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Abstract TMPRSS2—-ERG, the most common gene fusion
in prostate cancer, is associated with expression of a truncated
protein product of the oncogene ERG. A novel anti-ERG
monoclonal antibody has been recently characterized. We
investigated the correlation between ERG rearrangement
assessed by fluorescence in situ hybridization (FISH) and
ERG expression detected by immunohistochemistry in a
large cohort of patients treated with radical prostatectomy for
clinically localized prostate cancer. Thirteen tissue micro-
arrays comprising 305 tumors and a subset of 112 samples of
nonneoplastic prostatic tissue were assessed for ERG
rearrangement status by FISH and for ERG expression by
immunohistochemistry. Accuracy of ERG detection by
immunohistochemistry in predicting ERG status as assessed
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by FISH (criterion standard) was calculated in terms of
sensitivity, specificity, positive and negative predictive
values. Of 305 tumor foci, 103 (34%) showed ERG
rearrangement by FISH. ERG was detected by immunobhis-
tochemistry in 100 (33%) cases, 99 of which were FISH
positive. ERG detection by immunohistochemistry demon-
strated a sensitivity and specificity of 96% and 99%,
respectively, with positive and negative predictive values of
99% and 98%, respectively. None of the 112 samples of
nonneoplastic prostatic tissue was rearranged by FISH or
showed any ERG expression. In conclusion, ERG detection
by immunohistochemistry in prostate cancer was highly
predictive of ERG rearrangement as assessed by FISH in a
large cohort of prostatectomy patients. Given the high yield
and the easier task of performing immunohistochemistry vs.
FISH, ERG assessment by immunohistochemistry may be
useful for characterizing ERG status in prostate cancer.

Keywords ERG - Fluorescence in situ hybridization -
Immunohistochemistry - Prostate cancer

Introduction

Tumor-associated molecular alterations occurring in leuke-
mias, lymphomas, sarcomas and some epithelial tumors
have been useful in defining distinct pathologic entities and
may also serve as specific diagnostic and prognostic
markers [1]. Several highly sensitive and specific techni-
ques have been used for the detection of such molecular
alterations. Among these, polymerase chain reaction (PCR)
and fluorescence in sifu hybridization (FISH) are the most
commonly applied. However, because of their relatively
high costs and need of qualified personnel, they cannot
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always be easily implemented as routine tests in clinical
laboratories.

Some genetic alterations result in the expression of
novel, disease-specific protein products, which may repre-
sent tumor-specific targets. Antibodies directed against
proteins encoded by genetic alterations are useful tools in
the characterization of diagnostic subtypes of hematologic
malignancies, such as acute myeloid leukemia and many
lymphomas [2].

Immunohistochemistry is a routine laboratory procedure
and a relatively simple, low-cost method compared to
molecular techniques. However, to be effective in replacing
or complementing the molecular characterization of genetic
alterations, the sensitivity and specificity of the immuno-
histochemical test need to be assessed against the criterion
standard for the detection of such alterations.

Recurrent chromosomal rearrangements leading to the
fusion of the androgen receptor-regulated gene TMPRSS2
and ETS transcription factors are present in about half of
prostate cancers from radical prostatectomy series [3-5].
v-ets erythroblastosis virus E26 oncogene homolog (avian)
(ERG) is the most common fusion partner and its
rearrangements have been extensively investigated by
FISH [3, 4], which shows deletion or translocation of its
5'end in fusion-positive cases.

TMPRSS2—-ERG fusion by FISH is highly specific for
prostate cancer. FISH signal patterns of ERG rearrange-
ment have never been detected in nonneoplastic prostate
tissue samples, including benign prostatic hyperplasia and
several forms of prostate atrophy [4, 6], although
detection of fusion transcripts by PCR has occasionally
been reported in nonneoplastic tissue [7, 8]. Moreover, in
a recent study, Scheble et al. [9] screened 54 different
tumor types other than prostate cancer and found FISH
signal patterns specific of ERG rearrangements in none of
them.

The genetic alteration leads to the juxtaposition of
androgen-responsive regulatory elements of TMPRSS2 to
ERG sequence, with consequent overexpression of the
rearranged ERG gene [5, 10]. In the most commonly
detected fusion transcripts of TMPRSS2—-ERG positive
cases, TMPRSS2 contributes only untranslated sequences,
thus resulting in the overproduction of a truncated ERG
protein product, rather than a chimeric protein [5, 11].
Studies exploring the potential role of a truncated ERG
protein, analogous to ERG rearrangement product, in
prostate tumorigenesis reported controversial results, with
overexpression of ERG being found to induce a neoplastic
phenotype of prostate cells (mouse prostatic intraepithelial
neoplasia) in some [11, 12], but not in others [13].

The truncated protein product of ERG rearrangement
may be targeted as immunohistochemical surrogate for the
gene fusion and may help elucidate its role in tumor
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development and progression, as previously hypothesized
[11].

Two independent studies recently addressed the im-
munohistochemical detection of the fusion product by
testing two different monoclonal antibodies [14, 15].
Furusato et al. [14] developed a mouse anti-ERG mono-
clonal antibody and found it to be highly specific in
distinguishing prostate cancer foci from benign glands on
whole mount sections of prostate. They also noticed a
strong concordance between mRNA levels of fusion
transcripts detected by branched-chain DNA signal ampli-
fication and ERG immunohistochemistry, as well as
between ERG rearrangement detected by FISH and ERG
protein expression in a smaller sample of prostate speci-
mens (10). Park et al. [15] characterized a novel rabbit
anti-ERG monoclonal antibody directed against the C-
terminus of the most common gene fusion product. They
found that ERG protein expression determined by immu-
nohistochemistry with this antibody highly correlated with
the ERG rearrangement status determined by FISH on
prostate cancer tissue microarrays from two independent
patient cohorts.

In this study, we aimed to provide independent confir-
mation of the accuracy of ERG expression detected by the
rabbit anti-ERG monoclonal antibody used by Park et al.
[15] in predicting ERG rearrangement as assessed by FISH
(criterion standard) in a large cohort of patients treated with
radical prostatectomy for clinically localized prostate
cancer.

Materials and methods
Study population and tissue microarray construction

Two hundred and seventy-one patients treated with radical
prostatectomy for clinically localized prostate cancer were
included in the study. Cases were selected in part based on
previous assessment of ERG rearrangement status by FISH,
as previously reported [16, 17]. Thirteen tissue microarrays,
composed of up to three representative 1.5 mm tissue cores
for each tumor and one 1.5 mm core for paired nonneo-
plastic prostate tissue in a subset of 112 cases, were
constructed from formalin-fixed paraffin-embedded radical
prostatectomy blocks. Two of 13 tissue microarrays (46
patients) were from an outside institution (Nagoya Daini
Red Cross Hospital, Nagoya, Japan). Concomitant separate
tumors were sampled when identified, as previously
described [16]. Patients' clinical data (including age and
pre-operative PSA) and radical prostatectomy pathologic
parameters (including Gleason score and pathologic stage),
when available, were collected in an institutional board
approved database.



Virchows Arch (2011) 459:441-447

443

ERG gene rearrangement assessment by FISH

A dual-color interphase break-apart FISH assay was
performed on the 13 formalin-fixed paraffin-embedded
tissue microarrays to assess the ERG gene rearrangement
status, as previously described [4, 5, 16]. Briefly, two
differentially labeled Bacterial artificial chromosome
(BAC) FISH probes were used: the Biotin-14-dCTP labeled
BAC clone RP11-24A11 (eventually conjugated to produce
a red signal) for the neighboring 3’ centromeric region of
the ERG locus and the Digoxigenin-dUTP labeled BAC
clone RP11-372017 (eventually conjugated to produce a
green signal), for the neighboring 5’ telomeric region.
According to this break-apart probe system, a nucleus
without ERG rearrangement shows 2 pairs of juxtaposed
red and green signals, forming yellow signals (class N, or
negative for fusion); a nucleus with ERG rearrangement
through translocation (class Esplit) shows one pair of still
combined red and green signals (a yellow signal), while the
other breaks into a single red and a single green signal (split
signal); a nucleus with ERG rearrangement through deletion
(class Edel) shows one yellow signal and a single red
signal, while the green signal (5’ region) is lost. Any case
with ERG signal abnormalities in >10% of the neoplastic
cells was scored as positive and classified accordingly, as
previously described [16]. In addition, the presence of
multiple copies of the ERG rearrangement sequence, with
or without retention of the green signal (class 2 + Esplit and
2 + Edel, respectively) was assessed in all evaluated nuclei.
Tissue hybridization, washing, and fluorescence detection
were performed as previously described [18].

The samples were analyzed under a 100% oil immersion
objective using a Leica DM-RB fluorescence microscope
equipped with appropriate filters. The corresponding
hematoxylin and eosin section was available for side-by-
side comparison with the FISH section. Evaluation of the
slides was performed by a pathologist (SMF) and a medical
technologist (KS) with experience in analyzing FISH. For
each case at least 50 morphologically intact, nonoverlap-
ping nuclei were scored. Technical difficulties included
insufficient (<50 cells) or absent diagnostic material to
evaluate and very weak or absent probe signals.

Evaluation of ERG protein expression
by immunohistochemistry

Immunohistochemistry was performed on 4 pum sections of
the 13 formalin-fixed paraffin-embedded tissue microarrays
using a Discovery XT automated stainer (Ventana Medical
Systems, Tucson, AZ). Antigen retrieval was performed in
Tris/Borate/EDTA buffer, pH 8.0-8.5, for 8 min at 95°C,
12 min at 100°C, and then 8 min at room temperature. The
slides were then incubated with an anti-ERG rabbit

monoclonal antibody (1:100 dilution, clone ID: EPR3864,
Catalog Number 2805-1, Epitomics, San Diego, CA) for
32 min at room temperature. A secondary antibody
(OmniMap anti-Rabbit HRP; Tuscon, AZ) was applied for
16 min at room temperature. The chromogenic substrate
(ChromoMap DAB, Tucson, AZ) was applied for 8 min at
room temperature. Slides were counterstained with hema-
toxylin II. Using the vascular endothelial cells as internal
positive control, the expression of ERG protein was
evaluated as negative or positive in prostate glands,
regardless of the intensity of staining. A tumor was judged
positive if any of the evaluable cores showed a positive
staining.

Statistical analysis

To compare the predicted accuracy of immunohistochemis-
try ERG protein detection in determining the ERG
rearrangement status as assessed by FISH (criterion
standard), sensitivity, specificity, positive and negative
predictive values and 95% Confidence Intervals (CI) were
calculated using the NCSS 2007 software (Kaysville, UT).
Associations for ERG expression status and clinicopatho-
logic features were also explored using the SPSS software
(Chicago, IL). Equality of continuous variables was tested
using the Student 7 test and that of categorical variables was
tested using chi-square test.

Results
Study population

Patients' mean age at time of diagnosis was 61 years (range:
40-81). Mean pre-operative PSA was 8.3 ng/mL (range:
0.9-66.8). Prostatectomy Gleason score was 6 in 76 (28%),
7 in 161 (59%), >8 in 33 (12%) and indeterminate in 1
(1%) patient who received neoadjuvant androgen depriva-
tion therapy. Pathological stage was available in 264 (97%)
cases, and was pT2 in 179 (68%), pT3a in 74 (28%) and
pT3b in the remaining 11 (4%) cases.

Comparison of ERG expression detected
by immunohistochemistry and ERG status assessed
by FISH

Three hundred and five tumors were evaluable for both
immunohistochemistry and FISH, one for each of the 271
patients and a concomitant separate tumor focus in 34
(12%) cases. ERG rearrangement by FISH was found in
103 (34%) tumors. Of the FISH positive tumors, 49 (47%)
were classified as Edel, 47 (46%) as Esplit, and 7 (7%) as
combined Edel + Esplit. Duplication of the rearranged
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sequence with deletion of the 5’ sequence was observed in
4 cases (2 + Edel) (Fig. 1).

ERG expression by immunohistochemistry was detected
in 100 (33%) cases, 99 of which were FISH positive
(Fig. 2). We identified one (<1%) tumor demonstrating
ERG protein expression in one of the 2 informative cores
without any detectable FRG rearrangement as assessed by
FISH. Conversely, four (1%) cases with FRG rearrange-
ment by FISH, two Edel and two Esplit, had no detectable
ERG protein expression in any of the informative cores.
The endothelial cells (positive control) were strongly
positive for ERG immunohistochemistry in these cores.

The overall sensitivity and specificity of ERG protein
expression by immunohistochemistry in predicting ERG
rearrangement status were 96% (95% CI 90% to 99%) and
99% (95% CI 97% to 100%), respectively, with a positive
predictive value of 99% (95% CI 94% to 100%) and a
negative predictive value of 98% (95% CI 95% to 99%).

Of the 34 patients with two separate concomitant tumor
foci, 24 (71%) were homogeneous for ERG rearrangement
status (present or absent in both tumor foci), whereas 10
(29%) were heterogeneous, with one tumor focus harboring
the ERG rearrangement and not the other. ERG protein was
concordantly expressed in the ERG rearranged focus,
whereas no expression was found in the ERG fusion-
negative focus.

Except for 6 (2%) cases, all TMA cores of a given tumor
revealed homogeneity for rearrangement status and
corresponding ERG expression. In the 6 cases, 1 of the
informative tumor cores showed rearrangement by FISH (5
Edel, 1 Esplit) as well as protein expression by immuno-
histochemistry, and the remaining cores showed no rear-
rangement or protein expression.

None of the 112 tissue samples of benign prostatic tissue
was rearranged by FISH or showed ERG protein expression
by immunohistochemistry.

No significant association was found between ERG
expression and clinicopathological parameters, such as
age, pre-operative PSA, Gleason score, and pathologic
stage.

Discussion

Chromosomal translocations often result in the expression
of either hybrid gene products with new properties or
inappropriately expressed normal proteins. Monoclonal
antibodies to these proteins are useful tools in the
characterization of diseases, such as hematologic and
mesenchymal malignancies [2, 19].

Recurrent chromosomal aberrations resulting in overex-
pression of ETS gene family members, primarily £ERG, have
been identified and characterized in prostate cancer [11]. ERG
rearrangements mostly lead to the production of a truncated
protein that can be detected by immunohistochemistry.

Two groups recently conducted a comparative evalu-
ation of TMPRSS2-ERG gene fusion status and ERG
oncoprotein expression by immunohistochemistry using
two different anti-ERG monoclonal antibodies. Park et al.
[15] compared ERG gene rearrangement analysis by FISH
and ERG detection by immunohistochemistry using a
novel rabbit anti-ERG monoclonal antibody, in a com-
bined multi-institutional cohort consisting of 207 patient
tumors. Furusato et al. [14] evaluated the expression of
ERG in 261 tumors using a mouse anti-ERG monoclonal
antibody: in a subset of 35 specimens the authors made the
comparative analysis with TMPRSS2—ERG gene fusion
status assessed by branched-chain DNA assay, and in a
subset of 10 with FRG gene rearrangement assessed by
FISH. Both groups found a high concordance between
fusion status and ERG protein expression. They also
showed that both antibodies recognize all the protein

Fig. 1 ERG rearrangement by break-apart FISH. For the non-
rearranged ERG locus, the set of probes appear either as juxtaposed
red and green signals or a yellow spot due to the overlap between the
red or green probes (arrows). The red and green signals are separated
when an ERG gene rearrangement occurs. Loss of the green signal
complementary to the 5' telomeric region of ERG represents a deletion
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in this chromosomal region and indirectly indicates a fusion of the
TMPRSS2 and ERG loci (Edel). Duplication of the red signal
complementary to the 3' ERG region may also occur (2+Edel) a.
Separate and distinct red and green signals indicate ERG rearrange-
ment by translocation (Esplit) b. (a and b, x100)
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Fig. 2 Immunohistochemical
detection of ERG protein ex-

pression. ERG protein expres- h: X i
sion by immunohistochemistry ,':":" -
is detected in nuclei of prostate > 'é' ‘\ s
cancer cells (a). Vascular endo- i ‘f"b.'
thelial cells (arrows) and infil- v o3 P4
. e, NN
trating stromal lymphocytes ey ]
(arrowheads) show positive e :
ERG expression in both ERG- o 4
positive (a) and ERG-negative !" Ve ¢ V% ‘__; ' " &
(b) tumor samples (x20) R {’:“"1 v i *’1- A D &
(, L ii"‘- -i' \‘ }
1LY b

products resulting from genomic fusions of ERG protein-
coding sequences and regulatory sequences of any of the
known 5' fusion partners (TMPRSS2, SLC4543 and
NDRG]I), as well as the wild type ERG [14, 15].

Similar to Park et al. [15], we found that immunohisto-
chemical detection of ERG protein in prostate cancer using
the same rabbit anti-ERG monoclonal antibody is highly
predictive of ERG rearrangement status assessed by FISH.
In our study group of 305 tumors, we found a sensitivity of
96%, which is comparable to the 95.7% reported by Park et
al., whereas the specificity we found was slightly higher
than the one reported by the same authors (99% vs. 96.5%).
The specificity of a test depends on the number of “false
positive” that the test picks up compared against the
criterion standard. We found only one (1/305<1%) case
demonstrating ERG protein expression without ERG
rearrangement by FISH (false positive), whereas Park et
al. found 4 (4/207=2%) of such discordant cases. Technical
reasons may in part explain this finding. Alternatively, ERG
overexpression in prostate cancer may occur through
mechanisms other than gene rearrangements detectable by
the FISH break-apart system, as previously hypothesized
[15]. Together with chromosomal translocations, amplifica-
tion, point mutations, and activation by insertions of new
regulatory sequences may be responsible for oncogenic
activation of cellular genes, including the E7S family
(reviewed by Seth et al. [20]). Although consistent
amplification of ERG or ETVI in prostate cancer samples
with respective transcript overexpression has not been
found [5], further studies may help characterize alternative
mechanisms of ERG overexpression.

We also observed 4 cases with ERG rearrangement as
assessed by FISH and no expression of ERG protein (false
negative). Likewise, in the study by Park et al. [15], 4 false
negative cases from one of the two evaluated cohorts were
reported. Besides technical issues, the inefficient transcrip-
tion and/or translation of the gene fusion product may be
responsible for cases with gene rearrangement by FISH
which do not express detectable levels of the protein. The
transcription of TMPRSS2—-ERG fusion gene is driven by
androgen signaling pathway and it is conceivable that, if the

T
\

androgen pathway is defective, prostate cancer cells with
TMPRSS2-ERG gene fusion may not express ERG protein
at a level high enough to be detected by immunohisto-
chemistry. Although Park et al. showed no difference in
protein expression between ERG rearranged tumors harbor-
ing SLC454A3—-ERG or NDRGI-ERG gene fusions and
those harboring TMPRSS2-ERG gene fusion [15], still
unknown 5’ partners might result in gene fusions without
ERG protein overexpression, thus explaining some of the
“false negative” cases [21, 22]. In the present study, we did
not evaluate the 5’ partners of ERG rearranged cases.

Importantly, we also found high positive and negative
predictive values (99% and 98%, respectively) of ERG
protein detection by immunohistochemistry, which are
comparable to those reported by Park et al. [15]. The high
positive predictive value denotes the high probability that a
positive ERG immuno-expression reflects the underlying
presence of ERG rearrangement in the tumor tested; on the
other hand a high negative predictive value implies a high
likelihood that if prostate cancer cells do not express ERG
protein as detected by immunohistochemistry, the tumor
does not harbor the gene rearrangement. Those values do
however depend on the overall prevalence of ERG
rearrangement in the population under study. In our study
population, 34% (103/305) of tumors showed ERG rear-
rangement by FISH. This frequency is similar to the value
of 30% (134/445) found by Attard et al. [23], although
lower than the value of 47% (60/128) and 40% (32/79)
reported by Park et al. in their cohorts [15], or the
commonly referred value of 48.5% (115/237) found by
Perner et al. [4], who also assessed ERG gene alterations
using a FISH break-apart assay. Since the incidence of ERG
rearrangements may vary in relation to different clinico-
pathological characteristics, such as clinical stage [23],
patient race [16], Gleason score [23] and prostate cancer
zone of origin [4, 16], the distinct compositions of the
prostate tumor sets surveyed in each study may in part
explain these differences.

In line with prior studies [24-26], we observed interfocal
heterogeneity for EFRG rearrangement between distinct
tumors within the same prostate gland. The overall
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incidence of 29% reported herein was slightly lower than
those reported by others (41% to 51%) [24-26]. However,
the cases evaluated in this study with more than one tumor
per prostate gland included patients with a predominant
transition zone tumor and a secondary peripheral zone
tumor [16]. Transition zone prostate cancer harbor
TMPRSS2-ERG fusion in lower percentages of cases, as
previously reported [16], which may artificially increase the
number of concordantly negative tumor foci in each patient,
thus resulting in a lower rate of intertumoral heterogeneity
detected.

All but 6 of our cases demonstrated intrafocal homoge-
neity for rearrangement status and concordant ERG protein
expression. Intrafocal heterogeneity for ERG rearrangement
has been reported in literature, ranging from 1 to 3% [4, 17,
26].

Similar to Park et al., we found no significant association
between ERG expression and clinicopathological parame-
ters, such as age, pre-operative PSA, Gleason score, and
pathologic stage. Furusato et al. found that although ERG
expression did not correlate with most clinicopathological
features, when individual tumors were considered, higher
Gleason score showed significant correlation with ERG-
positive immunostaining [14]. Clinicopathological variables
have been previously reported to be inconsistently corre-
lated with fusion status [3, 4, 16, 17, 23, 25]. The different
compositions of patient populations may explain the
controversial results in literature.

ERG protein expression in vascular endothelial cells was
herein used as positive internal control for the immunos-
taining, as endothelial cells lining blood vessels and
capillaries show positive reactivity to anti-ERG antibodies
in tumors as well as in nonneoplastic tissue samples [15,
27]. Infiltrating stromal lymphocytes also expressed ERG
protein, as reported previously [15]. Since ERG rearrange-
ment by FISH has never been found in lymphocytes or
endothelial cells of either benign or neoplastic tissue
specimens, the observed positive staining is consistent with
antibody detection of a wild type ERG protein, as
previously hypothesized [15]. ERG gene has in fact been
shown to be constitutively expressed in vascular endothelial
cells and related to endothelial homeostasis and angiogen-
esis; in addition ERG seems to play a role in lymphocyte
development and differentiation [28, 29].

A potential limitation to this study is that cases were
selected in part based on previous assessment of ERG
rearrangement by FISH [16, 17] thus not representing
temporally consecutive, unselected radical prostatectomy
series.

Our findings independently confirmed the high concor-
dance of ERG protein expression by immunohistochemistry
with ERG rearrangement by FISH in a larger cohort of
cases of clinically localized prostate cancer from radical
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prostatectomy specimens. Although the cases were not
from a single institution, both FISH and immunohisto-
chemistry results and interpretation were reviewed by a
single pathologist.

Given the specificity of ERG rearrangement FISH
patterns for neoplastic prostate, immunostaining with the
anti-ERG antibody can be utilized as a surrogate for the
genetic alteration. ERG immunohistochemistry has the
advantage of being easily implemented as a routine
laboratory technique; it has a high yield and can be
rapidly performed and simply interpreted on tissue
sections by light microscopy. The internal control repre-
sented by endothelial cells and infiltrating stromal lym-
phocytes contributes to the straightforward interpretation
of immunostaining results.

The evaluation of ERG protein expression pattern in
prostate cancer by immunohistochemistry may improve the
understanding of its role in prostate tumorigenesis. Addi-
tional efforts are needed to further characterize the rare
prostate cancer cases with discordant results between FISH
rearrangement and ERG protein expression.
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