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ABSTRACT
A recurrent germline mutation (G84E) in the HOXB13 gene is associated with 

early onset and family history-positive prostate cancer in patients of European 
descent, occurring in up to 5% of prostate cancer families. To date, the molecular 
features of prostate tumors occurring in HOXB13 G84E carriers have not been studied 
in a large cohort of patients. We identified 101 heterozygous carriers of G84E who 
underwent radical prostatectomy for prostate cancer between 1985 and 2011 and 
matched these men by race, age and tumor grade to 99 HOXB13 wild-type controls. 
Immunostaining for HOXB13, PTEN, ERG, p53 and SPINK1 as well as RNA in situ 
hybridization for ETV1/4/5 were performed using genetically validated assays. 
Tumors from G84E carriers generally expressed HOXB13 protein at a level comparable 
to benign and wild-type glands. ETS gene expression (either ERG or ETV1/4/5) was 
seen in 36% (36/101) of tumors from G84E carriers compared to 68% (65/96) of the 
controls (p < 0.0001). PTEN was lost in 11% (11/101) of G84E carriers compared to 
25% (25/99) of the controls (p = 0.014). PTEN loss was enriched among ERG-positive 
compared to ERG-negative tumors in both groups of patients. Nuclear accumulation 
of the p53 protein, indicative of underlying TP53 missense mutations, was uncommon 
in both groups, occurring in 1% (1/101) of the G84E carriers versus 2% (2/92) of 
the controls (p = NS). Taken together, these data suggest that genes other than ERG 
and PTEN may drive carcinogenesis/progression in the majority of men with germline 
HOXB13 mutations.

INTRODUCTION 

A significant proportion of prostate cancer risk is 
inherited and the genetic variations modulating this risk 
are increasingly well known [1, 2]. A rare mutation in the 
HOXB13 gene, G84E, is reproducibly associated with 
a 4- to 8-fold increased risk of prostate cancer [3–12]. 
This mutation occurs in ~1% of unselected PCa cases, a 
frequency which rises to over 3% in men with early onset, 
family history positive disease and ~5% in prostate cancer 
families. It is most prevalent in populations with Nordic 
ancestry [3–12]. HOXB13 is a homeobox transcription 

factor demonstrated to play a role in prostate development 
and in conferring androgen responsiveness of prostate 
specific gene expression [13, 14]. However the mechanism 
by which the G84E mutation contributes to prostate cancer 
risk remains unknown and it is unclear whether prostate 
tumors arising in G84E carriers are molecularly distinct 
from those occurring in the general population. 

Prostate cancer is a clinically and molecularly 
heterogeneous disease, and the common molecular 
subtypes of primary prostate cancer are well known 
from numerous whole exome sequencing efforts [15]. 
Among the most common somatic genomic alterations 

Research Paper



Oncotarget22773www.impactjournals.com/oncotarget

in prostate cancer are rearrangements involving ETS-
family transcription factors, of which ERG is the most 
common, seen in nearly half of all prostate tumors  
[16, 17]. Less commonly, rearrangements or over-
expression of ETV1, ETV4 and ETV5 occurs, and these 
alterations are typically mutually exclusive with one 
another and with ERG rearrangement, suggesting functional 
redundancy [15, 16, 18]. Interestingly, ERG rearrangement 
prevalence varies significantly by racial ancestry [19–24], 
suggesting that germline genetics and/or environmental 
factors could affect the frequency of somatic genomic 
alterations in prostate cancer. PTEN is the most commonly 
inactivated tumor suppressor gene in prostate cancer, and 
the prevalence of PTEN deletion increases dramatically 
with increasing tumor grade and stage [25–27]. Unlike 
ERG rearrangements [17], PTEN loss is reproducibly 
associated with worse oncologic outcomes, including 
biochemical recurrence, metastasis and death from prostate 
cancer [26–29]. PTEN loss is more common in tumors with 
ERG rearrangements than those without and likely occurs 
subsequent to ERG alteration in most cases [30–33]. 

Because the prevalence is low, few prior studies 
have examined the molecular and pathologic features 
of prostate tumors arising in G84E carriers. In the 
largest study of nearly 10,000 men undergoing radical 
prostatectomy at Johns Hopkins University and the 
University of Michigan, patients with the G84E variant 
were younger at the time of diagnosis and more likely to 
have a family history of prostate cancer compared to non-
carrier controls from the same time period [34]. However 
carrier status was not associated with Gleason grade or 
pathologic tumor stage in this cohort, though other studies 
have conflicting associations [35, 36]. In a follow-up study 
using the University of Michigan cohort, the prevalence of 
two molecular subtypes of prostate cancer was assessed 
among 23 prostate tumors from G84E carriers [37]. 
The prevalence of ERG-positive tumors was lower and 
the prevalence of SPINK1-positive tumors was higher 
in G84E carriers than rates reported in most historical 
surgical cohorts unselected for HOXB13 status, suggesting 
the potential for significant molecular differences between 
tumors from G84E carriers and non-carriers. However, the 
numbers of cases assessed in this study were small and 
matched control non-carriers were not studied. 

Here, we provide a follow-up molecular study on 
prostate tumors from 101 G84E carriers who underwent 
radical prostatectomy at Johns Hopkins with age, race and 
grade-matched control non-carriers. Using genetically 
validated assays, we confirm that the prevalence of ETS 
expression is significantly lower among carriers compared 
to non-carriers, and further demonstrate that PTEN loss, 
a genomic alteration associated with ERG rearrangement 
and poor outcomes, is also significantly less common in 
this population. These findings suggest that genes other 
than ERG and PTEN may drive carcinogenesis/progression 
in the majority of men with germline HOXB13 mutations. 

RESULTS

Expression of HOXB13 protein among G84E 
carriers and non-carriers

A total of 101 G84E carriers (95% or 101/106) 
with full pathologic data and immunostaining results 
were matched using stratified random sampling by age 
and Gleason score to European-American genotyped 
non-carrier patients from one of three tissue microarrays 
(TMA) previously constructed at Johns Hopkins without 
selection for prostate cancer oncologic outcomes (see 
Methods). Clinical and pathologic data are shown in 
Table 1. G84E carriers had smaller prostates compared 
to non-carriers (47 vs 50 grams, p = 0.004), but were 
otherwise well matched for Gleason grade and stage with 
non-carriers. HOXB13 was generally diffusely expressed 
in the nuclei of benign prostate glands from G84E carriers 
at a level qualitatively comparable to that seen in non-
carriers (Figure 1). Among both carriers and non-carriers, 
HOXB13 protein expression was generally a bit higher in 
the cytoplasm of tumor cells compared to benign glands. 
HOXB13 was present in the nuclei of most tumor glands 
in both carriers and non-carriers. Though there was some 
variability in intensity, carriers had nuclear levels at least 
as high, if not higher, than non-carriers in most cases by 
qualitative analysis (Figure 1). Collectively, these data 
indicated that protein expression of the transcription factor 
was not compromised by the missense mutation.

Association of G84E carrier status with tumor 
ETS, PTEN, SPINK1 and TP53 status

The prevalence of ERG expression among tumors 
from G84E carriers was significantly lower than that 
seen in non-carriers (33% or 33/101 vs 57% or 56/99; p 
= 0.001) (Table 1, Figure 2). A similar trend was seen for 
ETV1 (4% in HOXB13 G84E vs. 8% in HOXB13 WT) 
and ETV4 (1% in HOXB13 G84E vs. 2% in HOXB13 
WT) prevalence, though these did not reach statistical 
significance due to low frequency of events. ETV5 
expression was not observed in any cases in either cohort. 
Only two cases were identified that co-expressed two ETS 
genes (both ERG and ETV1, and both in G84E carriers). 
Although ERG and ETV1 were assayed on separate TMA 
slides, at least one of these two tumors expressed ERG 
and ETV1 expression in apparently separate subsets of 
tumor cells, suggesting a potential collision between two 
independent clones (Supplementary Figure 2). 

PTEN loss was present in only 11% (11/101) of 
tumors from G84E carriers versus 25% (25/99) of tumors 
from non-carriers (p = 0.014). PTEN loss was more 
common among ETS-positive compared to ETS-negative 
tumors in both groups of patients (Table 1). SPINK1 
expression was observed in 9% (9/101) of G84E carriers 
compared to 6% (6/92) of non-carriers, though this 
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difference did not reach statistical significance. SPINK1 
expression was generally mutually exclusive with ETS 
gene fusions among G84E carriers as previously reported 
[38, 39], however 2 cases among non-carriers expressed 
both SPINK1 and ERG. Finally, nuclear accumulation of 
the p53 protein, indicative of underlying TP53 missense 
mutations, was uncommon in both groups, occurring in 
1% (1/101) of the G84E carriers versus 2% (2/92) of the 
controls (p = NS). 

DISCUSSION

The common somatic molecular subtypes of 
prostate cancer are well known and the germline genetic 
variants associated with increased risk of prostate cancer 
are increasingly understood. However, to date, few 
studies have performed germline-somatic correlations, 
examining the association between germline variants and 
tumor somatic genomic alterations. Studies comparing 
the relative prevalence of molecular subtypes between 
two populations must be carefully designed since the 

prevalence of known subtypes can vary by tumor grade 
and stage, as well as by patient ancestry. Here, we 
compared the prevalence of several of the most common 
molecular subtypes of prostate cancer between carriers 
and non-carriers of a rare germline variant associated with 
increased prostate cancer risk. Using non-carriers matched 
to carriers by age, race and tumor grade, we found that 
the relative prevalence of both ETS and PTEN alterations 
in 101 HOXB13 G84E carriers is significantly lower than 
that seen in non-carriers undergoing surgical treatment 
at our institution. Though there was a slight increase in 
the prevalence of SPINK1 positive tumors among G83E 
carriers compared to non-carriers, this difference did not 
reach statistical significance. p53 nuclear accumulation, 
indicative of underlying TP53 missense mutation, was rare 
in both groups, not unexpectedly given the relatively low 
stage and grade of the tumors studied in these cohorts.

The lower rate of ETS gene fusions among 
HOXB13 G84E carriers compared to non-carriers in the 
current study reinforces results from an earlier study of 
23 G84E carriers at the University of Michigan [37]. 

Table 1: Clinical-pathologic and molecular features of HOXB13 cases and controls
HOXB13 WT (n = 99) HOXB13 G84E (n = 101) P-value

Year of surgery (median, IQR) 2001 (2001–2001) 2004 (2001–2007) < 0.001
Age (median, IQR) 55 (51–60) 55 (51–61) 0.8
PSA, ng/ml 5.5 (4.4–7.9) 5.5 (4.0–8.2) 0.8
Prostate weight, g 50 (44–61) 47 (39–53) 0.01
RP grade group
 1 (GS6)
 2 (GS3+4=7)
 3 (GS4+3=7)
 4 (GS8)
 5 (GS9-10)

57 (57.6%)
25 (25.3%)
9 (9.1%)
3 (3.0%)
5 (5.1%)

57 (56.4%)
27 (26.7%)
10 (9.9%)
2 (3.0%)
5 (5.0%)

0.99

RP pathologic stage
 pT2N0
 pT3aN0
 pT3bN0
 pTxN1

69 (69.7%)
22 (22.2%)
5 (5.1%)
3 (3.0%)

69 (68.3%)
25 (24.7%)
3 (3.0%)
4 (4.0%)

0.8

ERG+ 56 (56.6%) 33 (33%) 0.001
ETV1+ 7 (7.6%) 4 (4.0%) 0.4
ETV4+ 2 (2.2%) 1 (1.0%) 0.9
ETV5+ 0 (0.0%) 0 (0.0%) NA
ETS+ 65 (67.7%) 36 (35.6%) < 0.0001
PTEN loss 25 (25.3%) 11 (10.9%) 0.01
Genotype
 PTEN+ ETS-
 PTEN+ ETS+
 PTEN- ETS+
 PTEN- ETS-

30 (31.3%)
40 (41.7%)
24 (25.0%)
2 (2.1%)

64 (63.3%)
26 (25.7%)
10 (9.9%)
1 (1.0%)

< 0.0001

SPINK1+ 6 (6.5%) 9 (8.9%) 0.7
Nuclear p53 accumulation 2 (2.0%) 1 (1.0%) 0.9
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This study found that ERG was positive in the dominant 
tumor nodule in 22% of cases. Though no matched non-
carrier controls were available from this previous study, 
the authors noted that the prevalence of ERG positivity 
was markedly lower than that reported in prior studies of 
the general population. In the current study, we found a 
somewhat higher rate of ERG expression among carriers 
(33%), however it remained significantly lower (nearly 
half as common) as the prevalence among non-carriers, 
and a similar trend was seen for ETV1 and ETV4. 
Interestingly, the prevalence of SPINK1 expression in 
the prior University of Michigan study was nearly 30% 
among G84E carriers. SPINK1 is an alteration that is 
generally mutually exclusive with ERG rearrangement and 
commonly associated with SPOP gene mutation [39]. In 
the current study we were not able to confirm an increased 
prevalence of SPINK1 positivity among carriers (though 
we did see a slight trend in this direction) and our rates 
of SPINK1 positivity among carriers were considerably 
lower (only 9%). However, this discrepancy may be due 
in part to the fact that the current study examined SPINK1 
expression in tissue microarrays (TMAs) whereas the 
previous study utilized standard sections. SPINK1 

expression is frequently heterogeneous, and thus may 
have been missed in the current study in some cases due 
to under-sampling. 

It remains unclear why ETS alterations are so much 
less common among HOXB13 G84E carriers compared 
to matched non-carriers. Previous studies have suggested 
that the mechanism of ETS gene rearrangement may be 
mediated by androgen signaling in prostate cancer [40], 
thus it is tempting to conjecture that androgen signaling 
may be altered in G84E carriers. Norris et al. have 
demonstrated a strong dependence of the expression of 
various androgen-responsive genes in multiple prostate 
cancer cell lines on HOXB13 [14]. However, there is 
currently no evidence that this HOXB13 influence on AR 
signaling is impacted by the G84E mutation. Indeed, in 
the current study, we showed that the mutant protein is 
expressed in the nuclei in tumors from G84E carriers at 
levels comparable to that seen in benign glands as well as 
in glands from non-carriers; however additional studies 
are necessary to determine how the mutation alters the 
protein’s function in vivo. 

An interesting finding in the current study is that the 
lower rate of ETS-positive cases among HOXB13 G84E 

Figure 1: HOXB13 protein is expressed in the nuclei of benign glands (denoted by a B) at similar levels in G84E 
carriers and non-carriers (G84E WT). In tumor cells, cytoplasmic HOXB13 levels are somewhat higher than that seen in benign 
glands in both carriers and non-carriers, however some variability is noted. Nuclear levels in carrier tumors are similar or higher to that seen 
in non-carriers. Arrow indicates a focal region of prostatic intraepithelial neoplasia (PIN) with increased cytoplasmic HOXB13 expression 
compared to the surrounding benign glandular cells. Images at 200× magnification.
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Figure 2: Representative images of ERG, PTEN, and SPINK1 immunohistochemistry (IHC) and ETV1/4/5 RNA in 
situ hybridization (RISH). ERG and PTEN immunostaining are shown from the same case, which expresses ERG (nuclear brown) and 
has lost PTEN expression in tumor cells, with retained expression in neighboring benign glands (denoted by a B). ETV1 and ETV4 RISH 
are from two representative positive cases (granular red staining) and are expressed in tumor glands, but not in intermingled benign glands 
(denoted by a B). ETV5 was negative in all cases. SPINK1 IHC is positive in a representative tumor case and negative in nearby benign 
glands (denoted by a B). Images at 200x magnification.
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carriers compared to matched controls was paralleled by a 
lower rate of PTEN loss in the carrier group. PTEN is the 
most commonly lost tumor suppressor in prostate cancer 
and its loss is uniformly associated with poor outcomes 
and higher tumor grade and stage in prostate cancer across 
studies [26–29]. Thus, the finding that PTEN loss is half 
as common among G84E carriers compared to grade and 
stage-matched non-carriers is intriguing. Given the tight 
association of PTEN loss with adverse outcomes in prostate 
cancer [26–29], this finding would seem to suggest that 
HOXB13 G84E carriers may have more indolent disease 
compared to non-carriers. Previously [34], we observed a 
nearly two-fold increase in the odds of early-onset disease 
associated with being a G84E carrier as well as a ~1.5 fold 
increase in the likelihood of having a family history of 
prostate cancer. (OR = 1.90; 95% CI = 1.23–2.94; OR = 
1.45; 95% 1.32–1.59 respectively). However, there was no 
effect of carrier status on the proportion of patients with 
high-grade tumors or with advanced stage (≥ pT3a) tumors 
by carrier status. Other studies have had mixed results, 
with some reporting more aggressive features in men with 
clinically localized G84E positive prostate cancer in Danish 
and Finnish cohorts [35, 36]. 

Indeed, interpretation of the finding of less frequent 
PTEN loss among carriers may also be complicated by 
tumor ETS status. PTEN loss is two- to five-times more 
frequent among ERG-positive compared to ERG-negative 
tumors and we and other groups have reported that PTEN 
loss occurs subsequent to ERG rearrangement in the 
majority of prostate tumors [30–33]. Accordingly, ERG 
rearrangement may modify the association of PTEN loss 
with poor outcome. Though PTEN loss is associated with 
an increased risk of biochemical recurrence regardless 
of ERG status [29, 41], when prostate cancer specific 
death is used as an outcome, ERG-negative tumors with 
PTEN loss appear to have the highest risk [27, 42]. In 
the current study, the prevalence of PTEN loss and ETS 
expression were decreased proportionately among G84E 
carriers, such that PTEN loss remained enriched among 
ETS-positive tumors in both carriers and non-carriers. 
Of interest, we recently reported similar findings in 
patients of African-American compared to European-
American ancestry [22], providing further evidence that 1) 
germline genetics may be associated with the prevalence 
of common molecular subtypes of prostate cancer and 
2) PTEN and ERG alterations are tightly coupled in 
primary prostate cancer. Given that the low rate of ERG 
rearrangement among patients with African-American 
ancestry may be associated, in part, with the potentially 
higher rate of anterior-dominant index tumors in this 
population (tumors known to show less frequent ERG 
rearrangement), it is tempting to speculate that something 
similar may be occurring among G84E carriers [43, 44]. 
Among the 78 cases where we could examine the index 
tumor location, 33% were centered anterior to the urethra, 
which is somewhat higher than the ~15% rate of anterior-

dominant tumors reported in other radical prostatectomy 
cohorts [45], and perhaps in line with the lower rate of 
ERG expression among the G84E carriers. However 
interpretation of these data requires caution as differing 
tumor locations may largely reflect differing screening 
protocols among cases and controls. Indeed, G84E carriers 
often have a strong family history of prostate cancer, and 
because of this are frequently subjected to increased 
prostate cancer screening which bias towards detection of 
more frequent anterior-dominant tumors. 

Though this is the largest and most comprehensive 
study of prostate tumors arising in HOXB13 G84E carriers, 
and the only study with matched controls, this work has 
some limitations that bear discussion. First, this remains 
a single institution cohort and thus requires independent 
validation. Second, cases and controls were matched by 
stratified random sampling of existing tissue microarray 
cohorts at Johns Hopkins on a limited set of variables. 
Thus, while age, race, PSA, grade and stage are well 
matched between cases and controls, there are some 
notable differences between groups, including prostate 
weight and year of surgery. Though it is unlikely that these 
variables are associated with molecular subtypes and would 
have confounded the results, these differences in follow-
up time do exclude the possibility of comparing surgical 
outcomes between the two groups, another weakness of 
this study. Another potential limitation is that molecular 
subtyping was done using tissue microarray samples of 
the index tumor, which may lead to errors in prevalence 
estimates for alterations that are heterogeneous, such as 
PTEN and SPINK1. Future studies may utilize standard 
tissue sections to mitigate this weakness. In addition, it 
should be noted that the markers used in this study, such 
as ERG and PTEN immunohistochemistry, were largely 
surrogate markers of genomic alterations. Although we 
have demonstrated that our assays are highly concordant 
with genomic rearrangement and deletion status of ERG 
and PTEN, respectively, no surrogate marker is perfect 
[46, 47]. Finally, it is important to point out that the 
current study only assesses associations between HOXB13 
status and molecular subtypes, Though it is likely that 
these associations are driven by HOXB13 status itself, it 
is possible that some results are confounded by patient 
ancestry. HOXB13 G84E is more common among patients 
with Nordic ancestry, thus it remains formally possible 
that Nordic ancestry itself is associated with a difference 
in prevalence in ETS and PTEN molecular subtypes. 
However, a major decrease in the prevalence of ERG 
rearrangement and PTEN loss has not be observed in prior 
studies of Nordic populations compared to unselected 
European-ancestry patients [48–50]. 

In conclusion, to our knowledge, this is the first 
study to rigorously compare the prevalence of the most 
common molecular subtypes of primary prostate cancer 
between HOXB13 G84E carriers and non-carriers, 
matched for relevant clinical-pathologic variables. We 
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report that the frequency of ETS expression (reflecting 
underlying ETS gene rearrangements) as well as PTEN 
loss (reflecting underlying PTEN deletion) is significantly 
less common among G84E carriers compared to matched 
controls. The low rate of ETS family member activation 
suggests that other genes and/or pathways may play a more 
important role in driving carcinogenesis in men with G84E 
mutations. Only further basic investigation will shed light 
on this possibility and the mechanism by which mutated 
HOXB13 may contribute to this process. Furthermore, the 
fact that PTEN loss is less common among G84E carriers 
raises the question of whether clinical outcomes or overall 
copy number alteration burden may be different in this 
population compared to grade and race-matched controls. 
To answer these questions, additional studies will be 
required for further molecular subtyping of these tumor 
cohorts with controls and clinical follow-up.

MATERIALS AND METHODS

Patients and tissue samples

With institutional review board approval, a total of 
106 heterozygous carriers of HOXB13 G84E were identified 
among patients who underwent radical prostatectomy (RP) 
for prostate cancer between 1985 and 2011 at the Johns 
Hopkins Hospital. Genotyping of germline DNA prepared 
from whole blood or non-cancerous seminal vesicles in 
this cohort was performed as described in a previous study 
where clinical and pathologic data from a subset of these 
cases was reported [3, 34]. Tissue microarrays (TMAs) 
were prepared from G84E carrier cases using four-fold 
redundancy of sampling of the index (highest grade/
largest size) tumor as well as benign prostate tissue from 
the same patient. Of these cases, 101 (95%) had adequate 
tumor tissue present on the TMA for evaluation. Only 78 
patients (74%) had complete tissue samples from the radical 
prostatectomy available to determine index tumor location. 
Of these, 33% (26/78) of patients had index tumors 
centered anterior to the urethra (anterior zone tumors). The 
remainder had posterior index tumors. HOXB13 carrier 
status was not associated with any clear enrichment of 
known morphologic subtypes of prostate tumors (eg, ductal, 
mucinous, pseudohyperplastic etc). 

Control cases undergoing RP at the Johns Hopkins 
Hospital who did not carry G84E were selected for 
comparison. Because HOXB13 G84E occurs almost 
exclusively in patients of European ancestry [3], to 
procure controls we used stratified random sampling based 
on patient age and tumor grade to select controls of self-
identified European-American (white race) ancestry from 
previous studies from our institution where cases were not 
selected for oncologic outcomes. Three TMA cohorts were 
utilized to glean controls. TMA 1 was derived specifically 
to compare prostate tumors from African-American (AA) 
and European-American (EA) subjects [22]. For this 

TMA, grade-matched EA (n = 124) and AA subjects were 
selected among all men with available tissue and clinical 
follow-up who underwent RP from 1995 through 2005. 
Only the EA patients were utilized as controls in the 
current study. TMA 2 was a similar design: grade-matched 
Gleason 6 and Gleason 7 prostate tumors from EA (n = 59)  
and AA subjects from 2000–2010. Again, only the 
European-American patients were utilized as controls in 
the current study. TMA 3 included 340 consecutive RPs 
from 2000–2004 not included in the previous microarrays 
and enriching for subjects with Gleason score > 6, and 
from these we selected only subjects of EA descent (self-
identified white race) [22]. From these three TMAs, a total 
of 523 EA controls were selected. Of these, 375 (72%) had 
available HOXB13 G84E germline genetic status and were 
known non-carriers (Supplementary Table 1). 

Because the prevalence of PTEN loss varies 
dramatically by pathologic Gleason score and because 
HOXB13 G84E carriers tend to be younger at time 
of radical prostatectomy [34], from the 375 cases, 99 
were selected by stratified random sampling by age and 
Gleason score to be matched to the 101 G84E carriers with 
complete clinical-pathologic data and PTEN/ERG status.

Immunohistochemistry (IHC) and interpretation

PTEN and ERG IHC were performed on all TMAs 
using automated assays as previously described [26, 27, 29].  
We have previously published that these assays are highly 
sensitive and specific for the presence of underlying 
PTEN gene deletion and ERG gene rearrangement by 
gold-standard fluorescence in situ hybridization FISH 
[46, 47]. Briefly, the PTEN protocol uses the Ventana 
automated staining platform (Ventana Discovery Ultra, 
Ventana Medical Systems, Tucson, AZ) and a rabbit anti-
human PTEN antibody (Clone D4.3 XP; Cell Signaling 
Technologies, Danvers, MA). The assay was blindly 
scored by a urologic pathologist (TLL) using a genetically 
validated scoring system [26, 27, 29]. A tumor biopsy was 
considered to have PTEN protein loss if the intensity of 
cytoplasmic and nuclear staining for PTEN was markedly 
decreased or entirely negative across > 10% of tumor cells 
compared to surrounding benign glands and/or stroma, 
which provide internal positive controls for PTEN protein 
expression. If the tumor showed PTEN protein expressed 
in > 90% of sampled tumor glands, the tumor was scored 
as PTEN intact. If PTEN was lost in < 100% of the tumor 
cells sampled in a given core, the core was annotated as 
showing heterogeneous PTEN loss in some, but not all, 
cancer glands (focal loss). Alternatively, if the core showed 
PTEN loss in 100% of sampled tumor glands, the core was 
annotated as showing homogeneous PTEN loss. Finally, a 
small percentage of cores were scored as having ambiguous 
PTEN IHC results. This occurred when the intensity of the 
tumor cell staining was light or absent in the absence of 
evaluable internal benign glands or stromal staining. 
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ERG immunohistochemistry was performed on the 
Ventana Benchmark autostaining system using a rabbit 
monoclonal antibody (EPR 3864) after antigen retrieval 
in CC1 buffer followed by detection with the Optiview 
HRP system (Roche/Ventana Medical Systems, Tucson, 
AZ). Each TMA spot containing tumor was visually 
dichotomously scored for presence or absence of nuclear 
ERG signal by a urologic pathologist blinded to the gene 
expression data (TLL). A spot was considered to be ERG-
positive if any tumor nuclei showed ERG positivity, 
utilizing endothelial cells as an internal positive control 
in all cases. A tumor was considered ERG positive if 
all sampled spots were scored as ERG positive, and as 
ERG negative if all sampled spots were scored as ERG 

negative.
Immunohistochemistry for SPINK1 utilized 

the mouse monoclonal anti-SPINK1 antibody in a 
manual staining protocol after citrate antigen retrieval 
(ab58227, 1:250, Abcam, Cambridge, UK) with the 
UltraVision Quanto secondary reagent kit according to 
the manufacturer’s directions (Thermo Fisher Scientific, 
Waltham, MA). SPINK1 IHC was scored as positive if 
any cells showed positive cytoplasmic immunostaining 
in one or more cores sampled from the tumor on the 
TMA.

p53 IHC was performed on the Ventana Benchmark 
autostaining system using a mouse monoclonal antibody 
(BP53-11) after antigen retrieval in CC1 buffer followed 
by detection with the iView HRP system (Roche/
Ventana Medical Systems, Tucson, AZ). Each tissue 
microarray spot containing tumor cells was visually 
dichotomously scored for presence or absence of nuclear 
p53 accumulation by a urologic pathologist (TLL). A 
spot was considered to show p53 nuclear accumulation 
if > 10% of tumor nuclei showed p53 positivity. A tumor 
was considered to show p53 nuclear accumulation if any 
sampled spot was scored as p53-positive, and as lacking 
p53 nuclear accumulation if all sampled spots were scored 
as p53 negative. Nuclear accumulation of p53 by this assay 
is more than 90% sensitive and specific for the presence of 
an underlying missense mutation in TP53, which generally 
stabilize the protein (Guedes et al, in progress) [51]. 
Notably, this assay does not detect other loss-of-function 
alteration inTP53, such as frame shift mutations, splice 
site mutation or homozygous deletions.

HOXB13 immunohistochemistry was performed 
manually using an affinity-purified polyclonal sheep IgG 
(AF8156, 1:100, 2ug/ml, R&D Systems, Minneapolis, 
MN), after citrate antigen retrieval and visualized with 
a Pierce HRP conjugated rabbit anti sheep IgG (1:1000, 
Thermo Fisher Scientific, Waltham, MA). The immunogen 
used for the primary antibody was an E.coli -derived 
human HOXB13 fragment, amino acid residues 1-102. 
In western blot, this antibody recognizes a single band of 
mol wt 37kd in extracts of prostate tissues and cell lines 
(Supplementary Figure 1). 

Detection of ETV1/4/5 over-expression 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 (ACD, Hayward, 
CA) following the manufacturer’s recommendations. 
ETV1 (NM_004956), ETV4 (NM_001986.2) and ETV5 
(NM_004454.2) probes, validated in a recent study, were 
utilized [38]. Probes for PPIB (NM_000942.4) were used 
as positive control. We re-validated the assay in our own 
laboratory, using cases known by sequencing to be positive 
for ETV1, 4 or 5 fusions [52], as well as LNCaP (ETV1+) 
[53], DU145 and CWr22 cell lines. Normal prostate 
tissues from radical prostatectomy specimens were used as 
negative control tissue. All cases were qualitatively scored 
by a blinded surgical pathologist (TLL and AT), 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). 

Statistical analysis

Clinical and pathological characteristics were 
assessed in the study population. Summary statistics 
provided are median (interquartile range) for continuous 
variables and number (proportion) for categorical 
variables. Comparison testing was performed using the 
Mann-Whitney and chi-squared tests as appropriate. All 
statistical analysis was performed using Stata Intercooled 
v13.1 (College Station, TX). 

CONFLICTS OF INTEREST

TLL has received research funding from Ventana 
Medical Systems.

FINANCIAL SUPPORT

Funding for this research was provided in part by 
a Transformative Impact Award from the Department 
of Defense (DOD) Congressionally Directed Medical 
Research Program (W81XWH-12-PCRP-TIA) and the 
NIH/NCI Prostate SPORE P50CA58236 and DOD 
Prostate Cancer Biospecimen Network (PCBN) Awards 
(W81XWH-14-2-0182 and W81XWH-14-2-0183). 
The generous support of WBI by William T Gerrard, 
Mario Duhon, John and Jennifer Chalsty is gratefully 
acknowledged.

REFERENCES

 1. Eeles R, Goh C, Castro E, Bancroft E, Guy M, Al Olama AA, 
Easton D, Kote-Jarai Z. The genetic epidemiology of 
prostate cancer and its clinical implications. Nat Rev Urol. 
2014; 11:18–31.



Oncotarget22780www.impactjournals.com/oncotarget

 2. Lynch HT, Kosoko-Lasaki O, Leslie SW, Rendell M, Shaw T, 
Snyder C, D'Amico AV, Buxbaum S, Isaacs WB, Loeb S, 
Moul JW, Powell I. Screening for familial and hereditary 
prostate cancer. Int J Cancer. 2016; 138:2579–2591.

 3. Ewing CM, Ray AM, Lange EM, Zuhlke KA, Robbins CM, 
Tembe WD, Wiley KE, Isaacs SD, Johng D, Wang Y, Bizon C, 
Yan G, Gielzak M, et al. Germline mutations in HOXB13 and 
prostate-cancer risk. N Engl J Med. 2012; 366:141–149.

 4. Breyer JP, Avritt TG, McReynolds KM, Dupont WD, 
Smith JR. Confirmation of the HOXB13 G84E germline 
mutation in familial prostate cancer. Cancer Epidemiol 
Biomarkers Prev. 2012; 21:1348–1353.

 5. Akbari MR, Trachtenberg J, Lee J, Tam S, Bristow R, 
Loblaw A, Narod SA, Nam RK. Association between 
germline HOXB13 G84E mutation and risk of prostate 
cancer. J Natl Cancer Inst. 2012; 104:1260–1262.

 6. Shang Z, Zhu S, Zhang H, Li L, Niu Y. Germline homeobox 
B13 (HOXB13) G84E mutation and prostate cancer risk in 
European descendants: a meta-analysis of 24,213 cases and 
73, 631 controls. Eur Urol. 2013; 64:173–176.

 7. MacInnis RJ, Severi G, Baglietto L, Dowty JG, Jenkins MA, 
Southey MC, Hopper JL, Giles GG. Population-based 
estimate of prostate cancer risk for carriers of the HOXB13 
missense mutation G84E. PLoS One. 2013; 8:e54727.

 8. Chen Z, Greenwood C, Isaacs WB, Foulkes WD, Sun J, 
Zheng SL, Condreay LD, Xu J. The G84E mutation of 
HOXB13 is associated with increased risk for prostate 
cancer: results from the REDUCE trial. Carcinogenesis. 
2013; 34:1260–1264.

 9. Kluzniak W, Wokolorczyk D, Kashyap A, Jakubowska A, 
Gronwald J, Huzarski T, Byrski T, Debniak T, Golab A, 
Gliniewicz B, Sikorski A, Switala J, Borkowski T, et al. The 
G84E mutation in the HOXB13 gene is associated with an 
increased risk of prostate cancer in Poland. Prostate. 2013; 
73:542–548.

10. Stott-Miller M, Karyadi DM, Smith T, Kwon EM, Kolb S, 
Stanford JL, Ostrander EA. HOXB13 mutations in a 
population-based, case-control study of prostate cancer. 
Prostate. 2013; 73:634–641.

11. Xu J, Lange EM, Lu L, Zheng SL, Wang Z, Thibodeau SN, 
Cannon-Albright LA, Teerlink CC, Camp NJ, Johnson AM, 
Zuhlke KA, Stanford JL, Ostrander EA, et al. HOXB13 is 
a susceptibility gene for prostate cancer: results from the 
International Consortium for Prostate Cancer Genetics 
(ICPCG). Human genetics. 2013; 132:5–14.

12. Huang H, Cai B. G84E mutation in HOXB13 is firmly 
associated with prostate cancer risk: a meta-analysis. Tumour 
biology. 2014; 35:1177–1182.

13. Economides KD, Capecchi MR. Hoxb13 is required for 
normal differentiation and secretory function of the ventral 
prostate. Development. 2003; 130:2061–2069.

14. Norris JD, Chang CY, Wittmann BM, Kunder RS, Cui H, 
Fan D, Joseph JD, McDonnell DP. The homeodomain 

protein HOXB13 regulates the cellular response to 
androgens. Mol Cell. 2009; 36:405–416.

15. Cancer Genome Atlas Research N. The Molecular 
Taxonomy of Primary Prostate Cancer. Cell. 2015; 
163:1011–1025.

16. Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM, 
Mehra R, Sun XW, Varambally S, Cao X, Tchinda J, 
Kuefer R, Lee C, Montie JE, Shah RB, et al. Recurrent 
fusion of TMPRSS2 and ETS transcription factor genes in 
prostate cancer. Science. 2005; 310:644–648.

17. Pettersson A, Graff RE, Bauer SR, Pitt MJ, Lis RT, 
Stack EC, Martin NE, Kunz L, Penney KL, Ligon AH, 
Suppan C, Flavin R, Sesso HD, et al. The TMPRSS2:ERG 
rearrangement, ERG expression, and prostate cancer 
outcomes: a cohort study and meta-analysis. Cancer 
Epidemiol Biomarkers Prev. 2012; 21:1497–1509.

18. Tomlins SA, Mehra R, Rhodes DR, Smith LR, Roulston D, 
Helgeson BE, Cao X, Wei JT, Rubin MA, Shah RB, 
Chinnaiyan AM. TMPRSS2:ETV4 gene fusions define a 
third molecular subtype of prostate cancer. Cancer Res. 
2006; 66:3396–3400.

19. Magi-Galluzzi C, Tsusuki T, Elson P, Simmerman K, 
LaFargue C, Esgueva R, Klein E, Rubin MA, Zhou M. 
TMPRSS2-ERG gene fusion prevalence and class are 
significantly different in prostate cancer of Caucasian, 
African-American and Japanese patients. Prostate. 2011; 
71:489–497.

20. Rosen P, Pfister D, Young D, Petrovics G, Chen Y, Cullen J, 
Bohm D, Perner S, Dobi A, McLeod DG, Sesterhenn IA, 
Srivastava S. Differences in frequency of ERG oncoprotein 
expression between index tumors of Caucasian and African 
American patients with prostate cancer. Urology. 2012; 
80:749–753.

21. Tomlins SA, Alshalalfa M, Davicioni E, Erho N, 
Yousefi K, Zhao S, Haddad Z, Den RB, Dicker AP, 
Trock BJ, DeMarzo AM, Ross AE, Schaeffer EM, et al. 
Characterization of 1577 primary prostate cancers reveals 
novel biological and clinicopathologic insights into 
molecular subtypes. Eur Urol. 2015; 68:555–567.

22. Tosoian JJ, Almutairi F, Morais CL, Glavaris S, Hicks J, 
Sundi D, Humphreys E, Han M, De Marzo AM, Ross AE, 
Tomlins SA, Schaeffer EM, Trock BJ, et al. Prevalence 
and Prognostic Significance of PTEN Loss in African-
American and European-American Men Undergoing 
Radical Prostatectomy. Eur Urol. 2017; 71:697–700.

23. Guedes LB. PTEN Loss in Gleason Score 3 + 4 = 7 Prostate 
Biopsies is Associated with Non-Organ Confined Disease at 
Radical Prostatectomy. J Urol. 2017; 197:1054–1059.

24. Khani F, Mosquera JM, Park K, Blattner M, O'Reilly C, 
MacDonald TY, Chen ZM, Srivastava A, Tewari AK, 
Barbieri CE, Rubin MA, Robinson BD. Evidence for 
Molecular Differences in Prostate Cancer between African 
American and Caucasian Men. Clin Cancer Res. 2014; 
20:4925–4934.



Oncotarget22781www.impactjournals.com/oncotarget

25. Steck PA, Pershouse MA, Jasser SA, Yung WK, Lin H, 
Ligon AH, Langford LA, Baumgard ML, Hattier T, 
Davis T, Frye C, Hu R, Swedlund B, et al. Identification 
of a candidate tumour suppressor gene, MMAC1, at 
chromosome 10q23.3 that is mutated in multiple advanced 
cancers. Nature genetics. 1997; 15:356–362.

26. Lotan TL, Gurel B, Sutcliffe S, Esopi D, Liu W, Xu J, 
Hicks JL, Park BH, Humphreys E, Partin AW, Han M, 
Netto GJ, Isaacs WB, et al. PTEN protein loss by 
immunostaining: analytic validation and prognostic 
indicator for a high risk surgical cohort of prostate cancer 
patients. Clin Cancer Res. 2011; 17:6563–6573.

27. Ahearn TU, Pettersson A, Ebot EM, Gerke T, Graff RE, 
Morais CL, Hicks JL, Wilson KM, Rider JR, Sesso HD, 
Fiorentino M, Flavin R, Finn S, et al. A Prospective 
Investigation of PTEN Loss and ERG Expression in Lethal 
Prostate Cancer. J Natl Cancer Inst. 2016; 108.

28. Lotan TL, Carvalho FL, Peskoe SB, Hicks JL, Good J, 
Fedor HL, Humphreys E, Han M, Platz EA, Squire JA, 
De Marzo AM, Berman DM. PTEN loss is associated 
with upgrading of prostate cancer from biopsy to radical 
prostatectomy. Mod Pathol. 2015; 28:128–137.

29. Lotan TL, Wei W, Morais CL, Hawley ST, Fazli L, 
Hurtado-Coll A, Troyer D, McKenney JK, Simko J, 
Carroll PR, Gleave M, Lance R, Lin DW, et al. PTEN Loss 
as Determined by Clinical-grade Immunohistochemistry 
Assay Is Associated with Worse Recurrence-free Survival 
in Prostate Cancer. Eur Urol Focus. 2016; 2:180–188.

30. King JC, Xu J, Wongvipat J, Hieronymus H, Carver BS, 
Leung DH, Taylor BS, Sander C, Cardiff RD, Couto SS, 
Gerald WL, Sawyers CL. Cooperativity of TMPRSS2-ERG 
with PI3-kinase pathway activation in prostate oncogenesis. 
Nat Genet. 2009; 41:524–526.

31. Yoshimoto M, Joshua AM, Cunha IW, Coudry RA, 
Fonseca FP, Ludkovski O, Zielenska M, Soares FA, 
Squire JA. Absence of TMPRSS2:ERG fusions and PTEN 
losses in prostate cancer is associated with a favorable 
outcome. Mod Pathol. 2008; 21:1451–1460.

32. Gumuskaya B, Gurel B, Fedor H, Tan HL, Weier CA, 
Hicks JL, Haffner MC, Lotan TL, De Marzo AM. 
Assessing the order of critical alterations in prostate cancer 
development and progression by IHC: further evidence that 
PTEN loss occurs subsequent to ERG gene fusion. Prostate 
Cancer Prostatic Dis. 2013; 16:209–215.

33. Bismar TA, Yoshimoto M, Vollmer RT, Duan Q, Firszt M, 
Corcos J, Squire JA. PTEN genomic deletion is an early 
event associated with ERG gene rearrangements in prostate 
cancer. BJU international. 2011; 107:477–485.

34. Beebe-Dimmer JL, Isaacs WB, Zuhlke KA, Yee C, Walsh PC, 
Isaacs SD, Johnson AM, Ewing CE, Humphreys EB, 
Chowdhury WH, Montie JE, Cooney KA. Prevalence of the 
HOXB13 G84E prostate cancer risk allele in men treated with 
radical prostatectomy. BJU Int. 2014; 113:830–835.

35. Kote-Jarai Z, Mikropoulos C, Leongamornlert DA, 
Dadaev T, Tymrakiewicz M, Saunders EJ, Jones M, 

Jugurnauth-Little S, Govindasami K, Guy M, Hamdy FC, 
Donovan JL, Neal DE, et al. Prevalence of the HOXB13 
G84E germline mutation in British men and correlation 
with prostate cancer risk, tumour characteristics and clinical 
outcomes. Ann Oncol. 2015; 26:756–761.

36. Storebjerg TM, Hoyer S, Kirkegaard P, Bro F, LuCamp 
Study G, Orntoft TF, Borre M, Sorensen KD. Prevalence 
of the HOXB13 G84E mutation in Danish men undergoing 
radical prostatectomy and its correlations with prostate 
cancer risk and aggressiveness. BJU Int. 2016; 118:646–653.

37. Smith SC, Palanisamy N, Zuhlke KA, Johnson AM, Siddiqui J, 
Chinnaiyan AM, Kunju LP, Cooney KA, Tomlins SA. HOXB13 
G84E-related familial prostate cancers: a clinical, histologic, and 
molecular survey. Am J Surg Pathol. 2014; 38:615–626.

38. Kunju LP, Carskadon S, Siddiqui J, Tomlins SA, 
Chinnaiyan AM, Palanisamy N. Novel RNA hybridization 
method for the in situ detection of ETV1, ETV4, and ETV5 
gene fusions in prostate cancer. Appl Immunohistochem. 
Mol Morphol. 2014; 22:e32–40.

39. Tomlins SA, Rhodes DR, Yu J, Varambally S, Mehra R, 
Perner S, Demichelis F, Helgeson BE, Laxman B, 
Morris DS, Cao Q, Cao X, Andren O, et al. The role of 
SPINK1 in ETS rearrangement-negative prostate cancers. 
Cancer cell. 2008; 13:519–528.

40. Haffner MC, Aryee MJ, Toubaji A, Esopi DM, Albadine R, 
Gurel B, Isaacs WB, Bova GS, Liu W, Xu J, Meeker AK, 
Netto G, De Marzo AM, et al. Androgen-induced TOP2B-
mediated double-strand breaks and prostate cancer gene 
rearrangements. Nat Genet. 2010; 42:668–675.

41. Krohn A, Diedler T, Burkhardt L, Mayer PS, De Silva C, 
Meyer-Kornblum M, Kotschau D, Tennstedt P, Huang J, 
Gerhauser C, Mader M, Kurtz S, Sirma H, et al. Genomic 
deletion of PTEN is associated with tumor progression and 
early PSA recurrence in ERG fusion-positive and fusion-
negative prostate cancer. Am J Pathol. 2012; 181:401–412.

42. Reid AH, Attard G, Ambroisine L, Fisher G, Kovacs G, 
Brewer D, Clark J, Flohr P, Edwards S, Berney DM, 
Foster CS, Fletcher A, Gerald WL, et al. Molecular 
characterisation of ERG, ETV1 and PTEN gene loci 
identifies patients at low and high risk of death from 
prostate cancer. Br J Cancer. 2010; 102:678–684.

43. Gopalan A, Leversha MA, Dudas ME, Maschino AC, 
Chang J, Al-Ahmadie HA, Chen YB, Tickoo SK, Reuter VE, 
Fine SW. TMPRSS2-ERG rearrangement in dominant anterior 
prostatic tumours: incidence and correlation with ERG 
immunohistochemistry. Histopathology. 2013; 63:279–286.

44. Faisal FA, Sundi D, Tosoian JJ, Choeurng V, Alshalalfa M, 
Ross AE, Klein E, Den R, Dicker A, Erho N, Davicioni E, 
Lotan TL, Schaeffer EM. Racial Variations in Prostate Cancer 
Molecular Subtypes and Androgen Receptor Signaling 
Reflect Anatomic Tumor Location. Eur Urol. 2016; 70:14–17.

45. Al-Ahmadie HA, Tickoo SK, Olgac S, Gopalan A, 
Scardino PT, Reuter VE, Fine SW. Anterior-predominant 
prostatic tumors: zone of origin and pathologic outcomes at 
radical prostatectomy. Am J Surg Pathol. 2008; 32:229–235.



Oncotarget22782www.impactjournals.com/oncotarget

46. Lotan TL, Wei W, Ludkovski O, Morais CL, Guedes LB, 
Jamaspishvili T, Lopez K, Hawley ST, Feng Z, Fazli L, 
Hurtado-Coll A, McKenney JK, Simko J, et al. Analytic 
validation of a clinical-grade PTEN immunohistochemistry 
assay in prostate cancer by comparison with PTEN FISH. 
Mod Pathol. 2016; 29:904–914.

47. Chaux A, Albadine R, Toubaji A, Hicks J, Meeker A, 
Platz EA, De Marzo AM, Netto GJ. Immunohistochemistry 
for ERG expression as a surrogate for TMPRSS2-ERG 
fusion detection in prostatic adenocarcinomas. Am J Surg 
Pathol. 2011; 35:1014–1020.

48. Keskivali T, Kujala P, Visakorpi T, Tammela TL, Murtola TJ. 
Statin use and risk of disease recurrence and death after 
radical prostatectomy. Prostate. 2016; 76:469–478.

49. Leinonen KA, Saramaki OR, Furusato B, Kimura T, 
Takahashi H, Egawa S, Suzuki H, Keiger K, Ho Hahm S, 
Isaacs WB, Tolonen TT, Stenman UH, Tammela TL, et al. 
Loss of PTEN is associated with aggressive behavior 
in ERG-positive prostate cancer. Cancer Epidemiol 
Biomarkers Prev. 2013; 22:2333–2344.

50. Svensson MA, Perner S, Ohlson AL, Day JR, Groskopf J, 
Kirsten R, Sollie T, Helenius G, Andersson SO, 
Demichelis F, Andren O, Rubin MA. A comparative study 

of ERG status assessment on DNA, mRNA, and protein 
levels using unique samples from a Swedish biopsy cohort. 
Appl Immunohistochem. Mol Morphol. 2014; 22:136–141.

51. Kuhn E, Kurman RJ, Vang R, Sehdev AS, Han G, 
Soslow R, Wang TL, Shih I. TP53 mutations in serous 
tubal intraepithelial carcinoma and concurrent pelvic high-
grade serous carcinoma—evidence supporting the clonal 
relationship of the two lesions. J Pathol. 2012; 226:421–426.

52. Weier C, Haffner MC, Mosbruger T, Esopi DM, Hicks J, 
Zheng Q, Fedor H, Isaacs WB, De Marzo AM, Nelson WG, 
Yegnasubramanian S. Nucleotide resolution analysis of 
TMPRSS2 and ERG rearrangements in prostate cancer.  
J Pathol. 2013; 230:174–183.

53. Tomlins SA, Laxman B, Dhanasekaran SM, Helgeson BE, 
Cao X, Morris DS, Menon A, Jing X, Cao Q, Han B, Yu J, 
Wang L, Montie JE, et al. Distinct classes of chromosomal 
rearrangements create oncogenic ETS gene fusions in 
prostate cancer. Nature. 2007; 448:595–599.


