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Genome expansion, whole genome and gene duplication events during metazoan evolution produced an extensive family
of ETS genes whose members express transcription factors with a conserved winged helix-turn-helix DNA-binding
domain. Key determinants of the cellular repertoire of ETS proteins are their stability and turnover, controlled largely by
the actions of selective E3 ubiquitin ligases and deubiquitinases. Here we discuss the known relationships between ETS
proteins and enzymes that determine their ubiquitin status, their integration with other developmental signal transduction
pathways and how suppression of ETS protein ubiquitination contributes to the malignant cell phenotype in multiple
cancers.
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| 1. Introduction

Control over gene expression is maintained through signalling pathways that respond to external cellular stimuli, such as
growth factors, cytokines and chemokines, that invoke expression profiles commensurate with diverse cellular outcomes,
such as cell growth, proliferation and differentiation. Downstream effectors of these signalling pathways are transcription
factors, a generic term used to describe a broad range of proteins that coordinate gene expression patterns by either
activating or repressing specific target genes. They achieve this through recognition of DNA and protein binding motifs,
which vary between transcription factor families; they also recruit additional proteins to aid transcriptional repression or
activation (known as co-repressors and co-activators respectively) [1].

Members of the E-twenty-six/E26 (ETS) family of transcription factors all share a conserved DNA-binding domain with a
winged helix-turn-helix structure that recognises purine-rich DNA sequences with a GGA core [2]. ETS genes were
originally discovered through the viral ets (v-ets) oncogene within the leukaemia-causing avian retrovirus E26, which was
found to have been transduced from homologous genes in the chicken genome to encode part of a hybrid viral protein [3].
This led to the discovery of human ETS genes (ETS-1, ETS-2, and later ERG) and the proteins encoded by these genes
[4]. In the human genome 28 genes encoding ETS-transcription factors have been identified and divided into various sub-
families (ETS, ERG, ELG, TEL, PEA3, ETV2, PDEF, ESE, ELF, SPI, ERF and TCF) with each sub-family comprising
between 1-3 members [5]. They can act as transcriptional activators or repressors to regulate gene targets, and can vary
substantially outside of the ETS domain [6]. In addition, several sub-families also harbour a conserved helix-loop-helix
(HLH) or pointed (PNT) domain (also known as sterile alpha motif [SAM]), which is involved in mediating protein-protein
interactions [7].

The majority of ETS proteins are phosphorylation targets of mitogen-activated protein kinases (MAPKS) including
extracellular signal-regulated kinases (ERKs), C-JUN N-terminal kinases (JNKs) and p38 kinases [8]. Several are key
ERK responders, and as such are involved in the regulation of a diverse portfolio of cellular processes including
proliferation, differentiation and survival [9, 10, 11]. As such, dysregulated expression and activities of ETS family
members are frequently reported in cancers, with oncogenic fusions also prevalent [5, 12, 13]. Aside from
phosphorylation, ETS proteins are regulated by other post-translational modifications, including acetylation, SUMOylation
and the focus of this review, ubiquitination [14, 15].

Ubiquitination involves conjugation of the C-terminal glycine from the 8.6 KDa protein ubiquitin to protein targets, most
commonly through lysine moieties, although serine, threonine, cysteine and N-terminal methionine residues can also be
modified [16]. This occurs through an ATP-driven enzymatic cascade involving E1 ubiquitin-activating, E2 ubiquitin-
conjugating and E3 ligase enzymes, of which there are 2, ~40 and 600-700 respectively in humans, and importantly, can
be reversed by deubiquitinases (DUBs), of which there are ~100 [17, 18, 19, 20]. The seven internal lysines within
ubiquitin and the N-terminal methionine can also serve as ubiquitin acceptors, giving rise to di/tri/polyubiquitin chain
formation and extension. K48-linked chains are classically associated with promoting target degradation through the



ubiquitin proteasome system (UPS), but the variety of potential modification types and chain topologies affords significant
signalling complexity, altering the interaction landscape and conferring various possible outcomes on client proteins [21,
22].

Tight regulation of protein degradation and recycling is crucial in maintaining cellular homeostasis, and dysregulated
turnover of oncoproteins and tumour suppressors (TS) is a common hallmark of cancer, marking the proponents of
ubiquitin conjugation and removal as targets for potential therapeutic intervention [23, 24]. This review focusses on the
role ubiquitination plays in regulating ETS transcription factor function and its impact on developmental processes and
oncogenesis.

2. ETS-1, ETS-2 and the Constitutive Photomorphogenesis 1 (COP1)
Complex

ETS-1 and its sibling ETS-2 are both targets for ubiquitination, with ETS-1 found to be modified with K48-linked
polyubiquitin chains and targeted to the proteasome [25]. However, as well as confirming ETS-1 as a UPS substrate,
another study identified K63-linkages as the major ETS-1 polyubiquitin topology, which are generally, but not exclusively,
associated with proteasome-independent pathways [26, 27]. The C-terminal ETS domain of ETS-1 appears to be the
region targeted for modification (Figure 1a), with K388 identified as an ubiquitination site by diglycine remnant mapping, a
mass spectrometry (MS)-based method for ubiquitination site identification, and confirmed by mutational analysis [26, 28].
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Figure 1. (a) Domain organisation of ETS proteins with established ubiquitination modalities indicating ubiquitinated
lysines confirmed by a combination of mutagenesis and MS in red and characterised degron motifs as orange bars: COP,
constitutive photomorphogenesis 1 degron; SBC, SPOP-binding consensus; CPD, CDC4 phospho-degron; CD, cryptic
degron. Domains are indicated thus: PNT, pointed (peach) ; TAD, transactivation (green); ets, ETS (cyan); NTD, N-
terminal (lilac); CAE, central alternative exons (light green); B; SRF-interaction (sea green); PEST,
proline/glutamate/serine/ threonine-rich (pink). b) Alignment of ETS domain a3 helices indicating conservation (in 25/28
human ETS proteins) of most frequently modified lysine in red, as determined by MS, including large-scale proteomic
analysis. See Table 2 for references. ¢) ETS domain of ELK-1 (PDB: 1DUX) bound to consensus ETS binding site,
showing alpha-helices in cyan and beta-strands in blue with a3 inserted in major groove and sidechain of K59 (K388 in
ETS-1) in red making contact with core GGA sequence [29].

Polyubiquitination of both ETS-1 and ETS-2 is catalysed by Constitutive Photomorphogenesis 1 (COP1, also known as
RFWD2), a really interesting new gene (RING) E3 ligase, which, through its adapter protein binding partner De-etiolated 1
(DET1), can complex with Cullin 4a (CUL4a), damage-specific DNA binding protein 1 (DDB1) and RING-box protein 1
(ROC1) (Figure 2) to mediate target ubiquitination [30, 31]. The expression of dominant-negative Cullins had previously
flagged ETS-2 as a substrate of Cullin-RING Ligase 4 [32].



D1g(X)XXVPD/ DS/ PXXS/;

usPox —/ il NSEIl——— 2554
uspP17 — SRR HH]- 530
usP22 —{ 7 1 {NNUSEN 525

DISS/ Sl;

Figure 2. Subunit composition of E3 ligase complexes and domain structures of DUBs implicated in regulation of ETS
protein activity. Each E3 ligase recognition subunit recruits its targets by means of a short consensus motif, indicated
below each complex (¢ = hydrophobic; M = hydrophilic), to allow transfer of ubiquitin from the bound E2 activating
enzyme to one or more target lysines, predominantly within the ETS domain. Target phosphorylation within the consensus
motif may be a prerequisite or an adjunct for binding, whereas phosphorylation of residues adjacent to the motif can inhibit
binding (see text for details). DUBs implicated in ETS protein ubiquitination all share a conserved USP domain (green)
with a catalytic triad of cysteine, histidine and aspartic acid residues (two in the case of USP9X), but few other recognised
features in common. U, ubiquitin-like (UBL) domain (blue); H, hyaluranon binding motif (pink); Z, Zinc finger (peach).
Numbers to the right indicate protein size in amino acids.

COP1 activity on ETS-1 and ETS-2, prompting their subsequent degradation, was triggered by phosphorylation within
atypical COP1 degrons [classically (D/E)-(D/E)-(X)-X-X-V-P-(D/E)], in which serine or threonine replaced aspartic/glutamic
acid and their phosphorylation provided the negative charge required for COP1 docking (one degron in ETS-1, two in
ETS-2) [31]. A relevant phosphorylation event in an ETS-2 degron (S310) mediated by Ca2+/calmodulin-dependent
kinase 2 (CaMKIl) had previously been reported [33].

Phosphorylation by SRC kinases of a degron-adjacent tyrosine residue in ETS-1 (Y293), which is absent in ETS-2
degrons, abrogated COP1 binding, revealing antagonistic roles for phosphorylation in the regulation of ETS-1
ubiquitination [31]. SRC-mediated escape of ETS-1 from COP1 has implications in triple-negative breast cancer (TNBC),
where a significant correlation was found in tissue samples between SRC phosphorylation and ETS-1 protein levels. An
increase in SRC activity in MCF10A immortalised breast epithelial cells also led to increased ETS-1 levels and promoted
anchorage-independent growth [31]. It should be noted that the SUMO E3 ligase protein inhibitor of activated STAT4
(PIAS4) was shown to bind to the transactivation domain (TAD) of ETS-1 and prevent its turnover by the proteasome,
albeit without affecting ETS-1 ubiquitination status [34].

ETS-2 was found to be phosphorylated by Cyclin-dependent kinase 10 (CDK10)-Cyclin M, which stimulated its
degradation, highlighting the region around S220 and S225, the major phosphorylation sites, as a probable
phosphodegron [35]. Alanine substitutions at S220, S225 and S248 inhibited the interaction of DET1 with ETS-2, which is
required to promote COP1-mediated proteasomal degradation, suggesting that phosphorylation of these sites by CDK10
primes ETS-2 for ubiquitination [36]. An oncogenic mutant of p53 (mtp53) was able to prevent ETS-2 turnover by
competing with DET1 for binding to the CDK10-targeted region and having a destabilising effect on DET1 [36, 37]. It is
also worth noting that ETS-2 is stabilised in mouse embryonic fibroblasts deficient in the E3 ligase anaphase promoting
complex (APC) subunit cadherin 1 (Cdh1l), suggesting there are likely to be multiple routes for ETS-2 turnover through the
UPS [38].



One enzyme responsible for the removal of polyubiquitin chains from ETS-1 has been identified. Ubiquitin-specific
protease USP9 X-linked, originally identified in the context of developmental signalling, was found to be a bona fide ETS-1
DUB [39]. USP9X was shown to interact directly with ETS-1 and prevent its proteasomal degradation through
deubiquitination, promoting ETS-1 transcriptional activity at the NRAS promoter in melanoma cells [26]. NRAS mutant
melanoma cell growth and survival relies on continual NRAS expression, implying that USP9X-mediated stabilisation of
ETS-1 drives tumorigenesis. Accordingly, USP9X depletion in melanoma cell-derived tumours abrogated growth in mouse
xenograft models, while its over-expression significantly increased tumour expansion [26]. USP9X effects on ETS-1
stability appear not to extend to ETS-2, because USP9X knockdown in melanoma cells decreased ETS-1 protein levels
but left ETS-2 unaffected [26].

3. ERG Fusion Proteins and the Evasion of Ubiquitin-Mediated Proteolysis
in Prostate Cancer

ERG and its close relative within the ETS gene family, FLI-1 (friend leukaemia integration 1), both participate in regulating
haematopoietic stem cell development [40, 41]. However, ubiquitin-mediated control of ERG has been charted largely in
the context of prostate cancer (PCa). Gene rearrangements involving TMPRSS2 (transmembrane protease serine 2) and
one of several ETS genes is a frequent occurrence in PCa [42]. The TMPRSS2 gene is androgen responsive and
juxtaposition of the TMPRSS2 5’-UTR upstream of ETS coding sequences upregulates their expression. TMPRSS2:ETS
fusions most frequently involve ERG (40%) but also ETV1, ETV4 and ETV5 (see section 4 below). Fusion-mediated over-
expression of ERG proteins with short N-terminal deletions results in the up-regulation of ERG target genes
commensurate with cell proliferation and migration. In advanced castration-resistant prostate cancer (CRPC),
TMPRSS2:ERG fusions often accompany lesions in TS genes, notably PTEN (phosphatase and tensin homologue).

The loss or reversal of ubiquitination contributes significantly towards increased ERG levels and activity in PCa. The first
component of this regulatory plexus to be identified was USP9X, the aforementioned DUB for ETS-1. USP9X was shown
to deubiquitinate ERG and promote its stability in VCaP cells [43]. Depletion or inhibition of USP9X led to reduced ERG
expression that was linked to impaired PCa signature gene expression and the inhibition of ERG-positive tumour growth
in mouse xenograft models.

The impact of USP9X inactivation on ERG stability implied that its levels were tightly controlled by the UPS. In support of
this notion, several E3 ubiquitin ligases for ERG have been characterised. The first to be discovered was the tripartite
motif-containing TRIM25, an E3 ligase implicated in innate immune responses [44]. TRIM25 was shown to
polyubiquitinate ERG in cells and in vitro [45]. ERG up-regulates TRIM25 expression in PCa cells, suggesting the
existence of a negative feedback loop, but the action of USP9X minimises this effect by deubiquitinating and stabilising
ERG. Of note, TRIM25 is able to ubiquitinate PCa-specific, N-terminal truncations of ERG [45].

The speckle-type POZ (pox virus and zinc finger) protein (SPOP) is a substrate adaptor for CUL3-RING E3 ubiquitin
ligases (Figure 2) [46]. The SPOP gene was identified as the most frequent target of somatic substitutions in PCa [47].
Mutations affecting key residues in the substrate recognition (MATH) domain of SPOP were observed in 6-15% of PCa
tumours. Such mutant SPOP proteins fail to recognise their targets, which include androgen receptor (AR)[48].

SPOP targets ERG for destruction through recognition of a SPOP binding consensus (SBC) located towards the N-
terminus of ERG (Figure 1a) and TMPRSS2-ERG fusions (D39 and D99) were shown to evade SPOP due to disruption or
deletion of the SBC [48, 49]. Nonetheless, an ERG mutant lacking the SBC and unable to bind SPOP was still degraded,
consistent with the existence of other E3 ligases for ERG [48].

Phosphorylation of serine(s) in the SBC may aid substrate recognition by SPOP and casein kinase 1d (CK1d) has been
implicated in phosphorylation of ERG within the SBC. Treatment of VCaP cells with DNA damaging drugs such as
etoposide or doxorubicin stimulated CK1d activity (nuclear localisation) and promoted ERG degradation [49].

It had been noted that SPOP mutations do not co-associate with TMPRSS2-ERG fusions common in PCa [47]. However,
gene expression signatures of PCa with SPOP mutations and TMPRSS2:ERG fusions appeared to be similar, leading to
the inference that increased ERG activity was a main oncogenic driver in cancers with SPOP mutations [48, 49]. But a
subsequent study of PCa in mouse models and patient samples found no association between the presence of
inactivating SPOP mutations and ERG expression [50]. Moreover, the gene expression signatures shared between SPOP
mutation and TMPRSS2-ERG fusion cancers consisted largely of genes expressed in normal prostate tissue. Thus it
appears that ERG rearrangements and SPOP mutations characterise distinct forms of PCa [51].



Recent evidence has implicated a third E3 ubiquitin ligase in the destruction of ERG and TMPRSS2:ERG fusion
derivatives in response to DNA damage. F-box and WD40 repeat domain containing 7 protein (FBXW7/CDC4) is the
substrate recognition subunit of an S phase kinase-associated protein 1 (SKP1)-CUL1-F-box (SCF) E3 ligase complex
(Figure 2) and has been ascribed significant TS properties [52]. Treatment of PCa cells with camptothecin or ionising
radiation decreased ERG protein levels commensurate with an increase in their ubiquitination catalysed by FBXW?7 [53].

FBXW?7 recognises its targets via a characteristic phosphodegron (I/L/P-T*-P-x-x-S*/T*, where * denotes phosphate).
Phosphorylation of the N-terminal threonine is usually accomplished by GSK-3b but requires priming phosphorylation of
the C-terminal serine/threonine residue (or D/E substitution). ERG proteins were found to harbour an atypical
phosphodegron (186L-T-P-S-Y199) that was recognised by FBXW?7, in which GSK-3b phosphorylation of T187 was primed
by phosphorylation of Y190. Screening components of DNA damage response pathways identified WEE1L as the probable
Y190 priming kinase [53].

Inhibitory phosphorylation of GSK-3b by protein kinase B (PKB/AKT) as a consequence of mitogenic growth factor
signalling serves to prevent FBXW7-mediated ERG destruction but is normally countermanded by the phosphatase
activity of PTEN [54]. Hence PTEN loss, a frequent occurrence in CRPC, may increase ERG protein stability and
potentially confer resistance to genotoxic therapy [53].

The FLI-1 gene has a similar propensity for rearrangement and is implicated in the aetiology of approx. 85% of cases of
Ewing Sarcoma, a childhood bone malignancy [55]. Tumour cells characteristically express fusion proteins with an N-
terminal region derived from EWS, a poorly characterised RNA-binding protein, and C-terminal region from FLI-1, or less
frequently ERG, including the ETS domain. EWS-FLI-1 fusions are short-lived proteins that become ubiquitinated in the
ETS domain and turned over by the UPS, although the E3 ubiquitin ligase responsible remains to be identified [56]. Of
note, the same lysine (K334: = K388 in ETS-1) was also ubiquitinated on FLI-1. However, neither SBC nor CPD motif
present in ERG is conserved in FLI-1, implying that it is unlikely to be a substrate for SPOP or FBXW?7. More recently,
USP19 was shown to deubiquitinate and stabilise EWS-FLI-1 fusions but not FLI-1, likely because USP19 bound to EWS-
FLI-1 within N-terminal EWS sequences [57]. The observed modest impact of USP9X depletion on levels of EWS-FLI-1
hints that the role of USP9X may be conserved between ERG and FLI-1 [57].

Mechanisms that govern ERG function appear to be shared more broadly among ETS proteins. PU.1 (or SPI-1, of the SPI
subfamily) plays an essential role in lineage commitment of haematopoietic precursor cells into macrophages and
monocytes whereby impaired PU.1 function has been linked to the development of acute myeloid leukaemia (AML) [58].
In common with ERG, PU.1 contains two phosphodegrons that can be phosphorylated by GSK-3b and subsequently
bound by FBXW?7, leading to its ubiquitination and degradation (Figure la) [59]. Blockade of the GSK-3b - FBXW7
signalling axis restored PU.1 levels in peripheral blood mononuclear cells and promoted their differentiation. Related to
these findings is an earlier report that in combination with an oncogenic Kras allele, loss of USP22, a component of the
SPT-ADA-GCNS5 acetyltransferase (SAGA) complex, promoted AML [60]. USP22 was shown to deubiquitinate and protect
PU.1 from degradation in Kras-positive myeloid progenitors and thus promote their differentiation [61].

4. Interplay between PEA3 Relatives and COP1 during Insulin Secretion
and in Cancer.

The proto-oncogenic polyoma enhancer activator protein (PEA3, also known as ETS variant 4 [ETV4]/E1AF), alongside
ETV1 (ER81) and ETV5 (ERM) make up the PEA3 subfamily of ETS-domain transcription factors. All PEA3 members are
subject to control by the UPS. Initially, ETV-4 had been shown to be ubiquitinated within a C-terminal region
encompassing the ETS domain and stabilised by proteasomal inhibition [62]. Ubiquitination and turnover of ETV4
appeared to be promoted by SUMOylation at multiple sites in the N-terminal region, which was enhanced by ERK
cascade stimulation [63]. However, a later study found that treatment of HCT-116 colorectal cancer cells with MEK
inhibitor U0126 promoted ETV4 ubiquitination and degradation [64]. ETV5 was also found to be ubiquitinated and
degraded, although the major modified species of ETV5 appeared to be mono-ubiquitinated with some polyubiquitination
apparent following proteasomal inhibition [65].

As with ETS-1 and ETS-2, COP1 also polyubiquitinates ETV1, ETV4 and ETV5 in partnership with DET1 [66, 67]. COP1-
mediated destruction of ETV1/4/5 is mainly achieved through two adjacent conventional COP1 degrons residing within the
N-terminal TADs that are conserved across PEA3 family members (Figure 1a) [66, 67]. Phosphorylation of ETV4 by ERK
on S73 in between these in-tandem degrons (this site is absent in ETV1 and ETV5) in HCT-116 cells prevented COP1
interactions and stabilised ETV4 [64].



Mirroring the phenomenon described for ERG, truncated ETV1 proteins expressed in PCa from TMPRSS2:ETV1 fusions
lack COP1 phosphodegrons and hence are not degraded through COP1 activity, leading to their accumulation and
overabundance in the disease state [67]. Moreover, PCa samples lacking ETV1 translocations but harbouring COP1
deletions displayed higher ETV1 protein levels, implicating COP1 loss as a potential route to oncogenesis [67].

COP1 appears to act as a tumour suppressor through the regulation of PEA3 member protein levels in various forms of
cancer. Over-expression of COP1 in the TNBC cell line MDA-MB-231 reduced migration and invasiveness, which could
be recovered with concomitant ETV1 expression [68]. Analysis of TNBC tissues found that ETV1 protein levels were
inversely correlated to those of COP1, and ETV1-positive tumours were associated with shorter survival times compared
to patients with ETV1 negative tumours, whereas COP1 positive tumours gave significantly improved outcomes against
COP1 negative tumours [68].

Transcriptional outputs arising from elevated ERK activity seen in BRAF V600-mutant melanomas and KI/T-mutant
gastrointestinal stromal tumours (GISTs) may also be mediated through ETV1 unconstrained by COP1. COP1 loss in
A375 melanoma and GIST-T1 cell line-derived xenograft models led to increased ETV1 (and ETV4/5) levels and
resistance to MAPK inhibitor treatments [69]. De novo activity-attenuating DET1 mutations were identified in two
melanoma patients after vemurafenib (RAF inhibitor) treatment, further implicating COP1/DET1 loss as a driver of MAPK
inhibitor resistance [69].

The relationship between COP1 and PEA3 members was also found to be important in regulating insulin secretion from
pancreatic B cells, whereby hypoglycaemia caused by loss of Copl could be rescued by deletion of PEA3 family members
in a mouse model [70]. The COP1-ETV axis is also active in neurons, as mice with Cop1 deleted in neural stem cells
exhibited an increase in Etvl, Etv4 and Etv5 expression and died soon after birth. This could be attributed directly to
PEA3 family overabundance as lethality was reduced in Copl-deleted mice lacking Etv5 and heterozygous for Etv1 [71].
Furthermore, lung branching defects in mice caused by prenatal Copl gene inactivation could be partially rescued
through introduction of Etv5 loss-of-function mutant alleles, implicating COP1 control over ETV5 protein levels in lung
developmental processes [72].

5. TCFs Showcase Mono-Ubiquitination as a Non-Destructive Mode of
Repression

The ternary complex factor (TCF) subfamily of ETS transcription factors comprises ELK-1 and two additional members,
ELK-3 (NET) and ELK-4 (SAP1). The name derives from the ternary complex that TCFs form with Serum Response
Factor (SRF) at Serum Response Elements (SRE) in immediate early gene (IEG) targets (e.g. CFOS, EGR1) following
phosphorylation of the C-terminal TAD by MAPKs [73, 74, 75].

It was initially found that recombinant ELK-1 was readily polyubiquitinated in an in vitro ubiquitination assay using rabbit
reticulocyte lysates [76]. Subsequently, ELK-1 was shown to be polyubiquitinated in cellulo with evidence of K48-linkages,
albeit with a marginal impact on ELK-1 stability [77, 78]. In contrast, a truncated version of ELK-1 (SELK-1 - missing the N-
terminal 54 residues) is far less stable than full-length ELK-1 due to a cryptic degron (CD — aas 167-196, Figure 1a) that in
the absence of a proposed dimerisation interface (aas 7-32) promoted the rapid turnover of dimerisation-defective ELK-1
[77].

The only protein so far identified as a potential E3 ligase for TCFs is the F-box protein FBXO25, which complexes with
SKP1, CUL1 and ROCL1 to form an active RING E3 ligase [79]. FBXO25 was reported to interact with ELK-1 and promote
its polyubiquitination and degradation by the 26S proteasome, thereby impairing ELK-1 target gene transcription [80].
However, although subsequent, independent work confirmed that FBXO25 interacted with ELK-1 in a region including the
CD, its proposed impact on ELK-1 ubiquitination or transcriptional activity could not be substantiated [81].

In apparent contrast to other ETS proteins, TCFs may not be regulated mainly by polyubiquitination and turnover. The
modified form of ELK-1 predominant in unstimulated cells is mono-ubiquitinated in the N-terminal ETS domain. Mutational
analysis and MS revealed K35 as the primary modification site with ubiquitination also occurring at K52 and K59 [78].
Mono-ubiquitin conjugation decreased ELK-1 DNA binding and was reversed following mitogen stimulation of cells and
consequent ELK-1 phosphorylation and activation. These observations, coupled with the increased transcriptional activity
of a hypo-ubiquitinated ELK-1 mutant compared with wild-type ELK-1, suggest that ETS domain mono-ubiquitination is a
repressive mark [78].

The main enzyme responsible for removing ubiquitin from ELK-1 appears to be USP17 (DUB3). The USP17 family of
DUBs comprises a number of very similar proteins originating from a cell-cycle regulated multicopy gene that has
oncogene character in a range of cancer pathologies, albeit with noted exceptions [82]. USP17 was found to interact with



ELK-1 in a region encompassing the B-domain and CD (aas 93-189) and efficiently deubiquitinate both mono- and
polyubiquitinated ELK-1, thereby augmenting its transcriptional activity, driving target gene expression and cell cycle entry
[78, 81]. Moreover, expression of a hypo-ubiquitinated ELK-1 mutant, but not wild-type ELK-1, partially rescued the
proliferation defect caused by USP17 depletion in HEK293T cells, illustrating the contribution of this mechanism towards
mitogen signalling [78]. The established role for ELK-1 as an AR tethering element suggests that further studies are
warranted to decipher whether USP17 acts on ELK-1 to promote tumorigenesis in PCa [83, 84, 85].

Evidence for the polyubiquitination of ELK-3 and ELK-4 is sparce. ELK-3 has been shown to be polyubiquitinated in
murine endothelial cells subjected to hypoxia [86]. More recently, ELK-4 was reported to interact directly through its C-
terminal region with the adapter protein downstream of kinase 4 (DOK-4), which promoted its translocation to the
cytoplasm and turnover, the latter being prevented with concomitant proteasomal inhibition [87]. Multiple lysine
substitutions at predicted ubiquitin acceptor residues stabilised ELK-4 in the presence of DOK-4, further implying that
DOK-4 control over ELK-4 protein levels occurs via the UPS. Accordingly, DOK-4 depletion in MDCK Il kidney cells
(where ELK-4 is the predominant TCF) stabilised ELK-4 and increased IEG expression and cell proliferation [87]. We have
confirmed that ELK-3 and ELK-4 are ubiquitinated in cellulo and, when ubiquitinated, both serve as substrates for USP17
(our unpublished data).

6. TEL and the PNT Domain as Drivers of Turnover or Fusion Protein
Activity

The closely related transcriptional repressors ETV6 (TEL1 — translocating E26 transforming-specific leukaemia 1) and
ETV7 (TEL2) contain N-terminal PNT domains that promote homo- and hetero-oligomerisation and influence the
repression of target genes [88]. The PNT domain also participates in the polyubiquitination of ETV6 and ETV7 by an SCF
complex containing the F-box and leucine rich repeat protein 6 (FBXL6), which interacts directly with both proteins
through their PNT domains to promote proteasomal degradation [89]. This is also the case for Yan, the invertebrate
orthologue of ETV6, although the mechanism does not appear to extend to other human PNT domain-containing ETS
proteins, as FBXL6 was not able to bind to ETS-1 or ETS-2 [89]. This mode of recognition may also be subject to
regulation, based on a previous finding suggesting that PIAS3-mediated SUMOylation of ETV6 monomers, but not
oligomers formed through the PNT domain, were sensitized for UPS processing [90]. More recently, the sea urchin
orthologue Yan/Tel was found to be phosphorylated by GSK-33 to promote its proteasomal degradation through
recognition by the E3 ligase FBXW1A (B-TRCP) [91].

Several oncogenic ETV6 fusions have been described that differ significantly from the TMPRSS2:ETS fusions outlined
above. Commonly, they express proteins in which the N-terminal PNT domain of ETV6 is fused to a tyrosine kinase
domain, whereby the PNT domain promotes oligomerization that leads to constitutive tyrosine kinase activity. One such
example are gene rearrangements that fuse ETV6 to the tyrosine kinase domain of neurotrophic receptor tyrosine kinase
3 (NTRK®), forming a chimaeric oncoprotein known as EN, which is expressed in various cancers [92]. EN was shown to
be polyubi-quitinated by ring finger protein 123 (RNF123, or KPC1), promoting its turnover by the proteasome [93].
Stimulation of insulin-like growth factor 1 receptor (IGF1R) promoted EN tyrosine phosphorylation and protected EN from
RNF123 interaction, thus stabilising EN. This represents a potential therapeutic target, as IGF1R inhibitor treatment in EN-
expressing EpH4 mouse mammary epithelial cell tumour-bearing mice destabilised EN and reduced cell proliferation [93].

Whether RNF123 interacts with the ETV6 or NTRK3 moiety of the fusion protein, and which region harbours lysine(s)
targeted for modification are unknown, so it remains unclear whether other ETV6-fusions, or indeed ETV6 itself, are
targeted similarly. However, another oncogenic ETV6 PNT-tyrosine kinase fusion occurs with the JAK2 JH1 domain,
which is also regulated by the proteasome. In this case, suppressor of cytokine signalling 1 (SOCS1) was shown to
interact with CUL-2 and promote ETV6-JAK2 polyubiquitination, which occurred through the JH1 domain independently of
the ETV6 portion of the protein [94].

| 7. Discussion

Of the 28 human ETS genes, over half express proteins that have been found to be ubiquitinated and several of the E3
ligases responsible have been identified (Table 1). The reported consequences of their modification are destruction
following addition of K48-linked polyubiquitin chains, or interference with DNA binding and nuclear export following mono-
ubiquitination, both of which suppress ETS protein function, i.e. regulation of gene expression and concomitant impact on
cell proliferation, differentiation and oncogenesis. Conceivably, mono-ubiquitination serves as an initiation event for
polyubiquitination and turnover as well as impairing DNA binding and/or promoting nuclear export, although available data
appear to rule out this possibility in the case of ELK-1 [78].



The highly conserved ETS domain confers on all family members the ability to bind to a short, conserved, purine-rich DNA
motif, for which 4 distinct binding profiles have been characterised [95]. This implied significant overlap in target gene sets
for different ETS proteins and accordingly, all ETS factors linked to cancer share the same binding profile [95]. In general
E3 ligases that target these factors have TS character, notably SPOP and FBXW?7, whereas their DUBs tend to promote
ETS activity and cell proliferation, for example USP9X and USP17 [26, 43, 48, 49, 53, 78]. This assignment is borne out
by the action of these E3 ligases and DUBs on other known clients, although interestingly, the actions of USP17 appear to
be ambiguous [82].

Table 1. E3 ligases and DUBs reported to facilitate ubiquitination and deubiquitination of human ETS proteins and their
oncogenic fusions (*Disputed, *Lacks ETS domain).

ETS protein E3 ligase DUB References
ETS-1 COP1 USP9X [26, 31]
ETS-2 COP1 - [31, 36]
ERG TRIM25, SPOP, USPIX [43, 45, 48, 49, 53]
FBXW7
ETV1/ER81 COP1 - [66, 67]
ETV4/PEA3/ELAF COP1 - [66, 67]
ETV5/ERM COP1 - [66, 67]
ETV6/TEL1 FBXL6 - [89]
ETV7/TEL2 FBXL6 - [89]
ELF3/ESE1 FBXW1A - [96]
ELF4/MEF SKP2 - [97]
PU.1/SPI-1 FBXW7 UspP22 [59, 61]
ELK-1 FBXO25* USP17 [78, 80, 81]
ETS fusion E3 ligase DUB References
TMPRSS2-ERG TRIM25, FBXW7 USP9X [43, 45, 53]
EWS-FLI-1/ERGB - USP19 [57]
ETV6/TEL1IN-NTRK3 RNF123 - [93]

ETV6/TEL1MJAK2 SOCS1 - [94]



The above rule has two exceptions. PU.1 is notable because within the haematopoietic lineage it drives differentiation of
precursor cells into monocytes and macrophages [58]. In this instance, inhibition of FBXW?7 or enhancement of USP22
activity towards PU.1 promoted precursor differentiation [59, 61]. The other exception is the SAM pointed domain-
containing ETS transcription factor (SPDEF), the only member of the PDEF subfamily, whose anti-metastatic and anti-
tumorigenic activities in PCa and hepatocellular carcinoma cells respectively are antagonised by UPS processing
following phosphorylation by CDK11B [98, 99]. In these situations, SPDEF has TS character, whereas CDK11B and the
as yet unidentified downstream E3 ligase(s) have oncogenic properties.

The best-studied sites of ubiquitin conjugation within ETS proteins lie predominantly within the well-structured ETS
domain and include highly conserved lysines on the b2/b3 strands and a3 helix that participate in DNA-binding [78] (Table
2). It follows that ubiquitin conjugated to these sites, notably a3 residues K388/K334/K59 in ETS-1/FLI-1/ELK-1
respectively (Figure 1b, c), would be incompatible with DNA-binding and target gene regulation. Although the data
obtained from large scale proteomic studies could be skewed by coverage issues, this pattern appears distinct from that
of phosphorylation, which is frequently targeted to unstructured regions. Conceivably, the constraints of isopeptide bond
formation favour lysines within stable secondary structures. However, degrons or E3 recognition motifs are commonly
distal to target lysine(s), may lie within unstructured regions, including TADs, and be subject to modulatory
phosphorylation, although in the case of ETV4, the C-terminal region encompassing the ETS domain appears to be
essential for turnover [62].

Diversity is a hallmark of ETS proteins and in the case of ubiquitination the separation of substrate recognition and
modification may have facilitated regulatory diversification. This process is acutely illustrated with fusion proteins: for
example, the ETS domains of TMPRSS2:ERG and TMPRSS2:ETV1 fusion products escape SPOP and COP1-mediated
ubiquitination respectively through loss of N-terminal recognition motifs [48, 49, 67]. Conversely, to stabilise EWS-FLI-1
fusions USP19 binds within N-terminal EWS sequences and deubiquitinates the C-terminal FLI-1 ETS domain [57].
Conceivably, regulatory diversification may also occur between splice variants of the same protein that retain or exclude
degron motifs.

Table 2. ETS-domain lysines identified as ubiquitination sites from targeted and large-scale proteomic datasets and/or
mutational analysis (human - produced with use of PhosphoSitePlus).

ETS Protein ETS domain ubiquitination site References

ETS-1 K377, K388, K399, K404 [26, 100, 101, 102, 103]
ETS-2 K416, K427, K432 [100, 101, 102, 103]
FLI-1/ERGB K334 (K380 EWS-FLI) [56, 103]

ETV2/ER71 K294 [100, 101, 103]
ETV6/TEL1 K393, K403 [103, 104]

ETV7/TEL2 K293 [105]

GABPa K359, K366, K373 [100, 101, 103, 104, 105, 106, 107]
ELF1 K226, K244 [100, 101, 103]
ELF2/NERF K290 [101]

ELF3/ESE1 K294, K328 [106]

ELK-1 K35, K52, K59 [78]



ELK-3/NET K83 [101]

The preference for conserved lysines within the ETS domain could be interpreted as evidence for mechanistic or pathway
conservation among ETS proteins. Consistent with this notion are the multiple substrates observed for COP1 (ETS1/2,
ETV1/4/5), FBXW7 (ERG, PU.1), USP9X (ETS1, ERG) and USP17 (ELK-1/3/4). But again, the evidence for divergence is
far more compelling, with ubiquitination of 11 ETS proteins attributed to 7 distinct E3 ligase complexes (Table 1).
Furthermore, while ERG is a substrate for both SPOP and FBXW?7, its closest relative FLI-1 is likely a substrate for neither
as it lacks the SBC and CPD motifs shown to be active in ERG [48, 49, 53].

Another hallmark of ETS proteins is their propensity for regulation by phosphorylation, which extends from their activation,
well-illustrated by TCFs, to their turnover. A prime example here is ERG, with two phosphodegrons that undergo priming
phosphorylation by protein kinases (CK1d and WEE1) activated in response to DNA damage [48, 53]. Rapid turnover of
E74-like factor 4 (ELF4/MEF, of the ELF subfamily) after G1/S transition by F-box ligase SKP2 is triggered by C-terminal
phosphorylation by CDK2-Cyclin Al [97]. Phosphorylation can also protect ETS proteins from degradation. SRC kinases
are able to phosphorylate a tyrosine residue adjacent to the COP in ETS-1 to inhibit COP1 binding [31]. Another example
is ELF3 (ESEL, of the ESE subfamily) a labile protein readily degraded following polyubiquitination by FBXW1A (3-TrCP1)
and protection is afforded through phosphorylation by p21-activated kinase 1 (PAK1) at S207 in a serine and aspartic
acid-rich (SAR) domain. Stabilisation of ELF3 by PAK1 promoted ERK signalling and anchorage-independent growth in
breast cancer cells [96].

In conclusion, ETS factors provide informative insights in gene diversification at multiple levels, including their
interrelationships with the UPS. Although ubiquitination of the ETS domain is a common feature, the enzymes that
determine ubiquitin status are diverse and selective, based on recognition of distal degrons or binding motifs, of which
several are also targets of regulatory phosphorylation. Analysis of ets gene mRNA levels in human cells and tissues
detected co-expression of multiple paralogues, implying scope for the cell-specific regulation of ETS protein levels by the
UPS [108]. Similarly, most cells are unlikely to express a full complement of the ubiquitination machinery.

E3 ligase complexes that target ETS proteins linked to oncogenesis exercise tumour suppression and these ETS proteins
exhibit a range of evasive strategies, including gene fusion-mediated loss of degron sequences, E3 ligase inactivation by
point mutation and up-regulation of deubiquitinases, that define multiple cancer types and offer new therapeutic targets.
Despite recent progress, there is much more to be learned about ubiquitin-mediated control of ETS factors.
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