
9

Relation of ETS transcription factor family member ERG, androgen 
receptor and topoisomerase 2β expression to TMPRSS2-ERG fusion status 
in prostate cancer
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Fusion of TMPRSS2 with ERG in prostate cells is determined by double-strand DNA breaks induced by androgen signal-
ing and transcription stress. The enzyme topoisomerase 2β (TOP2B) mediating DNA processing, plays a important role in
DNA cleavage. The aim of this study was to analyse expression of AR, TOP2B and ERG in relation to TMPRSS2-ERG gene
rearrangement and relevant clinicopathological characteristics in prostate cancer (CaP). Immunohistochemical staining 
and FISH were used for investigation. ERG expression in prostate cell lesions positively correlated with levels of TMPRSS2-
ERG fusion gene (p<0.0001). The most significant co-expression of ERG was found with AR in CaP (p=0.001). Significantly
more frequent co-expression of ERG was also revealed with TOP2B (p=0.028). ERG protein expression did not correlate 
with CaP differentiation status as we found no significant differences in ERG expression for different Gleason categories.
We demonstrated a statistically significant positive correlation between the percentage of cells with fusion gene TMPRSS2-
ERG in CaP and metastatic potential of tumors (p=0.011). Besides these positive corelations of AR with ERG (p=0.001) and 
TOP2B with ERG (p=0.028), we also demonstrated a significant co-expression of AR with TOP2B (p=0.007) in CaP. There
was a statistically significant increase in the TOP2B H-index in locally advanced CaP in comparison with localized tumors
(p=0.046). ERG expression correlates with occurrence of TMPRSS2-ERG fusion and with AR-driven malignant transforma-
tion. The results indicate that detection of the TMPRSS2-ERG fusion gene and parallel immunohistochemical examination
of AR, TOP2B and ERG has diagnostic significance and may be useful in assessing the biological character of the prostate
cancer as well as selecting the best treatment.
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The androgen receptor (AR) is a DNA-binding nuclear tran-
scription factor that regulates gene expression. It is essential for 
prostate differentiation and maintenance of its differentiation
status as well as for the regulation of prostate specific gene
expressions such as prostate specific antigen (PSA) and type II
transmembrane serine protease (TMPRSS2). In the majority of 
prostate cancers (CaP) there are fusion genes with oncogenic 
potential involving 5´-end elements composed of androgen 
regulated genes and the gene ETS transcription factor family 
[1,2]. This fusion causes aberrant transcription which is andro-

gen-driven. Although the mechanisms underlying these gene 
rearrangements are still unclear, recently it has been shown 
that fusion of TMPRSS2 with ERG (the Estrogen-Regulated 
Gene, a member of the ETS transcription factor family) in 
prostate cells is determined by double-strand DNA breaks 
induced by androgen signaling in response to transcription 
stress [1,3]. The fusion of both genes is possible owing to near
configuration of uncovered DNA areas during androgen recep-
tor-driven chromatin looping [4]. The enzyme topoisomerase
2β (TOP2B) mediating DNA processing, plays a major role in 
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DNA cleavage. In prostatic intraepithelial neoplasias (PIN), 
a significantly higher coexpression of AR with TOP2B than
in normal prostatic epithelium has been reported [1,2]. ERG 
has specific affinity for the genome with the GGA(A/T) motif
which is predominantly present at binding sites for the AR and 
thus is able to inhibit AR expression and activity. ERG can also 
induce expression of metalloproteinases and genes involved in 
the plasminogen activator pathway. For this reason, TMPRSS2-
ERG fusion plays a crucial role in tumor progression since it 
affects prostate cell differentiation [5]. Rearrangement break-
points have been found to be enriched near open chromatin, 
AR and ERG DNA binding sites in the setting of ETS gene 
fusion TMPRSS2-ERG. However, in tumors lacking ETS fu-
sion, these relations were found to be reversed. This suggests
a link between chromatin or transcriptional regulation and 
the genesis of genomic aberrations [6]. Some recent studies 
describe a possible link between the ability of the fusion gene 
to affect the inflammatory process and functional status of the
cyclooxygenase-2 (COX-2, enzyme directing prostaglandin 
synthesis) mediated pathway. Prostaglandins are able to induce 
growth of CaP, to regulate expression of enzymes contributing 
to cancer cell invasiveness, angiogenesis and metastasis [7]. 
In ERG-positive CaP, high expression of Wnt signal pathway 
effectors like FZD4 was also detected, which can contribute
to cellular phenotype leading to the development of EMT 
(epithelial-mesenchymal transition) [7,8]. There is evidence
supporting the hypothesis that the presence of the fusion gene, 
differentiates two molecular groups within prostate cancer
with different behaviour, making the fusion gene a potential
therapeutic target [9]. We deduce that parallel examination of 
TMPRSS2-ERG gene rearrangement and expression of AR, 
TOP2B and ERG in relation to clinicopathological status can 
contribute to better tumor specification.

Material and methods

We analysed the fusion gene TMPRSS2-ERG incidence 
in relation to expression of AR, TOP2B, ERG and clinico-
pathological characteristics in 100 CaP patients who had 
not undergone androgen ablation therapy. Simultaneously, 
we assessed the same parameters in adjacent foci of prostate 
intraepithelial neoplasia (PIN) and/or benign prostatic hy-
perplasia (BPH).

Patients and tissues. The currently analysed cases were
randomly selected from the tissue bank of the Department 
of Clinical and Molecular Pathology, Palacký University and 
University Hospital, Olomouc. They included archival forma-
lin-fixed, paraffin-embedded tissue samples from 100 patients
who had undergone radical prostatectomy (RP) for prostate 
adenocarcinoma between March 2004 and May 2011. The age,
preoperative serum PSA level, pTNM stage, Gleason score, 
tumor category (localized CaP was defined as T1–T2, N0, M0
while locally advanced CaP was defined as T3–T4, N0–N1,
M0) and risk category (low: T1–T2a, Gleason score ≤6 and 
PSA ≤10 ng ml–1, intermediate: at least one of the following 

situations /T2b-c, Gleason score 7 or PSA higher than 10 and 
lower than 20 ng ml-1/ and high: at least one of the following 
situations /T3–T4, Gleason score > 7 or PSA > 20 ng ml–1/) 
for all cases were noted from the clinical protocols. Patients 
did not receive hormonal or radiation therapy before the RP 
or adjuvant therapy before recurrence. Sample sections were 
used for FISH analysis and for immunohistochemical detec-
tion of AR, TOP2B and ERG. Histopathological diagnosis was 
confirmed by two independent pathologists on hematoxylin
and eosin-stained paraffin sections of each sample before
FISH assessment. The morphological criteria for ‘normal,’
‘BPH,’ ‘PIN’ and ‘malignant prostatic epithelium’ conformed 
to previously published definitions [10].

Immunohistochemistry. ERG expression was evaluated 
using a commercial rabbit anti-ERG monoclonal antibody 
(clone EPR3864; Epitomics, Burlingame, CA, USA) and AR 
expression using mouse anti-AR monoclonal antobody (clone 
AR441; Dakocytomation, Glostrup, Denmark). The protocol
for the immunohistochemistry was as follows: slides were 
deparaffinized, exposed to heat-induced antigen retrieval
in autoclave for 5 minutes at 121oC and pH 7.8 (ERG) or in 
a microwave oven for 15 minutes in a citrate buffer pH 6.0
(AR) and blocked with preantibody solution (10 min). The
antibody against ERG was applied in a dilution 1:400 and 
AR in a dilution 1:100 both for 60 min at room temperature. 
Primary antibodies were visualized using the DAKO enVi-
sion Kit (DakoCytomation, Glostrup, Denmark) according 
to producer recommendations and 3,3‘-diaminobenzidine 
(20 min, Sigma Fast 3,3‘-diaminobenzidine tablets, Sigma-
Aldrich, St. Louis, MO). Sections were then counterstained 
with hematoxylin, dehydrated, cleared, mounted, and covered. 
Immunohistochemical staining for TOP2B (1:500, polyclonal, 
Bethyl Laboratories, Inc. Montgomery, TX, USA) was carried 
out in a BenchMark XT autostainer (Ventana Medical Systems, 
Tuscon, AZ, USA) using an i-View detection kit (Ventana 
Medical Systems) and treatment with citrate buffer (pH 6.0)
in a microwave oven for 15 minutes. Additional procedures 
were the same as the above. Only nuclear staining of ERG, AR 
and TOP2B were assessed using an H-score system obtained 
by multiplying the intensity of the stain (0: no staining; 1: 
weak staining; 2: moderate staining; 3: intense staining) by the 
percentage (0 to 100) of cells showing that staining intensity 
(H-score range, 0 to 300). For negative controls, the primary 
antibodies were omitted. As positive control for AR, confirmed
AR positive CaP samples were used. As TOP2B and ERG ex-
pression is normally found in lymphocytes and endothelium, 
these were used as internal positive controls for TOP2B and 
ERG staining. 

TMPRSS2-ERG fusion status analysis by FISH. To con-
firm the presence of rearrangement at 21q22 where TMPRSS2
and ERG genes are located, we used interphase fluorescence
in situ hybridization (FISH). FISH analysis was carried out 
using Poseidon TMPRSS2-ERG (21q22) Del, Break, TC Probe 
(Kreatech Diagnostics, Amsterdam, The Netherlands), which
is optimised to detect deletion between TMPRSS2 and ERG 
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associated with the TMPRSS2-ERG fusion in a triple-color 
deletion assay. It also detects translocations involving the 
TMPRSS2 region. Formalin-fixed, paraffin-embedded tissue
sections were used for interphase FISH. Deparaffinized tissue
was treated with 0.2M HCl for 20 minutes, NaSCN for 30 min-
utes at 80oC and digested with pepsin (Sigma-Aldrich, USA) 
for 70 minutes. The tissues and FISH probe were co-denatured
for 5 minutes at 80°C and hybridized overnight at 37oC in 
a humid chamber (StatSpin ThermoBrite, IRIS, MA). FISH
interpretation was carried out by a molecular cytogeneticist 
and a pathologist, both experienced in analysing interphase 
FISH experiments. H&E sections were available for side-
by-side comparison with the FISH image to localise tumor 
cells. Paired benign prostatic epithelium was also evaluated 
as a negative control. Expected signal patterns according to 
instructions of the TMPRSS2-ERG probe manual – a nucleus 
without TMPRSS2-ERG rearrangement demonstrates two 
pairs of juxtaposed green, red and blue signals. A nucleus 
with the TMPRSS2-ERG fusion demonstrates loss of green 
signal leaving a red/blue signal at 21q22, and a nucleus with 
split of the probe in case a translocation at 21q22 results in 
a break of the fusion signal. This is observed as a single red and
green/blue signal pattern at the derivative chromosomes when 
only TMPRSS2 is involved. It is observed as a single blue and 
red/green signal pattern at the derivative chromosomes when 
only ERG is involved. The samples were analysed under a 100x
oil immersion objective using an Olympus BX-51 fluorescence
microscope (Olympus, Center Valley, PA) equipped with 
appropriate filters, a CCD (charge-coupled device) camera
and captured by ISIS software (MetaSystems, Altlussheim,
Germany) (Figure 1).

Statistical analysis. The data were analyzed using SPSS 15.0
software package (SPSS Inc., Chicago, IL, USA), and a two-

tailed P value of less than 0.05 was considered statistically 
significant. In the case that the Shapiro-Wilk test of normality
revealed non normal distribution, the nonparametric Kruskal-
Wallis and Mann-Whitney U-tests with Bonferroni correction 
were used. The relation of age to other tested parameters was
performed by ANOVA. The multiple correlations were as-
sessed using the Spearman coefficient of determination and
the categorial data were tested using the ϰ2 test and/or in the 
case of low numbers, the Fisher exact test. 

Results

ERG expression correlates with occurrence of TMPRSS2-
ERG fusion. ERG expression in prostate cell lesions 
positively correlated with amount of TMPRSS2-ERG fusion 
gene (p<0.0001). In 100% of cases with confirmed fusion gene,
the H-index was higher than 50 with an average H-index of 
178.7. In cases without the fusion gene in only 40% of cases 
had the H-index higher than 50 with an average H-index of 
70.2 which was significantly lower (Figure 2). On the other
hand there were a few CaP without fusion gene which revealed 
very high ERG positivity and also CaP cases with positive 
gene fusion and low ERG expression compared to PIN areas 
(Figure 3A-C). 

ERG expression correlates with AR-driven malignant 
transformation. ERG positivity (H-index > 0) was found 
in 94% of the analysed cases of CaP and in 77% of tumor 
adjacent areas of BPH/PIN. However, when the threshold 
of ERG positivity was adjusted to an H-index >50, positivity 
was shown in 66% of CaP but in only 3% of BPH/PIN. The
most significant co-expression of ERG was found with AR
in CaP (p=0.001). Significantly more frequent co-expression
of ERG was revealed also with TOP2B (p=0.028). We found 

Figure 1. Three-color FISH detection of TMPRSS2-ERG fusion. The signals are: the red one for distal TMPRSS2 gene region, the green one repre-
sents intervening sequence between TMPRSS2 and ERG genes and the blue signal represents proximal ERG gene region. format of (A) the nucleus 
without TMPRSS2-ERG rearrangement demonstrates two clusters of juxtaposed red, green and blue signals. (B) detail of the nucleus with the 
TMPRSS2-ERG fusion, where the loss of the intervening sequence is observed as a loss of a green signal leaving a red/blue signal at 21q22 (white 
arrow). (C) detail of the nucleus with the rearrangement of TMPRSS2 gene which results in a break of the signal cluster, observed as a single red 
(white arrow) and green/blue signal pattern.
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no significant co-expression of these molecules in areas of
BPH/PIN despite the fact that ERG as well as AR and TOP2B 
positivity was uniformly enhanced in tumor surrounding 
areas of BPH/PIN (Figure 3D). ERG protein expression did 
not correlate with CaP differentiation status as we found
no significant differences in ERG expression for different
Gleason categories. In cases where we were able to analyse 
ERG expression in the same tissue section, we observed 
amplification of ERG expression in PIN compared to BPH
but owing to the small number of samples with joint BPH 
and PIN occurrence we were unable to perform any relevant 
statistical analysis. 

TMPRSS2-ERG rearrangement correlates with metastat-
ic potential of CaP. We confirmed positive TMPRSS2-ERG
fusion in 20 percents of analysed cases which we compared 
with cases lacking any TMPRSS2-ERG rearrangement (61%). 
The remaining cases (19%) showed another gene rearrange-
ment which could not be identified by the used probes. We
demonstrated a statistically significant positive correlation

Figure 2. Positive correlation between ERG expression (H-index) and 
TMPRSS2-ERG fusion gene detection in CaP.  Mann-Whitney U-tests with 
Bonferroni correction (p<0.0001).

Figure 3. Different expression of ERG in BPH/PIN areas in the vicinity of CaP and in CaP foci: Relation to fusion gene TMPRSS2-ERG status. (A) ERG expres-
sion pattern in a sample without fusion gene TMPRSS2-ERG. High expression of ERG in CaP, lower in PIN and ERG negativity in BPH, (B) Another ERG 
expression pattern in a sample without fusion gene TMPRSS2-ERG. Negativity of ERG expression, (C) High ERG expression in PIN and lower ERG expression 
in CaP with proven TMPRSS2-ERG fusion gene, (D) Amplified ERG expression on the border between CaP and PIN without relation to fusion gene status.
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between the percentage of cells with gene rearrangement 
TMPRSS2-ERG in CaP and metastatic potential of tumors. 
The higher the percent positivity, the more frequent the oc-
currence of metastasis into lymph nodes (p=0.011) (Figure 
4). The Fisher test confirmed a statistically significant increase
in lymph node metastasis in cases of CaP with 4n ploidy 
(p=0.049). We were unable to find any significant relation-
ships between fusion gene TMPRSS2-ERG, tumor progression 
(local versus locally advanced) and risk (low, intermediate, 
high) variables. 

ERG, AR and TOP2B co-expression has diagnostic 
significance. AR positivity was found in all samples of CaP 
and levels of its expression positively correlated with ERG 
(p=0.001). In contrast to generally accepted data, we found 
no cases of AR negativity in CaP, however, a low H-index 
(≤ 50) was demonstrated in 14% of cases without significant
differences between groups with positivity or negativity for
gene fusion. In evaluating AR positivity in BPH/PIN foci, we 
had to take into consideration its different distribution. In

Figure 4. Positive correlation between the percentage of cells with fusion 
gene TMPRSS2-ERG in CaP and metastatic potential. The higher the
percent positivity, the more frequent occurrence of metastasis into lymph 
nodes (p=0.011).

Figure 5. Different expression of AR and TOP2B in BPH/PIN areas in the vicinity of CaP: Relation to fusion gene TMPRSS2-ERG level. (A) Tumor with low fusion
gene content, expression of AR in BPH/PIN, (B) The same sample, TOP2B expression in BPH/PIN, (C) Tumor with high fusion gene content, expression of AR
in BPH/PIN, (D) The same sample, TOP2B expression in BPH/PIN. High AR activity in BPH/PIN from tumor vicinity with low fusion gene content is accom-
panied by high TOP2B expression. Low AR activity in BPH/PIN from tumor vicinity with high fusion gene content is accompanied by lower TOP2B expression.
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benign areas, AR positivity prevailed in the luminal cell layer 
of the prostate gland and only sporadically it was seen in basal 
myoepithelial layers (Figure 5A). In areas of PIN, we observed 
AR positivity in all layers of the epithelium (Figure 5C). Like 
ERG expression, AR expression was also amplified in the parts
of the prostate closely surrounding the tumor tissue. 

TOP2B expression was also detected in all samples and its 
levels positively correlated with AR (p=0.007) as well as with 
ERG (p=0.028) expression in CaP. 

However, there were no significant differences in TOP2B
expression between CaP with positive and negative fusion. The
Mann-Whitney U-test confirmed a statistically significant in-
crease in the TOP2B H-index in advanced CaP in comparison 
with local tumors (p=0.046). A useful finding facilitating the
diagnosis of border line lesions in the prostate was the different
distribution of TOP2B positivity. In BPH, TOP2B was distrib-
uted in basal cells of the prostate gland but with continuing 
malignant transformation (higher PIN grade), the positivity 
shifted increasingly to luminal cells (Figure 5B,D). A trend was

also observed for an association between AR and TOP2B ex-
pression in relation to fusion gene level. High AR expression in 
BPH/PIN from tumor vicinity with low fusion gene levels was 
accompanied by high TOP2B expression. However, low AR 
expression in BPH/PIN from tumor vicinity with high fusion 
gene content was accompanied by lower TOP2B expression. 
The situation in CaP was different. High AR expression in CaP
with low fusion gene content was accompanied by high TOP2B 
expression while low AR activity in CaP with high fusion gene 
content was not accompanied by a corresponding reduction 
in TOP2B expression (Figure 6).

Discussion

The recent literature has described ERG positivity in ~50%
CaP [5,9,11]. Our patient group showed ERG positivity in 94% 
of CaP and in 77% of adjacent BPH/PIN. However, negativity 
and/or low positivity of ERG (H-index ≤ 50) was found in 
34% of CaP and 97% BPH/PIN. These different results can be

Figure 6. Different expression of AR and TOP2B in CaP foci: Relation to fusion gene TMPRSS2-ERG level. (A) Tumor with low fusion gene content,
expression of AR in CaP, (B) The same sample, TOP2B expression in CaP, (C) Tumor with high fusion gene content, expression of AR in CaP, (D) The
same sample, TOP2B expression in CaP. High AR activity in CaP with low fusion gene content is accompanied by high TOP2B expression. Low AR 
activity in CaP with high fusion gene content is not accompanied by the corresponding reduction in TOP2B expression.
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explained by the different sensitivities of detection method or
by setting of the positivity threshold. On the other hand, some 
authors claim that TMPRSS2-ERG fusion can be induced also 
in non-malignant prostate epithelial cells [3]. The strongest co-
expression of ERG in CaP was with AR (p=0.001) and second, 
there was a significant co-expression of ERG with TOP2B
(p=0.028). We found no comparable relationships in areas of 
BPH/PIN which confirms earlier published findings that ERG
occurs in CaP cells in a 20-100x higher concentration than 
benign tissues and that it can induce PIN development [7].

We described a significant positive relationship between the
percentage of cells with TMPRSS2-ERG fusion gene positivity 
and CaP metastasis which is in accord with published data 
[12,13].

We found no significant difference in ERG expression for
different Gleason categories. Our results are not in accordance
with two recent studies reporting a negative relation between 
ERG expression and Gleason score [14,15]. However, it is 
possible that increasing the number of analysed cases would 
resolve these differences and refine our results.

ERG protein expression in prostate lesions positively corre-
lated with TMPRSS2-ERG fusion gene content. Overall, 100% 
cases with fusion gene positivity showed a higher expression of 
ERG (H-index ≥100) while higher levels of ERG were present  
in only 26% of negative cases. This finding is in agreement with
recently published data [11,16]. 

AR positivity was found in all cases of CaP. Even here 
however, to evaluate negativity/positivity, a threshold has to 
be established and we need to consider the different sensi-
tivities of the immunohistochemical methods used. Given 
the pathogenesis of TRPMSS2-ERG gene rearrangement it 
was important to analyse the relationship between AR and 
TOP2B [2]. Some publications report significantly higher
coexpression of both molecules in PIN than in normal pros-
tate epithelium [1]. In our cohort of cases, we found higher 
co-expression in CaP than in BPH/PIN and we described 
for the first time topical changes in their distribution in
BPH/PIN in comparison to normal prostatic epithelium. 
TOP2B expression did not change in tumors with positive 
gene rearrangement.

Increased ERG positivity in the vicinity of malignant le-
sions may be significant. The mechanisms of ERG induction
in normal and premalignant cells may be mediated via gene 
rearrangement dependent as well as independent pathways. 
Given the simultaneous higher expression of AR and TOP2B, 
it is probably an androgen-driven process. It should, however, 
be taken into account that although there is a causal relation 
between ERG and AR expression there are also AR-negative 
CaPs with ERG expression. Minner and co-workers confirmed
in CaP a 95% concordance between ERG detected by immu-
nohistochemistry and ERG gene rearrangement detected by 
FISH [11]. ERG expression however was unrelated to clinical 
outcome and tumor phenotype. These authors also found
that AR expression was significantly higher in ERG positive
CaP. Our results are in good agreement with these findings.

Thus, the differences in AR expression in ERG-positive and
ERG-negative cases could explain the different response of
CaP patients to hormonal ablation.

Detection of the ERG protein and the TMPRSS2-ERG 
fusion gene, appears to be very promising diagnostically and 
predictively, particularly in connection with newly developed 
antibody which is able to bind specifically to ERG fused with
TMPRSS2 epitope [17,18].

Overall, our results indicate that detection of the TMPRSS2-
ERG fusion gene as well as parallel immunohistochemical 
examination of the three proteins involved in androgen-drived 
signal pathways may be useful in assessing the biological char-
acter of the prostate cancer and selecting the best treatment.
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