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Abstract

The ETS family of proteins consists of 28 transcription factors, many of which play critical roles 

in both normal tissue development and homeostasis and have been implicated in development 

and progression of a variety of cancers. In prostate cancer, gene fusion and overexpression of 

ETS factors ERG, FLI1, ETV1, ETV4 and ETV5 have been found in half of prostate cancer 

patients in Caucasian men and define the largest genetic subtype of prostate cancer. This review 

summarizes the data on the discovery, modeling, molecular taxonomy, lineage plasticity and 

therapeutic targeting of ETS family members in prostate cancer.
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1. Introduction

E26 transformation-specific (ETS) family proteins represent a large family of 28 human 

transcription factors that share a highly conserved DNA-binding domain with a winged 

helix–turn–helix (wHTH) topology that bind to 5’-GGA(A/T)-3’ motifs in DNA [1–3]. 

ETS factors have long been implicated in tumorigenesis. The founding member, ETS1, was 
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first discovered in the E26 avian retrovirus v-ets, that cause erythroblastosis in chickens 

[4]. Subsequently, FLI1 and SPI1 were discovered to be the integration sites of Friend 

murine leukemia virus (F-MuLV) and Friend spleen focus-forming virus (SFFV)-induced 

erythroleukemias respectively [5, 6]. Definitive evidence of the causal role of ETS factors in 

human malignancy was first discovered by the finding of recurrent translocations between 

the EWSR1 gene on chr22 and the FLI1 gene on chr11 in Ewing’s Sarcoma [7]. “Ewing’s 

family sarcomas” are molecularly defined by a family of protein fusions with RNA-binding 

proteins, EWSR1 and FUS, comprising the amino-terminus and ETS factors, FLI1, ERG, 
FEV, ETV1 and ETV4, on the carboxyl-terminus [8]. Similar translocations were also 

discovered in a subset of leukemias [9].

In 2005, gene fusions between the androgen responsive gene TMPRSS2 and ETS factors 

ERG and ETV1 were found to occur in half of all prostate cancers [10]. The role of ETS 

in prostate cancer has been a novel subject of intense research and over 1,800 studies 

have been published on ETS factors and prostate cancer. Here, we review key findings on 

the mechanistic role of ETS factors in tumorigenesis from both modeling and biochemical 

studies, and provide an update on efforts targeting ETS fusions in prostate cancer.

Discovery of ETS family fusions in prostate cancer

The landmark discovery of the Philadelphia chromosome, a translocation between chr9 and 

chr22 in chronic myelogenous leukemia by Peter Nowell and David Hungerford in 1960, 

showed that human cancers are caused by genetic aberrations [11]. In the subsequent years, 

cytogenetics studies have found numerous recurrent translocations that defined molecular 

subtypes of leukemias, sarcomas, and lymphomas [12]. However, until the mid-2000’s, 

recurrent chromosomal translocations were not thought to occur in solid tumors. Next-

generation sequencing technologies were not yet available, and the aneuploid genomes 

typical of solid tumors made cytogenetic studies difficult.

Chromosomal translocations and amplifications frequently cause outlier overexpression 

of the involved gene. In 2005, harnessing the newly available gene expression 

microarray datasets of clinical samples, Scott Tomlins, Arul Chinnaiyan and colleagues 

bioinformatically identified genes with outlier overexpression. In addition to finding 

already known amplifications and translocations, they discovered mutually exclusive outlier 

overexpression of ERG (21q22.3) in up to 50% and of ETV1 (7q21.2) in up to 10% of 

prostate cancers [10]. RACE (Rapid amplification of cDNA ends) found chimeric mRNA 

between the 5’ untranslated region of TMPRSS2 and 3’ end of ERG or ETV1 leading to the 

overexpression of slightly N-terminal truncated ETS proteins. The most common genomic 

event that causes ERG overexpression is a deletion of a ~3 Mb DNA fragment between 

TMPRSS2 and ERG on chr21. TMPRSS2 encodes a transmembrane serine protease that is 

highly expressed in prostate luminal epithelium as well as epithelial cells of other organs 

[13]. Since this initial discovery, several other ETS factors, including FLI1, ETV4, and 

ETV5 as well as multiple other fusion partners have been characterized (Figure 1) [10, 14–

17]. After the landmark discovery of ETS fusions in prostate cancer, many other recurrent 

fusions have been discovered in solid tumors (e.g., ALK, ROS1, RET and NTRK) and have 

altered the molecular diagnosis and targeted therapy landscape in solid tumors [18, 19].
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Genetic fusions can be classified as those that generate gain-of-function chimeric proteins 

(e.g., BCR-ABL that results in a constitutively activated ABL kinase) or promoter/enhancer 

hijacking that result in aberrant overexpression of a wild-type oncoprotein (e.g., IgG-MYC, 

IgG-BCL2 fusions in Burkitt’s and follicular lymphoma respectively) [12]. While EWS-
FLI1 and EWS-ERG fusions in Ewing’s sarcoma generate a gain-of-function chimeric 

protein, prostate cancer ETS fusions rarely contain coding components of the fusion partner. 

Instead, ETS fusions lead to overexpression of either full length or slightly truncated 

proteins. For the ETS gene, the breakpoint tends to be in one of the larger introns at the 

beginning of the gene right after the first coding exon (Figure 1A). For the fusion partner, 

the breakpoint is at an early intron that may or may not include any coding components 

(Figure 1B). For example, TMPRSS2-ERG fusion, the most common breakpoints are intron 

1 of TMPRSS2 and intron 3, intron 4 or intron 5 of ERG, leading to a transcript with the 

5’ untranslated region (5’-UTR) of TMPRSS2 and a slightly amino-terminal truncated ERG 

protein that starts at exon 4, exon 5 or exon 6. Less frequently, intron 2 of TMPRSS2 can 

be involved leading to inclusion of short protein sequence of TMPRSS2. The multiple 5’ 

fusion partners share high prostate epithelial expression and including both coding as well 

as non-coding genes, such as the non-coding RNAs C15orf21, EST14, FLI35294 and the 

endogenous retroviral element HERV-K17.

The mechanistic basis that generate recurrent fusions in cancer is understood for only a 

few cases. For example, lymphomas and multiple myelomas harbor recurrent translocations 

involving the immunoglobin heavy, light chains or T-cell receptors (TCR) with oncogenes 

such as MYC, BLC2, BCL6 or FGFR3. These translocations arise from errors that occur 

during V(D)J recombination or class switch recombination that cause DNA breaks to 

generate antibody and TCR diversity [20]. In prostate cancer three studies have suggested 

that recurrent ETS rearrangements are not random events but a consequence of androgen 

receptor activity. In experimental systems, AR binding to TMPRSS2 and ERG introns can 

bring the two loci together and recruit enzymes, including topoisomerase II beta, cytidine 

deaminase, and LINE1ORF2, that can induce DNA double-stranded breaks and which are 

then ligated by DNA repair machinery to generate the fusion [21–23]. Recently, a study 

of human prostate specimens suggests that bacterial infection can lead to DNA breaks and 

ERG translocation [24]. Chronic inflammation and bacterial infection leading proliferative 

inflammatory atrophy (PIA) is a known precursor to invasive cancer [25]. Examining 

non-neoplastic areas of prostatectomy samples with bacterial prostatitis, the investigators 

identified TMPRSS2:ERG rearrangements.

In addition to gene-to-gene fusions that generate chimeric ETS-transcripts, other genomic 

structural variations have been characterized that also lead to aberrant ETS expression. For 

example, the entire ETV1 gene can be translocated to an actively transcribed locus that 

lead to overexpression of full length ETV1. The MIPOL1/FOXA1 locus on chr14q is a 

recurrent target for ETV1 translocation and this translocation is found in two prostate cancer 

cell lines, LNCaP and MDA-PCa2b (Figure 1C) [14, 26, 27]. In the TCGA cohort, while 

all cases ERG overexpression were due to gene fusion, a large fraction of ETV1, ETV4, 

and FLI1-positive tumors overexpressed the full-length transcript suggesting that “enhancer 

hijacking” where the entire normally transcriptionally silent locus is rearranged to an active 

locus leading to overexpression.
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The importance of ETS overexpression and its activity in prostate cancer tumorigenesis is 

highlighted by the presence of additional alterations in the ETS pathway (Figure 2). The 

PEA3 subfamily of ETS factors, ETV1, ETV4, and ETV5 are degraded by the E3-ligase 

COP1, and COP1 loss causes dramatically increased protein levels of these ETS factors [28]. 

COP1 deletion is observed in a subset of prostate cancers and also the prostate cancer cell 

line PC3 [29]. In a genetically engineered mouse model (GEMM), Cop1 deletion in the 

prostate causes prostatic intraepithelial neoplasia (PIN) and cooperates with Pten deletion to 

cause invasive cancer [29]. ERF (Ets2 Repressor Factor) is an ETS repressive factor that is 

frequently mutated or deleted in prostate cancer, especially in patients of African American 

ancestry [30]. ERF binds to the same genomic sites as ERG but suppresses transcription. 

ERF loss phenocopies ERG overexpression and cooperates with Pten loss in tumorigenesis 

[31]. Capicua (CIC) is a transcriptional repressor of ETV1, ETV4, and ETV5 and a known 

tumor suppressor in oligodendroglioma and neuroblastoma [32, 33]. CIC is located adjacent 

to ERF on chromosome chr19q13.2 and co-deleted with ERF in prostate cancer [30].

2. ETS fusions define a molecular subtype of prostate cancer

Strong evidence suggests that ETS fusions are an early genetic event that define a prostate 

cancer molecular subtype: 1) On IHC, ERG positivity can be detected in precursor 

high grade prostatic intraepithelial neoplasia (HGPIN) whereas PTEN loss, a common 

cooperating genetic event, is not detected [34]. 2) In ERG-positive prostate cancers, ERG 

IHC is uniformly positive within the clone (there does exist “collision tumors” were two or 

distinct primary cancer coexist). On the other hand, PTEN loss is frequently heterogeneous 

and subclonal [35]. 3) ERG fusion can be the only detectable copy number alteration and 

mutational event in primary prostate cancer [17, 35, 36]. 4) ERG-positive prostate cancers 

can be distinguished with a specific transcriptional program and epigenomic landscape 

defined by histone acetylation and DNA methylation [17, 37]. 6) Not only are different 

ETS fusions mutually exclusive with each other, they are also mutually exclusive with 

SPOP mutation, FOXA1 mutation, and IDH1 mutation form molecular distinct subgroups of 

prostate cancer [17].

Whether the ETS-fusion subtype of prostate cancer exhibits clinically distinct behavior is 

still controversial. Initial studies reported conflicting roles of ERG fusion in grade, stage, 

and recurrence rates [38–41]. However, larger cohorts suggest that ERG fusion status alone 

does not alter prognosis [42, 43]. In prostate cancer, ERG fusion is significantly associated 

with loss of several tumor suppressors, including PTEN, TP53 and a region of chr3p13 that 

includes FOXP1, SHQ1, RYBP. The concomitant loss of these tumor suppressors with ERG 

fusion does appear to have detrimental effect on clinical behaviors [36, 44–48].

Most studies of ETS-fusions have focused on ERG, given its high prevalence and the 

availability of IHC reagents. Whether different ETS fusions cause distinct transcriptional 

programs and definite separate subtypes or not are well known. ERG and FLI1 are close 

homologs in the ERG subfamily of ETS factors that are endogenously expressed in the 

hematopoietic and endothelial lineages. They are among the POINTED (PNT)-domains 

containing ETS factors [49, 50]. ETV1, ETV4, and ETV5 are in the PEA3 subfamily of 

ETS factors that are endogenously expressed in several lineages including neuronal and 
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neural crest derivatives [51–53]. The TCGA showed that ETV1 and ETV4 overexpressing 

tumors were mostly clustered distinctly from ERG overexpressing ones. Several studies 

show that ERG and ETV1 may differentially regulate some downstream targets and ETV1 

overexpressing tumors may have a worse clinical prognosis [27, 54].

Initial reports of the high prevalence ETS fusions focused on cohorts that were 

predominantly comprised of Caucasian men. Several studies have shown that the prevalence 

of ERG fusions in African-American and Asian men is less than half (~15–25% vs 40–60%) 

of that in Caucasian men [30, 55–58]. These studies also show that PTEN loss, which is 

significantly associated with ERG fusions, is also much less common in non-Caucasian 

populations. A recent study of Asian prostate cancer showed 41% of native patients had 

FOXA1 mutations [55]. These data indicate that genetic and/or environmental factors may 

affect mutagenic processes that drive prostate cancer.

3. Genetic Modeling of ETS factors

The fact that aberrant expression of wild-type ETS factors is oncogenic in the human 

prostate epithelium has led to a conundrum, that is, how does expression of a normal 

protein in other lineages, when aberrantly expressed in prostate cells, lead to tumorigenesis? 

For example, ERG staining by IHC in prostate cancer cells is comparable in intensity to 

adjacent endothelial cells that endogenously express ERG [59]; ETV1 expression in prostate 

cancer is no higher than normal interstitial cells of Cajal (ICC) or neural subsets that 

endogenously express the protein [51, 60]. The genomic binding (cistrome) and function 

of transcription factors depend strongly on the cellular lineage and epigenetic context. For 

example, endogenous ERG in endothelial cells is a master regulator of the lineage [61, 62] 

while endogenous ETV1 is a master regulator of the ICC lineage [51]. With ERG, several 

IHC studies of thousands of solid tumors have shown that ERG expression is highly specific 

for prostate cancer and vascular neoplasms where ERG is endogenously expressed [59]. 

Therefore, it is critical to study ETS expression in the prostate epithelial context.

Soon after ETS fusions were discovered, multiple laboratories generated genetic engineered 

mouse (GEM) models that overexpress ETS fusion in the prostate epithelium. Due to 

the ease rapidity to generate transgenic mice, the first generation GEM models involved 

transgenic overexpression of full-length ERG [63, 64], N-terminal truncated ERG that starts 

in exon 4 to recapitulate the fusion transcript ERG [65, 66], and N-terminal truncated ETV1 
that starts in exon 4 [14, 67] all under the probasin promoter (ARR2Pb). These models 

have some limitations including the inability for temporal control to initiate gene expression. 

Moreover, probasin is a mouse specific gene that is expressed a subset of luminal cells and 

its expression highly suppressed in mouse prostate tumors whereas Tmprss2 is more broadly 

expressed in all luminal cells and its expression is unaltered by tumorigenesis. Several GEM 

models addressed some of these limitations. Our lab generated a knock-in of a conditional 

allele of truncated ERG in to the mouse constitutive Rosa26 locus [68] where expression can 

be initiated by selecting an appropriate Cre-driver, such as Pbsn-Cre or Tmrpss2-CreERT2 

[68]. In this model, once recombined, the expression of ERG is not androgen dependent but 

constitutive under Rosa26. To mimic regulation of the ETS gene by TMPRSS2, Baena and 

colleagues knocked truncated ERG and truncated ETV1 into intron 2 of mouse Tmprss2 
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[69] while Casey and colleagues generated a human bacterial artificial chromosome (hBAC) 

transgenic with truncated ERG engineered into intron 2 of human TMPRSS2 [70].

While initial reports varied, the consensus is that in mice, aberrant ETS overexpression may 

cause hyperplasia and low-grade PIN with variable penetrance but does not cause invasive 

cancer [71, 72]. However, the most of these mice exhibit ETS expression levels that are 

much lower than that found in human prostate cancer, and for knock-in alleles Tmprss2 
and Rosa26 expression in the mouse prostate epithelium are both lower than TMPRSS2 
expression the human prostate. One transgenic strain with particularly high ERG expression 

developed prostate cancer over time, though there was still no early neoplastic phenotype 

despite high ERG expression [67, 73]. Of note, GEM models of recurrent SPOP mutations 

implicated to be an early genetic event that defines a separate subgroup of prostate cancer 

also only exhibit mild phenotype in mice [74].

As an alternative to GEM models, the Owen Witte laboratory used a renal capsule 

recombination model to study ETS function. They isolated prostate epithelial cells, 

transduced them with ETS-overexpressing lentiviral vectors, and recombined the cells with 

embryonic urogenital sinus mesenchymal (UGSM) cells in the renal capsule. When normal 

untransduced epithelial cells are used, each cell can generate a normal glandular structure 

containing both basal and luminal cells [75]. Using this system, they found that ERG and 

ETV1 overexpression alone caused hyperplasia but not invasive cancer, consistent with the 

GEM models. Notably, they showed that ETS-overexpressing cells generated glands with 

a skewed lineage composition and loss of CK5-positive basal cells [76]. One important 

advantage of this system is that it can be applied to human prostate epithelial cells to study 

human prostate cancer. Using this system, the Witte laboratory showed that overexpression 

of AKT and ERG in benign human basal cells, rather than luminal cells can induce 

HGPIN when grafted into SCID mice. The HGPIN strongly resembles human disease, 

where dysplastic pre-cancerous luminal cells sit on top of histologically normal basal cells. 

Additional overexpression of AR in this system led to invasive cancer with a luminal 

phenotype that recapitulates human prostate cancer [77].

4. Interaction between ETS expression, luminal fate, and AR

The prostate epithelium is comprised on luminal cells that secrete the prostatic fluid, basal 

cells and rare neuroendocrine cells. The cell or origin of prostate cancer has been extensively 

studied and continues to be a subject of ongoing debate [78]. Multiple recent studies have 

shown that both luminal and basal cells are self-sustaining and possess plasticity to generate 

both cell types, but basal cells are much more efficient stem cells in organoid and graft 

formation [79–81]. In prostate cancer, the bulk of cancerous cells exhibit luminal phenotype, 

expressing luminal cytokeratins, high AR, and secretory proteins such as PSA. The frequent 

TMPRSS2-ERG fusion suggests that the cancer cell of origin is a TMPRSS2-positive cell 

which is highest expressed in luminal cells but also expressed in basal cells. Independent 

studies of GEM models suggest that luminal cells can be easily transformed by Pten deletion 

whereas Pten-deleted basal cells seem to first transdifferentiate to luminal cells [82, 83]. 

As noted above, Witte and colleagues have shown that basal cells transduced with ERG, 

AR, and AKT will can a luminal prostate cancer that recapitulate the human disease when 
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grafted while transduced luminal cells do not form grafts [77]. However, because basal cells 

are much hardier to survival ex-vivo transduction and subsequent grafting and because they 

can transdifferentiate into luminal cells, these data do not definitively implicate the cancer 

cell or origin in human prostate cancer.

Regardless of the cell of origin for prostate cancer, one hypothesis is that the transformation 

process leads to luminal linage commitment. Our lab used a complementary system of 

studying prostate organoids grown in 3D culture. In this system, single luminal cells and 

single basal cells are bi-potent and each can generate organoids with both outer layer of 

basal and inner layer of luminal cells [81, 84]. However, ERG overexpressing luminal cells 

generated organoids that are comprised of a single layer of luminal cells in both 3D organoid 

and when recombined with UGSM and grafted under the renal capsule [85]. A similar 

observation was made in human RWPE prostate epithelial cells, an immortalized “normal” 

line with basal cell features where ERG overexpression caused loss of basal markers and 

increased luminal specification [86]. These observations were independent seen in a GEM 

model of prostate-specific deletion of Pten and Trp53. These mice develop invasive prostate 

cancer with loss of luminal differentiation, decreased expression of AR and AR target genes 

and AR-independent growth. In this setting, transgenic ERG overexpression let to restored 

luminal differentiation and adenocarcinoma architecture and sensitivity to enzalutamide 

[87]. Mechanistically, ERG directly inhibits expression of TP63, a master regulator of 

the basal epithelial transcriptional program. ERG binds to a distal enhancer of TP63 and 

inhibits its 3D interaction with the TP63 promoter [85]. While normal epithelial cells exhibit 

differentiation potential into both basal and luminal cells, primary prostate cancer exhibits 

a luminal epithelial phenotype. Indeed, loss of basal cells is a pathological criterion to 

diagnose prostate cancer. Aberrant ETS expression, in addition to conveying a proliferative 

advantage, may serve to maintain a luminal lineage specification.

Another feature of untreated primary prostate cancer is dependence on AR signaling for 

growth. In organoids derived from mouse prostate epithelial cells, biochemical studies 

show that ERG directly binds to AR on DNA and increases AR affinity to DNA in vitro 

[88]. In mouse prostate epithelial cells, ERG reprograms the AR cistrome in vivo [68]. 

In addition, ERG also recruits AR co-activators such as NCOA3 to ERG/AR co-bound 

sites to increase expression of AR target genes [89]. Consistent with these observations, 

ERG overexpression cooperates with AR overexpression in tumorigenesis in the USGM 

recombination system [76]. However, other studies have shown opposite effects of ERG on 

AR-mediated transcription. In VCAP prostate cancer cells that harbor the ERG fusion, the 

cistromes of ERG and AR are highly overlapping at enhancers, similar to the mouse prostate 

epithelium. However, in VCAP cells, ERG knockdown results in increased expression of 

canonical AR-regulated genes such as KLK3 and FKBP5, suggesting that ERG is primarily 

a suppressor of AR signaling [90, 91]. One mechanism of this inhibition is that ERG recruits 

the arginine methyltransferase PRMT5 which methylates AR at arginine 761, suppressing 

AR transcriptional activity [92]. In two parallel GEM models of Tmprss2-ETS knock-in, 

ERG largely suppresses AR signaling while ETV1 activates AR signaling [69]. Taken 

together, these studies not only show robust AR and ETS interplay that may underlie the 

specificity of ETS fusions in prostate cancer, but also highlight the complexity of this 

interaction and the importance of cellular context. In reconciling the role of ETS in luminal 
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specification and AR signaling, it is important to distinguish luminal state and terminal 

differentiation. In the normal prostate, AR signaling in luminal cells largely regulates the 

secretory program and is dispensable for luminal differentiation and cellular survival [93, 

94], and ERG can enforce a luminal program in the absence of AR [85]. Neoplastic cells, on 

the other hand, are luminal and exhibit AR dependence and the AR cistrome is extensively 

reprogrammed and regulates growth and survival.

PTEN deletion is among the most common genetic alterations in primary prostate cancer, 

occurring approximately 15% of cases. It significantly co-occurs with ETS fusions, 

occurring in ~30% of ETS-positive and ~5% of ETS-negative cases in the TCGA cohort 

[17]. In GEM models, Pten deletion in the prostate epithelium causes HGPIN that may 

progress into invasive cancer over a variable timeframe [95, 96]. PTEN loss activates 

PI3K/AKT signaling and there is a well-characterized reciprocal feedback inhibition 

between the PI3K/AKT and AR signaling pathways [97]. Mouse prostate cancer from Pten-

deleted epithelium exhibits not only loss of AR signaling, but also loss of AR dependence 

and expansion of both the basal and luminal compartments [96–100]. Multiple groups 

have shown that ERG and ETV1 overexpression cooperate with Pten deletion in prostate 

tumorigenesis, leading to more aggressive cancers than Pten loss alone [64, 65, 68, 69, 101]. 

Similarly, in the UGSM, ETS overexpression cooperates with Pten knockdown and with 

expression of activated AKT in tumorigenesis [76]. Compared to tumors with Pten-deletion 

alone, tumors with combined ERG expression and Pten-deletion exhibit partially restored 

AR signaling and a luminal phenotype [68, 85]. We recently uncovered another feedback 

loop between ERG and PI3K/AKT signaling as ERG overexpression leads to inhibition of 

PI-3K signaling. This may lead to the selection pressure to delete PTEN in ETS-positive 

prostate cancer [102]. These data provide a rational for the observed co-occurrence in human 

prostate cancer.

5. ETS factors are transcriptional mediators of MAPK signaling

In addition to their role in luminal specification, oncogenic ETS factors have a positive 

role in cellular proliferation and invasion. The mitogen activated protein kinase (MAPK) 

signaling pathway couples extracellular signals to a multitude of intracellular responses, 

including cellular proliferation. Multiple members of this pathway are mutated in human 

cancers, including BRAF, RAS, NF1, and upstream receptor tyrosine kinases. Activating 

MAPK pathway leads ultimately to downstream transcriptional response. ETS factors are 

well-known downstream transcriptional mediators of the RAS/MAPK signaling [103]. 

MAPK regulates ETS transcriptional output through multiple mechanisms: 1) First 

characterized in the ETS factor ELK1, ERK directly phosphorylates and activates several 

ETS factor subfamilies including PEA3 members ETV1, ETV4, and ETV5 (Figure 2) [104–

109]. 2) PEA3 members are also activated by sumoylation and MAPK activation leads to 

their sumoylation. 3) PEA3 members are constitutively unstable and rapidly degraded by 

COP1 ubiquitin ligase and MAPK activity inhibits COP1 mediated degradation (Figure 2) 

[110]. 4) ERF and its homolog ETV3 are ETS transcriptional repressors. MAPK directly 

phosphorylates ETV3 and ERF which inhibits their DNA binding (Figure 2) [111, 112]. 

5) CIC is a transcriptional repressor of PEA3 factors. MAPK activation leads to CIC 
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phosphorylation and inactivation, resulting in transcriptional activation of PEA3 factors 

(Figure 2) [33, 113, 114].

In prostate cancer, mutations in the canonical MAPK signaling pathway is distinctly 

uncommon, with the exception of rare fusions involving RAF kinases that are mutually 

exclusive with ETS fusions [115]. Peter Hollenhorst and colleagues found that “oncogenic” 

ETS factors in the ERG and PEA3 families bind to composite ETS/AP1 sites that are typical 

of “RAS responsive elements” and activate a transcriptional program that mimic the MAPK 

program [116]. Since many ETS factors are activated by MAPK signaling pathway, in 

prostate cancer cells that do not have highly active MAPK signaling, it remains a question of 

whether overexpression alone is sufficient. For PEA3 members such as ETV1, their protein 

stability is highly MAPK dependent and in GIST and melanoma, high expression is married 

to constitutively active MAPK signaling to maintain high transcriptional output [51, 52, 

117]. On the other hand, ERG is phosphorylated at serine 215 by ERK2 through a very high 

affinity interaction. This leads to ERG phosphorylation despite very low levels of MAPK 

activation [118]. Prostate cancer fusions of ETV1, ETV4, and ETV5 generate a truncated 

protein that lack the degron and are constitutively stable [28, 29, 110], bypassing the need to 

activate MAPK.

6. Therapeutic targeting of ETS factors

Transcription factors (TFs) are thought to be “undruggable” due to highly similar DNA 

binding interfaces within large transcription factor families and targeting of specific TFs 

remains a holy grail of cancer therapy. But the recent development and FDA approval of 

belzutifan that block dimerization of HIF-2α and HIF-1β, has led to renewed enthusiasm for 

TF targeting [119].

Targeting of ETS factors stays at the early stages, but there has been development of 

compounds that directly target ETS factors as well as drugs that modulate ETS activity. 

Liposomal delivery of ERG siRNA caused growth inhibition of ERG-positive prostate 

cancer xenograft in vivo, validating ERG as a therapeutic target [120]. ETS-mediated 

transcription requires PARP1, and PARP inhibitors inhibits the growth of ETS-positive 

prostate cancers models in vitro and in vivo [121]. However, in a clinical trial of the PARP 

inhibitor, veliparib, ETS status was not correlated with tumor response [122]. Using a 

high-content screen for compounds that lower ERG protein levels in prostate cancer VCAP 

cells but not in endothelial cells, Srivastava and colleagues discovered ERGi-USU which 

decreased ERG levels and inhibited growth of VCAP cells in vitro and when xenografted 

in vivo. ERGi-USU binds and inhibits the ribosomal biogenesis regulator atypical kinase 

RIOK2 which leads to decreased ERG levels [123]. Kittler and colleagues found that 

ERG is deubiquitinated by ubiquitin-specific peptidase 9, X-linked (USP9X). Treatment 

with the USP9X inhibitor WP1130 caused ERG degradation and WP1130 was active in 

ERG-positive xenografts in vivo [124].

Using phage display, Chinnaiyan and colleagues identified ERG inhibitory peptides that 

inhibit DNA binding. They then made cell permeable peptidomimetics that inhibited ERG-

mediated transcription chromatin recruitment and tumor growth in vivo [125]. Using a 
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small molecule microarray (SMM) to identify molecules that bind ETV1, Garraway and 

colleagues discovered BRD32048 which inhibits ETV1 transcriptional activity and ETV1 

driven cellular invasion. BRD32048 further inhibited p300-mediated acetylation of ETV1, 

leading to its protein degradation.

YK-4-279 is a compound that was discovered through a binding screen to the EWS-FLI1 

fusion protein. YK-4-279 inhibited EWS-FLI1 activity and specifically inhibited the growth 

of EWS-FLI1 driven Ewing’s sarcoma cell lines [126]. YK-4-279 was subsequently found to 

inhibit ERG and ETV1 mediated transcriptional activity in ETV1-positive LNCaP and ERG-

positive VCaP cells [127]. Subsequently studies show that YK-4-279 exhibit in vivo activity 

against ERG and ETV1 positive xenografts [128, 129]. An analog of YK-4-279, TK216, 

is currently in a phase 1 clinical trial for patients with Ewing’s sarcoma (NCT02657005). 

BRD32048, identified by SMM screening, binds ETV1 directly and also modulates both 

ETV1-mediated transcriptional activity of ETV1-driven LNCaP and ERG-positive VCaP 

cells [130].

7. Conclusions and future perspectives

ETS fusions represent an early event in prostate tumorigenesis in half of all prostate cancers. 

Intense research has resulted in seminal discoveries on the role of ETS expression in 

prostate lineage specification, growth, and invasion. There has also been active research into 

therapeutic strategies to target ETS. Yet, key mechanistic questions remain to be answered 

and drug development remains challenging. Continued advances in biotechnology should 

lead to further discoveries that may be translated into diagnostic and therapeutic strategies in 

the coming years.
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• ETS gene fusions represent the most common genetic alteration in prostate 

cancer and lead to overexpression

• ETS factors are downstream mediators of MAP kinase signaling and ETS 

fusion biologically mimic aspects of MAP kinase activation

• ETS overexpression enforce luminal epithelial specification in prostate cancer
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Figure 1. 
Structural variation that lead to overexpression of ETS proteins. A) Genomic view of ERG, 

ETV1, and ETV4, three most common ETS genes translocated in prostate cancer. The 

common introns with fusion breakpoints are in red. Breakpoints frequently occur after the 

first coding exon, before the ETS domain and usually in longer introns. B) Genomic view 

of common 5’ fusion partners, TMPRSS2, SLC45A3, C15orf21 and KLK2. The common 

introns with fusion breakpoints are in red. Most breakpoints occur before the first coding 

exon and some 5’ partners, such as SLC45A3, is a non-coding RNA. Fusions with coding 

components, such as TMPRSS2 intron 2 fusion, is limited by requirement to maintain 
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correct coding frame. C) Schematic showing translocation of the entire ETV1 coding region 

into the MIPOL1-FOXA1 locus. This is a highly active transcriptional locus the prostate 

lineage and leads to aberrant overexpression of the full length ETV1 protein.
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Figure 2. 
Schematic of ETS activation by MAPK and loss of tumor suppressors that activate ETS. 

A) ETS proteins ERG, ETV1, ETV4, and ETV5 can be phosphorylated by MAPK that 

activates transcriptional activity. B) PEA3 factors ETV1, ETV4, and ETV5 are ubiquitinated 

by the E3 ligase COP1 and this process is inhibited by MAPK signaling. COP1 is a 

tumor suppressor lost in prostate cancer that leads to elevated ETV1/4/5. In addition, most 

ETV1/4/5 fusions lose the N-terminal domain that contain the degron, leading to stabilized 

proteins. C) CIC is a transcriptional suppressor of PEA3 factors (especially ETV4) and its 

activity is inhibited by MAPK signaling. CIC, located next to ERF, is deleted in prostate 

cancer. D) ERF and ETV3 are ETS transcriptional suppressors that bind to ETS binding 

sites and inhibit transcription. When phosphorylated by MAPK, they are exported from the 

nucleus, facilitating positive ETS factors to bind and activate transcription. ERF is mutated 

and deleted in prostate cancer.
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