor
ion isolation was 1.6 m/z, normalized collision energy was 25, and dy-
namic exclusion was 25 s. Injected amounts of samples varied from 4 to
8 pl, depending on peptide amount estimated from a preliminary in-
jection. LC-MS/MS data analysis was conducted using the MaxQuant/
Perseus software suite [34]. Label-free quantification was activated in
MaxQuant, using default parameters except for the following: i) mini-
mum peak length = 4; ii) mass accuracy = 3 ppmy; iii); retention time
window for match-between-runs options = 0.5 min (match-between--
runs was set to “ON”, with an alignment time window of 20 min). Data
was searched on the “Mus musculus reference proteome”, downloaded on
August 11, 2018 (53,345 sequences). Label free quantification of pro-
teins were based on the LFQ algorithm [35] and required a minimum of
one unique/razor peptide associated to a specific identified protein.

The protein summary output table was loaded in Perseus for statis-
tical and bioinformatic analysis. After removing hits from reverse and
contaminants database and transforming LFQ intensity data in loga-
rithmic space, proteins were filtered based on valid values (measure-
ment present in at least 2 biological replicates of at least one sample
group). Missing values were imputed using default parameters.

2.14. Protein network analysis

Analysis of protein-protein interaction network and pathway
enrichment were achieved exploiting STRING V 11.0 web tool (htt
ps://string-db.org/) [36,37]. Proteins were identified by their unique
Protein ID and were enclosed in the list only if identified in at least 3
different biological replicates with 2 or more “Unique peptides”. Con-
fidence score for the network >0.9.

2.15. Heat map

The heatmap was created using R and RStudio graphic software
environment (R Core Team (2019). R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org; RStudio Team (2018). RStu-
dio: Integrated Development for R. RStudio, Inc., Boston, MA, URL htt
p://www.rstudio.com). Data were visualized using the LFQ intensity
value obtained from the MS analysis of each sample. The proteins were
sorted based on the Fold Change value obtained comparing Mock and
Doxy mPrOs-ERG and on the significance of the Fold Change evaluated.

2.16. TCGA RNAseq dataset analysis

Processed RNA-seq counts for TCGA PRAD dataset were downloaded
from Recount2 data portal (PMID). Counts were scaled and transformed
to RPKM values using the recount R package. Distribution of log2
(RPKM+1) values across normal and tumor samples were compared
using two-sample Wilcoxon test statistics. Correlation between ERG and
NKX3-1 transcript levels was calculated using Pearson correlation and
regression line was computed fitting to a linear model. Provided visual
inspection of the distribution of ERG transcript levels across TCGA PRAD
tumor samples, patients presenting an evident over-expression of ERG
transcript were selected using a threshold of log2(RPKM+1) equal to 3.

2.17. COMET assay

Mouse prostate organoids (mPrOs) were seeded at 2000 cells/dome
in a 12-well plate with complete or Rspo-1 deprived culture medium for
6 days. ERG induction was performed for 96 h with doxycycline. After 6
days of culture, mPrOs were dissociated into single cells, harvested by
centrifugation and re-suspended in ice-cold PBS. Cell counts were then
normalized to 1 x 10° cells/mL. Comet Assay was performed following
the manufacturer instructions (Abcam, ab238544). Briefly, suspended
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cells were combined with Comet Agarose at 1/10 ratio (v/v) and
transferred (75 pL) on the top of the Comet Agarose Base Layer. The
agarose-cell mixture was then dropped onto slides and let solidify at 4 °C
in the dark for 15 min before immersion in COMET assay Lysis Buffer at
4° in the dark for 45 min. Excess buffer was then removed and slides
were submerged in freshly prepared Alkaline Electrophoresis Solution at
4 °C in the dark for 30 min. When performed in Alkaline Solution, the
COMET assay measures relative levels of DNA single and double-strand
break fragmentation. Gel electrophoresis was then performed at 20 V
(300 mA) for 25 min. Slides were then washed twice by immersion in
pre-chilled dH»0. Slides were then fixed in 70% ethanol for 5 min.
Following air drying of the agarose, slides were stained with Vista Green
DNA Dye and images were collected with a 10x objective lens. COMET
tail moments were then assessed using COMETscore.v2.0 (TriTek Corp.,
Sumerduck, VA) image processing software and OpenComet plugin (FIJI
- ImageJ) with greater than 100 cells analyzed per condition. Data is
reported as tail moment, which assesses the fluorescence intensity in the
tail relative to the head while accounting for the relative area of both
dipoles.

2.18. Macrophages

Primary mouse Bone Marrow Derived Macrophages (BMDMs) were
obtained from femurs of WT C57B/6J mice (3-6 months of age). Spe-
cifically, BM was flushed out with PBS, broke down by pipetting and
gently pelleted. Cells were then resuspended in ACK lysis buffer (Life
Tech., A1049201), incubated at room temperature for 5 min, diluted
with PBS and gently pelleted again to remove lysis buffer. Cells were
then resuspended in RPMI culture medium (10% Heat-Inactivated FBS,
1 mM ti-glutamine, 1% Pen/Strep), counted and seeded at about 2
million cells per well of a 6 well plate in culture medium supplemented
with 10 ng/ml recombinant M-CSF (SinoBiological, #51112-MNAH).
Macrophages were cultured for 7 days, replacing medium every 2-3
days, in presence of M-CSF. To induce M1 macrophage polarization,
cells are cultured for 48 h with 0.1 pg/ml Lipopolysaccharide (LPS;
Sigma, #L4516) and 50 ng/ml recombinant IFNg (SinoBiological,
#50709-MNAH). Interleukin 4 (10 ng/mL; SinoBiological, #51084-
MNAE) and interleukin 13 (10 ng/mL; SinoBiological, #50225-MNAH)
were used to induce M2 polarization.

For the analysis of mPrOs influence, samples were treated with 50%
mPrOs conditioned medium, or unconditioned control, for 48 h while
adding the indicated polarization cocktail to the culture conditions. At
the end of the incubation cell were lysed in the provided lysis buffe and
RNA was extracted using the RNeasy Plus Micro kit (Qiagen, 74034)
following manufacturer’s protocol.

RNA was then processed as described in the previous paragraph for
RT-qPCR analysis of selected targets.

2.19. Statistical analysis

GraphPad Prism 6 software (GraphPad Software Inc.) was used for all
statistical analyses applied to the experimental data. Student t-test for
unpaired or paired (relative to Fig. 5) data (two-tailed) was used to test
the probability of significant differences between two groups of samples.
Data are presented as mean + SD of at least three independent experi-
ments, unless stated in the figure legend. Statistical significance is pre-
sented as * p < 0.05, ** p < 0.01, *** p < 0.001. Significant differences
in the amount of secreted proteins across different conditions were
assessed for significance according to the Benjamini-Hochberg method
with a FDR <0.2. An additional fold-change cutoff for biological sig-
nificance was applied (either Fold Changes FC > 2 or FC < 0.5).
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3. Results

3.1. ERG influences cell lineage and Egf dependency of mouse prostate
progenitors

The recent development of 3D prostate organoids cultures from
mouse and human adult prostate tissue [28,29,38,39] has opened a new
window of opportunity for the study of prostate physiology, tissue ho-
meostasis and tumorigenesis. Taking advantage of this new knowledge,
we established a biobank of mouse prostate organoid (mPrO) lines
derived from wild type and genetically engineered mice of different
strains, by pooling the different prostate lobes (ventral, dorsolateral and
anterior) or taking them separately [27].

In order to genetically engineer wild type mPrOs with a doxycycline
inducible ERG expression vector system, ERG cDNA was cloned from
VCaP cells, a human PCa cell line that carries the TMPRSS2-ERG rear-
rangement and expresses a shorter form of ERG starting from methio-
nine 40 (ERGpmu4o), and inserted through enzymatic restriction into the
retroviral pTGMP-rtTA3 plasmid downstream the TRE-CMV promoter
element (pTGMP-ERGp40) [26]. Wild type prostate organoids were
generated by pooling together the three prostate lobes of C57BL/6J mice
(Fig. 1) and transduced with pTGMP-ERGy4o bearing viral particles
(Supplementary Fig. S1A). mPrOs-ERGy49 were grown for 4 passages
(one month) in presence of puromycin to stabilize the line, then
RT-qPCR and Western blot analyses were run on wild type mPrOs and
mPrOs-ERGyp4o treated or not with 1 pg/ml doxycycline for 96 h.
ERGp49 was robustly expressed in the mPrOs-ERGy49 induced with
doxycycline, although a slight amount of ERGy40 mRNA was also noted
in non-induced mPrOs-ERGy49 (Fig. 2A-B). Nevertheless, immunode-
tection analyses and gene expression studies on specific ERG-targeted
genes (Plau, Mmp3, Fam25c and Smim6) [24,25] showed ERGy49 pro-
tein and the expected transcriptional response exclusively in the
mPrOs-ERGy4 treated with doxycycline (Fig. 2C-D).

Immunofluorescence staining for Krt 5 and Krt 8 markers pointed out
the diffusion of Krt 8 signal into the basal cell compartment in doxy-
cycline treated mPrOs-ERGy49 (Fig. 2E and Supplementary Fig. S1B),
while immunoblot and RT-qPCR studies showed a significant increase in
the expression of Krt 8 at both mRNA and protein levels in mPrOs-
ERGpy4 treated with doxycycline, which was accompanied by
concomitant reduction of Krt 5 levels (Fig. 2F-G). We then analyzed the
proliferation rate of wild type mPrOs and mPrOs-ERGy4o either with or
without doxycycline administration. Quantification of Ki67+ cells in the
four different conditions showed a significant reduction in the number of
proliferating cells in ERGy4¢ expressing mPrOs (Fig. 2H-I). To carefully
investigate the effect of ERGy40 on cell cycle, wild type and ERGya4o
mPrOs were treated with 5-ethynyl-2'-deoxyuridine (EdU) and analyzed
by flow cytometry. EAU incorporation did not show any significant
alteration in the fraction of cells in active DNA replication in the four
different conditions (Fig. 2J). Since Ki67 discriminates proliferating
cells regardless of the phase of the cell cycle in which they are (G1, S, G2
and M) from those in GO, we investigated the consequence of prolonging
ERGp40 expression in mPrOs. At the end of the first week, doxycycline-
treated mPrOs-ERGy49 culture showed a barely detectable reduction of
organoids size and number. After reseeding, such differences became
much more pronounced at the end of the second week, thus confirming a
mild but consistent effect of ERGy49 in lowering the proliferative po-
tential of mouse prostate progenitor cells (Supplementary Fig. S2).

Besides the deregulation of mechanisms controlling cell proliferation
and differentiation, a further important feature that increases the risk of
a neoplastic transformation is the ability of pre-malignant cells to grow
under nutrients and growth factors restrictions.

To test this eventuality, wild type and ERGy49 mPrOs were cultured
with or without doxycycline, and in the presence or absence of Epithelial
Growth Factor (EGF) for up to two weeks. Compared to normal condi-
tions (EGF 50 ng/ml), EGF withdrawal precludes the growth of wild type
mPrOs, as well as of mock ERGy49 organoids. Contrarily, doxycycline-
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A. Scheme showing prostate organoids derivation from wild type mouse adult prostate tissue. B. Organoid culture growth within ECM-like domes. Scale bar: 200 pm
C. Immunofluorescent analysis of basal (Krt 5) and luminal (Krt 8; Ar) markers in mouse prostate organoids (left panels) and adult prostate tissue (right panels). DAPI
was used for nuclear staining. Lower panels show inset magnifications of specified area. Scale bars: 50 pm upper panels; 10 pm lower panels.D. Western blot analysis
of Ar in mouse prostate organoids with or without dihydrotestosterone (DHT).E. Expression levels of Ar target genes in mouse prostate organoids cultured with or
without DHT.Statistical analyses were performed on at least n = 3 independent biological replicates. * = p-value <0.05; ** = p-value <0.01.

treated mPrOs-ERGy49 survive and, albeit slowly, form vital 3D orga-
noids, as observed with calcein labelling (Fig. 2K and Supplementary
Fig. S2B).

3.2. ERG expression in mPrOs alters the secreted proteome
Click-chemistry coupled with Mass Spectrometry (Click-MS) is an

efficient method for the study of secreted proteins [31,32].
Wild type mPrOs were exposed to AHA for 16 h, then supernatants

were collected and processed according to the Click-MS protocol
(Fig. 3A and Supplementary Fig. S3; see also Material and Methods).
Four independent biological replicates were analyzed over six months
and more than 200 proteins per replicate were unequivocally identified
by at least two unique peptides. Of note, 172 proteins were recurrently
identified in all the 4 biological replicates (Fig. 3B and Supplementary
Table S2), thus demonstrating the robustness of the Click-MS approach
and the remarkable stability of wild type mPrOs cultures over time
(Cambuli et al., submitted; Karthaus et al., 2014). Importantly, a
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Fig. 2. Characterization of mPrOs-ERGp40

A. Phenotypic analysis of mPrOs-WT and mPrOs-ERGy4 treated for 96 h with doxycycline (doxy) or left untreated (mock). Scale bars: 200 pm B. ERG expression in
mPrOs. cDNA from VCAP cell line was used as positive control. C. Inmunoblot with ERG-specific antibody of protein extracts from mPrOs-WT and mPrOs-ERG 40
treated with doxycycline for 96 h or left untreated. Gapdh was used as loading control. D. RT-qPCR analysis of known ERG-targeted genes in mPrOs-ERGy4o after
treatment with or without doxycycline for 96 h mPrOs-WT were used as reference. E. Immunofluorescence analysis of ERG, Krt 8 and Krt 5 in mPrOs-WT and mPrOs-
ERGyy49 treated with doxycycline for 96 h (doxy) or left untreated (mock). DAPI was used for nuclear staining. Scale bars: 50 pm. F. Immunoblot analysis of Krt 8 and
Krt 5 expression in mPrOs-WT and mPrOs-ERGy4o treated with doxycycline for 96 h or left untreated. Gapdh was used as loading control. G. RT-qPCR analysis of Krt
5 and Krt 8 expression in mPrOs-ERGyyyo treated with doxycycline (doxy) for 96 h or left untreated (mock). H. Immunofluorescence analysis of ERG and Ki67
expression mPrOs-WT and mPrOs-ERGy4 treated with doxycycline for 96 h or left untreated. DAPI was used for nuclear staining. Scale bars: 50 pm. I. Percentage of
Ki67+ cells in mPrOs-WT and mPrOs-ERGy4o treated with doxycycline for 96 h or left untreated. Quantification was performed on sections of n = 10 organoids per
condition (WT mock = 1.396; WT doxy = 1.181; ERGpy4o = 1.380; ERGp40 doxy = 1.345 total cells counted).J. Analysis of cell cycle progression of mPrOs-WT and
mPrOs-ERGyy4 treated with doxycycline for 96 h or left untreated. Histogram shows the quantification of the FACS analysis.K. Phenotypic analysis of mPrOs-WT and
mPrOs-ERGyy49 cultured with Egf-free medium for up to two weeks. Doxycycline was maintained throughout the duration of the experiment. Fluorescent images were
acquired following 1 h incubation with 5 pM calcein. Scale bars: 200 pm. Statistical analyses were performed on at least n = 3 independent biological replicates. * =

p-value <0.05; ** = p-value <0.01; *** = p-value <0.001.

literature-based study of the identified proteins defined more than 20%
of the hits as already known prostate secreted factors (e.g. Activin A,
VEGF, GDF15, MST1, Clusterin, SBSN, IGFBP3, LCN2, SPON2, LTF,
Supplementary Table S2) [40-42], thus further reinforcing the thesis
that mPrOs can be an interesting new biological system to model and
study prostate tissue homeostasis and disease. Proteins that have been
identified in at least 3 out of 4 replicates by at least two unique peptides
were included in ontology and protein network studies. Ontology clas-
sification performed with DAVID software V. 6.8 [43,44] showed a
significant enrichment of GO terms associated with the extracellular
space, thus demonstrating the robustness of our approach (Supple-
mentary Table S3). STRING software V 11.0 [37] was used to investigate
protein networks. Data generated from this analysis includes a total
number of 216 proteins and shows 3 highly connected cores of elements:
Extracellular matrix (ECM) organization (MMU-1474244), Regulation
of IGF transport and uptake (MMU-381426), and Innate immune system
(MMU-168256) (Fig. 3C-D and Supplementary Table S4). Because of the
high level of confidence (interaction score >0.9) imposed to the anal-
ysis, almost 40% of proteins are not connected with any other element
meaning that other interesting networks could potentially emerge by
lowering the stringency.

Click-it/MS studies were then extended to ERGyj40 mPrOs. Organoids
were treated with doxycycline (1 pg/ml), or left untreated (mock), for
96 h before AHA labelling. Four independent biological replicates were
analyzed for each condition. Approximately 200 proteins per sample
were identified (by at least two unique peptides), of which 150, 154 and
142 were recurrently found in all the 4 replicates of wild type mPrOs
treated with doxycycline (WT doxy), mPrOs-ERG40 left untreated (ERG
mock), and mPrOs-ERGy4o treated with doxycycline (ERG doxy),
respectively (Fig. 3E-F, Supplementary Figs. S4A-B and Supplementary
Table S5). Then, the number of shared proteins among the 4 different
conditions was analyzed. To increase the coverage of our study, we
included in this analysis proteins identified by minimum 2 unique
peptides in at least 3 replicates out of 4. As shown by the Venn diagram
in Fig. 3F, the largest fraction of proteins (n = 137) was identified in all
the 4 different conditions, while some others resulted exclusively
detected in (n = 17), or not detected (n = 20), in the supernatant of
doxycycline-induced mPrOs-ERGy49. MaxQuant label-free quantifica-
tion, based on LFQ algorithm and exploiting the MaxQuant/Perseus
software suite [34,35] was used to estimate significant differences in the
amount of the secreted proteins between mPrOs expressing ERGyi49 and
those that do not. The heatmap, obtained by plotting the intensity values
calculated for every single identified protein in the 4 replicates of the 4
conditions (Fig. 3G), highlights a signature of secreted proteins whose
relative amount in the secretome changes according to ERGy4o expres-
sion (Supplementary Table S6). Thirty-seven proteins show significant
differences >2 folds (either Fold Change FC > 2 or FC < 0.5, with sig-
nificance assessed by the Benjamini-Hochberg method, FDR <0.2) in the
doxycycline-induced mPrOs-ERGM40 compared to all other conditions.
Among these, Lecn2, C160rf89, Spon2, Spink5 and Ctla2a are the

proteins that mark the most the mPrOs-ERGy49 secretome, while Sbsn
and Wnt-4 appear substantially underrepresented (Fig. 3H-I). Of note,
RT-qPCR analysis demonstrates a significant change in the expression of
these genes in doxycycline treated mPrOs-ERGy4o (Fig. 3J), suggesting
transcriptional control by ERG p40.

3.3. ERG modulates canonical Wnt signaling in prostate progenitors
promoting double strand breaks accumulation via Gsk3f-dependent
Nkx3.1 degradation

Transcriptional profile data of wild type mPrOs (Cambuli et al.,
submitted) shows robust expression of all key-components of the ca-
nonical Wnt pathway, included several Wnt ligands (Wnt-4, -7a and -7b,
-9a, and —10a) (Supplementary Fig. S5A). However, our proteomic
studies identify only Wnt-4 in the supernatant of mPrOs. Of note, Wnt-4
and Rspol have been shown to coordinate early gonads formations in
both male and female mouse embryos [45]. Decreased Wnt-4 secretion
in ERG + organoids accompanied a substantial reduction of nuclear
B-Catenin (Fig. 4A) and the transcriptional downregulation of canonical
p-Catenin targeted genes, included, unexpectedly, Lgr4, the most
expressed Rspol receptor in mouse prostate organoids (Fig. 4B). A
similar molecular signature was obtained in wild type organoids
following Rspol deprivation (Supplementary Figs. S5B-C), while com-
bination of ERG induction and Rspol depletion almost abrogated
B-Catenin expression in organoids (Fig. 4C-E). Of note, p-Catenin pref-
erentially marks the basal (Krt 8 negative) cells of wild type organoids
(Fig. 4E and Supplementary Fig. S5D), and its reduction in ERG + mPrOs
seems to go hand in hand with expansion of the Krt 8 compartment
(Fig. 4E and Supplementary Fig. S5D).

During prostate development, canonical Wnt-signaling has been
demonstrated promoting the expression of Nkx3.1, a pioneering tran-
scription factor essential in the initial commitment and terminal dif-
ferentiation of the luminal compartment of the gland epithelium [46,
471.

The amount of Nkx3.1 transcript is relatively low in mPrOs (Cambuli
et al., submitted), and further declines in the absence of Rspol (Fig. 5A,
left panel). ERG expression substantially increases the levels of Nkx3.1
RNA in mPrOs (Fig. 5A, middle panel), although the effect is less pro-
nounced in the absence of Rspol (Fig. 5A, right panel).

Regardless of the amount of transcript, NKX3.1 protein can be tuned
via post-transcriptional mechanisms that regulate protein stability in
prostate cells [48-52]. Phosphorylation of Thr-89 and Thr-96 residues in
the N-terminal PEST domain, as well as of Ser-185, Ser-186, Ser-195 and
Ser-196 residues in the carboxy-terminal, of the protein drives ubiq-
uitination and proteasome degradation of NKX3.1 under normal and
stressed conditions (e.g. inflammation), respectively. However, little is
known regarding signaling pathways and kinases involved in the control
of NKX3.1 stability [53]. Interestingly, either ERG expression or Rspol
deprivation alone does not change the amount of Nkx3.1 protein in
mPrOs, which is instead severely reduced by the combination of both
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Fig. 3. Mass spectrometry analysis of secreted proteins

A. Schematic representation of Click-it chemistry coupled Mass Spectrometry approach. B. Venn diagram showing the number of secreted proteins identified from
mPrOs-WT (n = 4). C. Histogram showing the top 10 enriched pathways identified by STRING (V 11.0). D. Protein-Protein interaction network obtained with STRING
(V 11.0) generated starting from the secreted proteins included in the pathway “Innate Immune System”, highlighted in C. E. mPrOs-WT and mPrOs-ERGy40
organoids treated with doxycycline for 96 h or left untreated, labeled O/N with AHA. Scale bar: 200 pm. F. Venn diagrams showing the degree of shared and unique
proteins in the four conditions described in E. Identified proteins were associated to a specific condition if identified with at least 2 “Unique peptides” in at least 3
biological replicates (n = 4). G. Heatmap showing LFQ intensity values for each protein in each analyzed sample. H. Volcano plot showing proteins differentially
secreted by mPrOs-ERGy4o treated with doxycycline or left untreated. Colored spots are associated to proteins of interest. I. Volcano plot comparing mPrOs-WT
treated with doxycycline or left. Colored spots code as in H. J. Expression analysis of the genes encoding the five most deregulated proteins in mPrOs-ERGp4o.
%tatistical analyses were performed on at least n = 3 independent biological replicates. * = p-value <0.01.
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Fig. 4. ERGyyyo inhibition of canonical Wnt pathway

A. Immunoblot analysis of cytosolic and nuclear levels of f-Catenin in mPrOs-ERGy4 treated with doxycycline for 96 h or left untreated. B. RT-qPCR analysis of
canonical Wnt pathway targeted genes in mPrOs described in A. C. Immunoblot analysis of cytosolic and nuclear b-Catenin in mPrOs-ERGy4o cultured without Rspol
and treated with doxycycline for 96 h or left untreated. D. RT-qPCR analysis of canonical Wnt pathway targeted genes in mPrOs described in C. E. Immunofluo-
rescence analysis for p-Catenin (green) and Krt8 (red) in mPrOs-ERGyy4 treated with doxycycline for 96 h or left untreated, cultured in presence (ENRAD) or absence
(EN-AD) of Rspol. (Scale bar: 10 pm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 5B-C and Supplementary Fig. S5F). Bortezomib administration of Nkx3.1 (Fig. 5D). Of note, Nkx3.1 loss has minor effect on the luminal

restores Nkx3.1 protein levels in ERG + mPrOs cultured without Rspol, drift triggered by ERG in prostate organoids (Supplementary Fig. S5G).
thus demonstrating proteosome involvement in proteolytic degradation Decreased levels of NKX3.1 protein are frequently described in PCa
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Fig. 5. ERGp4o dependent mechanisms of genomic instability

A. Nkx3.1 expression in mPrOs-WT cultured with or without Rspol (left), in mPrOs-ERGy4o cultured with or without doxycycline (middle), and in mPrOs-ERGp4o
treated with doxycycline for 96 h or left untreated and cultured without Rspol (right). T-test, * = p value < 0.05; ** = p-value <0.01; *** = p-value <0.001.B.
Immunoblot analysis of Nkx3.1 in wild type and ERGy4o mPrOs cultured with or without Rspol. mPrOs-ERGy49 were treated with doxycycline for 96 h or left
untreated.C. Inmunoblot analysis of cytosolic and nuclear levels of Nkx3.1 in mPrOs-ERGy4o treated with doxycycline for 96 h or left untreated and cultured without
Rspol.D. Immunoblot analysis of Nkx3.1 and ERGy40 in mPrOs-ERGy40 induced with doxycycline for 96 h cultured in presence or not of Rspol and treated or not
with the proteosome inhibitor Bortezomib (5 pM, 6 and 12 h).E. Comet assay of mPrOs-ERGy4o induced or not with doxycycline (96 h) and cultured in the presence
or not of Rspol. (n > 100 comets analyzed per condition). Wilcoxon test, * = p value < 0.05; *** = p-value <0.001.F. Immunoblot analysis of DSBs markers yH2ax, p-
53bpl, and p-Atm in mPrOs-ERGy40 induced or not with doxycycline for 96 h cultured in presence or not of Rspol and treated or not with the Gsk3p inhibitor

CHIR99021 (5 pM, 6 days).
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and commonly considered one of the earliest events in prostate tumor-
igenesis [50,54-56]. Transcriptomic analysis of human PCa (cBioPortal,
https://www.cbioportal.org) shows a slight, but significant, increase of
NKX3.1 expression in tumor compared to normal tissue, which posi-
tively correlates with ERG expression in ERG positive PCa (Supple-
mentary Figs. S6A-B). Immunohistochemical analyses for ERG and
NKX3.1 expression in human HGPIN and PCa show heterogeneous
amounts of NKX3.1 protein in both ERG positive and ERG negative
prostate lesions, with cells characterized by very low levels of NKX3.1
protein expression (Supplementary Fig. S6C and Supplementary
Table S7). Notably, induction of ERG expression in LNCaP and 22Rv1
human PCa cell lines enhances NKX3.1 transcription (Supplementary
Fig. S6D), but substantially lowers the amount of NKX3.1 protein
(Supplementary Fig. S6E).

ERG promotes DNA double strand breaks in prostate cancer cells
(Supplementary Fig. S6E) [57-59], whereas NKX3.1 is involved in DNA
damage repair in prostate epithelium [60-64]. Thus, ERG expression
concomitant with loss of NKX3.1 could pose a major threat to genomic
stability since ERG-induced DNA damage in mPrOs accumulates in the
absence of Nkx3.1 (Fig. 5E-F), still remaining sub-lethal (Supplemen-
tary Fig. S7D).

Mechanistically, Rspol withdrawal in ERG + mPrOs leads to massive
fB-Catenin degradation likely dependent by a profuse activity of Gsk3g,
as suggested by the administration of the Gsk3p inhibitor CHIR99021
(Supplementary Figs. S7A-D). In silico prediction studies define Ser-185
and Ser-195 residues of both human and mouse NKX3.1 proteins as
putative targets of Gsk3p. Similar to p-Catenin, CHIR99021 adminis-
tration completely rescues Nkx3.1 protein levels and, in turn, reduces
the amount of DNA damages in ERG + mPrOs cultured without Rspol
(Fig. 5F).

3.4. ERG-dependent paracrine signals influence Arginase 1 expression in
M1 macrophages

Tumorigenesis is considered an unfavorable event. Nutrient unbal-
ance, changes in the activity of specific cellular pathways, uncontrolled
proliferation and dedifferentiation are all crucial stress factors that
trigger immediate cell autonomous and non-cell autonomous responses.
Besides activation of potent tumor suppressive cellular pathways, innate
and adaptive immune systems are rapidly recruited in areas of tissue
abnormalities with the primary intent to eradicate atypical cells. Mac-
rophages are an essential component of the innate immune system, a
major constituent of normal tissues, and key players in tissue repair and
remodeling under both homeostatic and stress conditions. However,
epidemiological and clinical studies have defined macrophage-
promoted chronic inflammation as a critical risk factor in epithelial
tissues tumorigenesis [65]. Analysis of the wild type mPrOs secretome
pointed out a robust connection between extracellular signals secreted
by prostate progenitors and the innate immune system. Several
deregulated proteins in mPrOs-ERGy40 supernatants are known to have
specific roles in macrophage functions (Fig. 6A), and CD68" macro-
phages were found to infiltrate ERG + HGPIN lesions in human prostates
(Fig. 6B; Supplementary Fig. S8A). To investigate possible roles of ERG
in promoting a pro-inflammatory tissue microenvironment, primary
macrophages derived from femurs of wild type mice were treated with
IFNy and LPS to induce the M1 polarization (Supplementary Fig. S8B)
and exposed to the supernatant of wild type and ERGy49 mPrOs either
treated or not with doxycycline (Fig. 6C). Forty-eight hours later,
expression of the M1 markers Il1b, Tnfa and iNos, and M2 markers Argl
and Chil3 was analyzed by RT-qPCR (Fig. 6D). Compared to the un-
conditioned medium, all supernatants decrease the expression of Il1b
and Tnfa in M1 macrophages, leave iNos induction unaffected, but
promote Arginase 1, not Chil3, transcription (Fig. 6D), which lowers the
production of nitric oxide (NO) in M1 macrophages by competing with
iNos for arginine metabolism. Interestingly, Arginase 1 induction is
significantly weaker in M1 macrophages conditioned with the
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supernatants of ERG + mPrOs than in all other conditions (Fig. 6E),
supporting the thesis of a possible non-cell-autonomous function of ERG
dedicated to transform inflammatory macrophages in a source of
sub-lethal oxidative stress.

4. Discussion

Being the most prevalent alteration in prostate cancer, ERG rear-
rangement was heavily studied in the past years from many different
groups. ERG genomic rearrangement and expression is considered a very
early event in the history of PCa, being identified in a significant fraction
of HGPIN prostate lesions [18-22]. However, in vitro and in vivo ex-
periments show that ERG expression per se is not sufficient to induce full
prostate cell transformation [7,16,23-25], while it has been robustly
associated to increased migratory and invasive potential of immortal-
ized and malignant prostate cells [9,17,23,26]. Therefore, expression of
ERG in early prostate lesions is hardly justified by its involvement in PCa
progression towards more advanced stages of the disease.

In Pten/Trp53 double-null mouse model of PCa, ERG expression
lowers tumor aggressiveness by decreasing proliferation and promoting
luminal differentiation of cancer cells [66]. ERG expression in mouse
prostate organoids promotes prostate progenitors commitment towards
the luminal lineage (Fig. 7 and [67]. Importantly, expansion of the
luminal compartment occurs with concomitant contraction of the basal
layer in prostate organoids (Fig. 7), which resembles the histologic
feature of the HGPIN lesions [7].

Thinking about the possible barriers that pre-malignant cells have to
overcome to potentially develop a frank prostatic carcinoma, prolifer-
ation in the absence of stimuli is a top priority [68]. A further important
feature of ERGp49 expressing mPrOs is their ability to grow in absence of
EGF, a condition that is not permissive for the growth of mouse prostate
organoids (Cambuli et al., submitted; Chua et al., 2014; Drost et al., 2016;
Karthaus et al., 2014). This result suggests that ERGy40 expression in
normal prostate cells could uncouple them from the proliferative signals
controlling tissue homeostasis, thus making ERG + HGPIN cells “master
of their own destiny” [68]. Among the proteins differentially secreted by
ERGpm40 expressing mPrOs, Macrophage stimulating 1/Hepatocyte
growth factor-like (Mstl), Angiogenin (Ang), Growth differentiation
factor 15/Prostate derived factor/Macrophage inhibitory cytokine 1
(Gdf15), and Vegfa are of particular interest in this scenario because
they are over-expressed/secreted in human prostate cancer and
responsible for activating pro-survival and pro-proliferation pathways in
prostate cancer cells [69-73]. Future studies will help disentangling the
possible contribution of those factors to sustain ERG + pre-malignant
prostate cells under limited growth conditions.

On the other hand, the lower number of Ki67-+ cells, which marks all
phases of the cell cycle with the exclusion of GO, in presence of unaf-
fected cell cycle might suggest a role of ERG in the transition of prolif-
erating prostate cells to a more quiescent status. Although in 3D prostate
organoids, as well as in HGPIN prostate lesions, ERG activity is not
sufficient per se to induce cell motility, according to the “go-or-grow”
hypothesis this finding potentially highlights new traits of the pro-
migratory phenotype that ERG expression establishes in malignant
prostate cells.

Besides ERG expression, loss of NKX3.1 is also a very common con-
dition in human PCa, and one of the few molecular alterations func-
tionally associated with the early stages of tumorigenesis [48,74-77].
During mouse prostate organogenesis, Wnt signaling released from the
urogenital stroma stimulates Nkx3.1 expression in all the epithelial cells
of ductal buds [46]. Here, Nkx3.1 preserves luminal stem cells, promotes
differentiation of the luminal compartment by controlling the rate at
which proliferating luminal cells exit the cell cycle, and regulates ductal
morphogenesis [47,78-80]. In addition to its crucial role in controlling
the homeostasis of the luminal compartment of the prostate, NKX3.1
safeguards genome stability in prostate cells by promoting DNA damage
repair [60,61,81] and protect mitochondria from the harmful effects of
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Fig. 6. mPrOs extracellular signals modify the molecular profile of M1 macrophage

A. Schematic representation of secreted proteins isolated in the screening with known functions in macrophages biology.B. Immunolocalization of CD68" macro-
phages in ERG + human high-grade prostatic intraepithelial neoplasia (HGPIN). Staining was performed on serial sections of paraffin embedded samples. Scale bar:
10 pm. C. Schematic representation of the experimental workflow. D-E. RT-qPCR analysis of genes characterizing M1 (Il1b, Tnfa, iNos; D) or M2 (Argl, Chil3; E)
polarized macrophages conditioned (1:1) with the supernatants of mPrOs-WT and mPrOs-ERGy4o treated or not with doxycycline for 96 h. Unconditioned organoid

medium was used as control. Statistical analyses were performed on at least n = 3 independent biological replicates. * = p value < 0.05; ** = p-value <0.01; *** = p-
value <0.001.
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Fig. 7. Model of the molecular mechanisms primed by ERG to undermine cellular homeostasis and genome stability of adult prostate progenitors.

oxidative stress [63]. Heterozygous loss of Nkx3.1 in adult mouse (DSBs), does play no roles [88]. Likely, by favoring DSBs formation in
prostate generates hyperplastic and dysplastic pre-malignant epithelial prostate cells, ERG imposes a selective pressure on DSB repair pathways
lesions resembling human HGPIN [77,78,82]. Of note, F4/80+ macro- that might explain the frequent loss of DSBs repair effectors (e.g. P53,
phages are among the most abundant immune cells infiltrating the BRCA2, ATM) in ERG + human PCa [75].

Nkx3.1-null mouse prostates, where they play a pivotal role in the Aberrant proliferation and genomic instability are pre-requisite for
development of HGPIN lesions by establishing a chronically inflamed tumorigenesis, but it may be not sufficient in a complex environment
oxidative microenvironment [83]. NKX3.1 expression is significantly such as a tissue. It is well-known that inflammation and immune acti-
reduced in almost 50% of HGPIN lesions [48,55,75]. Remarkably, vated cells play pivotal roles in the very early stage of the tumorigenic
NKX3.1 represses ERG transcription in prostate cells [84] and disfavors transformation [65]. Pre-cancerous cells need to influence and highjack
TMPRSS2-ERG genomic rearrangement [85], which supports the hy- immune response to “avoid immune destruction” [68]. Noteworthy,
pothesis that 8p21 deletions (NKX3.1) may precede 21q22 rearrange- several proteins differentially secreted by ERGyyo prostate organoids
ments (TMPRSS2-ERG fusion) in human prostate cancer harboring both have been shown to influence the immune system, primarily macro-
molecular alterations [86]. However, ERG silences NKX3.1 expression phages. Pro-inflammatory macrophages release cytotoxic molecules and
epigenetically [87] and promotes NKX3.1 protein degradation (Fig. 7), reactive oxygen species like nitrogen intermediates to trigger cell death.
which implicates the possible reverse sequence of these two early events We have found that prostate organoids lessen the killing weaponry of
in prostate tumorigenesis. An important consequence of the coexistence M1 macrophages through secreted signals. This ability might be crucial
of ERG expression and NKX3.1 loss in prostate cells is the substantial in vivo to protect adult progenitor cells, and their regenerative potential,
increase in DNA damage (Fig. 7). Recently, Hong and colleagues from the frequent inflammatory conditions affecting prostate gland,
described a prominent role of ATR/CHK1 kinases - commonly activated especially in aged men. Supernatants of ERGy49 mPrOs still reduce the
by replication fork stalling - in promoting ERG proteolysis, while, in expression of cytotoxic molecules (e.g, Tnfa and I11f) in M1 macro-

contrast, ATM/CHK2 signaling, triggered by DNA double strand breaks phages, but Arginase 1 expression is significantly less induced. This
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condition should favor the production of nitric oxide (NO) from the
catabolism of arginine through iNOS/Nos2 activity. Thus, by establish-
ing a focal source of sub-lethal oxidative stress in the microenvironment,
ERG could increase the rate of genetic and genomic alterations in
prostate epithelial cells (Fig. 7).

To conclude, we speculate that by creating a sophisticated network
of autocrine and paracrine extracellular signals in pre-cancerous human
prostate lesions, ERG may orchestrate the prelude to malignant
transformation.
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