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Abstract 

Prostate cancers have a strong propensity to metastasize to bone and promote osteoblastic 

lesions. TMPRSS2:ERG is the most frequent gene rearrangement identified in prostate cancer, 

but whether it is involved in prostate cancer bone metastases is largely unknown. We 

exploited an intratibial metastasis model to address this issue and we found that ectopic 

expression of the TMPRSS2:ERG fusion enhances the ability of prostate cancer cell lines to 

induce osteoblastic lesions by stimulating bone formation and inhibiting the osteolytic 

response. In line with these in vivo results, we demonstrate that the TMPRSS2:ERG fusion 

protein increases the expression of osteoblastic markers, including Collagen Type I Alpha 1 

Chain and Alkaline Phosphatase, as well as  Endothelin-1, a protein with a documented role 

in osteoblastic bone lesion formation. Moreover, we determined that the TMPRSS2:ERG 

fusion protein is bound to the regulatory regions of these genes in prostate cancer cell lines, 

and we report that the expression levels of these osteoblastic markers are correlated with the 

expression of the TMPRSS2:ERG fusion in patient metastasis samples. Taken together, our 

results reveal that the TMPRSS2:ERG gene fusion is involved in osteoblastic lesion formation 

induced by prostate cancer cells. 
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Abstract 

Prostate cancers have a strong propensity to metastasize to bone and promote osteoblastic 

lesions. TMPRSS2:ERG is the most frequent gene rearrangement identified in prostate cancer, 

but whether it is involved in prostate cancer bone metastases is largely unknown. We 

exploited an intratibial metastasis model to address this issue and we found that ectopic 

expression of the TMPRSS2:ERG fusion enhances the ability of prostate cancer cell lines to 

induce osteoblastic lesions by stimulating bone formation and inhibiting the osteolytic 

response. In line with these in vivo results, we demonstrate that the TMPRSS2:ERG fusion 

protein increases the expression of osteoblastic markers, including Collagen Type I Alpha 1 

Chain and Alkaline Phosphatase, as well as  Endothelin-1, a protein with a documented role in 

osteoblastic bone lesion formation. Moreover, we determined that the TMPRSS2:ERG fusion 

protein is bound to the regulatory regions of these genes in prostate cancer cell lines, and we 

report that the expression levels of these osteoblastic markers are correlated with the 

expression of the TMPRSS2:ERG fusion in patient metastasis samples. Taken together, our 

results reveal that the TMPRSS2:ERG gene fusion is involved in osteoblastic lesion formation 

induced by prostate cancer cells.  
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Highlights 

• TMPRSS2:ERG gene expression enhances the osteoblastic phenotype of bone lesions 

• TMPRSS2:ERG fusion-expressing tumor cells overexpress osteoblastic markers  

• Expression of Collagen Type I Alpha 1 Chain, Alkaline Phosphatase and Endothelin-1 

is enhanced by the TMPRSS2:ERG expression  

• Collagen Type I Alpha 1 Chain, Alkaline Phosphatase and Endothelin-1 are direct 

target genes of ERG transcription factor  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 4

1. Introduction 

Bone metastases occur in more than 80% of men who die from prostate cancer (PCa) 

[1]. Bone is a dynamic tissue under constant remodeling by the interplay between bone-

resorbing osteoclasts and bone-forming osteoblasts. Through a process called osteomimicry, 

metastatic PCa cells acquire a bone cell-like phenotype that helps them to survive and 

proliferate within the bone microenvironment [2-4]. At the same time, tumor cells homing 

into bone marrow promote alterations in osteoblast and osteoclast functions [5-7]. Such 

reciprocal stimulations between tumor and bone cells generate a vicious circle that results in 

an alteration of bone structure [2]. Despite the frequent occurrence of virtually incurable bone 

lesion formations found in PCa, little is known about the molecular mechanisms underlying 

bone metastases in this disease [8]. 

 Chromosomal rearrangements involving genes encoding ETS (E-twenty-six) 

transcription factors are found in more than 50% of human PCa cases and constitute the most 

frequent gene rearrangements in human malignancies [9, 10]. The most common ETS gene 

rearrangement is TMPRSS2:ERG which fuses the androgen-responsive promoter of TMPRSS2 

(Transmembrane Protease, Serine 2) to ERG (ETS-related gene), promoting its aberrant 

expression. This results in a significant upregulation of the ERG transcription factor [9].  

Several clinical studies suggest that TMPRSS2:ERG fusions are associated both with poorly 

differentiated samples (Gleason score >6) [11-13] and with disease recurrence after surgery 

[14]. In contrast, additional studies suggest that these fusions can also be associated with a 

favorable prognosis, depending on the exact exons involved in the genomic rearrangement 

and on the copy number [15, 16]. Nevertheless, whatever it is, a higher dosage of ERG clearly 

leads to a more severe disease phenotype [15, 16]. Indeed, using PCa cell lines and diverse 

mouse models, several studies have demonstrated that the overexpression of TMPRSS2:ERG 

fusion proteins not only facilitates PCa initiation [17, 18], but also promotes both PCa cell 

migration and invasion [19, 20]. Mechanistically, ERG controls a transcriptional network 
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related to the development of PCa and its progression into a metastatic disease [21, 22]. Until 

now, whether and how TMPRSS2:ERG fusions are involved in the formation of PCa bone 

metastases remains largely unknown. Recently, our group reported that the ectopic expression 

of the TMPRSS2:ERG fusion results in an increased number of bone lesions upon intracardiac 

injection of PCa cells in mice [23]. This work revealed the contribution of the fusion to bone 

tropism associated with the metastatic progression of PCa. It is now essential to molecularly 

depict how TMPRSS2:ERG fusion expression acts on the interplay between the bone 

microenvironment and tumor cells to ultimately define novel therapeutic strategies. 

 Here, we aim to mechanistically dissect the role of TMPRSS2:ERG fusions in 

increasing cancer progression when the prostate tumor cells reside into the bone 

microenvironment. We found that after injection into the tibiae of severe combined 

immunodeficiency (SCID) mice, the human PCa cell lines PC3 and PC3c, which express one 

of the most frequent TMPRSS2:ERG fusions, increase the osteoblastic phenotype of bone 

lesions and inhibit osteoclast-mediated bone destruction. In agreement with these findings, we 

also demonstrated that TMPRSS2:ERG directly controls the expression of two major 

osteoblastic markers, ALPL (Alkaline Phosphatase, Liver/Bone/Kidney) and COL1A1 

(Collagen Type I Alpha 1 Chain), as well as of ET-1 (Endothelin-1), which has been 

previously demonstrated to favor the osteoblastic phenotype of bone metastases. Taken 

together, our results reveal that the TMPRSS2:ERG fusions is involved in the control of PCa 

cell-induced bone remodeling. 

 

2. Material and Methods 

2.1. Cell culture, treatment and chemical reagents 

 The VCaP cell line was obtained from the American Type Culture Collection (ATCC, 

Manassas, VA, USA), the PC3 and PC3c cells were from Edith Bonnelye (INSERM U1033, 

Université Claude Bernard, Lyon, France). The PC3 cell line was authenticated by STR 
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profiling prior to the experiments (IdentiCell, Aarhus, Denmark) and presented a 100% match 

with PC3. The PC3c were isolated in vitro from this PC3 cell line, after single cell population 

culture [24]. PC3 cells were cultured in F12K nutrient mixture, whereas PC3c and VCaP cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, 

Waltham, MA, USA). All media were supplemented with 10% fetal bovine serum (FBS, 

Thermo Fisher Scientific, Waltham, MA, USA) and Zell Shield agent (Minerva Biolabs, 

Berlin, Germany). Cells were sub-cultured every 3-4 days and tested every 3 months for 

potential mycoplasma contamination with MycoAlertTM mycoplasma detection kit (Lonza, 

Basel, Switzerland). To induce TMPRSS2:ERG expression, VCaP cells were treated with 10 

nM DHT (5α-Androstan-17β-ol-3-one) or vehicle for 16 hours. Unless otherwise stated, all 

chemical reagents were from Sigma-Aldrich (St Louis, MO, USA). 

 

2.2. Generation of TMPRSS2:ERG expressing cells 

 PC3c clones, stably transfected with either empty pcDNA3.1 vector or 

TMPRSS2:ERG expression vector, were obtained as described previously (namely PC3c-CT, 

PC3c-T1E4-L, PC3c-T1E4-M and PC3c-T1E4-H) [19]. To obtain the PC3 clones, the same 

TMPRSS2:ERG cDNA was subcloned into the retroviral vector pLPCX (Clontech 

Laboratories, Mountain View, CA, USA). For production of the virus, 7 x 106 GP2-293 cells 

(Clontech Laboratories, Mountain View, CA, USA) were transfected with 25 µg of empty 

pLPCX or pLPCX/TMPRSS2:ERG, and 6 µg of pVPack-VSV-G (Clontech Laboratories, 

Mountain View, CA, USA) in the presence of 64 µL of Lipofectamine 2000 (Thermo Fisher 

Scientific, Waltham, MA, USA). After incubating for two days with fresh medium, 4 mL of 

the viral particle-containing supernatants were mixed with 8 µg/mL of Polybrene. This was 

then incubated with 0.3 x 106 PC3 cells in a 6-well plate in order to generate the 

TMPRSS2:ERG expressing cells (namely PC3-CT and PC3-T1E4). Successfully infected 
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cells were selected the next day by adding Puromycin (1 µg/mL) (Thermo Fisher Scientific, 

Waltham, MA, USA) in the culture medium for one week. 

 

2.3. siRNA transfection 

Predesigned and pooled siRNAs were obtained from GE Dharmacon (Lafayette, CO, 

USA). Cells were transfected with the siRNA (50 nM) using Lipofectamine 2000 reagent 

according to the manufacturer’s instructions. Gene-knockdown effects were evaluated 72 

hours after the transfection. The siRNAs used in this study were siERG (ON-TARGETplus 

SMARTpool L-003886-00) and the control siRNA (ON-TARGETplus Non-targeting Pool D-

001810-10). 

 

2.4. RNA extraction and gene expression analysis 

Total RNA was purified using the NucleoSpin RNA kit (Macherey-Nagel, Düren, 

Germany) according to the manufacturer’s instructions. For retrotranscription, 1 µg of total 

RNA was used to generate cDNA using the High Capacity RNA-to-cDNA kit (Applied 

Biosystems, Foster City, CA, USA). Quantitative PCRs (qPCRs) were performed using the 

power SYBR-Green PCR Master kit (Applied Biosystems, Foster City, CA, USA) on a 

Stratagene Mx3005P qPCR System (Stratagene, La Jolla, CA, USA) according to the 

manufacturer’s instructions. The relative expression levels of individual genes were calculated 

using the -2∆∆CT method and normalized to that of the 18S or L32 housekeeping gene. 

Optimal primer specificity and efficiency were validated according to the Mx3005P qPCR 

system user’s guide. The primers used in this study can be found in Supplemental Table 1. 

 

2.5. Chromatin immunoprecipitation (ChIP) 

ChIP assays were performed as described in Tian et al., 2014 [19] using either a 

polyclonal rabbit anti-ERG antibody (sc-353, Santa Cruz Biotech, Dallas, TX, USA) or a 
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control rabbit IgG antibody (Santa Cruz Biotech, Dallas, TX, USA). The genomic DNA was 

purified using NucleoSpin Clean-up columns (Macherey-Nagel, Düren, Germany) according 

to manufacturer’s instructions. Immuno-precipitated genomic DNA was analyzed by PCR or 

qPCR, and details of the primers used in this study can be found in Supplemental Table 1. 

 

2.6. ELISA 

Conditioned media from cell culture were used for protein detection. The levels of ET-

1 secreted by PC3c cells and by PC3c-CT, PC3c-T1E4-L, PC3c-T1E4-M and PC3c-T1E4-H 

clones were measured using a Quantikine ELISA kit (R&D Systems, Minneapolis, MN, 

USA). 

 

2.7. Analysis of publicly available datasets 

To analyze ERG, ET-1, ALPL, COL1A1, OPN, BSP, OCN, OPG and RANKL mRNA 

expression levels in PCa metastasis samples, we obtained the data from Beltran et al. by using 

cBioPortal for Cancer Genomics database (http://www.cbioportal.org) [25-27]. Specifically, 

we selected the cohort named “Neuroendocrine Prostate Cancer (Trento/Cornell/Broad 2016)” 

and kept only the “CRPC Adeno” disease code, corresponding only to the adenocarcinoma 

cases, not the neuroendocrine ones. The oncoprint shows the mRNA z-scores of 52 cases of 

castration resistant prostate adenocarcinoma metastases. Gene up-regulation in a given case is 

provided by cBioPortal as a z-score of ≥2. A z-score of 2 was defined as an array probe-set 

intensity that is two standard deviations greater than the mean of the probe set intensity in the 

matched normal tissue. Data were accessed from the cBioPortal in October 2016. 

To analyze the binding of ERG to the ALPL, COL1A1 and ET-1 loci in VCaP cells, the 

only cell line harboring endogenous expression of TMPRSS2:ERG, we obtained the data from 

Asangani et al. (GSM1328979), Sharma et al. (GSM1193656, GSM1193657, GSM1193658), 

and Chng et al. (GSM717395, GSM717396, GSM717397) by using cistrome database 
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(http://www.cistrome.org/db) [21, 28-30]. Data were then uploaded on UCSC Browser to 

analyze the binding of ERG (http://www.genome.ucsc.edu) [31]. ERG ChIP-sequencing data 

view scaling have been modified to use a vertical viewing range setting from 0 to 3 for ALPL, 

0 to 1 for COL1A1 and 0 to 0.5 for ET-1. Tracks from the human ENCODE project for 

H3K27Ac and H3K4Me1 marks, often found near regulatory elements, H3K4Me3 marks, 

often found near promoters, as well as DNase I hypersensitivity peak clusters have been 

added. Data were accessed from the Cistrome and UCSC in November 2016. 

 

2.8. Animal studies 

The mice used in this study were handled according to French national rules (Décret 

N° 87-848 du 19/10/1987, Paris). Experimental protocols were approved by the Institutional 

Animal Care and Use Committee at the University Lyon-1, France (CEEA-55 Comité 

d’Ethique en Expérimentation Animale DR2014-32). Animal experiments were routinely 

inspected by the attending veterinarian to ensure continued compliance with the proposed 

protocols. Animals bearing tumor xenografts were carefully monitored for established signs 

of distress and discomfort and were humanely euthanized. Intra-osseous tumor xenograft 

experiments in anaesthetized mice were carried out in six-week-old SCID male mice (Charles 

River Laboratories, Wilmington, MA, USA). PC3 cells are known to induce pure osteolytic 

lesions, while PC3c cells induce mixed lesions with both osteolytic and osteoblastic regions in 

the bone marrow cavity [24]. PC3 and PC3c cells (6 x 105 in 15 µL PBS) were injected into 

the bone marrow cavity. Mice were then sacrificed after either six weeks (PC3) or 10 weeks 

(PC3c). Radiographs (LifeRay HM Plus, Ferrania) of animals were taken using a Faxitron 

MX-20 (Faxitron X-ray Corporation). The bone lesion surface, which includes both osteolytic 

and osteoblastic regions, was measured using the computerized image analysis system 

MorphoExpert (Exploranova). The extent of the bone lesions for each animal was expressed 

in mm2. Once sacrificed, the hind limbs of mice were collected for histology and 
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histomorphometrics analyses. Tibiae were scanned using microcomputed tomography 

(Skyscan1174, Skyscan Kontich, Belgium) with an 8.8 voxel size and an X-ray tube (50 kV; 

80 µA) with a 0.5-µm aluminum filter. Three-dimensional reconstructions and rendering were 

performed using the manufacturer’s software packages NRecon & CTVox, and Skyscan, 

respectively. Bone volume/tissue volume (%BV/TV) measurements include residual 

trabecular and remaining cortical bone for PC3 models, as well as new bone formation in the 

bone marrow cavity in the PC3c model. Tibiae from animals were fixed, decalcified in 

Osteosoft® (Merck, Darmstadt, Germany) for four weeks, and then embedded in paraffin. In 

order to calculate the tumor burden to soft tissue volume (TB/STV) ratio (i.e., percentage of 

tumor tissue), sections of 5 µm were stained with Goldner’s trichrome and histomorphometric 

analyses were performed. The in situ detection of osteoclasts was carried out on metastatic 

bone tissue sections using the tartrate-resistant acid phosphatases (TRAP) activity assay kit 

(Sigma-Aldrich, Saint-Louis, MO, USA). The osteoclastic surface (OC.S/BS) was calculated 

as the ratio of TRAP-positive trabecular bone surface (OC.S) to the total bone surface (BS), 

using the computerized image system MorphoExpert (Exploranova). 

 

2.9. Human PCa bone and lymph node metastasis samples 

Human PCa bone (n=5) and lymph node (n=3) metastases were obtained from the local tumor 

tissue bank, C2RC (Lille, France), after the internal review board’s approval (CSTMT-042, 

27/07/2009). These tumor tissue samples, which had previously been extracted and 

subsequently frozen, originated from patients who consult at Lille University Hospitals 

(CHRU de Lille). Lymph node samples were obtained during radical prostatectomies or trans-

urethral prostatic resections, while the bone samples were acquired during either spinal cord 

decompression surgery, or prosthetic placements. All patients were informed and consent was 

obtained by the referring physician. Pathological findings of these PCa metastasis samples can 

be found in Supplemental Table 2. 
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2.10. Immunohistochemistry 

Immunohistochemistry of human and mouse tissue sections was performed using anti-

ERG (ab92513, Abcam, Cambridge, UK) at 1/100, anti-Ki67 (ab15580, Abcam, Cambridge, 

UK) at 1/200, and anti-ET-1 (No250640, Abbiotec, San Diego, CA, USA) at 1/100. Sections 

were incubated with secondary HRP-conjugated antibody. Counterstaining was performed 

using Mayer’s hematoxylin (Merck, Darmstadt, Germany). Images were acquired using an 

Axio Scan.Z1 slide scanner and ZEN (Blue edition) 2012 software (Carl Zeiss, Oberkochen, 

Germany). 

 

2.11. Image treatment and statistical analysis 

All image treatments were carried out using Image J. Statistical analyses were 

performed using the GraphPad Prism software (San Diego, CA, USA). The statistical methods 

used in this study are indicated in the corresponding figure legends. Unless otherwise 

indicated, all values in the figures are expressed as means ± s.e.m. 

 

3. Results 

3.1. TMPRSS2:ERG expression in PCa cells enhances osteoblastic lesions in vivo 

 In order to assess whether TMPRSS2:ERG gene fusions are involved in PCa bone 

metastasis progression in vivo, we chose to use a PCa-induced bone metastasis murine model. 

For this purpose we used the human TMPRSS2:ERG-negative PCa cell line, PC3c, which was 

originally derived from the PC3 cell line. We were mindful that it had been shown that the 

parental PC3 cells solely induce pure osteolytic bone lesions [24]. However mixed 

osteolytic/osteoblastic bone lesions have been found in most human PCa bone metastasis 

samples [6], and we therefore used the PC3c cells which are some of the rare human cell lines 

capable of inducing mixed osteoblastic/osteolytic bone lesions when injected into the tibiae of 
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male SCID mice [24]. One of the advantages was that such cells more accurately mimic the 

phenotype of human bone metastasis progression than any other available PCa cell lines. We 

had previously established and characterized several PC3c cell clones which stably expressed 

the most common TMPRSS2:ERG fusion, named T1E4. That fusion consists in the noncoding 

exon 1 of TMPRSS2 fused with the coding of exons of ERG from exon 4 [19]. The forced 

expression of TMPRSS2:ERG in PC3c cells (PC3c-T1E4) resulted in an increase of their 

migration and invasion capacities in vitro of those cells. In order to avoid any single-clone 

cell effect we injected into the tibiae of SCID mice the PC3c cell clones expressing distinct 

levels (low, medium and high expression) of the TMPRSS2:ERG fusion applying a 1:1:1 

ratio. A control group made up of PC3c cells expressing empty pcDNA vector (PC3c-CT) 

was also injected. 

 Ten weeks after injection, radiographical analyses revealed that, compared to the 

control animals, animals bearing tumors overexpressing the TMPRSS2:ERG fusion exhibited 

respectively significantly smaller and larger bone destruction and formation areas (Figs. 1A 

and 1B). We then decided to carry out additional experiments in order to be as complete and 

thorough as possible in our analysis. First, we used three-dimensional micro-computed 

tomographic reconstruction, which showed that tibiae bearing PC3c-T1E4 cells had a larger 

bone volume than those injected with PC3c-CT cells (Figs. 1C and 1D). Secondly, we 

undertook Goldner’s trichrome staining of the tissue sections and a histomorphometric 

analysis of tibiae lesions which respectively showed that PC3c-T1E4 cell inoculation resulted 

in an induced bone formation within the bone marrow cavity and a lower skeletal tumor 

burden (Figs. 1E and 1F). Third, TRAP staining revealed 20% less TRAP-positive osteoclast 

surface (OC.S/BS) in tibiae injected with PC3c-T1E4 cells compared to those inoculated with 

control PC3c-CT cells (Figs. 1G and 1H). Finally, by means of control, the immunostaining 

of the bone lesions revealed the presence of Ki-67-positive proliferating tumor cells, for 

which ectopic expression of ERG was also confirmed (Fig. 1I). Collectively, these data show 
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that the expression of the TMPRSS2:ERG fusion in PC3c cells is capable of enhancing the 

osteoblastic phenotype of skeletal lesions. 

 In contrast to PC3c cells, PC3 cells are known to solely induce pure osteolytic lesions 

when injected into the tibiae of mice. We then hypothesized that ectopic expression of 

TMPRSS2:ERG in PC3 cells would be capable of altering bone lesion characteristics just as it 

did in the PC3c model. Six weeks after intratibial tumor cell injection, both the T1E4-

expressing PC3 cells (PC3-T1E4) and the PC3 control cells (PC3-CT) had induced osteolytic 

lesions (Fig. 2A). However, the PC3-T1E4-bearing bone showed a significantly lower level of 

bone destruction (Fig. 2B), a larger bone volume (Figs. 2C and 2D), and a lower tumor 

burden (Figs. 2E and 2F). Similar to effect observed in the PC3c model, TRAP staining of 

tibial sections from animals bearing PC3-T1E4 cells showed 5% less TRAP-positive 

osteoclast surface compared to control tibiae (Figs. 2G and 2H). Cancer cells were detected in 

these bone lesions using Ki-67 and ERG antibody-based immunostaining (Fig. 2I). These 

results suggest that the expression of TMPRSS2:ERG in PC3 cells inhibits osteoclasts and 

decreases bone destruction. 

 Taken together, our results indicate that overexpression of the TMPRSS2:ERG fusion 

in PCa cells increases the osteoblastic phenotype of bone lesions and inhibits osteoclastic 

destruction in vivo. 

 

3.2. TMPRSS2:ERG expression enhances osteomimicry properties of PCa cells 

 The acquisition of a bone cell-like phenotype, namely osteomimicry, has been 

proposed to help cancer cells survive within the bone microenvironment [2, 5]. For instance, it 

has been shown that PCa cells can overexpress factors responsible for osteoblast 

differentiation and bone matrix mineralization [4]. Specifically, PC3c cells have been shown 

to express bone-associated markers such as OPN (Osteopontin), BSP (Bone Sialoprotein), 

RUNX2 (Runt Related Transcription Factor 2) and COL1A1 (Collagen Type I Alpha 1 
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Chain), which allow them to form a calcified matrix under osteogenic conditions [24]. As 

ectopic expression of the TMPRSS2:ERG fusion gene in PC3c cells enhanced osteoblastic 

lesion formation, we contemplated whether this aberrant ERG expression could have an 

impact on the osteomimicry properties of PC3c cells. Indeed, after 3 weeks of culture in 

osteogenic conditions, including ascorbic acid and β-glycerophosphate, PC3c-T1E4 cells 

showed some mineralization (black zones) and a higher ALPL (Alkaline Phosphatase, 

Liver/Bone/Kidney) activity than control PC3c-CT cells (in pink) (Fig. 3A). Although the 

expression levels of BSP and OCN (Osteocalcin) were comparable between PC3c-T1E4 and 

PC3c-CT cells (Fig. 3B), in PC3c-T1E4 cells there was a higher expression of the early 

osteoblast differentiation marker ALPL, as well as of COL1A1 and OPN, two genes associated 

with crucial organic bone matrix components (Fig. 3B). In addition, we found that the 

expression of OPG (Osteoprotegerin), which is known to inhibit osteoclastogenesis by 

interacting with RANKL (Receptor Activator of Nuclear Factor Kappa-B Ligand), was also 

higher in PC3c-T1E4 cells (Fig. 3B). Moreover, this osteomimicry enhancement was also 

observed, albeit to a lesser extent, in PC3-T1E4 cells cultured under osteogenic conditions 

(Figs. 3C and 3D). Interestingly RANKL expression was down-regulated in PC3-T1E4 cells. 

 To further confirm the clinical relevance of this regulatory network, we analyzed a 

gene expression dataset based on 52 human prostate adenocarcinoma metastasis samples 

using the cBioPortal platform [25]. Indeed, due to the difficulty to obtain metastasis samples, 

particularly bone metastases, very few cohorts have been studied. In this cohort, we found that 

the expression levels of the potential novel targets ALPL and COL1A1, are indeed 

significantly correlated with the expression of ERG (Fig. 4). In addition, a correlated 

expression also exists between ERG and the other bone remodeling-associated marker, OPN 

(Fig. 4). Importantly, OPN has previously been shown to be a target gene of ERG in PCa [32], 

and has a documented role in osteoblastic lesion formation induced by cancer cells [33]. On 

the other hand, no correlations were observed with BSP, OCN, OPG or RANKL. Such clinical 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 15

relevance further highlights the importance of the ERG transcription factor in the control of a 

bone turnover-associated gene network in vivo. 

 These data suggest that the expression of the TMPRSS2:ERG fusion in PCa cells 

enhances their osteomimicry properties, thereby explaining, at least in part, their capacity to 

increase the osteoblastic response in vivo. 

 

3.3. ERG directly controls the expression of ALPL and COL1A1 in PCa cells 

 Our results demonstrate that aberrant expression of ERG in PCa cells can enhance 

their osteomimicry properties through increasing osteogenic marker expression. We therefore 

asked whether these osteogenic markers are directly regulated by ERG in PCa cells. We took 

advantage of the availability of published ERG ChIP-seq data performed in the VCaP cell 

line, which is the only cell line harboring endogenous expression of TMPRSS2:ERG [34], to 

perform analyses showing that ERG binds to active regulatory regions of the ALPL and 

COL1A1 genes (Figs. S1 and S2) [21, 28, 29]. Moreover, these genomic regions correspond to 

transcriptionaly active regions since they were marked by the active transcriptional regulatory 

epigenetic marks H3K4me1 (histone 3 lysine 4 monomethylation), H3K4me3 (histone 3 

lysine 4 trimethylation), H3K27ac (histone 3 lysine 27 acetylation) or DNaseI sensitivity 

clusters. Importantly, knockdown of TMPRSS2:ERG fusion expression in VCaP cells (Fig. 

5A) significantly decreased the expression of ALPL and COL1A1 by 27% and 58%, 

respectively (Figs. 5B and 5C). In contrast, when the same cells were treated with DHT to 

increase TMPRSS2:ERG fusion expression (Fig. 5D), there was a significant increase in the 

expression levels of ALPL (four-fold) and COL1A1 (seven-fold) (Figs. 5E and 5F). 

 Furthermore, we also found that ectopic expression of the fusion in PC3c cells (Fig. 

5G) resulted in an increased expression of both ALPL and COL1A1 (three-fold and two-fold, 

respectively) even though cell cultures were performed without osteogenic conditions (Figs. 

5H and 5I). This ALPL and COL1A1 upregulation was specific to ectopic expression of ERG 
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because silencing the TMPRSS2:ERG fusion in PC3c-T1E4 cells (Fig. 5J) led to a reduced 

expression of both osteogenic markers (Figs. 5K and 5L). Likewise, in PC3c-T1E4 cells, we 

also found that ERG significantly binds to the same regulatory regions of ALPL and COL1A1 

that were identified in VCaP cells (Figs. 5M and 5N). 

 These results demonstrate that ERG directly controls the expression of the ALPL and 

COL1A1 osteogenic markers in PCa cells. 

 

3.4. ERG transcription factor regulates ET-1 expression in PCa cells 

 To further understand the mechanism by which aberrant expression of TMPRSS2:ERG 

fusions in PCa cells contributes to osteoblastic lesion formation, we focused on gene 

expression comparisons between the PC3c-CT and PC3c–T1E4 cell clones obtained 

previously [19]. Interestingly, in cells expressing TMPRSS2:ERG, the expression of ET-1 is 

upregulated. The ET-1 gene encodes a 21-amino acid secreted peptide that has a documented 

role in osteoblastic lesion formation in PCa bone metastases [35]. In fact, this peptide is able 

to stimulate osteoblast differentiation [36] and prevent osteoclast-mediated bone resorption 

[37, 38], thereby promoting overall osteoblastic lesion formation. Moreover, using the 

cBioPortal platform to analyze the gene expression dataset based on 52 human prostate 

adenocarcinoma metastasis samples, we found that the expression levels of this ET-1 gene 

was also significantly correlated with the expression of ERG (Fig. 4). 

 By using PC3c clones expressing distinct levels of the TMPRSS2:ERG T1E4 fusion 

(low, medium and high), we first confirmed that forced expression of the fusion results in 

ET-1 upregulation. In fact, the increase in ET-1 mRNA levels was correlated with the 

expression level of the fusion (Fig. 5G and 6A). In agreement with these results, an ELISA 

assay revealed that PC3c-T1E4 clones secreted significantly higher levels of ET-1 compared 

to control PC3c-CT cells (Fig. 6B). Importantly, knocking down expression of the 

TMPRSS2:ERG fusion in PC3c-T1E4 cells using an siRNA against ERG, led to 
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approximately a 40% reduction in ET-1 expression compared to in control siRNA-transfected 

cells (Fig. 5J and 6C). In addition, to further test the possible role of TMPRSS2:ERG in 

regulating ET-1 expression, we used another PCa cell line, VCaP, harboring endogenous 

expression of TMPRSS2:ERG. Knocking down the TMPRSS2:ERG fusion in VCaP cells 

resulted in a significant decrease in ET-1 expression (40%; Fig. 5A and 6D). Furthermore, 

DHT-stimulated TMPRSS2:ERG fusion expression was associated with a significant increase 

in ET-1 mRNA expression (Fig. 5D and 6E). Interestingly, using published ERG ChIP-seq 

data [21, 28, 29] obtained from VCaP cells, we found that there are three ERG binding sites at 

the ET-1 gene locus (Fig. S3). Moreover, these sites were modulated by hormonal induction 

and marked by the active transcriptional regulatory epigenetic marks. As such, we performed 

ChIP-qPCR assays and also found significant ERG binding to these regulatory elements in 

PC3c-T1E4 cells (Figs. 6F-H). Taken together, our results highlight that ERG, which 

becomes aberrantly expressed due to the TMPRSS2:ERG rearrangement, directly controls ET-

1 expression in PCa cells. 

 To verify whether ERG is capable of regulating ET-1 gene expression in human 

metastasis samples, we performed immune-detection in human samples. We used ERG and 

ET-1 immunohistochemistry staining in fusion-positive and –negative human lymph node and 

bone metastasis samples. As expected, ERG expression was strong in fusion-positive 

metastatic tissues, but was restricted to the endothelial cells of blood vessels in fusion-

negative (Fig. 7). Moreover, while ET-1 was barely detected in lymph node metastases, a 

strong expression of ET-1 was detected in fusion-positive bone metastasis tissues (Fig. 7).  

 Together, these results reveal a link between ERG and ET-1 expression in fusion-

positive human bone metastasis samples. 

 

4. Discussion 
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 PCa cells most commonly metastasize to the bone, inducing osteoblastic or mixed 

osteoblastic/osteolytic lesions, and this is an incurable complication of the disease [1, 6]. In 

the present study, we demonstrate that the TMPRSS2:ERG fusion is involved in bone 

metastasis phenotype by influencing the critical interplay between PCa cells and the bone 

microenvironment. Using a murine intratibial PCa engraftment model, we found that ectopic 

expression of the TMPRSS2:ERG fusion in PC3c or PC3 cells, which are known to induce 

mixed osteoblastic/osteolytic or solely pure osteolytic lesions respectively [24], results in an 

increase in bone formation events and a decrease in bone resorption. Since bone homeostasis 

is tightly controlled by the balance between osteoclast and osteoblast activities [2, 7, 39], our 

results suggest that PCa cells harboring the TMPRSS2:ERG fusion are able to interrupt this 

balance in favor of osteoblastic activity.  

 Indeed, we found that, in PCa cells, the ERG transcription factor is capable of directly 

controlling the expression of major bone markers, such as ALPL and COL1A1 [40, 41]. By 

enhancing the expression of ALPL and COL1A1 in tumor cells, ERG promotes the 

osteomimicry properties of the tumor cells, likely facilitating their survival and growth in the 

bone microenvironment. Importantly, ALPL and COL1A1 directly participate in the bone 

formation process [2, 7]: ALPL, a pivotal early marker of osteoblast activity, has been shown 

as essential for matrix mineralization and COL1A1, which is mainly secreted by osteoblasts, 

makes up approximately 90% of the bone matrix [42, 43]. Noteworthy, among the bone-

related parameters detected in patient blood, the level of ALPL has been identified as an 

important predictor of bone metastases [44, 45]. Recently, it has been shown that ALPL may 

be a major contributor to the progression of PCa, and that ALPL reduction increases cell 

death and epithelial plasticity in PCa cells [46]. In addition to the ALPL and COL1A1 genes, 

we have previously shown that ERG also controls the expression of OPN [32], another gene 

involved in the bone remodeling and mineralization processes. Thus, one of the principal 

consequences of the aberrant expression of TMPRSS2:ERG in PCa cells is a conferred bone-
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like phenotype. This not only enhances bone formation, but is also the underlying cause that 

provides PCa cells with a survival advantage in the bone microenvironment.  

 Here, we also found the ET-1 gene to be a direct target of ERG in PCa cells. 

Importantly, ET-1 expression was also significantly associated with ERG expression in 

human metastasis samples. The ET-1 gene encodes a secreted peptide that is known to 

promote osteoblastic bone lesions during metastatic growth of prostate tumors in mouse 

models [40]. Moreover, higher concentrations of ET-1 have been found in the plasma of 

metastatic PCa patients [47]. In fact, ET-1 is known to exert paracrine and autocrine effects 

by binding to the ET-1 receptors A and B, ETAR and ETBR [41]. Activation of ETAR by 

ET-1 can promote PCa growth through pathways involved in angiogenesis, osteogenesis, cell 

migration and invasion [48]. This suggests that the ET-1 axis could be an attractive 

therapeutic target for inhibiting cancer growth and metastasis. Clinical trials have shown that 

ETAR antagonists such as atrasentan (ABT-627, Abbott Laboratories, Abbott Park, CA, 

USA) and zibotentan (ZD4054, Astra-Zeneca, London, UK), result in a delay in skeletal 

metastasis progression, a decrease in cancer-related bone pain, and an increase in the overall 

survival of patients with castration-resistant PCa and bone metastases [49, 50]. However, 

despite promising Phase II trials in patients with advanced metastatic PCa, Phase III trials 

using atrasentan and zibotentan mono-therapy or in combination with docetaxel 

chemotherapy, were unsuccessful in patients with established disease [51, 52]. Two possible 

reasons for these clinical findings could be that the dose of chemotherapy received by the 

patients was too weak or, more importantly, that screening patients for non-metastatic disease 

status can prove difficult [52]. As patients with highly elevated bone turnover markers appear 

to preferentially benefit from atrasentan therapy [53], TMPRSS2:ERG-positive or -negative 

fusion levels, which we show to be associated with bone marker levels, could help in selecting 

good responders for ETAR treatment in further Phase III trials. 
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 The formation of metastasis is a multistep process that includes dissemination of 

cancer cells from primary tumor, organotropism (i.e. bone tropism) and tissue colonization, 

survival and dormancy of the tumor cells, and finally, after dormant state escape, 

uncontrollably proliferation [2, 7]. In PCa, TMPRSS2:ERG fusions are found in more than a 

half of cases, and bone is the primary site of metastasis. However, only one cell line, VCaP, 

exhibits the endogenous TMPRSS2:ERG fusion, very few cell lines are able to induce lesions 

in bone, and none of the existing mouse models entirely recapitulate the metastatic processes 

[34, 54]. Such limitation constitutes a limit to the understanding of bone metastasis formation 

itself. 

 Nonetheless, PC3 represent an appropriate widely used cell model to study the specific 

role of TMPRSS2:ERG in the phenotype of induced bone lesions. Indeed, this cell line was 

produced from a PCa bone metastasis, was free from any chromosomic rearrangements or 

fusion genes, especially TMPRSS2:ERG, and was known to induce pure osteolytic lesions in 

murine intratibial PCa engraftment models. Using three PC3-derived cell lines, we showed 

that the TMPRSS2:ERG fusion gene expression contributes to at least two steps of this 

process: first, the bone tropism as shown by our previously-described intracardiac injection 

experiments [23], and second, the development of osteoblastic lesion presented in this study. 

These intracardiac and intratibial injection models highlight distinct series of genes, regulated 

by the TMPRSS2:ERG proteins. Associated to cell adhesion and migration [23], or to bone 

cell differentiation and mineralization as identified here, these genes respectively contributed 

to these two steps of bone metastasis formation. It will be important in future work to assess 

the contribution of TMPRSS2:ERG in additional models of PCa that could include the use of 

transgenic mouse models or primary patient samples as Patient-Derived Xenografts.  

 In conclusion, our study provides both in vivo and in vitro evidence supporting that 

aberrant expression of the TMPRSS2:ERG fusion in PCa cells enhances their osteomimicry 

and promotes osteoblastic lesion formation. Therefore, in addition to the presence of the 
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fusion, the detection of ALPL, COL1A1 and ET-1 protein expressions could constitute a 

signature which indicates the metastatic progression and provide a novel tool for the 

assessment, treatment and management of patients with PCa.  
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Figure legends 

Fig. 1. The expression of TMPRSS2:ERG in PC3c cells enhances their capacity to 

induce osteoformation and to reduce osteolysis. (A) PC3c cells expressing empty vector 

(PC3c-CT), T1E4 (PC3c-T1E4) and PBS buffer (Sham) were injected into the tibiae of SCID 
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mice. Ten weeks´ post-inoculation, radiography revealed larger osteoblastic lesions (white 

arrows) in mice injected with PC3c-T1E4 cells compared to those injected with PC3c-CT 

cells. PC3c-CT-injected mice showed both osteoblastic lesions and osteolytic destructions 

(white asterisks). Multiple mice of each group were analyzed, and representative 

radiographies are shown. (B) Comparison of bone destruction area (left panel; n=8, P=0.0048) 

and bone formation area (right panel; n=8, P=0.0032). Two-tailed Mann-Whitney t test. (C) 

3D micro-CT reconstructions of tibiae implanted with PC3c-CT or PC3c-T1E4 cells and PBS 

buffer (Sham). Multiple mice of each group were analyzed, and representative radiographies 

are shown. (D) Comparison of bone volume over total tissue volume (BV/TV, %) between 

tibiae bearing PC3c-CT or PC3c-T1E4 cells (n=8, P=0.0207, two-tailed Mann-Whitney t 

test). (E) Goldner’s trichrome staining of bone sections. Multiple mice of each group were 

analyzed, and representative images are shown. (F) Comparison of tumor burden over total 

soft tissue volume (TB/STV, %) between tibiae bearing PC3c-CT or PC3c-T1E4 cells (n=8, 

P=NS, two-tailed Mann-Whitney t test). (G) TRAP staining of tibiae. Six mice of each group 

were analyzed, and representative images are shown. (H) Comparison of osteoclast surface 

over bone surface (OC.S/BS, %) between tibiae bearing PC3c-CT or PC3c-T1E4 cells (n=6, 

P=0.0125, two-tailed unpaired t test). (I) Immunohistochemistry detection of Ki67 and ERG 

in tumors induced by PC3c-CT and PC3c-T1E4 cells. T, Tumor; BM, Bone Matrix; OC, 

Osteoclasts; GP, Growth Plate. 

 

Fig. 2. The expression of TMPRSS2:ERG in PC3 cells enhances their capacity to reduce 

osteolysis. (A) PC3 cells expressing empty vector (PC3-CT) and T1E4 (PC3-T1E4) were 

injected into the tibiae of SCID mice. Four weeks´ post-inoculation, radiography revealed 

smaller osteolytic lesions (white asterisks) in mice injected with PC3-T1E4 cells compared to 

those injected with PC3-CT cells. Multiple mice of each group were analyzed, and 

representative radiographies are shown. (B) Comparison of bone destruction area (PC3-CT: 
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n=10, PC3-T1E4: n=11, P=0.0142, two-tailed Mann-Whitney t test). (C) 3D micro-CT 

reconstructions of tibiae implanted respectively with PC3-CT and PC3-T1E4 cells. Multiple 

mice of each group were analyzed, and representative radiographies are shown. (D) 

Comparison of bone volume over total tissue volume (BV/TV, %) between tibiae bearing 

PC3-CT or PC3-T1E4 cells (PC3-CT: n=10, PC3-T1E4: n=11, P=0.0400, two-tailed Mann-

Whitney t test). (E) Goldner’s trichrome staining of bone sections from tibiae injected with 

PC3-CT or PC3-T1E4. Multiple mice of each group were analyzed, and representative 

radiographies are shown. (F) Comparison of tumor burden over total soft tissue volume 

(TB/STV, %) between tibiae bearing PC3-CT or PC3-T1E4 cells (PC3-CT: n=10, PC3-T1E4: 

n=11, P=0.0016, two-tailed Mann-Whitney t test). (G) TRAP staining of tibiae bearing PC3-

CT or PC3-T1E4 cells. Five mice of each group were analyzed, and representative images are 

shown. (H) Comparison of osteoclast surface over bone surface (OC.S/BS, %) between tibiae 

bearing PC3-CT or PC3-T1E4 cells (n=5, P=0.0496, two-tailed unpaired t test). (I) 

Immunohistochemistry detection of Ki67 and ERG in tumors induced by PC3-CT and PC3-

T1E4 cells. T, Tumor; BM, Bone Matrix; OC, Osteoclasts; GP, Growth Plate. 

 

Fig. 3. The expression of the TMPRSS2:ERG fusion enhances osteomimicry properties 

of PCa cells. (A and C) Von Kossa staining was performed on control PC3c-CT and PC3c-

T1E4 cells (A) and on control PC3-CT and PC3-T1E4 cells (C) both of which were cultured 

in osteogenic conditions for 21 days. Von Kossa staining shows mineralization (black zones) 

and ALPL activity (in pink) (e.g., PC3c-T1E4 cells). (B and D) Comparison of the expression 

of the osteogenic markers ALPL, COL1A1, OPN, BSP, OCN, OPG and RANKL evaluated by 

RT-qPCR between control PC3c-CT and PC3c-T1E4 cells (B) and between control PC3-CT 

and PC3-T1E4 cells (D) both cultured in osteogenic conditions for 21 days (P values are 

indicated on each graph, two-tailed unpaired t test). Bar= 200 µM. 
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Fig. 4. The upregulation of ERG correlates with ET-1 and the osteogenic markers, 

ALPL, COL1A1 and OPN. cBioPortal platform analysis of a publicly available dataset of 

human castration resistant prostate adenocarcinoma metastasis samples (n=52, P<0.0001, 

Fisher’s exact test) [25]. Each vertical lane represents one patient, and those shaded in dark-

grey highlight the presence of mRNA upregulation. 

 

Fig. 5. ERG directly controls the expression of ALPL and COL1A1 in PCa cells. (A-L) 

The expression of ERG, ALPL and COL1A1 were analyzed using RT-qPCR in fusion-positive 

VCaP cells treated with either control or ERG siRNA (A, B and C respectively) (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test), in fusion-positive VCaP cells treated with either ethanol vehicle (Veh) or 

dihydrotestosterone (DHT) to enhance ERG expression (D, E and F respectively) (n=3, 

P=0.0001, P<0.0001 and P=0.0251 respectively, unpaired t test), in the control PC3c-CT cells 

and PC3c-T1E4 cells expressing distinct levels (H: high; M: medium; L: low) of T1E4 fusion 

(G, H and I respectively) (n=3, **P<0.01 and ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test), and in PC3c-T1E4-H cells treated with 

either control or ERG siRNA (J, K and L respectively)  (n=3, **P<0.01 and ***P<0.001, 

one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test). The 

expression levels of ERG, ALPL and COL1A1 found in cells treated with control siRNA were 

normalized to 1. (M-N) ERG binding to the ALPL (M) and COL1A1 (N) locus were analyzed 

using ChIP-qPCR in PC3c-T1E4-H and control PC3c-CT cells. The ERG binding sites 

identified in VCaP cells by ChIP-seq (as shown in Supplemental Figure 1 and 2) were 

analyzed. Non-specific rabbit-IgG antibody was used as a negative control. (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test). 
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Fig. 6. ERG transcription factor regulates ET-1 gene expression in PCa. (A) The 

expression of ET-1 was analyzed by RT-qPCR in the control PC3c-CT cells and PC3c-T1E4 

cells expressing distinct levels (H: high; M: medium; L: low) of T1E4 fusion (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test). (B) The expression of the ET-1 protein was evaluated based on an ELISA of the 

conditioned media collected from the parental PC3c cells, control PC3c-CT cells and PC3c-

T1E4 cells expressing distinct level (H: high; M: medium; L: low) of T1E4 fusion (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test). (C-E) The expression of ET-1 was analyzed by RT-qPCR in PC3c-T1E4-H cells treated 

with either control or ERG siRNA (C) (n=3, ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test), in fusion-positive VCaP cells treated 

with either control or ERG siRNA (D) (n=3, ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test), and in fusion-positive VCaP cells 

treated with either ethanol vehicle (Veh) or dihydrotestosterone (DHT) to enhance ERG 

expression (E) (n=3, P<0.0001, unpaired t test). The expression levels of ET-1 found in cells 

treated with control siRNA were normalized to 1. (F-H) The binding of ERG at the ET-1 

locus was analyzed using ChIP-qPCR in PC3c-T1E4-H and control PC3c-CT cells. All three 

ERG binding sites ((1), (2) and (3)) identified in VCaP cells by ChIP-seq (shown in 

Supplemental Figure 3) were analyzed (F), (G) and (H) respectively. Non-specific rabbit-

IgG was used as a negative control (n=3, ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test).  

 

Fig. 7. ERG and ET-1 expression are associated in fusion-positive human bone 

metastasis samples. Immunohistochemistry staining using ERG or ET-1 specific antibodies 

in TMPRSS2:ERG-negative and -positive PCa bone (n=5) and lymph node (n=3) metastasis 

samples (Histo-pathological characterization of these samples in Supplemental Table 2). 
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Representative images were shown. T: Tumor cells; BV: Blood vessel; BM: Bone matrix; LT: 

Lymphoid tissue. 
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Figure legends 

Fig. 1. The expression of TMPRSS2:ERG in PC3c cells enhances their capacity to 

induce osteoformation and to reduce osteolysis. (A) PC3c cells expressing empty vector 

(PC3c-CT), T1E4 (PC3c-T1E4) and PBS buffer (Sham) were injected into the tibiae of SCID 

mice. Ten weeks´ post-inoculation, radiography revealed larger osteoblastic lesions (white 

arrows) in mice injected with PC3c-T1E4 cells compared to those injected with PC3c-CT 

cells. PC3c-CT-injected mice showed both osteoblastic lesions and osteolytic destructions 

(white asterisks). Multiple mice of each group were analyzed, and representative 

radiographies are shown. (B) Comparison of bone destruction area (left panel; n=8, P=0.0048) 

and bone formation area (right panel; n=8, P=0.0032). Two-tailed Mann-Whitney t test. (C) 

3D micro-CT reconstructions of tibiae implanted with PC3c-CT or PC3c-T1E4 cells and PBS 

buffer (Sham). Multiple mice of each group were analyzed, and representative radiographies 

are shown. (D) Comparison of bone volume over total tissue volume (BV/TV, %) between 

tibiae bearing PC3c-CT or PC3c-T1E4 cells (n=8, P=0.0207, two-tailed Mann-Whitney t 

test). (E) Goldner’s trichrome staining of bone sections. Multiple mice of each group were 

analyzed, and representative images are shown. (F) Comparison of tumor burden over total 

soft tissue volume (TB/STV, %) between tibiae bearing PC3c-CT or PC3c-T1E4 cells (n=8, 

P=NS, two-tailed Mann-Whitney t test). (G) TRAP staining of tibiae. Six mice of each group 

were analyzed, and representative images are shown. (H) Comparison of osteoclast surface 

over bone surface (OC.S/BS, %) between tibiae bearing PC3c-CT or PC3c-T1E4 cells (n=6, 

P=0.0125, two-tailed unpaired t test). (I) Immunohistochemistry detection of Ki67 and ERG 

in tumors induced by PC3c-CT and PC3c-T1E4 cells. T, Tumor; BM, Bone Matrix; OC, 

Osteoclasts; GP, Growth Plate. 

 

Fig. 2. The expression of TMPRSS2:ERG in PC3 cells enhances their capacity to reduce 

osteolysis. (A) PC3 cells expressing empty vector (PC3-CT) and T1E4 (PC3-T1E4) were 
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injected into the tibiae of SCID mice. Four weeks´ post-inoculation, radiography revealed 

smaller osteolytic lesions (white asterisks) in mice injected with PC3-T1E4 cells compared to 

those injected with PC3-CT cells. Multiple mice of each group were analyzed, and 

representative radiographies are shown. (B) Comparison of bone destruction area (PC3-CT: 

n=10, PC3-T1E4: n=11, P=0.0142, two-tailed Mann-Whitney t test). (C) 3D micro-CT 

reconstructions of tibiae implanted respectively with PC3-CT and PC3-T1E4 cells. Multiple 

mice of each group were analyzed, and representative radiographies are shown. (D) 

Comparison of bone volume over total tissue volume (BV/TV, %) between tibiae bearing 

PC3-CT or PC3-T1E4 cells (PC3-CT: n=10, PC3-T1E4: n=11, P=0.0400, two-tailed Mann-

Whitney t test). (E) Goldner’s trichrome staining of bone sections from tibiae injected with 

PC3-CT or PC3-T1E4. Multiple mice of each group were analyzed, and representative 

radiographies are shown. (F) Comparison of tumor burden over total soft tissue volume 

(TB/STV, %) between tibiae bearing PC3-CT or PC3-T1E4 cells (PC3-CT: n=10, PC3-T1E4: 

n=11, P=0.0016, two-tailed Mann-Whitney t test). (G) TRAP staining of tibiae bearing PC3-

CT or PC3-T1E4 cells. Five mice of each group were analyzed, and representative images are 

shown. (H) Comparison of osteoclast surface over bone surface (OC.S/BS, %) between tibiae 

bearing PC3-CT or PC3-T1E4 cells (n=5, P=0.0496, two-tailed unpaired t test). (I) 

Immunohistochemistry detection of Ki67 and ERG in tumors induced by PC3-CT and PC3-

T1E4 cells. T, Tumor; BM, Bone Matrix; OC, Osteoclasts; GP, Growth Plate. 

 

Fig. 3. The expression of the TMPRSS2:ERG fusion enhances osteomimicry properties 

of PCa cells. (A and C) Von Kossa staining was performed on control PC3c-CT and PC3c-

T1E4 cells (A) and on control PC3-CT and PC3-T1E4 cells (C) both of which were cultured 

in osteogenic conditions for 21 days. Von Kossa staining shows mineralization (black zones) 

and ALPL activity (in pink) (e.g., PC3c-T1E4 cells). (B and D) Comparison of the expression 

of the osteogenic markers ALPL, COL1A1, OPN, BSP, OCN, OPG and RANKL evaluated by 
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RT-qPCR between control PC3c-CT and PC3c-T1E4 cells (B) and between control PC3-CT 

and PC3-T1E4 cells (D) both cultured in osteogenic conditions for 21 days (P values are 

indicated on each graph, two-tailed unpaired t test). Bar= 200 µM. 

 

Fig. 4. The upregulation of ERG correlates with ET-1 and the osteogenic markers, 

ALPL, COL1A1 and OPN. cBioPortal platform analysis of a publicly available dataset of 

human castration resistant prostate adenocarcinoma metastasis samples (n=52, P<0.0001, 

Fisher’s exact test) [25]. Each vertical lane represents one patient, and those shaded in dark-

grey highlight the presence of mRNA upregulation. 

 

Fig. 5. ERG directly controls the expression of ALPL and COL1A1 in PCa cells. (A-L) 

The expression of ERG, ALPL and COL1A1 were analyzed using RT-qPCR in fusion-positive 

VCaP cells treated with either control or ERG siRNA (A, B and C respectively) (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test), in fusion-positive VCaP cells treated with either ethanol vehicle (Veh) or 

dihydrotestosterone (DHT) to enhance ERG expression (D, E and F respectively) (n=3, 

P=0.0001, P<0.0001 and P=0.0251 respectively, unpaired t test), in the control PC3c-CT cells 

and PC3c-T1E4 cells expressing distinct levels (H: high; M: medium; L: low) of T1E4 fusion 

(G, H and I respectively) (n=3, **P<0.01 and ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test), and in PC3c-T1E4-H cells treated with 

either control or ERG siRNA (J, K and L respectively)  (n=3, **P<0.01 and ***P<0.001, 

one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test). The 

expression levels of ERG, ALPL and COL1A1 found in cells treated with control siRNA were 

normalized to 1. (M-N) ERG binding to the ALPL (M) and COL1A1 (N) locus were analyzed 

using ChIP-qPCR in PC3c-T1E4-H and control PC3c-CT cells. The ERG binding sites 

identified in VCaP cells by ChIP-seq (as shown in Supplemental Figure 1 and 2) were 
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analyzed. Non-specific rabbit-IgG antibody was used as a negative control. (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test). 

 

Fig. 6. ERG transcription factor regulates ET-1 gene expression in PCa. (A) The 

expression of ET-1 was analyzed by RT-qPCR in the control PC3c-CT cells and PC3c-T1E4 

cells expressing distinct levels (H: high; M: medium; L: low) of T1E4 fusion (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test). (B) The expression of the ET-1 protein was evaluated based on an ELISA of the 

conditioned media collected from the parental PC3c cells, control PC3c-CT cells and PC3c-

T1E4 cells expressing distinct level (H: high; M: medium; L: low) of T1E4 fusion (n=3, 

***P<0.001, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

test). (C-E) The expression of ET-1 was analyzed by RT-qPCR in PC3c-T1E4-H cells treated 

with either control or ERG siRNA (C) (n=3, ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test), in fusion-positive VCaP cells treated 

with either control or ERG siRNA (D) (n=3, ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test), and in fusion-positive VCaP cells 

treated with either ethanol vehicle (Veh) or dihydrotestosterone (DHT) to enhance ERG 

expression (E) (n=3, P<0.0001, unpaired t test). The expression levels of ET-1 found in cells 

treated with control siRNA were normalized to 1. (F-H) The binding of ERG at the ET-1 

locus was analyzed using ChIP-qPCR in PC3c-T1E4-H and control PC3c-CT cells. All three 

ERG binding sites ((1), (2) and (3)) identified in VCaP cells by ChIP-seq (shown in 

Supplemental Figure 3) were analyzed (F), (G) and (H) respectively. Non-specific rabbit-

IgG was used as a negative control (n=3, ***P<0.001, one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparison test).  
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Fig. 7. ERG and ET-1 expression are associated in fusion-positive human bone 

metastasis samples. Immunohistochemistry staining using ERG or ET-1 specific antibodies 

in TMPRSS2:ERG-negative and -positive PCa bone (n=5) and lymph node (n=3) metastasis 

samples (Histo-pathological characterization of these samples in Supplemental Table 2). 

Representative images were shown. T: Tumor cells; BV: Blood vessel; BM: Bone matrix; LT: 

Lymphoid tissue. 
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Figure'2'
Delliaux'et'al.,'2018'
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Figure'3'
Delliaux'et'al.,'2018'
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Figure'4'
Delliaux'et'al.,'2018'
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Figure'5'
Delliaux'et'al.,'2018'
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Figure'6'
Delliaux'et'al.,'2018'

IgG ERG IgG ERG
0.0

0.2

0.4

0.6

0.8

1.0

Pe
rc

en
t i

np
ut

***

PC3c-CT PC3c-T1E4-H

ET-1 (1)

IgG ERG IgG ERG
0.0

0.2

0.4

0.6

0.8

1.0

Pe
rc

en
t i

np
ut

***

PC3c-CT PC3c-T1E4-H

ET-1 (2)

IgG ERG IgG ERG
0.0

0.2

0.4

0.6

0.8

1.0

Pe
rc

en
t I

np
ut

***

PC3c-CT PC3c-T1E4-H

ET-1 (3)

Mock Control ERG
0.0

0.5

1.0

1.5

R
el

at
iv

e 
Ex

pr
es

si
on

 (E
T-
1)

**

siRNA

PC3c-T1E4-H

CT H M L
0

5

10

15

20

R
el

at
iv

e 
Ex

pr
es

si
on

 (E
T-
1)

T1E4

***

***

PC3c

Mock Control ERG
0.0

0.5

1.0

1.5

R
el

at
iv

e 
Ex

pr
es

si
on

 (E
T-
1)

***

siRNA

VCaP

Veh DHT
0

2

4

6

8

10

R
el

at
iv

e 
Ex

pr
es

si
on

 (E
T-
1)

p<0.0001VCaP

A B C 

D E 

F G H 

En
do

th
el

in
 1

 (p
g/

m
L)

PC3c CT H M L
0

5

10

15
***

***

PC3c

T1E4



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

E
R

G
 

E
T-

1 

TMPRSS2:ERG 
Negative 

Lymph Node 
Metastasis 

TMPRSS2:ERG 
Positive 

Lymph Node 
Metastasis 

TMPRSS2:ERG 
Positive 

Bone Metastasis 

TMPRSS2:ERG 
Negative 

Bone Metastasis 

T'

BM'

BV'

LT'
BM'

BM'

T'

T'
T'

LT'

LT'

LT'
T'

T'

T'
T'

BV'

Figure'7'
Delliaux'et'al.,'2018'



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Highlights 

• TMPRSS2:ERG gene expression enhances the osteoblastic phenotype of bone lesions 

• TMPRSS2:ERG fusion-expressing tumor cells overexpress osteoblastic markers  

• Expression of Collagen Type I Alpha 1 Chain, Alkaline Phosphatase and Endothelin-1 

is enhanced by the TMPRSS2:ERG expression  

• Collagen Type I Alpha 1 Chain, Alkaline Phosphatase and Endothelin-1 are direct 

target genes of ERG transcription factor 


