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Abstract

Super enhancers are a unique class of enhancers that possess a distinct structure and mechanism, which enable
them to exhibit stronger gene transcription regulatory function than classical enhancers, thereby regulating cellular
activities. In tumor samples, super enhancers have been identified as crucial players in the development and
progression of tumor cells, opening up new avenues for cancer research and treatment. This review provides a
concise overview of various models regarding super enhancer assembly and activation, examining the mechanisms
through which tumor cells acquire or activate these enhancers and regulate carcinogenic transcription programs.
Furthermore, we discuss the current landscape and challenges in developing cancer therapeutic drugs that target

super enhancers.
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Introduction

Transcriptional dysregulation is a key mechanism under-
lying tumor development, involving changes in pro-
tein-coding genes or non-coding regulatory elements.
In this article, we will discuss a unique class of enhanc-
ers called super enhancers (SE) that play a crucial role
as transcriptional regulatory elements in maintaining
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the tumorigenic properties of cancer cells. The conven-
tional chemotherapy drugs used in tumor treatment are
currently encountering challenges in overcoming tumor
resistance. This dilemma has motivated researchers to
explore the downregulation of SE function as a therapeu-
tic strategy, aiming to regulate the loss of tumorigenic
characteristics in cancer cells and inhibit tumor growth.
In this review, we will delve into the formation mecha-
nism, mode of action, and significance of carcinogenic
SE in tumors, highlighting the latest research findings
related to targeted therapy focused on super enhancers.
To this day, cancer remains one of the most serious
public health issues affecting people’s lives and health
worldwide. In China and the United States, the inci-
dence rate of lung cancer, breast cancer, prostate can-
cer and colorectal cancer is increasing year by year [1].
Although a large number of researchers and money are
invested every year in the research of cancer mechanisms
and the development of new anti-tumor drugs, tumor
cell resistance remains the most critical factor hindering
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the complete cure of cancer. Unfortunately, the emerg-
ing small molecule therapies [2] and immunotherapy
[3] have not achieved their ideal treatment goals due to
the development of tumor cell resistance [4]. We need
to consider whether we can start from the mechanism
of tumor cell occurrence, search for new targets, and
develop related drugs to address the challenges posed by
tumor cell resistance.

Whether it is normal cells or tumor cells, the main-
tenance of any cellular life activity depends on gene
expression, and the normal or abnormal expression of
genes involves complex mechanisms such as coordinated
interactions between trans acting factors, including tran-
scription factors, and cis acting elements, or between cis
acting elements themselves, as well as the regulation of
transcriptional activation processes by chromatin struc-
ture. The characteristics of tumor cell growth and prolif-
eration, including infinite proliferation, immortalization,
apoptosis evasion, invasion and metastasis, immune eva-
sion, and drug resistance, are all related to abnormal gene
expression [5]. In previous studies, it had been proven
that changes in gene sequence or transcriptional dysreg-
ulation caused by epigenetic factors was the fundamental
mechanism of tumor occurrence and development [6].
Currently, many of the oncogenes and tumor suppressor
genes that have been extensively studied belong to genes
encoding transcription factors, indicating an important
correlation between dysregulation of gene transcription
and the occurrence and progression of tumors [5-8].
With the progress of research on the changes in the tran-
scriptional regulation of multiple genes caused by vari-
ous mutations in tumor cells, we have found that these
mutations can have adverse effects on gene regulation,
and thus have profound impacts on the tumor genome
and epigenome. Therefore, an increasing amount of evi-
dence is pointing out that dysregulation of transcrip-
tional mechanisms plays a central role in the occurrence
and development of tumors [7, 8].

Within the realm of transcriptional regulation, the con-
trol of the interaction between cis-acting elements and
cis-acting elements is an area that has not received much
attention. One prominent example of this is the interac-
tion between enhancers and promoters [9]. Enhancers,
acting as platforms for transcription factor (TF) binding,
are usually 200—500 bp long and consist of several TF rec-
ognition binding sites [10]. Their main role is to create a
loop structure by attaching to the transcription initiation
site, which in turn attracts transcription factors, coacti-
vators, and other mediators to form transcription initia-
tion complexes. This results in the targeted interaction
between enhancers and RNA polymerase II in the pro-
moter region in a gene-specific way, ultimately trigger-
ing the process of transcription [11]. Crucially, enhancers
have the ability to stimulate gene expression without
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being affected by their distance, position, or direction in
relation to the transcription initiation site [12]. Active
enhancers exhibit monomethylation at H3 histone lysine
4 (H3K4mel), acetylation at lysine 27 (H3K27ac), and
the lack of trimethylation at lysine 4 (H3K4me3). The
mixed lineage leukemia (MLL) methyltransferase family
(MLL2/3/4) is responsible for catalyzing the alteration of
H3K4mel, while the modification of H3K27ac is done by
the CREB binding protein (CBP)/p300 acetyltransferase.
Concurrently, the elimination of the H3K4me3 marker is
aided by the KDM5C demethylase, which specifically tar-
gets H3K4me3 [13, 14].

Super enhancers (SE) are a unique set of cis regula-
tory elements comprised of multiple adjacent enhanc-
ers, with a total length of approximately 8-20 kb. What
distinguishes super enhancers is their higher density of
TF and co-activators recruitment, which is on average 10
times higher than traditional classical enhancers. Con-
sequently, super enhancers exhibit a greater efficiency in
driving target gene transcription compared to classical
enhancers [15-18]. The schematic diagrams of the mech-
anisms of typical enhancers and super enhancers during
their function can be seen in Fig. 1. The first discovery of
super enhancers was made by Whyte in mouse embry-
onic stem cells (ESC), and subsequent studies have iden-
tified super enhancers in various cell types [19]. Shortly
thereafter, super enhancers were found in tumor cells,
and it was discovered that they affect the expression of
key oncogenes in various tumor samples. This indicates
that super enhancers have a role in regulating oncogene
transcription [6, 15, 16, 20]. In recent years, an increas-
ing number of studies have shown countless connec-
tions between super enhancers and cancer. In light of
the growing number of reports on chemotherapy drug
resistance, the exploration of novel tumor treatment
methods through super enhancers opens up new avenues
for studying tumor mechanisms and treatment. In this
review, we provide a brief overview of the current models
of super enhancer assembly and activation, discuss differ-
ent mechanisms by which cancer cells acquire or activate
super enhancers and modulate carcinogenic transcrip-
tion programs, and specifically focus on the development
of promising drugs and treatment methods for future
cancer treatment using super enhancer targeting.

The ways of abnormal regulation caused by super -
enhancers

Research has found that the super enhancers that pro-
mote abnormal expression of oncogenes are mainly
formed in the following two ways [21]: [1] dysregulation
of transcription regulatory factors; [2] By disrupting the
advanced structure of chromatin, including transloca-
tion, inversion, amplification and insertion, deletion,
etc., super enhancers are unexpectedly formed near
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Fig. 1 Structural differences between super enhancers and typical enhancers

Super enhancers are a set of unique cis-regulatory elements composed of several adjacent enhancers. The unique feature is that the average density of
TF and coactivators raised by super enhancers is higher than that of typical enhancers. Therefore, compared with typical enhancers, super enhancers can

drive target gene transcription more efficiently (By Figdraw)

oncogenes. The latest research suggests that there may
be a third way of formation, which is the mutation of the
super enhancer itself.

The dysregulation of transcription regulatory factors

The imbalance of transcription regulatory factors mainly
includes three situations [21]: [1] The production of chi-
meric transcription factors; [2] Changes in the expres-
sion, function, and stability of transcription regulatory
factors; [3] Cross talk between transcription regulatory
factors. These three situations have been reported in
multiple tumor related literature.

Production of chimeric transcription factors

Hematological cancers frequently include the develop-
ment of chimeric transcription factors (TF). An exam-
ple of this is the TCF3-HLF chimeric transcription
factor (TF) seen in juvenile acute lymphoblastic leukemia
(ALL). It specifically attaches to HLF binding sites located
in super enhancers associated with hematopoietic stem

cells and bone marrow lineage. This binding then triggers
a transformation program mediated by the MYC gene,
which is conserved across different organisms. Neverthe-
less, when p300 is inhibited, the TCF3-HLF enhancement
subroutine loses its effectiveness and has a significant
impact in preventing leukemia [22].

In childhood acute megakaryocytic leukemia (AMKL),
the ETO2-GLIS2 chimeric transcription factor (TF)
builds up in the super enhancer of leukemia cells [23].
The binding region of ETO2-GLIS2 contains a high con-
centration of the DNA binding motif of GLIS2 and mul-
tiple recognized partners of ETO2, such as ERG (ETS),
GATA, and RUNX. Significantly, more than 50% of the
binding sites in normal cells do not form connections
with ETO2 partners. This suggests that the chimeric
transcription factor selectively attaches to distinct novel
sites in cancer cells [23].

Recent investigations have emphasized the importance
of modified TF properties in hematological malignancies.
For instance, the NUP98 fusion chimeric transcription
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factor in pediatric acute myeloid leukemia (AML)
modifies the formation of condensed structures, hence
influencing the expression of genes associated with leu-
kemia [24, 25]. In AML with chromosome 16 inversion,
CBFB-SMMHC hinders the activity of RUNX1, the pri-
mary transcription factor in the hematological system,
and interferes with the suppression of MYC expression,
which is regulated by RUNX1 [26, 27]. These findings
highlight the significance of comprehending and focusing
on chimeric TFs in the advancement of novel treatment
approaches for hematological malignancies.

Alterations and crosstalk of transcriptional regulators

In the second and third instances, it was found that the
improper control of super enhancers in different forms
of cancer is linked to alterations in the expression of
oncogenic transcription factors, mutations in transcrip-
tion regulatory factors, and changes in functional cross-
talk. Acute myeloid leukemia (AML) is commonly linked
to heightened expression of HOXA9, which stimulates
the development of leukemia by activating particular
enhancers, including super enhancers, in leukemia cells
[28]. The protein TRIB1, which is found in bone marrow
malignancy, acts as a pseudokinase. It blocks the activ-
ity of C/EBPa P42 and controls the super enhancer that
binds to HOXA9. This process speeds up the develop-
ment of leukemia caused by HOXA9 [29].

The NUP214-ABL1 fusion kinase, which is frequently
observed in acute lymphoblastic leukemia (ALL), has
a vital function in facilitating the cooperative attach-
ment of TLX1 and STATS5 to enhancers, thus triggering
the activation of significant oncogenes such as MYC and
BCL2 [30]. Super enhancers, commonly found in follicu-
lar lymphoma (FL) and diffuse large B-cell lymphoma
(DLBCL), often acquire functional loss mutations in the
CREBBP acetyltransferase and its analogous counterpart
p300 [31]. The mutation in CREBBP is thought to inter-
fere with the activity of the transcriptional suppressor
BCL6 and hinder genetic control in the germinal center,
where it is governed by a super enhancer [31]. In addi-
tion, FL (follicular lymphoma) and DLBCL (diffuse large
B-cell lymphoma) frequently have mutations in MEF2B,
a transcription factor that is highly concentrated in ger-
minal center-specific super enhancers [32]. It is believed
that these MEF2B mutations interfere with gene expres-
sion by reducing the ability to bind to DNA and desta-
bilizing the protein. MEF2B effectively avoids negative
regulation by forming HUCA complexes [32].

Furthermore, cancer caused by viruses is also linked
to modifications in super enhancers. Primary exuda-
tive lymphoma (PEL) is characterized by the interac-
tion between Kaposi’s sarcoma-associated herpesvirus
(KSHV)-driven transcription factors and viral interferon
regulatory factor 3 (vIRF3) with host transcription
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factors. This partnership facilitates the activation of sur-
vival genes through the involvement of super enhancers,
such as IRF4 and BATF [33, 34]. These findings highlight
the importance of understanding the complex interaction
between cancer-causing transcription factors, genetic
alterations, and functional communication in the control
of super enhancers throughout the genesis of cancer.

Disruption of advanced chromatin structure

Chromatin alterations like as translocations, inversions,
amplifications, insertions, deletions, and other abnormal-
ities can lead to the formation of new super enhancers
in the vicinity of oncogenes. The presence of anomalies
in well-established oncogenes like as MYC and N-MYC
can result in the creation of abnormal super enhancers
and the disruption of oncogene expression in various
types of cancer [15]. In cases of malignant lymphoma,
chromosomal translocations have the ability to relocate
super enhancers to immunoglobulin loci in close proxim-
ity to MYC, leading to an elevation in MYC expression.
In cases of acute myeloid leukemia (AML), the reloca-
tion of the distal GATA2 enhancer due to translocations
or inversions of chromosome 3 can result in the abnor-
mal activation of the EVI1 oncogene through the trans-
location-derived super enhancer. As a result, the GATA2
gene becomes haploid [35, 36].

Over the past few years, instances of “enhancer hijack-
ing” have been detected in solid tumors such medullo-
blastoma, adenoid cystic carcinoma, and thyroid cancer
[37-39]. The PEAR-ChIP method, a high-throughput
technique that combines chromatin immunoprecipita-
tion with enhancer activity detection, has been employed
to detect and identify different gene rearrangements
linked to established cancer types, such as transloca-
tions and chromosomal deletions. Several factors impli-
cated in these rearrangements include CCND1, BCL2,
MYC, PDCD1LG2, NOTCH]I, CIITA, and SGK1. PEAR-
ChIP has also discovered previously unknown repeti-
tive enhancer events at the MYC location and enhancers
unique to certain subtypes in lymphoma [40]. These
findings highlight the significance of comprehending the
influence of chromosomal rearrangements on the cre-
ation of super enhancers and the disruption of oncogenes
in the context of cancer progression.

Enhancer mutation

Enhancers have the capability to experience mutations.
For instance, in a specific group of T-cell acute lympho-
blastic leukemia (T-ALL), there is a brief insertion of
nucleotide bases that happens before the TAL1 oncogene
[41]. This mutation generates a specific DNA sequence
that can bind to the MYB transcription factor. As a result,
other transcription factors are recruited, which triggers
the creation of super enhancers. This, in turn, activates
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the TAL1 gene [41]. In recent years, similar evidence has
been identified in other tumors as well [42, 43].

A recent in-depth study employed targeted resequenc-
ing of cis regulatory elements (CRE) associated with
hematopoietic lineage, along with CRISPR/dCas9 gene
knockout technology, to detect recurrent mutations in
acute myeloid leukemia (AML), lymphoma, and ALL.
This analysis identified both carcinogenic and suppres-
sive CRE [44]. The findings of this work demonstrate that
mutations in CRE, which are situated in close proximity
to the binding sites of nuclear receptors (NR), such as the
KRAS and PER2 enhancers, have the potential to impact
the response to NR signaling and the expression levels of
target genes. In addition, the analysis revealed a prevalent
co-localization of CRE and NR binding sites [44]. The
comprehension of CRE mutations and their influence
on gene regulation and signaling pathways offers vital
insights into the molecular mechanisms that underlie dif-
ferent types of malignancies.
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The models of action of super enhancers

In tumor cells, super - enhancers play a role in promoting
oncogene transcription. Currently, research has found
that the mechanisms mainly fall into two categories. One
is the conventional model which has been widely studied,
and the other is the phase - separation model proposed
by Hnisz D et al. in 2017 [45].

The conventional model

The conventional pattern entails the attachment of a
primary transcription factor (TF), which then enlists
co-activating proteins including histone modifiers and
ATP-dependent chromatin remodeling complexes [13].
The activation of the super enhancer facilitates a physi-
cal connection with the target promoter across extended
distances, leading to the development of a looped DNA
structure that brings the super enhancer and promoter
into close spatial proximity. The chromatin loop facili-
tates contact between the RNA polymerase II transcrip-
tion machinery and the target promoter, resulting in
the activation of transcription [10, 46]. Fig. 2 presents

Oncogene

Super-enhancer

—

Oncogene
MYC, etc..

)

Small molecule inhibitors

Super enhancers drive transcription via promoter looping, recruiting factors to activate gene expression. JQ1 (a competitive inhibitor of BRD4) and THZ1
(a covalent inhibitor of CDK7 and CDK12) selectively kill cancer cells by inhibiting transcription of cancer-causing factors driven by super enhancers (By

Figdraw)
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Table 1 Recent research highlights on the function of super-enhancers in tumorigenesis
This form collates a subset of contemporary research findings on super enhancers in tumors, delineating the tumor types in which
these enhancers operate, the interacting factors, the downstream signaling pathways, and their specific functional roles within the

context of tumorigenesis

Tumor type Binding factor Downstream pathways/target Function Ref.
genes
Squamous cell carcinoma of the head FOSL1 SNAI2, FOSL1 Tumor metastasis [68]
and neck (HNSCQ)
Squamous cell carcinoma of the head BRD4, NF- k B. P65 TP63, MET, FOSL1 Regulating tumor occurrence and growth [69]
and neck (HNSCC)
Glioma Long chain non Myc, EGR1/1L-6 Tumor cell growth, migration, and invasion  [70]
coding RNA
TMEM44-AS1
Triple negative breast cancer (TNBC) FOXC1 MET, ANLN Tumor growth and poor prognosis [71]
ER a Positive breast cancer BRD4, RET RAS/RAF/MEK2/ERK/p90RSK Malignant phenotype of tumors [72]
Breast cancer - PD-L1. PD-L2 Immune escape of tumor cells [74]
Diffuse large B-cell lymphoma (DLBCL) - BLIMP1, NR3C1 Tumor growth [75]
Multiple myeloma - HJURP Regulating tumor growth and survival [77]
Natural Killer Cell/T-Cell RUNX3 TOX2 Tumor cell proliferation, survival, colony [78]
Lymphoma (NKTL) forming ability, and prognosis of tumor
patients
liver cancer Non coding RNA Wnt/ 3- Catenin Tumor growth and progression [79]
INcCRNA-DAW
Hepatocellular carcinoma - SIRT7, EZH2 Growth and progression of tumors [80]
Pancreatic Ductal - HNRNP, FPRMT1,UBAP2L Promoting tumor growth by enhancing [81]
Adenocarcinoma (PDAC) mMRNA translation
colorectal cancer CDK12 BCL2L1, CCDC137 Liver metastasis of colorectal cancer [82]
colorectal cancer - IL-20RA Proliferation and immune escape of [83]
colorectal cancer cells
lung cancer - PER2 Promoting glycolysis and tumor cell [84]
growth
Lung adenocarcinoma - SMAD3, Long Chain Non coding  Tumor cell growth [85]
RNA LINC01977
prostatic cancer LSD1, BRD4, FOXAT  MYC Tumor growth [87]
Bladder cancer FOSL1 WNT/CTNNB1 Tumor growth and metastasis [88]

the structural schematic of this conventional super -
enhancer model, and some drugs can exert inhibitory
effects on certain key proteins in this structure. The
importance of this spatial interaction in promoting tran-
scriptional activation is substantiated by evidence such as
the B-globin promoter and enhancer. Despite being 40 kb
apart, they are able to initiate transcription by forming a
looping interaction. This establishes a direct connection
between spatial interactions and transcriptional activa-
tion [47, 48].

Nevertheless, the specific methods and variables that
facilitate the physical connection between enhancers and
target promoters remain incompletely comprehended.
Research has shown that architectural proteins, such
CTCE, are more abundant at promoters and enhanc-
ers that are involved in chromatin looping [45]. The
link between architectural proteins and mediator com-
plexes has been established by immunoprecipitation
tests. This suggests that these interactions can serve as
a bridge between enhancers and promoters. Neverthe-
less, it is still uncertain whether there are any additional

structural regulatory features that play a role in facilitat-
ing enhancer-promoter interactions. A study hypoth-
esized that the transcription factor Yin Yang 1 (YY1)
may facilitate physical contacts between enhancers and
promoters, given that YY1 is a ubiquitously expressed
protein capable of binding to enhancers and promot-
ers in several cell types. Disruption of YY1 binding has
been demonstrated to impede the connections between
enhancers and promoters, consequently suppressing the
production of the linked gene [49]. A burgeoning field
of study is centered around enhancer RNA (eRNA), a
recently identified element that has been linked to chro-
matin looping [50].Additional research is required to
fully understand the mechanisms and variables that
mediate enhancer-promoter interactions and the func-
tion of eRNA in chromatin looping.

The phase-separation model

Furthermore, a novel phase separation model has been
suggested for the assembly and activation of super
enhancers, in addition to the conventional model of
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Table 2 Partial compilation of therapeutic drugs targeting
super-enhancers in tumors

The tabular data provided here consolidates a selection of
therapeutic agents and compounds directed against super
enhancers in tumors, encompassing those at both preclinical
and experimental stages. This compilation meticulously records
the particular molecular targets engaged by these therapeutic
strategies. A concise exposition is provided concerning the
mechanisms by which these agents combat cancer, as well

as specifying the types of cancer that are the primary focus of
studies involving these drugs or compounds

SE inhibitor Inhibi- Function Tumor type  Ref.
tion
Target

JQ1 BRD4 By consum- DLBCL, [58,
ing BRD4 and CRPC... 871
CDK9, this
results in the
stalling and
inhibition of Pol
I elongation.

THZ1 CDK7  Inhibitingthe  DLBCL, Neu-
phosphoryla-  roblastoma,  [58-
tion of the T-ALL, Triple-  61]
carboxyl- negative
terminal do- breast can-
main (CTD) of  cer (TNBC)...

RNA Poly-
merase
II, thereby
obstructing the
proximal pro-
moter pausing.
SR-4835, THZ531 CDK12  Suppression Colorectal [82,

of CDK12-
mediated phos-
phorylation of
Serine2(S2)with-
in the carboxyl-

cancer (CRC)  119]

terminal
domain (CTD) of
RNA Poly-
merase ll, there-
by hindering
transcriptional
elongation.
NSC139021,YK-4-279  ERG Inhibition of Primary
ERG expression  prostate [123,
elicits suppres-  cancer and 124]
sion of tumor  castration-
growth. resistant
prostate

cancer (CRPC)

sequential recruitment of transcription factors and co-
activators [51]. This paradigm is founded on the principle
of phase separation, wherein dense clusters of proteins
and nucleic acids, coupled with their mutually benefi-
cial interactions, create organelles without membranes
[52]. This process is widely recognized in the formation
of ribonucleoprotein particles, such as processing bodies

Page 7 of 17

and stress granules [53, 54]. Super enhancers, which are
regions of dense interactions between transcriptional
regulators and nucleic acids, form quickly after a single
initiation event [55] and disintegrate when the initiation
site is removed [56, 57] or when high-density factors in
the super enhancer region are depleted [16, 58—61]. This
suggests that phase separation may play a role in the acti-
vation of super enhancers.

Providing evidence for this theory, a recent investiga-
tion revealed that transcription co-activators such BRD4
and MEDL1 attach to super enhancers in large quantities,
creating clusters within the nucleus at the locations where
super enhancer-mediated transcription occurs [62]. This
phenomenon elucidates the heightened susceptibility of
super enhancers to BET inhibitor medicines in contrast
to traditional enhancers [51]. Additional investigation
has revealed that the phase separation characteristics of
BRD4 and MED1 are facilitated by their extensive disor-
dered regions (IDRs). Some proteins that were previously
found to have the ability to produce condensates share
commonalities with these intrinsically disordered regions
(IDRs) [63, 64]. Furthermore, it has been discovered that
the activation domains of crucial transcription factors
such as OCT4 and GCN4, along with the mediator com-
plexes that are attached to super enhancers, are capable
of initiating the creation of phase separation aggregates
and performing a comparable function [65]. Some schol-
ars have developed live-cell super-resolution and multi-
color 3D-imaging approaches, and then proposed a
three-way kissing model, which is also a supplement to
the phase - separation model [66].These discoveries have
presented a novel framework for regulating transcription
through elements known as super enhancers, providing
insights into the biological properties of super enhancers,
including their formation, activation, and strong respon-
siveness to abundant co-activators [51].

However, recent reports also indicate that in the regu-
lation of N - MYC expression, the phenomenon of phase
separation affecting the expression level of N - MYC
accounts for only a small proportion. Whether this phe-
nomenon only exists in N - MYC expression or is more
widespread requires more literature reports in the future
[67].

Super enhancers in different tumors
Super enhancers (SE) have been found in various tumor
samples over the past decade after their discovery, and
their downstream carcinogenic pathways and down-
stream factors are complex and diverse, which also
expands our understanding of tumor pathogenesis and
the search for more effective tumor treatment methods.
The FOSL1 protein in head and neck squamous cell
carcinoma (HNSCC) interacts with specific media-
tor proteins, resulting in the formation of a functional
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complex known as a super enhancer. This intricate mech-
anism is involved in controlling the transcription of can-
cer-causing proteins, such as SNAI2 and FOSL1, which
ultimately enhances the spread of HNSCC [68]. In addi-
tion, bromodomain protein 4 (BRD4) attracts mediators
and NF-«B. Collectively, these genes combine to provide
powerful enhancers on oncogenes including TP63, MET,
and FOSL1, thereby exerting their functional impacts
[69]. The long non-coding RNA TMEM44-AS1 directly
interacts with SerpinB3 in glioma, a specific type of brain
tumor. This interaction triggers the activation of the
MYC and EGRI1/IL-6 signaling pathways. MYC further
interacts with MED1 and directly binds to the promoter
and super enhancer regions of TMEM44-AS1, thereby
promoting its transcription. This establishes a favorable
cycle of interaction with TMEM44-AS1, which enhances
the growth, infiltration, and movement of glioma cells
[70]. Another study has similarly reported findings to
those previously noted [17].

In 2021, Huang et al. provided evidence that the super
enhancer is excessively active in triple-negative breast
cancer (TNBC), facilitating the expression of FOXCI,
MET, and ANLN genes. These genes play a role in facili-
tating tumor growth and are associated with a negative
prognosis [71]. Similarly, Zheng et al. discovered that
in breast cancer with estrogen receptor alpha-positive
(ERa+) cells, super enhancers play a role in a beneficial
feedback mechanism that controls the production of
estrogen receptors. The activation of the RAS/RAF/
MEK2/ERK/p90RSK/ERa  phosphorylation  cascade
occurs through the involvement of BRD4 and RET, lead-
ing to tumor malignancy [72].Furthermore, there have
been reports indicating that super enhancers play a role
in promoting tumor growth in breast cancer through
the regulation of long non-coding RNAs. The presence
of these RNAs can be identified in both ER +and TNBC
patients, serving as a diagnostic indicator for early diag-
nosis of breast cancer [73]. Furthermore, research on
breast cancer has demonstrated that super enhancers
stimulate the activation of PD-L1 and PD-L2 expression,
consequently impacting the evasion of the immune sys-
tem by tumor cells [74].

Bal et al. found that in diffuse large B-cell lymphoma
(DLBCL), mutations in super enhancers associated with
oncogenes BCL6, BCL2, and CXCR4 can hinder the
interaction between inhibitory protein transcription
(such as BLIMP1 for BCL6 and steroid receptors) and
their respective target genes. Additionally, these muta-
tions lead to a decrease in the transcription of NR3C1
for BCL2 and CXCR4 [75]. AML, a type of leukemia,
has been found to be influenced by 200 oncogenes that
are associated with super enhancers. These oncogenes
play a crucial role in controlling the growth and survival
of AML cells [76]. Studies have demonstrated that in
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multiple myeloma, super enhancers facilitate the exces-
sive activation of the histone chaperone protein HJURP.
Suppressing the expression of HJURP or reducing the
activity of super enhancers can lead to a reduction in the
survival of tumor cells and the initiation of programmed
cell death, offering a promising new target for treating
multiple myeloma [77]. RUNX3 interacts with upstream
super enhancers in NKTL to control the transcription of
TOX2. Increased expression of TOX2 can influence the
growth, survival, ability to form colonies, and prognosis
of tumor cells. Moreover, the phosphatase PRL-3, which
is associated with the spread of cancer cells, has been
recognized as a crucial protein controlled by TOX2 in the
regulation of tumor growth [78].

Liang et al. reported in liver cancer that super enhanc-
ers affected the expression of non coding RNA IncRNA-
DAW. Elevated IncRNA-DAW mediated the degradation
of EZH2 (a negative regulatory factor of WNT2), and
WNT2 activated Wnt/B-catenin pathway after it’s
removed inhibition, which promotes the progression of
liver cancer [79]. At the same time, activation of SIRT7
super enhancer was found in all samples in hepatocel-
lular carcinoma, and it was found that SIRT7 and meth-
yltransferase EZH2 were co expressed and bound in
hepatocellular carcinoma. When SIRT7 super enhancer
function was downregulated, it showed significant tumor
suppressive activity [80]. In pancreatic ductal adenocar-
cinoma (PDAC), a super enhancer mediated RNA bind-
ing protein HNRNPF was reported to affect downstream
PRMT1 and UBAP2L, promoting PDAC growth by
enhancing mRNA translation [81].

In colorectal cancer, CDK12 regulates BCL2L1 and
CCDC137 via super enhancers, increasing the risk of
liver metastasis [82]. JQl and iBET-151 can inhibit
colorectal cancer development, metastasis, and IL-20RA
expression, demonstrating that IL-20RA, activated by
super enhancers, affects colorectal cancer cell prolifera-
tion and immune escape [83].

Alam et al. reported that there was a widespread inac-
tivation mutation of histone methyltransferase KMT2D
in lung cancer, leading to impaired function of super
enhancers and downregulation of PER2 (an inhibitor of
glycolysis protein) expression, which promotes the gly-
colysis process in lung cancer cells and achieves the effect
of promoting tumor growth [84]. In lung adenocarci-
noma, M2 like tumor associated macrophages (TAM?2)
produced a TGF- B-rich microenvironment. The micro-
environment activated SMAD3 to bind the promoter
of long chain non coding RNA LINCO01977 to the super
enhancer, increasing the expression level of LINC01977.
LINCO01977 was also expressed through TGE- B/SMAD3
pathway to promote tumor development [85].

In ovarian cancer, two super enhancers were identified
to have significant regulatory effects on cell proliferation,
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migration, and other functions [86]. Prostate cancer stud-
ies revealed that LSD1, along with BRD4 and FOXAI,
formed a network enriched in the super enhancer region
to regulate MYC expression and influence tumor devel-
opment [87]. In bladder cancer, the super enhancer of
SNHG15 was found to recruit FOSL1, thereby impact-
ing tumor cell growth and metastasis through the WNT/
CTNNB1 pathway [88].

Both in solid tumors and non - solid tumors, it has
been found that super - enhancers play a role in promot-
ing tumor development. However, there are differences
in the regulatory factors that super - enhancers bind to
and the genes whose expressions they regulate, which
may affect multiple aspects of tumor functions includ-
ing proliferation, migration, and invasion. Almost all
super - enhancers discovered in tumors so far have pro-
moted the malignant phenotypes of tumors. Therefore,
based on the common features of super - enhancers
functioning in different tumor cells, we can update our
tumor diagnosis and treatment strategies. In particular,
we can develop anti - cancer drugs applicable to multi-
ple tumors by targeting specific targets. However, it has
also been discovered that super - enhancers are capable
of regulating certain tumor - suppressor genes within
tumor cells. Nevertheless, these super - enhancers do
not exert their functions in tumors [89-91]. Moreover,
at present, evidence regarding the direct involvement
of super - enhancers in tumor suppression is lacking,
which demands further research on super - enhancers in
tumors.

Research on the treatment of super enhancers in
tumors
Today, we have developed various methods for the
treatment of tumors, including surgical treatment, che-
motherapy drug treatment, radiation therapy, immu-
notherapy, etc. However, each method has its own
shortcomings and limitations. We need a broader mind-
set to strengthen our arsenal of weapons against tumors.
Following the establishment of the correlation between
super enhancers and tumors, there has been a progres-
sive development of tumor treatment strategies that spe-
cifically target super enhancers. Cancer cells generally
demonstrate elevated levels of oncogenic gene transcrip-
tion activity, which is not commonly observed in normal
healthy cells [6, 92]. Hence, targeting the suppression of
oncogenic factor transcription in tumor tissue is an opti-
mal therapeutic approach, albeit a formidable hurdle in
drug discovery. Targeted therapy aimed at modulating
transcription, a fundamental biological process common
to all living cells, has the potential to exert substantial
influence on overall gene expression [6, 93]. Hence, it is
imperative for any transcriptional inhibitor employed in
clinical therapy to specifically target the suppression of
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oncogenic factor transcription while minimizing damage
in normal cells. Recent research has shown that JQI, a
substance that competes with BRD4, and THZ1, a sub-
stance that forms a strong bond with CDK7 and CDK12,
can effectively destroy cancer cells by blocking the pro-
cess of transcribing oncogenic factors that are activated
by super enhancers. Crucially, these medications do not
have any harmful effects on the body as a whole, which
makes them highly favorable options for treatment [58—
60]. This text will present a comprehensive summary of
the targeting principles and mechanisms of action of JQ1
and THZ1.

BRD4, a constituent of the bromodomain and extra
terminal (BET) protein family, has been recognized as a
pivotal factor in multiple human ailments, encompass-
ing cancer, cardiovascular disease, inflammatory disease,
and central nervous system (CNS) sickness [55, 69, 87,
94-98]. The process of transcription commencement,
halt, and extension entails the synchronized substitution
of regulatory factors and co-factors. Transcription facili-
tated by super enhancers (SE) depends on the coopera-
tive interaction between BRD4 and mediator complexes,
as well as the step-by-step recruitment of TFIIH initia-
tion complexes containing CDK7 and p-TEFb extension
complexes containing CDK9 [99]. RNA Pol II begins the
process of transcription by phosphorylating CDK7 and
promotes pausing of the proximal promoter by recruiting
negative elongation factor (NELF) and DRB sensitivity-
inducing factor (DSIF) to RNA Pol II [100]. The process
of releasing transcriptional pauses and transitioning to
productive elongation is facilitated by the phosphory-
lation of RNA Pol II and DSIF by the action of p-TEFb
(CDKO9) [99]. In addition, BRD4 plays a role in promot-
ing the assembly of super-enhancers by beginning the
recruitment of mediator complexes. It also actively facili-
tates the elongation of gene transcription mediated by
super-enhancers by aiding in the release of pauses [101].
CDK12/13 are also engaged in elongation, whereas CDKs
play a role in mRNA processing [102, 103]. Hence, the
mediator complexes, key regulatory factors that exert
influence on transcription, BRD4, and CDKs all serve as
potential targets for cancer therapy by suppressing carci-
nogenic transcription.

In order to substantiate this viewpoint, a consider-
able number of tiny chemical compounds that block
BRD4 have been created. Among these, JQ1 was the ini-
tial inhibitor of the BET family to be discovered and has
been intensively researched. JQ1 specifically attaches to
the acetyllysine recognition domain of BRD4, imped-
ing the growth of tumors by restricting its chromatin-
dependent role in regulating promoters and enhancers
[103-105]. Aligned with the imbalanced distribution of
BRD4 on super enhancers [16, 58] and its involvement in
promoting super enhancer activity [101], treatment with
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JQ1 selectively reduces the levels of BRD4 and CDK9 at
these locations, leading to the arrest of RNA Pol II and
inhibition of elongation. The inhibitory effect is especially
noticeable in preserving the cellular ability to differenti-
ate into different cell types and the cancer-causing prop-
erties of the super enhancer-driven BRD4-dependent
transcriptional programme [58, 101]. Simultaneously,
research reports in diverse tumors have demonstrated
that the application of BRD4 inhibitors can result in the
reduction of H3K27ac and the increment of H3K27me3
at enhancer loci [106], alterations in advanced chro-
matin structure [107], suppression of SE - directed co -
transcriptional pri - miRNA processing [108, 109], and
among the genes, those regulated by super - enhancers
are the most affected, for instance, MYC [16, 110]. This
implies that the utilization of BRD4 inhibitors indeed
exerts multi - aspect and far - reaching influences on
the functions of super - enhancers within tumors. In dif-
fuse large B-cell lymphoma, therapy with JQ1 results in
the suppression of transcription of lineage-specific tran-
scription factor genes and oncogenes mediated by super
enhancers. This leads to a decrease in tumor growth and
an improvement in patient survival [58]. The suppression
of carcinogenic transcription mediated by super enhanc-
ers through BRD4 inhibition has been verified in other
types of cancer as well [76, 111-113]. In the context of
castration-resistant prostate cancer (CRPC), a study
found that the suppression of tumor growth was notably
increased when both lysine-specific demethylase (LSD1)
and BET protein inhibitors were administered as part of
the treatment [87].

The cooperative interaction between BRD4 and other
chromatin regulatory proteins in facilitating SE-depen-
dent transcription offers numerous possibilities for
combination therapy. BRD4 inhibition in acute myeloid
leukaemia (AML) results in the reduction of mediator
complexes linked to super-enhancers (SEs) that con-
trol important leukaemia genes, hence inhibiting tumor
growth [112]. The interaction between disruptor of telo-
mere silencing 1-like (DOT1L)-mediated histone H3K79
methylation and histone H4 acetylation in MLL facili-
tates the binding of BRD4 to super-enhancers (SEs). The
simultaneous blocking of DOT1L and BRD4 effectively
hinders the growth and multiplication of leukaemia cells
[114]. SE-mediated gene regulation also plays a role in
the senescence-associated secretory phenotype (SASP),
which is an immunological surveillance system that gets
rid of pre-cancerous senescent cells [115]. The activation
of the SASP gene expression programme entails the cre-
ation of novel BRD4-rich super-enhancers (SEs) in close
proximity to SASP genes, while simultaneously repress-
ing SEs linked to genes involved in proliferation [113].
When BRD4 is inhibited in living organisms, it leads to
a decrease in the SASP transcriptional programme in
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cancer-causing N-RAS-expressing cells. This impairs the
cells’ ability to be removed from the body [116].

The susceptibility of cancer cells to THZ1 further
exemplifies the significant reliance of cancer cells on
SE-driven transcription. THZ1 is a potent and selective
covalent inhibitor of CDK7, with a limited inhibitory
impact on CDK12 [58-61]. THZ1 suppresses the phos-
phorylation of the carboxyl terminal domain (CTD) of
RNA Pol II, therefore impeding the immediate release of
the promoter [100]. THZ1-induced pause deficits lead to
a decrease in RNA Pol II occupancy on enhancers that
require pause at SE. This ultimately results in transcrip-
tional suppression [117, 118]. THZ1 therapy can cause
a loss of SE function, resulting in a notable decrease
in oncogenic transcription and suppression of tumor
growth in different kinds of cancer [58—61].

THZ1 selectively targets the SE-dependent expression
of particular subsets of cell type-specific key transcrip-
tion factors (RUNX1, MYCN, and MYC) in all of these
malignancies. These transcription factors play a signifi-
cant role in regulating the core transcription programme
that is important for sustaining the identity of tumor
cells. The oncogene MYC, in particular, has been demon-
strated to promote the growth and replication of cancer
cells by amplifying and augmenting gene transcription.
Hence, suppressing MYC activity could prove to be an
exceedingly efficacious therapeutic approach. Neuro-
blastoma (NB) cells have been found to achieve genomic
amplification of MYCN oncogenes by promoting super-
enhancers (SE). This results in the upregulation of
MYCN’s active transcription programme and increases
the sensitivity of NB cells to CDK7 inhibition. THZ1, by
selectively inhibiting CDK7, was utilized to treat MYCN
amplified NB cells. This resulted in a specific decrease
in SE associated genes and a notable suppression of
MYCN SE dependent transcriptional amplification. Con-
sequently, tumor development and proliferation were
inhibited significantly [59].

Inhibiting CDK12 can effectively target SE-driven tran-
scription, as CDK12 serves as a positive regulator of tran-
scriptional elongation [82, 119]. Alternatively, SE function
can be negatively regulated by inhibiting the mediator
kinases CDK8/19 [120, 121]. Targeted inhibition of these
mediator kinases in acute myeloid leukaemia (AML)
results in the activation of tumor suppressor genes and
lineage-specific transcription factors, ultimately lead-
ing to anti-leukemia actions [120]. In addition, Kennedy
et al. discovered genes associated with super-enhancers
(SEs) and provided insights on several underestimated
carcinogenic genes. They specifically emphasised the
significance of the SE-driven cyclin D1 site in Ewing’s
sarcoma. Targeting this location may increase the likeli-
hood of inhibiting cyclin D/CDK4 [122]. Furthermore,
there has been a detection of excessive expression of ERG
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in both primary prostate cancer and castration-resistant
prostate cancer (CRPC). NSC139021 has been found as
a potent and specific small molecule inhibitor of ERG,
significantly suppressing the proliferation of cancer cells
that express ERG [123]. YK-4-279, a different type of sub-
stance that inhibits the activity of molecules, has been
found to effectively decrease the growth of prostate can-
cer patient-derived xenografts that include the ERG pro-
tein [124].

At now, it is unclear how SE-related genes are particu-
larly sensitive to suppression of chromatin/transcrip-
tional regulatory factors. One possible explanation is
that cancer cells in multiple myeloma are more sensitive
to JQ1 because it has a greater ability to bind to BRD4
and Mediator at specific places called SE sites. These SE
sites are related with genes like MYC and other survival
genes that are specific to the cancer type. JQ1 has a pref-
erence for occupying these sites [16]. The conclusion is
further substantiated by the evidence of direct targeting
of BET inhibitors on super-enhancers (SEs) [103]. How-
ever, a later investigation in AML cells shown that the
removal of Mediator by JQ1 happened in less than 50%
of all super-enhancers (SEs) linked to cancer-related
genes. This expulsion was found to be independent of
the initial levels of this transcription cofactor [112]. In
contrast, the SE-related transcription programme that
is most impacted by JQ1 demonstrates elevated levels of
MYB binding capacity. Prior research has demonstrated
that heightened susceptibility of SE-related genes to
inhibitory influences can be ascribed to at least two com-
plimentary mechanisms: the combined impact of com-
ponent enhancers and the brief duration of carcinogenic
transcription factors [58—61]. Notwithstanding these dis-
coveries, there remains a dearth of definitive comprehen-
sion in this domain, necessitating additional research to
properly grasp the function of super enhancers.

The problems faced by super enhancer targeted
therapy
While these inhibitors exhibit low systemic toxicity
and high selectivity, they can nonetheless interfere with
fundamental transcription mechanisms and ultimately
impact overall gene expression. This matter demands
attention, as nearly all human tissues possess SE that pre-
serves tissue uniqueness for proper functioning. Simul-
taneously, several SE components may display varying
susceptibilities to inhibition, contingent upon the bind-
ing of each component within the complex generated by
SE during its operation. The degree of cellular reliance on
SE through this binding also impacts the susceptibility to
SE inhibition [20].

Regrettably, recent studies have discovered that the
effectiveness of BRD4 targeted therapy is being hindered
by the development of resistance. In breast cancer cells,
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researchers unexpectedly discovered that BRD4 inter-
acts with the LSD1/NuRD complex to form an inhibi-
tory complex, which co - localizes on super - enhancers.
Simultaneously, the BRD4/LSD1/NuRD  complex
restricts the over - activation of a group of genes associ-
ated with drug - resistant functions. Long - term treat-
ment with JQ1 or the destabilization of LSD1 induced
by PELI1 will cause the BRD4/LSD1/NuRD complex to
become ineffective, thereby leading to tumor resistance
to JQ1 and broad - spectrum therapeutic compounds.
It is also mentioned in the article that we may need to
consider using the combined targeted chemotherapy of
BRD4 and PELT1 to address this issue; however, certain
clinical studies for verification are still lacking. The article
also mentions that perhaps we need to consider adopt-
ing BRD4 and PELT1 - targeted chemotherapy in combi-
nation to deal with this problem, but it still lacks certain
clinical studies for verification [90].

Moreover, the mechanisms through which tumors
develop resistance to BRD4 are multifarious. It has been
reported that cancer - associated fibroblasts (CAF) can
induce the phosphorylation of BRD4 at tyrosine 97/98 in
colorectal cancer via the interleukin - 6/8 - JAK2 trans-
duction. Moreover, the interaction with the deubiqui-
tinating enzyme UCHL3 results in the stabilization of
BRD4 and a reduced binding capacity to BET inhibitors,
thereby leading to tumor cell resistance. The inhibition of
the IL6/IL8 - JAK2 signaling can eliminate BRD4 phos-
phorylation and restore the sensitivity of tumors to BET
inhibitors [125].In KRAS - mutated tumors, including
non - small - cell lung cancer (NSCLC), an up - regula-
tion of BCL6 has been observed. BCL6 interacts with
BRD3 and activates the mTOR signaling pathway, which
promotes the resistance of tumors to BET inhibitors. The
inhibition of BCL6 or mTOR can reverse the resistance of
tumor cells [126].In addition, the activation of the MAPK
signaling pathway [127], ¢ — MYC [128], etc., also con-
tributes to the induction of tumor resistance. Therefore,
during the treatment, it is necessary to use the combina-
tion of BET inhibitors and inhibitors of other key targets
to overcome the resistance problem.

Furthermore, studies have indicated that in the case of
prostate cancer, JQ1 can enhance the invasion of tumors
by suppressing FOXA1, a protein that inhibits invasion in
prostate cancer. This is achieved by activating many path-
ways such as EMT, bone morphogenetic protein (BMP)
signaling, chemokine signaling, and sticky plaques [129].
Similar findings have been reported in the treatment of
B-cell lymphoma, where drugs specifically targeting SE
(super-enhancer) effectively restrict the expression of
oncogenes associated with SE, as well as the expression
of tumor suppressor genes that depend on SE [31, 89].
Contrary to expectations, this anti-cancer medication
actually exacerbates the negative consequences of tumor
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invasion, making it a topic of significant concern. Fortu-
nately, the article has reported a BMP signaling inhibi-
tor, LDN -212,854. The application of this inhibitor can
significantly suppress JQ1 - induced cell invasion and the
expression of some genes in the EMT (epithelial - mes-
enchymal transition) pathway. In future cancer therapies,
the combined treatment of JQ1 and BMP signaling inhib-
itors might be considered [129].

Scientists doing parallel research have found that
inhibitors targeting SE-related processes may not exhibit
therapeutic efficacy in certain subtypes of prostate can-
cer (PCa) [130, 131]. Cell lines and organoids derived
from persons with SPOP mutations exhibited resistance
to the inhibition of BRD4, resulting in the prevention of
cell growth arrest and death [132, 133]. Nevertheless, it
should be noted that BRD4 inhibitors are not entirely
ineffective, and the resistance of SPOP mutant PCa to
BRD4 inhibition can be surmounted by combining them
with AKT inhibitors. Moreover, SPOP mutations can
function as biomarkers for directing treatment strate-
gies in prostate cancer patients, assessing the efficacy of
this therapeutic approach, and facilitating the delivery of
accurate medical care to patients [134].

While BET inhibitors, including JQ1, now show poten-
tial as cancer therapies, the emergence of side effects and
drug resistance necessitates the development of effective
solutions. Contemporary studies highlight the impor-
tance of integrating BET inhibitors with other cytotoxic
medicines. For instance, the simultaneous application of
BRD4 inhibitors and HDAC inhibitors has been shown
to limit the growth of tumors and induce programmed
cell death (apoptosis) in different tumor models, such
as breast cancer, acute myeloid leukaemia, pancreatic
ductal adenocarcinoma, neuroblastoma, and cutane-
ous T-cell lymphoma [135-140]. The BET inhibitor
OTX015 and the proteasome inhibitor Caffezomycin
synergistically induce apoptosis in TERT altered neuro-
blastoma cells [141]. An impactful synergistic effect was
shown in the treatment of small cell lung cancer (SCLC)
using the BET inhibitor ABBV-075 in combination with
BCL2 inhibitors [142]. The concurrent administration
of JQ1 and CDK?7 inhibitor THZ1 hinders the growth
and division of head and neck squamous cell carcinoma
cells, leading to programmed cell death and cellular age-
ing [143]. The combination of BET inhibitors and LSD1
inhibitors substantially suppresses the proliferation of
castration-resistant prostate cancer (CRPC), surpassing
the efficacy of using a single inhibitor [87]. Our investi-
gation demonstrates that JQ1 can effectively counter-
act the immunological resistance caused by CAR-T cell
therapy in glioblastoma (GBM) [144]. In addition to the
combination with BET inhibitors, the literature has doc-
umented the concurrent application of the CDK?9 inhibi-
tor AZD4573 in conjunction with PIM kinase or PI3K
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inhibitors in the context of diffuse large B-cell lymphoma
(DLBCL) and primary lymphoma cells. Such combina-
torial approaches have been demonstrated to effectively
mitigate resistance to CDK9 inhibitors [18].

In a great number of literature reports, BRD4 inhibi-
tors are capable of significantly enhancing the induction
of homologous recombination (HR) deficiency by sup-
pressing the expression of DNA topoisomerase II - bind-
ing protein 1 (TOPBP1), BRCA1, RAD51 and other genes
involved in DNA replication and DNA - damage repair,
thus augmenting the sensitivity of tumors to PARP1
inhibitors [145-147].As a result, the research regarding
the combination of BRD4 inhibitors and PARP1 inhibi-
tors is also a highly potential research direction in cur-
rent drug development. Currently, numerous reports on
relevant drug designs have been published [148-150].
Favorable treatment outcomes have been attained in pan-
creatic cancer and triple - negative breast cancer. These
facts comprehensively demonstrate that while perform-
ing its own function of suppressing super - enhancers,
BRD4 inhibitors can enhance the anti - tumor function of
PARP1 inhibitors, compensating for the deficiency of sin-
gle - target inhibitors in being prone to drug resistance,
and thus possess broad development prospects.

As a strong contender to BET inhibitors in the future,
BRD4 degraders have drawn increasing attention from
researchers in recent years. With the advent of target
protein degradation (TPD) technology, current drug
research and development can target those that were tra-
ditionally regarded as “undruggable” targets and those
inaccessible to small - molecule inhibitors [151, 152].
The drug development of BRD4 degraders is a popular
research area in the clinical application of TPD technol-
ogy. Related patents keep emerging, and compounds that
have entered the clinical trial stage have been reported
[153, 154].Some literature indicates that in acute myeloid
leukemia (AML) and acute lymphoblastic leukemia
(ALL), the BRD4 degrader dBET®6 is a more effective anti
- cancer drug than the traditional BRD4 inhibitor JQl1,
and it can targetedly inhibit some signal pathways that
induce tumor drug resistance [155]. Additionally, BRD4
degraders also influence the function of super — enhanc-
ers [156, 157]. This undoubtedly opens up a new area for
finding substitutes for BRD4 inhibitors. However, most
of the current research on BRD4 degraders has not yet
entered the clinical trial stage, and numerous experi-
ments are still required to verify its development into a
mature anti - cancer drug and its market launch.

Furthermore, recent investigative findings indicate
that indole-3-lactic acid (IPA), a compound produced
by bacteria, can augment the efficacy of aPD-1 immu-
notherapy mediated by CD8 + T cells in the treatment of
diverse neoplasms, including melanoma, breast cancer,
and colorectal carcinoma. The underlying mechanism
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involves IPA elevating the levels of histone H3 lysine 27
acetylation at the enhancer site of the Tcf7 gene, thereby
modulating the stemness program of CD8+T cells and
their differentiation into progenitor exhausted CD8+T
cells (T,,,), which in turn limits tumor progression [158].
Furthermore, studies have indicated that the concur-
rent administration of CDK7 and CDKI12 inhibitors
can potently diminish resistance to hedgehog-targeted
smoothened inhibitors (SMOi), thereby significantly aug-
menting the therapeutic efficacy of tumor-targeted thera-
pies [159].These revelations suggest a novel hypothesis:
whether super-enhancers could act as regulatory inter-
mediaries in other therapeutic modalities, potentially
being utilized as adjutant therapeutic agents within the
clinical treatment paradigm.

Conclusion

Over the past ten years, researchers have gained a fun-
damental understanding of super enhancers and gradu-
ally unraveled their involvement in tumorigenesis and
progression. Currently, oncogenic super enhancers have
been confirmed to exist in various cancer subtypes, play-
ing a vital role in preserving the malignant characteristics
of cells. By upregulating key oncogenes, super enhancers
impart dependence on tumor-related genes, thereby pro-
viding a basis for identifying cancer targets with unclear
driving genes. Research has shown that alterations in the
structure and epigenetic characteristics of chromatin can
result in changes to its three-dimensional arrangement.
This can lead to the inappropriate activation of onco-
genes through the hijacking of enhancers. Examining
super enhancers within the framework of 3D chromatin
tissue is crucial for a comprehensive understanding of
their contribution to tumor formation.

From a therapeutic standpoint, the fundamental con-
stituents of super enhancers are prevalent across several
cancer subtypes. Individual constituents of super enhanc-
ers, such as BRD4, CDK?7, or CDK9, have demonstrated
significant potential in multiple preclinical tumor mod-
els. However, it cannot be ignored that the side effects
of related drugs and their induced resistance remain a
major challenge in our field of cancer treatment, as these
drugs seem to be repeating the old path of traditional
chemotherapy drugs. However, the combined applica-
tion of these drugs and chemotherapy drugs targeting
other targets, particularly in combination with PARP1
inhibitors, is a new hope for our future drug research and
development. Therefore, more attention should be paid
to finding more targeted treatment methods for specific
tumors, and optimizing existing therapeutic methods.

Evidently, the research on super - enhancers in tumors
is in its infancy. Future studies should center on further
elucidating the mechanisms through which each com-
ponent of super - enhancers modulates their functions.
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Additionally, a more in - depth understanding of the
phase - separation patterns in the assembly and activa-
tion of super - enhancers may assist in uncovering the
impacts of oncogenic signals on the assembly and func-
tions of super - enhancers, thereby identifying novel
potential drugs that are more specific to super - enhanc-
ers in cancer. This can minimize the emergence of side
effects and tumor drug resistance as far as possible, mak-
ing it a reliable and long - lasting treatment approach.
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