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Introduction: Deletion of 3p13 is one of the most common alterations in prostate cancer pref-

erentially occurring in tumors with TMPRSS2:ERG fusion. The cause for the striking association 

between 3p13 loss and ERG fusion is unknown. 

Methods: Here, we made use of a preexisting heterogeneity prostate cancer tissue microarray 

including ten tissue spots from ten different tumor areas of 317 cancers to examine the spatial 

distribution of 3p13 deletions (determined by fluorescence in situ hybridization) in prostate 

cancer areas with and without ERG overexpression (determined by immunohistochemistry). 

Results: 3p13 deletions were found in 61 of 299 (20.4%) and ERG positivity in 174 of 317 

(54.9%) interpretable cancers. The likelihood of 3p13 loss was twice as high in ERG-positive 

cancers (39/152, 25.7%) than in ERG-negative cancers (17/124, 13.7%, P=0.010). At least three 

tissue spots were interpretable for 3p13 deletion status in 279 cancers: only these were used 

for heterogeneity assessment. Among these tumors, 58 (20.8%) had a 3p13 deletion and 221 

(79.2%) were undeleted. The majority of 3p13-deleted cancers showed marked intratumoral 

heterogeneity. Areas with and without 3p13 loss were found in 50 (18%) of 279 cancers with 

three or more interpretable tissue spots, while only eight (3%) tumors had a homogeneous 3p13 

loss. Comparison with ERG data revealed that ERG fusion usually precede 3p13 deletions. In 

total, 26 (66.7%) of 39 cancers with ERG and 3p13 alteration had only focal 3p13 deletions in 

an otherwise ERG-positive background. In contrast, none of the cancers showed a pattern that 

would be consistent with 3p13 deletion preceding ERG fusion. 

Conclusion: Our study identifies 3p13 deletion as a highly heterogeneous alteration in prostate 

cancer preferentially developing at rather late stages of progression in TMPRSS2:ERG fusion-

positive tumors.
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Introduction
Chromosomal deletions are a hallmark of prostate cancer. Partial or complete losses 

involving chromosomes 2q, 3p, 5q, 6q, 8p, 10q, 12, 13q, 16q, 17, 18q, and 21q occur 

in up to 60% of tumors.1–3 Deletions of 3p and 10q are of particular interest because 

they are typically small as compared to all other deletion loci.2,4–6 The 10q23 deletion 

locus has been extensively analyzed. A magnitude of studies have demonstrated that the 

PTEN tumor suppressor is targeted by 10q23 deletion and that PTEN loss is linked to 

aggressive tumor features and poor patient prognosis.3,7,16 Much less is known about the 

3p deletion. Global copy number screening studies demonstrated that 3p deletions are 

strongly linked to the subset of prostate cancers harboring the TMPRSS2:ERG fusion 

and that they typically do not exceed two megabases in size.2,5 In a previous study, we 
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found 3p13 deletion in 15% of prostate cancers, where it was 

linked to early biochemical recurrence and adverse tumor 

phenotype.5 Moreover, we assessed the tumor-suppressive 

properties of three candidate genes, including the SHQ1 H/

ACA ribonucleoprotein assembly factor, the FOXP1 tran-

scription factor, and the RYBP polycomb suppressor, in our 

earlier study.5 The striking association between ERG fusion 

and 3p13 deletion strongly suggests cooperative effects driv-

ing tumor growth. However, it is currently unknown whether 

development of these two alterations follows a specific 

sequence and whether 3p13 deletion is an early or late event 

during prostate cancer progression.

Intratumoral heterogeneity can serve as an excellent tool 

to unravel the chronology of molecular alterations arising 

during tumor growth and progression. It can be hypothesized 

that early tumor-initiating molecular alterations are present 

in virtually all cancer cells, whereas events occurring at later 

stages of tumor progression will be detectable only in a sub-

set of cancer cells. We have previously developed a prostate 

cancer heterogeneity tissue microarray (TMA) platform.8,9 

This TMA contains multiple samples from the same prostate 

cancer, thus enabling a high-throughput mapping of molecu-

lar features across the entire tumors. We have successfully 

used this approach to dissect the chronology of key molecu-

lar alterations of prostate cancers, including activation of the 

ETS transcription factor ERG and recurrent deletions of the 

PTEN tumor suppressor or deletions at chromosome 6q15.8–11

In the present study, we took advantage of our hetero-

geneity TMA approach in order to evaluate the degree of 

heterogeneity of 3p13 deletions in 317 prostate cancers and 

to use this information in order to determine the chronology 

of TMPRSS2:ERG fusion and 3p13 deletion development.

Materials and methods
Patient samples and TMa construction
All patients were treated by radical prostatectomy at our 

center between January and March 2010. Removed pros-

tates were macroscopically dissected in a standardized way. 

All prostatectomy specimens were completely paraffin-

embedded and processed according to a modified Stanford 

protocol as previously described.12,13 The prostates were fixed 

in 4% buffered formalin, serially blocked at 3 mm intervals 

in transverse planes perpendicular to the rectal surface, 

and embedded in paraffin. For each cancer, the number of 

independent tumor foci was determined according to Wise 

et al.14 In brief, tumor areas were defined as part of a single 

focus if they were within 3 mm of each other in any section 

or within 4 mm in adjacent sections. A total of 317 cancers 

were considered unifocal according to this definition and were 

included in the study. From each of these cancers, ten differ-

ent tumor-containing tissue blocks were selected for TMA 

construction. From each block, one 0.6 mm punch core was 

removed, and the ten cores were assembled side by side in a 

TMA. If less than ten blocks were available, multiple cores 

were taken from one or several blocks in order to obtain the 

total number of ten punches per tumor focus. If more than ten 

blocks were available, blocks were selected to obtain an opti-

mal representation of the entire tumor mass (ie, blocks were 

selected that enabled maximal distances between selected 

tumor areas). This approach resulted in TMA containing a 

total of 3,170 cores obtained from 317 cancer foci. Histo-

pathological data of all arrayed tumors are given in Table 1. 

Presence of cancer was histologically confirmed in each tissue 

spot. Normal prostate glands were immunohistochemically 

identified using the antibody 34BE12 (clone MA903, 1:12.5, 

pH 7.8; Dako, Glostrup, Denmark) for basal cell detection. 

The usage of archived anonymized diagnostic leftover tis-

sues for manufacturing of TMAs without written consent 

and their analysis for research purposes as well as patient 

data analysis has been approved by local laws (HmbKHG, 

§12,1) and by the local ethics committee (Ethics Commission 

Hamburg, WF-049/09 and PV3652). All work was carried 

out in compliance with the Declaration of Helsinki.

Table 1 Clinicopathological features of the 317 arrayed 
prostate cancers

Study cohort  
on TMA (n=317)

Study cohort  
on TMA (%)

Patient age

≤50 2 0.6%
51–59 89 28.2%
60–70 168 53.2%
>70 57 18.0%
pT stage (AJCC 2002)
pT2 89 28.1%
pT3a 97 30.6%
pT3b 129 40.7%
pT4 2 0.6%
Gleason score
≤3+3 4 1.3%

3+4 154 48.6%

4+3 102 32.2%

≥4+4 57 18.0%
pN stage
pn0 158 74.2%
pn+ 55 25.8%
Surgical margin status
negative 175 57.0%
Positive 132 43.0%

Abbreviations: aJCC, american Joint Committee on Cancer; p, pathological; 
TMa, tissue microarray.
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in a humidified chamber. Slides were subsequently washed 

and counterstained with 0.2 µmol/L DAPI in antifade 

solution. Stained slides were manually interpreted with an 

epifluorescence microscope, and the predominant FISH 

signal numbers were recorded in each tissue spot. Homo-

zygous deletion of 3p13 was defined as complete absence 

of 3p13 FISH probe signals in ≥60% of tumor nuclei, with 

the presence of one or two 3p13 FISH signals in adjacent 

normal cells. Heterozygous deletion of 3p13 was defined as 

the presence of fewer 3p13 signals than centromere 3 probe 

signals in ≥60% of tumor nuclei (Figure 1). This threshold 

was based on a previous validation study comparing PTEN 

copy number results analyzed by FISH and array compara-

tive genomic hybridization in prostate cancer.16 Tissue spots 

with a lack of 3p13 signals in all (tumor and normal cells) or 

lack of any normal cells as an internal control for successful 

hybridization of the 3p13 probe were excluded from analysis.

Results
Technical issues
Interpretable results for 3p13 were found in 2,195 (69.2%) 

of the 3,170 tissue spots from 317 different prostate cancers 

included in the heterogeneity TMA. Out of the 317 cancers, 

immunohistochemistry
Immunohistochemical analysis of ERG was performed as 

previously described.8,15 Freshly cut TMA sections were 

analyzed in 1 day and in one experiment. Slides were depar-

affinized and exposed to heat-induced antigen retrieval for 5 

minutes in an autoclave at 121°C in pH 7.8 citrate buffer. The 

primary antibody (clone EPR3864; Epitomics) was diluted 

at 1:450. Bound primary antibody was visualized using the 

Dako EnVision Kit. Only nuclear ERG staining was scored. 

Any detectable staining was considered ERG positive.

Fluorescence in situ hybridization (Fish)
Four-micrometer TMA sections were used for FISH. For pro-

teolytic slide pretreatment, a commercial kit was used (par-

affin pretreatment reagent kit; Abbott, Chicago, IL, USA). 

TMA sections were deparaffinized, air-dried, and dehydrated 

in 70%, 85%, and 100% ethanol, followed by denaturation 

for 5 minutes at 74°C in 70% formamid 2X SSC solution. 

The FISH probe set consisted of a SpectrumGreen-labeled 

3p13 (FOXP1 locus) probe (made from a mixture of RP11-

154H23 and RP11-49E03) and a SpectrumOrange-labeled 

commercial centromere 3 probe (#06J36-003; Abbott) as a 

reference. Hybridization was performed overnight at 37°C 

Figure 1 Examples of FISH findings using the 3p13 deletion probe.
Notes: (A) normal 3p13 copy numbers as indicated by two green 3p13 signals and two orange centromere 3 signals. (B) heterozygous deletion as indicated by the lack of 
one green 3p13 signal and two orange centromere 3 signals. Magnification 630×.
Abbreviation: FISH, fluorescence in situ hybridization.
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279 (88.0%) had at least three TMA spots that were inter-

pretable for 3p13, including 55 tumors with ten interpretable 

spots, 66 cancers with nine interpretable spots, 52 cancers 

with eight interpretable spots, 42 cancers with seven inter-

pretable spots, 26 cancers with six interpretable spots, 17 

cancers with five interpretable spots, nine cancers with four 

interpretable spots, and 12 cancers with three interpretable 

spots for 3p13. The remaining 38 cancers had only less than 

three interpretable tissue spots for 3p13 FISH. In summary, 

there were 6.9±2.9 (average) and eight (median) analyzable 

tissue spots per cancer. All data are summarized in Figures 2 

and S1.

impact of the number of tissue spots on 
3p13 deletion frequency
The 3p13 deletion rate increased with the number of analyz-

able tumor spots per cancer. 3p13 deletion was found in six 

(10.3%) of 58 cancers with 1–5 analyzable tumor spots, but 

in 43 (24.9%) of 143 cancers with 8–10 analyzable tumor 

spots. All data are summarized in Figure 2.

heterogeneity of 3p13 deletion
Only the subset of 279 cancers with at least three tissue 

spots interpretable for 3p13 FISH analysis was included in 

this evaluation. Deletion of 3p13 was found in 58 (20.8%) 

of these cancers. There was a high degree of intratumoral 

heterogeneity: only eight (13.8%) of 58 tumors were homog-

enously 3p13 deleted (ie, 100% of all interpretable cancer 

spots showed a 3p13 deletion), while 50 (86.2%) cancers 

were heterogeneously 3p13 deleted (ie, at least one tissue 

spot had no 3p13 deletion). All data are summarized in 

Figure 3.

association of 3p13 deletion and eRg 
expression
In order to estimate the patterns of ERG expression and 

3p13 deletion on a spot-by-spot basis, a subset of 2,085 

tissue spots that were interpretable for both ERG and 3p13 

was analyzed. Deletion of 3p13 was strongly linked to an 

ERG-positive cancer phenotype: 3p13 loss was seen in 199 

(19.3%) of 1,032 ERG-positive cancer spots but only in 69 

(6.6%) of 1,053 ERG-negative cancer spots (P<0.0001). To 

study whether this association also held true on the cancer 

level, we further studied the subset of 276 tumors that had 

at least three informative tissue spots for both 3p13 deletion 

and ERG expression status. Tissue spots that yielded results 

only for either ERG or 3p13 were excluded from this analysis. 

In total, this analysis included 2,039 tissue spots from 276 

cancers (range: 3–10 spots per cancer, average: 7.34±1.98 

spots per cancer). This analysis revealed that the likelihood 

for 3p13 deletion was 1.88-fold higher in ERG-positive can-

cers (39/152, 25.7%) as compared to ERG-negative cancers 

(17/124, 13.7%, P=0.010).

Chronology of 3p13 deletion and eRg 
expression
To determine whether the presence of ERG facilitates 

3p13 deletion or vice versa, we sought to determine the 

chronological sequence in 39 cancers with 3p13 deletion 

and ERG expression. All of these cancers showed a pattern 

consistent with ERG rearrangement preceding 3p deletions. 

This includes 28 cancers (71.8%) with focal 3p13 deletions 

in an otherwise ERG-positive background as well as eleven 

(28.2%) cancers with homogeneous positivity for both altera-

tions. All data are summarized in Figure 4.

Discussion
The average 3p13 deletion rate of 21% in our current study on 

279 cancers with 3–10 different analyzable tissue spots each 

was significantly higher than in our previous study analyzing 

only a single 0.6 mm TMA spot per cancer (14.5% in 1,300 

cancers; P=0.006).5 This discrepancy is obviously due to the 

higher likelihood of detecting deletions in heterogeneous 
Figure 2 Frequency of 3p13 deletion in dependence of the number of analyzable 
tissue spots per cancer.
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tumors if multiple samples are analyzed. That the maximal 

deletion rate (26%) was reached when at least eight spots 

per cancer were analyzed demonstrates that the ten tissue 

spots per cancer included in our study was sufficient to reli-

ably detect the vast majority of 3p13-deleted cancers. It is, 

however, noteworthy that the FOXP1 FISH probe selected 

for this project does not identify all 3p13 deletions. We previ-

ously found about 4%–5% of 3p13-deleted prostate cancers 

with alternative deletions not including FOXP1 centering 

around the RYBP gene located 790 kilobases centromeric to 

FOXP1.5 Accordingly, we estimate that more than 30% of 

prostate cancers may have at least some focal 3p13 deletions.

The degree of heterogeneity of a molecular event may rep-

resent a parameter for its early or late occurrence. Homoge-

neous molecular features are likely to have developed early in 

tumor evolution. This is especially true for “low-malignant” 

alterations that do not trigger rapid outgrowth of a subclone. 

ERG overexpression is an example for a molecular aberration 

that is often homogeneous in prostate cancer and does not 

confer a marked proliferative advantage to cancer cells.8,15 

ERG overexpression can therefore be considered an early 

event based on our heterogeneity analysis, which is in line 

with other data from the literature.17–20 If a molecular cancer 

feature is limited to a small cancer area only, this feature 

must have occurred rather late in tumor evolution. That the 

vast majority (86%) of 3p13-deleted cancers were hetero-

geneously deleted (ie, contained tumor areas with normal 

3p13 copy numbers) fits thus with the notion of 3p13 loss 

representing a relevant event during late tumor progression.5

Very similar to what was found in our previous study 

using the same experimental approach,5 the likelihood of 

3p13 deletion was about twice as high in ERG-positive 

than in ERG-negative cancers. This frequent co-occurrence 

raises the question whether one of these alterations facilitates 

development of the other. That most cancers harboring both 

alterations had small tumor areas with 3p13 loss in an other-

wise ERG-positive background – while the inverse situation 

was not seen (ie, cases with homogeneous 3p13 deletions 

containing small areas of ERG positivity) – strongly suggests 

that ERG fusion typically precedes 3p13 deletion. It seems 

possible that 3p13 deletion could provide a selection advan-

tage to cancer cells which is particularly powerful in ERG-

Figure 3 heterogeneity of 3p13 deletion.
Notes: shown are all 279 cancers that had at least three 3p13 analyzable tissue spots. Dark circles: 3p13-deleted tissue spots, gray circles: 3p13 normal tissue spots. Tissue 
spots that were not analyzable by Fish are not shown.
Abbreviation: FISH, fluorescence in situ hybridization.
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positive cells. In fact, candidate genes at 3p13, including 

FOXP1 and RYBP, as well as ERG are strong transcriptional 

regulators with a plethora of target genes.3,21–24 This offers a 

multitude of modes of interaction. ERG has been shown to 

deregulate more than 1,600 genes, while FOXP1 modifies 

transcription of more than 600 genes.3,21–23 Pathways affected 

by both genes include AKT and AR signaling.23,25–27 Both 

pathways are highly relevant for prostate cancer and may 

be subject to functional interaction with ERG and FOXP1. 

A hypothetical target of joint functional effects of ERG and 

RYBP is the transcription factor E2F3, which interacts with 

ERG and RYBP in cell line models.24,28

That only heterozygous 3p13 deletions were found sup-

ports the concept that biallelic inactivation (either at the same 

time or one allele after the other) is not a suitable mecha-

nism for 3p tumor suppressor gene inactivation in prostate 

cancer. This notion is in line with data from next-generation 

sequencing studies not revealing any mutations of 3p13 

genes occurring more frequently than the 0.9% of RYPB 

mutations (http://www.cbioportal.org).29,30 However, the lack 

of homozygous 3p13 deletions may offer novel therapeutic 

options. Global copy number analysis studies have shown 

that the 3p13 deletion typically spans two megabases includ-

ing seven genes, at least one of which might be essential for 

cell survival.2,5 Heterozygous deletion of essential genes has 

been postulated to render cancer cells vulnerable to further 

inhibition of these genes, and 56 genes have been identified 

until now, suppression of which specifically inhibited the 

Figure 4 association between 3p13 deletion and eRg expression at the cancer level.
Notes: Results include all 276 cancers that had at least three analyzable tissue spots for both 3p13 deletion and eRg expression. shown are all cases with 3p13 deletion 
and eRg expression in one cancer.
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proliferation of cells harboring partial copy number loss 

of these genes.31 Such essential genes had been suggested 

as promising targets for anticancer therapies and were thus 

termed CYCLOPS (copy number alterations yielding cancer 

liabilities owing to partial loss) genes.31 However, it is cur-

rently not known whether any of the seven genes within the 

3p13 deletion region may be druggable.

In this context, it is important to note that heterogeneity 

of a molecular alteration may limit both the applicability of 

diagnostic tests and the effectiveness of targeted therapies. 

Considering the importance of heterogeneity, the number 

of studies systematically analyzing targeted heterogeneity 

in cancer is rather small. Moreover, studies addressing 

heterogeneity often limit themselves to the analysis of 

one tumor block per cancer.32,33 However, the analysis of 

one tumor area cannot represent the molecular events in a 

large cancer. Our TMA analysis of one sample each from 

at least ten different tumor-containing blocks distributed 

across the entire tumor enables a three-dimensional assess-

ment of molecular features in a large series of cancers. This 

heterogeneity TMA concept differs markedly from previous 

TMA studies, which used multiple tumor cores from just 

one tumor-containing block.34,35 Nevertheless, our study has 

several limitations. These include the preselection of large 

unifocal tumors, which may have resulted in a shift toward 

more advanced cancers, as well as the different amount of 

tissues analyzed per cancer in case that not all tissue spots 

contained tumor cells. In addition, fluorescence signals 

were not counted in each spot but rather estimated, which 

might have led to false deletion calling in some cases. 

Lastly, formalin fixation inevitably results in a certain 

fraction of non-interpretable tissues which may introduce 

a bias in our study.

Conclusion
In summary, the results of our study demonstrate a marked 

heterogeneity of 3p13 deletion in prostate cancer. Analyzing 

up to ten different regions per cancer enabled us to determine 

a 3p13 deletion rate of 20%–25%. Data derived from tumor 

mapping demonstrated that 3p13 deletions generally develop 

in ERG-expressing cells after TMPRSS2:ERG fusion has 

evolved. That all 3p13 deletions were heterozygous sup-

ports the concept that at least one gene in this region must 

be essential for prostate epithelial cells.
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Supplementary material

Figure S1 3p13 deletion and eRg expression status of all 317 arrayed prostate cancers. shown are the results of all ten tissue spots of all cancers.
Abbreviations: TMa, tissue microarray.
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