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Abstract: ETS transcription factors are a highly conserved family of proteins involved in the pro-
gression of many cancers, such as breast and prostate carcinomas, Ewing’s sarcoma, and leukae-
mias. This significant involvement can be explained by their roles at all stages of carcinogenesis
progression. Generally, their expression in tumours is associated with a poor prognosis and an
aggressive phenotype. Until now, no efficient therapeutic strategy had emerged to specifically
target ETS-expressing tumours. Nevertheless, there is evidence that pharmacological inhibition of
poly(ADP-ribose) polymerase-1 (PARP-1), a key DNA repair enzyme, specifically sensitises
ETS-expressing cancer cells to DNA damage and limits tumour progression by leading some of the
cancer cells to death. These effects result from a strong interplay between ETS transcription factors
and the PARP-1 enzyme. This review summarises the existing knowledge of this molecular inter-
action and discusses the promising therapeutic applications.

Keywords: ETS transcription factors; PARP-1; pharmacological inhibition; cancer therapy; DNA
damage
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1. Introduction

ETS transcription factors are a family of proteins encoded by a group of genes con-
served in the evolution from metazoan to humans [1,2]. To date, 28 members of this
family, divided into 12 groups, have been described in vertebrates [3]. These transcription
factors are characterised by a well-conserved winged helix-turn-helix DNA-binding
domain (DBD) that recognises specific DNA elements with a central 5-GGA(A/T)-3' core,
called ETS-binding sites (EBS), found in the promoters of target genes. Even though all
ETS family members share the same DBD, each ETS transcription factor has its
DNA-binding properties that are tightly controlled to ensure a specific biological action.
Concretely, DNA-binding properties of ETS transcription factors can be differentiated
from each other by (i) slight variation in the recognition of EBS sequences [4], (ii) specific
interactions with diverse binding partners, or (iii) differential post-translational modifi-
cations that modulate their affinity for DNA [3]. Nevertheless, ETS transcription factors
are extensively co-expressed in many cell types (e.g., hematopoietic cells, breast and
prostate tissues) and the biological specificity of each factor in these cells remains unclear
[3].

In physiological processes, ETS transcription factors are mainly involved in em-
bryonic development where they control cell growth, differentiation, migration, and
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apoptosis. These roles enable the successful conduct of many processes in the embryo
such as morphogenesis, haematopoiesis, and angiogenesis [5]. However, the expression
of ETS proteins is tightly controlled in adult tissues, and their neo- or over-expression is
mainly associated with cellular transformation and cancer progression [6,7]. ETS tran-
scription factors are involved in many carcinomas and leukaemias in humans. Moreover,
they are often considered as markers of poor prognosis in these diseases [6].

Given their implications in cancer, various strategies have been employed to spe-
cifically target ETS proteins activity in tumours. Amongst these, studies investigated
strategies using siRNA-[8], splice-switching oligonucleotides [9], artificial or natural
dominant-negatives [10,11], peptidomimetic inhibitors [12], or small molecules that bind
to the EBS [13]. Another widely used strategy developed small molecules that inhibit ETS
proteins activity by (i) changing their localization in the nucleus [14,15], (ii) blocking their
interaction with binding partners [16,17], (iii) inhibiting their transcriptional activity
[18-24] or (iv) repressing their expression [25]. Until now, only two clinical trials were
performed in patients with Ewing’s sarcoma using inhibitors of the ETS fusion protein,
EWS-Flil. The first trial using mithramycin has unfortunately failed [26] and the second
one using TK-216 is under evaluation in phase I (NCT02657005).

However, ground-breaking findings have identified poly(ADP-ribose) polymerase-1
(PARP-1), a key DNA repair enzyme, as a direct binding partner of ETS proteins Erg, Flil,
and Ets-1. Furthermore, these studies demonstrated that pharmacological inhibition of
PARP-1 specifically sensitises ETS-expressing cancer cells to DNA damage and limits
tumour progression [27-29]. These findings are especially interesting, since PARP-1 in-
hibitors (PARPi) are already used in clinical trials and showed good efficiency, notably in
ovarian and breast cancers where ETS proteins are often overexpressed [6,30-32]. This
review reports the strong interplay between ETS transcription factors and PARP-1 en-
zyme and discusses the promising therapeutic applications.

2. ETS Transcription Factors Expression in Cancers
2.1. Expression and Involvement in Cancers

Since their discovery in 1983 as part of the gag-myb-ets transforming fusion protein
of an avian replication-defective retrovirus (E26), ETS transcription factors have been
associated with carcinogenesis [33,34]. Indeed, the original ETS family member v-ets, a
homolog of Ets-1, can transform fibroblasts, myeloblasts, and erythroblasts and cause
mixed erythroid—-myeloid and lymphoid leukaemia in chicken [35]. Thereafter, a correla-
tion between ETS genes expression level and tumour progression has been established in
a wide range of human neoplasias such as thyroid, pancreas, ovarian, liver, colorectal, or
lung carcinomas and a great number of studies showed the complex and essential func-
tion of ETS proteins in the progression and prognosis of breast and prostate carcinomas,
and Ewing’s sarcoma, as well as in diverse leukaemias [3,6]. This extensive involvement
can be explained by their roles at all stages of carcinogenesis processes. Indeed, ETS
transcription factors promote transformation, invasion, angiogenesis, and inflammation,
as well as metastasis through a wide range of molecular and cellular mechanisms in-
cluding metabolism, tumour microenvironment, histone modifications, cancer
self-renewal and survival and DNA repair (reviewed in more detail in [6,36] and sum-
marized in Figure 1). Indeed, ETS factors have an impact on the metabolism of steroids
and nucleotides, which are necessary for the survival of tumour cells. TMPRSS2-ERG
modulates the expression of AKR1C3, the androgen biosynthesis enzyme, decreasing
dihydrotestosterone (DHT) synthesis [37]. ETS2 and p53-GOF activate together the ex-
pression of deoxycytidine kinase (DCK), an enzyme that phosphorylates deoxyribonu-
cleosides [38] (Figure 1A). ETS factors modulate angiogenesis, inflammation, and ex-
tracellular matrix (ECM) modification through the direct transcriptional regulation of
collagenases, serine proteases, and matrix metalloproteinases (MMPs) [39] (Figure 1B).
Modulating chromatin dynamics and epigenetics is a third molecular mechanism
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through which ETS factors mediate tumorigenesis. Indeed, ETS2 cooperates with
p53-GOF mutants to regulate the histone acetyltransferase MOZ, the histone methyl-
transferases mixed-lineage leukaemia 1 (MLL1), and MLL2. Analysis of The Cancer Ge-
nome Atlas demonstrated high expression of MLL1, MLL2, and MOZ in p53-GOF pa-
tient-derived tumours [40] (Figure 1C). ETS factors are also involved in cancer
self-renewal and survival by inhibiting the epithelial-mesenchymal transition (EMT) in
mammary gland development and breast cancer metastasis. Elf5, an ETS transcription
factor, represses the transcription of Snail2, an inducer of EMT [41] (Figure 1D). The
modulation of DNA repair is the latest molecular mechanism by which ETS factors
regulate tumorigenesis (Figure 1E). The ETS fusion protein, TMPRSS2-ERG is an interac-
tion partner of PARP-1 and DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) [28]. PARP-1 sequestration prevents DNA repair by homologous recombi-
nation (HR). TMPRSS2-ERG-PARP-1 interaction inhibits the phosphorylation of
DNA-PKGcs, thus blocking DNA repair by the non-homologous end joining (NHE]) [42].
Moreover, EWS-FLI1 and EWS-ERG directly interact with PARP-1 and DNA-PKcs,
blocking DNA repair in Ewing sarcoma and prostate cancer [27].

CIMPRSS2-ERG
INYONIANYANY  AKRIC3 mmmm)  DHTsynthesis

A. Metabolism @
NN\ DCK mmmmm)  Necleoside phosphorylation
IANYNYIANY/ANY Collagenases

B. Tumour Angiogenesis, inflammation

Serine
proteases
NN\ vLLL
C. Histone MLL2 Histone acetylation and
modification methylation
MOz

microenvironment and ECM modification

D. Self-renewal and el -
survival /NN N/ SNAI2 Epithelial-to-mesenchyma

transition and metastasis

DNA-PKcs

‘ HR

inhibition

NHE)
. inhibition
E. DNA repair and

genomic stability DNA-PKcs

Figure 1. Mechanisms driven by ETS factors in solid tumours. (A) TMPRSS2-ERG activates the
expression of AKR1C, the androgen biosynthesis enzyme. ETS2 complexed to the p53-GOF mutant
regulates the transcription of DCK, an enzyme that phosphorylates deoxyribonucleosides. (B) ETS
factors modulate the expression of numerous factors (e.g., collagenases, serine proteases and
MMPs) implicated in angiogenesis, inflammation, and ECM modification. (C) Synergistic coopera-
tion between ETS2 and p53-GOF mutants to activate the transcription of MLL1, MLL2 and MOZ,
enzymes of histone modifications. (D) ELE5, an ETS transcription factor represses the expression of
SNAI2, an inducer of EMT and metastasis. (E) ETS fusion proteins (TMPRSS2-ERG and EWS-FLI1)
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interact with PARP-1 and DNA-PKcs. PARP-1 sequestration prevents DNA repair by HR and
DNA-PKcs sequestration inhibits DNA repair by NHE].

It is possible to differentiate several groups of ETS transcription factors regarding
their specific role in particular types of neoplasia. A report by Wei et al. demonstrated
that we can separate ETS proteins from each other by analysing their DNA-binding pro-
files and their affinity for slight base variation within the EBS (Table 1) [4].

This study revealed that the ETS-binding profiles cluster into four distinct classes
and that most of the ETS transcription factors involved in solid tumours (e.g., ETS, PEA3,
and ERG groups; Table 1) were found in the class I and bind either a 5-GGAA-3' or a
5-GGAT-3' consensus core [4]. On the contrary, ETS proteins that are known to be mainly
involved in leukaemias are clustered in classes III and strictly recognise a 5'-GGAA-3'
core (Table 1). In class II, clustered members preferentially recognise a 5'-GGAA-3' core
and are involved in both solid tumours and leukaemias (Table 1). Finally, the one member
only of class IV, Spdef, which binds a 5-GGAT-3' core [4], is known on the one hand to be
involved in tumour progression and endocrine resistance in breast cancers [43], and on
the other hand to act as a putative tumour suppressor in prostate and colorectal carci-
nomas [44,45]. Thus, we could hypothesise that the ability to recognise a 5'-GGAT-3' core
might be linked to the involvement in solid tumour progression by selecting specific
target genes.

Table 1. ETS transcription factors family members, their associated cancers, and their interaction
with PARP-1.

Associated Cancers Interaction with
[3,6] PARP-1 *
Breast, ovarian, lung,
colorectal, thyroid,

Class [4] Group [4] Members

ETS Ets-1 uterus, melanoma, Yes, directly (Ets-1)
Ets-2 gastric, prostate, pan- [29]
creas, liver, leukae-
mias...
Erg ., Yes, directly (Erg)
ERG Flil SZ::SE;&O]::;\;I;?S and in complex (Flil)
Fev ’ [27,28]
I Etvl Breast, Ewing’s sar- Yes, in complex
(GGAA/T) PEA3 Etv4 coma, lung, gastric, !
(Etv1)[28]
Etvb prostate...
Elkl Yes, in complex
TCF Elk3 Prostate (iElk 1) [46]
Elk4
Erf
ERF Etv3
Etv3L
ER71 Etv2 Breast
GABP GabpA
ESE ilkfj Yes, in complex
. EIf5 (ELf3) [47]
(GGAA/) TEL E:’? Leukaemias
ELF Elf1 Prostate, endometrial,

Elf2 ovarian...
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Elf4
Spil .
111 . . Yes, in complex
SPI SpiB Leukaemias )
(GGAA) Sgi c (Spil) [48]
v
(GGAT) PDEF Spdef Prostate, breast

* Direct interactions have been demonstrated by in vitro assays using recombinant proteins,
whereas in complex refers to interaction identified by co-immunoprecipitation.

2.2. ETS Fusions and Cancers

Expression or deregulation of ETS transcription factors in cancer cells is mostly due
to the activation of ETS genes by amplifications or punctual mutations, but also by
chromosomal translocations. In this case, ETS genes are often involved in chromosomal
translocations which result in a fusion with other proteins [6]. There are different types of
ETS fusions. The most studied are ETS gene fusions in Ewing’s sarcoma and prostate
cancer [49-51]. Other fusions involve Etv6 and several proteins in a wide range of leu-
kaemias, but we will not approach them here (reviewed in [52]).

Ewing’s sarcoma is a rare cancer affecting bones and soft tissues occurring in teen-
agers and young adults. Cytogenetically, this cancer is defined by its signature transloca-
tions that produce fusion proteins with strong carcinogenic potential. In 90% of cases, the
fusion occurs between the encoding regions of the N-terminal portion of EWS, an RNA
binding protein, and the C-terminal portion of Flil, an ETS transcription factor. In the
remaining 10%, the fusion occurs between EWS and other ETS factors from the same
group, Erg [49].

The resulting fusion proteins act as transcription factors and regulate a wide range
of genes involved in proliferation, carcinogenesis, and tumour progression [49,53].
EWS-ETS fusions are considered as the keystone of Ewing’s sarcoma development. Thus,
their targeting is a high priority to treat this disease [49,53].

In prostate cancer, numerous gene fusions are found involving different ETS tran-
scription factors such as Erg, Etvl, Etv4, and Etv5 (Table 1) [50]. However, none of them
gained as much importance in clinical practice as the rearrangement involving TMPRSS2
and Erg genes. This rearrangement, found in approximately 50% of prostate cancers,
results in a gene fusion, TMPRSS2:Erg, which places ERG expression under the tran-
scriptional control of androgen and oestrogen receptors [54]. TMPRSS2:Erg fusion might
be associated with the transition to invasive cancer by over-regulating Erg target genes
involved in migration, invasion, and metastasis [50,55,56]. That is why this rearrange-
ment is considered both as a diagnosis tool and a potential therapeutic target in aggres-
sive prostate cancer [50,56].

3. PARP-1 Inhibition in Cancer Therapy
3.1. The Plethoric Roles of PARP-1 in Cancer Cells

PARP-1, one of the most abundant proteins in the cell nucleus, is the founding
member of the PARP family of enzymes. Its catalytic activity is characterised by the ad-
dition of ADP-ribose polymers, by consuming cellular NAD", on the target proteins with
which PARP-1 interacts. This post-translational modification is called
poly(ADP-ribosyl)ation (PARylation) [57]. Since its discovery in 1963, PARP-1 has mainly
been associated with DNA repair processes, notably in the Base Excision Repair (BER)
mechanism where PARP-1 facilitates the association and dissociation of the repair com-
plexes after recognition of single strand breaks (SSBs). Furthermore, PARP-1 is also in-
volved as a backup enzyme for the repair of diverse single-strand and double-strand
DNA lesions like in HR, NHE], and Nucleotide Excision Repair (NER) [58,59].

In a sense, PARP-1 is situated at the crossroads of signalisation pathways involved in
the sensing of genotoxic, metabolic, and oncogenic stresses. Thus, its function could be
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described as a sensor of the cellular stresses, which explains its plethoric roles in the cell
[60]. Moreover, PARP-1 is integrated in the structure of chromatin. This localisation also
allows PARP-1 to be involved in transcription processes since this enzyme controls
chromatin remodelling and interacts with transcription factors on the promoter of many
genes [61]. It has been argued that PARP-1 could be involved in the regulation of 3.5% of
all genomes in embryonic cells. Even if it is very difficult to know if this effect is due to
transcription regulation or chromatin structure defects, it shows the importance of
PARP-1 in transcription processes [62].

Finally, PARP-1 catalytic activity assures the control of energetic resources, since this
activity consumes the stock of NAD*. Therefore, only cells with a high metabolism, like
cancer cells, can maintain a sustained PARylation activity at the risk of depleting all
NAD*, which could lead to cell death [60].

3.2. PARP-1 Inhibition in Cancer Cells and Clinical Trials

First, PARP-1 was considered as a tumour suppressor due to its plethoric roles in
DNA repair. It was argued that suppression of its expression and/or its activity could be
involved in cancer development. However, transgenic mice deficient in PARP-1 expres-
sion do not show any spontaneous tumour development, even though they are more
sensitive to alkylating agents which provoke in these mice liver and colorectal cancers
with a greater frequency [57,63].

Indeed, once the tumour is formed, PARP-1 expression tends to be increased.
PARP-1 expression is higher in breast [64,65], liver [66], colorectal carcinomas [67], and
melanomas [68]. Furthermore, studies showed that the PARylation level is increased in
cancer tissues [69,70]. We may suppose that tumour cells can hijack PARP-1 activity to
promote DNA repair, and therefore cancer progression, without activating cell death
pathways which are often defective in these cancers.

Given the major role of PARP-1 in cancer cells, many pharmacological inhibitors
have been designed to set up targeted strategies in the hope of preventing effective DNA
repair in these cells. The first approach is to improve chemo- and radiotherapy efficacy
by combining them with PARPi. This has led to numerous clinical trials with diverse
combinations of PARPi with platinum drugs (cisplatin or carboplatin), alkylating agents
(temozolomide), doxorubicin, topoisomerase 1 inhibitors (topotecan), antimetabolites
(gemcitabine or capecitabine), paclitaxel, eribulin or vinorelbine. PARP inhibitor combi-
nation therapy has been reviewed in more detail in [71,72]. A second approach is to use
PARP; as a single agent on cancer cells with a particular genetic background. The initial
strategy is the use of PARPi in BRCA1/2-deficient cells. In the S phase, cells can only re-
pair double-strand breaks (DSBs) occurring during DNA replication by going through
HR, a process where BRCA1/2 is essential. BRCA1/2-deficient cells are deficient in HR
and need PARP-1 to prevent DSBs formation during replication. Therefore, PARP-1 in-
hibition in these cells leads to the massive formation and accumulation of unrepaired
DSBs and, eventually, cell death [73,74]. This strategy, which follows the principle of
synthetic lethality, is applied in clinical trials and is effective in BRACA1/2-deficient tu-
mours [75,76] and then extended to many other HR proteins deficiencies, such as defi-
ciency in ATM and Rad51 [77]; for a list of clinical trials on PARP inhibitors, see Table 2.

Table 2. Clinical trials with PARP inhibitors.

PARPi Clinical Trial Phase Cancer Type Comments R;Ifce:-
I(NCT00516373)  Solid tumours with gBRCA mutations Lot tHal Of ?gfrflb asasingle oo
1 i TNB ith e BRCA mutati d
Olaparib 11 (NCT00679783) NBC with gBRCA mutations an No response in breast cancer [30]

high-grade ovarian cancer

I (NCT00753545)  Platinum-sensitive relapsed serous This trial helped the FDA to approve [78]
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ovarian cancer with gBRCA mutations  the first PARP inhibitor in 2014

III (NCT01874353;  Platinum-sensitive relapsed ovarian

SOLO-2)

cancer with BRCA mutations This trial supported FDA approval  [79]

IIT (NCTO01844986; BRCA-mutated ovarian cancer after

SOLO-1)

This trial supported FDA approval
as first-line maintenance therapy in  [80]

lati - h h
platinum-based chemotherapy ovarian cancer in 2018

1T (NCT02000622) gBRCA-mutated breast cancer This trial supported FDA approval  [81]

This trial supported FDA approval

III (NCT02184195;
( POLO) ! BRCA-mutated pancreatic cancer  as first-line maintenance therapy in  [82]
pancreatic cancer
First trial i binati ith te-
I (not applicable) Melanoma and solid tumours 1St tratin combinaton With te [83]

mozolomide

I/IT (NCT01482715;  Solid tumours and BRCA-mutated

Study 10)

This trial ted FDA 1 84
ovarian cancer is trial supporte approva [84]

R ib This trial ted FDA 1
HEApArd (NCT01891344; Platinum-sensitive high-grade ovarian 15 Ha supPor ¢ . a/pprova
and Foundation Medicine’s com- [85]
ARIEL2) cancer ) . .
panion diagnostic
I (NCT01968213; High-grade, recurrent, plati- Supported FDA approval in 2018 for [86,87]
ARIEL3) num-sensitive ovarian cancer second-line therapy ’
IT (NCT02354586; . This trial supported FDA approval
88
QUADRA) Ovarian cancer as maintenance therapy [88]
Ni ib III T01847274;
Hrapart (NCE& 8 " Platinum-sensitive, recurrent ovarian This trial supported FDA approval [89]
GOT-OV16/NOVA) cancer as maintenance therapy
Tala- III (NCT01945775; N
zo;aarib ( EMBRC) Advanced breast cancer This trial supported FDA approval  [90]

FDA: Food and Drug Administration; gBRCA: germline BRCA; TNBC: triple-negative breast can-
cer.

3.3. Limitation of PARP-1 Inhibitors in Cancer Therapy

The different phases of clinical trials using PARPi have given encouraging results.
Nevertheless, resistance to PARPi is developed in cancer cells and clinical trials through
several mechanisms (reviewed in [91,92]). The first mechanism of PARP] resistance is the
upregulation of drug-efflux transporters such as the ATP-binding cassette transporter,
ABCB1, which prevents the intracellular accumulation of PARPi [93,94]. Mutations in
PARP-1 that reduce the binding affinity of PARPi to the catalytic domain of PARP-1 or
reduce the affinity of PARP-1 to DNA also produce resistance to PARPi [95,96].

Cancer cell resistance to PARPi might also occur through restoration of HR upon
reactivation of BRCA1/2 function or loss of DNA end protection. BRCA1/2 function is
restored through reversion mutations [97] or epigenetic modifications [98,99]. Loss of
DNA end protection occurs only in BRCA1-deficient cells upon loss of 53BP1 [94,100], an
NHE] factor, and the downstream factors such as REV7, RIF1, and the shieldin complex
[101-103].

Another mechanism of PARPi resistance is the restoration of replication fork stabil-
ity by loss of PTIP, EZH2, or RADX expression [104-106] or loss of cell-cycle checkpoint
arrest in BRCA1/2-deficient cells [107].

PARPiI resistance is circumvented by improving PARPi sensitivity through its com-
bination with other inhibitors of proteins involved in various cellular mechanisms such
as inhibitors of ATR [108], WEE1 [109,110], PD-L1 [111], or c-Met [112].

Certain PARPi showed some weaknesses in clinical trials and some studies have
underlined the disparity of effectiveness among inhibitors. Moreover, it seems as if there
is a lack of specificity to target cancer cells versus normal cells unless the tumours are
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sensitised to PARP-1 inhibition because of deficiencies in DNA repair or specific genetic
background [60]. For this reason, the greatest remaining challenge for the use of PARPi in
clinics is finding strong biomarkers that would indicate whether cancer cells would be
responsive to this treatment. In this spirit, recent findings demonstrated that biomarkers
of sensitivity for PARP-1 inhibition are not always deficiencies but could also be gains of
expression, and are not always directly linked to DNA repair. This is the case with ETS
proteins expression.

4. Molecular Interplay between ETS Transcription Factors and PARP-1 Enzyme
4.1. Regulation of PARP-1 Expression and Activity by ETS Transcription Factors

The interplay between PARP-1 and ETS proteins starts with the regulation of the
PARP1 gene upon cellular stresses. Indeed, in Ewing’s sarcoma cells, analysis of the
PARP1 promoter showed its up-regulation in response to DNA damage, and this is car-
ried out by ETS transcription factors, Ets-1 and Flil [113,114]. Furthermore, the depletion
of Flil in Ewing’s sarcoma cells leads to the disappearance of PARP-1 expression [27].
This control of PARP-1 expression allows Ewing’s sarcoma cells to resist ionizing radia-
tion and genotoxic agents [113,114]. Another study showed that in ovarian cancer cells,
Ets-1 activates PARP-1 expression synergistically with histone modification H3K9 by
binding to the hypomethylated EBS present in the PARP1 promoter [115]. To keep the
balance of the NAD* stock, ETS transcription factors also up-regulate the expression of
the poly(ADP-ribose) glycohydrolase (PARG) enzyme which degrades PAR to reform the
NAD:-+ level [116]. Thus, ETS transcription factors promote the global process of PARyla-
tion/dePARylation and therefore increase the efficiency of DNA repair in cancer cells.

However, the interplay between PARP-1 and ETS factors is not limited to the control
of PARP-1 expression. Indeed, work by ourselves and others demonstrated pro-
tein—protein interaction between PARP-1 and ETS family members, Ets-1, and Erg (WT
and fusion) [28,29]. This interaction is triggered by direct contact between PARP-1 and
the ETS domain common to all ETS factors [117]. So, we might assume that PARP-1 could
interact with all ETS proteins, a supposition supported by the fact that PARP-1 is found in
immunoprecipitated complexes with several ETS members such as Flil [27] and Spil [48].

In the case of Ets-1, this interaction showed interesting features regarding PARP-1
activity. Indeed, the C-terminal portion of Ets-1, containing the ETS domain, can promote
PARylation activity in vitro in a DNA-independent manner by interacting with PARP-1
[29]. Therefore, the direct interaction between PARP-1 and ETS transcription factors
could promote PARylation in cells. This is supported by the fact that Ets-1 depletion in
MDA-MB-231 cells, a highly invasive breast cancer cell line, drastically decreases the
PARylation level and the ability of these cells to overcome genotoxic stress [118]. Fur-
thermore, a report showed that Erg overexpression confers radiation resistance to
prostatic cancer cell lines and that this is mainly through the increase in the PARylation
level [119].

Thus, ETS transcription factors promote both PARP-1 expression and activity to al-
low cancer cells to improve the efficiency of DNA repair and overcome genotoxic stress.

4.2. Control of ETS Transcription Factors Functions by PARP-1

Since it has been reported by Cohen-Armon et al., it has been known that PARP-1
could positively regulate ETS factors transcriptional activity, in this case, Elk-1 factors
activity, by promoting their phosphorylation by ERK-2 [46]. Given the fact that PARP-1 is
known to have numerous roles as a transcription cofactor, we and others have tried to
find out whether PARP-1 could directly regulate transcriptional activity of the ETS fac-
tors on target gene promoters. The results showed that PARP-1 depletion leads mainly to
a decrease in ETS factors transcription activity [28,29]. This would tend to prove that
PARP-1 is an essential component of transcription platforms, as has already been ob-
served for other transcription factors.
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Nevertheless, although PARP-1 is needed as an interaction partner, its catalytic ac-
tivity is not always necessary to ensure transcription. Furthermore, a possible role of
PARylation is to promote a proper dissociation of protein—protein interactions to avoid
blockade in the processes and ensure the dynamism and renewal of the complexes
[57,61]. PARylation of the binding partner could then be a determinant factor in the role
of PARP-1 in transcription. In the case of Erg, PARP-1 depletion and inhibition both gave
the same decrease in Erg transcriptional activity, but there is no evidence of Erg PARyla-
tion [28,119]. On the contrary, in the case of Ets-1, PARP-1 knock-out provoked a decrease
in Ets-1 transcriptional activity, whereas PARP-1 inhibition caused an increase [29]. This
could be explained by the fact that Ets-1 is PARylated and that this PARylation is needed
to dissociate Ets-1 from the promoter.

In addition, we demonstrated that PARP-1 inhibition caused a strong accumulation
of Ets-1 in cancer cells [29]. To understand the underlying mechanism, we used an Ets-1
isoform which is not sensitive to proteasomal degradation and showed that this isoform
was not accumulated during PARP-1 inhibition [29]. Thus, the PARylation of Ets-1 might
be involved in its degradation by the proteasome. It is known that the PARylation of
proteins could promote the recruitment of E3 ubiquitin ligases, such as RNF146 or CHFR,
which target the PARylated proteins for proteasomal degradation [120]. Thus, PARP-1
might regulate the protein level of ETS factors with the only condition that they are
PARylated.

5. Cellular Consequences of PARP-1 Inhibition on ETS-Expressing Tumour Cells

5.1. PARP-1 Inhibition Slows down ETS-Expressing Tumour Growth by Inhibiting Invasion and
Metastasis and Decreasing Cell Survival

Given the involvement of PARP-1 on ETS-driven transcription, studies have tried to
elucidate whether PARP-1 inhibition could counteract ETS factors’ role in tumour growth
and progression. In vitro invasion assays showed that PARP-1 inhibition attenuates Erg-
and Etvl-dependent invasion in prostatic cancer cell lines [28]. The same observations
were made for Ewing’s sarcoma cells expressing EWS-Flil [27]. Furthermore, PARP-1 in-
hibition leads to a significant decrease in the intravasation capacity of Erg-expressing
cancer cells, which is more proof of the reduced ability of ETS-expressing cells to commit
invasion under PARP-1 inhibition. But, very surprisingly, the authors did not notice any
effect on the proliferation and survival of Erg-expressing cells [28]. However, another
study observed that the presence of Erg gene fusion facilitates the activation of senes-
cence when PARP-1 inhibition is combined with low-dose-rate radiation [121]. Further-
more, in the report that identified EWS-Flil expression as a strong biomarker of sensitiv-
ity to PARP-1 inhibitor, Garnett et al. showed that most of EWS-Flil-expressing cells
undergo apoptosis after only 3 days of treatment [122]. Additionally, we and others ob-
served that PARP-1 inhibition leads Ets-1-expressing cells to death even if Ets-1 activity is
increased, in this case as shown by up-regulation of MMP-3 and under-regulation of
BRCA1 [29,118]. Altogether, these results tend to prove that PARP-1 inhibition decreases
pro-oncogenic activities of ETS transcription factors and cell survival, even if the precise
mechanism seems to differ across ETS members and cell lines.

Finally, works by Brenner et al. demonstrated that pharmacological inhibition of
PARP-1 inhibits Erg- and EWS-Flil positive, but not negative, tumour xenograft growth
in mice and the ability of these tumours to form metastasis. These effects are even more
striking if PARP-1 inhibition is combined with chemotherapeutics such as temozolomide
[27,28].

5.2. PARP-1 Inhibition Causes the Accumulation of Unrepaired DSB in ETS-Expressing Cells

Although the decrease in invasion and metastasis after PARP-1 inhibition could
easily be explained by disruption of ETS-driven transcriptional activity, the impact on
tumour growth and cell survival is more surprising. Indeed, how can we explain that
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ETS-positive cells are more sensitive to PARP-1 inhibition than ETS-negative cells, when
we could have expected that PARP-1 inhibition would just have neutralised ETS factors’
oncogenic effects? This supposes deleterious effects of ETS expression.

It is known that ETS transcription factors cause genomic instability, even if the
mechanism is poorly understood [123]. Indeed, overexpression of ETS factors in cancer
cells causes the formation of numerous DSBs [28,119]. Yet, PARP-1 inhibition impres-
sively increases this ETS-dependent formation of DSB in cancer cells. This increase has
been observed for treated cells expressing Ets-1, Erg (WT and fusion), and EWS-Flil by
evaluating the level of YH2AX, 53BP1, and Rad51 foci, which are well-known DSB
markers, and by neutral comet assay [27-29,119]. Of course, the increase in DSB in these
cells is dependent on the expression of ETS factors, since ETS depletion abrogates DSB
formation during PARP-1 inhibition.

Thus, it seems as if ETS-dependent sensitivity to PARP-1 inhibition is mainly due to
an increase in DSB which is highly toxic for the cells. However, the cause of this increase
is still under investigation.

6. Remaining Questions and Therapeutic Applications
6.1. PARP-1 and ETS Transcription Factors Interplay: Controlling DNA Damage

An increasing amount of studies have now reported that PARP-1 inhibition causes
an important increase in DSB DNA damage in cancer cells expressing ETS transcription
factors such as Erg, Flil, or Ets-1. Yet, although this observation is recurrent across pub-
lications, there is no convincing mechanistic explanation for this phenomenon. Do ETS
transcription factors provoke DSB directly or indirectly? Indeed, ETS factors overexpres-
sion has been shown to cause the accumulation of DSB in cancer cells. However, we do
not know if these lesions are DSBs from the start or unrepaired SSBs, caused, for example,
by oxidative attacks, converted into DSBs during DNA replication. Furthermore, there is
no demonstration of a direct link between DSB formation and ETS factors’ transcriptional
and/or other functional activities.

What could be the mechanism(s) of the ETS-driven formation of DSB, then? The first
hypothesis would be that ETS-dependent formation of DSB is the consequence of
ETS-driven transcriptional activity (Figure 2A). Indeed, on the one hand, Ets-1, for ex-
ample, is known to activate reactive oxygen species (ROS) production by enhancing the
expression of components of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase complex, such as p47rhox [124]. Furthermore, Ets-1 also increases indi-
rectly ROS production by transactivating target genes such as MMP3 [125,126], an en-
zyme known to increase NADPH oxidase complex activity [127]. On the other hand,
Ets-1 indirectly inhibits DNA repair by repressing BRCA1 expression, but also by forcing
cell proliferation, through up-regulation of cyclin D1 and E and CDK2, which gives less
time to the cell to repair its DNA [126,128]. This hypothesis is consistent with the fact that
Ets-1 is accumulated during PARP-1 inhibition and is transcriptionally active [29].
Moreover, this also explains the increase in genotoxic stress when ETS factors are over-
expressed.
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Figure 2. Different hypotheses of ETS-driven DSB formation upon PARP-1 inhibition. (A) Ets-1
model: PARP-1 inhibition causes an accumulation of Ets-1 and an increase in its transcriptional ac-
tivity. This provokes the production of ROS and inhibition of DNA repair, and therefore unrepaired
SSBs are converted into DSBs after replication. (B) Erg model: PARP-1 inhibition blocks ETS-driven
transcription after cleavage of DNA by topoisomerase IIf3. (C) Non-transcriptional (Myc) model:
ETS factors have a non-transcriptional function in DNA damage during DNA replication; PARP-1
inhibition leads to defects in this process. (D) Sequestration model: ETS proteins sequestrate
PARP-1 from DNA damage sites, decreasing DNA repair efficiency even more if PARP-1 is inhib-
ited. All these models lead to an accumulation of lethal DSBs in cancer cells.

Nevertheless, reports by Brenner et al. showed that Erg and EWS-Flil transcriptional
activity is decreased by PARP-1 inhibition on a set of several Erg target genes [27,28].
Such a difference between Ets-1 and the ERG group could be explained by the fact that
Ets-1 is PARylated and that this PARylation controls its protein level. Yet, overexpression
of Erg and Flil also causes a significant amount of DSBs, which are increased during
PARP-1 inhibition [27,28]. The authors suppose that the PARP-1 function on ETS tran-
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scription activity could be similar to its function in transcription processes mediated by
nuclear receptors (NR) such as androgen and oestrogen receptors (Figure 2B) [28]. In-
deed, NR-driven transcription is known to necessitate DSB formation by topoisomerase
IIB to decompact chromatin. These DSBs are repaired with the help of PARP-1 and
DNA-PK. PARP-1 inhibition blocks NR-driven transcription; however, there is no evi-
dence that the DSBs remain unrepaired [129]. The existence of a similar mechanism for
ETS-driven transcription, as far as we know, is yet to be investigated.

A third possibility is that the ETS-driven formation of DBS could be completely in-
dependent of their transcriptional activity. Indeed, some transcription factors are known
to cause DNA damage independently of transcription processes. For example, Myc is
known to cause DNA damage, and this is, at least partially, because of a
non-transcriptional role in DNA replication [130]. A similar mechanism for ETS factors
might be conceivable (Figure 2C). Finally, taking into account the strong physical inter-
action between ETS factors and PARP-1, we could imagine that overexpression of ETS
proteins causes a limited but effective sequestration of PARP-1 because of these tran-
scription factors. Therefore, this could decrease the efficiency of DNA repair. PARylation
inhibition would then have an additive effect by finishing the suppression of any PARP-1
activity on DNA damage sites (Figure 2D).

6.2. Extending the Concept

Until now, PARP-1 was shown to physically interact with Ets-1 and Erg. However,
the strong functional interaction with Flil and the fact that PARP-1 interacts with the ETS
domain might lead us to think that PARP-1 directly interacts with all ETS transcription
factors. Indeed, PARP-1 is functionally linked to a major part of class I ETS factors, but
also with members of class II and III (Table 1). Extending the concept to all ETS tran-
scription factors is far from anecdotal. For the moment, PARP-1 inhibition shows strong
effects on ETS-expressing cells from prostatic, breast carcinomas and Ewing’s sarcoma
cell lines. Extending the concept would not only spread the use of PARPi over the wide
range of carcinomas involving Ets-1 or Erg expression, but also over numerous leukae-
mias (Table 1). The potential therapeutic applications would be extensive.

6.3. Using PARPi to Target ETS-Expressing Tumours

Studies have reported that ETS expression sensitises cancer cells to PARP-1 inhibi-
tion as much as or more than BRCA1/2 deficiency [27,28,122]. These data lead us to think
that PARPi might be used as a single agent to selectively kill ETS-expressing cells in tu-
mours.

Nevertheless, the efficacy of such treatment would probably be greatly improved by
combining PARP-1 inhibition with another therapy, as it appears that the use of a PARP-1
inhibitor, niraparib, as a single agent, was not sufficient to observe a correlation between
ETS rearrangements and tumour response to treatment in a published clinical trial on
sporadic cancers [131]. Indeed, it has been shown that combining PARPi and radiation,
even at a low-dose rate, improves the sensitivity of Erg- and EWS-Flil-expressing cells to
the treatment by increasing the rate of senescent cells and even more by leading to cancer
cell death [121,132]. In the same way, combining PARPi with chemotherapeutics such as
temozolomide or doxorubicin greatly synergises the toxic effects of the treatment [27,29].

Moreover, it is also possible to combine PARP-1 inhibition with other therapies that
target proteins related to ETS factors. For example, DNA-PK inhibitors greatly sensitise
Ets-1-expressing cells to PARP-1 inhibition [118]. This can be explained by the fact that
DNA-PK is an interaction partner of ETS transcription factors and a regulator of their
activity [28,47,133]. The same effect might be observed for the inhibition of androgen
biosynthesis in castration-resistant prostate cancer (CRPC) due to the interplay between
the androgen receptor and TMPRSS2:Erg [54]. However, a phase II clinical trial studying
the impact of combining androgen receptor inhibitor (abiraterone) with PARPi (veliparib)
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for patients with metastatic CRPC with or without ETS-rearrangement has demonstrated
that ETS expression did not predict the effect of PARP-1/androgen receptor co-inhibition
[134]. According to the authors, this result is due to the high prevalence of deficiency in
DNA damage repair genes, which was not known at the time of conception of this study.

7. Concluding Remarks

In conclusion, we and others have provided evidence that ETS transcription factors
may be potential new candidates for biomarkers of cancer cell sensitivity to PARP-1 in-
hibition. Beyond prostate cancer and Ewing sarcoma, PARPi could be used to selectively
kill ETS-expressing tumours in numerous cancers such as breast, lung, colorectal, or
ovarian carcinomas and leukaemias. Time will tell if this therapeutic strategy is viable,
but these preliminary results offer us the first actual strategy practicable in the clinic to
target ETS-expressing cells, which is already a tremendous advance in this field.
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Abbreviations

YH2AX phosphorylated H2A histone member X
53BP1 tumour suppressor p53-binding protein 1
ADP adenosine diphosphate

ATM ataxia telangiectasia mutated

ATR ataxia telangiectasia and Rad3 related
BER base excision repair

BRCA1 breast cancer type 1 susceptibility protein
CDK2 cyclin-dependent kinase 2

CHFR checkpoint with forkhead and RING finger domain protein
c-Met mesenchymal-epithelial transition factor
CRPC castration-resistant prostate cancer

DBD DNA-binding domain

DCK deoxycytidine kinase

DHT dihydrotestosterone

DNA deoxyribonucleic acid

DNA-PK DNA-dependent protein kinase

DSB double-strand break

EBS ETS-binding site

ECM extracellular matrix

Ehf ETS homologous factor

ELF E74-like factor

EMT epithelial-mesenchymal transition

ER71 Ets-related protein 71

Erf Ets-2 repressor factor

ERG ETS-related gene

ERK-2 extracellular signal-regulated kinase-2
ESE epithelium-specific Ets

ETS E-twenty-six specific

Etv ETS translocation variant
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Fev fifth Ewing variant

Fli1 friend leukaemia integration 1

GABP GA-binding protein

HR homologous recombination

MLL methyltransferases mixed-lineage leukaemia
MMP matrix metalloproteinase

MRN Mrel1-Rad50-Nbs1

NAD+ nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate
NER nucleotide excision repair

NHE] non homologous end joining

NR nuclear receptors

PAR poly(ADP-ribose) polymers

PARG poly(ADP-ribose) glycohydrolase

PARP-1 poly(ADP-ribose) polymerase-1

PARPi poly(ADP-ribose) polymerase inhibitor
PARylation poly(ADP-ribosyl)ation

PDEF prostate-derived Ets factor

PD-L1 programmed cell death-ligant 1

PEA3 polyomavirus enhancer activator 3 homolog
RNA ribonucleic acid

RNF146 RING finger protein 146

ROS reactive oxygen species

Spdef SAM pointed domain-containing Ets transcription factor
SSB single-strand break

TCF ternary complex factor

TMPRSS2 transmembrane protease serine 2

WT Wild type
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