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Abstract: The PEA3 subfamily is a subgroup of the E26 transformation-specific (ETS) family. Its members, ETV1, 
ETV4, and ETV5, have been found to be overexpressed in multiple cancers. The deregulation of ETV1, ETV4, and 
ETV5 induces cell growth, invasion, and migration in various tumor cells, leading to tumor progression, metastasis, 
and drug resistance. Therefore, exploring drugs or therapeutic targets that target the PEA3 subfamily may contribute 
to the clinical treatment of tumor patients. In this review, we introduce the structures and functions of the PEA3 sub-
family members, systematically review their main roles in various tumor cells, analyze their prognostic and diagnos-
tic value, and, finally, introduce several molecular targets and therapeutic drugs targeting ETV1, ETV4, and ETV5. 
We conclude that targeting a series of upstream regulators and downstream target genes of the PEA3 subfamily 
may be an effective strategy for the treatment of ETV1/ETV4/ETV5-overexpressing tumors.
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Introduction

The E26 transformation-specific (ETS) family is 
one of the largest families of signal-dependent 
transcription factors, consisting of 28 protein-
coding genes in the human genome [1, 2].  
A common feature of these ETS transcription 
factors is that they share an identical DNA bind-
ing domain (the ETS domain) that can bind  
to the core DNA sequence 5’-GGA(A/T)-3’ [3]. 
According to previous reports, ETS transcrip-
tion factors participate in tumorigenesis and 
developmental processes by regulating a vari-
ety of biological processes, including cell prolif-
eration, migration, apoptosis, senescence, 
angiogenesis, and stem cell development [4].

Based on their similarities, including high 
amino acid conservation in the ETS-domains 
and subgroup-specific amino acid sequences, 
ETS transcription factors have been classified 
into several different subfamilies [5]. The ERG 

and PEA3 subfamilies have received particular 
research attention owing to their important 
roles in cancer progression and metastasis. 
The ERG subfamily comprises ERG, FLI1, and 
FEV, which are generally overexpressed in pros-
tate cancer and Ewing’s sarcoma owing to gene 
fusions. The PEA3 subfamily not only partici-
pates in tumorigenesis and tumor progression 
in prostate cancer and Ewing sarcoma, it also 
has complex and diverse roles in multiple types 
of tumors.

The PEA3 subfamily contains three transcrip-
tion factors: PEA3/E1AF/ETV4, ER81/ETV1, 
and ERM/ETV5. Overexpression of ETV1, ETV4, 
and ETV5 is found in many tumors. High levels 
of these transcription factors usually lead to a 
more aggressive tumor phenotype and drug 
resistance [6]. ETV1 is often deregulated in 
prostate cancer [7, 8] and has been shown to 
be specifically expressed in the majority of gas-
trointestinal stromal tumors (GISTs) [9]. The 
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Figure 1. Conserved domains of the PEA3 subfamily. ETV1, ETV4, and ETV5 share an ETS domain and PEA3-type 
ETS transcription factor N-terminal domain. Post-translational modifications identified as phosphorylation sites, 
acetylation sites, and ubiquitination sites are highlighted.

ETV4 transcription factor is frequently activat-
ed in gastric cancer [10], lung cancer [11], 
hepatocellular carcinoma (HCC) [12], and 
colorectal cancer (CRC) [13]. ETV5 is correlated 
with fertility and has been implicated in the pro-
gression of endometrial cancer [14] and ovari-
an cancer [15]. Owing to the extensive carcino-
genesis associated with the PEA3 subfamily, 
ETV1, ETV4, and ETV5 have been proposed as 
prognostic markers in tumor patients.

However, oncogenic transcription factors are 
considered “undruggable” by conventional me- 
thods, hence it is necessary to better under-
stand the protein structures, precise functions, 
and specific mechanisms of the PEA3 subfami-
ly in cancer. Here, we review the genes and 
pathways upstream and downstream of the 
PEA3 subfamily. As oncogenic transcription fac-
tors, ETV1, ETV4, and ETV5 induce cancer  
progression by regulating multiple biological 
processes, including epithelial-mesenchymal 
transition (EMT), the cell cycle, apoptosis, cell 
migration, the maintenance of cancer stem cell 
(CSC) phenotype, and chemotherapy resis-
tance. Therefore, targeting PEA3-related genes 
and pathways, or directly targeting the PEA3 

subfamily, may improve cancer treatment and, 
more importantly, may provide options to over-
come drug resistance.

Structures and functions of the PEA3 subfam-
ily

ETV1, ETV4, and ETV5 are protein-coding genes 
with DNA-binding transcription factor activity. 
In humans, ETV1 is located on chromosome 
7q22, whereas ETV4 and ETV5 are located  
on 17q21 and 3q27, respectively. The protein 
structures of ETV1, ETV4, and ETV5 are more 
than 95% identical within the DNA-binding 
domain [16]. All three transcription factors 
share two conserved domains: the ETS domain 
and the PEA3-type ETS transcription factor 
N-terminal domain (Figure 1). The N terminus 
of the PEA3 transcription factors is involved in 
transactivation and inhibition of DNA binding 
[16]. The N terminus contains conserved mito-
gen-activated protein kinase (MAPK) phosphor-
ylation sites, and transactivation is enhanced 
by the MAPK signaling pathway [17]. Both N- 
and C-terminal inhibitory domains that repress 
DNA binding were identified and shown to medi-
ate autoinhibition of DNA binding [18]. Post-
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translational modifications of ETV1 and ETV4 
include phosphorylation and acetylation, whe- 
reas ETV5 contains post-translational phos-
phorylation and ubiquitination sites (Figure 1).

Functionally, the PEA3 subfamily is correlated 
with motor coordination, axon guidance, neu-
ron development, metabolism, hormonal regu-
lation, fertility, and tumorigenesis. As the 
expression levels of ETV1, ETV4, and ETV5 may 
be different in specific tissues and organs, their 
functional tendencies may also differ.

ETV1 has been reported to be an important 
regulator in cardiac disease. For example, ETV1 
expression is enriched in fast conduction tis-
sues and was shown to be essential for rapid 
conduction in the heart, whereas ETV1 defi-
ciency resulted in cardiac conduction defects 
and hypoplasia of the ventricular conduction 
system [19]. Besides, it was reported recently 
that ETV1 is upregulated in atrial biopsies from 
patients with atrial fibrillation and is responsi-
ble for arrhythmia; this highlights its regulatory 
role in atrial remodeling [20, 21]. ETV1 is  
important for muscle organ development. For 
instance, ETV1 controls the innervation of 
facial muscles; therefore, its loss may induce 
facial synkinesis in humans [22]. ETV1 is also 
crucial for the development of the cerebellar 
circuit, functioning as a transcriptional determi-
nant of the terminal program of cerebellar 
development by upregulating maturation genes 
and downregulating immaturation genes [23, 
24]. As a downstream gene of fibroblast growth 
factor signaling, ETV1 also has a role in coordi-
nating the development of the Xenopus fore-
brain [25]. In addition, as a differentiation-relat-
ed transcription factor, ETV1 is a critical gene in 
cementogenesis and periodontal ligament cell 
differentiation [26].

ETV4 and ETV5 are positively regulated by 
brain-derived neurotrophic factor (BDNF) in hip-
pocampal neurons and are essential for hippo-
campal dendrite/synapse development [27]. 
Besides, overexpression of ETV4 and ETV5 was 
shown to promote BDNF-induced neurite out-
growth in dorsal root ganglion neurons [28]. 
These results indicate that ETV4 and ETV5 
have key roles in normal neural axonal growth 
and development [29]. According to previous 
studies, ETV4 and ETV5 are downstream genes 
of RET (RET mutation usually leads to renal 
agenesis); therefore, they are both required for 

kidney development [30]. Mechanistically, 
ETV4 and ETV5 promote normal kidney devel-
opment by mediating the formation of the ure-
teric bud tip domain and inducing directed cell 
movements in the ureteric bud tips [31, 32].

It is well known that ETV4 and ETV5 are closely 
related to fertility in both males and females. 
Mechanistically, ETV5 is upregulated by sex-
determining gene SRY-box9 (SOX9) and is 
essential for spermatogonial stem cell self-
renewal. Therefore, ETV5 is indispensable for 
normal spermatogenesis [33, 34]. ETV4 and 
ETV5 also have important roles in ovarian func-
tion. Jinwon et al. found that ETV4 and ETV5 
were expressed in granulosa and cumulus; fur-
ther studies indicated that they promote oocyte 
maturation and ovulation by upregulating cyclo-
oxygenase-2 (PTGS2), a rate-limiting enzyme 
for prostaglandin synthesis [35]. As a target 
gene of Src family kinase, ETV5 was also found 
to promote self-renewal of female germline 
stem cells [36]. Besides, ETV5 mutation can 
lead to developmental abnormalities in mice, 
including postnatal growth restriction, renal 
asymmetry, and polydactyly [37]. ETV5 is also 
thought to be an obesity-related gene that is 
crucial for the regulation of energy balance and 
metabolism, for example, by regulating insulin 
secretion and circulating glucocorticoids [38, 
39].

In summary, the PEA3 subfamily is important 
for fertility, development, and metabolic pro-
cesses. In addition, the PEA3 subfamily is 
actively involved in tumorigenesis, especially 
tumor metastasis. The present study focused 
on the role of the PEA3 subfamily in tumor pro-
gression, metastasis, and resistance.

Molecular mechanisms of PEA3 subfamily 
activation

The PEA3 subfamily can be activated by many 
factors. The RAS-RAF-MEK-ERK (MAPK) signal-
ing pathway is its best known upstream posi-
tive regulator. Capicua (CIC) is a tumor suppres-
sor downstream of the MAPK pathway. The loss 
of CIC usually increases the expression of PEA3 
subfamily members by directly binding to their 
promoter regions. Some microRNAs (miRNAs) 
have been shown to inhibit PEA3 expression at 
the post-transcriptional level; alterations to 
these miRNAs usually lead to PEA3 subfamily 
dysregulation. Gene fusions of EWS/PEA3 and 
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Figure 2. Multiple genes and signaling pathways regulate expression of the PEA3 subfamily. The PEA3 subfamily can 
be activated by a series of genes and pathways: activation of the MAPK and PI3K/Akt signaling pathways, loss of 
PEA3 repressors (CIC, COP1, and DET1), gene fusions, and miRNA-mediated post-transcriptional regulation.

TMPRSS2/PEA3 are well known to increase 
ETV1/ETV4/ETV5 protein levels, subsequently 
inducing cell migration and invasion. Besides, 
several studies have reported that PI3K/Akt 
signaling could activate ETV1/ETV4/ETV5 ex- 
pression. The molecular mechanisms of ETV1/
ETV4/ETV5 activation are shown in Figure 2.

Activation of the RAS-RAF-MEK-ERK pathway

The MAPK signaling pathway is often abnor- 
mally activated in tumors; therefore, many 
researchers have suggested targeting RAS-
RAF-MEK-ERK signaling for cancer therapy 
[40]. Many factors can induce MAPK signaling 
activation; these include members of the recep-
tor tyrosine kinase (RTK) family [41]. Here, we 
found that four RTKs (KIT, PDGFRA, Met, and 
EGFR) could upregulate the expression of the 
PEA3 subfamily by activating the MAPK signal-
ing pathway.

GISTs are characterized and defined by an acti-
vating mutation of KIT or PDGFRA [42-44]. It 
has been reported that KIT and PDGFRA could 

synergistically activate the MAPK pathway and 
lead to significant overexpression of ETV1, a 
master regulator of GIST-specific transcription 
network [42], eventually causing liver metasta-
sis of GIST [45]. ETV1 can in turn directly bind 
to the promoter region of KIT; therefore, KIT and 
ETV1 form a positive feedback circuit that pro-
motes GIST development [44]. Crenolanib 
besylate, an inhibitor of PDGFRA, was found to 
partially reduce ETV1 expression by disrupting 
the MAPK pathway, thereby providing a thera-
peutic strategy for KIT-mutant GIST [46]. KIT 
has also been found to promote the expression 
of ETV4 by phosphorylating ERK and inducing 
migration of colorectal mucinous adenocarci-
noma [47].

In gastric cancer and lung cancer, Met overex-
pression was shown to activate the RAS-RAF-
MEK-ERK pathway; this subsequently increased 
ETV1/ETV4/ETV5 expression and eventually 
promoted cell migration and invasion by  
regulating matrix metalloproteinase 2 (MMP2) 
expression [48].
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Bunda et al. recently identified a mechanism by 
which EGFR could increase the expression of 
ETV5 in two parallel ways [49]. On the one 
hand, EGFR activation led to ERK-mediated 
serine-phosphorylation, which reduced the lev-
els of CIC, thereby disrupting the DNA combina-
tion of ETV5 and CIC [50]. On the other hand, 
EGFR activated c-Src kinase, resulting in tyro-
sine-phosphorylation of free CIC and promoting 
its nuclear export [49]. Therefore, combined 
inhibition of ERK and c-Src may be useful for 
the reduction of ETV5 expression in glioblasto-
ma (GBM).

In addition to these RTKs, some other factors 
can activate the RAS-RAF-MEK-ERK signaling 
pathway. For instance, binding of melanoma 
cell adhesion molecule (MCAM) to an extracel-
lular cytokine S100A8/A9 can accelerate the 
aggressiveness of breast cancer and melano-
ma. Mechanistically, S100A8/A9-MCAM bind-
ing activates ERK1/2 and mitogen-activated 
protein kinase kinase kinase 8 (MAP3K8), 
which further triggers downstream ETV4 ex- 
pression, leading to tumor metastasis [50, 51]. 
A human endogenous retrovirus-derived gene 
HERV-K (HML2) Env was also shown to activate 
the ERK1/2 pathway and increase the expres-
sion of ETV4 and ETV5, which contributed to 
breast oncogenesis [52]. Lysophosphatidylino- 
sitol increased ERK phosphorylation through 
coupling with Gq/11 and activating orphan recep-
tor GPR55, which further activated ETV4 
expression, thus driving malignant growth and 
metastasis of triple-negative breast cancer 
[53].

Anaplastic lymphoma kinase (ALK)-activating 
mutations upregulate ETV5 expression through 
the RAS/MAPK axis in neuroblastoma [54]. 
Activating mutations of fibroblast growth factor 
receptor 3 (FGFR3) induce a high level of  
ETV5 mediated by MAPK/ERK in bladder can-
cer [55]. Similarly, transmembrane and soluble 
neuropilin-2 (NRP2) was shown to induce ETV4 
expression through the NRP2-ERK-MAPK-ETV4 
axis in oesophageal squamous cell carcinoma 
[56].

Consequently, these RTKs and cytokines 
increase ERK phosphorylation and lead to the 
activation of MAPK signaling pathway. As an 
upstream regulator of ETV1/ETV4/ETV5, the 
MAPK pathway causes overexpression of 
ETV1/ETV4/ETV5 in different types of tumors.

Loss of ETV1/ETV4/ETV5 repressors

CIC is an acknowledged tumor suppressor and 
transcriptional repressor that is negatively reg-
ulated by RAS/MAPK signaling [57, 58]. ETV1, 
ETV4, and ETV5 are the best known down-
stream targets of CIC. Thus, CIC loss usually 
induces overexpression of ETV1/ETV4/ETV5 
[6, 59].

Zhou et al. confirmed that CIC was negatively 
regulated by miR-1307, and identified a direct 
binding motif between miR-1307 and the 3’ 
untranslated region (3’-UTR) of CIC. This miR-
1307/CIC axis further causes accumulation of 
ETV4 and ETV5 in ovarian cancer [60]. Likewise, 
ETV4 and ETV5 have been shown to be overex-
pressed in breast cancer [61] and multiple 
myeloma [62], whereas ETV1, ETV4, and ETV5 
were all derepressed in pancreatic cancer 
owing to the loss of CIC [6].

Research in CRC showed that CIC expression 
was decreased in CRC tissues compared with 
paired normal tissues. Besides, a negative cor-
relation was found between CIC and the PEA3 
subfamily. ETV4 was the most upregulated 
transcription factor in the PEA3 subfamily in 
CRC [59]; similarly, ETV4 was the most signifi-
cantly overexpressed member of the PEA3 sub-
family in CIC-deficient HCC [63]. The inactiva-
tion of CIC in lung cancer also led to the 
derepression of ETV4 [64]. These outcomes 
suggest that ETV4 may play a more important 
role in CRC, HCC, and lung cancer.

Similar to CIC, E3 ubiquitin ligase constitutive 
photomorphogenetic 1 (COP1) protein is a 
repressor of the PEA3 subfamily [65]. Me- 
chanistically, COP1 binds to the two motifs in 
conserved VP residues in the N terminus of 
PEA3 subfamily and leads to the ubiquitination 
degradation of ETV1/ETV4/ETV5 [65, 66]. 
Therefore, the loss of COP1 blocks the binding 
of COP1 to ETV1/ETV4/ETV5, thereby enhanc-
ing the expression levels of ETV1/ETV4/ETV5.

In GIST and melanoma, COP1 and DET1 defi-
ciency were shown to lead to the maintenance 
of ETV1 protein levels [67]. Overexpression of 
ETV1 induced by COP1 deficiency has also 
been reported in other tumor types, including 
renal cell carcinoma (RCC) [68], breast cancer 
[69], and prostate cancer [65]. As well as ETV1, 
ETV4 was also correlated with COP1 loss in 
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GIST. As expected, a reduction in COP1 levels 
resulted in ETV4 accumulation [70].

Post-transcriptional regulation mediated by 
miRNAs

miRNAs are well known to mediate gene inhibi-
tion by binding to the 3’-UTRs of their target 
genes. Here, we found several miRNAs target-
ing ETV1 and ETV5. Gao et al. confirmed that 
ETV1 was a direct target of miR-129-5p, and 
that ETV1 was negatively regulated by miR-
129-5p in prostate cancer [71]. This indicates 
that miR-129-5p could serve as a therapeutic 
target to inhibit prostate cancer progression 
and metastasis by decreasing the transcrip-
tional activity of ETV1. A recent study found 
that the circ-ZNF609/miR-1224-3p/ETV1 axis 
was involved in lung adenocarcinoma (LAUD) 
progression: circ-ZNF609 acted as a sponge 
for miR-1224-3p to reduce miR-1224-3p ex- 
pression, which subsequently increased ETV1 
expression and finally led to LAUD progression 
[72]. Similarly, the circRNA_001160/miR-195-
5p/ETV1 axis was identified as a potential ther-
apeutic target to increase blood-tumor barrier 
permeability in glioma [73]. Besides, miR-582-
5p was found to be a negative regulator of ETV1 
in lung cancer [74]. In triple-negative breast 
cancer, miR-17-5p was found to inhibit cell pro-
liferation and invasion by directly targeting 
ETV1 [75]. In GIST, miR-17 and miR-20a were 
found to reduce cell proliferation and acceler-
ate cell apoptosis by inhibiting ETV1 transcrip-
tion [76]. On the contrary, Cohen et al. found 
that miR-17 functioned as an oncogenic miRNA 
in melanoma; miR-17 promoted cell motility 
and cancer metastasis by inhibiting ETV1 
expression, indicating that ETV1 could inhibit 
cell migration and motility in melanoma cells 
[77]. In contrast to ETV1, miRNAs targeting 
ETV4 and ETV5 have been rarely reported. 
Wang et al. found that ETV5 was negatively 
regulated by miR-8067 in GBM and recom-
mended miR-8067 as a candidate therapeutic 
target for GBM [78].

In summary, the PEA3 subfamily is negatively 
regulated by several miRNAs. The dysregulation 
of miRNAs may alter the expression levels of 
ETV1, ETV4, and ETV5, leading to cancer pro-
gression and metastasis. Furthermore, these 
miRNAs could serve as therapeutic targets by 
regulating ETV1/ETV4/ETV5 expression in can-
cer treatment.

Gene fusions induced by chromosome rear-
rangement

Chromosome rearrangements related to the 
ETS family occur in 50-70% of prostate cancer 
cases [79], and represent the main cause of 
this cancer [2]. Such chromosome rearrange-
ments occur when androgen-regulated gene 
promoters are fused to the ETS genes, leading 
to high levels of ETS oncoproteins [80]. 
Transmembrane serine protease 2 (TMPRSS2) 
is an androgen-regulated prostate-specific 
gene that is involved in the vast majority of 
gene fusions in prostate cancer [81]. Compared 
with fusion-negative patients, expression levels 
of PEA3 subfamily members were found to be 
elevated hundreds of folds in the fusion-posi-
tive patients [82].

Among the gene fusions between TMPRSS2 
and the ETS family, the TMPRSS2-ERG fusion is 
the most frequent, occurring in approximately 
50% of cases, followed by TMPRSS2-ETV1 
(10%), TMPRSS2-ETV4 (< 1%), TMPRSS2-ETV5 
(< 1%), and TMPRSS2-FLI1 (< 1%) [1, 83-85]. 
Although the frequency of ETV1, ETV4, and 
ETV5 gene fusions are not as high as those of 
ERG, they are thought to be among the major 
driving forces of higher-grade tumors owing to 
the invasive potential they confer [86]. In sup-
port of this, Dedigama-Arachchige et al. 
observed that ETV4 expression was mainly 
expressed in high-grade prostate cancers [87]. 
Additional 5’ fusion partners of ETV1/ETV4/
ETV5 have been reported; these gene fusions 
include SNRPN-ETV1, MALAT1-ETV1, OR51E2-
ETV1, KLK2-DGKB-ETV1, UBTF-ETV4, SLC45- 
A3-ETV4, HERVK17-ETV4, and EWS-ETV1/
ETV4/ETV5 [85, 88, 89]. All of these gene 
fusions cause enrichment of ETV1/ETV4/ETV5, 
which contributes to the progression and 
metastasis of prostate cancer.

Compared with prostate cancer, chromosome 
rearrangement occurs more frequently in 
Ewing’s sarcoma (approximately 85% of cases) 
[90]. In contrast to the TMPRSS2-ETS gene 
fusions in prostate cancer, EWS is the most 
common fusion partner of the ETS family in 
Ewing’s sarcoma [91, 92], with EWS-FLI1 
accounting for 90% of all gene fusions, followed 
by ERG (5%), ETV1 (1%), ETV4 (1%), and FEV 
(1%) [93]. These EWS/ETS gene fusions can 
activate human telomerase activity through 
upregulating TERT (a target of EWS/ETS), caus-
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ing the development of Ewing’s sarcoma and 
increasing its invasiveness [94].

Recently, a novel gene fusion, PTPRZ1-ETV1, 
was detected in gliomas. This may provide a 
new therapeutic target, given the carcinogenic 
potential of PTPRZ1 and ETV1 in other tumors 
[95].

Effects of PI3K/Akt signaling and other factors

In addition to the MAPK signaling pathway, 
PI3K/Akt signaling was reported to induce the 
overexpression of the members of PEA3 sub-
family. In clear cell RCC, PI3K/Akt signaling 
activates ETV4 expression, then ETV4 pro-
motes cell migration by directly binding to its 
downstream promoter FOSL1 [96]. In advanced 
prostate cancer, ETV4 (rather than ETV1 or 
ETV5) is overexpressed under the combinatori-
al activation of the PI3-kinase and RAS sig- 
naling pathways, indicating that ETV4 may  
represent an effective therapeutic target in 
metastatic prostate cancer [97].

Many other factors can activate PEA3 subfami-
ly overexpression. In GIST, FOXF1 directly regu-
lates the expression of ETV1 by binding to the 
ETV1 enhancer sites [98]. In GBM, ETV1-E7 
inclusion can be induced by serine and arginine 
rich splicing factor 3 (SRSF3), a splicing factor 
responsible for tumorigenesis and tumor pro-
gression, resulting in increased stability of the 
ETV1 protein [99].

The KRAS oncogene has been reported to 
induce ETV4 expression, which suppressed 
PDCD4 expression and improved the invasive-
ness of pancreatic ductal adenocarcinoma 
cells [100]. The ETV4 transcription factor was 
also upregulated by stimulation with hepato-
cyte growth factor (HGF), a scatter factor 
involved in cell invasion [101], contributing to 
the malignancy potential of non-small-cell lung 
cancer (NSCLC) [102, 103] and oral squamous 
cell carcinoma (OSCC) [104]. Depletion of ace-
tyl-CoA carboxylase (ACC1) and ATP citrate 
lyase (ACLY) upregulated ETV4 levels through 
reduction of α-ketoglutarate, which further pro-
tected lung cancer cells from hypoxia-induced 
apoptosis [105]. PDZ-binding kinase (PBK) was 
found to induce HCC metastasis by enhancing 
the binding of ETV4 to its promoter uPAR [12]. 
In addition, ETV4 gene expression was signifi-
cantly enhanced by 17β-estradiol, a potent 

estrogenic agent, inducing proliferation and 
invasiveness of cholangiocarcinoma [106]. In 
3T3 fibroblasts, developmental pluripotency 
associated factor 4 (Dppa4) activated ETV4 
expression and induced a tumor phenotype 
[107].

In additional sex combs-like 1 (ASXL1)-mutated 
myeloid leukemia, Hematopoietically Express- 
ed Homeobox (HHEX) promoted myeloid leu- 
kemogenesis by directly upregulating ETV5 
expression, indicating that ETV5 may be a criti-
cal target for ASXL1-mutated myeloid malig-
nancies [108].

In prostate cancer, non-σ 14-3-3 proteins were 
also found to increase ETV1 protein levels by 
binding to ETV1 and protecting it from degrada-
tion [109]. Besides, androgen-activated andro-
gen receptor could increase expression of 
ETV1, directly activating the Twist1 promoter to 
induce EMT and tumor metastasis [110].

In breast cancer, transforming growth factor β 
(TGF-β) could recruit ETV4 to open chromatin 
regions and induce EMT [111]. Deleted in 
breast cancer 1 (DBC1) acted as a coactivator 
of ETV4 to drive the progression of estrogen 
receptor-negative breast cancer [112]. In addi-
tion, ETV1 transcription factor could be activat-
ed by proto-oncoprotein HER2/Neu in breast 
cancer, endometrial cancer, and ovarian can-
cer, thereby promoting tumorigenesis and 
metastasis [113, 114].

Various functions of the PEA3 subfamily in 
cancer

The most common function of the PEA3 sub-
family is to promote cell migration and invasion, 
thereby contributing to tumor progression and 
metastasis. Here, we summarize the involve-
ment of the PEA3 subfamily in multiple pro-
cesses associated with tumor progression and 
metastasis. As shown in Figure 3, the PEA3 
subfamily members regulate many genes relat-
ed to EMT, the cell cycle, apoptosis, cell migra-
tion and invasion, the CSC phenotype, and che-
motherapy resistance. Therefore, targeting the 
PEA3 subfamily and its downstream genes 
could provide effective treatments for cancer.

PEA3 subfamily induces EMT

EMT is the transformation of epithelial cells to 
mesenchymal cells, which reduces their adhe-
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Figure 3. Roles of the PEA3 subfamily in cancer. The PEA3 subfamily influences cancer progression and metastasis 
by regulating the cell cycle, apoptosis, EMT, cell migration and invasion, development of the cancer stem cell phe-
notype, and chemotherapy resistance. *Genes downregulated by PEA3 subfamily.

sion ability and enhances their mobility. Multiple 
studies have shown that EMT plays an impor-
tant part in promoting migration and invasion 
of tumor cells [115-117]. The PEA3 subfamily 
can enhance the EMT process by directly or 
indirectly regulating EMT markers including 
ZEB1, ZEB2, Twist1, Snail, N-cadherin, and 
SLUG1.

In breast cancer, ETV4 was shown to activate 
the expression of ZEB1 and Snail by directly 
binding to the promoter regions of ZEB1 and 
Snail, leading to EMT and promoting metasta-
sis [51, 118]. In prostate cancer, ETV1 and 
ETV4 significantly increased the expression  
of several mesenchymal markers, including 
Twist1, SLUG1, ZEB1, ZEB2, and N-cadherin 
[110, 119]. Similar results were found in CRC, 
where ETV4 enhanced the expression of  
EMT markers [13]. Besides, epithelial marker 
E-cadherin was reduced in oesophageal squa-
mous cell carcinoma in response to ETV4 over-
expression [56]. In gastric cancer, EMT and 
metastasis could be partly attributed to the 
overexpression of Snail induced by ETV1 [120].

The ETV5 transcription factor was shown to be 
closely related to papillary thyroid cancer cell 
growth by directly targeting Twist1 to trigger  
the EMT process [121]. In endometrial cancer, 
ETV5 promoted the invasive potential of tumor 

cells by upregulating ZEB1 and downregulating 
E-cadherin [122].

PEA3 subfamily promotes cell migration and 
invasion

It is well acknowledged that ETV1, ETV4, and 
ETV5 are involved in tumor progression and 
metastasis, but how they regulate cell migra-
tion and invasion has not been systematically 
reported. Here, we summarize some genes 
related to cell migration and invasion regulated 
by the PEA3 subfamily in multiple cancers.

In prostate cancer, ETV1 is a negative regulator 
of checkpoint kinase 1 (CHK1). Inhibition of 
CHK1 by ETV1 overexpression results in  accu-
mulation of DNA damage and promotes inva-
sive tumorigenesis [123]. MMPs are common 
genes related to cell migration and invasion. 
ETV1 can stabilize β-catenin and directly bind 
to MMP1/7, leading to increased accumulation 
of β-catenin and MMP1/7, and inducing migra-
tion and invasion of prostate cancer cells [7, 
109, 124]. By binding to the promoter of TAZ 
[125] or uPA [126], ETV4 can significantly 
increase TAZ/uPA expression, which contrib-
utes to tumor metastasis. As an oncogenic 
transcription factor, ETV4 was also found to 
directly bind to the 5’ and 3’ MYC enhancers 
[127], indicating that ETV4 may regulate the 
expression of some key oncogenes.
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In bladder cancer, the PEA3 subfamily has been 
shown to be responsible for tumor invasion and 
metastasis by directly binding to the promoter 
region of P3H4 [128] and TAZ [55]. In OSCC 
[104], oesophageal squamous cell carcinoma 
[56], and oesophageal adenocarcinoma [129], 
ETV4 overexpression dramatically increased 
MMP levels and drove metastatic progression. 
Besides, the PEA3 subfamily can regulate many 
genes in other types of tumors; these are listed 
in Table S1.

According to these studies, the PEA3 subfamily 
regulates the expression of various genes relat-
ed to tumor migration and invasion, implying 
that PEA3 subfamily members and their down-
stream genes could be effective therapeutic 
targets for metastatic tumors.

PEA3 subfamily regulates cell cycle and apop-
tosis

Studies have shown that ETV1, ETV4, and ETV5 
contribute to cell cycle progression [76, 119, 
128, 130] and protect cells from apoptosis [10, 
131]. Abnormal overexpression of cyclin D1 
usually contributes to cell cycle progression 
and cyclin D1 expression has been found to be 
promoted by ETV4 activation in pancreatic can-
cer [132, 133] and GIST [70]. As expected, 
TMPRSS2-ETV5 gene fusion also led to high 
levels of cyclin D1 in prostate cancer [134]. p21 
is a cyclin-dependent kinase inhibitor that plays 
an important part in cancer proliferation by 
regulating cell cycle progression [135]. Cos et 
al. found that ETV4 could downregulate p21 
protein levels through directly binding to the 
CDKN1A promoter and downregulating p53 
protein in ETV4 transgenic mouse model, 
resulting in the development of mouse prostat-
ic intraepithelial neoplasia [136]. In breast can-
cer, ETV4 promoted cell proliferation by nega-
tively regulating its downstream target gene 
cyclin D2 [137] and positively regulating cyclin 
D3 [138].

In response to overexpression of ETV1, expres-
sion of anti-apoptotic protein Bcl-2 was 
increased and that of pro-apoptotic protein Bax 
was reduced in GIST, which prevented apopto-
sis of tumor cells [139]. Moreover, ETV1 was 
overexpressed in breast cancer cells, whereas 
knockdown of ETV1 significantly increased cell 
apoptosis rate and inhibited tumor growth in 
mice [130].

PEA3 subfamily maintains the cancer stem 
cell phenotype

CSCs represent an extremely small subset of 
cancer cells with unlimited self-renewal and dif-
ferentiation potential, which results in the 
malignant proliferation of tumors [140]. CSCs 
have been reported to be responsible for the 
development of drug resistance, and for cancer 
metastasis and recurrence [141]. As men-
tioned, CIC is a negative regulator of the PEA3 
subfamily and a known tumor suppressor. More 
importantly, CIC deficiency was found to induce 
CSC characteristics through the derepression 
of ETV4/ETV5 in breast cancer [61] and oligo-
dendroglioma [142].

NANOG and SOX2 are stem cell transcription 
factors that contribute to the maintenance of 
embryonic cell pluripotency and cancer cell 
stemness [143, 144]. Park et al. found that 
NANOG was activated by the ETV4 transcrip-
tion factor in human embryonic carcinoma 
NCCIT cells through the ETV4-ETS binding site 
[145]. In addition, a positive correlation 
between ETV4 and SOX2 was found in squa-
mous cell carcinomas [146], indicating that 
ETV4 may play an important part in the mainte-
nance of CSC characteristics.

PEA3 subfamily mediates chemotherapy 
resistance

Based on the results discussed above, the 
accumulation of the PEA3 subfamily is primarily 
due to MAPK pathway activation stimulated by 
RTKs. CIC is a downstream effector of MAPK, 
which is negatively regulated by the MAPK 
pathway. Interestingly, many studies have 
reported that CIC loss was closely related to 
drug resistance independent of the MAPK sig-
naling pathway.

In BRAF-mutated multiple myeloma, a combi-
nation of dabrafenib and trametinib was shown 
to effectively block the RAS-BRAF-MEK-ERK 
pathway, but a subset of patients could develop 
drug resistance due to CIC mutation [62]. 
Mechanistically, mutation or downregulation of 
CIC increases the expression of its downstream 
target genes ETV1, ETV4, and ETV5, which sub-
sequently confers MEK-BRAF inhibitor resis-
tance. Similar mechanisms have been found in 
several other tumors. For example, CIC inacti-
vation drove the development of resistance to 
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trametinib (MAPK inhibitor) in human T-cell lym-
phoblastic lymphoma [58] and pancreatic can-
cer [6] by restoring the expression of ETV1, 
ETV4, and ETV5, which are necessary for the 
full resistance mediated by CIC loss. Besides, 
the activation of ETV1 contributed to resistance 
to gefitinib (an EGFR inhibitor) mediated by CIC 
deficiency in NSCLC [147]. ETV5 was found to 
be a potential target to overcome resistance to 
cetuximab (a monoclonal antibody against 
EGFR) in CRC [148].

Zhou et al. found that miR-1307 was involved in 
chemoresistance in ovarian cancer, and identi-
fied a direct binding motif between miR-1307 
and the 3’-UTR of CIC, indicating that CIC is a 
downstream target of miR-1307 [60]. Therefore, 
targeting the miR-1307-CIC-ETV1/ETV4/ETV5 
axis may increase drug sensitivity.

In addition to CIC loss, COP1 and DET1 loss 
also resulted in ETV1/ETV4/ETV5 overexpres-
sion. In GIST and melanoma, loss of COP1 and 
DET1 led to maintenance of ETV1 protein lev-
els, and resistance to MAPK inhibitors (includ-
ing imatinib, trametinib, and vemurafenib) 
eventually developed in vitro and in vivo [67].

Recent studies also found that ETV4 and ETV5 
could act as biomarkers for drug response 
[149]. ETV4 was correlated with clinical 
response to MEK inhibitors in melanoma; how-
ever, ETV4 depletion did not alter sensitivity to 
selumetinib or trametinib [150]. Copy number 
alterations of ETV5 in the 3q chromosomal arm 
are predictive biomarkers of immune check-
point inhibitor response in advanced cutane-
ous squamous cell carcinoma [151]. PEA3 sub-
family could also regulate the expression of 
genes related to drug resistance by binding to a 
variety of downstream targets. CHEN et al. 
showed that ETV4 overexpression protected 
HCC cells from apoptosis and promoted resis-
tance to sorafenib and cisplatin by directly 
binding to the promoter region of IER3, an 
oncogene related to tumor progression and 
drug resistance [131]. In melanoma, CDK6 
induced resistance to BRAF inhibitor vemu-
rafenib by altering the cell cycle. Further analy-
sis revealed that the JUN family and ETV5 are 
key regulators of CDK6 [152]. Therefore, ETV5 
is involved in resistance to BRAF inhibition in 
melanoma. Multi-drug resistance protein 1 
(MDR1) is known to induce chemotherapy 
resistance in multiple cancers. In gastric can-

cer, ETV4 was found to activate MDR1 expres-
sion, which conferred chemotherapy resistance 
[153].

In summary, the loss of PEA3 repressors CIC, 
COP1, and DET1 could maintain the expression 
of ETV1/ETV4/ETV5 independently of the 
MAPK signaling pathway, leading to MAPK 
inhibitor resistance. In addition, ETV1, ETV4, 
and ETV5 could regulate the expression of their 
downstream genes related to drug resistance, 
thereby also mediating drug resistance (Table 
1). Combined targeting of the MAPK signaling 
and the PEA3 subfamily may increase the sen-
sitivity of cancers to chemotherapy drugs.

Controversy regarding the PEA3 subfamily as 
carcinogenic transcription factors

HER2/Neu overexpression occurs frequently in 
breast cancer and usually leads to an aggres-
sive tumor phenotype. As described above, 
ETV1 contributes to tumorigenesis and metas-
tasis in breast and ovarian cancers via HER2/
Neu stimulation. Besides, the PEA3 subfamily 
promotes breast cancer cell migration and 
invasion by regulating the expression of its 
downstream genes, including hTERT, Rcl, 
Smad13, CXCR4, and MMPs. However, a few 
studies have reported that the PEA3 subfamily 
could inhibit breast cancer development and 
progression.

Hu et al. [154] and Xing et al. [155] found that 
ETV4 suppressed tumor growth and invasive-
ness by directly binding to the HER2/Neu pro-
moter in prostate cancer, breast cancer, and 
ovarian cancer. These two studies indicat- 
ed that HER2/Neu was negatively regulated  
by ETV4, thereby providing a therapeutic  
strategy for HER2/Neu-overexpressing tumors. 
However, Span et al. did not find any associa-
tion between HER2/Neu and ETV4 in a clinical 
study [156]. Therefore, whether ETV4 could act 
as a prognostic target or therapeutic agent for 
breast cancer, prostate cancer, and ovarian 
cancer requires further exploration.

The antitumor effect of the PEA3 subfamily was 
also found in several other tumors. ETV1 is con-
sidered to be the downstream target of miR-17, 
an oncogene associated with cell motility. 
Therefore, overexpression of miR-17 could 
enhance melanoma cell motility by inhibiting 
ETV1 expression [77]. ETV4 was also found to 
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Table 1. PEA3 subfamily mediates chemotherapy resistance in cancer
Major gene Cancer type PEA3 member Drug Mechanism
CIC BRAF-mutated 

multiple myeloma
ETV4/5 Dabrafenib,  

trametinib
Mediated by CIC inactivation, ETV4/5 contrib-
utes to dabrafenib and trametinib resistance in 
BRAF-mutated multiple myeloma cells.

CIC T-ALL ETV4 Trametinib CIC inactivation induces chemotherapy resis-
tance to MAPK inhibition. ETV4 is the main 
downstream target of CIC in human T-ALL cells.

CIC Pancreatic 
cancer

ETV1/4/5 Trametinib Deletion of ATXN1L induces chemotherapy 
resistance by reducing CIC protein levels and 
restoring expression of ETV1, ETV4, and ETV5.

CIC NSCLC ETV1 Gefitinib CIC suppresses the effects of EGFR inhibition by 
partially restoring the expression of ETV1.

CIC Colorectal cancer ETV5 Cetuximab ETV5 is a potential target to overcome cetux-
imab resistance. Knockdown of ETV5 increases 
cetuximab sensitivity in KRAS WT cells.

CIC Ovarian cancer ETV4/5 Paclitaxel ETV4 and ETV5 are upregulated by the miR-
1307/CIC axis, which contributes to chemo-
therapy resistance.

COP1, DET1 GIST ETV1/4/5 Imatinib, 
PD325901

By stabilizing ETV1/ETV4/ETV5 protein, COP1 
and DET1 loss results in chemotherapy resis-
tance in GIST and melanoma.Melanoma ETV1/4/5 Vemurafenib

IER3 HCC ETV4 Sorafenib and 
cisplatin

ETV4 promotes sorafenib or cisplatin resistance 
in HCC by upregulating IER3, an oncogene 
related to chemotherapy resistance.

CDK6 Melanoma ETV5 Vemurafenib CDK6-mediated resistance to BRAF inhibition is 
collaboratively regulated by JUN and ETV5.

MDR1 Gastric cancer ETV4 Vincristine ETV4 upregulates MDR1 expression by binding 
to the promoter region of MDR1.

T-ALL, T-cell lymphoblastic lymphoma; NSCLC, non-small-cell lung cancer; EGFR, epidermal growth factor receptor; GIST, gastro-
intestinal stromal tumor; HCC, hepatocellular carcinoma; WT, wild type; MDR1, multi-drug resistance protein 1.

inhibit SiHa cervical cancer cell invasion: ETV4 
could activate the promotor of squamous cell 
carcinoma antigen, a serine proteinase inhibi-
tor that may suppress cancer invasiveness, 
thus inhibiting cancer metastasis [157]. In 
addition, ETV4 increased the expression of pro-
apoptotic protein Bax and enhanced mithramy-
cin A-induced Huh-7 cell apoptosis, supporting 
ETV4 as an adjunctive therapeutic agent for 
mithramycin A in HCC [158].

Owing to these controversies, whether the 
PEA3 subfamily inhibits or promotes cancer 
progression in these tumor cells needs further 
validation.

Clinical significance of the PEA3 subfamily

The PEA3 subfamily is significantly correlated 
with distant metastasis of tumors and is con-
sidered to be an independent adverse prognos-
tic factor. Of the PEA3 subfamily members, the 

ETV1 transcription factor was the most fre-
quently expressed in prostate cancer and high 
ETV1 levels are associated with shorter time to 
prostate-specific antigen recurrence [159]. 
ETV4 overexpression is correlated with depth 
of invasion, lymph node metastasis, and 
advanced pTNM stage in colorectal cancer, 
which indicated that ETV4 could act as a prog-
nostic marker in CRC progression and metasta-
sis [160, 161]. As an oncogenic transcription 
factor, ETV5 is an independent predictor for the 
prognosis of HCC patients [162]. This was also 
shown to be the case for triple-negative breast 
cancer [163, 164], gastric cancer [165], lung 
cancer [64], OSCC [166] and GBM [78], in which 
ETV1, ETV4 and ETV5 were positively associat-
ed with advanced stage, depth of invasion, 
lymph node metastasis and recurrence, result-
ing in shorter overall survival, disease-free sur-
vival, and relapse-free survival of patients. 
Consequently, all of these studies highlight the 
prognostic value of ETV1, ETV4 and ETV5.
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In addition to its prognostic value, the PEA3 
subfamily also has a role in the clinical diagno-
sis of several cancers. CIC-rearranged sarco-
mas (which usually refers to CIC-DUX4 gene 
fusion sarcomas) are a small subset of primi-
tive round-cell sarcomas, which are difficult to 
diagnose and classify owing to the similarity 
between their characteristics and those of 
other small round cell sarcomas [167]. It has 
been reported that ETV1/ETV4/ETV5 triple-
positivity could be helpful for the identification 
of CIC-rearranged sarcomas [168]. Interesting- 
ly, ETV1/ETV4/ETV5 overexpression was more 
reliable and sensitive than RNA sequencing 
and fluorescence in situ hybridization for diag-
nosing CIC-rearranged sarcomas [169]. In addi-
tion, compared with other PEA3 subfamily 
members, ETV4 seems to be more effective for 
diagnosis because of its high sensitivity and 
specificity [170]. Detecting gene fusions can 
also be beneficial for diagnosis of other can-
cers. For instance, the TMPRSS2-ERG (53.1%) 
and TMPRSS2-ETV1 (6.3%) gene fusions can 
be used as diagnostic tools for prostate cancer 
[171], whereas EWS-ETV4 gene fusion can be 
used to diagnose Ewing’s sarcoma [172].

Molecules and drugs targeting the PEA3 
subfamily

Generally, inhibition of the MAPK signaling 
pathway can reduce the expression of the PEA3 
subfamily to some extent. However, some  
factors (such as CIC mutation) allow the level  
of the PEA3 subfamily to be maintained inde-
pendently of the MAPK pathway, which final- 
ly results in chemotherapy resistance. Thus, 
there is an urgent need to target the PEA3 
subfamily.

As discussed above, several miRNAs (miR-129-
5p, miR-1224-3p, miR-195-5p, miR-582-5p, 
miR-17-5p, miR-17/20a, and miR-8067) have 
been reported to directly target ETV1 and ETV5. 
These miRNAs are potential therapeutic tar-
gets in ETV1/ETV5-overexpressing tumors. 
However, no miRNA that targets ETV4 transcrip-
tion factor has yet been reported. Therefore, 
identifying new miRNAs that target the PEA3 
subfamily in different tumor types may help in 
the search for therapeutic targets.

Compounds that target the ETS proteins have 
been investigated as potential treatments for 
ETS-directed cancer [173]. YK-4-279, a small-

molecule inhibitor of EWS-FLI1, ERG, and ETV1, 
has been found to significantly inhibit tumor 
growth and metastasis in ETV1 fusion-positive 
prostate cancer; this result was validated at 
both cell and animal levels [174, 175]. Besides, 
a combination of YK-4-279 and low-dose 
docetaxel synergistically inhibited the prolifera-
tion and migration of prostate cancer cells. 
Importantly, this combination allowed the sys-
temic toxicity caused by high doses of docetax-
el to be avoided [176].

BRD32048 is another inhibitor of ETV1 
screened by small-molecule microarray, which 
has become a new therapeutic drug for ETV1-
positive cancers. For example, BRD32048 
inhibited the transcriptional activity of ETV1 
and cell invasion by directly binding to ETV1 in 
ETV1-dependent prostate cancer cells [177]. 
Confusingly, research in neuroblastoma found 
that YK-4-279 significantly reduced cell growth 
and promoted cell apoptosis, whereas BRD- 
32048 did not [178]. It was further shown that 
YK-4-279 triggered cell apoptosis through 
inhibiting mitotic progression instead of regu-
lating ETV1 transcription activity, indicating 
that the anticancer effects of YK-4-279 are 
independent of the RAS-MEK/ERK-ETS(ETV1) 
axis in neuroblastoma cells [178].

Tamoxifen, a selective estrogen receptor modi-
fier, was found to decrease ETV4 and ETV5 
mRNA expression in benign breast tissues, 
suggesting that it is an effective agent to 
reduce breast cancer risk [179].

A recent study of GIST identified several possi-
ble ETV1 targeting drugs, among which trifluo-
perazine and thioridazine were considered to 
have strong anticancer effects, especially when 
combined with a MEK inhibitor [180].

Compared with synthetic drugs, phytochemi-
cals have low toxicity and fewer side effects. 
Therefore, Nath et al. characterized p-anisidine, 
a plant compound inhibiting ETV1 expression, 
which shows promiscuous anticancer activity in 
human cervical carcinoma HeLa cells [181].

In general, YK-4-279, BRD3208, tamoxifen, tri-
fluoperazine, thioridazine and p-anisidine are 
potential drugs targeting the PEA3 family, but 
their lack of specificity could cause off-target 
effects in patients [182]. In addition, oncogenic 
transcription factors are often considered to be 
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undruggable; therefore, developing new drugs 
that target the PEA3 subfamily remains chal-
lenging [177]. The miRNAs and drugs that tar-
get the PEA3 subfamily are shown in Table S2.

Conclusions and future perspectives

Overexpression of the PEA3 subfamily has 
been reported in many different cancer types 
and is significantly correlated with the malig-
nant potential of tumors. However, some stud-
ies have found that members of the PEA3 sub-
family could inhibit cell growth and promote 
apoptosis, indicating that they could also act as 
tumor suppressors. This discrepancy may be 
attributed to the fact that different cell lines 
were employed in these studies. In addition, 
overexpression of PEA3 subfamily members 
may be accompanied by an increase in the 
expression of other ETS genes, some of which 
are tumor suppressors, such as ELF1.

By systematically analyzing the activation 
mechanisms and biological functions of the 
PEA3 subfamily, we concluded that it could be 
activated by a series of genes and pathways: 
activation of the MAPK signaling pathway and 
the PI3K/Akt signaling pathway; loss of PEA3 
repressors (CIC, COP1, and DET1); gene fusions 
induced by chromosome rearrangement; and 
miRNA-mediated post-transcriptional regula-
tion. Many investigations have shown that the 
PEA3 subfamily contributes to cancer progres-
sion and metastasis by regulating several bio-
logical processes, including cell growth, apop-
tosis, EMT, cell migration and invasion, cell 
stemness, and chemotherapy resistance.

Chemotherapy resistance is the main cause of 
cancer recurrence and treatment failure. We 
note that ETV1, ETV4, and ETV5 are located 
downstream of MAPK and PI3K/Akt signaling; 
thus, MAPK inhibitors and PI3K/Akt inhibitors 
are available for the treatment of ETV1/ETV4/
ETV5-overexpressing tumors. However, inhibi-
tion of these two pathways alone is not enough 
to keep expression of the PEA3 subfamily at a 
low level owing to CIC/COP1/DET1 deficiency-
induced PEA3 subfamily recovery, which leads 
to drug resistance against the MAPK inhibitor 
and the PI3K/Akt inhibitor. In order to reduce 
drug resistance, combined targeting of the 
MAPK signaling pathway and the PEA3 subfam-
ily may be considered in the future. However, 
directly targeting transcription factors is chal-

lenging. Up to now, only YK-4-279, BRD3208, 
tamoxifen, trifluoperazine, thioridazine, and 
p-anisidine have been reported to target the 
PEA3 subfamily. Therefore, developing new 
drugs that target the PEA3 subfamily may 
greatly improve cancer therapy in the future.

CSCs generally correlate with tumor metasta-
sis, resistance, and recurrence owing to their 
strong tumorigenic ability. Several studies have 
linked the PEA3 subfamily to CSC characteris-
tics, indicating that the PEA3 subfamily may 
contribute to the maintenance of CSC charac-
teristics. However, the mechanisms by which 
the PEA3 subfamily promotes stem cell proper-
ties is unclear, and there has been very limited 
research on the PEA3 subfamily and CSC. Thus, 
there is a need for in vitro and in vivo experi-
ments in specific tumor types to further investi-
gate whether the PEA3 subfamily promotes 
CSC phenotypes and how it regulates CSC char-
acteristics. CSCs are now an urgent topic in 
cancer research, targeting these cells seems to 
represent an effective therapy for patients with 
metastatic tumors.

Several miRNAs can directly bind to the 3’-UTR 
of ETV1 and ETV5 to inhibit ETV1/ETV5 expres-
sion and reduce cell growth. However, no 
miRNA that targets ETV4 has yet been report-
ed. ETV4 is closely related to a more aggressive 
tumor phenotype and is repeatedly activated in 
advanced and metastatic tumors. Besides, 
ETV4 is known to be an independent and unfa-
vorable prognostic indicator in cancer patients. 
Therefore, exploring miRNAs that directly target 
ETV4 for use in cancer therapy should be a pri-
ority in future research.

Cis-regulatory elements (CREs), including 
enhancers, usually have strong regulatory 
effects on tumors. Recently, a mutant CRE was 
found to interact with the ETV1 promoter to 
induce overexpression of ETV1, leading to poor 
prognosis in CRC patients [183]. As an onco-
genic transcription factor, ETV4 directly binds 
the 5’ and 3’ MYC enhancers and increases 
MYC expression in prostate cancer. Besides, 
ETV4 and transcriptional cofactor mediator 
subunit 25 (MED25) could occupy enhancers to 
promote the expression of ETV4 target genes in 
prostate cancer cells [184]. These results indi-
cate that the PEA3 subfamily may occupy 
enhancer sites to regulate the expression of 
genes closely related to cancer progression. 
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Oncogenic transcription factors are usually 
enriched in the enhancer region, especially the 
super-enhancer region, to regulate gene expres-
sion. Therefore, whether ETV1, ETV4, and ETV5 
transcription factors occupy super-enhancer 
sites to mediate key oncogene expression is 
worth exploring.

In summary, deregulation of the PEA3 subfam-
ily usually promotes tumor growth, progression, 
resistance, and metastasis by inducing EMT, 
regulating the expression of invasion/migra-
tion-related genes, and maintaining CSC char-
acteristics. Therefore, targeting ETV1/ETV4/
ETV5-related genes or pathways may provide 
effective therapeutic regimens for cancer in the 
future. Besides, as oncogenic transcription fac-
tors, ETV1, ETV4, and ETV5 may serve as use-
ful biological markers for tumor diagnosis and 
prognosis.
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Table S1. PEA3 subfamily regulates the expression of genes associated with cell migration and invasion
Cancer type PEA3 member Gene Finding Reference
Bladder cancer ETV4 P3H4 ETV4 binds directly to the promoter region of P3H4 and activates its 

transcription, prompting cancer proliferation and invasion.
[1]

Bladder cancer ETV5 TAZ ETV5 is involved in cancer invasion and metastasis by upregulating TAZ 
expression and activating Hippo pathway.

[2]

Breast cancer ETV1 hTERT HER2 interacts with ETV1 to synergistically activate hTERT transcription, 
conferring the aggressive biologic behavior in breast cancer.

[3]

Breast cancer ETV5 hTERT ETV5 and c-Myc synergistically mediate hTERT activation via composite 
Ets/E-box motifs.

[4]

Breast cancer ETV1 Rcl ETV1 and HER2/Neu coordinate to upregulate the Rcl expression. ETV1 
binds to the Rcl promoter and increases tumor grade.

[5]

Breast cancer ETV1 Smad7 HER2/Neu collaborates with ETV1 to activate Smad7 transcription. [6]
Breast cancer ETV4 MMP13 ETV4 promotes cancer proliferation, migration, invasion, and anchorage-

independent growth by targeting its target gene MMP13.
[7]

Breast cancer (ER-negative) ETV4 MMP1, CXCR4 ETV4 could promote cancer progression and metastasis by activating its 
well-characterized target genes CXCR4 and MMP1.

[8]

Chondrosarcoma ETV5 MMP2 ETV5 upregulates MMP2 expression and promotes chondrosarcoma 
metastasis.

[9]

ccRCC ETV4 FOSL1 ETV4 promotes ccRCC metastasis by activating the pro-metastatic gene 
FOSL1 in a PI3K-AKT dependent manner.

[10]

Colorectal cancer ETV4 MMP7, MMP14 ETV4 acts as a mediator of cancer metastasis by regulating MMP7 and 
MMP14 expression.

[11]

Colorectal cancer ETV4 COX2, MMP7 ETV4 activates transcriptional activity of COX-2 and MMP-7, leading to 
cancer progression.

[12]

Colorectal cancer ETV4 MMP1, MMP7, 
COX2, iNOS

ETV4 expression is positively correlated with the expression of MMP1, 
MMP7, COX2, and iNOS, ETV4-MMP1-MMP-7-COX-2-iNOS axis contrib-
utes to colorectal cancer progression.

[13, 14]

Colorectal cancer ETV5 PDGF-BB ETV5 directly binds to the promoter region of PDGF-BB, which mediates 
colorectal cancer angiogenesis.

[15]

Endometrial cancer ETV4 ER ETV4 is a candidate factor regulating ER in endometrial cancer cells. 
The high level of ER contributes to cancer progression.

[16]

Endometrial cancer ETV5 MMP2 ETV5 regulates MMP2 expression to confer tumor invasion ability. [17]
Endometrial cancer ETV5 NID1, NUPR1 ETV5 promotes cancer migration and invasion by directly upregulating 

NID1 and NUPR1 transcriptional activity in vitro and in vivo.
[18]

Gastric cancer ETV4 KDM5D* ETV4 might promote gastric cancer cell metastasis by negatively modu-
lating KDM5D.

[19]

Gastric cancer ETV4 KIF2A ETV4 directly upregulates the expression of KIF2 to promote cell migra-
tion and invasion.

[20]
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Gastric cancer ETV4 ME1 ETV4 directly binds to ME1 promoter to promote cancer metastasis. [21]
Glioma ETV4 GalT V ETV4 physically interacts with Sp1 transcription factor and forms an 

ETV4/Sp1 complex, the ETV4/Sp1 complex binds to the GalT V promot-
er, inducing glioma invasion.

[22]

Hepatocellular carcinoma ETV4 uPAR PBK promotes migration invasion by enhancing the binding of ETV4 to 
the uPAR promoter.

[23]

Hepatocellular carcinoma ETV4 MMP1 CIC deficiency increases the expression of its downstream target ETV4, 
which further upregulates MMP1 expression and promotes hepatocel-
lular carcinoma progression.

[24]

Lung adenocarcinoma ETV4 MSI2 ETV4 increases MSI2 expression by directly binding to the promoter of 
MSI2, which promotes the proliferation and invasion of lung adenocarci-
noma.

[25]

Lung cancer ETV1/4/5 MMP2 ETV1/ETV4/ETV5 overexpression upregulates MMP2 target gene, which 
leads to the migration and invasion of lung cancer cells.

[26]

Lung cancer (NSCLC) ETV4 PXN, MMP1 ETV4 overexpression promotes cancer progression by upregulating PXN 
and MMP1 transcriptionally.

[27]

Lung cancer (NSCLC) ETV4 Rho ETV4 activates the Rho protein in an HGF-enhanced manner, which fur-
ther increases the phosphorylation of MLC and induces the malignancy 
potential of NSCLC cells.

[28]

Melanoma ETV4 MMP25 ETV4 induces MMP25 overexpression and leads to melanoma metasta-
sis.

[29]

Neuroblastoma ETV5 RET ETV5 promotes RET gene transcription by binding to the RET promoter, 
which drives neuroblastoma oncogenesis.

[30]

Oesophageal adenocarcinoma ETV4 MMP1 ETV4 promotes cancer proliferation and invasive by targeting MMP1. [31]
Oesophageal squamous cell carcinoma ETV4 MMP2, MMP9 ETV4 induces cancer metastasis by enhancing MMP-2 and MMP-9 

expression.
[32]

Oral squamous cell carcinoma ETV4 MMP1/3/9 HGF induces the expression of ETV4, which in turn activates MMP1/3/9 
and leads to oral cancer cell invasion.

[33]

Ovarian cancer ETV5 FOXM1 ETV5 upregulates FOXM1 expression by binding to the proximal pro-
moter region of FOXM1, which promotes cancer progression.

[34]

Pancreatic cancer ETV1 Sparc, Has2 By regulating two novel downstream factors Sparc and Has2, ETV1 
increases the invasive capacity of pancreatic cancer cells.

[35]

Prostate cancer ETV1 β-catenin ETV1 could stabilize β-catenin, which leads to the increased accumu-
lation of β-catenin within prostate cancer cells, promoting malignant 
transformation in cancer.

[36]

Prostate cancer ETV1 MMP1, MMP7 ETV1 activates transcription of its target genes MMP-1 and MMP-7, 
which regulates cell migration and invasion.

[37, 38]
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Prostate cancer ETV1 CHK1* ETV1 contributes to DNA damage accumulation, genetic instability, and 
prostate tumor progression by directly repressing the expression of 
CHK1.

[39]

Prostate cancer ETV4 uPA, MMP2, 
MMP9

ETV4 regulates uPA expression by directly binding to the uPA promoter 
region. Besides, uPA binds to its receptor uPAR, activating MMP2 and 
MMP9 expression and inducing tumor metastasis.

[40]

Prostate cancer ETV4 MYC ETV4 directly binds to the 5’ and 3’ MYC enhancers and regulates MYC 
expression to increase cellular motility.

[41]

Prostate cancer ETV4 TAZ ETV4 directly binds to the TAZ promoter region. TAZ upregulates its 
target gene SH3BP1, which promots cell migration and anchorage-
independent growth.

[42]

Thyroid cancer ETV1/4/5 TERT ETV5 directly binds to the TERT promoter in a mutation-dependent man-
ner, which increases the invasiveness of thyroid carcinoma.

[43, 44]

Thyroid cancer ETV5 PIK3A ETV5 promotes cell growth and migration by targeting and activating 
PIK3CA transcriptionally.

[45]

ER, estrogen receptor; MMP, matrix metalloproteinase; ccRCC, Clear cell renal cell carcinoma; PDGF-BB, platelet-derived growth factor BB; NID1, Nidogen 1; NUPR1, Nuclear Protein 
1; MLC, myosin light chain; NSCLC, non-small-cell lung cancer; CHK1, Checkpoint kinase 1. *Genes downregulated by PEA3 subfamily.
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Table S2. miRNAs and drugs targeting PEA3 subfamily
Cancer type PEA3 member miRNA/drug Patient samples In-vitro model Functions
Prostate cancer ETV1 miR-129-5p 30 tumor tissues and matched 

adjacent normal tissues
RWPE-1, PC-3, DU145, 
and LNCaP

Through the repression of ETV1 expression, 
miR-129-5p could inactivate YAP signaling and 
inhibit cell proliferation.

Lung adenocar-
cinoma

ETV1 miR-1224-3p 52 tumor tissues and matched 
adjacent normal tissues

HBE, HCC827, NCI-
H23, SPC-A1, H1975, 
H1299, and A549

Circ-ZNF609 enhances lung adenocarcinoma 
progression by increasing oncogenic EVT1 
expression via sponging miR-1224-3p.

Glioma ETV1 miR-195-5p / hCMEC/D3, HEK293T, 
U87, NHAs

miR-195-5p directly targets ETV1 3’-UTR and 
reduces its expression.

Lung cancer ETV1 miR-582-5p Blood samples of 38 lung can-
cer and 23 healthy controls

/ ETV1 is regulated by miR-582-5p in lung cancer.

Triple-negative  
breast cancer

ETV1 miR-17-5p 105 tumor tissues and matched 
adjacent normal tissues

MCF 10A, MDA-MB-231, 
BT-549, Hs578 T

miR-17-5p suppresses cell proliferation and 
invasion by directly targeting ETV1.

Gastrointestinal  
stromal tumors

ETV1 miR-17/20a 50 primary GIST tissues and10 
GI-LMS tissues

GIST-T1, GIST-882 Overexpression of miR-17 and miR-20a affects 
the cell cycle and induces apoptosis by targeting 
ETV1 in GIST cells.

Glioblastoma ETV5 miR-8067 3 tumor tissues and matched 
adjacent normal tissues

/ Low expression of ETV5, regulated by miR-
8067, is significantly associated with a good 
prognosis.

Melanoma ETV1 miR 17 / WM-266-4, 624mel miR-17 enhances the migration of melanoma 
cells by downregulating its target gene ETV1.

Prostate cancer ETV1 YK-4-279 / LNCaP, PC3 YK-4-279 inhibits ETV1 biological activity in 
fusion-positive prostate cancer cells, leading to 
decreased motility and invasion.

Melanoma and  
prostate cancer

ETV1 BRD32048 / 501mel, SK-MEL-28, 
LNCaP, PC3

BRD32048 binds to ETV1 directly, modulating 
the transcriptional activity of ETV1.

Breast cancer ETV4, ETV5 Tamoxifen 69 women at increased risk 
for breast cancer (37 received 
tamoxifen and 32 received 
placebo)

/ Tamoxifen significantly downregulates the 
expression of ETV4 and ETV5, which are known 
to play a central role in stem cell renewal and 
differentiation.

Gastrointestinal  
stromal tumors

ETV1 trifluoperazine 
and thioridazine

/ GIST882 Trifluoperazine and thioridazine are potential 
ETV1 targeting drugs. Combined of phenothi-
azine and MEK inhibitors exerts strong antican-
cer effect in GISTs.

Cervical  
carcinoma

ETV1 p-anisidine / HeLa p-anisidine is a promising anticancer agent 
targeting ETV1 with an IC50 of 27.769 mg/mL 
in HeLa cells.

GIST, gastrointestinal stromal tumors; GI-LMS, gastrointestinal leiomyosarcomas.


