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Relevance of cohort design for studying the prevalence of the ERG rearrangement in prostate cancer
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Introduction:

The ERG rearrangement is a common genetic alteration in prostate cancer (PCa). [START_REF] Scheble | ERG rearrangement is specific prostate cancer does not occur in any other common tumor[END_REF] With a total number of over 2200 cases studied, the body of literature indicates a so far inexplicable and significant variability in the prevalence of this alteration ranging from 15% to 78%, with the majority of studies consistently reporting a frequency of 50% in PCa. [START_REF] Tomlins | ETS gene fusions in prostate cancer: from discovery to daily clinical practice[END_REF] Moreover, a potential association between ERG rearrangement status and clinical outcome is still controversial. It remains elusive if ERG rearrangement prevalence, clinical outcome and other aspects such as cohort design interfere with each other. Consequently, the aim of our study was to elucidate the reason for the reported variability in the ERG rearrangement prevalence. Another aim was to prove the finding by Guo et al., that the ERG rearrangement does not occur in PCa originating from the prostatic transition zone. [START_REF] Guo | Prostate cancer of transition zone origin lacks TMPRSS2-ERG gene fusion[END_REF] 

Materials and methods:

Cohorts:

We assessed three different PCa cohorts for their ERG rearrangement status using an ERG break-apart FISH assay.

In detail, the first cohort contains tumor material from 119 Middle European partially PSA-screened patients who consecutively underwent According to an estimation published by Sieverding et al. [START_REF] Sieverding | Early detection of prostate cancer in Germany. A study of a representative random sample of the population[END_REF] approximately 20% of men older than 45 years are PSA screened annually, approximately 33% of men are PSA screened regularly in a two to three years period and approximately 75% of patients with PCa who underwent prostatectomy have been diagnosed by a single event of an increased PSA level. According to these data, this prostatectomy cohort is best described as "partially PSA screened".

In the partially PSA-screened PCa cohort, multifocality and location (prostatic peripheral zone (PZ) versus prostatic transition zone (TZ)) of the tumor foci was taken into account. Prior to tissue microarray (TMA) construction, geographically discrete PCa foci were identified on corresponding H&E slides. Ipsilateral tumor foci were defined as geographically distinct if they were separated by a minimum of 3 mm from the nearest tumor focus in any single section or by a minimum of 4 mm from the closest focus on the adjacent section above or below. [START_REF] Perner | Rearrangement Metastasis Patterns in Locally Advanced Prostate Cancer[END_REF][START_REF] Barry | TMPRSS2-ERG fusion heterogeneity in multifocal prostate cancer: clinical and biologic implications[END_REF][START_REF] Mehra | Heterogeneity of TMPRSS2 Gene Rearrangements in Multifocal Prostate Adenocarcinoma: Molecular Evidence for an Independent Group of Diseases[END_REF][8] Each distinct PCa focus was represented by three cores on a TMA. In case of multifocality, the tumour focus with the largest tumour diameter was considered as the primary focus. Secondary and tertiary tumour foci had the second largest and third largest tumour diameter, respectively. The zonal origin of each PCa focus was determined according to McNeal's zonal anatomy model. All PCa specimens were completely embedded in In order to take potential PCa multifocality into account, tumour foci with different Gleason patterns were preselected on corresponding H&E slides.

Depending on the tumour volume and the number of assumed distinct foci, two to nine tumour cores per case were captured for TMA construction. All TMAs were constructed as described earlier, [START_REF] Scheble | ERG rearrangement is specific prostate cancer does not occur in any other common tumor[END_REF][START_REF] Scheble | ERG rearrangement in small cell prostatic and lung cancer[END_REF] each tumour focus of the three cohorts was centrally reassessed by one pathologist (S.P.) according to the revised Gleason grading system.

ERG break-apart FISH assay

We used a fluorescence in-situ hybridization (FISH) assay to detect the ERG rearrangement at the chromosomal level on formalin-fixed paraffin-F o r P e e r R e v i e w 8 embedded specimen. We performed a split-signal-approach, with two probes spanning the ERG locus as described earlier. [START_REF] Scheble | ERG rearrangement in small cell prostatic and lung cancer[END_REF][START_REF] Tomlins | Recurrent fusion of TMPRSS2 and ETS transcription factor genes in prostate cancer[END_REF] Deparaffinized sections were pre-treated with a 100 mM Tris and 50 mM EDTA solution at 92.8C° for 15 min. and digested with Digest-All III (dilution 1:2) at 37°C for 22 min.; ERG FISH probes were denatured at 73°C for 5 min. and immediately placed on ice. Subsequently, the tissue sections and ERG FISH probes were co-denatured at 94°C for 3 min. and hybridised overnight at 37°C. We used BAC clones RP11-24A11 for centromeric labelling with biotin and RP11-372O17 for telomeric labelling with digoxigenin. Posthybridisation washing was done with 2x SSC at 75°C for 7 min., and the fluorescence detection was carried out using streptavidin-Alexa-594 conjugates (dilution 1:400) and anti-digoxigenin-FITC (dilution 1:400). Slides were then counterstained with 4',6-Diamidin-2' phenylindoldihydrochlorid (DAPI) and mounted.

The samples were analysed under an 63x oil immersion objective using a fluorescence microscope (Zeiss, Jena, Germany) equipped with appropriate filters, a charge-coupled device camera and the FISH imaging and capturing software Metafer 4 (Metasystems, Altlussheim, Germany) .

The evaluation of the tests was done independently by two experienced observers (M.B. and V.S.). At least 100 nuclei per case were evaluated and assessed as earlier described. [START_REF] Perner | TMPRSS2:ERG Fusion-Associated Deletions Provide Insight into the Heterogeneity of Prostate Cancer[END_REF][START_REF] Perner | TMPRSS2-ERG fusion prostate cancer: an early molecular event associated with invasion[END_REF] This FISH assay allows for ERG rearrangement status (i.e. rearrangement versus no rearrangement of ERG) assessment. The assay is also capable of differentiating between two different mechanisms of ERG 

Statistics

In order to assess whether the ERG rearrangement prevalence is different in the three PCa cohorts, we performed the Pearson's χ²-test (two-tailed).

To correlate Gleason score and ERG rearrangement status, we performed a t-test (two-tailed). A p-value lower than 0.05 was considered statistically significant. As an internal reference cohort, we assessed a partially PSA-screened prostatectomy cohort and observed the ERG rearrangement in 70/119 (58.9%) of cases and in a total of 77/156 (49.4%) foci (Fig. 2A and TZ foci were 22 (30.8%) and 2 (2.8%), respectively. Considering approximate tumour diameter, the primary, secondary and tertiary tumour foci showed the ERG rearrangement in 24/69 (34.8%) foci, 4/21 (19.0%) foci, and 1/5 (20.0%) foci, respectively.

The TUR-P PCa cohort revealed the ERG rearrangement in 31/105 (29.5%) cases with 25/31 (80.6%) cases harboring the ERG rearrangement through deletion and 6/31 (19.4%) through insertion (Fig. 2C). Since we took multifocality into account and therefore selected two to nine randomly sampled cores per case depending on the tumour volume, we found that 9/105 (8.6%) cases (Fig. 3C, case #1-9) revealed heterogeneity with regard to the ERG rearrangement status between the The overall prevalence of the ERG rearrangement was significantly higher in the prostatectomy cohort as compared to each of the incidentally diagnosed cohorts (i.e. p<0.001 for both, the cystoprostatectomy and TUR-P cohort). As expected, there was no significant difference with regard to the overall ERG rearrangement prevalence between the two incidentally diagnosed PCa cohorts. For the prostatectomy cohort, the ERG rearrangement prevalence was significantly lower in tumour foci originating from the TZ as compared to PZ tumour foci (p<0.05). The prevalence of ERG rearranged TZ tumours within the cystoprostatectomy was lower as compared to PZ tumours. However, this finding did not reach statistical significance in our study. Of note, none of the cases with an ERG rearranged TZ focus simultaneously had an ERG rearranged PZ focus. Also, there was no case with two independent ERG rearranged TZ foci.

However, due to the relatively low number of TZ foci available within the two cohorts, we can not exclude that such constellations appear in other studies.

Considering tumour diameters, the ERG rearrangement prevalence of primary tumour foci (i.e. largest tumour focus) was higher as compared to the secondary and tertiary tumour foci. This prevalence difference was 13 highly significant for the prostatectomy cohort (primary vs. secondary foci, p<0.01), but not significant for the cystoprostatectomy cohort.

Additionally, even though tertiary tumour foci harboured the ERG rearrangement in a lower number as compared to primary foci, this difference was not statistically significant. Within the incidentally diagnosed TUR-P cohort, the ERG rearrangement was significantly associated with higher Gleason score (p<0.05). However, no significant correlation could be found for each other constellation or cohort. Table 1 summarises these results.

Discussion:

The ERG rearrangement is a common, and highly specific genetic event in PCa and most often results in a TMPRSS2-ERG gene fusion. [START_REF] Scheble | ERG rearrangement is specific prostate cancer does not occur in any other common tumor[END_REF][START_REF] Tomlins | ETS gene fusions in prostate cancer: from discovery to daily clinical practice[END_REF] However, in a smaller fraction the ERG rearrangement results in rarer fusions such as SLC45A3-ERG [START_REF] Esgueva | Prevalence of TMPRSS2-ERG and SLC45A3-ERG gene fusions in a large prostatectomy cohort[END_REF] or NDRG1-ERG. [START_REF] Pflueger | N-myc downstream regulated gene 1 (NDRG1) is fused to ERG in prostate cancer[END_REF] The ERG gene rearrangement as determined by FISH includes these three gene fusions. The prevalence ranges from 15% to 78% with the majority of studies consistently reporting a prevalence of 50% in PCa. [START_REF] Tomlins | ETS gene fusions in prostate cancer: from discovery to daily clinical practice[END_REF] The focus of the current study was to explore why the prevalence varies significantly in the body of literature.

To address this, we assessed the ERG rearrangement prevalence in three distinct and population-based PCa cohorts. We categorized these cohorts Of note, an additional meta-analysis of previously published studies was not considered to be revealing. This is because most studies do not provide comprehensive clinicopathological data on their assessed cohorts. Moreover, they are derived from different populations, and normally differ in inter-institutional diagnostic and therapeutic modalities as well as in their experimental design and evaluation. The few commonly provided information in the studies published so far were: methods on how the cancer was diagnosed (i.e. incidentally, by PSA-screening and/or biopsy), ethnicity, and ERG rearrangement detection method (i.e. FISH or PCR).

Given that, in our aim to identify ERG prevalence affecting factors, we focussed our assessment on these manifested points. In addition we took multifocality and tumour localization into account. These points were not available in most of the previous studies, but for our cohorts.

We could confirm that the ERG rearrangement appears in approximately 50% of all cases in PSA-screened prostatectomy cohorts [START_REF] Tomlins | ETS gene fusions in prostate cancer: from discovery to daily clinical practice[END_REF][START_REF] Esgueva | Prevalence of TMPRSS2-ERG and SLC45A3-ERG gene fusions in a large prostatectomy cohort[END_REF]15 and at a significantly lower frequency (<35%, p<0.05) in incidentally diagnosed PCa cohorts. [START_REF] Demichelis | TMPRSS2:ERG gene fusion with lethal prostate cancer a watchful waiting cohort[END_REF][START_REF] Attard | Duplication of the fusion of TMPRSS2 to ERG sequences identifies fatal human prostate cancer[END_REF] By this means, our data also confirm the assumption that the ERG rearrangement prevalence is unlikely to differ between Caucasian populations, since Kumar-Sinha et al. reviewed on similar prevalences among 25 North-American and Western-European PCa cohorts. [START_REF] Kumar-Sinha | Recurrent gene fusions in prostate cancer[END_REF] PCa is a multifocal disease in a multitude of cases. [START_REF] Perner | Rearrangement Metastasis Patterns in Locally Advanced Prostate Cancer[END_REF][START_REF] Barry | TMPRSS2-ERG fusion heterogeneity in multifocal prostate cancer: clinical and biologic implications[END_REF][START_REF] Mehra | Heterogeneity of TMPRSS2 Gene Rearrangements in Multifocal Prostate Adenocarcinoma: Molecular Evidence for an Independent Group of Diseases[END_REF][8] In our PCa cohorts, we considered multifocality. The fact that the ERG rearrangement prevalence in each of our cohorts is found at the upper range of comparable cohorts is most likely due to our strategy of taking multifocality into account. This is further supported by the observation, that in both, the prostatectomy and the TUR-P cohort, the ERG rearrangement prevalence of all tumor foci within one (49% and respectively) is lower than the ERG rearrangement prevalence of all cases (59% and 34%, respectively). Most former studies have not addressed multifocality of localized PCa and only assessed one tumour focus per case, mainly the index tumour focus. We show evidence that if all tumour foci within a prostate gland are assessed for the ERG rearrangement status, the overall ERG rearrangement frequency increases.

We applied the so far most commonly used and reliable method of ERG rearrangement assessment, i.e. the FISH-based break-apart assay as described. [START_REF] Tomlins | Recurrent fusion of TMPRSS2 and ETS transcription factor genes in prostate cancer[END_REF][START_REF] Perner | TMPRSS2:ERG Fusion-Associated Deletions Provide Insight into the Heterogeneity of Prostate Cancer[END_REF] Unlike PCR-based identification methods, this assay allows for simultaneous detection of all gene rearrangements involving ERG (i.e. TMPRSS2-ERG, SLC45A-ERG, and NDRG-ERG), [START_REF] Esgueva | Prevalence of TMPRSS2-ERG and SLC45A3-ERG gene fusions in a large prostatectomy cohort[END_REF][START_REF] Pflueger | N-myc downstream regulated gene 1 (NDRG1) is fused to ERG in prostate cancer[END_REF] as well as the two different rearrangement mechanisms (i.e. ERG rearrangement through deletion and ERG rearrangement through insertion). [START_REF] Perner | TMPRSS2:ERG Fusion-Associated Deletions Provide Insight into the Heterogeneity of Prostate Cancer[END_REF][START_REF] Perner | TMPRSS2-ERG fusion prostate cancer: an early molecular event associated with invasion[END_REF] The ERG rearrangement prevalence in each of our cohort is similar to the frequencies of comparable cohorts. Consequently, we assume that the reported variability in the ERG frequencies In contrast to a recent report by Guo et al., we could identify the ERG rearrangement in two PCa foci of the prostatic TZ in our cystoprostatectomy cohort and in two PCa foci of the TZ in our prostatectomy cohort (Fig. 4). [START_REF] Guo | Prostate cancer of transition zone origin lacks TMPRSS2-ERG gene fusion[END_REF] TZ has been shown to have a differential gene expression profile as compared to PZ tumours. 20 Additionally, several studies suggested that a subset of TZ tumour foci is associated with more favourable pathological features than their PZ counterparts. [START_REF] King | Prognostic significance of prostate cancer originating from the transition zone[END_REF][START_REF] Sakai | A comparison of the biological features between prostate cancers arising in the transition and peripheral zones[END_REF][START_REF] Sakai | Analysis of differences in clinicopathological features between prostate cancers located in the transition and peripheral zones[END_REF][START_REF] Greene | Clinical relevance of the individual prostate cancer focus[END_REF][START_REF] Greene | A comparison of the morphological features of cancer arising in the transition zone and in the peripheral zone of the prostate[END_REF] Compared to PZ tumour foci, transition zone PCa are less likely to extend through the capsule [START_REF] Greene | Clinical relevance of the individual prostate cancer focus[END_REF][START_REF] Greene | A comparison of the morphological features of cancer arising in the transition zone and in the peripheral zone of the prostate[END_REF][START_REF] Noguchi | An analysis of 148 consecutive transition zone cancers: clinical and histological characteristics[END_REF] , have a higher rate of biochemical PSA cure [START_REF] Noguchi | An analysis of 148 consecutive transition zone cancers: clinical and histological characteristics[END_REF] and are better differentiated [START_REF] Greene | A comparison of the morphological features of cancer arising in the transition zone and in the peripheral zone of the prostate[END_REF][START_REF] Shannon | Transition zone carcinoma of the prostate gland: a common indolent tumour type that occasionally manifests aggressive behaviour[END_REF] -although they are often characterised by higher preoperative PSA levels and a larger tumour volume. [START_REF] King | Prognostic significance of prostate cancer originating from the transition zone[END_REF] On the other hand, some studies reported an association of ERG rearrangement with parameters of more favourable outcome. [34][35] Furthermore, a set of studies without any such association were reported as well. [START_REF] Mao | Distinct genomic alterations in prostate cancers in Chinese and Western populations suggest pathways of prostate[END_REF][36][37][38][39][40] Still, in our hands, the cohorts with the naturally more favourable clinical courses (i.e. incidentally diagnosed prostate cancers) had a significantly lower ERG (approx. 30%), as compared to the PSA-screened prostatectomy cohort (approx. 60%), which might indirectly suggest an association with aggressiveness of the disease.

In conclusion, our findings support the view that the underlying molecular genetics of TZ tumours are different than these of PZ tumours.

Furthermore, we could provide evidence that cohort design (i.e. method on how the diagnosis is based), zonal origin (i.e. TZ or PZ), and considering multifocality might have an impact on the ERG rearrangement prevalence. Regarding cohort design, our findings would also apply for other studies, since the ERG of comparable cohort types are at similar levels. [START_REF] Tomlins | ETS gene fusions in prostate cancer: from discovery to daily clinical practice[END_REF][START_REF] Demichelis | TMPRSS2:ERG gene fusion with lethal prostate cancer a watchful waiting cohort[END_REF][START_REF] Attard | Duplication of the fusion of TMPRSS2 to ERG sequences identifies fatal human prostate cancer[END_REF][START_REF] Kumar-Sinha | Recurrent gene fusions in prostate cancer[END_REF] Regarding zonal origin, we confirmed a just recently published work on the low ERG prevalence of TZ tumour foci. [START_REF] Falzarano | rearrangement is present in a subset of transition zone prostatic tumors[END_REF] Based on our findings, we cautiously assume that either the proportion of PZ/TZ tumours within a cohort and/or the proportion of aggressive/indolent cancers within the cohorts might be responsible for these differences. Yet, we more directly demonstrate that respecting cohort design as well as considering multifocality and zonal origin of the tumor is key for studying ERG rearrangements in PCa. The approach of our study may also apply to A: Pie chart displaying the ERG rearrangement status of the prostatectomy PCa cohort.

B: Pie chart displaying the ERG rearrangement status of the cystoprostatectomy PCa cohort.
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  single therapeutic modality at the University Hospital of Tuebingen. For Germany, there are hardly any robust data available on how many men are undergoing PSA screening periodically.

  to the CAP Cancer Committee protocol guidelines (see www.cap.org). The second cohort includes PCa tissue from 71 Middle European urinary bladder cancer patients who consecutively underwent cystoprostatectomy at the University Hospital of Ulm, additionally suffering from incidentally diagnosed PCa. Prior to TMA construction, geographically discrete PCa foci were identified on H&E slides. Considering PCa multifocality and focus location, each geographically discrete PCa focus is represented by three cores on a TMA, as described above. Prior to TMA construction, discrete tumour foci were categorized according to decreasing tumour diameter. The third cohort comprises tumour material from 105 Middle European PCa patients consecutively incidentally diagnosed by trans-urethral resection of the prostate (TUR-P) at the University Hospital of Tuebingen.

12 .

 12 These two mechanisms are ERG rearrangement through insertion and ERG rearrangement through deletion of DNA between TMPRSS2 and ERG loci (interstitial deletion). A nucleus without an ERG rearrangement demonstrates two pairs of juxtaposed red and green signals (mostly forming 2 yellow signals). A nucleus with an ERG rearrangement through insertion shows the split of a signal pair resulting in a single red and single green signal for the rearranged ERG allele and a still juxtaposed (yellow) signal pair for the non-rearranged ERG allele in each nucleus. A nucleus with an ERG rearrangement through deletion shows one juxtaposed red-green signal pair (yellow) for the nonrearranged allele and a single red signal for the allele involved in the rearrangement. See Fig. 1 for details.

11 (

 11 Fig.2B). Within this cohort, 9/24 (37.5%) cases harbored the ERG rearrangement through deletion and 15/24 (62.5%) cases harbored the ERG rearrangement through insertion. Multifocal tumours were present in 21 (29.6%) cases. In these 21 multifocal tumours, we detected interfocal ERG heterogeneity in five cases. Of these, four cases (Fig.3B, cases #1-4) revealed interfocal ERG heterogeneity with regard to ERG rearrangement status (i.e. ERG rearrangement versus no ERG rearrangement) and one case (Fig. 3B, cases #5) showed interfocal ERG rearrangement heterogeneity with regard to the rearrangement mechanism (i.e. ERG rearrangement through deletion versus ERG rearrangement through insertion). When differentiating between TZ and PZ tumour foci, 2/9 (22.2%) TZ foci and 26/86 (30.2%) PZ foci exhibited the ERG rearrangement. The number of cases with ERG rearranged PZ

  of an individual case (i.e. ERG rearrangement versus no ERG rearrangement). One case (Fig.3C, case #10) exhibited heterogeneity with regard to ERG rearrangement mechanism between different cores of an individual case (i.e. ERG rearrangement through deletion versus ERG rearrangement through insertion).

  cases were identified clinically (i.e. partially PSAscreened prostatectomy, cystoprostatectomy, and TUR-P).

  by minor variations in the design and performance of the FISH assay or by matter of assay interpretation.

  understanding of other PCa related molecular alterations and so far suggested biomarkers.
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 21 : ERG rearrangement through insertion. The 5' telomeric ERG-spanning probe of one chromosome 21 translocated to another chromosome. Interphase nucleus of a peripheral zone prostate cancer cell (below) shows two adjacent red and green signals, as well as one separate red and green signal, depicting a heterozygous ERG through insertion.
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 123 Figure 1: Detection of the ERG rearrangement. Schematic displaying the dual colour probe ERG break-apart Fluorescence in-situ Hybridization (FISH) assay as used for the indirect detection of Rearrangements. Red-labelled centromeric and the green-labelled telomeric probes span the ERG locus on chromosomes 21. If a break-apart occurs, the green signal is either lost (ERG rearrangement through deletion) or translocated (ERG rearrangement through insertion). An ERG break-apart as determined by FISH accounts for a fusion of ERG with TMPRSS2, SLC45A or NDRG. A: Wild type ERG rearrangement status. Metaphase chromosomes 21 with dual colour probes spanning the centromeric and telomeric region of the ERG locus. Interphase nucleus of a peripheral zone prostate cancer cell (below) shows one pairs of adjacent red and green signals with yellow signal overlapping, depicting a wild type ERG rearrangement status. B: ERG rearrangement through deletion. One chromosome 21 lacks the telomeric probe spanning the ERG locus. Interphase nucleus of a transitional zone prostate cancer cell (below) shows two adjacent red and green signals, as well as one single red signal, depicting a heterozygous ERG rearrangement through deletion. C: ERG rearrangement through insertion. The 5' telomeric ERG-spanning probe of one chromosome 21 is translocated to another chromosome. Interphase nucleus of a peripheral zone prostate cancer cell (below) shows two adjacent red and green signals, as well as one separate red and green signal, depicting a heterozygous ERG rearrangement through insertion. 287x181mm (550 x 550 DPI)

.Figure 4 :

 4 H&E stained whole mount section of a prostate containing a PCa focus in the transition zone (outlined) harboring the ERG rearrangement. * indicates the lumen of the prostatic urethra. 192x155mm (550 x 550 DPI)
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  Of note, a recently published report by Mao et al. strongly suggests, that this does not apply for Non-Caucasian, such as Chinese populations.[START_REF] Mao | Distinct genomic alterations in prostate cancers in Chinese and Western populations suggest pathways of prostate[END_REF] 
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	Prostatectomy	Cystoprostatectomy	TUR-P cohort
	cohort	cohort	
	(PSA-screened)	(incidentally	(incidentally
		diagnosed)	diagnosed)
	66 years +6.2	68.5 years +7.3	72 years +8.2
	% ERG rearranged	% ERG rearranged	% ERG rearranged
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