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Abstract 14 

Long noncoding RNAs (lncRNAs) play pivotal roles in cancer development and progression, and some function 15 

in a highly cancer-specific manner. However, whether the cause of their expression is an outcome of a specific 16 

regulatory mechanism or nonspecific transcription induced by genome reorganization in cancer remains largely 17 

unknown. Here, we investigated a group of lncRNAs that we previously identified to be aberrantly expressed in 18 

prostate cancer (PC), called TPCATs. Our high-throughput real-time PCR experiments were integrated with 19 

publicly available RNA-seq and ChIP-seq data and revealed that the expression of a subset of TPCATs is driven 20 

by PC-specific transcription factors (TFs), especially androgen receptor (AR) and ETS-related gene (ERG). Our in 21 

vitro validations confirmed that AR and ERG regulated a subset of TPCATs, most notably for EPCART. Knockout 22 

of EPCART was found to reduce migration and proliferation of the PC cells in vitro. The high expression of 23 

EPCART and two other TPCATs (TPCAT-3-174133 and TPCAT-18-31849) were also associated with the 24 

biochemical recurrence of PC in prostatectomy patients and were independent prognostic markers. Our 25 

findings suggest that the expression of numerous PC-associated lncRNAs is driven by PC-specific mechanisms 26 

and not by random cellular events that occur during cancer development. Furthermore, we report three 27 

prospective prognostic markers for the early detection of advanced PC and show EPCART to be a functionally 28 

relevant lncRNA in PC.  29 
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Introduction 30 

Prostate cancer (PC) is the most common cancer and the third leading cause of male cancer death in developed 31 

countries (1). Androgen receptor (AR) is a transcription factor (TF) that plays an important role in the growth 32 

and development of normal prostate cells, and in PC tumorigenesis and progression. While the mechanisms of 33 

AR signaling have been widely investigated and utilized for treatment in advanced PC, the role of AR in primary 34 

PC is less clear. Previous studies have indicated that the AR cistrome is reprogrammed to novel genomic loci 35 

during tumorigenesis by master regulators, most notably FOXA1, HOXB13, and ETS family TFs, particularly ERG 36 

(2-4). ERG is involved in AR cistrome modulation by recruiting AR to novel genomic loci and binding to the same 37 

binding sites as AR (2, 3). Recent findings also indicate that ERG binds and redirects FOXA1 and HOXB13 to new 38 

genomic loci in TMPRSS2-ERG gene fusion positive PC (5). TMPRSS2-ERG gene fusion is the most frequent 39 

genetic aberration in PCs; it is found in ~50% of cases (6, 7), and it is an early event in PC development (8, 9), 40 

leading to overexpression of ERG. High ERG expression has been suggested to promote invasion and 41 

progression of PC cells (10, 11). 42 

Long non-coding RNAs (lncRNA) are over 200 nucleotide long nonprotein-coding transcripts that are involved in 43 

various biological and pathological processes, including cancer (12). In prostate cancer, several lncRNAs have 44 

been discovered to have a potential role in PC tumorigenesis, progression, and metastasis (13). Furthermore, 45 

lncRNA tissue- and cancer-specific expression makes them ideal biomarkers for cancer detection and prediction 46 

(14). For example, PCA3, a highly PC-specific lncRNA, is a potent diagnostic marker (15), and a few other 47 

lncRNAs have been proposed as prognostic markers for advanced disease (16-18). 48 

Although several lncRNAs have been found to be aberrantly expressed in PC samples (19, 20), their functional 49 

roles in the development of PC are poorly understood. Here, we aim to assess the possibility of regulation of 50 

PC-specific lncRNAs by AR and ERG. We focused our research on PC-associated transcripts (PCATs) that we 51 

previously discovered in the Tampere RNA-seq cohort (named TPCATs) (20). We used high-throughput real-52 
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time PCR to identify TPCATs associated with PC progression in primary tumors and integrated publicly available 53 

RNA-seq and chromatin immunoprecipitation sequencing (ChIP-seq) data from PC patient and cell line samples 54 

to examine the regulative processes behind the expression of TPCATs. We found that the majority of studied 55 

TPCATs were associated with ERG overexpression, and they were putative targets of AR regulation. We also 56 

experimentally validated the regulation of TPCATs by AR and ERG. Finally, we identified three TPCATs whose 57 

expression was associated with PC progression. These findings provide insight into the importance of AR in the 58 

regulation of lncRNAs in PC and introduce potential novel prognostic markers to be used in the early detection 59 

of advanced PC.  60 
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Materials and Methods 61 

Clinical samples 62 

Fresh-frozen tissue samples from 87 radical prostatectomies were obtained from Tampere University Hospital 63 

(Tampere, Finland). The samples were snap frozen and stored in liquid nitrogen. The percentage of cancer in 64 

the samples varied from 30% to 80% (Supplementary Table S1). The mean age at diagnosis was 62.3 years 65 

(range: 40.3-71.8) and the mean prostate-specific antigen (PSA) at diagnosis was 10.1 ng/ml (range: 3.1-48.1) 66 

(Supplementary Table S1). The biochemical progression was defined as two consecutive samples with PSA ≥0.5 67 

ng/ml. The use of clinical material was approved by the ethics committee of the Tampere University Hospital 68 

(Tampere, Finland). Written informed consent was obtained from all subjects. 69 

Cell lines and xenografts 70 

The prostate cancer cell line LNCaP was obtained from American Type Cell Collection (ATCC, Manassas, VA, 71 

USA), and VCaP and DuCaP cells were kindly provided by Dr. Jack Schalken (Radboud University Nijmegen 72 

Medical Center, Nijmegen, the Netherlands). Parental LNCaP cells that were transfected either with empty 73 

pcDNA3.1(+) (LNCaP-pcDNA3.1) or wild-type AR-cDNA (LNCaP-ARhi) were previously established by our group 74 

(21). All cell lines were cultured as recommended by the suppliers and tested for mycoplasma contamination 75 

regularly. Previously established xenografts, LuCaP69 and LuCaP73, were provided by Dr. Robert L. Vessella 76 

(University of Washington, Seattle, WA, USA).  77 

Data acquisition and analysis 78 

Our previously generated RNA-seq data from 28 untreated primary PC, 13 castration resistant PC (CRPC), and 79 

12 benign prostatic hyperplasia (BPH) specimens (20) was used to identify TPCATs that are overexpressed in 80 

primary PC. To analyze the expression of TPCATs in The Cancer Genome Atlas prostate adenocarcinoma (TCGA-81 
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PRAD) samples (7), transcriptome sequencing data for those samples was downloaded from the Genomic Data 82 

Commons Data Portal (https://portal.gdc.cancer.gov/) and aligned against the hg19 human reference genome 83 

using Tophat-2.1.1. A catalog of gene exons was built by taking the union of Ensembl 75 splice variants and 84 

adding the novel TPCAT genes. The number of reads aligned to each gene was quantified using bedtools-2.26.0. 85 

Expression levels were normalized between samples using median-of-ratios normalization. 86 

Unsupervised hierarchical clustering was performed for the matrix of ΔCt values, which was quantified relative 87 

to the genes’ median expression across 34 TPCATs in 87 samples. Clustering was performed using the 88 

complete-linkage agglomerative clustering method based on the Euclidean distance matrix and visualized using 89 

R package gplots version 3.0.1.  90 

TCGA-PRAD expression of TPCATs and over 3000 human genes linked to transcriptional regulation from the 91 

TFcheckpoint database (22) were compared with each other. The expression values were converted to log2, 92 

and the Pearson correlation coefficient was calculated for each TPCAT and TF in a pairwise manner. 93 

To investigate the binding sites of TFs, called ChIP-seq peaks were retrieved from following public databases: 94 

AR, FOXA1, and HOXB13 ChIP-seq peaks in human prostate tumor samples (GSE56288), and VCaP ERG ChIP-seq 95 

peaks (GSM353647 and GSM2612457). The number of peaks for each TF was counted in the regulatory regions 96 

of TPCATs (-15kb/+2kb from transcription start site (TSS)). Next, the ChIP-seq peaks for all four TFs (AR, FOXA1, 97 

HOXB13 and ERG) were combined into union peaks, and each of the sites from the union peaks was checked 98 

for overlaps. 99 

For determination of open chromatin sites, DNase-seq data in LNCaP was used. The data was retrieved from 100 

ENCODE portal (23) (https://www.encodeproject.org/) with the following identifier: ENCSR000EPF. 101 
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Real-time PCR  102 

For PCR-based analyses, RNA was extracted by using TRIzol (Thermo Fisher Scientific) or TRI Reagent (Sigma-103 

Aldrich) following the manufacturer’s instructions. RNA from knockdown and hormone deprivation samples 104 

were treated with DNase I and purified with RNeasy Mini Spin Columns (Qiagen) according to manufacturer’s 105 

instructions. 106 

For gene expression studies with Fluidigm Biomark HD, cDNA synthesis (Reverse Transcription Master Mix) and 107 

pre-amplification (Preamp Master Mix) reagents were purchased from Fluidigm and used according to the 108 

manufacturer’s instructions. Quantification of expression was performed using a 48.48. Dynamic Array on a 109 

BioMark HD system (Fluidigm) with an EvaGreen-based detection system (SsoFast EvaGreen Supermix with Low 110 

ROX, Bio-Rad) following Fluidigm’s instructions for fast gene expression analysis using EvaGreen on the 111 

BioMark HD system. Experiments with prostatectomy samples were performed as technical duplicates, and 112 

biological and technical triplicates were performed for gene knockdown and hormone deprivation studies. The 113 

primers used for the Fluidigm BioMark HD experiments are listed in Supplementary Table S2. 114 

Relative expression values were calculated from Ct values, and the target gene measurements were normalized 115 

to TBP values and were averaged. Relative gene expression changes were calculated using the 2^-ΔΔCt-116 

method. For the gene expression study using prostatectomies, ΔCt expression ratios for each gene were 117 

calculated relative to the gene’s median expression. The percentage of the tissue that was cancerous in the 118 

prostatectomies was taken into account in the calculations [2^ΔCt*(100/cancer%)]. 119 

Droplet digital PCR 120 

Absolute quantification of transcripts was performed using a QX200 droplet digital PCR (ddPCR) system (Bio-121 

Rad). cDNA was synthesized by Maxima RT (Thermo Fisher Scientific), and ddPCR was conducted with QX200 122 

ddPCR EvaGreen Supermix (Bio-Rad) following the manufacturer’s instructions. PCR was performed in a T100 123 
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Thermal Cycler (Bio-Rad). Experiments were carried out in biological or technical duplicates, and each sample 124 

was partitioned over 12,000 droplets. For data analysis, QuantaSoft ddPCR software (Bio-Rad) was used to 125 

calculate the absolute quantity of gene transcripts in the samples. Relative quantities of transcripts were 126 

normalized to TBP. The primers used for ddPCR experiments are listed in Supplementary Table S2. 127 

ChIP-qPCR 128 

AR chromatin immunoprecipitation (ChIP) was performed as in Urbanucci et al. (24). A CFX96 Real-Time PCR 129 

Detection System (Bio-Rad) with Maxima SYBR Green (Thermo Fisher Scientific) was used for ChIP-qPCR 130 

studies, which were performed according to manufacturer’s instructions in technical duplicates. The 131 

enrichment relative to IgG control was calculated as 2^-ΔCt. The primers used for ChIP-PCR are listed in 132 

Supplementary Table S2. 133 

Transfections for gene knockdown 134 

siRNAs targeting AR, ERG, and a negative control siRNA (MISSION siRNA Universal Negative Control #1 or #2) 135 

were purchased from Sigma-Aldrich (Supplementary Table S2). Transfection reagent Lipofectamine RNAiMAX 136 

(Thermo Fisher Scientific) was used for transfecting siRNAs according to the manufacturer’s instructions. Cells 137 

were reverse transfected with 25 nM siRNA and grown for 48 hours before RNA extraction and 72 hours before 138 

protein extraction. 139 

Androgen induction studies 140 

The effect of androgens on to expression of TPCATs was studied in hormone-deprived cells. Cells were grown in 141 

phenol red-free RPMI 1640 medium (Lonza) with 10% charcoal/dextran-treated (CCS) FBS (Thermo Fisher 142 

Scientific) and 1% glutamine (Thermo Fisher Scientific) for four days. Hormone deprived cells were treated with 143 

0 or 10 nM of DHT for 24 h. 144 
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Western blotting 145 

After knockdown experiments, cells were lysed in Triton-X lysis buffer containing 50 mM Tris-HCl pH 7.5, 146 

150 mM NaCl, 0,5% Triton x-100, 1 mM PMSF, 1 mM DTT and 1× Halt protease inhibitor cocktail (Thermo Fisher 147 

Scientific), after which the lysates were sonicated four times for 30 s at medium power with Bioruptor 148 

equipment (Diagenode), and cellular debris was removed by centrifugation. Proteins were separated by 149 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membrane (Immobilon-P; Millipore). 150 

Primary antibodies against AR (AR-441; NeoMarkers; dilution 1:200), ERG (EPR3864; Abcam; dilution 1:5000), 151 

and pan-actin (ACTN05; NeoMarkers; 1:10 000) were used and detected by anti-mouse HRP-conjugated 152 

antibody produced in rabbit (dilution 1:2000-1:5000; DAKO) or by anti-rabbit HRP-conjugated antibody 153 

produced in swine (dilution 1:5000; DAKO) and Clarity Western ECL Substrate (Bio-Rad) with autoradiography.  154 

CRISPR-Cas9 knockout 155 

To knockout EPCART in a prostate cancer cell line, the area covering the promoter and the 1st and 2nd exon of 156 

EPCART was targeted by CRISPR-Cas9 system. We used GenScript’s CRISPR Gene Editing Services to perform 157 

the gene editing for LNCaP cells. Two single guide RNAs (sgRNAs; sequences listed in Supplementary Table S2) 158 

were designed and cloned by CloneEZ (GenScript) into AIO-1.0-Cas9-GGG-2A-EGFP vector by GenScript. The 159 

two vectors were co-transfected by Celetrix electroporation into LNCaP cells, and single cell clones were 160 

produced by GenScipt. The full deletion of EPCART was confirmed by PCR and Sanger sequencing for two cell 161 

clones (del-1 and del-2) and one clone without the deletion (WT) by GenScript. The expression of EPCART in the 162 

cell clones was analyzed by us using ddPCR. 163 

Cell viability assay 164 

The proliferation of the EPCART deletion clones and the WT control clone was measured by alamarBlue 165 

(Thermo Fisher Scientific) cell viability reagent. 20 000 cells were plated in a normal medium on a 48 well plates 166 
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as 8 technical replicates. The alamarBlue reagent was used according to manufacturer’s instructions; the 167 

fluorescence was measured (excitation 570 nm, emission 585 nm) at day 1, 3, 4, and 5 after plating by EnVision 168 

2104 Multilabel Reader (Perkin-Elmer). The relative viability was calculated in relation to day 1. 169 

Wound healing assay 170 

The migration of the EPCART deletion clones and the WT control clone was analyzed by wound healing assay. 171 

500 000 cells were plated in a normal medium on a 24 well plate as 6 technical replicates and growth for 2 days 172 

before the experiment. Before imaging, fresh media was changed and a pipette tip was used to scratch a 173 

wound on the cell layer. Time-lapse imaging was performed over 24 h by Cell-IQ Automated Imaging and 174 

Analysis System (CM Technologies). Cell-IQ’s Analyzer program was used to analyze the wound closure rate. 175 

Statistical analyses 176 

Mann-Whitney U tests were used to analyze the association between ERG-positive and ERG-negative samples. 177 

Unpaired two-tailed Student’s t-tests were used to calculate the significance between control and 178 

experimental conditions in PCR, cell viability, and wound healing experiments. P values <0.05 were considered 179 

statistically significant. 180 

Kaplan-Meir survival analysis and log-rank tests were used to determine the progression-free survival between 181 

samples divided by their median expression. A Cox-proportional hazard model was utilized to model 182 

progression-free survival by measuring the size effects of multiple factors, including age at diagnosis, Gleason 183 

score, pathologic T status and PSA levels (Supplementary Table S1); TPCAT transcript expression levels were 184 

also included. Age at diagnosis was incorporated into the regression model as a continuous covariate, whereas 185 

each of the remaining factors was categorized into two or three groups depending on the type of covariate. 186 

The expression of each TPCAT transcript was binarized as either low or high using the gene’s median ΔCt 187 

expression value as a baseline. Similarly, pathologic T status was categorized as either low (pT levels from 2 to 188 
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4) or high (pT levels 5 and 6). Gleason scores were divided into three groups: low (scores less than 7), 189 

intermediate (scores equal to 7) and high (scores from 8 to 10). Similar to the Gleason score, diagnostic PSA 190 

values were divided into three groups: low (PSA less than or equal to 10), intermediate (PSA from 10 to 19.9) 191 

and high (PSA greater than 20). Cox regression analysis was performed using coxph function from the survival 192 

package version 2.41-3 in R.  193 
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Results 194 

ERG expression drives the aberrant expression of several TPCATs  195 

Using transcriptome sequencing of clinical patient samples, we previously identified 145 TPCATs that were 196 

expressed specifically in primary PC, CRPC, or both (20). Here, we used Fluidigm BioMark HD real-time PCR 197 

system to evaluate the expression of TPCATs in 87 specimens of prostatectomy-treated patients obtained from 198 

the Tampere University Hospital PC cohort. Only TPCATs that had multiple exons and were overexpressed in 199 

primary PC were selected to ensure that TPCATs were transcribed from genuine genes. In total, the expression 200 

of 34 TPCATs was investigated. Hierarchical clustering of the real-time PCR gene expression data of TPCATs and 201 

their expression relative to common PC-related TFs ERG, ETV1, FOXA1, and AR in the same samples revealed 202 

that expression of multiple TPCATs was associated with the expression of ERG (Figure 1). 203 

To further assess the observed ERG association further, we divided the PC samples into ERG-positive and ERG-204 

negative groups based on their ERG gene fusion status and expression (25) (Supplementary Table S3) and 205 

examined the expression of TPCATs in these two sample groups. Based on this analysis, we found 17 of the 206 

TPCATs to be differentially expressed (p<0.05) in ERG-positive vs. ERG-negative samples (Supplementary Figure 207 

S1a). To validate the identified ERG association in another dataset, we investigated the expression of TPCATs in 208 

the TCGA-PRAD data collection (7) (Supplementary Table S3). Indeed, all TPCATs found to associate with ERG 209 

expression based on our Tampere cohort were also found to be associated with ERG expression in the TCGA-210 

PRAD dataset (p<0.05) (Supplementary Figure S1b). Furthermore, five additional TPCATs were discovered to be 211 

ERG-associated in the TCGA-PRAD dataset. In total, 22 out of 34 TPCATs were found to be associated with ERG 212 

expression.  213 

Next, we compared the expression of the 34 TPCATs to expression of over 3000 validated human TFs (22) at 214 

the mRNA level in the expression data from TCGA-PRAD. Indeed, among the TFs, the expression of ERG showed 215 
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the strongest correlation with the expression of TPCATs, with 10 TPCATs positively correlating with ERG 216 

(Pearson’s r>0.4 of log2 expression values) (Supplementary Table S4). When the expression of each of the 217 

TPCATs was compared to the expression of other TPCATs, 11 TPCATs showed positive correlation with each 218 

other (Pearson’s r>0.4 of log2 expression values). Ten of these TPCATs were positively associated with ERG, and 219 

they only correlated with other ERG-associated TPCATs (Supplementary Table S4). Therefore, the similar 220 

expression profiles of TPCATs could be mostly explained by ERG overexpression. Together, these results imply 221 

that ERG has a significant role in the regulation of several TPCATs. 222 

To assess how ERG regulates TPCAT expression, we used publicly available ERG ChIP-seq data to look 223 

specifically into the putative regulatory region (-15 kb/+2 kb from TSS) of TPCATs in VCaP cells. VCaP cells are a 224 

PC cell line harboring the TMPRSS2-ERG fusion gene and expressing ERG. Of the ERG-associated TPCATs, over 225 

70% (16 out of 22) had at least one ERG binding site in their regulatory regions, but ERG binding sites in such 226 

regions were only found in one third of the TPCATs (4 out of 12) that were not associated with ERG expression 227 

(p<0.05, Fisher’s exact test) (Figure 2; Supplementary Table S5). In addition, the vast majority of all the TPCAT-228 

associated ERG peaks (31 out of 35) were located in the regulatory regions of ERG-associated TPCATs 229 

(Supplementary Table S5). 230 

To validate that the expression of TPCATs was ERG-dependent, we performed siRNA knockdown of ERG in ERG-231 

expressing PC cell lines (VCaP and DuCaP) and measured the gene expression by Fluidigm BioMark HD 232 

(Supplementary Figure S2a-b). When a log2-fold change <-1 or >1 was used as a cut-off value, nearly half of 233 

the TPCATs (16 out of 34) were verified to be ERG regulated in either VCaP or DuCaP cells (Figure 2; 234 

Supplementary Table S6). Ten of those were in the group of ERG expression-associated TPCATs.  235 
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Majority of TPCATs are targets of AR 236 

Since prior studies have indicated that ERG interacts with AR in early PC (2, 3, 5) and that multiple lncRNAs are 237 

part of the AR signaling pathway (26-29), we hypothesize that AR could also play a role in the regulation of 238 

TPCATs. First, we examined the publicly available AR ChIP-seq data from primary PC tumors as well as 239 

corresponding normal tissue (4) for AR binding sites (ARBS) in the regulatory region (-15 kb/+2 kb from TSS) of 240 

TPCATs. We found that nearly 70% of the TPCATs (23 out of 34) showed ARBS in PC (Figure 2; Supplementary 241 

Table S5). Of those TPCATs, two-thirds (22 out of 34) had more ARBSs in cancer tissues than they had in normal 242 

tissues (Supplementary Table S5). There were over 6 times more AR binding sites in the regulatory region of 243 

TPCATs present in PC than there were in normal samples (p<0.001, Mann-Whitney U-test) (Supplementary 244 

Table S5). 245 

We further investigated the role of AR in the regulation of TPCATs in PC cell lines expressing AR (LNCaP, DuCaP, 246 

and VCaP). We performed AR knockdown and DHT stimulation experiments, followed by gene expression 247 

analysis by Fluidigm BioMark HD. We verified the success of the AR knockdown and DHT stimulation by 248 

monitoring AR levels and the stimulation of target genes, respectively (Supplementary Figure S3a-c). More 249 

than half of TPCATs were found to be strongly affected (log2-fold change <-1 or >1) by either AR knockdown 250 

(21 out of 34) or DHT stimulation (19 out of 34) (Supplementary Table S6). Of these, 7 TPCATs were affected in 251 

opposite ways by both treatments in the same cell line; however, a similar but weaker effect was also 252 

noticeable with several additional TPCATs (Figure 2, Supplementary Table S6).  253 

AR and ERG colocalize in the regulatory regions of TPCATs together with FOXA1 and HOXB13 254 

AR and ERG partially target the same genes (3), and FOXA1 and HOXB13 are colocalized with both AR and ERG 255 

(4, 5); therefore, we investigated whether FOXA1 and HOXB13 also regulate TPCATs. We located their binding 256 

sites in TPCAT regulatory regions (-15 kb/+2 kb from TSS) as described above for AR and ERG. For FOXA1 and 257 

HOXB13, we used previously established ChIP-seq data in PC tumor specimens (4). The vast majority of all the 258 
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TPCAT-related ERG binding sites (28 out of 35) were co-occupied by AR (Figure 3a). These shared binding sites 259 

were found in among half of the TPCATs (17 out of 34), of which nearly all (15 out of 17) were associated with 260 

ERG expression (Figure 2). In addition, the majority of these TPCATs had FOXA1 and/or HOXB13 bound in their 261 

regulatory regions (22 out of 34), and nearly half (16 out of 34) were co-occupied by both TFs (Figure 2; 262 

Supplementary Table S5). HOXB13 binding (39 peaks) was observed more frequently than FOXA1 binding (22 263 

peaks) (Figure 3a), which is concordant with the previous results from the whole PC genome (4). The number 264 

of FOXA1 and HOXB13 binding sites co-occupied by AR (78%) in TPCAT regulatory regions (Figure 3a) was 265 

slightly, but not significantly, higher than what was globally detected in PC (62%) (Figure 3b). 266 

In total, we found AR, ERG, FOXA1, and HOXB13 to co-occupy 25% (15 out of 61) of all TPCAT-related binding 267 

sites; there were only 7% global co-binding of these TFs (p<0.0001, Pearson chi-square with Yates’ correction) 268 

(Figure 3a-b). One third of the TPCATs (13 out of 34) had at least one binding site from one of the four TFs 269 

(Figure 2). These findings suggest that all four TFs are involved in the regulation of TPCATs. 270 

EPCART is a clinically relevant lncRNA that is regulated by prostate cancer-driving TFs 271 

From our experiments, it became evident that TPCAT-2-180961, officially termed ERG-positive PC-associated 272 

androgen responsive transcript (EPCART), was highly expressed in PCs overexpressing ERG (Figure 1; 273 

Supplementary Figure S1a-b), and data suggested that it was regulated by both AR and ERG (Figure 2). 274 

According to our previously generated RNA-seq data, EPCART is located in chromosome 2 and has five exons 275 

(Figure 4a). Publicly available DNase-seq data in LNCaP cells (30) showed chromatin to be open where there 276 

were three ARBS located in the regulatory region of EPCART (Figure 4a). These ARBS were also highly PC-277 

associated and were co-occupied by FOXA1 and/or HOXB13 (Figure 4a). To investigate AR binding to the TSS of 278 

EPCART in greater detail, we used AR ChIP-qPCR to analyze AR binding in LNCaP cells with and without DHT 279 

stimulation, and we analyzed AR binding in LuCaP xenografts with and without AR gene amplification. We 280 

demonstrated increased AR binding upon DHT stimulation in LNCaP cells overexpressing AR (LNCaP-ARhi) 281 
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compared to that of the parental LNCaP cells (Figure 4b). Additionally, LuCaP69 xenograft containing AR gene 282 

amplification (31) showed more AR binding to EPCART compared to what was observed in the LuCaP73 283 

xenograft without amplification (Figure 4c). To thoroughly investigate whether EPCART is regulated by AR, we 284 

performed AR knockdown and DHT induction experiments in DuCaP cells and analyzed the variations in gene 285 

expression by ddPCR. In these experiments, the expression of EPCART was significantly downregulated after AR 286 

knockdown (Figure 4d), while DHT induced the expression of EPCART (Figure 4e). These results confirm that 287 

EPCART is an AR-regulated lncRNA. 288 

To further elaborate the functional role of EPCART in the PC cells, we deleted EPCART form LNCaP cells 289 

(EPCART-del) using CRISPR/Cas9. Two sgRNAs were designed to target the area covering the promoter, the 1st 290 

exon, and the 2nd exon of EPCART (Supplementary Figure S4a). The full deletion of this area was confirmed by 291 

PCR and Sanger sequencing in two clones, and a wild type (WT) clone was used as a control (Supplementary 292 

Figure S4b). To verify the decrease of the EPCART expression, we quantified the absolute amount of EPCART 293 

transcripts by ddPCR by using two primer pairs, pair #1 targeting the deleted exon 2 and pair #2 targeting 294 

exons outside of the deleted area (Supplementary Figure S4a). We detected a considerable reduction, 295 

although not a full abolition, of the EPCART transcript in both EPCART-del clones when compare to the WT 296 

clone (Figure 4f). To assess whether this reduction influenced cell functions, we performed cell viability and 297 

wound healing assays for all three clones. Indeed, both cell proliferation (Figure 4g) and migration (Figure 4h, 298 

Supplementary Figure S4c) were significantly reduced in both EPCART-del clones as compared to the control 299 

cells. This indicates that EPCART has functions that may contribute to PC progression. 300 

As some lncRNAs have been proposed as prognostic biomarkers of PC (16, 17), we were interested in testing 301 

whether EPCART could be utilized for the same purpose. Therefore, we assessed the association of TPCAT 302 

expression with the prognosis in prostatectomy-treated patients. Kaplan-Meier analysis revealed that high 303 

expression of EPCART was associated with short biochemical progression-free survival (Figure 4i). Furthermore, 304 

multivariate Cox regression analysis showed that the expression of EPCART had independent prognostic value 305 
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(other parameters included were age, Gleason score, diagnostic PSA, and pathological T stage (pT)) (Table 1). 306 

Prompted by this, we further investigated whether the expression of other TPCATs was associated with PC 307 

progression. We found that TPCAT-3-174133 and TPCAT-18-31849 were also associated with a short 308 

biochemical progression-free survival in PC patients (Supplementary Figure S5). Both of these lncRNAs also had 309 

independent prognostic value (Supplementary Table S7).  310 
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Discussion 311 

Various transcriptome studies in recent years have shown that lncRNAs are aberrantly expressed in cancers, 312 

and this expression is often cancer type-specific (19, 32-34). However, it is largely unknown whether a specific 313 

mechanism drives the expression of these lncRNAs, or whether it is the result of the genome reorganization in 314 

cancer cells that leads to nonspecific transcription. Previously, we discovered 145 lncRNAs (TPCATs) to be 315 

associated with primary PC and/or CRPC (20). Here, we showed that the expression of a selection of TPCATs is 316 

regulated by TFs that drive PC, especially AR and ERG, which could explain the high PC specificity of these 317 

TPCATs. Thus, this data suggests that the expression of at least these identified TPCATs is not the result of 318 

random transcriptional events and might have mechanistic significance for PC biology. 319 

TMPRSS2-ERG gene fusion has previously been associated with early-onset PC and high-risk tumors as a result 320 

of ERG overexpression (9, 35-37), although the exact mechanisms behind its function are still unclear. In the 321 

current study, we showed a strong association between the expression of ERG and PC-associated lncRNAs in 322 

primary tumors. In addition to PCAT5, which we previously discovered to be an ERG-regulated TPCAT (20), we 323 

found that the majority (65%) of the investigated TPCATs were associated with overexpression of ERG. ERG also 324 

directly bound to the regulatory regions of more than half (59%) of the TPCATs, and it was primarily associated 325 

with those that were ERG-associated. Together, these results revealed that ERG had a regulatory role in the 326 

expression of TPCATs, which we confirmed for ten of the ERG-associated TPCATs by ERG in vitro knockdown 327 

studies. However, this portion could potentially be even greater, as we experienced some technical variation in 328 

the results that was most likely due to the very low expression level of some of the TPCATs (including EPCART) 329 

in the cell lines used for these studies. The same applies for ERG ChIP-seq data that has thus far only been 330 

generated from VCaP cells, while no data has been generated from patient samples. This could also explain 331 

why a prior study did not find a significant association between ERG and PC-associated lncRNAs (38).  332 
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Previous studies have shown several lncRNAs to be associated with AR signaling in PC (26-29), and our results 333 

suggest the same for most TPCATs. Nearly 70% of the TPCATs had ARBS in their regulatory region in PC, and 334 

there was significantly less in the benign prostate, in which the expression of TPCATs is also less abundant (20). 335 

We found that the expression of most TPCATs (62%) are androgen sensitive, and that AR knockdown had an 336 

effect on the majority of the TPCATs (56%). However, only seven TPCATs were oppositely affected by both 337 

androgen induction and AR knockdown. This could be due to the exceptionally high expression of AR in these 338 

cells. The high AR levels also explain why we could not demonstrate the reduction of KLK3, a well-known target 339 

gene of AR, in DuCaP and VCaP cells. On the other hand, we could detect a significant reduction of TMPRSS2, 340 

another target gene of AR, in VCaP cells, indicating that at least some of the AR downstream targets are 341 

efficiently affected by AR silencing in these cells. Thus, it is plausible that AR knockdown was not efficient 342 

enough to affect the expression of all the AR-regulated TPCATs in these experiments. 343 

Because ERG is known to physically interact with AR and to bind to the downstream AR genes (2), we 344 

investigated whether this could also be the case for TPCATs. Indeed, we found that over 80% of ERG binding 345 

sites were co-occupied by AR within the regulatory regions of TPCATs, and the majority of those shared sites 346 

were located near ERG-associated TPCATs. In addition, we discovered that FOXA1 and HOXB13 co-occupy the 347 

majority of AR and ERG binding sites, implying that regulatory mechanisms that have been found to play a role 348 

in primary PC (4, 5), have a similar role in the regulation of TPCATs. 349 

One of the TPCATs, EPCART, stood out early on in our analysis as being highly associated with ERG 350 

overexpression as well as being regulated by the AR signaling pathway. Our EPCART knockout studies found 351 

EPCART to effect the migration and proliferation of the PC cells, indicating EPCART to have a function in PC 352 

progression. Furthermore, in our prostatectomy cohort, we discovered that the high expression of EPCART and 353 

two other TPCATs were independent prognostic factors for biochemical recurrence. Interestingly, EPCART has 354 

also been previously associated with the development of clinical metastasis and PC-related death (38). Jointly, 355 

these results indicate that EPCART is a potential prognostic marker and therapeutic target for aggressive PC. 356 
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Further studies are warranted to test the specificity and sensitivity of EPCART and to analyze its performance in 357 

a larger cohort, and to analyze the downstream mechanisms of its action more in depth. 358 

In summary, we report that the majority of TPCATs investigated here are strongly associated with AR and other 359 

cooperative TFs, most importantly with ERG, in fusion-positive tumors. We found that the expression of many 360 

of the TPCATs was regulated by these TFs. Additionally, three of the TPCATs were independently associated 361 

with PC progression, most notably EPCART that we also found to promote the migration and proliferation of 362 

the PC cells in vitro. Together, these findings demonstrate that EPCART has functions relevant for PC 363 

progression. Thus, we conclude that EPCART is a prospective prognostic marker for advanced PC and an 364 

intriguing candidate for further functional studies investigating its potential function as a therapeutic target in 365 

PC.  366 
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Figure Legends 468 

Figure 1. ERG overexpression correlates with the expression TPCATs. The expression of 34 TPCATs was 469 

analyzed in 87 prostatectomy specimens by qRT-PCR using Fluidigm Biomark HD. Hierarchical clustering 470 

revealed multiple TPCATs that were abundantly expressed in samples overexpressing ERG. 471 

Figure 2. Several TPCATs are regulated by AR and ERG. The ERG association of TPCATs based on the expression 472 

of TPCATs in clinical samples (Supplementary Figure S1a-b) is marked in the column on the left. ChIP-seq peaks 473 

for different TFs (AR, ERG, FOXA1, and HOXB13) found in the regulatory region (-15 kb/+2 kb from TSS) of 474 

TPCATs are marked in the ChIP-seq panel. DHT induction was performed on hormone deprived cells after day 4 475 

with 0 nM or 10 nM of DHT for 24 h. For AR and ERG knockdown experiments, cells were treated with target or 476 

control siRNA (25 nM) for 48 h. In both induction and knockdown experiments, the expression of TPCATs was 477 

measured in three biological and technical replicates by qRT-PCR using Fluidigm Biomark HD, and levels were 478 

normalized against TBP. Differential expression was calculated as log2-fold change between control and 479 

treated samples. 480 

Figure 3. TFs that drive PC colocalize in the regulatory regions of TPCATs. a, Number of peaks detected in ChIP-481 

seq data for AR, ERG, FOXA1, and HOXB13 in the regulatory region (-15 kb/+2 kb from TSS) of TPCATs. b, Total 482 

number of AR, ERG, FOXA1, and HOXB13 ChIP-seq peaks detected in the genome. 483 

Figure 4. EPCART is an androgen responsive lncRNA that associates with PC progression. a, Publicly available 484 

ChIP-seq data was used to determine the binding sites for AR, ERG, FOXA1, and HOXB13 in the regulatory 485 

region of EPCART. DNase-seq data from LNCaP cells (by ENCODE) revealed the open chromatin sites co-486 

occupied by TFs, and RNA-seq data from a primary PC sample in the Tampere cohort identified the transcript 487 

structure of EPCART. b-c, qPCR was performed following AR-ChIP from LNCaP (B) and LuCaP (C) samples using 488 

primers designed for AR peaks near the TSS of EPCART. LNCaP cells were hormone starved 4 days before they 489 
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were treated with either 0 nM of DHT (-DHT) or 1 nM of DHT (+DHT) for 24 h. LuCaP69 and LuCaP73 are CRPC-490 

derived xenografts, of which LuCaP69 exhibits AR amplification, while LuCaP73 does not (31). The fold 491 

enrichment was calculated relative to IgG control (not shown in B) in technical duplicates. LNCaP-crtl, LNCaP 492 

cells stably expressing empty pcDNA3.1(+) vector; LNCaP-ARhi, LNCaP cells stably expressing high wt-AR from a 493 

pcDNA3.1(+) vector. Error bars, SD; *, p<0.05; **, p<0.01; ***, p<0.001; data was assessed with an unpaired 494 

two-tailed t-test. d, AR siRNA (siAR) knockdown (25 nM) in DuCaP cells led to decrease of EPCART and AR 495 

expression when compared to control siRNA (NC). Expression of both EPCART and AR was analyzed by ddPCR in 496 

biological duplicates using TBP as a reference gene. Error bars, SD; *, p<0.05; **, p<0.01; ***, p<0.001; data 497 

was assessed with an unpaired two-tailed t-test. e, DHT induction in DuCaP cells led to an increase in EPCART 498 

expression. DuCaP cells were hormone starved 3 days before they were treated with either with 0 nM of DHT (-499 

DHT) or 10 nM of DHT (+DHT) for 24 h. Expression of EPCART was analyzed by ddPCR in biological duplicates, in 500 

which TBP was used as a reference gene. Error bars, SD; *, p<0.05; **, p<0.01; ***, and p<0.001; data was 501 

assessed with an unpaired two-tailed t-test. f, EPCART deletion in LNCaP cells (del-4 and del-56) led to a 502 

decrease in the amount of EPCART transcripts. Absolute quantification of EPCART transcripts was performed by 503 

ddPCR by using two primer pairs (ex 2-3 and ex 3-4) in technical duplicates. The relative concentration of 504 

EPCART transcripts was calculated in relation to TBP. Error bars, SD; *, p<0.05; **, p<0.01; ***, p<0.001; data 505 

was assessed with an unpaired two-tailed t-test. g-h, Proliferation (G) and migration (H) was decreased in 506 

EPCART-del cells when compared to WT LNCaP cells. Cell viability was measured by alamarBlue over 5 days, 507 

and wound healing was analyzed by Cell-IQ time-lapse imaging over 24h. Error bars, range; *, p<0.05; **, 508 

p<0.01; ***, p<0.001; data was assessed with an unpaired two-tailed t-test. i, Kaplan-Meier analysis was used 509 

for progression-free survival of PC patients who were grouped based on median expression of EPCART. P values 510 

were calculated by log-rank test. HR = hazard ratio. 511 
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Table 1. Multivariate Cox regression analysis.

Variable P-value HR (95% CI)
EPCART 0.027 2.06 (1.09-3.9)
Age at diagnosis 0.3544 1.03 (0.97-1.10)
PSA at diagnosis 0.0009 2.38 (1.43-3.97)
Gleason Score 0.0023 2.16 (1.32-3.55)
pT 0.001 3.10 (1.58-6.09)

HR, hazard ratio
pT, pathological T stage
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