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�Introduction

Prostate cancer represents the only carcinoma 
containing a common chromosomal rearrange-
ment, resulting in an oncogenic fusion gene: 
TMRPSS2/ERG. About one-half of prostate 
tumors have a rearrangement of chromosome 21 
that fuses the promoter and 5′ untranslated region 
(5′ UTR) of TMPRSS2 to the open reading frame 
of ERG [1]. ERG is normally silent in adult pros-
tate epithelial cells, while TMRPSS2 is androgen-
responsive and highly expressed in the prostate. 
The TMPRSS2/ERG fusion gene usually results 
in prostate cells that express either a full-length, 
or N-terminally truncated ERG protein, depend-
ing on the breakpoint [2]. Transgenic mouse 
models indicate that ERG expression in prostate 
epithelial cells promotes carcinogenesis, but only 
in collaboration with a second oncogenic “hit” 
[3–6]. ERG encodes an ETS family transcription 
factor that has the potential to alter gene expres-
sion patterns. In addition to the TMPRSS2/ERG 

rearrangement, prostate cancers have other recur-
rent rearrangements that similarly promote the 
expression of additional ETS factors such as 
ETV1 and ETV4 [2]. These findings indicate that 
ETS family transcription factors can play key 
roles in promoting prostate cancer. This chapter 
will discuss the role of ETS factors in prostate 
cancer with a focus on recently uncovered molec-
ular mechanisms that could point the way to 
ETS-targeted therapeutics.

�ETS Family Transcription Factors

�What Is an ETS Factor?

The ETS family of transcription factors are 
encoded by 28 genes in the human genome [7]. 
ETS factors are defined by a conserved ETS 
DNA binding domain consisting of a winged-
helix-turn-helix structure that can bind DNA 
monomerically. In vitro DNA sequence specific-
ity of ETS domains have been extensively mea-
sured, and every ETS factor requires a GGA(A/T) 
sequence for high-affinity DNA binding. An 
extended consensus binding sequence of 
CCGGAAGT is common in the family, with a 
handful of members displaying slightly different 
preferences [8]. Due to this overlapping sequence 
preference it is difficult to predict which family 
member will bind an ETS binding sequence in 
vivo, and competition for binding sites between 
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family members is likely. For this reason, when a 
new ETS factor is expressed in a cell, such as 
when the TMRPSS2/ERG rearrangement occurs 
in prostate cells, it is possible that changes in 
gene expression could be the result of transcrip-
tional changes driven by the newly expressed 
ETS factor, and/or changes caused by displace-
ment of an endogenous ETS factor.

A phylogenetic comparison of the ETS 
domain divides the ETS family into subclasses of 
up to three members each, with ERG in the ERG 
subfamily and ETV1 and ETV4 in the PEA3 sub-
family (Fig. 1). Within each of these subclasses 
there tends to be homology across the entire pro-

tein, however, a comparison between any two 
subclasses shows that the only homology is in the 
ETS DNA binding domain. This diversity of 
sequence outside of the DNA binding domain 
results in diverse molecular mechanisms, with 
some members acting as transcriptional activa-
tors, and others as transcriptional repressors, and 
with members responding in distinct ways to sig-
naling pathways [7].

ETS transcription factors are extensively co-
expressed in all cell types [9]. There are 8–10 
ETS factors that are ubiquitously expressed, 
while others have varying levels of tissue speci-
ficity. Most cell types, normal prostate epithelia 
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included, express 15–20 ETS factors at the 
mRNA level [9]. SPDEF is the most highly 
expressed ETS mRNA in normal prostate, and 
one early name for this gene was prostate-derived 
ETS factor (PDEF). Likewise, the ETS factors 
ELF3 and EHF are highly expressed in multiple 
epithelial cell types including prostate epithelia 
and were historically named ESE1 and ESE3 for 
“Epithelial Specific ETS”. Consistent with a role 
in maintaining normal prostate epithelial identity, 
SPDEF, ELF3 and EHF have all been reported to 
be potential tumor suppressive genes in the 
prostate [10–12]. Such tumor suppressive roles 
will be discussed in more detail later in this 
chapter.

�ETS Factors Aberrantly Expressed 
in Prostate Cancer

Three members of the ETS transcription factor 
family, ERG, ETV1, and ETV4 are not expressed 
in normal adult prostate cells [9], but are com-
monly expressed in prostate cancer cells due to 
chromosomal rearrangements [2]. Most common 
is ERG overexpression, which is due to ERG 
gene rearrangement in 40–50% of prostate 
tumors [13, 14]. ETV1 rearrangement is the sec-
ond most common and is found in 8–10% of 
tumors. ETV4 is rearranged in 2–5% of cases. 
These rearrangements tend to be mutually exclu-
sive, indicating that they have similar roles as 
oncogenes (Fig.  2). Transgenic expression of 
ERG, ETV1, and ETV4 in mouse prostates indi-
cate that all three are oncogenic, although in all 
three cases additional “hits” are needed to pro-
mote robust tumorigenesis [3–5, 15–17]. These 
additional hits usually involve activation of onco-
genic signaling pathways, and the necessity of 
these pathways will be discussed later in the 
chapter. Since ~85% of prostate tumors that har-
bor ETS rearrangements have the TMPRSS2/
ERG rearrangement, most research has aimed to 
understand the molecular consequences of ecto-
pic ERG expression in the prostate. Based on the 
incidence and these experimental findings, it is 
clear that ERG, ETV1, and ETV4 are all prostate 
cancer oncogenes.

Recent paired-end sequencing of large num-
bers of prostate tumors has revealed that these 
tumors can have large numbers of gene rear-
rangements [14]. Due to this, thousands of genes 
have been found to be rearranged at low fre-
quency (<2%) in prostate tumors. Inevitably, 
some of these genes are in the ETS family. But 
are these rearrangements passenger or driver 
mutations? In addition to the frequently rear-
ranged ERG, ETV1, and ETV4, the ETS genes 
ETV5, FLI1 and ELK4 are rearranged at low fre-
quency in prostate tumors [18–20]. Importantly, 
ETV5 and FLI1 are not expressed in normal pros-
tate cells, however ELK4 expression in normal 
prostate is relatively high [9], and it is possible 
that ELK4 rearrangements discovered at the RNA 
level are due to trans-splicing, rather than DNA 
rearrangement. To date, no transgenic mouse 
models have been reported that can be used to 
determine if gene fusion of FLI1, ETV5, or ELK4 
in the prostate is oncogenic. We and others have 
used cell line models to test the role of over-
expressing various ETS factors. In these studies, 
ETV5 has similar roles to ERG, ETV1, and ETV4 
when expressed in normal prostate RWPE-1 cells 
[20, 21], suggesting that ETV5 fusions are onco-
genic. In all, we have tested 12 ETS genes, 
including FLI1, in in vitro assays, but only ERG, 
ETV1, ETV4, and ETV5 promoted common 
oncogene-related functions such as cell migra-
tion [21, 22]. Intriguingly, these four ETS factors 
also share a common molecular mechanism, 
which will be discussed later in the chapter.

�ETS Gene Fusions in Prostate Cancer

�5′ Fusion Partners and Fusion 
Products

ETS gene fusions have been assayed in tumor 
samples by various techniques including reverse 
transcription polymerase chain reaction (RT-PCR), 
fluorescence in situ hybridization (FISH), and 
rapid amplification of cDNA ends (RACE). The 
frequency of each fusion type varies in the litera-
ture depending on cohort selection and detection 
technique, and these incongruities have been 
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reviewed elsewhere [23, 24]. However, recurrent 
ETS rearrangements exclusively involve fusion of 
the 3′ end of ETS genes, which include the ETS 
DNA binding domain. The 5′ partners most often 
donate promoters that drive high expression in 
prostate cells, allowing the aberrant expression of 
oncogenic ETS at high levels. The most common 
5′ fusion partners are androgen responsive, yet 
androgen insensitive and androgen repressed 
fusion partners have been characterized [23]. 
TMPRSS2, an androgen responsive gene, is the 
most frequent 5′ partner [1]. While TMPRSS2/
ERG accounts for the majority of ETS rearrange-

ments, TMPRSS2 is also found rearranged with 
ETV1, ETV4, and ETV5 at lower frequencies [20, 
25, 26]. Rarer 5′ fusion partners of ERG are 
SLC45A3, NDRG1, and HERPUD1 [23, 24, 27]. 
ETV1 5′ fusion partners include TMPRSS2, 
SLC45A3, HERV-K, HERVK17, C15ORF21, 
HNRPA2B1, OR51E2, EST14, FLJ35294, FOXP1, 
and ACSLS [1, 2, 24, 28]; and reported ETV4 5′ 
fusion partners are TMPRSS2, SLC45A3, CANT1, 
KLK2, DDX5, HERVK17, and UBTF [28–30]. 
While 5′ fusion partners are diverse, the congru-
ency of 3′ fusion partners indicates an oncogenic 
ETS requirement for these rearrangement-driven 
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prostate cancers. Rare cases in which patients with 
ERG rearrangements also have ETV1 or ETV4 
fusions ([13, 19, 31]; Fig. 2) have been reported 
and sometimes arise from discrete foci; However, 
multiple ETS rearrangements have been reported 
in the same focus [32]. Regardless, these observa-
tions exemplify the heterogeneous nature of pros-
tate tumors and tendency towards these genetic 
alterations.

Aside from diversity at the 5′ end, additional 
ETS rearrangement diversity can arise from 
breakpoint site variation. Many TMPRSS2/ERG 
fusions have been reported, and contain either the 
first, second, or third exon of TMPRSS2 joined to 
exon 2, 3, 4, 5, or 6 of ERG [31, 33]. Briefly, the 
most common breakpoint in prostate cancer 
results in the fusion of the 5′ UTR exon 1 of 
TMPRSS2 to exon 3 of ERG, resulting in an 
N-terminally truncated ERG protein (ERGΔ32; 
named from NCBI ERG isoform 1). Other com-
mon fusion products are ERGΔ92 (exon 1 of 
TMPRSS2 fused to exon 4 of ERG) and fusions 
that result in expression of full-length ERG 
(fusions prior to ERG exon 3). In more rare cases 
part of the open reading frame of TMPRSS2 is 
fused to different breakpoints in ERG resulting in 
some TMPRSS2 coded amino acids fused to the 
N-terminus of ERG. At the RNA level, alterna-
tive splicing of TMPRSS2/ERG can occur [31]. 
This potentiates the expression of multiple fusion 
protein products in the same tumor; however, the 
oncogenic contribution of different TMPRSS2/
ERG variants is not fully understood. Transcripts 
encoding smaller ERG truncations can be found 
co-expressed in samples with larger fusion pro-
teins [31]. These smaller truncations are likely 
alternatively spliced products of TMPRSS2/ERG, 
and it is unknown if they contribute to ERG-
mediated oncogenesis.

�Demographics of Patients  
with ETS-Positive Prostate Cancer

Occurrence of the TMRPSS2/ERG fusion in pros-
tate cancer differs significantly among different 
demographic groups. Despite the higher inci-
dence and mortality of prostate cancer in men of 

African descent [34], this group has a lower fre-
quency of TMPRSS2/ERG rearrangement. In a 
recent meta-analysis, 49% of prostate tumors 
from men of European decent expressed ERG, 
while only 27% of tumors from men of Asian 
descent, and 25% of tumors from men of African 
descent expressed ERG [35]. ERG-positivity in 
North Indian patients resembles that of the inci-
dence for Caucasians [36]. It is unknown if these 
discrepancies are due to common alternative 
mechanisms that drive prostate tumors in men of 
African and Asian descent, or if it is due to a 
lower likelihood of ERG gene rearrangement or 
repressed ERG function in these populations. 
The TMPRSS2/ERG fusion is more predominant 
in early onset prostate cancer, affecting men less 
than 50 years old [37, 38].

�Molecular Stratification of  
ETS-Positive Prostate Cancers

Classification of prostate cancer into molecular 
subtypes is an important step in the development 
and use of precision medicines. ETS-positive 
prostate cancer has emerged as the largest molec-
ular subtype, but the mutational landscape of 
ERG-positive (and ERG-negative) prostate can-
cers are still being investigated. Much of what we 
know about the molecular stratification of pros-
tate cancer comes from the in depth molecular 
analysis of 333 primary prostate cancers by The 
Cancer Genome Atlas Research Network [13]. 
We will discuss prominent co-occurring and 
mutually exclusive genetic alterations with ETS 
fusions (profiling ERG expression in Fig. 3), but 
further reading should be directed to the above 
reference. The concurrence between the 
TMPRSS2/ERG rearrangement and PTEN 
silencing has been well characterized [36, 39]. 
The correlation is significant in prostatectomy 
samples and primary tumors but not in castration 
resistant prostate cancer (CRPC), where PTEN 
loss in ERG-positive cases typifies aggressive 
disease [40]. Other prostate cancer molecular 
subtypes, such as SPINK1 positive, SPOP 
mutant, and CHD1 mutant are mutually exclu-
sive with ETS-rearrangements regardless of stage 
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(Fig. 3) [19, 39–44]. Interestingly, in some pri-
mary prostate cancers, ETV1 and ETV4 have 
been found overexpressed but not rearranged. 
Although the mechanism is undefined, these 
tumors are mutually exclusive with those harbor-
ing ETS rearrangements [13]. Tumor heterogene-
ity is an important factor in calling molecular 
subtypes; for example, mutational co-occurrence 
increases from single cell to single foci to whole 
tumor. The same tumor can be called ETS-
positive or ETS-negative, depending on where 
the biopsy was taken [31]. Correct calling of the 
molecular subtype of a tumor underlies a critical 
obstacle in linking molecular subtypes to clinico-
pathological indicators and treatment course.

�Clinicopathological Value 
of Oncogenic ETS

Because the TMPRSS2/ERG fusion gene is 
unique to prostate cancer cells and because ETS 

rearrangements result in much higher expression 
of oncogenic ETS in malignant tissue compared 
to adjacent normal tissue [1, 45, 46], the presence 
of the TMRPSS2/ERG fusion and/or expression 
of oncogenic ETS have emerged as clinical bio-
markers of a cancerous prostate. Yet the connec-
tion between various clinicopathological 
indicators and ETS-positivity has not been fully 
determined. Cohort selection, evaluation, and 
mutational background differences potentially 
underlie the controversial prognostic value of 
oncogenic ETS. In a cohort of patients with local-
ized prostate cancer undergoing “watchful wait-
ing” therapy, a significant correlation was found 
with TMPRSS2/ERG-positive tumors and lethal-
ity [47]. Other groups have reported similar rela-
tionships between ERG positivity and active 
surveillance progression [48–50], suggesting the 
value of TMPRSS2/ERG as a prognosticator for 
risk of disease progression. However, in post-
prostatectomy patients, ERG protein expression 
was found to correlate positively with longer pro-
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gression free survival [40]. Similarly, ERG-
positivity was found to be associated with longer 
recurrence free survival and longer overall sur-
vival in localized and castration resistant prostate 
cancer [51]. In contrast, no connection was found 
between ERG and prognosis in a separate radical 
prostatectomy cohort [52]. Additionally, patients 
with TMPRSS2/ERG and loss of PTEN were 
found to have shorter survival than ERG-/PTEN-
patients [53]. ERG expression levels, rather than 
mere presence, correlates with aggression and 
disease stage and could be used for a more accu-
rate prognosis [54]. It should be noted that 
because most ERG gene rearrangements result in 
androgen-driven ERG expression, the level of 
ERG in these prostate tumors may be indicative 
of high activity of the androgen receptor (AR), 
and it may be difficult to parse out whether phe-
notypes are due to high ERG or high AR activity. 
Clearly, a multivariate approach is necessary for 
understanding the risk associated with oncogenic 
ETS-positivity.

Recently, efforts have been made to develop 
screening assays to detect TMPRSS2/ERG by 
transcription-mediated amplification in the 
urine and serum to allow for early detection 
without biopsy. In this application TMPRSS2/
ERG represents an ideal biomarker as it is an 
RNA that is completely tumor specific, and 
therefore the detection of even small amounts 
can be considered positive. The Mi-Prostate 
Score (MiPS) is a commercially available logis-
tic regression model that uses detection of urine 
TMPRSS2/ERG as well as urine prostate cancer 
antigen 3 (PCA) normalized to PSA to predict 
prostate cancer and high-grade prostate cancer 
on biopsy [55]. MiPS has been shown to reduce 
biopsies by 51% [56]. PCA3 and TMPRSS2/
ERG urine levels are significantly associated 
with high grade disease [53].

Since methods for detecting ETS fusions are 
abundant, relatively inexpensive, and precise, 
another hope is that variants of ETS fusions might 
contain more prognostic value. Several splice 
variants of TMPRSS2/ERG have been reported in 
clinical samples. Retention of both exons 10 and 
11 of ERG is correlated with advanced disease 
[57]. Additionally, expression of TMPRSS2/ERG 

fusions resulting from distinct breakpoints may 
have prognostic value. The type VI fusion, in 
which the TMPRSS2 start codon in exon 2 is in 
frame with exon 4 of ERG, is associated with 
aggressive disease measured by early PSA recur-
rences and seminal vesicle invasion [33].

�Generation of TMPRSS2/ERG Fusions

How do gene fusions occur in prostate epithelial 
cells? The prevalence of chromosomal rearrange-
ments in leukemias and lymphomas could be due 
to the misapplication of the cellular machinery 
used to rearrange the immunoglobulin and T cell 
receptor loci. However, the discovery of common 
chromosomal rearrangements in prostate cancer 
was a surprise, as there is no such obvious mech-
anism to explain their occurrence. It is not clear 
why prostate cancer appears to be unique among 
carcinomas in this molecular cause. Prostate can-
cer is similar to many types of sarcoma, where 
oncogenic fusion genes are also common. 
Interestingly, the TMPRSS2/ERG fusion can be 
generated in rare cells in cell culture. Two prereq-
uisites have been found necessary for the forma-
tion of the TMPRSS2/ERG fusion: (1) induced 
proximity of breakpoint regions and (2) DNA 
damage directed to breakpoint sites and subse-
quent aberrant repair. AR and topoisomerase II 
beta (TOP2B) bind to the TMPRSS2 and ERG 
breakpoints [58, 59], bringing these distal regions 
into close proximity in response to androgen 
stimulation in androgen responsive cells [58, 60]. 
TOP2B recruitment facilitates double stranded 
DNA breaks at the TMPRSS2 and ERG break-
points, which upon recombination produce 
TMPRSS2/ERG [59]. Additionally, treatment 
with ionizing radiation [60] or TNFα [61] allows 
for de novo formation of TMPRSS2/ERG in 
androgen stimulated cells. Injecting a prostate 
cancer cell line into LPS treated air pouches of 
immunocompetent mice allowed formation of 
TMPRSS2/ERG [61]. Recently, the oncoprotein 
BRD4 has been shown to promote formation of 
TMPRSS2/ERG by facilitating DNA double 
stranded break repair via non-homologous end 
joining [62].
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�ETS Factors as Oncogenes 
and Tumor Suppressors

�The Physiological Role of Oncogenic 
ETS

The normal function of oncogenic ETS in endog-
enous tissue should give clues to their functions 
when aberrantly expressed in prostatic tissue. 
ERG, ETV1 and ETV4 are tissue specific tran-
scriptions factors and thus induce tissue specific 
gene programs important for development and 
maintenance. Oncogenic ETS factors belong to 
two subfamilies of ETS factors: the PEA3 and 
ERG subfamilies (Fig. 1). The PEA3 subfamily 
consists of ETV1, ETV4, and ETV5; and the 
ERG subfamily contains ERG, FLI1 and 
FEV. While homology between members of the 
same subfamily is high, members of different 
subfamilies only have homology in the ETS DNA 
binding domain, therefore ERG has little 
sequence similarity with ETV1 and ETV4. ETS 
factors are found throughout metozoan lineages. 
While some ETS factors are ubiquitous house-
keepers, numerous developmental studies in 
mice and zebrafish show distinct spatio-temporal 
expression patterns of ERG, ETV1, and ETV4 
orthologs. The tissue specific expression patterns 
of ERG, ETV1, and ETV4 suggest that these 
ETS factors control distinct gene programs that 
give rise to specialized organ function. ERG is 
predominantly expressed in hematopoietic stem 
cells and endothelial cells [63], regulating pro-
grams important for stem-cell self-renewal in 
hematopoietic cells and angiogenesis and migra-
tion in endothelial cells [64–67]. The ETVs, on 
the other hand, are mostly expressed in embry-
onic epithelial tissues including the developing 
lung, kidney, salivary gland, and mammary gland 
and promote branching morphogenesis during 
murine embryogenesis [68]. While the ETVs 
seem to function redundantly as fibroblast growth 
factor (FGF) signaling effectors [69–72], slightly 
divergent spatio-temporal expression throughout 
development and adulthood suggests tissue-spe-
cific functions [73, 74]. A common feature 
between ERG and the PEA3 factors may be func-
tions related to the maintenance of tissue specific 

stem cells. Mice with ERG mutations have 
defects in hematopoietic stem cell function [75]. 
Similarly, mice with ETV5 knockouts are male-
sterile due to loss of self-renewal in spermatogo-
nial stem cells [76]. Interestingly, overexpression 
of ERG in mouse hematopoietic cells induces 
leukemia [77–79], suggesting that proper regula-
tion of ERG levels is crucial for maintaining a 
normal cellular state.

�Oncogenic ETS in Prostate Cancer 
Pathogenesis and Progression

Since the discovery of recurrent ETS rearrange-
ments, a casual role for the oncogenic ETS in 
prostate carcinogenesis and disease progression 
has been under question. Oncogenic ETS gene 
rearrangements occur early, or even prior to dis-
ease onset, with evidence suggesting that ETS 
rearrangements drive prostatic neoplasia [31, 
46]. Expression of oncogenic ETS factors alone 
in mouse models is not sufficient to drive forma-
tion of prostate tumors [6, 80]. Rather, a second 
hit, for example PTEN inactivation or TP53 loss, 
is required for development of the disease [3, 4, 
6, 16, 17, 81]. However, one mouse study reported 
that prostate specific expression of ERG at levels 
comparable to ERG-positive human prostate can-
cers allow 50% of mice over 2 years of age to 
develop tumors [82], suggesting an age-related 
component to ERG-mediated carcinogenesis.

Interestingly, the TMPRSS2/ERG fusion can 
drive expression from the wild-type ERG allele 
[83], creating a feed-forward loop. This allows 
continual, androgen-independent expression of 
ERG in CRPC, suggesting a requirement or onco-
genic addiction to ERG.  In fact, expression of 
oncogenic ETS is found in advanced metastatic 
disease, with ERG expression levels in CRPC 
comparable to expression in primary tumors [40, 
84], with one study citing an increase in ERG 
expression from PIN to metastatic disease [51]; 
however, it is still unclear whether this expression 
actively contributes to an aggressive phenotype.

Cell line models have been used to address the 
causal role of oncogenic ETS in various disease 
stages. Introducing oncogenic ETS expression 
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vectors into normal immortalized prostate cells 
results in increased oncogenic potential [21, 22]. 
This suggests normal prostate cells are suscepti-
ble to transformation when oncogenic ETS 
become expressed and recapitulates early-stage 
or indolent disease. Prostate cancer cell lines 
with ETS gene rearrangements include VCaP and 
NCI-H660 which have TMPRSS2/ERG [85]. 
Both LNCaP and MDA-PCa-2B cells harbor an 
ETV1 gene rearrangement [2]. PC3 and 22Rv1 
both express high levels of ETV4 protein, but no 
rearrangement of this gene is apparent [86]. 
Knockdown of ERG in VCaP cells results in a 
loss of oncogenic functions [82, 87–90]; similar 
effects are observed when knocking down ETV1 
and ETV4 in LNCaP and PC3 cell lines, respec-
tively [15, 91, 92]. VCaP mouse xenograft stud-
ies suggest a requirement of ERG for tumor 
formation [88, 93]. Because the VCaP, LNCaP, 
and PC3 cell line models are all derived from 
advanced metastatic disease, these findings sug-
gest that continued oncogenic ETS expression is 
important for this phenotype.

In an effort to reconcile molecular subtypes 
with cellular phenotypes, many groups are deter-
mining if certain cell types in the prostate are 
more susceptible to ETS rearrangements, and 
whether ETS rearrangements alter lineage out-
comes during disease development. Multiple 
reports have found that ERG functions to block 
differentiation [94–96], reminiscent of ERG func-
tion in hematopoietic stem cells. Similarly, ERG 
repressed genes are involved in luminal and neu-
roendocrine differentiation in prostate-specific 
TMPRSS2/ERG transgenic mice. However recent 
work from multiple groups indicate that ERG 
expression actually promotes luminal cell fates in 
prostate cells. For example, ERG-positive patient 
specimens are classified as luminal [97]. 
Additionally, in a PTEN negative/TP53 mutant 
background, mice expressing transgenic ERG in 
the prostate grew tumors with a luminal epithelial 
phenotype [98]. These discrepancies suggest that 
ERG expression may function to define different 
cellular identities based on the mutational back-
ground, begging the need for additional mouse 
models that accurately represent co-occurring 
mutations in human prostate cancer.

�Recurrent ETS Fusions in Other 
Cancers

Aside from prostate cancer, recurrent ETS 
fusions are found in the Ewing’s family of 
tumors, and in leukemias (Fig.  1) [99–101]. 
However, these cases differ from prostate gene 
fusions in that Ewing’s and leukemia gene fusions 
encode fusion proteins with emergent properties 
that depend on both fusion partners. In prostate 
cancer, ETS gene fusions usually only express 
full length or truncated ETS protein. Chro
mosomal translocations in Ewing’s sarcoma cre-
ate a fusion protein that includes the C-terminus 
and DNA binding domain of an ETS transcrip-
tion factor and the N-terminus of another protein. 
The hallmark fusion, EWS-FLI1, occurs in ~85% 
of cases [102]. Rarer 3′ ETS fusion partners with 
EWS include: ERG, ETV1, ETV4, and FEV 
[100, 101, 103–106]. Additionally, ERG and 
FEV can be fused with the 5′ partner FUS, but 
these cases of Ewing’s family tumors are rare 
[102]. In acute myeloid leukemia (AML), ERG 
can be fused to the 5′ partner FUS [107, 108]. 
Notably, EWS and FUS are paralogs, and there-
fore all of these fusions are likely to encode pro-
teins with similar molecular properties. This 
similarity suggests a shared selective pressure 
that drives the formation of these events across 
distinct cell types. The ETS gene ETV6 (TEL) is 
also commonly fused in lymphoid and myeloid 
leukemia [109], but the resulting fusion proteins 
do not include the ETS DNA binding domain, 
and therefore are likely to act through distinct 
mechanisms.

�Tumor Suppressive ETS Factors

Of the six ETS genes with the highest mRNA 
expression in normal prostate (SPDEF, EHF, 
ETS2, ELF3, ELF1, and ERF), each exhibits 
tumor suppressive functions in prostate cells [10–
12, 110–112]. In many cases these functions are 
due to binding site competition with oncogenic 
ETS.  Although this likely plays a role, lower 
expression levels of these ETS genes do not 
always correlate with oncogenic ETS expression, 
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so other mechanisms appear to be at work as 
well. ERF is mutated in a small portion of ETS 
tumors [113], and this mutation is mutually 
exclusive with oncogenic ETS rearrangements. 
ERF binds many of the same sites as oncogenic 
ETS factors, but acts as a repressor [110]; and 
loss of ERF results in gene signatures similar to 
expression of oncogenic ETS [113]. The role of 
ETS2 as a prostate tumor suppressor is particu-
larly interesting, as the ETS2 gene lies between 
TMPRSS2 and ERG on chromosome 21, and one 
copy is lost in the interstitial deletion that is the 
most common cause of the TMPRSS2/ERG rear-
rangement. A mouse model indicates that this 
interstitial deletion results in more aggressive 
disease than expression of ERG without this dele-
tion, and appears to result from the loss of ETS2 
[112]. Interestingly, ETS2 can act as a tumor sup-
pressor in other cell types, and the presence of 
ETS2 on chromosome 21 has been attributed for 
the lower incidence of some tumor types in peo-
ple with down syndrome [114]. SPDEF, EHF 
and ELF3 all appear to promote epithelial differ-
entiation, and deletion of these factors is impli-
cated in epithelial to mesenchymal transition and 
carcinogenesis [10–12]. ELF1 is frequently co-
deleted with the tumor suppressor RB1 in 
advanced prostate cancer. RB1 deletions that co-
occur with TP53 loss of function are thought to 
promote resistance to hormonal therapies in cas-
tration resistant prostate cancer [115, 116], and 
the concomitant loss of ELF1 may contribute to 
this resistant phenotype [111].

�Molecular Mechanisms 
of Oncogenic Function

ERG, ETV1, and ETV4 all are able to activate 
similar transcriptional programs, which result in 
phenotypes related to oncogenesis including cell 
migration, invasion, and de-differentiation [22]. 
Understanding the mechanism by which onco-
genic ETS initiate these gene expression pro-
grams is essential for guiding therapeutic efforts. 
Here we will detail what is known about DNA 
binding, chromatin accessibility, protein interact-
ing partners, and post-translational modifications 

that underlie mechanisms of oncogenic ETS in 
the prostate epithelium.

�DNA Binding

All members of the ETS transcription factor fam-
ily contain a highly conserved 84–90 amino acid 
ETS domain, which is sufficient to bind DNA as 
a monomer [117]. Structurally, the ETS DNA 
binding domain exists as a winged helix-turn-
helix (wHTH) domain consisting of three alpha 
helices and four beta-strands [7]. To date 47 high 
resolution structures of the ETS domain have 
been solved by X-Ray crystallography or solu-
tion NMR and have been published and depos-
ited into the Protein Data Bank (PDB), including 
every ETS factor rearranged in prostate tumors 
[118–130]. Many of these structures have been 
solved both in the presence and absence of DNA 
[121], as well as with an additional DNA binding 
partner [124, 128]. Taken together, these studies 
provide insight as to how the ETS domain inter-
acts with DNA and how specific regions of the 
ETS domain or other binding partners alter this 
DNA binding specificity.

The core recognition motif of the ETS domain 
is a four base consensus 5′-GGA(A/T)-3′ in 
which two invariant arginine residues make con-
tacts with the guanine bases [7]. Although no 
direct contacts are made with bases outside the 
GGAA core, the ETS domain binds DNA in a 
region spanning 12–15 base pairs, and binding is 
mediated by positioning of the phosphodiester 
backbone, water mediated hydrogen bonding, 
hydrophobic, and electrostatic interactions [7]. 
Although subtle differences exist in the primary 
amino acid sequences of various ETS factors, 
these differences do not dramatically alter the 
DNA-protein interface. The ETS transcription 
factor family can be grouped into four classes 
based on minor differences in their DNA 
sequence binding preference in vitro [8]. The first 
class contains half of the ETS factors including 
the PEA3, TCF, ETS, ERF, and ERG subfamilies 
and has highest affinity for 5′-ACCGGAAGT-3′ 
[8]. This class of ETS factors contains all of the 
oncogenic ETS factors. The second class includes 
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all members of the TEL, ESE, and ELF subfami-
lies and differs from the first class only by a cyto-
sine base rather than an adenine base at the 
beginning 5′ nucleotide. The third class contains 
members of the SPI subfamily and prefers ade-
nine rich sequences 5′ to the core GGA sequence. 
The fourth class exhibits preferential binding for 
thymine at the final position in the GGA(A/T) 
core sequence and is comprised only of the ETS 
factor SPDEF. It is not clear to what degree these 
class differences influence binding site selectivity 
in vivo.

Autoinhibition of DNA binding plays an 
important regulatory role for many ETS factors 
and could be exploited as a therapeutic target. 
Autoinhibition is the process where regions of 
the protein outside of the DNA binding domain 
inhibit DNA binding, often in a regulated man-
ner. All of the oncogenic ETS factors are subject 
to autoinhibition [121, 125]. Autoinhibition of 
DNA binding occurs by a similar mechanism in 
multiple members of the ETS family. In this 
mechanism, regions both N and C terminal of the 
ETS domain form an autoinhibitory module 
which is sustained by a hydrophobic pocket of 
amino acids [121, 124, 125, 131]. Full length 
ERG protein binds to a target DNA sequence in 
vitro with a KD  =  120  nM, whereas the ETS 
domain of ERG without its inhibitory modules 
binds to DNA with a KD = 37 nM, indicating that 
the inhibitory modules on ERG play a modest 
(~3-fold) role in regulating DNA binding [125]. 
While autoinhibition of ERG plays a modest role, 
members of the PEA3 subfamily exhibit robust 
(~10–30-fold) autoinhibition when comparing 
minimal DNA binding domains to full length 
proteins [121]. The N- and C-terminal inhibitory 
regions of the ETS domain in the PEA3 family 
act independently to inhibit DNA binding, but 
can also act cooperatively to inhibit DNA binding 
at higher than additive levels. In the PEA3 family, 
the C-terminal inhibitory region forms an alpha 
helix, which packs against the ETS domain and 
distorts Helix 3 (H3), the helix responsible for 
direct DNA base contacts. The N-terminal region 
is predominantly disordered and also inhibits 
DNA binding through interactions with H3 [121]. 
Autoinhibition can be relived or enhanced 

through post-translational modifications and 
through interactions with other proteins [124, 
129, 132]. The prototype for this mechanism 
comes from the ETS factor ETS1, where phos-
phorylation of multiple residues in the N terminal 
inhibitory domain by CAMKII reinforces autoin-
hibition of DNA binding by ~50-fold [132]. In 
terms of the oncogenic ETS factors, acetylation 
of members of the PEA3 subfamily in an 
N-terminal inhibitory domain relieves autoinhi-
bition and increases transcriptional activation 
[121, 133]. ETV1 autoinhibition has also been 
demonstrated to be relieved by protein-protein 
contacts with USF1 [134].

�Gene Regulation

Genome-wide mapping techniques such as chro-
matin immunoprecipitation sequencing (ChIP-
seq) have been conducted on all of the oncogenic 
ETS factors in prostate cancer cell lines [6, 21, 
22, 95], in mouse models of prostate cancer [89], 
and in normal prostate cells engineered to express 
exogenous oncogenic ETS [22]. To a lesser 
extent, oncogenic ETS factor DNA binding has 
been interrogated in other malignancies [135] 
and in the context of their normal physiological 
expression [136]. These ChIP-Seq experiments 
support and expand on basic biochemical studies 
of ETS factor DNA binding in vitro and provide 
critical insights into how ETS factors regulate 
their target genes in cells.

Studies of oncogenic ETS factor DNA binding 
coupled with whole transcriptome RNA-
Sequencing (RNA-Seq) have further enhanced 
our understanding of the ETS regulome in pros-
tate cancer and how it contributes to oncogenesis. 
These studies have also further interrogated ETS 
factor DNA binding and gene regulation in con-
texts relevant to prostate cancer such as PTEN 
deletions [6], with and without androgen treat-
ment [95], and with knock-down/deletion of 
tumor suppressive ETS [95]. Taken together, 
these studies have provided insight into how ETS 
factor binding across the cistrome contributes to 
gene regulation in prostate cancer. This next sec-
tion will summarize the aforementioned studies 
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and will highlight recent key findings as to how 
oncogenic ETS factors regulate gene expression.

Members of the ETS family of transcription 
factors are extensively co-expressed in every cell 
type, and prostate epithelial cells are no excep-
tion [9]. As summarized in previous sections, the 
highly conserved ETS domain differs little in its 
sequence preference in vitro and accordingly, 
there is extensive competition between ETS fac-
tors to bind target genes in prostate cells [22]. 
Taking this information into account, measuring 
the contribution of a single ETS transcription fac-
tor’s role in gene regulation has proved challeng-
ing. However, mis-expression of a single 
oncogenic ETS factor in the prostate results in 
dramatic changes in gene transcription. This 
information alongside studies of tumor suppres-
sive ETS factor deletions in prostate cancer dem-
onstrate the delicate balance of the ETS 
regulome.

Early studies mapping ETS family transcrip-
tion factors discovered two distinct types of ETS 
binding site in the genome, “redundant” sites 
that can be bound by any ETS factor, and “spe-
cific” sites that tend to favor binding by one or a 
subset of ETS factors [7, 137]. Redundant ETS 
binding tends to occur at consensus ETS binding 
sequences common in the proximal promoters of 
CpG island-containing housekeeping genes. 
Specific binding tends to occur in tissue-specific 
enhancers and coincides with weaker match to 
consensus ETS binding sequences. Specificity 
for enhancer binding within the ETS family has 
been attributed to specific cooperative binding 
interactions with neighboring transcription fac-
tors such as ETS1 binding with RUNX1 or 
ELK1 binding with SRF [137, 138]. Like other 
ETS factors, oncogenic ETS factors expressed in 
prostate cells bind both housekeeping promoters 
and tissue-specific enhancers [22]. It is possible 
that oncogenic ETS could play a role in altering 
housekeeping gene expression, however this has 
not been described and it may be that redun-
dancy of ETS function at these sites masks any 
role for this binding. Instead it has been pro-
posed that it is the binding to tissue-specific 
enhancers that mediates oncogenic ETS func-
tion. As this specific binding is thought to be 

influenced by neighboring transcription factors, 
we will discuss several proposed interactions 
between oncogenic ETS and other transcription 
factors that may mediate oncogenic gene expres-
sion programs.

�ETS/AP1

One class of enhancer bound by oncogenic ETS 
factors in prostate cancer cells contains an ETS 
binding sequence that is followed by a sequence 
recognized by the AP-1 class of transcription fac-
tors. AP-1 consists of a dimer of JUN and FOS 
family transcription factors. At an ETS/AP-1 
sequence, a single ETS protein could bind next to 
a JUN homodimer or a JUN/FOS heterodimer 
[139]. In vitro biochemical experiments recently 
demonstrated that oncogenic ETS factors can 
bind with AP-1 cooperatively, where the affinity 
of the ETS factor increases when AP-1 is present. 
In contrast, several tumor-suppressive ETS fac-
tors showed anti-cooperative binding in the pres-
ence of AP-1 [140]. Amino acid substitutions in 
the ERG ETS domain interfere with the interac-
tion with JUN and FOS, and the interaction 
mutants of ERG lose the ability to transcription-
ally cooperate with AP-1  in luciferase assays 
[141]. Furthermore, ChIP-Seq data indicates that 
ERG exhibits preferential binding at ETS/AP1 
sites in prostate cells compared to tumor suppres-
sive ETS factor EHF [140]. ETS/AP1 enhancer 
elements regulated by oncogenic ETS factors in 
prostate cancer are found near genes involved in 
cell migration, cell morphogenesis, and cell 
development and include genes such as PLAU, 
VIM, and ETS1 [22].

Both Ras/ERK signaling and differential bind-
ing of the JUN transcription factor family play 
important roles in regulation at ETS/AP1 enhanc-
ers [139]. ETS factors present in normal prostate 
epithelial cells, such as ETS1, can activate gene 
expression through binding ETS/AP-1 sequences, 
but this activation requires high levels of Ras/
ERK signaling [142]. High Ras/ERK signaling 
can be caused by the activating KRAS mutations 
common in many types of carcinoma. However, 
prostate tumors rarely have activating KRAS 
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mutations. One unique characteristic of the onco-
genic ETS factors commonly found in prostate 
tumors is that they can activate ETS/AP1 enhanc-
ers in the presence of low levels of Ras/ERK acti-
vation [22]. Thus, one model suggests that 
oncogenic ETS factors essentially replace the 
role of activated KRAS in prostate cancer. Ras/
ERK signaling is also involved in regulating Jun 
family transcription factors at ETS/AP1 enhanc-
ers. In the absence of Ras/ERK activation, c-Jun 
acts as a transcriptional activator and JunD as a 
transcriptional repressor of ETS/AP1 target 
genes, however, the converse is true in the pres-
ence of high Ras/ERK activation [139]. Thus, it 
has been proposed that c-Jun is the JUN family 
member likely to function with oncogenic ETS in 
prostate tumors.

�GGAA Microsatellites

Within the preferred ETS binding sequence, the 
central GGA(A/T) nucleotides are the most 
important for high-affinity binding. Ewing’s sar-
coma is caused by a fusion oncogene that encodes 
a protein with an ETS DNA binding domain. 
This fusion protein most commonly consists of 
the N-terminus of the EWS protein fused to the 
ETS factor FLI1 [21]. Studies in Ewing’s sar-
coma indicate that this EWS/FLI1 fusion can 
bind an unusual regulatory sequence consisting 
of repeats of the sequence GGAA, which can 
extend over several hundred base pairs [143]. 
These GGAA microsatellite repeats regulate sev-
eral oncogenes critical for tumorigenesis in 
Ewing’s Sarcoma, including NR0B1, NKX2-2, 
AND CCDN1 [144, 145]. The nature of these 
repeat elements suggests that EWS/FLI1 oligo-
merizes on DNA to form an activating transcrip-
tional hub. Whether other ETS transcription 
factors also exhibit the ability to oligomerize and 
activate transcription in cells through GGAA 
repeats remains to be shown. However, the recent 
finding that the prostate cancer oncogenic ETS 
factors function with the EWS protein in tran-
scription suggests common mechanisms between 
Ewing’s sarcoma and prostate cancer [21]. In 
fact, preliminary studies have demonstrated that 

oncogenic ETS factors bind to GGAA microsat-
ellite regions in prostate cells and that oncogenic 
ETS factors can activate a luciferase reporter 
regulated by a GGAA repeat element to a similar 
degree as EWS/FLI1 [21]. Thus, activation of 
genes regulated by GGAA repeats might be a 
common mechanism by which ETS factors pro-
mote both prostate cancer and Ewing’s sarcoma.

�Androgen Receptor

The function of oncogenic ETS factors in the 
prostate intersects in several ways with transcrip-
tional regulation by the androgen receptor (AR). 
The most common oncogenic rearrangements, 
such as TMPRSS2/ERG put the oncogenic ETS 
factor under transcriptional control of 
AR.  Further, oncogenic ETS proteins alter 
AR-dependent gene expression programs. 
Several studies report a physical interaction 
between oncogenic ETS, including ERG, with 
AR [95, 146]. ERG interacts with AR in normal 
endothelial cells, suggesting this interaction 
could play normal functions [89]. Importantly, 
non-oncogenic, and tumor-suppressive ETS fac-
tors have also been shown to bind AR, so the 
importance of the ETS/AR interaction in onco-
genesis is still unclear [147]. Genomic interroga-
tion shows co-enrichment of ERG and AR at 
many gene regulatory sequences [95]. Unlike 
ETS and AP-1, it is not clear whether the ERG 
and AR binding sequences at these enhancers or 
promoters are near each other, or that ERG and 
AR can influence each other’s binding.

Contrasting work has been published as to 
whether ERG activates or attenuates AR transcrip-
tional activity [6, 16]. In fact, one hypothesis is 
that this function is context dependent, and that 
ERG can promote oncogenic functions of AR, 
while inhibiting tumor suppressive AR functions. 
ERG attenuates AR transcription and prostate lin-
eage specificity in VCaP cells, and epigenetic reg-
ulators EZH2 and HDAC1/2 have been implicated 
in this repression [148]. Conversely, ERG acts as 
an activator of androgen-independent genes that 
are responsible for prostate cancer cell invasion 
and growth [22, 89, 95, 149]. In the context of 
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PTEN loss, ERG can restore AR target gene 
expression and increases AR binding across the 
cistrome independent of AR protein levels and cir-
culating testosterone [6, 16]. These results suggest 
that ERG can promote survival of cells that are 
dependent on AR transcriptional activity. Taken 
together these studies demonstrate that ERG regu-
lation of AR transcription is context dependent and 
that PTEN status is a major determinant as to how 
ERG impacts transcription.

ETV1 is also intimately involved in AR tran-
scriptional activity and is involved androgen 
metabolism in prostate cells [16]. ETV1 cooperates 
with AR signaling in LNCaP cells and in PTEN 
deficient mouse models of prostate cancer [16, 
150]. ETV1 directly binds and upregulates genes 
associated with steroid hormone biosynthesis and 
androgen metabolism, which results in increased 
testosterone production and subsequent increased 
AR transcriptional activity [16]. To a lesser extent, 
ETV4 has been implicated in AR signaling, since 
survival and metastatic potential of mouse prostate 
cells is reduced upon ETV4 knockdown [15]. 
Interestingly, estrogen receptor (ER) signaling has 
been implicated in growth and migration of cells 
harboring TMPRSS2-ETV5 fusions suggesting 
that ETV5 is involved in steroid hormone signaling 
as well in prostate cancer [151].

�Transcriptional Activation 
and Repression

Deciphering whether the role of a transcription 
factor in gene regulation is activating or repres-
sive has proven to be a challenging task for mul-
tiple reasons: (1) transcription factors often 
regulate other transcriptional regulators, which 
themselves effect gene expression, (2) enhancer 
elements are often Kb-Mb in distance away from 
the genes that they regulate and may not always 
regulate the nearest gene, and (3) multiple tran-
scription factors and enhancers regulate the tran-
scription of any given gene. Families of 
transcription factors with similar consensus 
sequences and binding sites in vivo further com-
plicate this problem as lower gene expression 
observed when a new factor is introduced may 

simply be due to less activation function than a 
factor that was displaced. Despite all of these 
complications, progress has been made to deci-
pher the molecular mechanisms and contexts by 
which oncogenic ETS factors directly activate or 
repress transcription.

An activation function for a transcription fac-
tor can be predicted when there are direct interac-
tions with known transcriptional co-activators 
such as CBP and p300. CBP/p300 are homolo-
gous acetyltransferases that directly acetylate 
histones and transcription factors at both promot-
ers and enhancers [152]. All of the oncogenic 
ETS are acetylated by, and interact with, p300, 
however the mechanism of acetylation and inter-
action varies [153]. The N-terminus of ERG is 
acetylated by p300 at a KGGK motif, which 
results in recruitment of the transcriptional co-
activator BRD4 that binds these acetylated 
lysines through its bromodomain [152, 154]. 
Initially, the ERG-BRD4 interaction was 
described in acute myeloid leukemia (AML), a 
cancer with ERG-dependencies [152], but now 
has also been shown in prostate cells. The inter-
action between ERG and BRD4 is of particular 
interest because of the potential therapeutic value 
of BRD4 inhibitors such as JQ1 and iBET, and 
because these inhibitors can decrease the ERG/
BRD4 interaction [154]. ERG KGGK acetylmi-
metics can also increase invasion of normal pros-
tate cell lines [154]. However, a highly prevalent 
ERG fusion product, ERG Δ92, does not contain 
the KGGK motif. Therefore, the relevance of the 
ERG-BRD4 interaction in prostate cancer, and 
whether it differs based on the fusion location is 
still unclear. Genome wide co-occupancy 
between oncogenic ETS factors and p300 in cells 
has not been investigated extensively in the con-
text of prostate cancer and could provide further 
insights into specific sites of oncogenic ETS 
regulation.

While CBP/p300 is important for oncogenic 
ETS function, it also binds to and is important for 
the function of many non-oncogenic ETS factors. 
What then, is the mechanism that allows ERG, 
ETV1, and ETV4 to be oncogenic, when normal 
prostate cells express at least 15 other ETS fac-
tors? We recently reported that ERG, ETV1, 
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ETV4, and ETV5, and no other ETS factor inter-
act with the Ewing Sarcoma Breakpoint Region 1 
(EWS) protein [21]. In this context EWS acts as 
a co-activator, and the EWS interaction is essen-
tial for ETS-mediated cell migration, anchorage-
independent growth, clonogenic survival, and 
tumor formation. EWS can also interact with 
ETV1  in developing limb buds of mouse and 
chick embryos, suggesting that EWS cooperates 
with oncogenic ETS in normal tissue [155]. The 
exact mechanism by which EWS regulates ERG 
transcriptional activity is not well understood. 
EWS has been implicated in a variety of co-acti-
vator and co-transcriptional activities including 
splicing, RNA Polymerase II CTD phosphoryla-
tion, and phase separation, all of which indicate 
that it is a multifunctional regulator of gene 
expression [21, 156]. Importantly, EWS is fused 
to the ETS DNA binding domain of various ETS 
factors in Ewing’s Sarcoma, which suggests that 
there is a common oncogenic EWS/ETS function 
in both prostate cancer and Ewing’s sarcoma 
[21].

A potential co-activator specific for the PEA3 
subfamily is the mediator subunit MED25. 
ETV1, ETV4, and ETV5 interact with MED25 
through a conserved N-terminal transactivation 
domain [157]. The ETV4 ETS domain also inter-
acts with MED25, and both the transactivation 
domain and the ETS domain contact MED25 at 
multiple interfaces. MED25 has high affinity 
(Kd = 50 nM) for ETV1 and ETV4 but does not 
interact with ERG. The MED25 interaction with 
ETV4 relieves auto inhibition and promotes 
DNA binding. Genome-wide analysis of MED25 
and ETV4 binding showed co-enrichment at 
ETS-motif containing enhancers [158]. While the 
specific interaction between the ETVs and 
MED25 suggests a functional link, studies have 
not been performed to explore the role on pros-
tate cancer phenotypes.

In addition to transcriptional activators, ERG 
has been demonstrated to interact with epigenetic 
transcriptional repressors EZH2, HDAC1, and 
HDAC2 [148]. These repressors appear to be 
involved in ERG interplay with AR as addition of 
DHT alters binding of these repressors across AR 
and ERG binding sites and attenuates transcription 

of specific ERG and AR co-bound genes. 
Transcription of the VCL gene in prostate cells is 
activated by AR and attenuated by ERG, however, 
the addition of an EZH2 enzymatic inhibitor 
relieves this attenuation [148]. FOXO1, a forkhead 
transcription factor frequently inactivated in pros-
tate cancers, interacts directly with the N-terminus 
of ERG [89]. FOXO1 binding functions to inhibit 
ERG-mediated transcriptional activation. Unlike 
the ERG-AR interaction, FOXO1, which is also 
normally expressed in endothelial cells, does not 
interact with ERG in that cell type. This suggests 
that ERG function in prostate cells is specifically 
inhibited by FOXO1 whereas, in endogenous tis-
sue, ERG function is unrestrained by this mecha-
nism [89].

There is a dichotomy as to how ERG can act 
as a transcriptional activator in certain contexts 
and as a transcriptional repressor in others. It is 
still not clear if both activating and repression 
functions are critical for the oncogenic properties 
of ERG. It is possible that ERG acts as an activa-
tor at some regulatory elements and a repressor at 
others due to differing interactions with other 
proteins at these sites, or via displacement of 
endogenous ETS factors at a subset of sites. It is 
also possible that there is a dynamic switch 
between activating and repressing functions 
mediated by signaling pathways. ERG regulation 
by signaling will be summarized later in the 
chapter.

�Oncogenic ETS and Chromatin

Expression of ERG in prostate cells can drasti-
cally influence chromosome topology and orga-
nization [159]. Upon ERG expression, novel 
intra- and inter-chromosomal interactions form 
with ERG binding sites enriched at these novel 
interacting loci. Dynamic nuclear co-localization 
of specific genes into transcriptional hubs con-
tribute to gene activation or repression. To sup-
port this concept, the majority of ERG-regulated 
genes (65%) exhibit cis-interactions in cells and 
are enriched for genes involved in cell adhesion, 
skeletal system development, and migration 
[159]. However, the exact mechanism by which 
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ERG drives changes in chromosome structure 
and topology is not understood.

ERG interacts with various chromatin modify-
ing enzymes including p300, HDAC1, HDAC2, 
EZH2, KDM4A, PRMT5, and SETDB1 [148, 
152, 160, 161]. These interactions suggest that 
ERG modifies the local chromatin at its binding 
sites to alter gene transcription. ERG binding 
could facilitate an assortment of histone modifica-
tions as its interacting partners have the ability to 
methylate, demethylate, acetylate, and deacety-
late various sites on histone tails. The influence of 
the PEA3 family on chromatin is less understood. 
ETV1/4/5 interact with P300, and ETV1 interacts 
with KAT2B [133, 153]. The enzymatic subunit 
of PRC2, EZH2, is upregulated in prostate can-
cers and is associated with aggressive disease 
[162]. Several groups have shown direct ERG 
binding and activation of the EZH2 locus [95, 
163]. High levels of EZH2 results in down regula-
tion of EZH2 targets through epigenetic silencing 
and dedifferentiation of prostate cancer cells [95]. 
ERG physically interacts with EZH2 in a manner 
that is regulated by post-translation modification. 
For example, phosphorylation of ERG Ser-96 by 
ERK disrupts EZH2 binding and allows ERG to 
function as a transcriptional activator [164]. 
However, modulation of ERG activity by the 
EZH2 interaction is not fully understood.

�Signaling Pathways and Oncogenic 
ETS

Post translational modifications can alter the 
transcriptional output of transcription factors 
through multiple different mechanisms including 
effects on the rates of degradation, nuclear/cyto-
plasmic shuffling, altering interaction partners, 
and altering DNA binding. Multiple signaling 
pathways have been implicated in the activation 
of the oncogenic ETS transcription factors 
through a variety of post-translational modifica-
tions (Fig.  4). This section will summarize the 
various signaling pathways and post-translational 
modifications that regulate the transcriptional 
activities of oncogenic ETS factors in the 
prostate.

The Ras/MAPK pathway appears to play a role 
in activating the transcriptional activity of all of the 
prostate cancer oncogenic ETS factors. In vitro evi-
dence demonstrates that all of the oncogenic ETS 
factors can be phosphorylated by multiple down-
stream kinases in the pathway (ERK2/JNK1/P38a) 
[165]. ERK2 can phosphorylate all of the onco-
genic ETS factors in vitro and is critical for their 
transcriptional activation in vivo [166–168]. ERG 
can be phosphorylated by ERK2 at S96, S215, and 
S283  in various cell types. Phosphorylation at 
S283 in leukemic cells enhances stem cell features 
and cell proliferation and is associated with 
increased ERG binding at specific loci [169]. 
Phosphorylation of ERG at S96 and S215 occurs in 
prostate cells, and S96 phosphorylation is critical 
for ERG to activate transcription and promote cell 
migration [164]. Phosphorylation of S215 induces 
a conformational change in ERG necessary for 
subsequent S96 phosphorylation. ERG S96 phos-
phorylation decreases affinity for EZH2 and the 
polycomb repressive complex 2 (PRC2). This 
results in loss of the recruitment of EZH2 across 
the ERG cistrome and promotes activation of ERG 
target genes [164]. If Ras/MAPK signaling is 
important for ERG function, why do prostate 
tumors rarely have the Ras/MAPK pathway acti-
vating mutations that are common in other carcino-
mas? We have published findings suggesting that 
activating mutations in KRAS lead to phosphoryla-
tion of the ubiquitously expressed ETS protein 
ETS1, and subsequent activation of a gene expres-
sion program that promotes cell migration, inva-
sion, and epithelial to mesenchymal transition 
(EMT) [142]. However, ERK2 has a higher affinity 
for ERG than for ETS1, and thus ERG requires 
lower levels of Ras/ERK signaling to be phosphor-
ylated [165] and to activate the same cell migra-
tion/EMT gene expression program [22]. We 
hypothesize that these low levels of Ras/MAPK 
can be attributed to growth factors in the tumor 
microenvironment, rather than mutation. Less is 
understood about the mechanisms by which Ras/
MAPK signaling effects the function of PEA3 sub-
family members in prostate cells. The transactiva-
tion potential of ETV5 is greatly increased when 
Ras/MAPK signaling is activated above basal lev-
els, and this increase in activation potential is 
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dependent on the N-terminal activation domain 
[167]. Activation of the Ras/MAPK pathway has 
been implicated in increasing the metastatic poten-
tial of prostate cells, which express ETV4, and is 
important for ETV4 target gene activation in 
esophageal adenocarcinoma [170]. ETV1 tran-
scriptional activity is also activated by ERK phos-
phorylation, and this phosphorylation occurs in the 
activation domain [166]. The exact mechanisms by 
which Ras/ERK signaling allows for PEA3 family 
activation remains to be investigated.

The PI3K/AKT signaling pathway is clearly 
important for ERG-mediated pathogenesis. ERG 
expression in prostate cells is not sufficient for 
transformation, but ERG can drive tumor growth 
when coupled with mutations that activate PI3K/
AKT signaling [3–5]. In prostate tumors this 

PI3K/AKT activation is often associated with 
loss of the PI3K/AKT pathway inhibitor PTEN, 
and in fact, PTEN deletion is more common in 
ERG-positive tumors. While ERG and AKT 
could function in parallel pathways, one study 
suggests that AKT activation is necessary for 
ERG to activate target genes and cell migration in 
cell line models [86]. Interestingly, while this 
function required AKT, it did not require mTORC 
complexes, which are downstream of AKT. It has 
not been reported that AKT can directly phos-
phorylate the oncogenic ETS proteins, and so far, 
any molecular mechanism of synergy between 
ERG and AKT signaling is unclear [86].

Other kinases have been implicated in the acti-
vation of oncogenic ETS transcription factors. 
Protein Kinase A (PKA) activates ETV1 and 
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Fig. 4  Post-Translational Modifications of Oncogenic 
ETS Proteins. ERG (NP_001230358.1), ETV1 (NP-
004947.2), ETV4 (NP_001073143.1), and ETV5 
(NP_004445.1) proteins depicted with major structural 
domains: ETS DNA binding domain (Red), Pointed or 
PNT domain (Blue), and ERK docking sequence FIFP or 
DEF domain (Yellow). Post-translational modifications 

indicated by lines corresponding to respective amino 
acids on the protein. Acetylation (Ac), phosphorylation 
(P), ubiquitination (Ub), and sumoylation (SUMO) modi-
fications have been curated from literature describing 
these modifications in cells. C-terminal ubiquitination site 
on ERG has not been assigned to a specific residue
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ETV5 through phosphorylation at the very 
N-terminal region of their respective ETS 
domains [167, 171]. Ribosomal S6 Kinase 1 
(RSK1) also positively regulates ETV1 function 
through phosphorylation [171]. In vitro evidence 
demonstrates that P38a and JNK1 can phosphor-
ylate all members of the PEA3 subfamily, how-
ever, only ETV1 has thus far been demonstrated 
to be phosphorylated by these kinases in cells 
[165]. Taken together, these data demonstrate 
that there is extensive cross talk between multiple 
signaling pathways and oncogenic ETS tran-
scription factors. Phosphorylation by these dif-
ferent kinases, in general, results in increased 
activation of transcription by the oncogenic ETS 
factors.

Acetylation by CBP/p300 is another post-
translational modification that effects transcrip-
tional activation by oncogenic ETS transcription 
factors. ERG acetylation by CBP/p300 occurs at 
K89 and K92 and results in recruitment of the 
transcriptional regulator BRD4 [152]. Multiple 
hematopoietic transcription factors appear to uti-
lize this mechanism to activate target gene tran-
scription [152]. ETV1 and ETV4 are also targets 
of acetylation by CBP/p300, however, to date 
ETV5 has not been demonstrated to be acetylated 
[153]. Acetylation of ETV1 occurs at two resi-
dues at the N-terminus of the protein, which sta-
bilizes the protein and increases its transcriptional 
activity [133]. Regulation of ETV4 by acetyla-
tion occurs through a dynamic mechanism, which 
involves cross talk of multiple post-translational 
modifications including phosphorylation, acety-
lation, sumoylation, and ubiquitination [172].

While phosphorylation and acetylation appear 
to regulate transcriptional activation of the onco-
genic ETS proteins, both ubiquitination and 
sumoylation can repress their transcriptional activ-
ity. Although the exact SUMO-transferase has not 
been identified, ETV4 and ETV5 are sumoylated 
at multiple residues [172, 173]. The lysine resi-
dues sumolyated on ETV4 are also the same resi-
dues that are acetylated by CBP/P300, meaning 
that only one modification or the other can exist on 
the protein at any one time. Sumoylation of ETV4 

opposes the acetylation-mediated stabilization of 
the protein and ultimately results in protein degra-
dation and decreased transcriptional activation. 
Sumoylation of ETV5 also contributes to repres-
sion of target genes, however, this appears to occur 
by a mechanism other than altering protein stabil-
ity [173]. The E3 ubiquitin ligase adaptor SPOP 
promotes ubiquitination of ERG at both the N- and 
C-terminal ends, however, the N-terminal ubiqui-
tination seems to have a larger effect on protein 
stability [174, 175]. The E3 ubiquitin ligase 
adapter COP1 is involved in transcriptional activa-
tion and stabilization of the PEA3 subfamily 
[176]. ETV5 appears to have an N-terminal and 
C-terminal binding site for the complex, similar to 
ERG [177]. Different components of the ubiquitin 
ligase complex are also involved in regulation of 
ETV5 stability, as the presence of DET1 is neces-
sary for its degradation.

ETS transcription factors are also able to mod-
ulate signaling pathways through the activation 
or repression of their downstream target genes. 
Ectopic expression of ERG in a prostate epithe-
lial cell line can increase phospho-ERK and 
phospho-AKT levels indicating activation of 
both pathways [86]. Transcription of PTEN is 
repressed by ERG in prostate cancer cells [178]. 
However, in a mouse model ERG expression did 
not correlate with downregulation of the PTEN 
gene [3], indicating that regulation of these path-
ways is highly context dependent. The role of the 
PEA3 family in modulation of the Ras/ERK and 
PI3K/AKT pathways has not been extensively 
investigated in the prostate. ERG regulates Wnt/
β-catenin/LEF signaling in both the context of 
vascularization and in prostate cancer [66, 179]. 
ERG is required for blood vessel development 
and sprouting angiogenesis in zebrafish, and this 
process is regulated through activation of Wnt/β-
catenin signaling [66]. In the prostate, ERG binds 
to and increases transcription of various Wnt pro-
teins and ultimately results in more active 
β-catenin. ERGs activation of Wnt/β-catenin sig-
naling results in epithelial to mesenchymal tran-
sition of prostate cells and increases survival and 
invasive properties of prostate cancer cells [179].

T. R. Nicholas et al.



427

�Targeting Oncogenic ETS Factors

There are two major challenges to designing ther-
apies that target oncogenic ETS factors. First, 
transcription factors such as ETS family mem-
bers, do not have easily targetable binding pock-
ets and have been described as “undruggable”. 
However recent advances have been made in tar-
geting transcriptional function by either develop-
ing small molecules that disrupt protein-protein 
interactions, or by indirectly targeting enzymes 
that work in transcriptional complexes. Second, 
since the oncogenic ETS factors belong to a large 
family of proteins, a challenge in therapeutic 
design apart from efficacy is specificity. To 
reduce off-target effects, oncogenic ETS target-
ing drugs should not cross react with non-onco-
genic ETS and also should not affect the 
physiological function of these factors in normal 
tissue. For instance, inhibiting ERG requires that 
tumor suppressive ETS such as EHF remain 
active in the prostate and that ERG function is 
unaffected in endothelial cells. This section will 
describe efforts to target oncogenic ETS factors 
such as ERG (diagrammed in Fig. 5).

Understanding the differences between onco-
genic ETS and tumor suppressive ETS may be 
key in developing targeted therapies. Therefore, 
identifying targetable regions of ETS factors that 
are specific for oncogenic mechanisms is crucial 
for future prostate cancer therapies. Two recent 
studies have used knowledge of the molecular 
mechanisms detailed above to construct a tumor 
suppressive ETS function more like oncogenic 
ETS.  First, fusing the activation domain of an 
oncogenic ETS interacting partner, EWS, to the 
tumor suppressive ETS SPDEF and EHF results 
in the gain of oncogenic function [21]. This sug-
gests that the oncogenic properties of ETS factors 
contribute to regions outside the ETS domain that 
allow for specific protein-protein interactions. 
Another key protein-protein interacting partner 
specific to the oncogenic ETS is the AP-1 tran-
scription factor. Oncogenic ETS are able to acti-
vate ETS-AP1 sites by cooperatively binding 
with the AP-1 transcription factor. Tumor sup-
pressive ETS instead bind anti-cooperatively 
with AP-1. Mutating positively charged residues 

in the AP-1 interface of EHF to the correspond-
ing residues in ERG disrupt this anti-cooperative 
binding [140]. This suggests that these residues 
contribute specifically to oncogenic ETS 
function.

�ERG Targeting Peptide

An ERG inhibitory peptide was recently identi-
fied that forms high affinity interactions with the 
ETS DNA binding domain of ERG [180]. This 
peptide inhibits interactions between ERG and 
important protein binding partners AR and the 
catalytic subunit of DNA-PK (DNA-PKcs) in a 
dose-dependent fashion. Treatment of ERG 
expressing cells with the peptide caused a signifi-
cant decrease in ERG-mediated cell migration by 
interfering with the DNA binding ability of ERG 
and triggering ERG degradation. Importantly, 
this peptide had little effect on normal ERG func-
tions in endothelial cells, indicating that normal 
and oncogenic ERG functions are separable. 
Treatment of LNCaP, a cell line that overex-
presses ETV1, with this peptide showed a similar 
effect. The mechanism that might allow this pep-
tide to specifically target only oncogenic func-
tions, or whether it targets only oncogenic ETS 
factors, remain unclear.

�Small Molecule Inhibitors
A cell-based immuno-assay screen was used to 
identify ERGi-USU as a small molecule that 
altered ERG protein levels [181]. ERGi-USU 
was able to selectively inhibit ERG protein 
expression in the ERG-expressing prostate can-
cer cell line VCaP, but not ERG expressed in 
non-prostate cancers or in endothelial cells. 
ERGi-USU treatment inhibited VCaP xenograft 
growth in nude mice and was found to function 
by directly binding to and inhibiting RIOK2, a 
kinase important for ERG protein stability. One 
group targeted ERG-DNA complexes with the 
di-(phenyl-thiophene-amidine) compound 
DB1255 [182]. DB1255 interacts with ETS 
binding motifs in DNA and blocks ERG binding, 
impeding activation of reporter genes. An in 
silico approach was used to identify small mol-
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ecules that target the ETS domain of 
ERG.  Compound VPC-18005 inhibited ERG-
DNA complex formation and inhibited migra-
tion and invasion in cells expressing 
ERG.  Additionally, VPC-18005 decreased 
metastasis in a zebrafish xenograft model [183]. 
The small molecule YK-4-279 was developed as 
an inhibitor of EWS-FLI1 for Ewing’s Sarcomas 
[184]. Given that FLI1 is an ETS transcription 
factor with high homology to ERG, the effect of 
YK-4-279 has been tested for other oncogenic 
ETS factors. Treatment of the prostate cancer 
cell lines VCaP or LNCaP with YK-4-279 
resulted in the inhibition of ERG or ETV1 tran-
scriptional activity, respectively, as well as ETS-

mediated cell invasion. However, YK-4-279 
treatment of PC3 cells, which overexpress 
ETV4, had no effect on invasion [185]. In mouse 
xenograft tumor models YK-4-279 has been 
effective against prostate tumors expressing both 
ERG [186] and ETV1 [187]. BRD32048 was 
identified as a small molecule inhibitor of ETV1 
via a microarray screen [188]. Treatment with 
BRD32048 caused a significant dose-responsive 
decrease in invasion of an ETV1 translocation-
positive prostate cancer cell line but had no 
effect on prostate cancer cells that do not express 
an ETV1 fusion. BRD32048 functions by direct 
binding to ETV1, preventing p300 acetylation 
and promoting degradation.
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Fig. 5  A cartoon depiction of the ERG lifecycle. 
Diagramed is ERG expression from gene to protein and 
ERG function. Potential nodes of inhibition are depicted 
in red. Expression of TMPRSS2/ERG is driven by bind-
ing of ligand-bound AR (yellow pillars with purple cir-
cles) to the TMPRSS2 promoter. Additionally, ERG 
protein can bind the endogenous ERG promoter and drive 
ERG transcription. Transcription of the ERG gene pro-
duces ERG mRNA, which can be silenced by the RNAi 
pathway. ERG transcripts are translated into protein. Post 
translational modification of ERG can be activating (yel-
low circle), repressing (not shown), or target ERG protein 
for proteasomal degradation (pink circle). Potential ways 

of regulating ERG protein include ERG targeted vaccines, 
inhibition of activating post translational modifications, 
and promotion of degradation. To activate oncogenic gene 
programs, ERG binds gene regulatory elements with vari-
ous co-factors and other transcription factors. Various 
inhibitors can target this function, such as ERG-DNA 
complex inhibitors and ERG-co-factor complex inhibi-
tors. General transcription inhibitors may synergize with 
ERG inhibitors to yield a greater effect. When aberrantly 
expressed, ERG promotes DNA damage and thus PARP 
inhibitor treatment of ERG-rearranged cells promotes 
synthetic lethality
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�PARP1 Inhibitors

ERG interacts with the DNA damage repair pro-
tein PARP1 and DNA-PKcs, a kinase in the PI3K 
pathway [189]. This complex is required for cell 
invasion, intravasation, and metastasis. 
Importantly, inhibiting PARP1 significantly 
decreased tumor growth in ETS-positive xeno-
grafts but had no effect on ETS-negative xeno-
grafts. It was hypothesized that aberrant ERG 
expression causes DNA damage, allowing for 
PARP inhibition to promote synthetic lethality 
specifically in ETS-positive cells. While this 
study suggested that ERG acts independently of 
XRCC4-mediated non-homologous end joining 
(NHEJ), another study found that ERG blocks 
XRCC1-mediated NHEJ to promote radiosensiti-
zation to PARP inhibition [190]. Treatment of 
ERG expressing prostate cancer cells with the 
PARP inhibitor olaparib significantly reduced 
clonogenic growth. Olaparib treatment increased 
the DNA damage marker gamma-H2AX in ERG-
positive cells but not ERG-negative cells. 
Expression of ERG in a xenograft model was 
able to confer radiation resistance that was sub-
ject to reversal by the PARP inhibitor ABT-888 
[191]. The PARP inhibitor rucaparib was shown 
to synergize with radiation in the ETS-positive 
cell lines VCaP and LNCaP [190]. Although 
more research is needed to pinpoint the mecha-
nism, the PARP1-ERG axis provides an attractive 
prostate cancer target.

�ERG Targeting Vaccine

The development of immune checkpoint inhibi-
tors has renewed interest in the use of immuno-
therapy for many cancer types. However, prostate 
cancer tends to be resistant to such therapies. 
Since ERG expression is specific to prostate 
tumor cells, as compared to normal prostate, one 
effort has been to use this observation to promote 
an immune response. ERG peptides are pro-
cessed and presented on the surface of prostate 
cancer cells that express the HLA-A2.1 type of 
MHC class 1 molecules [192]. HLA-A2.1+ cells 
are the most common human leukocyte antigen 

in Caucasians, the demographic that most fre-
quently has ERG rearrangements [193]. Mice 
expressing human HLA-A2.1 or both prostate-
specific ERG and human HLA-A2.1, when 
immunized with an ERG derived peptide, were 
found to have significantly more cytotoxic T lym-
phocytes than the control mice. Additionally, co-
culture of T-cells from ERG peptide immunized 
mice with ERG expressing prostate cancer cells 
resulted in an increased measures of T-cell acti-
vation compared to cells lacking ERG expression 
[192].

�Chemoresistance

ERG-positive patients with CRPC are twice as 
likely to develop resistance to docetaxel treat-
ment than ERG-negative CRPC patients. 
Immunoprecipitation experiments revealed that 
cytoplasmic ERG interacts with tubulin through 
the PNT domain. Deletion of the ERG PNT 
domain restores sensitivity to docetaxel treat-
ment, suggesting that the ERG-tubulin interac-
tion functionally contributes to taxane resistance 
in prostate cancer [194]. Additionally, detection 
of TMPRSS2/ERG in the blood of metastatic 
CRPC patients is predictive of docetaxel resis-
tance [195]. ERG induces chemoresistance in 
leukemia cells [196]. These data may help clini-
cians determine a course of treatment by ERG 
subtyping.

�Degradation of ETS Factors

It is clear that the protein stability of oncogenic 
ETS proteins is highly regulated, and it is possible 
that this process could be manipulated for thera-
peutic benefit. The tumor suppressor SPOP regu-
lates ERG protein stability. Interestingly, SPOP 
loss-of-function mutations are present in 6–15% 
of prostate cancers but are mutually exclusive with 
ETS rearrangements [42, 175, 197, 198]. While 
wild type ERG protein is amenable to SPOP medi-
ated degradation, most ERG fusion products are 
resistant through loss of the N-terminal degron 
[174, 175]. Similarly, the E3 ubiquitin ligase 
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COP1 targets the PEA3 factors for degradation 
through an N-terminal degron that is lost in most 
prostate cancer gene rearrangements [176]. It is 
possible that these mechanisms contribute to ERG 
and PEA3 factor upregulation, which is observed 
in some rearrangement-negative tumors. However, 
the E3 ubiquitin ligase TRIM25 is able to bind and 
ubiquitinate both full length and N-terminally 
truncated ERG, as it targets the C-terminal ERG 
degron [199]. The deubiquitase enzyme USP9X 
binds to and deubiquitinates ERG [93]. A small 
molecule inhibitor of USP9X, WP1130, destabi-
lizes ERG protein and causes an increase in tumor 
growth in mice xenografted with ERG-expressing 
prostate cancer cells [93], suggesting that targeting 
ERG protein stability may be an effective prostate 
cancer treatment.

�Conclusion

Recurrent gene rearrangements that involve ETS 
transcription factors typify the largest molecular 
subgroup of prostate cancer. Information on the 
molecular details of ETS factor function are 
essential to the movement towards precision ther-
apies for prostate cancer patients. Genomic and 
biochemical studies have uncovered much about 
how ETS factors bind to and regulate chromatin 
to alter gene expression. However, the key to the 
development of effective and specific ETS thera-
pies may be through teasing apart differences 
between oncogenic and tumor suppressive ETS 
function and understanding differences in physi-
ological versus pathological roles.

References

	 1.	S.A. Tomlins et al., Recurrent fusion of TMPRSS2 
and ETS transcription factor genes in prostate can-
cer. Science 310(5748), 644–648 (2005)

	 2.	S.A. Tomlins et al., Distinct classes of chromosomal 
rearrangements create oncogenic ETS gene fusions in 
prostate cancer. Nature 448(7153), 595–599 (2007)

	 3.	B.S. Carver et al., Aberrant ERG expression cooper-
ates with loss of PTEN to promote cancer progres-
sion in the prostate. Nat. Genet. 41(5), 619–624 
(2009)

	 4.	 J.C.  King et  al., Cooperativity of TMPRSS2-ERG 
with PI3-kinase pathway activation in prostate onco-
genesis. Nat. Genet. 41(5), 524–526 (2009)

	 5.	Y.  Zong et  al., ETS family transcription factors 
collaborate with alternative signaling pathways to 
induce carcinoma from adult murine prostate cells. 
Proc. Natl. Acad. Sci. U.  S. A. 106(30), 12465–
12470 (2009)

	 6.	Y. Chen et al., ETS factors reprogram the androgen 
receptor cistrome and prime prostate tumorigenesis 
in response to PTEN loss. Nat. Med. 19(8), 1023–
1029 (2013)

	 7.	P.C.  Hollenhorst, L.P.  McIntosh, B.J.  Graves, 
Genomic and biochemical insights into the speci-
ficity of ETS transcription factors. Annu. Rev. 
Biochem. 80, 437–471 (2011)

	 8.	G.H.  Wei et  al., Genome-wide analysis of ETS-
family DNA-binding in  vitro and in  vivo. EMBO 
J. 29(13), 2147–2160 (2010)

	 9.	P.C.  Hollenhorst, D.A.  Jones, B.J.  Graves, 
Expression profiles frame the promoter specificity 
dilemma of the ETS family of transcription factors. 
Nucleic Acids Res. 32(18), 5693–5702 (2004)

	 10.	D. Albino et al., ESE3/EHF controls epithelial cell 
differentiation and its loss leads to prostate tumors 
with mesenchymal and stem-like features. Cancer 
Res. 72(11), 2889–2900 (2012)

	 11.	X.  Gu et  al., Reduced PDEF expression increases 
invasion and expression of mesenchymal genes in 
prostate cancer cells. Cancer Res. 67(9), 4219–4226 
(2007)

	 12.	N.  Longoni et  al., ETS transcription factor ESE1/
ELF3 orchestrates a positive feedback loop that con-
stitutively activates NF-kappaB and drives prostate 
cancer progression. Cancer Res. 73(14), 4533–4547 
(2013)

	 13.	Cancer Genome Atlas Research Network, The 
molecular taxonomy of primary prostate cancer. Cell 
163(4), 1011–1025 (2015)

	 14.	D. Robinson et al., Integrative clinical genomics of 
advanced prostate cancer. Cell 161(5), 1215–1228 
(2015)

	 15.	A.  Aytes et  al., ETV4 promotes metastasis in 
response to activation of PI3-kinase and Ras signal-
ing in a mouse model of advanced prostate cancer. 
Proc. Natl. Acad. Sci. U.  S. A. 110(37), E3506–
E3515 (2013)

	 16.	E.  Baena et  al., ETV1 directs androgen metabo-
lism and confers aggressive prostate cancer in tar-
geted mice and patients. Genes Dev. 27(6), 683–698 
(2013)

	 17.	J. Higgins et al., Interaction of the androgen recep-
tor, ETV1, and PTEN pathways in mouse prostate 
varies with pathological stage and predicts cancer 
progression. Horm. Cancer 6(2–3), 67–86 (2015)

	 18.	D.S. Rickman et al., SLC45A3-ELK4 is a novel and 
frequent erythroblast transformation-specific fusion 
transcript in prostate cancer. Cancer Res. 69(7), 
2734–2738 (2009)

T. R. Nicholas et al.



431

	 19.	P.  Paulo et  al., FLI1 is a novel ETS transcription 
factor involved in gene fusions in prostate cancer. 
Genes Chromosomes Cancer 51(3), 240–249 (2012)

	 20.	B.E.  Helgeson et  al., Characterization of 
TMPRSS2:ETV5 and SLC45A3:ETV5 gene fusions 
in prostate cancer. Cancer Res. 68(1), 73–80 (2008)

	 21.	V.  Kedage et  al., An interaction with Ewing’s 
sarcoma breakpoint protein EWS defines a  
specific oncogenic mechanism of ETS factors 
rearranged in prostate cancer. Cell Rep. 17(5),  
1289–1301 (2016)

	 22.	P.C.  Hollenhorst et  al., Oncogenic ETS proteins 
mimic activated RAS/MAPK signaling in prostate 
cells. Genes Dev. 25(20), 2147–2157 (2011)

	 23.	C.  Kumar-Sinha, S.A.  Tomlins, A.M.  Chinnaiyan, 
Recurrent gene fusions in prostate cancer. Nat. Rev. 
Cancer 8(7), 497–511 (2008)

	 24.	D. Hessels, J.A. Schalken, Recurrent gene fusions in 
prostate cancer: their clinical implications and uses. 
Curr. Urol. Rep. 14(3), 214–222 (2013)

	 25.	S.A. Tomlins et al., TMPRSS2:ETV4 gene fusions 
define a third molecular subtype of prostate cancer. 
Cancer Res. 66(7), 3396–3400 (2006)

	 26.	R.  Mehra et  al., Comprehensive assessment of 
TMPRSS2 and ETS family gene aberrations in clini-
cally localized prostate cancer. Mod. Pathol. 20(5), 
538–544 (2007)

	 27.	S.  Minner et  al., Marked heterogeneity of ERG 
expression in large primary prostate cancers. Mod. 
Pathol. 26(1), 106–116 (2013)

	 28.	J.D.  Barros-Silva et  al., Novel 5′ fusion partners 
of ETV1 and ETV4  in prostate cancer. Neoplasia 
15(7), 720–726 (2013)

	 29.	K.G.  Hermans et  al., Two unique novel prostate-
specific and androgen-regulated fusion partners of 
ETV4 in prostate cancer. Cancer Res. 68(9), 3094–
3098 (2008)

	 30.	B.  Han et  al., A fluorescence in situ hybridization 
screen for E26 transformation-specific aberrations: 
identification of DDX5-ETV4 fusion protein in 
prostate cancer. Cancer Res. 68(18), 7629–7637 
(2008)

	 31.	J. Clark et al., Diversity of TMPRSS2-ERG fusion 
transcripts in the human prostate. Oncogene 26(18), 
2667–2673 (2007)

	 32.	M.A. Svensson et al., Testing mutual exclusivity of 
ETS rearranged prostate cancer. Lab. Investig. 91(3), 
404–412 (2011)

	 33.	J. Wang et al., Expression of variant TMPRSS2/ERG 
fusion messenger RNAs is associated with aggres-
sive prostate cancer. Cancer Res. 66(17), 8347–8351 
(2006)

	 34.	M.C.  Wong et  al., Global incidence and mortality 
for prostate cancer: analysis of temporal patterns 
and trends in 36 countries. Eur. Urol. 70(5), 862–874 
(2016)

	 35.	C.K.  Zhou et  al., TMPRSS2:ERG gene fusions in 
prostate cancer of West African men and a meta-

analysis of racial differences. Am. J.  Epidemiol. 
186(12), 1352–1361 (2017)

	 36.	B. Ateeq et al., Molecular profiling of ETS and non-
ETS aberrations in prostate cancer patients from 
northern India. Prostate 75(10), 1051–1062 (2015)

	 37.	J. Weischenfeldt et al., Integrative genomic analyses 
reveal an androgen-driven somatic alteration land-
scape in early-onset prostate cancer. Cancer Cell 
23(2), 159–170 (2013)

	 38.	M.C.  Tsourlakis et  al., Heterogeneity of ERG 
expression in prostate cancer: a large section map-
ping study of entire prostatectomy specimens from 
125 patients. BMC Cancer 16, 641 (2016)

	 39.	B.S.  Taylor et  al., Integrative genomic profiling of 
human prostate cancer. Cancer Cell 18(1), 11–22 
(2010)

	 40.	K.A.  Leinonen et  al., Loss of PTEN is associated 
with aggressive behavior in ERG-positive prostate 
cancer. Cancer Epidemiol. Biomark. Prev. 22(12), 
2333–2344 (2013)

	 41.	S.A. Tomlins et al., The role of SPINK1 in ETS rear-
rangement-negative prostate cancers. Cancer Cell 
13(6), 519–528 (2008)

	 42.	C.E.  Barbieri et  al., Exome sequencing identifies 
recurrent SPOP, FOXA1 and MED12 mutations in 
prostate cancer. Nat. Genet. 44(6), 685–689 (2012)

	 43.	L. Burkhardt et al., CHD1 is a 5q21 tumor suppres-
sor required for ERG rearrangement in prostate can-
cer. Cancer Res. 73(9), 2795–2805 (2013)

	 44.	J. Shoag et al., SPOP mutation drives prostate neo-
plasia without stabilizing oncogenic transcription 
factor ERG. J. Clin. Invest. 128(1), 381–386 (2018)

	 45.	J. Clark et al., Complex patterns of ETS gene altera-
tion arise during cancer development in the human 
prostate. Oncogene 27(14), 1993–2003 (2008)

	 46.	M.M.  Shen, C.  Abate-Shen, Molecular genetics of 
prostate cancer: new prospects for old challenges. 
Genes Dev. 24(18), 1967–2000 (2010)

	 47.	F.  Demichelis et  al., TMPRSS2:ERG gene fusion 
associated with lethal prostate cancer in a watch-
ful waiting cohort. Oncogene 26(31), 4596–4599 
(2007)

	 48.	K.D.  Berg et  al., ERG protein expression in diag-
nostic specimens is associated with increased risk of 
progression during active surveillance for prostate 
cancer. Eur. Urol. 66(5), 851–860 (2014)

	 49.	C.  Hagglof et  al., TMPRSS2-ERG expression 
predicts prostate cancer survival and associates  
with stromal biomarkers. PLoS One 9(2), e86824 
(2014)

	 50.	U. Lokman et al., PTEN loss but not ERG expression 
in diagnostic biopsies is associated with increased 
risk of progression and adverse surgical findings in 
men with prostate cancer on active surveillance. Eur. 
Urol. Focus 4(6), 867–873 (2018)

	 51.	M. Taris et al., ERG expression in prostate cancer: 
the prognostic paradox. Prostate 74(15), 1481–1487 
(2014)

Oncogenic ETS Factors in Prostate Cancer



432

	 52.	S.  Terry et  al., Clinical value of ERG, TFF3, and 
SPINK1 for molecular subtyping of prostate cancer. 
Cancer 121(9), 1422–1430 (2015)

	 53.	D.W.  Lin et  al., Urinary TMPRSS2:ERG and 
PCA3 in an active surveillance cohort: results from 
a baseline analysis in the Canary Prostate Active 
Surveillance Study. Clin. Cancer Res. 19(9), 2442–
2450 (2013)

	 54.	A.  Font-Tello et  al., Association of ERG and 
TMPRSS2-ERG with grade, stage, and prognosis 
of prostate cancer is dependent on their expression 
levels. Prostate 75(11), 1216–1226 (2015)

	 55.	S.A.  Tomlins et  al., Urine TMPRSS2:ERG plus 
PCA3 for individualized prostate cancer risk assess-
ment. Eur. Urol. 70(1), 45–53 (2016)

	 56.	H. Amir, C.M.R. Lebastchi, A.M. Helfand, T. Osawa, 
J. Siddiqui, R. Siddiqui, A.M. Chinnaiyan, P. Kunju, 
R.  Mehra, D.  Snyder, S.A.  Tomlins, J.T.  Wei, 
T.M.  Morgan, Michigan Prostate Score (MIPS): 
an analysis of a novel urinary biomarker panel for 
the prediction of prostate cancer and its impact on 
biopsy rates. J. Urol. 197(4), e128 (2007)

	 57.	R.M.  Hagen et  al., Quantitative analysis of ERG 
expression and its splice isoforms in formalin-fixed, 
paraffin-embedded prostate cancer samples: associa-
tion with seminal vesicle invasion and biochemical 
recurrence. Am. J.  Clin. Pathol. 142(4), 533–540 
(2014)

	 58.	C. Lin et al., Nuclear receptor-induced chromosomal 
proximity and DNA breaks underlie specific translo-
cations in cancer. Cell 139(6), 1069–1083 (2009)

	 59.	M.C.  Haffner et  al., Androgen-induced TOP2B-
mediated double-strand breaks and prostate cancer 
gene rearrangements. Nat. Genet. 42(8), 668–675 
(2010)

	 60.	R.S.  Mani et  al., Induced chromosomal proxim-
ity and gene fusions in prostate cancer. Science 
326(5957), 1230 (2009)

	 61.	R.S.  Mani et  al., Inflammation-induced oxidative 
stress mediates gene fusion formation in prostate 
cancer. Cell Rep. 17(10), 2620–2631 (2016)

	 62.	X. Li et al., BRD4 promotes DNA repair and medi-
ates the formation of TMPRSS2-ERG gene rear-
rangements in prostate cancer. Cell Rep. 22(3), 
796–808 (2018)

	 63.	V. Vlaeminck-Guillem et al., The Ets family mem-
ber Erg gene is expressed in mesodermal tissues 
and neural crests at fundamental steps during mouse 
embryogenesis. Mech. Dev. 91(1–2), 331–335 
(2000)

	 64.	F.  Ellett, B.T.  Kile, G.J.  Lieschke, The role of the 
ETS factor erg in zebrafish vasculogenesis. Mech. 
Dev. 126(3–4), 220–229 (2009)

	 65.	F. McLaughlin et al., Combined genomic and anti-
sense analysis reveals that the transcription factor 
Erg is implicated in endothelial cell differentiation. 
Blood 98(12), 3332–3339 (2001)

	 66.	G.M.  Birdsey et  al., The endothelial transcription 
factor ERG promotes vascular stability and growth 

through Wnt/beta-catenin signaling. Dev. Cell 32(1), 
82–96 (2015)

	 67.	G.M. Birdsey et  al., Transcription factor Erg regu-
lates angiogenesis and endothelial apoptosis through 
VE-cadherin. Blood 111(7), 3498–3506 (2008)

	 68.	A. Chotteau-Lelievre et al., PEA3 transcription fac-
tors are expressed in tissues undergoing branching 
morphogenesis and promote formation of duct-like 
structures by mammary epithelial cells in vitro. Dev. 
Biol. 259(2), 241–257 (2003)

	 69.	A.  Garg et  al., FGF-induced Pea3 transcription 
factors program the genetic landscape for cell fate 
determination. PLoS Genet. 14(9), e1007660 (2018)

	 70.	W.A. Znosko et al., Overlapping functions of Pea3 
ETS transcription factors in FGF signaling during 
zebrafish development. Dev. Biol. 342(1), 11–25 
(2010)

	 71.	J.C.  Herriges et  al., FGF-regulated ETV transcrip-
tion factors control FGF-SHH feedback loop in lung 
branching. Dev. Cell 35(3), 322–332 (2015)

	 72.	Z. Zhang et al., FGF-regulated Etv genes are essen-
tial for repressing Shh expression in mouse limb 
buds. Dev. Cell 16(4), 607–613 (2009)

	 73.	A. Chotteau-Lelievre et  al., Differential expression 
patterns of the PEA3 group transcription factors 
through murine embryonic development. Oncogene 
15(8), 937–952 (1997)

	 74.	A.  Chotteau-Lelievre et  al., Expression patterns of 
the Ets transcription factors from the PEA3 group 
during early stages of mouse development. Mech. 
Dev. 108(1–2), 191–195 (2001)

	 75.	S.J.  Loughran et  al., The transcription factor Erg 
is essential for definitive hematopoiesis and the 
function of adult hematopoietic stem cells. Nat. 
Immunol. 9(7), 810–819 (2008)

	 76.	G. Tyagi et al., Loss of Etv5 decreases proliferation 
and RET levels in neonatal mouse testicular germ 
cells and causes an abnormal first wave of spermato-
genesis. Biol. Reprod. 81(2), 258–266 (2009)

	 77.	C.L.  Carmichael et  al., Hematopoietic overexpres-
sion of the transcription factor Erg induces lymphoid 
and erythro-megakaryocytic leukemia. Proc. Natl. 
Acad. Sci. U. S. A. 109(38), 15437–15442 (2012)

	 78.	S.  Tsuzuki, O.  Taguchi, M.  Seto, Promotion and 
maintenance of leukemia by ERG. Blood 117(14), 
3858–3868 (2011)

	 79.	J.A. Thoms et al., ERG promotes T-acute lympho-
blastic leukemia and is transcriptionally regulated 
in leukemic cells by a stem cell enhancer. Blood 
117(26), 7079–7089 (2011)

	 80.	O.M.  Casey et  al., TMPRSS2-driven ERG expres-
sion in  vivo increases self-renewal and maintains 
expression in a castration resistant subpopulation. 
PLoS One 7(7), e41668 (2012)

	 81.	A. Srivastava, D.K. Price, W.D. Figg, Prostate tumor 
development and androgen receptor function altera-
tions in a new mouse model with ERG overexpres-
sion and PTEN inactivation. Cancer Biol. Ther. 
15(10), 1293–1295 (2014)

T. R. Nicholas et al.



433

	 82.	L.T.  Nguyen et  al., ERG activates the YAP1 tran-
scriptional program and induces the development 
of age-related prostate tumors. Cancer Cell 27(6), 
797–808 (2015)

	 83.	R.S.  Mani et  al., TMPRSS2-ERG-mediated feed-
forward regulation of wild-type ERG in human pros-
tate cancers. Cancer Res. 71(16), 5387–5392 (2011)

	 84.	C.  Cai et  al., Reactivation of androgen receptor-
regulated TMPRSS2:ERG gene expression in cas-
tration-resistant prostate cancer. Cancer Res. 69(15), 
6027–6032 (2009)

	 85.	K.D.  Mertz et  al., Molecular characterization of 
TMPRSS2-ERG gene fusion in the NCI-H660 pros-
tate cancer cell line: a new perspective for an old 
model. Neoplasia 9(3), 200–206 (2007)

	 86.	N.  Selvaraj et  al., Prostate cancer ETS rearrange-
ments switch a cell migration gene expression pro-
gram from RAS/ERK to PI3K/AKT regulation. Mol. 
Cancer 13, 61 (2014)

	 87.	S.A.  Tomlins et  al., Role of the TMPRSS2-ERG 
gene fusion in prostate cancer. Neoplasia 10(2), 
177–188 (2008)

	 88.	L.  Shao et  al., Highly specific targeting of the 
TMPRSS2/ERG fusion gene using liposomal nan-
ovectors. Clin. Cancer Res. 18(24), 6648–6657 
(2012)

	 89.	Y.  Yang et  al., Loss of FOXO1 cooperates with 
TMPRSS2-ERG overexpression to promote prostate 
tumorigenesis and cell invasion. Cancer Res. 77(23), 
6524–6537 (2017)

	 90.	S. Gupta et al., FZD4 as a mediator of ERG onco-
gene-induced WNT signaling and epithelial-to-mes-
enchymal transition in human prostate cancer cells. 
Cancer Res. 70(17), 6735–6745 (2010)

	 91.	P.C.  Hollenhorst et  al., The ETS gene ETV4 is 
required for anchorage-independent growth and a 
cell proliferation gene expression program in PC3 
prostate cells. Genes Cancer 1(10), 1044–1052 
(2011)

	 92.	D. Mesquita et al., Specific and redundant activities 
of ETV1 and ETV4  in prostate cancer aggressive-
ness revealed by co-overexpression cellular con-
texts. Oncotarget 6(7), 5217–5236 (2015)

	 93.	S. Wang et al., Ablation of the oncogenic transcrip-
tion factor ERG by deubiquitinase inhibition in pros-
tate cancer. Proc. Natl. Acad. Sci. U. S. A. 111(11), 
4251–4256 (2014)

	 94.	Z.  Mounir et  al., TMPRSS2:ERG blocks neuroen-
docrine and luminal cell differentiation to maintain 
prostate cancer proliferation. Oncogene 34(29), 
3815–3825 (2015)

	 95.	J.  Yu et  al., An integrated network of androgen 
receptor, polycomb, and TMPRSS2-ERG gene 
fusions in prostate cancer progression. Cancer Cell 
17(5), 443–454 (2010)

	 96.	C.  Sun et  al., TMPRSS2-ERG fusion, a common 
genomic alteration in prostate cancer activates 
C-MYC and abrogates prostate epithelial differen-
tiation. Oncogene 27(40), 5348–5353 (2008)

	 97.	S.  You et  al., Integrated classification of prostate 
cancer reveals a novel luminal subtype with poor 
outcome. Cancer Res. 76(17), 4948–4958 (2016)

	 98.	A.M.  Blee et  al., TMPRSS2-ERG controls lumi-
nal epithelial lineage and antiandrogen sensitivity 
in PTEN and TP53-mutated prostate cancer. Clin. 
Cancer Res. 24(18), 4551–4565 (2018)

	 99.	K. Shimizu et al., An ets-related gene, ERG, is rear-
ranged in human myeloid leukemia with t(16;21) 
chromosomal translocation. Proc. Natl. Acad. Sci. 
U. S. A. 90(21), 10280–10284 (1993)

	100.	M. Giovannini et al., EWS-erg and EWS-Fli1 fusion 
transcripts in Ewing’s sarcoma and primitive neu-
roectodermal tumors with variant translocations. 
J. Clin. Invest. 94(2), 489–496 (1994)

	101.	T.  Dunn et  al., ERG gene is translocated in an 
Ewing’s sarcoma cell line. Cancer Genet. Cytogenet. 
76(1), 19–22 (1994)

	102.	T.G.P. Grunewald et al., Ewing sarcoma. Nat. Rev. 
Dis. Primers 4(1), 5 (2018)

	103.	 I.S. Jeon et al., A variant Ewing’s sarcoma translo-
cation (7;22) fuses the EWS gene to the ETS gene 
ETV1. Oncogene 10(6), 1229–1234 (1995)

	104.	M. Peter et  al., A new member of the ETS family 
fused to EWS in Ewing tumors. Oncogene 14(10), 
1159–1164 (1997)

	105.	F. Urano et al., Molecular analysis of Ewing’s sar-
coma: another fusion gene, EWS-E1AF, available 
for diagnosis. Jpn. J.  Cancer Res. 89(7), 703–711 
(1998)

	106.	P.H.  Sorensen et  al., A second Ewing’s sarcoma 
translocation, t(21;22), fuses the EWS gene to 
another ETS-family transcription factor, ERG. Nat. 
Genet. 6(2), 146–151 (1994)

	107.	D.D. Prasad et al., TLS/FUS fusion domain of TLS/
FUS-erg chimeric protein resulting from the t(16;21) 
chromosomal translocation in human myeloid leuke-
mia functions as a transcriptional activation domain. 
Oncogene 9(12), 3717–3729 (1994)

	108.	 I.  Panagopoulos et  al., Fusion of the FUS gene 
with ERG in acute myeloid leukemia with t(16;21)
(p11;q22). Genes Chromosomes Cancer 11(4), 256–
262 (1994)

	109.	P.  Peeters et  al., Fusion of TEL, the ETS-variant  
gene 6 (ETV6), to the receptor-associated kinase 
JAK2 as a result of t(9;12) in a lymphoid and 
t(9;15;12) in a myeloid leukemia. Blood 90(7), 
2535–2540 (1997)

	110.	R.  Bose et  al., ERF mutations reveal a balance of 
ETS factors controlling prostate oncogenesis. Nature 
546(7660), 671–675 (2017)

	111.	J.A. Budka et al., Common ELF1 deletion in pros-
tate cancer bolsters oncogenic ETS function, inhib-
its senescence and promotes docetaxel resistance. 
Genes Cancer 9(5–6), 198–214 (2018)

	112.	D.E.  Linn et  al., Deletion of interstitial genes 
between TMPRSS2 and ERG promotes prostate 
cancer progression. Cancer Res. 76(7), 1869–1881 
(2016)

Oncogenic ETS Factors in Prostate Cancer



434

	113.	F.W.  Huang et  al., Exome sequencing of African-
American prostate cancer reveals loss-of-function 
ERF mutations. Cancer Discov. 7(9), 973–983 
(2017)

	114.	T.E.  Sussan et  al., Trisomy represses Apc(Min)-
mediated tumours in mouse models of Down’s syn-
drome. Nature 451(7174), 73–75 (2008)

	115.	S.Y. Ku et al., Rb1 and Trp53 cooperate to suppress 
prostate cancer lineage plasticity, metastasis, and 
antiandrogen resistance. Science 355(6320), 78–83 
(2017)

	116.	P. Mu et al., SOX2 promotes lineage plasticity and 
antiandrogen resistance in TP53- and RB1-deficient 
prostate cancer. Science 355(6320), 84–88 (2017)

	117.	B.J. Graves, J.M. Petersen, Specificity within the ets 
family of transcription factors. Adv. Cancer Res. 75, 
1–55 (1998)

	118.	S.  De et  al., Steric mechanism of auto-inhibitory 
regulation of specific and non-specific DNA binding 
by the ETS transcriptional repressor ETV6. J. Mol. 
Biol. 426(7), 1390–1406 (2014)

	119.	X.  Xu et  al., Structural basis for reactivating the 
mutant TERT promoter by cooperative binding of 
p52 and ETS1. Nat. Commun. 9(1), 3183 (2018)

	120.	R. Sharma, S.P. Gangwar, A.K. Saxena, Comparative 
structure analysis of the ETSi domain of ERG3 and 
its complex with the E74 promoter DNA sequence. 
Acta Crystallogr. F Struct. Biol. Commun. 74(Pt 10), 
656–663 (2018)

	121.	S.L. Currie et al., Structured and disordered regions 
cooperatively mediate DNA-binding autoinhibition 
of ETS factors ETV1, ETV4 and ETV5. Nucleic 
Acids Res. 45(5), 2223–2241 (2017)

	122.	M.  Shiina et  al., A novel allosteric mechanism on 
protein-DNA interactions underlying the phosphor-
ylation-dependent regulation of Ets1 target gene 
expressions. J. Mol. Biol. 427(8), 1655–1669 (2015)

	123.	C.D.  Cooper et  al., Structures of the Ets protein 
DNA-binding domains of transcription factors Etv1, 
Etv4, Etv5, and Fev: determinants of DNA binding 
and redox regulation by disulfide bond formation. 
J. Biol. Chem. 290(22), 13692–13709 (2015)

	124.	T. Shrivastava et al., Structural basis of Ets1 activa-
tion by Runx1. Leukemia 28(10), 2040–2048 (2014)

	125.	M.C.  Regan et  al., Structural and dynamic studies 
of the transcription factor ERG reveal DNA binding 
is allosterically autoinhibited. Proc. Natl. Acad. Sci. 
U. S. A. 110(33), 13374–13379 (2013)

	126.	N.D.  Babayeva, O.I.  Baranovskaya, T.H.  Tahirov, 
Structural basis of Ets1 cooperative binding to 
widely separated sites on promoter DNA. PLoS One 
7(3), e33698 (2012)

	127.	N.D. Babayeva et al., Structural basis of Ets1 coop-
erative binding to palindromic sequences on strome-
lysin-1 promoter DNA. Cell Cycle 9(15), 3054–3062 
(2010)

	128.	M.  Hassler, T.J.  Richmond, The B-box dominates 
SAP-1-SRF interactions in the structure of the ter-
nary complex. EMBO J. 20(12), 3018–3028 (2001)

	129.	Y. Mo et al., Structures of SAP-1 bound to DNA tar-
gets from the E74 and c-fos promoters: insights into 

DNA sequence discrimination by Ets proteins. Mol. 
Cell 2(2), 201–212 (1998)

	130.	Y.  Mo et  al., Structure of the elk-1-DNA complex 
reveals how DNA-distal residues affect ETS domain 
recognition of DNA. Nat. Struct. Biol. 7(4), 292–297 
(2000)

	131.	M.D. Jonsen et al., Characterization of the coopera-
tive function of inhibitory sequences in Ets-1. Mol. 
Cell. Biol. 16(5), 2065–2073 (1996)

	132.	D.O. Cowley, B.J. Graves, Phosphorylation represses 
Ets-1 DNA binding by reinforcing autoinhibition. 
Genes Dev. 14(3), 366–376 (2000)

	133.	A.  Goel, R.  Janknecht, Acetylation-mediated tran-
scriptional activation of the ETS protein ER81 
by p300, P/CAF, and HER2/Neu. Mol. Cell. Biol. 
23(17), 6243–6254 (2003)

	134.	A. Greenall et al., DNA binding by the ETS-domain 
transcription factor PEA3 is regulated by intramo-
lecular and intermolecular protein.protein interac-
tions. J. Biol. Chem. 276(19), 16207–16215 (2001)

	135.	P. Chi et al., ETV1 is a lineage survival factor that 
cooperates with KIT in gastrointestinal stromal 
tumours. Nature 467(7317), 849–853 (2010)

	136.	J.E.  Fish et  al., Dynamic regulation of VEGF-
inducible genes by an ERK/ERG/p300 transcrip-
tional network. Development 144(13), 2428–2444 
(2017)

	137.	P.C.  Hollenhorst et  al., Genome-wide analyses 
reveal properties of redundant and specific promoter 
occupancy within the ETS gene family. Genes Dev. 
21(15), 1882–1894 (2007)

	138.	J. Boros et al., Elucidation of the ELK1 target gene 
network reveals a role in the coordinate regulation of 
core components of the gene regulation machinery. 
Genome Res. 19(11), 1963–1973 (2009)

	139.	N.  Selvaraj et  al., Extracellular signal-regulated 
kinase signaling regulates the opposing roles of JUN 
family transcription factors at ETS/AP-1 sites and in 
cell migration. Mol. Cell. Biol. 35(1), 88–100 (2015)

	140.	B.J.  Madison et  al., Electrostatic repulsion causes 
anticooperative DNA binding between tumor sup-
pressor ETS transcription factors and JUN-FOS 
at composite DNA sites. J.  Biol. Chem. 293(48), 
18624–18635 (2018)

	141.	A. Verger et al., Identification of amino acid residues 
in the ETS transcription factor Erg that mediate Erg-
Jun/Fos-DNA ternary complex formation. J.  Biol. 
Chem. 276(20), 17181–17189 (2001)

	142.	J.P. Plotnik et al., ETS1 is a genome-wide effector 
of RAS/ERK signaling in epithelial cells. Nucleic 
Acids Res. 42(19), 11928–11940 (2014)

	143.	K. Gangwal et al., Emergent properties of EWS/FLI 
regulation via GGAA microsatellites in Ewing’s sar-
coma. Genes Cancer 1(2), 177–187 (2010)

	144.	K.  Gangwal et  al., Microsatellites as EWS/FLI 
response elements in Ewing’s sarcoma. Proc. Natl. 
Acad. Sci. U. S. A. 105(29), 10149–10154 (2008)

	145.	A.L. Kennedy et al., Functional, chemical genomic, 
and super-enhancer screening identify sensitivity to 
cyclin D1/CDK4 pathway inhibition in Ewing sar-
coma. Oncotarget 6(30), 30178–30193 (2015)

T. R. Nicholas et al.



435

	146.	T.L.  Sreenath et  al., ETS related gene mediated 
androgen receptor aggregation and endoplasmic 
reticulum stress in prostate cancer development. Sci. 
Rep. 7(1), 1109 (2017)

	147.	N.L.  Sharma et  al., The ETS family member 
GABPalpha modulates androgen receptor signalling 
and mediates an aggressive phenotype in prostate can-
cer. Nucleic Acids Res. 42(10), 6256–6269 (2014)

	148.	K.R. Chng et al., A transcriptional repressor co-regu-
latory network governing androgen response in pros-
tate cancers. EMBO J. 31(12), 2810–2823 (2012)

	149.	J.  Wang et  al., Pleiotropic biological activities of 
alternatively spliced TMPRSS2/ERG fusion gene 
transcripts. Cancer Res. 68(20), 8516–8524 (2008)

	150.	C.  Cai et  al., ETV1 is a novel androgen receptor-
regulated gene that mediates prostate cancer cell 
invasion. Mol. Endocrinol. 21(8), 1835–1846 (2007)

	151.	H. Kim et al., Estradiol-ERbeta2 signaling axis con-
fers growth and migration of CRPC cells through 
TMPRSS2-ETV5 gene fusion. Oncotarget 8(38), 
62820–62833 (2017)

	152.	J.S.  Roe et  al., BET bromodomain inhibition sup-
presses the function of hematopoietic transcription 
factors in acute myeloid leukemia. Mol. Cell 58(6), 
1028–1039 (2015)

	153.	S.  Oh, S.  Shin, R.  Janknecht, ETV1, 4 and 5: an 
oncogenic subfamily of ETS transcription factors. 
Biochim. Biophys. Acta 1826(1), 1–12 (2012)

	154.	A.M. Blee et al., BET bromodomain-mediated inter-
action between ERG and BRD4 promotes prostate 
cancer cell invasion. Oncotarget 7(25), 38319–
38332 (2016)

	155.	Y. Yamamoto-Shiraishi et al., Etv1 and Ewsr1 coop-
eratively regulate limb mesenchymal Fgf10 expres-
sion in response to apical ectodermal ridge-derived 
fibroblast growth factor signal. Dev. Biol. 394(1), 
181–190 (2014)

	156.	A. Gorthi et  al., EWS-FLI1 increases transcription 
to cause R-loops and block BRCA1 repair in Ewing 
sarcoma. Nature 555(7696), 387–391 (2018)

	157.	A.  Verger et  al., The Mediator complex subunit 
MED25 is targeted by the N-terminal transactivation 
domain of the PEA3 group members. Nucleic Acids 
Res. 41(9), 4847–4859 (2013)

	158.	S.L. Currie et al., ETV4 and AP1 transcription fac-
tors form multivalent interactions with three sites 
on the MED25 activator-interacting domain. J. Mol. 
Biol. 429(20), 2975–2995 (2017)

	159.	D.S. Rickman et al., Oncogene-mediated alterations 
in chromatin conformation. Proc. Natl. Acad. Sci. 
U. S. A. 109(23), 9083–9088 (2012)

	160.	T.D. Kim, S. Shin, R. Janknecht, ETS transcription 
factor ERG cooperates with histone demethylase 
KDM4A. Oncol. Rep. 35(6), 3679–3688 (2016)

	161.	Z. Mounir et al., ERG signaling in prostate cancer 
is driven through PRMT5-dependent methylation of 
the Androgen Receptor. Elife 5, e13964 (2016)

	162.	N. Melling et al., Overexpression of enhancer of zeste 
homolog 2 (EZH2) characterizes an aggressive sub-
set of prostate cancers and predicts patient prognosis 
independently from pre- and postoperatively assessed 

clinicopathological parameters. Carcinogenesis 
36(11), 1333–1340 (2015)

	163.	P.  Kunderfranco et  al., ETS transcription factors 
control transcription of EZH2 and epigenetic silenc-
ing of the tumor suppressor gene Nkx3.1 in prostate 
cancer. PLoS One 5(5), e10547 (2010)

	164.	V. Kedage et al., Phosphorylation of the oncogenic 
transcription factor ERG in prostate cells dissoci-
ates polycomb repressive complex 2, allowing target 
gene activation. J.  Biol. Chem. 292(42), 17225–
17235 (2017)

	165.	N.  Selvaraj, V.  Kedage, P.C.  Hollenhorst, 
Comparison of MAPK specificity across the  
ETS transcription factor family identifies a high-
affinity ERK interaction required for ERG function 
in prostate cells. Cell Commun. Signal 13(1), 12 
(2015)

	166.	R. Janknecht, Analysis of the ERK-stimulated ETS 
transcription factor ER81. Mol. Cell. Biol. 16(4), 
1550–1556 (1996)

	167.	R.  Janknecht et  al., The ETS-related transcription 
factor ERM is a nuclear target of signaling cascades 
involving MAPK and PKA. Oncogene 13(8), 1745–
1754 (1996)

	168.	R.C. O’Hagan et al., The activity of the Ets transcrip-
tion factor PEA3 is regulated by two distinct MAPK 
cascades. Oncogene 13(6), 1323–1333 (1996)

	169.	Y. Huang et al., MAPK/ERK2 phosphorylates ERG 
at serine 283  in leukemic cells and promotes stem 
cell signatures and cell proliferation. Leukemia 
30(7), 1552–1561 (2016)

	170.	R. Keld et al., The ERK MAP kinase-PEA3/ETV4-
MMP-1 axis is operative in oesophageal adenocarci-
noma. Mol. Cancer 9, 313 (2010)

	171.	J.  Wu, R.  Janknecht, Regulation of the ETS tran-
scription factor ER81 by the 90-kDa ribosomal 
S6 kinase 1 and protein kinase A.  J. Biol. Chem. 
277(45), 42669–42679 (2002)

	172.	B.  Guo et  al., Dynamic modification of the ETS 
transcription factor PEA3 by sumoylation and 
p300-mediated acetylation. Nucleic Acids Res. 
39(15), 6403–6413 (2011)

	173.	C.  Degerny et  al., SUMO modification of the 
Ets-related transcription factor ERM inhibits its 
transcriptional activity. J.  Biol. Chem. 280(26), 
24330–24338 (2005)

	174.	W.  Gan et  al., SPOP promotes ubiquitination and 
degradation of the ERG oncoprotein to suppress 
prostate cancer progression. Mol. Cell 59(6), 917–
930 (2015)

	175.	J.  An et  al., Truncated ERG oncoproteins from 
TMPRSS2-ERG fusions are resistant to SPOP-
mediated proteasome degradation. Mol. Cell 59(6), 
904–916 (2015)

	176.	A.C. Vitari et al., COP1 is a tumour suppressor that 
causes degradation of ETS transcription factors. 
Nature 474(7351), 403–406 (2011)

	177.	J.L.  Baert et  al., The E3 ubiquitin ligase complex 
component COP1 regulates PEA3 group mem-
ber stability and transcriptional activity. Oncogene 
29(12), 1810–1820 (2010)

Oncogenic ETS Factors in Prostate Cancer



436

	178.	P. Adamo et al., The oncogenic transcription factor 
ERG represses the transcription of the tumour sup-
pressor gene PTEN in prostate cancer cells. Oncol. 
Lett. 14(5), 5605–5610 (2017)

	179.	L. Wu et al., ERG is a critical regulator of Wnt/LEF1 
signaling in prostate cancer. Cancer Res. 73(19), 
6068–6079 (2013)

	180.	X.  Wang et  al., Development of peptidomimetic 
inhibitors of the ERG gene fusion product in prostate 
cancer. Cancer Cell 31(6), 844–847 (2017)

	181.	A.A. Mohamed et al., Identification of a small mol-
ecule that selectively inhibits ERG-positive cancer 
cell growth. Cancer Res. 78(13), 3659–3671 (2018)

	182.	R. Nhili et al., Targeting the DNA-binding activity 
of the human ERG transcription factor using new 
heterocyclic dithiophene diamidines. Nucleic Acids 
Res. 41(1), 125–138 (2013)

	183.	M.S.  Butler et  al., Discovery and characterization 
of small molecules targeting the DNA-binding ETS 
domain of ERG in prostate cancer. Oncotarget 8(26), 
42438–42454 (2017)

	184.	H.V.  Erkizan et  al., A small molecule blocking 
oncogenic protein EWS-FLI1 interaction with RNA 
helicase A inhibits growth of Ewing’s sarcoma. Nat. 
Med. 15(7), 750–756 (2009)

	185.	S. Rahim et al., YK-4-279 inhibits ERG and ETV1 
mediated prostate cancer cell invasion. PLoS One 
6(4), e19343 (2011)

	186.	B.  Winters et  al., Inhibition of ERG activity in 
patient-derived prostate cancer xenografts by YK-4-
279. Anticancer Res. 37(7), 3385–3396 (2017)

	187.	S. Rahim et al., A small molecule inhibitor of ETV1, 
YK-4-279, prevents prostate cancer growth and 
metastasis in a mouse xenograft model. PLoS One 
9(12), e114260 (2014)

	188.	M.S.  Pop et  al., A small molecule that binds and 
inhibits the ETV1 transcription factor oncoprotein. 
Mol. Cancer Ther. 13(6), 1492–1502 (2014)

	189.	J.C. Brenner et al., Mechanistic rationale for inhibi-
tion of poly(ADP-ribose) polymerase in ETS gene 

fusion-positive prostate cancer. Cancer Cell 19(5), 
664–678 (2011)

	190.	P. Chatterjee et al., PARP inhibition sensitizes to low 
dose-rate radiation TMPRSS2-ERG fusion gene-
expressing and PTEN-deficient prostate cancer cells. 
PLoS One 8(4), e60408 (2013)

	191.	S.  Han et  al., Targeted radiosensitization of ETS 
fusion-positive prostate cancer through PARP1 inhi-
bition. Neoplasia 15(10), 1207–1217 (2013)

	192.	H.T. Kissick et al., Development of a peptide-based 
vaccine targeting TMPRSS2:ERG fusion-positive 
prostate cancer. Cancer Immunol. Immunother. 
62(12), 1831–1840 (2013)

	193.	C.  Magi-Galluzzi et  al., TMPRSS2-ERG gene 
fusion prevalence and class are significantly dif-
ferent in prostate cancer of Caucasian, African-
American and Japanese patients. Prostate 71(5), 
489–497 (2011)

	194.	G. Galletti et al., ERG induces taxane resistance in 
castration-resistant prostate cancer. Nat. Commun. 
5, 5548 (2014)

	195.	O.  Reig et  al., TMPRSS2-ERG in blood and 
docetaxel resistance in metastatic castration-resistant 
prostate cancer. Eur. Urol. 70(5), 709–713 (2016)

	196.	L.H.  Mochmann et  al., ERG induces a mesenchy-
mal-like state associated with chemoresistance in 
leukemia cells. Oncotarget 5(2), 351–362 (2014)

	197.	C.S.  Grasso et  al., The mutational landscape of 
lethal castration-resistant prostate cancer. Nature 
487(7406), 239–243 (2012)

	198.	M.F. Berger et al., The genomic complexity of pri-
mary human prostate cancer. Nature 470(7333), 
214–220 (2011)

	199.	S. Wang et al., The ubiquitin ligase TRIM25 targets 
ERG for degradation in prostate cancer. Oncotarget 
7(40), 64921–64931 (2016)

	200.	M.  Goldman, B.  Craft, A.  Kamath, A.  Brooks, 
J. Zhu, D. Haussler, The UCSC Xena Platform for 
cancer genomics data visualization and interpreta-
tion. bioRxiv (2018). https://doi.org/10.1101/326470

T. R. Nicholas et al.

https://doi.org/10.1101/326470

	Oncogenic ETS Factors in Prostate Cancer
	Introduction
	ETS Family Transcription Factors
	What Is an ETS Factor?
	ETS Factors Aberrantly Expressed in Prostate Cancer

	ETS Gene Fusions in Prostate Cancer
	5′ Fusion Partners and Fusion Products
	Demographics of Patients with ETS-Positive Prostate Cancer
	Molecular Stratification of ETS-Positive Prostate Cancers
	Clinicopathological Value of Oncogenic ETS
	Generation of TMPRSS2/ERG Fusions

	ETS Factors as Oncogenes and Tumor Suppressors
	The Physiological Role of Oncogenic ETS
	Oncogenic ETS in Prostate Cancer Pathogenesis and Progression
	Recurrent ETS Fusions in Other Cancers
	Tumor Suppressive ETS Factors

	Molecular Mechanisms of Oncogenic Function
	DNA Binding
	Gene Regulation
	ETS/AP1
	GGAA Microsatellites
	Androgen Receptor
	Transcriptional Activation and Repression
	Oncogenic ETS and Chromatin
	Signaling Pathways and Oncogenic ETS

	Targeting Oncogenic ETS Factors
	ERG Targeting Peptide
	Small Molecule Inhibitors

	PARP1 Inhibitors
	ERG Targeting Vaccine
	Chemoresistance
	Degradation of ETS Factors

	Conclusion
	References




