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ABSTRACT
Enhancers are distal genomic elements critical for gene regulation and cell identify control during
development and diseases. Many human cancers were found to associate with enhancer malfunction,
due to genetic and epigenetic alterations, which in some cases directly drive tumour growth.
Conventionally, enhancers are known to provide DNA binding motifs to recruit transcription factors
(TFs) and to control target genes. However, recent progress found that most, if not all, active enhancers
pervasively transcribe noncoding RNAs that are referred to as enhancer RNAs (eRNAs). Increasing
evidence points to functional roles of at least a subset of eRNAs in gene regulation in both normal
and cancer cells, adding new insights into the action mechanisms of enhancers. eRNA expression was
observed to be widespread but also specific to tumour types and individual patients, serving as
opportunities to exploit them as potential diagnosis markers or therapeutic targets. In this review, we
discuss the brief history of eRNA research, their functional mechanisms and importance in cancer gene
regulation, as well as their therapeutic and diagnostic values in cancer. We propose that further studies
of eRNAs in cancer will offer a promising ‘eRNA targeted therapy’ for human cancer intervention.

ARTICLE HISTORY
Received 30 September
2019
Revised 26 November 2019
Accepted 1 January 2020

KEYWORDS
Enhancers; enhancer RNAs;
gene transcription
regulation; noncoding RNAs;
lncRNAs; chromatin looping;
cancer; cancer diagnosis;
prognosis; cancer therapy;
RNA therapy; epigenetics;
chromatin; RNA binding
proteins

1. Introduction

The development of high-throughput sequencing technolo-
gies in the last decade yielded exciting insights into genome
and transcriptome regulation. One of the most unexpected
findings is the widespread transcription of the human gen-
ome, with more than 85% capable of transcribing in different
cell types [1,2]. Such pervasive transcription of genomic
regions other than protein-coding genes generated tremen-
dous non-coding RNA (ncRNA) species far more than pre-
viously recognized [1,2]. Among these, RNAs generated
from enhancers (i.e. eRNAs) have attracted a particular
interest due to their potential roles in mediating enhancer
functions and gene transcription, and their frequent overlap
with disease-associated noncoding risk loci [3–6].

As a major category of regulatory DNA elements, enhan-
cers are commonly known to control target gene expression
by forming spatial chromatin loops with target promoters
[7]. Besides the long-established functions in cell develop-
ment, enhancers were increasingly realized to directly drive
human diseases, including cancer [8,9]. A few recent studies
have systematically studied the expression landscapes of
eRNAs in large cohorts of human cancer samples, suggesting
potentially broad roles of eRNAs in tumorigenesis [6,10]. In
this review, we summarize the studies on eRNAs associated
with tumorigenesis, their regulated expression, roles and
mechanisms, and we aim to discuss the potential clinical
utility of eRNAs in cancer diagnosis, prognosis and thera-
peutic intervention.

2. eRNAs mark an additional layer of enhancer
function

Although individual studies of enhancer-derived RNAs using
locus-specific approaches can date back to the early 1990s [11],
the global revelation of pervasive RNA polymerase II (Pol II)
occupation and RNA transcription at active enhancers took
place in 2010 [12,13]. Since then, mounting evidence demon-
strated the wide existence and potential functions of eRNAs in
different cell lineages and in response to various stimuli [14–21].
To date, an estimated ~65,000 enhancers were found to be
transcriptionally active in the human genome across multiple
tissues and cell types, generating an extremely large number of
eRNAs with largely uncharted functions [4,16].

eRNAs can be either bidirectionally or unidirectionally tran-
scribed from active enhancers, which are generally marked by
histone modifications including acetylation of histone H3 lysine
27 (H3K27ac) and mono-methylation of H3K4 (H3K4me1),
with length varying from several hundreds to thousands of
nucleotides (nt), depending on both primary sequences and
chromatin status, which have been discussed in several previous
studies and reviews [3–5,22,23] [Fig. 1A]. The majority of
eRNAs is found to be non-polyadenylated (~90% by estimation),
having lower abundance and shorter half-lives as compared to
mRNAs [4]. These features make them less detectable by con-
ventional oligo-dT-based RNA-seq or even ribo-depleted total
RNA-seq [3,4,12,13,22]. To identify a complete eRNA catalogue,
the FANTOM5 Consortium measured eRNA transcription by
CAGE (Cap Analysis of Gene Expression) in a wide range of cell
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and tissue types [4,16]. Many other studies used nascent RNA
sequencing methods such as Global Run-On sequencing (GRO-
seq), Precision nuclear Run-On sequencing (PRO-seq) or
Transient Transcriptome sequencing (TT-seq) to enrich
eRNAs (and other nascent RNAs) [19,21,24–28]. Results from
these methods depicted the landscapes of eRNAs and provided
important insights into their functions and regulation.

Functionally, eRNAs can be considered an integral compo-
nent of active enhancers, which facilitate gene activation and/or
enhancer-promoter loops through interacting with transcrip-
tional activators and co-activators [18,19,29–33]. Although accu-
mulated evidence agreed upon a strong correlation between
eRNA transcription and enhancer activity, it remains challen-
ging to discern whether any function of eRNAs comes from the
transcripts per se or the act of enhancer transcription [5]. Most
strategies so far in the literature, such as genomic deletion
[34,35], transcription terminator insertion [36,37], transcription
suppression by CRISPRi [38], will affect both transcription
activity and eRNA transcripts. A common strategy to study the
roles of the eRNA transcripts is to knock down eRNA by short
hairpin RNAs (shRNAs), small interfering RNAs (siRNAs) or
antisense oligonucleotides (ASOs or locked nucleic acids,
LNAs). The past few years have witnessed strong evidence sup-
porting the function of eRNAs per se using these knockdown
methods [15,18,19,39–42]. However, caution needs to be taken
for interpreting these results as the cleavage of nascent tran-
scripts using these tools may trigger transcription termination
and interfere with the transcription activity of RNA polymerase
[43]. Despite these technical difficulties, the functions of eRNAs
in regulating enhancer activity and target gene transcription are

increasingly recognized and the underlying mechanisms began
to emerge (see below).

It is noteworthy that although most eRNAs fit the above
descriptions (e.g. non-polyadenylated, short-lived and func-
tions in cis) [4], exceptions exist. Several studies reported that
specific eRNAs can be polyadenylated and have relatively
higher stability [3,30,39]. More importantly, depletion of
these poly-A eRNAs, such as one transcribed from an enhan-
cer close to KLK3 gene in prostate cancer cells [30], affected
the expression of hundreds of genes, suggesting their func-
tions in trans. For another example, Tsai et al. observed that
an eRNA derived from a Myogenic Differentiation 1 (MyoD)
enhancer colocalized with, and mediated the activation of
a target gene in trans, which was located on another chromo-
some [44]. Because eRNAs were defined mainly based on
their site of production (i.e. enhancers) rather than based on
RNA features [3,4,13,14,21,22], it is inevitable that the cate-
gorization of eRNAs and of lncRNAs has overlaps. lncRNAs
denote non-coding RNAs that are >200nt long, therefore,
eRNAs can perhaps be considered a class of lncRNAs based
on length. However, eRNAs possess more variable RNA fea-
tures such as lack of splicing and polyadenylation [4], and
their transcription start sites contain less clear features of gene
or lncRNA promoters (i.e. H3K4me3, see ref [5] for more
discussion of such features). Indeed, it was reported that
a significant portion of annotated lncRNAs (~20%) can be
mapped to enhancer regions [45]. Some enhancer-generated
lncRNAs have been shown to function in a very similar
manner in chromatin/gene control as eRNAs, but can control
genes beyond immediate neighbourhood of the enhancer,

Figure 1. Mechanistic similarity between enhancer RNAs (eRNAs) and some enhancer-derived lncRNAs.
Diagram showing: (a) Typical eRNAs are bi-directionally transcribed from H3K4me1 marked enhancer region and may act on target promoter via chromatin looping.
(b) Some lncRNAs (HOTTIP, Lockd etc.) are transcribed from H3K4me3 marked regions, and can also act on target gene promoters via chromatin looping, a mechanism
identical to those performed by eRNAs/enhancers
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sometimes even on another chromosome. For example,
lncRNA that enhances eNOS expression (LEENE) is a spliced
lncRNA generated from an enhancer element in human
endothelial cells, which can control eNOS gene expression
on a different chromosome [46]. One of the first reported
activating lncRNAs called HOXA Distal Transcript Antisense
RNA (HOTTIP) is actually transcribed from an enhancer-like
region and is brought to its target gene promoter via chro-
matin looping [47,48]. Similarly, LncRNA downstream of
Cdkn1b (Lockd) is an lncRNA located close to Cdkn1b gene
and played a role to activate the latter [37]. The transcription
start region of Lockd showed typical features of a promoter,
i.e. high trimethylation of H3K4 (H3K4me3), and it physically
interacts with Cdkn1b gene via chromatin looping, which
mimics what enhancers typically do [37,49] (Fig. 1B). The
similar molecular mechanisms of eRNA and enhancer-
derived lncRNA blurred their boundaries (Fig. 1).
Interestingly, their functional similarity may be interpreted
as a support to a hypothesis that lncRNAs may be evolutio-
narily originated from eRNAs, but became stabilized and
gained functions in trans during evolution [50,51]. In the
following section, we will highlight recent studies focusing
on the roles of eRNAs in cancer. In most cases, we do not
distinguish eRNAs from enhancer-derived lncRNAs.

3. eRNA regulation and dysregulation in cancer

Enhancer malfunction is now recognized as a key process in
tumorigenesis [9,52]. Besides commonly identified genetic
mutations, epigenetic alterations of enhancers are also recog-
nized as driving causes of cancer initiation and progression
[53,54]. Moreover, special high-density clustering of enhan-
cers (so-called super- or stretch-enhancers) are found to be de
novo established and drove the proliferation of tumour cells
[55–57]. Aberrant eRNA expression is highly associated with
enhancer malfunction, and was involved in dysregulation of
oncogenes [58,59], tumour suppressor genes [40], as well as in
abnormal cellular responses to external signals, such as hor-
mone [19,28,60], inflammation [61–63], hypoxia [64] and
other stimuli [65–69]. We will discuss these areas below.

3.1. eRNA and oncogene activation

eRNAs are involved in the oncogene activation process, which
can be highlighted by a role of enhancer-derived lncRNAs in
MYC gene activation (more cases discussed in later sections).
MYC is a key proto-oncogene, and its dysregulation contri-
butes to the development of many cancer types [70]. In CpG
island methylator phenotype (CIMP) colorectal tumour,
cMYC oncogene expression was driven by an active super-
enhancer, and it also highly correlated with the presence of
a noncoding transcript from this enhancer that was named
CCAT1 (colon cancer-associated transcript 1) [58]. Data gen-
erated from The Cancer Genome Atlas project (TCGA)
showed that the expression correlation between cMYC and
CCAT1 exists in multiple tumour types [58], suggesting
a potential role of CCAT1 in regulating cMYC gene expres-
sion. Relevant to this, Chen group reported that a longer form
of CCAT1, named CCAT1L, modulates the long-range

interaction between the cMYC promoter and this CCAT1-
producing super-enhancer [59]. Moreover, in cis overexpres-
sion of CCAT1L promotes cMYC expression and facilitates
tumorigenesis [59], while inhibition of CCAT1 by BET inhi-
bitor led to the reduction of both cMYC expression and cell
growth [58]. These results support a direct oncogenic function
of this enhancer-derived lncRNA, which also supports the
possibility of targeting this MYC eRNAs for cancer interven-
tion (see section 5).

3.2. eRNA and tumour suppressor gene function

eRNAs are also involved in the proper function of tumour
suppressors. P53 is a key tumour suppressor gene that acts as
a transcription factor. Activation of p53 by treating breast cancer
cells with Nutlin-3a stimulated the expression of thousands of
eRNAs [40]. Knockdown of one of these eRNAs attenuated the
enhancer activity and target gene expression, suggesting the
functional role of eRNA in p53-induced transcription enhance-
ment [40]. Interestingly, some of the eRNA-generating enhan-
cers were not bound by activated p53. Further analysis showed
that these enhancers were activated by a regulatory RNA named
lncRNA activator of enhancer domains (LED) [71]. Inhibition of
LED by siRNA significantly affected the cell cycle arrest pheno-
type of these cancer cells, which was accompanied by a reduced
expression level p53 target genes, such as CDKN1A [71]. Thus,
LED is required for p53 to fully exert its tumour suppressor
functions [71]. Consistent with this tumour suppressive role,
LED is often inactivated by DNA hypermethylation in cancer
cells, which could be reversed by DNA demethylating agent such
as 5-Azacytidine [71]. Together, these results demonstrated the
importance of eRNAs in mediating functions of key tumour
suppressor genes.

3.3. eRNA and cancer signalling responses

Many cell signalling events converge on chromatin, and act via
enhancers to control target gene expression. Sex hormones such
as oestrogen and androgen are important drivers of hormone
receptor-positive breast and prostate cancers [72,73]. Female sex
hormone oestrogen stimulus activates hundreds of genes, which
were preceded bymassive enhancer activation [19,21,74,75]. The
expression of eRNAs in response to oestrogen stimulus was
found to correlate with epigenetic features of active enhancers
[19,21,74], and some specific eRNAs are functionally required
for oestrogen-induced enhancers to achieve their activation of
target genes [19]. Mechanistically, inhibition of two eRNAs can
lead to a decrease of spatial interactions between the enhancer
and its target gene, and may even disrupt a super-long distance
chromatin loop spanning 27Mb on chromosome 21 [19]. These
results demonstrated that eRNAs are functionally important for
cellular signalling responses to oestrogen, at least in part, by
facilitating gene expression and chromatin looping. Androgen
signalling in human prostate cancer cells is also reported to be
modulated by eRNAs [28,30]. Indeed, liganded androgen recep-
tor (AR) activates thousands of eRNAs [28], and two studies
found that an eRNA transcribed in the vicinity of a key prostate
gene PSA (a.k.a. Kallikrein Related Peptidase 3 (KLK3)) regulates
AR target genes in trans [30], and facilitated the progression of
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castration resistance of prostate cancer [76]. Mechanistically,
one study found that PSAe functions together with Cyclin T1
to stimulate the transcription of its target gene [76]. Sequence
analysis showed that PSAe contains an RNA motif with strong
similarity to the TAR RNA of HIV virus, which the authors
elegantly showed to bind Cyclin T1 and activate the Positive
transcription elongation factor b (P-TEFb) to promote target
gene elongation [76]. Interestingly, the other paper found that
PSAe was also involved in mediating AR-dependent looping
between this enhancer and its target promoter by forming
a ribonucleoprotein complex consists of PSAe, AR and MED1
(Mediator complex subunit1) [30]. Importantly, PSAe selectively
enhances AR-regulated gene expression and promote prostate
cancer castration resistance, which can be suppressed by siRNA,
suggesting the feasibility of improving prostate cancer treatment
by PSAe inhibition [30,76].

Inflammation plays an important roles in the initiation and
progression of tumorigenesis [77]. Inflammatory signals are
known to induce large programs of enhancer activation and
eRNA production [63,78]. In cancer cells, Rhanamoun et al.
discovered that tumour-promoting p53 mutants abnormally
activated a cohort of enhancers in response to pro-
inflammatory TNF-α signalling [61,62]. At these enhancers, co-
binding of mutant p53 and Nuclear Factor Kappa B (NF-κB)
induced eRNA synthesis, one of which was required for the
activation of important inflammation genes such as C-C Motif
Chemokine Ligand 2 (CCL2) [61,62]. Therefore, eRNAs are
directly involved in the immune response of cancer cells.
Similar to inflammation, hypoxia activates a complex signalling
network in cancer cells and promotes cell survival and propaga-
tion [79]. Hypoxia-Induced Factor-1 (HIF-1), the key sensor of
the hypoxic environment of solid tumours and a driver of
tumour progression [80,81], acts on chromatin, at least in
part, via controlling enhancer activation [82]. Many other can-
cer related signalling pathways such as Wnt, Notch, and Hippo
pathways also orchestrate nuclear events including chromatin
remodelling and recruitment of transcription factors/cofactors
to function through enhancer control [5,66–69]. For example,
Notch regulatory elements are more often located in enhancers
rather than promoters [68,69], where they can mediate breast

cancer gene activation and drug resistance [83]. Interestingly,
a recent study found that Hippo pathway effectors, YAP/TEAD,
facilitated hormone-induced eRNA transcription in breast can-
cer cells [84], suggesting that many of these aforementioned
signalling events may cross-talk to each other at enhancers in
cancer gene regulation. Albeit a direct role of eRNAs in regulat-
ing these signalling events is currently lacking, it is promising to
pursue the function of eRNAs in these enhancer-driven signal-
ling events critical for cancer progression.

4. Mechanisms underlying eRNA functions in gene
regulation and in cancer

4.1. The role of eRNA–protein interaction in
transcriptional regulation

A common theme underlying the functions of eRNAs, and
perhaps of many other regulatory RNAs, is that eRNAs inter-
act with specific protein partners and modulate their activity.
A number of studies have reported eRNA interaction with
transcription factors, cofactors and RNA-binding proteins
(RBPs) (Table1). Rosenfeld and colleagues provided the first
evidence that oestrogen-regulated eRNAs can bind cohesion
complex proteins, including RAD21 Cohesin Complex
Component (RAD21) and Structural Maintenance Of
Chromosomes 3 (SMC3), and proposed that eRNA:Cohesin
interaction stabilizes chromatin looping in breast cancer cells
(Fig. 2A) [19]. Following this work, there has been growing
appreciation that eRNA modulates chromatin looping via its
interaction with other protein factors such as Mediator
Complex Subunit 1 (MED1) in prostate cancer cells [30],
Heterogeneous Nuclear Ribonucleoprotein U (hnRNPU) in
gastric cancer cells [85], CCCTC-Binding Factor (CTCF) in
colon cancer cells [59], and Mediator Complex Subunit 12
(MED12) in T-cell acute lymphoblastic leukaemia cells [86].
Besides cancer, cohesin-eRNA interaction was also found
important for a trans-acting eRNA in muscle to regulate
target gene activation [44]. However, contradicting evidence
also exists, which showed that the reduction of some eRNAs
may not affect chromatin looping [31,75]. The discrepancy

Table 1. A list of reported eRNA binding proteins and underlying mechanisms.

eRNA-Binding Proteins Identification methods Potential regulatory mechanisms References

Cohesin (RAD21, SMC3) IVT RNA pulldown and RIP-qPCR Modulation of chromatin Looping [19]
CTCF IVT RNA pulldown and RIP-qPCR Modulation of chromatin Looping [59]
MED1, AR RIP-qPCR Modulation of chromatin Looping [30]
NELF-E RIP-qPCR, IVT RNA pulldown NELF complex release [31]
YY1 CLIP-Seq, EMSA Transcription factor trapping [32]
PGC1a RIP-Northern blot, RIP-qPCR, EMSA Regulation of PGC1a mediated transcription [117]
Cyclin T1, CDK9 IVT RNA pulldown, RIP-qPCR, GST-

pulldown
P-TEFb activation [76]

CBP PAR-CLIP, In vitro protein pulldown,
EMSA

CBP HAT activity regulation via direct interaction at the catalytic
domain of HAT

[87]

CDK9 and NELF RIP-qPCR Recruitment of CDK9 and removal of NELF complex [88]
hnRNPU IVT RNA pulldown Modulation of chromatin Looping [85]
hnRNPA2B1, cohesin complex,

Integrator
IVT RNA pulldown Chromatin Remodelling [44]

p300, NELF-A, CBP, CDK9 RIP-qPCR P300 recruitment and NELF complex release [89]
BRD4, BRD2, BRD3, BRDT, BRG1,

BRD7
RIP-qPCR, EMSA, In vitro protein
pulldown

Promote the interaction between bromodomain and acetylated
histones

[62]

MED12 RIP-qPCR, IVT RNA pulldown Modulation of chromatin looping [86]

RIP: RNA immunoprecipitation. IVT: in vitro transcrption of RNAs. CLIP: Crosslinking and immunoprecipitation. PAR-CLIP: photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation. EMSA: electrophoretic mobility shift assay.
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between these findings needs to be further investigated, but
can be partially attributed to different eRNA knockdown or
inhibition strategies, or may also reflect locus-specific regula-
tion of looping dynamics.

Another mechanism discovered to underlie eRNA func-
tions is that eRNAs interact with transcriptional coactivator
such as CBP/p300 and Bromodomain Containing 4 (BRD4)
(Fig. 2B). Berger and co-workers found that multiple eRNAs
in mouse embryonic fibroblasts bind an RNA binding region
(RBR) within the catalytic histone acetyl-transferase (HAT)
domain of CBP, which facilitates CBP binding with its sub-
strate histones and stimulates the HAT activity [87].
Rahnamoun et al. showed that the bromodomain (BD) of
BRD4, a key transcription coactivator and oncogene, directly
interacts with eRNAs in human colon cancer cell lines, parti-
cularly under inflammatory stimulus, and eRNA-BRD4 inter-
action promotes BRD4 tethering to acetylated chromatin
regions to induce transcription activation of inflammation
genes [62]. These studies showed that eRNAs can interact
with transcription cofactors directly to regulate histone acet-
ylation and gene activation.

As a third mechanism, Young and colleagues proposed
a role of eRNAs in transcriptional regulation via a process
dubbed ‘transcription factor trapping’ (Fig. 2C) [32]. In this
study by Sigova et al., they revealed that eRNA is important to
trap transcription factor Yin-Yang1 (YY1) in enhancer region

in murine embryonic stem cells [32]. Reduced transcription of
eRNA blocked the YY1 occupancy on the enhancer region
[32]. By contrast, the artificial tethering of a specific eRNA to
enhancers promoted YY1 occupancy, although the quantity of
YY1 binding increase was very mild [32]. This study sug-
gested that eRNA transcripts may directly modulate TF bind-
ing to regulatory DNA elements and this may facilitate
positive feed-forward loop to enhance transcriptional circuits
of gene activation.

Another important mechanism defined for eRNA func-
tions is that they can modulate RNA Pol II pause-release at
the target gene promoters through binding elongation repres-
sor proteins to keep them away from promoters (Fig. 2D)
[31,76,88,89]. This hypothesis has been supported by several
studies. Kim and colleagues showed that an eRNA promotes
the transition of paused RNA Pol II into the elongation stage
in murine neurons, which was achieved by the eRNA’s ‘bind-
ing and decoying’ the negative elongation factor (NELF) com-
plex away from immediate early genes [31]. This study found
that eRNAs bind the NELF-E subunit of NELF complex via
the RNA Recognition Motif (RRM) of the later [31]. In
another study, Zhao et al. showed that PSA eRNA, also
known as KLK3e, facilitates cis and trans gene transcription
via forming a complex with positive transcriptional elongation
factor (P-TEFb) [76]. Importantly, this study showed that
PSAe contains an RNA secondary structure that is

Figure 2. Mechanisms underlying eRNA-RBP interaction and gene transcriptional regulation.
Several common models of eRNA-protein binding and the underlying functional mechanisms, including a) Chromatin looping, b) Regulation of the recruitment of
acetylated histone reader/writer, c) Transcription factor trapping, d) Regulation of RNA Pol II Pause-release
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reminiscent of TAR RNA of HIV virus and of the 7SK small
nuclear RNA (snRNA) [76]. The structure of eRNAs contri-
buting to protein interaction and P-TEFb activation provided
an interesting perspective to understand the molecular basis
of eRNA-protein functional interaction. In accord with these
studies, several other reports have demonstrated an interac-
tion between eRNA and NELF or P-TEFb in monocytes
(SERPINB2e and ADAMEC1e) [88,89]. These evidences
together suggest that specific eRNAs regulate gene transcrip-
tion through interacting with critical proteins during the
process of RNA Pol II pause-release.

4.2. eRNA-DNA interaction, R-loop formation, and DNA
damage response

eRNAs may not only bind proteins, but also DNAs directly to
modulate enhancer function and activity. It is considered that
nascent RNA transcripts occasionally hybridize with template
DNAs, leaving the non-template DNA single-stranded
[90,91]. This special three-stranded nucleic acid structure,
referred to as R-loop, can be associated with DNA damage
response and genomic instability [92–94]. Basu and colleagues
examined the transcriptome of mESCs and B cells after
genetic ablation of two major components of the RNA exo-
some complex, Exosome Component 3 (Exosc3) and
Exosome Component 10 (Exosc10), which up-regulated
a subset of eRNA expression in these cells [41]. This is con-
sistent with other studies finding that eRNAs are substrates of
RNA exosome complex [95,96]. But in addition to that, intri-
guingly, the authors found that increased eRNA expression
resulted in R-loop formation and consequent genomic
instability at enhancers [41]. Interestingly, a recent study
noticed that the global enhancer activation often positively
correlated with tumour aneuploidy [6], suggesting a potential
malicious profit of deregulated eRNA transcription/expres-
sion and genomic instability for human cancer progression.
Further studies will be important to elucidate the functional
interplay between eRNA transcription, R loop formation and
genomic instability at enhancers and other noncoding geno-
mic regions in cancer cells.

5. eRNAs as potential diagnostic and prognostic
markers, and therapeutic targets for human cancers

5.1. eRNA expression in cancer diagnosis and prognosis

Although eRNA expression may be of lower abundance as an
entire category, a subset of them can still be detected by
conventional oligo-dT-based RNA-Seq. Using large cohorts
of RNA-Seq datasets generated from ~10,000 human tumour
samples by the Cancer Genome Atlas Consortium (TCGA),
which predominantly are polyA RNA-Seq, eRNA landscapes
have been systematically characterized by two recent studies
[6,10]. These studies demonstrated the existence of cancer-
enriched eRNAs and their potential clinical importance as, i)
diagnostic markers, ii) prognostic markers, and iii) therapeu-
tic targets or predictive markers for therapeutic response.
These studies first tested whether eRNA expression has
a unique pattern in different cancer types. For this, in Zhao

et al., we identified in total 9,108 eRNAs, out of which, 652
are ubiquitously expressed, which we defined as those
expressed in >10 cancer types (~7% of all eRNAs). By con-
trast, a larger number of eRNAs are cancer type-specific,
which account for ~59% of all identified eRNAs (5,332 out
of 9,108). These cancer type-specific eRNAs can distinguish
cancer types very well in a t-Distributed Stochastic Neighbour
Embedding (t-SNE) analysis [10]. This result demonstrated
that each cancer type has unique eRNA expression patterns;
therefore, eRNAs can be potentially utilized for molecular
diagnosis of cancer types. Second, the two studies examined
the correlation of eRNA expression and patient survival to
reveal the prognostic utility of eRNA expression. Interestingly,
in most cancer types, the proportion of enhancers that
showed prognostic significance was comparable to, or even
higher than, that of protein-coding genes [6]. In addition,
some eRNAs showed significant correlation with not only
patient survival, but also other important cancer-related clin-
ical features including subtypes, stages, and grades [10]. For
example, an enhancer referred to as ‘Enhancer 22’ showed
significant correlation with patient survival in multiple cancer
types including kidney renal cell clear cell carcinoma, low-
grade glioma, uveal melanoma and others [6]. In Zhao et al.,
they found strong correlation of eRNA expression with many
clinical cancer features, which can be exemplified by correla-
tion between eRNA expression and survival (NET1e and
TAOK1e), subtype (EN1e), stage (CELF2e), grade (APH1Ae)
and smoking history (SCRIBe), respectively, [10]. Consistent
with these large-scale analyses, a separate study found that
one eRNA, AP001056.1, can serve as a prognostic marker of
head and neck squamous cell carcinoma (HNSCC) [97]. In
particular, the correlation of this eRNA with HNSCC showed
remarkable specificity in that its expression was highly
detected only in some anatomic subsites that harbour distinc-
tive somatic mutations, HPV status and survival outcomes
[97–99]. Overall, these studies highlighted clinical utility of
eRNA expression for cancer diagnosis and prognosis.

5.2. eRNAs serve as potential targets for cancer therapy

Interestingly, many eRNAs showed remarkable over-
expression in tumour samples as compared to their adjacent
normal tissues [6,10]. This is consistent with multiple studies
reporting enhancer over-activation in cancer [100–103]. This
phenomenon raises a potential to target eRNAs to overcome
enhancer over-activation for cancer therapy.

We propose that eRNAs per se may serve as useful and
highly precise therapeutic targets for future cancer interven-
tion. This is particularly based on the high specificity of eRNA
expression across tissues [4], and across cancer types, as
revealed by our and others’ recent work [6,10]. It is also
based on effective inhibition of target gene and tumour
growth using antisense oligos to target specific eRNAs
[10,30,85,86,104,105]. Importantly, the high specificity of
eRNAs has a superior advantage to be drug target as its
inhibition will in theory not affect other irrelevant tissues.
Indeed, in support of this argument, we and colleagues have
demonstrated that an eRNA transcribed close to
Neuroepithelial cell-transforming gene 1 (NET1) gene, referred
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to as NET1e, is a breast cancer-specific eRNA [10]. Anti-
NET1e LNA treatment strongly inhibited cell growth of
NET1e-high breast cancer cells, such as MCF7, while no
inhibitory effect was found when anti-NET1e was given to
mammary epithelial cells MCF10A or cervical cancer cell line
HeLa, both of which contain little or no NET1e RNA [10].
That eRNAs can serve as therapeutic targets are also sup-
ported by other studies. For example, suppression of onco-
genic eRNAs caused growth inhibitory effects on cells of
prostate cancer, bladder cancer, EBV-transformed lympho-
blastoid, cervical cancer and gastric cancer
[30,85,86,104,105]. Especially, Jiao et al. found a critical onco-
genic role of HPSE eRNA using both in vitro assays and an
in vivo xenograft model [85]. Although further work is needed
to overcome the insufficient knowledge on the mechanisms of
eRNAs in conferring oncogenic growth of the cells, these
evidences clearly demonstrated that targeting eRNA can be
a promising anti-cancer strategy with high precision and
tumour type specificity.

In addition, eRNAs may play roles in mediating cancer
therapeutic responses. Chen et al. found a correlation between
the expression level of Enhancer 9 (chr9:5580709–558,016)
and that of Programmed death-ligand 1 (PD-L1) in multiple
cancer types [6]. Because PD-L1 gene expression has been
used as an important marker for predicting efficacy of cancer
immunotherapy, this study suggests a potential value of using
eRNA expression as a prediction marker of immunotherapy
efficacy [6]. In addition, cells with Enhancer 9 deletion
showed a remarkable reduction of PD-L1 expression in
mRNA and protein levels [6], supporting that this enhancer
directly acts on PD-L1 gene. However, the direct roles of the
eRNAs from this enhancer cannot be deduced from this
experiment, which deleted the entire enhancer region.
Recently, we and colleagues also demonstrated that the
expression level of NET1e, a breast cancer enriched eRNA, is
associated with drug response, for example, with IC50 of
Obatoclax and BEZ235 [10]. Importantly, when we mimicked
the cancer-associated NET1e overexpression by using
CRISPR-a in cis induction, we detected an increased IC50 of
Obatoclax and BEZ235 in breast cancer cells, supporting
a direct role of this eRNA in drug response [10]. These results
together demonstrated that eRNA expression in cancer cells
can be used as a predictive marker for therapeutic response to

clinically used drugs, and manipulating eRNA expression can
be a promising strategy to alter drug response (Fig. 3).

6. Conclusions and future perspectives

Despite rapid progress of eRNA studies in the past decade,
much remains unknown in terms of eRNA functions in can-
cer and the underlying mechanisms. For example, the exact
role of eRNA transcription versus transcripts is still a matter
of debate under certain circumstances. How common an
eRNA carries biology function is also unclear, especially in
consideration of their extremely large number in the human
transcriptome (>65,000 enhancers showed eRNA transcrip-
tion) [4,16]. The two recent endeavours significantly advanced
the studies of eRNAs in cancer by providing a comprehensive
landscape of eRNAs in a large cohort of tumour samples
[6,10], providing a blueprint for functional investigation of
eRNA functions and mechanisms. Indeed, by targeting speci-
fic eRNAs, it is hopeful that we can achieve cancer type- or
patient-specific therapy for cancer intervention [6,10]. Further
work using in vivo models is required to test this concept on
clinically relevant eRNAs. A major challenge for future
research is to understand the molecular mechanisms of
eRNA action in cancer to potentially facilitate a better ther-
apeutic intervention. Indeed, eRNA-centric unbiased proteo-
mic methods need to be applied to clinically relevant eRNAs
to characterize their proteomic partners (e.g. ChIRP, RAP or
iDRiP [106–108]), and functional studies may follow to char-
acterize eRNA–protein interactions in potentially causing
cancer phenotypes (Fig. 3). Besides eRNA-protein interac-
tions, the structural and chemical regulation of eRNAs are
poorly explored. For example, RNA epitranscriptomic mod-
ifications such as A-to-I editing, methylation by N6-adenosine
methylation (m6A), 5-cytosine methylation (m5C), hydroxy-
methyl cytosine (5hmC) or methyl-1 adenosine (m1A) modify
various mRNAs or regulatory RNAs, but their existence and
functions on eRNAs are largely unknown [109–116], except
by one study [117]. We also have little understanding of the
secondary structures of eRNAs that may impact transcription
apparatus, which has been implied by studies of nascent
RNAs [118]. Beyond the cis functions, how eRNAs potentially
participate in higher-order chromatin/nuclear organization
via RNA-protein, RNA-DNA or RNA–RNA interactions

Figure 3. A potential application of eRNA-targeting therapeutics in cancer intervention.
Diagram showing i) antisense oligo-based drug or RNAi therapeutics that can inhibit eRNAs from activating/regulating target genes; ii) small molecule compound
(denoted by the dark-red pentagon object) can be developed to inhibit eRNA–protein interaction. The pink object depicts an eRNA binding protein that is involved in
the oncogenic roles of the eRNA and this enhancer.
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[119,120], or how they may modulate the dynamics or func-
tion of nuclear phase-separated condensates will also be sig-
nificant questions for future studies [121–123]. To
successfully delineate these outstanding questions of the
basic eRNA mechanisms will not only advance our under-
standing of gene regulation, but also pave the way for eRNA-
based novel cancer diagnostic or therapeutic strategies.
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