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Abstract: Super-enhancers (SEs) are regions of the genome that play a crucial regulatory role in
gene expression by promoting large-scale transcriptional responses in various cell types and tissues.
Recent research suggests that alterations in super-enhancer activity can contribute to the development
and progression of various disorders. The aim of this research is to explore the multifaceted roles of
super-enhancers in gene regulation and their significant implications for understanding and treating
complex diseases. Here, we study and summarise the classification of super-enhancer constituents,
their possible modes of interaction, and cross-regulation, including super-enhancer RNAs (seRNAs).
We try to investigate the opportunity of SE dynamics prediction based on the hierarchy of enhancer
single elements (enhancers) and their aggregated action. To further our understanding, we conducted
an in silico experiment to compare and differentiate between super-enhancers and locus-control
regions (LCRs), shedding light on the enigmatic relationship between LCRs and SEs within the
human genome. Particular attention is paid to the classification of specific mechanisms and their
diversity, exemplified by various oncological, cardiovascular, and immunological diseases, as well as
an overview of several anti-SE therapies. Overall, the work presents a comprehensive analysis of
super-enhancers across different diseases, aiming to provide insights into their regulatory roles and
may act as a rationale for future clinical interventions targeting these regulatory elements.

Keywords: enhancers; super-enhancers; dynamics; locus-control regions; chromatin structure regulation;
chromatin interactions

1. Introduction

All human somatic cells contain the same DNA nucleotide sequence. The existence of
about 200 different cell lines in the human body [1] is mainly explained by the possibility
of differential expression patterns of 19,969 functional genes [2]. As a result, the proteins
necessary for cellular identity are synthesised [3]. To organise the normal development
and functioning of a cell, strict qualitative and quantitative control of gene transcription is
required. This is carried out by certain regulatory sections of DNA known as cis-regulatory
elements, which include promoters, enhancers, silencers, and insulators [4]. Enhancers
in particular demonstrate the greatest variability between cell types [1], suggesting their
important role in controlling tissue-specific and developmental genes [3,5].

Active enhancers are open chromatin regions enriched with transcription factors (TFs),
cofactors, and active chromatin marks [6]. The main function of enhancers is to increase
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the expression of regulated genes. The regulation of cell-identity genes has been associated
with enhancer clusters called super-enhancers (SEs). SEs are characterised by their length
and higher concentration of master TFs, mediator, p300, cohesin, H3K27ac, and H3K4mel
marks compared to typical enhancers [7].

SEs have been classified as a separate class of cis-regulatory elements along with locus-
control regions and stretch enhancers. However, this classification remains disputable.
Studies have investigated SEs based on their association with developmentally important
genes, structural features, interactions between SE subunits, and their connections to
diseases [8-12].

While several studies have investigated SEs based on their association with develop-
mentally important genes, structural features, and disease connections, there remains a
need to review and consolidate the accumulated results of SE research. This work aims
to provide a comprehensive summary of the research on SEs over the past decade since
their discovery. By examining the distinctive features of SEs, including their unique traits
compared to locus-control regions (LCRs) and stretch enhancers, classification attempts,
formation mechanisms, functioning models, and identification methods, we aim to fill the
existing knowledge gaps and provide a comprehensive understanding of SEs. Additionally,
we will discuss the numerous studies available to date that link SE dynamics to oncolog-
ical, inflammatory, and other diseases. By exploring the implications of these findings,
we will contemplate several potential anti-SE therapies. Through this review, we aim to
contribute to the current understanding of SEs and their significance in gene regulation
and disease pathogenesis.

2. Super-Enhancers: Historical Background, Characteristics, and Search Methods
2.1. Enhancer Clusters—SE Concept Development History

In 1985, while studying the upstream sequence of the human (-like-globin gene
cluster, Tuan et al. found that e-globin regulation in erythroid cells is carried out by
several enhancers at once [13]. Subsequently, it was shown that similar enhancer clusters
are involved in the regulation of a number of other tissue-specific genes in mammals,
increasing their expression to physiological levels in a copy-dependent manner [14]. Such
clusters were named locus-control regions (LCRs).

In 2013, researchers from Young’s laboratory [7] studied the causes of expression
dysregulation of cell-identity genes after a decrease in the concentration of the mediator
complex (MC), as previously observed by Kagey et al. [15]. The researchers found that in
mESCs, 40% of MCs associated with enhancers in pro-B cells were bound to some large
enhancer clusters, the length of which was an order of magnitude greater than the length
of typical enhancers (TEs) [7]. The exploration of these enhancer clusters led the authors to
identify their core characteristics. Namely, mentioned enhancer clusters:

1.  Regulate cell-identity genes, including master transcription-factor (TF) genes (it is worth
noting that SE clusters were found to not be associated with housekeeping genes);

2. Have an order of magnitude higher concentration of TF, MC, and chromatin modifica-

tion marks (H3K27ac and H3K4mel) compared to TEs;

Have an order of magnitude greater length compared to TEs;

Are sensitive to changes in the concentrations of MC and master TF;

5. An enhancer cluster contains only those enhancers that are located no further than
12.5 kb from each other (a definition assumption made after mESCs analysis) [7].

-

Based on these observations, the authors speculated that a new regulatory element
was found and assigned it a separate name, “super-enhancers” (SEs). In this review, we
will adhere to the definition of SE provided by the researchers in Young's laboratory.

Expanding on the study of White et al., several authors who examined the molecular
environment of SEs, in addition to master TF and MC, also found high concentrations
of bromodomain and extraterminal domain (BET) proteins (such as BRD4) [16], RNA
polll, cohesin, Nipbl, p300, CBP, Chd7, Brd4, and components of esBAF and Lsd1-Nurd
complexes [17]. Also, studies have shown that super-enhancers can influence miRNA
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expression and function. Integrative microRNA network analysis has revealed the con-
nectivity between super-enhancers and miRNAs, providing insights into tissue-specific
miRNA expression, miRNA function, and evolutionary aspects of miRNA regulation. The
specific mechanisms by which SEs influence miRNA processing are still being investigated.
However, it is clear that SEs contribute to the regulation of miRNA expression and function,
adding another layer of complexity to the understanding of miRNA biology [18].

The existence of SEs has been confirmed in numerous cell lines and tissues, and it
has been shown to be often cell-type specific. Specifically, SEs were found in mouse pro-B
cells (master TF PU.1), myotubes (MyoD), T helpers (Th T-Bet), macrophages (C/EBPa) [7],
86 human cell lines and tissues [17], other mammalian vertebrates (such as pigs), nonmam-
malian vertebrates (zebrafish) [19], invertebrates (Caenorhabditis elegans) [20] and plants
(Arabidopsis thaliana) [21,22], and unicellular eukaryotes (Saccharomyces cerevisiae) [23]. This
supports the idea that SEs play a special role in cell development and lineage commitment.

Almost simultaneously, Parker et al., while studying enhancers in 10 cell lines, discov-
ered continuous enhancers (>3 kb in length) located in the same neighbourhood as genes
responsible for cell identity and enriched for disease-associated mutations [24]. Suggesting
that these enhancers have a special function, the authors introduced the term “stretched
enhancer” to designate them.

To the best of our knowledge, no systematic comparison between LCRs, SEs, and
stretched enhancers has been published. However, Khan et al. performed part of this com-
parative analysis, focusing on the differences and similarities between SEs and stretched en-
hancers considering cell-type specificity [25]. The intersection of those regulatory elements
showed that 85% of SEs overlapped with only 13% of stretched enhancers. Considering
a number of features associated with enhancer activity (Table 1), it was concluded that
most stretched enhancers are poised and less active in comparison to SEs. The summarised
results of the SE-stretched enhancer comparison are presented in Table 1.

Table 1. SEs and stretched enhancers differences.

Characteristics Super-Enhancers Stretched Enhancers
Number x 1 10x
Genome coverage X 2x
Average size 22,812 bp 5060 bp
. >10 kb (70% of stretched
Distance from TSS <2 kb (69% of SE) enhancers)

Evolutionary conservation
(phastCons scores for 99
vertebrate genomes)

more conserved less conserved

H3K27ac enriched depleted
H3K4me3 enriched depleted
H3K4mel enriched enriched
H3K27me3 depleted enriched
DHSs higher lower
Cohesin (SMC3 and RAD21 more less
components)
CTCF more less
RNAII more less
Expression of associated higher lower
genes
eRNA more less

Comparison between cell
types

! Depends on the cell line.

less shared significantly shared
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In addition to that, some of the known LCRs overlap SEs (including LCRs associated
with beta-globin locus (K562), OCT4 (hESC), IFNARI (foetal thymus)) [17], and stretched
enhancers [24]. Super-enhancers (SEs) were chosen to be emphasised in the current work
because they are the subject of active and ongoing research, and the term “super-enhancer”
became more popular in academic circles, compared to “LCR” and “stretch enhancers”.
However, some hybrid terms have been noted in the literature, e.g., “super stretchy en-
hancers” [26].

Further, we will address the following key questions: existing hypotheses concerning
the structure of SEs, including interactions among SE constituents, the 3D structure and
hierarchy of SEs, mechanisms of SE-promoter interactions, the function of seRNA, and the
correlation between SEs and various diseases, including cancer and inflammatory diseases.

2.2. SE-Promoter Interaction and SE-Mediated Gene-Activation Models

The formation of SEs is a highly sophisticated and meticulously orchestrated process
within the realm of gene regulation. SEs emerge as a result of the cooperative engagement
of an array of transcription factors and cofactors, taking place in the dynamic context of
chromatin. Within the intricate chromatin landscape, multiple enhancer elements densely
populate vast genomic regions, establishing complex interactions with an array of reg-
ulatory proteins. These expansive enhancer clusters, which represent nascent SEs, are
characterised by their remarkable length and their ability to recruit elevated concentrations
of transcriptional machinery (the distinguishing hallmarks of SEs). It is believed that their
formation is not merely the product of individual actions by transcription factors but, rather,
a collective endeavour to create high-density enhancer landscapes. It is important to note
that a comprehensive review of the mechanisms governing SE assembly in oncologies has
been proposed in [27]. While the mechanisms of SE formation are indeed complex and
multifaceted, they are only part of the larger narrative.

The true essence of SE functionality lies in SEs’ interactions with target gene promoters,
a process instrumental in shaping gene expression in normal cells and often being disrupted
in cells under stress. SEs’ target operation is thought to be dependent on the strength of
topologically associated domain (TAD) boundaries [28]. Indeed, it has been demonstrated
that TADs containing SEs typically have stronger boundaries [29]. In this context, the
strength of a boundary is to be understood as the frequency of inter-TAD interactions [30],
where a low frequency of interactions implies robust TAD boundaries, which correlates
with the concentration of structural proteins such as CCCTC-binding factors (CTCF) at
their boundaries [31]. Additionally, TADs contain substructures known as sub-TADs. They
confine the given super-enhancer’s sphere of influence to its target gene(s). Structurally,
sub-TADs include the SE along with the target gene(s) and are demarcated by CTCF
insulation borders, co-occupied by cohesin on both sides (Figure 1). The median size of
sub-TADs is typically around 185-200 kb [32], whereas super-enhancer domains encompass
an average of 1-2 genes, and SE domains have an average length takes up to 106 kb [33].

Super-enhancer
| |
I 1
CTCF : CTCF

DNA §

L | I— |
<12.5kb

Sub-TAD

Figure 1. Sub-TAD structure scheme.

Sub-TADs are organised into small loops, formed through the interaction of
CTCF-CTCF borders [33]. The functional relevance of sub-TADs was experimentally
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confirmed by Dowen et al. The researchers deleted one of the sub-TAD borders, which
contained the SE associated with genes critical for ESCs” identity, such as miR-290-295 gene
group, NANOG, TDGF1, POU5F1 (Oct4), and PRDM14. As expected, this deletion led to
changes in the expression of target genes as well as genes located at the external borders of
the removed CTCEF sites. The authors discovered that the majority of SEs (82%) do not span
sub-TAD borders.

However, while sub-TADs are crucial for ensuring high specificity in SE-promoter
(SE-P) interactions, they are not the sole determinants. It is assumed that additional
specificity might be provided by the unique landscape of TFs and cofactors at the target
promoter(s) that are recognised by the SE [34]. Indeed, in the experiments conducted by
Zeng et al., the deletion of the insulated border separating Wap-SE from its target gene did
not lead to the activation of the latter. Furthermore, the fusion of Wap-SE with the nontarget
gene Tbrg4 resulted in a fourfold increase in Tbrg4 expression, whereas when the fusion
of Wap-SE together with TBRG4 promoter occurred, Tbrg4 expression was elevated by 80
times. As mentioned earlier, these findings allow us to speculate on the importance of the
promoter protein landscape in SE-promoter interactions [34].

To add to the existing complexity of SE-P recognition specificity, leaky sub-TADs were
discovered, which allows us to speculate that the strength of sub-TADs’ borders is an
additional regulatory layer during the processes of development, lineage commitment, and
response to external stimulus. Although, in most of the cases, SE activity is, in fact, limited
by sub-TADs, this statement was shown to have exceptions. In the research performed by
Vos et al., it was found that in ESCs one of the SEs (Prdm14-SE) simultaneously regulates
two genes belonging to different sub-TADs (SLCO5A1 and PRM14). Interestingly, under
normal conditions, it increases Slo5al expression by 2 times, compared to 12 times, when
the insulation sites are deleted. Therefore, this demonstrates that the strength of insulation
can influence gene expression [35].

In most cases, SE regulates the expression of only one gene [36]. However, there are
examples of SEs regulating a gene cluster [37-39]. In such instances, the question arises
about the mechanism behind the activation of multiple promoters by a single SE.

To address this question, two models have been proposed: the competitive (flip-
flop) model and the cooperative model (Figure 2). According to the competitive model,
promoters of genes regulated by one SE compete for binding to the SE [40,41], while in the
cooperative model, their activation occurs simultaneously [39]. Both models have received
experimental confirmation.

SE-gene activation models

A. Cooperative model B. Competitive model (flip-flop)

4
‘ Gene 1 Gene T ‘ Gene 1
@ ‘ Gene 2 [

Gene 2 Gene 2

[ SE constituents  »(  Architectural proteins
(CTCF, cohesin)

Figure 2. Models of SE-gene activation: (A)—cooperative; (B)—competitive (flip-flop).

Competitive promoter activation has been observed in fast Myosin genes in adult
skeletal muscle lineage, where it controls myofiber identity [37], as well as in the Nppa
and Nppb genes [38]. Conversely, cooperative activation of promoters has been noted in
a-globin genes during erythroid differentiation [39] and 3-globin genes [42]. Moreover,
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in B-cells, IgH locus promoter genes regulated by the same SE (3'RR) can be activated
in both ways (competitively and cooperatively) depending on the inducing signal. This
process is crucial for immunoglobulin isotype switching. It is worth noting that, during
the cooperative activation of promoters, the activity of SEs can be unevenly distributed
among promoters, which may be attributed to the relative positioning of super-enhancers
and promoters [43].

2.3. Hierarchy of SE Elements

SEs are thought to be composed of constituent enhancers, which are smaller regulatory
elements that work together to form the SE. These constituent enhancers are stitched
together within the SE, with gaps of up to 12.5 kb between them [9]. The identification and
grouping of these constituent enhancers to assign a super-enhancer to a target gene are
done using bioinformatics algorithms, such as the ROSE software (https://github.com/
stjude/ROSE, accessed on 25 February 2024) [44].

The constituents of SEs might also be regarded as concomitant to single enhancer
elements transcription factors, cofactors, chromatin regulators, and the transcription appa-
ratus. These factors occupy the SEs and contribute to their regulatory function [17]. SEs
are densely occupied by the transcription apparatus and its cofactors, including cohesins,
which play a role in regulating gene expression through gene loops and CTCF-mediated
interactions [45].

The interaction and cross-regulation of super-enhancer constituents are facilitated by
their capacity to drive short- and long-range interactions through phase separation and
3D genomic association [9]. This unique property of SEs distinguishes them from typical
enhancers and contributes to their ability to activate transcription to a greater extent than
the sum of their constituent enhancers [9].

Almost immediately after the discovery of SEs, scientists endeavoured to identify the
roles of individual elements within SEs and their contributions to overall SE activity. It has
been demonstrated that many SEs exhibit functional and temporal hierarchies.

In a study conducted by Huang et al., utilising Hi-C and ChIP-seq methods, the
authors revealed that approximately one-third of SEs exhibit hierarchical organisation,
comprising hub and non-hub enhancers (Figure 3A).

SE constituents hierarchy types

Functional hierarchy Temporal hierarchy

XA A A

A Transcription factors X Architectural proteins

(CTCF, cohesin)

: LE |
E
(=

B

AA A AAA
— BB (& HE—{&]
. Strong constituents D Weak constituents v [] Inactive constituents ’:] Active constituents

Figure 3. SE constituents’ hierarchy types. (A) Functional hierarchy—hub and non-hub enhancers.
(B) Functional hierarchy—strong and weak substitutes. (C) Temporal hierarchy—active and inac-
tive enhancers.

Hub enhancers share similar active markers with non-hub enhancers; however, they
are notably enriched in binding sites for structural proteins, specifically CTCF and cohesin.
It has been conjectured that hub enhancers may play a critical role in the structural organi-
sation of SEs. Indeed, the removal of a hub enhancer has been observed to locally disrupt
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chromatin organisation and reduce the expression of the regulated gene. Furthermore, it is
worth mentioning that mutations within hub enhancers have been associated with various
diseases [46].

Another type of hierarchy among SE elements was demonstrated by Hay et al. [47].
While studying «-globin SE in mouse erythroid cells, the authors observed variations in the
concentration of TFs and MCs across different SE elements. Specifically, only two enhancers,
R1 and R2, exhibited enrichment in MCs and were associated with all four master TFs
considered in the study (Nf-e2, Gatal, Scl, and KIf1). In contrast, other enhancers displayed
lower concentrations of MC and were associated with only two to three of the master TFs.
Accordingly, these enhancers were classified as “strong” and “weak” (Figure 3B).

Experimental dissection of the SE demonstrated that strong enhancers exerted the
most significant influence on the expression of the «-globin gene, while the removal of
weak enhancers did not result in any discernible changes [39]. The existence of both strong
and weak enhancers has been demonstrated in various studies, including research by
Honnell et al. [48] on retinal super-enhancers. These modules have been shown to function
additively. Therefore, mice with a deletion of the R0-37 region exhibited microphthalmia,
while mice with a deletion of R1-28 had normal eye size but reduced retinal thickness,
approximately half that of the wild type. Furthermore, mice with a double deletion of
R0-37 and R1-28 suffered from both microphthalmia and retinal thinning. In addition to
morphological observations, additional studies, including RNA-seq, were employed to
confirm these findings. Consequently, it becomes evident that some super-enhancers are
composed of both strong and weak enhancer constituents.

Thus far, researchers have typically employed an approach involving the removal of
SE constituents one by one or in various combinations, leaving the remainder of the SE
intact [47,48]. However, a distinct approach to SE dissection has unveiled a new paradigm,
challenging the prevailing notion that weak enhancers have limited significance [49].

Blayney et al. took a different approach to SE dissection to mitigate potential biases
arising from crosstalk among the remaining enhancers [49]. The authors began by com-
pletely removing the entire SE and then reconstructed it by adding enhancers back. Their
primary objective was to verify the findings of Hay et al. regarding the a-globin SE, which
had identified only two SE constituents, R1 and R2, as strong enhancers responsible for
90% of the overall expression of the «-globin gene. Their null hypothesis posited that an SE
composed solely of R1 or R2 would result in a 40% or 50% increase in «-globin expression,
respectively, as Hay’s group article had shown.

Surprisingly, the results showed that mESCs with R2-only SE had «-globin expression
levels fivefold lower than predicted. Mice models with R2-only SE exhibited significantly
reduced «-globin expression and were not viable. Similarly, mESCs with R1-only or R1-R2-
only SEs failed to provide sufficient gene expression. Elements R3, Rm, and R4 displayed
limited gene-activation capacity, consistent with the findings of Hay et al. Interestingly,
the addition of any of these elements to R1 or R2 significantly increased o«-globin gene
expression. Blayney et al. identified R3, Rm, and R4 as facilitators in this process [49].

Hay et al. hypothesised that SEs might exhibit a modular structure. In other words,
certain SE constituents may be activated or deactivated during the transitions between
different developmental stages. This idea was based on the discovery that some SE elements
do not exhibit signs of activity within their natural chromosomal environment [47]. This
hypothesis gained support in the study by Bell et al. [50]. For their experiments, they
selected ESCs and EpiSC cell lines as models for different developmental stages. In vitro
experiments were conducted using these cell models, and in vivo experiments utilised
murine embryos at various gestational stages. Bell et al. established a connection between
the CpG methylation status of SE constituents and their activity dynamics during cellular
differentiation [50].

Throughout the process of development, SE constituents can undergo different out-
comes, including:
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1. All SE constituents remain active (hypomethylated), and the expression of the target
gene remains constant. These genes remain active in both naive and primed cells;

2. All constituent enhancers acquire CpG methylation, resulting in the decommissioning
of the SE and the cessation of gene expression associated with the SE. This scenario is
typical for SEs that control genes related to maintaining a naive state;

3. Some SE constituents acquire CpG methylation and become inactive, leading to a
rearrangement of the SE and a reduction in the expression of the target gene. This
allows for fine-tuning of gene expression;

4. All or part of the SE constituents undergo CpG demethylation and become active,
enhancing the expression of the target gene. These genes are typically associated with
the primed state.

This hypothesis found confirmation and expansion in an upper-mentioned study [48],
where the cell-specific active status of SE modules was affirmed in various retinal cell
types in mice. For instance, the modular structure of Vsx2-SE was demonstrated, with
different modules being found to be active in distinct retina cell types. Specifically, two SE
constituents, R0-37 and R1-28, were found to influence the proliferation of retinal progen-
itor cells, while the third module, R3-17, affected the formation of retinal bipolar cells.
Interestingly, Honnell et al. regarded evolutionarily conserved SE regions that displayed
cell-specific activity as “modules”.

The mechanisms underlying the selection of SE constituents for methylation during
the transition from a naive to a primed state remain unclear. It has been speculated that
one of the key factors in this selection process might be TFs, which protect SE constituents
from methylation. Indeed, those SE constituents that maintained their hypomethylated,
active status typically exhibited higher TF occupancy, as well as the presence of the TET1
enzyme, known for its ability to induce CpG demethylation [50].

Thus, the results of the reviewed studies offer evidence for the intrinsic heterogeneity
of SEs. Based on specific enhancer signatures, the concentration of SE constituents can be
classified into hub and non-hub enhancers, as well as weak and strong enhancers. Hub
enhancers are believed to be responsible for the structural organisation of SEs, while strong
and weak enhancers contribute to fine-tuning gene expression during cellular differentia-
tion and commitment processes. Additionally, SE constituents can also be categorised as
active or poised, in line with the modular SE structure hypothesis.

2.4. SE Elements Interaction and seRNA

The question of whether a super-enhancer exhibits greater functionality than the sum
of its constituent parts remains open for investigation [25,36,51]. Numerous studies have
yielded conflicting results, demonstrating additive, synergetic, and redundant interactions
among SE constituents. Additive effects occur when individual SE elements act indepen-
dently, resulting in a linear increase in target gene expression. Synergetic effects, on the
other hand, indicate interdependence among enhancer constituents, such that the deletion
of any constituent leads to a significant, nonlinear decrease in gene expression. When
manipulations of SE elements do not result in changes in protein production, it is referred
to as redundancy.

Experimental evidence supporting additive effects has been found for various SEs,
including the extensively studied a-globin SE [47] and the SE of the hormone-dependent
gene Wap [25,36,52]. Notably, SE constituents contribute unequally to the expression of the
target gene [25,49,52]. To provide further insights, we will focus on the study of x-globin
SE, as it yielded similar results.

In the study by Hay et al. [47], sequential and combinatorial removal of x-globin SE
elements in mouse models resulted in physiological changes. Heterozygous mice with
deleted strong SE constituents remained viable but exhibited worsened blood parameters,
such as reduced MCH and MCV concentrations and increased reticulocytes concentrations,
characteristic of thalassemia. Homozygous mice, on the other hand, were not viable and
died around E14.5. These mice were smaller and paler than wild-type mice, with «-globin
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RNA levels below 10% of normal levels, likely due to the activity of other (or weaker)
enhancer elements.

None of the aforementioned studies observed a purely additive effect; instead, a
partially additive and partially redundant effect was observed. Dukler et al. addressed
this inconsistency in terminology and proposed a more stringent mathematical approach
for classifying interaction types [51]. To validate this theory, the authors re-evaluated the
data obtained by Shin et al. for Wap-SE [52] and Hay et al. for x-globin SE [47], using
different fitting models, including linear (simple linear, linear exponential, and linear
logistic) models with and without interactions between enhancer constituents. In both
cases, the linear-logarithmic model adequately described the experimental data. Although
models allowing for interactions between enhancer constituents demonstrated slightly
higher likelihoods, the Bayesian information criterion (BIC) used to assess goodness of fit
did not show a significant improvement compared to linear models. Therefore, the authors
concluded that there was no evidence of synergy or significant interaction between SE
constituents for both SEs, suggesting an additive relationship instead.

High concentrations of Pol2 at super-enhancer regions indicate their active transcrip-
tion state. Indeed, SEs can be transcribed, giving rise to noncoding super-enhancer RNAs
(seRNAs). The concept of seRNA overlaps with the previously introduced concept of
enhancer RNA (eRNA) [53]. Notably, it has been demonstrated that eRNAs interact with
chromatin remodelling complexes, such as the CREB binding protein (CBP) and PRC2,
facilitating H3K27 acetylation and preventing methylation, thereby maintaining an open
chromatin state in promoter and enhancer regions [54]. Moreover, eRNAs are implicated in
releasing Pol2 from the paused state, promoting its transition to elongation by interacting
with positive and negative elongation factor complexes: P-TEFb and NELF [55].

Additionally, evidence suggests (s)eRNA involvement in various molecular pro-
cesses [56], including retaining transcription factors on enhancers [57], stabilising BRD4
interactions with acetylated histones [58], interacting with the mediator complex [59], and
participating in chromatin loop formation during enhancer—-promoter interactions [60],
including the recruitment of cohesin to oestrogen-regulated enhancers [61].

Super-enhancer RNA synthesis is associated with two types of transcription observed:
unidirectional and bidirectional [62]. This results in the production of sense and antisense
seRINAs, respectively, which differ in terms of their lifespan and length. Those seRNAs,
which are synthesised unidirectionally, are lengthy and more stable, undergoing capping,
polyadenylation, and splicing processes [63].

A recent genome-wide study employed a novel approach to investigate the various
types of interactions between super-enhancer constituents [64]. The authors analysed the
correlation between the total seRNA, assumed to be a proxy for the enhancer activity of an
SE, and the mRNA of its target gene by fitting different models (additive, synergistic, and
logarithmic) to the data. Additional analyses were conducted to select the best model and
validate the results. This genome-wide analysis focused on a dynamic system involving
B-cells stimulated to transform into macrophage-like cells. The study revealed that 45% of
enhancers cooperated additively, 17% exhibited synergistic interactions, and the remaining
interactions were redundant. Enhancer clusters demonstrating synergy were regulated by
cell-type-specific TFs and were associated with genes that determine cell identity, such as B-
cell-related BCL7A, LEF1, and TLET and macrophage-related CITED2 and LYZ. Interestingly,
no SEs were found to exhibit enhancer cluster cooperation in a synergistic manner. However,
this observation can be attributed to the distance limitation imposed by the definition of SEs.

Furthermore, several hypotheses have been proposed regarding the role of SE tran-
scription. Pefanis et al. suggested that the synthesis of sense and antisense seRNA may
play a crucial role in SE regulation, forming an R-loop (RNA-DNA hybrids) and recruit-
ing the RNA exosome, which may contribute to the termination of enhancer-associated
transcription throughout the genome [65].

Gurumurthy, Bungert, et al. proposed a Pol II transfer model, suggesting that tran-
scription plays a pivotal role in SE function [66]. According to this model, multiple enhancer
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elements are associated with LCRs and SEs, and accordingly, SEs themselves act as transcrip-
tional complex assemblers, released through transcription termination and transcriptional
cleavage. Through a transient looping mechanism (i.e., enhancer—promoter contact for-
mation by loop generation and phase separation), elongation-competent transcription
complexes are relocated to the target genes’ promoters.

This model explains the observed burst-like (unstable and frequently aborted) tran-
scription pattern and the additive properties of SEs, as each enhancer carries an equal
number of transcriptional complexes. Premature transcription termination is a characteris-
tic feature of SEs, regulated by the integrator and /or WD-domain containing protein 82 [67].
In 2021, the authors published experimental data for 3-globin supporting the Pol II transfer
model [68].

In conclusion, it is evident that there is no consistent interaction pattern among SE
elements. Different studies have provided evidence of additive, synergistic, and redundant
interactions between SE constituents. Among these, partial additivity (partial redundancy)
was found to be the most prevalent.

Several hypotheses have been proposed to explain the phenomenon of partial redun-
dancy. For instance, redundancy may be necessary for fine-tuning gene expression or
ensuring robustness in gene expression. Thus, the regulation of SE constituent activity may
contribute to gene fine-tuning in response to various cellular stimuli, such as developmental
processes [69]. Additionally, redundancy within SEs may facilitate stable gene expression
in the event of the loss of an active enhancer due to mutations [70,71].

However, in addition to partial additive effects, some authors have observed syner-
gistic interactions among elements in certain SEs. According to Cramer et al. [64], this
synergistic interaction may enable rapid switching on and off of genes during processes
like cell differentiation. Nonetheless, due to the limited number of studies in this area,
further data are required to substantiate these conjectures.

2.5. SE Search Methods

Computational methods for a genome-wide enhancer and, consequently, super-
enhancer prediction can be grouped into three main strategies. The first strategy involves a
motif-based approach, which analyses the frequency of existing transcription-factor bind-
ing sites (TFBS) across the genome. While this method is widely used and useful for initial
analysis, its predictive power can be weak due to differences between predicted and in vivo
TFBS distributions [72,73].

To compensate for these limitations, various probabilistic models have been developed,
including hidden Markov models (HMMs) [74] and k-mer approaches [75]. These methods
take into account the sequence context of the analysed genomic region and are designed to
minimise the high false-positive predictions associated with older motif-based algorithms.
However, both approaches have their disadvantages, including limited specificity in pre-
dicting super-enhancers in vertebrate genomes and inaccuracies in predicting short and
dense enhancer subclasses.

The third strategy for enhancer prediction is based on SE evolutionary sequence
conservation. This approach may reach a relatively high rate of success in some species
(e.g., three pluripotency-associated SEs in Placentalia: with up to 80% validation rates in
reporter assays [76], indicating SE importance in regulating gene expression. However,
this method is restricted to a small subgroup of the general population of potential super-
enhancers, limiting its applicability.

One popular non-ML tool for super-enhancer prediction is ROSE (rank ordering
of super-enhancers). It was created as a computational framework for discerning the
genomic regions that exhibit transcriptional activity, taking into account the ChIP-Seq
signals distribution and expression regulation of multiple genes.

ROSE was adapted for super-enhancers ranking using ChIP-Seq data to identify the
candidate SE regions that have high levels of histone acetylation (H3K27ac) [7,77,78]. It
utilises a statistical approach to rank the candidate regions, employing their enrichment
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in active enhancer markers, which can be varied through the implementation of diverse
ChipSeq experiments (e.g., using also MC and BRD4 data). The ordered list of these regions
is then evaluated to identify the top-ranking regions that are likely to be super-enhancers.

ROSE has proven to be a useful tool in identifying super-enhancers across different
cell types and species [79-81]. Additionally, ROSE has been extensively used in cancer
research to identify the key regulatory elements that drive the expression of oncogenes
and tumour-suppressor genes [82,83]. Its application has also extended to developmental
biology, where it has been used to identify the enhancers that control the identity and
function of different cell lineages [84,85].

In summary, the ROSE algorithm’s ability to quickly identify the genomic regions that
drive the expression of one or multiple genes makes it a valuable asset in understanding
the SE transcriptional regulation of diverse cell types and diseases. On the other hand,
ROSE has limitations in predictive power, as soon as the histone modifications spectrum is
limited to a few methylation or acetylation marks. Apart from that, ROSE does not imply
either topological data or sequence information, which may be crucial for studying SE
constituents” functions.

There are several methods for super-enhancer prediction that involve machine-learning
(ML) algorithms. Supervised and semisupervised learning are commonly used to train
on selected marks, which are represented by sets of known super-enhancers and non-SE
elements. Specifically, supervised models include two types of approaches: discriminative
and generative.

Discriminative models directly estimate the posterior probabilities and aim to max-
imise the separative power between SEs and non-SEs using specified features with various
optimisation techniques (e.g., piEnPred [86]). In contrast, generative models try to model
underlying probability distributions and use feature data encoding to deliver a probabilistic
separation for both classes of elements (e.g.,, CHROMATIX [87]).

Some machine-learning algorithms, such as random forests [88], RNN [89], ANN [90],
CNN [91], and SVMs [92], have demonstrated resistance to overfitting. However, even
ensemble methods may not achieve prediction accuracy due to training-data limitations,
such as small feature sets and low generalisation power.

Unsupervised methods can be used instead when forming a training set or providing
data for supervised approaches is not possible. These methods separate the genome into
short contigs, which are labelled as a class if they have similar features (such as ENCODE
and ChromHMM [93]). Unsupervised model resolution can be increased with higher
frequency genome binning. Unsupervised methods have shown acceptable predictive
power and could be used for the prediction of regulatory elements, such as promoters,
enhancers and super-enhancers, across genomes [94].

In summary, each of these computational methods for SE prediction has its strengths
and weaknesses. A combination of methods utilising motif-based approaches for initial
analysis followed by probabilistic models or evolutionary sequence conservation may
prove to be a more efficient approach for super-enhancer prediction. In the meantime,
machine-learning algorithms are particularly useful in the prediction of SE sequences.
While supervised and semisupervised learning methods show promising results, limitations in
training data can limit their effectiveness. Unsupervised methods might be a useful alternative
in these cases, providing acceptable predictive power for super-enhancer prediction.

2.6. SE Databases

Since the inception of research in the field of super-enhancers, a substantial volume
of data has been accumulated, thereby necessitating the establishment of a standardised
storage system. Presently, to the best of our knowledge, there are four SE databases (db)
accessible: dbSUPER [95], SEdb [96], SEA [97,98], and SEanalysis [99,100].

In-depth details regarding each of these databases, as well as a comprehensive com-
parison between them, are provided in Table 2. This table presents a comparative analysis
of various characteristics of the databases, encompassing organism diversity, SE search
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pipelines, SE annotation, SE visualisation, analysis tools, and links with external resources,

among others.

Table 2. SE databases comparison.

Database dbSUPER Sedb v.2.0 SEA v.3.0 Seanalysis 2.0
https: 5 L. ) o N https:/ /bio.liclab.net/
Link / /asntech.org/dbsuper/ h(t;}; Ze/s g :é()olrllcﬁk}gle t/zt)z‘él;/ (ac};tetsps 'e/ d/ Zila'lzdﬁfl‘o;%é:;) SEanalysis/ (accessed
(accessed on 14 July 2023) y y on 14 July 2023)
Last update 2017 2022 2019 2023
Human,
mouse,
Drosophila melanogaster,
Caenorhabditis elegans,
H H chicken, H
Organisms o o chimp o
rhesus,
sheep,
Xenopus tropicalis,
stickleback,
zebrafish
NCBI GEO/SRA, ENCODE,
Collected existing data on Roadmfa\p, Genomics of Gene
Data source A Regulation Project (GGR), and NCBI, GEO/SRA,
SEs from published . )
(ChIP-Seq) ricl, NCBI GEO National Genomics Data ENCODE
articles + Center Genome Sequence
Archive (NGDC GSA)
— Data from SEdb
Search pipeline
daggglIin;cflent Varied between articles
gnn 4 included in the database, Bowtie2, MACS2, ROSE Bowtie2, MACS2, ROSE
peak calling, more details in [95]
SE search,
accordingly)
Human
data f H3K27ac,
Input data for 300,
SE prediction H3K27ac H3K27ac RD4, H3K27ac
Med1
Genome hg38,
version hg19 hgl9 hg38 hgl9
Mouse
Med1 (for ESCs and pro-B
cells),
Ig}%)u;eiaiziiif MyoD (myotubes), H3K24ac HKatac, H3K27ac
p T-bet (Th cells), p
C/EBP (macrophages)
Genome mm9 mm39, mm10 —
version mm10
Database completeness
Human
SEs 68,729 1,167,518 109,304 1,167,518
Tissue types Not given 118 Not given Not given
Cell lines Not given Not given 133 Not given
Tissue types/cell lines 99 Not given 141 ~180
Mouse
SEs 2558 550,226 23,969 550,226
Tissue types Not given 636 Not given 19
Cell lines Not given 1107 Not given —
Tissue types/cell lines 5 Not given 32 ~110
Annotation completeness
Tissue type Yes Yes Yes Yes
SE genomic location Yes Yes Yes Yes
SE constituents Yes Yes Yes Yes
SE conservation No Yes Yes Yes
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Table 2. Cont.

Database dbSUPER Sedb v.2.0 SEA v.3.0 Seanalysis 2.0
Associated genes Yes Yes Yes Yes
RNA-seq No Yes No
DNasSeitIeI;}EpDeI_rIssesr;smve No Yes No Yes
Methylation sites No Yes Yes No
H3K27ac No Yes Yes Yes
Chromatin interactions No Yes Yes No
region
TADs No Yes Yes No
TF(Elrrelfﬁ?i ;i)tes No Yes Yes Yes
TF (lggflplfls‘(’; ;i)tes No Yes Yes Yes
Tl;(}a;g&?;gﬁsoi;es No Yes Yes Yes
SE associated pathways No No Yes Yes
SNPs No Yes Yes Yes
eQTL No Yes No No
CRISPR-Cas?9 target site No Yes Yes No
Visualisation
Genome browser ucsc On the site On the site on[iﬁ(ejii te
SE location Yes Yes Yes No
SE constituents’ location No Yes Yes No
Associated genes No Yes Yes Yes
Nearby genes Yes Yes ? Yes
Genes expression Yes Yes Yes Yes
Enhancers No Yes No No
Methylation sites Yes Yes Yes Yes
H3K27ac Yes No Yes Yes
p300 No No Yes No
BRD4 No No Yes No
Med1 No No Yes No
TF binding sites No Yes Yes No
Chromatin interactions Yes Yes Yes Yes
reglon
Regulatory networks
formed by SE (SE, TF, No Yes Yes Yes
gene)
SE conservation Yes Yes Yes Yes
SNPs Yes Yes Yes Yes
CRISPR—Cas9 target site Yes No Yes Yes
Overlap analysis, GREAT (predicts functions Pathway downstream
downstream analysis Differential Overlapping SE of cis-regulatory regions), analysis,
(Galaxy server), Gene analysis, Enrichr (gene set Upstream regulator
Ontology analysis SE-based TF-gene analysis, enrichment analysis), analysis,
Analytic tools (GREAT server), Gene-SE analysis, Specific analysis of Genomic region
correlation analysis, SNP-SE analysis, H3K27ac status, annotation
gene-expression analysis Overlap analysis, SE cell-type specificity, TF regulatory analysis,

and motif discovery

Region analysis

TF enrichment analysis,

Sample Comparative

(Cistrome server) Regulatory network analysis
GREAT
Galaxy ucCsC
Links with GREAT GREAT Sal.a’;y NCBI Gene
Cistrome nrichr GeneCards
UniProt
Data submission option Yes No No No
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In all of the examined databases, SE coordinates were determined using a standardised
pipeline. Specifically, researchers accessed ChIP-seq data for specific SE markers (e.g.,
H3K27ac) from publicly available sources. They subsequently performed read alignment
using the Bowtie tool, peak calling using MACS, and SE identification via the ROSE algorithm.

Data were collected for both the human genome and select model organisms. SEA
v.3 demonstrated remarkable organism diversity, including data for Homo sapiens and
10 other organisms, such as M. musculus, D. melanogaster, C. elegans, and zebrafish, among
others. In contrast, other db were primarily focused on human and mouse SEs.

Apart from interspecies diversity, SEs also exhibit cell-type specificity, thus emphasis-
ing the importance of annotating SEs in different cell lines for novel insights. This aspect is
particularly highlighted in SEdb v.2.0, the largest SE database for humans and mice, which
contains information on approximately 1167518 and 550226 SEs, respectively. Notably,
SEanalysis 2.0 utilises data from SEdb v.2.0, making it the most comprehensive source
of SE information for human and mouse organisms. Furthermore, SEdb v.2.0 is actively
maintained and received its latest update in 2022, unlike dbSUPER, an earlier SE database
that ceased updates in 2017.

In addition to SE coordinates, the majority of SE databases (SEdb v.2.0, SEA v.3.0,
and SEanalysis) also incorporate further data to facilitate SE analysis. These include SE-
associated genes, both predicted and experimentally validated transcription-factor binding
sites, single nucleotide polymorphisms (SNPs), CRISPR-Cas9 target sites, and more.

Furthermore, SEA v.3.0 and SEanalysis offer pathway analysis to elucidate the bio-
logical processes involving SEs. Additionally, the SE databases are interconnected with
external analytical tools such as GREAT (dbSUPER, SEdb v.2.0, SEanalysis 2.0) and Enrichr
(SEA v.3.0). Some databases also support data export to the GALAXY platform (dbSUPER,
SEA v.3.0).

Summing it all up, the existing super-enhancer databases serve as valuable reposito-
ries of information for SE research. Their focus on discrepancies in SE location between
organisms (SEA v.3.0) and cell lines in humans and mice (SEdb v.2.0, dbSUPER), as well as
their incorporation of pathway analysis (SEanalysis), provide a diverse range of data analy-
ses. This enables researchers to gain a holistic understanding and obtain various data for
novel investigations, including the identification of potential therapeutic targets for various
diseases, including cancer, where SE dysregulation has been implicated in pathogenesis.

2.7. SE Classification Attempts and Research Context
2.7.1. SE Classification

To enhance our comprehension of the functional properties and potential therapeutic
uses of super-enhancers, various endeavours have been made to categorise these entities. In
this discourse, we present a synthesis of insights regarding these classification endeavours.

In a previous analysis conducted by our team [88], we propose a potential classifi-
cation scheme for super-enhancers, originally suggested by Young et al. [7] in 2013. The
identification of these regulatory elements was achieved through an investigation of the
distribution pattern of the H3K27ac histone modification, which is closely associated with
active enhancers and promoters. Notably, super-enhancers were found to exhibit larger di-
mensions and greater transcriptional activity compared to typical enhancers. Furthermore,
they exhibited a remarkable enrichment in proximity to genes that play crucial roles in
determining cell identity and disease development. Consequently, the SEs can be classified
in a combinatorial manner based on the data acquired during experimental investigations.

In a seminal work by Jung, Ryu et al. [80], the discovery of a novel subtype of SEs with
a noncanonical functional role was elucidated. Through a comprehensive investigation of
SE specificity across diverse cell lines, the authors categorised SEs into three distinct classes:

e Unique SEs—these SEs conform to the conventional definition of SEs and exhibit
cell-type-specific gene regulatory functions;

e  Nonunique SEs—this class of SEs is present in tissues that share a common function.
For instance, the TJP3 (tight junction protein 3) gene, responsible for maintaining
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junctional integrity in intestinal cells of the digestive system organ tissues (such as the
stomach, sigmoid colon, and small intestine), falls under this category;

e “Common” SEs—these SEs exhibit a strong association with genes that are universally
highly expressed and are remarkably conserved throughout the human genome.
Integrative analysis of 3D chromatin loops revealed that cell-type common SEs play a
crucial role in the formation and rapid restoration of chromatin loops. Notably, loops
enriched with common SEs displayed a 12-fold faster recovery rate compared to loops
enriched with unique SEs [80].

The proposed classification methodology offers a comprehensive perspective, shed-
ding light on the intricate interplay of temporal and abundance factors that influence
cellular fate. Notably, the identification of tissue-specific SE clusters, typically observed
during the later stages of the differentiation process, aligns with the categorisation of the
so-called de novo super-enhancers [85].

This temporal classification approach serves to enhance the classification efficacy
initially introduced by Jung et al. [80], thus contributing to the formation of a more com-
prehensive classification framework. However, to deepen our comprehension of super-
enhancers and their functional dynamics across various stages of cellular development,
further investigation into the structural and functional attributes of SEs is imperative.
SE classification advances will undoubtedly enhance our understanding of the intricate
mechanisms underlying SE function.

2.7.2. LCR and SE Intersection

Super-enhancers (SEs) and locus-control regions (LCRs) are both cis-regulatory ele-
ments involved in the regulation of gene expression.

LCRs are specific DNA regions that act as regulatory elements involved in ensuring
precise spatiotemporal control of gene expression. They are responsible for coordinating
the expression of multiple genes in a given genomic region, often associated with the
development and differentiation of cells. LCRs are involved in long-range interactions with
their target genes and play a crucial role in maintaining gene-expression patterns during
development. Also, SEs are often associated with cell identity and have been implicated
in the control of tissue-specific and developmental genes. The presence of SEs has been
linked to increased gene expression and the maintenance of cell identity.

While SEs and LCRs are both involved in the regulation of gene expression [67],
their relationship and potential overlap remain enigmatic, and our understanding of gene
regulation is constantly changing with the development of genomics. Some researchers
have long been fascinated by the relationship between locus-control regions (LCRs) and
super-enhancers (SEs) in orchestrating gene expression. In an attempt to unravel this
complexity, simple in silico experimental approaches (BedTools, BedSect, etc.) offer various
options to explore the intersection of LCR and SE coordinates within the human genome
and can provide valuable information about LCR and SE functional concordance.

Our understanding of gene regulation is constantly changing with the development of
genomics. Some researchers have long been fascinated by the intricate relationship between
locus-control regions (LCRs) and super-enhancers (SEs) in orchestrating gene expression.
In pursuit of unravelling this complexity, in silico experimental approaches (BedTools,
BedSect, etc.) offer various options to explore the intersection of LCR and SE coordinates
within the human genome.

Our aim was to ascertain whether these two distinct regulatory elements exhibit any
consistent patterns of intersection and possible historical and functional inheritance. Using
data obtained from the NCBI and SEdb databases, we generated bed files for LCRs and
SEs, respectively, and performed coordinates intersection via the BedTools intersect.

However, a closer examination reveals an absence of regularity in this intersection,
highlighting the enigmatic nature of the relationship and the challenges in interpreting the
results (Figure 4). The absence of a consistent pattern raises intriguing questions about
the nature of the LCR and SE relationship. Are these elements truly independent entities,
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merely coinciding in the vast genomic landscape? Or do they possess an underlying
functional connection that eludes our current understanding?

LCRS
SEs

LCRS

0.4

0.2

-0.2

0.4

SEs

=1

Figure 4. The presence of a consistent distribution pattern suggests an indeterminate functional asso-
ciation. The colours of circles in each cell represent co-occurrence correlation and can be numerically
interpreted in accordance with a scale at the right Y-axis. According to the temperature scale (on the
right) deep blue depicts high correlation and light blue represents low correlation between SE and
LCR loci. The sizes of the circles represent the amount of analysed entities within every group.

To fully appreciate the implications of this irregular intersection, it is crucial to delve
into the functions attributed to LCRs and SEs. LCRs are recognised as vital regulators
of gene expression, involved in ensuring precise spatiotemporal control of genes during
development and cellular differentiation. On the other hand, SEs have emerged as key
players in driving high-level gene expression, often associated with cell identity and
disease progression. While the functions of LCRs and SEs seem distinct on the surface,
their intersection challenges this dichotomy. The irregularity of their coexistence highlights
the intricate web of genomic regulation, where regulatory elements work in concert, often
defying our preconceived notions.

In conclusion, our in silico experiment has shed light on the enigmatic intersection
between LCR and SE coordinates within the human genome. The absence of intersection
regularity emphasises the randomness of these encounters, making the interpretation of
their functional significance challenging. It is evident that LCR and SE coordinates may
intersect in the human genome but do not necessarily correlate considering their described
functions. This realisation calls for further investigations into the multifaceted nature of
gene regulation and the interplay of regulatory elements within the genome.
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2.7.3. Evolutionary Conservation of SEs

Super-enhancers are believed to control the expression of genes critical to cellular
identity, differentiation, and disease-related pathways. However, SE conservation across
different cell types and tissues remains unclear.

Conservation of super-enhancers has been observed in mammals, as demonstrated by
a study comparing ChlP-seq H3K27ac peaks in adipose, skeletal muscle, brain, liver, lung,
and spleen tissues of humans, mice, and pigs. The results showed that 8-16% of pig SEs
are functionally conserved, despite no sequence conservation being observed [101].

Moreover, highly conserved SE has been found in Mammalia Placentalia, regulating
pluripotency genes such as SOX2, PIM1, and FGFRI. Interestingly, while TF binding sites
were conserved, species-specific differences in their density could lead to varied SE activity
and pluripotency transcription programs [102].

In contrast, no highly conserved SEs were discovered when analysing SEs between
vertebrates such as humans, mice, and zebrafish. However, SEs regulating orthologous
genes were, on average, more conserved than SEs of nonorthologous genes [13].

Further research investigating SE dynamics during cardiomyocyte differentiation
showed conserved temporal patterns of SE in humans and mice. The study found that
the proportion of de novo established, decommissioned, and temporary hierarchical SE
in humans and mice was similar [103]. The conservation of SEs across mammal species
suggests that these regulatory elements have putative functional features that have been
preserved throughout evolution.

3. Super-Enhancers and Diseases

The super-enhancer concept is partially based on the observation that cell-identity
maintenance in mESCs is highly sensitive to the inhibition of the transcriptional coactivator
mediator and cohesin complex, as well as to the perturbation of master TFs [9].

Similar scenarios in multiple cancer types have also been frequently associated with
alterations in the expression of oncogenes (genes associated with the initiation of cell
division and apoptosis, the control of whose expression prevents the uncontrolled cell
division characteristic of cancer cells), oncogenic TFs, the production of chimeric TFs,
mutations in transcriptional regulators, and SE-dependent altered functional crosstalk.

The mentioned aberrant SE-driven transcriptional programs could be involved in both
cancer development and the progression of some other diseases, including certain immune
diseases, neurodegenerative diseases, and diabetes [104,105], which will be discussed
further in detail.

3.1. Oncology

According to the hallmarks of cancer, oncologies rely on specific gene (oncogenes)
activity to maintain proliferative signalling and initiate metastasis. In malignant cells,
oncogenes are amplified or overexpressed, and this overexpression is typically regulated
at the transcriptional level. Many cis-regulatory elements and trans-acting factors work
together to control gene expression. One of the reasons for the oncogenic expression
increase may be pathological binding to SE, with the formation of the so-called oncogenic SE.
Alterations in SE activity in cancer involve multiple mechanisms, leading to dysregulation
of transcriptional regulators and SE-associated genomic abnormalities, such as:

chromosomal rearrangements leading to a convergence of SE with a specific oncogene;
(super-)enhancer hijacking;

SE focal amplifications;

insertions, deletions, and other types of mutations in DNA that form binding sites for
new TFs, leading to the formation of SE;

e insertions, deletions, and other types of mutations in the SE that disrupt TFs binding
sites, leading to disruption of the SE function;

deactivation of SE associated with some tumour-suppressor genes;

disruption of TAD and sub-TAD boundaries;
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TFs increase in expression and overexpression, leading to pathological gene activation;
viral oncogenes (Epstein—Barr and HPV viruses);

some types of chemotherapy (e.g., cisplatin);

other pathognomonic events.

We summarised in the Appendix A Table A1 the diversity of cancer types and their sub-
classification, focusing on the anomalous interactions of SE with the oncogenes identified in
a number of neoplasms, the SEs and TFs said to interact with them, the percentage of cases
with discovered alterations, possible molecular pathogenetic ways, downstream-effected
associated pathways, and SE possible inhibiting effectors.

Studies of some cancer types have identified mechanisms that could potentially be
common to a number of other malignancies that share similar characteristics. One such ex-
ample is the MYC gene, whose overexpression is responsible for many pathways important
for tumourigenesis in several oncologic diseases, namely leukaemia, lung cancer, endome-
trial cancer, prostate cancer, glioma, and pancreatic ductal adenocarcinoma [99,106-110].

Oncological diseases of close localisations often have common SE-related mechanisms
of onset. Thus, haematological oncologies such as high-grade serous ovarian cancer (HG-
S0OC), epithelial ovarian cancer (EOC) and other ovarian cancer subtypes have several
SE-associated pathological mechanisms, namely BRD4 and SE copy-number amplification
similar to breast cancer [111]; ovarian cancer-like shared mechanisms of cisplatin-induced
SE activation (concluded based on elevated seRNA expression); and BRD4 amplification.
Of note, HDAC1/3/7 inhibition can result in the inhibition of the cancer stem cell (CSC)
phenotype by downregulating multiple SE-associated oncogenes in breast cancer stem
cells [112].

Alternative molecular mechanisms of SE-driven transcriptional programs in cancer
cells may represent cell-type/tissue-specific TFs or oncogenes/master transcription factors
of so-called core regulatory circuitry (CRC’, alternatively, core regulatory network/circuits)
overexpression. The concept of CRC” was introduced in 2005 when Boyer et al. showed that
the transcription factors OCT4, SOX2, and NANOG are core TFs that co-occupy promoters
of target genes and control a pluripotency program in embryonic stem cells (ESCs) [113].

And later, in 2013, when these transcription factors were also revealed to co-occupy
super-enhancers of genes associated with pluripotency and each other, this concept was
clarified and adjusted. Importantly, core master TFs not only stand at the head of the
hierarchy of regulatory networks and drive other TFs’ activation but also bind to each
other’s super-enhancers, thereby forming an interconnected autoregulatory loop [114].

One of the most popular CRC’ oncogenes in cancer is the CD47 gene—encoding a
transmembrane protein which partners with integrins and binds membrane regulatory
proteins—caused by aberrant SE constituents and helps cancer cells escape phagocytosis
in B-cell lymphoma. Similar mechanisms can take place in other types of cancer, such as
breast and subtypes of lymphoblastic leukaemia [115].

The main classes of cell metabolic pathways that are damaged or drastically changed
during tumourigenesis and oncological transformation (with the help of SE areas and their
influence on the level of expression of target genes) are as follows: cell growth, proliferation,
and self-renewal processes; cell survival (including viability and clonogenic capacity);
antiapoptotic functionality; and tumour immune escape (evasion of immunosurveillance).

When talking about the exact affected biochemical pathways, examples include the
notch signalling pathway affected by NOTCH1 mutations in T-ALL, the PI3K-AKT sig-
nalling pathway influenced by PIK3CA mutations in breast and colon cancer, and the
Wnt/ 3-catenin pathway in CRC” and LIHC.

Overall, Table A1 provides a comprehensive overview of TFs and genes implicated in
various cancer nosologies and subtypes, identifies common genes, including TFs and other
transcriptional regulators affected /associated by specific SEs, and highlights the molecular
mechanisms and pathways known by date.

It is important to clarify that we refer to the overall dynamics of SEs—including the
distribution of SEs and their regulatory mechanisms—by synthesizing various research
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perspectives on how individual structural elements may influence SE functionality. Our
analysis seeks to identify both convergences and divergences in these perspectives, forming
a basis for proposing a hierarchy of SE functionality (both functional and structural).
Regarding the methodology for predicting SE dynamics, our current work does not provide
specific methods but rather sets the stage for future in-depth in silico analyses aimed at
exploring the conservation and constitutive nature of SEs and their elements.

Our further discussion will be based on the Table A1 data. We first study the alter-
ations that are mainly associated with changes in single SEs or SE constituents (such as
chromosomal rearrangements, single-nucleotide polymorphisms, somatic mutations, and
viral infection-mediated changes). Afterwards, we move on to discussing more complex
mechanisms involving groups of super-enhancers through finer regulation of TF complexes,
including posttranslational modifications and seRNAs.

3.1.1. Chromosomal Rearrangements and SE Dynamics

SEs, acquired or lost due to chromosomal rearrangements, were extensively iden-
tified in haematological malignancies, namely t(3;8)(q26;,q24) AML [108], inv(3)/t(3;3)
AML [116,117] (Figure 5), AML with MLL rearrangements [118], multiple myeloma, and,
in one solid cancer, fusion-positive rhabdomyosarcoma [119]. All these rearrangements
have previously been known to be associated with a high risk of cancer development, but
the discovery of their connection with super-enhancer dysregulation sheds light on major
or additional mechanisms underlying malignisation.
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Figure 5. Example of chromosomal rearrangements: chromosomal inversion, leading to SE repositioning.
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Chromosomal rearrangements leading to the convergence of EphA2-SE with a specific
oncogene EphA2 might be another common mechanism to boost PI3K/AKT and Wnt/ 3-
catenin pathways and be shared between several oncological nosologies, namely colorectal
cancer, breast cancer, cervical cancer, etc. [120].

SEs mediating EVI1 oncogene overexpression have been revealed in AMLs harbouring
different rearrangements. Relocation of the GATA2 enhancer element from the 3921 to
the 3q26.2 loci results in EVII-SE formation and GATA2-SE loss in inv(3)/t(3;3) AML,
leading to EVI1 upregulation and haploinsufficiency of GATA2, respectively. Primitive
hematopoietic precursors are sensitive to GATA2 homeostasis disturbance; thus, reduced
GATAZ2 expression in the right spatiotemporal context can promote cell malignisation via
EVI1 activation [117].

A later study revealed that MYC-SE translocates to the EVI1 locus, and one of the SE
modules regulates EVI1 overexpression in t(3;8)(q26;q24) AMLs. SE-promoter looping is
facilitated by multiple CTCF-binding sites in hijacked MYC-SE and CTCF-binding sites
upstream of EVI1 TSS [108]. Since the CTCF binding site upstream of the EVI1 promoter
was preserved in AML harbouring 3q21 rearrangements and seemed to be essential to SE
hijacking, it has been proposed that the mechanism providing SE-promoter interaction is
common for all 3q26-rearranged AMLs demonstrating EVI1 overexpression.
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Frequent translocation t(4;14)(p16.3;q32.3) in multiple myeloma (MM) leads to tran-
scriptional activation by a distal SE (induced by the histone lysine methyltransferase NSD2)
of the histone chaperone HJURP. HJURP overexpression confers aggressive behaviour
in t(4;14)-positive, making HJURP a valuable therapeutic target in patients with t(4;14)+
MM [121].

Translocation (6;8)(p21;q24) in blastic plasmacytoid dendritic cell neoplasm leads to
the association of the super-enhancer of RUNX2 and the MYC promoter [122]. Table A1
also highlights specific rearrangements and mutations linked to SEs in different cancers;
for instance, gene fusions like BCR-ABLI and PML-RARA are often seen in chronic myeloid
leukaemia (CML) and acute promyelocytic leukaemia (APL), respectively.

A translocation in Ewing sarcoma, the second most common malignant bone tu-
mour, most commonly between chromosomes 11 and 22, often results in a fusion between
the 5’ region of the EWS gene and the 3’ region of FLI1. The fusion (chimeric) protein,
EWS/FLI1, has DNA-binding activity and promotes expression. It is a known oncogene.
The EWS/FLI1 occupancy of super-enhancers is considerably higher compared to typical
enhancers [123]. Ewing sarcoma onset is often due to a chimeric oncoprotein EWS-FLI1. SE-
associated transcripts are significantly enriched in EWS-FLI1 target genes (e.g., MEIS and
APCDD1), contribute to the aberrant transcriptional network of the disease, and mediate
the exceptional sensitivity to transcriptional inhibition [124].

3.1.2. SNPs, Somatic Mutations, and SE Dynamics

SNPs located in noncoding regions may contribute to SE formation or loss via TF’s
preference to bind to a specific allele over an alternative. SNP-caused SE dysregulation
associated with cancer development has been observed in colorectal cancer (CRC), chronic
lymphocytic leukaemia (CLL), and neuroblastoma.

Patients with inflammatory bowel disease (IBD) often carry another risk SNP, the
rs2836754 allele (T), which leads to disease-specific ETS2-SE activation both in IBD and CRC
since TF MECOM prefers binding at the T allele over C in this region. ETS2 downstream
genes regulate the inflammatory response; thus, ETS2 SE-driven overexpression results in
permanent inflammation and may serve as a key mechanism, increasing the predisposition
to the development of these diseases or the progression from IBD to CRC, as IBD is a
disease with a high risk for CRC development [125] (Figure 6).

Normal intestinal homeostasis Inflammatory bowel disease &
Colorectal cancer

T
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Protective allele: Risk allele:
rs2836754-C rs2836754-T

Figure 6. Example of SNP’s influence on SE dynamics. Green line—schematic representation of a
protective allele (rs2836754-C) preventing MECOM from effective SE activation of ETS2 transcription;
red line—schematic representation of a risk allele (rs2836754-T), accelerating ETS2-SE.

Reduced BMF-SE activity in chronic lymphocytic leukaemia (CLL) due to carrying the
rs539846 risk allele (A) at the RELA binding site leads to the disruption of RELA binding,
decreased BMF expression, and, therefore, BMF’s inability to inhibit the antiapoptotic
protein BCL2. In this study, no association between SNP rs539846 and patient survival has
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been observed, which can indicate the importance of BMF downregulation in the early
stages of CLL. However, the analysis had <50% power [126].

SNP rs2168101 G>T has been shown to be specifically associated with neuroblastoma
and to be located at the GATA3 binding site within the LMO1-SE region. Among 127 neu-
roblastoma primary tumours, 80% carried the G/G phenotype (G/G =102, G/T=25,T = 0),
and LMO1 mRNA expression was significantly decreased in G/T tumours compared to
G/G tumours [127]. Importantly, neuroblastoma cases with rs2168101 = G/G exhibited
significantly worse event-free survival and overall survival compared to rs2168101 = G/T
or T/T cases in the European-American cohort (n = 2101). Based on the reviewed articles,
we suggest that SNP-caused SE loss or formation is primarily associated with the risk
of cancer development; however, harbouring a homozygous risk allele genotype may
be crucial for survival and disease outcome, as was observed for the rs2168101 = G/G
genotype in neuroblastoma.

In addition to SNPs, somatic mutations occurring in SE regions may also contribute
to cancer development. In T-cell acute lymphoblastic leukaemia (T-ALL) lacking TAL14
abnormality or TAL1 chromosomal rearrangements, heterozygous indel mutations in
the region 7.5 kb upstream of TAL1 TSS result in de novo MYB binding motif (or even
two motifs as in Jurkat cells) and thereby the emergence of TALI-SE. MYB has been shown
to be crucial for TAL1-SE activation because it recruits the CBP protein, which opens the
chromatin and allows other members of the TAL1 complex to bind at TAL1-SE. TAL1-SE-
mediated monoallelic overexpression of the TALI oncogene leads to the establishment of
the T-ALL cell state, which suggests that targeting TAL1 expression or its downstream
targets may be a potential therapeutic strategy for treating T-ALL [128].

Additionally, Asnafi et al. suggest that, within a specific oncogene-driven cancer,
the mechanism of oncogene dysregulation itself can identify clinically distinct patient
subgroups and pave the way for future SE-targeting therapy. Therefore, T-ALL patients
harbouring 5'SE mutations of the TALI oncogene represent a specific subgroup with poor
prognosis, irrespective of the level of oncogene dysregulation [103].

3.1.3. Viral Infection-Mediated Changes and SE Dynamics

SEs dysregulation through different mechanisms has been revealed in HPV-related
cervical cancer [129-132], developing on the background of human papillomavirus (HPV)
integration (Figure 7).

éﬂ“ﬁ"“ Human papillomavirus
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>~
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DNA 5' H3K27ac H3K4me Target gene |—4 3
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DNA 5' H3K27ac HPV H3K27ac HPV H3K4me HPV Target gene |—< 3

Figure 7. Example of viral integration (HPV) influence on SE dynamics.

Dooley, Katharine E et al. have identified Brd4-dependent SE, formed de novo by
tandem copies of HPV16 DNA integrated into the genome of cervical neoplasia-derived
cell line W12 subclone 20861. De novo formed SE regulates E6/E7 viral oncogene over-
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expression [130]. Further, they have revealed that HPV16 integrates into an intergenic
region located at chromosome 2 and flanked by a DNA sequence containing a basal cellular
enhancer. Then, the viral genome was coamplified in about 26 copies with a flanking
cellular locus of size ~25 kb. The synergy of amplificated viral upstream regulatory re-
gions and adjacent hijacked cellular enhancers results in the formation of SE-like elements,
mediating overexpression of the viral oncogenes E6 and E7 and neighbouring cellular
genes, particularly FOSL1 [131]. Prominent nuclear Brd4 focus has not been observed via
immunofluorescence analysis in the other two W12 subclones, 20831 and 20862, and in an
additional six cervical carcinoma-derived cell lines.

An integrative analysis of multiomics data from six HPV-positive and three HPV-
negative cell lines investigated the genome-wide transcriptional impact of HPV integra-
tion using HPV integration detection, SE identification, SE-associated gene expression,
and extrachromosomal DNA (ecDNA). Seven high-ranking cellular SEs caused by HPV
integration—the so-called HPV breakpoint-induced cellular SEs (BP-cSEs)—were discov-
ered, which resulted in the intra- and interchromosomal set of gene dysregulation. Among
them are ISCA1, SLC25A28, ISCA2, GLRX5, FANCC, ING5, SCO2, RFC2, and some other
genes linked to cancer-related pathways [129].

In another study, HPV E6 has been confirmed to interact with histone H3K4me2/3-
specific demethylase KDM5C via the central and C-terminal portions of the protein and
promote KDM5C degradation in a proteasome-dependent manner [132].

Reduced H3K4me3 and increased H3K4mel have been observed at EGFR and c-MET
super-enhancers in CaSki cells with restored KDM5C expression compared to CaSki control
cells, which is consistent with previous findings, evidencing that KDM5C occupies almost
all active super-enhancers and regulates dynamic H3K4mel-H3K4me3 interchange [133].

Thus, HPV E6 induces EGFR and ¢-MET proto-oncogenes SE-mediated expression via
KDMC5C destabilisation, leading to SE activation. Since this mechanism is not directly
related to HPV integration into the host-cell genome, KDMC5 downregulation and the
consequent H3K4mel-H3K4me3 interchange may be involved in SE dysregulation in other
cancer types, which is also suggested in the mentioned study [133].

Another study shows enhancer reprogramming through TRIM11 interaction with
KDMC5. TRIM11 is highly expressed and KDM5C is expressed lower in breast cancer
patient tissues, and their expressions are negatively correlated [134].

In the EBV-transformed lymphoblastoid cell line (LCL), widely used as a model of
EBV-associated B-lymphomas, all four oncogenic EBV-proteins, EBNAs, and all five NF-
kB subunits were revealed to co-occupy approximately 1800 enhancer sites, including
187 sites identified as super-enhancers. According to the proposed model, cell NF-kB,
being activated by EBV-derived protein LMP1, and EBV EBNAs co-occupy enhancer
sites and recruit other cell TFs, such as EBF, a major pioneering B-cell lineage factor
increasing chromatin accessibility, STAT5, and NFAT, and thereby create so-called EBV
super-enhancers (EBV SEs). EBV SEs regulate key B-cell growth and survival genes,
including MYC and BCL2 [135].

In the study of the nasopharyngeal carcinoma (NPC) global histone epigenetic land-
scape provided by the same group, NF-«kB motifs were found to be enriched in NPC-specific
peaks, revealed from the H3K27ac ChIP-seq signal, but not in control-specific peaks. NPC
pathogenesis can be associated with EBV infection; thus, in EBV-positive NPC, NF-xB may
be activated by viral proteins LMP1, as in B-lymphomas or LMP2, and more consistently
expressed in NPC [136]. NF-kB activation via EBV proteins apparently plays one of the key
roles in enhancer gain and epigenetic landscape alterations in EBV-related cancers.

As it was mentioned, there are some examples of SE dynamics alteration mechanisms
similarity between different viral species, as is the case between HPV and EBV. At the same
time, variations of such mechanisms within the same HPV species can also be found. Thus,
viral infections represent a distinct class of molecular pathological changes that affect the
dynamics of super-enhancers. Further study is required to establish the full variety of
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mechanisms associated with viral integration into the host genome and, as a consequence,
the altered dynamics of super-enhancers.

3.1.4. Global SE Alterations

Many authors identify so-called global changes in super-enhancer dynamics or global
SE alterations when talking about widespread changes in the profile of SE activity studied
within genome-wide approaches.

In breast cancer, changes in the super-enhancer landscape have been found at dif-
ferent stages of breast-tumour progression. Ropri et al. have compared SE landscapes in
progression series generated from the MCF10A cell line, which included normal MCF10A
cells, premalignant cells forming atypical ductal hyperplasia (MCF10AT1), MCF10AT1
xenograft-derived cells forming ductal carcinoma in situ (MCF1DSIC), and MCF10AT1
xenograft-derived cells forming poorly differentiated malignant tumours (MCF1CA1).
When compared to normal MCF10A cells, 383/173, 684/12, and 28/259 SEs were newly
acquired/lost at the AT1, DCIS, and CAl stages, respectively. Gene ontology assessment to
SE closest genes revealed many acquired pathways, including STAT signalling in AT1, NF-
kB and FOXA2 signalling in DCIS, and CD147 in cancer-cell motility in CA1 cells. Further
comparison analysis of SEs in patient BC samples showed EphA2-SE, acquired at the DSIC
stage, was found in 34/47 ER+ and 10/10 TNBC samples. Interestingly, EphA2-SE was
not detected in TNBC cell lines. Thus, TNBC and ER+ samples had common SEs arising
apparently at the DSIC stage, which may serve as markers of potential DSIC transformation
to invasive ductal carcinoma [137]. TEAP2A-SE, acquired in the CA1 cells, was uniquely
found in all TNBC samples and in the 10/11 TNBC cell lines, probably indicating differ-
ences between TN and ER+ breast cancers. Other more significant findings are described in
Table Al.

Genome-wide reprogramming of the enhancer and SE landscape was found in gastric
adenocarcinoma (GC). Utilising Nano-ChIPseq for H3K27ac, H3K4me3, and H3K4mel his-
tone modifications, Ooi, Wen Fong, et al. generated 110 chromatin profiles from 19 primary
GCs, 19 matched normal gastric tissues, and 11 GC cell lines. Since cell lines are exclusively
epithelial in nature, GC lines were used to discover GC-associated enhancers. Considering
all H3 modification signals, researchers detected 36,973 distal enhancers in all GC cell
lines, of which 47% were found in at least 2 GC cell lines out of 11 and were considered
recurrent, indicating high variability of enhancer activity across cell lines. Interestingly, SEs
demonstrated a significantly greater tendency to be recurrent when compared to typical
enhancers; across 3759 nonredundant predicted SEs identified via the ROSE algorithm,
3345 turned out to be recurrent. Predicted SE was associated with known oncogenes, such
as MYC, KLF5, and MALAT1 [138].

Then, the activity of cell-line-predicted enhancers was compared between GC tumour
samples and matched normal gastric tissues. Based on exhibited alteration in activity
between cancer and a normal state, SEs statuses in GC were classified as somatic gain
(n = 1748, 47%), somatic loss (18%), unaltered (n = 416, 11%), or inactive (n = 808, 21%).
The authors suggested that regions corresponding to SEs associated with somatic loss may
represent regions epigenetically silenced in primary tumours but reactivated in cell lines
during in vitro culture. Unaltered SEs were associated with regions related to general tissue
functions or housekeeping genes. Interestingly, inactive SEs exhibited low recurrence in
GC cell lines. Importantly, further mapping of the catalogues of disease-associated SNPs
reported from 1470 GWAS against recurrent SEs revealed that somatically altered super-
enhancers were enriched in genetic risk SNPs associated with cancer and inflammatory
gastrointestinal disease (a disease with a high predisposition to GC). This was not observed
for unaltered SEs, which provides evidence about the possible contribution of SNPs located
in the SE region to SE gain or loss in GC. It is important to note that, when comparing
recurrently gained SE in primary GC samples with an intestinal histotype (n = 10) and
samples with a diffuse histotype (n = 6), 471 and 224 SEs were revealed as intestinal-
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specific and diffuse-specific, respectively. Common for both histotypes were 516 predicted
SEs [138].

Genome-wide profiles of H3K27ac marks were generated for 20 samples of primary
epithelial ovarian cancers (EOC) taken from patients with clear-cell ovarian cancer (CCOC),
endometrioid ovarian cancer (EnOC), high-grade serous ovarian cancer (HGSOC), and
mucinous ovarian cancer (MOC). Each of the EOC subtypes was represented by five sam-
ples. Across SEs revealed in HGSOC tissues, 93 SEs were associated with genes encoding
IncRNAs, of which only 3, UCA1, SNHGY, and SNHG15, were correlated with prognosis.
UCA1-SE was also found in three other EOC subtypes, but not in normal precursor cells:
fallopian tube secretory epithelial cells (FTSECs) or ovarian surface epithelial cells (OSECs).
UCA1 depletion via the CRISPR-Cas9 system revealed that UCA1 is important for cell
growth, and further experiments showed the role of UCA1 in the regulation of the Hippo-
YAP signalling pathway. Thus, it is speculated that SE-mediated UCA1 overexpression
drives ovarian cancer development [139].

It is important to note that in the described work, researchers focused their attention
exclusively on IncRNA-SEs because the major aim of the study was to detect IncRNAs
associated with EOC and reveal the regulatory mechanisms of those IncRNAs. How-
ever, based on the GEO page corresponding to this experiment, it may be concluded
that histotype-specific regions of H3K27ac signals were associated with enhancers when
common peaks were predominantly located at promoters. Interestingly, only 20 histotype-
specific peaks were identified in EnOC, whereas in other histotypes, the number of unique
peaks amounts to several thousand. Moreover, in the matched RNA-sequence dataset, only
16 DEGs were specific for EnOC, whereas for other histotypes, several hundred DEGs were
identified [140].

A colorectal cancer genome-wide ChIP-Seq analysis of 73 pairs of CRC tissues in total
was found to contain 5590 gain and 1100 loss variant enhancer sites, as well as 334 gain
and 121 lost variant super-enhancer loci. Via motif and core regulatory circuitry analysis,
multiple important transcription factors in colorectal cancer were predicted, with PHF19,
TBC1D16 and KLF3 having a special role to play in colorectal cancer carcinogenesis [141].

Noel, Pawan et al. have demonstrated that the SE profile in pancreatic ductal adeno-
carcinoma (PDAC) epithelial cells differs from the SE profile in cancer-associated fibroblasts
(CAFs) cell lines isolated from patients with PDAC. Super-enhancer regions in PDAC
cancer-cell lines were associated with such genes as POLR2E, PARK?, and MYC and were
enriched in GO biological processes related to transcription regulation, apoptosis, and
immune function, while SE-associated genes in CAFs (e.g., COL1A1, COL1A2, TGFBI) were
enriched in extracellular matrix organisation, angiogenesis, and hypoxia processes. The
important result of the study is the therapeutic relevance of triptolide in targeting both
tumour epithelial cells and CAFs. Triptolide mediates disruption of cell-specific SEs and
suppresses SEs-associated gene transcription via inhibiting XBP subunits of the TFIIH com-
plex. The authors speculated that triptolide treatment can reprogram tumour-supporting
crosstalk between cells in the PDAC microenvironment through disruption of SE-mediated
transcriptional programs both in tumour cells and in CAFs [142].

Significant alteration of the SE landscape in cancer, when compared to normal tissue,
has been detected in human hepatocellular carcinoma. SE acquired in HCC was associ-
ated with a lot of known oncogenes, such as YAP1, CCND1, E2F2, EGFR, and MYC. The
expression profile of HCC SE genes obviously separated HCC samples from normal tissue
samples in the unsupervised clustering analysis [143].

Changes in the regulatory regions of the PAX5 locus are critical in the development of
chronic lymphocytic leukaemia (CLL). PAX5, being the key regulator of SE in CLL, modifies
the SE landscape and the whole core regulatory circuitry [144].

The triple-negative subtype of breast cancer (TNBC) is a heterogeneous disease lacking
known molecular drivers with significantly poorer survival rates compared to other breast
cancer subtypes. TNBC has been demonstrated to be one of the breast cancer subtypes
with a critical role in SE-dependent onset. It has been shown that over 2500 unique SEs are
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acquired by tumour cells, pseudo-receptor BAMBI has been identified as a SE-associated
gene [101] and ANLN, FOXC1, and MET genes as TNBC-specific genes regulated by
SEs [102]. High levels of SE-associated NSMCE2 strongly correlate with patients” poor
response to chemotherapy, especially for patients diagnosed with aggressive TNBC and
HER2+ breast cancer types, MAL? is the second novel SE-associated gene identified in [104].

Lung adenocarcinoma, characterised by focal amplification of SE [105], is associated
with more than 781 abnormal activated SEs [145]. Similar genetic profiles between lung,
head and neck, and cervical cancers might suggest the conservation of SE regions between
these diseases and tissues [146,147].

Furthermore, in ovarian cancer, SE genome-wide changes have been observed after
repeated cisplatin treatment. Cell-type-specific transcription-factor ISL1, an SE regulator
in ovarian cancer cells, apparently is the main driver of SE plasticity induced by cisplatin
treatment. ISL1 is being suppressed in cisplatin-treated cells, which reorganises the global
SE program and mediates the adaptation process in the cells undergoing near-to-death
experience [148].

Moreover, specific hormone stimulation may influence SE dynamics as well. For
instance, Dex treatment in breast cancer resulted in genome-wide reorganisation of the
enhancer and SE landscape. A Dex-specific SE encompasses DDIT4 and four glucocorticoid
receptor (GR) binding sites allowing for a loop-switching mechanism to induce DDIT4
transcription under Dex treatment [149].

Another humoral regulation mechanism is known in prostate cancer. Androgen
receptors in prostate cancer repress MYC. This repression is independent of AR chromatin
binding and is driven by coactivator redistribution. AR causes disruption of the interaction
between the MYC-SE within the PCAT1 gene and the MYC promoter. Androgen deprivation
increases MYC expression [150].

3.1.5. Critical Proteins of SE Regulation Complex Overexpression

Overexpression of trans-acting components of the SE machinery has been discovered
in a number of cancers and, probably, additionally contributes to the gain of SE-mediated
transcription. So, CDK7, MED1, EP300, and BRD4 were overexpressed in primary HCC
samples in contrast with normal tissue samples [143]. Interestingly, mutations and deletions
in TP53, a gene encoding the p53 protein guarding genome stability, were significantly
enriched in HCC patients with CDK7, BRD4, EP300, and MED1 overexpression, which
indicates a possible association between TP53 sequence alterations and upregulation of SE
complex trans-acting components.

Transcriptional cyclin-dependent kinases (CDKSs), particularly CDK?7, facilitate tran-
scription initiation and promote productive elongation through phosphorylation of the
RNAPII c-terminal domain (CTD). CDK?7 upregulation was revealed in 35 osteosarcoma
primary tumours compared to normal tissue. All 10 examined osteosarcoma cell lines have
shown high sensitivity to THZ2, a selective CDK? inhibitor [151]. In thyroid carcinoma,
CDKY expression was significantly increased in anaplastic thyroid carcinoma (ATC) sam-
ples compared to papillary thyroid cancer (PTC) samples, and cells with the ATC subtype
were sensitive to THZ1 treatment [152].

In colorectal cancer, MC38 sublines with a higher expression of CDK12, another reg-
ulator of elongation, demonstrated enhanced metastatic competence in Western blotting
experiments. DCBLD2, NTSR1, CAV1, CCDC137, CDC25B, PRKACB, and SE-associated
genes were also overexpressed in cancer compared to the norm, were sensitive to a low
dose of SR-4835, a selective inhibitor of CDK12, and showed expression reductions greater
than 1.5-fold after SR-4835 treatment. CCDC137, whose function in colorectal cancer re-
mains unknown, has been identified as an oncogene promoting proliferation and stemness.
CCDC(C137 depletion significantly reduced migration and invasion of cells occurring against
the background of CDK12 overexpression, which probably indicates CCDC137’s important
role in liver metastasis promotion [153].
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Ovarian cancer patients have the highest overall expression of BRD4 and the highest
rate of genetic amplifications at the BRD4 locus across the entirety of the TCGA Pan-
Cancer dataset; ~11% of patients with ovarian cancer have an amplification of the region
containing the BRD4 gene. Importantly, amplification of SE-associated genomic regions
is significantly frequent compared to ovarian cancer genome-wide amplification in CNV
analysis of ~600 patients with ovarian cancer. Thus, BRD4 amplification probably serves as
additional fuel, contributing to SE-mediated transcription alterations primarily associated
with SE CNVs. Moreover, about 6% of patients with uterine corpus endometrial carcinoma,
and also skin cutaneous melanoma, have mutations in the BRD4 gene [111].

Importantly, BRD4 has been revealed to play a role in the suppression of SE activity. In
breast cancer, BRD4 reorganises chromatin and facilitates recruitment of the LSD1-NuRD
complex to SEs, which in turn with BRD4 occupies SEs, thereby repressing genes, and is
functionally linked to drug resistance. JQ1 long-time treatment declines the LSD1 protein
level and decommissions the BRD4-LSD1-NuRD complex, inducing resistance to JQ1 and
a spectrum of other compounds. Thus, such results indicate the dual role of BRD4 in
regulating the activity of super-enhancers and also highlight the possible negative effects
caused by JQ1 treatment [154].

3.1.6. TFs Induce SE Activation and Regulate SE-Mediated Programs

In a number of cancers, the gain or loss of SE activity occurs due to the alteration of
TF dynamics, which bind to corresponding SE regions and drive SE-mediated transcrip-
tion. The dysregulation of some TFs may specifically affect just one or several genes, but
global SE-activity alterations, particularly due to the dysregulation of master TFs, seem
to occur more often in cancer. Thus, the MYC oncogene was revealed to be upregulated
and responsible for strong SE-mediated overexpression of other critical oncogenes such
as CDK6 and TGFB2 [155] in osteosarcoma. Additionally, MYC gene overexpression is
responsible for many pathways important for tumourigenesis in several oncologic diseases:
leukaemia, lung cancer, endometrial cancer, prostate cancer, glioma, and pancreatic ductal
adenocarcinoma [105,107-110,118,150].

Other frequently occurring genes include TP53 (as well as TP73, a TP53 family SE-
associated gene present in adult T-cell leukaemia/lymphoma [156] and TP63), AR [157],
ERG, ETS (ETV1, ETV4[158], and ETV6) and IRF (IRF1, IRF2, IRF4 [159], and IRF8) family
members, etc. Notably, TFs, like ERG, androgen receptor (AR), and ETV1, are commonly
observed in prostate cancer, while TP53 and MYC are frequently involved in multiple
cancer types.

Another study addresses the distinct gene signature of lung fibroblasts, according
to which multiple key TFs of lung mesenchyme development include TBX2, TBX4, and
TBX5 (T-box TFs) and are associated with SEs. These TFs are downregulated and hyperme-
thylated in lung cancer-associated fibroblasts (CAFs), suggesting an association between
epigenetic silencing of these factors and phenotypic alteration of lung fibroblasts in cancer.
Yet, TBX4 is functionally active not only during organogenesis but also in the cellular
homeostasis of lung fibroblasts. This supports the notion that fibroblasts retain “positional
memory” [160].

Many additional instances will be expounded upon subsequently, within the frame-
work of elucidating the factors influencing the altered dynamics of transcription factors
(TFs) and within the context of unravelling the mechanisms that establish oncogenic tran-
scriptional programs.

3.1.7. CRCs and Autoregulatory Loops in TFs-Modulated SE Landscape

In a series of works, master TFs have been shown to form autoregulatory loops, i.e.,
master TFs occupying genome-wide super-enhancers also occupy their own SEs. Thus,
TFs directly establish positive feedback loops and maintain or enhance the transcriptional
programmes they drive.
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In T-ALL, mentioned above, indels in regions upstream of TAL1 TSS lead to de
novo MYB binding-site creation, and then CBP, recruited by MYB, provides chromatin
accessibility and makes possible the binding of the TAL1 complex at de novo SE. The
TAL1 complex includes TAL1 itself, GATA3, and RUNX1. These TFs have previously been
revealed to form an interconnected autoregulatory loop and bind at the MYB enhancer [161].
Since MYB and TAL1 co-occupy approximately 80% of TAL1 binding sites throughout the
whole genome and form positive interconnected autoregulatory loops via binding to each
other’s enhancers, it can be concluded that MYB together with the TAL1 complex serve as
core regulatory circuitry in T-ALL. However, it is worth noting that MYB is the key factor
in this CRC’, as MYB is crucial for TALI-SE establishment and, consequently, the initiation
of autoregulatory positive feedback circuitry and the stabilisation of the TAL1-regulated
oncogenic program. The key role of MYB was confirmed by MYB knockdown via siRNA,
which turned out to be sufficient for the depletion of TAL1, RUNX3, and GATA3 [128].

Alternative examples of autoregulation have been found for the following master TFs:
FOSL1 in HNCC [162], MYC in colorectal cancer [163], ASCL1 in small lung adenocar-
cinoma [164], ISL1 in ovarian cancer [148], FOXC1 in triple-negative breast cancer [102],
and MYCN in MYCN-amplified neuroblastoma [165]. In addition, TFs can enhance tran-
scriptional programmes indirectly, e.g., ERx regulates SE-driven transcription of the RET
gene, which, in turn, activates the RET/RAS/RAF/MEK/ERK/p90RSK/ERax phospho-
rylation cascade, thereby promoting ER« activity and, consequently, ERo-regulated gene
transcription [166].

Mesenchymal tumours obtain their own characteristic factors. Fusion-positive rhab-
domyosarcoma (FP-RMS)—RMS with t(2;13)(q35;q14) chromosomal translocation resulting
in PAX3-FOXO1 fusion gene formation—seems to be regulated by CRC’, formed by PAX3-
FOXO1, MYOD1, MYCN, and MYOG. PAX3-FOXO1 protein serves as a pioneer factor,
opening chromatin and recruiting BRD4, and thereby induces the formation of de novo
SEs. PAX3-FOXO1 sets up interconnected autoregulatory loops via binding to its own
SE and to SEs of myogenic master TFs, namely MYOD1 and MYCN, which, in turn, es-
tablish MYOG-SE, and together with MYOG and PAX3-FOXO1 co-bind PAX3-FOXO1-SE,
MYOD-SE, and MYCN-SE. It is important to note that myogenic master TFs bind almost
all revealed SEs, while PAX3-FOXO1 occupies just 47% of them. Thus, the pioneering
factor PAX3-FOXOL1 is the main driver of SE-mediated transcription reprogramming, but
it needs further myogenic master TF activity to maintain widespread transcription reg-
ulation of genes responsible for RMS cell identity [167]. Another example of the CRC’
critical component in osteosarcoma is LIF being an essential factor under the control of
osteosarcoma-specific SE. Its expression positively correlates with the stem-cell core factor
genes in osteosarcoma [168].

Jiang et al. identified TP63, SOX2, and KLF5 as the master TFs responsible for orches-
trating the CRC” in ESCC cells through the establishment and maintenance of chromatin
accessibility and binding to SEs regions. In this study, it was shown that the knockdown of
at least one of the core TFs leads to disruption of the whole regulatory program. Thus, the
authors believe that the TP63, SOX2, and KLF5 trios occupy their own SE elements as well
as each other’s, thereby forming interconnected autoregulatory loops. In their previous
studies, researchers also found some SCC-specific IncRNAs regulated by SCC-specific SEs,
namely CCAT1 and LINC01503 [169]. Further, CCAT1 was identified as a key SE-regulated
IncRNA in three other SCC types. Interestingly, CCAT1-SE was shown to be co-occupied
by TP63 and SOX2, while LINC01503-SE was only bound by TP63, precisely by the TP63
isoform ANp63.

In lung adenocarcinoma (LUAD), master TFs ELF3, EHF, and TGIF1 have been re-
vealed to form CRC associated with widespread alterations of SEs. The loss-of-function
assay demonstrated that each of the master TFs is essential for LUAD cell survival, invasion,
and metastasis [170].
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The group 3 subtype medulloblastoma (G3-MB), the most common malignant paedi-
atric brain tumour, CRC’ comprises the 14 SE-associated genes (so-called vital SE-associated
genes, vSE) which include the three common TFs (MYC, OTX2, and CRX) and 11 newly
identified downstream effector genes, including novel SE-associated genes, PSMB5 and
ARL4D (subtype specific). The conserved SE-associated oncogenic signature between
primary tumour lines and tissues of G3-MB is enriched with subtype-specific upregu-
lated tumour-dependent genes, and MB patients with such an enrichment exhibit a worse
prognosis [171].

In the case of other haematological malignancies, the TCF3-HLF chimeric TF in paedi-
atric acute lymphoblastic leukaemia (ALL) and the ETO2-GLIS2 chimeric TF in paediatric
acute megakaryoblastic leukaemia (AMKL) activate MYC expression, which, in turn,
accumulates in the SEs of malignant cells, leading to a conserved MYC-driven type of
transformation programme [172]. The majority of SEs in haematologic cancer cells are gen-
erated by key oncogenic drivers and are associated with genes that maintain hematopoietic
identity (such as IKAROS and STATY)) [44].

Interestingly, some paediatric tumours were found to differ in the SE land-
scape [173,174]. Moreover, in infant neuroblastoma 2, major SE-directed molecular sub-
types have been described, namely the ADRN and MES subtypes. The ISX drug has been
shown to reprogramme SE activity and switch NB cells from an ADRN subtype towards a
growth-retarded MES-like state, sharing strong transcriptional overlap with GN, a benign
and highly differentiated tumour of the neural crest, opening new insights into cancer
therapy [175].

Thus, the clustering of various tumour subtypes based on SE profiling makes it possible
to enhance the existing clinical tumour classification, which indicates the important role of
SEs in the formation of a certain tumour phenotype from the point of view of its localisation
and age of onset.

3.1.8. Sample Mechanism of TF-Mediated Pro-SE Looping: The Role of YY1

Binding sites in SEs regions were found for Yin-Yang 1 (YY1), another TF associated
with cancer progression, hepatocellular carcinoma, high-grade serous ovarian cancer, and
triple-negative breast cancer [102,111,176]. YY1 was shown to bind SEs driving QKI, RAEL1,
FOXC1, and MET1 transcription in HCC, HGSOC, and TNBC, respectively, which positively
affects cancer-cell migration and invasion (Table A1). Furthermore, Han, Jingxia, et al.
proposed the mechanism of YY1-activated QKI overexpression during HCC, according
to which YY1 forms complexes with p65 and p300, inducing DNA loop formation and
bringing QKI-SE and QKI promoter closer.

In a little more detail, YY1 binds to SE and the promoter of QK1, while p65 binds to the
QK1 promoter, and p300 serves as a mediator stabilising the YY1-p65-p300 complex [176].
Huang et al. also predicted YY1 binding sites in the FOXC1 promoter in addition to FOXC1-
associated SE utilising ENCODE [102]. Perhaps a similar mechanism, described for QKI,
may be observed in other types of cancer.

It is worth noting that Weintraub, Abraham S., et al. previously showed that YY1 struc-
turally regulates enhancer—-promoter interactions in a manner similar to CTCF-mediated
DNA looping in humans and mice. YY1 and CTCF are ubiquitously expressed in mam-
malian cells and, based on the authors’ results, are required for normal gene transcription
through enhancer—promoter looping, which apparently is a general feature for gene control
in mammalian cells. The authors demonstrated that YY1 occupancy is observed genome-
wide in both typical enhancers and super-enhancers and is likely to be cell type specific, as
human ChIP-seq data exhibited patterns of YY1 binding differing between lymphoblastoid
cells, colorectal cancer cells, hepatocellular carcinoma cells, embryonic stem cells, T-ALL
cells, and CML cells [177]. Thus, one can assume that YY1 binding to SEs of cancer-related
genes contributes to gene dysregulation during cancer development and progression via
facilitating SE-promoter interactions.
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3.1.9. Copy Number Variation and Overexpression of TFs Leading to SEs Alteration

One of the possible reasons for TF dysregulation is genomic amplification of the
gene encoding the respective TF, which further leads to transcriptional amplification. For
example, genomically amplified MYCN has been shown to drive global transcriptional am-
plification of active genes through binding with their promoters and enhancers in MYCN-
amplified neuroblastoma. Moreover, THZ1 induces apoptosis of MYCN-amplified cells and
correlates with the downregulation of SE-associated genes, unlike MYCN-non-amplified
cells, which evidences the selective vulnerability of MYCN-amplified neuroblastoma cells
to this inhibitor. Interestingly, after the recalculation of the MYCN enhancer rank for one
copy of MYCN, the MYCN enhancer was still identified as SE and had a strong H3K27Ac
signal. Based on this, it was suggested that the main contribution to the higher signal in
MYCN-amplified neuroblastoma cells compared to MYCN-non-amplified neuroblastoma
cells is not due to an increased copy number of the super-enhancer sequence [165]. How-
ever, enhancer elements of SE may act in a synergistic manner and, thus, contribute to an
increased signal from each other. Thus, we assume that this result can be discussed.

Another example is the genomic amplification of TP63 and SOX2, master regulators
that establish and maintain the global SE landscape in oesophageal SCC, HNSCC, and
LSCC [178].

However, additional copies of a gene are not always the cause of TF dysregulation,
and often the mechanism of dysregulation is unclear. Zhang et al. revealed FOSL1 as the
master regulator in HNSCC, promoting tumourigenesis and metastasis via establishing
SEs associated with key oncogenes, such as SNAI2, CD44, and FOSLI itself. SNAI2 is
another TF regulating the epithelial-mesenchymal transition (EMT). In this study, FOSL1
was significantly upregulated in HNSCC tumour tissues and correlated with metastasis of
HNSCC, but the mechanism of upregulation has not been investigated [162].

3.1.10. Spliced Isoforms of TFs Regulating SEs

Another example of altered TF activity and lifespan is the protein isoforms undergoing
alternative splicing. For instance, ANP63c is a prominent isoform of TP63, driven by
SEs associated with basal cell-specific genes in nasopharyngeal cancer (NPC) cells. NPC
originates via malignant transformation of the pseudostratified nasopharyngeal epithelium,
composed of basal and luminal cells. Basal cell-specific proteins are highly expressed,
whereas luminal cell proteins are downregulated in NPC, implying a perturbation of basal-
to-luminal differentiation during NPC development, a process associated with distinct
SE landscapes. ANP63«x is a master factor contributing to the perturbation of luminal
differentiation [179].

ANPp63 was also studied as the squamous cell carcinoma (SCC)-specific oncogenic
factor, regulating some SE-associated IncRNAs (seRNAs). It was found that ANp63 binds
to LINC015030-SE and contributes to its SCC-associated transcription activation, suggesting
that LINC015030 is an important downstream effector of TP63 [178].

3.1.11. Post-Translational Modifications Changing TFs Affinity

Nguyen, Duy T et al. have discovered that K13-acetylated (acK13)-HOXB13 is a crucial
regulator of SE selectivity before the development of castrate-resistant prostate cancer
(CRPC). HOXB13, a lineage-specific pioneer TF, is specifically targeted by CBP/p300, his-
tone acetyltransferase, to mediate K13-acetylation of HOXB13, which transforms HOXB13
into a pro-CRPC TE (acK13)-HOXB13 differentially interacts with chromatin remod-
elling proteins, bromodomain-containing proteins, and CTCF, when compared to un-
modified HOXB13.

Moreover, the acK13-HOXB13 binding motif at the SE region differed from the unmod-
ified protein, and the most common acK13-HOXB13 motifs in PC were enriched with motifs
of TF associated with the epithelial-mesenchymal transition, such as FOXA1, ZEB1, and
FOXO1. A ChIP-seq of (acK13)-HOXB13, HOXB13, and H3K27ac signals analysis in tumour
and normal samples has revealed that (acK13)-HOXB13 occupies an SE targeting lineage
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(AR, HOXB13), CRPC promoting (ACK1), prostate cancer diagnostic (FOLH1, SPON2), and
angiogenesis-related (VEGFA) genes in cancer samples.

It has been demonstrated that increased expression of ACK1, one of the most remark-
able SE-associated genes, overrides the loss of androgen stimulation, and human prostate
tumour organoids expressing HOXB13 showed significant resistance to AR antagonists but
were sensitive to (R)-9b, an ACK1 selective inhibitor [180].

3.1.12. seRNA (eRNA)

eRNAs are noncoding RNAs, transcribed from enhancers. Oncogenic SEs generate
noncoding SE RNAs (seRNAs) that exert a critical function in malignancy through the
powerful regulation of target gene expression. Although the significance of SE transcription
is not fully understood, some seRNAs have been shown to have specific functions, and
some are associated with oncological and autoimmune diseases [63].

Certain seRNAs can interact with transcription factors (ITFs) and cofactors, including
CBP proteins responsible for H3K27ac modification and CTCF proteins involved in chro-
matin loop formation at SE-promoter interactions. seRNA activity has been demonstrated
both in cis and in trans and was reviewed by Xiao et al. [181]. Another example is a JUN-
mediated seRNA, associated with metastasis (seRNA-NPCM), which forms an R-loop to
simultaneously regulate distal target (NDRG1) and neighbouring (TRIB1) genes to promote
the metastasis of nasopharyngeal carcinoma (NPC) [182].

eRNA expression is sensitive to BRD4 perturbation, which has been demonstrated
in multiple studies utilising JQ1 treatment. Interestingly, SE-driven transcription, in turn,
may be sensitive to eRNA expression. eRNA transcribed from the ALDH1A1-SE region
is critical for SE-driven ALDH1AI mRNA transcription, promoting stem-like features in
high-grade serous ovarian cancer [183]. Since ALDH1A1-eRNA is regulated by BRD4,
and both BRD4 inhibition and eRNA knockdown reduce ALDH1A1 mRNA levels, it is
suggested that BRD4 first activates eRNA transcription, and then, eRNA together with
BRD#4 establishes ALDH1A1-SE-driven transcription. Another, newer study has shown that
CHPT1-seRNA expression in castration-resistant prostate cancer is also BRD4-dependent.
Furthermore, authors have experimentally revealed that CHPT1-seRNA interacts with
BRD4 protein in two BRD4 regions containing evolutionarily conserved lysine-rich motifs
through its 349-552-nt region and regulates BRD4 occupancy in CHPTI-SE [184]. Thus,
CHPT1-eRNA-BRD4 interaction plays an important role in SE activation in Enz-resistant
CRPC. Probably, eRNAs may play a similar function to that in SE-driven gene dysregulation
in other cancers.

In addition to the proposed recruitment of BRD4 to SE regions, eRNA probably
influences SE formation in other ways. In the lymphoblastoid cell line (LCL) derived from
EBV-transformed B-cells, MYC-ESE (EBV SE) eRNA has been essential to MYC-ESE and
MYC TSS looping, which has been confirmed on LCLs transduced with control shRNA or
targeting shRNA targeting eRNA utilising 3C qPCR assays [185]. It is worth mentioning
that MYC-ESE eRNA is sensitive not only to BRD4 inhibition but also to the inactivation of
EBV nuclear antigen 2 (EBNA2), which is also crucial to SE formation.

Several studies have shown that SE-driven IncRNAs can play an important role in
tumour development. RP11-569A11.1, a SE-IncRNA, has tumour suppressor functions
by regulating IFIT2. It is significantly downregulated in colorectal cancer [186]. Another
example is LINC01004, which is significantly upregulated in liver cancer tissues. It is
associated with a poor prognosis. It was shown that LINC01004 promotes the cell pro-
liferation and metastasis of hepatocellular carcinoma [187]. SE-associated IncRNAs in
stomach adenocarcinoma are related to immune markers. For example, TM4SF1-AS1
suppresses T-cell-mediated killing and exhibits the immune response to anti-PD1 ther-
apy [188]. LINC01977, another SE-associated IncRNA, promotes proliferation and invasion
both in vitro and in vivo in lung adenocarcinoma. LINC01977 interacts with SMAD3 and
induces its transport to the nucleus, which facilitates the interaction between SMAD3
and CBP/P300. The SMAD3-CBP-P300 complex activates ZEB1, the central switch of
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EMT [189]. Moreover, LINC00162, transcribed from the SE region in bladder cancer, inter-
acts with THRAPS3, thereby disrupting THRAP3’s ability to positively regulate PTTG1IP
expression. Since PTTGI1IP inhibits cell proliferation and promotes apoptosis, its downreg-
ulation due to LINC00162 overexpression and subsequent LINC00162-THRAP3 interaction
promotes bladder cancer [190]. For example, the TF HSF1, exerting a multifaceted role in
tumourigenesis, specifically activates the SE region in colorectal cancer. HSF1-mediated
IncRNA-LINC00857 promotes cell growth via regulating SLC1A5/ASCT2-mediated glu-
tamine transport, proving the relevance of SE-IncRNA regulation in the SE molecular
pathogenesis [191], the idea also supported by [192].

Hepatocellular carcinoma (HCC) apart from focal SE amplification, for instance, has a
hybrid mechanism of oncological transformation due to IncRNA-DAW acting together with
liver-specific SE. Ectopic expression of IncRNA-DAW enhances tumour growth both in vivo
and in vitro. Wnt2 acts as a downstream effector of IncRNA-DAW according to the RNA
sequencing results. Another association was shown for IncRNA-DAW with EZH?2 [193].
EZH?2 in HCC is also associated with somatically acquired SE-activated SIRT7. Together,
they induce cooperative epigenetic silencing, as shown in [194].

The role of SE-regulated IncRNA-LINC00094 of BRD3OS (named SERLOC by the
authors) was also shown in cutaneous squamous cell carcinoma (CSCC)—the most common
metastatic skin cancer. SERLOC was identified as a biomarker for invasion and metastasis
of CSCC; its incidence is increasing worldwide and the disease has a poor prognosis [195].

Some studies even highlight the so-called ceRNAs (IncRNA-mediated competing
endogenous RNAs). These ceRNAs are identified based on the evaluation of global and
local regulatory direction consistency of expression, as is done in the oesophageal squamous
cell carcinoma (ESCC) model [196].

Thus, eRNA functions are not limited only to the establishment of SE at the loci
they are transcribed from but also include the regulation of the expression of other genes,
supporting the idea of cooperative regulation between transcription factors and (s)eRNA.
Additionally, SE-associated IncRNAs (seRNAs) can serve as markers of cancer and serve as
targets for therapy. Nevertheless, further research is required to confirm these functions
of eRNAs.

3.2. Inflammation

Inflammation represents a significant aspect of pathophysiology, manifesting in numer-
ous chronic conditions or as an independent disease entity. Extensive research in the fields
of infectious diseases and autoimmune disorders has contributed to a deeper understanding
of the fundamental mechanisms underlying inflammation. Notably, super-enhancers (SEs)
have emerged as key regulatory elements with a pivotal role in orchestrating inflammatory
processes and modulating the interplay of various coregulated genetic features.

The transcription factor NF-kB, recognised as a master regulator, plays a crucial role in
the activation of inflammatory signalling cascades. NF-«B forms complexes associated with
chromatin, thereby facilitating the transcription of proinflammatory factors [197]. Studies
have demonstrated that NF-«B is recruited to enhancer regions, contributing to the estab-
lishment of chromatin topology and the formation of enhancer clusters in close proximity to
target genes [195,198]. Notably, ].D. Brown et al. [199] revealed NF-kB-dependent activation
of endothelial enhancers, leading to the formation of proinflammatory super-enhancers
(SEs) and subsequent global changes in the BRD4 landscape. This activation resulted in
the upregulation of proinflammatory endothelial factors such as TNF-«. Interestingly,
under cytokine stimulation, a rapid loss of noninflammatory SEs was observed, suggesting
the existence of an immediate reorganisation mechanism essential for the formation of
novel proinflammatory SEs [199]. Similar regulatory mechanisms were observed in human
adipocytes, where TNF-« treatment induced the acute gain of NF-kB-bound SEs and the
loss of basal SEs [200]. Specifically, in mesodermal cell lines such as human endothelial
cells, TNF-« proinflammatory signalling led to the activation of KDM7A and UTX enzymes,
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resulting in their delocalisation from dormant SEs and a subsequent loss of overall adhesive
activity in the cells [201].

SEs have been established as critical determinants of cell identity and differentiation
in various contexts. For instance, SEs have been strongly associated with the expression
of IL-9 and the induction of Th9 cell differentiation. Selective knockdown of Brd4 and
Med1 proteins, as well as the use of JQ1 inhibitors, resulted in the downregulation of
anti-inflammatory IL-9 expression and the arrest of Th9 cell differentiation, specifically
disrupting SE formation. This regulatory mechanism appears to be characteristic of Th9
cells compared to other T-cell lineages and is associated with RelB- and p300-mediated
chromatin acetylation [202]. Conversely, most T-cell lineages possess alternative mecha-
nisms for SE folding and activation regulation. For example, SEs associated with juvenile
idiopathic arthritis (JIA) exhibit a high enrichment of ETS and RUNX1 binding motifs,
which are typically activated by proinflammatory signalling. Cytokine activation leads to
alterations in the existing SE landscape and the de novo establishment of proinflamma-
tory SEs. Experimental observations, including JQ1-mediated repression of JIA genes and
immune-related SEs, indirectly confirmed this effect [203]. In the context of inflammatory
bowel disease (IBD), approximately half of the associated SNPs have been identified within
the SE-regulated regions of CD4+ T-cells. Furthermore, hierarchical SE regulation of the
BACH?2 locus in Th1, Th2, and Th17 cells has been shown to repress lineage determination
in response to cytokine stimuli [204].

In addition to cytokine involvement, various methods have been employed to model
inflammatory stimuli and processes. For instance, the treatment of different cell populations
with lipopolysaccharide (LPS) is a common technique used to induce acute proinflamma-
tory signalling. Studies utilising macrophages as a model system have demonstrated the
upregulation of SE-associated genes involved in cellular metabolism and nuclear organisa-
tion following LPS treatment [199]. Furthermore, LPS treatment has a profound impact on
the expression of enhancer RNAs (eRNAs), which, in turn, affects the expression of a wide
range of genetic elements [205-207].

Insights into the role of SEs during tumourigenesis have also been elucidated. Inflam-
matory signals derived from the tumour microenvironment of colorectal cancer (CRC) have
been shown to induce critical changes in the epigenetic landscape, leading to the de novo
formation of SEs that drive tumourigenesis. Specifically, the tumour microenvironment
triggers the deposition of the H3K27ac modification at the PDZK1IP1 gene, reshaping the
SE landscape of CRC cells. Through a positive feedback mechanism, the newly formed SE
stimulates PDZK1IP1 expression, promoting malignancy [208].

Collectively, these studies underscore the complex and crucial role of a cumulative
and dynamic pool of SEs as a genomic module that not only maintains cellular identity and
differentiation trajectories but also responds to external inflammatory cues.

3.3. Other Nosologies

Super-enhancers are a promising frontier in the field of therapeutic interventions,
presenting prospective paths for early and urgent treatments across different pathological
conditions. To date, super-enhancers have been implicated in a variety of complex diseases,
including cardiovascular, endocrine, autoimmune disorders, etc., underscoring the critical
need for a comprehensive understanding of their role in disease progression. As such, it is
important to research the pathology-associated regulatory functions of SEs to pave the way
for routine clinical testing, identify novel associations, and pinpoint prospective targets for
therapeutic intervention and preventive medicine.

Research has shown that genetic variations, particularly in regions called super-
enhancers (SEs), can influence the risk of developing certain diseases, including cardiovas-
cular conditions. Thus, cardiogenetics, a rapidly growing subspecialty that combines the
fields of cardiology and clinical genetics, aims at the investigation of the genetic factors
underlying cardiovascular diseases. By focusing on identifying and understanding these
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genetic factors, cardiogenetics serves to improve the diagnosis, treatment, and prevention
strategies for different heart conditions [209].

As described in a review paper by Timothy J. Cashman and Chinmay M. Trivedi,
several research groups have reported a connection between SEs and cardiac patholo-
gies [210]. For example, a recent study by VanOudenhove et al. [211] revealed the role
of cardiac-specific active enhancers during human heart development. These enhancer
regions exhibited elevated activity during embryonic cardiogenesis but were repressed
in foetal and adult human hearts. The study also identified a significant enrichment of
variants associated with atrial fibrillation in these enhancer regions, suggesting that atrial
fibrillation may be a congenital cardiac disease rather than an acquired disease.

Another review paper by Samir Ounzain and Thierry Pedrazzini summarised research
findings in the field of cardiogenetics over the past 10 years [212]. This review also refers
to the pioneering work of Young’s laboratory, where approximately 400 super-enhancers
were identified as specific to the adult left ventricle and showed highly conserved heart-
specific traits compared to other transcriptional enhancers [7]. These super-enhancers
were associated with key cardiac transcription factors, emphasizing their role as crucial
regulatory hubs within the cardiac gene regulatory network.

In studies focusing on cancer-cell types, it has been demonstrated that BET inhibitors,
such as JQ1, which target the bromodomain reader protein Brd4, can lead to decreased
expression of SE-associated oncogenes. This inhibition has shown promising therapeu-
tic effects in multiple myeloma and pathological cardiac remodelling, including heart
failure [78].

Coronary artery disease (CAD) is a multifaceted condition influenced by a combination
of genetic and environmental factors. Although the precise role of super-enhancers (SEs)
in the pathogenesis of CAD is an active area of research, the direct evidence linking the
two is currently limited. Nonetheless, comprehending the pathogenesis of CAD and
the regulatory role of super-enhancers in gene expression offers valuable insights into
potential associations. It is postulated that super-enhancers may govern the expression
of genes involved in fundamental processes relevant to CAD, including lipid metabolism,
inflammation, and endothelial function.

A study conducted by Gong et al. in 2018 [213] employed GWAS and ChIP-seq data
analysis to identify CAD-associated single nucleotide polymorphisms (SNPs) within loci
annotated as super-enhancers. The investigation revealed that 366 SNPs within SE annota-
tions exhibited a regulative association with CAD-related genes such as ZMIZ1, CBFA2T3,
DIP2B, ANAPC15, TMEM105, and NPRL3. Subsequent analysis involved the reconstruction
of a protein interactome, which demonstrated that the identified SNPs influenced the inter-
play between CAMK2G and MAPKI1. These proteins have been shown to be implicated
in CAD pathogenesis [214]. Consequently, it is plausible that perturbed SE activity could
potentially modulate the expression of diverse genes and contribute to the pathogenesis of
CAD. However, further research is needed to establish direct causal connections.

Altogether, the findings suggest that super-enhancers, particularly those specific to
the heart, may play important regulatory roles in cardiovascular biology, including the
response to stress and the development of cardiovascular diseases.

There were efforts to link other conditions, such as diabetes, to their super-enhancer
nature. Diabetes exhibits a heterogeneous pathogenesis characterised by diverse physi-
ological mechanisms. It is classified into type-1 and type-2 diabetes based on genetic or
lifestyle-related factors. Exploring the regulatory effects of super-enhancers (SEs) has laid
the foundation for novel studies investigating the association between SEs and diabetes.
For instance, researchers have postulated a consistent regulation of PD-L1 expression through
direct interaction between SE-derived RNA (seRNA) and BRD4, considering the correlation
between specific single-nucleotide polymorphisms (SNPs) in the PDCD1 (CD274) gene and the
occurrence of type-1 diabetes (T1D). The BRD4-dependent recruitment of P-TEFb to acetylated
chromatin enhances CD274 gene expression by phosphorylating RNA polymerase 11, thereby
promoting the expression of a potential prodiabetic enzyme variant [63].
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Additionally, it has been demonstrated that approximately 19% of noncoding region
SNPs associated with type-1 diabetes represent around 1.3% of the Th cell genome and
are located within classified SE elements. Given the autoimmune nature of T1D and the
subsequent destruction of insulin-producing {3 cells, it is noteworthy that 13 out of the
76 SNPs linked to type-1 diabetes occur within SEs specific to T-helper cells [17].

Despite the apparent similarities between SEs and stretched enhancers (StEs), several
studies have reported correlations between specific SNPs in the pancreatic islet epigenomic
landscape and type-2 diabetes (I2D). Fundamental research conducted by Weiping Sun et al.
led to the identification of 286 putative functional T2D super-enhancer SNPs [24] that
exhibited a strong enrichment in T2D-associated genes encoding enzymes involved in
pancreatic 3-cell function and glucose metabolism [215].

In the realm of neurodegenerative diseases, Alzheimer’s disease (AD) remains a
prominent focus of research for clinicians and neuroscience analytical divisions. However,
over the past decade, research related to SEs in AD has not amassed significant datasets.
Nevertheless, studies focusing on microglia, neurons, and oligodendrocytes have identified
2954 SEs, with 83% of them being highly abundant around promoters displaying elevated
H3K27ac levels. Genome-wide association studies (GWAS) have suggested a connection
between disease-risk variants and the aforementioned SEs in predisposing gene variants
associated with AD [216]. Another study catalogued 27 SNPs linked to AD, with five of
them being located within brain tissue super-enhancers. Notably, two of these SNPs were
associated with a mutant SE characterised by a small insertion that regulates the BINT gene,
which is strongly associated with Alzheimer’s disease [17,217].

Autoimmune diseases arise as a consequence of intricate interactions between genetic,
environmental, and immunological factors. The dysregulation of the immune system
instigates the generation of autoantibodies and activation of immune cells, subsequently
culminating in tissue damage and eliciting inflammatory responses. Although the pre-
cise role of super-enhancers (SEs) in the pathogenesis of autoimmune diseases remains
incompletely elucidated, it is postulated that SEs may exert control over the expression
of genes associated with pivotal processes pertinent to autoimmune diseases, such as
immune-cell activation, cytokine production, and tissue-specific autoantigen expression,
as demonstrated in a study focusing on lupus erythematosus [218]. A qualitative review
conducted by the authors of this study encompassed a broad spectrum of autoimmune
diseases, including but not limited to inflammatory bowel disease, Graves’ disease, and
atopic dermatitis. Within this review, the authors accumulated an array of facts, encom-
passing detailed descriptions of various autoimmune diseases. Furthermore, the review
highlighted the identification of single nucleotide polymorphisms (SNPs) detected within
super-enhancer loci [219].

4. Anti-SE Drugs

SE disruption was shown to be promising for a number of diseases, including can-
cer [17], autoimmune diseases [203], and neurodegenerative [220] and other SE-associated
diseases. This is achieved by targeted inhibition of molecules, high concentrations of which
are characteristic of SEs, for example, BET, CDK7, HDAC, etc. Studies in this field were pre-
dominantly done for malignant tumours, aiming to find new treatment strategies. Therefore,
in this section of the review, our main focus will be on the use of inhibitors in oncology.

To begin with, there is a group of BETi (Table 3) that targets one or both bromodomains
(BD1 or/and BD2) of Brd2/Brd3/Brd4/Brdt. Between them, the most studied BET inhibitor
is JQ1 [221], which inhibits both bromodomains (BD1 and BD2) of Brd2/Brd3/Brd4/Brdt.
It was shown to be effective for a wide range of tumour types (for example, diffuse large
B-cell lymphoma [16], ovarian cancer [183], colorectal cancer [200], osteosarcoma [155],
breast cancer [222], etc.). Some other BET inhibitors were also shown to be effective, for
example iBET in diffuse large B-cell lymphoma [16,223], iBET151 (diffuse large B-cell
lymphoma, colorectal cancer, ovarian cancer [224-226], OTX-015 in diffuse large B-cell
lymphoma and neuroblastoma [16,227,228], volasertib in ovarian cancer [226], BAY 1238097
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in melanoma [228], etc. (Table 3). A number of them (iBET151, OTX-015, etc.), just like JQ1,
target both bromodomains (BD1 and BD2), while other ones have one main target (BAY
1238097 shows strong binding of BD1 and weaker binding of BD2, while ABBV-744 [229]
is a selective inhibitor of the BD2 domain). Volasertib stands aside, exhibiting a dual
kinase-bromodomain inhibition (it targets both PLK1 and BD1/BD2). Most of them show
submicromolar or lower half maximal inhibitory concentration (IC50) (Table 3).

While most BET inhibitors have shown good results in preclinical studies, a number of
them have failed clinical trials due to their high toxicity. JQ1 has a low oral bioavailability
and a short half-life (only 1 h); therefore, it is not applicable in the clinic [230]. More-
over, JQ1 has been reported to be rather toxic in neuronal derivative cells [231]. OTX015
(birabresib/MK-8628) was tested in patients with acute leukaemia [232], lymphoma and
multiple myeloma [233], castrate-resistant prostate cancer, NMC, and non-small-cell lung
cancer [234], but clinical studies were terminated at phase 2 due to lack of clinical activity
and not due to safety reasons (NCT02296476). Clinical trials of BAY1238097 in patients
with solid tumours and lymphoma [235] and volasertib in patients with acute myeloid
leukaemia (NCT02003573) were terminated at phase 1. ABBV-744 shows minimal toxicity
in rats and can be used for prostate cancer treatment [229], and is now in clinical trials
in combination with ruxolitinib or navitoclax in adult participants with myelofibrosis
(NCT04454658). BI 894999 is in the first phase of clinical trials in patients with neoplasms
or NUT carcinoma demonstrated clinical activity, but its haematological toxicity should be
decreased using synergistic drug combinations (NCT02516553 [236]).

Another group of inhibitors targets CDK?7, a part of transcription factor II H (TFIIH).
CDK? inhibition was shown to suppress SE-linked gene transcription in a number of
tumours [165]. CDK7is THZ1 and THZ2 are the most explored [237,238]. The short half-life
of THZ1 in vivo (45 min in mouse plasma) can potentially limit its performance [239]. THZ2
has improved pharmacokinetic features compared with THZ1, with a 5-fold improved
half-life in vivo [238]. Some other CDK7 inhibitors, for example, SY-1365 and YKL-5-124,
show covalent binding to CDK?7 and also have low IC50 and positive effects in ovarian and
breast cancer, and neuroblastoma, respectively [240,241] (Table 3). SY-1365 clinical studies
are terminated due to business decisions (NCT03134638). Clinical trials of YKL-5-124 have
not started yet.

Table 3. BET and CDKY inhibitors that act on super-enhancers.

Agent Target IC50 Tumour Type Reference(s)
jo1 BD1 and BD2 of 77 nM /33 nM for Various tvpes [16,84,183,222,223,
Brd2/Brd3/Brd4/Brdt ~ BRDA4 (1/2) yp 242-245]
Diffuse large B-cell
. BD1 and BD2 of 0.79 uM
iBET151 Brd2,/Brd3/Brd4/Brdt for BRDA4 lymphoma, Folorectal [16,224-226]
cancer, ovarian cancer
Diffuse large B-cell
BD1 and BD2 of
OTX-015 Brd2/Brd3/Brd4/Brdt 0.449 uM lymphoma, [16,228]
neuroblastoma
BET Strong binding of
inhibitors BAY 1238097 BD1, weaker binding <100 nM Melanoma [228]
of BD2
Dual kinase-
Volasertib bromodomain 300 nM/770 nM Ovarian cancer [226]
D BD1/BD2
inhibitor
5nM/41 nM Acute myeloid
BI 894999 BD1 and BD2 BD1/BD2 leukaemia [246]
ABBv7a4  Selective inhibitor of 4nM Prostate cancer [229]

the BD2 domain
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Table 3. Cont.
Agent Target IC50 Tumour Type Reference(s)
Small-cell lung cancer,
breast cancer, OSCC,
Cysteine residue CAaHE,e Tg%ﬁvanan
THZ1 located oqtsu:le. of <200 nM osteosz/arcome;, cutaneous [143,155,237,238,
the canomcal kinase melanoma 247-255]
domain hepatocellular
~ CDK7 carcinoma, chordoma,
inhibitors CML
THZ2 Binding to CDK7 13.9 nM TNBC, osteosarcoma [237]
Covalent binding to Ovarian and breast
SY-1365 CDK7 369 nM cancer [240]
YKL5-124  SQyalent binding to 8-60 nM Neuroblastoma [241]

Although some BRD4is and CDK7is have not yet been experimentally shown to

affect super-enhancers, there is reason to believe that, by having the same targets as
the inhibitors discussed above, they potentially affect SE. Some of such inhibitors are
promising, for example, samuraciclib, a CDK? inhibitor that showed antitumour activity
and an acceptable safety profile during clinical trials (NCT03363893) for advanced solid
malignancies. BET inhibitors ZEN-3694 (NCT04471974) and ZEN003694 (NCT04986423,
NCT05327010, NCT05372640, etc.) are currently in clinical trials.

Histone deacetylases and demethylases are other potential targets for inhibition. His-
tone deacetylase inhibitors (HDACIs) were shown to be rather effective in rhabdomyosar-
coma [256], breast, and ovarian tumours [112]. The selectivity of these inhibitors depends
on the HDAC isoform. According to their chemical structure, HDACIs can be divided
into three large groups: benzamides, hydroxamic acids, and other inhibitors. Benzamides
mainly influence HDAC1/2/3, while hydroxamic acids are less selective, or selective for
other classes. (Table 4). As for HDAC inhibitors, a number of them, including romidepsin,
vorinostat, Panobinostat, and belinostat are approved by the United States Food and Drug
Administration (US FDA) [257]. Entinostat has received ‘breakthrough designation’ status
from the US FDA for the management of advanced breast cancer [258]. Thus, HDAC
inhibitors are characterised by relatively low toxicity and high efficacy.

Table 4. HDAC inhibitors with varying selectivity for HDAC isoforms [259-262].

Inhibitor Group Inhibitor Primary Targets Secondary Targets
Ear\‘,}‘Sng;;t HDAC1/2 HDACS3
Tacedinaline (C1994) HDAC1/2/3 -
Benzamides Merck60 HDAC1/2 -
MoeDoY) HDAC1/2 HDAC3/11
45C202 HDAC1/2/3 -
Panobinostat HDAC1/2/3/4/7/9 HDAC6/8
Vorinostat (SAHA) HDAC1/2/3/6/10/11 HDACS
Dacinostat (LAQ824) HDAC1/2/3/6/10/11 HDAC4/5/8
Hydroxamic acids lﬁg%lﬁlfqgi?)t HDAC6 Other HDACs
WT161 HDAC6 Other HDACs
Pracinostat (SB939) All HDACs except 6 -
MC 1568 Class ITa, HDAC6 Other HDACs
OJI-1 HDACS8 -
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Table 4. Cont.
Inhibitor Group Inhibitor Primary Targets Secondary Targets

TMP195 Class Ila -

Selisistat (EX 527) SIRT1 -
Other

Largazole Class I, class IIb, class IV -

Romidepsin Class I -

It was shown that a combination of inhibitors can show synergy. The complex effect of
combined treatment strategies also leads to the reduction of drug resistance. For a number
of super-enhancer inhibitors, such strategies have already been tested, leading to a positive
effect for some tumours (Table 5).

Table 5. Combinations of inhibitors for cancer treatment.

Inhibitor 1 Inhibitor 2 Tumour Effect Reference(s)
Synergetic inhibition of viability of
JO1 THZ1 Neuroblastoma neuroblastoma cell lines by CDK7 [263]
inhibition and BET inhibition
G2/M phase cell-cycle arrest,
Pancreatic ductal inhibition of cell migration and
Jai THZ1 adenocarcinoma invasion by CDK? inhibition and [264]
BET inhibition
Head neck Antiproliferative and proapoptotic
JO1 THZ1 squamous cell effects by CDK7 inhibition and [265]
carcinoma BET inhibition
Synergistic cytotoxicity, CDK7
JQi YKL-5-124 Neuroblastoma inhibition, and BET inhibition [241]
Suppressing MYC-driven tumour,
JO1 Milciclib Medulloblastoma CDK?2 inhibition, and BET [266]
inhibition
. Strong cytotoxic effects, CBP and
JO1 ICG-001 Glioma BET inhibition [267]
Inhibition of cell proliferation by
JQ1 Trametinib Colorectal cancer dual targeting of BET proteins and [244]
MAPK signaling
Cell-cycle arrest and apoptosis,
OTX015 CYH33 B-cell lymphoma BET inhibition combined with [268]
PI3K«-selective inhibition
THZ1 Ponat%m.b/ Neuroblastoma Cell apop tosis: CDK.7 H,lh.l k'>1t10r1 [269]
lapatinib and tyrosine kinase inhibition
Growth reduction of tumours by
THZ1 BH3-mimetics Glioblastoma CDK? inhibition, and [270]
antiapoptotic effect
. Diffuse intrinsic Synergetic SE disruption, CDK7
THZ1 Panobinostat pontine glioma inhibition, and HDAC inhibition [271]
Apoptosis induction in cancer
THZ1 Panobinostat Neuroblastoma cells, CDK7 inhibition and HDAC [272]
inhibition
HDAC inhibitors FAO inhibitors Glioblastoma HDAC inhibition and influence [273]

lipid metabolism

JQ1 and THZ1 have shown synergy in cell lines and mice for neuroblastoma. In
cell lines, it was shown that JQ1 and THZ1 alone reduce the growth of cells, while their
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combination leads to no growth at all and even the reduction of the cell number. In vitro,
the combination led to greater tumour progression and animal survival [263]. THZ1 was
also combined with some other inhibitors from different groups, for example with the
HDAC inhibitor panobinostat in diffuse intrinsic pontine glioma. This combination leads to
a synergetic reduction of cell viability. It was shown that THZ1 and panobinostat together
disrupt SE biology [271]. In neuroblastoma, THZ1 and panobinostat also show synergy
downregulating JMJD6, E2F2, N-Myc, and c-Myc expression in cell lines and in vivo [272].
There are some examples of combinations of SE inhibitors with chemotherapy. For example,
promising in vivo and in vitro results have been obtained for cisplatin-resistant ovarian
cancer using cisplatin in combination with a BET inhibitor [274].

Just as the study of super-enhancer regions can help in the discovery of new drugs,
the use of already conventional anticancer drugs helps shed light on the nature of ma-
lignancy and the involvement of SEs in this process. For example, researchers studied
the effects of cisplatin, an anticancer drug administered at suboptimal and intermittent
doses to avoid life-threatening effects. Cisplatin is interesting because, although this
regimen improves symptoms in the short term, it also leads to more malignant disease
in the long term. Using experimental data obtained on ovarian carcinoma cells using
a PageRank-based algorithm, the super-enhancer regulator ISL1 is predicted to be the
driving force behind this plasticity. The prediction was experimentally confirmed using
the tools of CRISPR-dCas9-KRAB inhibition (CRISPRi) and CRISPR-dCas9-VP64 activa-
tion (CRISPRa), confirming the hypothesis of cisplatin reprogramming of cancer cells and
explaining its pro-oncogenic effect [150].

Histone modifications, including those that are markers of SEs, are introduced by
epigenetic writers, such as histone deacetylases (HDAC) and histone demethylases (for
example, lysine-specific histone demethylase 1) [275]. Histone acetylation is coregulated
by the enzymes histone acetyltransferase and HDAC; both are in a state of dynamic
equilibrium. Ample evidence suggests that the malignant phenotype of GBM is regulated
by SE and HDAC. HDAC1, along with BRD4, Pol II, and other key components, is enriched
in SE [17]. LSD1 is indirectly involved in the deacetylation of H3K27ac [276] and eliminates
SE activity [277].

We have reviewed the main strategies for super-enhancer suppression using BETi,
CDKY7i, and HDACi. These groups of inhibitors are very extensive, and experimental
studies of the effect on the functioning of SEs have been carried out not for all of their
representatives, which is of interest and needs further study. Some of the inhibitors
considered (for example, such BETi, as OTX015, BAY1238097, iBET-151, and volasertib),
despite being effective in cell lines and xenograft models, have not been clinically tested
due to toxicity, side effects, and other reasons. However, in recent years, new inhibitors
from the above groups have been investigated, some of which are undergoing clinical
trials. There are also super-enhancer inhibitors approved by the US FDA, for example, such
HDAC:is as romidepsin, vorinostat, panobinostat and belinostat. HDACis have proven
to be the safest group of SE inhibitors to date. Many researchers see the combination of
various super-enhancer inhibitors as a promising strategy as well as their combinations
with chemotherapy, which can potentially improve the effectiveness of therapy due to the
complex effect.

5. Conclusions

This review aims to provide a comprehensive examination of the current state of SE
research, delineating its achievements while shedding light on areas of ambiguity and
ongoing academic debate. While there is a consensus regarding the significant role of SEs,
the exact modality of their function remains a topic of discussion among researchers.

Divergence in findings pertains to whether SEs have an additive effect or engage
in synergistic interactions. The potential role of noncoding super-enhancer RNAs in the
regulatory processes accentuates the need for rigorous investigation in this domain. Our as-
sessment also pointed to the challenges in SE classification and prediction. For example, the
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predictive value of H3K27ac is under question because some SEs are enriched in H3K122ac
but not in H3K27ac. Using H3K27ac solely to predict SE can lead to underprediction
of SE [7].

Despite numerous attempts at categorising SEs based on their functionalities, there
remains a lack of uniformity in classifications. Furthermore, the overlap between locus-
control regions (LCRs) and SEs has yet to yield clear, consistent patterns. The observed
evolutionary conservation of SEs further necessitates a deeper dive into their evolutionary
role and relevance.

From a clinical perspective, the involvement of super-enhancers in pathological con-
ditions, particularly their formation in oncogenic processes, has crucial implications for
therapeutic research. The role of SE in oncological diseases was also discussed in more
detail in the following reviews [44,45,172,278-282]. SEs’ roles in inflammatory processes
further extend their relevance to a wide range of diseases.

If a super-enhancer is discovered to be associated with the disease and related patho-
logical processes, gene expressions modulated by this SE can be employed as disease
biomarkers and medication efficacy indicators. Furthermore, the revealed connection is a
motivation to study, for example, BET inhibitors as the first line of epigenetic therapy for
this condition.

BET inhibitors are currently the most versatile approach to SE-targeted therapy since
SE occupancy by BRD4 is always required for the activity of super-enhancers, which
are more sensitive to this regulator compared to typical enhancers. In cases where BET
inhibitors are ineffective, therapy with small-molecule inhibitors targeted at other proteins
or a combination of proteins in the SE complex should be considered. SE inhibitors are
being actively studied to combat oncological diseases, among which are BET, CDK7, and
MYC inhibitors (for cancer types in which an abnormally high expression of the MYC gene
is observed), as well as their combinations with chemotherapy (e.g., a combination therapy
with cisplatin and JQ1 for cisplatin-resistant ovarian cancer has been suggested [183]).

However, as demonstrated above, many studies are at the phenomena level, and
mechanism research, such as how SEs are regulated and the detailed molecular process by
which SEs influence their target genes, is still lacking.

When known SE inhibitors do not work even in combination with other methods
or show high toxicity and severe side effects in a given disease, genome and epigenome
editing with CRISPR-Cas9 systems can be investigated. Although many reviewed papers
suggest genome-wide changes in SE activity, it is possible to identify the SE with the
strongest characteristic signal (e.g., ChIP-seq signal), often regulating the expression of
master transcription factors and subsequently altering gene regulatory networks. Within a
detected SE, it might be efficient to focus on specific SE constituent modules, which, when
edited, will allow for gene-expression stabilisation to the needed levels. In addition, such
editing can be a perspective approach in cases of SE loss.

The described approach for developing a therapeutic strategy is potentially applicable
regardless of the mechanism of the SE changes in dynamics (formation, redistribution,
gain, or loss). Nonetheless, knowledge of the exact mechanism may offer additional
therapeutic options regarding key signalling molecules of the SE-correlated alterations in
biological pathways.

Moreover, standard approaches to cancer subtyping rely heavily on expression-profile
clustering, which cannot effectively differentiate oncogenic drivers and their secondary
effects. At the current time, numerous studies based on SE profiles have found novel
subgroups with unique biological characteristics and clinical implications. Additionally,
established subtype-specific SEs and master regulators may offer novel biomarkers for
cancer risk and therapeutic response prediction.

Hence, SEs might act as more illustrative molecular features of cancer subtypes because
they are well-identified as critical elements defining cell identity. That may lead to a
reorganisation of the existing cancer taxonomy.
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Focusing on future research directions for SE investigation, there is a promising
horizon where breakthroughs and evolving technologies could significantly enhance our
grasp of SE complexities. Key areas of interest could include delving into the molecular
bases of diseases, particularly cancer [283-287], probing molecular interactions with state-
of-the-art optical methods [288-291], leveraging magnetic nanotags for the ultraprecise
detection of biomolecules [292-299], applying advanced label-free biosensors [300-304],
and utilizing cloud computing to analyse genome-wide data comprehensively [305,306].
These avenues not only promise to deepen our understanding of SE but also potentially
redefine its conceptual framework.

In conclusion, as the field continues to advance, a clearer understanding of SE’s
contribution to the pathogenic mechanisms will be crucial for both basic research and
clinical applications.
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Table A1l. SEs in different cancer types.
9% of Cases Significant TF(s) Associated
Cancer Cell Line(s) with v:i th Gene(s) Gene(s) Description with SE(s), Estimated Molecular Affected
Cancer Type Subtype(s) Shown Abnormal L. scovered Associated with (Why Authors Focus on Including Pathogenesis of SEs Biological Path- Inhibitor(s) Reference(s)
P SEs SE Alteration Abnormal SEs of This Gene/Gene Set) Cell-Specific 8 ways/Processes
Interest TF(s)
Skin tumours
Blastic . . . Cell proliferation,
plasmacytoid  ppepNwith  In patients and the MYC, widely k e o og | Ras signalling
dendritic cell ) wi pal 18.6% RUNX2, MYC » Widely known RUNX2 €ads to the assoclation o pathway, evasion ~ JQl [122]
(6;8)(p21;q24) cell line, CAL-1 oncogene super-enhancer of RUNX2 : 4 .
neoplasm of immunosurveil-
(BPDCN) and the MYC promoter lance
BRD3OS is transcribed
from the opposite strand
Primary of BRD3 and is driven by
?[(J)?élétgit;/t\ic Ranging from a SE. The analysis of
p ’ BRD: i ith
UT-5CC1, 42% to 75% of Ao Xpression wi Cell growth,
Cutaneous UT-SCC105, cases BRD30S (IncRNA- specific, mainl migration,
squamous cell UT-SCCl11, depending on  LINC00094), pt lasmi Y 15 _ ¢SCC-associated LINC00094  invasion, THZ1,7Q1 [307]
carcinoma UT-SCC118) and the cell line MMP1, MMP10, cytoplasmic signal tor SE-IncRNA metastasis, 4 .
(cSCC) metastatic (compared to  MMP13 thhs lnSC_RN,? in CISCC MEK1/ERK1/2
%ZI:F_SSCCCCSZQ/A 0% in normal gfrosﬁgel;g%};]%% pathway
UT_SCC115),CSCC cells) expression is detected in
samples metastatic cSCCs and is
downregulated by the
MEK1/ERK1/2 pathway
Haematolymphoid tumours
Haematopoietic TFs
NOMO-1, increase in expression and .
Mg ‘I{'l%/[l’m : Hematonoiti oveII;E)l(presslion, leading to E&tleélli?rls of
. Mixed-lineage -13 ce ematopoietic pathological gene e
Acute myeloid - ; ; L specific SWI/SNF
leukemia leukaemia ines, AMLlne — _ MYC - TFs (Erg, Lmo2, —activation (parallelly Cell proliferation  subunits that have  [107]
(AML) (MLL)- ymg . u.1, Cebpa an increased ATPase activity cancer
rearranged AMLI-ETO fusion Cebpb) of Brg1 subunit of SWI/SE maintenance
FggglMI-l) complex, maintaining TF function
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Cancer Type Subtype(s) Shown Abnormal .o o 4 Associated with (Why Authors Focus on Including Pathogenesis of SEs Biological Path- Inhibitor(s) Reference(s)
yP SEs SE Alteration  Abnormal SEs of  This Gene/Gene Set) Cell-Specific 8 ways/Processes
Interest TF(s)
Primary CAPG is a cytoskeleton
o peripheral blood o protein and contributes - 3 _
AML samples, THP-1 CAPG to AML progression NF-«B pathway [308]
cells through NF-«B pathway
Chromosomal
rearrangements hijack
GATA2 distal
hematopoietic enhancer .
(G2DHE) and establish Talazoparib (not
AML with MUTZ-3, HNT-34 oncogenic SE, that requires only inhibits
AML inv(3)/(3;3) or MOLM cells  — EVI1 — CEBPA, RUNX1 PARP1 constitutive Cell proliferation catalytic activity [309]
3q-AML presence and involvement. but traps PARP1
PARP1 is shown to interact on chromatin)
with RUNXI.
Probably, PARP1 mediates
chromatin
remodelling/modulation
AML with inv(3)/t(3;3)
E;;Ij aglczllgnl\?{re rearrangements is known
homglogs of the to be related to EVI1 Chromosomal ;
i i vown e oiepron e T (29 oo, -
! (BLIMP1/, M whether increased EVI1 to formation of SE profiteration
]c\)/IrELI J/PRDM16) transcription is caused by regulating the EVII gene
GATA? ! translocation of the
enhancer
Cell proliferation, JQ1, GNE-987
LYL1 LYL1 is a kn TF and 53 path degrader
AML — NB4 cells — (lymphoblastic onco lesniz own 1t an — pd3 pathway, (proteolysis [310]
leukemia 1) 8 evasion of 1?{}' targeting
munosurveillance 4.2 0 7y
Chromosomal
rearrangement
t(3;8)(q26;q24) leads to
translocation of MYC-SE
: (ARID1B, CDK6, THADA,
iﬁrﬁire‘ Qiytil‘”d GATA2 FLI1 or GATA?2) to EVI1 locus.
AML with : Y 4 ’ MYC-SE interacts with . . EVI1i to be
AME (R R o v EVII - ERGRUNXI,  Ev] promoter and Cell proliferation /i1 0 b [108]
p y 0o 4 upregulates EVI1
AML samples expression.

Interaction between EVI1
and MYC-SE is possible
due to CTCF binding site
flanking EVI1 promoter
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Chromosomal
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involving translocation
of active SE regulating
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aAtM];C‘;’llgh 26- RUNX1, LYL1, MECOM, which activates
rerran eg SCL, FLI1, ERG, EVI1 expression, but not BET: dt
AML 8 " — — MECOM (EVI1) — LMO2, and MS1-EVI1 (transcribed — Llﬁ’r"l"’se ‘é [116]

sequence (no GATA2 from the same gene but use but not teste

harboring (key myeloid TFs)  having a different

inv(3)/43;3)) promoter).
In ~50% of cases of
atypical AML
underexpression of
master TF GATA2 is
witnessed, which might
play a role in those
rearrangements
Suppression of SE

IRF1, IRF8 activity by Mediator L
4 4 X Cortistatin A (CA)

AML — MOLM-14 cell line ~ — FOSL2, CDKNIB ~ — CEBPA, and ETV6  kinases (CDKS (partof ~ AML cell (CDK8/CDK19i),  [311]
(tumour- CDKS8 module of proliferation L-BET151 (BET)
suppressor TF) Mediator complex) and

its paralog CDK19)
MLL- OCI-AML3 AML Cell .
cells, ~10% of adult ell renewal, e
r;/a[i{r]ianged d MLL-r leukemia AML cases, %\/[Lstregg?ngentgnts d CEBRE-centred- I\D/IS%IB llnnﬁlgllttllgg’
AML (MLL-1) any lines (MOLM-13,  most MEF2D — HOXA9 lead to SE formationand  myeloid (downremlatoot [118]
Som?\/ILL MV4-11, childhood . differentiation £ HOX Ag97
nom-MLL-x OCI-AML2,and  AML overexpression blockage ° )
THP-1)
t(12,22)(p13,912) Chromosomal
AML with ;E;)rr;lr(l);gmal rearrangements Mediator kinase
t(12;22)(p13;q12) - o o involving translocation o inhibitors
AML without MN1 meNnt or ot MN1 of active SE regulating proposed to be [512]
B in ~0.3% of
fusion myeloid ETV6 to MN1 tested
(hypothesis)

neoplasms
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SEs associated with LYL1
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11 prllmar7y AML EIIITE 1]’\22%5, haematological diseases
samples, , AML, T-ALL, B-ALL).
prlmalry EALL ﬁ?ﬁé’jﬁfm (LYLl and BRD4 funct)ion Cell growth
samples, , , i i ,
AML Pacdiatric AML  primary BALL  — ZEB2, SCYLI, — SPIL ZFP36L2,  cooperarively with CEBFE  curvival, GNE-987 (BRD4i)  [313]
samples, NB4, ASNA1, TNRC18, however, the express’ion of differentiation
Mv4-11, GSEI, TRMTI, LYL1 might be regulated in
Kasumi-1, HL-60, SLC39A13,
THP-1 cells FRMDS, PTMA, both BRD4-dependent and
SPEN, PAF1 BRD4-independent
manners
Sustainable repression of
. GFI1-SE by LSD1 leads to Acute myeloid
AML Acute erythroid 5%17“']5%%1(&%‘652' GFI1 ?FH sa key_ regulator GFI1/GFI1B, the absence of erythroid to leukaem?a, LSD1 inhibitors: ,
leukemia -EPO, - or neutrophil CEBPA TALT, myeloid switch. The SEis  myeloid cell NCD38,NCD25 114
cells development RUNXI, GATA1 y yeloid cel 3
P controlled by the differentiation
coordination of TFs
TP73 is highly activated
under the control of a
super-enhancer in ATL
cells but not in normal
T-cells or other
haematological
malignancies examined.
Two distinct TP73
isoforms (TAp73 and
Np73) are confirmed to . .
be significantly higher in Intragenic SE formation of
Acut ATL cell llilr}es than iln :ihel TI’73_anc}il_geinetiC
cute, T-ALL cell lines. Deletion eletion in this locus. .
TP73, TPRGIL, : : Cell survival,
Adult T-cell limphoma, 10 primary ATL WRADP73, of %}()07%552]5—3 accumulates  [pp 4 NF-«B, Disruption of TAD and proliferation,
leukaemia R samples, TL-Om1 ~ ~73% ccpcaz, pibp1, 3 onlevelof  BATF3,JUNB, sub-TAD boundaries invasion, DNA THZ1 [156]
(ATL) Smo AeTIng, cells PERP, PHLDA3, e expression level o FOSL2 (chromatin looping). damage response
unknown ATL FOSL?2 full-length TAp73 is TFs increase in expression pathways
subtypes associated with increased and overexpression,

DNA damage and repair
responses. TP73
positively regulates
BATE3, JUNB, and
FOSL2, which are critical
transcription factors
involved in ATL
pathogenesis.

An intragenic SE
formation mechanism as
a part of ATL clonal
evolution is proposed

leading to pathological
gene activation
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ypels SEs 1sCoverec Abnormal SEs of This Gene/Gene Set) ncuding | athogenesis ot SLS ways/Processes
SE Alteration Interest Cell-Specific TF(s)
HBZ is encoded by the
minus-strand of the
HTLV-1 oncogenic
provirus and induces
IRFA and BATF3 act
. 3 IRF4 and B: activate SE hijacking.
?;Flll: SKSEr,nKaIfyl T_%/l[iységr;t\hgg and + DNA mutations that form
Acute and acute ATL samples c - Studies sugges blnd.mg sites for new TFs, Cell _growth, N
unfavourable and 1 primar IRF4, NOTCHI, that IRF4 plays an leading to the formation of ~ survival (viability),
ATL chronic ATL cam lep with y 100% DUSP22, AKAP1, important role in ATL IRF4 SE. ) ) ) proliferation, Alvocidib [159]
subtypes unfalz/ ourable KLHL8 survival and progression, TFs increase in expression evasion of im-
chronic type of including the activation and overexpression, leading munosurveillance
ATL (ATL-04) of T-cell receptor (TCR) to pathological gene
signalling. activation
Mutations in IRF4
transcriptionally activate
its downstream targets
and are detected in ~10%
of all ATL patients
T-ALL with Insertion
Teell acute Sveronpress 5.5% (146 MyB intr?duﬁig TE 1 bigding Establish £ KRQBEdg .
. overexpression 5% / site for ', leading to stablishment o mediate
}Zﬁz}rﬁ?asnc of TAL1 lacking i gfll;at, MOLT-3 paediatric TAL1 gr;flo%?eitgne of the core ?I{A[Iﬁz)c(c;mg};; A3 the formation of SE. & the T-ALL cell repression of the [128,315]
TAL1d or tumours) P 4 4 MYB recruits CBP and state E3 enhancer
(T-ALL) TAL1, HEB, E2E)
chror{msomal RUll\fIX1, GATA-3, and TAL1 —
translocations itse
TAL1 is a major
transcription factor that is
dysregulated in more
than 50% of T-ALL. The
SIL-TAL1 fusion
3 lected transcript results from 90
unselecte i iti . L
primary samples 51?1 ;gg\;gtsigg:lfu sing the Intergenic mutations in '
from the 5'-end of the gene to the DNA (up;tr;:arr} of the TALT  Cell survival,
5'TAL1 SE, GRAALL-2003, . romoter) that form reprogramming,
TAL1-TCRB, -2005 and the 5% of T-ALL TAL1, TLX1, TLX3, 3’—_end of its ginding sites for new TFs ge%or%ﬁc &
T-ALL TAL1-TCRD, FRALLE 2000 have 5'TAL1 CALM-AF10, MyB, ~nheighbouring gene, STIL. o171 MYB (MYB), leading to the instability, Mebendazole [103]
SIL-TAL1 trials (199 adult; SE mutations ~ LMO2 Together with ~ establishment of
subtypes 244 pediatric), TALI-TCRB and ﬁ;g}iit;?\rlir?{rzgﬁces anew  theT-ALL cell
T-ALL cell lines ggLfl-TCIf.D mutations, binding site for MYB TF, state
ATCC®, MOLT-4 OrMAHON 1S AHven by leading to SE formation
cells creating de novo MYB

transcription factor
binding sites. MYB, in
turn, recruits
transcription
co-activators and leads to
TAL1 overexpression




Int. J. Mol. Sci. 2024, 25, 3103 46 of 96
Table A1. Cont.
. . 9% of Cases Significant o TF(s) Associated
Cancer Cell Line(s) with with Gene(s) . Gene(s) Description with SE(s), Estimated Molecular Affected .
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Disruption of TAD and
sub-TAD boundaries:
deletion or mutation of Establishment of
T-ALL — Jurkat cells — TAL1, LMO2 — — ggﬁg&“ﬁggﬂg;ﬂhoo 4s  the T-ALL cell — [316]
. state
leads to aberrant activation
of oncogenes TAL1 and
LMO2 by SEs
DBZ y-secretase
5% of Turk T-ALL cell growth, mhib?{or
T-ALL — Jurkat cells e of Jurkat »ryc — NOTCH1, RBPJ Duplication of the MYC-SE  proliferation, suppresses [106]
cels metabolism N T%H
signalling
CDA47, expressed on the
tumour cell’s surface,
sgrvels z}? ab‘_ncép eattme’
signal. Its binding to
T-ALL — ﬁﬁ%%ﬁ(g'ﬂs — CD47 .SI%{P x,a recep.w?.m.‘ NFKB1 Formation of aberrant SE,  Evasion of im- Q1 [115]
cells immune cel_ls, inhibits mechanisms is unknown munosurveillance
phagocytosis and thereby
allows tumour cells to
avoid immune
surveillance
Proposed model: EBNAs
and cell transcription factor
NF-kB activated by EBV
o protein LMP1 co-occupy
MYC hemmdlm?“ses enhancer sites, recruit cell
with MAX to activate TFs and nucleate EBV SE
Cyclin D2 expression, formation.
GM12878 promote cell cycle entry, In the previous study, the
B-cell EBV 4 lymphoblastoid andl'en?_ble IECCIi?NA %%tlls&r; have sh(ivan that Cell proliferation,
-associate: cell line (LCL replication. 15 is crucial for survival, evasion -
l}érgf homa BCL derived Erom) - MYC, BCL2 known to inhibit STATS, NFAT MYC-SE formation, while of immunosurveil- jQi [185]
( ) EBV-transformed proapoptotic proteins. its inactivation had little lance
B-cells SE-driven BCL2 impact on BCL2.

overexpression can
protect LCLs from
MYC-induced apoptosis

For NF-kB inactivation, the
opposite was observed.

In the following study,
authors showed that eRNA
is essential for
enhancer-promoter
looping in the MYC locus
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Cell Line(s) with . Gene(s) Gene(s) Description with SE(s), . Affecte
Cancer Type gagfer (s) Shown Abnormal "DVI.th d Associated with (Why Authors Focus on Including E::ﬂgateﬁyisoﬁcgé:r Biological Path- Inhibitor(s) Reference(s)
ubtypels SEs Sész‘l)tveiraet'on Abnormal SEs of  This Gene/Gene Set) Cell-Specific 8 ways/Processes
1 Interest TF(s)
SE-specific somatic
hypermutation (SHM)
~92% of mcgugted l}y abnormal
Primary GCB and DLBCL activity of o
ABC DLBCL samples carry actlva'hon—mduced cytidine
samples, at least 2 hy- deaminase (AID). Altered GC
HLY1, LY18, permutated BCL6, BCL2, BCL6-SE mutation disrupts  dynamics and
Diffuse 1 Karpas-422 (carry active SEs. CXCR4, PAX5, a BLIMP1 binding site. prolonged
! Tlse arge BCL6 SE BCL6-SE is BCL7A, CIITA BLIMP1 is a master TFand  retention of B-cells ~ Corticosteroid
F'Ce L _ mutations), hypermu- (specific for GSB — B-cell specific TFs ~ a tumour suppressor. within the highly ~ therapy to be [317]
ymphoma LY10 (carry BCL2 tated in 59% subtype), RHEX BCL2-SE/CXCR4-SE mutagenic studied
(DLBCL) SE mutations), of primary (specific for ABC mutations disrupt NR3C1 environment of
RCKS8, HLY1 cases, subtype) binding site. the DZ (dark
(carry CXCR4 IS E BCL2-SE in Disruption of SE TF zone)
mutations) cel ~33%, binding si 11
b , . g sites allows gene
lines Sl)é$1§4'SE m transcription to escape from
° the negative regulation of
TF, which results in
aberrant gene expression
CD47, expressed on the
tumour cell’s surface,
serves as a ‘not eat me’
si%“{r};al. Its binding to
SIRP«, a receptor on Formation of aberrant SE, Evasion of im- =
DLBCL - LY4 cells - CD47 immune cells, inhibits mechanisms is unknown munosurveillance [115]
phagocytosis and thereby
allows tumour cells to
avoid
immunosurveillance
B cell lymphoma 2
(BCL2)-modifying factor éljg at15q15.1, rs539846
. (BMF) is BH3, the only tion i d Negative
lChmI;:C t proapoptotic member of ~ RELA (sub-unit of %%iifgﬁ&%?glincggfs fg:gs " regulation of
ymphocytic _ MEC1 cells — BMF the BCL2 protein family, ~ NF-kB protein to di tion of RELA apoptotic process, — [12]
leukaemia . : . 0 disruption o . .
(CLL) which directly interacts complex) binding, which results in evasion of 1¥ﬁ-
with BQITZ’ t}}ereby reduction of BMF munosurverliance
neutralizing its transcription
antiapoptotic activity
. . . Cell proliferation,
23 primary blood CXCRE,CDT (1 hibiciogy | PAXS (ominateg,  JSPCCECR BTN evasion ofim-
CLL — prumary PAX5, CD5, KRAS, p 8y FOXP1, RARA, o o he pAXS ' munosurveillance, ~JQ1 [144]
samples BCL2 and/or broadly across ETS1, IRF2, IRF§ f’;lc uasl'll;ercs LOL e B-cell

tumour types

differentiation
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Interest TF(s)
XBP1 is vulnerable to
low-concentration THZ1
treatment and ranked in the
. top 10% of actively expressed Cell ival
3 primary CML transcripts in RNA-seq. ﬁf— surv1va1 ¢
CD34+ samples of XBP1 is an oncogene, being a zg arcei?evgfa
Chronic relapsed CML substrate for IRE1, a sensor lo 5 kaer}r]ﬁa stem
myelogenous BCR-A BL after imatinib XBP1, E2F3, ETV6,  ©of unfolded protein response K cells (LSCs), THZ1, THZ1+ e
leukaemia positive CML {recégmem/ - SMAD3, CDK6 (UPR). ‘ - Unknown maintenance of imatinib [255]
(CML) “D34+CD38— [RE1 o is activated in LSCs function
primary sample of response to cell stress via through
newly diagnosed autophosphorylation, then IREl—?(BPls
CML splices unspliced XBP1 RNA, pathway
thereby generating active
XBP1 form (transcription
factor)
These genes were chosen
using WGCNA-based Ic\l/!fefgaka:_Y‘;Cyte
Primary blood BUB1, CENPO, method. Expression of these literentiation,
CML — samples, K562 — KIF2C, ORC1, genes is related to CML status 32y O — hemostasis, cell  jq1 [318]
cells RRM2 and phase, positively & ciror;nosome
regulated by super-enhancers organisation
and suppressed by JQ1
HJURP is a centromeric
protein that plays a central
role in the incorporation and
maintenance of the histone
H3-like variant CENPA at
centromeres. Overexpression
of HJURP promotes cell
growth and suppressed cell Chromosomal
. apoptosis in both t(4;14) and rearrangements leadin,
1 primary MM nlf)nl_)t(4;4) myelomz(i. ) to Convgrgence of SE 8 Cell'grow~th,
Multiple MM iti sample, LP-1, o, SE-mediated epigenetic with a specific oncogene proliferation,
myeloma (MM) t(4;14)-positive  OPM2, H929, 100% HJURP, FGFR3 e th P& i NSD2 (distal HJURP-SE survival, evasion ~ THZL, JQ1 [121]
subtype KMS28BM, control 1s the primary driver S of immunosurveil-

KMSI11 cells

for HJURP activation in t(4;14)
MM and is important for the
downstream functional effect
of HJURP.

NSD2 is important for the
binding of BRD4 and the
abundance of H3K27ac to the
active parts of SE, the
NSD2-BRD4 complex helps
activate HJURP expression

interaction with HJTURP
promoter and consequent
upregulation of the gene)

lance




significantly upregulated in
HNSCC as compared to
normal tissue (TCGA data)
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Endocrine tumours
Silencing of PPPIR15A via
CRISPR-Cas9-mediated
induces reduction in ATC
CAL-62 cells’ colony-formation
Anaplastic (ChIP-seq), ability. I N THZ1 (CDK7
. thyroid CAL-62, 8505C, o PPPIR15A inhibition o Probably, CDK7 Cell growth, inhibitor), GBZ ~
Thyroid cancer ca¥cinoma 8305C, C643 PPPIRI5A sensitises ATC cells to overexpression proliferation (PPPIR15A [152]
(ATC) (THZ1 treatment) conventional chemotherapy. inhibitor)
cells CDKY expression is
significantly higher in ATC
samples compared to PTC
samples
Head and neck tumours
Head and neck BICR-31 cells ~3% (SE
Squamous cell eac an nefl (cell line derived amplification
carcinoma squamous ce from a SCC of the without KLF5  KLF5 — — Focal amplification of SEs — — [105]
(SCC) carcinoma tongue of a ene amplifi-
(HNSCC) 8 P
Caucasian male) cation)
CCAT1 is a novel SCC
oncogenic IncRNA, its
mRNA is upregulated in
tumours compared with
ESCC (KYSE?0, normal tissue in ESCC,
(KYSE140, TE-5, HNSCC, LsCC. ; ;
), HNSCC Mechanism: highly Genomic coamplification of Cell proliferation,
scc ESCC,HNSCC,  (UMSCCL  100% of IncRNA-CCATI,  expressed CCATL recruits oo oo TP63 and SOX2. survival through -
LSCC subtypes (SK-MESzi ESCC cells TXNRD1 TP63 and SOX2 and forms g TP63 and SOX2 cobind MEK/ERK1/2, - 3191
A with them proteins/RNA CCATI1-SE and promoter PI3BK/AKT
Calu-1, ChagoK1, .. pathways
H520, H2170, complex, localising at
H226) cells EGFR-SE and increasing its
transcription, which
activates MEK/ERK1/2
and PI3K/AKT signalling
pathways
miR-21-5p is an oncogenic
miRNA upregulated in
Head and " many solid cancers,
ead and nec . . .
MIR21 (miRNA, including HNSCC. . .
scC squamous cell  FHING6 and SCC1 product In this study, miR-21-5p FOSL1 Dysregulation of FOSL1 Cell proliferation, 101 1BET151  [320]
carcinoma cell lines : ; invasion
(HNSCCQ) MiR21-5p) expression was shown to be
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SNAI2is a cri{i;:al EME
Head and neck transcriptional factor that FOSL1 dysregulation: L
scC squamous cell UM-SCC1 cell line  — SNAI2, FOSL1, maintains stemness and feogilf;t(()rrngfster FOSL1 selectively g%;géﬁr%tﬁ% SR11302 (AP1 [162]
carcinoma CD44, EPHA?2 promotes invasive HNSCC) associates with Mediator stemnesé ’ family inhibitor)
(HNSCC) growth in HNSCC and (MED1) to establish SEs
multiple other cancers
hnRNPR is known to
modulate RNA splicing
and is directly involved
in transcription. hnRNPR Global enhancement of
stabilises CCNB1 and enhancer activity and
CENPF mRNA to specific SE activity, SE
}r);gg:s(gesitsumour { un (tCI;] un)'th hijacking: the 3’-end of
. ogether wi i
JUN-mediated c—Igos forms the seRNA—NPCM hybrldlses
seRNA-NPCM/hnRNPR  AP-1 early TF. with the SE region to ‘form Metastasi
NDRGI, TRIBI, canbind to the JUN gené is an R-loop, and the middle ng_iSBai:li/,[T
Nasopharyngeal 526, 518, 6-10B CASCS, KLHL38, metastasis-promoting mapped to a segment }?f seRNA-NﬁCM TNFs p;athwéys,
carcinoma — 5-8F vells 4 >80% ACTA1, EGER, NDRGI and TRIB1 loci chromosomal binds to hnRNPR at the cell mofilit JQ1 [182]
(NPC) FOSL1, KLF5, and regulate region involved in promoter of distal and orall 3
ETS1 transcription via R-loop both neighbouring genes migration,
formation. (NDRG1 and TRIB1, proliferation

The dysregulated
expression of the ACTA1
subunit is prone to form
stress fibres and F-actin,
which are associated
with cytoskeletal
stabilisation, cell
survival, proliferation,
and migration

translocations and
deletions in
human
malignancies

accordingly).
DNA &Y

translocations/deletions,
forming binding sites for
new TFs and leading to SE
formation
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NPC stems from
malignant
transformation of the
pseudostratified ciliated
columnar nasopharynx
epithelium, which is
composed of ciliated cells
(CCs), nonciliated goblet
Associated with secretory cells, and basal
SE-HK1: TP63, cells (BCs). BCs can
ITGA6, CD44, self-renew and
WNT3, CAV2; differentiate into luminal
P NPC Associated with cells (LCs), gwludilfg tCell prqliferat@on,
. rimary SE-C666-1: CCs and goblet cells. . : umourigenesis,
g;‘é?l;r?ée samples, HK1, FOXA1,CD74, ANP630(%S a prominent Sgg?zg}gﬂfuﬁg;ggﬁiz- evasion of im-
NPC lﬁgirll?ll;(ljike %aég?l'l (NPC), — gg(LCSLﬁ%,Cég(OC’ 117, ?;goéﬁr?g}rppg igﬁg‘.’en ANp63, TP63 enhancer and SE landscgpe, g:;gﬁ ?(1)1_ li‘é?nﬂllzgf € JQ1 [179]
:(subepes (hypopharyngeal gléz_ﬂ—B; e ANP63 enhanced gﬁ?etrzrﬁz‘;gﬁial'to'lummal gene expression
carcinoma) cells specific: EGF-stimulated NF-«B signature switch,
ITGA6, WNTS3, activation in NPC cells by NF-«B pathway
EGEFR, CD44, activating SE-mediated
g:%% (IZ‘%‘Y/%A EGEFR transcription.
KRT14 4 Depletion of ANP63«x in
NPC cells induces robust
growth inhibition of NPC
cells in vitro and in vivo.
Levels of SE-associated
transcripts are generally
higher than those of
TE-associated transcripts
in HK1 and C666-1 cell
lines
Eggfégoszltlve cells . NF-«B, IRF1,
untreated primary ETV6 is a TF from the IRF2, ETS1, MYB,
NPC samples ETS family, known tobe  CTCT motifs Unknown. But NF-«B can
. critical for oncogenesis. uniquely enriched  be activated by EBV LMP2,
NPC — xenografts C15 - ETV6 ETV6SEisfound inall  for NPC samples.  which expression is Tumourigenesis  JQ1 [136]
(untreated NPC samples and is not found YY1 and ZNF143 consistently observed in
pnéna?; turréou;) in the control group in motifs are shared NPC
?IGP ((i:mé Sagtagej) the study between cancer
cells and control cells
MAPK pathway,
HAS3 overexpression angiogenesis, cell
romotes activation of roliferation,
NPC o HKlcells o HAS3 ghe EGFR/AKT/ERK - Fnigration, evasion JQi (3211
pathway of immunosurveil-

lance
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Urinary and male genital tumours
Darolutamide inhibits Genome-wide reorganisa- .
FOXA1, BRD4, androgen-induced tion/redistribution of the Cell r?];:tabohsm,
Early-stage and Nkx3-1, GATA2, che:nges at the AR enhancer and SE landscape, gro;vf >
- cistrome. s proliferation, :
Prostate late-stage VCaP, LAPC4 cells 100% KLKZ, KLK3, Darolutamide blocks — specific to the exact .. metastasis, ERK Darolutqmmle (AR [157]
cancer (ProCa) b TMPRSS2, FKBP5, enhancer activation and AR-dependent condition athwa antagonist)
subtypes ACPP, ACP4, and cell type, disruption of 5 Y,
! from enhancer and SE TAD, and sub-TAD pathway
regions boundaries
DNA replication,
cell cycle,
Androgen receptor (AR) homologous
plays an important role recombination,
o VCaP, LNCaP in PCAT1-SE repression. AR, MYC, FOXA1, mismatch repair, 5
ProCa cells MYc Suppression of andro%en HOXB13 p53 pathway, Wnt Jt [150]
activity increases MY pathway, RNA
expression transport,
ribosome
biogenesis
CHPT1 catalyzes
synthesis of PtdCho, a
majm];component of cell TFs overexpression and
. membrane. .
ENZ esistan this, P SeRNA regulting BRDS
ProCa resistant ENZ-resistant — CHPT1 OVETEXPTesSIOn INCreases  zr binding with BRD4 at the ~ Cell survival JQ1, CPL-637 [184]
C4-2 cells PtdCho synthesis, : s
prostate cancer hereby f . 1 regions containing
(CRPC) thereby forming a less lysine-rich motifs.

penetrating membrane,
which may physically
limit intake of toxic
drugs into the cell

Formation of aberrant SE
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HOXB13 acetylated by
p300/CBP at lysine 13
(acK13-HOXB1) establishes
tumour-specific SEs, and
the following factors are
19 pairs of normal likely to contribute to this:
and tumour ) (1) acé(l?)-Il-IObXB bind
primary samples . ; significantly better binds
(2N, 3T specimens II;‘ICO I?IBils?)alf:;g ilglneer IE. chromatin remodelling (R)-9b, ACK1
ProCa CRPC fcor Chlp-seq), HOXB13, ACKI, regulator of CRPC HOXB13 E“’te“‘;’ L T . - inhibitor (shown ;o)
4-2B (metastatic FOLH1 growth, oncogene. (acK13-HOXB1) romodomain-containing umourigenesis on the prostate
CRPC), LAPC4, FOLH1 is a ProCa protems, and CTCF organoids)
RWPE-1, LNCaP, diagnostic gene compared to unmodified
VCaP, PC-3, HOXB13;
22Rv1, HEK293T (2) BRD9 specifically
cells interacts only with
acK13-HOXB13, not with
HOXB13;
(3) acK13-HOXB13 binding
motif at SE region differs
from unmodified protein
LINC00162 is an SE
IncRNA, located on
21q22.3.
It is encoded by sequence
overlapping with SE and
is found to be
significantly upregulated
with the highest fold
change in bladder cancer
cell line compared to
normal cell line in the SE
Bladder cancer _ UM-UC-3, T24 . LINC00162 lncRNA microarre?y o - Cell proliferation, [190]
cells expression analysis. cell cycle

Suggested mechanism:
LINC00162 binds
THRAP3 and blocks its
ability to positively
regulate PTTG1IP
expression, which leads
to inhibition of PTTG1IP.
PTTGIIP could inhibit
the proliferation,
promote cell apoptosis,
and block G0/G1 phase
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Central nervous system tumours
ARLAD is a member of
the ARF protein family
(of RAS superfamily of
small GTPases). In cancer
cells, ARF members are
subverted for regulating
proliferation, migration,
and invasion.
An OTX2-SE-ARL4D SE-driven core
MYC. OTX2. CRX l‘egulafOI;Y axis transcriptional regulatory
’ , ,  representsa 5
G 3 P i ARL4D, AUTS2, sullajtype-specific tumour gﬁggﬁﬂgg tﬁgs@ipﬁon THZ1, JO1,
Medulloblastoma 0P rimary cel ines o BMF, IGF2BP3, dependency and or higher activation of ER Cell proliferation, ~ Marizomib and ;
subtype (D425, MB002, 100% KIF21B, KLHL29, ; OTX2, CRX ! [171]
(MB) G3-MB HD-MBO3 LRP8 MARSI therapeutic target of stress and UPR). cell cycle their
(G3-MB) ) PSMB5, SDK2. G3-MB by contributing TFs increase in expression combinations
SSBP3, UPR to maintaining cell cycle and overexpression,
progression and leading to pathological
inhibiting neural gene activation
differentiation of tumour
cells.
BETi and CDK?7i work
synergistically on
suppressing SE-driven
core transcriptional
regulatory network of
G3-MB
In the
v [s2168101- SNP 152168101 G>T
: g Wild-type evolutionarily
neuroblastoma patients LMO1 has been d G-allele i
cells (G/G 28% of previously identified by lcc())cnastigit L MaOIe _SEIS But
homozygous), Europeans, the same research group interestinely, there ié a Tumour formation
Neuroblastoma NB with Kelly (G/- 32% of LMO1 as an oncogene in GATA2/3 more rece% ty, roretive (G-allele) /tumour [127]
(NB) 152168101 G>T MYCN- Eastern neuroblastoma. T-allel tp' . SNP susceptibility -
amplified), BE2 Asians and In 45 tumours: rs2168101 }—la ae Corl\) agung on (T-allele)
(G/T, MYCN- almost no (G/G=33,G/T=12, Lag istur 5 AAE/?SE
amplified), Africans T/T=0) inding motit in the St,
primary patient carried which leads to decrease in
samples protective T LMO1 expression

allele
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TFE(s
c-MYC, N-MYC, Genome-wide reorganisa-
ALK, PHOX2A/B, ISX-9 abrogates ALK and tion/redistribution of the
NPM1, ODC1, N-MYC functions in NB enhancer and SE landscape
CCNA2, TGM2, cells and induces NB (ADRN-restricted SE
Lineage- DKK3, FABPS, ~ subtype switching. activities regulating key
committed IMR32, SH-SY5Y, ll{[/[%[;u’ E A.SI:]/ ci\.ICL, ISX-9 affects histone BORIS ADRN oncogenes such as Cell erowth
adrenergic GIMEN, NBL-S, WWY_"?QSIS(()%?ZQ) ’ acetylation and promotes N EURbDl MY CN, ALK, PHOX2B rolisf;eratior; Isoxazole
NB (ADRN) and LAN-1, SKNBE-2, — CREGI. PRRX] SE weakening. ATOHL OLIG2 might account for the MES P differonti (ISX-9) [175]
mesenchymal NGP, GICAN, SHEP SNAD MEOX?: 1SX-9 reprogrammed NB  NEURGG2 vs. ADRN subtype E.rans ifferentia-
(MES) NB cells ‘ADRN-associated: cells from an ADRN into specificity). ton
subtypes PHOX?2A, DLKI, a MES-like (MES/GN) SE hijacking.
GATA2, HAND1, state which is TFs increase in expression
NOTCHS3, SNAI2, incompatible with and overexpression,
IMR32, NGF, NT3, oncogenic growth leading to pathological
NGFR gene activation
1) DBH, CHGA,
SH-SY5Y (subclone 1(32 K1 (1) known markers of
with adrenergic (2) ASCL1, EYAIT, adrenergic differentiation
(ADRN) phenotype) GATA3, HANDI1, (2) 18 ADRN-specific TFs.
derived from SIX3 (ZNF536, Although PHOX2B and
SK-N-SH cells, 5 PHOX2A, KLF13, PHOXJA are ADRN phenotype
CD133-primary SOX11, GATA2, ADRN-specific, SEs establishment
samples (2/5 had an KLF7, TEAP2B, ISL1,  sssociated with them are maintenance, MES
isogenic pair of HEY1, DACHI, also found in some MES phenotype
ADRN phenotype), sathn Lo (s, i Probably, GATA3, PRRXI  coappismnent
NB - SH-EP2 (subclone ~ — (3) WNT5A, IGFBp2,  (3) MES-specific genes GATA3, PRRX1 ioreeuiion maintenance, — [322]
with PN IL13RAT ’ (4) 20 MES-specific TFs preg I:e . ]?;I;nmin
undifferentiated ) MEOX1, MEOX2, PRRXI reprogram vig & l\g/[ % g
mesenchymal (MES) SIX1, SIX4, SOX9, ~  super-enhancers and regulation
phenotype) derived SMAD3 WWTRT mRNA landscapes of chgemoresi;tance
from SK-N-SH cells, (PRRX1, CREGI, ADRN cells toward a relapse ’
3 CD133+ primary ELK4, DCAF6, ID1, MES state. Thus, PRRX1
samples (all with an MAML2, NOTCH2, is probably the master
isogenic pair of ggig, IZFII:1P63,6ZLI;]F217, regulator of MES
g rogram
ADRN phenotype) ABEPY) prog
MYCN-amplified cell
lines (Kelly, NGP,
MYCN IMR-32) were selectively
T 3 primary samples, MYCN, ALK, targe_ted by THZ1. . Genomically amplified . .
NB amplified and KSlly, NC);P, IMI[){-32, — PHOX2B, ALK is prooncogenic in MYCN MYCN indl}llces gﬂobal Tumourigenesis, THZ1 [165]
nonamplified SH-SY5Y cell HAND2 B. - A cell proliferation
NB - cells PHOX2B, HAND? are transcription amplification
master TFs that specify

sympathetic neuronal
cell identity
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Glioma cell
LIﬂ-lS and U251 proliferation, Myci975 (MYC
. cells, migration, i i,
Glioma (GM) (GGlg)l\Bllf stoma xenograft mouse — TMEM44-AS1 — MYC g/‘[}ig& I\r/gSCI on observed iﬂVgaSiOH/ srr?all-molecule [109]
models, primary P p38MAPK, IL-6, Myc inhibitors)
GBM samples interferon
pathways
Thoracic tumours
EphA2 is a member of the
Eph receptor family. Its
main binding ligand is
ephrin A1, EphA2 acts
through activating tyrosine
phosphorylation of
downstream substrate
proteins and is degraded in
normal cells after
phosphorylation in contrast
to cancer cells. . .
EphA2-SE interacts with the Chromosomal Cell proliferation,
EphA2 gene promoter and rearrangements leading nvasion,
Lung adenocar promotes transcription by TCF7L2, FOSL2 to convergence of SE Eﬁgﬁi‘?génesis Disruption of
cinoma (LUAD) A549 cells 100% EphA2 Tecruiting FOBL2 and bind to EphA2-SE  (EPRA2-SE) witha WNT/ p-catenin  EphA2-SE, Y5600 112V
, g in specific oncogene athway,
abnormally high expression (EphA2). IP;IBK / AI,(T
of EphA2, which activates SE hijacking pathway
signal pathways to promote
tumour progression, which
is confirmed by FOSL2 and
TCF7L2 siRNA silencing
analysis.
CRISPR-based EphA2-SE
deletion suppressed cell
proliferation, migration,
and invasion by decreasing
the expression of EphA2
in vitro
~17%
co-occurring
SE and MYC
Anchorage-
LUAD — GSC%?HI;ISCSI CI;I;121209/ gfr?;li fication MYC — g?g?ﬁz’i%)g;}a’ Focal amplification of SE irfdepen@ent and — [105]
~2% SE clonogenic growth
amplification

only
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LUAD — irggacrg’uzamples’ 43.66% RAI14 — — — Cell proliferation ~ — [323]
TAM2 infiltration induces
rich a TGF-f3
Primary samples, LINC01977 promotes mic]foegvironmlejz)rlt.c1 Ith JQ1, SGC-CBP30
A549, A427, PC-9, malignancy via the makes SMAD3 bind the TGFb pathway, (small molecule, y
LUAD - H1299, SWi573, LINCO1977 cancoical SMAD3 promoter and the SE of Bvr LY inhibitor of [189]
H1975, H358 cells TGF-B /SMAD3 pathway LINC01977, which CBP/P300)
upregulates LINC01977
expression
ASCL1 is a master
transcription regulator;
its inhibition leads to
downregulation of TFS
NKX2-1, INSM1, FOXA1.
ASCL1 is crucial for
neuroendocrine
differentiation.
miR-375 and miR-9-5p
ASCL1, NKX2-1, probably co-target YAP1,
Lul34A cells with INSM1, FOXAT, which defines SCL-Y Cell-type identity
Smallcell lung  SCLC-A, TP53 and RB1 MIR375, MIR7-3, ~ Subtype, and suppress it regulation,
&  SCLC-P mutations, H2107, — MIR200B, MIR429, NOTCH?2 is a common ASCL1, POU2F3 — intratumour — [164]
cancer (SCLC) subtypes H128, H510, H69, miR-455-3p target gene of miR-9-5p heterogeneity
H510, H211 cells (suppressed in and miR-375, and this formation
SCLC-P) mechanism may

contribute to suppression

of Notch signalling and

sustained expression of
1.

SE-associated miRNAs
influence transcriptional
networks, in particular
targeting
subtype-specific genes
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TBX4 is the only TF
associated with SE in NHLFs
among multiple cell types
and is unique to lung tissue. L
The TBX4-5E overlags with Mutations in DNA that
. TBX4, TBX2, a lung mesenchyme-specific form;nﬁnd%réizltels fg? Cell proliferation,
Primary lung TBX5, SFRP1, enhancer, suggesting the new TFs ( : ), leading transdifferentia-
L cancer-associated ADM, THBSI, retained activities of to the formation of SE. tion, cellular
ung cancer — fibroblasts (CAF), — TBX4 TFs increase in T — [160]
adult NHLF HOXA5, FOXL1, developmentally regulated expression and contractility
fibroblast FOXP1, MEIS1, enhancers in adult tissues. P ion, leadi (collagen gel
ibroblasts TGIF1 The loss of TBX4 is overexpression, leading 2o
associated with the to pathological gene
acquisition of the CAF activation
phenotype by lung
fibroblasts and TGF-3 might
be involved in this process
Female genital tumours
EphA2 is a member of the
Eph receptor family. Its main
binding ligand is ephrin Al,
EphA2 acts through
activating tyrosine
phosphorylation of
downstream substrate
proteins and is degraded in
normal cells after
phosphorylation in contrast
to cancer cells. : :
EphA2-SE interacts with the Chromosomal ) &ﬂ;gﬁﬁﬁemtwn’
EphA2 gene promoter and rearrangements lfe;%hng migration
. promotes transcription by to convergence o tumouri énesis, : .
(Concay <2 Hel.a cells 100% EphA2 recruiting FOSL2 and bind to EpindzsE  (EIA2SE) witha WNT/ pcatenin ED;Zzlzp-tsll(z’,ns(\){f-56o9 [120]
TCF7L2, resulting in specific oncogene pathway,
abnormally high expression (EPh{‘,‘Z)- X PI3K/AKT
of EphA2, which activates SE hijacking pathway

signal pathways to promote
tumour progression, which
is confirmed by FOSL2 and
TCF7L2 siRNA silencing
analysis.

CRISPR-based EphA2-SE
deletion suppressed cell
proliferation, migration, and
invasion by decreasing the
expression of EphA2 in vitro
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HPYV integration generates
PLXNB2 and CASC8 HPV breakpoint-induced
levels are declined in 3/3 cellular SE (BP'CSES_)/
HeLa. S12. Ca Ski Cis-genes (CASC8  HeLa ecDNA-reduced further local genomic
HPV-related A & _ and HMGA?2), monoclones, and CGAS amplification and TAD .
CerCa CerCa giC_EI;OéClZl,lgCC—O%, trans-genes and HMGA? levels are Ps3 remodelling. TP53 pathway [129]
(PLXNB2, CGAS) declined in 2/2 512 BP-cSEs cis- and
ecDNA-reduced trans-regulate the targeted
monoclones gene expression, including
ecDNA form
HPV16 integration,
subsequent SE hijacking
EG6/E7 viral oncogenes and focal amplification
downregulation in HPV Mechanism: HPV16
E6/E7 cellular cancer cells is known to integratesinto o
W12 subclones, genes (e.g., FOSL2 result in reduced transcriptional active Cell proliferation
HPV-related C-33A, C-411, - . 7 ’ proliferation and o region of a host genome increased genomic .
CerCa CerCa CasKi, HeLa, Sviiil}g(t):rigon senescence. (chr 2 p23.2) and hijacks instability at the iBET762,JQ1 [130,151]
ME-180, SiHa cells site) & FOSL2 expression is adjacent enhancer element, integration locus
wgakly 'reduced after the then viral genome and
d}srqptlon of BRD4 flanking cellular DNA
binding to SE sequences co-amplify,
which leads to viral-cellular
de novo SE formation
~10%
co-occurring
Uterine corpus SEs and MYC
endgmetrlal — Ishikawa cells gene MYC — — Focal amplification of SE — — [105]
carcinoma amplification,
(UCEQ) ~4% SEs
amplification
only
In this study, SE14 and
~11% of SE60 are determined as
: tients from prominent SEs amon,
High-grade raey RAEI (SE60) top 8 i i SOX4, ATF4, YY1 iferati
. . , p 86 SEs, via CRISPRi ~ Cell proliferation,
Ovarian cancer  serousovarian  GyCAR-3 cells datasethad  EPHA2, MAB21L3  and CRISPR-deletion (SE60), ELF3, KLF,  BRD4 and SE copy-number 10 ion 'ERRBS — — [111]
(OvCa) cancer BRD4 (SE14) assays combined with and JUN (SE14) amplification pathway
(HGSOC) copy-number RNA sequencing.
amplification SEs direct target genes

are defined using Hi-C
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ALDHI1Alisi tant ; P
resistant OVCAR3, A2780 p EOC) due to it activation (concluded
high-grade CP70 (Cistlatin- cancer (EOC) due to its based on elevated seRNA
serous ovarian resistant) cells Cru,C“tﬂ role in ¢ cells with expression after cisplatin Cisplatin+]Q1
OvCa cancer orthotopic ’ — ALDH1A1 maintenance ol cells wi — treatment) and possible Stemness platint [183]
(HGSOC), xenograP;t mouse ?tt: ?ﬁlélgﬁc{giiﬁrﬁzé been BRDA overexpres- (synergistic effect)
epithelial model shown to increase EOC sion /‘amphﬁcation, geRNA
ovarian cancer cell sensitivity to contributes to SE-derived
(EOC) subtypes Y transcription
chemotherapy P
Pl OVCARS, OVS1 SOX9 plays rol. Cell migrati
resistant . L X9 plays role in : s ell migration,
OvCa high-grade SKQVS (cisplatin- SOX9 establishment and SOX9 fcolrsrﬂ t‘éﬁ:gﬁg;iﬂ SE chemosensitivity, JQ1, JQ1+cisplatin [324]
serous ovarian resistant) cells, maintenance of activation immunosurveil- (synergetic effect) -
(carégé) 0 xenograft mouse chemoresistance lance
H models
UCA1 was identified as a
driver of EOC
development.
Clear-cell Suggested mechanism,
ovarian cancer . based on experiments
(CCOQ), 20 primary results: UCA1 binding to
endometrioid epithelial ovarian -
. cancer (EOC) AMOTp130 facilitates . .
?gr?gér)l caneer samples, 5 AMOTp130-YAP Cell proliferation,
high—gréde samples,of each interaction, which Unknown. Acquired in survival through
OvCa serous ovarian hi p — IncRNA-UCA1 promotes YAP and its — C ’ Hippo-YAP JQ1 [139]
cancer istotype target genes activation signalling
(HGSOC) (ChiP-seq), via YA regulation
: ! OVCA429, dephosphorylation and
mucinous CaOV3 YAI;’ pl y
- A nuclear
8\‘/’%1&‘? cancer UWB1.289 cells translocation.
subtypes Strategy for prioritizing

and mechanistic analysis
of IncRNAs is suggested
in the study
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SE Alteration 100t TE(s) P Y
ISL1 is known to be
involved in cell survival
and mesenchymal
transition.
ISL1 is identified as the
major cell-type-specific SE
ISL1, PAX2, regulator (accgrding to the
PRRX1, ZIC1 authors, ISL1 is expressed
ATF5 ! ! in 75% of ovarian cancers). Drug-resistance
) g
A2780 cells (not (downregulated Mechanism: repeated Cisplatin treatment associated with
OvCa o treated), A2780 cells _ SE) cisplatin treatment ISL1 leading to ISL1 acquisition of new =~ — [308]
(ct'rseit;dn‘)mth GATA2, NKX2.5, downregulates ISL1 downregulation phenotypic
isplaty SNAI2, MZF1, expression, and thereby features
EGR1 induces SEs redistribution.
(upregulated SE) It may lead to the
acquisition of new
phenotypic features, which
serve as an adaptation
mechanism in cells
undergoing near-to-death
experience
Soft tissue and bone tumours
LIF is a cytokine that affects
cell growth by inhibiting
differentiation and is
critical for the maintenance Chromosomal
LIF, SOX2, OCT4, of osteosarcoma stem rearrangements Cell invasion,
o Os_teosarcomal NANOG, CD133, cell—lik'e properties. leading to convergence  metastasis, EMT,
Osée"sarcoma %ngaéyssg‘f‘lﬁz’gsé 100% NOTCH], HESI, UTX binds to the LIF UTX of SE (LIF-SE, stem cell ~ JAK/STAT3, GSK-J4 (UTXi) [168]
(0s) , SJSAL, , KRT19, HEY1, promoter and modulates SE related) with a specific =~ NOTCH1
ZOSM cells X
HEYL signals. oncogene (LIF). pathways
LIF inhibition reduces SE SE hijacking
and enhancer signals of the
NOTCH1 signalling
pathway
U208, 143B cell lines .
(ChIP-seq), SJSA-1, MYC is aberrantly
U2-0S, HOS, G-292, expressed in
MNNG/HOS, 143B osteosarcoma, Cell proliferation.
and MG-63 (other Critical oncogenes in especially in migration, 155
oS - experiments), - CDK6, TGFB2 osteosarcomag MYC metastasis, and drives invg:ision, THZ1 [155]
metastatic and the strong expression metastasis
nonmetastasic of SEs-associated
osteosarcoma

primary samples

oncogenes
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These genes are
downregulated in both
cell lines after THZ2
treatment and are in 10% Cell proliferation,
SRSF3, FOXK1 (1) ~ ©f genes more sensitive CDK7 is overexpressed in o ation, cell
o8 -~ SJSA-1, U2-0S _ MYC, TCF7L2, to THZ2 in cach cell line Compared to normal tissues  development (GO THZ2 (specific [151]
cells RUNX2,MDM2 (D orinatleastoneo comp : for all CDK? inhibitor)
V) cell lines (2). in paired specimens from SE iated
SRSF3, MYC, TCF7L2, 35 patients ger_jesss)omate
RUNX2, MDM2 have
been shown to be
involved in malignant
potential in osteosarcoma
The chosen gene plays a o
role in proliferation, Oxidative .
determination, and phosphorylation,
. differentiation and is cell redox
Surgical overexpressed in patient homeostasis, cell
specimens of . ) samples. proliferation,
0s _ osteosarcoma, Max-like protein X gp_g/iven MLX is — — migration, lipid [325]
human I (MLX) overexpressed in metabolism, o
osteosarcoma ce i cysteine
! osteosarcoma, positively 4 .
lines (143B, S]SA1) regulates SLC7A11 metaboliom,
(transporter for cysteine respc?nse to
and glutamate), and reactive oxygen
prevents ferroptosis
Fusion gene EWS-FLI1
orchestrates the
transcriptional Chromosomal
A673, SKNMC dysregulation in Ewing rearrangements leading to
TC32, TC71, EWS, i?Il]‘ECI%Ilnfs a homeodomain convergence of SE
TCC446, EWS502 MEIS1, EWS-FLIT, TR 1d an oncogenic (APCDD1-SE) with a
cells, 3 primary APCDD1, CCND1, factor in Ewine sarcoma specific oncogene ) )
. samples from NKX2-2, BCL11B,  J5Of S 8 : (APCDD1I). Cell proliferation,
Ewing sarcoma — httos: Y.ore >90% MYC, IGF2BP1, MEIS1, EWS-FLI1 SE hijacking: MEIS1-SE, evasion of im- THZ1 [124]
ttps://doi.org/ transmembrane i
10.1016/j.ccell.20 21]5%215),14 SL%)IE? glycoprotein that is %I’ECI%%(IZ;E_SE,CND SE munosurveillance
14.10.004, https:// LEF1, NKDI associated with the TFs increase in expression

doi.org/10.18632
/oncotarget.4903

Wnt/ 3-catenin
signalling pathway.
MEIS1 and EWS-FLI1
transcriptionally activate
APCDD1 in Ewing
sarcoma

and overexpression,
leading to pathological
gene activation
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Cyclin D1 A combination of SE
(CCND1), caveolin profiling, near-whole A somatic chromosomal R
1 (CAV1), genome shRNA-based translocation leads to the GSK-3 inhibitors
glycogen synthase  and small-molecule drug formation of fusion protein  Cell proliferation, gﬁﬁ%&gﬁnd
Ewing sarcoma = — TC32, TC71 cells — kinase 3 alpha sensitivity screening is EWS/FLI1 EWS/FLIL. cell cycle, p53 PD0332991 ) [123]
(GSK-3u), done for identification of This oncogenic TF forms an pathway (CDK4/6
microtubule- cyclin D1 and CDK4 as aberrant transcriptional inhibitor)
associated protein  Ewing sarcoma-selective profile
tau (MAPT) dependencies
t(2;13)(q35;q14)
chromosomal translocation
forms the fusion gene, the
X . product of which,
Fusion-positive PAX3-FOXOL1, is a pioneer
(FP-RMS), The genes encode the factor establishing de novo
fusion-positive primary driver ofTRFMS SEs via opening chromatin,
PARMs),  RHARHDSCMC o WNODLANCN,  receptor rosine kinases, TAXMTOXOL  recruiting BRDAand other gpceiicarion of
Rhabdomyosar RMS with and 5 EN-RMS >60°/O gf cells,  MyogG, histone deacetylase, and MYOG I%/IYODl Further st-ud.y showed that RMS cell identity, Q1 [119,167]
RMS) mutations in : ° IGF1R/IGF2, h -bound ) ’ - cell maintenance ’
rimary samples
coma ( receptor p y pl tumours FGFR4, ALK enhancer-bour . MYCN, SEs activity depends on ¢ blasti
tyzosime (GSE83726) HDAC5, MEST coactivator respectively.  MYOG subunit of nucleosome in myoblastic state
4 an are i i
kinase/RAS involved in mesoderm gemode}hng ?\rIldR}]gstone
pathways development eacetylase (NURD)
(FN-RMS) complex, CHD4, which

enhances DNA accessibility
for PAX3-FOXO1 and

HDAC?2, and consequently,
BRD4 binding to SE regions

Breast tumours




Int. J. Mol. Sci. 2024, 25,3103

64 of 96

Table Al. Cont.

Cancer Type

Cancer
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Cell Line(s) with
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% of Cases

with
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SEs SE Alteration
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Gene(s)
Associated with
Abnormal SEs of
Interest
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(Why Authors Focus on
This Gene/Gene Set)

TF(s) Associated
with SE(s),
Including
Cell-Specific
TF(s)

Estimated Molecular
Pathogenesis of SEs

Affected
Biological Path-
ways/Processes

Inhibitor(s)

Reference(s)

Breast cancer
(BrCa)

MCF?7 cells 100%

EphA2

EphA2 is a member of
the Eph receptor family.
Its main binding ligand
is ephrin A1, EphA2 acts
through activating
tyrosine phosphorylation
of downstream substrate
proteins and is degraded
in normal cells after
phosphorylation in
contrast to cancer cells.
EphA2-SE interacts with
the EphA2 gene promoter
and promotes
transcription by
recruiting FOSL2 and
TCF7L2, resulting in
abnormally high
expression of EphA2,
which activates signal
pathways to promote
tumour progression,
which is confirmed by
FOSL2 and TCF7L2

siRNA silencing analysis.

CRISPR-based EphA2-SE
deletion suppressed cell
proliferation, migration,
and invasion by
decreasing the expression
of EphA2 in vitro

TCF7L2, FOSL2
bind to EphA2-SE

Chromosomal
rearrangements lead to
convergence of SE
(EphA2-SE) with a specific
oncogene (EphA2).

SE hijacking

Cell proliferation,
invasion,
migration,
tumourigenesis,
WNT/ 3-catenin
pathway,
PI3K/AKT
pathway

Disruption of
EphA2-SE, SY-5609

[120]

BrCa

Estrogen
receptor positive
and
progesterone
receptor positive
subtype
(ER+PR+),
human
epidermal
growth factor
positive
(HER2+ER—,
PR—) subtypes

MCEF7 and

HCC1954 cell

lines; 1 ER+PR+ -
patient-derived
xenograft sample

CD47

CDA47, expressed on the
tumour cell’s surface,
serves as a ‘not eat me’
signal. Its binding to
SIRP«, a receptor on
immune cells, and
inhibits phagocytosis and
thereby allows tumour
cells to avoid immune
surveillance

NFKB1 (binds to
constituent
enhancer E5),
PPARx

Formation of aberrant SE,
mechanisms are to be
discovered.

TNF inflammatory

pathway leads to activation

of NFKBI translocation to
the nucleus

Escape of immune

surveillance

BR inhibitors (JQ1,
I-BET151, PFI-1):
JQ1 is less toxic
among them;
infliximab
(trademark,
Remicade) blocks
TNF pathway;
CD47 antibody
combined with
infiximab shows
best results

[115]
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Cancer

Cancer Type Subtype(s)

Cell Line(s) with
Shown Abnormal
SEs

% of Cases
with
Discovered
SE Alteration

Significant
Gene(s)
Associated with
Abnormal SEs of
Interest

Gene(s) Description
(Why Authors Focus on
This Gene/Gene Set)

TF(s) Associated
with SE(s),
Including
Cell-Specific
TF(s)

Estimated Molecular
Pathogenesis of SEs

Affected
Biological Path-
ways/Processes

Inhibitor(s)

Reference(s)

ER+PR+,
HER2+, TN
BrCa subtypes

BrCa

MCF7 (ER+PR+),
HCC1954
(HER2+), BT549,
MDAMB231,
Hs578T (TN) cells

>80%

NSMCE2, MAL2

NSMCE?2 encodes a
member of the E3
ubiquitin-related
modifier (SUMO) ligase
family, which is part of
the SMC 5/6 complex. It
is essential for DNA DSB
repair through HR and
chromosomal
segregation during cell
division.
NSMCE2-reduced
expression has been
shown in studies to
improve the efficacy of
chemotherapy drugs.
MAL2isa
transmembrane protein
that is essential for
transcytosis, its
overexpression reduces
cancer cells’ antigen
presentation but may
accumulate HER2
accumulation

NF1, a tumour-
suppressor gene
that has been
reported to be
associated with an
increase in breast
cancer risk when
lost (via in silico
simulation)

Large tandem duplications
in breast cancers (e.g., copy
number gains of the
NSMCE?2 and MAL?2 loci)
lead to SE formation.
Deactivation of some
SE-associated tumour
suppressor genes

Cell-cycle
deregulation
(G1-S transition
defects),
tumourigenesis,
HER?2 pathway

JO1, I-BET151

[104]

BrCa —

T47D/A1-2 cells

100%

DDIT4

Glucocorticoid
(dexametazone, Dex)
treatment alters the SE
landscape in breast
cancer cells.

A Dex-specific SE
encompasses DDIT4 (a
GR target gene that is
implicated in a variety of
cancers and exhibits a
highly heterogeneous
Dex response) and four
GR binding sites. Each
binding site is uniquely
required to promote or
suppress DDIT4
expression.

Dex treatment triggers a
loop-switching
mechanism to induce
DDIT4 transcription

STAT1/3,
SREBF1/2,SP1/3,
E2F1, E2F2

Genome-wide reorganisa-
tion/redistribution of the
enhancer and SE landscape,
disruption of TAD and
sub-TAD boundaries
(chromatin looping).
Modulation of the
frequency and amplitude of
transcriptional bursts

Cell proliferation,
tumourigenesis

Dex

[149]
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HDAC1/3/7 inhibition
by MS-275 reduces
H3K27ac and represses
BPLER (stem-like -MYC, CD44, SE-associated gene
breast cancer-cell CDKN1B, SLUG, transcription at stem-cell
model), HMLER VDR, SMAD3, transcription factor genes. Genome-wide reorganisa- MS-275
(matched nonstem VEGFA, XBP1, Long-term HDAC1/3 ; istributi h
Stem-likeand ~ tumour cell RB1, EZH2,EP300  double knockdown ggﬂﬁgsgﬁgg?g;g;g;ep . (entinostat),
BrCa non-stem-like (nsTC)-like cell >50% c-JUN, HOXA2, maintains HDAC?7 — e — 4 [112]
JO specific to the cell-type and HDACS-, and
BrCa subtypes model), HOXA10, CD44, downregulation in di ion of TAD and HDAC7-specific
SUMIS9PT, BCL-XL, HDAC7, stem-like breast cancer isruption o an siRNAs P
SUM149PT, MCF7, DHRS2, CLU, cells. sub-TAD boundaries.
MDA-MB-157 CDKN14, A subset of stem-cell TF
cells BHLHE40 genes may be
differentially regulated
by HDAC1/3/7 in
stem-like BrCa cells
Estrogen
receptor
positive and CD47, expressed on the BR inhibitors: JQ1,
progesterone tumour cells surface, _ I-BET151, PFI-1
receptor serves as a “do not eat Aberrant SE formation, JQ1 is less toxic
positive MCF7, HCC1954 me” signal. Its binding to  NFKB1 (binds to mechanisms are unknown. among them,
BrC subtype cells, 1 ER+PR+ o cD47 SIRP«, a receptor on constituent TNF inflammatory Evasion of im- CD47 antibody [115]
a (ER+PR+), patient-derived immune cells, inhibits enhancer E5), pathway leads to activation =~ munosurveillance ~ combined with J
human xenograft sample phagocytosis and thereby ~ PPARcc of NFKBI translocation to infliximab (blocks
epidermal allows tumour cells to the nucleus TNF pathway)
growth factor avoid showed best
positive immunosurveillance results
(HER2+ER-,
PR-) subtypes
ENCI1 overexpression
HB-2, MCF10A promotes
(modified to Hippo-YAP1/TAZ
overexpress pathway through: Radioresistance
ENCI) cell;, - YAP1 and TAZ recurrence,
Radioresistant Cog.Stht.e tant BC nuclear TCF4 TF overexpression metastasis
BrCa OTeSIS radio-resistan — ENC1 translocation: TCF4 leads to aberrant activity of =~ promotion via — [326]
BrCa cells (MDAMB- h ’ ENCI1-SE Hippo-
231/RaR, - increased - YAI:I)’I:i TAZ
BT549/RaR), expression of th /
metastatic mice antiapoptotic pathway

model,
primary samples

genes (Glil, CTGF,
FGF1)
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FOXC1 and MET are
known oncogenes highly
expressed in TNBC and
associated with worse
clinical outcomes. ANLN
is a novel TNBC-specific
BT549, HCC1937, gene. FOXC1 exhibits HIF1A, FOXCI, irenesi
Basal-like, MDA-MBA436, significantly higher sPL, Unknown cell migration,
triple-negative MDA-MB-231, FOXCI. MET expression in TNBC YY1 (FOXC1 SE), (however, FOXCI-SE focal ¢ g MET
BrCa (ER-/PR- SUM149, SUM159,  60% ANLN ’ samples compared to SP3, YY1, RBPJ, amplification in genomic invasion (MET), JO1 [102]
/HER2-) BrCa MDA-MB468, non-TNBC samples PBX1, TFES, analysis was not found) E?eogl(scﬁls
subtype (TNBC) ~ HCC1395, (Her2, LumA, LumB BC ZNF148, NR2C1, Y Stemmosy (ANLN)
SUM1315 stbtypes and normal NFYB, ESRRA
breast tissue) in the
METABRIC cohort.
Recently, ANLN was
shown to regulate breast
cancer cell migration and
stemness
BRD4 reorganises
Thesg BENes are known chromatingand facilitates .
;gsli)st;?églved indrug recruitment of complex (Ce}‘}gg;grrle(iftame
GNA13, PDPK1 { LSD1/NuRD to SEs, 3 :
BrCa — MCF7 cells — WNTS LRES bommaney oy PPPRL BRD4/LSDI/NuRD kT, [154]
ownregulation BRD4/LSD1/NuRD complex occupies SEs an WNT, Hippo
complex is examined and represses SE-associated pathways P
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BrCa

MCF10A cells
(MCF10A-AT1,
MCF10A-DCIS, —
MCF10A-CA1l),

patient samples

RARREST,
MIR200B
(enhancer, not
identified as SE)

RP11-379F4.4, RP11-465B22
are cis-acting SE-IncRNAs,
i.e., IncRNAs transcribed
from SE and functioning at
the loci they are being
transcribed.

RP11-379F4.4
downregulates RARRES],
which suppresses invasion,
respectively, and thereby
probably contributes to the
progression of ductal
carcinoma in situ (DCIS)
lesion to invasive ductal
carcinoma (IDC).
RP11-465B22 upregulates
miR-200b expression, which
is known to inhibit
proliferation, metastasis,
and angiogenesis.

Thus, increased expression
of these SE-IncRNAs could
be used as markers of
disease progression

Unknown

Cell invasion
(RP11-379F4.4)

[137]

BrCa

MDA-MB-23,
BT549 cells

ENC1

ENC1 overexpression
affects breast cancer BrCa
recurrence and radio
resistance, promoting
through the Hippo
pathway:

- the YAP1 and TAZ
nuclear
translocation

- the expression of
antiapoptotic genes
(Gli1, CTGF, FGF1)

TCF4

Increased TCF4 expression
results in increased SE
activity

Recurrence and
radio resistance
via Hippo
pathway

[326]

BrCa

TNBC BrCa

10 primary

samples,

HCC38 and other —
cells (23 cell lines

in total)

BAMBI, EGFR,
MYC

BMP and activin
membrane-bound inhibitor
(BAMBI) is a
transmembrane protein,
TGF 3 pseudo-receptor.
SEs are found in all TNBC
primary samples

Acquired in BrCa

Cell growth,
proliferation

[101]
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Clinical relevance of
RCANT1.4 and RUNX3 in
BrCa is accessed via in silico
analysis and
immunohistochemical g:;zzgizongfigANl 4
;télgﬁ%is found to be one of gE-;lrtii\‘/gn ar}dR%ﬁ;“gd
HMEC, SUM149, the most downregulated y ac ty o 4
SUM159, genes at chr 21q22 in BrCa binding RC%N 14
MDA-MB-231 ; romoter an
(ChIP-seq), RCANL4, isoform ~ omPared (0 adjacent normal EE-region. N
BrCa — MDA-MB-231, of RCANT tissues (from TECG cobort). — RUNX3 RUNX3 umour JQ1 [327]
BT549 (RCAN) ignificant ecline is downregulation, suppression
(CRISPR-Cas9), observed in all molecular frequently observed in
HMEC (Hi-C) ;ubtzylzl_e;gg)mA’ LumB, BrCa, probably leads
cells erz, . ; ;
RCANT1.4 blocks to SE d1srup1Jt10n and
calcineurin-NFATcl1 signalling consequently to
(CaN/NFATcl signalling), decreased RCAN1.4
precisely, it regulates the expression
nuclear localisation of NFATc1
by inhibiting calcineurin
activity
RET is known to be important
in BrCa.
In this study, RET is defined
as an ERSE-associated gene,
found among the top genes
most induced by oestrogen.
Furthermore, RET was able to BRD4 is crucial for
rescue the defects in transcriptional
ERSE-driven gene activation of
RET MCF7 transcription during BRD4 ERa-SE-associated Cell growth, Cotreatment with
ER«x-positive (oestrogen- knockdown. genes and functionsas  proliferation,
BrCa BrCa treated), T47D, RET Suggested mechanism: RET ERa a master regulator in. migration, JQ1 and BLU-667 [166]

ZR-75-1 cells

activates

RET/RAS/RAF/MEK/ERK/p90RSK/ER ¢

phosphorylation cascade, and
thereby forms positive
feedback loop
(BRD4/ERa-RET-ER ),
activating ERx and
promoting transcription of
ER« target genes including
RET itself

BRD4 was significantly
induced on ER-SEs
under oestrogen
treatment

invasion, cell cycle

(RET inhibitor)
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Primary samples
tissues, NEF-kB pathway,
BRCA1mut/+ GATA family . epithelial cell
BRCAIMut/+ MCF10A, Both genes are associated ~ (GATA2, GATA3, B}If CAl tPlays a rolc.e H;_ differentiation,
BrCa B CC BRCA1(85delaG)/+  — TNFAIP3,SOD2 ~ with BRCAl invarious ~ and GATA4) for curomatin reorganisation, - pNA stability, — [328]
-a MCF10A cells (the human cell lines SEs missing in Jutations In ggﬁf%&fd ©inflammatory
most common BRCA1Mut/+ p response, stress
pathogenic response
mutation)
Wnt, Rap1, Hippo,
AMPK, mTOR
MCF7/TamR cells . pathwa.ys,
derived from ATPI1A1—AS1 is among Downregulation of regulation of
MCF7 SE-associated IncRNAs i%‘ﬁi)fla}fgll?déNA cytoskeleton
BrCa — continuously — ATP1A1-AS1 which potentially play a FOXA1 —ASl leads to organisation, focal ~— [329]
treated with le in t. if downregulation of ATPIAL adhesion, protein
tamoxifen more ;gs‘iesltgn?:renon en which can cause tamoxifen diesti ‘P 4
than 1 resistance igestion an
year absorption,
hormone
bioprocessing
o HPV16 E6 destabilises the
BrCa Ilglrlzj\;-related Seehsskl’ Sitla, Hela ~ _ EGFR, c-MET — — histone demethylase — — [132]
KDM5C
CD274 and CD273 are
HER2+: enes encoding PD-L1 Unknown, SE, located i im-
HCC-1954 cells §r1d PD-L2, resgpectively. between CD274 and CD273 EYuari)(;rL\lrovfeliIlrl\ance
HER2+, TNBC TNBC: HCC-1937, Immune checkpoints genes, 1s Supp osed to be due to
BrCa BrCa SUM-159, — CD274,CD273 PD-1/PD-L1 (01:; PD-12) — activated through coexpression of JQ-1, I-BET-762 [330]
MDA-MB-231, T h b signal-pathway alteration PD-L1 and PD-L.2
MDA-MB-436 pair have proven to be . PD-L1 an -
the major tareets in rather than genetic in cancer cells
cells multiplle cam;ger types mutations.
KLF5 is overexpressed in
. KLF5 BLBC and is known to . Cell cycle, cell JQ1, THZ1,
BrCa ggﬁaBlc-l)lke BrCa Egg%ggglcells — (Kriipple-like promote breast cancer — (S)I;] erexfirisf;%ri%g proliferation, compound 870 [331]
factor 5) cell proliferation and -reguiate migration (BRD4 inhibitor)
survival
Digestive system tumours
) FHC, HCT-116, Infl
Cocnoma  rSSRASGST  ONPreessasd | — CXCLs, EPGN, _ rs6gs4ss mutation affects oo 352
(CRC) SNP introduced by structure proliferation

CRISPR-cas9
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HCT-116, SW-1116 TFs upregulated in cancer
cells, may change local CpG
41 primary F’gi(l(%é’slﬁostzlA, methylation levels via Cell proliferation
CRC o hémourtand | o MYC, RNF43, Oncogenes regulatory effect bmdlr}g to DNA and survival, . JO1 [333]
acjacent notha GPRCSA on RNF43 and establish new SE at tumourigenesis
tissue samples GPRC5A corresponding loci, thereby 8
from patients driving oncogenes
(TCGA cohort) overexpression
MYC is a known
oncogene, in which
abnormal activity drives
a rapid cell cycle.
f3-catenin mediates
AHCTF]1 recruitment to
TCF4-binding site within
SE and thus mediates SE
anchoring to the nuclear
pore through AHCTF1.
Inits turn, SE recruits BC21 treatment
CRC — HCT-116 cells - MYC Rrﬁ?écﬁﬁ‘eogagﬁ;ﬁiar - X}’g(}:g;%?aslgng establishes eyl proiferation  inhibits WNT [334]
pore, and that facilitates signalling
export of nuclear MYC
transcripts to cytoplasm
and helps them avoid

rapid nuclear
degradation. Increased
MYC transcripts export
rate results in
post-transcriptional
dysregulation of MYC
expression
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ways/Processes
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CRC —

HCT-116 cells

100%

EphA2

EphA2 is a member of the
Eph receptor family. Its main
binding ligand is ephrin A1,
EphA2 acts through
activating tyrosine
phosphorylation of
downstream substrate
proteins and is degraded in
normal cells after
phosphorylation in contrast to
cancer cells.

EphA2-SE interacts with the
EphA2 gene promoter and
promotes transcription by
recruiting FOSL2 and TCF7L2,
resulting in abnormally high
expression of EphA2, which
activates signal pathways to
promote tumour progression,
which is confirmed by FOSL2
and TCF7L2 siRNA silencing
analysis.

CRISPR-based EphA2-SE
deletion suppressed cell
proliferation, migration, and
invasion by decreasing the
expression of EphA2 in vitro

TCF7L2, FOSL2
bind to EphA2-SE

Chromosomal

rearrangements lead to

convergence of SE
(EphA2-SE) with a
specific oncogene
(EphA2).

SE hijacking

Cell proliferation,
invasion,
migration,
tumourigenesis,
WNT/ 3-catenin
pathway,
PI3K/AKT
pathway

Disruption of
EphA2-SE, SY-5609

[120]

CRC —

33 pairs of CRC
and peritumoural

samples, HCT-116,

HT-29, LoVo

100%

ACC005592.2
(SPRY4-AS1),
OLFM4, MLEC,
DSCAMLI, HAS1

SPRY4-AS1 has 6 transcripts,
which represent distinct
annotated isoforms of a single
IncRNA gene.

Knockdown of AC005592.2
inhibits CRC cell proliferation,
invasion, and migration and
induces apoptosis, whereas
overexpression has the
opposite effect on cancer cells.
CRC progression can be
attenuated by blocking
WNT/ 3-catenin signalling
via OLFM4 (a secreted
glycoprotein), negative
regulation

CRC-associated
ACC005592.2
SE-IncRNA

Cell proliferation,
invasion,
migration, evasion
of immunosurveil-
lance

siRNAs

SPRY4-AS1-SE

[192]
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CRC

HCT-116, DLD1
cells

100%

IncRNA-
LINC00857

HSF1 can stimulate
acetyltransferase
P300-mediated SE
activity to facilitate
LINCO00857 expression,
contributing to
SLC1A5/ASCT2-
mediated glutamine
transport (through the
so-called
LINC00857-ANXA11
axis).

Other
enhancer-mediated
IncRNAs are closely
associated with HSF1 in
CRC

HSF1, a conserved
TF protecting cells

from cellular
stress responses,
may actas a
scaffold for other
transcriptional
regulators

HSF1-associated
SE-IncRNA. TFs increase in
expression and recruitment,
stimulating SE activity

Cell metabolism,
proliferation,
migration,
reprogramming

HSEF-siRNAs

[191]

CRC

HCT116, RKO,
HT29, SW620
SW480, SW48,
HCT15 cells

HOXB8, MYC

HOXBS is the most
significantly upregulated
HOXB gene in CRC and
it is consistently
overexpressed in all the
pathological subtypes of
colorectal tumours.
HOXB8 with BACH1
co-occupies TSS of the
BACHI1 gene and
activates BACH1
transcription, which
leads to the activation of
metastasis-modulating
genes (HMOX1, FTHI,
PSAP, SOCS2) regulated
by BACH1 and HOXBS
as cofactors within the
same complex

MYC

Unknown. Supposed
mechanism: MYC
activation due to the gain
of SE promotes initiation of
other transcriptional
cascades driven by MYC
binding SEs

Cell migration,
invasion

JQ1,iBET-762

[163]

CRC

All four
consensus
molecular
subtypes (CMS)
[The consensus
molecular
subtypes of
colorectal-
cancer | Nature
Medicine]

15 primary

samples (3 CMS1,

4 CMS2, 3 CMS3,

4 CMS4, 2 with
unknown

molecular N
subtype) 80%
CRC organoids,
cytokine-

stimulated HT-29

cells, xenograft

models

PDZK1IP1

PDZKI1IP1 is suggested
to increase pentose
phosphate pathway
activity and thus enhance
cancer cells’ glucose
absorption and reductive
capacity, which enables
tumour growth under
oxidative stress

STAT3, NF-kB

Inflammation cytokines
and tumour
microenvironment are
supposed to reprogramme
epigenetic landscape of
CRC at CTCEF sites, often
flanking SEs

Cell proliferation,
tumourigenesis

[208]
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ETS2 is a TF, which
expression has been
shown to be significantly
upregulated in primary
CRC tissues. SNP 152836754 T/C
It is speculated that The risk SNP for IBD
EEZT%SL(I)JVS,T 116 SE-addicted ETS2 located at noncoding
4 g upregulation promotes region, where ETS2-SE was .
cre - cells, 72 paired Ts2 transcription of ETS2, 530 (ol predicted. Cfammaton  — 251
prin{ary normal downstream genes that locus) P MECOM prefers binding at (hypothesis) .
colon and CRC manage inflammation, T allele over C, thus,
samples and thus enhances genetic variant probably
predisposition to underlies disease-specific
inflammatory bowel ETS2-SE activation
disease (IBD),
CRC-predisposed
disease, and CRC
emergence
Relationship between
P&Zr?ﬁg ?Eil(e:i; Cell proliferation,
In the study, IL-20RA is migration, T
LoVo, caco-2, significantly increased in i}r\lz‘;zis(l)(r)ln(;f im-’
HT29’, SW62(), Elérrﬁ;giiglgiuvisi tlf?normal munosurveillance
CRC - RKO ol lnes . — IL-20RA tissues. — — o Tt JQ1, iBET-151 [225]
38 primar ’ Based on DEGs found i d
p y ) via RNA-seq in LoVo posIve an
tumour samples cells with and without ;?;H;tlisz response
IL-20RA knockdown, & lation):
authors suggested that regulation);
IL-20RA can regulate anglogenests
MAPK pathway
Primary samples, . IFN, TNFa, NF-kB
HT-29 HCT-116 Downregulation of pathways, DNA
SW480, LoVo, SE LncRINA, D lation of methylation, cell
¢ ¢ o RP11-569A11.1 RP11-569A11.1, leads to ownreguiation o ny‘ation, ’
CRC — FHC 71.4% SE-LncRNA HUmMOUr progression — SE-LncRNA, proliferation, — [186]
(immortalised ( ne ) prog RP11-569A11.1 migration, evasion

colon epithelial
cell line) cells

because it regulates IFIT2,
a tumour suppressor

of immunosurveil-
lance
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1 Interest TF(s)
BCL2L1 is a known
pro-survival gene. BCL21
ChIP-seq: SW620, product, Bcl-XL, is
HCT116 cells with reduced after SR-483
and without treatment, while other
metaﬁtlatic apoptotic proteins are
capabilities not. Unknown, probably,
respectively. CCDC137—predicted overexpresspion of CyDK12 Megafstasis, cell
. Western blotting: SE-associated oncogene, : . proliferation, SR-4835, selective
ggg;gv;;) — HCT116, HCTS  — CCDC137,BCL2L1  whose function in CRC~ — clongation regulator and - migration, inhibitor of [153]
SW620, COLO205 remained unknown at hi p invasion, survival, = CDK12
cells, MC38 the time of the study. It is macainery. stemness
sublines with shown to be crucial for SEs formation
different the maintenance of
metastatic cancer stem cells” (CSCs)
competence, traits.
4 primary samples SEs regulation of these
genes was confirmed
using CRISPR
Integrins, S100A
family, cadherins,
. filamins, HNF1-alpha upregulates
CRC (li Primary samples, 64% of collagens, HAS, HINF-1oc (a key transcription-changing SE Wnt pathway,
(liver _ KM12SM, V410, rimar lamini . regulator), AP1, o 335
metastasis) V457, V576, V784, P y aminins, ) ETS, FOX. and landscapes and must be a TGF-beta pathway, [335]
V855, V866 samples TGF-beta family, KLE fuomilice key regulator in liver EMT
! Wnt family, metastasis
targets of Wnt
pathway
Immunosurveillance,
cancer
. . microRNAs,
Gastric 11 primary TM4SF1-AS1 b associated IncRNA cellular
Ség;‘gi;g;ae' — samples, AGS, — (representative T-cell-me diatesclilPrirrfifﬁz — — senescence, — [188]
(STAD) MKNA45 cells IncRNA) Killin L protein fold}ng in
& endoplasmic

reticulum, cell
cycle
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SEs SE Alteration  Abnormal SEs of Gene/Gene Set) Cell-Specific Pathogenesis of SEs  ways/Processes
Interest TF(s)
EBV, CIN CLDN4 locus genes are
(chromosomal associated with SEs and are
instability), GS found to be gained when
(genomically stable) compared to normal tissue in
gTAa Sub}tl}'lief multiple patients.
ased on histology: ion i ;
) 1o 8y OCUM-1, SNU16, V(i,]i]}?ll\alé expression is assoaated
- FU97, KATOIIL Jprogression an
gland-forming MKN7, NCC-59 prognosis. Unknown. But
adenocarcino- RERE.GC-1B, CLDN4 locus, ELF3 is predicted as a cancer CDX2 and HNF4a Cell invasion,
STAD mas (53%, YCC-21, YCC-22 53% ELF3 locus, CCAT1,  gene in a number of malignant CDX2and HNF4a  co-occupancy is angiogenesis, . [138]
intestinal type), YCC-3, ’YCC—7 . CDH17, SMURF1, neoplasms. co-occupy SE req}nred for S_Es evasion of im- N
- 6 samples with  cells, 19 primary LINC00299 It is shown to be downregulated maintenance in munosurveillance
highly (1 EBV, 10 GS, § after CRISPR-Cas9 inhibition of STAD
infiltrating GIN) samples enhancer elements within
isolated cells predicted SE in the study.
(32%, diffuse CCAT1, CDH17 are known to be
type) overexpressed in STAD.
- 3 GC samples SMURF1, LINC00299 are
(15%) of mixed suggested to be novel genes
histology associated with STAD
EphA2 is a member of the Eph
receptor family. Its main
binding ligand is ephrin Al;
EphA2 acts through activating
tyrosine phosphorylation of
downstream substrate proteins
and is degraded in normal cells
after phosphorylation in
contrast to cancer cells. Cell proliferati
EphA2-SE interacts with the Chromosomal ell proliteration,
: EphA2 gene promoter and rearrangements lead ~ Cell invasion, cell
gircltcailegggno- promotes transcription by TCE7L2. FOSL2 to convergence of SE lt’ﬂlrigﬁlr(i)génesis Disruption of
carcinoma Panc-1 cells 100% EphA2 recruiting FOSL2 and TCF7L2, bind to I/Sph A2-SE (EphA2-SE) with a WNT/ B-cateni1/1 EphA2-SE, [120]
(PDAC) resulting in abnormally high specific oncogene pathway, SY-5609
expression of EphA2, which (EphzilZ). ) PI3K/AKT
activates signal pathways to SE hijacking pathway

promote tumour progression,
which is confirmed by FOSL2
and TCF7L2 siRNA silencing
analysis.

CRISPR-based EphA2-SE
deletion suppressed cell
proliferation, migration, and
invasion by decreasing the
expression of EphA?2 in vitro
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. Minnelide is a
Primary ASCP water-soluble prodrug
samples in the (14-0-phosponooymethyl
Adenosquamous recruiting clinical triptolide disodium salt) of
nosqu trial . the Chinese medicinal herb ~ ¢-MYC, XPB, Disruption of TAD and Cell proliferation, . .
£ httos: / /class p p Minnelide™
PDAC :ﬁrcmoma o tAtpA&‘/ / classic. — c-MYC triptolide. CDK7, TFIIH, sub-TAD boundaries transdifferentia- ¢ _1r1tn?(1:1 & [110,142]
( Aesgeli)r)\creas clinicaltrials.gov/ Inhibition by Minnelide of =~ BRD4 (chromatin looping) tion Tiptolide
thL/ sh(;w/ NCT‘(:{ the XPB subunit of the
48){’878* agcests’e TFIIH transcription
5823 cptember complex leads to disruption
of the SE activity
MIA PaCa-2, Transcription
PANC-1, P4057, Genes related to regulation,
ESNL AlSI];C%'C 3 transcription and apoptosis and
Pg?"?lr}ég’ozx i extracellular matrix. immune function, o
PA-TU8988S, POLR2E, PARK7, E‘;ﬁﬁz aggel\(:/l[YEes?g/lfs?otg extia;ellular %g{tol;lds(ﬂ)’(]l;%
PDAC — PANC-1, CFPAC-1  — MYC, COL1A1, b ported pr Y — — matrix Inhibits [142]
cells, CAF COL1A2. TGEBI e associated with PDAC. organisation, subunits of the
P 1 4 COL1A1, COL1A2, TGFBI angiogenesis, and TFIIH complex
prvary sampes have been shown to i
(CC‘X;\;S'B%?OF 128' Igagr;e;un?;ait in a},;f gﬁla
BOlO’C, 30091'3’ advanced-stage PDAC SE-associated
BF1) genes)
This work investigates the
role of SEs in the TGF-f3
signalling regulation. from
TGF- family ligands and Cell mierati
receptors are examined in ell migration,
PDAC — PANC-1, CFPAC-1 - _ TGFBR2 this study. — — EMT promotion oy [336]
cells TGFRB2, one of TGE-f via TGF-f3
receptoré, activates TGFRB1 pathway
through phosphorylation,
which phosphorylates
Smad2 and Smad3
Hyper-methylation of
allele-specific CTCF sites
Succinate caused by SDH lesion leads BG({—3918, ‘3 potent
i inal to CTCF occlusi d Driving tumour and selective
gi;:ﬁ:lnt%tma dehydrogenase cﬁsruptiozcgfuiil;ﬁ:tréd prolifetrgation inhibitor of
deficient — — FGF3/4, KIT — — . . FGFR1-4 and [337]
tumours - neighbourhood boundaries,  through RTK stini
(GIST) (SDH-deficient) sunitinib (potent
GIST followed by aberrant pathway activity against

interaction between
oncogene FGF3/FGF4,
promoters and ANOI-SE

KIT)



https://classic.clinicaltrials.gov/ct2/show/NCT04896073
https://classic.clinicaltrials.gov/ct2/show/NCT04896073
https://classic.clinicaltrials.gov/ct2/show/NCT04896073
https://classic.clinicaltrials.gov/ct2/show/NCT04896073

Int. J. Mol. Sci. 2024, 25,3103

78 of 96

Table Al. Cont.

Cancer

Cancer Type Subtype(s)

Cell Line(s) with
Shown Abnormal
SEs

% of Cases
with
Discovered
SE Alteration

Significant
Gene(s)
Associated with
Abnormal SEs of
Interest

Gene(s) Description
(Why Authors Focus on This
Gene/Gene Set)

TF(s) Associated
with SE(s),
Including
Cell-Specific
TF(s)

Estimated Molecular
Pathogenesis of SEs

Affected
Biological Path-
ways/Processes

Inhibitor(s) Reference(s)

Oesophageal
squamous

cell —
carcinoma

(ESCC)

KYSE70, KYSE140,
KYSE150,
KYSE450,
KYSE510, TES,
TE7, TT cells

100%

MFI2-AS1,
HOTAIR, XIST,
SNHG5, SNHG15,
SNHG7, SNHGI,
SNHG14, SNHG6,
SNHG12, SNHG10,
LINC00094,
LINC00338,
LINC00205,
ANAPC10-DLEU2

KLF5 is highly expressed in
multiple cancer types. KLF5
is also able to occupy the
IncRNA-RP1 promoter to
enhance RP1 expression,
which plays an oncogenic role
in breast cancer

TCF3, KLF5 might
cooperatively
regulate
expression of
LINC00094
through activation
of its SE and
promoter

Competing endogenous
RNAs (ceRNAs), including
ce-IncRNAs, chromosomal
rearrangements leading to
convergence of SE with
specific oncogenes.

TFs increase in expression
and overexpression,
leading to pathological
gene activation

Cell growth,
survival
(clonogenicity),
proliferation,
migration

THZ1 [196]

ESCC —

TE7, TE5, TT,
KYSE510,
KYSE140, cells

60%

IncRNA-
LINC01503

qRT-PCR of 113 ESCC and
matched nontumour
oesophageal tissues reveal
significant LINC01503
overexpression in cancer,
which correlates with shorter
overall survival and
disease-free survival.
LINC01503 silencing via
siRNA demonstrates the
requirement of this IncRNA
for ESCC cell proliferation in
this study.

LINC01503 interacts with
EBP-1 and interrupts EBP-1
interaction with the p85
subunit of PI3K, also
LINCO01503 reduces ERK2
dephosphorylation by
blocking its interaction with
DUSPé6.

Thereby, LINC01503 regulates
PI3K/Akt and ERK/MAPK
pathways

ANPp63

TP63 genomic amplification
TP63, previously known to
be amplified in ESCC,
establishes and maintains
SEs activity

Cell proliferation,
migration,
invasion through
activation of Akt
and MAPK
pathways

— [178]

ESCC —

KYSE510, TE-7
cells

RUNX1, YAPI,
DNAJB1, PAK4

These genes are shown to be
important for proliferation
and to be significantly
decreased after THZ1
treatment in both cell lines.
Also, SREBF2 is shown to be
an SE-associated gene,
important for growth but only
in KYSE510.

PAK4 is known to be involved
in cancer progression by
activating RAF/MEK/ERK
and PI3K/AKT pathways

Cell proliferation

THZ1,
KPT-9274
(small-molecule
inhibitor if
SE-associated
gene PAK4)

[248]
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SE Alteration 1 oroct TF(s)
BRDT is uniquely
expressed in a group of
Primary samples, 300, of KRT14, EAT? ESCC, BRDT oceupies ?Ailtielg;a: ¢
ESCC — KYSE180, TE6 ESCC PTHLH ¢ — ANp63 some ANp63-dependent Cell migration tgrgetin?g/ [338]
cells super-enhancers to chimaera)
modulate cancerogenic
gene expression.
TP63, SOX2 and KLF5
are the master TFs, which
form, drive, and
maintain an
ESCC-specific core
regulatory circuitry
program.
Other 19
TP63/SOX2/KLF5-
interacting TFs might
play roles in
transcription repression
(DR1, HIC2, CUX1),
chromatin modification
and remodelling (ARID2,
Strong 2773, HMGA1, TP63, SOX2, and KLF5 Cell viabilit ARV-771 and
SCC cell li expression of HMGA2),and trio-bind SE regions, clonogenic ¥ romidepsin
ESCC B GG SV anes. AL?H3.A1 TP63, SOX2, KLF5, ~ Tesponding to specific TP63,50X2,and  enhance its accessibility, e combination [169]
T léo(j'(ejm m ALDH3A1 stimuli (STAT1, STAT3). KLF5 and cooperatively regulate pacity, (inhibited BET
cells H ALDH3AL is defined as a SE-associated gene grOWth, cell and HDAC
(EA&%Z;S novel and crucial target transcription proliferation respectively)

of core regulatory
circuitry, also its
expression was higher in
ESCC compared to EAC
samples and wasn't
detected in nonmalignant
oesophagus epithelium.
Authors suggest that
ALDH3A]1, isoenzyme of
aldehyde dehydrogenase
superfamily, may be
biologically relevant in
development of
alcohol-associated ESCC
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(Why Authors Focus on
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TF(s) Associated
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Including
Cell-Specific
TF(s)
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Pathogenesis of SEs
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Biological Path-
ways/Processes
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Reference(s)

Hepatocellular
carcinoma

(HCC)

NAFLD-HCC

12 primary liver
tumour and
paired nontumour
samples, LO2,
HepG2 cells

100%

SIRT7, STK25,
HIF1A, DNMT3B,
EED, HDAC10

The concomitant SE
activation of SIRT7 with
the PRC1/2 genes such as
CBX3, CBX4, CBXS, and
EED in the primary
NAFLD-associated
HCCs suggests their
concerted epigenetic
action for gene
regulation of lipid, amino
acid, and carbohydrate
metabolism, in addition
to oxidative stress and
immune regulators.
SIRT7 may cooperate
with EZH2, the
enzymatic subunit of
PRC2, for gene silencing,
and SIRT7-SE facilitates
gene transcription by
enhancing co-occupancy
of C/EBP and BRD4.
The study also
discovered frequent SE

activation of
NAD-dependent SIRTs

PRC1/2,EGR2,
IRF8, SOCS3,
ZBTB16

Somatically gained
SIRT7-SE,

mutations in DNA that
form binding sites for new
TFs, leading to the
formation of SE.
Genome-wide reorganisa-
tion/redistribution of the

enhancer and SE landscape.

Deactivation of SE
associated with tumour
suppressor gene

Cell metabolism,
growth, cancer
phenotypes,
angiogenesis,
evasion of im-
munosurveillance

Jai

[194]

HCC

HepG2, SK-Hep-1,
HCC cells

LINC01004

High expression of E2F1
leads to high expression
of LINC01004, which
contributes to tumour
development. LINC01004
is among SE-associated
IncRNAs which are
significantly negatively
correlated with HCC
patients’ prognosis

E2F1

Overexpression of E2F1
leads to high expression of
LINCO01004, which
contributes to tumour
development

Cell proliferation,
migration

jlox

[187]

HCC

HepG2 cells

HCCL5
(uncharacterised
cytoplasmic
IncRNA)

HCCLS5 is a novel
uncharacterised
cytoplasmic IncRNA.
HCCLS5 accelerates EMT
phenotype in HCC cells
through EMT master
transcription factors
Snail, Slug, ZEB1, and
Twist1 expression
upregulation

ZEB1 (also
interacts with
HCCL5 promoter)

G1-S transition,
EMT,

cell growth,
migration,
invasion,
metastasis,
evasion of im-
munosurveillance

[339]
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(Why Authors Focus on
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TF(s) Associated
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Including
Cell-Specific
TF(s)
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Estimated Molecular
Pathogenesis of SEs

Inhibitor(s)

Reference(s)

HCC —

RTKN2, HS3ST5,
SQSTM1, ETV4,
ACSL6

TCGA-LIHC data —

SQSTM1 is a
multifunctional protein that
binds ubiquitin and
regulates activation of the
nuclear factor kappa-B
(NF-kB) signalling pathway.
ETV4 belongs to the PEA3
subfamily of the ETS
transcription factor, a
cancer-promoting
transcription factor.
HS3ST5 is a member of the
heparan sulphate
3-O-sulfotransferase family.
RTKN2, a novel identified
Rho-GTPase effector
protein, is a new Rho-GTP
enzyme that regulates
many cell processes,
including cell survival and
cycle progression.

3 genes in the 4-gene
signature (RTKN2, HS535T5,
SQSTM1, ETV4) have been
%révciously associated with

Cell growth,
proliferation,
migration,
survival, cell cycle,
evasion of im-
munosurveillance

— [158]

HCC —

Huh7, HepG2
cells, 50 primary
samples (from
TCGA)

SPHK1, YAP1,
CCND1, E2F2,
EGER, MYC

SPHK1 mediates
phosphorylation of SP1,
which is crucial for
sphingolipid metabolism
and adjusts prosurvival
functions.

In this study, SPHK1 is
observed to be significantly
upregulated in HCC
compared to corresponding
normal tissues, and its
upregulation exhibited
significant correlation with
histologic grade poor,
overall survival, and
disease-free survival.
Blockade of SPHK1-SE
regions via CRISPRi
reduced SPHK1 expression
in HepG2 cells

Trans-acting factors
within the SE complex,
namely CDK7, BRD4,
EP300, and MED showed
significant
overexpression in HCC,
which could serve as an
additional booster of
SE-driven oncogene
transcription

Cell proliferation,
angiogenesis,
motility, cell
death, cell cycle,
DNA repair,
MAPK, Wnt,
NF-kB pathways

THZ1 inhibits
CDK7,

CBP30, JQ1,
OTXO015 target
EP300 and BRD4

[143]
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% of Cases
with
Discovered
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Significant
Gene(s)
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Abnormal SEs of
Interest
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(Why Authors Focus on
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Including
Cell-Specific
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Estimated Molecular
Pathogenesis of SEs
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Biological Path-
ways/Processes
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Reference(s)

HCC —

PLC-PRF-5 cells

QKI

QK1 is known to be
associated with human
cancer development and
progression.

QKI mediates alternative
splicing and circRNAs
formation, in this study it
is shown to cause
circ-0008150 and
circ-0007821 formation,
which adsorb miR-615-5p,
targeted vimentin, and
miR-381-3p, targeted
Zeb1 respectively.

QKI overexpression also
promoted expression of
other EMT-related TFs:
Twist and Snail families.
YY1 is highly expressed
in primary HCC tumours
compared to normal liver
tissues

YY1

YY1-p65-p300 complex
increases QKI expression:
YY1 binds to SE and
promoter of QK1, while p65
binds to the QK1 promoter
and p300 serves as
mediator stabilising the
complex

EMT, cell
proliferation,
migration,
angiogenesis,
cellular response
to VEGF stimulus,
NIK/NF-kB
pathway

Hyperoside

[176]

HCC —

HepG2, Huh7
cells (ChIP-seq),
HepG2, Huh?,
SK-Hepl,
SNU-449 cells
(AJUBA function)

AJUBA

AJUBA, defined as a
SE-associated gene in
this study, is expressed at
a relatively high level in
HCC cells among cells of
other cancer types.

The SE is confirmed
using CRISPR-Cas9.
Mechanism of EMT
promotion: AJUBA
(Ajuba LIM protein)
recruits and interacts
with TRAF6, which
enhances the
phosphorylation of Akt,
thereby increasing Akt
activity toward GSK-3(3

TCF4, Wnt
signalling

pathway member

Unknown

Cell migration,
invasion, EMT
promotion via —
Akt/GSK-

33 /Snail pathway

[325]
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