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Abstract

Super-enhancers (SEs) are highly enriched clusters of transcriptional regulatory elements within the genome, occupying a
central position in tumorigenesis and development. This review aims to synthesize the rapidly expanding body of knowledge
on SEs as the central hub of tumor transcriptional regulation.SEs integrate specific transcription factors, dynamic epigenetic
modifications (such as H3K27ac), and restructure the three-dimensional spatial architecture of the genome to aberrantly drive
the expression of proto-oncogenes and cell identity-related genes. This activity sustains the malignant phenotype, stem cell
properties, metabolic reprogramming, and therapy resistance of tumor cells. Their functions involve emerging physical mecha-
nisms such as phase separation forming transcriptional condensates and long-range chromatin looping. The activity of SEs
exhibits high tumor-type and tissue specificity. They are activated through unique mechanisms in different cancers, becoming
key nodes of “transcriptional addiction” in tumor cells. This characteristic also makes them highly promising therapeutic tar-
gets. Inhibitors targeting core SE components (such as the BET protein BRD4 and transcriptional kinases CDK7/9), epigenetic
drugs, and strategies aimed at disrupting their phase-separated condensates have shown selective efficacy in various preclini-
cal tumor models. In conclusion, SEs serve as pivotal hubs of transcriptional addiction in cancer by integrating diverse mo-
lecular mechanisms to drive oncogenic programs, and their specific components present promising therapeutic targets; future
advances in multi-omics and precision strategies will be key to translating these findings into clinical applications.

Introduction their role in oncology. It is now evident that SEs are not merely
passive regulatory regions but are dynamically commandeered
across a wide spectrum of cancers to establish and maintain the
malignant state.

At the molecular level, SEs drive oncogenesis through a mul-
tifaceted and integrated mechanism. They function by recruiting
specific transcription factors and epigenetic modifiers, remodeling
the three-dimensional (3D) chromatin architecture to facilitate
long-range enhancer-promoter interactions,”> and, increasingly,
through the biophysical process of liquid-liquid phase separa-
tion to form transcriptional condensates.’ This concerted action
results in the aberrant, high-amplitude expression of key onco-

Super-enhancers (SEs) represent a distinct class of cis-regulatory
elements, characterized by the dense clustering of transcriptional
co-activators, master transcription factors, and specific histone
modifications such as H3K27ac.! These genomic hubs have
emerged as central orchestrators of gene expression programs
that define cell identity. In recent years, a convergence of high-
throughput sequencing, epigenomic profiling, and advanced imag-
ing technologies has fundamentally reshaped our understanding of
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Fig. 1. The formation mechanism, function, and targeting strategies of super-enhancers (SEs) in tumors. SEs are cooperatively driven by transcriptional
condensates and chromatin topology. Their core regulatory network comprises key components such as BRD4, the Mediator complex, CDK7, and H3K27ac.
By regulating the expression of oncogenes like MYC, SEs drive the generation of tumor heterogeneity, plasticity, and therapeutic resistance. Targeting strate-
gies against SEs mainly include BRD4 inhibitors, CDK7 inhibitors, and approaches targeting non-coding RNAs, offering new directions for precision cancer
therapy. BRD4, bromodomain-containing protein 4; CDK7, cyclin-dependent kinase 7; H3K27ac, acetylation of lysine 27 on histone H3 protein; Inh., inhibitor;
MYC, myelocytomatosis oncogene; TAD, topologically associating domain. The figure was created using Figdraw.

tions, viral oncoprotein activity, and epigenetic reprogramming.
This very complexity, however, reveals a critical vulnerability.
The unique dependency of cancer cells on SE-driven transcrip-
tional programs positions SEs and their core components—such as
the BET protein BRDA4, transcriptional cyclin-dependent kinases
(CDKs), and the Mediator complex—as promising therapeutic tar-
gets.»> The development of BET inhibitors, CDK7/9 inhibitors,
and strategies to disrupt SE condensates underscores the transla-
tional potential of this research.

In the following sections, we will systematically explore the
mechanisms by which SEs regulate tumorigenesis, their pathologi-
cal roles in specific cancer contexts, the frontier of SE-targeting
therapeutic strategies, and the technological advances propelling
this field forward. By integrating these perspectives, this review
seeks to provide a comprehensive framework for understanding
SEs as pivotal determinants of cancer biology and to highlight
their significant potential for guiding the next generation of preci-
sion oncology interventions (Fig. 1).

The central hub of tumor transcriptional regulation

As an important element of gene regulation, SEs have shown
unique biological functions in tumorigenesis and development. In re-
cent years, high-throughput sequencing and epigenetic studies have
revealed that SEs drive abnormal expression of oncogenes by inte-
grating transcription factors, epigenetic modifications, and 3D ge-
nome structure.! These regulatory hubs are specifically activated in a
wide range of cancers, and their enriched histone modifications (such
as H3K27ac and H3K27cr) not only mark highly transcriptionally ac-
tive regions but also cooperate with chromatin-reading proteins such
as BRD4 to form a positive feedback loop to amplify cancer-promot-
ing signals.! It is noteworthy that the abnormal recruitment ability of
SEs makes them key to the maintenance of tumor cell identity.

SEs drive tumor progression

Dual pathways of transcriptional activation: Remote contact
and chromatin remodeling

At the molecular level, SEs participate in tumor progression
through two core pathways. On the one hand, SEs remotely ac-
tivate transcription of proto-oncogenes through physical contact.
For example, in liver cancer, the synergistic binding of the HNF3f
and NF1/CTF transcription factor complex in the promoter region
of the COL18A41 gene not only maintains a liver-specific expres-
sion pattern, but the abnormal increase in binding activity is also
closely related to the differentiation state of hepatocellular carci-
noma (HCC). On the other hand, dynamic modification of SEs re-
constructs the chromatin open state. As a novel modification, his-
tone crotonylation (H3K27cr) and classical acetylation (H3K27ac)
jointly mark SE formation sites in spermatogenesis. This double-
modification pattern may affect the cooperative expression of on-
cogene clusters by changing the recruitment efficiency of proteins
such as BRD4 in tumors.! In addition, CCCTC-binding factor
(CTCF)-mediated loss of chromatin boundary insulation function
can lead to abnormal activation of SE-adjacent silent regions,’
which drives the dysregulation of immune checkpoint molecules
such as programmed cell death protein 1 in T-cell lymphomas.
SEs, as regions of the genome that are highly enriched in tran-
scriptional regulatory elements, play a central role in the occur-
rence and development of tumors. Numerous studies have shown
that SEs drive the abnormal expression of oncogenes through
unique chromatin structures and molecular mechanisms, and then
affect the proliferation, differentiation, and metastasis of tumor
cells.® These regulatory elements show remarkable specificity in a
variety of cancers, and their abnormal activation or inhibition is of-
ten closely related to the dysregulation of key signaling pathways.
In terms of molecular mechanism, the function of SEs depends on
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phase separation of transcriptional coactivators,® dynamic changes
of epigenetic modifications and remodeling of 3D genome struc-
ture,’ which together constitute a complex regulatory network of
SEs in tumors.

The transcription factor network and its positive feedback regu-
lation of cell identity

The synergistic effect of transcription factors and SEs is cell-type
specific in tumorigenesis. For example, Epstein-Barr virus reshapes
the 3D genomic structure of B cells through proteins such as EBNA2,
so that the SEs of oncogenes such as MYC form specific loops with
promoters, thereby driving lymphoblastic transformation. In renal
cell carcinoma, downregulation of METTLI4 leads to BPTF pro-
tein accumulation, which then enhances SE activity and promotes
distant lung metastasis through glucose metabolic reprogramming.*
These findings reveal a positive feedback loop between SEs and the
transcription factor network: transcription factors both regulate the
establishment of SEs, and their own expression is driven by SEs,
forming molecular switches that maintain tumor cell identity.?

Epigenetics and phase separation: Key regulatory dimensions
of SE function

Regulation of SE activity by dynamic epigenetic modifications

At the epigenetic level, SEs’ activity is closely related to histone
modifications. Histone deacetylase inhibitors such as largazole can
regulate SE activity by changing the acetylation levels of H3K9
and H3K27 in a dose-dependent manner.? Notably, low doses of
histone deacetylase inhibitors mainly upregulate gene transcrip-
tion, while high doses result in selective repression of SE-driven
oncogenic transcripts. This dual effect reveals the dynamic plastic-
ity of SEs in drug response. Similarly, age-associated DNA meth-
ylation changes are enriched in the SE region in the liver, and lon-
gevity interventions (such as caloric restriction) can reverse these
epigenetic modifications,’ suggesting that epigenetic regulation of
SEs may be a new target for cancer intervention.

Phase separation: Formation and functional implications of
transcriptional condensates

The discovery of phase separation provides new insight into the
efficient transcriptional regulation of SEs. Coactivators such as
BRD4 and MEDI1 form droplet aggregates at SEs, which enrich
transcription machinery through their intrinsically disordered re-
gions.? This physical phase transition not only explains why SEs
can efficiently recruit RNA polymerase II but also provides a
structural basis for the development of small molecules targeting
SEs. For example, compounds that disrupt BRD4 coacervates sig-
nificantly inhibit SE-driven oncogenic transcriptional programs,’
whereas EZH2 inhibitors inhibit EBV-associated tumor growth by
altering chromatin looping at the CDKN2A/B locus.

SEs in developmental reprogramming and the tumor micro-
environment

Hijacking of developmental programs and tumor stemness
characteristics

SEs exhibit a unique regulatory logic in the evolutionary conserva-
tion of development and tumors. The SOX family of transcription
factors activates genes involved in extracellular matrix synthesis
through synergistic binding of SEs during chondrogenic differen-
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tiation,'? while CDX2 dynamically regulates SE activity during
intestinal development by recognizing a methylation-sensitive
noncanonical motif.!! Aberrant reactivation of this developmen-
tal program may be the key to the acquisition of stem cell-like
properties by tumor cells. For example, the SEs of the embryonic
(-GLOBIN gene, although in the heterochromatin state in adult
erythrocytes, can be reactivated by epigenetic intervention,'?
which provides a theoretical basis for the use of developmentally
silenced genes in the treatment of malignant tumors.

Interactions between the tumor immune microenvironment and
SEs

The interaction between inflammatory signals and SEs consti-
tutes an important dimension of tumor microenvironment regula-
tion. TNFa can induce nucleosome arrangement prior to NF-xB
binding, and this genome-wide “pre-open” chromatin state is
particularly prominent in regions of SE-like enhancer clusters.!3
Similarly, TRIM28 stabilizes SE structure and higher-order chro-
mosome interactions at the /L7 locus through a STAT3-depend-
ent mechanism during Th17 cell differentiation.'* These findings
suggest that chronic inflammation may promote tumorigenesis by
“locking in” the active state of SEs, and that targeting the epige-
netic memory of SEs may break this vicious cycle. Recent stud-
ies have found that SEs abnormally activate oncogene expression
in a variety of tumors by forming phase-separated condensates,
reconstructing chromatin topology, and regulating core transcrip-
tion factor networks.!>!® These regulatory mechanisms not only
involve the dynamic balance of epigenetic modifications (such as
histone acetylation/deacetylation) but are also closely related to
the 3D spatial organization in the nucleus.!”'® Of particular note,
SEs, while maintaining the identity gene expression program in
tumor cells, have also emerged as potential targets for therapeutic
intervention.!%-20

Oncogenic mechanisms of SEs in specific cancer types

At the molecular level, SEs are particularly prominent in forming a
transcriptional regulatory hub through phase separation. For exam-
ple, in Candida albicans, transcription factors containing prion-like
domains form aggregates through liquid-liquid phase separation,
which are functionally similar to mammalian SEs and can regulate
epigenetic cell fate switching.!S Similarly, in rhabdomyosarcoma,
core transcription factor-dependent SEs exhibit abnormal histone
acetylation status, leading to the collapse of RNA polymerase II
phase separation condensates, which in turn disrupts the expression
of cellular identity genes.'® This phase separation phenomenon has
also been observed in acute promyelocytic leukemia. The PML-
RARGa fusion protein interferes with the function of myeloid-specific
enhancers and SEs by restructuring chromatin topology and finally
inhibits the expression of myeloid differentiation-related genes.!”
SEs are also closely related to the regulation of the tumor im-
mune microenvironment. Studies have found that SE-tagged
UGCG and B4GALTS genes in natural killer cells and cytotoxic
T cells are essential for the formation and functional maintenance
of cytotoxic granules.?! In T cells, SEs are enriched at the cy-
tokine and cytokine receptor loci and are negatively regulated by
“guardian” transcription factors such as BACH2, and these SE-
related genes show significant enrichment of genetic variants in
autoimmune diseases such as rheumatoid arthritis.2?-22 In addition,
analysis of regulatory T cell-specific epigenomic region variation
showed that single nucleotide polymorphisms (SNPs) associated
with autoimmune diseases were mainly enriched in the hypometh-


https://doi.org/10.14218/OnA.2025.00029

Oncol Adv

ylated regions unique to naive Treg cells, which highly overlap
with Treg cell-specific SEs.??

In the application of cancer therapy, the dynamic regulatory
characteristics of SEs provide new ideas for intervention strate-
gies. Histone acetyltransferase p300 has been shown to induce the
formation of de novo SEs and drive cellular aging-related gene ex-
pression programs, which provides a potential target for the treat-
ment of aging-related diseases.!” The selective regulation by the
JAK inhibitor tofacitinib of rheumatoid arthritis risk genes (with
SE structure) also suggests that SEs can be used as specific tar-
gets for pharmaceutical intervention.?? The SE-related transcrip-
tion factor network (FOS, GATA2, MAFK, TEAD4, and TFAP2C)
found in placental trophoblast stem cells not only regulates the key
gene program of placental development but also provides a refer-
ence for understanding the co-regulation mechanism of abnormal
SEs in tumors.?? Studies have shown that SEs participate in the
initiation, progression, and treatment resistance of a variety of can-
cers by regulating the expression of key genes and the organiza-
tion of 3D chromatin structure.?*25 These elements often form a
positive feedback loop with cellular identity determinants, such
as core transcription factors, driving the establishment of tumor-
specific transcriptional programs.2® For example, in alveolar rhab-
domyosarcoma, PAX3-FOXO1 induces the expression of other
core transcription factors by activating SEs, forming an oncogenic
dependence.?% In addition, the abnormal activity of SEs can lead
to genomic instability. For example, activation-induced cytidine
deaminase in B cells triggers mutation and translocation of non-
immunoglobulin genes through an SE-mediated transcriptional
convergence phenomenon, which promotes lymphomagenesis.?’
This regulatory complexity is also reflected in haploinsufficiency
diseases, such as SE structural variation of the BACH?2 gene, which
leads to immune deficiency and autoimmunity by disrupting the
stability of transcription factors.?

Mechanistically, SEs affect oncogenic signaling pathways
through dynamic regulation of chromatin accessibility and long-
range interactions. In esophageal cancer, BCLAF1 promotes chro-
matin opening and malignant transformation by recruiting the P300/
H3K27ac complex to the SE region of POLR2A and activating
transcription and splicing by RNA polymerase I1.2% Similarly, under
inflammatory stimulation, NF-xB preferentially binds to preopened
chromatin regions, which often overlap with SEs and regulate the
expression of genes such as the chemokine CCL2.* 3D genomic
studies have further revealed that SEs form a spatial interaction hub
with their target genes in pancreatic cancer, and their variation can
affect insulin secretion and diabetes risk.3! This architecture is mani-
fested in lymphoma as the translocation of the MYC gene to the im-
munoglobulin or BCL6 locus, resulting in ectopic high expression of
MYC protein through the acquisition of SEs.3?

SEs also participate in tumor initiation by reprogramming cell
fate. In zebrafish models, melanoma-initiating cells reactivate the
neural crest progenitor state, accompanied by SE network activa-
tion driven by transcription factors such as SOX10.33 In terms of
epigenetic regulation, the SMARCA4-BRD4 complex relocalizes
to the SE region during respiratory virus infection and regulates
long non-coding RNAs (IncRNAs) to coordinate innate immunity
and epithelial-mesenchymal transition.?* This plastic regulation is
closely related to the function of Treg cells, in which miR-142-5p
inhibits PDE3B through SE-dependent expression and maintains
cAMP levels to ensure immunosuppressive function.?> Technical
advances such as the OCEAN-C approach reveal that SEs orches-
trate large-scale gene networks by forming open chromatin inter-
action hubs that colocalize with topologically associated domains

Wu D. et al: Super-enhancers in tumor and targeted therapy

and H3K4me3 broad domains.?® Multi-omics analysis has iden-
tified subcluster-specific SE regulatory networks in medulloblas-
toma, which not only suggest differences in cell origin but also
provide new ideas for targeted therapy.3” A large number of studies
have shown that SEs directly affect tumor proliferation, differen-
tiation, and treatment resistance by driving abnormal expression
of oncogenes, remodeling the epigenetic landscape, and regulat-
ing key signaling pathways.?®40 These regulatory mechanisms
not only involve the synergistic action of transcription factors but
also often form complex interactions with 3D genome structure,
chromatin accessibility, and non-coding RNA networks, thereby
establishing unique transcriptional dependencies and molecular
vulnerabilities in a variety of cancers.

SE-driven transcriptional regulatory modules show remarkable
pathological specificity in lymphoid malignancies. For example,
in anaplastic large cell lymphoma, BATF3, a member of the AP-1
family, and the IL-2 receptor form a functional module through
SEs to promote the continuous activation of STAT and ERK sign-
aling pathways, thereby accelerating tumor growth.3® Notably, the
activity of this module was significantly correlated with clinical
aggressiveness, and antibody-drug conjugates targeting IL-2Ra
showed significant efficacy in preclinical models, revealing the
therapeutic potential of SE-related targets. Similarly, in cytokine
release syndrome induced by CAR-T cell therapy, the CDK7 in-
hibitor THZ1 effectively alleviated excessive inflammation with-
out compromising anti-tumor activity by selectively inhibiting SE-
associated inflammatory genes such as STATI and ILI.*' These
findings underscore the dual role of the SE regulatory network in
immune-related tumors—both as a key driver of malignant pheno-
types and as a target for intervention.

The oncogenic mechanism of SEs in solid tumors is more com-
plex and often involves dynamic reorganization of 3D genomic
structures. In castration-resistant prostate cancer, BCL6, NFIB,
and SMAD3 form a transcriptional regulatory loop through SEs
to mediate abiraterone resistance by activating cholesterol syn-
thesis and cell cycle pathways.?® In contrast, human papillomavi-
rus (HPV) integration events generate hybrid extrachromosomal
DNA (ecDNA) that fuses the viral sequence with the host SE,
thereby globally activating cancer-promoting pathways in a cross-
chromatin manner.*’ This SE-ecDNA synergy not only explains
the genomic instability of HPV-related cervical cancer but also
provides a theoretical basis for the development of diagnosis and
treatment strategies based on SE epigenetic modification. In addi-
tion, in thabdomyosarcoma, the RAS-MEK-ERK pathway blocks
myogenic differentiation by inhibiting RNA polymerase II proces-
sivity in the MYOG promoter region, which is closely related to
SE-mediated epigenetic silencing.*?

SEs as therapeutic targets: Mechanisms and strategies

Targeting core components of SEs: BET inhibitors and epige-
netic drugs

SEs, as regulatory elements that are highly enriched in transcription
factors and cofactors in the genome, play a central role in tumori-
genesis and development. Studies have shown that SEs promote the
initiation, maintenance, and progression of tumors by driving the
abnormal expression of oncogenes, stem-cell genes, and metastasis-
related genes.*** Their regulatory mechanism involves 3D chroma-
tin structure remodeling, epigenetic modification, and transcription
factor network synergy, especially in the assembly of SEs mediated
by cofactors such as BRD4 and MED1.%546 In addition, the dynamic
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Table 1. Key mechanisms of super-enhancers (SEs) in cancer

Oncol Adv

Mechanism category

Key process/feature

Representative examples (cancer type)

Epigenetic modifications

3D genome remodeling
Phase separation (LLPS)
Transcription factor network

positive feedback

Immune &
microenvironment regulation

Enrichment of histone marks (e.g., H3K27ac,
H3K27cr); DNA methylation changes

Enhancer-promoter looping, TAD boundary
reorganization, long-range chromatin interactions

Formation of transcriptional condensates by BRD4/
MED1, efficient recruitment of transcriptional machinery

Reciprocal activation between TFs and
SEs, maintaining tumor cell identity

SE reprogramming of T cell function, regulation
of cytokine/chemokine expression

Liver cancer, leukemia, triple-
negative breast cancer (TNBC)

Lymphoma (MYC translocation), colorectal
cancer (CCAT1-L loop), pancreatic cancer

Osteosarcoma, acute leukemia,
prostate cancer

Gallbladder cancer (SOX9/TCF7L2),
rhabdomyosarcoma (PAX3-FOX01)

Renal cell carcinoma (CXCL chemokines),
breast cancer (CD47), T cell exhaustion

Metabolic reprogramming

Non-coding RNA involvement

SE-driven expression of metabolic enzyme genes,
supporting tumor growth & therapy resistance

eRNAs, IncRNAs, circRNAs regulating
transcriptional stability and networks via SEs

TNBC (NAMPT), colorectal
cancer (PDZK1IP1)

Liver cancer (LINC01089), neuroblastoma
(C19MC-LIN28A-MYCN)

3D, three-dimensional; BRD4, bromodomain-containing protein 4; CD47, cluster of differentiation 47; circRNAs, circular RNAs; CXCL, C-X-C motif chemokine ligand; eRNAs, en-
hancer RNAs; FOXO1, forkhead box protein O1; H3K27ac, acetylation of lysine 27 on histone H3 protein; H3K27cr, crotonylation of lysine 27 on histone H3 protein; IncRNAs, long
non-coding RNAs; MED1, Mediator complex subunit 1; NAMPT, nicotinamide phosphoribosyltransferase; PAX3, paired box gene 3; PDZK1IP1, PDZK1 interacting protein 1; SEs,
super-enhancers; SOX9, SRY-box transcription factor 9; TAD, topologically associating domain; TCF7L2, transcription factor 7 like 2; TFs, transcription factors.

changes of SEs are closely related to tumor heterogeneity, drug re-
sistance, and immune microenvironment regulation (Table 1), which
has become a potential target for cancer treatment.’#8

At the molecular level, SEs recruit specific transcription factors
and epigenetic modifying enzymes to form local chromatin open
regions, thereby activating downstream target genes. For exam-
ple, in head and neck squamous cell carcinoma, BRD4 drives the
expression of stemness genes such as 7P63 and MET by binding
to the SE region, in cooperation with NF-kB p65 and the Media-
tor complex, and maintains the self-renewal ability of cancer stem
cells.*® Similarly, in melanoma, the SE of the AMIGO?2 gene is
dependent on BRD2/4 regulation, and its inhibition induces cell
cycle arrest and apoptosis.*® In addition, SEs are also involved in
the carcinogenesis of the WNT/B-catenin signaling pathway, such
as CTCF binding sites in colon cancer, by regulating the nuclear
pore localization of the MYC gene and promoting its messenger
RNA (mRNA) nuclear export.*> These findings reveal the central
role of SEs in tumor-specific transcriptional programs.

Epigenetic regulation is a key mediator of SE function. Lysine-
specific demethylase (LSD1) maintains the malignant phenotype
of erythroleukemia by inhibiting the activity of the GFI1 SE, while
treatment with LSD1 inhibitors induces myeloid differentiation
and activates the CEBPA network.*” In atypical teratoid rhabdoid
tumor, SMARCBI deficiency causes the SWI/SNF complex to
be unable to maintain the binding of transcription factors such as
AP-1 and TEADI at enhancers, thereby disrupting the cell differ-
entiation program.*® In addition, oxidized low-density lipoprotein
promotes liquid-liquid phase separation of inflammatory genes by
activating BRD4-dependent SE formation, while curcumin revers-
es this process by restoring TFEB nuclear translocation.** These
mechanisms may provide a theoretical basis for the development
of epigenetic drugs targeting SE.

Therapeutic strategies targeting SEs: From single-target to
combined intervention

From the perspective of molecular mechanism, the function of SEs
depends on the precise cooperation of transcription factors and epi-
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genetic modifications. After recognizing viral dsRNA through oli-
gomerization, the nuclear matrix protein SAFA directly activates
enhancers and SEs of antiviral genes, coupling innate immune
recognition with chromatin remodeling.*® Similarly, NFIB/NFIX
transcription factors prevent lineage misorientation by maintain-
ing the SE epilandscape of hair follicle stem cells, whose deletion
leads to loss of stem cell identity and irreversible tissue degenera-
tion.>” These findings reveal the core characteristics of SEs as an
“epigenetic hub”, whose function depends not only on the regula-
tory elements of the DNA sequence itself but also on the spatial
support provided by the higher-order chromatin environment. For
example, regulatory association modules defined by histone modi-
fications can more accurately predict the distribution of SE clusters
and ecDNA than topologically associated domains (TADs), and
regulatory association module boundary variants are strongly as-
sociated with cell-lethal phenotypes.!

The development of therapeutic strategies for SEs shows a trend
toward multi-target joint intervention. In acute myeloid leuke-
mia, compounds targeting both CKla and the transcription kinase
CDK?7/9 synergistically stabilize p53, eliminate SE-driven onco-
gene dependence, and selectively eliminate leukemic precursor
cells.” However, the Hippo pathway inhibitor VT02956 can inhibit
the growth of estrogen receptor-positive breast cancer by regulating
the apparent silencing of the ESR/ gene SE by the VGLL3-TEAD-
NCOR2 complex.53 These cases collectively suggest that the patho-
logical effects of SEs often result from the synergistic dysregulation
of multi-component regulatory circuits, and therefore, combinatorial
interventions targeting key nodes (such as transcriptional coactiva-
tors, chromatin-modifying enzymes, or non-coding RNAs) may be
more clinically promising than single-target strategies.

Frontiers and methodological advances in SEs research

Chromatin conformation capture and interaction analysis
technologies

From the perspective of technology and methodology, emerging
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chromatin conformation capture technology provides a powerful
tool for analyzing the regulatory network of SEs. CAPTURE tech-
nology achieves high-resolution capture of site-specific chromatin
interaction protein complexes through biotinylated dCas9, reveal-
ing the hierarchical organization of the enhancer network of the
B-GLOBIN gene cluster.5* The improvement of the 4C-seq method
confirmed the simultaneous three-way interaction of three enhanc-
er elements (MiEx, 3'ex, and Edk) in the /gK hyperenhancer re-
gion for the first time, and this multi-directional interaction mode
has a synergistic effect on enhancer function.!® In addition, the
newly developed DNA:RNA triple helix genome-wide identifica-
tion technology found that non-coding RNA produced by SEs can
form a triple helix structure with purine-enriched DNA through
Hoogsteen base pairing, which may be involved in the targeting of
transcription regulation.

Technological innovations provide a multi-dimensional per-
spective for SE research. GRID-seq technology reveals the 3D
interaction network between SEs and promoters, indicating that
mRNA-chromatin interactions may reflect the spatial proxim-
ity of promoter-enhancers.5 Single-molecule imaging techniques
further revealed that SEs may regulate transcriptional bursts by
physically anchoring RNA polymerase “factories”.5’ In addition,
enhancer RNAs (eRNAs; such as seRNA-1) regulate transcrip-
tional elongation of neighboring genes (such as myoglobin Mb)
by binding to hnRNPL,*® while SINE-Mir-derived enhancers func-
tion through ESRRB-mediated topological reconfiguration during
pluripotency state transitions.® These techniques provide tools to
dissect the spatio-temporal dynamics of SEs.

Application of single-cell and multi-omics technologies in SEs
research

The development of single-cell whole transcriptome sequencing
technology (such as Holo-Seq) provides a new tool to analyze the
dynamic role of SEs in tumor heterogeneity. For example, simulta-
neous capture of mRNA and small RNA can reveal the association
between SE activity and tumor dynamics in liver cancer cells.®

The abnormal activity of SEs is also related to the tumor mi-
croenvironment and immune escape. For example, the SE profile
of effector Treg cells under inflammatory conditions highly over-
laps with tumor-infiltrating Treg cells, suggesting that SEs may
affect tumor immune responses by regulating immunosuppressive
genes.%! In B-cell acute lymphoblastic leukemia, STATS drives the
expression of SE-enriched pro-leukemic genes by antagonizing the
transcriptional network of NF-kB and IKAROS.®? In addition, the
CDK12/13 inhibitor THZ531 induces tumor cell apoptosis by se-
lectively inhibiting SE-associated DNA damage response genes.®
These findings expand the application prospects of SEs in tumor
immunity and targeted therapy.

Specificity and heterogeneity of SEs across different cancer
contexts

SEs are regions of the genome that are highly enriched in tran-
scriptional regulatory elements and play a central role in tumori-
genesis and development. Recent studies have found that SEs are
involved in the initiation, maintenance, and treatment resistance
of a variety of cancers by driving abnormal transcription of key
oncogenes.*%5 These regulatory elements often form a complex
interaction network with tissue-specific transcription factors (such
as SOX9 and PAX?7), epigenetic modifications (such as H3K27ac
and 5ShmC), and 3D genomic structures (such as TAD clusters and
chromatin loops), thereby establishing the unique transcriptional
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addiction of tumor cells.®®67 It is worth noting that abnormal acti-
vation of SEs is not only closely related to the maintenance of tu-
mor stemness, but also may mediate drug resistance by reshaping
the epigenetic landscape, which provides a theoretical basis for the
development of therapeutic strategies targeting SEs.08:6?

At the molecular level, SEs form a positive feedback loop by re-
cruiting specific transcription factors, thereby maintaining the ma-
lignant phenotype of tumor cells. For example, in gallbladder can-
cer, SOX9 and TCF7L2 form an autoregulatory loop by occupying
each other’s SE regions, driving the overexpression of ErbB- and
Wnt pathway-related genes.®> Similarly, the PAX3-FOXO1 fu-
sion protein in rhabdomyosarcoma restructures the myogenic SE
landscape, making tumor cells dependent on BET bromodomain
inhibitors.”® This transcriptional addiction is also observed in tu-
mors regulated by the YAP/TAZ-BRD4 axis, in which YAP/TAZ
promotes the genome-wide chromatin binding of BRD4 by tag-
ging SE-specific enhancers, thereby activating the growth-regu-
latory gene network.%® These findings reveal the pivotal role of
the SE—transcription factor—coactivator ternary complex in tumor
transcriptional regulation.

The dynamic reprogramming of SEs is also closely related to
aberrant changes in epigenetic modifications. In adrenocortico-
trophic carcinoma, B-catenin maintains tumor differentiation by
hijacking the adrenal-specific SE landscape and forming a chro-
matin complex with SF1, while EZH2 inhibitors can disrupt this
balance and induce dedifferentiation.%® Similarly, CDK4/6 inhibi-
tors induce extensive remodeling of enhancers, including SEs,
in breast cancer cells by activating the AP-1 transcription factor,
thereby affecting cell differentiation and apoptotic escape.”! At the
epigenetic level, ShmC was found to be enriched in SE boundary
regions, which may protect the activity of these functional genom-
ic regions by maintaining hypomethylation.”? These findings high-
light the bidirectional interplay between epigenetic regulation and
SE function.

From the perspective of treatment, SE-related mechanisms
provide new ideas for tumor-targeted therapy. BAY 1251152, an
inhibitor targeting CDK9, can exert anti-tumor effects by inter-
fering with SE-mediated short-lived pro-survival protein tran-
scription, while the drug resistance mutation L156F disrupts drug
binding through steric hindrance.® In chronic myeloid leukemia,
SE-dependent XBPI transcription has been shown to be a specific
vulnerable point of leukemia stem cells, and the CDK7 inhibitor
THZI1 can eliminate drug-resistant stem cells by disrupting SE-
related gene transcription.%® In addition, activation-induced cyti-
dine deaminase preferentially targets SEs and regulatory clusters
in B-cell tumors, leading to proto-oncogene damage and chromo-
somal translocation,” a finding that provides a new perspective for
understanding genomic instability in tumors. These studies collec-
tively suggest that specific interventions targeting the SE regula-
tory network may become an effective strategy to overcome tumor
heterogeneity and drug resistance.

Deepening mechanisms of SEs in 3D genome structure and
phase separation

By integrating data from multiple cancer types, it has been found
that SEs are the key molecular basis for tumor heterogeneity and
treatment resistance by reshaping the spatial structure of chroma-
tin, regulating the core transcription factor network, and driving
the expression of oncogenes.’* 7% These functional features are
particularly prominent in malignant tumors such as HPV-associat-
ed cervical cancer, multiple myeloma, and neuroblastoma, where
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aberrant SE activation is directly related to the uncontrolled tran-
scription of oncogenes (such as MYC and TERT).””78 It is worth
noting that dysregulation of SEs not only involves genetic variants
but also dynamically regulates oncogenic transcriptional programs
through physical mechanisms such as epigenetic reprogramming
(e.g., histone modification changes) and phase separation.”37

At the molecular mechanistic level, SEs drive tumor-specific
transcriptional programs through 3D genome remodeling. For
example, HPV16 E6 degrades the histone demethylase KDMS5C,
leading to an increased H3K4me3 level in the SE region, which
in turn activates proto-oncogene expression.” Similarly, IncRNA
CCAT1-L in colorectal cancer physically connects the MYC pro-
moter to the distal SE by forming a chromatin loop, while MYC
gene rearrangement in multiple myeloma places this site in align-
ment with the IG locus SE, both resulting in uncontrolled MYC
transcription.”>7¢ This abnormal spatial regulation is more signifi-
cant in metastatic tumors. For example, in colorectal cancer liver
metastasis, SE-driven tissue-specific transcriptional reprogram-
ming enables cancer cells to acquire liver-specific gene expres-
sion profiles, which relies on the recognition of acquired SEs by
transcription factors such as FOXA2/HNF1A .80

The discovery of phase separation provides a new perspective
on the functional mechanism of SEs. In osteosarcoma, core regu-
latory circuitry transcription factors such as HOXBS8 and FOSLI
form dynamic condensates through liquid-liquid separation, which
are enriched in SE regions to maintain chromatin openness and
RNA polymerase II release. Disruption of this phase separation
can significantly inhibit tumor metastasis and chemotherapy re-
sistance.”® Similarly, Mediator complexes form transcriptional
condensates with signaling molecules such as B-catenin in the
SE region to couple cellular identity genes with external signal
responses.’? This phase separation-dependent intrinsic disorder
region provides new ideas for targeting undruggable transcription
factors. For example, the CDK7 covalent inhibitor THZ1 selec-
tively kills T-cell acute lymphoblastic leukemia (T-ALL) cells by
destroying the transcription condensates of RUNX1-SE.8!

Genetic variation of SEs has a selective advantage in tumor
evolution. TERT rearrangement in neuroblastoma drives telom-
erase activation by repositioning SEs near the TERT promoter.”’
TD-c2 complex rearrangements in esophageal squamous cell car-
cinoma (ESCC) are enriched in the SE region of the PTHLH gene
and amplify oncogenic signals by forming ecDNA.8? It is worth
noting that the risk SNPs identified by GWAS are often located in
the SE cluster, and these variants jointly regulate the expression of
target genes through 3D genomic interactions, explaining the ge-
netic contribution to some complex diseases.®? In glioma, IncRNA
HOXDeRNA can activate the SE of oncogenes such as EGFR by
binding to PRC2-suppressed CpG islands and releasing stem cell
factors such as SOX2/OLIG2,%* revealing a new mechanism of
RNA-mediated epigenetic regulation.

Targeted intervention strategies for SEs show a diversified
trend. In addition to directly inhibiting transcription machinery
components such as CDK7,3! small molecules targeting SE phase
separation, such as GSK-J4, achieve metastasis inhibition by dis-
rupting core regulatory circuitry aggregates.’® In B cells, the core
elements of IgH 3'rr SEs provide a spatial basis for antibody class-
switching recombination by preorganizing chromatin loop confor-
mation,? a finding that provides new targets for immunotherapy.
Together, these studies show that SEs are key nodes of tumor
transcriptional dependence, and the elucidation of their molecular
mechanisms lays a theoretical foundation for the development of
selective anticancer drugs.

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026

Oncol Adv

SEs-driven tumor metabolic reprogramming and novel tar-
geted therapeutic strategies

SEs are regions of the genome that are highly enriched in tran-
scriptional regulatory elements. They drive the abnormal expres-
sion of key oncogenes through epigenetic reprogramming during
tumorigenesis and development, which has become a core focus
of cancer research. A large number of studies have shown that SEs
regulate the maintenance of tumor stemness, metastatic potential,
and treatment resistance in a variety of malignant tumors (such as
triple-negative breast cancer, head and neck squamous cell carci-
noma, prostate cancer, and leukemia) by reshaping the 3D struc-
ture of chromatin, forming transcriptional condensates, or activat-
ing metabolic reprogramming.®-3° These processes often involve
transcription factor nucleation, phase separation properties, and
synergistic interactions with noncoding genetic variants, which
together constitute the molecular basis of tumor-specific transcrip-
tional networks.

At the transcriptional regulatory level, SEs efficiently activate
oncogenic signaling pathways by forming spatially isolated tran-
scriptional aggregates. For example, TWEAK/Fnl14 signaling in-
duces SE remodeling in triple-negative breast cancer (TNBC) and
drives NAMPT gene expression through chromatin looping, which
in turn promotes NAD+ metabolic reprogramming and filopodia
formation, ultimately enhancing metastatic ability.3¢ Similarly, the
SE of the LIF gene in head and neck squamous cell carcinoma
maintains tumor stemness by recruiting the SOX2/SMAD3/BRD4/
EP300 complex to establish a L/F-SE-LIF/LIFR-STAT3-SOX2
positive feedback loop.?” This regulatory mode is highly cell type—
specific, such as ONECUT?2 in prostate cancer, which reprograms
SEs to activate both adenocarcinoma- and neuroendocrine differ-
entiation-related genes, driving treatment resistance.® It is worth
noting that the genomic clustering propensity of transcription fac-
tors is closely related to phase separation ability, and transcription
factors with high clustering propensity (such as MEF2) are more
likely to form transcriptional condensates in SE regions and affect
cancer prognosis by changing chromatin accessibility.”’

Mechanistically, the function of SEs depends on the dynamic
interaction between epigenetic modifications and 3D genome
structure. In chronic lymphocytic leukemia, 5-bp indel variants
near the AXIN2 gene create MEF2 binding sites and activate SE—
like regulatory elements spanning more than 150 kb, leading to
local chromatin compression and sustained high expression of
AXIN2.% Similarly, hypomethylation of the C/EBPB enhancer in
liver cancer promotes its genome-wide co-localization with BRD4
at the SE region marked by H3K27ac through an eRNA-mediated
self-reinforcing loop, thereby activating driver oncogenes.’! This
epigenetic regulation is bidirectional: DNA methylation in the en-
hancer region not only locally inhibits chromatin opening at tran-
scription factor binding sites but also globally maintains the active
H3K27ac mark to ensure the structural integrity of the enhancer.”?

From the perspective of translational medicine, SE-driven on-
cogenic networks provide new targets for cancer therapy. In acute
myeloid leukemia, CRISPR editing of the RUNXI SE eR1 or BET
protein inhibition can selectively kill RUNXI mutant leukemia
cells.?? Similarly, targeting TRIBI-mediated SE remodeling, such
as the Erg locus, can effectively inhibit HOXA9-related leukemia
progression.”* In rhabdomyosarcoma, restoring CASZI expres-
sion can induce tumor cell differentiation by reshaping the SE
epilandscape.®> These findings highlight the potential of precise
intervention strategies based on SE properties in cancer treatment,
especially targeting cancer stem cell subsets that are resistant to
traditional therapies.
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Heterogeneity of SEs in hematological malignancies and solid
tumors and targeted exploration

SEs, as enhancer clusters with high enrichment of transcription
factors and coactivators in the genome, play a central regulatory
role in the occurrence and development of tumors. Studies have
shown that SEs participate in the pathological processes of a va-
riety of malignant tumors by driving the abnormal expression of
oncogenes and cell identity-related genes.’® From the perspec-
tive of molecular mechanisms, the function of SEs depends on the
dynamic reorganization of 3D genome structure, the formation of
transcriptional aggregates mediated by phase separation, and the
synergistic regulation of epigenetic modifications, which make
SEs a new target for cancer treatment.®”-%8

In hematological malignancies, SEs promote tumorigenesis by
abnormally activating the transcriptional program of oncogenes
such as MYC. For example, the abnormal expression of the CCND2
gene in multiple myeloma is closely related to the acquisition of
a specific SE, which forms an abnormal gene regulatory network
by recruiting transcription factors.?® Similarly, during EB virus—in-
duced immortalization of B cells, viral proteins promote enhanced
local interactions between dependent factors and SE target genes
by remodeling the 3D structure of the host genome.”® These find-
ings reveal a common mechanism by which SEs drive oncogenic
transcriptional programs through spatial genome remodeling. No-
tably, the chromatin remodeling complex SWI/SNF has a selective
role in maintaining the enhancer landscape, and its deletion causes
lineage-specific enhancer dysfunction but has a relatively limited
effect on most SEs.!? This difference suggests that SEs may have
unique regulatory resilience, which is consistent with their persis-
tent activation properties in tumors.

The phase separation mechanism is an important basis for SEs
to realize their function. Studies have found that transcription
factor YY1 forms nuclear condensates through histidine cluster—
mediated phase separation, which enriches coactivators such as
EP300 and BRD4 and active chromatin marks, and then activates
the expression of oncogenes such as FOXM1.%7 This process is
universal in SE-dependent transcriptional bursts. For example, al-
though BET protein inhibitors can disrupt BRD4-Mediator phase
condensates and inhibit transcription, they cannot release the phys-
ical contact between enhancer and promoter.'! This suggests that
SEs maintain oncogenic transcription through a multi-level regula-
tory mechanism: phase separation is responsible for rapid response
to signaling pathways, while chromatin looping architecture pro-
vides stable spatial support. This “dynamic and static* dual-mode
regulation may explain why SE-targeting drugs (such as synthetic
ecteinascidins) can broadly inhibit heterogeneous tumor cells,
achieving “pan-repression” of SE driver genes by interfering with
the formation of transcriptional aggregates in CpG-rich regions.!??

The intersection of developmental and tumor signaling path-
ways on the SE platform is another key feature. In ES cells, SEs
regulate pluripotency genes by integrating multiple signaling
pathways. However, tumor cells hijack this mechanism and make
oncogenes hypersensitive to oncogenic signals.!’® For example,
in neuroblastoma, all-trans retinoic acid reprograms SE dynamic
waves to inactivate SEs of self-renewal-related transcription fac-
tors (such as MYCN and SOX11) while activating new SEs of neu-
ral differentiation-related transcription factors (such as SOX#).104
The disorder of this temporal regulation may lead to differentiation
arrest, and the restoration of SE homeostasis may become a break-
through in differentiation therapy. Epigenetic drugs such as BET
inhibitors down-regulate FOXMI but not MYC in ovarian cancer
through a noncanonical pathway, showing tissue-specific strate-
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gies to target the SE pathway.!0

The function of SEs also depends on fine RNA regulation. The
Integrator complex is recruited to the SE region and promotes tran-
scription termination by cleaving the 3’ end of eRNA, whose loss
results in eRNA-RNA polymerase II complex stacking and dis-
ruption of enhancer-promoter chromatin looping.'%¢ This reveals a
new dimension of SEs in maintaining 3D genomic activity through
noncoding RNA processing. In addition, CTCF exhibits a dual role
in SE regulation: it can colocalize with SEs to activate cellular
identity genes, and it can also achieve lineage-specific repression
by recruiting H3K27me3.197 This context-dependent function im-
plies that the regulation of SEs is highly context-sensitive, provid-
ing a molecular window for targeted intervention.

From a technical perspective, new methods such as AQuA-
HiChIP, which achieve absolute quantification of chromatin in-
teractions, reveal that histone deacetylation inhibitors disrupt SE
function by creating aberrant contacts.'”® Such techniques will
facilitate precise resolution of SE regulation in three dimensions.
By identifying the feature pair of maximum co-location—mini-
mum correlation, MACMIC analysis found the atypical function
of CTCF in epigenetic regulation,!’” which provides a new tool
for understanding the heterogeneous regulation of SEs. Together,
these advances have promoted a systematic understanding of the
molecular logic of SEs in tumors.

Association of tumor drug resistance and immune evasion with
SEs

By integrating a variety of epigenetic modifications and transcrip-
tion factor networks, SEs can drive the abnormal expression of
oncogenes, thereby affecting proliferation, metastasis, drug re-
sistance, immune escape, and other malignant phenotypes of
tumor cells. Studies have shown that the abnormal activation or
reprogramming of SEs is closely related to molecular heterogene-
ity, treatment resistance, and poor prognosis in a variety of can-
cers. 09111 These findings not only reveal the central regulatory
role of SEs in tumors but also provide a new theoretical basis for
targeted intervention.

At the molecular level, SEs dynamically recruit transcription
factors and epigenetically modifying enzymes to form transcrip-
tional condensates, thereby efficiently activating downstream tar-
get genes. For example, SOX2, as a key transcription factor for
pluripotency maintenance, forms transcriptional condensates with
the coactivator p300 on SEs to promote the heterogeneity of neu-
rogenic lung squamous cell carcinoma through chromatin acety-
lation."? Similarly, in ESCC, BRDT collaborates with ANp63
to bind SEs to activate keratin genes (such as KR714) through
long-range chromatin looping, maintaining the squamous pheno-
type.''3 In addition, cross-lineage reprogramming of SEs is partic-
ularly prominent in tumors. For example, the SE of PDC-specific
RUNX2 in BPDCN is hijacked to the MYC promoter region due
to the chromosomal translocation t(6;8), which activates the ex-
pression of RUNX2 and MYC simultaneously and drives leukemia
progression.'!* These findings highlight the central role of SEs in
tumor lineage plasticity and co-activation of oncogenes.

The abnormal regulation of SEs is also closely related to tumor
microenvironment remodeling and immune escape. In clear cell
renal cell carcinoma, SE-mediated epigenetic activation of inflam-
mation-related genes, such as CX-C chemokines, promotes lung
metastasis through a neutrophil-dependent mechanism."? Over-
expression of CD47 in breast cancer, in turn, relies on the direct
regulation of SEs by the TNF-NF-kB signaling pathway, thereby
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transmitting a “don’t eat me” signal to evade immune surveil-
lance.!!S In addition, the genomic localization characteristics of
SEs also affect their function. For example, strong insulating TAD
boundaries preferentially protect SEs from neighboring regulatory
elements, and co-duplication of such boundaries with SEs occurs
frequently in cancer patients and may work together as functional
units to promote tumorigenesis. '

Drug resistance is another important dimension in which SEs
participate in the malignant progression of tumors. In prostate can-
cer, the SE of PTGRI is activated by transcription factors such as
SRF and RUNX3, leading to metformin resistance by accelerating
cell cycle progression.!” In NPC, the SE of DDX35 upregulates
ADAM10 through long-range enhancer-promoter interaction, pro-
moting vasculogenic mimicry to resist anti-vascular therapy.''” Of
note, mutations or epigenetic variations in SEs can be therapeutic
targets. For example, MSH2-deficient gastric cancer is sensitive
to BET inhibitors due to defects in the cell adhesion pathway,''8
while the SE polymorphism of LMO1 (rs2168101) in neuroblasto-
ma regulates tumor susceptibility by affecting GATA3 binding.'"’
These findings provide a molecular basis for the development of
SE-targeted therapies.

From a technical point of view, single-cell sequencing and 3D
genomics have revealed the dynamic nature of SEs in tumor clonal
evolution. For example, SE translocation to the TERT promoter
region drives subclonal diversity in glioblastoma,'?® while loss of
TAD boundary insulators in T-ALL leads to aberrant interaction of
MYC with distal SEs.” These studies not only deepen the under-
standing of the spatio-temporal specificity of SEs but also provide
a new perspective for elucidating tumor heterogeneity.

Precision therapeutics targeting SEs: Translation from basic
research to clinical application

By aggregating a large number of transcription factors, coactiva-
tors, and epigenectically modifying enzymes, these regions form
transcription hubs and drive the expression of key oncogenes. 21122
Studies have shown that abnormal activation or structural variation
of SEs is closely related to drug resistance, metastasis, and cell
identity maintenance in a variety of cancers, and their regulatory
mechanisms involve chromatin dynamic remodeling, transcription
factor cooperation, and the participation of noncoding RNA 123:124

At the molecular mechanism level, SEs form transcription con-
densates through phase separation, recruit nuclear receptors such
as NR3C1 and Mediator complexes, and promote the transcrip-
tional activation of drug resistance-related genes.!?* For example,
in gastric cancer, SE-driven NR3C1 aggregates the transcription
machinery of 5-FU-resistance genes through liquid-liquid phase
separation, while inhibition of NR3C1 or disruption of SE struc-
ture restores chemotherapy sensitivity.!?3 Similarly, virus-induced
SEs in EBV-transformed B cells target transcription factors such as
IRF2 and BATF/IRF4 to promote lymphoma survival by inhibit-
ing apoptotic signals such as cFLIP-mediated 7NFo resistance and
activating the PI3K/AKT pathway.!?® In addition, the hierarchical
structure of SEs (hub and non-hub enhancers) is critical for func-
tion, in which hub enhancers rely on CTCF/cohesin to maintain
chromatin loop structure, and their loss leads to the collapse of
downstream gene expression.!26

Epigenetic regulation is at the core of SE function. By recruiting
histone-modifying enzymes KMT2D and p300 to the SE region,
DBCI synergistically promotes the deposition of H3K4me1/2/3
and H3K27ac marks, thereby activating genes related to colorec-
tal cancer progression.'?” In contrast, the RACK7/KDMS5C com-
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plex acts as an “enhancer brake” to inhibit SE over-activation by
removing H3K4me3 and preventing abnormal expression of on-
cogenes such as S100A4.1?8 In senescent cells, the degradation of
HDACH4 leads to AP-1/p300 enrichment at specific SEs, reshaping
the aging-related transcriptional program.!’

SEs also affect tumor progression by regulating noncoding
RNAs. For example, 7P63-activated SE drives the overexpression
of IncRNA LINC01503 in squamous cell carcinoma, which continu-
ously activates MAPK and AKT pathways by blocking DUSP6-me-
diated ERK2 dephosphorylation and EBP1-PI3K interaction.!?* In
T-ALL, SE-activated /RF2BP2 cooperates with master transcription
factors such as ERG/ELF1 to regulate the RAG enhancer and main-
tain the activity of MYC and E2F pathways.!3

Advances in technical methods have provided new tools for the
study of SEs. The CRISPR/dCas9 epi-editing system (enCRIS-
PRa/enCRISPRi) can precisely regulate the chromatin state of
SEs. For example, SE targeting 74L1 can inhibit the progression
of T-ALL."3! In addition, integration of Hi-C and ChIP-seq data
reveals functional heterogeneity of dynamic changes within SEs,
such as structural rearrangements (length or composition changes)
that can differentially regulate the number and expression inten-
sity of downstream genes.'?? These findings suggest new strategies
to target SEs in cancer therapy, such as using JQ1 to disrupt SEs
or developing specific inhibitors (such as Cort108297 targeting
NR3C1) to reverse drug resistance.!?*127 By integrating a variety
of epigenetic modifications and transcription factor networks, SEs
can drive the abnormally high expression of oncogenes, thereby
maintaining the malignant phenotype of tumor cells.!3*133 Studies
have shown that aberrant activation of SEs can participate in tu-
morigenesis through a variety of mechanisms, including enhancer
hijacking, 3D chromatin structure rearrangement, and regulatory
element reorientation caused by noncoding mutations.!3*135 In
addition, SE components (such as BRD4, CDK7, MEDI.) have
become potential therapeutic targets for a variety of cancers, and
their inhibitors have shown selective killing effects on tumor cells
in models of liver cancer and breast cancer.!3%13¢

At the molecular level, SEs orchestrate the transcriptional out-
put of oncogenic signaling pathways by reorganizing the spatial
structure of chromatin. For example, in acute promyelocytic leu-
kemia, the PML/RARa fusion protein activates target genes such
as GFII1 by forming SEs, while recruiting P300 and HDACI to
balance epigenetic modifications. Similarly, TGF-f signaling—
dependent SMAD4 and transcription factor SALLI form a bidi-
rectional regulatory loop in microglia: SMAD4 binds to the SE
of SALLI to maintain its expression, which in turn ensures cell-
specific transcriptional programs by restricting the genomic bind-
ing sites of SMAD4.'37 This positive feedback mechanism may be
hijacked in tumors; for example, nuclear miR-9 amplifies TGFBI-
induced oncogene expression by promoting G-quadruplex (G4)
formation and SE-promoter looping.!38

The heterogeneity of SEs provides a new perspective for tumor
classification. In lung adenocarcinoma, the H3K27ac modification
profile can distinguish two groups of subtypes with significant dif-
ferences in prognosis, among which the subtype with poor progno-
sis shows inactivation of SE-related core regulatory networks (such
as CLU).'3° Similarly, the two subtypes of liposarcoma rely on the
FUS-DDIT3-BET protein complex or the FOSL2-MYC-RUNX1
transcriptional loop, respectively, and both enhance their metastatic
potential through SNA12.140 This subtype-specific SE regulation pat-
tern manifests in colorectal cancer as AP-1/cohesin complex—medi-
ated enhancer hotspot activation, where nearly half of the colorectal
cancer risk sites colocalize with relapse-activated SEs.!#!


https://doi.org/10.14218/OnA.2025.00029

Oncol Adv

Aberrant activation of SEs can also be achieved through noncod-
ing mutations. During the transformation of follicular lymphoma
to high-grade B-cell lymphoma, SE reorientation at the ZCCHC7
locus results in disrupted ribosomal RNA processing, which in
turn remodels the tumor proteome.'** In medulloblastoma, GFI1/
GFI1B is abnormally activated due to chromosomal structural var-
iants hijacked by SEs,'*? while meningiomas abnormally activate
the Hedgehog pathway through chromatin interaction between the
DIRC3 hyperenhancer and IHH gene.'35 These findings reveal the
widespread regulatory plasticity of SEs in tumors.

Targeting SE core components has become a new strategy to
overcome tumor drug resistance. In luminal breast cancer, AKT in-
hibitor resistance is mediated by the FOXO3a acetylation-BRD4—
CDKG6 axis, and inhibition of this pathway restores drug sensitiv-
ity.!3¢ In adult T-cell leukemia/lymphoma, HTLV-I virus regulates
BATF3 SE through HBZ protein, and BET inhibitors disrupt this
transcriptional network.!#3 Together, these studies show that SEs
are not only the hub of tumor transcriptional dependence but also
provide the molecular basis for precision therapy.

Future directions in SEs research

SEs are regions of the genome that are highly enriched in transcrip-
tional regulatory elements and play a central role in tumorigenesis
and development. They maintain the malignant phenotype of tu-
mor cells by driving the abnormal expression of key oncogenes
(such as MYC, IRF4).14%145 Studies have shown that dysregulation
of SEs is widespread in hematologic malignancies (such as multi-
ple myeloma, acute myeloid leukemia) and solid tumors (such as
glioblastoma, TNBC). Their mechanism involves the synergistic
action of transcription factors (such as /KZF1 and BATF), epige-
netic modifications (such as BAF155 methylation), and chromatin
remodeling complexes (such as SWI/SNF).146:147 Notably, aber-
rant activation of SEs not only promotes tumor proliferation by
directly regulating oncogenic signaling pathways (such as MAPK/
ERK) but also enables immune evasion by inhibiting the interferon
pathway.'#%148 This dual function makes SEs an important target
for cancer therapy, and drugs targeting their regulatory network
(e.g., BET inhibitors, CDK?7 inhibitors) have shown the potential
to selectively kill tumor cells in preclinical models.4%150

From the perspective of molecular mechanism, the formation of
SEs depends on the recognition of DNA response elements by spe-
cific transcription factors. For example, estrogen receptor o (ERa)
activates SE assembly by binding to potent response elements,
while blood system—specific transcription factors (such as GFI1b,
RUNX1) precisely regulate expression levels through modular en-
hancer clusters.'#5!5! This modular design not only endows SEs
with regulatory flexibility during normal hematopoietic differ-
entiation but is also hijacked by leukemic stem cells to maintain
aberrant expression of oncogenes.!*5 In addition, the functional
implementation of SEs requires the degradation of eRNA by RNA
exonucleases to maintain the stability of chromatin structure, and
the disorder of this process leads to R-loop accumulation and DNA
damage, which in turn affects the distal regulatory function of
immunoglobulin heavy chain hyperenhancers.'> These findings
reveal the complexity of the dynamic regulation of SEs, which de-
pends on multi-level interactions of transcription factors, noncod-
ing RNAs, and epigenetic modifiers.

In terms of therapeutic strategies, targeting the core components
of SEs or downstream effector molecules has shown significant ef-
ficacy. For example, combined application of immunomodulatory
drugs and EP300 inhibitors in multiple myeloma can synergistical-
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ly degrade IKZF1/IKZF3 and inhibit MYC/IRF'4 to overcome sin-
gle-drug resistance.'** Similarly, SE-driven RNA-binding protein
cascades such as the hnRNPF-PRMT]1 axis in pancreatic cancer
promote tumor growth by enhancing mRNA translation, whereas
targeting PRMT1] selectively inhibits tumors with high MYC ex-
pression.'33 In addition, inhibition of Mediator kinases CDK8/19
provides new therapeutic ideas for acute myeloid leukemia by
paradoxical activation of SE-related genes with tumor suppres-
sor functions (such as CEBPA, IRF8).'>* These cases highlight the
heterogeneity and plasticity of SE regulatory networks, suggesting
that combined targeting of SE formation (such as BET inhibitors),
function maintenance (such as CDK?7 inhibitors), and immune mi-
croenvironment (such as interferon pathway activation) may be a
future direction.

The dependence of tumor cells on SEs is also reflected in their
unique vulnerability to transcriptional addiction. SE-associated
MYC family genes and neuroendocrine factors in small cell lung
cancer are highly sensitive to the CDK7 inhibitor THZ1,'S" while
SE-labeled genes such as OCA-B in diffuse large B-cell lymphoma
become potential targets for BET inhibitors.'*® This selective kill-
ing effect may result from the transcriptional “buffering threshold”
established by SEs in tumor cells—either upregulation (CEBPA
overexpression due to Mediator kinase inhibition) or downregu-
lation (MYC shutdown due to BRD4 inhibition) can disrupt the
precise gene dosage balance required for tumor survival.'>* In ad-
dition, the mechanism by which senescent cells regulate MDM2,
RNASE4, and other genes via SEs to inhibit p53 in multiple path-
ways to maintain survival further expands the extensive role of
SEs in cell fate determination.!>> These findings provide new in-
sights into the central role of SEs in tumor-specific transcriptional
programs. They drive the abnormal expression of oncogenes by
reshaping the epigenetic landscape and transcriptional network.
Studies have shown that abnormal activation of SEs is closely
related to the maintenance of heterogeneity, treatment resistance,
and metastasis in a variety of tumors.'3® Molecularly, SEs main-
tain a positive feedback loop of oncogenic signaling pathways by
forming transcriptional aggregates or recruiting epigenetic readers
(e.g., BRD4, ENL). For example, in ERa-positive breast cancer,
BRD4-regulated SEs trigger the RAS/RAF/MEK/ERK cascade by
activating RET kinase, forming a BRD4/ERa—RET-ERa autoacti-
vation loop.'%’ Similarly, in ovarian cancer, SE-driven KLF5 forms
a transcription complex with EHF/ELF3 and upregulates RADS51
expression to enhance homologous recombination repair capacity,
leading to PARP inhibitor resistance.!8

Dysregulation of SEs not only depends on the transcription
factor network but also involves dynamic changes in chromatin
remodeling and histone modifications. For example, in diffuse in-
trinsic pontine glioma, the H3.3K27M mutation activates the SE
region by reestablishing H3K27me3 modification at the CREBS
locus, thereby maintaining tumor stemness.'® In addition, the
epigenetic reader ENL anchors SEs by recognizing histone acety-
lation marks such as H3K27ac and collaborates with the FACT
complex to promote transcriptional elongation, which works with
BRDA4 to drive the expression of oncogenes such as MYC in colo-
rectal cancer.'%" This synergistic effect suggests that combined tar-
geting of ENL and BRD4 may overcome the limitations of single-
targeted therapy.

Heterogeneity of SEs is also a key determinant of tumor subtype
and treatment sensitivity. In TNBC, the SE-driven VAX2 transcrip-
tional regulatory network defines the mesenchymal development
subtype, which shows significant sensitivity to BET inhibitors.'¢!
However, in pancreatic cancer, activated pancreatic stellate cells
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rely on SEs to maintain the fibrotic microenvironment, and dis-
ruption of SEs using JQI1 can reverse their activated phenotype
and enhance the permeability of chemotherapy drugs and immu-
notherapy.'%? These findings reveal the specific regulation mode of
SEs in different tumor microenvironments.

Intervention strategies targeting SEs have shown potential for
clinical translation. For example, the LSD1 inhibitor NCD38 in-
hibits the malignant program of myeloid leukemia cells by activat-
ing SEs of hematopoietic differentiation-related genes,!%® while
histone deacetylase inhibitor SAHA combined with a PARP in-
hibitor can effectively kill drug-resistant ovarian cancer cells with
high KLF5 expression.!3® In addition, targeting the formation of
SE-related molecular aggregates is also considered a new direc-
tion. For example, nuclear ANLN promotes transcription initiation
by phase separation from RNA polymerase II, and its inhibition
can block the proliferation of ESCC.1%* Together, these studies
highlight the multi-dimensional value of SEs as a therapeutic tar-
get for cancer, but their clinical application still faces challenges
such as drug resistance and tissue specificity.SEs, as a special class
of cis-regulatory elements, play a central regulatory role in tumor
development by enriching transcription factors, cofactors, and his-
tone modifications such as H3K27ac at high density. Studies have
shown that SEs can drive the abnormal expression of oncogenes
(such as MYC and TALI),'%5:1%6 developmental pathways (such as
the NOTCHI-MYC axis), and reshape noncoding RNA networks
(such as circular RNA and IncRNA).167-1¢9 They promote tumor
proliferation, metastasis, and treatment resistance. Their molecu-
lar mechanisms involve chromatin loop remodeling,'®” enhanced
transcriptional elongation,!”® and epigenetic-dependent coactiva-
tor redistribution,!”! highlighting the pivotal role of SEs in tumor
transcriptional dependence.

The regulation of oncogenes by SEs is highly cell-type specific.
For example, in acute myeloid leukemia, a 3q26 translocation re-
sults in hijacking the MYC SE to the EVII locus, which activates
EVII expression through CTCF-mediated chromatin looping.!?
In T-ALL, 5" SE mutations in 74L! drive poor prognosis through
a MYB-dependent mechanism.!%® This specificity is also reflected
in solid tumors, such as AJUBA in HCC and LINC01977 in lung
adenocarcinoma,!%%172 both driven by SEs and closely related to
epithelial-mesenchymal transition and metastasis. It is noteworthy
that abnormal activation of SEs often forms a positive feedback
loop with key transcription factors (such as RUNX3 and ZEB]I) to
further amplify the oncogenic signal.16%173

SE-dependent regulation of noncoding RNAs is an important
dimension of epigenetic remodeling in tumors. The splice diversity
and transcriptional activity of circular RNAs are directly regulated
by SEs marked by H3K27ac, and their dysregulation can form the
pan-cancer tumor suppressor marker CIRSE.'%® While IncRNAs
(suchas HCCL5 and LINC01977) gain cancer-promoting functions
through SE hijacking mechanisms—for example, LINC01977 ac-
tivates ZEBI transcription by recruiting the SMAD3-CBP/P300
complex!®® —these findings reveal the precise regulatory mode by
which SEs integrate noncoding RNA networks through 3D genom-
ic remodeling.

Targeted intervention of SEs provides a new strategy for can-
cer treatment. Mebendazole targeting the MYB-dependent TALI
SE induces MYB degradation in T-ALL.'% In diffuse intrinsic
pontine glioma, CDK7 or bromodomain inhibitors exert efficacy
by disrupting SE-mediated transcriptional addiction.!” In addi-
tion, SE-driven immune escape (such as the TOX2—PRL-3 axis in
natural killer/T cell lymphoma) and microenvironmental adapta-
tion (such as TGF-B/SMAD3 pathway activation) suggest poten-
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tial directions for combination therapy.'®%!73 SEs, as high-density
clusters of transcriptional regulatory elements in the genome, play
a central role in tumorigenesis and development by integrating epi-
genetic modifications and transcription factor networks. Studies
have shown that SEs participate in the evolution of a variety of
malignant tumors by driving abnormal expression of oncogenes,
maintaining the identity of tumor cells, mediating microenviron-
mental interactions, and promoting treatment resistance.!’>-177 The
abnormal activation of these regulatory elements is often closely
related to the dysregulation of epigenetic modifications (such as
the loss of histone demethylase KDM6A4), the involvement of viral
oncogenic proteins (such as EBV), or transcription factor circuit
remodeling, resulting in tumor-specific transcriptional depend-
ence.'”817% 1t is worth noting that SE-driven molecular events are
highly tissue-specific and tumor-heterogeneous, which provides a
potential breakthrough for targeted intervention.!80:181

At the molecular level, SEs directly activate oncogenic signal-
ing pathways by reorganizing the core transcriptional regulatory
network (core regulatory circuitry). For example, in pancreatic
cancer, loss of KDM6A leads to dysfunction of COMPASS-like
complexes, which in turn activates SEs that regulate ANp63, MYC,
and RUNX3 to induce female-specific squamous subtypes.'”S Sim-
ilarly, EBV occupies B-cell SEs through its oncoprotein in coor-
dination with NF-«B, driving MYC and BCL2 expression to main-
tain lymphoid proliferation.!”® In esophageal adenocarcinoma, a
transcription factor interaction loop consisting of ELF3, KLF5,
GATAG6, and EHF coregulates the tumor transcriptome by occupy-
ing SEs.!8? In addition, SEs indirectly regulate tumor progression
through noncoding RNAs (such as IncRNA PRKCQ-AS1), and
their interaction with the RNA-binding protein MSI2 can stabilize
BMX mRNA and promote activation of the ERK/MYC signaling
pathway.'83

Cell interactions in the tumor microenvironment are also regu-
lated by SEs. For example, SE-driven L/F in glioblastoma pro-
motes mesenchymal transition by activating the microglia ITGB2/
STAT3/IL-6 feedback loop.!8! In alveolar soft tissue sarcoma, the
fusion protein ASPSCR1::TFE3 upregulates RAB274 and SYTL2
by reshaping SE distribution and regulates the secretion of angio-
genic factors to construct the tumor vascular network.!3* This SE-
mediated cell-to-cell communication reveals the complexity of the
tumor ecosystem.

Therapeutic strategies against SEs mainly focus on disrupt-
ing their transcription machinery or epigenetic regulation. CDK7
inhibitor THZ1 can selectively inhibit SE-associated oncogenes
(such as PAK4 and RUNXI) and has shown potent antitumor ac-
tivity in ESCC.'"7 In neuroblastoma, the transcription complex
formed by JMJD6 and BRD4/N-Myc activates E2F2 and ¢-MYC
in an SE-dependent manner, while CDK7 inhibitor THZ1 com-
bined with histone deacetylase inhibitors synergistically inhib-
its this pathway.!”® In addition, targeting SE-derived noncoding
RNAs (e.g., blocking PRKCQ-AS1/MSI2 interaction through the
small molecule NSC617570) provides a new intervention direction
for MYCN non-amplified neuroblastoma.'®® These findings high-
light the broad potential of SEs as a therapeutic target for cancer.
SEs, as functional units highly enriched in transcriptional regula-
tory elements in the genome, have become an important focus of
cancer epigenetics research. They can drive oncogene expression
by reorganizing the core transcriptional regulatory network dur-
ing tumor development and progression. Through the integration
of multi-omics data and functional experiments, it has been found
that SEs participate in tumor malignant transformation through
three core mechanisms: forming an enhancer—promoter interaction
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network, regulating the expression of key transcription factors, and
maintaining oncogene-dependent chromatin openness.!85-187 [n
primary effacing lymphoma, HiChIP technology revealed that SEs
form functional coupling with oncogenes such as MYC and IRF4
through 3D genomic structures. CRISPR interference of these SE
regions can significantly inhibit target gene expression and tumor
cell growth.!85 Similarly, the core regulatory loop of TP63/SOX2/
KLF5 in ESCC maintains tumor survival through SE-mediated
ALDH3A1 activation, while BET inhibitors can disrupt this loop
and inhibit xenograft growth.'8¥ These findings collectively sug-
gest that the SE-driven transcriptional regulatory network is highly
cell type-specific, and its function depends on the synergistic ac-
tion of specific transcription factors.

At the molecular level, SEs achieve precise regulation of on-
cogenes through unique epigenetic modification patterns. In neu-
roblastoma, CDK?7 inhibitors selectively target MYCN-dependent
SEs, leading to suppression of global transcriptional amplification
and tumor regression.'® This phenomenon is further extended in
ETMRs (multilayered rosette-like embryonic tumors), where the
CI9MC-LIN28A-MYCN loop forms a positive feedback loop
through SEs, and its stability is maintained by the BET protein
BRD4.'%0 It is noteworthy that regulation of SEs is bidirectional:
in addition to activating oncogenes, RUNX3 inhibits the NFATC1
signaling pathway by constructing RCAN1.4-related SEs in breast
cancer, and its loss leads to enhanced tumor metastasis.!®! This
dual regulatory feature is particularly prominent in peritoneal
metastasis of gastric cancer. According to SE activity, SEs can be
divided into two molecular subtypes: ELF3/KLF5-activated and
TGF-B/Smad3-dependent, with the latter being sensitive to TEAD
pathway inhibition.'®? These results suggest that the biological ef-
fects of SEs are highly dependent on the transcriptional environ-
ment in which they are located.

The study of viral carcinogenesis provides a unique perspective
on the dynamic regulation of SEs. Epstein—Barr virus hijacks the
RUNX3/RUNXI1 SEs of host B cells through EBNA2 and other
transcription factors and uses the effector molecule RBP-J of the
Notch pathway to reestablish enhancer—promoter interactions,
thereby releasing RUNXI-mediated growth inhibition.!®® Similar-
ly, the YY 1/p65/p300 complex promotes epithelial-mesenchymal
transition processes by binding to the QKT gene SE in HCC.'%* The
ability of this pathogen to reprogram the host epigenome is mecha-
nistically similar to the evolution of SEs in tumor cells. From a
technical perspective, the development of FiTAc-seq enables accu-
rate detection of H3K27ac modification and SEs in FFPE samples,
providing a new tool for retrospective study of clinical samples.!®3
CRISPRI screening of 66 functional enhancers identified in mela-
noma revealed a new mechanism by which SE mutations remotely
regulate tumor suppressor genes such as PTEN, ¢ highlighting the
important role of noncoding region variation in tumor progression.

Studies of breast epithelial lineage differentiation have provid-
ed a paradigm for understanding the spatiotemporal specificity of
SEs. Basal cells and luminal precursor cells determine cell fate
through different chromatin interaction patterns, among which SEs
are mainly enriched in the gene body region and participate in the
regulation of Polycomb silencing elements.'87 This cellular iden-
tity determination mechanism is reversed in T-ALL: Ikaros plays
a tumor suppressor role by inducing SEs de novo and remodeling
chromatin openness, and its loss leads to global disorder of the
enhancer landscape.!®’ Studies on the PAX3-FOXO1 fusion pro-
tein further revealed that the maintenance of SE function requires
continuous transcription factor binding to ensure RNA polymer-
ase pausing release and chromatin accessibility.!”® Together, these
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findings provide a molecular blueprint for the dynamic regulation
of SEs, which relies not only on the anchoring of “master regula-
tors” but also on the maintenance of long-range interactions with
structural proteins such as Cohesin. '8

Multi-omics studies in ovarian cancer have revealed novel
mechanisms by which SEs drive tumor heterogeneity. By integrat-
ing Hi-C and single-cell sequencing data, researchers found that
specific SEs activate metastasis-related genes through 3D genome
remodeling, and this activation is cancer cell-specific.!®® This
compartmental regulatory characteristic is manifested in the dif-
ferential response of SE subtypes to TEAD inhibitors in gastric
cancer peritoneal metastasis,'*? which provides a theoretical basis
for therapeutic strategies targeting SEs. Notably, the carcinogenic
effect of SEs is often dose-dependent: in neuroendocrine tumors,
the degree of transcriptional amplification of MYCN is directly
related to SE density,'®® whereas the extent of RCANI.4-SE dis-
ruption in breast cancer determines the activation threshold of the
NFATC1 pathway.!®! This dose—effect relationship suggests that
SE may act as an “amplifier” of epigenetic regulation by integrat-
ing multiple signal inputs to determine the transcriptional output
of tumor cells. SEs are cis-regulatory elements that are highly
enriched in transcriptional coactivators in the genome and play a
central regulatory role in tumor development. Recent studies have
shown that SEs are involved in the regulation of malignant pheno-
types such as stemness maintenance, metabolic reprogramming,
immune escape, and treatment resistance of tumor cells by driv-
ing the abnormal expression of key oncogenes.??%?%! The abnor-
mal activation of SEs involves a variety of molecular mechanisms,
including epigenetic modification and remodeling, 3D genomic
structure changes, and the synergistic effect of transcription fac-
tor networks. These processes have shown significant specificity
and are targetable in a variety of solid tumors and hematological
malignancies.?>2%% Notably, SE-driven transcriptional programs
are often closely related to tumor cell identity determination, and
the core nodes of their regulatory network have become important
targets for the development of novel anticancer drugs.?0+205

At the molecular level, SEs recruit transcription machinery by
forming phase-separated condensates, thereby achieving efficient
activation of target genes. For example, in neuroblastoma, tran-
scription factors such as MYCN, MEIS2, and HAND?2 form an SE
complex at the IRF2BP2 locus, which promotes the expression
of the ALK proto-oncogene by regulating chromatin accessibil-
ity and maintains the high proliferation characteristics of tumor
cells.?% Similarly, LSD1 and BRD4 form a functional network
in the SE region and synergistically activate the MYC signaling
pathway through a liquid—liquid phase separation mechanism in
prostate cancer, while combined inhibition of LSD1 and BRD4
can significantly disrupt the activity of castration-resistant prostate
cancer-specific SEs.2?2 These findings reveal a hierarchical fea-
ture of SE regulation: core transcription factors establish a positive
feedback loop by occupying SE regions, which in turn amplifies
oncogenic signaling output.?? Abnormal epigenetic modifications
also participate in the regulation of SE function. For example, lac-
tic acid accumulation in drug-resistant ovarian cancer cells induces
H4K12 lactylation modification, activates the SE of the RAD234
gene through the MYC transcription factor, enhances DNA dam-
age repair ability, and promotes niraparib resistance.?!?

The abnormal activation of SEs is closely related to the varia-
tion of genome structure. In colorectal cancer, the /GF2 gene es-
tablishes physical contact with lineage-specific SEs through TAD
boundary reorganization, forming a new 3D interaction domain
to drive gene overexpression.?® In T-ALL, a new carcinogenic
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mechanism was identified: the deletion of CTCF-binding elements
in the intron region of the /70 gene liberated the /RX3 promoter
from the “bound state” and instead allowed it to capture the up-
stream SE of the long noncoding RNA CRNDE, leading to ab-
normal activation of oncogenes.?’® These findings expand our un-
derstanding of enhancer-hijacking mechanisms and suggest that,
in addition to classical genome reorganization, spatial remodeling
of cis-regulatory elements is also an important pathway for on-
cogene activation. Multi-omics analysis of pancreatic cancer has
further confirmed that different molecular subtypes have unique
epigenetic landscapes, and basal-like subclass-specific SE-related
pathways determine the aggressive characteristics of tumors, sug-
gesting that the SE regulatory network may be a new basis for
tumor molecular typing.2%®

The SE-driven noncoding RNA network plays an important role
in tumor metastasis. The E2F'] transcription factor in liver cancer
activates the SE of LINC01089, promotes the binding of this IncR-
NA to the hnRNPM protein, affects m6A modification-dependent
mRNA stability by regulating DIAPH3 gene exon-skipping muta-
tions, and ultimately activates the ERK/Elk1/Snail signaling axis
to promote epithelial-mesenchymal transition.?!’ In studies of ra-
cial differences in breast cancer, the SE of the SOS gene is abnor-
mally activated in African American patients through epigenetic
regulation, leading to excessive activation of the c-MET signaling
pathway and promoting the characteristics of cancer stem cells.
This regulatory mode is closely related to the obesity-associated
microenvironment.?!" These findings highlight the pivotal role of
SEs in integrating the intrinsic genetic program of the tumor with
extrinsic microenvironmental signals.

Therapeutic strategies targeting the SE regulatory network have
shown great promise. The 7CF4-dependent SE-controlled tran-
scriptional network in BPDCN is highly sensitive to BET inhibi-
tors, and drug intervention can induce tumor cell apoptosis.?'? In
an alcoholic hepatitis model, BET protein inhibitors significantly
reduce neutrophil infiltration by disrupting the SE function of the
CXCL chemokine gene.?!3 Epigenetic editing technologies such
as the dCas9-KRAB system can specifically silence SE activity,
providing a new tool for precise intervention.?!* Treatment meth-
ods such as small-molecule compounds targeting SE components,
genome editing, and antisense oligonucleotides have unique ad-
vantages in reversing the identity of tumor cells and overcoming
treatment resistance.?!

SEs, as special regions of the genome that are highly enriched in
transcriptional regulatory elements, play a central role in tumori-
genesis and tumor development. By integrating epigenetic modifi-
cations, transcription factor networks, and 3D chromatin structure,
these regulatory elements drive the abnormal expression of key
oncogenes, thereby affecting cell identity maintenance, tumor het-
erogeneity, and treatment resistance.?!® Studies have shown that
aberrant activation of SEs is closely related to a variety of cancer
types, and its regulatory mechanisms involve the specific bind-
ing of transcription factors (ERG maintains lineage homeostasis
by regulating SEs of DLL4, CLDN5, and other genes in vascular
endothelial cells; in prostate cancer, it is oncogenic),?'® epigenetic
reprogramming (CDKO9 inhibitors induce transcriptional restora-
tion of lymphoma-resistance-related genes by changing the SE
landscape),?!” and genomic structural variation (overexpression of
the ERBB2 gene due to the co-occurrence of SEs and structural ab-
normalities in lung cancer).?!® These findings reveal SEs as an im-
portant hub for tumor molecular typing and targeted intervention.

In terms of molecular mechanisms, SEs achieve functional
specificity through unique epigenetic features and recruitment of
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transcription machinery. In colorectal cancer, the SEs of PHF19
and TBCIDI16 form a core regulatory loop through transcription
factors such as KLF3 to directly promote tumorigenesis.?!® Simi-
larly, DNA methyltransferases DNMT3A/3B maintain SE activity
in epidermal stem cells by differential regulation of hydroxymeth-
ylation (TET2-dependent) and methylation patterns in enhancer
regions, and their loss leads to cell identity disorders.??? Notably,
dynamic reprogramming of SEs can confer plasticity to tumor
cells. For example, PRRXI drives the transformation of fibroblasts
into oncogenic myofibroblasts by reshaping the SE landscape.??!
The dominant role of SEs in tumor heterogeneity was further con-
firmed by four SE-driven apparent subtypes in neuroblastoma,
including a mesenchymal subtype associated with recurrence.???

Aberrant activation of SEs often collaborates with structural
variants of the genome to drive tumorigenesis. For example, chro-
mosomal deletion in medulloblastoma leads to the relocalization of
GFI1/GFI1B genes near SEs and contributes to carcinogenesis,?*?
while SEs disrupt protein homeostasis through the activation of
PPPIRI5B in multiple myeloma, contributing to treatment resist-
ance.??* In addition, MICAL?2, as an SE target gene, promotes me-
tastasis by regulating KRAS signaling and actin depolymerization
in pancreatic cancer,??5 while chemotherapy resistance in ovarian
cancer is closely related to SE-mediated distal enhancer network
remodeling.?2¢ These findings highlight the central role of SEs in
the adaptive evolution of tumors.

At the level of transcriptional regulation, SE function depends
on the synergy of its internal components. For example, in the SE
cluster of the FGF5 gene, intronic enhancers amplify transcription-
al output through super-accumulation of RNA polymerase 11.7227 A
further complexity is that tumor-specific SEs can be transcribed to
generate functional noncoding RNAs (such as oncogenic seRNAs)
that amplify oncogenic signals by stabilizing chromatin loops or
recruiting mediator complexes.??® This multi-layered regulatory
network provides new insight into tumor-specific transcriptional
dependence. It also lays a theoretical foundation for the develop-
ment of small-molecule inhibitors targeting SEs (such as overcom-
ing lymphoma drug resistance by inhibiting PI3K/AKT or PIM
pathways) or epigenetic intervention strategies (such as targeting
PPPIRI5B to restore the ER stress response).?!7224 SEs, as large
clusters of enhancers in the genome, are enriched with high levels
of H3K27ac and Mediator proteins and have become core regu-
latory elements in tumor development. Studies have shown that
SEs play a key role in a variety of cancers by driving oncogene
expression, maintaining tumor cell identity, and promoting epige-
netic reprogramming.??%23 Its aberrant activation can be achieved
through somatic mutations (such as acquired mutations in MYB
binding sites in T-ALL), transcription factor hijacking (such as re-
programming of hematopoietic stem cell enhancers by the TCF3-
HLF fusion protein), or dysregulation of epigenetic modifications
(such as SE functional impairment due to loss of KMT2D).231-233
These findings reveal the central role of SEs in tumor heterogene-
ity, treatment resistance, and targeted intervention, and provide a
new perspective for understanding the transcriptional regulation
of cancer.

At the molecular level, SEs form a hub of transcriptional activ-
ity through their unique spatial conformation and phase separa-
tion properties. For example, loss of SMARCBI leads to the loss of
the binding ability of the SWI/SNF complex to common enhanc-
ers but selectively retains the regulatory function of SEs, thereby
maintaining the expression of key oncogenes such as SPRYI and
SOX2 in rhabdoid tumors.??® Similarly, PRRX]-mediated SE re-
programming in neuroblastoma induces a state switch between
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mesenchymal cells and adrenergic cells, and this plasticity is di-
rectly linked to chemotherapy resistance and recurrence.?** In ad-
dition, SEs also amplify oncogene expression through nonclassical
mechanisms such as nuclear pore localization ( WNT/AHCTFI-
mediated nuclear export of MYC alleles) and RNA-binding pro-
teins (stabilization of E2F transcripts by /IGF2BPI).23523¢% These
findings collectively suggest that SEs, through multi-dimensional
molecular collaboration, construct the core framework of tumor-
specific transcriptional networks.

The activity of tumor-specific SEs is highly dependent on the
synergistic action of key transcription factors and epigenetic regu-
lators. For example, in squamous cell carcinoma, 7P63 and SOX2
co-activate the SE of CCATI to form a DNA/RNA/protein com-
plex that drives EGFR signaling.?®” However, BRD4 and Media-
tor are enriched on the SE of MYC in multiple myeloma, which
makes it selectively sensitive to BET inhibitors.?3® This depend-
ence provides a breakthrough for targeted therapy: KMT2D-defi-
cient lung cancer cells are sensitive to glycolytic inhibitors due to
an abnormal glycolytic pathway caused by PER2-SE damage.???
However, BTYNB, a compound that targets the disruption of IG-
F2BP1-RNA interaction, can effectively inhibit £2F-driven tumor
growth.?3¢ These cases highlight the value of SE-related molecular
mechanisms in guiding the design of precision therapy.

SE-driven tumor heterogeneity is not only reflected among cell
subsets (e.g., the biphasic differentiation state of neuroblastoma),
but also in tissue-specific regulatory networks. Molecular typing
analysis of glioblastoma has found that the SE landscape of different
subtypes is highly correlated with the expression patterns of core
transcription factors (such as MES type and AC1 type) and IncR-
NAs.23 Similarly, SEs in adult T-cell leukemia are enriched in T
cell activation pathway genes, while 74L /-SE generated by somatic
mutations in T-ALL relies on MYB/CBP recruitment.?3%3! This tis-
sue specificity suggests that SEs may act as “molecular memory”
elements that retain developmental lineage signatures while being
hijacked by tumors to maintain a malignant phenotype.

From a technical perspective, SE research is promoting the deep
integration of cancer omics data. The Cistrome Cancer platform
achieves SE target gene prediction and transcription factor activity
modeling by integrating TCGA data and chromatin mapping,?*’
while the introduction of phase separation theory provides a new
framework for explaining the transcriptional burst pattern and mul-
tiple gene co-activation of SEs.?*! These advances not only deepen
the understanding of SE biology, but also lay the foundation for the
development of novel diagnostic markers and combination thera-
pies based on SE characteristics.

SEs, as high-density enhancer clusters in the genome, play a
central role in tumorigenesis and development by driving the ab-
normal expression of key oncogenes. Studies have shown that SEs
are highly heterogeneous in a variety of cancers, and the dynamic
formation and functional regulation of SEs involve the complex
interaction of chromatin remodeling, transcription factor net-
works, and epigenetic modification.?*?243 In terms of molecular
mechanisms, SEs form a transcription hub by recruiting cofactors
such as BRD4 and MEDI1 to activate the expression program of
downstream target genes. This dependence makes SEs a poten-
tial target for cancer treatment.?**2#5 Of note, aberrant activation
of SEs can be achieved through a variety of pathways, including
genomic rearrangement, copy number amplification, or epigenetic
reprogramming. For example, in 3q26.2-rearranged leukemia, the
G2DHE region acquires SE properties and drives EVI] oncogene
overexpression,?4® while in adenoid cystic carcinoma, the MYB lo-
cus and SE chromosomal translocation form a positive feedback
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loop to maintain tumor cell identity.247

In solid tumors, the heterogeneity of SEs is tissue-specific and
tumor subtype-specific. The SE profile of TNBC is significantly
different from other subtypes, and it specifically regulates the ex-
pression of FOXC1, MET, and other genes, revealing the molecu-
lar basis of SE-driven tumor subtype differentiation.?*8 The SEs
of gastric cancer can be divided into three types according to so-
matic mutation status: gained, lost, and unchanged. Among them,
acquired SEs colocalize with CDX2/HNF4a transcription factors
and are enriched in cancer risk SNPs.24® FOSLI in head and neck
squamous cell carcinoma constructs an SE network by binding to
the Mediator complex to activate the expression of metastasis-as-
sociated genes such as SNA/2. This mechanism can be targeted by
small-molecule inhibitors in patient-derived xenograft models.?s
These findings suggest that the SE specificity of spatial and tem-
poral control is an important driving force of cancer cell plasticity.

Functionally, SEs contribute to tumor malignant phenotypes by
orchestrating multi-dimensional molecular events. In osteosarco-
ma, MYC activates genes such as CDK6 and TGFB2 by occupying
SE regions to form a transcriptional amplification effect, while SE
inhibitors such as THZ1 and JQ1 can effectively block this path-
way.2*5 In inflammatory responses, NF-kB-mediated SE dynamic
remodeling leads to phenotypic switching of endothelial cells,
which relies on BET bromodomain proteins to transmit chromatin
signals.?5! In addition, SEs are also involved in the regulation of
tumor immune escape: senescent cells activate the SASP program
through BRD4-dependent SE remodeling, and BET inhibitors can
disrupt this immune surveillance mechanism.?? In B-cell lympho-
mas, CREBBP deficiency leads to SE network dysregulation and
affects the expression of genes related to B-cell receptor signal-
ing and antigen presentation,?>* highlighting the pleiotropic role of
SEs in the regulation of the tumor microenvironment.

Studies on the molecular architecture of SEs provide new ideas
for targeted intervention. As a marker of SE activity, the expres-
sion peak of eRNA can precisely locate the functional core region
of SEs, and eRNA participates in chromatin remodeling by re-
cruiting SWI/SNF complexes.?#3?3* In ovarian cancer, the SE of
ALDHIAI relies on BRD4 to maintain its transcription, and JQ1
enhances the efficacy of cisplatin by disrupting the interaction
between this SE and the promoter.** CRISPR screening further
revealed that SE components have a functional hierarchy: early
enhancers are involved in gene regulation before cell differentia-
tion, while late elements are indispensable for terminal differentia-
tion.?55 This scheduled assembly feature specifies SE regulators
and lays the theoretical foundation for stage-specific intervention.
SEs, as cis-regulatory clusters of highly active components in
the genome, integrate identity complexes to drive transcriptional
regulation, metabolic reprogramming, and malignant phenotypes
in tumor cells and have become a core focus of cancer research.
These regulatory elements preferentially activate the expression of
oncogenes, transcription factors, and noncoding RNAs by form-
ing spatial topology or recruiting phase separation condensates,
thus establishing “transcriptional addiction” in a variety of tumors
such as lung cancer, TNBC, and HCC.256-258 Notably, aberrant SE
activation is not only caused by genomic amplifications (such as
NKX2-1 co-amplification in lung adenocarcinoma) or chromatin
interaction dysregulation,?s*?%" but also induced by exogenous
factors such as inflammatory signals in the tumor microenviron-
ment. For example, SE activation of PDZK1IPI in colorectal can-
cer is dependent on local cytokine stimulation.?! This multi-level
regulatory mechanism makes SEs a key hub connecting genetic
variation, epigenetic modification, and tumor heterogeneity.
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Table 2. Representative drugs/intervention strategies targeting super-enhancers (SEs)

Target/Strategy Representative agents/tools Primary mechanism of action Relevant cancer types
BET protein JQ1, I-BET, OTX-015 Competitively bind BRD4, disrupt SE Leukemia, lymphoma,
inhibitors condensates, inhibit oncogene transcription ~ TNBC, prostate cancer

Transcriptional
kinase inhibitors

THZ1 (CDK7),
BAY1251152 (CDK9)

Epigenetic

modulators (e.g., SAHA), EZH2 inhibitors

Phase separation GSK-J4, Asciminib derivatives

disruptors

CRISPR-based
epigenetic editing

dCas9-KRAB, dCas9-p300

Immune Anti-IL-2Ra ADC, CDK7
microenvironment inhibitors (for CRS mitigation)
modulation

Combination
therapies

BETi + Immunomodulators,
CDK7i + PARPi

Inhibit transcriptional initiation/elongation,
selectively block SE-driven genes

LSD1 inhibitors, HDAC inhibitors  Alter histone modification states,
remodel SE activity landscape

Disrupt phase-separated condensates
of TFs or coactivators

Precisely silence or activate specific SEs for
functional study and potential therapy

Target SE-driven immune
checkpoints or cytokine storms

Multi-pathway synergy to overcome drug
resistance and tumor heterogeneity

T-ALL, small cell lung
cancer, neuroblastoma

Erythroleukemia, ovarian
cancer, EBV-associated tumors

Osteosarcoma, chronic
myeloid leukemia

T-ALL, esophageal squamous
cell carcinoma, glioma

Anaplastic large cell ymphoma,
CAR-T-associated CRS

Multiple myeloma, ovarian
cancer, acute myeloid leukemia

ADC, antibody—drug conjugate; BET, bromodomain and extra-terminal domain; BETi, BET protein inhibitor; BRD4, bromodomain-containing protein 4; CAR-T, chimeric antigen
receptor T cell; CDK7, cyclin-dependent kinase 7; CDK7i, CDK7 inhibitor; CRISPR, clustered regularly interspaced short palindromic repeats; dCas9, catalytically dead Cas9; EBV,
Epstein-Barr virus; EZH2, enhancer of zeste homolog 2; HDAC, histone deacetylase; LSD1, lysine-specific demethylase 1; PARPi, poly ADP-ribose polymerase inhibitor; SAHA, su-
beroylanilide hydroxamic acid ; SE, super-enhancer; T-ALL, T cell acute lymphoblastic leukemia; TF, transcription factor; TNBC, triple-negative breast cancer.

From the perspective of molecular mechanisms, SEs construct
the oncogenic network through phase separation and coopera-
tion of core transcription factors. In head and neck squamous cell
carcinomas, the long-chain noncoding RNA CYTOR promotes
the formation of phase-separated condensates of FOSLI, driving
SE-dependent stem cell and metastasis-related gene expression.?6?
Similarly, in juvenile sarcoma, the EWS-FLII1 fusion protein coor-
dinates with SE MEIS] to activate APCDDI downstream targets,
promoting a survival transcription loop.2%3 SEs also extend their
functional boundaries by regulating RNA processing: for exam-
ple, SEs not only enhance miRNA transcription but also facilitate
pri-miRNA processing by recruiting Drosha/DGCRS8 complexes,
thus shaping tissue-specific miRNA networks.264 This multidi-
mensional regulation is particularly prominent in genes such as
TP73, whose SE-driven expression, together with intronic region
deletion, promotes clonal evolution in adult T-cell leukemia.?6

Metabolic reprogramming is an important mechanism by which
SEs affect the malignant phenotype of tumors. SEs directly regu-
late the expression of metabolic enzymes in lung adenocarcinoma
by controlling the dose effect of lineage transcription factors such
as NKX2-1.25% In colorectal cancer, SE-activated PDZK1IP1 helps
tumor cells resist oxidative stress by enhancing the reducing power
of the pentose phosphate pathway.?! In addition, SE-related IncR-
NAs (such as HSAL3 in HCC) can regulate signaling pathways
such as NOTCH, while targeted degradation of their eERNA or SEs
themselves can significantly inhibit tumor growth.257-258 This cou-
pling mechanism of metabolism and transcription suggests that
SEs may act as a “metabolic checkpoint” to coordinate the energy
demand and epigenetic remodeling of tumor cells.260

Therapeutic strategies targeting SEs have shown translational
potential (Table 2). JQ1, a bromodomain inhibitor of BET, pref-
erentially disrupts SE-mediated transcription initiation and elon-
gation and induces cell death by inhibiting PAX5-dependent SE
nodes in chronic lymphocytic leukemia.?®’” Advances have also
been made in specific interventions targeting SE components such
as transcription factor binding sites or phase separation proteins:
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degradation of BRACHYURY in chordoma selectively disrupts
its SE autoregulatory loop with higher specificity than broad-
spectrum transcriptional inhibition.?%® In addition, CRISPR-based
functional analysis of SEs provides new targets for refractory tu-
mors such as TNBC. For example, editing of the SE at the PODXL
locus can inhibit metastasis.?S” However, SE-targeted therapy still
needs to solve problems of cell type specificity and off-target ef-
fects, and its clinical translation depends on the in-depth analysis
of SE dynamic assembly and 3D interactions.260-26%

Research on inhibitors targeting core components of SEs is
rapidly transitioning from preclinical to clinical stages, present-
ing a complex landscape of efficacy intertwined with challenges.
Recent clinical data indicate that the combination of BET inhibi-
tors (e.g., RO6870810) with immunotherapy may be hindered by
significantly increased toxicity without synergistic benefits, high-
lighting the urgency of toxicity management and overcoming re-
sistance mechanisms, such as kinase pathway reactivation.?’’ Con-
currently, CDK?7 inhibitors (e.g., the novel agent TY-2699a) have
entered clinical expansion trials for TNBC, with preclinical studies
revealing a synthetic lethality effect when combined with BET in-
hibitors, offering new avenues for combination strategies. In the
realm of epigenetic targets, the highly selective and reversible
LSD1 inhibitor X-L177 has been approved for clinical trials, with
its ability to cross the blood-brain barrier and mechanisms modu-
lating the tumor immune microenvironment broadening therapeu-
tic prospects. Meanwhile, EZH1/2 inhibitors (such as HH2853,
Valemetostat) have demonstrated high response rates in lympho-
mas and solid tumors with specific genetic backgrounds (such as
SWI/SNF complex deficiencies), underscoring that patient selec-
tion based on precise biomarkers has become a core strategy in
clinical trial design (such as “basket trials”) to enhance efficacy
and manage hematological toxicities. Collectively, these advances
depict a trajectory for SE-targeted therapy moving toward in-depth
integration focused on overcoming resistance, enabling precision
combinations, and rigorously optimizing the therapeutic window
based on molecular subtyping.

15


https://doi.org/10.14218/OnA.2025.00029

Oncol Adv

Limitations and challenges

Although the central role of SEs in tumor regulation is increasingly
understood, their study and application still face multiple limita-
tions and challenges. First, the high heterogeneity and dynamic na-
ture of SEs lead to significant functional variations across different
tumor types, developmental stages, and microenvironments, com-
plicating unified mechanistic interpretations and the screening of
universally applicable targets. Second, current technologies, such
as chromatin conformation capture and single-cell sequencing,
have limitations in resolution, throughput, and live-cell dynamic
observation, making it difficult to fully capture the 3D architec-
ture, phase separation dynamics, and real-time interactions of SEs
with the transcriptional machinery. Furthermore, therapeutic strat-
egies targeting SEs (such as BET inhibitors, CDK?7 inhibitors),
while promising in preclinical models, commonly encounter is-
sues such as off-target effects, development of drug resistance, and
tissue-specific toxicity. The blurred functional boundaries between
SEs and classic enhancers, the redundancy of regulatory networks,
and the plasticity of epigenetic modifications also add complex-
ity to precise interventions. Moving forward, advances in high-
resolution spatiotemporal omics technologies, the development of
more specific small-molecule compounds, and the analysis of SE
regulatory logic within multi-level integrated models will be es-
sential to drive their clinical translation.

Conclusions

SEs drive tumorigenesis through multidimensional mechanisms:
1) phase separation-mediated transcriptional hub formation (e.g.,
YY1-BRD4 condensates); 2) enhancer hijacking leading to ab-
errant oncogene activation (e.g., HPV integration to generate
ecDNA); and 3) metabolic-epigenetic coupling (e.g., lactylation
modification regulating DNA repair). Targeting strategies include
BET inhibitors to disrupt SE architecture (JQ1), CDK7 inhibitors
to block transcription elongation (THZ1), and epigenetic editing
(CRISPR-dCas9). In the future, the spatiotemporal specificity of
SE dynamic regulation should be addressed, and combination ther-
apies based on SE molecular typing should be developed.

Acknowledgments

Not applicable.

Funding

This work was supported by grants from the National Key R&D
Program of China (2022YFC2502700); National Natural Science
Foundation of China (82203442, 82300182, 82373414, 82404067,
82573841); Natural Science Foundation of Jiangsu Province
(BK20220047); Jiangsu Province Science and Technology Sup-
port Program (Social Development) project (BE2022732); Suzhou
Health Talent Training Project (GSWS2021028, GSWS2023048);
the Science and Technology Development Project of Suzhou City
(SKY2022170, SKY2023192, SYW2024024, SYW2024055,
SYW202004); Jiangsu Provincial Health Commission Scientific
Research Project (22022031, ZD2022056, H2023106); and the Na-
tional Outstanding Youth Cultivation Program Project (YYJQO004).

Conflict of interest

One of the authors, Jian Pan, has been an editorial board member

16

Wu D. et al: Super-enhancers in tumor and targeted therapy

of Oncology Advances since July 2023. The authors have no other
conflicts of interest to declare.

Author contributions

Data collection, writing-original draft (DW), investigation (YT),
writing-review and editing (YT, ZZ, JP), bioinformatics support (
77), overall guidance (ZZ, JP), supervision (JP), and funding ac-
quisition (JP). All authors read and approved the final manuscript.

References

[1] Crespo M, Damont A, Blanco M, Lastrucci E, Kennani SE, laly-Radio
C, et al. Multi-omic analysis of gametogenesis reveals a novel sig-
nature at the promoters and distal enhancers of active genes. Nu-
cleic Acids Res 2020;48(8):4115-4138. doi:10.1093/nar/gkaal63,
PMID:32182340.

[2] Li M, Huang H, Li L, He C, Zhu L, Guo H, et al. Core transcription
regulatory circuitry orchestrates corneal epithelial homeostasis. Nat
Commun 2021;12(1):420. doi:10.1038/s41467-020-20713-z, PMID:
33462242.

[3] SabariBR, Dall’Agnese A, Boija A, Klein |A, Coffey EL, Shrinivas K, et al.
Coactivator condensation at super-enhancers links phase separation
and gene control. Science 2018;361(6400):eaar3958. doi:10.1126/
science.aar3958, PMID:29930091.

[4] Zhang C, Chen L, Liu Y, Huang J, Liu A, Xu Y, et al. Downregulated
METTL14 accumulates BPTF that reinforces super-enhancers and dis-
tal lung metastasis via glycolytic reprogramming in renal cell carcino-
ma. Theranostics 2021;11(8):3676—3693. doi:10.7150/thno.55424,
PMID:33664855.

[S] Olley G, Ansari M, Bengani H, Grimes GR, Rhodes J, von Kriegsheim A,
et al. BRD4 interacts with NIPBL and BRD4 is mutated in a Cornelia de
Lange-like syndrome. Nat Genet 2018;50(3):329-332. doi:10.1038/
s41588-018-0042-y, PMID:29379197.

[6] Liétard J, Théret N, Rehn M, Musso O, Dargere D, Pihlajaniemi T,
et al. The promoter of the long variant of collagen XVIII, the pre-
cursor of endostatin, contains liver-specific regulatory elements.
Hepatology 2000;32(6):1377-1385. doi:10.1053/jhep.2000.20066,
PMID:11093745.

[7]1 Kloetgen A, Thandapani P, Ntziachristos P, Ghebrechristos Y, Nomik-
ou S, Lazaris C, et al. Three-dimensional chromatin landscapes in T
cell acute lymphoblastic leukemia. Nat Genet 2020;52(4):388-400.
doi:10.1038/s41588-020-0602-9, PMID:32203470.

[8] Sanchez GJ, Richmond PA, Bunker EN, Karman SS, Azofeifa J, Gar-
nett AT, et al. Genome-wide dose-dependent inhibition of histone
deacetylases studies reveal their roles in enhancer remodeling
and suppression of oncogenic super-enhancers. Nucleic Acids Res
2018;46(4):1756—1776. doi:10.1093/nar/gkx1225, PMID:29240919.

[9] Cole JJ, Robertson NA, Rather MI, Thomson JP, McBryan T, Sproul
D, et al. Diverse interventions that extend mouse lifespan suppress
shared age-associated epigenetic changes at critical gene regulatory
regions. Genome Biol 2017;18(1):58. doi:10.1186/s13059-017-1185-
3, PMID:28351383.

[10] Liu CF, Lefebvre V. The transcription factors SOX9 and SOX5/SOX6
cooperate genome-wide through super-enhancers to drive chondro-
genesis. Nucleic Acids Res 2015;43(17):8183-8203. doi:10.1093/nar/
gkv688, PMID:26150426.

[11] Lorzadeh A, Ye G, Sharma S, Jadhav U. Motif distribution and DNA
methylation underlie distinct Cdx2 binding during development and
homeostasis. Nat Commun 2025;16(1):929. doi:10.1038/s41467-
025-56187-0, PMID:39843425.

[12] King AJ, Songdej D, Downes DJ, Beagrie RA, Liu S, Buckley M, et al.
Reactivation of a developmentally silenced embryonic globin gene.
Nat Commun 2021;12(1):4439. doi:10.1038/s41467-021-24402-3,
PMID:34290235.

[13] Diermeier S, Kolovos P, Heizinger L, Schwartz U, Georgomanolis
T, Zirkel A, et al. TNFa signalling primes chromatin for NF-«kB bind-
ing and induces rapid and widespread nucleosome repositioning.
Genome Biol 2014;15(12):536. doi:10.1186/s13059-014-0536-6,

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1093/nar/gkaa163
http://www.ncbi.nlm.nih.gov/pubmed/32182340
https://doi.org/10.1038/s41467-020-20713-z
http://www.ncbi.nlm.nih.gov/pubmed/33462242
https://doi.org/10.1126/science.aar3958
https://doi.org/10.1126/science.aar3958
http://www.ncbi.nlm.nih.gov/pubmed/29930091
https://doi.org/10.7150/thno.55424
http://www.ncbi.nlm.nih.gov/pubmed/33664855
https://doi.org/10.1038/s41588-018-0042-y
https://doi.org/10.1038/s41588-018-0042-y
http://www.ncbi.nlm.nih.gov/pubmed/29379197
https://doi.org/10.1053/jhep.2000.20066
http://www.ncbi.nlm.nih.gov/pubmed/11093745
https://doi.org/10.1038/s41588-020-0602-9
http://www.ncbi.nlm.nih.gov/pubmed/32203470
https://doi.org/10.1093/nar/gkx1225
http://www.ncbi.nlm.nih.gov/pubmed/29240919
https://doi.org/10.1186/s13059-017-1185-3
https://doi.org/10.1186/s13059-017-1185-3
http://www.ncbi.nlm.nih.gov/pubmed/28351383
https://doi.org/10.1093/nar/gkv688
https://doi.org/10.1093/nar/gkv688
http://www.ncbi.nlm.nih.gov/pubmed/26150426
https://doi.org/10.1038/s41467-025-56187-0
https://doi.org/10.1038/s41467-025-56187-0
http://www.ncbi.nlm.nih.gov/pubmed/39843425
https://doi.org/10.1038/s41467-021-24402-3
http://www.ncbi.nlm.nih.gov/pubmed/34290235
https://doi.org/10.1186/s13059-014-0536-6

Wu D. et al: Super-enhancers in tumor and targeted therapy

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

PMID:25608606.

Jiang Y, Liu Y, Lu H, Sun SC, Jin W, Wang X, et al. Epigenetic activation
during T helper 17 cell differentiation is mediated by Tripartite motif
containing 28. Nat Commun 2018;9(1):1424. doi:10.1038/s41467-
018-03852-2, PMID:29651155.

Frazer C, Staples MI, Kim Y, Hirakawa M, Dowell MA, Johnson NV, et
al. Epigenetic cell fate in Candida albicans is controlled by transcrip-
tion factor condensates acting at super-enhancer-like elements. Nat
Microbiol 2020;5(11):1374-1389. doi:10.1038/s41564-020-0760-7,
PMID:32719507.

Gryder BE, Pomella S, Sayers C, Wu XS, Song Y, Chiarella AM, et al.
Histone hyperacetylation disrupts core gene regulatory architec-
ture in rhabdomyosarcoma. Nat Genet 2019;51(12):1714-1722.
doi:10.1038/s41588-019-0534-4, PMID:31784732.

Wang P, Tang Z, Lee B, Zhu JJ, Cai L, Szalaj P, et al. Chromatin topology
reorganization and transcription repression by PML-RARa in acute
promyeloid leukemia. Genome Biol 2020;21(1):110. doi:10.1186/
$13059-020-02030-2, PMID:32393309.

Jiang T, Raviram R, Snetkova V, Rocha PP, Proudhon C, Badri S, et al.
Identification of multi-loci hubs from 4C-seq demonstrates the func-
tional importance of simultaneous interactions. Nucleic Acids Res
2016;44(18):8714-8725. doi:10.1093/nar/gkw568, PMID:27439714.
Sen P, Lan Y, Li CY, Sidoli S, Donahue G, Dou Z, et al. Histone Acetyl-
transferase p300 Induces De Novo Super-Enhancers to Drive Cellular
Senescence. Mol Cell 2019;73(4):684—698.e8. doi:10.1016/j.mol-
cel.2019.01.021, PMID:30773298.

Vahedi G, Kanno Y, Furumoto Y, Jiang K, Parker SC, Erdos MR, et al.
Super-enhancers delineate disease-associated regulatory nodes in T
cells. Nature 2015;520(7548):558-562. doi:10.1038/nature14154,
PMID:25686607.

Morrison TA, Vigee J, Tovar KA, Talley TA, Mujal AM, Kono M, et
al. Selective requirement of glycosphingolipid synthesis for natu-
ral killer and cytotoxic T cells. Cell 2025;188(13):3497-3512.e16.
doi:10.1016/j.cell.2025.04.007, PMID:40306279.

Ohkura N, Yasumizu Y, Kitagawa Y, Tanaka A, Nakamura Y, Motooka
D, et al. Regulatory T Cell-Specific Epigenomic Region Variants Are
a Key Determinant of Susceptibility to Common Autoimmune Dis-
eases. Immunity 2020;52(6):1119-1132.e4. doi:10.1016/j.immu-
ni.2020.04.006, PMID:32362325.

Kim M, Adu-Gyamfi EA, Kim J, Lee BK. Super-enhancer-associated
transcription factors collaboratively regulate trophoblast-active
gene expression programs in human trophoblast stem cells. Nu-
cleic Acids Res 2023;51(8):3806—3819. doi:10.1093/nar/gkad215,
PMID:36951126.

Majumder P, Lee JT, Rahmberg AR, Kumar G, Mi T, Scharer CD, et
al. A super enhancer controls expression and chromatin architecture
within the MHC class Il locus. J Exp Med 2020;217(2):e20190668.
doi:10.1084/jem.20190668, PMID:31753848.

Beagrie RA, Scialdone A, Schueler M, Kraemer DC, Chotalia M, Xie
SQ, et al. Complex multi-enhancer contacts captured by genome ar-
chitecture mapping. Nature 2017;543(7646):519-524. doi:10.1038/
nature21411, PMID:28273065.

Gryder BE, Wu L, Woldemichael GM, Pomella S, Quinn TR, Park PMC,
et al. Chemical genomics reveals histone deacetylases are required
for core regulatory transcription. Nat Commun 2019;10(1):3004.
doi:10.1038/s41467-019-11046-7, PMID:31285436.

Meng FL, Du Z, Federation A, Hu J, Wang Q, Kieffer-Kwon KR, et
al. Convergent transcription at intragenic super-enhancers tar-
gets AlD-initiated genomic instability. Cell 2014;159(7):1538-1548.
doi:10.1016/j.cell.2014.11.014, PMID:25483776.

Afzali B, Gronholm J, Vandrovcova J, O’Brien C, Sun HW, Vander-
leyden |, et al. BACH2 immunodeficiency illustrates an association
between super-enhancers and haploinsufficiency. Nat Immunol
2017;18(7):813-823. d0i:10.1038/ni.3753, PMID:28530713.

Zhou X, Zhou X, Li J, He Y, Qiu S, Xu Y, et al. Bclafl mediates super-
enhancer-driven activation of POLR2A to enhance chromatin acces-
sibility in nitrosamine-induced esophageal carcinogenesis. J Haz-
ard Mater 2025;492:138218. doi:10.1016/j.jhazmat.2025.138218,
PMID:40220379.

Alizada A, Khyzha N, Wang L, Antounians L, Chen X, Khor M, et al.
Conserved regulatory logic at accessible and inaccessible chromatin

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026

[31

[32

[33

[34

[35

[36

(37

[38

[39

(40

[41

[42

[43

(44

45

[46

]

]

]

]

]

]

]

]

]

]

Oncol Adv

during the acute inflammatory response in mammals. Nat Commun
2021;12(1):567. doi:10.1038/s41467-020-20765-1, PMID:33495464.
Miguel-Escalada I, Bonas-Guarch S, Cebola I, Ponsa-Cobas J, Mendie-
ta-Esteban J, Atla G, et al. Human pancreatic islet three-dimensional
chromatin architecture provides insights into the genetics of type 2
diabetes. Nat Genet 2019;51(7):1137-1148. do0i:10.1038/s41588-
019-0457-0, PMID:31253982.

Zhang C, Stelloo E, Barrans S, Cucco F, Jiang D, Tzioni MM, et al.
Non-IG::MYC in diffuse large B-cell lymphoma confers variable
genomic configurations and MYC transactivation potential. Leukemia
2024;38(3):621-629. doi:10.1038/s41375-023-02134-1, PMID:381
84753.

Kaufman CK, Mosimann C, Fan ZP, Yang S, Thomas AJ, Ablain J, et al.
A zebrafish melanoma model reveals emergence of neural crest iden-
tity during melanoma initiation. Science 2016;351(6272):aad2197.
doi:10.1126/science.aad2197, PMID:26823433.

Xu X, Brasier AR. SMARCA4 regulates inducible BRD4 genomic redis-
tribution coupling intrinsic immunity and plasticity in epithelial in-
jury-repair. Nucleic Acids Res 2025;53(6):gkaf211. doi:10.1093/nar/
gkaf211, PMID:40131774.

Anandagoda N, Willis JC, Hertweck A, Roberts LB, Jackson |, Gokmen
MR, et al. microRNA-142-mediated repression of phosphodiester-
ase 3B critically regulates peripheral immune tolerance. J Clin Invest
2019;129(3):1257-1271. d0i:10.1172/JCI124725, PMID:30741720.
Li T, Jia L, Cao Y, Chen Q, Li C. OCEAN-C: mapping hubs of open chro-
matin interactions across the genome reveals gene regulatory net-
works. Genome Biol 2018;19(1):54. doi:10.1186/s13059-018-1430-
4, PMID:29690904.

Lin CY, Erkek S, Tong Y, Yin L, Federation AJ, Zapatka M, et al. Ac-
tive medulloblastoma enhancers reveal subgroup-specific cellular
origins. Nature 2016;530(7588):57-62. doi:10.1038/nature16546,
PMID:26814967.

Liang HC, Costanza M, Prutsch N, Zimmerman MW, Gurnhofer E,
Montes-Mojarro IA, et al. Super-enhancer-based identification of a
BATF3/IL-2R-module reveals vulnerabilities in anaplastic large cell
lymphoma. Nat Commun 2021;12(1):5577. doi:10.1038/s41467-
021-25379-9, PMID:34552066.

Jiang L, Wang J, Peng G, Zhang H, Fang J, Gao Y, et al. A Super-En-
hancer-Driven Transcriptional Regulatory Circuit Underlying Abi-
raterone Resistance in Castration-Resistant Prostate Cancer. Adv Sci
(Weinh) 2025;12(31):e01284. doi:10.1002/advs.202501284, PMID:
40470696.

Tian R, Huang Z, Li L, Yuan J, Zhang Q, Meng L, et al. HPV inte-
gration generates a cellular super-enhancer which functions as
ecDNA to regulate genome-wide transcription. Nucleic Acids Res
2023;51(9):4237-4251. doi:10.1093/nar/gkad105, PMID:36864748.
Wei Y, Li C, Bian H, Qian W, Jin K, Xu T, et al. Targeting CDK7 suppress-
es super enhancer-linked inflammatory genes and alleviates CAR T
cell-induced cytokine release syndrome. Mol Cancer 2021;20(1):5.
doi:10.1186/512943-020-01301-7, PMID:33397398.

Yohe ME, Gryder BE, Shern JF, Song YK, Chou HC, Sindiri S, et al. MEK
inhibition induces MYOG and remodels super-enhancers in RAS-
driven rhabdomyosarcoma. Sci Transl Med 2018;10(448):eaan4470.
doi:10.1126/scitranslmed.aan4470, PMID:29973406.

DongJ, LiJ, LiY, Ma Z, Yu Y, Wang CY. Transcriptional super-enhancers
control cancer stemness and metastasis genes in squamous cell car-
cinoma. Nat Commun 2021;12(1):3974. doi:10.1038/s41467-021-
24137-1, PMID:34172737.

Li X, Zhu R, Jiang H, Yin Q, Gu J, Chen J, et al. Autophagy enhanced
by curcumin ameliorates inflammation in atherogenesis via the
TFEB-P300-BRD4 axis. Acta Pharm Sin B 2022;12(5):2280-2299.
doi:10.1016/j.apsb.2021.12.014, PMID:35646539.

Chachoua |, Tzelepis I, Dai H, Lim JP, Lewandowska-Ronnegren A,
Casagrande FB, et al. Canonical WNT signaling-dependent gating of
MYC requires a noncanonical CTCF function at a distal binding site.
Nat Commun 2022;13(1):204. doi:10.1038/s41467-021-27868-3,
PMID:35017527.

Fontanals-Cirera B, Hasson D, Vardabasso C, Di Micco R, Agrawal P,
Chowdhury A, et al. Harnessing BET Inhibitor Sensitivity Reveals AMI-
GO2 as a Melanoma Survival Gene. Mol Cell 2017;68(4):731-744.e9.
doi:10.1016/j.molcel.2017.11.004, PMID:29149598.

17


https://doi.org/10.14218/OnA.2025.00029
http://www.ncbi.nlm.nih.gov/pubmed/25608606
https://doi.org/10.1038/s41467-018-03852-2
https://doi.org/10.1038/s41467-018-03852-2
http://www.ncbi.nlm.nih.gov/pubmed/29651155
https://doi.org/10.1038/s41564-020-0760-7
http://www.ncbi.nlm.nih.gov/pubmed/32719507
https://doi.org/10.1038/s41588-019-0534-4
http://www.ncbi.nlm.nih.gov/pubmed/31784732
https://doi.org/10.1186/s13059-020-02030-2
https://doi.org/10.1186/s13059-020-02030-2
http://www.ncbi.nlm.nih.gov/pubmed/32393309
https://doi.org/10.1093/nar/gkw568
http://www.ncbi.nlm.nih.gov/pubmed/27439714
https://doi.org/10.1016/j.molcel.2019.01.021
https://doi.org/10.1016/j.molcel.2019.01.021
http://www.ncbi.nlm.nih.gov/pubmed/30773298
https://doi.org/10.1038/nature14154
http://www.ncbi.nlm.nih.gov/pubmed/25686607
https://doi.org/10.1016/j.cell.2025.04.007
http://www.ncbi.nlm.nih.gov/pubmed/40306279
https://doi.org/10.1016/j.immuni.2020.04.006
https://doi.org/10.1016/j.immuni.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32362325
https://doi.org/10.1093/nar/gkad215
http://www.ncbi.nlm.nih.gov/pubmed/36951126
https://doi.org/10.1084/jem.20190668
http://www.ncbi.nlm.nih.gov/pubmed/31753848
https://doi.org/10.1038/nature21411
https://doi.org/10.1038/nature21411
http://www.ncbi.nlm.nih.gov/pubmed/28273065
https://doi.org/10.1038/s41467-019-11046-7
http://www.ncbi.nlm.nih.gov/pubmed/31285436
https://doi.org/10.1016/j.cell.2014.11.014
http://www.ncbi.nlm.nih.gov/pubmed/25483776
https://doi.org/10.1038/ni.3753
http://www.ncbi.nlm.nih.gov/pubmed/28530713
https://doi.org/10.1016/j.jhazmat.2025.138218
http://www.ncbi.nlm.nih.gov/pubmed/40220379
https://doi.org/10.1038/s41467-020-20765-1
http://www.ncbi.nlm.nih.gov/pubmed/33495464
https://doi.org/10.1038/s41588-019-0457-0
https://doi.org/10.1038/s41588-019-0457-0
http://www.ncbi.nlm.nih.gov/pubmed/31253982
https://doi.org/10.1038/s41375-023-02134-1
http://www.ncbi.nlm.nih.gov/pubmed/38184753
http://www.ncbi.nlm.nih.gov/pubmed/38184753
https://doi.org/10.1126/science.aad2197
http://www.ncbi.nlm.nih.gov/pubmed/26823433
https://doi.org/10.1093/nar/gkaf211
https://doi.org/10.1093/nar/gkaf211
http://www.ncbi.nlm.nih.gov/pubmed/40131774
https://doi.org/10.1172/JCI124725
http://www.ncbi.nlm.nih.gov/pubmed/30741720
https://doi.org/10.1186/s13059-018-1430-4
https://doi.org/10.1186/s13059-018-1430-4
http://www.ncbi.nlm.nih.gov/pubmed/29690904
https://doi.org/10.1038/nature16546
http://www.ncbi.nlm.nih.gov/pubmed/26814967
https://doi.org/10.1038/s41467-021-25379-9
https://doi.org/10.1038/s41467-021-25379-9
http://www.ncbi.nlm.nih.gov/pubmed/34552066
https://doi.org/10.1002/advs.202501284
http://www.ncbi.nlm.nih.gov/pubmed/40470696
https://doi.org/10.1093/nar/gkad105
http://www.ncbi.nlm.nih.gov/pubmed/36864748
https://doi.org/10.1186/s12943-020-01301-7
http://www.ncbi.nlm.nih.gov/pubmed/33397398
https://doi.org/10.1126/scitranslmed.aan4470
http://www.ncbi.nlm.nih.gov/pubmed/29973406
https://doi.org/10.1038/s41467-021-24137-1
https://doi.org/10.1038/s41467-021-24137-1
http://www.ncbi.nlm.nih.gov/pubmed/34172737
https://doi.org/10.1016/j.apsb.2021.12.014
http://www.ncbi.nlm.nih.gov/pubmed/35646539
https://doi.org/10.1038/s41467-021-27868-3
http://www.ncbi.nlm.nih.gov/pubmed/35017527
https://doi.org/10.1016/j.molcel.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29149598

Oncol Adv

[47]

(48]

[49]

(50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

18

Tatsumi G, Kawahara M, Yamamoto R, Hishizawa M, Kito K, Suzuki
T, et al. LSD1-mediated repression of GFI1 super-enhancer plays an
essential role in erythroleukemia. Leukemia 2020;34(3):746-758.
doi:10.1038/s41375-019-0614-6, PMID:31676828.

Nesvick CL, Zhang L, Yan Y, Wixom AQ, Hamdan FH, Ge J, et al.
SWI/SNF complexes govern ontology-specific transcription factor
function in MYC-subtype atypical teratoid rhabdoid tumor. Neu-
ro Oncol 2025;27(9):2445-2460. doi:10.1093/neuonc/noaf081,
PMID:40121526.

Cao L, LiuS, LiY, Yang G, Luo Y, Li S, et al. The Nuclear Matrix Pro-
tein SAFA Surveils Viral RNA and Facilitates Immunity by Activat-
ing Antiviral Enhancers and Super-enhancers. Cell Host Microbe
2019;26(3):369-384.€8. d0i:10.1016/j.chom.2019.08.010, PMID:315
13772.

Adam RC, Yang H, Ge Y, Infarinato NR, Gur-Cohen S, Miao Y, et al.
NFI transcription factors provide chromatin access to maintain stem
cell identity while preventing unintended lineage fate choices. Nat
Cell Biol 2020;22(6):640-650. doi:10.1038/s41556-020-0513-0,
PMID:32393888.

Zheng L, Wang W. Regulation associated modules reflect 3D ge-
nome modularity associated with chromatin activity. Nat Commun
2022;13(1):5281. doi:10.1038/s41467-022-32911-y, PMID:36075900.
Minzel W, Venkatachalam A, Fink A, Hung E, Brachya G, Burstain |, et
al. Small Molecules Co-targeting CKla and the Transcriptional Kinases
CDK7/9 Control AML in Preclinical Models. Cell 2018;175(1):171—
185.€25. doi:10.1016/j.cell.2018.07.045, PMID:30146162.

Ma S, Tang T, Probst G, Konradi A, Jin C, Li F, et al. Transcriptional re-
pression of estrogen receptor alpha by YAP reveals the Hippo path-
way as therapeutic target for ER(+) breast cancer. Nat Commun
2022;13(1):1061. doi:10.1038/s41467-022-28691-0, PMID:35217640.
Liu X, Zhang Y, Chen Y, Li M, Zhou F, Li K, et al. In Situ Capture of Chro-
matin Interactions by Biotinylated dCas9. Cell 2017;170(5):1028—
1043.e19. doi:10.1016/j.cell.2017.08.003, PMID:28841410.

Senturk Cetin N, Kuo CC, Ribarska T, Li R, Costa IG, Grummt I. Isola-
tion and genome-wide characterization of cellular DNA:RNA triplex
structures. Nucleic Acids Res 2019;47(5):2306-2321. doi:10.1093/
nar/gky1305, PMID:30605520.

Li X, Zhou B, Chen L, Gou LT, Li H, Fu XD. GRID-seq reveals the global
RNA-chromatin interactome. Nat Biotechnol 2017;35(10):940-950.
doi:10.1038/nbt.3968, PMID:28922346.

Larkin JD, Papantonis A, Cook PR, Marenduzzo D. Space exploration
by the promoter of a long human gene during one transcription
cycle. Nucleic Acids Res 2013;41(4):2216-2227. doi:10.1093/nar/
gks1441, PMID:23303786.

Zhao Y, Zhou J, He L, Li Y, Yuan J, Sun K, et al. MyoD induced en-
hancer RNA interacts with hnRNPL to activate target gene transcrip-
tion during myogenic differentiation. Nat Commun 2019;10(1):5787.
doi:10.1038/s41467-019-13598-0, PMID:31857580.

Cipta NO, Zeng Y, Wong KW, Zheng ZH, Yi Y, Warrier T, et al. Rewiring
of SINE-MIR enhancer topology and Esrrb modulation in expanded
and naive pluripotency. Genome Biol 2025;26(1):107. doi:10.1186/
$13059-025-03577-8, PMID:40296153.

Xiao Z, Cheng G, lJiao Y, Pan C, Li R, Jia D, et al. Holo-Seq: single-cell
sequencing of holo-transcriptome. Genome Biol 2018;19(1):163.
doi:10.1186/s13059-018-1553-7, PMID:30333049.

Mijnheer G, Lutter L, Mokry M, van der Wal M, Scholman R, Fleskens
V, et al. Conserved human effector Treg cell transcriptomic and
epigenetic signature in arthritic joint inflammation. Nat Commun
2021;12(1):2710. doi:10.1038/s41467-021-22975-7, PMID:33976194.
Katerndahl CDS, Heltemes-Harris LM, Willette MJL, Henzler CM,
Frietze S, Yang R, et al. Antagonism of B cell enhancer networks
by STATS drives leukemia and poor patient survival. Nat Immunol
2017;18(6):694-704. doi:10.1038/ni.3716, PMID:28369050.
ZhangT, Kwiatkowski N, Olson CM, Dixon-Clarke SE, Abraham BJ, Greif-
enberg AK, et al. Covalent targeting of remote cysteine residues to de-
velop CDK12 and CDK13 inhibitors. Nat Chem Biol 2016;12(10):876—
884. doi:10.1038/nchembio.2166, PMID:27571479.

Hu C, Shen L, Zou F, Wu Y, Wang B, Wang A, et al. Predicting and over-
coming resistance to CDK9 inhibitors for cancer therapy. Acta Pharm
Sin B 2023;13(9):3694-3707. d0i:10.1016/j.apsb.2023.05.026, PMID:
37719386.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

(81]

Wu D. et al: Super-enhancers in tumor and targeted therapy

Yan S, Liu Z, Wang T, Sui Y, Wu X, Shen J, et al. Super-Enhancer Repro-
graming Driven by SOX9 and TCF7L2 Represents Transcription-Tar-
geted Therapeutic Vulnerability for Treating Gallbladder Cancer. Adv
Sci (Weinh) 2024;11(47):e2406448. doi:10.1002/advs.202406448,
PMID:39492805.

Zanconato F, Battilana G, Forcato M, Filippi L, Azzolin L, Manfrin A,
et al. Transcriptional addiction in cancer cells is mediated by YAP/
TAZ through BRD4. Nat Med 2018;24(10):1599-1610. doi:10.1038/
s41591-018-0158-8, PMID:30224758.

Zhang N, Mendieta-Esteban J, Magli A, Lilja KC, Perlingeiro RCR, Mar-
ti-Renom MA, et al. Muscle progenitor specification and myogenic
differentiation are associated with changes in chromatin topology.
Nat Commun 2020;11(1):6222. doi:10.1038/s41467-020-19999-w,
PMID:33277476.

Zhou J, Wang S, Nie D, Lai P, Li Y, Li Y, et al. Super-enhancer landscape
reveals leukemia stem cell reliance on X-box binding protein 1 as a
therapeutic vulnerability. Sci Transl Med 2021;13(612):eabh3462.
doi:10.1126/scitranslmed.abh3462, PMID:34550724.

Mohan DR, Borges KS, Finco I, LaPensee CR, Rege J, Solon AL, et al.
B-Catenin-Driven Differentiation Is a Tissue-Specific Epigenetic Vul-
nerability in Adrenal Cancer. Cancer Res 2023;83(13):2123-2141.
doi:10.1158/0008-5472.CAN-22-2712, PMID:37129912.

Gryder BE, Yohe ME, Chou HC, Zhang X, Marques J, Wachtel M, et
al. PAX3-FOXO1 Establishes Myogenic Super Enhancers and Confers
BET Bromodomain Vulnerability. Cancer Discov 2017;7(8):884—899.
doi:10.1158/2159-8290.CD-16-1297, PMID:28446439.

Watt AC, Cejas P, DeCristo MJ, Metzger-Filho O, Lam EYN, Qiu X, et al.
CDK4/6 inhibition reprograms the breast cancer enhancer landscape
by stimulating AP-1 transcriptional activity. Nat Cancer 2021;2(1):34-
48. doi:10.1038/s43018-020-00135-y, PMID:33997789.

LiJ, Wu X, Zhou Y, Lee M, Guo L, Han W, et al. Decoding the dynamic
DNA methylation and hydroxymethylation landscapes in endoder-
mal lineage intermediates during pancreatic differentiation of hESC.
Nucleic Acids Res 2018;46(6):2883-2900. doi:10.1093/nar/gky063,
PMID:29394393.

Qian J, Wang Q, Dose M, Pruett N, Kieffer-kwon KR, Resch W, et
al. B cell super-enhancers and regulatory clusters recruit AID tu-
morigenic activity. Cell 2014;159(7):1524-1537. doi:10.1016/].
cell.2014.11.013, PMID:25483777.

Chen X, Loo JX, Shi X, Xiong W, Guo Y, Ke H, et al. E6 Protein Expressed
by High-Risk HPV Activates Super-Enhancers of the EGFR and c-MET
Oncogenes by Destabilizing the Histone Demethylase KDM5C. Can-
cer Res 2018;78(6):1418-1430. doi:10.1158/0008-5472.CAN-17-
2118, PMID:29339538.

Xiang JF, Yin QF, Chen T, Zhang Y, Zhang XO, Wu Z, et al. Human colo-
rectal cancer-specific CCAT1-L IncRNA regulates long-range chro-
matin interactions at the MYC locus. Cell Res 2014;24(5):513-531.
doi:10.1038/cr.2014.35, PMID:24662484.

Affer M, Chesi M, Chen WG, Keats JJ, Demchenko YN, Roschke
AV, et al. Promiscuous MYC locus rearrangements hijack enhanc-
ers but mostly super-enhancers to dysregulate MYC expression in
multiple myeloma. Leukemia 2014;28(8):1725-1735. doi:10.1038/
leu.2014.70, PMID:24518206.

Valentijn LJ, Koster J, Zwijnenburg DA, Hasselt NE, van Sluis P, Volck-
mann R, et al. TERT rearrangements are frequent in neuroblastoma
and identify aggressive tumors. Nat Genet 2015;47(12):1411-1414.
doi:10.1038/ng.3438, PMID:26523776.

Lu B, Zou C, Yang M, He Y, He J, Zhang C, et al. Pharmacological In-
hibition of Core Regulatory Circuitry Liquid-liquid Phase Separation
Suppresses Metastasis and Chemoresistance in Osteosarcoma. Adv
Sci (Weinh) 2021;8(20):€2101895. doi:10.1002/advs.202101895,
PMID:34432948.

Zamudio AV, Dall’Agnese A, Henninger JE, Manteiga JC, Afeyan LK,
Hannett NM, et al. Mediator Condensates Localize Signaling Fac-
tors to Key Cell Identity Genes. Mol Cell 2019;76(5):753-766.€6.
doi:10.1016/j.molcel.2019.08.016, PMID:31563432.

Teng S, Li YE, Yang M, Qi R, Huang Y, Wang Q, et al. Tissue-specific
transcription reprogramming promotes liver metastasis of colorectal
cancer. Cell Res 2020;30(1):34-49. doi:10.1038/s41422-019-0259-z,
PMID:31811277.

Kwiatkowski N, Zhang T, Rahl PB, Abraham BJ, Reddy J, Ficarro SB,

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1038/s41375-019-0614-6
http://www.ncbi.nlm.nih.gov/pubmed/31676828
https://doi.org/10.1093/neuonc/noaf081
http://www.ncbi.nlm.nih.gov/pubmed/40121526
https://doi.org/10.1016/j.chom.2019.08.010
http://www.ncbi.nlm.nih.gov/pubmed/31513772
http://www.ncbi.nlm.nih.gov/pubmed/31513772
https://doi.org/10.1038/s41556-020-0513-0
http://www.ncbi.nlm.nih.gov/pubmed/32393888
https://doi.org/10.1038/s41467-022-32911-y
http://www.ncbi.nlm.nih.gov/pubmed/36075900
https://doi.org/10.1016/j.cell.2018.07.045
http://www.ncbi.nlm.nih.gov/pubmed/30146162
https://doi.org/10.1038/s41467-022-28691-0
http://www.ncbi.nlm.nih.gov/pubmed/35217640
https://doi.org/10.1016/j.cell.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28841410
https://doi.org/10.1093/nar/gky1305
https://doi.org/10.1093/nar/gky1305
http://www.ncbi.nlm.nih.gov/pubmed/30605520
https://doi.org/10.1038/nbt.3968
http://www.ncbi.nlm.nih.gov/pubmed/28922346
https://doi.org/10.1093/nar/gks1441
https://doi.org/10.1093/nar/gks1441
http://www.ncbi.nlm.nih.gov/pubmed/23303786
https://doi.org/10.1038/s41467-019-13598-0
http://www.ncbi.nlm.nih.gov/pubmed/31857580
https://doi.org/10.1186/s13059-025-03577-8
https://doi.org/10.1186/s13059-025-03577-8
http://www.ncbi.nlm.nih.gov/pubmed/40296153
https://doi.org/10.1186/s13059-018-1553-7
http://www.ncbi.nlm.nih.gov/pubmed/30333049
https://doi.org/10.1038/s41467-021-22975-7
http://www.ncbi.nlm.nih.gov/pubmed/33976194
https://doi.org/10.1038/ni.3716
http://www.ncbi.nlm.nih.gov/pubmed/28369050
https://doi.org/10.1038/nchembio.2166
http://www.ncbi.nlm.nih.gov/pubmed/27571479
https://doi.org/10.1016/j.apsb.2023.05.026
http://www.ncbi.nlm.nih.gov/pubmed/37719386
https://doi.org/10.1002/advs.202406448
http://www.ncbi.nlm.nih.gov/pubmed/39492805
https://doi.org/10.1038/s41591-018-0158-8
https://doi.org/10.1038/s41591-018-0158-8
http://www.ncbi.nlm.nih.gov/pubmed/30224758
https://doi.org/10.1038/s41467-020-19999-w
http://www.ncbi.nlm.nih.gov/pubmed/33277476
https://doi.org/10.1126/scitranslmed.abh3462
http://www.ncbi.nlm.nih.gov/pubmed/34550724
https://doi.org/10.1158/0008-5472.CAN-22-2712
http://www.ncbi.nlm.nih.gov/pubmed/37129912
https://doi.org/10.1158/2159-8290.CD-16-1297
http://www.ncbi.nlm.nih.gov/pubmed/28446439
https://doi.org/10.1038/s43018-020-00135-y
http://www.ncbi.nlm.nih.gov/pubmed/33997789
https://doi.org/10.1093/nar/gky063
http://www.ncbi.nlm.nih.gov/pubmed/29394393
https://doi.org/10.1016/j.cell.2014.11.013
https://doi.org/10.1016/j.cell.2014.11.013
http://www.ncbi.nlm.nih.gov/pubmed/25483777
https://doi.org/10.1158/0008-5472.CAN-17-2118
https://doi.org/10.1158/0008-5472.CAN-17-2118
http://www.ncbi.nlm.nih.gov/pubmed/29339538
https://doi.org/10.1038/cr.2014.35
http://www.ncbi.nlm.nih.gov/pubmed/24662484
https://doi.org/10.1038/leu.2014.70
https://doi.org/10.1038/leu.2014.70
http://www.ncbi.nlm.nih.gov/pubmed/24518206
https://doi.org/10.1038/ng.3438
http://www.ncbi.nlm.nih.gov/pubmed/26523776
https://doi.org/10.1002/advs.202101895
http://www.ncbi.nlm.nih.gov/pubmed/34432948
https://doi.org/10.1016/j.molcel.2019.08.016
http://www.ncbi.nlm.nih.gov/pubmed/31563432
https://doi.org/10.1038/s41422-019-0259-z
http://www.ncbi.nlm.nih.gov/pubmed/31811277

Wu D. et al: Super-enhancers in tumor and targeted therapy

et al. Targeting transcription regulation in cancer with a covalent
CDK7 inhibitor. Nature 2014;511(7511):616-620. doi:10.1038/na-
ture13393, PMID:25043025.

[82] CuiH, ZhouY, WangF, Cheng C, Zhang W, Sun R, et al. Characterization
of somatic structural variations in 528 Chinese individuals with Es-
ophageal squamous cell carcinoma. Nat Commun 2022;13(1):6296.
doi:10.1038/s41467-022-33994-3, PMID:36272974.

[83] Corradin O, Cohen AJ, Luppino JM, Bayles IM, Schumacher FR,
Scacheri PC. Modeling disease risk through analysis of physical in-
teractions between genetic variants within chromatin regulatory
circuitry. Nat Genet 2016;48(11):1313-1320. doi:10.1038/ng.3674,
PMID:27643537.

[84] Deforzh E, Kharel P, Zhang Y, Karelin A, El Khayari A, Ivanov P, et al.
HOXDeRNA activates a cancerous transcription program and super
enhancers via genome-wide binding. Mol Cell 2024;84(20):3950—
3966.e6. doi:10.1016/j.molcel.2024.09.018, PMID:39383879.

[85] Bruzeau C, Martin O, Pollet J, Thomas M, Ba Z, Roulois D, et al. Core
enhancers of the 3'RR optimize IgH nuclear position and loop confor-
mation for successful oriented class switch recombination. Nucleic
Acids Res 2024;52(20):12281-12294. doi:10.1093/nar/gkae867,
PMID:39413158.

[86] Sim N, Carter JM, Deka K, Tan BKT, Sim Y, Tan SM, et al. TWEAK/
Fn14 signalling driven super-enhancer reprogramming promotes
pro-metastatic metabolic rewiring in triple-negative breast cancer.
Nat Commun 2024;15(1):5638. doi:10.1038/s41467-024-50071-z,
PMID:38965263.

[87] Li J, Wang Y, Wang Z, Wei Y, Diao P, Wu Y, et al. Super-Enhancer
Driven LIF/LIFR-STAT3-SOX2 Regulatory Feedback Loop Promotes
Cancer Stemness in Head and Neck Squamous Cell Carcinoma. Adv
Sci (Weinh) 2024;11(40):e2404476. doi:10.1002/advs.202404476,
PMID:39206755.

[88] Qian C, Yang Q, Rotinen M, Huang R, Kim H, Gallent B, et al. ONE-
CUT2 acts as a lineage plasticity driver in adenocarcinoma as
well as neuroendocrine variants of prostate cancer. Nucleic Ac-
ids Res 2024;52(13):7740-7760.  doi:10.1093/nar/gkae547,
PMID:38932701.

[89] Llimos G, Gardeux V, Koch U, Kribelbauer JF, Hafner A, Alpern
D, et al. A leukemia-protective germline variant mediates chro-
matin module formation via transcription factor nucleation. Nat
Commun  2022;13(1):2042.  doi:10.1038/s41467-022-29625-6,
PMID:35440565.

[90] Wang S, Wang Z, Zang C. Genomic clustering tendency of tran-
scription factors reflects phase-separated transcriptional conden-
sates at super-enhancers. Nucleic Acids Res 2025;53(3):gkaf015.
doi:10.1093/nar/gkaf015, PMID:39868536.

[91] XiongL, Wu F, Wu Q, Xu L, Cheung OK, Kang W, et al. Aberrant enhanc-
er hypomethylation contributes to hepatic carcinogenesis through
global transcriptional reprogramming. Nat Commun 2019;10(1):335.
doi:10.1038/s41467-018-08245-z, PMID:30659195.

[92] Charlet J, Duymich CE, Lay FD, Mundbjerg K, Dalsgaard Sgrensen K,
Liang G, et al. Bivalent Regions of Cytosine Methylation and H3K27
Acetylation Suggest an Active Role for DNA Methylation at Enhancers.
Mol Cell 2016;62(3):422-431. doi:10.1016/j.molcel.2016.03.033,
PMID:27153539.

[93] Mill CP, Fiskus W, DiNardo CD, Qian Y, Raina K, Rajapakshe K, et
al. RUNX1-targeted therapy for AML expressing somatic or ger-
mline mutation in RUNX1. Blood 2019;134(1):59-73. d0i:10.1182/
blood.2018893982, PMID:31023702.

[94] Yoshino S, Yokoyama T, Sunami Y, Takahara T, Nakamura A, Yamazaki
Y, et al. Trib1 promotes acute myeloid leukemia progression by modu-
lating the transcriptional programs of Hoxa9. Blood 2021;137(1):75-
88. d0i:10.1182/blood.2019004586, PMID:32730594.

[95] Liu Z, Zhang X, Lei H, Lam N, Carter S, Yockey O, et al. CASZ1 in-
duces skeletal muscle and rhabdomyosarcoma differentiation
through a feed-forward loop with MYOD and MYOG. Nat Commun
2020;11(1):911. doi:10.1038/541467-020-14684-4, PMID:32060262.

[96] Jia Y, Chng WJ, Zhou J. Super-enhancers: critical roles and therapeutic
targets in hematologic malignancies. J Hematol Oncol 2019;12(1):77.
doi:10.1186/s13045-019-0757-y, PMID:31311566.

[97] Wang W, Qiao S, Li G, Cheng J, Yang C, Zhong C, et al. A histidine clus-
ter determines YY1-compartmentalized coactivators and chromatin

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026

Oncol Adv

elements in phase-separated enhancer clusters. Nucleic Acids Res

2022;50(9):4917-4937. doi:10.1093/nar/gkac233, PMID:35390165.

Wang C, Liu X, Liang J, Narita Y, Ding W, Li D, et al. A DNA tumor virus

globally reprograms host 3D genome architecture to achieve immor-

tal growth. Nat Commun 2023;14(1):1598. doi:10.1038/s41467-023-

37347-6, PMID:36949074.

Alvarez-Benayas J, Trasanidis N, Katsarou A, Ponnusamy K, Chaidos

A, May PC, et al. Chromatin-based, in cis and in trans regulatory

rewiring underpins distinct oncogenic transcriptomes in multiple

myeloma. Nat Commun 2021;12(1):5450. doi:10.1038/s41467-021-

25704-2, PMID:34521827.

[100] Alver BH, Kim KH, Lu P, Wang X, Manchester HE, Wang W, et al.
The SWI/SNF chromatin remodelling complex is required for main-
tenance of lineage specific enhancers. Nat Commun 2017;8:14648.
doi:10.1038/ncomms14648, PMID:28262751.

[101] Crump NT, Ballabio E, Godfrey L, Thorne R, Repapi E, Kerry J, et al.
BET inhibition disrupts transcription but retains enhancer-promoter
contact. Nat Commun 2021;12(1):223. doi:10.1038/s41467-020-
20400-z, PMID:33431820.

[102] Cigrang M, Obid J, Nogaret M, Seno L, Ye T, Davidson G, et al. Pan-
inhibition of super-enhancer-driven oncogenic transcription by next-
generation synthetic ecteinascidins yields potent anti-cancer activ-
ity. Nat Commun 2025;16(1):512. doi:10.1038/s41467-024-55667-z,
PMID:39779693.

[103] Hnisz D, Schuijers J, Lin CY, Weintraub AS, Abraham BJ, Lee Tl, et
al. Convergence of developmental and oncogenic signaling pathways
at transcriptional super-enhancers. Mol Cell 2015;58(2):362—-370.
doi:10.1016/j.molcel.2015.02.014, PMID:25801169.

[104] Banerjee D, Bagchi S, Liu Z, Chou HC, Xu M, Sun M, et al. Lineage
specific transcription factor waves reprogram neuroblastoma from
self-renewal to differentiation. Nat Commun 2024;15(1):3432.
doi:10.1038/s41467-024-47166-y, PMID:38653778.

[105] Zhang Z, Ma P, Jing Y, Yan Y, Cai MC, Zhang M, et al. BET Bromodo-
main Inhibition as a Therapeutic Strategy in Ovarian Cancer by Down-
regulating FoxM1. Theranostics 2016;6(2):219-230. doi:10.7150/
thno.13178, PMID:26877780.

[106] Lai F, Gardini A, Zhang A, Shiekhattar R. Integrator mediates the
biogenesis of enhancer RNAs. Nature 2015;525(7569):399-403.
doi:10.1038/nature14906, PMID:26308897.

[107] Wang G, Xia B, Zhou M, Lv J, Zhao D, Li Y, et al. MACMIC Re-
veals A Dual Role of CTCF in Epigenetic Regulation of Cell Identity
Genes. Genomics Proteomics Bioinformatics 2021;19(1):140-153.
doi:10.1016/j.gpb.2020.10.008, PMID:33677108.

[108] Gryder BE, Khan J, Stanton BZ. Measurement of differential chro-
matin interactions with absolute quantification of architecture (AQ-
UA-HiChlIP). Nat Protoc 2020;15(3):1209-1236. doi:10.1038/s41596-
019-0285-9, PMID:32051612.

[109] Yel, CaiS, Feng, LiJ, Cai Z, DengY, et al. Metformin escape in pros-
tate cancer by activating the PTGR1 transcriptional program through
a novel super-enhancer. Signal Transduct Target Ther 2023;8(1):303.
doi:10.1038/s41392-023-01516-2, PMID:37582751.

[110] Nishida J, Momoi Y, Miyakuni K, Tamura Y, Takahashi K, Koinuma D,
et al. Epigenetic remodelling shapes inflammatory renal cancer and
neutrophil-dependent metastasis. Nat Cell Biol 2020;22(4):465—-475.
doi:10.1038/s41556-020-0491-2, PMID:32203421.

[111] Sato T, Yoo S, Kong R, Sinha A, Chandramani-Shivalingappa P, Patel
A, et al. Epigenomic Profiling Discovers Trans-lineage SOX2 Partner-
ships Driving Tumor Heterogeneity in Lung Squamous Cell Carcino-
ma. Cancer Res 2019;79(24):6084—6100. doi:10.1158/0008-5472.
CAN-19-2132, PMID:31551362.

[112] Yoo W, Song YW, Kim J, Ahn J, Kim J, Shin Y, et al. Molecular basis
for SOX2-dependent regulation of super-enhancer activity. Nucleic
Acids Res 2023;51(22):11999-12019. doi:10.1093/nar/gkad908,
PMID:37930832.

[113] Wang X, Kutschat AP, Yamada M, Prokakis E, Béttcher P, Tanaka K,
et al. Bromodomain protein BRDT directs ANp63 function and super-
enhancer activity in a subset of esophageal squamous cell carcino-
mas. Cell Death Differ 2021;28(7):2207-2220. doi:10.1038/s41418-
021-00751-w, PMID:33658703.

[114] Kubota S, Tokunaga K, Umezu T, Yokomizo-Nakano T, Sun Y, Oshima
M, et al. Lineage-specific RUNX2 super-enhancer activates MYC and

[98

[99

19


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1038/nature13393
https://doi.org/10.1038/nature13393
http://www.ncbi.nlm.nih.gov/pubmed/25043025
https://doi.org/10.1038/s41467-022-33994-3
http://www.ncbi.nlm.nih.gov/pubmed/36272974
https://doi.org/10.1038/ng.3674
http://www.ncbi.nlm.nih.gov/pubmed/27643537
https://doi.org/10.1016/j.molcel.2024.09.018
http://www.ncbi.nlm.nih.gov/pubmed/39383879
https://doi.org/10.1093/nar/gkae867
http://www.ncbi.nlm.nih.gov/pubmed/39413158
https://doi.org/10.1038/s41467-024-50071-z
http://www.ncbi.nlm.nih.gov/pubmed/38965263
https://doi.org/10.1002/advs.202404476
http://www.ncbi.nlm.nih.gov/pubmed/39206755
https://doi.org/10.1093/nar/gkae547
http://www.ncbi.nlm.nih.gov/pubmed/38932701
https://doi.org/10.1038/s41467-022-29625-6
http://www.ncbi.nlm.nih.gov/pubmed/35440565
https://doi.org/10.1093/nar/gkaf015
http://www.ncbi.nlm.nih.gov/pubmed/39868536
https://doi.org/10.1038/s41467-018-08245-z
http://www.ncbi.nlm.nih.gov/pubmed/30659195
https://doi.org/10.1016/j.molcel.2016.03.033
http://www.ncbi.nlm.nih.gov/pubmed/27153539
https://doi.org/10.1182/blood.2018893982
https://doi.org/10.1182/blood.2018893982
http://www.ncbi.nlm.nih.gov/pubmed/31023702
https://doi.org/10.1182/blood.2019004586
http://www.ncbi.nlm.nih.gov/pubmed/32730594
https://doi.org/10.1038/s41467-020-14684-4
http://www.ncbi.nlm.nih.gov/pubmed/32060262
https://doi.org/10.1186/s13045-019-0757-y
http://www.ncbi.nlm.nih.gov/pubmed/31311566
https://doi.org/10.1093/nar/gkac233
http://www.ncbi.nlm.nih.gov/pubmed/35390165
https://doi.org/10.1038/s41467-023-37347-6
https://doi.org/10.1038/s41467-023-37347-6
http://www.ncbi.nlm.nih.gov/pubmed/36949074
https://doi.org/10.1038/s41467-021-25704-2
https://doi.org/10.1038/s41467-021-25704-2
http://www.ncbi.nlm.nih.gov/pubmed/34521827
https://doi.org/10.1038/ncomms14648
http://www.ncbi.nlm.nih.gov/pubmed/28262751
https://doi.org/10.1038/s41467-020-20400-z
https://doi.org/10.1038/s41467-020-20400-z
http://www.ncbi.nlm.nih.gov/pubmed/33431820
https://doi.org/10.1038/s41467-024-55667-z
http://www.ncbi.nlm.nih.gov/pubmed/39779693
https://doi.org/10.1016/j.molcel.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25801169
https://doi.org/10.1038/s41467-024-47166-y
http://www.ncbi.nlm.nih.gov/pubmed/38653778
https://doi.org/10.7150/thno.13178
https://doi.org/10.7150/thno.13178
http://www.ncbi.nlm.nih.gov/pubmed/26877780
https://doi.org/10.1038/nature14906
http://www.ncbi.nlm.nih.gov/pubmed/26308897
https://doi.org/10.1016/j.gpb.2020.10.008
http://www.ncbi.nlm.nih.gov/pubmed/33677108
https://doi.org/10.1038/s41596-019-0285-9
https://doi.org/10.1038/s41596-019-0285-9
http://www.ncbi.nlm.nih.gov/pubmed/32051612
https://doi.org/10.1038/s41392-023-01516-2
http://www.ncbi.nlm.nih.gov/pubmed/37582751
https://doi.org/10.1038/s41556-020-0491-2
http://www.ncbi.nlm.nih.gov/pubmed/32203421
https://doi.org/10.1158/0008-5472.CAN-19-2132
https://doi.org/10.1158/0008-5472.CAN-19-2132
http://www.ncbi.nlm.nih.gov/pubmed/31551362
https://doi.org/10.1093/nar/gkad908
http://www.ncbi.nlm.nih.gov/pubmed/37930832
https://doi.org/10.1038/s41418-021-00751-w
https://doi.org/10.1038/s41418-021-00751-w
http://www.ncbi.nlm.nih.gov/pubmed/33658703

Oncol Adv

promotes the development of blastic plasmacytoid dendritic cell
neoplasm. Nat Commun 2019;10(1):1653. doi:10.1038/s41467-019-
09710-z, PMID:30971697.

[115] Betancur PA, Abraham BJ, Yiu YY, Willingham SB, Khameneh F,
Zarnegar M, et al. A CD47-associated super-enhancer links pro-inflam-
matory signalling to CD47 upregulation in breast cancer. Nat Commun
2017;8:14802. doi:10.1038/ncomms14802, PMID:28378740.

[116] Gong Y, Lazaris C, Sakellaropoulos T, Lozano A, Kambadur P, Ntzi-
achristos P, et al. Stratification of TAD boundaries reveals preferential
insulation of super-enhancers by strong boundaries. Nat Commun
2018;9(1):542. doi:10.1038/s41467-018-03017-1, PMID:29416042.

[117] Xia T, Yin H, Zhu Q, Zhang K, Xie H, Shan Y, et al. DDX5 super-en-
hancer promotes vasculogenic mimicry formation and metastasis
in nasopharyngeal carcinoma by enhancing ADAM10 transcription.
Cell Rep Med 2025;6(6):102146. doi:10.1016/j.xcrm.2025.102146,
PMID:40412383.

[118] Nargund AM, Xu C, Mandoli A, Okabe A, Chen GB, Huang KK, et
al. Chromatin Rewiring by Mismatch Repair Protein MSH2 Alters Cell
Adhesion Pathways and Sensitivity to BET Inhibition in Gastric Can-
cer. Cancer Res 2022;82(14):2538-2551. doi:10.1158/0008-5472.
CAN-21-2072, PMID:35583999.

[119] Oldridge DA, Wood AC, Weichert-Leahey N, Crimmins I, Sussman R,
Winter C, et al. Genetic predisposition to neuroblastoma mediated by
aLMO1 super-enhancer polymorphism. Nature 2015;528(7582):418—
421. doi:10.1038/nature15540, PMID:26560027.

[120] Francis JM, Zhang CZ, Maire CL, Jung J, Manzo VE, Adalsteinsson VA,
et al. EGFR variant heterogeneity in glioblastoma resolved through
single-nucleus sequencing. Cancer Discov 2014;4(8):956-971.
doi:10.1158/2159-8290.CD-13-0879, PMID:24893890.

[121] Gopi LK, Kidder BL. Integrative pan cancer analysis reveals epig-
enomic variation in cancer type and cell specific chromatin domains.
Nat Commun 2021;12(1):1419. doi:10.1038/s41467-021-21707-1,
PMID:33658503.

[122] Liu X, Zhao B, Shaw Tl, Fridley BL, Duckett DR, Tan AC, et al. Summa-
rizing internal dynamics boosts differential analysis and functional in-
terpretation of super enhancers. Nucleic Acids Res 2022;50(6):3115—
3127. doi:10.1093/nar/gkac141, PMID:35234924.

[123] YuJ,Chen M, SangQ, Li F, Xu Z, Yu B, et al. Super-enhancer Activates
Master Transcription Factor NR3C1 Expression and Promotes 5-FU
Resistance in Gastric Cancer. Adv Sci (Weinh) 2025;12(7):e2409050.
doi:10.1002/advs.202409050, PMID:39731339.

[124] Xie JJ, Jiang YY, Jiang Y, Li CQ, Lim MC, An O, et al. Super-Enhancer-
Driven Long Non-Coding RNA LINC01503, Regulated by TP63, Is Over-
Expressed and Oncogenic in Squamous Cell Carcinoma. Gastroenter-
ology 2018;154(8):2137-2151.e1. doi:10.1053/j.gastro.2018.02.018,
PMID:29454790.

[125] Ma Y, Walsh MJ, Bernhardt K, Ashbaugh CW, Trudeau SJ, Ashbaugh
IY, et al. CRISPR/Cas9 Screens Reveal Epstein-Barr Virus-Transformed
B Cell Host Dependency Factors. Cell Host Microbe 2017;21(5):580—
591.e7. doi:10.1016/j.chom.2017.04.005, PMID:28494239.

[126] HuangJ, Li K, Cai W, Liu X, Zhang Y, Orkin SH, et al. Dissecting super-
enhancer hierarchy based on chromatin interactions. Nat Commun
2018;9(1):943. doi:10.1038/s41467-018-03279-9, PMID:29507293.

[127] Kim HJ, Moon SJ, Hong S, Won HH, Kim JH. DBC1 is a key positive
regulator of enhancer epigenomic writers KMT2D and p300. Nu-
cleic Acids Res 2022;50(14):7873-7888. doi:10.1093/nar/gkac585,
PMID:35801925.

[128] Shen H, Xu W, Guo R, Rong B, Gu L, Wang Z, et al. Suppression of
Enhancer Overactivation by a RACK7-Histone Demethylase Complex.
Cell 2016;165(2):331-342. doi:10.1016/j.cell.2016.02.064, PMID:
27058665.

[129] Di Giorgio E, Paluvai H, Dalla E, Ranzino L, Renzini A, Moresi V, et al.
HDAC4 degradation during senescence unleashes an epigenetic pro-
gram driven by AP-1/p300 at selected enhancers and super-enhanc-
ers. Genome Biol 2021;22(1):129. doi:10.1186/s13059-021-02340-z,
PMID:33966634.

[130] Yul,ZhangZ, ChenY, WangJ, LiG, TaoY, et al. Super-Enhancer-Driven
IRF2BP2 is Activated by Master Transcription Factors and Sustains T-
ALL Cell Growth and Survival. Adv Sci (Weinh) 2025;12(1):e2407113.
doi:10.1002/advs.202407113, PMID:39454110.

[131] Li K, Liu Y, Cao H, Zhang Y, Gu Z, Liu X, et al. Interrogation of en-

20

Wu D. et al: Super-enhancers in tumor and targeted therapy

hancer function by enhancer-targeting CRISPR epigenetic editing.
Nat Commun 2020;11(1):485. doi:10.1038/s41467-020-14362-5,
PMID:31980609.

[132] Tsang FH, Law CT, Tang TC, Cheng CL, Chin DW, Tam WV, et al. Ab-
errant Super-Enhancer Landscape in Human Hepatocellular Carci-
noma. Hepatology 2019;69(6):2502—2517. doi:10.1002/hep.30544,
PMID:30723918.

[133] TanY, Wang X, Song H, Zhang Y, Zhang R, Li S, et al. A PML/RARa di-
rect target atlas redefines transcriptional deregulation in acute pro-
myelocytic leukemia. Blood 2021;137(11):1503-1516. doi:10.1182/
blood.2020005698, PMID:32854112.

[134] Leeman-Neill RJ, Song D, Bizarro J, Wacheul L, Rothschild G, Singh S,
et al. Noncoding mutations cause super-enhancer retargeting result-
ing in protein synthesis dysregulation during B cell lymphoma pro-
gression. Nat Genet 2023;55(12):2160-2174. doi:10.1038/s41588-
023-01561-1, PMID:38049665.

[135] Youngblood MW, Erson-Omay Z, Li C, Najem H, Coskun S, Tyrtova E,
et al. Super-enhancer hijacking drives ectopic expression of hedge-
hog pathway ligands in meningiomas. Nat Commun 2023;14(1):6279.
doi:10.1038/s41467-023-41926-y, PMID:37805627.

[136] LiuJ, DuanZ, Guo W, Zeng L, Wu Y, ChenYY, et al. Targeting the BRD4/
FOX03a/CDK6 axis sensitizes AKT inhibition in luminal breast cancer.
Nat Commun 2018;9(1):5200. doi:10.1038/s41467-018-07258-y,
PMID:30518851.

[137] Fixsen BR, Han CZ, Zhou Y, Spann NJ, Saisan P, Shen Z, et al. SALL1
enforces microglia-specific DNA binding and function of SMADs to
establish microglia identity. Nat Immunol 2023;24(7):1188-1199.
doi:10.1038/s41590-023-01528-8, PMID:37322178.

[138] Cordero J, Swaminathan G, Rogel-Ayala DG, Rubio K, Elsherbiny
A, Mahmood S, et al. Nuclear microRNA 9 mediates G-quadruplex
formation and 3D genome organization during TGF-B-induced tran-
scription. Nat Commun 2024;15(1):10711. doi:10.1038/s41467-024-
54740-x, PMID:39706840.

[139] Yuan C, Chen H, Tu S, Huang HY, Pan Y, Gui X, et al. A systematic
dissection of the epigenomic heterogeneity of lung adenocarcinoma
reveals two different subclasses with distinct prognosis and core
regulatory networks. Genome Biol 2021;22(1):156. doi:10.1186/
$13059-021-02376-1, PMID:34001209.

[140] Chen Y, Xu L, Mayakonda A, Huang ML, Kanojia D, Tan TZ, et al.
Bromodomain and extraterminal proteins foster the core transcrip-
tional regulatory programs and confer vulnerability in liposarcoma.
Nat Commun 2019;10(1):1353. doi:10.1038/s41467-019-09257-z,
PMID:30903020.

[141] Cohen AJ, Saiakhova A, Corradin O, Luppino JM, Lovrenert K, Bartels
CF, et al. Hotspots of aberrant enhancer activity punctuate the colo-
rectal cancer epigenome. Nat Commun 2017;8:14400. doi:10.1038/
ncomms14400, PMID:28169291.

[142] Northcott PA, Lee C, Zichner T, Stlitz AM, Erkek S, Kawauchi D, et al.
Enhancer hijacking activates GFI1 family oncogenes in medulloblas-
toma. Nature 2014;511(7510):428-434. doi:10.1038/nature13379,
PMID:25043047.

[143] Nakagawa M, Shaffer AL 3rd, Ceribelli M, Zhang M, Wright G,
Huang DW, et al. Targeting the HTLV-I-Regulated BATF3/IRF4 Tran-
scriptional Network in Adult T Cell Leukemia/Lymphoma. Cancer Cell
2018;34(2):286-297.€10. doi:10.1016/j.ccell.2018.06.014, PMID:300
57145.

[144] Welsh SJ, Barwick BG, Meermeier EW, Riggs DL, Shi CX, Zhu YX, et
al. Transcriptional Heterogeneity Overcomes Super-Enhancer Dis-
rupting Drug Combinations in Multiple Myeloma. Blood Cancer Dis-
cov 2024;5(1):34-55. doi:10.1158/2643-3230.BCD-23-0062, PMID:
37767768.

[145] Bahr C, von Paleske L, Uslu VV, Remeseiro S, Takayama N, Ng SW, et
al. A Myc enhancer cluster regulates normal and leukaemic haema-
topoietic stem cell hierarchies. Nature 2018;553(7689):515-520.
doi:10.1038/nature25193, PMID:29342133.

[146] Kim EJ, Liu P, Zhang S, Donahue K, Wang Y, Schehr JL, et al. BAF155
methylation drives metastasis by hijacking super-enhancers and sub-
verting anti-tumor immunity. Nucleic Acids Res 2021;49(21):12211-
12233. doi:10.1093/nar/gkab1122, PMID:34865122.

[147] Mack SC, Singh I, Wang X, Hirsch R, Wu Q, Villagomez R, et al. Chro-
matin landscapes reveal developmentally encoded transcriptional

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1038/s41467-019-09710-z
https://doi.org/10.1038/s41467-019-09710-z
http://www.ncbi.nlm.nih.gov/pubmed/30971697
https://doi.org/10.1038/ncomms14802
http://www.ncbi.nlm.nih.gov/pubmed/28378740
https://doi.org/10.1038/s41467-018-03017-1
http://www.ncbi.nlm.nih.gov/pubmed/29416042
https://doi.org/10.1016/j.xcrm.2025.102146
http://www.ncbi.nlm.nih.gov/pubmed/40412383
https://doi.org/10.1158/0008-5472.CAN-21-2072
https://doi.org/10.1158/0008-5472.CAN-21-2072
http://www.ncbi.nlm.nih.gov/pubmed/35583999
https://doi.org/10.1038/nature15540
http://www.ncbi.nlm.nih.gov/pubmed/26560027
https://doi.org/10.1158/2159-8290.CD-13-0879
http://www.ncbi.nlm.nih.gov/pubmed/24893890
https://doi.org/10.1038/s41467-021-21707-1
http://www.ncbi.nlm.nih.gov/pubmed/33658503
https://doi.org/10.1093/nar/gkac141
http://www.ncbi.nlm.nih.gov/pubmed/35234924
https://doi.org/10.1002/advs.202409050
http://www.ncbi.nlm.nih.gov/pubmed/39731339
https://doi.org/10.1053/j.gastro.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29454790
https://doi.org/10.1016/j.chom.2017.04.005
http://www.ncbi.nlm.nih.gov/pubmed/28494239
https://doi.org/10.1038/s41467-018-03279-9
http://www.ncbi.nlm.nih.gov/pubmed/29507293
https://doi.org/10.1093/nar/gkac585
http://www.ncbi.nlm.nih.gov/pubmed/35801925
https://doi.org/10.1016/j.cell.2016.02.064
http://www.ncbi.nlm.nih.gov/pubmed/27058665
https://doi.org/10.1186/s13059-021-02340-z
http://www.ncbi.nlm.nih.gov/pubmed/33966634
https://doi.org/10.1002/advs.202407113
http://www.ncbi.nlm.nih.gov/pubmed/39454110
https://doi.org/10.1038/s41467-020-14362-5
http://www.ncbi.nlm.nih.gov/pubmed/31980609
https://doi.org/10.1002/hep.30544
http://www.ncbi.nlm.nih.gov/pubmed/30723918
https://doi.org/10.1182/blood.2020005698
https://doi.org/10.1182/blood.2020005698
http://www.ncbi.nlm.nih.gov/pubmed/32854112
https://doi.org/10.1038/s41588-023-01561-1
https://doi.org/10.1038/s41588-023-01561-1
http://www.ncbi.nlm.nih.gov/pubmed/38049665
https://doi.org/10.1038/s41467-023-41926-y
http://www.ncbi.nlm.nih.gov/pubmed/37805627
https://doi.org/10.1038/s41467-018-07258-y
http://www.ncbi.nlm.nih.gov/pubmed/30518851
https://doi.org/10.1038/s41590-023-01528-8
http://www.ncbi.nlm.nih.gov/pubmed/37322178
https://doi.org/10.1038/s41467-024-54740-x
https://doi.org/10.1038/s41467-024-54740-x
http://www.ncbi.nlm.nih.gov/pubmed/39706840
https://doi.org/10.1186/s13059-021-02376-1
https://doi.org/10.1186/s13059-021-02376-1
http://www.ncbi.nlm.nih.gov/pubmed/34001209
https://doi.org/10.1038/s41467-019-09257-z
http://www.ncbi.nlm.nih.gov/pubmed/30903020
https://doi.org/10.1038/ncomms14400
https://doi.org/10.1038/ncomms14400
http://www.ncbi.nlm.nih.gov/pubmed/28169291
https://doi.org/10.1038/nature13379
http://www.ncbi.nlm.nih.gov/pubmed/25043047
https://doi.org/10.1016/j.ccell.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/30057145
http://www.ncbi.nlm.nih.gov/pubmed/30057145
https://doi.org/10.1158/2643-3230.BCD-23-0062
http://www.ncbi.nlm.nih.gov/pubmed/37767768
https://doi.org/10.1038/nature25193
http://www.ncbi.nlm.nih.gov/pubmed/29342133
https://doi.org/10.1093/nar/gkab1122
http://www.ncbi.nlm.nih.gov/pubmed/34865122

Wu D. et al: Super-enhancers in tumor and targeted therapy

states that define human glioblastoma. J Exp Med 2019;216(5):1071—
1090. doi:10.1084/jem.20190196, PMID:30948495.

[148] Ye B, Fan D, Xiong W, Li M, Yuan J, Jiang Q, et al. Oncogenic enhanc-
ers drive esophageal squamous cell carcinogenesis and metastasis.
Nat Commun 2021;12(1):4457. doi:10.1038/s41467-021-24813-2,
PMID:34294701.

[149] Chapuy B, McKeown MR, Lin CY, Monti S, Roemer MG, Qi J, et al. Dis-
covery and characterization of super-enhancer-associated depend-
encies in diffuse large B cell lymphoma. Cancer Cell 2013;24(6):777—-
790. doi:10.1016/j.ccr.2013.11.003, PMID:24332044.

[150] Christensen CL, Kwiatkowski N, Abraham BJ, Carretero J, Al-Shahrour
F, Zhang T, et al. Targeting transcriptional addictions in small cell lung
cancer with a covalent CDK7 inhibitor. Cancer Cell 2014;26(6):909—
922. doi:10.1016/j.ccell.2014.10.019, PMID:25490451.

[151] Bojcsuk D, Nagy G, Balint BL. Inducible super-enhancers are organ-
ized based on canonical signal-specific transcription factor binding
elements. Nucleic Acids Res 2017;45(7):3693—-3706. doi:10.1093/
nar/gkw1283, PMID:27994038.

[152] Pefanis E, Wang J, Rothschild G, Lim J, Kazadi D, Sun J, et al. RNA
exosome-regulated long non-coding RNA transcription controls
super-enhancer activity. Cell 2015;161(4):774-789. doi:10.1016/j.
cell.2015.04.034, PMID:25957685.

[153] Antal CE, Oh TG, Aigner S, Luo EC, Yee BA, Campos T, et al. A super-
enhancer-regulated RNA-binding protein cascade drives pancreatic
cancer. Nat Commun 2023;14(1):5195. doi:10.1038/s41467-023-
40798-6, PMID:37673892.

[154] Pelish HE, Liau BB, Nitulescu Il, Tangpeerachaikul A, Poss ZC, Da
Silva DH, et al. Mediator kinase inhibition further activates super-en-
hancer-associated genes in AML. Nature 2015;526(7572):273-276.
doi:10.1038/nature14904, PMID:26416749.

[155] Sturmlechner |, Sine CC, Jeganathan KB, Zhang C, Fierro Velasco RO,
Baker DJ, et al. Senescent cells limit p53 activity via multiple mecha-
nisms to remain viable. Nat Commun 2022;13(1):3722. doi:10.1038/
s41467-022-31239-x, PMID:35764649.

[156] Sur I, Taipale J. The role of enhancers in cancer. Nat Rev Cancer
2016;16(8):483-493. doi:10.1038/nrc.2016.62, PMID:27364481.
[157] ZhengZZ, Xia L, Hu GS, Liu JY, Hu YH, Chen YJ, et al. Super-enhancer-
controlled positive feedback loop BRD4/ERa-RET-ERa promotes ERa-
positive breast cancer. Nucleic Acids Res 2022;50(18):10230-10248.

doi:10.1093/nar/gkac778, PMID:36124682.

[158] Wu Y, Chen S, Shao Y, SuY, Li Q, Wu J, et al. KLF5 Promotes Tumor
Progression and Parp Inhibitor Resistance in Ovarian Cancer. Adv
Sci (Weinh) 2023;10(31):e2304638. doi:10.1002/advs.202304638,
PMID:37702443.

[159] Zhou W, Xu C, Yang S, Li H, Pan C, Jiang Z, et al. An oncohistone-driv-
en H3.3K27M/CREB5/ID1 axis maintains the stemness and malignan-
cy of diffuse intrinsic pontine glioma. Nat Commun 2025;16(1):3675.
doi:10.1038/s41467-025-58795-2, PMID:40246858.

[160] Chen'Y, Ying Y, Ma W, Ma H, Shi L, Gao X, et al. Targeting the Epi-
genetic Reader ENL Inhibits Super-Enhancer-Driven Oncogenic
Transcription and Synergizes with BET Inhibition to Suppress Tumor
Progression. Cancer Res 2024;84(8):1237-1251. doi:10.1158/0008-
5472.CAN-23-1836, PMID:38241700.

[161] Chen QS, Cai RZ, Wang Y, Liang GH, Zhang KM, Yang XY, et al. Profil-
ing triple-negative breast cancer-specific super-enhancers identifies
high-risk mesenchymal development subtype and BETi-Targetable
vulnerabilities. Mol Cancer 2025;24(1):141. doi:10.1186/s12943-
025-02342-6, PMID:40361105.

[162] Wang Y, Chen K, Liu G, Du C, Cheng Z, Wei D, et al. Disruption
of Super-Enhancers in Activated Pancreatic Stellate Cells Facili-
tates Chemotherapy and Immunotherapy in Pancreatic Cancer.
Adv Sci (Weinh) 2024;11(16):e2308637. doi:10.1002/advs.202308
637, PMID:38417121.

[163] Sugino N, Kawahara M, Tatsumi G, Kanai A, Matsui H, Yamamoto
R, et al. A novel LSD1 inhibitor NCD38 ameliorates MDS-related leu-
kemia with complex karyotype by attenuating leukemia programs
via activating super-enhancers. Leukemia 2017;31(11):2303-2314.
doi:10.1038/leu.2017.59, PMID:28210006.

[164] Cao YF, Wang H, Sun Y, Tong BB, Shi WQ, Peng L, et al. Nuclear
ANLN regulates transcription initiation related Pol Il clustering and
target gene expression. Nat Commun 2025;16(1):1271. doi:10.1038/

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026

Oncol Adv

s41467-025-56645-9, PMID:39894879.

[165] Herranz D, Ambesi-Impiombato A, Palomero T, Schnell SA, Belver
L, Wendorff AA, et al. A NOTCH1-driven MYC enhancer promotes
T cell development, transformation and acute lymphoblastic leu-
kemia. Nat Med 2014;20(10):1130-1137. doi:10.1038/nm.3665,
PMID:25194570.

[166] Smith C, Touzart A, Simonin M, Tran-Quang C, Hypolite G, Latiri
M, et al. Harnessing the MYB-dependent TAL1 5’'super-enhancer for
targeted therapy in T-ALL. Mol Cancer 2023;22(1):12. doi:10.1186/
$12943-022-01701-x, PMID:36650499.

[167] Ottema S, Mulet-Lazaro R, Erpelinck-Verschueren C, van Herk S,
Havermans M, Arricibita Varea A, et al. The leukemic oncogene EVI1
hijacks a MYC super-enhancer by CTCF-facilitated loops. Nat Com-
mun 2021;12(1):5679. doi:10.1038/s41467-021-25862-3, PMID:345
84081.

[168] Huang S, Han Y, Liu Y, Bu L, Wu C, Rao Z, et al. Super-enhancer-
mediated circRNAs exhibit high splicing circularization diversity
and transcriptional activity. Nucleic Acids Res 2025;53(11):gkaf505.
doi:10.1093/nar/gkaf505, PMID:40512546.

[169] Zhang T, Xia W, Song X, Mao Q, Huang X, Chen B, et al. Super-en-
hancer hijacking LINC01977 promotes malignancy of early-stage lung
adenocarcinoma addicted to the canonical TGF-B/SMAD3 pathway.
J Hematol Oncol 2022;15(1):114. doi:10.1186/s13045-022-01331-2,
PMID:35982471.

[170] Chen K, Chen Z, Wu D, Zhang L, Lin X, Su J, et al. Broad H3K4me3
is associated with increased transcription elongation and enhancer
activity at tumor-suppressor genes. Nat Genet 2015;47(10):1149—
1157. doi:10.1038/ng.3385, PMID:26301496.

[171] Guo H, Wu Y, Nouri M, Spisak S, Russo JW, Sowalsky AG, et al. An-
drogen receptor and MYC equilibration centralizes on developmen-
tal super-enhancer. Nat Commun 2021;12(1):7308. doi:10.1038/
s41467-021-27077-y, PMID:34911936.

[172] Zhang C, Wei S, Sun WP, Teng K, Dai MM, Wang FW, et al. Super-
enhancer-driven AJUBA is activated by TCF4 and involved in epithe-
lial-mesenchymal transition in the progression of Hepatocellular
Carcinoma. Theranostics 2020;10(20):9066—9082. doi:10.7150/
thno.45349, PMID:32802179.

[173] Zhou J, Toh SH, Tan TK, Balan K, Lim JQ, Tan TZ, et al. Super-enhanc-
er-driven TOX2 mediates oncogenesis in Natural Killer/T Cell Lym-
phoma. Mol Cancer 2023;22(1):69. doi:10.1186/s12943-023-01767-
1, PMID:37032358.

[174] Nagaraja S, Vitanza NA, Woo PJ, Taylor KR, Liu F, Zhang L, et al. Tran-
scriptional Dependencies in Diffuse Intrinsic Pontine Glioma. Can-
cer Cell 2017;31(5):635-652.e6. doi:10.1016/j.ccell.2017.03.011,
PMID:28434841.

[175] Andricovich J, Perkail S, Kai Y, Casasanta N, Peng W, Tzatsos A.
Loss of KDM6A Activates Super-Enhancers to Induce Gender-Spe-
cific Squamous-like Pancreatic Cancer and Confers Sensitivity to
BET Inhibitors. Cancer Cell 2018;33(3):512-526.e8. doi:10.1016/j.
ccell.2018.02.003, PMID:29533787.

[176] Zhou H, Schmidt SC, Jiang S, Willox B, Bernhardt K, Liang J, et
al. Epstein-Barr virus oncoprotein super-enhancers control B cell
growth. Cell Host Microbe 2015;17(2):205-216. doi:10.1016/j.
chom.2014.12.013, PMID:25639793.

[177] Jiang YY, Lin DC, Mayakonda A, Hazawa M, Ding LW, Chien WW, et
al. Targeting super-enhancer-associated oncogenes in oesophageal
squamous cell carcinoma. Gut 2017;66(8):1358-1368. doi:10.1136/
gutjnl-2016-311818, PMID:27196599.

[178] SyafruddinSE, Rodrigues P, Vojtasova E, Patel SA, Zaini MN, Burge J, et
al. A KLF6-driven transcriptional network links lipid homeostasis and
tumour growth in renal carcinoma. Nat Commun 2019;10(1):1152.
doi:10.1038/s41467-019-09116-x, PMID:30858363.

[179] Wong M, Sun Y, Xi Z, Milazzo G, Poulos RC, Bartenhagen C, et al.
JMID6 is a tumorigenic factor and therapeutic target in neuroblas-
toma. Nat Commun 2019;10(1):3319. do0i:10.1038/s41467-019-
11132-w, PMID:31346162.

[180] Boeva V, Louis-Brennetot C, Peltier A, Durand S, Pierre-Eugeéne C,
Raynal V, et al. Heterogeneity of neuroblastoma cell identity defined
by transcriptional circuitries. Nat Genet 2017;49(9):1408-1413.
doi:10.1038/ng.3921, PMID:28740262.

[181] Xie H, Jiang Y, Xiang Y, Wu B, Zhao J, Huang R, et al. Super-en-

21


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1084/jem.20190196
http://www.ncbi.nlm.nih.gov/pubmed/30948495
https://doi.org/10.1038/s41467-021-24813-2
http://www.ncbi.nlm.nih.gov/pubmed/34294701
https://doi.org/10.1016/j.ccr.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24332044
https://doi.org/10.1016/j.ccell.2014.10.019
http://www.ncbi.nlm.nih.gov/pubmed/25490451
https://doi.org/10.1093/nar/gkw1283
https://doi.org/10.1093/nar/gkw1283
http://www.ncbi.nlm.nih.gov/pubmed/27994038
https://doi.org/10.1016/j.cell.2015.04.034
https://doi.org/10.1016/j.cell.2015.04.034
http://www.ncbi.nlm.nih.gov/pubmed/25957685
https://doi.org/10.1038/s41467-023-40798-6
https://doi.org/10.1038/s41467-023-40798-6
http://www.ncbi.nlm.nih.gov/pubmed/37673892
https://doi.org/10.1038/nature14904
http://www.ncbi.nlm.nih.gov/pubmed/26416749
https://doi.org/10.1038/s41467-022-31239-x
https://doi.org/10.1038/s41467-022-31239-x
http://www.ncbi.nlm.nih.gov/pubmed/35764649
https://doi.org/10.1038/nrc.2016.62
http://www.ncbi.nlm.nih.gov/pubmed/27364481
https://doi.org/10.1093/nar/gkac778
http://www.ncbi.nlm.nih.gov/pubmed/36124682
https://doi.org/10.1002/advs.202304638
http://www.ncbi.nlm.nih.gov/pubmed/37702443
https://doi.org/10.1038/s41467-025-58795-2
http://www.ncbi.nlm.nih.gov/pubmed/40246858
https://doi.org/10.1158/0008-5472.CAN-23-1836
https://doi.org/10.1158/0008-5472.CAN-23-1836
http://www.ncbi.nlm.nih.gov/pubmed/38241700
https://doi.org/10.1186/s12943-025-02342-6
https://doi.org/10.1186/s12943-025-02342-6
http://www.ncbi.nlm.nih.gov/pubmed/40361105
https://doi.org/10.1002/advs.202308637
https://doi.org/10.1002/advs.202308637
http://www.ncbi.nlm.nih.gov/pubmed/38417121
https://doi.org/10.1038/leu.2017.59
http://www.ncbi.nlm.nih.gov/pubmed/28210006
https://doi.org/10.1038/s41467-025-56645-9
https://doi.org/10.1038/s41467-025-56645-9
http://www.ncbi.nlm.nih.gov/pubmed/39894879
https://doi.org/10.1038/nm.3665
http://www.ncbi.nlm.nih.gov/pubmed/25194570
https://doi.org/10.1186/s12943-022-01701-x
https://doi.org/10.1186/s12943-022-01701-x
http://www.ncbi.nlm.nih.gov/pubmed/36650499
https://doi.org/10.1038/s41467-021-25862-3
http://www.ncbi.nlm.nih.gov/pubmed/34584081
http://www.ncbi.nlm.nih.gov/pubmed/34584081
https://doi.org/10.1093/nar/gkaf505
http://www.ncbi.nlm.nih.gov/pubmed/40512546
https://doi.org/10.1186/s13045-022-01331-2
http://www.ncbi.nlm.nih.gov/pubmed/35982471
https://doi.org/10.1038/ng.3385
http://www.ncbi.nlm.nih.gov/pubmed/26301496
https://doi.org/10.1038/s41467-021-27077-y
https://doi.org/10.1038/s41467-021-27077-y
http://www.ncbi.nlm.nih.gov/pubmed/34911936
https://doi.org/10.7150/thno.45349
https://doi.org/10.7150/thno.45349
http://www.ncbi.nlm.nih.gov/pubmed/32802179
https://doi.org/10.1186/s12943-023-01767-1
https://doi.org/10.1186/s12943-023-01767-1
http://www.ncbi.nlm.nih.gov/pubmed/37032358
https://doi.org/10.1016/j.ccell.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28434841
https://doi.org/10.1016/j.ccell.2018.02.003
https://doi.org/10.1016/j.ccell.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29533787
https://doi.org/10.1016/j.chom.2014.12.013
https://doi.org/10.1016/j.chom.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25639793
https://doi.org/10.1136/gutjnl-2016-311818
https://doi.org/10.1136/gutjnl-2016-311818
http://www.ncbi.nlm.nih.gov/pubmed/27196599
https://doi.org/10.1038/s41467-019-09116-x
http://www.ncbi.nlm.nih.gov/pubmed/30858363
https://doi.org/10.1038/s41467-019-11132-w
https://doi.org/10.1038/s41467-019-11132-w
http://www.ncbi.nlm.nih.gov/pubmed/31346162
https://doi.org/10.1038/ng.3921
http://www.ncbi.nlm.nih.gov/pubmed/28740262

Oncol Adv

hancer-driven LIF promotes the mesenchymal transition in glio-
blastoma by activating ITGB2 signaling feedback in microglia. Neu-
ro Oncol 2024;26(8):1438-1452. doi:10.1093/neuonc/noae065,
PMID:38554116.

[182] Chen L, Huang M, Plummer J, Pan J, Jiang YY, Yang Q, et al. Mas-
ter transcription factors form interconnected circuitry and or-
chestrate transcriptional networks in oesophageal adenocarci-
noma. Gut 2020;69(4):630-640. doi:10.1136/gutjnl-2019-318325,
PMID:31409603.

[183] Mondal S, Liu PY, Seneviratne J, De Weck A, Venkat P, Mayoh C,
et al. The Super Enhancer-Driven Long Noncoding RNA PRKCQ-
AS1 Promotes Neuroblastoma Tumorigenesis by Interacting With
MSI2 Protein and Is Targetable by Small Molecule Compounds.
Adv Sci (Weinh) 2025;12(18):e2412520. doi:10.1002/advs.202412
520, PMID:40103284.

[184] Tanaka M, Chuaychob S, Homme M, Yamazaki Y, Lyu R, Yamashita K,
et al. ASPSCR1::TFE3 orchestrates the angiogenic program of alveo-
lar soft part sarcoma. Nat Commun 2023;14(1):1957. doi:10.1038/
s41467-023-37049-z, PMID:37029109.

[185] Wang C, Zhang L, Ke L, Ding W, Jiang S, Li D, et al. Primary effusion
lymphoma enhancer connectome links super-enhancers to depend-
ency factors. Nat Commun 2020;11(1):6318. doi:10.1038/s41467-
020-20136-w, PMID:33298918.

[186] White SM, Snyder MP, Yi C. Master lineage transcription factors
anchor trans mega transcriptional complexes at highly accessible
enhancer sites to promote long-range chromatin clustering and tran-
scription of distal target genes. Nucleic Acids Res 2021;49(21):12196—
12210. doi:10.1093/nar/gkab1105, PMID:34850122.

[187] Milevskiy MJG, Coughlan HD, Kane SR, Johanson TM, Kordafshari S,
Chan WF, et al. Three-dimensional genome architecture coordinates
key regulators of lineage specification in mammary epithelial cells.
Cell Genom 2023;3(11):100424. doi:10.1016/j.xgen.2023.100424,
PMID:38020976.

[188] Jiang YY, Jiang Y, Li CQ, Zhang Y, Dakle P, Kaur H, et al. TP63, SOX2,
and KLF5 Establish a Core Regulatory Circuitry That Controls Epige-
netic and Transcription Patterns in Esophageal Squamous Cell Car-
cinoma Cell Lines. Gastroenterology 2020;159(4):1311-1327.e19.
doi:10.1053/j.gastro.2020.06.050, PMID:32619460.

[189] Chipumuro E, Marco E, Christensen CL, Kwiatkowski N, Zhang T,
Hatheway CM, et al. CDK7 inhibition suppresses super-enhancer-linked
oncogenictranscriptionin MYCN-driven cancer. Cell 2014;159(5):1126—
1139. doi:10.1016/j.cell.2014.10.024, PMID:25416950.

[190] Sin-Chan P, Mumal I, Suwal T, Ho B, Fan X, Singh I, et al. A C19MC-
LIN28A-MYCN Oncogenic Circuit Driven by Hijacked Super-enhancers
Is a Distinct Therapeutic Vulnerability in ETMRs: A Lethal Brain Tumor.
Cancer Cell 2019;36(1):51-67.e7. doi:10.1016/j.ccell.2019.06.002,
PMID:31287992.

[191] Deng R, Huang JH, Wang Y, Zhou LH, Wang ZF, Hu BX, et al. Disrup-
tion of super-enhancer-driven tumor suppressor gene RCAN1.4 ex-
pression promotes the malignancy of breast carcinoma. Mol Cancer
2020;19(1):122. doi:10.1186/s12943-020-01236-z, PMID:32771023.

[192] Tanaka Y, Chiwaki F, Kojima S, Kawazu M, Komatsu M, Ueno T, et
al. Multi-omic profiling of peritoneal metastases in gastric can-
cer identifies molecular subtypes and therapeutic vulnerabilities.
Nat Cancer 2021;2(9):962-977. doi:10.1038/s43018-021-00240-6,
PMID:35121863.

[193] Gunnell A, Webb HM, Wood CD, McClellan MJ, Wichaidit B,
Kempkes B, et al. RUNX super-enhancer control through the Notch
pathway by Epstein-Barr virus transcription factors regulates B cell
growth. Nucleic Acids Res 2016;44(10):4636—4650. doi:10.1093/nar/
gkw085, PMID:26883634.

[194] Han J, Meng J, Chen S, Wang X, Yin S, Zhang Q, et al. YY1 Complex
Promotes Quaking Expression via Super-Enhancer Binding during
EMT of Hepatocellular Carcinoma. Cancer Res 2019;79(7):1451-
1464. doi:10.1158/0008-5472.CAN-18-2238, PMID:30760518.

[195] Font-Tello A, Kesten N, Xie Y, Taing L, Vareslija D, Young LS, et al.
FiTAc-seq: fixed-tissue ChIP-seq for H3K27ac profiling and super-en-
hancer analysis of FFPE tissues. Nat Protoc 2020;15(8):2503-2518.
doi:10.1038/s41596-020-0340-6, PMID:32591768.

[196] Wang Z, Luo M, Liang Q, Zhao K, Hu Y, Wang W, et al. Landscape
of enhancer disruption and functional screen in melanoma cells.

22

Wu D. et al: Super-enhancers in tumor and targeted therapy

Genome Biol 2023;24(1):248. doi:10.1186/s13059-023-03087-5,
PMID:37904237.

[197] Ding Y, Zhang B, Payne JL, Song C, Ge Z, Gowda C, et al. lkaros
tumor suppressor function includes induction of active enhanc-
ers and super-enhancers along with pioneering activity. Leukemia
2019;33(11):2720-2731.d0i:10.1038/s41375-019-0474-0, PMID:310
73152.

[198] ZhangsS, Wang J, Liu Q, McDonald WH, Bomber ML, Layden HM, et
al. PAX3-FOXO1 coordinates enhancer architecture, eRNA transcrip-
tion, and RNA polymerase pause release at select gene targets. Mol
Cell 2022;82(23):4428-4442.e7. doi:10.1016/j.molcel.2022.10.025,
PMID:36395771.

[199] Kelly MR, Wisniewska K, Regner MJ, Lewis MW, Perreault AA, Da-
vis ES, et al. A multi-omic dissection of super-enhancer driven on-
cogenic gene expression programs in ovarian cancer. Nat Commun
2022;13(1):4247. doi:10.1038/s41467-022-31919-8, PMID:35869079.

[200] Wang X, Cairns MJ, Yan J. Super-enhancers in transcriptional regula-
tion and genome organization. Nucleic Acids Res 2019;47(22):11481—
11496. doi:10.1093/nar/gkz1038, PMID:31724731.

[201] MaH, QuJ, PangZ, Luo J, Yan M, Xu W, et al. Super-enhancer omics
in stem cell. Mol Cancer 2024;23(1):153. doi:10.1186/s12943-024-
02066-z, PMID:39090713.

[202] Li M, Liu M, Han W, Wang Z, Han D, Patalano S, et al. LSD1 Inhi-
bition Disrupts Super-Enhancer-Driven Oncogenic Transcriptional
Programs in Castration-Resistant Prostate Cancer. Cancer Res 2023;
83(10):1684-1698. d0i:10.1158/0008-5472.CAN-22-2433, PMID:368
77164.

[203] Zhang Y, Chen K, Tang SC, Cai Y, Nambu A, See YX, et al. Super-si-
lencer perturbation by EZH2 and REST inhibition leads to large loss
of chromatin interactions and reduction in cancer growth. Nat Struct
Mol Biol 2025;32(1):137-149. do0i:10.1038/s41594-024-01391-7,
PMID:39304765.

[204] Hamilton AK, Radaoui AB, Tsang M, Martinez D, Conkrite KL, Pa-
tel K, et al. A proteogenomic surfaceome study identifies DLK1
as an immunotherapeutic target in neuroblastoma. Cancer Cell
2024;42(11):1970-1982.e7. doi:10.1016/j.ccell.2024.10.003, PMID:
39454577.

[205] ChenY, Zhuo R, Sun L, Tao Y, Li G, Zhu F, et al. Super-enhancer-driv-
en IRF2BP2 enhances ALK activity and promotes neuroblastoma cell
proliferation. Neuro Oncol 2024;26(10):1878-1894. doi:10.1093/
neuonc/noael09, PMID:38864832.

[206] Rahman S, Bloye G, Farah N, Demeulemeester J, Costa JR,
O’Connor D, et al. Focal deletions of a promoter tether acti-
vate the IRX3 oncogene in T-cell acute lymphoblastic leukemia.
Blood 2024;144(22):2319-2326. do0i:10.1182/blood.2024024300,
PMID:39316719.

[207] Lu B, Chen 'S, Guan X, Chen X, Du Y, Yuan J, et al. Lactate accumu-
lation induces H4K12la to activate super-enhancer-driven RAD23A
expression and promote niraparib resistance in ovarian cancer. Mol
Cancer 2025;24(1):83. doi:10.1186/s12943-025-02295-w, PMID:401
02876.

[208] Weischenfeldt J, Dubash T, Drainas AP, Mardin BR, Chen Y, Stlitz AM,
et al. Pan-cancer analysis of somatic copy-number alterations impli-
cates IRS4 and IGF2 in enhancer hijacking. Nat Genet 2017;49(1):65—
74. doi:10.1038/ng.3722, PMID:27869826.

[209] Lomberk G, Blum Y, Nicolle R, Nair A, Gaonkar KS, Marisa L, et al.
Distinct epigenetic landscapes underlie the pathobiology of pancre-
atic cancer subtypes. Nat Commun 2018;9(1):1978. doi:10.1038/
s41467-018-04383-6, PMID:29773832.

[210] Su T, Zhang N, Wang T, Zeng J, Li W, Han L, et al. Super Enhancer-
Regulated LncRNA LINC01089 Induces Alternative Splicing of DIAPH3
to Drive Hepatocellular Carcinoma Metastasis. Cancer Res 2023;
83(24):4080-4094. d0i:10.1158/0008-5472.CAN-23-0544, PMID:377
56562.

[211] Xing F, Zhao D, Wu SY, Tyagi A, Wu K, Sharma S, et al. Epigenetic
and Posttranscriptional Modulation of SOS1 Can Promote Breast
Cancer Metastasis through Obesity-Activated c-Met Signaling in
African-American Women. Cancer Res 2021;81(11):3008-3021.
doi:10.1158/0008-5472.CAN-19-4031, PMID:33446575.

[212] Ceribelli M, Hou ZE, Kelly PN, Huang DW, Wright G, Ganapathi K, et
al. A Druggable TCF4- and BRD4-Dependent Transcriptional Network

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1093/neuonc/noae065
http://www.ncbi.nlm.nih.gov/pubmed/38554116
https://doi.org/10.1136/gutjnl-2019-318325
http://www.ncbi.nlm.nih.gov/pubmed/31409603
https://doi.org/10.1002/advs.202412520
https://doi.org/10.1002/advs.202412520
http://www.ncbi.nlm.nih.gov/pubmed/40103284
https://doi.org/10.1038/s41467-023-37049-z
https://doi.org/10.1038/s41467-023-37049-z
http://www.ncbi.nlm.nih.gov/pubmed/37029109
https://doi.org/10.1038/s41467-020-20136-w
https://doi.org/10.1038/s41467-020-20136-w
http://www.ncbi.nlm.nih.gov/pubmed/33298918
https://doi.org/10.1093/nar/gkab1105
http://www.ncbi.nlm.nih.gov/pubmed/34850122
https://doi.org/10.1016/j.xgen.2023.100424
http://www.ncbi.nlm.nih.gov/pubmed/38020976
https://doi.org/10.1053/j.gastro.2020.06.050
http://www.ncbi.nlm.nih.gov/pubmed/32619460
https://doi.org/10.1016/j.cell.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25416950
https://doi.org/10.1016/j.ccell.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31287992
https://doi.org/10.1186/s12943-020-01236-z
http://www.ncbi.nlm.nih.gov/pubmed/32771023
https://doi.org/10.1038/s43018-021-00240-6
http://www.ncbi.nlm.nih.gov/pubmed/35121863
https://doi.org/10.1093/nar/gkw085
https://doi.org/10.1093/nar/gkw085
http://www.ncbi.nlm.nih.gov/pubmed/26883634
https://doi.org/10.1158/0008-5472.CAN-18-2238
http://www.ncbi.nlm.nih.gov/pubmed/30760518
https://doi.org/10.1038/s41596-020-0340-6
http://www.ncbi.nlm.nih.gov/pubmed/32591768
https://doi.org/10.1186/s13059-023-03087-5
http://www.ncbi.nlm.nih.gov/pubmed/37904237
https://doi.org/10.1038/s41375-019-0474-0
http://www.ncbi.nlm.nih.gov/pubmed/31073152
http://www.ncbi.nlm.nih.gov/pubmed/31073152
https://doi.org/10.1016/j.molcel.2022.10.025
http://www.ncbi.nlm.nih.gov/pubmed/36395771
https://doi.org/10.1038/s41467-022-31919-8
http://www.ncbi.nlm.nih.gov/pubmed/35869079
https://doi.org/10.1093/nar/gkz1038
http://www.ncbi.nlm.nih.gov/pubmed/31724731
https://doi.org/10.1186/s12943-024-02066-z
https://doi.org/10.1186/s12943-024-02066-z
http://www.ncbi.nlm.nih.gov/pubmed/39090713
https://doi.org/10.1158/0008-5472.CAN-22-2433
http://www.ncbi.nlm.nih.gov/pubmed/36877164
http://www.ncbi.nlm.nih.gov/pubmed/36877164
https://doi.org/10.1038/s41594-024-01391-7
http://www.ncbi.nlm.nih.gov/pubmed/39304765
https://doi.org/10.1016/j.ccell.2024.10.003
http://www.ncbi.nlm.nih.gov/pubmed/39454577
https://doi.org/10.1093/neuonc/noae109
https://doi.org/10.1093/neuonc/noae109
http://www.ncbi.nlm.nih.gov/pubmed/38864832
https://doi.org/10.1182/blood.2024024300
http://www.ncbi.nlm.nih.gov/pubmed/39316719
https://doi.org/10.1186/s12943-025-02295-w
http://www.ncbi.nlm.nih.gov/pubmed/40102876
http://www.ncbi.nlm.nih.gov/pubmed/40102876
https://doi.org/10.1038/ng.3722
http://www.ncbi.nlm.nih.gov/pubmed/27869826
https://doi.org/10.1038/s41467-018-04383-6
https://doi.org/10.1038/s41467-018-04383-6
http://www.ncbi.nlm.nih.gov/pubmed/29773832
https://doi.org/10.1158/0008-5472.CAN-23-0544
http://www.ncbi.nlm.nih.gov/pubmed/37756562
http://www.ncbi.nlm.nih.gov/pubmed/37756562
https://doi.org/10.1158/0008-5472.CAN-19-4031
http://www.ncbi.nlm.nih.gov/pubmed/33446575

Wu D. et al: Super-enhancers in tumor and targeted therapy

Sustains Malignancy in Blastic Plasmacytoid Dendritic Cell Neoplasm.
Cancer Cell 2016;30(5):764-778. doi:10.1016/j.ccell.2016.10.002,
PMID:27846392.

[213] Liu M, Cao S, He L, Gao J, Arab JP, Cui H, et al. Super enhancer
regulation of cytokine-induced chemokine production in alcoholic
hepatitis. Nat Commun 2021;12(1):4560. doi:10.1038/s41467-021-
24843-w, PMID:34315876.

[214] Ning H, Huang S, Lei Y, Zhi R, Yan H, Jin J, et al. Enhancer decom-
missioning by MLL4 ablation elicits dsRNA-interferon signaling and
GSDMD-mediated pyroptosis to potentiate anti-tumor immunity.
Nat Commun 2022;13(1):6578. doi:10.1038/s41467-022-34253-1,
PMID:36323669.

[215] Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-André V, Sigova AA,
et al. Super-enhancers in the control of cell identity and dis-
ease. Cell 2013;155(4):934-947. do0i:10.1016/j.cell.2013.09.053,
PMID:24119843.

[216] Kalna V, Yang Y, Peghaire CR, Frudd K, Hannah R, Shah AV, et al.
The Transcription Factor ERG Regulates Super-Enhancers Associ-
ated With an Endothelial-Specific Gene Expression Program. Circ
Res 2019;124(9):1337-1349. doi:10.1161/CIRCRESAHA.118.313788,
PMID:30892142.

[217] Thieme E, Bruss N, Sun D, Dominguez EC, Coleman D, Liu T, et
al. CDK9 inhibition induces epigenetic reprogramming reveal-
ing strategies to circumvent resistance in lymphoma. Mol Cancer
2023;22(1):64. doi:10.1186/s12943-023-01762-6, PMID:36998071.

[218] Kaneko S, Takasawa K, Asada K, Shiraishi K, lkawa N, Machino H,
et al. Mechanism of ERBB2 gene overexpression by the formation
of super-enhancer with genomic structural abnormalities in lung ad-
enocarcinoma without clinically actionable genetic alterations. Mol
Cancer 2024;23(1):126. doi:10.1186/s12943-024-02035-6, PMID:
38862995.

[219] Li QL, Lin X, Yu YL, Chen L, Hu QX, Chen M, et al. Genome-wide
profiling in colorectal cancer identifies PHF19 and TBC1D16 as onco-
genic super enhancers. Nat Commun 2021;12(1):6407. doi:10.1038/
s41467-021-26600-5, PMID:34737287.

[220] Rinaldi L, Datta D, Serrat J, Morey L, Solanas G, Avgustinova A, et al.
Dnmt3a and Dnmt3b Associate with Enhancers to Regulate Human
Epidermal Stem Cell Homeostasis. Cell Stem Cell 2016;19(4):491—
501. doi:10.1016/j.stem.2016.06.020, PMID:27476967.

[221] Lee KW, Yeo SY, Gong JR, Koo OJ, Sohn |, Lee WY, et al. PRRX1 is a
master transcription factor of stromal fibroblasts for myofibroblas-
tic lineage progression. Nat Commun 2022;13(1):2793. doi:10.1038/
s41467-022-30484-4, PMID:35589735.

[222] Gartlgruber M, Sharma AK, Quintero A, Dreidax D, Jansky S, Park
YG, et al. Super enhancers define regulatory subtypes and cell iden-
tity in neuroblastoma. Nat Cancer 2021;2(1):114-128. doi:10.1038/
s43018-020-00145-w, PMID:35121888.

[223] Chen J, Weiss WA. When deletions gain functions: commandeer-
ing epigenetic mechanisms. Cancer Cell 2014;26(2):160-161.
doi:10.1016/j.ccr.2014.07.021, PMID:25117708.

[224] Xiong S, Zhou J, Tan TK, Chung TH, Tan TZ, Toh SH, et al. Super en-
hancer acquisition drives expression of oncogenic PPP1R15B that
regulates protein homeostasis in multiple myeloma. Nat Commun
2024;15(1):6810. doi:10.1038/s41467-024-50910-z, PMID:39122682.

[225] Garg B, Khan S, Courelli AS, Panneerpandian P, Sheik Pran Babu D,
Mose ES, et al. MICAL2 Promotes Pancreatic Cancer Growth and Me-
tastasis. Cancer Res 2025;85(6):1049-1063. doi:10.1158/0008-5472.
CAN-24-0744, PMID:39745352.

[226] Shang S, Yang J, Jazaeri AA, Duval AJ, Tufan T, Lopes Fischer N, et
al. Chemotherapy-Induced Distal Enhancers Drive Transcriptional
Programs to Maintain the Chemoresistant State in Ovarian Cancer.
Cancer Res 2019;79(18):4599-4611. doi:10.1158/0008-5472.CAN-
19-0215, PMID:31358529.

[227] Thomas HF, Kotova E, Jayaram S, Pilz A, Romeike M, Lackner A, et
al. Temporal dissection of an enhancer cluster reveals distinct tem-
poral and functional contributions of individual elements. Mol Cell
2021;81(5):969-982.e13. doi:10.1016/j.molcel.2020.12.047, PMID:
33482114.

[228] Tan Y, Li Y, Tang F. Oncogenic seRNA functional activation: a
novel mechanism of tumorigenesis. Mol Cancer 2020;19(1):74.
doi:10.1186/512943-020-01195-5, PMID:32278350.

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026

Oncol Adv

[229] Wang X, Lee RS, Alver BH, Haswell JR, Wang S, Mieczkowski J, et
al. SMARCB1-mediated SWI/SNF complex function is essential for
enhancer regulation. Nat Genet 2017;49(2):289-295. doi:10.1038/
ng.3746, PMID:27941797.

[230] Wong RWJ, Ngoc PCT, Leong WZ, Yam AWY, Zhang T, Asamitsu K, et
al. Enhancer profiling identifies critical cancer genes and character-
izes cell identity in adult T-cell leukemia. Blood 2017;130(21):2326—
2338. doi:10.1182/blood-2017-06-792184, PMID:28978570.

[231] Mansour MR, Abraham BJ, Anders L, Berezovskaya A, Gutierrez
A, Durbin AD, et al. Oncogene regulation. An oncogenic super-en-
hancer formed through somatic mutation of a noncoding intergenic
element. Science 2014;346(6215):1373-1377. do0i:10.1126/sci-
ence.1259037, PMID:25394790.

[232] Huang Y, Mouttet B, Warnatz HJ, Risch T, Rietmann F, Frommelt F,
et al. The Leukemogenic TCF3-HLF Complex Rewires Enhancers Driv-
ing Cellular Identity and Self-Renewal Conferring EP300 Vulnerability.
Cancer Cell 2019;36(6):630-644.€9. doi:10.1016/j.ccell.2019.10.004,
PMID:31735627.

[233] Alam H, Tang M, Maitituoheti M, Dhar SS, Kumar M, Han CY, et al.
KMT2D Deficiency Impairs Super-Enhancers to Confer a Glycolytic
Vulnerability in Lung Cancer. Cancer Cell 2020;37(4):599-617.e7.
doi:10.1016/j.ccell.2020.03.005, PMID:32243837.

[234] van Groningen T, Koster J, Valentijn LJ, Zwijnenburg DA, Akogul N,
Hasselt NE, et al. Neuroblastoma is composed of two super-enhanc-
er-associated differentiation states. Nat Genet 2017;49(8):1261—
1266. doi:10.1038/ng.3899, PMID:28650485.

[235] Scholz BA, Sumida N, de Lima CDM, Chachoua I, Martino M, Tzel-
epis |, et al. WNT signaling and AHCTF1 promote oncogenic MYC
expression through super-enhancer-mediated gene gating. Nat
Genet 2019;51(12):1723-1731. doi:10.1038/541588-019-0535-3,
PMID:31784729.

[236] Mudiller S, Bley N, Busch B, GlaR M, Lederer M, Misiak C, et al. The
oncofetal RNA-binding protein IGF2BP1 is a druggable, post-tran-
scriptional super-enhancer of E2F-driven gene expression in can-
cer. Nucleic Acids Res 2020;48(15):8576—8590. doi:10.1093/nar/
gkaa653, PMID:32761127.

[237] Jiang Y, Jiang YY, Xie JJ, Mayakonda A, Hazawa M, Chen L, et al. Co-
activation of super-enhancer-driven CCAT1 by TP63 and SOX2 pro-
motes squamous cancer progression. Nat Commun 2018;9(1):3619.
doi:10.1038/s41467-018-06081-9, PMID:30190462.

[238] Lovén J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Se-
lective inhibition of tumor oncogenes by disruption of super-en-
hancers. Cell 2013;153(2):320-334. doi:10.1016/j.cell.2013.03.036,
PMID:23582323.

[239] Xu L, Chen Y, Huang Y, Sandanaraj E, Yu JS, Lin RY, et al. Topogra-
phy of transcriptionally active chromatin in glioblastoma. Sci Adv
2021;7(18):eabd4676. doi:10.1126/sciadv.abd4676, PMID:33931443.

[240] Mei S, Meyer CA, Zheng R, Qin Q, Wu Q, Jiang P, et al. Cistrome
Cancer: A Web Resource for Integrative Gene Regulation Modeling
in Cancer. Cancer Res 2017;77(21):e19-e22. d0i:10.1158/0008-5472.
CAN-17-0327, PMID:29092931.

[241] Hnisz D, Shrinivas K, Young RA, Chakraborty AK, Sharp PA. A Phase
Separation Model for Transcriptional Control. Cell 2017;169(1):13—
23. d0i:10.1016/j.cell.2017.02.007, PMID:28340338.

[242] Sengupta S, George RE. Super-Enhancer-Driven Transcription-
al Dependencies in Cancer. Trends Cancer 2017;3(4):269-281.
doi:10.1016/j.trecan.2017.03.006, PMID:28718439.

[243] Chen H, Liang H. A High-Resolution Map of Human Enhancer
RNA Loci Characterizes Super-enhancer Activities in Cancer. Can-
cer Cell 2020;38(5):701-715.e5. doi:10.1016/j.ccell.2020.08.020,
PMID:33007258.

[244] Yokoyama Y, Zhu H, Lee JH, Kossenkov AV, Wu SY, Wickramasinghe
JM, etal. BET Inhibitors Suppress ALDH Activity by Targeting ALDH1A1
Super-Enhancer in Ovarian Cancer. Cancer Res 2016;76(21):6320—
6330. doi:10.1158/0008-5472.CAN-16-0854, PMID:27803105.

[245] Chen D, Zhao Z, Huang Z, Chen DC, Zhu XX, Wang YZ, et al. Super
enhancer inhibitors suppress MYC driven transcriptional amplifica-
tion and tumor progression in osteosarcoma. Bone Res 2018;6:11.
doi:10.1038/s41413-018-0009-8, PMID:29644114.

[246] Kiehlmeier S, Rafiee MR, Bakr A, Mika J, Kruse S, Milller J, et al.
Identification of therapeutic targets of the hijacked super-enhancer

23


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1016/j.ccell.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27846392
https://doi.org/10.1038/s41467-021-24843-w
https://doi.org/10.1038/s41467-021-24843-w
http://www.ncbi.nlm.nih.gov/pubmed/34315876
https://doi.org/10.1038/s41467-022-34253-1
http://www.ncbi.nlm.nih.gov/pubmed/36323669
https://doi.org/10.1016/j.cell.2013.09.053
http://www.ncbi.nlm.nih.gov/pubmed/24119843
https://doi.org/10.1161/CIRCRESAHA.118.313788
http://www.ncbi.nlm.nih.gov/pubmed/30892142
https://doi.org/10.1186/s12943-023-01762-6
http://www.ncbi.nlm.nih.gov/pubmed/36998071
https://doi.org/10.1186/s12943-024-02035-6
http://www.ncbi.nlm.nih.gov/pubmed/38862995
https://doi.org/10.1038/s41467-021-26600-5
https://doi.org/10.1038/s41467-021-26600-5
http://www.ncbi.nlm.nih.gov/pubmed/34737287
https://doi.org/10.1016/j.stem.2016.06.020
http://www.ncbi.nlm.nih.gov/pubmed/27476967
https://doi.org/10.1038/s41467-022-30484-4
https://doi.org/10.1038/s41467-022-30484-4
http://www.ncbi.nlm.nih.gov/pubmed/35589735
https://doi.org/10.1038/s43018-020-00145-w
https://doi.org/10.1038/s43018-020-00145-w
http://www.ncbi.nlm.nih.gov/pubmed/35121888
https://doi.org/10.1016/j.ccr.2014.07.021
http://www.ncbi.nlm.nih.gov/pubmed/25117708
https://doi.org/10.1038/s41467-024-50910-z
http://www.ncbi.nlm.nih.gov/pubmed/39122682
https://doi.org/10.1158/0008-5472.CAN-24-0744
https://doi.org/10.1158/0008-5472.CAN-24-0744
http://www.ncbi.nlm.nih.gov/pubmed/39745352
https://doi.org/10.1158/0008-5472.CAN-19-0215
https://doi.org/10.1158/0008-5472.CAN-19-0215
http://www.ncbi.nlm.nih.gov/pubmed/31358529
https://doi.org/10.1016/j.molcel.2020.12.047
http://www.ncbi.nlm.nih.gov/pubmed/33482114
https://doi.org/10.1186/s12943-020-01195-5
http://www.ncbi.nlm.nih.gov/pubmed/32278350
https://doi.org/10.1038/ng.3746
https://doi.org/10.1038/ng.3746
http://www.ncbi.nlm.nih.gov/pubmed/27941797
https://doi.org/10.1182/blood-2017-06-792184
http://www.ncbi.nlm.nih.gov/pubmed/28978570
https://doi.org/10.1126/science.1259037
https://doi.org/10.1126/science.1259037
http://www.ncbi.nlm.nih.gov/pubmed/25394790
https://doi.org/10.1016/j.ccell.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31735627
https://doi.org/10.1016/j.ccell.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32243837
https://doi.org/10.1038/ng.3899
http://www.ncbi.nlm.nih.gov/pubmed/28650485
https://doi.org/10.1038/s41588-019-0535-3
http://www.ncbi.nlm.nih.gov/pubmed/31784729
https://doi.org/10.1093/nar/gkaa653
https://doi.org/10.1093/nar/gkaa653
http://www.ncbi.nlm.nih.gov/pubmed/32761127
https://doi.org/10.1038/s41467-018-06081-9
http://www.ncbi.nlm.nih.gov/pubmed/30190462
https://doi.org/10.1016/j.cell.2013.03.036
http://www.ncbi.nlm.nih.gov/pubmed/23582323
https://doi.org/10.1126/sciadv.abd4676
http://www.ncbi.nlm.nih.gov/pubmed/33931443
https://doi.org/10.1158/0008-5472.CAN-17-0327
https://doi.org/10.1158/0008-5472.CAN-17-0327
http://www.ncbi.nlm.nih.gov/pubmed/29092931
https://doi.org/10.1016/j.cell.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28340338
https://doi.org/10.1016/j.trecan.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28718439
https://doi.org/10.1016/j.ccell.2020.08.020
http://www.ncbi.nlm.nih.gov/pubmed/33007258
https://doi.org/10.1158/0008-5472.CAN-16-0854
http://www.ncbi.nlm.nih.gov/pubmed/27803105
https://doi.org/10.1038/s41413-018-0009-8
http://www.ncbi.nlm.nih.gov/pubmed/29644114

Oncol Adv

complex in EVI1-rearranged leukemia. Leukemia 2021;35(11):3127—
3138. d0i:10.1038/s41375-021-01235-z, PMID:33911178.

[247] DrierY, Cotton MJ, Williamson KE, Gillespie SM, Ryan RJ, Kluk MJ, et
al. An oncogenic MYB feedback loop drives alternate cell fates in ade-
noid cystic carcinoma. Nat Genet 2016;48(3):265-272. doi:10.1038/
ng.3502, PMID:26829750.

[248] HuangH, HuJ, Maryam A, Huang Q, Zhang Y, Ramakrishnan S, et al.
Defining super-enhancer landscape in triple-negative breast cancer
by multiomic profiling. Nat Commun 2021;12(1):2242. doi:10.1038/
s41467-021-22445-0, PMID:33854062.

[249] Ooi WF, Xing M, Xu C, Yao X, Ramlee MK, Lim MC, et al. Epig-
enomic profiling of primary gastric adenocarcinoma reveals super-
enhancer heterogeneity. Nat Commun 2016;7:12983. doi:10.1038/
ncomms12983, PMID:27677335.

[250] Zhang M, Hoyle RG, Ma Z, Sun B, Cai W, Cai H, et al. FOSL1 promotes
metastasis of head and neck squamous cell carcinoma through super-
enhancer-driven transcription program. Mol Ther 2021;29(8):2583—
2600. doi:10.1016/j.ymthe.2021.03.024, PMID:33794365.

[251] Brown JD, Lin CY, Duan Q, Griffin G, Federation A, Paranal RM, et
al. NF-kB directs dynamic super enhancer formation in inflammation
and atherogenesis. Mol Cell 2014;56(2):219-231. doi:10.1016/j.mol-
cel.2014.08.024, PMID:25263595.

[252] Tasdemir N, Banito A, Roe JS, Alonso-Curbelo D, Camiolo M, Tscha-
harganeh DF, et al. BRD4 Connects Enhancer Remodeling to Se-
nescence Immune Surveillance. Cancer Discov 2016;6(6):612—-629.
doi:10.1158/2159-8290.CD-16-0217, PMID:27099234.

[253] Zzhang J, Vlasevska S, Wells VA, Nataraj S, Holmes AB, Duval R, et
al. The CREBBP Acetyltransferase Is a Haploinsufficient Tumor Sup-
pressor in B-cell Lymphoma. Cancer Discov 2017;7(3):322-337.
doi:10.1158/2159-8290.CD-16-1417, PMID:28069569.

[254] Saha D, Animireddy S, Lee J, Thommen A, Murvin MM, Lu Y, et al.
Enhancer switching in cell lineage priming is linked to eRNA, Brgl’s
AT-hook, and SWI/SNF recruitment. Mol Cell 2024;84(10):1855—
1869.e5. doi:10.1016/j.molcel.2024.03.013, PMID:38593804.

[255] Kai Y, Li BE, Zhu M, Li GY, Chen F, Han Y, et al. Mapping the evolv-
ing landscape of super-enhancers during cell differentiation. Ge-
nome Biol 2021;22(1):269. doi:10.1186/s13059-021-02485-x,
PMID:34526084.

[256] Thandapani P. Super-enhancers in cancer. Pharmacol Ther
2019;199:129-138. doi:10.1016/j.pharmthera.2019.02.014, PMID:
30885876.

[257] Lewis MW, King CM, Wisniewska K, Regner MJ, Coffey A, Kelly
MR, et al. CRISPR Screening of Transcribed Super-Enhancers Iden-
tifies Drivers of Triple-Negative Breast Cancer Progression. Cancer
Res 2024;84(21):3684-3700. doi:10.1158/0008-5472.CAN-23-3995,
PMID:39186674.

[258] Yuan XQ, Zhou N, Wang JP, Yang XZ, Wang S, Zhang CY, et al. An-
choring super-enhancer-driven oncogenic IncRNAs for anti-tumor
therapy in hepatocellular carcinoma. Mol Ther 2023;31(6):1756—
1774. doi:10.1016/j.ymthe.2022.11.013, PMID:36461633.

[259] Pulice JL, Meyerson M. Amplified dosage of the NKX2-1 lineage

24

Wu D. et al: Super-enhancers in tumor and targeted therapy

transcription factor controls its oncogenic role in lung adenocar-
cinoma. Mol Cell 2025;85(7):1311-1329.e16. doi:10.1016/j.mol-
cel.2025.03.001, PMID:40139189.

[260] See YX, Wang BZ, Fullwood MJ. Chromatin Interactions and Regu-
latory Elements in Cancer: From Bench to Bedside. Trends Genet
2019;35(2):145-158. doi:10.1016/j.tig.2018.11.007, PMID:30577989.

[261] Zhou RW, Xu J, Martin TC, Zachem AL, He J, Ozturk S, et al. A local
tumor microenvironment acquired super-enhancer induces an onco-
genic driver in colorectal carcinoma. Nat Commun 2022;13(1):6041.
doi:10.1038/s41467-022-33377-8, PMID:36253360.

[262] Wang W, Yun B, Hoyle RG, Ma Z, Zaman SU, Xiong G, et al. CYTOR
Facilitates Formation of FOSL1 Phase Separation and Super Enhanc-
ers to Drive Metastasis of Tumor Budding Cells in Head and Neck
Squamous Cell Carcinoma. Adv Sci (Weinh) 2024;11(4):e2305002.
doi:10.1002/advs.202305002, PMID:38032139.

[263] Lin LH, Huang ML, Shi XP, Mayakonda A, Hu KS, Jiang YY, et al.
Super-enhancer-associated MEIS1 promotes transcriptional dys-
regulation in Ewing sarcoma in co-operation with EWS-FLI1. Nu-
cleic Acids Res 2019;47(3):1255-1267. doi:10.1093/nar/gky1207,
PMID:30496486.

[264] Suzuki HI, Young RA, Sharp PA. Super-Enhancer-Mediated RNA
Processing Revealed by Integrative MicroRNA Network Analysis.
Cell 2017;168(6):1000-1014.e15. doi:10.1016/j.cell.2017.02.015,
PMID:28283057.

[265] OngJZL, YokomoriR, Wong RWJ, Tan TK, UedaR, IshidaT, et al. Require-
ment for TP73 and genetic alterations originating from its intragenic
super-enhancer in adult T-cell leukemia. Leukemia 2022;36(9):2293—
2305. doi:10.1038/541375-022-01655-5, PMID:35908104.

[266] Zhou Z, Li J, Ousmane D, Peng L, Yuan X, Wang J. Metabolic re-
programming directed by super-enhancers in tumors: An emerg-
ing landscape. Mol Ther 2024;32(3):572-579. do0i:10.1016/].
ymthe.2024.02.003, PMID:383270438.

[267] Ott CJ, Federation AJ, Schwartz LS, Kasar S, Klitgaard JL, Lenci R, et
al. Enhancer Architecture and Essential Core Regulatory Circuitry of
Chronic Lymphocytic Leukemia. Cancer Cell 2018;34(6):982-995.e7.
doi:10.1016/j.ccell.2018.11.001, PMID:30503705.

[268] Sheppard HE, Dall’Agnese A, Park WD, Shamim MH, Dubrulle J,
Johnson HL, et al. Targeted brachyury degradation disrupts a highly
specific autoregulatory program controlling chordoma cell identity.
Cell Rep Med 2021;2(1):100188. doi:10.1016/j.xcrm.2020.100188,
PMID:33521702.

[269] Hoffman JA, Trotter KW, Day CR, Ward JM, Inoue K, Rodriguez J,
et al. Multimodal regulatory elements within a hormone-specific
super enhancer control a heterogeneous transcriptional response.
Mol Cell 2022;82(4):803-815.e5. doi:10.1016/j.molcel.2021.12.035,
PMID:35077705.

[270] Marbach D, Brouer-Visser J, Brennan L, Wilson S, Davydov I, Stae-
dler N, et al. Immune modulation in solid tumors: a phase 1b study of
RO6870810 (BET inhibitor) and atezolizumab (PD-L1 inhibitor). BMC
Cancer 2025;25(1):500. d0i:10.1186/s12885-025-13851-4, PMID:401
02759.

DOI: 10.14218/0OnA.2025.00029 | Volume 4 Issue 1, March 2026


https://doi.org/10.14218/OnA.2025.00029
https://doi.org/10.1038/s41375-021-01235-z
http://www.ncbi.nlm.nih.gov/pubmed/33911178
https://doi.org/10.1038/ng.3502
https://doi.org/10.1038/ng.3502
http://www.ncbi.nlm.nih.gov/pubmed/26829750
https://doi.org/10.1038/s41467-021-22445-0
https://doi.org/10.1038/s41467-021-22445-0
http://www.ncbi.nlm.nih.gov/pubmed/33854062
https://doi.org/10.1038/ncomms12983
https://doi.org/10.1038/ncomms12983
http://www.ncbi.nlm.nih.gov/pubmed/27677335
https://doi.org/10.1016/j.ymthe.2021.03.024
http://www.ncbi.nlm.nih.gov/pubmed/33794365
https://doi.org/10.1016/j.molcel.2014.08.024
https://doi.org/10.1016/j.molcel.2014.08.024
http://www.ncbi.nlm.nih.gov/pubmed/25263595
https://doi.org/10.1158/2159-8290.CD-16-0217
http://www.ncbi.nlm.nih.gov/pubmed/27099234
https://doi.org/10.1158/2159-8290.CD-16-1417
http://www.ncbi.nlm.nih.gov/pubmed/28069569
https://doi.org/10.1016/j.molcel.2024.03.013
http://www.ncbi.nlm.nih.gov/pubmed/38593804
https://doi.org/10.1186/s13059-021-02485-x
http://www.ncbi.nlm.nih.gov/pubmed/34526084
https://doi.org/10.1016/j.pharmthera.2019.02.014
http://www.ncbi.nlm.nih.gov/pubmed/30885876
https://doi.org/10.1158/0008-5472.CAN-23-3995
http://www.ncbi.nlm.nih.gov/pubmed/39186674
https://doi.org/10.1016/j.ymthe.2022.11.013
http://www.ncbi.nlm.nih.gov/pubmed/36461633
https://doi.org/10.1016/j.molcel.2025.03.001
https://doi.org/10.1016/j.molcel.2025.03.001
http://www.ncbi.nlm.nih.gov/pubmed/40139189
https://doi.org/10.1016/j.tig.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30577989
https://doi.org/10.1038/s41467-022-33377-8
http://www.ncbi.nlm.nih.gov/pubmed/36253360
https://doi.org/10.1002/advs.202305002
http://www.ncbi.nlm.nih.gov/pubmed/38032139
https://doi.org/10.1093/nar/gky1207
http://www.ncbi.nlm.nih.gov/pubmed/30496486
https://doi.org/10.1016/j.cell.2017.02.015
http://www.ncbi.nlm.nih.gov/pubmed/28283057
https://doi.org/10.1038/s41375-022-01655-5
http://www.ncbi.nlm.nih.gov/pubmed/35908104
https://doi.org/10.1016/j.ymthe.2024.02.003
https://doi.org/10.1016/j.ymthe.2024.02.003
http://www.ncbi.nlm.nih.gov/pubmed/38327048
https://doi.org/10.1016/j.ccell.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30503705
https://doi.org/10.1016/j.xcrm.2020.100188
http://www.ncbi.nlm.nih.gov/pubmed/33521702
https://doi.org/10.1016/j.molcel.2021.12.035
http://www.ncbi.nlm.nih.gov/pubmed/35077705
https://doi.org/10.1186/s12885-025-13851-4
http://www.ncbi.nlm.nih.gov/pubmed/40102759
http://www.ncbi.nlm.nih.gov/pubmed/40102759

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿﻿The central hub of tumor transcriptional regulation﻿

	﻿﻿﻿SEs drive tumor progression﻿

	﻿﻿Dual pathways of transcriptional activation: Remote contact and chromatin remodeling﻿

	﻿﻿﻿The transcription factor network and its positive feedback regulation of cell identity﻿


	﻿﻿﻿﻿Epigenetics and phase separation: Key regulatory dimensions of SE function﻿

	﻿﻿Regulation of SE activity by dynamic epigenetic modifications﻿

	﻿﻿﻿Phase separation: Formation and functional implications of transcriptional condensates﻿


	﻿﻿﻿﻿SEs in developmental reprogramming and the tumor microenvironment﻿

	﻿﻿Hijacking of developmental programs and tumor stemness characteristics﻿

	﻿﻿﻿Interactions between the tumor immune microenvironment and SEs﻿


	﻿﻿﻿﻿Oncogenic mechanisms of SEs in specific cancer types﻿

	﻿﻿﻿SEs as therapeutic targets: Mechanisms and strategies﻿

	﻿﻿Targeting core components of SEs: BET inhibitors and epigenetic drugs﻿

	﻿﻿﻿Therapeutic strategies targeting SEs: From single-target to combined intervention﻿


	﻿﻿﻿﻿Frontiers and methodological advances in SEs research﻿

	﻿﻿Chromatin conformation capture and interaction analysis technologies﻿

	﻿﻿﻿Application of single-cell and multi-omics technologies in SEs research﻿


	﻿﻿﻿﻿Specificity and heterogeneity of SEs across different cancer contexts﻿

	﻿﻿﻿Deepening mechanisms of SEs in 3D genome structure and phase separation﻿

	﻿﻿﻿SEs-driven tumor metabolic reprogramming and novel targeted therapeutic strategies﻿

	﻿﻿﻿Heterogeneity of SEs in hematological malignancies and solid tumors and targeted exploration﻿

	﻿﻿﻿Association of tumor drug resistance and immune evasion with SEs﻿

	﻿﻿﻿Precision therapeutics targeting SEs: Translation from basic research to clinical application﻿

	﻿﻿﻿Future directions in SEs research﻿

	﻿﻿﻿Limitations and challenges﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


