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Abstract

Super-enhancers (SEs) consist of multiple typical enhancers enriched at high density with transcription factors,
histone-modifying enzymes and cofactors. Oncogenic SEs promote tumorigenesis and malignancy by altering
protein-coding gene expression and noncoding regulatory element function. Therefore, they play central roles

in the treatment of cancer. Here, we review the structural characteristics, organization, identification, and functions
of SEs and the underlying molecular mechanism by which SEs drive oncogenic transcription in tumor cells. We then
summarize abnormal SE complexes, SE-driven coding genes, and noncoding RNAs involved in tumor development.
In summary, we believe that SEs show great potential as biomarkers and therapeutic targets.
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Introduction
Our knowledge of the regulatory genome has recently
changed substantially. Enhancers are key cis-acting ele-
ments that regulate the spatiotemporal expression of
genes [1]. Enhancers are linear distal noncoding regions
that stimulate transcription via long-range cis-chromatin
interactions independent of their genomic orientation. In
addition to typical enhancers (TEs), the genome harbors
many linear TEs that often span a few thousand bases
known as SEs [2]. SEs constitute a class of cis-regulatory
elements with hypertranscriptional activating potential
that were first described by Richard A. Young in 2013 [3].
In contrast to those of TEs, the span of SE regions is
usually between 8 and 20 kb, much longer than the
span of 200 to 500 bp for TEs [4]. The same factors bind
enhancers and SEs, including transcription factors (TFs);
histone-modifying enzymes (HMEs); cofactors, such as
bromodomain and extraterminal domain (BET) family
proteins; mediator complexes, cyclin-dependent kinases
(CDKs); and RNA polymerases. However, SEs usually
recruit more TFs, HMEs, mediator complexes, and RNA
polymerases than the other aforementioned factors to
regulate the expression of target genes, which can result
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in powerful regulatory actions [5]. Furthermore, SEs
regulate the expression of cell recognition genes, which
can be utilized to distinguish cell-type-specific TFs and
tumor-specific oncogenes [6]. As research continues to
be more intensive, SEs may provide new ideas for devel-
oping therapeutic strategies for tumors.

This review provides details and summarizes current
knowledge regarding the characteristics and functions of
SEs in cancer, including how SEs are generated and iden-
tified. Furthermore, this review discusses the deposition
and function of the SE complexes mediating protein-
coding gene expression and noncoding RNA (ncRNA)
regulatory effects in cancer. At the same time, the diverse
mechanisms of SE actions in cancer cells are outlined,
and the potential use of SEs as biomarkers and therapeu-
tic agents or targets in the clinic is discussed. Finally, this
review discusses the major challenges that need to be
resolved and knowledge gaps in the biology that need to
be filled in this research field and suggests SEs frontiers
in clinical practice.

Characteristics of super-enhancers

With cell-specific characteristics and physiologically
essential cis-regulatory elements in multicelled creatures,
enhancers control gene expression by interacting with
adjacent promoters. As specialized enhancers, SEs force-
fully boost the transcription of their target genes because
they are assemblies of high-density critical TFs and
cofactors. An increasing number of studies have revealed
that SEs differ from TEs in several ways (Fig. 1). SEs have
the following characteristics: (1) the degree of SE media-
tion is at least one order of magnitude greater than that
of TEs; (2) the number of TFs bound by SEs and chromo-
somes related to transcriptional activity is much higher
than that bound by TEs(2); (3) genes regulated by SEs
have much higher expression levels than genes regulated
by TEs [7]; (4) the SEs that bind to tissue-specific TFs dif-
fer, allowing cancer cells to retain their identity; (5) SEs
are more likely to disrupt the expression transcription-
regulating genes; and (6) SE activity leads to the creation
of more enhancer RNAs (eRNAs) than are generated by
TEs, these eRNAs show a remarkable ability to stimulate
the transcription of many target genes and thus promote
gene expression [8].

The organization, identification and functionality
of super-enhancers

As sequencing and analysis techniques have been
improved, an increasing number of methods have been
invented to distinguish SEs. The invention of ChIP-chip,
which is based on a DNA microarray chip, was first
used to analyze DNA fragments enriched via chromatin
immunoprecipitation (ChIP) in 2000, and the revelation
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of a transcriptional regulatory code in 2004 laid the foun-
dation for SE identification. In previous studies, chro-
matin immunoprecipitation sequencing (ChIP-seq), a
binding site assay used for studying protein-DNA inter-
actions in vivo, was used to analyze the abundance of
transcriptional activity of molecular markers of enhanc-
ers across the genome and to identify active enhancer
sites. Then, the activity of the identified enhancers were
analyzed, and the SEs were identified. Next, histone
modifications were studied. In 2007, transcription elon-
gation was found to be associated with the modification
histone H3 lysine 79 dimethylation (H3K79me2), which
is associated with transcriptional activation [9]. Nucle-
osomes located on either side of a TF binding site show
unique chromatin-related features, including but not lim-
ited to the histone H3 lysine 27 acetylation (H3K27ac)
mark, which is a histone modification associated with
transcriptional activation, and the histone H3 lysine 4
mono-methylation (H3K4mel) mark, which is a histone
modification that is also associated with transcriptional
activation. Furthermore, in 2010, the mediator and cohe-
sion complexes were shown to connect gene expression
properties to chromosome structure, thereby playing
an important role in the discovery and characterization
of SEs [10]. In 2013, it was shown that SEs, including
those comprising large quantities of critical embryonic
stem cell (ESC) TFs, such as Sox2, Oct4, Esrrb, Klf4, and
Nanog, drove more-robust transcriptional activity than
conventional enhancers and that they are highly suscep-
tible to mediator complex, even at low levels [2]. Subse-
quently, more SEs were discovered in various cell types
due to the concentration of master TFs occupation of
cell-type specific genes that govern the biological activity
of cells. Through sequencing and bioinformatics analysis,
H3K27ac was found to be a better SE marker than other
markers such as H3K4mel, DNase hypersensitivity or
p300 [11]. The peak obtained by H3K27ac ChIP-seq was
analyzed with ROSE software. The adjacent enhancer ele-
ments were characterized by peaks obtained by H3K27ac
ChIP-seq and sorted according to the signal of H3K27ac
in the ChIP-seq data, with high signal strength indicat-
ing a SE [12]. However, the characterization of SEs still
needs to be updated. Chromosome conformation cap-
ture techniques such as chromosome conformation cap-
ture sequencing, chromosome conformation capture,
and chromosome conformation capture carbon copy
sequencing enable people to analyze the three-dimen-
sional structure of the nucleus at super resolution and
perform high-throughput sequencing. As the number of
SE identification methods increases, SE characteristics
and complexity will also be increasingly revealed.

After Yin Chen proposed the concept of a SE, Richard
A. Young created a new method to identify SEs; at this
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Fig. 1 Comparison of typical enhancers and SEs. SEs are enriched with more TFs, HMEs(EP300 and HDAC), and SE-cofactors (BET family proteins,
mediator complexes, and CDKs), than typical enhancers. Thus, SEs have stronger regulatory functions than typical enhancers. Furthermore, SE
regions bind SE complexes in an order. First, histone acetylating transferases such as p300/CBP are recruited by TFs, promoting nonhistone protein
and nucleosome acetylation. Second, BET proteins interact with hyperacetylated histone sites across chromatin, establishing transcriptionally active
regulatory regions because of their increased affinity for proteins with many acetylated residues. The establishment of synergistic high-density

and cooperative transcriptional complexes at SEs is facilitated by BRD4 and mediator complexes, thereby altering the chromatin structure,
dynamics, and function. Finally, a P-TEFb complex and CDK7 work in concert to release RNA Pol Il and activate transcription. (BRDs =Bromine
domain proteins, CDKs = Cyclin-dependent kinases, HDAC =Histone deacetylase, HMEs =Histone modifying enzymes, H3K27ac =Histone H3 lysine

27 acetylation; H3K4me1

time, most studies on transcriptional regulatory elements
of genes were limited to transcription start sites (TSSs)
[3, 13]. These regulatory sequences are generally short
and next to a promoter. A luciferase reporter system
can be used to construct a whole "enhancer + promoter”
sequence directly to enable study on an enhancer func-
tion. However, a SE spans a large portion of the genome
(approximately K to hundreds of K), often stretching
far from the site it regulates, making it unreasonable to
adopt the traditional "enhancer + promoter” model. First,

=Histone H3 lysine 4 mono-methylation; P-TEFb = positive transcription elongation factor-b; TF =Transcription factor.)

a SE span is larger than the span of a plasmid; second,
the model would artificially place the SE close to a pro-
moter (not next to the genome but artificially assembled
on the genome), which does not eliminate the possibil-
ity that a separate SE could regulate the distal promoter.
Therefore, we needed to master how to verify SE function
after obtaining ChIP data. (1) When a SE span is large
and a SE comprises a TF regulatory network, to confirm
that the SE regulates distal genes, the expression level
of targeted genes would be measured with and without
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the SE. Using H3K27ac ChIP-seq data, Li et al. identified
regions located downstream of the Sox2 locus where a SE
potentially functioned [14]. A cas9 targeting each side of
a SE was designed, CRISPR removed the SE; the absence
of the SE was verified by the reduced expression of Sox2
and several pluripotency factors was reduced. (2) When
a SE span is short, core sites or clear, and because abnor-
mal SE function is caused by factors such as mutation, SE
function can be investigated by reconstructing the local
epigenetic marks [15]. By rebuilding the epigenetic land-
scape of a target genomic locus, Li et al. revealed that the
combination of separate repressors (KRAB and LSD1 in
an enhancer-targeting CRISPR epigenetic editing repres-
sion system for efficiently analysis of enhancer function
in situ and in vivo) or activators (VP64 and p300 in an
enhancer-targeting CRISPR epigenetic editing activation
system (enCRISPRa) to analyze enhancer function in situ
and in vivo) led to more effective gene transcription
regulation. For example, in xenografts, the enCRISPRa
allele was precisely localized to a carcinogenic TAL1 SE
and shown to govern TAL1 expression and tumor growth
[16].

SEs are cell-type-specific TE clusters with biological
activities realized by promoting the expression of criti-
cal cell-identifying genes [2]. SEs indicate cell identity,
sustain cancer cells, and be evaluated to discriminate
between cancer subtypes [17]. Diverse SEs facilitate gene
regulation through their interactions with specific sites
with different activation levels at developmental stages or
through synergistic gene expression [18]. Furthermore,
cancer-linked somatic mutations typically arise in SE-
enriched genomes and are regulated by SEs. Numerous
cancer-related studies have described "enhancer hijack-
ing," a process in which SEs as multifaceted regulatory
elements activate oncogenes in various biological con-
texts. For instance, research on adenoid cystic carcinoma
revealed that SE translocation promoted the overexpres-
sion of oncogenic TFs in cancer cells [19]. In addition,
through eRNA synergy or TF redistribution, SEs can
govern cellular characteristics by activating cell type-
specific signaling pathways and stimulating or inhibiting
cell maintenance-related genes in response to stimuli.
SEs, which function as dynamic regulatory components,
are crucial for controlling the identity of tumor cells and
influencing how they react to their environment [20].
In addition to their regulatory functions in many tumor
cell types, recent research has revealed that SEs play a
role in the genome of tumor cells [17]. However, the pro-
cesses underlying SE functions in specific tumor cells
are unclear, and SE involvement in genome control still
needs to be thoroughly clarified [21]. Therefore, research
focused on the regulatory mechanisms of SEs will remain
important in the future.
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Regulatory functions of super-enhancers in tumors
Basic regulatory mechanisms of super-enhancer functions
in gene transcription

In eukaryotes, enhancer—promoter interactions are criti-
cal to gene transcription; the physical contacts between
enhancers and promoters convey the regulatory informa-
tion required for transcription. The regulation of gene
transcription mediated by SEs largely depends on the tar-
geted TFs and cofactors and enhancer—promoter inter-
actions [22]. In a SE, which is a large multiple-enhancer
cluster, each component enhancer can independently
combine with TFs and cofactors and jointly regulate the
transcriptional activity of the same promoter. Therefore,
the primary regulatory mechanisms underlying a SE
function also depend on the function of its component
enhancers and, ultimately, on the interactions between
enhancers and promoter function [23]. Furthermore,
numerous investigations have shown that enhancer—pro-
moter links are formed in association with gene activa-
tion; however, it is unclear whether these interactions are
results or causes of gene activation [24]. The connection
between enhancers and promoters is influenced by topo-
logically associating domains (TADs). TADs were the
first chromatin structural units found in mammalian cells
and are essential to the eukaryotic genome. Evidence
shows that a TAD boundary can function as an insula-
tor to prevent inappropriate enhancer—promoter inter-
actions [25]. In this respect, related studies have proven
that structural proteins are at the boundary of TADs and
are integral to construct chromatin; moreover, structural
proteins are abundant on the edge of enhancers, confirm-
ing that the CCCTC binding factor, a protein regulating
transcription of many viruses, is at the boundary between
TADs and enhancers [26]. A study on an imbalance in
the function of breast cancer SEs showed that the cru-
cial TF RUNX3 occupies a distal SE, which regulates the
expression of the RCAN1.4 gene, and the low expression
of this TF in breast cancer leads to the abnormal action
of this SE, resulting in a decrease in RCAN1.4 expression
[27]. In addition, the core promoter region and the dis-
tal enhancer region of RCAN1.4 were found in the same
TAD when additional causes for the low expression of the
RCAN1.4 gene in cancer tissues was investigated. This
discovery partially reflected the regulatory mechanism
involving TADs and enhancers. In summary, the mecha-
nism underlying TAD effects on SEs is different in differ-
ent situations. However, all the data indicate that SEs may
rely on specific TADs to realize some of their transcrip-
tion activation functions [28].

Previous studies have reported that SEs control onco-
genes and that H3K4me3 peaks are greatly enriched at
tumor suppressor genes, suggesting that some genomic
elements may both promote and inhibit tumorigenesis.
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This finding also helps explain why SEs may localize to
tumor suppressor genes and oncogenes. Several recent
studies have shown that SEs are frequently associated
with tumor suppressor genes. For instance, the marked
overexpression of SE-associated tumor suppressor genes
(ETV6, IRF1, IRF8, and CEBPA) inhibited the prolif-
eration of AML cells [29]. In addition, disrupting the
expression of the tumor suppressor gene RCAN1.4 pro-
moted the development of breast cancer [27]. MIl4 dele-
tion downregulated tumor suppressor genes (Bcl6 and
Dnmt3a) in medulloblastoma by decreasing SE function
[30].

Mechanism by which super-enhancers drive oncogene
transcription

Genetic research has revealed disease-associated muta-
tions in ncRNA sequences in genomes [31]. Somatic
cells can acquire SEs through gene deletion, duplication,
translocation, insertion, inversion, and gaining single-
nucleotide polymorphisms (SNPs). These gene changes
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can disrupt the binding of SEs to TFs, thereby affecting
the number of SEs replicated and the size of the genome,
which can stimulate or inhibit SEs action, disrupting
genes adjacent to target genes. Tumor cells acquire these
unique SEs during carcinogenesis, and they enhance
oncogene expression, activate signaling pathways, and
expedite cancer formation [32]. To date, SE-mediated
abnormal transcription is thought to be caused mainly by
the following factors (Fig. 2): (a) mutagenesis which leads
to a new SE; (b) local amplification that mediates onco-
genic SE activation; (c) chromosome translocation that
mediates SE alteration; (d) 3D structural alterations that
result in the production of oncogenic SEs; (e) viral infec-
tion that mediates SE acquisition; and (f) fusion genes
induce the formation of SEs.

Mutagenesis which leads to a new SE

Mutations in a SE DNA sequence may lead to a change
in the function of a promoter and the SE. In T-cell acute
lymphoblastic leukemia (T-ALL), a 2-18 bp fragment

Mutagenesis which leads to a new
p

y *+_ SE-mediated core regulatory
k& circuitry

Fusion genes induce the formation
of SEs

Fig. 2 Various potential factors for SE formation: Mutagenesis which leads to a new SE; Local amplification that mediates oncogenic SE activation;
Chromosome translocation that mediates SE alteration; 3D structural alterations that result in the production of oncogenic SEs; Viral infection
that mediates SE acquisition; Fusion genes induce the formation of SEs; Phase separation driven by SE; SE-mediated core regulatory circuitry.

(SE=Super-enhancer)
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is inserted into the noncoding intergenic region of the
TAL1 gene to create a de novo binding site for MYB,
thereby initiating SE formation and increasing TAL1
expression [33]. In addition, SNPs have been found to
initiate cancer-promoting SE activity. For instance, the
acquisition of the LMO1 oncogenic locus in neuroblas-
toma relies on the conserved binding site of GATA3
combined with GATA. A SNP near a SE converts a pre-
served GATA-binding site to a TATA motif, substantially
reducing LMO1 expression and SE activity [34]. Further-
more, SNPs promote tumor growth by eliminating SEs
linked with tumor suppressor genes. Some evidence has
linked the BMF gene 15q15.1 risk locus to an increased
chronic lymphocytic leukemia (CLL) risk. The SNP at the
15q15.1 risk location can boost the anti-apoptotic activ-
ity of BCL2 by mediating the mutation of the proapop-
totic gene BMF and the TF RELA recruitment to a SE in
CLL [35].

Local amplification that mediates oncogenic SE activation
The amplification of copy number mutations, includ-
ing those encoding SEs, is a common mechanism of
oncogene activation. Studying 12 different tumors using
tissue-specific epigenetic analysis, Zhang et al. identi-
fied SEs near the oncogenes KLF5, USP12, PARD6B, and
MYC and determined that they were amplified using
somatic copy number analysis [36]. These amplified
oncogenic SEs have been seen in various tumor types.
For example, near the 3’-end of the MYC locus, SEs are
locally amplified at distinct locations in cervical cancer,
acute myeloid leukemia (AML), lung adenocarcinoma
(LUAD), and acute lymphoblastic leukemia, and thus
likely controlling MYC gene expression via germline-
specific chromosomal looping [36-38]. Similarly, a
350~2000 kb genome region carries the MYCN onco-
gene and its similarly amplified SEs in neuroblastoma,
leading to high MYCN expression and driving carcino-
genesis [39]. These studies suggest that the local ampli-
fication of SEs near genes may be critical for oncogene
overexpression.

Chromosome translocation that mediates SE alteration

SE may be activated via chromosomal translocation
through which it is moved from its normal genome
location to an oncogene region. This pattern, dubbed
"SE hijacking," has been identified in multiple cancers,
including colorectal cancer, AML, medulloblastoma,
and neuroblastoma. An established example is the 9 kb
inversion in AML cells that transfers a SE from an EV1-
activating oncogene to the EV1 gene enhancer, thereby
lowering the expression of tumor suppressor factors and
activating the oncogene [40]. Furthermore, the MYB
gene is moved closer to a distal SE via a chromosomal
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rearrangement, resulting in increased MYB expres-
sion in adenoid cystic cancer (ACC) [41]. Chromosomal
translocation in medulloblastoma causes the transfer of
the proto-oncogenes GFI1 and GFI1B to sites enriched
with activating SEs, which play pro-oncogenic func-
tions. Recent studies have shown that most chromosomal
translocations that cause GFI1/GFI1B activation do not
include the gene itself, suggesting that this "enhancer
hijacking" phenomenon is equally common in other solid
tumors [42].

3D structural alterations that result in the production

of oncogenic SEs

Chromatin forms a series of hierarchical three-dimen-
sional (3D) domains in the nucleus during interphase;
these domains include regions that can auto-interact
called TADs. TAD boundary disruption, via genetic
or epigenetic changes, allows new genes and SEs to be
translocated to areas associated with SE hijacking, alter-
ing regulatory linkages and triggering cancerogenesis. In
recent years, researchers have identified a TAD bound-
ary deletion event through a pancancer analysis using the
Cis Expression Structural Alternation Mapping computa-
tional framework [43]. Active chromatin spreads to adja-
cent fusion genes, producing SE elements that increase
IRS4 gene expression in squamous cell carcinoma (SCC)
cells [44]. Moreover, further studies on chromosome 11
have shown that tandem repeats of the IGF2 gene allow
the expansion of the IGF2 gene and the translocation of
SE fragments near the boundaries of the closest TAD,
forming new 3D regions between preexisting structures
that include SE TADs and leading to the abnormal tran-
scriptional regulation of oncogenes [45]. These results
suggest that alterations in the 3D architecture can pro-
duce oncogenic SEs and induce the overexpression of
intracellular oncogenes to trigger tumorigenesis.

Viral infection that mediates SE acquisition

A viral infection can lead to the production of SEs,
which may then be involved in an increase in the tran-
scription of genes related to cell survival and reproduc-
tion. Epstein-Barr virus (EBV), human hepatitis B virus,
human papillomavirus (HPV), and T-cell lymphotropic
virus type 1 (HTLV-1) are all cancer-causing viruses.
EBYV infects human B cells to produce EBNA2, 3A, 3C,
and EBNALP. These oncoproteins bind to SEs, trigger
the transcription of anti-apoptosis and prosurvival genes
such as BCL2, IKZF3, MIR155, and MYC, and promote
the proliferation of lymphoblastic cells [46]. Research
revealed that EBV SEs are transcribed into eRNAs, which
increase the oncogene transcriptional activity of MYC
[47]. Previous studies have shown that the high-risk HPV
cancer protein E6 activates SEs in cervical cancer cells
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and promotes the development of tumors by regulat-
ing histone demethylase KDM5C expression [48]. Fur-
thermore, HBZ is the only HTLV-1-encoded TF that is
expressed in all adult T-cell leukemia/lymphoma (ATLL)
cases. HBZ binds to an ATLL-specific BATF3 SE and
controls the expression of BATF3 and its downstream
targets, including MYC, thereby promoting the prolifera-
tion of lymphoma cells [49].

Fusion genes induce the formation of SEs

Gene fusion refers to a sequence in which some or all
of the sequences of two genes are fused through some
mechanism (such as genome variation) to form a new
gene [50, 51]. A fusion gene can induce the production of
SEs, thereby driving the transcription of oncogenes. Ben-
barche et al. discovered a novel SE called SE KIT, which
was formed by the ETO2-GLIS2 fusion gene, that regu-
lates the expression of adjacent PDGFRA and KIT genes.
Further research indicated that this SE is unique to this
leukemia subtype, that an ETO2-GLIS2 fusion can acti-
vate the SE and that the SE can coregulate two tyrosine
kinase genes in a signaling pathway that controls the pro-
gression of leukemia [52]. Additionally, hybrid SEs pro-
duced by the C1I9MC-TTYHI1 gene fusion increase the
C19MC-LIN28A-MYCN carcinogenic circuitry, promot-
ing the original malignant epigenetic state of multilayer
rosette embryonic tumors [53]. Moreover, overexpression
of the fusion gene TMPRSS2—ERG leads to the formation
of a SE, which promotes the transcriptional activity of
related genes in prostate cancer (PCa) [54]. These find-
ings suggest that powerful fusion oncogenes may cause
cancer by inducing SE formation.

Super-enhancers mediate transcriptional control

through phase separation

Phase separation (PS), also known as phase transition,
is a common well-characterized physical phenomenon
[55]. Brangwynne et al. discovered that P particles (pro-
teins) smash into one another similar to droplets, form-
ing small scattering droplets, and then swiftly fuse to
produce enormous droplets in Caenorhabditis elegans
Ppins [56]. This study was the first to confirm phase tran-
sition-based processes in living organisms. Further stud-
ies revealed that PS was involved in other interactions
cells, such as those among nucleoli and proteins, and in
life-supporting activities, such as DNA repair and neural
signaling [57, 58]. PS suggests a new theoretical model
for the complex gene regulating functions of eukaryotic
DNA regulatory elements, RNA regulatory molecules,
and multiple protein regulatory mechanisms that coordi-
nate with each other [59]. Due to the large amounts of
RNA Pol Il and other mediators, these intricate DNA reg-
ulatory elements are attracted to each other, and PS of in
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SEs has been observed. High concentrations of RNA Pol
1l carboxy-terminal domain (CTD) and mediators form
a condensate through multivalent interactions to form
liquid droplets. Target genes of SEs are associated with
condensates during transcriptional activation, as demon-
strated by Cho et al,, and cells treated with 1,6-hexadiol
or mediator subunit BRD4 inhibitors prevented the for-
mation of Pol II aggregates and mediator complexes [60].
The quantities of Pol II and mediators in SE condensates
were decreased via PS/condensation inhibition, and the
target gene transcription rate was also decreased [61].
Additionally, interactions of high-density transcriptional
regulators at SE sites led to the PS of multimolecular
complexes and to frequent transcriptional bursts [19].

PS promotes aberrant transcription of target genes
through SEs implicated in tumor growth. A recent study
revealed that the transcriptional coactivators MED1 and
BRD4 were separated from SEs via PS and then formed
droplets, ultimately separating transcription-related
components from the nucleus and realizing the regional
compartmentalization of transcription [62]. Another
study found that the DNA-binding domains of the EWS-
FLI1 fusion protein localized to specific SE regions, and
phospholipase D induced PS and activated the expres-
sion of the EWS-FLI1 fusion target gene in Ewing sar-
coma [63]. In contrast, phase-separation abnormalities
may inhibit the development of certain cancers. In mul-
tiple myeloma (MM), BRD4 and mediators occupy large
regions covered by SEs and drive the expression of sig-
nature genes, such as the Myc oncogene [64]. Recent
studies have focused on inducing the PS of regulatory
tumor oncogenic factors driven by SEs. However, the PS
of regulatory tumor suppressors via SEs has been rarely
reported.

Super-enhancer-mediated core regulatory circuitry

in tumors

A core regulatory circuit (CRC), known as the SE-TE
regulatory network, is chiefly composed of a core TF
and a SE regulatory loop. It is widely believed that SEs
can regulate not only core TF gene expression alone but
also core TF genes together with other TF genes [65].
Notably, many studies have revealed remarkable features
of a CRC: (a) each CRC TF is automatically regulated
when bound to its SE; (b) a CRC TF binds with the SE
of another core TF to form an integrated autoregulatory
loop; and (c) the CRC TFs act upon their target genes.
According to these characteristics, two mathematical
methods, "CRC Mapper" and "Cortosaurus," have been
designed to identify CRC TFs and networks. The most
significant differences between the two methods are that
SE are partitioned via sequential motif analysis or via the
automatic adjustment of master TFs [66]. In contrast to
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the complete SE domain identified by "CRC Mapper,"
"Coltron" scans the nucleosome-free region (NFR) [67].
Additionally, "Coltron" needs at least one TF-binding
motif in the NFR of the SE, and "CRC Mapper" requires
three TF-binding motifs [68]. Hence, to use "Coltron”,
additional chromatin accessibility data, such those
obtained by ATAC-seq or DHS, are needed to annotate
the NFRs. These approaches are clearly essential since
they have been used to identify a range of certain CRCs.
A CRC is involved in the development of several types
of tumors, including neuroblastoma, gastrointestinal
stromal tumor, bladder cancer, and lung cancer [69-72].
CRC lineage-specific components provide information
on tumor origin and enable selective dependence on
tumor oncogenicity. Furthermore, disrupting the CRC in
tumor cells via pharmacological or genetic suppression
significantly reduces their tumorigenicity and malignant
features [73]. Hence, the mechanism underlying CRC
effects may lead to oncogenic addiction, suggesting a new
approach to cancer therapy.

A panel of autoregulated master TFs leads a CRC
based on SEs, which determine the cell-type-specific
condition and malignant phenotype of tumor cells. For
example, the SEs of TP63, a lineage-specific master TF,
are co-occupied with other CRC TFs (SOX2, KLF5, and
TP63), and three SE constituents are required to tran-
scribe TP63 as well as induce esophageal squamous cell
carcinoma (ESCC) progression [74]. Knockdown of any
TF destroyed this CRC program, decreasing the acces-
sibility of hundreds of chromatin sites in ESCC cells.
Furthermore, research has revealed that TGIF1, EHE,
and ELF3 create a transcriptional regulatory system that
depends on a SE and interferes with gene transcription in
lung cancer [69]. Similarly, other CRC TF (HOXB clus-
ter genes and FOSL1)-mediated oncogenic transcription
programs are involved in osteosarcoma tumor pheno-
types [75]. More interestingly, in esophageal adenocarci-
noma (EAC), four primary TFs EHF, GATA6, KLF5, and
ELF3 showed enhanced mutual expression by interacting
with every SE. These master TFs have been frequently
linked with SEs and create interrelated CRCs by inter-
acting with SEs. Each TF in the transcriptional circuit
is unique to the EAC cell type and functions to enhance
EAC cell survival and growth [76]. Therefore, the CRC
model may be successfully used to answer scientific ques-
tions about cell identity and cancer biology, demonstrat-
ing the importance of CRCs in human cancer.

SE complexes in tumors

SE complexes constitute a class of complexes that bind to
SEs and regulate their function. A SE complex includes
mainly TFs at high density, HMEs, and SE cofactors, such
as BET family proteins, mediator complexes, and CDKs.
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Some SE complex components are used as markers to
identify SEs. Moreover, SE regions can bind SE com-
plexes and RNA Pol 1], enabling the regulation of targeted
oncogenes in different tumor types [77].

This process underlying SE complex action is sequen-
tial. First, histone acetylating transferases such as p300/
CBP are recruited by TFs, promoting nonhistone protein
and nucleosome acetylation [78]. Second, BET proteins
interact with hyperacetylated histone sites across chro-
matin, establishing transcriptionally active regulatory
regions because of their increased affinity for proteins
with many acetylated residues [78]. The establishment
of synergistic high-density and cooperative transcrip-
tional complexes at SEs is facilitated by BRD4 and media-
tor complexes, thereby altering the chromatin structure,
dynamics, and function. Finally, the positive transcription
elongation factor-b (P-TEFb) complex and CDK7 work
in concert to release RNA Pol II and activate transcrip-
tion. The P-TEFb complex phosphorylates the RNA Pol
II CTD at serine 2, which activates its active transcribing
form [79]. Further research into SE complexes will con-
tribute to the development of antitumor drugs, offering
additional treatments for many cancers that are currently
incurable (Fig. 3).

TFs

TFs, often referred to as trans-acting factors, bind to
enhancers, SEs, or silencers and control the efficiency by
which target genes are transcribed [80]. In 2013, SEs were
first identified in ESCs because o ESC-specific TFs such
as SOX2, NANOG, and OCT4 were found to be enriched
at certain sites [2]. Currently, TFs are widely used to
assist in identifying SEs in various diseases, including
cancers. Moreover, SEs are commonly distinguished by
the enrichment of many TFs that directly or indirectly
bind to them and regulate their function.

Many TFs can directly bind to SEs to promote tumor
progression. As early as 2014, research showed that the
TF MYCN upregulated the active transcriptional pro-
gram of neuroblastoma cell oncogenes by promoting SE
function [39]. Other MYC family members can also use
SEs as proliferation-controlling TFs, amplifying their
transcriptional effects. For example, H3K27ac comple-
mentary nascent transcription and chromatin topology,
a protein-centric analysis of chromatin conformation, led
to the identification of multiple SEs 400-600 kb down-
stream of the MYC promoter that promoted primary
effusion lymphoma cell growth and MYC expression
[81]. Similarly, SE looped to the MYB promoter when the
MYB protein bound to them, forming a positive feedback
loop that maintained the expression of this master regu-
lator expressed in ACC [41]. Ceribelli et al. announced
that the E-box TF TCF4 directly binds to SEs to maintain
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the gene expression of blastic plasmacytoid dendritic
cell neoplasm (BPDCN) [82]. Another group found that
ERG is a TF in a SE that promotes the malignant devel-
opment of PCa mainly by directly regulating lineage-
specific enhancers and SEs [54]. Additionally, acetylated
HOXB13 promotes the castration-resistant prostate can-
cer (CRPC) target genes FOLH1 and ACK1 and is abun-
dant in tumor-specific SEs in PCa [83]. According to a
recent study, the TF USF1, a SE component, drove the
expression of the long noncoding RNA (IncRNA) FASRL
in hepatocellular carcinoma (HCC) [84].

Moreover, interacting TFs combined with SEs promote
tumor progression. Some evidence points to protein/
nucleotide complexes, including TP63/SOX2, occupy-
ing the SEs of EGFR and promoting EGFR transcription
in SCCs. The colocalization of the master TFs TP63 and
SOX2 is a more common mechanism than occupancy by
either TF, and this cobinding enrichment is specific to
SEs. Notably, transcriptionally bound transcripts showed
increased expression in the transcription phase when a
SE is co-occupied by both TFs, indicating a particularly
vital functional interaction between TP63 and SOX2

with SE elements [85]. Interestingly, TFs can recruit addi-
tional SE regulators to contribute to tumor progression.
Recent studies revealed that YY1-p65-p300 enhanced
the expression of QKI in HCC tumorigenesis [86]. Fur-
thermore, in fusion-positive rhabdomyosarcoma, CHD4/
NuRD colocalized with P3F at a SE, allowing tumor cell
maintenance and survival. In the absence of CHD4, the
SE lost its accessibility to DNA, causing tumor cell death.
Given its role as a SE regulator, CHD4 may be a new
potential target for cancer therapy [87].

Targeting oncogenic TFs in cancer, such as PML-
RARA, has been shown to have significant therapeutic
benefits when their application is practical [88]. Onco-
genic TFs are very difficult to destroy with drugs. TF-
directed drugs have been identified and optimized using
novel platforms for discovery chemistry. Other poten-
tial strategies include methods for nimbly transporting
biomolecules across cell membranes and, perhaps, the
development of a whole new classes of medicines. One
approach to achieving therapeutic aims is the use of a
broadly usable chemical method for drug-induced degra-
dation of specific proteins.
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Histone regulators

Epigenetic aberrations are considered critical initiators
of tumors [89]. Histone modifications, known as epige-
netic changes, are essential for tumor development and
growth. There are many forms of histone modifications,
including acetylation, methylation, phosphorylation,
ubiquitination, and ADP ribosylation of histone ends,
and these modifications can affect the transcriptional
activity of genes. H3K4mel and H3K27ac are two of the
most typical histone modifications. Histone methylation
and acetylation is mediated mainly in histone N-terminal
tails and can affect the transcription of genes. Histone
acetylation is mainly associated with gene activation,
while methylation depends on the histone position and
previous modification state and is associated with repres-
sion or activation [90]. Chromatin changes induced
by chromatin compaction by histone writers (histone
methyltransferases and histone acetyltransferases) and
erasers (histone demethylases and histone deacetylases
(HDACs)) regulate critical transcriptional pathways
involved in tumor cell differentiation [91]. HMEs are
recruited by TFs, which promote BET binding and inter-
act with BETs. The enrichment of these histone modifica-
tions in a certain cell at a specific locus or genome-wide
is identified by ChIP-based methods using antibodies
against site-specific modifications to identify the pres-
ence of SEs.

SE-mediated histone lysine methyltransferase and his-
tone lysine demethylase play important roles in tumori-
genesis. For instance, the histone chaperone HJURP was
aberrantly overexpressed in t(4;14)-positive MM due to
its transcriptional activation mediated by a distal SE that
had been induced by the histone lysine methyltrans-
ferase NSD2 [92]. Furthermore, a decrease in H3K4mel
in the FGFR4 SE has been associated with increased
mRNA levels of KDM5B (a histone lysine demethylase)
in alveolar rhabdomyosarcoma cells [93]. KDM6A, an
X chromosome-linked histone lysine demethylase, has
been reported to be frequently mutated in many tumor
types, including breast and bladder cancer. The deletion
of KDM6A activated SE-regulated genes that drive squa-
mous cell differentiation and metastasis [94].

SE-mediated histone acetylation transferases and
HDAC:s also play important roles in tumorigenesis. In the
CBP/p300 complex, the main histone acetylation trans-
ferase in SEs, EP300 is a crucial component [95]. EP300
can directly regulate gene transcription by acetylating
histones at gene SEs, suggesting that EP300 is necessary
for gene transcription driven by SEs [96]. As described
above, the YY1-p65-p300 complex binds to SEs and
accelerates the function of QKI in HCC cells [86].
Another novel example of SE hijacking involves upregu-
lated LINC01977, which promoted the acquisition of the
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malignant LUAD phenotype. Mechanistically, SE-driven
LINCO01977 enhances the building of the SMAD3/CBP/
P300 complex and activates ZEB1 [97]. Furthermore,
HDAC contributes significantly to chromosomal struc-
tural alterations and transcriptional repression through
its deacetylase activity [98]. HDACI, a class I HDAC
family member, is associated with transcriptional con-
trol through its deacetylase activity. DNA-binding TFs
reportedly recruited HDAC1 to form repressor multi-
protein complexes with REST corepressor 1, nucleo-
some-remodeling deacetylase (NuRD), and Sin3 [99]. SE
complexes with HDACs suppress histones in areas with
cis-regulatory elements via H3K27ac deacetylation. For
instance, the downregulation of the RET finger protein/
HDAC1 complex increased the availability of temozo-
lomide in glioblastoma by altering histone changes that
affected cell division, apoptosis, and the cell cycle [100].
Ninety-nine percent of SEs are associated with HDAC2
binding, and HDAC2 shares SE-binding sites with
core regulatory (CR) TFs. HDAC2 binds to the myogenic
E-box and is loaded asymmetrically on enhancers of CR
TFs in rhabdomyosarcoma cells [101]. Another published
study revealed that HDAC7 was downregulated due to
the downregulation of HDAC1/3, which was accompa-
nied by a decline in H3K27ac abundance at a TSS and
SEs, and was critical for maintaining cancer stem cells
(CSCs) in breast cancer [102].

SE cofactors

TF dysregulation in combination with SEs causes signifi-
cant changes in the gene expression program in cancer
cells. TFs can be considered regulatory elements that do
not directly bind to DNA in a sequence-specific man-
ner but send signals to RNA Pol II through transcription
cofactors. BET family proteins, the mediator complex,
and CDKs, which are attracted to SE-promoter areas by
TFs in the context of activated transcription, are exam-
ples of this class of transcriptional signaling proteins.
They can bind directly or indirectly to SEs, thereby affect-
ing tumor progression.

BET family proteins

The BET family of bromodomain proteins (BRDs) con-
sists of four members: BRD2, BRD3, BRDT, and BRD4.
Typically, they regulate gene transcription by binding to
SE regions and are expressed in several cancers.

BRD2 proteins are among the many kinds of bromo-
domain-containing proteins widely expressed and essen-
tial for cell cycle regulation in healthy mammalian cells.
Previous studies found that BRD2, a cofactor of STATS5,
binds strongly to c-Myc SE regions, which has been
recently reported to be essential for leukemia mainte-
nance [103]. Similarly, BRD2 binds to the AMIGO2
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promoter and SE configuration, which is essential for
melanoma cell survival [104]. BRD3 functions as a
molecular sensor of cellular activity and is critical to the
overall concentration of BET family proteins via its role
in the compensatory regulation of BET protein levels.
For example, BRD3 is attracted to a subset of estrogen
receptor alpha binding sites (ERBSs) enriched with func-
tional enhancer characteristics, found in groups of ERBSs
that probably serve as "SEs" and are connected to genes
with high E2-responsiveness. Furthermore, the clusters
of ERBSs enriched in BRD3 that were discovered in this
study may be classified as SEs that collectively activate
essential ER-regulated genes [105]. BRDT, as a particular
type of BET family protein, is expressed only in the testis.
Wang et al. discovered that BRDT interacted with Np63
and colocalized with it to activate a distinct transcrip-
tional program by targeting a SE to promote the migra-
tion of ESCC cells [106]. These findings reveal critical
functions of BRD2, BRD3, and BRDT in tumors and sug-
gest a novel treatment strategy.

BRD4 is a crucial epigenetic modification and tran-
scription regulator consisting of two tandem bromine
domains (BD1, BD2) [107]. BRD4 reads the histone code
and accumulates on transcription- and hyperacetylation-
prone chromatin sites (SEs and promoters). After attach-
ing to acetylated chromatin sites, BRD4 activates the
mediator complex, promotes RNA Pol II activity, and ini-
tiates transcription, and elongation factors are assembled
at these sties, which are their nucleation centers [108].
For example, BRD4, MEDs, and P-TEFb heavily accu-
mulate on SEs in MM cells [78]. BRD4 and the mediator
complex work together to establish the transcriptional
complex machine that alters the transcription of SE-
related target genes. In addition, BRD4 forms SEs at can-
cer stemness genes by carefully colocalizing with MED1
and p65 in SCC cells. Although neither p65 nor MED1 is
required for BRD4 binding in SEs, BRD4 recruits p65 and
MEDL1 to facilitate SE development [109].

BRD4 has also been shown to interact with many chro-
matin-remodeling proteins. In breast cancer, BRD4 and
the lysine-specific demethylase 1/nucleosome-remod-
eling and deacetylase complex interact with each other
and are colocalized at SEs. SEs driven by the BRD4/
LSD1/NuRD complex significantly affect many well-
characterized cellular signaling pathways essential for
the growth, survival, and homeostasis of cancer cells. The
BRD4/LSD1/NuRD complex is closely associated with
SEs and can inhibit the activation of a set of genes, such
as drug resistance genes [110]. Another research group
found that methylated BAF155 shares genome binding
sites with BRD4 and H3K27ac, and methylated BAF155
increased tumor metastasis by attracting BRD4 and acti-
vating SE-dependent oncogenes in breast cancer [111].
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Due to its role in the formation of SEs and control of
oncogene expression, BRD4 is a well-established factor in
cancer cells. However, the importance of BRD4 in cancer
goes beyond regulating transcription as this protein is a
custodian of genomic integrity. In fact, it has been shown
that BRD4 plays a nontranscriptional role in regulating
DNA damage checkpoint activation and repair as well as
telomere preservation, shedding new light on'the many
roles of BRD4 and providing fresh ideas for the applica-
tion of BET inhibitors in cancer.

The Mediator complex

The Mediator complex is a multisubunit complex com-
prising 25-30 subunits that directly pair with the vari-
ous subunits to control the activity of several TFs [112].
It controls gene transcription by functioning a functional
link between the RNA Pol II-associated basal transcrip-
tion machinery and TFs unique to certain genes. MEDI,
also referred to as PBP, DRIP205, and TRAP220, is an
essential part of the mediator complex because it targets
and anchors the complex to various nuclear receptors
and cell type-specific TFs [113]. The SE complex known
as the component MED1 has been found to play an
essential role in MM, melanoma, breast cancer, PCa, and
glioma [114-118]. In addition, either MED12 or MED13/
MED13L can bind to SEs, and both MED12 and MED13/
MED13L are required for SE-related gene expression
in stem cells [112]. A disproportionate decrease in SE
gene expression results from deleting either MED12 or
MED13/MED13L. For example, in colon cancer cells, the
abrogation of MED12 or MED13/MEDI13L reduced the
expression of SE genes such as MYC, resulting in reduced
cell proliferation [119].

MEDI1 is a component of the mediator complex, and
MED1 can directly bind SEs in noncancerous and can-
cerous tissues. For example, MED1 can directly bind to
SEs of several oncogenes to inhibit the proliferation and
colony formation of HCC cells. Additionally, the upreg-
ulation of MEDL1 is related to a poor prognosis in HCC
patients [120]. Interestingly, in a study MED1 was located
in the SEs of an active gene in the MM genome of control
cells. In MM cells treated with the SE inhibitor JQI, the
MED1 levels were decreased, mainly at enhancers, with
maximum loss at SEs [114]. MED1 also interacts with
TFs to bind to SEs. Zhou et al. reported that SEs co-occu-
pied by INO80 and MED1 were more abundant in genes
specifically expressed in melanoma than SEs occupied by
MED]1 alone, which may provide new insights into mela-
noma tumorigenesis [115]. Recently, we reported that
MED1 and Myc interact to regulate SEs of TMEM44-AS1
and promote their glioma cell-specific transcriptional
activation [116]. Sena et al. reported that the interaction
of the Androgen Receptor (AR) and mediator complexes
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in SEs might contribute to advanced PCa [121]. A fur-
ther study observed co-occupancy of AR and MED1 on
chromatin, especially when SEs were enriched in CRPC
cells [117]. Interestingly, in breast cancers in which the
MED1-bound estrogen receptor shares a SE, MED1
acts as a promoter for SE interactions with neighboring
enhancers [118].

CDKs
CDKs are threonine/serine kinases that are essential for
transcription and cell cycle control [122]. Cyclin overex-
pression or hyperactivation, inhibition of CDKI activity,
and continuous activation of upstream division signal-
ing all change the activity of CDKs in tumor cells [123].
Moreover, CDKs, among SE complexes, can influence
tumor progression. The CTD of Pol II is phosphorylated
by transcriptional CDKs, particularly CDK7, a subunit of
TFIIH, and CDK9, a subunit of pTEFb, promoting effec-
tive transcriptional start, pause, release, and elongation.
When in an active state, the P-TEFb complex interacts
with cofactors and TFs, phosphorylates factors that cause
transcription pause, and phosphorylates the Ser2 residue
in the CTD of RNA-Pol II to activate transcription [124].
Because the activity of CDKs is necessary for cell divi-
sion, CDKs are better therapy targets for tumors and
other disorders. A previous study showed that the SE
regulator CDK?7 inhibitor THZ1 caused significant tumor
regression in MYCN-amplified neuroblastoma cells and
affected RUNXI1 transcription in Jurkat T-ALL cells
[125]. Similarly, nasopharyngeal carcinoma and Ewing
sarcoma cells were highly sensitive to THZ1 [126, 127].
Additionally, CDK9 has been found in promoter-distal
intergenic regions, including SEs. eRNA transcription
is necessary for the expression of SE-related genes and
is also thought to be regulated by CDK9 [5]. Treatment
with the CDK9 inhibitor flavopiridol reduced eRNA
transcription elongation and supported the functional
role of CDK9 with respect to SEs [128]. Moreover, chor-
doma cell proliferation was effectively suppressed by
CDK inhibitors that target CDK7/12/13 and CDK9 [129].
Together, these studies suggest that CDKs may be poten-
tial therapeutic targets for cancer. In the future, devel-
oping clinically useful inhibitors of CDKs will require a
further mechanistic understanding of the exact functions
that CDKs play in conjunction with SE complexes and
transcriptional addiction in cancer pathogenesis.

The role of super-enhancer-driven oncogenes

in tumors

As seen in many malignancies, the expression levels of
SE-related genes are often significantly different than
those controlled by TEs, suggesting that SE-related
genes may be potential markers and therapeutic targets.
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During tumor development, via SE acquisition, tumor
cells may show markedly different expression of mul-
tiple oncogenes. Therefore, SE-related genes can affect
tumors by sustaining cell proliferation-related signaling
and enabling replicative immortality, evading immune
surveillance, activating invasion and metastasis, avoiding
immune defenses and promoting inflammation, repro-
gramming cellular metabolism, inducing nonmutational
epigenetic reprogramming, unlocking phenotypic plas-
ticity, resisting cell death and inducing angiogenesis/
accessing the vasculature [130] (Fig. 4).

Super-enhancer-driven oncogenes in cell proliferation

and replication

Normal tissues achieve homeostasis via cells through
the regulation of proliferation and replication signal-
ing. However, cancer cells can escape this regulation and
proliferate indefinitely, many through the coordinated
action of SE-associated oncogenes. Hosoi et al. reported
that the SEs of MYC and RUNX3 may functionally
interact through their eRNAs to promote non-Hodgkin
lymphoma cell proliferation [131]. Lin et al. found that
EWS-FLI1 and MEIS1 were recruited to APCDD1 SE
elements, increasing the transcription and proliferation
of APCDD1, which exerted a significant pro-survival
effect [127]. Although increasing evidence supports the
proposition that these SE-related oncogenes play crucial
roles in cancer cells, whether they can be used in clini-
cal cancer treatment is unknown, and further research is
warranted. SE-related oncogenes can regulate the pro-
liferation and replication of cancer cells by influencing
signaling pathways. For example, in ESCC, several SE-
related oncogenes influence tumor proliferation, such as
RUNX1, DNAJBI, and PAK4. Overexpression of PAK4
can activate tumor signaling pathways, such as the PI3K/
AKT and RAF/MEK/ERK pathways, while low expres-
sion of PAK4 can inhibit the growth of ESCC cells. At
the same time, DNAJBL is highly expressed, and together
with RUNX1, affects proliferation [132]. Additionally, SE-
driven EGFR activates EGFR expression, promotes the
PI3K/AKT and MEK/ERK1/2 signaling pathways, and
increases SCC cell proliferation in vivo and in vitro [85].

Super-enhancer-driven oncogenes regulate cell death
resistance and induce angiogenesis

In addition, to protect tumor growth, programs that
enable cells to circumvent death play equally vital roles
in tumor tissue, as they prevent apoptosis, autophagy,
or necrosis. Many of these processes rely on tumor
oncogene activity. It has been verified that Mcl-1, an
antiapoptotic member of the Bcl-2 family, whose SEs
were identified in glioblastoma and mesothelioma, acts
as a key molecule in apoptosis control, promoting cell
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survival [133]. A recent study reported that MLL4 knock-
down inhibited RNA-induced silencing complex and
DNA methyltransferase expression in B16F10 and MC38
cells by reducing the enhancer/SE, causing transcrip-
tional reactivation of the dsRNA-interferon response and
pyroptosis induced by gasdermin D, respectively [134].
Moreover, tumor angiogenesis is characterized by the
growth of a blood vessel network that provides a tumor
a favorable microenvironment with nutrients and oxygen
that enable optimal growth [135]. Studies have shown
that c-Myc, a SE-related gene, promotes glioblastoma
angiogenesis [102, 136]. This study direction, however,
is worthy of additional attention due to the necessity for
thorough knowledge of the mechanism underlying SE-
related oncogenes in tumor angiogenesis.

Super-enhancer-driven oncogenes mediate cell invasion
and metastasis

Cancer cells show the propensity to invade and metas-
tasize, which allows them to exit the initial tumor mass
and colonize in new tissues throughout the body. Recent
research has demonstrated that SE-related oncogenes
are crucial in this process. For example, the SE-driven
oncogenes SOX4 and EGFR participate in cell migration
and invasion in bladder cancer. The SE-related oncogene
SOX4 can either indirectly or directly suppress WNT5a
levels, and WNT5a most likely protects bladder cancer
cells from invasion [137, 138]. Similarly, the SE-driven
oncogene EGFR contributes to cancer cell migration
and invasion, promotes bladder cancer development
and progression, and shows prognostic value [139, 140].
In addition, SE-driven oncogene PIM1 knockdown has
been shown to substantially inhibit osteosarcoma cell
migration and invasion [141, 142]. Recent studies have
shown that Epha2-SE deletion leads to decreased EphA2
expression, which inhibits Wnt/p-catenin and PI3K/
AKT pathway activation, thereby inhibiting the invasion
and migration of cancer cells, including MCE-7 cells,
HCT-116 cells, and HeLa cells [143]. Notably, some SE-
associated tumor suppressor genes play essential roles in
metastasis. For instance, overexpression of the SE-driven
tumor suppressor gene RCAN1.4 in HCC cells reduces
xenograft tumor metastasis by decreasing calcineu-
rin activity and NFAT1 nuclear translocation [27, 144].
Therefore, it is crucial to continue researching the use of
RCAN1.4 in HCC.

The development of altered epithelial cell invasion,
apoptosis resistance, and dissemination is related to
epithelial-mesenchymal transition (EMT) [145, 146].
The EMT is now widely believed to be associated with
tumor development and spread as it can increase tumor
migration, aggressiveness, and other cancer character-
istics [147]. EMT is also regulated by some SE-related
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oncogenes in tumors, including cholesteatoma, HCC,
and pancreatic cancer. For instance, the SE-associated
oncogene FOXC2 drives the EMT by upregulating snail
expression and downregulating E-cadherin expression
in cholesteatoma [148]. Zhang et al. reported that SE-
driven AJUBA overexpression attracted tumor necrosis
factor receptor-associated factor 6 and promoted the
EMT in HCC cells by activating the Akt/GSK-3/Snail
pathway [149]. Furthermore, SE-driven TGFBR2 has
been shown to involve the TGF-f pathway in pancre-
atic cancer cells, thereby inducing the EMT as tumor
promoters. SGRNA-mediated deletion of this SE sig-
nificantly reduced TGFBR2 expression and affected the
TGF-induced EMT in smad4 (+) pancreatic cell lines
[150].

Super-enhancer-driven oncogenes and establishing
phenotypic plasticity

The capacity of a single genotype to display several
phenotypes in various settings, or phenotypic plastic-
ity, declines with cell development and differentiation
and, in most situations, hinders cells proliferation.
Thus, there are several pathways that establish pheno-
typic plasticity in cancer cells, including dedifferentia-
tion, blocking differentiation, and transdifferentiation.
Recent studies suggest that these processes may be
regulated by SE-related oncogenes. For instance, EGFR,
previously associated with SEs, is a crucial factor in
bladder cancer cell dedifferentiation expressed in the
basal layer and associated with a less differentiated
state of normal urothelial cells [140, 151].

CSCs, which are maintained in an undifferentiated
state, also play various roles in this process, maintain-
ing the advancement of disease and interacting with
their environment to leverage important survival vari-
ables [152, 153]. Gimple et al. reported that ELOVL2
was identified as a glioma stem cell-specific SE-associ-
ated gene that stimulated the production of LC-PUFAs,
which is required to preserve stem-cell membrane
architecture and promote EGFR signal transduction
[154]. In addition, HDAC?7 inactivation inhibited the
acquisition of a CSC phenotype in the breast by down-
regulating the enrichment of H3K37ac in several SE-
associated oncogenes, including CDKN1B, c-MYC,
SLUG, XBP1, HDAC7, BCL-XL, VDR, SMAD3, CD44,
and VEGFA [102]. Another study showed that the
expression of the SE-associated oncogene FOSL1 was
higher in head and neck squamous cell carcinoma
(HNSCC) CSCs than in non-CSCs, which may be
related to the preservation of CSC-like characteristics,
such as self-renewal, tumorigenesis, and metastasis
[155].
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Super-enhancer-driven oncogenes and tumor immune
destruction

According to immunosurveillance theory, a constantly
alert immune system constantly monitors cells and tis-
sues, identifying and destroys many early cancer cells
[156]. However, tumor tissue typically lacks immunologi-
cal checkpoints and continues to grow. The SE generated
by the fusion gene ETV6-RUNXI is regarded as a critical
marker for CD19+/CD20+cells at a late stage of B-cell
differentiation and is related to B-cell maturation in acute
leukemia [157]. Furthermore, the expression of immu-
nological checkpoints, including inhibitory and stimu-
latory checkpoints, is also influenced by SE-associated
oncogenes. For instance, MYC, which has been previ-
ously associated with SE, increases the expression of the
innate immunological checkpoints cluster of differentia-
tion 47 and programmed death-ligand 1 (PD-L1) in acute
leukemia and HCC cells by directly interacting with the
promoters of these two genes [102, 158]. In addition, a
study on PD-L1/PD-L2 confirmed the presence of a SE in
breast cancer that enhances the expression of PD-L1 and
PD-L2, thereby promoting tumor immune escape [159].

Super-enhancer-driven oncogenes involved

in reprogramming cellular metabolism

Reprogramming of metabolism in tumor cells involves
the reprogramming of glucose metabolism in the pres-
ence of oxygen to regulate energy production; this pro-
cess is also known as aerobic glycolysis. It enables tumor
cells to remain viable and undergo unlimited prolif-
eration under extreme microenvironmental conditions
and promotes tumor cell progression and metastasis.
Research has shown that a SE composed of BPTF was
shown to activate the oncogenes ENO2 and SRC as an
effective switch for manipulating glycolysis in renal cell
carcinoma, leading to glycolytic reprogramming [160].
In addition to glucose metabolism, SE-driven oncogenes
regulate other metabolic pathways in tumor cells. Tatei-
shi et al. reported that the SE-associated gene c-MYC
regulated nucleotide biosynthesis and single-carbon
metabolism in glioblastomas [102, 161]. Similarly, Wang
et al. found that both cholesterol synthesis and fatty acids
were regulated by ¢-MYC in glioblastoma stem-like cells
[162]. Alam et al. reported that KMT2D upregulated the
SEs of PER2 and promotes PER2 expression, thereby
inhibiting glycolysis by decreasing the expression of gly-
colysis genes, including Pgkl, Cdk, Pgam1, Gapdh, Enol
and Ldha, in LUAD [163]. These studies suggest that SE-
associated gene-mediated metabolic pathways are repro-
grammed to meet bioenergy, biosynthesis, and redox
requirements, which has important implications for
tumor cell survival.
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Super-enhancer-driven oncogenes and nonmutational
epigenetic reprogramming

Nonmutational epigenetic reprogramming mainly
involves epigenetically mediated changes in gene expres-
sion [130]. Several recent studies have suggested that the
abnormal physical characteristics of the tumor micro-
environment are closely related to the heterogeneity of
epigenetic regulation. Changes in the SE components
of some oncogenes affect the epigenetic inheritance of
cancer cells. Histone acetyltransferase C/EBP occupies a
SIRT7 SE, recruits BRD4 through H3K27 acetylation to
upregulate SIRT7, and then epigenetically silences sev-
eral metabolic regulators, including SOCS3 and ZBTB16,
in HCC cells. Furthermore, H3K18 is deacetylated across
the genome by SIRT7 SE activation, which functions in
concert with the H3K27 methyltransferase EZH2 to epi-
genetically silence genes [164]. An increasing body of
evidence suggests that similar epigenetic changes might
contribute to the development of tumor growth and pro-
gression. Additional epigenetic modifications, includ-
ing DNA and RNA methylation, are involved in super
enhancer-driven mediation-based malignant phenotypes
of tumors.

The roles of SE-associated ncRNAs in tumors

With the development of high-throughput techniques,
we have found that protein-coding genes account for
less than 2% of the human genome, and most nucleotide
sequences produce ncRNA with no protein-coding activ-
ity [165]. With a threshold of 200 nucleotides, ncRNAs
are often classified into short ncRNAs and IncRNAs.
By comparing their morphologies, circular RNAs (cir-
cRNAs) and linear IncRNAs can be distinguished from
each other. LncRNASs, circRNAs, and microRNAs (miR-
NAs) are other categories of ncRNAs [166]. It has been
reported that SEs indirectly control biological processes
by activating the expression of ncRNAs in addition to
genes encoded by exons. SE-derived ncRNA is involved
in biological processes in various cancers, including
unchecked proliferation, apoptosis, invasion and metas-
tasis, chemical resistance, and tumor inflammation [167].
Therefore, understanding the potential mechanism of
SE-related ncRNAs in tumorigenesis may inspire a new
approach for early diagnosis and targeted therapy of
tumors.

SE-associated IncRNAs

Over the past 10 years, it has become increasingly obvi-
ous that the genomes of many species undergo extensive
transcription, producing large quantities of IncRNAs
[168]. LncRNAs are transcripts of more than 200 nucle-
otides found in the cytoplasm and nucleus but are not
translated into proteins. Many studies on IncRNAs
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have shown that they can be classified into many types
based on their genomic location and context; these types
include intergenic IncRNAs, intronic IncRNAs, bidirec-
tional IncRNAs, and sense and antisense IncRNAs [169].
LncRNAs can affect gene expression through histone
modification, transcriptional regulation, and post-tran-
scriptional regulation, participating in almost all cell bio-
logical processes. LncRNAs functions primarily by acting
as corepressors or coregulators, recruiting and interact-
ing with proteins, acting as decoys, interacting with miR-
NAs, and acting as host genes for miRNAs. LncRNAs
are also involved in tumor cell differentiation, prolifera-
tion, apoptosis, invasion, and metastasis, influencing the
development of several cancers. Recent research has
revealed that SEs influence the biological process of
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tumors by promoting IncRNA transcription in addition
to directly driving the transcription of coding genes [167]
(Fig. 5).

LncRNAs produced by SE generally come in two
forms: eRNA and SE-derived IncRNAs. eRNA is gen-
erated by the self-transcription of SEs with a sequence
length of 0.5-5 kb and can alternatively be classi-
fied as a IncRNA [170]. eRNAs influence gene expres-
sion through a variety of regulatory modes. For
example, eRNAs generated from the TP53 SE region
enhanced effective TP53 transcription and induced
P53-dependent cell cycle arrest, indicating that the
eRNA transcribed by TP53 SE plays an important role
in inhibiting the proliferation of cancer cells [171]. The
other type is an IncRNA, which is typically referred
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to as a SE-derived IncRNA. The promoter region of
these IncRNAs is transcribed, and SEs control this
process. SE-derived IncRNAs play an essential role in
the inflammatory response, drug resistance, metasta-
sis, and malignant proliferation of cancer. Mechanisti-
cally, the association of SE-IncRNAs with other cellular
macromolecules, including RNAs, proteins, and DNAs,
allows them to control various important cancer cell
characteristics [167].

Notably, the biological activities of IncRNAs are in
part determined by the cellular location of the mole-
cule. Nuclear SE-IncRNAs are more functional in terms
of transcriptional control and chromatin interactions.
For example, SE-LINC00162 is chiefly located in the
nucleus and is highly expressed in bladder cancer tis-
sues and cells. SE-LINC00162 inhibits the transcription
of PTTGIIP activated by THRAP3, thereby reducing
the expression of PTTG1IP and promoting the prolifera-
tion of bladder cancer cells [172]. Moreover, it has been
demonstrated that a IncRNA, CCAT1-L, located in a SE
and close to MYC, is transcribed from 515 kb upstream
of MYC in human colorectal tumors [173]. This IncRNA
promotes long-range chromatin looping and participates
in the control of MYC transcription. The structure of
this chromatin ring changes during cancer development,
altering the genetic instructions. Here, a IncRNA may
function by interacting with other molecules to create a
scaffold for a protein complex that connects an enhancer-
like region and a coding gene promoter. Das et al.
reported that Ang II stimulated VSMC proliferation and
angiogenesis by inducing the transcription of SE-derived
Inc-Ang383. However, whether Ang II/SE-derived IncR-
NAs contribute to tumor proliferation and angiogenesis
remains to be further investigated [174] (Fig. 5A).

In contrast to nuclear SE-IncRNAs, cytoplasmic SE-
IncRNAs can interact with TFs to form a positive feed-
back loop that promotes carcinogenesis. Peng et al.
reported that HCCL5 was overexpressed in human HCC
tissues and regulated by ZEB1 transcription through a
SE, but when the HCCLS5 level was increased, the EMT
phenotype was acquired because it induced ZEB1 expres-
sion, which created a positive feedback mechanism [175].
Similarly, we previously reported that SE-associated
TMEM44-AS1 is immediately linked to SerpinB3, acti-
vating EGR1/IL-6 signaling and Myc; Myc immediately
attaches to the TMEM44-AS1 SE being transcriptionally
activated, aggravating the growth of gliomas through a
positive feedback loop established with TMEM44-AS1
[116]. Additionally, IncRNA DSCAM-ASI interacts with
YBX1, controls the expression of FOXA1 and estrogen
receptor a, and advances breast cancer. FOXA1-driven
SEs also transcribe and activate IncRNA DSCAM-ASI to
create a positive feedback loop [176] (Fig. 5B).
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In contrast, cytoplasmic SE-IncRNAs affect post-trans-
lational modification via competing endogenous RNAs
(ceRNAs) or by functioning as molecular sponges, which
alter miRNAs that govern the expression of target genes.
For instance, the SE-associated ce-IncRNA LINC00094
can be activated by the TFs KLF5 and TCF3 that bind
to SE regions and significantly regulate the expression
of cancer-related hallmark genes in ESCC cells [177]. In
non-small cell lung cancer samples, the expression of
SE-IncRNA LINCO01503 and LIM and SH3 domain pro-
tein 1 (LASP1) was increased, while the expression of
miR-342-3p was downregulated, suggesting that SE-
IncRNA LINCO01503 may competitively bind LASP1
with miR-342-3p [178]. More interestingly, MIR205HG
depleted endogenous miR-590-3p, leading to increased
YAP, cdkl, and cyclin B protein expression in HNSCC
cells [179]. However, a comprehensive understanding of
how SE-IncRNAs regulate gene expression is still lacking
(Fig. 5C).

Furthermore, cytoplasmic SE-IncRNAs are involved in
signal transduction pathways in cancer. The TP63-regu-
lated SE-IncRNA LINCO01503 activates the ERK/MAPK
and PI3K/Akt signaling pathways and increases ESCC cell
proliferation and invasion [178]. According to a recent
study, the coactivation of SE-driven CCAT1 by TP63 and
SOX2 regulated EGFR expression by binding to the SEs
of EGFR, which activated the MEK/ERK1/2 and PI3K/
AKT signaling pathways in SCC cells [85]. Moreover, SE-
driven IncRNA-DAW is frequently increased in HCC and
promotes HCC cell growth by mediating EZH2 degrada-
tion and activating the Wnt/beta-catenin pathway [180].
Xu et al. analyzed the regulatory network of LINC00152
in pancarcinoma and found that the TFs MAX, ZEB],
and FOS likely bound in the SE region upstream of
LINCO00152 and that reducing LINCO00152 reduced the
invasion and metastasis of breast cancer. LINC00152 reg-
ulates AKT signaling pathway activation, which is vital in
tumor chemical resistance [181]. Another study revealed
that IncRNA UCAL1 expression was positively correlated
with SEs and has been identified as a regulator of the
Hippo-YAP signaling pathway, highlighting the role of
the UCA1-AMOT-YAP signaling axis in ovarian cancer
progression [182]. These studies suggest that SE-associ-
ated IncRNAs mediated by TFs can activate carcinogenic
signaling pathways, affecting tumor proliferation, inva-
sion, and chemical resistance. However, the evidence for
using SE-IncRNAs as therapeutic cancer targets is insuf-
ficient, and further clinical validation is needed (Fig. 5D).

SE-associated miRNAs

miRNA, a noncoding small RNA with a length of 18 ~ 23
nucleotides, affects post-transcriptional gene regula-
tion [183]. With advancements in of miRNA research
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and the development of deep sequencing technology,
increasing evidence shows that miRNA is an important
bifunctional molecule. miRNA is located in the cyto-
plasm can mediate post-transcriptional gene silencing
via sequence-specific inhibition of target mRNA transla-
tion. For instance, the earliest miRNA discovered, let-7
reduces the invasiveness and chemotherapy resistance
of cancer by downregulating MYC, HMGA2, BLIMP1,
or RAS family members, thereby inhibiting the devel-
opment of tumors [184]. In contrast, when it is located
in the nucleus, let-7 changes the chromatin state of the
enhancer by combining the enhancer, thereby activating
the transcription and expression of genes. In addition,
hsa-miR-24—1, hsa-miR-3179, and hsa-miR-26a-1 are
located in the nucleus and activate adjacent or remote
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genes by targeting enhancers [185]. These miRNAs show-
ing gene activating functions in the nucleus are defined
as nuclear-activating miRNAs [186]. Moreover, super-
enhancer-associated miRNAs (SE-miRNAs) constitute a
group of unique miRNAs transcribed from the genome
region with the SE. Recent research has revealed that SE-
miRNAs are closely related to several human diseases,
including cancer. Based on the components of the SE
complexes bound to the SE, SE-miRNAs can be classified
into different categories (Fig. 6).

A TF is a critical component of SE complexes and
mediates SE-related miRNAs in many tumors. SEs have
been reported to drive cell type-specific miRNA biogen-
esis, and sets of miRNA genes have been identified for
86 different types of human tissue and cell samples. Four
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SE-associated miRNAs were identified in small-cell lung
cancer cells, including miR-429, miR-375, miR-200b-3p,
and miR-7. In addition, the TF ASCL1 positively con-
trols these SE-associated miRNAs, and the regulation of
target genes by SE-associated miRNAs may help distin-
guish small-cell lung cancer molecular subtypes [187].
Additionally, a large, chromatin-accessible region flanked
by TTYH1-miR-512-1 fusion breakpoints contains a
miR-512-1-associated enhancer element located 20.3 kb
downstream of the genomic breakpoint, indicating that
miR-512-1 is a SE-associated miRNA. SE-miR-512-1
can be governed by TTYHI and activates the miR-512—
1-LIN28A-MYCN circuit to control the development of
embryonal tumors with multilayered rosettes [53]. Inter-
estingly, Anandagoda et al. discovered that the TF FoxP3
bound to the SE region of pri-miR-142 and enhance tran-
scription, suppressing the expression of its downstream
target gene PDE3b in regulatory T cells and controlling
the tumor inflammatory microenvironment [188].

SE-derived miRNAs mediated by HMEs have been
implicated in the development of tumors. SEs and miR-
NAs are closely correlated for tissue-specific detection,
since Oct4, Sox2, Nanog, and mediator-defined SEs and
H3K27ac-defined SEs in mESCs mostly overlap; the
H3K27ac histone mark is widely employed as a marker to
identify SEs [189, 190]. H3K27ac ChIP-seq data were uti-
lized to identify SEs in different tissues and cell lines, and
thus, cell-type-specific SE-miRNAs, such as miR-372,
were identified [190].

Additionally, the histone lysine demethylase JMJD2A
promotes the growth of liver cancer cells via the miR-
372-JMJD2AA-P21WAF1/Cipl-Pim1-pRB-CDK2-
CyclinE-C-myc axis [191]. When linked to the 3’-UTR of
the target gene HDAC4, miR-1 functions as a SE-miRNA
to prevent the proliferation of lung cancer cells [190, 192].
Specific SE-derived miRNAs exhibit various levels of
expression in different cancers and affect diverse tumor
characteristics, which may be related to tissue specific-
ity. However, we still do not have a complete grasp of the
mechanism underlying these phenomena. SE-associated
miRNAs can also be mediated by cofactors in tumors.
BRD4 recruitment at the upstream enhancer regions of
miR-155 and miR-146a was dramatically increased and
activated miR-155 and miR-146a transcription by TNFa
stimulation in human umbilical vein endothelial cells
[193]. One study showed that SE-miR-155 regulated HuR
mRNA levels, migration, and translation in colon cancer
cells by targeting AU-rich regions at the 3’-UTR of HuR
mRNA [194]. Another study showed that by controlling
the IL-17 response in the etiology of colon inflamma-
tion and associated cancers, SE-miR-146a was an impor-
tant negative regulator [195]. Therefore, BET-mediated
SE-miRNA miR-155 and miR-146a may significantly
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impact cancer progression. The creation and altera-
tion of SE-miRNAs during carcinogenesis is linked to
genomic instability, gene mutations, and the DNA dam-
age response, which may cause aberrant gene expres-
sion and accelerate the malignant development of cancer
[170]. Hence, the mechanism by which these SE-miRNAs
regulate tumors deserves further study.

SE-associated circRNAs

CircRNAs are ncRNAs that are covalently closed,
expressed in eukaryotes and produced primarily by back-
splicing [196]. Due to their lack of PolyA in the 3’ end and
capping of the 5" end, they are resistant to digestion by
exonucleases, particularly RNase R, which gives them
more stability than linear RNAs [197]. With a longer
half-life, circRNAs have become candidates for bio-
marker studies in human tumors. Most circRNAs func-
tion as miRNA sponges; others are considered protein
sponges that play roles in tumors. In addition, circRNAs
influence alternative splicing via RNA-mediated inter-
actions to regulate the expression of genes and interact
with RNA-binding proteins as protein scaffolds, and
they are translated into proteins that control life activi-
ties. Based on the differences among the sequence types
contained within circRNAs, they can be divided into
three groups, namely, exonic circRNAs (EcRNA), exon—
intron circRNAs, and intronic circRNAs [198]. ECRNAs
account for the majority of circRNAs and are transported
to the cytoplasm, while the other two groups containing
introns remain in the nucleus. Recently, increasing num-
bers of SE-circRNAs have been discovered, and they are
involved in the malignancy-related functions of tumor
cells (Fig. 6).

TFs can regulate SE-associated circRNAs directly in
tumor cells. For instance, the TF Meis] directly binding
to the SE at the circNfix locus boosted the production
of SE-associated circNfix [199]. CircNFIX knockdown
led to the arrest of the cell cycle; inhibition of glycolysis,
migration, and invasion; and promotion of apoptosis by
regulating the miR-378e/RPN2 axis [199, 200]. Moreo-
ver, the proximal regulatory region of SE-associated
hsa_circ_0001727 was directly occupied by the TFs USF1
and RXRA in HCC. These results together strongly sug-
gest that SE-associated hsa_circ_0001727 is directly tran-
scriptionally activated by several TFs via its upstream
SE region in HCC [201]. Moreover, TFs can also bind
to the SE of an intermediate gene to indirectly activate
SE-associated circRNAs. For example, QKI, an alterna-
tive splicing factor, influences SE-circRNA production
of circ-0008150 and circ-0007821, mediated by the YY1/
p65/p300 complex in the course of the EMT in the HCC
context [86]. More interestingly, some SE-associated cir-
cRNAs are activated by HMEs. For example, a substantial
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SE cluster was found upstream of circ 0001827, which
carried a significant number of histone H3 lysine 36 tri-
methylation (H3K36me3) marks; this histone modifi-
cation is associated with transcriptional activation and
transcriptional repression signals along the gene body,
indicating substantial transcriptional elongation in HCC
cells [201].

Overall, these findings clearly expand our understand-
ing of circRNA regulatory mechanisms and may have
crucial implications for future research on ncRNAs.
Although studies on SE-circRNAs and tumors are pro-
gressing rapidly, many aspects of SE-circRNAs remain
unknown. The mechanisms underlying the produc-
tion, regulation and biological function of SE-circRNAs
remain to be further explored. We believe that SE-circR-
NAs will be new tools for cancer therapy development in
the future.

Table 1 SE-related databases
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Advances in methods used in super-enhancer
studies

We summarize available techniques and methods to
investigate the identification of SEs and their functions
in tumor and regulatory mechanisms (Table 1). First, to
identify SEs, bioinformatics databases (dbSUPER, SEA)
are required [202, 203]. However, most of the predictions
are only theoretically possible and need to be validated
with experiments. Therefore, it is essential to identify
SEs experimentally. The ChIP-Seq technique combines
ChIP with second-generation sequencing technology
to identify DNA fragments that interact with HMEs,
TE, and other factors [204]. Researchers may collect
genome-wide information on DNA segments interacting
with TFs, histones, and other proteins by mapping the
sequencing data to the genome [205]. Thus, ChIP analysis
data of active enhancer locations have revealed that these
enhancers are enriched transcriptionally active molecular
markers on the genome [206]. Later analysis of all active
enhancers led to the discovery of SEs. Subsequently,
researchers identified SEs via other methods, such as
chromosome conformation capture 3C (chromosome

Classify methods Database

Functions of database

Website

Ref

Identify SEs ChIP-Seq, 3C, 4C, 5C, Hi-C dbSUPER

SEA

Study the function of SEs CRISPR/Cas9

SEA version 3.0

3G, 4C, 5C, Hi-C, ChIP-
seq,ATAC-Seq, CUT&Tag,
CRISPR/Cas9

Regulatory mechanisms SE analysis

of SEs

SEdb

SELER

TRCirc

Cistrome Cancer

The first comprehensive,
interactive database of SEs
involved in cellular identity
and disease transcriptional
control

Lncludes SEs from several
species and information

on how they affect cellular
identity

A comprehensive resource
for predicted "SE" target
genes and enhancer profiles
and TF targets

A comprehensive database
covering all available SE infor-
mation for multiple species
and will facilitate the study

of SE function

A database used to analyze
the regulatory mechanisms
of SEs

A database that provides
basic information about SEs
and can also combine, evalu-
ate, and disclose the regula-
tory mechanisms of SEs

SE-IncRNA transcriptional
regulation in human malig-
nancies

Mainly includes transcrip-
tion of circRNAs and partial
SE-circRNAs

http://bioinfo.au.tsinghua.
edu.cn/dbsuper/

http://sea.edbc.org

http://cistrome.org/Cistr
omeCancer/

http://sea.edbc.org

http://licpathway.net/SEana
lysis

http://www.licpathway.net/
sedb

http://www.seler.cn

http://www.licpathway.net/
TRCirc
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[203]

[208]

[209]
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conformation capture) and extended methods, namely,
4C (chromosome conformation capture-on-chip), 5C
(chromosome conformation capture carbon copy), and
Hi-C (high-throughput chromosome conformation cap-
ture technology) [207].

More interestingly, CRISPR/Cas9 enables precise edit-
ing of specific sites in the genome [213]. It is based on
the principle that endonuclease the Cas9 protein recog-
nizes specific genomic sites and cuts double-stranded
DNA by guiding RNA and double-stranded DNA, and
cell machinery repairs the DNA via non-homologous end
joining or homologous recombination to achieve DNA
level knockout or precise editing. The function of these
SEs may be examined using sophisticated CRISPR/Cas9
genome editing tools to discover their associated regula-
tory elements in various ways. Furthermore, editing the
target SEs with CRISPR/Cas9 technology may be used to
investigate and validate the role of SEs in cancer [214].
Similarly, the SE-related databases (Cistrome Cancer,
SEA version 3.0, etc.) are based on CRISPR/Cas9 tech-
nology and can be used to research the functions of SEs
[208, 209].

Moreover, more research must be done on the regu-
latory mechanisms of SEs. With the improvement in
bioinformatics algorithms and high-throughput sequenc-
ing technologies, the interaction among chromatin
sequences can be directly analyzed by 3C, 4C, 5C, or
Hi-C technology, and the genes associated with SEs
can be identified. Based on these techniques, several SE
databases (SEdb, SE analysis) have been developed to
annotate the potential functions of SEs involved in gene
regulation [66, 210]. In addition, using CRISPR gene-
editing technology, single-cell sequencing technology
combined with ChIP-seq, ATAC-Seq, and CUT&Tag can
be used to study the transcriptional regulatory elements
of SEs in depth [215]. Interestingly, several SE databases
(SELER, TRCirc) have been developed and can be used
to analyze the transcriptional regulatory mechanisms of
SE-ncRNAs [211, 212]. Through these datasets, we may
gain a better understanding of SE regulatory mechanisms
and thus establish a solid theoretical foundation for can-
cer medication development.

SE and SE complexes function as potential
biomarkers in cancer

Applying epigenetics for early cancer detection is becom-
ing a popular approach, and SEs and SE-complexes
have also received attention for use in cancer prognosis.
SEs mediated by SE complexes are sets of transcription
enhancers critical for maintaining cellular properties
and driving the expression of genes unique to a particu-
lar cell type. During tumorigenesis, cancer cells produce
SEs of oncogenes and other genes. However, normal cells
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do not express critical oncogenes regulated via SEs pro-
duced in cancer cells, which indicates that SEs maintain
tumor characteristics by regulating these essential genes
and play vital roles in the occurrence and development
of cancer. Functional SEs can be used as transcriptional
units to recruit RNA pol II and generate eRNAs via tran-
scription, which has special implications for the clini-
cal application of SEs. The expression level of an eRNA
is positively correlated with the activity of its SE, which
may cooperate with other SEs to activate gene transcrip-
tion, suggesting the that detection of eRNA is a new
method to identify SEs. eRNA expression can be meas-
ured by RT-qPCR at relatively low cost and through easy
application in the clinic. Therefore, eRNAs are expected
to become new markers for tumor screening and preci-
sion diagnosis and treatment in the future.

Finding these complexes will aid in diagnosing can-
cers since SE complexes play a regulatory function in the
crucial pathways involved in tumor growth. Therefore,
SE complexes can be potentially employed as biomark-
ers for tumor diagnosis. As a reliable diagnostic indica-
tor of BPDCN, the SE-complex TCF4 was discovered by
Ceribelli et al., and its downregulation results in loss of
the BPDCN-specific gene expression program and apop-
tosis [82]. Previous studies have revealed that SE com-
plexes are associated with tumor prognosis. For instance,
human HCCs exhibit much higher levels of overex-
pressed SE complex elements such as MED1, EP300,
BRD4, and CDK7, which are highly associated with a
poor prognosis for HCC patients [120]. Moreover, Yang
et al. discovered that the expression of C/EBP, which is
a component of a SE complex, is highly correlated with
tumor stage and a shorter survival time, making it a
potential prognostic marker for HCC [216]. These studies
show that SE complexes can be used as diagnostic mark-
ers of tumors and are useful for the diagnosis of early and
advanced tumors. They also suggest new possibilities for
the prognostic evaluation of tumor patients.

More interestingly, SE-associated genes can offer some
guidance for cancer diagnosis. For example, researchers
discovered that liver-specific SE-driven IncRNA-DAW
was a useful clinical diagnostic biomarker for HCC. In
addition, Baldauf et al. provided evidence that the SE-
driven EWSR1-ETS targets BCL11B and GLG1 and can
be identified using immunohistochemistry to quickly
and accurately diagnose Ewing sarcoma [217]. Moreo-
ver, SE-related genes can play a guiding role in cancer
prognosis. Xing et al. revealed that some structural rear-
rangement patterns are evident in the SE region of the
ZFP36L2 gene expressed in gastric cancers, and they may
be associated with poor prognoses [218]. Furthermore,
the SE-related genes MANBAL, KCMF1, and AHCY
were highly expressed in oral squamous cell carcinoma
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(OSCC) induced by TFDP1 and were closely associated
with the prognosis of OSCC [219]. These findings indi-
cate that SE-associated genes might be used as specific
diagnostic or prognostic markers of tumors.

Clinical application of super-enhancer
small-molecule inhibitors

An increasing body of evidence suggests that SEs play
a crucial role in tumor growth and that oncogenic SEs
induce oncogene transcription and continually increase
cell survival and proliferation, implying that inhibiting
SEs is a viable anticancer treatment [215]. However, it is
challenging to use SEs as direct targets for tumor ther-
apy due to the binding of multiple regulatory elements
to SEs and the lengths of SEs. Oncogene transcription is
facilitated by SE complexes, which function as structural
cores of transcription complexes. As a result, targeting
a SE complex and inhibiting oncogene transcription has
gained popularity as a cancer treatment method [132].
The same oncogene can create a diverse SE landscape in
various tumor forms but is unique to cancer cells. Since
various tumor cells share common SE components,
we might be able to inhibit these components directly
and prevent an oncogene from developing an addiction
to SEs. According to reports, the interactions of the SE
complex are necessary for SE activity. Therefore, the
design of targeted SE-complex inhibitors in tumor cells
is considered a promising approach. Furthermore, SE-
complex inhibitors might disrupt the interaction between
the SE in one area and its associated complexes, inhib-
iting oncogenes expression. In summary, inhibitors tar-
geting the SE complex have become a new therapeutic
option. Currently, the main therapeutic drugs for cancers
targeting SE complex inhibitors include TF, HME, and SE
cofactor inhibitors [220] (Table 2).

TF inhibitors

Directly targeting SE complex components such as TF
KLF5, TCF4, and MYC are valuable chemical probes
and potential anticancer drugs. A small-molecule drug
called ML264, which blocks the SE-complex KLF5, slows
the development of colorectal cancer both in vivo and
in vitro, encouraging breast cancer cell growth [221,
222]. A particular Wnt signal inhibitor with antican-
cer action is called LF3, and it plays an inhibitory role
by destroying the interaction between [-catenin and
the SE-complex TCF4; it reduced tumor growth and
induced cell differentiation in a colon cancer xenotrans-
plantation model [223]. In addition, MYCi361, a small-
molecule Myc inhibitor, significantly inhibited PCa cell
proliferation [224]. Myci975, another small-molecule
Myc inhibitor, inhibited TMEM44-AS1-induced glioma
cell growth [116]. In summary, SE complex-related TF
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inhibitors significantly reduce tumor growth and tumor
cell proliferation.

HMEs inhibitors

HDAC is an enzyme that removes acetyl groups from
lysine residues on histone proteins and thus alter chro-
mosome shape and control gene expression [243].
Because it can increase the activity of TFs and control the
expression of tumor suppressor genes, it has become the
latest and most popular target in tumor chemotherapy
drug research. Selective and broad-spectrum histone
deacetylase inhibitors (HDACIs) disrupt SEs globally
to influence carcinogenesis [244]. The HDACI larga-
zole reduces oncogenes that promote colorectal cancer
cell transformation by selectively targeting SEs in trans-
formed cells [228]. HDAC inhibitors (panobinostat, vori-
nostat, romidepsin) induce metabolic reprogramming
by targeting SEs in glioblastoma [244]. A novel and ver-
satile HDAC inhibitor called panostat (LBH589, NVP-
LBH589) stops the development of mesothelioma and
small-cell lung cancer cells [245]. Furthermore, histone
acetylating transferases CBP/p300 and histone meth-
yltransferases MLL3/MLL4 are major SE epigenomic
writers. The CBP/EP300 inhibitors Y08197 and CPI-637
inhibited PCa cell migration, suggesting that Y08197 and
CPI-637 have potential inhibitory effects on PCa cell
metastasis [232]. These studies suggest that HME inhibi-
tors can play an essential role in cancer therapy by target-
ing SE complexes.

SE cofactor inhibitors

SE cofactor inhibitors mainly include BRD family protein
inhibitors and CDK inhibitors. They inhibit SE cofac-
tors and regulate SEs, thereby affecting tumor progres-
sion. The four members of the BRD family (BRDT, BRD2,
BRD3, and BRD4) might be viable targets for developing
small-molecule medicines [246]. BET inhibitors specifi-
cally disrupt the binding activity of BRD4, one of the SE
complex components, decreasing the production of SE-
driven oncogenes and attenuating cancer cell prolifera-
tion. JQ1 was the first BET inhibitor to target the BET
bromodomain. JQ1 binds to the brominated domains of
all four BET family members, thereby preventing BRD4
from interacting with acetylated-modified proteins. This
limits BRD4 binding to the H3K27ac site and SEs and
inhibits the ability of SEs to interact with promoters,
decreasing oncogene transcription [247]. Treatment of
myeloma cells with JQ1 resulted in the selective dele-
tion of BRD4 on SEs and revealed the presence of SE-
related genes in MM cells [236]. JQ1 has been reported
to deactivate inhibitory aldehyde dehydrogenase activity
in ovarian cancer cells by inhibiting eRNA in BRD4-reg-
ulated super enhancers [235]. SE-related genes have been
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Table 2 Small-molecule inhibitors targeting SE
Target Small-molecule inhibitor Disease Status Phase NCT number
TF KLF5 SR18662 Colorectal Cancer [221] - - -
ML264 Colorectal Cancer [221] — — —
Breast Cancer [222] - - —
TCF4 LF3 Colon Cancer [223] — — —
MYC MYCi361 Prostate Cancer [224] — — —
MYCi975 Glioma [117] - - -
EN4 Breast Cancer [225] — — —
HMEs HDAC3 RGFP966 Hepatocellular Carcinoma [226] — — —
HDAC1, HDAC2, HDAC3 Domatinostat (4SC-202) Merkel Cell Carcinoma [227] — — —
Advanced Hematologic Malignancies Completed 1 NCT01344707
Tucidinostat Non Small Cell Lung Cancer Recruiting 2 NCT05141357
Cervical Cancer Recruiting 1/2 NCT04651127
PCl-24781 Lymphoma Follicular Recruiting 2 NCT03934567
Metastatic Solid Tumors Recruiting 1 NCT01543763
Sarcoma Completed 1/2 NCT01027910
Largazole Colorectal Cancer [228] - - -
HDAC1, HDAC3, HDAC7  MS-275 (Entinostat) Melanoma Recruiting 2 NCT03765229
Breast Cancer Recruiting 1 NCT03473639
MGCDO0103 Rhabdomyosarcoma Recruiting 1 NCT04299113
Urothelial Carcinoma Completed 2 NCT02236195
Vorinostat Non-small Cell Lung Cancer Terminated 1/2 NCT00503971
Lymphoma Completed 3 NCT01728805
Multiple Myeloma Completed 1/2 NCT01502085
Panobinostat Mesothelioma Completed 1 NCT00535951
Non Small Cell Lung Cancer Completed 1 NCT00535951

JMID2A
KDM6A

EP300

Z-JIB-04
GSK J1

CPI-637
Y08197

Breast Cancer [229]
Glioblastoma [230]

Neck Squamous Cell Carcinoma [231]

Prostate Cancer [232]
Prostate Cancer [232]



https://www.selleck.cn/products/rgfp966.html
https://clinicaltrials.gov/show/NCT01344707
https://www.selleck.cn/products/tucidinostat-chidamide.html
https://clinicaltrials.gov/show/NCT05141357
https://clinicaltrials.gov/show/NCT04651127
https://clinicaltrials.gov/show/NCT03934567
https://clinicaltrials.gov/show/NCT01543763
https://clinicaltrials.gov/show/NCT01027910
https://clinicaltrials.gov/show/NCT04299113
https://clinicaltrials.gov/show/NCT02236195
https://clinicaltrials.gov/show/NCT00503971

Wang et al. J Exp Clin Cancer Res (2023) 42:183 Page 24 of 33
Table 2 (continued)
Target Small-molecule inhibitor Disease Status Phase NCT number
Cofactors BRD4 AZD5153 Malignant Solid Tumor Completed 1 NCT03205176
Lymphadenoma Completed 1 NCT03205176
ABBV-075 Prostate Cancer Completed 1 NCT02391480
Breast Cancer Completed 1 NCT02391480
Multiple Myeloma Completed 1 NCT02391480
BMS-986158 Advanced Cancer Completed 1/2 NCT02419417
Solid Tumor Childhood Recruiting 1 NCT03936465
Lymphoma Recruiting 1 NCT03936465
Brain Tumor Recruiting 1 NCT03936465
CPI-0610 Myelofifibrosis Recruiting 2 NCT02158858
PLX51107 Sarcoma Terminated 2 NCT02683395
Breast Cancer Terminated 2 NCT02683395
Uveal Melanoma Terminated 2 NCT02683395
INCB054329 Ovarian Cancer Terminated 1/2 NCT02431260
Lymphoma Terminated 1/2 NCT02431260
FT-1101 Acute myeloid leukemia Completed 1 NCT02543879
iBET151 Gastric cancer [233] — — —
JQ1 Prostate Cancer [234] — — —
Ovarian Cancer [235] — — —
Multiple Myeloma Cells [236] — — —
BRD2, BRD4 CC-90010 Glioblastoma Recruiting 1 NCT04324840
Astrocytoma Active not recruiting 1 NCT04047303
BRD2, BRD3, BRD4 GSK525762 NUT Carcinoma — 1 NCT01597703
OTX-015 Acute Leukemia Completed 1 NCT01713582
Lymphoma Completed 1 NCT01713582
NUT Midline Carcinoma Completed 1 NCT02259114
Adenocarcinoma Completed 1 NCT02259114
Triple Negative Breast Cancer Completed 1 NCT02259114
BRDT, BRD2, BRD3, BRD4 ODM-207 CRPC — 1 NCT03035591
Melanoma — 1 NCT03035591
Non-Medullary Carcinoma - 1 NCT03035591
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Table 2 (continued)
Target Small-molecule inhibitor Disease Status Phase NCT number
Cofactors CDK7 SY-1365 Ovarian Cancer Recruiting 1 NCT03134638
Breast Cancer Recruiting 1 NCT03134638
CT7001 Advanced Solid Malignancies Recruiting 2 NCT03363893
THZ1 Neuroblastoma [40] — — —
Glioma [237] — — —
CDK9 Dinaciclib Hepatocellular carcinoma [238] — — —
Acute Myeloid Leukemia Active not recruiting 1 NCT03484520
Malignant Solid Neoplasm Recruiting 1 NCT01434316
Wogonin Lung Epithelial Cancer [239] - - -
Hepatocellular Carcinoma [240] — — —
BAY 1143572 Leukemia Completed 1 NCT02345382
Neoplasms Completed 1 NCT01938638
CDK4, CDK6 Trilaciclib Small cell lung cancer Completed 1/2 NCT02499770
PD-0332991 Lung cancer Recruiting 1 NCT03170206
Metastatic Pancreatic Ductal Adeno-  Completed 1 NCT02501902
carcinoma
Ribociclib (LEEO11) Non-small cell lung cancer Completed 1 NCT02292550
Breast Cancer Recruiting 4 NCT04657679
Ovarian Carcinoma Recruiting 1 NCT04315233
SPH3643 Colon Cancer [241] — — —
Glioblastoma [241] - - -
CDK12, CDK13 THZ531 Prostate Cancer [242] — — —
CDK8, CDK19 BCD-115 Breast Cancer Completed 1 NCT03065010

discovered to be downregulated in AML by I-BET151, a
different BET inhibitor that targets BRD4 [29]. Another
BET inhibitor that efficiently inhibits cell proliferation
in vivo and in vivo in a range of hematologic malignan-
cies and solid tumors is OTX015, which targets BRD2,
BRD3, and BRD4 [248].

Various tumor-associated SEs have been targeted by
CDK small-molecule inhibitors. Tumor cells mediated
by SEs are susceptible to THZ1, a specific CDK7 inhibi-
tor. THZ1 covalently binds to the cysteine at position 312
of CDK?7 to limit the kinase activity of CDK7, inhibiting
the serine phosphorylation of Pol II CTD at position 5,
thereby inhibiting transcription initiation and further
preventing Pol II from pausing proximal to the promoter.
After THZ1 treatment, the SE activity decreases, leading
to the transcriptional repression of multiple oncogenes,
thereby inhibiting the growth and proliferation of various
tumor cells [249]. For example, in MYCN-amplified neu-
roblastoma cells, THZ1 was discovered to preferentially

disrupt the global transcriptional regulation of MYCN
[39]. Additionally, THZ1 specifically inhibited oncogenic
SE activity in ESCC cells [132]. A recent study showed
that patients with glioma had a poor prognosis when
CDK?7 expression was high. However, the transcription
of almost all the genes in glioma cells was significantly
altered after THZ1 treatment, with SE-related genes
being the most markedly affected [237]. Interestingly,
SY-1365, a different Syros-developed targeted CDK7
inhibitor, markedly suppresses several solid cancers,
including blood malignancies and breast cancer, ovarian
cancer, small-cell lung cancer, AML, and acute lympho-
blastic leukemia [250].

Further discussion and review

Basic theories of SE biology and its function have been
reported over the past decades. Extensive studies have
revealed that SEs promote the overexpression of onco-
genes, and specific cancer treatment pathways may
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include altering SE structures and complexes. However,
what we know about SEs is only the tip of the iceberg.
What is an appropriate meaning of the word "SE"? Tech-
nologically, the methods used to identify SEs need to be
improved. ROSE and other currently employed methods
can fail to locate a true SE. Since SEs are operationally not
functionally defined, we cannot distinguish between true
enhancers that are not canonically labeled. Moreover,
ROSE has shortcomings based on the need to consider
the spatial configurations of SEs and is somewhat limited
in the recognition of SE-driven ncRNAs. Moreover, it is
crucial to determine whether SEs have any observable
characteristics that set them apart from TFs.

Recent research indicates that the component enhanc-
ers constituting a SE undergo various contributing
interactions, including temporal linkages and absolute,
synergistic, interdependent, hierarchical, and redun-
dant interactions. Despite the many aforementioned SE
functions, recent findings imply that only a few indi-
vidual enhancers, even in the densest enhancer clusters,
are critical to target gene activity. Furthermore, a sin-
gle enhancer is equally likely as a SE to control highly
expressed genes. Does the integration of diverse compo-
nent enhancers in a given SE function in various environ-
ments or in a spatiotemporal manner? Is the activity of
each enhancer that makes up a SE in cancer cells consist-
ent with the corresponding enhancer activity in normal
cells? How does the altered activity of a signaling path-
way affect the assembly of individual enhancers in SEs?
Moreover, we may acquire novel ideas about the func-
tion of SEs in the future. Because numerous articles have
revealed SEs in intranuclear genetic material, we hypoth-
esize that SEs in mitochondrial genetic material may be
crucial for carcinogenesis and cell identity.

Although the PS of TFs at SEs suggests an intriguing
model of SE function in regulating numerous spatially
proximal genes, many crucial questions still need to be
answered. For example, what triggers the production of
phase-separated condensates at SEs? Future modeling
and research on the functions of biomolecular polymers
such as DNA, RNA, and proteins in condensate behav-
iors may benefit from the establishment of related physi-
cal and chemical principles. Recently, the molecular
mechanisms underlying the de novo acquisition of can-
cer-specific SEs and CRCs in various cancer types were
described. However, whether and how SEs and CRCs
affect medication resistance and relapse is uncertain,
and further research is necessary. Additionally, investi-
gations into the pharmacological targets of the proteins
that comprise CRCs and how they interact with eRNAs
are crucial.

Increasing evidence shows that SEs are essential for
regulating the expression of oncogenes in tumors. The
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relationships between SE and targeting oncogenes may
be based on one-to-many and many-to-one coupling,
which leads to the following problem: how can a tar-
geted gene be accurately regulated by SEs? SEs function
as oncogenes in most cancers to promote tumor develop-
ment. Recent studies have also suggested that SEs drive
tumor suppressor genes to participate in the develop-
ment of tumors. For example, M//4 deletion downregu-
lates tumor suppressor genes (e.g., Bcl6 and Dnmt3a) by
generally decreasing the abundance of SEs and H3K4me3
and causing widespread degradation of these epig-
enomic marks during medulloblastoma generation [30].
The tumor suppressors ETV6, CEBPA, IRF8, and IRF1
are among the lineage-controlling master TFs found in
CD141-positive monocytes enriched with SE-associated
genes upregulated by cortistatin A [29]. Interestingly, the
SE-driven IncRNA RP11-569A11.1 reduced cell growth
and metastasis by modulating IFIT2 in colorectal cancer
[251]. These findings suggest a novel tumor-suppressive
mechanism and support a function for SEs in the preven-
tion of tumors. However, how SEs that suppress tumors
are specifically generated or whether they aid in tumor
suppression in normal cells is unknown.

All the components of a SE complex play vital roles in
the treatment of disease. In the field of cancer therapy,
inhibitors of SE complex proteins, such as BRD4, CDK7,
or CDK9, show great potential. Nevertheless, the funda-
mental mechanism underlying the exceptional sensitivity
of SE-associated genes to the inhibitors of SE compo-
nents remains unknown. The excessive loading of BRD4
and mediators at SE sites linked to MYC and other line-
age-specific survival genes may be preferentially replaced
by JQ1, which would explain why JQ1 is insensitive to
MM treatment [114]. THZ1 can also cause abnormalities
in cotranscriptional capping, elongation, promoter proxi-
mal pausing, and Pol II phosphorylation in addition to
inhibiting SEs. However, since practically all human tis-
sues include "normal” SEs that indicate tissue specificity,
the possibility that these inhibitors might disrupt funda-
mental biological processes with eventual global effects
on gene expression cannot be disregarded. Unanswered
issues include the contribution of various components
to the different activities of SEs as they pertain to cancer
and how they preferentially respond to inhibitory treat-
ment. Before identifying further targetable nodes, the
roles of each element in a SE complex and how inhibition
affects it must be explained in detail.

Although SE inhibitors are currently used in some
malignancies, including PCa, lymphoma, and breast
cancer, the understanding of the biology of the differ-
ent members of the SE complexes is limited. Notably,
targeting SEs by inhibitors of SE complexes as a cancer
treatment may result in notable adverse effects since the
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expression of several cancer-suppressing genes would
also be reduced, which may explain why JQ1 cannot pro-
duce intense antitumor activity in solid tumors. Hence,
further research and a deeper comprehension of the
processes by which SEs promote tumor suppression are
required before SEs can be utilized as therapeutic tar-
gets in cancer. Intensive investigation into the relation-
ship between transcriptional addiction and cancer will
benefit the development of more-relevant inhibitors.
For instance, CDK9 inhibition is an efficient therapeutic
approach for CLL [252]. However, to date, the medicines
created have only exerted a limited therapeutic effect,
and there are no indicators of pharmacological success.
Finding remedies via synergistic therapeutics may be
possible when the processes that cause these dependen-
cies are elucidated.
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ACC Adenoid cystic cancer

AML Acute myeloid leukemia

AR Androgen Receptor

ATLL Adult T-cell leukemia/lymphoma

BET Bromodomain and extraterminal domain

BPDCN Blastic plasmacytoid dendritic cell neoplasm

BRDs Bromodomain proteins

CDK Cyclin-dependent kinase

CeRNAs Competing endogenous RNAs

ChIP Chromatin immunoprecipitation

ChiP-seq Chromatin immunoprecipitation sequencing

CircRNAs Circular RNAs

CLL Chronic lymphocytic leukemia

CR Core regulatory

CRC Core regulatory circuit

CRPC Castration-resistant prostate cancer

CSCs Cancer Stem Cells

cTD Carboxy-terminal domain

3C Chromosome conformation capture

4C Chromosome conformation capture-on-chip

5C Chromosome conformation capture carbon copy

3D Three-dimensional

EAC Esophageal adenocarcinoma

EBV Epstein-Barr virus

ECRNA Exonic circRNAs

EMT Epithelial-mesenchymal transition

EnCRISPRa Enhancer-targeting CRISPR epigenetic editing activation
system

ERBSs Estrogen receptor alpha binding sites

ERNAs Enhancer RNAs

ESC Embryonic stem cell

ESCC Esophageal squamous cell carcinoma

HCC Hepatocellular carcinoma

HDAC Histone deacetylase

HDACIs Histone deacetylase inhibitors

Hi-C High-throughput chromosome conformation capture
technology

HMEs Histone-modifying enzymes

HNSCC Head and Neck Squamous Cell Carcinoma

HPV Human papillomavirus

HTLV-1 Human T-cell lymphotropic virus type 1
H3K27ac Histone H3 lysine 27 acetylation
H3K4me1 Histone H3 lysine 4 mono-methylation
H3K79me2 Histone H3 lysine 79 dimethylation
H3K36me3 Histone H3 lysine 36 trimethylation
LASP1 LIM and SH3 domain protein 1
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LncRNA Long noncoding RNA

LUAD Lung adenocarcinoma

MiRNAs MicroRNAs

MM Multiple Myeloma

NcRNA Noncoding RNA

NFR Nucleosome-free region

NuRD Nucleosome-remodeling deacetylase
0scC Oral squamous cell carcinoma

PCa Prostate cancer

PD-L1 Programmed death-ligand 1

PS Phase Separation

P-TEFb Positive transcription elongation factor-b
SCCs Squamous cell carcinomas

SE Super-enhancer

SE-miRNAs Super-enhancer-associated miRNAs
SNP Single-nucleotide polymorphism
TAD Topologically associating domain
T-ALL T-cell acute lymphoblastic leukemia
TE Typical enhancers

TF Transcription factors

TSS Transcription start site
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