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Abstract

Prostate cancer is a common and clinically heterogeneous
disease with marked variability in progression. The recent
identification of gene fusions of the 5-untranslated region of
TMPRSS2 (21q22.3) with the ETS transcription factor family
members, either ERG (21q22.2), ETVI (7p21.2), or ETV4 (17q21),
suggests a mechanism for overexpression of the ETS genes in the
majority of prostate cancers. In the current study using
fluorescence in situ hybridization (FISH), we identified the
TMPRSS2:ERG rearrangements in 49.2% of 118 primary prostate
cancers and 41.2% of 18 hormone-naive lymph node metastases.
The FISH assay detected intronic deletions between ERG and
TMPRSS2 resulting in TMPRSS2:ERG fusion in 60.3% (35 of 58) of
the primary TMPRSS2:ERG prostate cancers and 42.9% (3 of 7) of
the TMPRSS2:ERG hormone-naive lymph node metastases. A
significant association was observed between TMPRSS2:ERG
rearranged tumors through deletions and higher tumor stage
and the presence of metastatic disease involving pelvic lymph
nodes. Using 100K oligonucleotide single nucleotide polymor-
phism arrays, a homogeneous deletion site between ERG and
TMPRSS2 on chromosome 21q22.2-3 was identified with two
distinct subclasses distinguished by the start point of the deletion
at either 38.765 or 38.911 Mb. This study confirms that
TMPRSS2:ERG is fused in approximately half of the prostate
cancers through deletion of genomic DNA between ERG and
TMPRSS2. The deletion as cause of TMPRSS2:ERG fusion is
associated with clinical features for prostate cancer progression
compared with tumors that lack the TMPRSS2:ERG rearrange-
ment. (Cancer Res 2006; 66(17): 8337-41)

Introduction

Prostate cancer is a common and clinically heterogeneous
disease with marked variability in progression. The recent

Note: Supplementary data for this article are available at Cancer Research Online
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identification of gene fusions of the 5-untranslated region (UTR)
of TMPRSS2 (21q22.3) with the ETS transcription factor family
members, either ERG (21q22.2), ETVI (7p21.2; ref. 1), or ETV4
(17qg21; ref. 2), provides a mechanism for overexpression of ETS
genes in prostate cancer. TMPRSS2 is highly expressed in prostate
cancer and contains androgen response elements in the promoter
(3). Recent work showed that exposure to androgen regulates the
fused ETS family member. We observed that in the TMPRSS2:ERG
positive prostate cancer cell line VCap (4) exposure to a synthetic
androgen specifically increased ERG expression, whereas no
change in expression was observed in the TMPRSS2:ERG-negative
LNCaP prostate cancer cell line.

Therefore, the gene fusion identified in prostate cancer
represents a new paradigm for epithelial tumors, which have until
now been characterized only by nonspecific chromosomal aberra-
tions. Hematologic malignancies and sarcomas are often charac-
terized by balanced, disease-specific chromosomal rearrangements
(i.e., balanced translocations). The prototypic example is the
malignant transformation of WBC to chronic myeloid leukemia
(CML) through a translocation between chromosomes 9 and 22
(Philadelphia chromosome) resulting in the novel tyrosine kinase
fusion protein, BCR-ABL. Understanding the molecular and clinical
diversity of CML came when it was discovered that, in addition to
the bcr-abl translocation, a subset of CML cases harbor a deletion
of the derivative chromosome 9 involved in the reciprocal
translocation, which is associated with poor clinical outcome (5, 6).

In the current study, we report the presence of common intronic
deletions on chromosome 21q22.2-3 as cause of the TMPRSS2:ERG
fusion and associations with disease progression. This report
presents insight as to how the presence of genomic deletions in the
TMPRSS2:ERG rearrangement in prostate cancer may account for
molecular and clinical heterogeneity.

Materials and Methods

Clinical samples. Clinically localized prostate cancer samples and
hormone-refractory samples were collected as part of institutional review
board-approved research protocols at the University of Ulm (7) and
University of Michigan (8), respectively. All samples were reviewed by one
pathologist for uniform grading.

Fluorescence in situ hybridization (FISH) experiments were conducted
on two prostate cancer tissue microarrays composed of 897 tissue cores
from 211 patients. This cohort represents men with both clinically localized
and clinically advanced prostate cancer as shown by the high pretreatment
prostate-specific antigen (PSA) levels and high percentage of men with
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Table 1. Clinical and pathologic demographics of 118
men with clinically localized prostate cancer treated by
radical prostatectomy
Count (n)  Column (%)

Age

Less than or equal to the median 55 50.0

More than the median 55 50.0
Preoperative PSA (ng/mL)

<4 6 8.2

>4 and <10 13 17.8

>10 54 74.0
Gleason score sum

<7 7 6.0

7 51 43.6

>7 59 50.4
Nuclear grade

1 i —

2 38 355

3 69 64.5
Pathology stage (pT)

pTy 26 22.2

pTaa 34 29.1

pTap 57 48.7
Surgical margins status

Negative 30 27.8

Positive 78 72.2
Lymph node status (pN)

No 52 44.1

N, 56 475

N, 10 8.5
PSA recurrence

No 34 48.6

Yes 36 51.4
NOTE: Not all data points were available for all 118 cases.

metastases to pelvic lymph nodes (7). The patient demographics are
presented in Table 1.

Cell lines and xenografts. Androgen-independent (PC-3, DU-145,
HPV10, and 22Rvl) and androgen-sensitive (LNCaP) prostate cancer cell
lines were purchased from the American Type Culture Collection
(Manassas, VA) and maintained in their defined medium. HPV10 was
derived from cells from a high-grade prostate cancer (Gleason score
4+ 4 = 8 ref. 9). 22Rvl is a human prostate cancer epithelial cell line derived
from a xenograft that was serially propagated in mice after castration-
induced regression and relapse of the parental, androgen-dependent
CWR22 xenograft (10). The VCaP cell line was derived from a vertebral
metastatic lesion (4).

LuCaP 23.1, 35, 73, 77, 81, 86.2, 92.1, and 105 were derived from patients
with androgen-independent hormone-refractory prostate cancer. LuCaP 49
and 115 are from patients with androgen-dependent prostate cancer. LuCaP
58 is derived from an untreated patient with metastatic disease and LuCaP
96 was from a hormone-refractory prostate cancer (11, 12). LuCaP 49 and 93
are hormone-insensitive (androgen receptor-negative) small cell prostate
cancers with a neuroendocrine phenotype. LuCaP 23.1 is maintained in
severe combined immunodeficient mice, and other xenografts are
maintained by implanting tumors in male BALB/c nu/nu mice.

Determining TMPRSS2:ERG fusion status using dual-color inter-
phase FISH. We have described previously the FISH analysis for the
translocation of TMPRSS2:ERG (1). This break-apart assay is presented in
Fig. 1 and Supplementary Fig. S1. For analyzing the ERG rearrangement on

chromosome 21q22.2, a break-apart probe system was applied, consisting of
the biotin-14-dCTP-labeled BAC clone RP11-24A11 (eventually conjugated
to produce a red signal) and the digoxigenin-dUTP-labeled BAC clone
RP11-137J13 (eventually conjugated to produce a green signal), spanning the
neighboring centromeric and telomeric regions of the ERG locus,
respectively. All BAC clones were obtained from the BACPAC Resource
Center (CHORI, Oakland, CA). Before tissue analysis, the integrity and purity
of all probes were verified by hybridization to normal peripheral lymphocyte
metaphase spreads. Tissue hybridization, washing, and fluorescence
detection were done as described previously (13). One hundred eighteen
cases of clinically localized prostate cancer, including 15 cases with
corresponding hormone-naive metastatic lymph node samples, could be
evaluated. Ninety-three cases could not be evaluated because of missing
tissue on the tissue microarray (n = 54) or assay failure (n = 39).

The samples were analyzed under a X60 oil immersion objective using
an Olympus (Center Valley, PA) BX-51 fluorescence microscope equipped
with appropriate filters, a charge-coupled device camera, and the
CytoVision FISH imaging and capturing software (Applied Imaging,
San Jose, CA). Evaluation of the tests was independently done by two
pathologists (S.P. and J-M.M.). At least 100 nuclei per case were evaluated.
Differences were refereed by a third pathologist (M.A.R.).

Oligonucleotide single nucleotide polymorphism array analysis.
Single nucleotide polymorphism (SNP) detection on the 100K array began
with a reduction in genome representation. Two aliquots of 250 ng genomic
DNA were digested separately with Xbal/HindIIl. The digested fragments
were independently ligated to an oligonucleotide linker. The resulting
products were amplified using a single PCR primer under conditions in
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Figure 1. A to D, TMPRSS2:ERG gene fusion analysis by FISH. A, ideogram
depicting the break-apart assay for the indirect detection of TMPRSS2:ERG
fusion. Probes were designed against ERG locus showing the fluorochrome-
labeled region telomeric (BAC clone RP11-137J13, green signal) and
centromeric (BAC clone RP11-24A11, red signal) of the ERG locus on 21g22.3.
The telomeric probe is distal to the one originally reported by Tomlins et al.
(1). This set of probes appears yellow due to the overlap of the red centromeric
and green telomeric probe in the nontranslocated allele. If a break occurs
between the two probes, each color can be separately detected indirectly
supporting the TMPRSS2:ERG gene fusion. B, interphase nuclei of a stromal
cell (left) and a prostate cancer gland (right). The stromal cell is negative for
fusion, confirmed by the presence of two juxtaposed red and green signals
resulting in two yellow signals. The fusion in the prostate cancer gland nuclei
results in the break apart of the yellow signal of one allele to generate distinct
red and green signals (arrows; magnification, <100 oil immersion objective).
C, interphase nuclei of prostate cancer glands showing break apart and
simultaneous deletion shown by loss of the telomeric (green-labeled) probe
(magnification, x 100 oil immersion objective). D, magnified view of boxed area in
(C) showing two nuclei with break apart and loss of the telomeric probe
(magnification, <60 oil immersion objective).
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which 200- to 2,000-bp PCR fragments were amplified. The derived
amplified pools of DNA were then labeled, fragmented further, and
hybridized to separate HindIll and Xbal oligonucleotide SNP arrays.
Arrays were scanned with a GeneChip Scanner 3000. Genotyping calls and
signal quantification were obtained with GeneChip Operating System 1.1.1
and Affymetrix Genotyping Tools 2.0 software. Only arrays with genotyping
call rates exceeding 90% were analyzed further. Raw data files were
preprocessed and visualized in dChipSNP (14). In particular, preprocessing
included array data normalization to a baseline array using a set of
invariant probes and subsequent processing to obtain single intensity
values for each SNP on each sample using a model-based (PM/MM)
method (15).

Quantitative PCR for TMPRSS2:ERG and TMPRSS2:ETV1 fusion
transcripts. Quantitative PCR was done using SYBR Green dye (Qiagen,
Valencia, CA) on a DNA engine Opticon 2 machine (MJ Research, Ramsey,
MN). Total RNA was reverse transcribed into cDNA using Tagman reverse
transcription reagents (Applied Biosystems, Foster City, CA) in the presence
of random hexamers. All quantitative PCRs were done with SYBR Green
Master Mix (Qiagen). We used primers that were described by Tomlins et al.
(1) and are specific for the fusion (TMPRSS2:ERG forward TAGGCGC-
GAGCTAAGCAGGAG and reverse GTAGGCACACTCAAACAACGACTGG
and TMPRSS2:ETVI forward CGCGAGCTAAGCAGGAGGC and reverse
CAGGCCATGAAAAGCCAAACTT). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) primers were described previously (16). Forward and reverse

primers (10 pmol) were used and procedures were done according to the
manufacturer’s recommended thermocycling conditions. Threshold levels
were set during the exponential phase of the quantitative PCR using
Opticon Monitor analysis software version 2.02. The amount of each target
gene relative to the housekeeping gene GAPDH for each sample was
determined using the comparative threshold cycle method (Applied
Biosystems User Bulletin 2). All reactions were subjected to melt curve
analysis and products from selected experiments were resolved by
electrophoreses on 2% agarose gel.

Statistics. The clinical and pathology variables were explored for
associations with rearrangement status and with the presence of the
deletion. x” test and Fisher’s exact test were used appropriately. Kaplan-
Meier analysis was used to generate PSA recurrence-free survival curves
of the pathology and the genomic alteration variables. Patients with prior
neoadjuvant hormone ablation therapy were excluded. All statistics were
done using SPSS 13.0 for Windows (SPSS, Inc., Chicago, IL) with a
significance level of 0.05.

Results

To characterize the frequency of the TMPRSS2:ERG rearrange-
ment in prostate cancer, we used a modified FISH assay from the
assay described by Tomlins et al. (1). The original FISH assay used
two probes located on ERG at the centromeric 3’ and telomeric
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Figure 2. A to C, genomic deletions on chromosome 21 between ERG and TMPRSSZ2. Interrogating high-density 100K SNP arrays (~ 110,000 loci on the genome) on
a panel of 30 prostate cancer samples, we observed a commonly deleted area on chromosome 21g22.2-22.3, spanning the region between ERG and TMPRSS2.
A, samples, including 6 cell lines, 13 xenografts, and 11 metastatic prostate cancer samples, were characterized for TMPRSS2:ERG and TMPRSS2:ETV1 status
(gray columns, negative status; blue columns, positive status) by quantitative PCR and/or FISH. B, magnification of the green framed box in (A). Signal intensity
on the right is proportional to copy number intensity of a hormone-refractory metastatic prostate cancer sample (MET6-9). Interestingly, for TMPRSS2:ERG
rearrangement-positive tumors, the 71% (5 of 7) hormone-refractory prostate cancer show a deletion between TMPRSS2 and the ERG loci, whereas deletion

was only identified in 1 of 4 hormone-naive metastatic prostate cancer samples (ULM LN 13). C, magnification of the black framed box in (A). SNP data include 25 loci
along ERG, distributed from the gene promoter to intron 5 and 1 SNP on the 3-UTR of TMPRSS2. There is significant homogeneity for the deletion borders with
two subclasses distinguished by the start point of the deletion (either 38.765 or 38.911 Mb).
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5 ends. The new assay moved the 5 probe in a telomeric direction
(Supplementary Fig. S1). Using a prostate cancer screening tissue
microarray, we observed that ~70% of prostate cancer showing
TMPRSS2:ERG rearrangement (Fig. 14 and B) also showed a loss
of the green signal corresponding to the telomeric 5 ERG probe
(Fig. 1C and D), suggesting that this chromosomal region was
deleted. We then used 100K oligonucleotide SNP arrays to
characterize the extent of these deletions. By interrogating
30 prostate cancer samples, including cell lines, xenografts, and
hormone-naive and hormone-refractory metastatic prostate cancer
samples, we identified genomic loss between ERG and TMPRSS2
on chromosome 21q23 (Fig. 24-C). The rearrangement status for
TMPRSS2:ERG and TMPRSS2:ETV1 was determined for these
30 prostate cancer cases by FISH and/or quantitative PCR
(Fig. 24, gray and light blue columns). None of the samples tested
showed a TMPRSS2:ETVI rearrangement. Discrete genomic loss
was observed in TMPRSS2:ERG rearrangement-positive samples
involving an area between TMPRSS2 and the ERG loci for LuCaP
49, LuCaP 93, ULM LN 13, MET6-9, MET18-2, MET24-28, and
MET28-27. The extent of these discrete deletions was heteroge-
neous. More extensive genomic loss on chromosome 21, including
the area between TMPRSS2 and the ERG loci, was observed in
LuCaP 35, LuCaP 86.2, LuCaP 92.1, and MET3-81. The VCaP cell
line and the xenograft LuCaP 23.1 did not show loss in this region.
For a subset of samples, 45% (5 of 11) deletion occurs in proximity
of ERG intron 3. For most samples, 64% (7 of 11) deletion ends in
proximity of the SNP located on TMPRSS2 (the next SNP in the
telomeric direction is ~ 100K bp distant). The VCaP cell line shows
copy number gain along the entire chromosome 21. Interestingly,
for TMPRSS2:ERG fused tumors, 71% (5 of 7) hormone-refractory
prostate cancer cases show a deletion between TMPRSS2 and the
ERG loci, whereas the deletion was only identified in 25% (1 of 4)
hormone-naive metastatic prostate cancer samples (ULM LN 13).
There is significant homogeneity for the deletion borders with two
distinct subclasses distinguished by the start point of the deletion
(at either 38.765 or 38.911 Mb). None of the standard prostate
cancer cell lines [PC-3, LNCaP, DU-145, or CWR22 (22Rv1)] showed
the TMPRSS2:ERG or TMPRSS2:ETV1 fusion. Several of the LuCaP
xenografts show TMPRSS2:ERG fusion as result of the deletion,
including LuCaP 49 (established from an omental mass) and LuCaP

93, both hormone-insensitive (androgen receptor-negative) small
cell prostate cancers.

We also observed low-level copy number gain of ERG and
TMPRSS2 in a small subset of cases both with and without the
TMPRSS2:ERG rearrangement (data not shown). The VCaP cell line
derived from a hormone-refractory prostate cancer showed
significant copy number gain on chromosome 21 (Fig. 24-C),
which was confirmed by FISH (data not shown).

To characterize the frequency and potential clinical significance
of these observations, we examined 118 clinically localized
prostate cancer cases by FISH. The clinical and pathology
demographics are presented in Table 1. Using standard tissue
sections from 10 cases that were represented on the tissue
microarrays from this cohort, we observed the TMPRSS2:ERG
rearrangement to be homogeneous for a given tumor. The
TMPRSS2:ERG rearrangement was identified in 49.2% of the
primary prostate cancer samples and 41.2% in the hormone-naive
metastatic lymph node samples (Fig. 34). Deletion of the telomeric
probe (Fig. 1C and D, green signal) was observed in 60.3%
(35 of 58) of the primary prostate cancer samples and 42.9%
(3 of 7) of the hormone-naive lymph node tumors with
TMPRSS2:ERG rearrangement. In the 15 cases where there was
matched primary and hormone-naive lymph node tumors, there
was 100% concordance for TMPRSS2:ERG rearrangement status,
with 47% (7 of 15) of the pairs showing the rearrangement.
Deletion of the telomeric (green signal) probe was concordantly
seen in 42.9% (3 of 7) of the pairs. Interestingly, one primary
prostate cancer and the matched hormone-naive metastatic
sample showed randomly intermixed tumor cells where rearrange-
ment without deletion was seen (see Supplementary Fig. S2).

We explored the associations between rearrangement status and
clinical and pathologic variables (Fig. 3). TMPRSS2:ERG rearrange-
ment through deletion was observed in a higher percentage of
prostate cancer cases with high tumor stage (pT; P = 0.03; Fig. 3B)
and metastases to pelvic lymph nodes (pN, versus pN;-»; P = 0.02).
We did not observe any significant associations between tumor
grade (Gleason grade) and the TMPRSS2:ERG status. TMPRSS2:ERG
rearranged prostate cancer through deletions showed a statistical
trend for higher PSA biochemical recurrence when compared with
nonfused prostate cancer.

Figure 3. TMPRSS2:ERG rearrangement
14 in clinically localized prostate cancer

and association with pathologic variables.
17 A, TMPRSS2:ERG rearrangement was
identified in 49.2% of the primary prostate
14 cancer (PCA) samples and 41.2% in the
hormone-naive metastatic lymph node
samples (HN LN METS). Deletion of

the telomeric probe (green signal) was

15 observed in 60.3% (35 of 58) of the
primary prostate cancer samples and
42.9% (3 of 7) of the hormone-naive lymph
node tumors with TMPRSS2:ERG
rearrangement. B, TMPRSS2:ERG
rearranged tumors with deletions tended
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Discussion

The 42% TMPRSS2:ERG gene fusion identified in the current
study is comparable with the 55% (16 of 29) reported by Tomlins
et al. (1) and 78% (14 of 18) reported by Soller et al. (17). Intronic
deletions located between TMPRSS2 and ERG on chromosome
21g22.2-3 were observed in 60.3% of the TMPRSS2:ERG fusion-
positive cases in the current study. The deletions appear in a
consensus area but show variability within this area. The resolution
of the 100K SNP array did not allow us to more precisely
characterize the telomeric extent of these deletions in relationship
to TMPRSS2. The FISH assay is an indirect test and therefore
cannot directly confirm fusion of TMPRSS2:ERG. However, as we
reported previously (1), 5 RNA ligase-mediated rapid amplification
of ¢cDNA ends (RACE) analysis and sequencing of the reverse
transcription-PCR (RT-PCR) product from 19 of 20 prostate cancer
cases with ERG overexpression revealed a fusion of TMPRSS2 with
ERG by quantitative PCR and/or RACE. This shows that almost all
prostate cancer samples with marked overexpression of ERG have a
TMPRSS2:ERG rearrangement, and the overexpression occurs in
about the same number of cases as the rearrangement. The current
study identified significant associations with TMPRSS2:ERG gene
fusion status and risk factors for disease progression. Petrovics
et al. reported that high ERG expression is associated with better
clinical outcome as determined by PSA biochemical failure (18). It
is difficult to compare the results from the two studies as one
evaluated ERG expression by RT-PCR in a PSA screened cohort
and the current study evaluated TMPRSS2:ERG gene fusion status
from a partially PSA screened high-risk European cohort. Future
work will therefore focus on determining disease progression and
risk based on the TMPRSS2:ERG rearrangement status and ERG
expression in larger population-based cohorts using prostate
cancer-specific survival as the end point.
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