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ETS family gene fusions are common in prostate cancer and molecularly define a tumor subset. ERG is
the most commonly rearranged, leading to its overexpression, followed by ETV1, ETV4, and ETV5, and
these alterations are generally mutually exclusive. We validated the Decipher prostate cancer assay to
detect ETS alterations in a Clinical Laboratory Improvement Amendmentseaccredited laboratory.
Benchmarking against ERG immunohistochemistry and ETV1/4/5 RNA in situ hybridization, we examined
the accuracy, precision, and reproducibility of gene expression ETS models using formalin-fixed,
paraffin-embedded samples. The m-ERG model achieved an area under curve of 95%, with 93% sensi-
tivity and 98% specificity to predict ERG immunohistochemistry status. The m-ETV1, -ETV4, and -ETV5
models achieved areas under curve of 98%, 88%, and 99%, respectively. The models had 100%
robustness for ETS status, and scores were highly correlated across sample replicates. Models predicted
41.5% of a prospective radical prostatectomy cohort (n Z 4036) to be ERGþ, 6.3% ETV1þ, 1% ETV4þ,
and 0.4% ETV5þ. Of prostate tumor biopsy samples (n Z 509), 41.2% were ERGþ, 8.6% ETV1þ, 0.4%
ETV4þ, and none ETV5þ. Higher Decipher risk status tumors were more likely to be ETSþ (ERG or
ETV1/4/5) in the radical prostatectomy and the biopsy cohorts (P < 0.05). These results support the
utility of microarray-based ETS status prediction models for molecular classification of prostate tumors.
(J Mol Diagn 2017, 19: 475e484; http://dx.doi.org/10.1016/j.jmoldx.2017.01.007)
The landscape of somatic genomic alterations in primary
prostate cancer has largely been elucidated.1 The most
common alterations are gene rearrangements resulting in
overexpression of ETS gene family transcription factors,
lly Directed Medical Research Pro-
.L.) and NIH/National Cancer Insti-
arch Excellence grant P50CA58236.
this work.
L.C.L., E.D., E.A.G., and K.Y. are
ith stock options, the company that
-based expression analysis in this
eDx. T.L.L. has received research
s and GenomeDx Biosciences.
to the University of Michigan on

stigative Pathology and the Association for M
including ERG most commonly, and ETV1, ETV4, ETV5,
and FLI1.1e5 ETS gene alterations occur in approximately
50% of primary prostate tumors arising in patients of
European descent,6 and they are somewhat less common in
ETS gene fusions in prostate cancer. The diagnostic field of use has been
licensed to Hologic/Gen-Probe, Inc., which has sublicensed rights to
Roche/Ventana Medical Systems. S.A.T. has served as a consultant for and
received honoraria from Roche/Ventana Medical Systems, Janssen, Abb-
Vie, and Astellas/Medivation. S.A.T. had a sponsored research agreement
with and received travel support from Compendia Biosciences/Life Tech-
nologies/Thermo Fisher. S.A.T. has received research funding from
GenomeDX Biosciences and Astellas. S.A.T. is a co-founder, equity holder
in, and consultant for Strata Oncology.

olecular Pathology. Published by Elsevier Inc. All rights reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:tlotan1@jhmi.edu
mailto:tlotan1@jhmi.edu
http://dx.doi.org/10.1016/j.jmoldx.2017.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmoldx.2017.01.007&domain=pdf
http://dx.doi.org/10.1016/j.jmoldx.2017.01.007
http://jmd.amjpathol.org
http://dx.doi.org/10.1016/j.jmoldx.2017.01.007


Torres et al
patients with other ancestry.7e9 ETS rearrangement status is
not associated with altered oncologic outcomes in patients
treated with radical prostatectomy6; however, ETS status
may modify the association of other alterations and lifestyle
factors with prognosis.10,11 Although many prostate tumors
demonstrate marked genomic heterogeneity, because ETS
rearrangements are among the earliest genomic alterations to
occur,12 tumor ETS status could also be exploited to
track tumor clonality and recurrence.13e17 Finally, tumor
ETS gene rearrangement status remains an attractive
target for novel therapeutic and imaging methods under
development.18e20 Thus, routine determination of tumor
ETS status is useful for accurate molecular classification of
prostate tumors and could be useful as a predictive
biomarker if targeted therapies are developed in the future.

ETS gene rearrangements result in the overexpression of
the ETS family member, generally because of fusion with
an active, androgen-regulated promoter from the 50 part-
ner.2 With rare exceptions, rearrangements in one ETS
gene are mutually exclusive with rearrangements of any
other ETS family members,1,21 suggesting functional
redundancy among the various ETS alterations.1 In addi-
tion, some primary tumors overexpress full-length ETS
transcripts (perhaps because of cryptic translocations and/or
epigenetic regulation), and these tumors also lack ETS
fusions.1 ETS fusion status can be determined by DNA
sequencing or RT-PCR in fresh-frozen material.2,22 In
clinical samples, which are generally formalin-fixed and
paraffin-embedded (FFPE), ERG status has historically
been determined by DNA fluorescence in situ hybridization
(DNA-FISH)23 or by immunohistochemistry (IHC) to
detect ERG protein overexpression,6,24,25 with a very high
concordance (>95%) between the two methods in most
studies.6,24 However, the lack of reliable antibodies for
ETV1, ETV4, and ETV5 has meant that RNA in situ
hybridization (RISH) is the only reliable method to detect
fusions involving these genes in clinical specimens.26

Thus, multiple assays and different methods are required
to fully characterize ETS status in FFPE clinical
material, and this presents a challenge for many diagnostic
pathology laboratories.

To address this issue, we validated a method for
comprehensive determination of prostate tumor ETS status
in FFPE tissue using a clinical high-resolution gene
expression microarray assay, the Decipher prostate cancer
classifier.27e29 Decipher is run on the Affymetrix Human
Exon 1.0 ST microarray, and beyond determination and
reporting of a validated metastasis signature, genome-
wide gene expression data are automatically collected on
all cases, enabling simultaneous comprehensive assess-
ment of ETS status along with tumor risk score. We
previously developed and validated a model to predict
ERG DNA-FISH status from Decipher Genomics
Resource Information Database (GRID) gene expression
microarray data in a set of primary prostate tumors from
the Mayo Clinic.9 Here, we expand to include models for
476
ETV1, ETV4, and ETV5 status and validate the four
models against gold standard IHC and RISH in a total of
456 prostate tumor cases from the Johns Hopkins
Hospitals. Finally, we interrogate ETS status in >4500
clinical prostate tumor samples run on the Decipher GRID
transcriptome database.

Materials and Methods

Patient and Tissue Selection

After institutional review board approval, a total of 456
unique patients were selected from two overlapping and
previously published radical prostatectomy (RP) cohorts at
Johns Hopkins.28,30,31 These cohorts were originally
designed in Decipher validation studies to test for prog-
nostic markers and were highly enriched for adverse onco-
logic outcomes. Tumor tissue from the dominant tumor
nodule and benign tissue were sampled in quadruplicate on
16 individual tissue microarrays (TMAs) using 0.6-mm
cores. Tissues were simultaneously punched with a 1-mm
punch for Decipher assay. Expression profiles from 536
benign prostate tissues at RP from Decipher GRID and 65
LNCaP expression profiles were used as controls. LNCaP
cells are negative for ERG rearrangement, but they harbor a
rearrangement inserting the entire ETV1 locus into a tran-
scriptionally active locus on chromosome 14.4 For model
precision evaluation, 110 FFPE tumor samples from 11
patients (10 each) were profiled. These samples were run in
different batches, with different operators and using
different reagent lots. For model evaluation in prospective
samples, we evaluated de-identified expression profiles from
4036 prospective RP tumor samples and 509 prospective
biopsy samples available for research in the Decipher
GRID.

Preprocessing and Expression Profiling Using Human
Exon 1.0 ST Arrays for Decipher Assay

RNA extraction from FFPE tissues, amplification, labeling,
and hybridization to Affymetrix Human Exon 1.0 ST
microarrays was performed in a Clinical Laboratory
Improvement Amendments (CLIA)-certified clinical labo-
ratory using the Decipher prostate cancer classifier
(GenomeDx Biosciences, San Diego, CA) as described
previously.27,28,30 The SCAN algorithm was used for indi-
vidual patient profile pre-processing and normalization.

Detection of ERG Overexpression by IHC

ERG IHC was performed on the Ventana Benchmark
autostaining system using a rabbit monoclonal antibody
(EPR3864, C-terminal) after antigen retrieval in CC1 buffer
followed by detection with the Optiview HRP system
(Roche/Ventana Medical Systems, Tucson, AZ). One
important caveat to note for this antibody is that it reacts
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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ETS Classification Using Decipher Assay
with the C-terminal of the protein and can cross-react with
FLI1,32 another ETS gene documented to be rearranged in a
small number of prostate cancer cases.5 However, on
comparison of ERG immunostaining with EPR3864 and a
mouse monoclonal anti-ERG antibody reacting to the
N-terminus (9FY; Biocare Medical, Concord CA) which
does not cross-react with FLI1, we found that only 1 of 120
cases showed discordance between the two antibodies,
suggesting that cross-reactivity of EPR3864 with FLI1 may
rarely be a problem. Each tissue microarray spot containing
tumor was visually dichotomously scored for the presence
or absence of nuclear ERG signal by a urologic pathologist
blinded to the gene expression data (T.L.L.). A spot was
considered to be ERGþ if any tumor nuclei showed ERG
positivity, using endothelial cells as an internal positive
control in all cases. A tumor was considered ERGþ if all
sampled spots were scored as ERGþ, and as ERG� if all
sampled spots were scored as ERG� (Figure 1). In the case
of mixed scoring in a given tumor (some spots negative and
some spots positive, 3.5% of cases, 16 of 456 cases), the
case was excluded from the validation because of hetero-
geneity. This low percentage of cases that are heteroge-
neous for ERG status is consistent with what has been
reported in other studies, and these cases may represent
collision tumors.5,12,13,33 To evaluate reproducibility of the
ERG IHC, a total of 132 prostate tumors from the Hopkins
cohort were independently sampled in duplicate on more
than one TMA. Of these, 127 had interpretable ERG IHC
results, with 95.3% (121 of 127) showing agreement in
ERG status across the two TMA sets.
Figure 1 Examples of ERG IHC and ETV1/4/5 RISH results across the
Johns Hopkins retrospective radical prostatectomy cohort. All depicted
cases are concordant with m-ERG and ETV1/4/5 model calls by gene
expression microarray. Original magnification, �200. IHC, immunohisto-
chemistry; RISH, RNA in situ hybridization.
Detection of ETV1/4/5 Overexpression by in Situ
Hybridization

Chromogenic in situ hybridization for ETV1/4/5 RNA
was performed with the RNAscope FFPE kit 2.5
from Advanced Cell Diagnostics (Hayward, CA) accord-
ing to the manufacturer’s recommendations. ETV1
(NM_004956), ETV4 (NM_001986.2), and ETV5
(NM_004454.2) probes, validated in a recent study, were
used.26 Probes for PPIB (NM_000942.4) were used as
positive control. We revalidated the assay in our own
laboratory, using cases known by sequencing to be posi-
tive for ETV1, ETV4, or ETV5 fusions,34 and the LNCaP
cell line (ETV1þ).4 Normal prostate tissues from RP
specimens were used as negative control tissue. All cases
were qualitatively scored by a blinded surgical pathologist
(T.L.L.), using a dichotomous scoring system to assess for
positive cases (cases with any distinct red punctae present
in any tumor cells in any punch) (Figure 1). Cases that
were scored as ETV1/4/5þ in punches from one TMA set
but scored as negative in the duplicate punches on another
TMA set were given a final score of ETV1/4/5 heteroge-
neous (1.1% or 5 of 456 for ETV1; 1.1% or 5 of 456 for
ETV4; and 0.2% or 1 of 456 for ETV5).
The Journal of Molecular Diagnostics - jmd.amjpathol.org
ETS Model Development

The m-ERG model was previously developed and described
by Tomlins et al.9 Briefly, the ERG status (by FISH) and
whole-genome expression using the Human Exon 1.0 ST
Arrays was available for 407 of 580 patients as previously
reported in the RP cohort from the Mayo Clinic.27 To build
a model for predicting ERG status, we trained a Random
Forest model using random 252 samples (of the 407 sam-
ples) with FISH status using 65 probe sets of 132 spanning
the ERG locus. The 65 probe sets were summarized into
three features for the Random Forest. The model was tested
477
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Table 1 Concordance between m-ERG Model Results and ERG IHC
Results in Retrospective Radical Prostatectomy Cohort

ERG IHC

m-ERG

No. ERGþ ERG�

No. 5 0 5
ERGþ 37 120* 9*
ERG� 54 4* 206*
ERG het 6 4 6

*Data were used for calculation of performance characteristics in Table 5.
IHC, immunohistochemistry.

Torres et al
on 155 patients from the Mayo Clinic demonstrating
significant prediction (AUC, 0.94) with 91% sensitivity and
98% specificity.

The other m-ETS models were developed from the
expression of probe selection regions falling within each
gene. Fifty-two, 22, and 58 probe selection regions were
used for ETV1, ETV4, ETV5 models, respectively, to
generate scores for the three genes by averaging the
expression of probe selection regions. With the use of
outlier analysis method based on extremevalues R package
(R Project), a threshold was defined using the 252 samples
from the Mayo Clinic samples, with expression values
above threshold annotated fusion positive. Although FLI1 is
an additional ETS family member documented to be rear-
ranged in prostate cancer,5 the m-FLI1 model predicted only
one FLI1þ case in the 456 tumors in the current cohort (data
not shown). Given this, we did not include FLI1 in the
validation set.

Statistical Analysis

Statistical analyses were performed in R version 3.2.2
(R Project), and all tests were two-sided using a 5% sig-
nificance level. Fisher’s exact test was used to study the
association between categorical variables. Area under curve
(AUC), specificity, sensitivity, positive predictive value
(PPV), and negative predictive value (NPV) were used for
model performance evaluation.

Results

Analytical Validation of ETS Gene Expression Models in
Cell Lines and Control Tissues

To evaluate the reproducibility and precision of the gene
expression models, we used 11 different patients each with
10 FFPE samples. Across the 11 patients, the 10 replicates
had 100% agreement on the four model calls with intraclass
correlation coefficient of 0.99, 0.97, 0.98, and 0.95 for
m-ERG, ETV1, ETV4, and ETV5, respectively
(Supplemental Figure S1).

As a control, 65 LNCaP gene expression profiles, known
to be ETV1þ, from the Decipher GRID were used to eval-
uate the specificity and robustness of the models. The ETV1
model called all 65 samples as ETV1þ with 100% sensi-
tivity, whereas other models were negative in the LNCaP
cell line. To further demonstrate specificity, we tested 536
benign prostate tissues, either adjacent or spatially distant
from the tumor, from RP samples. In total, 11 of 536
samples (2%) were ERGþ according to the m-ERG model
score. Of interest, eight of them showed high PCA3
expression and 10 showed high a-methylacyl-coenzyme A
racemase expression, suggesting that a small percentage of
the samples might have been inadvertently contaminated
with tumor or high-grade prostatic intraepithelial neoplasia
which may be positive for ERG.35
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Analytical Validation of ETS Gene Expression Models in
the Retrospective RP Cohort

The ETS gene expression models were then applied to 456
RP samples with known ETS status by IHC or chromogenic
RISH. ERG status was determined in the RP cohort by IHC,
using a previously genetically validated IHC protocol.24

From the RP cohort, a total of 98% (446 of 456) of sam-
ples had interpretable ERG results by IHC (Figure 1,
Table 1), with 2% (10 of 456) having absent tumor tissue on
the TMAs or ambiguous staining results. Of the samples
with interpretable ERG results by IHC, 37% (166 of 446)
were ERGþ, 59% (264 of 446) were ERG�, and 4% (16 of
446) showed heterogeneous ERG expression, with some
tumor spots scored as ERGþ and some scored as ERG�.
Only three (2%) of the ERGþ cases were also found to be
ETV1þ (n Z 2) or ETV4þ (n Z 1) by RISH (see below),
and all cases were heterogeneously positive for ERG. Of the
446 samples with interpretable ERG IHC results, 78% (349
of 446) had available RNA expression profiling from the
Decipher assay, whereas 21% (97 of 446) did not have
available expression profiling because of failure to isolate
high-quality RNA. Next, we evaluated the concordance
between the ERG IHC results and m-ERG model results
(Figure 2A). We excluded a total of 10 samples with het-
erogeneous ERG status by IHC. Benchmarked against IHC,
the m-ERG model achieved an AUC of 95.5 (93%e98%),
with 93% sensitivity and 98% specificity. The PPV of the
m-ERG model was 97% and the NPV was 96% compared
with IHC.
ETV1, ETV4, and ETV5 status for each case was deter-

mined in the RP cohort by RISH. From the RP cohort, a total
of 98% (448 of 456) of samples had interpretable ETV1 RISH
results (Figure 1, Table 2), with 2% (8 of 456) having absent
tumor tissue on the TMA. Of the samples with interpretable
ETV1 results, 6% (29 of 448) were ETV1þ, 92% (414 of 448)
were ETV1�, and 1% (5 of 448) showed heterogeneous
ETV1 expression, with some tumor spots scored as ETV1þ

and some scored as ETV1�. Of the 448 samples with inter-
pretable ETV1 RISH results, 78% (351 of 448) had available
RNA expression profiling from the Decipher assay, whereas
22% (97 of 448) did not have available expression profiling
because of failure to isolate high-quality RNA. Next, we
examined the concordance between the ETV1 RISH results
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 2 Validation of the m-ERG and ETV1/4/5 gene expression models by comparison with IHC and RISH. AeD: Beeswarm plots of ERG, ETV1, ETV4, and
ETV5 models in JHMI RP cohort showing model scores are highly concordant with IHC and RISH calls. The red dotted lines indicate the threshold of each
model for calling ETS positivity. E and F: Density plots of m-ERG and ETV1 models in a subset of the JHMI RP cohort, prospective Decipher GRID RP, and biopsy
cohorts and LNCaP cells with ETV1 fusion, showing distribution of models are highly similar across different data sets. ERG�, blue background; ERGþ, mauve
background. n Z 358 JHMI RP cohorts (E and F); n Z 4036 prospective Decipher GRID RP cohorts (E and F); n Z 509 biopsy cohorts (E and F). GRID,
Genomics Resource Information Database; IHC, immunohistochemistry; JHMI, Johns Hopkins Medical Institute; RISH, RNA in situ hybridization; RP, radical
prostatectomy.

ETS Classification Using Decipher Assay
and ETV1 model results (Figure 2B). We excluded the five
samples with heterogeneous ETV1 status by RISH. Bench-
marked against RISH, the ETV1 model achieved an AUC of
98% (94%e100%), with 93% sensitivity and 99% specificity.
The PPV of the ETV1 model was 93% and the NPV was 99%
compared with IHC.

From the RP cohort, a total of 99% (451 of 456) of
samples had interpretable ETV4 RISH results (Figure 1,
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Table 3), with 1% (5 of 456) having absent tumor tissue on
the TMA. Of the samples with interpretable ETV4 results,
3% (13 of 451) were ETV4þ, 96% (433 of 451) were
ETV4�, and 1% (5 of 451) showed heterogeneous ETV4
expression, with some tumor spots scored as ETV4þ and
some scored as ETV4�. Of the 451 samples with inter-
pretable ETV4 RISH results, 78% (354 of 451) had
available RNA expression profiling from the Decipher
479
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Table 4 Concordance between m-ETV5 Model Results and ETV5
RISH Results in Retrospective Radical Prostatectomy Cohort

ETV5 RISH

m-ETV5

No. ETV5þ ETV5�

No. 5 0 1
ETV5þ 1 3* 0*
ETV5� 97 3* 345*
ETV5 het 0 0 1

*Data were used for calculation of performance characteristics in Table 5.
RISH, RNA in situ hybridization.

Table 2 Concordance between m-ETV1 Model Results and ETV1
RISH Results in Retrospective Radical Prostatectomy Cohort

ETV1 RISH

m-ETV1

No. ETV1þ ETV1�

No. 5 0 3
ETV1þ 1 26* 2*
ETV1� 95 2* 317*
ETV1 het 1 0 4

*Data were used for calculation of performance characteristics in Table 5.
RISH, RNA in situ hybridization.

Torres et al
assay, whereas 22% (97 of 451) did not have available
expression profiling because of failure to isolate high-
quality RNA. Next, we examined the concordance be-
tween the ETV4 RISH results and ETV4 model results
(Figure 2C). We excluded the five samples with hetero-
geneous ETV4 status by RISH. Benchmarked against
RISH, the ETV4 model achieved an AUC of 88% (76%e
99%), with 77% sensitivity and 100% specificity. The PPV
of the ETV4 model was 100% and the NPV was 99%
compared with IHC.

From the RP cohort, a total of 99% (450 of 456) of
samples had interpretable ETV5 RISH results (Figure 1,
Table 4), with 1% (6 of 456) having absent tumor tissue on
the TMA. Of the samples with interpretable ETV5 results,
1% (4 of 450) were ETV5þ, 99% (445 of 450) were
ETV5�, and 0.2% (1 of 450) showed heterogeneous ETV5
expression, with some tumor spots scored as ETV5þ and
some scored as ETV5�. Of the 450 samples with inter-
pretable ETV5 RISH results, 78% (352 of 450) had avail-
able RNA expression profiling from the Decipher assay,
whereas 22% (98 of 450) did not have available expression
profiling because of failure to isolate high-quality RNA.
Next, we evaluated concordance between the ETV5 RISH
results and ETV5 model results (Figure 2D). We excluded
the single sample with heterogeneous ETV5 status by RISH.
Benchmarked against RISH, the ETV5 model achieved an
AUC of 99.6% (99%e100%), with 100% sensitivity and
99% specificity. The PPV of the ETV5 model was 50% and
the NPV was 100% compared with IHC. A comparison of
the performance characteristics of mERG, ETV1, ETV4,
and ETV5 models is included in Table 5.
Table 3 Concordance between m-ETV4 Model Results and ETV4
RISH Results in Retrospective Radical Prostatectomy Cohort

ETV4 RISH

m-ETV4

No. ETV4þ ETV4�

No. 5 0 0
ETV4þ 0 10* 3*
ETV4� 95 0* 338*
ETV4 het 2 0 3

*Data were used for calculation of performance characteristics in Table 5.
RISH, RNA in situ hybridization.

480
Implementing and Evaluating the ETS Gene Expression
Models in Prospective RP and Biopsy Samples

We implemented the ETS models prospectively as part of
the Decipher assay performed on 4036 RP and 509 biopsy
samples in a CLIA-accredited laboratory (Supplemental
Figure S2). The ERG and ETV1 models had a similar dis-
tribution of scores in the retrospective RP cohort as in the
prospective RP and biopsy cohorts (Figure 2, E and F). In
both the prospective RP and biopsy cohorts, 41% of the
patients were found to be m-ERGþ, in agreement with
previous large-scale studies.6 In total, 6.3% and 8.6% of the
RP and biopsy samples, respectively, were ETV1þ. ETV4
and ETV5 were detected at low rate >1% in both the RP
and biopsy samples. Overall, 11 samples were found to be
both ERGþ and ETV1 and one case was ERGþ/ETV4þ in
the RP samples, similar to the low frequency of collision
tumor described in other reports.26 No double-positive cases
were identified in the biopsy cohort (Figure 3A).
Because definitive outcome data are not available on the

prospective samples, we correlated ETS gene expression
classification with the Decipher risk category in these
samples, because the Decipher risk category correlates with
risk of metastasis in multiple retrospective RP cohorts.28,36

Overall, 52% of samples classified as high risk by Deci-
pher were ERGþ, whereas only 36% of samples classified as
low risk were ERGþ in the prospective RP cohort (Fisher’s
test, P Z 0.04). In the prospective biopsy cohort, ERG
frequency was not significantly different among Decipher
risk categories, but ETV1/4/5þ cases comprised 19% of the
high-risk Decipher group compared with 5% in low-risk
Table 5 Performance Metrics of m-ETS Models Compared with
Genetically Validated Immunohistochemistry and Chromogenic
RNA in Situ Hybridization

m-ETS model

Metric

Sensitivity Specificity PPV NPV

ERG 93 98 97 96
ETV1 93 99 93 99
ETV4 77 100 100 99
ETV5 100 99 50 100

All values are percentages.
NPV, negative predictive value; PPV, positive predictive value.

jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 3 Examination of m-ERG and ETV1/4/5 gene expression models in prospective Decipher GRID RP and BX specimens. A: In GRID RP and BX data, ERG
and ETV1/4/5 status are highly, although not entirely, mutually exclusive. B: Among cases in the RP cohort with high Decipher risk score compared with low
Decipher risk score, a higher proportion of cases are m-ERGþ. Among cases in the BX cohort with high Decipher risk score compared with low Decipher risk
score, a high proportion of cases are ETV1/4/5þ (ETVþ). BX, biopsy; GRID, Genomics Resource Information Database; RP, radical prostatectomy.

ETS Classification Using Decipher Assay
Decipher (Fisher’s test, P Z 0.01) (Figure 3B). When
combining ERG and ETV1/4/5þ cases into one ETSþ

group, the associations between ETSþ and metastatic risk
was more pronounced. In the high-risk Decipher group,
63% and 59% of RP and biopsy samples, respectively, were
ETSþ, compared with 42% and 46% in the low-risk Deci-
pher RP and biopsy samples, respectively.
Discussion

Fusions involving the ETS family genes define the largest
molecularly distinct subclass of prostate tumors and are
among the earliest events in the clonal evolution of the
disease. Although the presence of ETS rearrangements by
themselves is not associated with adverse oncologic out-
comes in surgically treated patients,6 ERG status has been
prognostic in tumor samples from transurethral resections in
The Journal of Molecular Diagnostics - jmd.amjpathol.org
a conservatively managed population37 and in biopsies in
some contexts. Most notably, assessing a cohort of 217
active surveillance patients, Berg et al38 reported that
patients with any ERGþ cores at diagnosis (by IHC) were
more than twice as likely to progress compared with ERG�

patients; ERGþ status was the most significant predictor of
active surveillance progression in multivariable Cox
regression analysis. In addition, there is increasing evidence
that ERG fusions may modify the association of other
molecular alterations and lifestyle factors with prognosis.
For example, loss of the PTEN tumor suppressor gene is
more strongly associated with death from prostate cancer
among ERG� prostate tumors compared with those that are
ERGþ.10 Obesity is also associated with a significantly
elevated risk of death from prostate cancer, specifically
among ERGþ but not ERG� tumors.11

The high prevalence of ETS alterations and their rela-
tively early occurrence in tumor progression makes them an
481
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attractive diagnostic and potentially therapeutic target.
Prostate cancer is commonly multifocal, with multiple
genetically distinct tumor foci that may be indistinguishable
by routine histology. In contrast to other alterations
involving genes such as PTEN, ERG and ETS status are
almost invariably clonal and homogeneous within a given
prostate tumor and accordingly are considered to be truncal
alterations in most primary tumors.2,12,33 Thus, discerning
ETS status in diagnostic biopsies and/or metastatic biopsies
may have utility in evaluating tumor multifocality, tracking
individual tumor clones, and assessing for disease recur-
rence in liquid biopsies.13e16 Finally, therapies that exploit
potential vulnerabilities unique to ETS-positive cells have
the potential for dramatic efficacy in prostate tumors that are
otherwise clonally heterogeneous.17e20 Although more tar-
geted therapies are still under development, there is early
evidence that ETS status may be predictive for response to
standard therapies as well.39 Thus, assays to comprehen-
sively assess ETS status could be potentially predictive.

The current gold standard for assessing ETS status in
FFPE clinical prostate cancer tissues involves multiple
IHC and DNA/RNA in situ hybridization assays. Assess-
ment for ERG rearrangement by IHC is used clinically in a
number of laboratories. However, performing this stand-
alone assay misses as many as 15% or so of prostate tu-
mors that harbor fusions in alternative ETS family mem-
bers, such as ETV1, ETV4, and ETV5, and are molecularly
similar to ERG-rearranged tumors. Previously, we reported
on the development of a model to predict ERG DNA-FISH
status from Decipher gene expression microarray data.27,28

Here, we have further evaluated the Decipher clinical-
grade assay as a streamlined approach to comprehen-
sively assess ETS status in the Decipher GRID, which has
been made available to the urologic oncology community
for research. The m-ERG model was developed in a set of
252 primary prostate tumors at RP from the Mayo Clinic
and validated in an independent set of 155 RP samples
from the same institute, achieving 91% sensitivity and
98% specificity.9 In the present study, we expanded this
validation to include ETV1, ETV4, and ETV5 (compared
with RISH) and ERG (compared with IHC rather than
FISH) using a retrospective RP cohort from Johns Hop-
kins. We show that the m-ERG models was highly specific
(100%) and the ETV1 model was highly sensitive (100%)
in the LNCaP cells (known to be ETV1þ). ETS models
were highly reproducible across 11 patients with 10
technical replicate samples each run in different batches,
operators, or reagent lots. In benign prostate tissue sam-
ples, m-ERG was 98% specific, whereas only 11 samples
of 536 were called ERGþ. Of interest, a small fraction of
histologically benign-appearing glands have previously
been reported to be ERGþ.40 In addition, a deeper look at
these 11 samples revealed that 8 expressed high levels of
PCA3 and 10 expressed a-methylacyl-coenzyme A race-
mase, raising the possibility of tumor or high-grade pros-
tatic intraepithelial neoplasia contamination.
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When applied to a cohort of prostate tumors from RP
samples at Johns Hopkins, the m-ERG model was 93%
sensitive for ERG expression as measured by IHC and 98%
specific for lack of ERG expression. Because ERG fusion
status is heterogeneous in a minority of cases (perhaps
because of collisions of two independent clones of tumor), it
is likely that some of the discordance between the m-ERG
model and IHC may be due to sampling of two separate
tumor clones.13 Similarly, the ETV1/4/5 gene expression
models showed high sensitivity for detecting cases with
underlying RNA overexpression by RISH, with sensitivity
for ETV1, the second most commonly rearranged ETS gene,
at 93%. Notably, lower sensitivity was seen for the more
uncommon cases overexpressing ETV4. Importantly, how-
ever, specificity at or exceeding 99% was seen for ETV1/4/
5. In part, the low rate of positive events may have adversely
affected the performance characteristics for ETV4 and
ETV5, because any discordant cases have a disproportion-
ally large effect on sensitivity when the number of positive
cases is small. Reasons for the discordance between the
RISH and microarray-based expression assays are multiple,
including potential for tumor heterogeneity and RNA
degradation in older material that may have more severely
affected one assay compared with the other. We strongly
suspect that the later explanation may have been dominant
here. Of note, >20% of cases in the validation cohort failed
RNA quality controls for Decipher, and almost all of these
cases had FFPE tumor blocks that were substantially older
than 10 years,28 a potential limitation for the Decipher assay
in older material. However, despite failure for Decipher, at
least a few of the same cases had clearly positive RISH
results (Tables 2, 3, and 4), indicating potentially differing
tolerance of each assay to RNA degradation occurring in
FFPE over time. Ultimately, additional validation in pro-
spective cohorts from our institution with newer FFPE
material could be useful to test whether tissue block age
may have been a factor in the relatively low concordance
between the two methods.
When applied to prospective cohorts of RP and biopsy

samples, ERG- and ETV-positive cases were identified at
the expected frequencies, with distribution of the m-ERG
scores similar to that seen in the Hopkins archival RP cases.
Interestingly, there was a correlation of m-ERG/ETS model
frequency with Decipher risk category, with a relatively
higher frequency of m-ERGþ and m-ETV1/4/5þ cases seen
among cases with high Decipher risk category compared
with low Decipher risk category in the RP and biopsy
cohorts, respectively. Because high Decipher risk category
is strongly associated with poor oncologic outcomes in
prostate cancer, these findings might suggest that m-ERGþ

and/or ETV1/4/5þ cases are associated with a worse prog-
nosis. Importantly, however, the presence of ETS rear-
rangements was not associated with adverse outcomes in the
current cohorts as previously reported by our group,30

similar to what has been reported previously using Deci-
pher in other cohorts9 and similar to most studies querying
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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ERG status alone by other methods in surgical cohorts.6

Thus, the significance of this finding is unclear.
In conclusion, we anticipate that incorporating these

comprehensive and validated models to predict tumor ETS
status into the clinically available Decipher prostate cancer
classifier assay will have potential near term clinical utility
for the molecular classification of prostate tumors. ETS
status may be useful as a prognostic biomarker in active
surveillance, either alone or in combination with other
markers, as a tool to evaluate tumor clonality and to track
disease recurrence or during clinical trial design for targeted
therapies. Importantly, IHC and RISH for ETS classification
are less expensive assays that can be performed in any
pathology laboratory; thus, these will still be useful for
tumors that require only limited characterization. However,
in the setting of high-risk tumors that may benefit from
Decipher classification, ETS classification can be addition-
ally determined simultaneously in a CLIA-accredited labo-
ratory using the Decipher gene expression platform.
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