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1. Introduction 

1.1. Prostate cancer 

1.1.1. Risk factors 

Prostate cancer is the second most frequently diagnosed cancer among men in developed 

countries and the fourth most common cancer overall [25]. Age-standardized incidence 

rates are high in Australia/New Zealand, Northern America, Northern and Western 

Europe (~80-112 per 100.000 depending on the country), intermediate in the Caribbean 

and Southern Africa (80 and 62 per 100.000 respectively) and low in Eastern and South-

Central Asia (11 and 5 per 100.000 respectively) [25]. Use of prostate-specific antigen 

(PSA) for early detection screening programs in some countries contributes to the 

gradient of incidences. Established risk factors for prostate cancer are an advanced age, 

ethnicity and a positive family history [7, 35]. Environmental and lifestyle-related factors 

may also play a role [48, 59]. According to meta-analyses of family studies the relative risk 

(RR) for men with an affected first-degree relative is 2.22-fold higher than for those with a 

negative family history (95% confidence interval (CI) 2.06 - 2.4) [7]. Furthermore, twin 

studies identified prostate cancer as the tumor with the highest heritability among all 

frequent tumors (h
2
 = 0.42, 95% CI 0.29 - 0.5) [48]. Despite this strong evidence for 

genetically determined disease risk, the search for prostate cancer susceptibility genes is 

still unsatisfying. To date, predisposing germ line mutations in the genes HOXB13 and 

BRCA2 have been identified. Nevertheless, they only account for a small percentage of 

prostate cancer cases [19, 23]. HOXB13 encodes a highly conserved homeobox 

transcription factor of the HOX superfamily, which is important for the development of 

the urogenital system in vertebrates [100]. Recent studies identified that the HOXB13 

mutation was present in ~5 % of prostate cancer families and that it was significantly 

higher in patients with early-onset familial cancer than in those with late-onset, non-

familial cancer (3.1 % compared to 0.6% respectively) [23, 97]. The BRCA2 gene, already 

known for its causal role in hereditary breast cancer, is a tumor suppressor gene involved 

in the homologous recombination of the DNA repair machinery. Two percent of men with 

early-onset prostate cancer harbor a germ line mutation in the BRCA2 gene [19]. They 

have a 23-fold higher risk of developing cancer than non-carriers. These findings suggest 
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that prostate cancer may follow a polygenetic inheritance with a potential involvement of 

further high-risk susceptibility genes that have not been identified so far.  

1.1.2. Prostate Cancer Genome-Wide Association Studies   

Genome-wide association studies (GWAS) have successfully identified inherited genetic 

variants that influence disease risk. In a case-control configuration, GWAS are designed to 

identify common low to moderate risk-associated variants that occur at a minor allele 

frequency (MAF) greater than 5% [38]. Other risk-modulating influences such as rare 

variants, epigenetic changes or structural rearrangements in the DNA structure cannot be 

assessed by GWAS. Prostate cancer GWAS have so far identified over 70 risk-associated 

variants accounting for 30% of the inherited risk for disease [21]. Each of these variants 

contributes to the overall susceptibility with a small additive effect (typically with per-

allele odds ratio (OR) less than 2) [31]. In terms of a multifactorial inheritance, enrichment 

of multiple risk alleles in one individual patient can have substantial cumulative effects 

[84, 101]. This seems to have a promising use in genetic risk prediction and early 

screening programs [52]. However, for the majority of risk alleles, the underlying 

functional mechanisms of disease susceptibility remain elusive. A great majority of 

variants lie in intronic or intergenic regions, such as 3p12, 8q24 or 11q13 [39], making it 

challenging to understand how the variants interact with gene expression or with 

downstream signaling pathways. The risk loci 10q11, as described below in more detail, is 

a region in which the causative gene for the observed risk increase is not yet identified 

among several potential candidates.  

 

1.2. The prostate cancer variant rs10993994 in the risk locus 10q11 

Extensive data from a comprehensive set of genome-wide association studies identified 

the polymorphism rs10993994 as prostate cancer risk variant [21, 41, 85]. The variant lies 

on the long arm of chromosome 10, 2 base pairs (bp) upstream of the transcription origin 

of the microseminoprotein beta gene (MSMB) [42]. Direct neighbors are the genes 

nuclear receptor coactivator 4 (NCOA4), translocase of the inner mitochondrial 

membrane 23 (TIMM23) and poly(ADP-ribose) glycohydrolase (PARG) as well as two 

partial genomic duplications of PARG and TIMM23 (PARGP1 and TIMM23B). Figure 1 
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gives an exemplary overview of the 10q11 locus based on data from the USCS Genome 

Browser of Human (http://genome-euro.ucsc.edu/; human reference sequence GRCh37). 

Figure 1: Schematic overview of the locus 10q11. The single nucleotide polymorphism rs10993994 lies in the promoter 

region of the MSMB gene on the long arm of chromosome 10 and is marked by a black asterisk. The genes NCOA4, 

TIMM23 and PARG as well as the partial genomic duplications of PARG (PARGP1) and TIMM23 (TIMM23B) are located 

in the direct surrounding. Gene symbols are given in their short form abbreviation and are marked by red arrows. 

Abbreviations: Mb = megabase, rs = reference single nucleotide polymorphism identification number. 

 

1.2.1. Candidate genes in 10q11  

Microseminoprotein beta (MSMB)  

Microseminoprotein beta (MSMB) encodes the prostate secretory protein of 94 amino 

acids (PSP94), one of the major components of the seminal fluid [50]. The MSMB gene was 

the first to be investigated as candidate gene for the prostate cancer risk variant 

rs10993994. In-vitro luciferase reporter assays demonstrated that the risk allele of the 

variant reduces the MSMB promoter activity by alteration of a transcription factor 

binding site [11, 56]. MSMB expression was found down-regulated in tumorigenic 

prostatic tissue on both mRNA and protein level [10, 67, 81]. Thus, MSMB has long been 

an unquestioned tumor suppressor gene in the pathogenesis of prostate cancer.  

Nuclear receptor coactivator 4 (NCOA4) 

NCOA4 encodes the androgen receptor associated protein 70 (ARA70), a co-activator of 

different nuclear receptors such as the androgen receptor (AR) [98], the progesterone 

receptor (PR) [98] and the vitamin-D receptor (VDR) [86]. In the presence of 
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dihydrotestosteron (DHT) and testosterone, ARA70 binds to the AR and enhances the 

transcriptional activity of androgen dependent genes [98].  

Translocase of the inner mitochondrial membrane 23 (TIMM23) 

The gene for the translocase of the inner mitochondrial membrane 23 (TIMM23 also 

known as TIM23) encodes a protein of the channel-forming unit of the Tim23 complex, a 

multicomponent translocase, which enables the passage of mitochondrial proteins from 

the cytosol into the mitochondrial matrix [58]. Cells induced to undergo apoptosis in the 

presence of caspase inhibitors seem to selectively degrade Tim23 causing cell death [30].  

Poly(ADP-ribose) glycohydrolase (PARG) 

With its main counterpart the poly(ADP-ribose) polymerase 1 (PARP1), PARG tightly 

regulates a great number of cellular processes such as DNA replication and DNA repair, 

post-translational modification of proteins and apoptosis [16]. PARP1 transfers ADP-

ribose from nicotinamide adenine dinucleotide (NAD
+
) on a variety of target proteins 

generating large protein-bound poly(ADP-ribose) polymers. To revert this reaction PARG 

cleaves poly(ADP-ribose) ends and degrades the polymers [16]. Protein-free 

poly(ADP-ribose) polymers are signaling molecules inducing cell death [3].  

 

1.2.2. Mechanisms driving prostate cancer risk in 10q11 

Multiple genome-wide association studies have identified the SNP rs10993994 in 10q11 

as prostate cancer risk variant [21, 41, 85]. Since the variant lies in a non-coding region, 

the underlying biological mechanisms of disease susceptibility are not clear to date. 

However, the findings of several functional studies have suggested that the variant is 

associated with alterations in the gene expression of local genes, with impairments in the 

cellular DNA repair capacity and with the generation of oncogenic chromosomal 

rearrangements.  

Genes transcriptionally altered by the variant rs10993994 

The risk allele of the prostate cancer variant rs10993994 has shown to potentially 

influence multiple neighboring candidate genes in their expression. First in-vitro reporter 

assays proved that the risk allele of the variant reduces the MSMB promoter activity by 

disrupting the cAMP response element-binding protein (CREB) binding site [11, 56]. In 
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search for other putative candidate genes, Pomerantz et al. investigated the genotype-

dependent expression of MSMB, NCOA4 and TIMM23 in prostatic tissue. They found that 

the risk allele of the variant was associated with a down-regulated MSMB expression in 

histologically normal and malignant prostatic tissue as well as with an increased 

expression of NCOA4 in normal prostatic tissue. The expression level of TIMM23 seemed 

not to be correlated with the genotype status in either normal or tumor tissue [74]. 

Recent investigations about the expressional status of more candidate genes in 10q11 

were able to reproduce the described findings for MSMB [78]. Furthermore, the risk 

genotype of the variant was significantly associated with NCOA4 overexpression in tumor 

tissue. TIMM23B expression (the partial duplication of TIMM23) also correlated 

significantly with the number of risk alleles in histologically normal prostatic tissue [78]. 

Considering these associations, germline variation at 10q11 may contribute to elevated 

prostate cancer risk by influencing more than one candidate gene. 

Association between the variant rs10993994 and impairments in the cellular DNA repair 

capacity  

In order to correlate known prostate cancer risk loci with established features of 

malignancy, Rinckleb et al. investigated a panel of 14 known prostate cancer risk SNPs for 

their influence on the DNA repair capacity [79]. Blood lymphocytes of healthy donors 

were genotyped and analyzed for their response to DNA damage. Among the series 

tested, the risk associated variant rs10993994 showed an association with impaired DNA 

double strand break repair [79].  

Association between the variant rs10993994 and the oncogenic TMPRSS2:ERG 

rearrangement 

Somatic gene fusions are found in a variety of cancers: the BCR-ABL translocation [t(9;22)] 

in chronic myeloid leukemia (CML), the ETS-FLI translocation [t(11;22)] in Ewing sarcoma 

and further rearrangements involving ETS family members in prostate cancer. Most 

commonly, ERG, an ETS gene, becomes fused to TMPRSS2, a serine protease of yet 

unknown function [88]. The fusion event places the ERG proto-oncogene under the 

control of the androgen-regulated promoter of TMPRSS2, enhancing its expression [88]. 

ERG overexpression is believed to cause alterations in several pathways such as stem cell 

development, cell senescence, proliferation, migration and apoptosis [12]. Found in ~50% 
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of prostate cancer cases, the TMPRSS2:ERG fusion is likely to be the most common 

rearrangement found in human malignancies [72, 88, 89]. Several studies with in-vitro and 

in-vivo model systems have concluded that the TMPRSS2:ERG fusion occurs early in the 

tumor development and mediates the transition from prostate intraepithelial neoplasia 

(PIN) to frank prostate cancer [72, 87]. The ETS fusion positive prostate cancer is probably 

a tumor entity distinct from ETS fusion negative prostate cancers and has features of its 

own molecular pattern [65, 76]. 

Attempting to identify the mechanistic relevance of verified prostate cancer variants, 

Rinckleb et al. tested a panel of 27 risk SNPs for a correlation with the somatic 

TMPRSS2:ERG fusion status. Four of the 27 SNPs tested were associated with a positive 

TMPRSS2:ERG fusion status, including the variant rs10993994 [78]. As gene fusions may 

result from an error-prone DNA repair after DNA double-strand breaks, 10q11 might be 

associated with the TMPRSS2:ERG fusion due to its involvement in DNA repair.  

 

1.3. Rationale 

Common germline variants play a substantial role in the overall strong heritability of 

prostate cancer. While integration of the predictive value of a series of risk variants is 

considered in different screening settings for early tumor detection, functional knowledge 

for the majority of known loci is lagging behind. At 10q11, the non-coding SNP 

rs10993994 is associated with prostate cancer risk and its genotype variation potentially 

influences multiple surrounding candidate genes in their expression. Previous work has 

suggested that the rs10993994 is correlated with two classical features of carcinogenesis, 

namely altered DNA repair and higher incidences of the oncogenic chromosomal 

rearrangement between TMPRSS2 and ERG. The present work is based on the 

pathomechanistic hypothesis, that this locus mediates prostate cancer risk via error-

prone double strand break repair, hence promoting oncogenic rearrangements. The study 

aim was to investigate the candidate genes MSMB, NCOA4, TIMM23 and PARG for their 

functional involvement in the TMPRSS2:ERG formation in order to identify the causal 

gene for the observed association between the rs10993994 and the presumed prostate 

cancer risk pathomechanism. In addition, the PARP1 gene, which is not located within the 

chromosomal region of interest, was also tested on its effect on the formation of fusions. 
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PARP1 represents an important mediator of DNA damage repair and is the functional 

opponent of PARG.  

In the present work, each candidate’s gene expression was down-regulated through 

siRNA in order evaluate its effect on the generation of TMPRSS2:ERG fusions. By applying 

the TMPRSS2:ERG induction assay, androgen-responsive prostate cancer cells were 

prompted to generate de novo TMPRSS2:ERG fusions and to express quantifiable fusion 

transcripts. In an established procedure, cells were treated with a combination of 

dihydrotestosterone (DHT) and γ-radiation. To assure a strong down-regulation at the 

time of fusion induction, time-response curves for all gene expressions after siRNA 

transfection were generated. The relative expression levels were quantified 24 h, 48 h, 

72 h, 96 h and 120 h after transfection by quantitative Real Time PCR (qRT-PCR). The time 

of fusion induction was chosen according to the time-point of best knock-down efficacy 

for all gene expressions. To obtain a strong fusion induction, different γ-radiation doses 

were tested on their potential to generate TMPRSS2:ERG fusions. Once the optimal 

protocol was established, each gene was separately down-regulated in LNCaP cells and 

fusions were generated. As outcome of the gene fusion induction assay, TMPRSS2:ERG 

transcripts were quantified by qRT-PCR.  
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2. Materials and Methods 

2.1. Materials 

2.1.1. Chemicals 

2-Mercapthoethanol (MEtOH)   Sigma-Aldrich, München, Germany  

Acetic acid (AcOH)     Merck, Darmstadt, Germany 

Dihydrotestosterone (DHT)    Sigma-Aldrich, München, Germany 

Dimethylsulfoxide (DMSO)    Sigma-Aldrich, München, Germany 

Ethanol 70% (EtOH)     Honeywell, Germany 

Ethylenediaminetetraacetic acid (EDTA)  Fluka, Neu-Ulm, Germany 

Fetal calf serum (FCS)     Biowest, Nuaillé, France  

Fetal calf serum, hormone reduced (FCS dcc) Biowest, Nuaillé, France  

Hydrochloric acid (HCl), 1M    Merck, Darmstadt, Germany 

MTT (3-(4,5-dimethylthiazol-2-yl)-    Sigma-Aldrich, München, Germany 

2,5-diphenyl-tetrazoliumbromide)    

Sodium dodecyl sulfate (SDS)    Sigma-Aldrich, München, Germany 

Tris(hydroxylmethyl)aminomethane (TRIS)  Sigma-Aldrich, München, Germany 

Trypsin PAA Laboratories GmbH, Pasching, 

Austria  

 

2.1.2. Solutions, buffers and culture media 

MTT-dye 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide)  

in phospate buffered saline (PBS) (5 mg/ml) 

MTT lysis buffer (pro ml)  

DMSO 994µl 

 SDS 100mg 

 Acetic acid 6µl 

Opti-MEM I gibco® transfection medium  Invitrogen, Life Technologies, Carlsbad, 

USA 

PBS buffer(without Ca
2+

 & Mg
2+

)  PAA Laboratories GmbH, Pasching, 
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Austria  

Penicillin-Streptomycin Solution (100x)   PAA Laboratories GmbH, Pasching, 

Austria 

RPMI 1640 medium  PAA Laboratories GmbH, Pasching, 

Austria 

TE buffer for TaqMan® probe dilution 

TRIS 1mM  

EDTA 10 µM  

in RNase-free H2O, pH 8.0 (HCl) 

Trypsin (0.05%) - EDTA (0.02%) in PBS PAA Laboratories GmbH, Pasching, 

Austria 

 

2.1.3. Reagent Kits 

Lipofectamine® RNAiMAX Reagent  Invitrogen, Life Technologies, Carlsbad, 

USA  

QIAShredder      Qiagen, Hilden, Germany 

QuantiFast Multiplex RT-PCR + R Kit   Qiagen, Hilden, Germany 

RNase free DNase Set     Qiagen, Hilden, Germany 

RNeasy Mini Kit     Qiagen, Hilden, Germany 

 

2.1.4. Cell lines 

The human prostate cancer cell line LNCaP, which originated from a lymph node 

metastasis, was purchased from the American Type Culture Collection (ATCC), Manassas, 

USA. 

 

2.1.5. Laboratory Equipment 

Cell counter Model 2000    AL-Systeme, Karlsruhe, Germany 

Centrifuge 5417R     Eppendorf, Hamburg, Germany 

Centrifuge Megafuge 1.OR  Heraeus Instruments, Osterode, 

 Germany 

Centrifuge Megafuge 40R  Thermo Scientific, Langenselbold, 
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Germany 

Incubator Hera cell 240 37°C + 5% CO2  Thermo Scientific, Langenselbold, 

Germany 

Gammacell 2000, Cs-137 source, 3.3Gy/min Molsgaard Medical, Heorsholm, 

Denmark 

SLT Spectra photometer SLT Labinstruments, Crailsheim,  

Germany     

ViiA
TM

 7 Real-Time PCR-System Applied Biosystems, Life Technologies,  

Carlsbad, USA 

 

2.1.6. Plastic and Glassware 

MicroAmp® Fast Optical 96-Well Reaction Plate Applied Biosystems, Life Technologies,  

Carlsbad, USA 

MicroAmp® Adhesive Film Applied Biosystems, Life Technologies,  

Carlsbad, USA 

Pipet tips and reagent tubes    Sarstedt, Nümbrecht, Germany  

 

2.1.7. Oligonucleotides and quantitative RT-PCR probes 

Unlabeled Primers were purchased from biomers.net (Ulm, Germany). The TaqMan® 

probes for the TaqMan® detection assays were obtained from Applied Biosystems, Life 

Technology (Carlsbad, USA). For the expression analysis of the PARP1 gene a pre-designed 

gene expression assay from Applied Biosystems, Life Technologies (Carlsbad, USA) was 

used (Assay ID: Hs00242302_m1). All specific primer sequences and TaqMan® probe 

sequences are given in Table 1. 

 

2.1.8. Small interfering RNAs (siRNAs) 

Gene specific siRNAs were obtained from Qiagen (Hilden, Germany). The particular 

sequences of the commercially available mixture of pre-designed siRNAs are given in 

Table 2. The non-specific mixture of the AllStars Negative Control siRNA was purchased 

from the same company. 
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Table 1: Sequences of gene-specific primers and Taqman® probes used for real-time PCR (5 ’- 3’). Target genes are 

given in their short form abbreviation and are printed in bold type. The specific sequences for primers and probes are 

listed below. The respective dye for each Taqman® probe is specified in parentheses. Abbreviations: A = adenine, C = 

cytosine, FAM = TaqMan® FAM™ dye, G = guanine, T = thymine, VIC = TaqMan® VIC® dye.  
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Table 2: Sequences of small interfering RNAs (siRNAs). Target genes are given in their short form abbreviation and are 

printed in bold type. The specific siRNAs with their corresponding product names and sequences are listed below. 

Abbreviations: A = adenine, C = cytosine, G = guanine, LOC = locus identification, T = thymine.  

 

 

2.2.  Methods 

2.2.1. Cell culture procedures 

A human prostate cancer cell line originated from lymph node metastasis (LNCaP) was 

grown in RPMI 1640 culture medium (containing 15% fetal calf serum (FCS) and 1% 

penicillin/streptomycin) and maintained in a humid atmosphere at 37°C and 5% CO2. To 

guarantee defined hormone levels in all TMPRSS2:ERG-related procedures, including 
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seeding and transfection, RPMI 1640 with hormone-reduced fetal calf serum stripped 

with dextran-coated charcoal (FCS dcc) was used. Routine seeding procedures were 

performed as follows. Cells were washed with 5 ml PBS buffer. 3 ml trypsin-EDTA solution 

were added to detach the cells from the bottom surface. After a 5-minute incubation 

period, the trypsin treatment was stopped by adding 7 ml of RPMI 1640 medium. 

Subsequently, cells were centrifuged at 1000 rounds per minute (rpm) for 5 minutes, the 

supernatant was discarded and the cells resuspended in 2 ml medium. Aliquots of 50 µl 

were taken to determine the number of cells for the following experiments using a cell 

counter.  

 

2.2.2. SiRNA transfection 

Small interfering RNAs (siRNAs) are 20 to 25 base pairs (bp) long, double-stranded RNA 

molecules (dsRNA). SiRNAs are delivered into living cells by lipid-based transfection 

reagents silencing specific genes by RNA interference (RNAi). The guide strand of the 

dsRNA is recognized and incorporated into the RNA-induced silencing complex (RISC) 

directing the complex to the complementary messenger RNA (mRNA). Multiple nucleases 

within the complex cleave and degrade the target mRNA impeding its translation.  

In the present work, gene silencing was used to analyze the relevance of candidate genes 

for the formation of TMPRSS2:ERG fusions. LNCaP cells were transfected with siRNA using 

Lipofectamine® RNAiMAX Reagent. To reduce unspecific, off-target effects a mixture of 

four different siRNAs per gene was used. A reverse transfection protocol was performed 

where the addition of cells and siRNA was done in reverse order. This yielded better 

results than using the conventional procedures. For each targeted gene, four siRNAs (each 

25 nM) were prepared on ice. 960 µl of Opti-MEM-I medium and 10 µl of 

Lipofectamine® RNAiMAX Reagent were added. Incubation at room temperature for 15 to 

20 minutes induced the formation of transfection complexes. LNCaP cells were harvested 

and diluted in hormone-reduced RPMI 1640 medium to obtain 300.000 cells per ml. 

Transfection complexes were given into a cell culture flask (25 cm
2
) and 5 ml of cell 

suspension were added on top. The final siRNA concentration was 20 µM. 
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2.2.3. RNA isolation 

RNA from cells were isolated using the RNeasy Mini Kit from Qiagen (Hilden, Germany). 

For cell lysis, RLT buffer was previously mixed with 1% of mercaptoethanol and directly 

given to the adherent cells. The cell suspension was loaded on QiaShredder (Qiagen®, 

Hilden, Germany) homogenizers that consist of a biopolymer-shredding membrane in a 

microcentrifuge spin-column. After 2 minutes of centrifugation at 14000 rpm, the flow-

through was mixed with one volume of 70% ethanol and transferred to silica membrane 

spin columns. Residual ethanol was removed with 350 µl of RW1 buffer. An on-column 

DNAse treatment using an RNAse-free DNAse set (Qiagen®, Hilden Germany) was 

performed in the course of the RNA isolation procedure. According to the manufacturer’s 

instructions, multiple washing steps with two buffers (RW1 and RPE) were performed in 

order to clean the RNA from remaining contaminants. Finally, the RNA was eluted in 30 µl 

of RNAse-free water and stored at -70°C. 

 

2.2.4. Polymerase chain reaction (PCR) and related methods 

Classic PCR 

The polymerase chain reaction (PCR) is the most powerful amplification technique of 

linear DNA. It is based on a cycle of three steps - denaturation, primer annealing and 

elongation. These steps are carried out in a thermal cycler that sequentially allows rapid 

temperature changes and cycle repetitions. The product of one cycle is the starting 

product for the next one leading to an exponential increase in DNA concentration. For the 

denaturation of the DNA double strands hydrogen bonds between complementary 

nucleotides are destroyed. This requires temperatures of 94°C to 98°C. Once the DNA 

strands have separated, primers can anneal. These small oligonucleotides are 

complementary to the flanking ends of the sense and antisense target DNA, respectively. 

They have a free 3’-hydroxy group to allow addition of further nucleotides via 

phosphodiester bonds. Thus, a heat-stable DNA polymerase is recruited and begins to add 

complementary nucleotides to the elongating strand. After that, DNA double strands are 

separated again by thermal denaturation and a new cycle of replication begins. 

Quantitative Real Time PCR (qRT-PCR)  

A classic PCR can be modified in order to quantify gene expression by generating and 
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amplifying DNA copies of the respective mRNA. This is done in the quantitative 

Real Time PCR. Transcription of RNA in copy DNA (cDNA) is a prior step combined with 

subsequent quantitative PCR (qPCR). Amplification of a specific sequence in the DNA, its 

detection and quantification is all performed in parallel. 

In this work the OneStep RT-PCR Kit from Qiagen® (Hilden, Germany) and the ViiA™ 7 

Real-Time PCR System purchased by Applied Biosystems, Life Technologies (Carlsbad, USA) 

were used (Software version v1.2).  

The expression level of target genes was measured relative to the mRNA of a reference 

gene with the ΔΔCt method. This approach is more robust to deviations than an absolute 

quantification. 

First-strand cDNA synthesis 

During cDNA transcription mixtures of primers with arbitrary sequences of 6 bp in length, 

so called random hexamers, bind non-specifically to the RNA. This random priming allows 

transcription of the entire RNA into cDNA by the reverse transcriptase (RT). For optimal 

primer annealing and nucleotide polymerization, this step is performed at 50°C. 

qPCR 

Quantitative expression analyses were performed by monitoring the fluorescence 

intensity of TaqMan® probes for every cycle (‘real time’) in a gene specific PCR. TaqMan® 

probes are DNA probes with a specific fluorophore at the 5´-end and a quencher at the 

3’-end. Tagged to the quencher is a minor groove binder (MGB), which increases the 

probe’s melting temperature and stabilizes the probe-template interaction. Before 

elongation of the DNA strand, the annealed probe stays intact allowing the quencher to 

suppress fluorescence intensity of the fluorophore via fluorescence resonance energy 

transfer (FRET).  When the DNA polymerase elongates the leading strand, probes are 

degraded by the enzyme’s 5’-3’-exonuclease activity and the fluorophore and the 

quencher are spatially separated. Fluorescence can now be detected by the real-time PCR 

system. The reaction set-up and the qRT-PCR program are listed in Table 3 and Table 4.  
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Table 3: Exemplary reaction set-up for a singleplex quantitative real-time PCR. Abbreviations: c = concentration, 

TIMM23 = gene symbol for the translocase of the inner mitochondrial membrane 23, ∑ = total, µl = microliter, µM = 

micromolar. 

 

 

Table 4: Cycling program for the quantitative real-time PCR using QuantiFast Multiplex RT-PCR + R Kit. Abbreviations: 

min = minutes, sec = seconds, TMPRSS2:ERG = gene symbol for the rearrangement between the genes TMPRSS2 and 

ERG, °C = degrees Celsius.  

 

Reference genes standard curves 

For comparative ΔΔCt calculation, the PCR efficiency of target and reference genes must 

be approximately equal. This can be assured by amplifying a 10-fold RNA dilution series of 

target and reference gene. The template dilutions are plotted logarithmically against the 

cycle number (Ct) required to reach a pre-defined intensity threshold. Linear regression 

lines generate the so-called standard curves. The obtained slope gradients of the standard 

curves correlate with the PCR efficiencies and should not exceed 0.1 units for target and 



MATERIALS AND METHODS 

 

17 

 

control gene. The coefficient of determination (R
2
) for both curves should be higher than 

0.99 to allow comparison of them. Within the present work, standard curves for the 

quantification of PARP1 were established. Standard curves for all other genes (MSMB, 

NCOA4, TIMM23, PARG, and TMPRSS2:ERG) were kindly provided by Dr. Manuel Lüdeke 

and Dr. Antje Rinckleb [57, 78]. Trend line equations for target and control genes were 

calculated using Microsoft Excel. Their slopes differed less than 0.1 and their coefficients 

of determination (R
2
) were close to one, allowing a reliable calculation of relative 

expression levels.  

The ΔΔ Ct method 

The ∆∆Ct method is used to calculate relative changes in the expression of a gene of 

interest in a sample of interest (normally a cDNA template) compared to a reference 

sample (e.g. cDNA from untreated cells). The housekeeping gene glucose-6-phosphate 

dehydrogenase (G6PD) was chosen as reference gene for the targets MSMB, NCOA4, 

TIMM23, PARG and PARP1. TMPRSS2:ERG was quantified as the outcome of the fusion 

gene induction assay. For this androgen-dependent transcript, expression of TMPRSS2 was 

used as reference gene compensating androgen fluctuations. All target gene 

quantifications were performed in duplicates or triplicates, all outcome fusion 

quantifications in quadruplicates. Assuming that the PCR efficiency is close to 100%, the 

concentration of the amplified DNA and thus the fluorescence intensity increases 

exponentially. The threshold cycle Ct marks the point where the generated fluorescence is 

higher than the background level. It is empirically determined for each amplicon and 

should be within the exponential phase of curve. The relative expression of a gene of 

interest (relative to the reference gene) in a sample of interest relative to a reference 

sample can be calculated with the ΔΔCt method. Table 5 shows the experimental set-up 

for the calculation of relative expression levels.  
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Table 5: Experimental set-up for the calculation of relative expression levels. The relative expression of a gene of 

interest can be calculated with the mean cycle number value of the gene of interest (gene a) and the reference gene 

(control b) in the sample of interest and in the reference sample. Abbreviations: Ct = cycle number, ref = reference 

sample, siAllStars Control = validated negative control siRNA, SOI = sample of interest. 

 

 

 

First, the cycle Ct value differences (ΔCt) between the gene of interest (gene a) and the 

reference gene (control b) have to be calculated in the sample of interest (SOI) and in the 

reference sample (ref).  

∆Ct (gene a;SOI) = mean Ct (gene a;SOI) - mean Ct (control b;SOI)  (equation 1) 

∆Ct (gene a;ref) = mean Ct (gene a;ref) - mean Ct (control b;ref)  (equation 2) 

To reference the ΔCt values of the target gene in the sample of interest (ΔCt (gene a;SOI)) 

and in the reference sample (ΔCt (gene a;ref)), ΔCt values have to be subtracted. 

 ∆∆Ct = ∆Ct (gene a;SOI) - ∆Ct (gene a;ref)     (equation 3) 

As the efficacy of target amplification is close to one, the fluorescence intensity increases 

exponentially. Hence, the relative expression of the target (Q) can be obtained by the 

following equation.     

Q = 2 
-∆∆Ct         

(equation 4) 

Some of the TMPRSS2:ERG measurements failed to be quantified by the ViiA™ 7 Real-

Time PCR Software (Applied Biosystems, Life Technologies, Carlsbad, USA). Therefore, the 

relative TMPRSS2:ERG expression had to be corrected by the formula: 

Q corrected = 2 
-∆∆Ct

 ×  
   

   
    (equation 5) 

All amplifications arising from very weak signals with threshold cycles above 37 were 

empirically considered as negative. Their amplification curve did not reach the threshold 
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cycle in the necessary logarithmic phase of amplification. 

2.2.5. TMPRSS2:ERG induction assay  

Backgrounds 

Lin et al. established a cellular model to generate de novo TMPRSS2:ERG fusions in 

prostate cancer cells. Androgens and genotoxic stress synergistically induced prostate-

cancer specific translocations [51]. Treatment with dihydrotestosterone (DHT) led to an 

androgen receptor dependent colocalization of TMPRSS and ERG. A following DNA 

damage pulse (γ-radiation) induced site-specific breakpoints within both genes. 

Consequentially, erroneous religation of fragmented DNA strands generated quantifiable 

TMPRSS2:ERG fusions [51]. Prostate cancer cells showed a preferable usage of the error-

prone non-homologous end joining (NHEJ) repair pathway instead of the precise 

homologous recombination (HR). Insufficiencies in the DNA repair capacity facilitate the 

generation of unrepaired DNA double strand breaks, suggesting the NHEJ as major 

mechanism to generate TMPRSS2:ERG fusions [51].  

Experimental procedure 

In preparation for the induction of chromosomal translocations, LNCaP cells were first 

transfected with the respective target siRNA in hormone-reduced culture media. Thus, the 

addition of defined hormone doses was guaranteed. 90 minutes before irradiation, cells 

were stimulated with 1 µM DHT. Then, they were exposed to 300 Gray of γ-radiation in a 

caesium-137 source. After treatment, the cells were reincubated for 48 h in hormone-

reduced media containing 1 µM DHT. During this incubation period, cells initialized their 

DNA repair processes and expressed the TMPRSS2:ERG fusion gene. Thereafter, cells were 

harvested for RNA isolation. The relative amount of TMPRSS2:ERG fusion transcript was 

quantified by qRT-PCR and normalized to the expression level of TMPRSS2. Negative and 

positive control experiments were routinely carried out in each experimental series. The 

negative control cells (mock) were transfected with a validated control siRNA (siAllStars 

Negative Control), the positive control cells with ESCO1 siRNA. Down-regulation of ESCO1 

within the TMPRSS2:ERG induction assay had already shown to generate significantly 

more TMPRSS2:ERG fusions [57]. The protocol for hormonal stimulation, γ-radiation and 

outcome fusion quantification used for the experimental cells was equally applied on the 

control cells.  
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To assure gene expression was silenced at the time of irradiation and fusion induction, 

knock-down control cells were transfected with the respective target siRNA. They were 

grown for 72 h in hormone-reduced culture medium and then harvested for target gene 

expression analysis. Quantification of the genes’ relative expression levels revealed the 

siRNA knock-down efficacies at the time of fusion induction.  

Untransfected cells guaranteed that the fusion depended on radiation and had not 

occurred before treatment. Cells were grown for 72 h in hormone-reduced culture 

medium and were then treated with 1 µM DHT. After 120 h they were harvested for 

TMPRSS2:ERG outcome expression analysis. A schematic overview of the experimental 

procedure is given in Figure 2.  

 Figure 2: Schematic overview of the experimental procedure. Yellow box: Cells of the human prostate cancer cell line 

LNCaP were transfected with the particular target siRNAs, with a positive control and a negative control siRNA (mock). 

After 72 hours, all three approaches were treated with dihydrotestosterone and irradiated with 300 Gray. 120 hours 

after transfection, cells were harvested for RNA isolation and TMPRSS2:ERG gene expression analysis. Red box: The 
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knock-down control cells were transfected with the particular target siRNAs to assure effective down-regulation of the 

target’s gene expression at the time of fusion induction (72 hours after transfection). Green box: The fusion control cells 

were treated with dihydrotestosterone only to guarantee that the generation of fusions depended on radiation. 

120 hours after transfection cells were harvested for RNA isolation and TMPRSS2:ERG gene expression analysis. 

Abbreviations: DHT = dihydrotestosterone, h = hours, IR = irradiation, LNCaP = human prostate cancer cell line, 

TMPRSS2:ERG = gene symbol for the rearrangement between the genes TMPRSS2 and ERG. 

 

2.2.6. MTT-viability test 

The MTT-viability test is a colorimetric assay to measure the redox-status of living 

cells [64]. NAD(P)H-dependent oxidoreductases in the mitochondria reduce the yellow 

tetrazolium MTT salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide) to 

the insoluble purple formazan. As the reduction only occurs in living cells, the 

concentration of formazan is proportional to the number of viable cells [18].  

In the present work, the MTT viability assay was used to monitor the toxic effects of siRNA 

treatment on LNCaP cells. 120.000 cells per ml were grown in a 6-well plate and 

transfected with five different siRNA concentrations. To each well, 543 µl of MTT dye were 

added. Cells were incubated for 45 minutes. The supernatant was removed and 2.715 ml 

of MTT lysis buffer were added. Cells were briefly incubated at room temperature and 

then mixed on a shaker for 5 more minutes. From each cell culture plate eight aliquots of 

100 µl were transferred to a 96-well plate for automatic photometric measurement. 

Absorbance was measured in octuplets at a wavelength of λ = 570 nm and referenced to 

cells transfected with siAllStars Negative Control.  

 

2.2.7. Statistical analysis 

The unpaired, heteroscedastic, two-sided t-test was used for all statistical analyses. The 

heteroscedastic t-test was applied because the comparative expression levels of target 

and reference genes had inhomogeneous variances. The 5% alpha-level (α) determined 

statistical significance (p-value < 0.05). Statistical parameters were calculated using 

Microsoft Excel.     
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3. Results 

The prostate cancer risk variant rs10993994 has been associated with impairments in the 

cellular DNA repair capacity and with the TMPRSS2:ERG fusion positive prostate cancer. 

Considering that unrepaired DNA double strand breaks promote the generation of 

oncogenic rearrangements, the present work is based on the hypothesis that the 

mechanism of risk elevation conferred by the variant is an error-prone double strand 

break repair. Since a causative gene for the assumed pathomechanism is not yet 

identified, the candidate genes MSMB, NCOA4, TIMM23 and PARG in 10q11 were tested 

on their effects on the formation of TMPRSS2:ERG fusions. It was also investigated if the 

functional opponent of PARG, PARP1, intervenes in the DNA repair and subsequently 

predisposes for the formation of TMPRSS2:ERG fusions. Therefore, the target gene 

expressions were silenced through siRNA and fusions were generated within the 

TMPRSS2:ERG induction assay. For test validity, down-regulation of ESCO1, which had 

already shown to induce significantly more TMPRSS2:ERG fusion in a similar experimental 

set-up  was used as positive control. 

 

3.1. Influence of down-regulation of MSMB, NCOA4, TIMM23 and PARG 

on the generation of TMPRSS2:ERG fusions  

3.1.1. Time response curves of target gene expression after siRNA transfection  

All targetted gene expressions in siRNA transfected cells were quantified over a time 

period of 120 hours, generating time response curves (Figure 3). NCOA4, TIMM23 and 

PARG siRNA treatment revealed expression levels below 15% for the entire 120 hour time 

span (compared to siAllStar treated cells). The MSMB expression shortly increased after 

transfection, but decreased to residual values below 20% after 72 hours. Thereafter it 

remained steadily down-regulated. Since all candidate’s expressions were certainly 

silenced 72 hours after transfection, this time point was chosen for the induction of 

TMPRSS2:ERG fusions. During the following incubation period of 48 h and before cell 

harvest (120 h after transfection), gene expressions were also reliably downregulated. A 

sufficient ESCO1 knock-down had already been tested previously [57]. 
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Figure 3: Time response of target gene expression after siRNA transfection. Cells of the human prostate cancer cell 

line LNCaP were transfected with siRNAs against MSMB, NCOA4, TIMM23 and PARG or with the AllStars Negative 

Control siRNA. Target gene expressions were measured in lysates after 24, 48, 72, 96 and 120 hours and normalized on 

the reference gene G6PD (duplicates). The colored bars show the expression of the target genes MSMB, NCOA4, 

TIMM23 and PARG relative to the respective gene expression in cells treated with a validated negative control siRNA. 

Abbreviations: h = hours, siAllStars Negative Control = validated negative control siRNA. 

 

3.1.2. Dose-dependent effects of γ-radiation on TMPRSS2:ERG fusion induction and 

TMPRSS2 expression 

The protocol for the TMPRSS2:ERG induction assay had been determined by the time of 

fusion induction (72 h after transfection) and cell harvest (120 h after transfection). To 

establish the optimal quantity of γ-radiation for the induction of fusions, LNCaP cells were 

exposed to 50, 100, 200, 300 and 400 Gray in a caesium-137 source. 48 h after irradiation 

cells were harvested for TMPRSS2:ERG fusion quantifications. Figure 4 shows the dose-

dependent effect of γ-radiation on the de novo generation of fusions. Compared to the 

initial dose of 50 Gray, the number of TMPRSS2:ERG fusions increased with every dosage 

step. No fusions were observed in non-irradiated cells.  
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Figure 4: Effect of γ-radiation on the induction of TMPRSS2:ERG gene fusions (n = 2, ± SEM). Cells of the human 

prostate cancer cell line LNCaP were irradiated with 50, 100, 200, 300 and 400 Gray. TMPRSS2:ERG gene fusion 

transcripts were measured in lysates 48 hours after irradiation and normalized on the reference gene TMPRSS2 

(duplicates). The colored bars show the expression of TMPRSS2:ERG fusion transcripts relative to cells exposed to 

50 Gray. Abbreviations: n = number of independent experiments, SEM = standard error of the mean. 

 

Since the androgen-dependent promoter of TMPRSS2 regulates the expression of 

TMPRSS2:ERG transcripts, the effect of γ-radiation on the TMPRSS2 expression was 

assessed. LNCaP cells were exposed to 50, 100, 200, 300 and 400 Gray. 48 h after 

irradiation cells were harvested for the relative TMPRSS2 expression quantification 

(Figure 5). Increasing radiation gradually suppressed TMPRSS2 expression down to 23% of 

that in non-irradiated cells  
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Figure 5: Effect of γ-radiation on TMPRSS2 gene expression (n = 2, ± SEM). Cells of the human prostate cancer cell line 

LNCaP were irradiated with 50, 100, 200, 300 and 400 Gray. The TMPRSS2 gene expression was measured in lysates 

48 hours after irradiation and normalized on the reference gene G6PD (duplicates). The colored bars show the 

expression of TMPRSS2 relative to non-irradiated cells. Abbreviations: n = number of independent experiments, SEM = 

standard error of the mean. 

 

Because of the strong induction of fusions and the acceptable suppression of TMPRSS2 at 

a radiation dose of 300 Gray, this dose was used in all further experiments. 

 

3.1.3. Quantification of de novo TMPRSS2:ERG fusions after down-regulation of 

MSMB, NCOA4, TIMM23 and PARG 

After down-regulation of MSMB, NCOA4, TIMM23 and PARG, TMPRSS2:ERG transcripts 

were quantified as outcome of the fusion induction assay in six individual experiments 

(Figure 6). The relative levels of de novo generated TMPRSS2:ERG fusions were obtained 

by referencing on cells treated with a validated negative control siRNA (siAllStars Negative 

Control). SiESCO1 treated cells served as positive control and non-transfected cells as 

fusion control to guarantee that the formation of fusions depended on radiation. 

Silencing PARG led to a significant 3.0-fold increase in the formation of TMPRSS2:ERG 

fusions (p = 0.001). A slight but significant 1.8-fold enhanced number of fusions was also 

observed after down-regulation of ESCO1 (p = 0.025). The knock-down of all other 
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evaluated genes did not significantly affect the formation of TMPRSS2:ERG fusions 

(MSMB 1.3-fold, p = 0.066; NCOA4 1.7-fold, p = 0.082, TIMM23 1.4-fold, p = 0.111).  

 

Figure 6: TMPRSS2:ERG fusion induction after silencing ESCO1, PARG, MSMB, NCOA4 and TIMM23 (n = 6, ± SEM, 

** p < 0.05). Cells of the human prostate cancer cell line LNCaP were transfected with siRNAs against ESCO1, PARG, 

MSMB, NCOA4 and TIMM23 or with the AllStars Negative Control siRNA. 72 hours after transfection fusions were 

induced by hormonal stimulation and γ-radiation. After a recovery period of 48 hours, TMPRSS2:ERG gene fusion 

transcripts were measured in cell lysates and normalized on the reference gene TMPRSS2 (quadruplicates). The colored 

bars show the relative induced TMPRSS2:ERG gene fusions relative to cells treated with the validated negative control 

siRNA. Abbreviations: n = number of independent experiments, SEM = standard error of the mean, siAllStars Control = 

validated negative control siRNA, siESCO1 = ESCO1 specific siRNA, siMSMB = MSMB specific siRNA, siNCOA4 = NCOA4 

specific siRNA, siPARG = PARG specific siRNA, siTIMM23 = TIMM23 specific siRNA. 

 

The target gene expressions after siRNA treatment and at the time of irradiation were 

23.6% for ESCO1, 6.7% for PARG, 11.9% for MSMB, 9.2% for NCOA4 and 2.3% for TIMM23 

(Figure 7). 
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Figure 7: Target gene expression after siRNA treatment at time of irradiation (n = 6, ± SEM). Cells of the human 

prostate cancer cell line LNCaP were transfected with siRNAs against ESCO1, PARG, MSMB, NCOA4 and TIMM23 or with 

the AllStars Negative Control siRNA. Target gene expressions were measured in lysates after 72 hours and normalized 

on the reference gene G6PD (triplicates). The colored bars show the expression of the target genes ESCO1, PARG, 

MSMB, NCOA4 and TIMM23 relative to the respective gene expression in cells treated with a validated negative control 

siRNA. Abbreviations: n = number of independent experiments, SEM = standard error of the mean, siAllStars Negative 

Control = validated negative control siRNA, siESCO1 = ESCO1 specific siRNA, siMSMB = MSMB specific siRNA, siNCOA4 = 

NCOA4 specific siRNA, siPARG = PARG specific siRNA, siTIMM23 = TIMM23 specific siRNA. 

 

3.2. Influence of down-regulation of PARP1 on the generation of 

TMPRSS2:ERG fusions  

PARG and its functional opponent PARP1, directly influence the polymerization and 

cleavage of poly(ADP-ribose) branches in the cell by coordinated actions of their encoding 

enzymes. Since silencing PARG had already increased the number of TMPRSS2:ERG 

fusions, its counterpart PARP1 was also down-regulated and tested on its effect on the 

formation of fusions.  

 

3.2.1. Establishing PARP1 mRNA quantification  

To validate the ΔΔCt method, standard curves for PARP1 and its reference gene G6PD 

were obtained in advance. A 10-fold dilution series of the PARP1 and the G6PD RNA 

template concentrations were amplified and plotted against the number of cycles 
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required to reach the threshold cycle (Ct). The trend line equation and the coefficient of 

determination (R
2
) for each regression line were calculated by using Microsoft Excel. As 

shown in Figure 8, the slope differences for both genes did not exceed 0.1 units and their 

coefficients of determination (R
2
) were close to one. Therefore, both genes fulfill the 

prerequisites of the relative quantification method.  

Figure 8: Standard curves for the target gene PARP1 and the reference gene G6PD. Quantitative real-time PCR was 

performed with equidistant-concentrated RNA template from cells of the human prostate cancer cell line LNCaP. PARP1 

and G6PD RNA template concentrations were plotted against the number of cycles required to reach the threshold 

cycle, generating standard curves. Since the slope differences for both regression lines do not exceed 0.1 units and their 

correlation coefficient is close to one, relative expression levels can be calculated using the ∆∆Ct method. Amplifications 

were done in triplicates. Abbreviations: Ct = cycle number, Log = logarithm, ng = nanogram, R² = correlation coefficient. 

 

3.2.2. Quantification of de novo TMPRSS2:ERG fusions at standard siPARP1 knock-

down 

According to protocol of the standard TMPRSS2:ERG induction assay, LNCaP cells were 

transfected with a 25 nM concentrated PARP1 siRNA. 72 hours after transfection and at 

the time of fusion induction, the siPARP1 treatment revealed a knock-down efficacy of 

97% (data not shown). Silenced PARP1 expression had no effect on the induction of 

TMPRSS2:ERG fusions (Figure 9). The number of generated fusions was very variable 

between individual experiments and did not significantly differ from the control cells 

(siAllStars Negative Control).  
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Figure 9: TMPRSS2:ERG fusion induction after silencing PARP1 (n = 3, ± SEM). Cells of the human prostate cancer cell 

line LNCaP were transfected with a specific siRNA against PARP1 or with the AllStars Negative Control siRNA. 72 hours 

after transfection fusions were induced by hormonal stimulation and γ-radiation. After a recovery period of 48 hours, 

TMPRSS2:ERG gene fusion transcripts were measured in cell lysates and normalized on the reference gene TMPRSS2 

(quadruplicates). The colored bars show the relative induced TMPRSS2:ERG gene fusions relative to cells treated with 

the validated negative control siRNA. Abbreviations: n = number of independent experiments, SEM = standard error of 

the mean, siAllStars Control = validated negative control siRNA, siPARP1 25 nM= PARP1 specific siRNA in a concentration 

of 25 nanomolar. 

   

 

3.2.3. Toxicity of siPARP1 treatment on LNCaP cells 

To decrease the high variability in the outcome quantification of TMPRSS2:ERG fusions 

after siRNA transfection, the concentration dependent effect of the siPARP1 treatment on 

LNCaP cell viability was tested. Light microscopic examinations of siPARP1 treated cells 

revealed a high percentage of devitalized cells. To quantify the extent of cell death after 

transfection and at the time of fusion induction, LNCaP cells were exposed to decreasing 

siPARP1 concentrations. 72 hours after transfection, viability was assessed by using the 

MTT test. As shown in Figure 10, the standard siPARP1 treatment with a concentration of 

25 nM impeded viability in more than 50% of cells, supporting the light microscopy 

appraisal. LNCaP cell survival increased with lower siRNA concentrations.  
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Figure 10: Concentration-dependent effects of PARP1 siRNA knock-down on the cell viability. Cells of the human 

prostate cancer cell line LNCaP were transfected with decreasing concentrations of a specific siRNA against PARP1 or 

with the AllStars Negative Control siRNA. 72 hours after transfection cell viability was assessed by using the MTT 

viability assay. The colored bars show the viability of cells treated with siRNA against PARP1 compared to cells treated 

with a validated negative control siRNA (octuplets). Abbreviations: nM = nanomolar, siAllStars Negative Control = 

validated negative control siRNA, siPARP1 = PARP1 specific siRNA, % control = percentage of control.  

 

To correlate the increase in cell survival with the extent of PARP1 depletion, the PARP1 

expression levels after siRNA treatment were quantified 72 hours after transfection for 

each siRNA concentration (Figure 11). The standard transfection with the 25 nM 

concentrated siPARP1 led to a remaining PARP1 expression of 2.35% compared to the 

control. The following dilution steps of the siPARP1 concentration showed similar 

silencing effects with remaining PARP1 expression levels below 5%. 
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Figure 11: Concentration-dependent effects of PARP1 siRNA knock-down on the PARP1 gene expression. Cells of the 

human prostate cancer cell line LNCaP were transfected with decreasing concentrations of a specific siRNA against 

PARP1 or with the AllStars Negative Control siRNA. PARP1 gene expression was measured in cell lysates 72 hours after 

transfection and normalized on the reference gene G6PD (triplicates). The colored bars show the PARP1 expression 

relative to cells treated with the validated negative control siRNA. Abbreviations: nM = nanomolar, siAllStars Negative 

Control = validated negative control siRNA, siPARP1 = PARP1 specific siRNA. 

 

Merged results for the concentration-dependent effects of siPARP1 on the cell viability 

and on the PARP1 expression are shown in Figure 12. Transfection with 1.5625 nM 

concentrated siPARP1 yielded the best transfection tolerance and a maintained strong 

down-regulation of the PARP1 expression. Therefore, this concentration was chosen for 

the transfection procedures in all further experiments.   
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Figure 12: Merged results for cell viability and the PARP1 gene expression after treatment with five different 

concentrations of a specific siRNA against PARP1. Cells of the human prostate cancer cell line LNCaP were transfected 

with decreasing siRNA concentrations against PARP1. The green line depicts the concentration-dependent effects of 

siRNA knock-down on the cell viability, the red line depicts the concentration-dependent effects of siRNA knock-down 

on the PARP1 gene expression. Cell viability and PARP1 gene expression were measured 72 hours after transfection. 

Abbreviations: nM = nanomolar, siPARP1 = PARP1 specific siRNA.  

 

3.2.4. Quantification of de novo TMPRSS2:ERG fusions at modified siPARP1 knock-

down 

The effect of a down-regulated PARP1 expression on the formation of TMPRSS2:ERG 

fusions was tested with a lower siRNA concentration (1.5625 nM). The remaining PARP1 

expression at the time of fusion induction was 9.3% compared to the control (data not 

shown). Improved knock-down survival did not contribute to stabilize the variation in the 

fusion transcript quantifications (Figure 13). Thus, a final conclusion about the effect of a 

silenced PARP1 expression on TMPRSS2:ERG fusions could not be drawn. 
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Figure 13:  TMPRSS2:ERG fusion induction after silencing PARP1 (n = 2, ± SEM). Cells of the human prostate cancer cell 

line LNCaP were transfected with a specific siRNA against PARP1 or with the AllStars Negative Control siRNA. 72 hours 

after transfection fusions were induced by hormonal stimulation and γ-radiation. After a recovery period of 48 hours, 

TMPRSS2:ERG gene fusion transcripts were measured in cell lysates and normalized on the reference gene TMPRSS2  

(quadruplicates). The colored bars show the relative induced TMPRSS2:ERG gene fusions relative to cells treated with 

the validated negative control siRNA. Abbreviations: n = number of independent experiments, SEM = standard error of 

the mean, siAllStars Negative Control = validated negative control siRNA, siPARP1 1.5625 nM = PARP1 specific siRNA in a 

concentration of 1.5625 nanomolar. 
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4. Discussion 

Genome-wide association studies (GWAS) have identified more than 70 common 

susceptibility loci associated with prostate cancer risk. Despite prostate cancer has been 

the most successful of all cancers regarding the identification of susceptibility loci, little is 

known about the functional mechanisms that cause the observed risk increase [92]. 

Hence, the greatest challenge in the ‘post-GWAS’ era is to gain insights in how these 

individual germline variants confer disease susceptibility [27]. The present work is based 

on the mechanistical hypothesis that the prostate cancer variant rs10993994 in 10q11 

exerts its risk increasing effect by an error-prone double strand break repair and 

therefore promotes oncogenic rearrangements. Previous work has suggested that the 

variant is related to an altered DNA repair capacity and is associated with the 

TMPRSS2:ERG fusion positive prostate cancer [78, 79]. The present study aim was to 

identify if any of the candidate genes MSMB, NCOA4, TIMM23 and PARG in the direct 

surrounding of the variant is the causal perpetrator of the assumed pathomechanism. 

Therefore, all genes were analyzed on their functional implication in the generation of 

TMPRSS2:ERG fusions. As functional opponent of PARG and surrogate for a DNA repair 

regulator gene, PARP1 was also tested on its effect on the formation of fusions.  

The next sections will give a short overview over each candidate gene, its relevance in the 

pathogenesis of prostate cancer and in the generation of TMPRSS2:ERG fusions. Then, the 

TMPRSS2:ERG induction assay will be evaluated on advantages and limitations. The last 

sections will outline the importance of DNA repair and the TMPRSS2:ERG fusion for the 

development of prostate cancer.  

 

4.1. Functional relevance of MSMB, NCOA4, TIMM23 and PARG for the 

generation of TMPRSS2:ERG fusions in prostate cancer 

Microseminoprotein beta (MSMB) or prostate secretory protein of 94 amino acids 

(PSP94) 

Microseminoprotein beta (MSMB) encodes the prostate secretory protein of 94 amino 

acids (PSP94). It is almost exclusively synthesized in the prostatic gland and is one of the 
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major components of the seminal fluid [50]. Several genome-wide association studies 

have identified the polymorphism rs10993994 in the 5’ promoter region of MSMB as a 

prostate cancer risk variant [20, 41, 85]. Follow-up luciferase reporter and electrophoretic 

mobility shift assays revealed that the risk-associated T allele of the variant decreased the 

MSMB promoter activity due to a disrupted transcription factor binding site [11, 56]. The 

risk allele was further associated with decreased MSMB expression in benign and 

tumorigenic prostatic tissue and with lower protein concentrations in urine [74, 95]. Thus, 

increased prostate cancer risk is thought to be mediated by an altered MSMB expression.  

MSMB/PSP94 levels in tumorigenic prostatic tissue have been found repeatedly decreased 

on both mRNA and protein level [10, 67, 81]. Therefore, the relevance of MSMB as a 

tumor suppressor gene has been undisputed. However, the exact mechanisms how 

MSMB exerts its inhibiting functions are not clear to date. Several studies using prostate 

cancer cell lines or animal xenograft models described a growth suppressing effect of 

MSMB/PSP94 on prostate cancer cells [28, 29, 54, 70, 82]. Furthermore, PSP94 seemed to 

antagonize tumor neovascularization by inhibition of the vascular endothelial growth 

factor 2 (VEGF-2) signaling pathway [43]. In the presence of PSP94 the VEGF-induced 

secretion of the matrix metalloproteinase 2 (MMP-2) was found decreased. MMPs are 

key enzymes in the process of matrix remodeling and crucial for tumor angiogenesis [43]. 

In contrast, loss of MSMB expression is thought to result in tumor-cell invasion and 

cancer progression [74].  

The study aim of the present work was to identify whether MSMB influences the 

formation of TMPRSS2:ERG fusions and therefore predisposes for the development of 

prostate cancer. The results of the TMPRSS2:ERG induction assay revealed no significant 

effect of a silenced MSMB expression on the generation of fusions. This leads to the 

assumption that MSMB does not influence the formation of fusions and may therefore be 

discarded as causative candidate gene in 10q11. Although MSMB expression may be 

down-regulated by the local variant (rs10993994), the functional consequence of this 

mechanism is not reflected in an error-prone DNA repair and thus in the generation of 

oncogenic rearrangements. The presented data support a study of Rinckleb et al. who 

already questioned MSMB as the most plausible candidate gene for the prostate cancer 
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variant rs10993994. Blood lymphocytes carrying the T risk allele of the variant showed 

significant impairments in the DNA repair capacity, but did not express MSMB [79].   

Nuclear receptor coactivator 4 (NCOA4) or androgen receptor associated protein 70 

(ARA70)  

NCOA4, which encodes the androgen receptor associated protein 70 (ARA70), was first 

implicated in the pathogenesis of prostate cancer as co-activator of the androgen 

receptor [98]. NCOA4 has two splicing variants, NCOA4α and NCOA4ß, which are located 

in different cellular compartments and seem to exert different functions [1]. NCOA4β-

transfected prostate cancer cells showed enhanced proliferation and androgen-

independent invasion through Matrigel [71]. In contrast, when NCOA4α was over-

expressed proliferation, anchorage-independent growth and apoptosis were inhibited 

[47]. Studies examining the expressional status of NCOA4 in prostatic tissue have yielded 

inconsistent results. Li et al. and Ligr et al. found a decreased expression of ARA70 in both 

high-grade prostate intraepithelial neoplasia (HGPIN) and in malignant cancer [47, 49]. In 

contrast, increased ARA70 levels in high-grade prostate cancer have also been described 

[37]. Finally, Mestayer et al. found no difference in the expression levels of NCOA4 in 

tumorigenic compared to normal prostatic tissue [62].  

Due to its localization close to the prostate cancer risk variant rs10993994, the expression 

of NCOA4 has been correlated with the genotype status of the variant in tumorigenic and 

normal prostatic tissue. Pomerantz et al. found NCOA4 expression genotype-dependent 

increased in histologically normal prostate tissue [74]. However, a second study could not 

replicate the described findings for NCOA4 in normal tissue, but found a borderline 

increase in tumor tissue [78].  

Belleli et al. recently characterized NCOA4 as DNA replication regulator. NCOA4 seems to 

block DNA replication at specific origin activation sides, hindering the 

CD45/MCM2-7/GINS (CMG)-helicase to unwind the DNA in preparation for replication [5]. 

Thus, NCOA4 may control the spatial and temporal regulation of DNA replication, a 

feature that is often impaired in cancer cells [5]. Since the erroneous incorporation of 

bases during DNA replication needs a proficient DNA mismatch repair, loss of NCOA4 may 

enhance unrepaired DNA damage and facilitate the emergence of oncogenic 

rearrangements.  
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To test whether NCOA4 is in fact involved in error-prone DNA repair and subsequently 

predisposes for the generation of somatic rearrangements, the effect of a down-

regulated NCOA4 expression on the formation of TMPRSS2:ERG fusions was evaluated. 

The results of the TMPRSS2:ERG induction assay did not reveal an effect of NCOA4 on the 

generation of fusions. These data suggest that NCOA4 is not implicated in the DNA repair 

dependent susceptibility for developing prostate cancer and may therefore be ruled out 

as possible candidate gene in 10q11. Considering the conflicting studies about the NCOA4 

transcriptional status in prostate cancer, the question about a possible oncogenic or 

tumor inhibiting function of NCOA4 remains unanswered. If and to what extend the 

variant rs10993994 is in fact capable of influencing NCOA4 in its expression needs further 

evaluation.   

Translocase of the inner mitochondrial membrane 23 (TIMM23) 

TIMM23 (also known as TIM23) codes for a protein of the channel-forming pore of the 

Tim23 complex, an importer system of multiple precursor proteins into the mitochondrial 

matrix. Mitochondrial dysfunctions have long been an established feature of malignancy. 

Already in 1930, Warburg postulated that malignant cells generate energy from 

‘anaerobic glycolysis’ due to insufficient mitochondrial respiration. Therefore, cancerous 

cells seem to adapt to hypoxic conditions better than healthy cells [91, 94].  

Tim23 has been characterized as signaling molecule in the caspase-independent cell 

death. Cells induced to undergo apoptosis in the presence of caspase inhibitors seem to 

degrade Tim23 selectively [30]. Therefore, alterations in the expression levels of TIMM23 

may result in an insensitivity to apoptotic signals, a condition that promotes the 

malignant transformation of cells. Prostate cancer research has only focused on TIMM23 

in relation to the prostate cancer risk variant rs10993994. Due to its localization in 10q11, 

two studies have investigated if the risk-allele of the variant transcriptionally alters 

TIMM23. A first study did not find the TIMM23 expression level associated with the 

genotype status in either normal or tumor tissue [74], whereas a second study found 

TIMM23B expression, the partial duplication of TIMM23, associated with the number of 

risk alleles in histologically normal prostatic tissue [78]. 

In the present work, TIMM23 was evaluated on its putative involvement in the generation 

of TMPRSS2:ERG fusions and thus in the predisposition for developing prostate cancer. 
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Down-regulated TIMM23 expression did not show to have an effect on the generation of 

fusions. Although TIMM23 exhibits some tumorigenic characteristics, it seems not to be 

causative for the formation of oncogenic TMPRSS2:ERG fusions. Therefore, TIMM23 may 

be discarded as candidate gene in 10q11. If the local variant confers prostate cancer risk 

by altering the TIMM23 expression and if TIMM23 and TIMM23B have segregated effects 

on the generation of fusions, still needs clarification. 

Poly(ADP-ribose) glycohydrolase (PARG) 

PARG, encoding the poly(ADP-ribose) glycohydrolase, is an important regulator of several 

cellular functions such as DNA replication and repair, post-transcriptional modification of 

proteins and cell death [16]. Together with its counterpart PARP, PARG tightly regulates 

the poly(ADP-ribose) metabolism. PARP transfers ADP-ribose from NAD
+
 to a variety of 

target proteins, modifying their structure and function. Conversely, PARG restores the 

initial status by cleaving the protein-bound poly(ADP-ribose) polymers into single units. 

DNA damage enhances the poly(ADP-ribosylation) of a variety of DNA-associated proteins 

such as histones [61, 68], the DNA polymerase α, δ and ε [22] and PARP1 itself [69]. After 

accomplished repair, PARG is involved in reconstituting the cell cycle. In fact, 

poly(ADP-ribose) polymers are found on a variety of cell-cycle checkpoint proteins [73] 

and are cleaved by PARG after accomplished DNA repair [16]. Therefore, PARG seems to 

inhibit the replication of damaged DNA, preserving the genomic integrity. Furthermore, 

PARG inhibition has shown to induce the collapse of DNA replication forks, requiring 

homologous recombination mediated repair [24].  

With its importance in DNA repair and its localization in 10q11, PARG seems to be a 

promising candidate gene for the observed association between the rs10993994 and the 

DNA repair dependent prostate cancer risk mechanism. The results of the TMPRSS2:ERG 

induction assay revealed a significant 3.0-fold increase in the number of fusions after 

silencing PARG with siRNA (p = 0.001). This is the first evidence that PARG is causally 

involved in the emergence of TMPRSS2:ERG fusions in prostate cancer. The presented 

data supports PARG as the most plausible candidate gene in 10q11, mediating the risk-

increasing effects of the local variant. Consistent with previous studies, PARG expression 

seems to be essential for the cellular ability to cope with genotoxic stress [13, 60]. An 

inhibition of PARG leads to a delayed DNA repair and a subsequent accumulation of 
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mitotic abnormalities [2]. These characteristics support that the prostate cancer variant 

rs10993994 may exert its risk conferring effect by inhibition of DNA repair (e.g. through 

silencing PARG) and thus promotes the generation of oncogenic rearrangements.  

However, these finding have to be contemplated within some limitations. Uchiumi et al. 

found that silencing PARG in HeLa cells synergistically down-regulated the expression of 

its antagonist PARP1 [90]. Hence, it is not sure that the observed increase in fusions 

results from PARG only. The effect of PARG on TMPRSS2:ERG fusions may be 

overestimated due to the effects of other deregulated genes. This phenomenon is 

probably not restricted to PARP1. TIMM23 and PARG are also regulated in a common way 

as they have the same promoter [63]. Correlating the findings of the present work with 

the expressional status of PARG in tumorigenic tissue is somehow difficult. PARG mRNA 

levels in histologically malignant tissue were significantly up-regulated compared to 

normal prostatic tissue [78]. Therefore, it seems that both increased and decreased PARG 

expression levels are associated with malignant features of prostate cancer. This apparent 

contradiction may be explained by considering PARG’s function in the regulation of the 

poly(ADP-ribose) level. Silenced PARG expression has shown to increase the 

poly(ADP-ribose) level in the cell and on ribosylated proteins [34, 66]. This can be 

explained by the cleaving properties of its encoding enzyme, a glycohydrolase in charge of 

removing ADP-ribose from preexisting poly(ADP-ribose) branches. Considering now that 

both overexpression and down-regulation of PARG lead to alterations in the 

poly(ADP-ribose) level, the poly(ADP-ribose) homeostasis may as well be a general 

mechanism for prostate cancer susceptibility. In order to prove the previous hypothesis, 

overexpression of PARG and thus a depletion of the cellular poly(ADP-ribose) level 

needed to be tested on its effect on the formation of TMPRSS2:ERG fusions. 

Overexpressing PARG however, has so far been technically impossible, as LNCaP cells are 

not suitable for plasmid transfection. Therefore, PARG’s functional antagonist PARP1 was 

down-regulated within the TMPRSS2:ERG induction assay and tested on putative effects 

on the generation of fusions. Like PARG, PARP1 controls a proficient DNA repair and thus 

constitutes a surrogate for a DNA repair regulator gene. 



DISCUSSION 

 

40 

 

4.2. Functional relevance of PARP1 and the poly(ADP-ribose) level for the 

generation of TMPRSS2:ERG fusions in prostate cancer 

PARP1 is the predominant enzyme of the poly(ADP-ribose) polymerase family in charge of 

synthesizing poly(ADP-ribose) from NAD
+
. It is involved in the regulation of DNA repair, 

transcription and many other cellular processes [15, 102]. As a marker of apoptosis, 

PARP1 is cleaved by caspases in programmed cell death [46, 99]. PARP1 was chosen to be 

investigated in the present work to assess if alterations in the cellular level of 

poly(ADP-ribose) may influence the occurrence of TMPRSS2:ERG fusions. Noteworthy, 

down-regulation of PARG, the opposite regulator of the poly(ADP-ribose) equilibrium, had 

already shown to induce more fusions. Furthermore, PARP1 is a regulator of DNA repair 

and therefore a promising candidate gene for the presumed DNA repair dependent 

mechanism for inherited prostate cancer risk. 

The first results of the TMPRSS2:ERG induction assay revealed no significant effect of a 

silenced PARP1 expression of the generation of fusions. Cell viability was importantly 

decreased by the transfection procedures, explaining the high variation in fusion 

quantifications between individual experiments. To reduce the variability of outcome 

quantifications, a modified knock-down protocol was applied. Cells were transfected with 

a lower concentrated siRNA, increasing viability at a maintained knock-down efficacy. 

However, the variation in the quantification of fusion transcripts remained high. Once 

again, silencing PARP1 did not have a significant effect on the generation of TMPRSS2:ERG 

fusions.  

Supporting previous studies on the radio sensitizing effect of PARP1 inhibition on prostate 

cancer cell viability, the combination treatment of γ-radiation and siRNA transfection 

seemed to be too toxic for LNCaP cells [75]. Therefore, the effects of PARP1 could not be 

reliably investigated within the TMPRSS2:ERG induction assay. If and to what extend the 

poly(ADP-ribose) level is a general mechanism for the emergence of TMPRSS2:ERG 

fusions and for prostate cancer susceptibility remains unanswered. The importance of the 

poly(ADP-ribose) homeostasis needs to be investigated in a different cellular model to 

understand if it is in fact a causative mechanism for the DNA repair dependent 

mechanism of increased prostate cancer risk. 
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4.3. Advantages and limitations of the TMPRSS2:ERG induction assay 

Lin et al. developed a cell-culture based model to induce TMPRSS2:ERG fusions in 

androgen-responsive prostate cancer cells. The combined hormonal and genotoxic 

treatment with γ-radiation induced an androgen-receptor dependent spatial proximity 

between TMPRSS2 and ERG through the activation of the actin/myosin system. Following 

site-specific DNA double-strand breaks within the TMPRSS2 and the ERG gene generated 

broken DNA fragments. These seemed to be religated in a novel configuration, producing 

TMPRSS2:ERG fusions [51]. In the context of the present work, the prerequisite for the 

analysis of MSMB, NCOA4, TIMM23 and PARG within the TMPRSS2:ERG induction assay 

was a successful down-regulation of the candidate gene expressions at the time of fusion 

induction (72 hours after transfection) and for the following recovery period (72-120 

hours after transfection). NCOA4, TIMM23 and PARG expression was steadily silenced for 

the total time-period of 120 hours with successful knock-down efficacies of over 80% (see 

3.1.3). Contrarily, MSMB was first overexpressed 24 hours after transfection. However, its 

expression declined down to 15% over the course of time. This may be due to the low 

expression of MSMB in LNCaP cells, making its expression levels prone to fluctuations. 

Thus, a different cell-culture model may be more adequate for the analysis of low 

abundant transcripts, such as MSMB. PARP1 expression was also successfully down-

regulated 72 hours after transfection and at the time of fusion induction. The remaining 

PARP1 expression was below 10% in all performed experiments. It has to be considered, 

that remaining protein levels after all siRNA transfections may have a residual function. 

Previous studies quantifying the protein levels of PARG and PARP1 after siRNA 

transfection found them steadily decreased 48 and 96 hours after transfection, 

respectively [66, 96]. Unfortunately, no information for protein half-live of the other 

genes was available.   

The results of the TMPRSS2:ERG induction assay highlighted PARG as the most promising 

candidate gene for the prostate cancer risk loci 10q11. PARG seems to be causally 

implicated in the emergence of TMPRSS2:ERG fusions as the down-regulation of its 

expression led to a significant 3.0-fold increase in the formation of fusions. Down-

regulation of all other genes, with exception of PARP1, resulted in a non-significantly 

increase in the generation of fusions. It is not quite sure if the common increment in 
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fusion frequencies arises from off-target effects of the siRNA treatments or from the 

down-regulation of the target genes. Therefore, the expression levels of all candidate 

genes were analyzed by quantitative RT-PCR for each single gene knock-down (data not 

shown). Independently performed experiments showed a strong variation supporting the 

idea of naturally fluctuating expression levels. However, many of the genes in the 10q11 

region share a common regulation. It has already been described that the promoter of 

MSMB regulates the expression levels of both MSMB and NCOA4 synergistically, 

producing full-length MSMB-NCOA4 transcripts [55]. Even if the siRNA itself does not bind 

to promoter regions, it may target these full-length transcripts and cause cross-reactions. 

If and to what extent these off-targets obscure the effects of the analyzed genes is still 

unclear. To avoid this phenomenon, further experiments will have to search for 

alternative silencing methods (e.g. genetically engineered knock-out organisms, etc.).   

The TMPRSS2:ERG induction assay represented a suitable tool to analyze putative effects 

of MSMB, NCOA4, TIMM23 and PARG on the generation of TMPRSS2:ERG fusions. Even 

though the TMPRSS2:ERG fusions could be reproducibly induced with high doses of 

γ-radiation, they still constitute a rare event occurring in only a small fraction of the 

treated cells. For PARP1 however, the combination treatment of androgens and 

γ-radiation was not compatible with a robust induction of TMPRSS2:ERG fusions. A 

different cellular model or experimental set-up may help to understand if PARP1 is in fact 

involved in the occurrence of TMPRSS2:ERG fusions and thus in prostate cancer 

susceptibility.  

 

4.4. DNA repair and its implication in prostate cancer pathogenesis and 

in the generation of TMPRSS2:ERG fusions  

Genetic alterations in prostate cancer seem to arise predominantly from a molecular 

reshuffling of the genome rather than from single base pair changes [6]. This process, 

termed chromoplexy, appears to produce large chains of somatic rearrangements that 

affect many genes and chromosomes simultaneously [4]. The DNA sequence seems to be 

interrupted at characteristic breakpoints producing broken DNA ends that are shuffled 

and religated in a novel configuration [6]. Chromoplexy seems to occur in a coordinated 
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process rather than through multiple, independent steps [4]. Interestingly, 

ETS-rearranged prostate cancers show more inter-chromosomal rearrangements than 

ETS-negative cancers with more chromosomes affected by one single event [4]. This 

genomic reshuffling process seems to arise predominantly in androgen-driven 

transcription hubs on multiple chromosomal loci that co-localize during the interphase. 

The resulting ‘rearrangement chains’ may reflect DNA damage processes related to the 

androgen receptor signaling [4]. Lesions arising early in tumorigenesis are more likely to 

be clonal and favor a rapid cellular growth than later ones [4]. In fact, one of the earliest 

detectable alterations in ETS-rearranged prostate cancers is the deletion of a 3 Mb region 

on chromosome 21q which induces the TMPRSS2:ERG fusion [4, 72]. This event is 

frequently observed in prostatic intraepithelial neoplasia (PIN) and may alter the normal 

prostate epithelial differentiation [83]. Following lesions in TP53 or CDKN1B seem to 

promote cancer progression by evasion from growth suppressors, increasing genome 

instability and activating invasion [4, 14]. The loss of PTEN finally paves the way for the 

development of aggressive prostate cancer [8]. Remarkably, the TMPRSS2:ERG fusion in 

androgen-dependent cells may also arise from an altered DNA repair machinery, which 

religates broken DNA fragments in a wrong way. Androgens and γ-radiation seem to 

recruit enzymes, which catalyze DNA double strand breaks to known break points within 

the TMPRSS and the ERG gene [33, 51]. Furthermore, hormonally stimulated prostate 

cancer cells activate the error-prone non-homologous end joining (NHEJ) repair pathway 

by recruiting proteins such as Ku70/Ku80 and ataxia telangiectasia mutated protein (ATM) 

to the sides of androgen receptor binding [51].  

   

4.5. Clinical relevance of TMPRSS2:ERG fusions in prostate cancer 

The TMPRSS2:ERG fusion was first described in 2005 by Tomlins et al. [88]. Thereafter, 

translocations involving the androgen-regulated TMPRSS2 and genes of the ETS 

transcription factor family were identified in over 50% of prostate cancer cases [77, 89]. 

The fusion event places the ERG proto-oncogene, a member of the ETS transcription 

factor family, under the control of the androgen-regulated promoter of TMPRSS2, 

thereby enhancing its expression.  
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Found in 20% of high-grade prostatic intraepithelial neoplasia (HGPIN), the fusion appears 

to be an early event in tumor development [9]. Having its own molecular pattern and a 

distinct phenotype, ETS-rearranged prostate cancers can be differentiated from 

ETS-negative cancers [65, 76]. Since the TMPRSS2:ERG fusion has not been found in 

benign prostatic tissue or any other cancer type [32, 53], it may be used for diagnostics. 

So far, it has been proposed as complementary biomarker to the serum prostate-specific 

antigen (PSA) [44, 45]. However, quantification of TMPRSS2:ERG is not suitable for 

primary screening programs since it is only found in around 50% of all prostate cancer 

cases. Nevertheless, it could help to identify high-risk patients with persistently elevated 

PSA levels, but negative biopsies [36]. An association between TMPRSS2:ERG and 

malignant prostate cancer in terms of a possible use in risk stratification is controversially 

discussed in the literature. Some studies correlated the fusion status with a higher 

Gleason score and with prostate cancer-specific death [17, 77]. Other studies found no 

significant correlation with the TNM staging system, recurrence or any other clinical 

feature [26, 80]. These differences in the presumed prognostic value of the fusion status 

may be due to a limited comparability between the studies. The obtained data was 

derived from different cohorts (population-based watchful-waiting cohorts, retrospective 

radical prostatectomy cohorts, etc.) with different inclusion and aggressiveness criteria as 

well as variable end-points. If and to what extend the TMPRSS2:ERG fusion status can 

predict the patient’s clinical outcome is not clear to date. However, personalized 

medicine by means of individually adapted treatment regimens will be one of the major 

challenges of oncology in the future. Therefore, an extensive molecular profiling of each 

patient’s cancer subtype could help to differentiate those patients who suffer from an 

indolent cancer from those that need immediate treatment. Further insights in the 

signaling pathways of ERG-rearranged prostate cancers could help to design ERG-

targeting vaccines as well as to facilitate the search for inhibitors of the downstream ERG 

signaling cascade [40, 93].  

 

4.6. Conclusions 

The present work identified PARG as most promising candidate gene exerting the risk 

increasing effect of the prostate cancer variant rs10993994 in 10q11. By an error-prone 
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double strand break repair and the subsequent generation of TMPRSS2:ERG fusions, 

PARG seems to be capable of influencing prostate cancer susceptibility. Previous studies 

have shown that down-regulation of PARG increases the poly(ADP-ribose) level in the cell. 

This may be explained by the function of its encoding enzyme, a glycohydrolase in charge 

of removing ADP-ribose from preexisting poly(ADP-ribose) branches. Thus, not only 

down-regulation of PARG but also alterations in the poly(ADP-ribose) equilibrium may be 

causative for the observed risk increase. Since the effect of down-regulated PARP1, the 

opposite regulator of the poly(ADP-ribose) homeostasis, could not be reliably investigated 

within the TMPRSS2:ERG induction assay, further work is needed to understand if the 

poly(ADP-ribose) level is in fact a general mechanism for the emergence of TMPRSS2:ERG 

fusions. So far, the results of the present work contribute to the identification of 

functional mechanisms that may cause inherited susceptibility to develop prostate 

cancer. 
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5. Summary 

Genome-wide association studies (GWAS) have identified the inherited variant 

rs10993994 in 10q11 as being associated with prostate cancer risk. Beyond this trait 

association, the variant was functionally correlated with an altered DNA repair capacity 

and with the TMPRSS2:ERG fusion positive prostate cancer. Since an error-prone DNA 

repair predisposes for the generation of chromosomal rearrangements, this relationship 

seems not to be arbitrary.  

The present work was based on the hypothesis that the variant rs10993994 exerts its risk 

increasing effects by an error-prone double strand break repair, thus promoting 

oncogenic rearrangements. To find the causal perpetrator of the presumed 

pathomechanism, the candidate genes MSMB, NCOA4, TIMM23 and PARG in 10q11 were 

tested on their functional implication in the generation of TMPRSS2:ERG fusions. PARP1, 

the negative regulator of PARG, was also tested on its effect on the formation of fusions. 

According to the TMPRSS2:ERG induction assay, fusions were generated in prostate 

cancer cells by stimulation with dihydrotestosterone and γ-radiation. TMPRSS2:ERG 

fusion transcripts were quantified by quantitative Real Time-Polymerase Chain Reaction 

(qRT-PCR). Down-regulation of PARG using siRNA led to a significant 3.0-fold increase in 

the number of fusions, whereas down-regulation of the other candidate genes did not 

result in a significant effect on the formation of fusions. Since previous studies showed 

that silenced PARG expression increases the cellular poly(ADP-ribose) level, not only 

PARG but also alterations in the poly(ADP-ribose) equilibrium may cause the observed 

increase. However, down-regulation of PARP1, the opposite regulator of the 

poly(ADP-ribose) level, did not have a significant effect on the generation of fusions.   

The results of this work provide the first experimental evidence for a causal implication of 

PARG in the generation of TMPRSS2:ERG fusions in prostate cancer. Supporting the 

hypothesis of error-prone DNA repair as causal mechanism for the observed risk increase, 

PARG may be transcriptionally influenced by the variant rs10993994, impairing a 

proficient DNA repair and predisposing for the generation of oncogenic rearrangements. 

The results of the present work contribute to the identification of functional mechanisms 

that may cause individually inherited susceptibility to prostate cancer.   
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