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Super-enhancers (SEs) are dynamic chromatin structures that function as
epigenetic hubs, orchestrating cell-type-specific transcriptional programs
crucial for immune cell differentiation, functional specialization, and adaptive
responses. These enhancer clusters integrate transcription factor (TF) networks,
chromatin-modifying signals, and three-dimensional genome organization to
govern lineage commitment, effector function acquisition, and metabolic
reprogramming while enabling plasticity in response to environmental cues.
SEs exhibit spatiotemporal regulatory properties, such as chromatin looping,
phase-separated condensate formation, and stimulus-driven enhancer-
promoter rewiring, all of which stabilize transcriptional outputs vital for
immune homeostasis. Pathological dysregulation of SEs disrupts immune
tolerance and amplifies aberrant transcriptional circuits, contributing to
immune-mediated diseases marked by chronic inflammation, autoimmunity, or
malignancy. Emerging therapeutic strategies targeting SE-associated
components show promise in dismantling pathogenic enhancer networks
through CRISPR-based editing, small-molecule inhibitors, and proteolysis-
targeting chimeras(PROTACs). However, challenges remain in achieving
therapeutic specificity amidst the dynamic reorganization of SEs and ensuring
cell-type-selective delivery. By providing insights into SE-driven chromatin
dynamics and transcriptional control in health and disease, this review focuses
on two central questions: whether SEs causally drive immune cell fate decisions,
and how they function within shared core transcriptional regulatory networks
across cancer, infection, and autoimmune diseases. Future advances in multi-
omics profiling, single-cell resolution analyses, and combinatorial therapeutic
strategies will be critical for translating SE biology into precision interventions
that restore immune equilibrium in dysregulated conditions.
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1 Introduction

The transcriptional regulation of immune cell identity and
function is governed by dynamic chromatin structures, with super-
enhancers (SEs) acting as key coordinators of cell-type-specific
transcriptional programs (1). SEs are rich in transcription factors
(TFs), coactivators, and chromatin-modifying enzymes,
functioning as epigenetic regulatory frameworks. They maintain
cellular identity while enabling swift adaptation to environmental
stimuli (2, 3). Within the immune system, SEs are integral to
lineage commitment, effector function acquisition, and
pathological reprogramming (1, 4). Epigenomic analyses have
identified three critical properties of SEs essential for immune
regulation: lineage-specific TF clustering, stimulus-responsive
plasticity, and pathological permissiveness (1, 5). During
hematopoiesis, SE-driven transcriptional hubs regulate immune
cell identity by controlling master TFs such as BCL11B in T cells
and PAX5 in B lymphocytes (6-8). This regulatory mechanism
extends to innate immune cells, where pathogen sensing induces
rapid remodeling of SEs at inflammatory loci through signal-
dependent TF recruitment (9, 10). SEs function as epigenetic
integrators of environmental signals, explaining how immune
cells maintain a balance between the plasticity of differentiation
and functional specialization (2, 3).

Despite these advances, two central questions remain
unresolved in the field: whether SEs serve as causal drivers of
immune cell fate decisions or merely accompany transcriptional
changes as coactivators, and how SEs function within shared core
transcriptional regulatory networks spanning cancer, infection, and
autoimmune diseases.

The pathological consequences of SE dysregulation are
increasingly recognized in immune-mediated diseases.
Autoimmune disorders exhibit distinct patterns of SE aberrance
at cytokine loci, while malignancies often exploit oncogenic SEs to
sustain proliferative advantages (11-13). Comparative epigenomic
analyses highlight both conserved and disease-specific SE
architectures at key immune loci, suggesting context-dependent
regulatory mechanisms (14). Recent advances in understanding SE
biology have catalyzed novel therapeutic approaches, though
challenges in target specificity and clinical implementation
remain unresolved.

This review consolidates current knowledge of SE biology in
immune regulation and critically examines ongoing debates. It first
discusses the molecular foundations of SE organization and
dynamics across immune cell lineages. Subsequently, it explores
how SEs integrate developmental and environmental signals to
coordinate immune responses. This review then evaluates the
mechanisms underlying pathological SE reprogramming in
immune disorders and examines emerging therapeutic strategies.
Throughout, it identifies unresolved questions and proposes
integrative approaches to advance both basic research and
clinical applications.
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2 Features and classification of SEs
2.1 Structural characteristics of SEs

SEs constitute a distinct class of genomic regulatory regions,
characterized by the clustering of enhancer elements that are
densely enriched in TFs, coactivators, and other regulatory
components (Figure 1). These specialized chromatin domains are
characterized by unique epigenetic signatures, notably elevated
levels of histone modifications such as H3K27ac and H3K4mel (1).

The transcriptional activity of SEs is driven by three key
architectural features: 1) A high-density aggregation of TF binding
motifs, which enables the formation of autoregulatory circuits
through cooperative interactions (15); 2) Enhanced chromatin
accessibility, evidenced by a marked increase in H3K27ac
deposition compared to typical enhancers (TEs) (16, 17); and 3)
The synergistic integration of multiple SEs units, which collectively
amplify transcriptional output through spatial coordination (1, 18).

Compared to TEs, which are relatively short (~700 bp) and less
densely occupied, SEs are substantially larger clusters (~8-10 kb)
composed of multiple enhancer elements that densely bind master
TFs and coactivators such as Mediator (1, 4). SEs display markedly
elevated levels of active histone modifications (e.g., H3K27ac up to
20-30-fold higher), generate abundant enhancer RNAs(eRNAs),
and exhibit increased chromatin accessibility and DNase
hypersensitivity (4). This biochemical and structural complexity
underlies their stronger transcriptional activation potential, cell-
type specificity, and sensitivity to perturbations.

Emerging evidence suggests that SEs utilize complex regulatory
mechanisms that transcend conventional enhancer functions (12).
These include liquid-liquid phase separation (LLPS) dynamics and
cooperative TF assembly, both of which are vital for maintaining
cellular differentiation programs through precise transcriptional
regulation (19, 20). SEs not only amplify gene expression but
also contribute to chromatin organization via LLPS, forming
membraneless transcriptional condensates that concentrate TFs
and coactivators (21, 22). This phase separation facilitates
cooperative enhancer interactions, long-range chromatin contacts,
and enhanced transcriptional output, thereby stabilizing
transcriptional programs, particularly during dynamic processes
such as immune cell differentiation and activation (21, 23, 24).

2.2 Classification and functional
organization of SEs

An analysis of the SE landscape near the Wap locus during
mammary gland differentiation revealed a temporal and functional
hierarchy among its constituent elements (25, 26). Quantitative
analysis of H3K27ac peak dynamics during cellular differentiation
allows SEs to be categorized into three primary subtypes: conserved
(Con), temporally hierarchical (TH), and de novo (DN) (Table 1).
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FIGURE 1

Structural features of Super-enhancers (SEs) compared to typical enhancers (TEs). SEs are large enhancer clusters (~8-10 kb) characterized by high-
density binding of transcription factors (TFs), coactivators (e.g., BRD4, CDK7, Mediator), and RNA polymerase Il (Pol Il), which form phase-separated

condensates in the vicinity of promoters. SEs are frequently associated with CCCTC-binding factor (CTCF)/cohesin-mediated chromatin looping. In

contrast, TEs are smaller (~700 bp) and contain fewer gene transcriptional regulatory elements.

Con SEs are stable, evolutionarily conserved enhancers located at
topologically-associated domains (TAD) boundaries, exhibiting
stable chromatin interactions. TH SEs are dynamically regulated
during differentiation, displaying stage-specific activation and
chromatin remodeling. In contrast, DN SEs emerge at later
developmental stages, often localize to focal interacting regulatory
elements, and facilitate terminal gene expression via long-range
chromatin interactions (14).

TABLE 1 Classification of SE subtypes.

H3K27ac

Signal Dynamics FEEIRTES

Subtypes

Stable gene expression; located in
high gene density regions; conserved
activity across cell types; enriched at
TAD boundaries

Con Persistently present

Established early with

additional H3K27ac i
TH expression; less pronounced than

k ired
peaks acquire DN; associated with TAD boundaries

Moderately increased gene

during differentiation

Gained in late

Cell type-specifi ion;
DN differentiation stages ¢ type-specilic gene expression

or sporadically located in low gene density regions

This table defines three SE subtypes based on their H3K27ac signal dynamics during cellular
differentiation and their associated genomic and functional features.
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3 SEs regulate immune cell
differentiation and functional
diversification

SEs are complex three-dimensional chromatin structures formed
by clustered enhancers that integrate chromatin-modifying signals
and TF networks to regulate lineage-specific genes. Studies support
the view that SEs may actively drive lineage commitment, rather than
merely marking transcriptionally active regions (5, 27). They regulate
immune responses through two key mechanisms: first, lineage-
defining SEs stabilize the transcriptional machinery via chromatin
looping (18); second, SEs mediate immune cell fate through
epigenetic reprogramming (28). This chromatin plasticity provides
a framework for understanding immune cell heterogeneity and
differentiation. Moreover, dysregulation of SEs can contribute to
pathological immune states, which will be discussed in detail in
subsequent sections. The dynamic regulation of SEs in immune cells
is shown in Figure 2.

3.1 SEs in T cell differentiation and function

SEs play a critical role in T cell differentiation, integrating
signals from TFs, cytokine pathways, and chromatin remodeling
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NK cell

SE-driven transcriptional regulation of immune cell differentiation. SEs control lineage-specific TFs that govern the development of T cells, B cells,
dendritic cells, macrophages, and natural killer cells, as well as T helper cell subset polarization.

to drive lineage commitment and functional specialization essential
for adaptive immunity (1, 29, 30).

SEs regulate key cell fate genes like BACH2 and BCL11B
through gene-specific chromatin architecture. For example, a SE
at the BACH2 promoter maintains its expression via p300 and
H3K27ac enrichment, while in BCL11B-dysregulated leukemia, a
progenitor-specific SE ~730 kb downstream drives aberrant
activation via chromatin looping, highlighting how SEs and genes
are connected to shape immune cell identity and disease (6, 29).
Upon activation, naive CD4+ T cells differentiate into distinct
subsets such as Thl, Th2, Th17, and regulatory T cells (Tregs),
each characterized by a unique epigenetic landscape stabilized by SE
activity (29, 31). For instance, in Thl cells, a TBX21 (T-bet) SE
located within its gene locus drives lineage-specific expression and
includes a distal ~146 kb enhancer cluster at the IFNG locus that
enhances IFN-y production. In Thl17 cells, SEs linked to Rorc
(encoding RORYt) are critical for IL-17 expression and directly
suppress IL-4, together maintaining Th17 cell stability. Notably,
recent studies demonstrated that deletion of this SE using CRISPR-
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Cas9 markedly suppresses Th17-mediated autoimmune responses,
highlighting its therapeutic potential (see 2.5.1 CRISPR-Based
Targeting of SEs in Immune-Related Diseases) (32).

Similarly, in Th2 cells, a downstream SE reorganizes TADs and
chromatin loops to activate GATA3 is essential for establishing and
maintaining their identity (33). In Tregs, a SE covering regions
~4kb upstream to ~12kb downstream of Foxp3 TSS promotes its
expression for self-tolerance and Treg stability (31, 34, 35). These
processes involve the recruitment of the mediator complex and
chromatin-modifying enzymes, promoting enhancer-promoter
looping and robust transcriptional activation of key effector genes.

SEs in T cells are closely linked to the expression of key genes,
whose dysregulation is implicated in T-cell malignancies. In TAL1-
positive T-cell acute lymphoblastic leukemia (T-ALL) cell lines, the
TAL1 complex aberrantly activates SEs within the ARID5B locus,
contributing to the development of T-ALL (36).

In summary, SEs serve as key regulatory hubs integrating TFs,
cytokine signals, and chromatin remodeling to direct T cell lineage
commitment and specialization. SEs at loci like BCL11B, TBX21,
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Rorc, GATA3, and Foxp3 highlight their essential role in cell fate
control and their potential as therapeutic targets in T cell-
mediated diseases.

3.2 SEs in B cell development and antibody
production

During B cell differentiation, SEs dynamically reshape the
chromatin landscape and integrate signals from lineage-specific
TFs to coordinately activate key genes that define B cell identity
(37, 38). The SE at the immunoglobulin heavy chain (IgH) locus
comprises multiple B cell-specific enhancers that cooperatively
silence germline transcription during V(D)J recombination (37).
This SE is also induced in mature B cells to mediate somatic
hypermutation (SHM) and class-switch recombination (CSR),
both of which are essential for antibody diversification and
antigen-specific responses.

In the early stages of differentiation, master regulators like
PAXS5 and EBF1 bind to SEs to activate B cell-specific genes and
simultaneously repress enhancers linked to epithelial or stem cell-
related genes, preventing lineage deviation (28, 38). SEs reorganize
genome-wide in germinal centers to coordinate SHM and CSR via
promoter-enhancer looping at the BCL6 locus, thereby maintaining
a balance between antibody diversification and genomic integrity
(37, 39).

Aberrant regulation of SEs is closely linked to B-cell
malignancies. In chronic lymphocytic leukemia (CLL), DNA
hypomethylation within SE regions leads to the abnormal
activation of genes involved in lymphocyte proliferation and
differentiation, while SEs associated with critical tumor
suppressors (e.g., TP53) are lost, impairing terminal B cell
differentiation (38, 40).

Together, these observations emphasize how SE homeostasis
safeguards B cell differentiation, with perturbations potentially
leading to aberrant lineage switching and cancer development (14, 38).

3.3 SEs in natural Killer cells differentiation
and dysregulation

The differentiation of NK cells is a complex biological process,
characterized by distinct developmental stages and the precise
coordination of cytokine signaling networks alongside
transcriptional regulatory cascades (41-43). SEs in NK cells play a
dual role: they orchestrate genome-wide transcriptional
reprogramming while also regulating cellular activation,
proliferative capacity, and effector functions (43).

Unlike T and B cells, SEs in NK cells are developmentally pre-
programmed, maintaining functional stability independent of
three-dimensional chromatin reorganization. This evolutionarily
conserved regulatory framework enables the rapid deployment of
cytotoxic responses against malignant and infected cells (44, 45).
Furthermore, evidence suggests that the chromatin dynamics of SEs
exhibit spatiotemporal regulation of NK cell activation, highlighting

Frontiers in Immunology

10.3389/fimmu.2025.1652398

their central role in differentiation trajectories (46). Such
spatiotemporal control is exemplified by the IL2RA SE, which
recruits STAT5-MED1 complexes to fine-tune CD25 expression
and integrate external cytokine signals into NK cell identity
programs. Genome-wide profiling reveals that DNA
hydroxymethylation can stabilize lineage-defining SEs and
maintain their fidelity, thereby stabilizing the NK cell and innate
lymphoid cell phenotype (47).

Within the immunoregulatory microenvironment, dynamic
epigenetic modifications reshape SE accessibility, enabling SEs to
integrate TF signaling, epigenetic remodeling, and Three-
dimensional genome architecture to orchestrate NK cell
development and function. For example, targeted epigenetic
suppression of the B2-microglobulin SE can generate Human
Leukocyte Antigen (HLA)-I-deficient effector cells that evade NK
cell recognition while preserving immune compatibility (48).
Moreover, chromatin-modifying enzymes, including the lysine
demethylase UTX, regulate lineage-specific transcriptional
programs through SE landscape remodeling, revealing novel
therapeutic targets for immune modulation (49). UTX has been
shown to modulate SEs associated with JUNB and IL2RB, which is
crucial for NK cell identity (49). By advancing our understanding of
these mechanisms, we gain deeper insight into innate immune cell
developmental biology. While SEs play pivotal roles in NK cell
differentiation under physiological conditions, their dysregulation
in pathological contexts has been mechanistically linked to NK cell
dysfunction. A notable example is found in natural killer T-cell
lymphoma, where TOX2-SE-mediated chromatin looping brings
enhancers and promoters into proximity, forming a feedforward
circuit via RUNX3 recruitment that drives TOX2 overexpression
and promotes lymphomagenesis (50).

SEs orchestrate NK cell differentiation and effector functions by
establishing stable transcriptional programs and enabling rapid
responses to external stimuli. Yet, the same regulatory
architecture, when perturbed, can lead to disrupted NK cell
activity and contribute to disease pathogenesis, such as lymphoma.

3.4 SEs in macrophage functional
transitions

Macrophages are essential components of the innate immune
system and remain central to studies on immune regulation. Toll-
like receptor (TLR) 4 activation induces a distinct SE landscape in
macrophages: SEs in activated macrophages are predominantly
located near highly expressed genes, whereas genes associated
with the resting state are positioned near repressed SEs and
exhibit low expression following stimulation (51).

The epigenetic regulation of SEs is critical for monocyte-to-
macrophage differentiation. Selective deletion of the CSFIR SE fms-
intronic regulatory element in mice impairs CSF1R expression and
tissue macrophage development in specific organs (e.g., brain, skin,
kidney), while leaving other macrophage populations undisturbed,
highlighting SEs’ tissue-specific role in lineage commitment and
organ colonization (52). Palmitic acid treatment in human
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monocytes reshapes SE landscapes, enriching H3K27ac at SEs near
inflammatory genes (e.g., IRAK2, IL6) and depleting it at SEs of
phagocytosis-related genes (e.g., MERTK), linking SE dynamics to
dysregulated inflammatory and homeostatic functions (53).
Although BRD4 occupies SEs in macrophages, BRD4-deficient
macrophages form functional alternative SEs, revealing
compensatory mechanisms that maintain inflammatory gene
expression (54).

Together, these findings underscore SE-mediated epigenetic
reprogramming as a key driver of macrophage differentiation and
plasticity, shaping functional transitions and highlighting
therapeutic targets in complex diseases.

3.5 SEs in dendritic cells differentiation and
pathology

DCs, as essential antigen-presenting cells in the immune
system, originate from hematopoietic stem cells in the bone
marrow (55). SEs play a critical role in regulating DC lineage
specification by precisely modulating TF networks. Notably,
experimental evidence demonstrates that in plasmacytoid DCs
(pDCs), RUNX2-associated SEs coordinate cellular differentiation,
maturation, and migratory capacity by enhancing RUNX2
transcriptional activity (56). Similarly, the IRF8 SE regulates the
functional diversification of conventional DC subtypes (¢cDC1 and
cDC2) through complex epigenetic mechanisms, thereby defining
their unique immunological roles (57-59).

Dysregulation of SE architecture can lead to DC-mediated
pathological conditions. A notable example is found in blastic
plasmacytoid dendritic cell neoplasia, where RUNX2 SE drives
malignant transformation by activating MYC and downregulating
pDC lineage genes, thereby promoting leukemia cell proliferation
and survival (56). Mutations in IKZF1 disrupt SE-mediated DC
transcription by altering SEs that govern the expression of ID2 and
BATF3, critical regulators of DC subset development and function,
ultimately impairing IFN-o production and IL-12 secretion and
resulting in defective DC subsets (60).

Overall, distinct SEs regulate different DC subsets by controlling
specific transcriptional programs. The RUNX2 SE mainly drives
plasmacytoid DC differentiation and migration, whereas the IRF8
SE directs cDC subtype specialization. Dysregulation of these SEs
can lead to immune disorders, highlighting their importance in
immune regulation and potential as therapeutic targets.

3.6 Other immune cells

Recent studies have further elucidated the role of SEs in various
immune cell types, including less-studied myeloid cells like mast
cells and neutrophils. GATA2 and MITF, key regulators of mast cell
differentiation from myeloid progenitors, are controlled by SEs.
Specifically, GATA2 promotes chromatin remodeling, enhancing
SE activity and driving mast cell differentiation (61). Studies show
that SEs in inflammatory clear cell renal cell carcinoma cells drive
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excessive CXC chemokine (e.g., CXCL1, CXCL8) production,
altering neutrophil migration, survival, and gene expression. BET
inhibitors suppress this SE-driven transcription, effectively limiting
neutrophil changes (62). These findings illustrate that SEs regulate
not only classic lymphoid lineages like T, B, and NK cells but also
myeloid-derived immune cells. Moreover, they provide new
perspectives for understanding the complexity of the immune
system and offer potential targets for developing therapeutic
strategies for specific immune diseases.

4 Mechanisms of SEs regulation of
immune response

4.1 Regulation of cytokine expression

Emerging evidence indicates that SEs regulate immune cell
development, differentiation, and inflammatory responses by
dynamically reprogramming epigenetic modifications to modulate
cytokine expression (2). In immune cells such as T helper cells (e.g.,
driving IFNG expression) and macrophages (e.g., IL-8 and IL-1B
production), SEs collaborate with key TFs and form phase-separated
condensates to drive the rapid and robust expression of cytokines
and inflammatory genes during immune responses (29, 63). Studies
have shown that eRNAs transcribed from the DNA sequences of
individual enhancer elements within SEs can positively regulate the
expression of protein-coding genes (11, 64). For instance, NF-xB
binds to the IFNG locus, and the eRNAs transcribed from IFNG
further associate with this complex to promote rapid IFNG
expression in memory T cells. This mechanism enhances the
expression of key genes, enabling memory T cells to exert their
specialized functions and confer lifelong immunity, a fundamental
aspect of adaptive immune responses (11, 65).

Dysregulation of SEs is implicated in various immune diseases.
For instance, SEs modulate cytokine regulation by facilitating the
binding of IRF4 and BATF3 to the Foxp3 SE, repressing its
expression in Tregs (66). In autoimmune diseases like rheumatoid
arthritis (RA) and systemic lupus erythematosus (SLE), inflammatory
signals such as TNFo and IL-6 lead to epigenetic reprogramming of
SEs, resulting in the aberrant overexpression of pro-inflammatory
cytokines such as TNF, IL1 family, and chemokines (11, 67).
Pathogenic SEs at the IL6 locus in RA drive inflammation through
CD40-CDA40L signaling (68). Moreover, defects in STAT1 signaling
and subsequent SE reprogramming are closely linked to the pro-
inflammatory phenotype of CD4+ T cells in spondyloarthritis, partly
by upregulating IL1R1 expression (69). SEs represent critical
regulatory nodes that coordinate epigenetic, transcriptional, and
three-dimensional genomic networks in cytokine regulation.

4.2 Immune response signaling pathways
SEs act as epigenetic hubs controlling lineage specification in

immune cells by forming extensive enhancer clusters that drive the
expression of immunoregulatory master genes (5). SEs integrate
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both innate (e.g., TLR-NF-kB) and adaptive immune responses
through dynamic interactions with key signaling pathways (10, 70).

In innate immunity, SEs amplify inflammatory responses by
enhancing TLR-mediated transcriptional activation. Upon
microbial recognition, TLR2 and TLR4 activate NF-xB and
MAPK pathways, augmenting NF-kB-driven cytokine production,
including pro-inflammatory TNF and context-dependent IL-10
(71-73). Similarly, IFN signaling promotes the formation of SEs
at STAT1 and STAT4 loci through chromatin looping, while the
rapid release of inflammatory cytokines such as IL-13 and TNF-o
further amplifies the antiviral response (74). These mechanisms
position SEs as critical transcriptional amplifiers in immune
activation, regulating cytokine-driven lymphocyte differentiation,
promoting Th17 polarization through IL17a/f, and impairing Thl
responses through TBX21 dissociation (75).

Studies have also uncovered complex cross-regulatory networks
linking SE dynamics with cellular metabolic pathways. Upregulated
CDK?7 expression and activity enhance SE-driven AMPD3
transcription, leading to mTORCI activation and metabolic
imbalance (76). This metabolic imbalance facilitates the
proliferation and survival of cystic cells, highlighting a mechanistic
link between SE-driven transcriptional programs and metabolic
reprogramming (76). Studies have identified a tumor-specific SE
(PD-L1L2-SE) located between the PD-L1 and PD-L2 genes, which
epigenetically co-regulates the expression of these two immune
checkpoint molecules, thereby facilitating tumor immune evasion

10.3389/fimmu.2025.1652398

(77). This regulatory axis highlights SEs as central coordinators of
immune microenvironment dynamics, influencing intercellular
communication and therapeutic responsiveness (78, 79).

SEs are integral to the regulation of immune responses, cellular
differentiation, and metabolic pathways, underscoring their pivotal
role in immune signaling and tumor microenvironment
modulation (Figure 3). This highlights the necessity of precisely
defining SE-gene networks within specific immune cell types to
fully elucidate their context-dependent functions.

4.3 Epigenetic modulation of SEs in
immune plasticity

By epigenetically controlling gene expression, SEs shape
immune cell plasticity and subsequently affect cellular
differentiation and functional states (5, 27). SEs are enriched with
histone marks such as H3K27ac and H3K4mel, which correlate
with transcriptional activity (1). Dynamic alterations in these
modifications during immune diseases enable the rapid activation
or repression of SE-associated immune genes. For instance, BET
proteins recognize acetylated histones at SEs and recruit
transcriptional machinery, amplifying cytokine production such
as MCP-1 during acute inflammation, whereas BET inhibitors
suppress SE activity and, through this mechanism, enhance
antitumor immunity (77, 80).
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FIGURE 3

SE-associated signaling pathways involved in immune responses. SEs are activated in response to immune stimuli, including pathogens and
cytokines. They integrate upstream signaling pathways (e.g., TLR, IFN pathways) via transcription factors such as NF-xB and STATSs, and thereby
modulate downstream pathways involved in inflammation, antiviral defense, and metabolic regulation.
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DNA methylation at SE loci inversely correlates with enhancer
activity, with hypomethylation destabilizing immune tolerance by
derepressing pro-inflammatory genes in autoimmune diseases.
Notably, in liver cancer, hypomethylation of the C/EBPJ SE
further amplifies its own transcription and reshapes the enhancer
landscape, thereby driving malignant phenotypes and tumor
progression rather than directly impairing anti-tumor immunity
(81-83). Targeting DNA methyltransferases or demethylases holds
therapeutic potential for reprogramming SEs, while IncRNAs and
eRNAs further modulate SE function by stabilizing chromatin
looping or recruiting TFs, as exemplified by IncRNA-CSR
interacting with IgH 3’RR SEs to regulate IgH recombination (84).

SEs also drive epigenetic reprogramming during immune cell
transitions. In macrophages, SE reorganization upon
lipopolysaccharide stimulation promotes polarization toward
either pro-inflammatory (M1) or anti-inflammatory (M2) states
(85). Similarly, in memory T cells, conserved SEs maintain
accessibility to effector genes, enabling rapid recall responses (33).
Disruption of these epigenetic programs impairs lineage-specific
functions and immune surveillance.

5 SEs and immune-related diseases
5.1 Role in autoimmune diseases

Autoimmune diseases such as RA, SLE, and multiple sclerosis
(MS) result from a breakdown of immune tolerance, leading to

10.3389/fimmu.2025.1652398

chronic inflammation and tissue damage (11).SEs have emerged as
critical regulators that amplify the transcription of immune-related
genes involved in the pathogenesis of these diseases. In RA, disease-
associated single-nucleotide polymorphisms (SNPs) preferentially
localize within SE regions in CD4+ T cells, affecting the binding
affinity of key TFs and coactivators, thereby dysregulating critical
immune regulators such as BACH2, PRDMI, and STAT3 (11, 29)
(Figure 4). Notably, PRDM1 and STAT3 cooperate to drive Treg
differentiation and function through inflammation-dependent SE
activity and TF network coupling, underscoring the critical role of
interactions between SEs and genes in autoimmune dysregulation
(86). This promotes sustained activation of inflammatory pathways,
notably through NF-xB signaling and JAK/STAT signaling, thereby
exacerbating cytokine production and joint inflammation (10, 21, 87).

In SLE, SEs are enriched near genes involved in antigen
presentation and immune activation, including MHC class II,
IRF5, and TNFAIP3, intensifying aberrant immune responses
(88-91). In MS, the vitamin D receptor (VDR) binds 1,25(OH)
,Ds to form SEs at risk loci such as ZMIZ1, EOMES, DENND6B,
and USP2, where MS-associated SNPs (e.g., rs6589939) co-localize
with PU.1 in open chromatin. These SNPs may disrupt VDR
binding and CTCF-mediated looping, altering vitamin D-
dependent immune pathways like phagocytosis and chemokine
signaling. Vitamin D-dependent expression changes in monocytes
further suggest that SE activity is modulated by environmental
factors in MS (92).

RA, SLE, and MS show distinct SE dysregulation but share
activation of inflammatory pathways and T cell dysfunction. RA
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FIGURE 4

Dysregulation of key transcriptional programs mediated by SEs in immune-related diseases. Schematic illustration of disease-specific TFs and
oncogenes regulated by SEs in immune-related conditions, including autoimmune diseases, immunodeficiencies, TIME, infections, and IPDs.
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involves BACH2/STAT3 SEs, SLE targets antigen presentation SEs,
and MS involves VDR-related SEs influenced by genetics and
environment. These highlight disease-specific regulatory
mechanisms involving TFs and SEs that drive immune imbalance.

5.2 SE-mediated regulation of the tumor
immune microenvironment

The TIME comprises diverse immune and stromal cells whose
interplay determines tumor progression and response to therapy.
Within this network, SEs epigenetically reshape tumor immune
phenotypes by regulating key immune genes in cells like B cells,
cooperating with factors such as CIITA to modulate chromatin,
MHC II expression, immune checkpoints, and chemokine
networks, thereby influencing antigen presentation, immune
infiltration, and immunosuppression (93, 94).

In addition to immune modulation, SEs sustain oncogene
transcription in diverse cancers. In hematological malignancies
like T-ALL, TFs MYB and CBP cooperate to establish SEs that
sustain oncogene expression (95, 96). Conversely, solid tumors such
as gastric adenocarcinoma leverage SE-associated genes to
epigenetically suppress CD8+ T cell cytotoxicity, thereby
dampening antitumor immunity and reducing the efficacy of PD-
1 checkpoint inhibitors (97, 98).

SEs frequently regulate key oncogenes, including MYC, via
CTCF-mediated chromatin looping that ensures robust
transcriptional activation (99, 100). In multiple myeloma (MM),
SE-driven upregulation of HJURP fosters tumor cell proliferation
and survival, while cooperating with SWI/SNF remodelers (e.g., me-
BAF155) to suppress interferon pathways and weaken CD8+ T cell
responses. Targeting this BRD4-me-BAF155-SE axis with CARM1
inhibitors can reprogram the epigenetic landscape and enhance
antitumor immunity (101, 102). Moreover, SEs promote immune
evasion by upregulating checkpoint genes like PD-L1 and driving
inflammatory programs through TFs such as NF-kB, often in
cooperation with SWI/SNF remodelers. This underscores their
dual role in tumor progression and immunosuppressive niche
formation, suggesting potential for therapeutic strategies
integrating epigenetic modulation and immunotherapy.

SEs across cancers consistently drive oncogene expression and
immune evasion. Hematologic cancers like T-ALL use SEs for
oncogene activation, while solid tumors suppress CD8+ T cells via
SEs. MM combines both to promote growth and immunosuppression,
highlighting diverse SEs roles in tumor progression (103, 104).

5.3 Epigenetic regulation and SEs in
immunodeficiency disorders

Immunodeficiencies encompass a range of disorders
characterized by impaired immune function, often manifesting as
increased susceptibility to infections, tumors, and autoimmunity
(105). Studies have demonstrated that SEs play a central role in
regulating the expression of key immune-related genes, and their
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dysregulation is closely associated with various immunodeficiency
disorders. For example, disrupted SEs at the BACH2 locus reduce
BACH2 protein levels by affecting protein stability, leading to
misregulation of PRDM1 and abnormal B cell differentiation. This
contributes to immune deficiency in BRIDA syndrome (106). This
mechanism illustrates how heterozygous mutations affecting SE-
regulated TFs like BACH2 can cause haploinsufficiency, ultimately
manifesting as immunoglobulin deficiency, intestinal inflammation,
and autoimmunity. Such pronounced dosage sensitivity is
increasingly recognized as a common feature of SE-regulated genes,
particularly those encoding lineage-defining TFs. Consistent with
this, mutations within SE regions of other genes, including GATA2,
IKZF1, and IRF8, have similarly been implicated in distinct
immunodeficiency syndromes by disrupting the development and
function of DCs, NK cells, and additional immune subsets (107, 108).
In addition, SEs are involved in the reprogramming of gene
regulatory networks during viral infections, particularly in HIV.
HIV-1 exploits SE-like elements within the host 5" long terminal
repeat to recruit multiple TFs, thereby promoting viral RNA
transcription and sustaining latent infection (109). The virus
preferentially integrates into host genomic regions proximal to
SEs, and spatial repositioning of these regions during T cell
activation may further increase the risk of integration and
contribute to viral persistence (110). Host cells counteract this by
employing epigenetic mechanisms, including DNA methylation,
histone modification, and non-coding RNAs, to suppress SE activity
and limit viral replication (111-114). The recently proposed
concept of chromatin vaccines aims to reprogram enhancer-
associated epigenetic states to boost antiviral immunity, and
similar approaches may apply to SE regions given their pivotal
role in immune regulation (109). Targeting SE-associated factors
like BRD4 shows promise for restoring immune function and
controlling pathogen activity in immunodeficiencies (115).
Immunodeficiencies involve SE dysregulation affecting key TFs like
BACH2, GATA2, and IKZF1, leading to impaired immune cell
development and function. Viral infections like HIV exploit SE-like
elements to sustain latency, while host cells counteract by epigenetically
suppressing SE activity. Together, these illustrate SEs’ central role in
both immune deficiency and host defense across diverse contexts.

5.4 SEs in infectious diseases:
immunomodulatory mechanisms and
therapeutic implications

Recent studies have revealed that SEs play critical roles in the
pathogenesis of infectious diseases. SEs not only regulate host
immune responses to viral infections but are also involved in viral
latency, replication, and the maintenance of virus-associated
malignancies. In antiviral immunity, the RNA-binding protein
SAFA enhances the expression of antiviral genes by activating
SEs, thereby strengthening the host immune response (116). In
HSV-1 and VSV infection models, SAFA deficiency impairs SE
function, resulting in increased susceptibility and viral load in the
host, highlighting the essential role of SEs in viral clearance and host
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defense (116). Viruses can also hijack host SEs to promote their own
survival and replication. For instance, Kaposi’s sarcoma-associated
herpesvirus utilizes its viral protein vIRF3 in cooperation with host
TFs IRF4 and BATF to engage SEs, thereby regulating the
expression of key survival genes such as IRF4, CCND2, MYB, and
PIK3C3 in primary effusion lymphoma(PEL) and promoting tumor
cell growth (117).

In Epstein-Barr virus (EBV) infection, SEs are co-opted by viral
and host TFs to drive the expression of critical B cell survival genes
such as ¢-MYC, MIR155, IKZF3, and BCL-2. EBV also interacts
with host SE regions to modulate gene expression and regulate the
switch between latent and lytic phases (118, 119). Notably, CRISPR-
mediated disruption of specific SEs can induce lytic gene activation,
highlighting their essential role in maintaining viral latency (118).
SEs play pivotal roles in infectious diseases by modulating host
immunity and being exploited by viruses for their own benefit. As
such, SEs represent promising targets for the development of novel
anti-infective therapies.

SEs play dual roles in infectious diseases by promoting host
antiviral gene expression, exemplified by SAFA in HSV-1 and VSV
infections, while also being hijacked by viruses such as KSHV and
EBV to sustain tumor growth and maintain latency. This highlights
SEs as critical nodes balancing immune defense and viral persistence.

5.5 SEs in immunoproliferative disorders

Immunoproliferative diseases, such as B-cell lymphoma (BCL)
and MM, are characterized by abnormal proliferation of immune
cells. Dysregulated activation of SEs plays a pivotal role in disease
progression through various mechanisms.

SEs are central to the pathogenesis and progression of
lymphoproliferative disorders like MM, sustaining high-level
expression of oncogenes such as MYC, IRF4, and PRDMI.
Notably, Chromosomal rearrangements reposition MYC near
immunoglobulin and plasma cell-specific SEs, leading to its
aberrant high expression. These SEs recruit dense clusters of TFs
and coactivators, particularly BRD4 and the Mediator complex.
This recruitment promotes chromatin accessibility and enhances
transcriptional elongation, thereby amplifying transcriptional
activity and exacerbating disease progression (13, 120, 121).
Specifically, in BCL, distinct patterns of SE dysregulation, driven
by both genetic and epigenetic changes, have been identified. These
mutations within SEs disrupt TF binding, leading to the aberrant
expression of proto-oncogenes such as CXCR4 and BCL2. This
disruption promotes tumor cell survival and proliferation by
activating several oncogenic signaling pathways such as the
BCL6-BLIMP1 regulatory axis, NR3Cl-mediated apoptosis
inhibition, and the CXCR4-EPOR-JAK2 signaling pathway (39).

Beyond BCL and MM, SEs are also implicated in other
immunoproliferative diseases. In adult T-cell leukemia(ATL), a SE
located near the TP73 promoter enhances its expression by recruiting
TFs such as IRF4, NF-kB, which in turn increase the expression of
other TFs, including BATF3, JUNB, and FOSL2. These factors
cooperate to activate TP73-driven DNA damage response and
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proliferation genes, such as PIDD1 and the MCM family, promoting
cell growth. Additionally, Exon 2-3 deletions in TP73 further activate
mTORCI and NF-xB pathways, thereby amplifying proliferation and
tumor progression (122). Immunoproliferative diseases share SE-
driven oncogene activation that promotes cell proliferation. MM
relies on MYC activation via SEs and rearrangements; BCL involves
SE mutations disrupting TF binding to activate oncogenic pathways;
ATL shows SE-mediated TP73 upregulation. Together, these highlight
diverse yet convergent SE mechanisms promoting tumor growth and
survival in different lymphoid malignancies.

6 Therapeutic strategies targeting SEs

6.1 CRISPR-based targeting of SEs in
immune-related diseases

The advent of CRISPR-based technologies has revolutionized
genome and epigenome editing, providing unprecedented
opportunities for detecting and therapeutically modulating SEs in
immune-related disorders (123). By enabling locus-specific editing
of enhancer regions, these tools allow direct manipulation of SE
architecture and associated chromatin states.

CRISPR-Cas9 facilitates the precise deletion or disruption of TF
binding motifs at SE loci through site-specific double-strand breaks
(Table 2). Although this approach can introduce irreversible
changes and potential off-target effects compared to epigenetic
interference strategies. For instance, as described above, deletion
of the Rorc SE by Cas9/sgRNA electroporation effectively
suppressed Th17-driven autoimmunity, highlighting the potential
of cell-type-specific SE editing (32). In contrast to genome cutting,
CRISPR interference reversibly suppresses SE activity by guiding
dCas9-KRAB-MeCP2 to specific loci, reducing H3K27ac marks and
disrupting SE-promoter looping. This blocks key TFs (e.g., IRF4,
MEF2C), lowers oncogene expression (e.g., MYC, IRF4), and slows
tumor cell proliferation, while minimizing risks to normal SE
function (124). Conversely, CRISPR activation (CRISPRa)

TABLE 2 Comparison of Therapeutic Strategies Targeting SEs.

Category CRISPR Small-Mole- PROTACs
Editing cule Inhibitors
Mechanism Precise SE or TF Inhibit SE-associated Degrade the
motif disruption proteins (e.g., BRD4) components of
the SEs
Advantages precise, Easy delivery, tunable Degrades hard-
multiplexed, and and selective to-drug targets;
adaptable transcriptional control  Prolongs
modulation degradation,
lowers dosing;
Eliminates
compensatory
effects
Limitations Off-target risk; Low specificity; Off-target
delivery and transcriptional toxicity  toxicities; E3
safety concerns ligase
dependency
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upregulates SE-driven gene expression by activating multiple
enhancer elements, as shown at the SCREEM locus, where
boosted eRNA transcription and H3K27ac marks enhance SNAI1
expression and promote EMT. Such locus-wide reprogramming
illustrates how CRISPRa could tune immune cell phenotypes in a
context-dependent manner (125).

Although prime editing has not yet been applied to SEs, its high
precision and double-strand-break-free mechanism present a future
opportunity for fine-tuning enhancer elements or TF binding sites
with minimal off-target effects (126).

Together, these CRISPR-mediated targeting of SEs enables
precise, multiplexed, and adaptable modulation of regulatory
networks through sgRNA-guided dCas9 variants, allowing
functional dissection and therapeutic intervention in complex,
polygenic gene control contexts (127). Future research should
focus on cell-type- and environment-specific delivery systems,
comprehensive safety profiling, and combinatorial strategies,
including early or preventive interventions for autoimmune
diseases. Integration with single-cell multi-omics and AlI-driven
modeling could help identify optimal SE targets and intervention
windows, ensuring long-term therapeutic efficacy with minimal
collateral effects on normal SE functions.

6.2 Small molecule-based therapeutic
strategies targeting SEs in immune-related
diseases

Small molecules present distinct advantages in modulating SE
activity by penetrating cellular and nuclear membranes and targeting
core components of SE-associated transcriptional machinery, such as
BET proteins, CDKs, and HDACs (128). By disrupting protein-
protein interactions or inhibiting essential enzymatic activities, small
molecules can effectively suppress SE-driven transcription. BET
inhibitors (e.g., JQ1, I-BET762) destabilize SE-driven oncogene or
cytokine transcription by preventing BRD4 from binding to
acetylated histones, thereby disrupting Mediator and Pol II
recruitment at SE regions (129). In autoimmune models, these
inhibitors reduce immune cell responses to pathogens by
downregulating IFN-y expression, although this broad suppression
may also affect normal immune functions (129). CDK7/9 inhibitors
(e.g., A51, A86) suppress SE-driven transcription by blocking
phosphorylation of Pol II, thereby inhibiting transcriptional
elongation. These agents have demonstrated significant antitumor
activity in breast cancer and neuroblastoma models by targeting SE-
regulated oncogenes such as MYC or MCL1 (130, 131). HDAC
inhibitors induce histone hyperacetylation, selectively suppressing
SE-driven genes in CLL by disrupting BRD4-Pol II interactions,
including B cell-specific TFs and survival pathways (132). Although
SE inhibitors show potent antitumor activity both in vitro and in vivo,
their toxicity remains a significant limitation, resulting from
widespread transcriptional dysregulation due to non-specific
interference with SEs (133, 134). To address this, cell-type-specific
delivery strategies such as antibody-conjugated or polymer-based
nanoparticles are under development. For example, hydrophobic
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polyesteramide nanoparticles co-delivering BET inhibitor JQI
(targeting BRD4) and CDK?7 inhibitor THZ1 have shown
synergistic SE disruption in pancreatic ductal adenocarcinoma,
suppressing oncogenic programs (e.g., SMAD3, HES1, EGFR) and
reducing systemic toxicity (135). Integration with single-cell profiling
and AI modeling could further optimize timing and specificity for
early or preventive intervention.

Small molecules have the potential to offer tunable and selective
transcriptional control by targeting epigenetic regulators like BRD4
and CDKs, modulating enhancer-promoter interactions while
aiming to preserve normal gene expression (136). Future research
directions include exploiting the phase separation mechanisms of
SEs to disrupt oncogenic SE condensates and employing machine
learning approaches to predict SE-drug interactions, ultimately
enhancing precision and reducing toxicity (137, 138).

6.3 Proteolysis-targeting chimeras in
targeting SEs

PROTAC: represent a novel and versatile strategy for selectively
degrading disease-driving proteins via the ubiquitin-proteasome
system (139). Unlike conventional small-molecule inhibitors that
merely block protein activity, PROTACs are heterobifunctional
molecules that recruit an E3 ubiquitin ligase to a target protein.
This promotes its ubiquitination and subsequent proteasomal
degradation (139). This approach is particularly advantageous for
targeting SEs, which are driven by master TFs such as BRD4, as well
as chromatin regulators with non-enzymatic scaffolding roles,
which are often resistant to conventional inhibitors (140).

In immune-related conditions such as autoimmunity and
cancer, pathogenic SEs sustain dysregulated expression of
immune genes like cytokines and checkpoint proteins. PROTACs
targeting SE-associated factors, especially BET proteins (BRD2/3/4),
have demonstrated promise in preclinical autoimmune and cancer
models (141). For example, BET-directed PROTACs like GNE-987
degrade BRD4, disrupt SE architecture, and produce sustained
suppression of oncogenic or inflammatory transcription, often
with greater efficacy than conventional BET inhibitors (142).

Unlike traditional inhibitors, PROTACs bypass the need for
active site engagement, allowing the degradation of structurally
challenging or non-enzymatic targets (143, 144). Moreover,
transient exposure can achieve sustained target degradation,
reducing the frequency of dosing and minimizing potential
toxicity (145). This degradation removes both canonical and
neomorphic functions of target proteins, helping circumvent
compensatory pathways triggered by conventional inhibitors (146).

Despite their therapeutic potential, PROTACs face limitations
including limited availability of E3 ligase ligands for optimization,
and potential off-target toxicities, which may hinder their clinical
efficacy (147). Future research should optimize next-generation
PROTAC:S to expand E3 ligase options, integrate cell-type-specific
delivery systems, and leverage single-cell multiomics and Al tools to
refine target selection and dosing, ultimately enhancing safety and
efficacy for early or preventive intervention in immune disorders.
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7 Discussion

Recent advances have underscored SEs as dynamic hubs
coordinating the transcriptional programs that govern immune
cell identity, functional plasticity, and disease susceptibility. This
review consolidates emerging evidence that SEs integrate chromatin
architecture, TF networks, and environmental cues to modulate
immune responses across physiological and pathological contexts.
Despite these insights, key challenges continue to hinder the full
translation of SE biology into clinical interventions.

A major methodological bottleneck lies in our limited capacity
to monitor SE dynamics within the three-dimensional genome in
real time. Current techniques, including ChIP-seq and Hi-C,
provide only static snapshots, often lacking the resolution to
capture spatiotemporal chromatin interactions and enhancer-
promoter looping events that fluctuate during immune activation
or suppression (148-151). Addressing this gap will require the
development of advanced imaging methods, real-time chromatin
conformation capture, and single-molecule tracking strategies to
delineate SE behavior at the cellular level.

Another unresolved question is the insufficient understanding of
feedback regulatory mechanisms that maintain or disrupt SE function.
Although numerous studies have mapped TF binding and chromatin
marks at SE regions, the feedback loops linking SE activity with TF
availability, epigenetic modifiers, and metabolic reprogramming
remain incompletely defined. Deciphering these dynamic regulatory
circuits, including potential positive and negative feedback, is crucial
to understanding how SEs sustain robust yet adaptable transcriptional
outputs in diverse immune microenvironments.

Furthermore, integrating AI with single-cell and spatial multi-omics
holds tremendous promise for decoding SE heterogeneity and
predicting functional states. The rapid evolution of single-cell
epigenomic and spatial transcriptomic technologies enables high-
resolution mapping of SE landscapes across immune cell subsets and
disease states (152-154). Al-driven analytical pipelines can help
integrate these datasets, identify context-dependent SEs, predict their
regulatory targets, and uncover potential off-target effects of SE-targeting
therapies. Such integrative approaches are expected to facilitate the
rational design of precision strategies, including patient-specific
biomarkers for immunotherapy response and optimized combination
treatments that leverage epigenetic and immune modulation.

To maximize translational impact, future research must address
several practical challenges: the development of cell-type- and
disease-specific SE modulators; the improvement of delivery
systems to achieve selective targeting while sparing normal SE
function; and the careful assessment of long-term safety and
resistance mechanisms. Advances in PROTACs, CRISPR-based
epigenetic editing, and small molecule-based therapies illustrate
the innovative strategies on the horizon. Combining these tools
with multi-omics and Al frameworks could help fine-tune dosage,
minimize off-target toxicity, and extend therapeutic windows.

In summary, SEs represent pivotal epigenetic orchestrators of
immune homeostasis and pathology. Bridging current methodological
and conceptual gaps, including definitively resolving whether SEs
causally drive immune cell fate and elucidating their role in shared
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transcriptional networks across diseases, will require collaborative
efforts across molecular biology, bioinformatics, and clinical
immunology. By advancing real-time SE tracking, decoding feedback
regulation, and harnessing AI-powered multi-omics integration, we can
transform our understanding of SE dynamics into actionable
interventions, paving the way for highly specific and effective
immunotherapies that restore balance in dysregulated immune states.

Author contributions

XLa: Investigation, Resources, Visualization, Writing - original
draft. CL: Investigation, Resources, Visualization, Writing — original
draft. XT: Formal analysis, Software, Writing - original draft. XLu:
Formal analysis, Software, Writing — original draft. FW: Formal
analysis, Software, Writing — original draft. YL: Formal analysis,
Software, Writing - review & editing. BH: Funding acquisition,
Supervision, Writing - review & editing. HL: Supervision, Writing —
review & editing.

Funding

The authors declare financial support was received for the
research and/or publication of this article. This work was
supported by the Guangdong Basic and Applied Basic Research
Foundation (2023A1515011243); Shenzhen Medical Research Fund
(SMRF) (B2302008); Shenzhen Science and Technology Program
(JCYJ20240813153503005); Bao’an Traditional Chinese Medicine
Development Foundation (2022KJCX-ZJZL-11); Health and
Medical Scientific Research Project of Shenzhen Bao’an Medical
Association (BAYXH2024017); Shenzhen Bao’an Traditional
Chinese Medicine Hospital Research Program (BAZYY20220701);
2024 High-quality Development Research Project of Shenzhen
Bao’an Public Hospital (BAGZL12024137); Discipline Construction
Program of the University-Hospital Collaborative Project in the
Development of High-Level University (GZYBA2024XKGO02).

Acknowledgments
The figures in this manuscript were created with Figdraw

(https://www.figdraw.com). License codes for figure use include
SSSIRa0a5¢, SUSIRa255e, RUOAWS84535, and PIARSa60d9.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

frontiersin.org


https://www.figdraw.com
https://doi.org/10.3389/fimmu.2025.1652398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lai et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al. Master
transcription factors and mediator establish super-enhancers at key cell identity genes.
Cell. (2013) 153:307-19. doi: 10.1016/j.cell.2013.03.035

2. Hah N, Benner C, Chong LW, Yu RT, Downes M, Evans RM, et al. Inflammation-
sensitive super enhancers form domains of coordinately regulated enhancer RNAs.
Proc Natl Acad Sci U.S.A. (2015) 112:E297-302. doi: 10.1073/pnas.1424028112

3. Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-Andre V, Sigova AA, et al.
Environment drives selection and function of enhancers controlling tissue-specific
macrophage identities. Cell. (2014) 159:1327-40. doi: 10.1016/j.cell.2014.11.023

4. Hnisz D, et al. Super-enhancers in the control of cell identity and disease. Cell.
(2013) 155:934-47. doi: 10.1016/j.cell.2013.09.053

5. Witte S, O'Shea JJ, Vahedi G. Super-enhancers: Asset management in immune cell
genomes. Trends Immunol. (2015) 36:519-26. doi: 10.1016/j.it.2015.07.005

6. Montefiori LE, Bendig S, Gu Z, Chen X, Polénen P, Ma X, et al. Enhancer
hijacking drives oncogenic BCL11B expression in lineage-ambiguous stem cell
leukemia. Cancer Discov. (2021) 11:2846-67. doi: 10.1158/2159-8290.Cd-21-0145

7. Revilla IDR, Bilic I, Vilagos B, Tagoh H, Ebert A, Tamir IM, et al. The B-cell
identity factor Pax5 regulates distinct transcriptional programmes in early and late B
lymphopoiesis. EMBO J. (2012) 31:3130-46. doi: 10.1038/emboj.2012.155

8. Fiskus W, Mill CP, Perera D, Birdwell C, Deng Q, Yang H, et al. BET proteolysis
targeted chimera-based therapy of novel models of Richter Transformation-diffuse large B-
cell lymphoma. Leukemia. (2021) 35:2621-34. doi: 10.1038/s41375-021-01181-w

9. Fernando N, Sciumé G, O’Shea JJ, Shih H-Y. Multi-dimensional gene regulation
in innate and adaptive lymphocytes: A view from regulomes. Front Immunol. (2021)
12:655590. doi: 10.3389/fimmu.2021.655590

10. Brown JD, Lin CY, Duan Q, Griffin G, Federation A, Paranal RM, et al. NF-xB
directs dynamic super enhancer formation in inflammation and atherogenesis. Mol
Cell. (2014) 56:219-31. doi: 10.1016/j.molcel.2014.08.024

11. Yamagata K, Nakayamada S, Tanaka Y. Critical roles of super-enhancers in the
pathogenesis of autoimmune diseases. Inflammation Regener. (2020) 40:16.
doi: 10.1186/s41232-020-00124-9

12. Hnisz D, Schuijers J, Lin CY, Weintraub AS, Abraham BJ, Lee TI, et al.
Convergence of developmental and oncogenic signaling pathways at transcriptional
super-enhancers. Mol Cell. (2015) 58:362-70. doi: 10.1016/j.molcel.2015.02.014

13. Loveén J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective
inhibition of tumor oncogenes by disruption of super-enhancers. Cell. (2013) 153:320-
34. doi: 10.1016/j.cell.2013.03.036

14. Kai Y, Li BE, Zhu M, Li GY, Chen F, Han Y, et al. Mapping the evolving
landscape of super-enhancers during cell differentiation. Genome Biol. (2021) 22:1-21.
doi: 10.1186/s13059-021-02485-x

15. Shi W, Zhong B, Dong J, Hu X, Li L. Super enhancer-driven core transcriptional
regulatory circuitry crosstalk with cancer plasticity and patient mortality in triple-negative
breast cancer. Front Genet. (2023) 14:1258862. doi: 10.3389/fgene.2023.1258862

16. Jiang N, Wen Z, Tao H, Liao H. Improved chIP sequencing for H3K27ac
profiling and super-enhancer analysis assisted by fluorescence-activated sorting of
formalin-fixed paraffin-embedded tissues. Biol Proced Online. (2025) 27:1. doi: 10.1186/
s12575-025-00262-9

17. Yang H, Schramek D, Adam RC, Keyes BE, Wang P, Zheng D, et al. ETS family
transcriptional regulators drive chromatin dynamics and Malignancy in squamous cell
carcinomas. Elife. (2015) 4:e10870. doi: 10.7554/eLife.10870

18. Wang X, Cairns MJ, Yan J. Super-enhancers in transcriptional regulation and
genome organization. Nucleic Acids Res. (2019) 47:11481-96. doi: 10.1093/nar/gkz1038

19. Sabari BR, Dall'Agnese A, Boija A, Klein IA, Coffey EL, Shrinivas K, et al.
Coactivator condensation at super-enhancers links phase separation and gene contro.
Science. (2018) 361:1-24. doi: 10.1126/science.aar3958

20. Boija A, Klein IA, Sabari BR, Dall'Agnese A, Coffey EL, Zamudio AV, et al.
Transcription factors activate genes through the phase-separation capacity of their
activation domains. Cell. (2018) 175:1842-1855.€1816. doi: 10.1016/j.cell.2018.10.042

21. Zamudio AV, Dall'Agnese A, Henninger JE, Manteiga JC, Afeyan LK, Hannett
NM, et al. Mediator condensates localize signaling factors to key cell identity genes. Mol
Cell. (2019) 76:753-766.e756. doi: 10.1016/j.molcel.2019.08.016

22. Strom AR, Emelyanov AV, Mir M, Fyodorov DV, Darzacq X, Karpen GH, et al.
Phase separation drives heterochromatin domain formation. Nature. (2017) 547:241-5.
doi: 10.1038/nature22989

Frontiers in Immunology

13

10.3389/fimmu.2025.1652398

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

23. Lee R, Kang MK, Kim YJ, Yang B, Shim H, Kim §, et al. CTCF-mediated
chromatin looping provides a topological framework for the formation of phase-
separated transcriptional condensates. Nucleic Acids Res. (2022) 50:207-26.
doi: 10.1093/nar/gkab1242

24. Stik G, Vidal E, Barrero M, Cuartero S, Vila-Casadesus M, Mendieta-Esteban J,
et al. CTCF is dispensable for immune cell transdifferentiation but facilitates an acute
inflammatory response. Nat Genet. (2020) 52:655-61. doi: 10.1038/541588-020-0643-0

25. Shin HY, Willi M, HyunYoo K, Zeng X, Wang C, Metser G, et al. Hierarchy
within the mammary STAT5-driven Wap super-enhancer. Nat Genet. (2016) 48:904—
11. doi: 10.1038/ng.3606

26. Lee HK, Willi M, Shin HY, Liu C, Hennighausen L. Progressing super-enhancer
landscape during mammary differentiation controls tissue-specific gene regulation.
Nucleic Acids Res. (2018) 46:10796-809. doi: 10.1093/nar/gky891

27. FuJ, Wang Y. Impacts of epigenetic reprogramming on innate immunity. Anim
Nutriomics. (2024) 1:1-22. doi: 10.1017/anr.2024.9

28. Hu Y, Zhang Z, Kashiwagi M, Yoshida T, Joshi I, Jena N, et al. Superenhancer
reprogramming drives a B-cell-epithelial transition and high-risk leukemia. Genes Dev.
(2016) 30:1971-90. doi: 10.1101/gad.283762.116

29. 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)
520:558-62. doi: 10.1038/naturel4154

30. Adam RC, Yang H, Rockowitz S, Larsen SB, Nikolova M, Oristian DS, et al.
Pioneer factors govern super-enhancer dynamics in stem cell plasticity and lineage
choice. Nature. (2015) 521:366-70. doi: 10.1038/nature14289

31. Hertweck A, Evans CM, Eskandarpour M, Lau JC, Oleinika K, Jackson I, et al. T-
bet activates thl genes through mediator and the super elongation complex. Cell Rep.
(2016) 15:2756-70. doi: 10.1016/j.celrep.2016.05.054

32. Kalim UU, Biradar R, Junttila S, Khan MM, Tripathi S, Khan MH A, et al. A
proximal enhancer regulates RORA expression during early human Th17 cell
differentiation. Clin Immunol. (2024) 264:1-11. doi: 10.1016/j.clim.2024.110261

33. Onrust-van Schoonhoven A, de Bruijn MJW, Stikker B, Brouwer RWW,
Braunstahl GJ, van IWF], et al. 3D chromatin reprogramming primes human
memory T(H)2 cells for rapid recall and pathogenic dysfunction. Sci Immunol.
(2023) 8:eadg3917. doi: 10.1126/sciimmunol.adg3917

34. ChiX, Jin W, Zhao X, Xie T, Shao J, Bai X, et al. RORYt expression in mature T
(H)17 cells safeguards their lineage specification by inhibiting conversion to T(H)2
cells. Sci Adv. (2022) 8:eabn7774. doi: 10.1126/sciadv.abn7774

35. Kitagawa Y, Ohkura N, Kidani Y, Vandenbon A, Hirota K, Kawakami R, et al.
Guidance of regulatory T cell development by Satbl-dependent super-enhancer
establishment. Nat Immunol. (2017) 18:173-83. doi: 10.1038/ni.3646

36. Leong WZ, Tan SH, Ngoc PCT, Amanda S, Yam AWY, Liau WS, et al. ARID5B
as a critical downstream target of the TALI complex that activates the oncogenic
transcriptional program and promotes T-cell leukemogenesis. Genes Dev. (2017)
31:2343-60. doi: 10.1101/gad.302646.117

37. Oudinet C, Braikia FZ, Dauba A, Khamlichi AA. Mechanism and regulation of
class switch recombination by IgH transcriptional control elements. Adv Immunol.
(2020) 147:89-137. doi: 10.1016/bs.ai.2020.06.003

38. Andrews JM, Pyfrom SC, Schmidt JA, Koues OI, Kowalewski RA, Grams NR,
et al. Loss of synergistic transcriptional feedback loops drives diverse B-cell cancers.
EBioMedicine. (2021) 71:103559. doi: 10.1016/j.ebiom.2021.103559

39. Bal E, Kumar R, Hadigol M, Holmes AB, Hilton LK, Loh JW, et al. Super-
enhancer hypermutation alters oncogene expression in B cell lymphoma. Nature.
(2022) 607:808-15. doi: 10.1038/541586-022-04906-8

40. Pastore A, Gaiti F, Lu SX, Brand RM, Kulm S, Chaligne R, et al. Corrupted
coordination of epigenetic modifications leads to diverging chromatin states and
transcriptional heterogeneity in CLL. Nat Commun. (2019) 10:1874. doi: 10.1038/
541467-019-09645-5

41. LiK, Wu Y, Li Y, Yu Q, Tian Z, Wei H, et al. Landscape and dynamics of the
transcriptional regulatory network during natural killer cell differentiation. Genomics
Proteomics Bioinf. (2020) 18:501-15. doi: 10.1016/j.gpb.2020.12.003

42. Crinier A, Milpied P, Escali¢re B, Piperoglou C, Galluso J, Balsamo A, et al.
High-dimensional single-cell analysis identifies organ-specific signatures and
conserved NK cell subsets in humans and mice. Immunity. (2018) 49:971-986.e975.
doi: 10.1016/j.immuni.2018.09.009

frontiersin.org


https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1073/pnas.1424028112
https://doi.org/10.1016/j.cell.2014.11.023
https://doi.org/10.1016/j.cell.2013.09.053
https://doi.org/10.1016/j.it.2015.07.005
https://doi.org/10.1158/2159-8290.Cd-21-0145
https://doi.org/10.1038/emboj.2012.155
https://doi.org/10.1038/s41375-021-01181-w
https://doi.org/10.3389/fimmu.2021.655590
https://doi.org/10.1016/j.molcel.2014.08.024
https://doi.org/10.1186/s41232-020-00124-9
https://doi.org/10.1016/j.molcel.2015.02.014
https://doi.org/10.1016/j.cell.2013.03.036
https://doi.org/10.1186/s13059-021-02485-x
https://doi.org/10.3389/fgene.2023.1258862
https://doi.org/10.1186/s12575-025-00262-9
https://doi.org/10.1186/s12575-025-00262-9
https://doi.org/10.7554/eLife.10870
https://doi.org/10.1093/nar/gkz1038
https://doi.org/10.1126/science.aar3958
https://doi.org/10.1016/j.cell.2018.10.042
https://doi.org/10.1016/j.molcel.2019.08.016
https://doi.org/10.1038/nature22989
https://doi.org/10.1093/nar/gkab1242
https://doi.org/10.1038/s41588-020-0643-0
https://doi.org/10.1038/ng.3606
https://doi.org/10.1093/nar/gky891
https://doi.org/10.1017/anr.2024.9
https://doi.org/10.1101/gad.283762.116
https://doi.org/10.1038/nature14154
https://doi.org/10.1038/nature14289
https://doi.org/10.1016/j.celrep.2016.05.054
https://doi.org/10.1016/j.clim.2024.110261
https://doi.org/10.1126/sciimmunol.adg3917
https://doi.org/10.1126/sciadv.abn7774
https://doi.org/10.1038/ni.3646
https://doi.org/10.1101/gad.302646.117
https://doi.org/10.1016/bs.ai.2020.06.003
https://doi.org/10.1016/j.ebiom.2021.103559
https://doi.org/10.1038/s41586-022-04906-8
https://doi.org/10.1038/s41467-019-09645-5
https://doi.org/10.1038/s41467-019-09645-5
https://doi.org/10.1016/j.gpb.2020.12.003
https://doi.org/10.1016/j.immuni.2018.09.009
https://doi.org/10.3389/fimmu.2025.1652398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lai et al.

43. Collins PL, Cella M, Porter SI, Li S, Gurewitz GL, Hong HS, et al. Gene
regulatory programs conferring phenotypic identities to human NK cells. Cell.
(2019) 176:348-360.€312. doi: 10.1016/j.cell.2018.11.045

44. Liu C, Nagashima H, Fernando N, Bass V, Gopalakrishnan J, Signorella S, et al. A
CTCF-binding site in the Mdm1-I122-Ifng locus shapes cytokine expression profiles
and plays a critical role in early Thl cell fate specification. Immunity. (2024) 57:1005-
1018.e1007. doi: 10.1016/j.immuni.2024.04.007

45. ciume G, Mikami Y, Jankovic D, Nagashima H, Villarino AV, Morrison T, et al.
Rapid enhancer remodeling and transcription factor repurposing enable high
magnitude gene induction upon acute activation of NK cells. Immunity. (2020)
53:745-758.€744. doi: 10.1016/j.immuni.2020.09.008

46. Spolski R, Li P, Chandra V, Shin B, Goel S, Sakamoto K, et al. Distinct use of
super-enhancer elements controls cell type-specific CD25 transcription and function.
Sci Immunol. (2023) 8:1-33. doi: 10.1126/sciimmunol.adi8217

47. Peng V, Xing X, Bando JK, Trsan T, Di Luccia B, Collins PL, et al. Whole-
genome profiling of DNA methylation and hydroxymethylation identifies distinct
regulatory programs among innate lymphocytes. Nat Immunol. (2022) 23:619-31.
doi: 10.1038/s41590-022-01164-8

48. WangF, Li R, Xu JY, Bai X, Wang Y, Chen XR, et al. Downregulating human leucocyte
antigens on mesenchymal stromal cells by epigenetically repressing a $2-microglobulin super-
enhancer. Nat Biomed Eng. (2024) 8:1682-99. doi: 10.1038/s41551-024-01264-w

49. Beyaz S, Kim JH, Pinello L, Xifaras ME, Hu Y, Huang J, et al. The histone
demethylase UTX regulates the lineage-specific epigenetic program of invariant natural
killer T cells. Nat Immunol. (2016) 18:184-95. doi: 10.1038/ni.3644

50. Zhou J, Toh SH-M, Tan TK, Balan K, Lim JQ, Tan TZ, et al. Super-enhancer-
driven TOX2 mediates oncogenesis in Natural Killer/T Cell Lymphoma. Mol Cancer.
(2023) 22:1-20. doi: 10.1186/s12943-023-01767-1

51. Witte S, Bradley A, Enright AJ, Muljo SA. High-density P300 enhancers control
cell state transitions. BMC Genomics. (2015) 16:903. doi: 10.1186/s12864-015-1905-6

52. Rojo R, Raper A, Ozdemir DD, Lefevre L, Grabert K, Wollscheid-Lengeling E, et al.
Deletion of a Csflr enhancer selectively impacts CSF1R expression and development of tissue
macrophage populations. Nat Commun. (2019) 10:3215. doi: 10.1038/s41467-019-11053-8

53. Tanwar VS, Reddy MA, Dey S, Malek V, Lanting L, Chen Z, et al. Palmitic acid
alters enhancers/super-enhancers near inflammatory and efferocytosis-associated genes
in human monocytes. J Lipid Res. (2025) 66:100774. doi: 10.1016/j.jlr.2025.100774

54. Dey A, Yang W, Gegonne A, Nishiyama A, Pan R, Yagi R, et al. BRD4 directs
hematopoietic stem cell development and modulates macrophage inflammatory
responses. EMBO J. (2019) 38:1-17. doi: 10.15252/embj.2018100293

55. Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D, Manz MG, et al.
Identification of clonogenic common Flt3+M-CSFR+ plasmacytoid and conventional
dendritic cell progenitors in mouse bone marrow. Nat Immunol. (2007) 8:1207-16.
doi: 10.1038/ni1518

56. Kubota S, Tokunaga K, Umezu T, Yokomizo-Nakano T, Sun Y, Oshima M, et al.
Lineage-specific RUNX2 super-enhancer activates MYC and promotes the
development of blastic plasmacytoid dendritic cell neoplasm. Nat Commun. (2019)
10:1-16. doi: 10.1038/s41467-019-09710-z

57. Murakami K, Sasaki H, Nishiyama A, Kurotaki D, Kawase W, Ban TA, et al. A
RUNX-CBFp-driven enhancer directs the Irf8 dose-dependent lineage choice between DCs
and monocytes. Nat Immunol. (2021) 22:301-11. doi: 10.1038/s41590-021-00871-y

58. Kim S, Bagadia P, Anderson DA, Liu TT, Huang X, Theisen DJ, et al. High
amount of transcription factor IRF8 engages AP1-IRF composite elements in enhancers
to direct type 1 conventional dendritic cell identity. Immunity. (2020) 53:759-774.e759.
doi: 10.1016/j.immuni.2020.07.018

59. Durai V, Bagadia P, Granja JM, Satpathy AT, Kulkarni DH, Davidson JTt, et al.
Cryptic activation of an Irf8 enhancer governs cDCI fate specification. Nat Immunol.
(2019) 20:1161-73. doi: 10.1038/s41590-019-0450-x

60. Bigley V, Cytlak U, Collin M. Human dendritic cell immunodeficiencies. Semin
Cell Dev Biol. (2019) 86:50-61. doi: 10.1016/j.semcdb.2018.02.020

61. Li Y, Gao J, Kamran M, Harmacek L, Danhorn T, Leach SM, et al. GATA2
regulates mast cell identity and responsiveness to antigenic stimulation by promoting
chromatin remodeling at super-enhancers. Nat Commun. (2021) 12:494. doi: 10.1038/
$41467-020-20766-0

62. Jun N, Yusaku M, Kosuke M, Yusuke T, Kei T, Daizo K, et al. Epigenetic
remodelling shapes inflammatory renal cancer and neutrophil-dependent metastasis.
Nat Cell Biol. (2020) 22:465-75. doi: 10.1038/s41556-020-0491-2

63. 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) 12:2280-99. doi: 10.1016/j.apsb.2021.12.014

64. Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, et al. Widespread
transcription at neuronal activity-regulated enhancers. Nature. (2010) 465:182-7.
doi: 10.1038/nature09033

65. Spurlock CF, Shaginurova G, Tossberg JT, Hester JD, Chapman N, Guo Y, et al.
Profiles of long noncoding RNAs in human naive and memory T cells. J Immunol.
(2017) 199:547-58. doi: 10.4049/jimmunol.1700232

66. Arnold PR, Wen M, Zhang L, Ying Y, Xiao X, Chu X, et al. Suppression of
FOXP3 expression by the AP-1 family transcription factor BATF3 requires partnering
with IRF4. Front Immunol. (2022) 13:966364. doi: 10.3389/fimmu.2022.966364

Frontiers in Immunology

10.3389/fimmu.2025.1652398

67. Schmidt SF, Larsen BD, Loft A, Nielsen R, Madsen JG, Mandrup S, et al. Acute
TNF-induced repression of cell identity genes is mediated by NFxB-directed
redistribution of cofactors from super-enhancers. Genome Res. (2015) 25:1281-94.
doi: 10.1101/gr.188300.114

68. Tsuchiya H, Ota M, Sumitomo S, Ishigaki K, Suzuki A, Sakata T, et al. Parsing
multiomics landscape of activated synovial fibroblasts highlights drug targets linked to
genetic risk of rheumatoid arthritis. Ann Rheumatic Dis. (2021) 80:440-50.
doi: 10.1136/annrheumdis-2020-218189

69. Cherqaoui B, Crémazy F, Lauraine M, Shammas G, Said-Nahal R, Mambu
Mambueni H, et al. STAT1 deficiency underlies a proinflammatory imprint of naive
CD4(+) T cells in spondyloarthritis. Front Immunol. (2023) 14:1227281. doi: 10.3389/
fimmu.2023.1227281

70. Peeters JG, Vervoort SJ, Tan SC, Mijnheer G, de Roock S, Vastert SJ, et al.
Inhibition of super-enhancer activity in autoinflammatory site-derived T cells reduces
disease-associated gene expression. Cell Rep. (2015) 12:1986-96. doi: 10.1016/
j.celrep.2015.08.046

71. Loh AHP, Angelina C, Wong MK, Tan SH, Sukhatme SA, Yeo T, et al. Pro-
metastatic and mesenchymal gene expression signatures characterize circulating tumor
cells of neuroblastoma patients with bone marrow metastases and relapse. Front Oncol.
(2022) 12:939460. doi: 10.3389/fonc.2022.939460

72. Shirato K, Kizaki T. SARS-CoV-2 spike protein S1 subunit induces pro-
inflammatory responses via toll-like receptor 4 signaling in murine and human
macrophages. Heliyon. (2021) 7:e06187. doi: 10.1016/j.heliyon.2021.e06187

73. Wenhui Y, Keng C, Guiwen Y, Shan W, Peng W, Jinteng L, et al. SNP-adjacent
super enhancer network mediates enhanced osteogenic differentiation of MSCs in
ankylosing spondylitis. Hum Mol Genet. (2020) 30:277-93. doi: 10.1093/hmg/ddaa272

74. Wei Y, Li C, Bian H, Qian W, Jin K, Xu T, et al. Targeting CDK7 suppresses
super enhancer-linked inflammatory genes and alleviates CAR T cell-induced cytokine
release syndrome. Mol Cancer. (2021) 20:1-18. doi: 10.1186/s12943-020-01301-7

75. Fang Z, Hecklau K, Gross F, Bachmann I, Venzke M, Karl M, et al. Transcription
factor co-occupied regions in the murine genome constitute T-helper-cell subtype-
specific enhancers. Eur J Immunol. (2015) 45:3150-7. doi: 10.1002/¢ji.201545713

76. MiZ, Song Y, Cao X, Lu Y, Liu Z, Zhu X, et al. Super-enhancer-driven metabolic
reprogramming promotes cystogenesis in autosomal dominant polycystic kidney
disease. Nat Metab. (2020) 2:717-31. doi: 10.1038/s42255-020-0227-4

77. Xu 'Y, Wu Y, Zhang S, Ma P, Jin X, Wang Z, et al. A tumor-specific super-
enhancer drives immune evasion by guiding synchronous expression of PD-L1 and
PD-L2. Cell Rep. (2019) 29:3435-3447.e3434. doi: 10.1016/j.celrep.2019.10.093

78. Tang Y, Sang S, Gao S, Xu W, Zhou H, Xia X, et al. Mechanistic insights into
super-enhancer-related genes as prognostic signatures in colon cancer. Aging (Albany
NY). (2024) 16:9918-32. doi: 10.18632/aging.205906

79. Wei X, Liu ], Cheng J, Cai W, Xie W, Wang K, et al. Super-enhancer-driven
ZFP36L1 promotes PD-L1 expression in infiltrative gastric cancer. Elife. (2024) 13:1-
21. doi: 10.7554/eLife.96445

80. Duan Q, Mao X, Xiao Y, Liu Z, Wang Y, Zhou H, et al. Super enhancers at the
miR-146a and miR-155 genes contribute to self-regulation of inflammation. Biochim
Biophys Acta (BBA) - Gene Regul Mech. (2016) 1859:564-71. doi: 10.1016/
j.bbagrm.2016.02.004

81. 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 diseases. Immunity. (2020) 52:1119-
1132.e1114. doi: 10.1016/j.immuni.2020.04.006

82. Xiong L, Wu F, Wu Q, Xu L, Cheung OK, Kang W, et al. Aberrant enhancer
hypomethylation contributes to hepatic carcinogenesis through global transcriptional
reprogramming. Nat Commun. (2019) 10:335. doi: 10.1038/s41467-018-08245-z

83. Aran D, Sabato S, Hellman A. DNA methylation of distal regulatory sites
characterizes dysregulation of cancer genes. Genome Biol. (2013) 14:R21. doi: 10.1186/
gb-2013-14-3-r21

84. 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) 161:774-89. doi: 10.1016/j.cell.2015.04.034

85. Jia P, Li X, Wang X, Yao L, Xu Y, Hu Y, et al. ZMYND8 mediated liquid
condensates spatiotemporally decommission the latent super-enhancers during
macrophage polarization. Nat Commun. (2021) 12:1-17. doi: 10.1038/s41467-021-
26864-x

86. 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) 12:2710. doi: 10.1038/s41467-021-22975-7

87. Klein K, Kabala PA, Grabiec AM, Gay RE, Kolling C, Lin LL, et al. The
bromodomain protein inhibitor I-BET151 suppresses expression of inflammatory
genes and matrix degrading enzymes in rheumatoid arthritis synovial fibroblasts.
Ann Rheum Dis. (2016) 75:422-9. doi: 10.1136/annrheumdis-2014-205809

88. Raj P, Rai E, Song R, Khan S, Wakeland BE, Viswanathan K, et al. Regulatory
polymorphisms modulate the expression of HLA class II molecules and promote
autoimmunity. Elife. (2016) 5:1-52. doi: 10.7554/eLife.12089

89. Zhang W, Liang ZQ, He RQ, Huang ZG, Wang XM, Wei MY, et al. The
upregulation and transcriptional regulatory mechanisms of Extra spindle pole bodies

frontiersin.org


https://doi.org/10.1016/j.cell.2018.11.045
https://doi.org/10.1016/j.immuni.2024.04.007
https://doi.org/10.1016/j.immuni.2020.09.008
https://doi.org/10.1126/sciimmunol.adi8217
https://doi.org/10.1038/s41590-022-01164-8
https://doi.org/10.1038/s41551-024-01264-w
https://doi.org/10.1038/ni.3644
https://doi.org/10.1186/s12943-023-01767-1
https://doi.org/10.1186/s12864-015-1905-6
https://doi.org/10.1038/s41467-019-11053-8
https://doi.org/10.1016/j.jlr.2025.100774
https://doi.org/10.15252/embj.2018100293
https://doi.org/10.1038/ni1518
https://doi.org/10.1038/s41467-019-09710-z
https://doi.org/10.1038/s41590-021-00871-y
https://doi.org/10.1016/j.immuni.2020.07.018
https://doi.org/10.1038/s41590-019-0450-x
https://doi.org/10.1016/j.semcdb.2018.02.020
https://doi.org/10.1038/s41467-020-20766-0
https://doi.org/10.1038/s41467-020-20766-0
https://doi.org/10.1038/s41556-020-0491-2
https://doi.org/10.1016/j.apsb.2021.12.014
https://doi.org/10.1038/nature09033
https://doi.org/10.4049/jimmunol.1700232
https://doi.org/10.3389/fimmu.2022.966364
https://doi.org/10.1101/gr.188300.114
https://doi.org/10.1136/annrheumdis-2020-218189
https://doi.org/10.3389/fimmu.2023.1227281
https://doi.org/10.3389/fimmu.2023.1227281
https://doi.org/10.1016/j.celrep.2015.08.046
https://doi.org/10.1016/j.celrep.2015.08.046
https://doi.org/10.3389/fonc.2022.939460
https://doi.org/10.1016/j.heliyon.2021.e06187
https://doi.org/10.1093/hmg/ddaa272
https://doi.org/10.1186/s12943-020-01301-7
https://doi.org/10.1002/eji.201545713
https://doi.org/10.1038/s42255-020-0227-4
https://doi.org/10.1016/j.celrep.2019.10.093
https://doi.org/10.18632/aging.205906
https://doi.org/10.7554/eLife.96445
https://doi.org/10.1016/j.bbagrm.2016.02.004
https://doi.org/10.1016/j.bbagrm.2016.02.004
https://doi.org/10.1016/j.immuni.2020.04.006
https://doi.org/10.1038/s41467-018-08245-z
https://doi.org/10.1186/gb-2013-14-3-r21
https://doi.org/10.1186/gb-2013-14-3-r21
https://doi.org/10.1016/j.cell.2015.04.034
https://doi.org/10.1038/s41467-021-26864-x
https://doi.org/10.1038/s41467-021-26864-x
https://doi.org/10.1038/s41467-021-22975-7
https://doi.org/10.1136/annrheumdis-2014-205809
https://doi.org/10.7554/eLife.12089
https://doi.org/10.3389/fimmu.2025.1652398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lai et al.

like 1 in bladder cancer: An immunohistochemistry and high-throughput screening
Evaluation. Heliyon. (2024) 10:31192. doi: 10.1016/j.heliyon.2024.e31192

90. Hou G, Zhou T, Xu N, Yin Z, Zhu X, Zhang Y, et al. Integrative functional
genomics identifies systemic lupus erythematosus causal genetic variant in the IRF5
risk locus. Arthritis Rheumatol. (2023) 75:574-85. doi: 10.1002/art.42390

91. Bourges C, Groff AF, Burren OS, Gerhardinger C, Mattioli K, Hutchinson A,
et al. Resolving mechanisms of immune-mediated disease in primary CD4 T cells.
EMBO Mol Med. (2020) 12:¢12112. doi: 10.15252/emmm.202012112

92. LuM, McComish BJ, Burdon KP, Taylor BV, Korner H. The association between
vitamin D and multiple sclerosis risk: 1,25(OH)2D3 induces super-enhancers bound by
VDR. Front Immunol. (2019) 10:488. doi: 10.3389/fimmu.2019.00488

93. Wu Q, Tao X, Luo Y, Zheng S, Lin N, Xie X, et al. A novel super-enhancer-
related gene signature predicts prognosis and immune microenvironment for breast
cancer. BMC Cancer. (2023) 23:1-18. doi: 10.1186/s12885-023-11241-2

94. 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 II
locus. ] Exp Med. (2020) 1-14. doi: 10.1084/jem.20190668

95. Mansour MR, Abraham BJ, Anders L, Berezovskaya A, Gutierrez A, Durbin AD,
et al. An oncogenic super-enhancer formed through somatic mutation of a noncoding
intergenic element. Science. (2014) 346:1373-7. doi: 10.1126/science.1259037

96. 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) 22:12. doi: 10.1186/s12943-022-01701-x

97. Zhang X, Choi PS, Francis JM, Imielinski M, Watanabe H, Cherniack AD, et al.
Identification of focally amplified lineage-specific super-enhancers in human epithelial
cancers. Nat Genet. (2016) 48:176-82. doi: 10.1038/ng.3470

98. Peng L, Peng JY, Cai DK, Qiu YT, Lan QS, Luo J, et al. Immune infiltration and
clinical outcome of super-enhancer-associated IncRNAs in stomach adenocarcinoma.
Front Oncol. (2022) 12:780493. doi: 10.3389/fonc.2022.780493

99. Schuijers J, Manteiga JC, Weintraub AS, Day DS, Zamudio AV, Hnisz D, et al.
Transcriptional dysregulation of MYC reveals common enhancer-docking mechanism.
Cell Rep. (2018) 23:349-60. doi: 10.1016/j.celrep.2018.03.056

100. Jia Y, Chng WJ, Zhou J. Super-enhancers: critical roles and therapeutic targets
in hematologic Malignancies. ] Hematol Oncol. (2019) 12:77. doi: 10.1186/s13045-019-
0757-y

101. Kim EJ, Liu P, Zhang S, Donahue K, Wang Y, Schehr JL, et al. BAF155
methylation drives metastasis by hijacking super-enhancers and subverting anti-tumor
immunity. Nucleic Acids Res. (2021) 49:12211-33. doi: 10.1093/nar/gkab1122

102. Jia Y, Zhou J, Tan TK, Chung TH, Chen Y, Chooi JY, et al. Super enhancer-
mediated upregulation of HJURP promotes growth and survival of t(4;14)-positive
multiple myeloma. Cancer Res. (2022) 82:406-18. doi: 10.1158/0008-5472.Can-21-0921

103. Newnes HV, Armitage JD, Audsley KM, Bosco A, Waithman J. Directing the
future breakthroughs in immunotherapy: the importance of a holistic approach to the
tumour microenvironment. Cancers (Basel). (2021) 13:1-22. doi: 10.3390/
cancers13235911

104. Zhang J, Yin J, Heng Y, Xie K, Chen A, Amit I, et al. Spatiotemporal Omics-
Refining the landscape of precision medicine. Life Med. (2022) 1:84-102. doi: 10.1093/
lifemedi/lnac053

105. Marshall JS, Warrington R, Watson W, Kim HL. An introduction to
immunology and immunopathology. Allergy Asthma Clin Immunol. (2018) 14:49.
doi: 10.1186/s13223-018-0278-1

106. Afzali B, Gronholm J, Vandrovcova J, O'Brien C, Sun HW, Vanderleyden I,
et al. BACH2 immunodeficiency illustrates an association between super-enhancers
and haploinsufficiency. Nat Immunol. (2017) 18:813-23. doi: 10.1038/ni.3753

107. Gréschel S, Sanders MA, Hoogenboezem R, de Wit E, Bouwman BAM,
Erpelinck C, et al. A single oncogenic enhancer rearrangement causes concomitant
EVI1 and GATA2 deregulation in leukemia. Cell. (2014) 157:369-81. doi: 10.1016/
j.cell 2014.02.019

108. Cytlak U, Resteu A, Pagan S, Green K, Milne P, Maisuria S, et al. Differential
IRF8 transcription factor requirement defines two pathways of dendritic cell
development in humans. Immunity. (2020) 53:353-370.e358. doi: 10.1016/
j-immuni.2020.07.003

109. Zhang J, Crumpacker C. HIV UTR, LTR, and epigenetic immunity. Viruses.
(2022) 14:1-14. doi: 10.3390/v14051084

110. Lucic B, Chen HC, Kuzman M, Zorita E, Wegner J, Minneker V, et al. Spatially
clustered loci with multiple enhancers are frequent targets of HIV-1 integration. Nat
Commun. (2019) 10:4059. doi: 10.1038/s41467-019-12046-3

111. Angelov D, Charra M, Seve M, Coté J, Khochbin S, Dimitrov S, et al.
Differential remodeling of the HIV-1 nucleosome upon transcription activators and
SWI/SNF complex binding. ] Mol Biol. (2000) 302:315-26. doi: 10.1006/jmbi.2000.4069

112. Sen DR, Kaminski ], Barnitz RA, Kurachi M, Gerdemann U, Yates KB, et al.
The epigenetic landscape of T cell exhaustion. Science. (2016) 354:1165-9. doi: 10.1126/
science.aae0491

113. Nathans R, Chu CY, Serquina AK, Lu CC, Cao H, Rana TM, et al. Cellular
microRNA and P bodies modulate host-HIV-1 interactions. Mol Cell. (2009) 34:696—
709. doi: 10.1016/j.molcel.2009.06.003

Frontiers in Immunology

15

10.3389/fimmu.2025.1652398

114. Kennedy EM, Bogerd HP, Kornepati AVR, Kang D, Ghoshal D, Marshall JB,
et al. Posttranscriptional m(6)A Editing of HIV-1 mRNAs Enhances Viral Gene
Expression. Cell Host Microbe. (2017) 22:830. doi: 10.1016/j.chom.2017.11.010

115. Bacon CW, D'Orso 1. CDK9: a signaling hub for transcriptional control.
Transcription. (2019) 10:57-75. doi: 10.1080/21541264.2018.1523668

116. Cao L, Liu S, Li Y, Yang G, Luo Y, Li S, et al. The nuclear matrix protein SAFA
surveils viral RNA and facilitates immunity by activating antiviral enhancers and super-
enhancers. Cell Host Microbe. (2019) 26:369-384.e368. doi: 10.1016/j.chom.2019.08.010

117. Manzano M, Giinther T, Ju H, Nicholas J, Bartom ET, Grundhoft A, et al.
Kaposi's sarcoma-associated herpesvirus drives a super-enhancer-mediated survival
gene expression program in primary effusion lymphoma. mBio. (2020) 11:1-23.
doi: 10.1128/mBi0.01457-20

118. Yan B, Wang C, Chakravorty S, Zhang Z, Kadadi SD, Zhuang Y, et al. A
comprehensive single cell data analysis of lymphoblastoid cells reveals the role of super-
enhancers in maintaining EBV latency. J Med Virol. (2023) 95:28362. doi: 10.1002/
jmy.28362

119. Bruter AV, Rodionova MD, Varlamova EA, Shtil AA. Super-enhancers in the
regulation of gene transcription: general aspects and antitumor targets. Acta Naturae.
(2021) 13:4-15. doi: 10.32607/actanaturae.11067

120. Jia Y, et al. Myeloma-specific superenhancers affect genes of biological and
clinical relevance in myeloma. Blood Cancer J. (2021) 11:32. doi: 10.1038/s41408-021-
00421-7

121. Affer M, Chesi M, Chen WD, Keats JJ, Demchenko YN, Tamizhmani K, et al.
Promiscuous MYC locus rearrangements hijack enhancers but mostly super-enhancers
to dysregulate MYC expression in multiple myeloma. Leukemia. (2014) 28:1725-35.
doi: 10.1038/leu.2014.70

122. Ong JZL, Yokomori R, Wong RWJ, Tan TK, Ueda R, Ishida T, et al.
Requirement for TP73 and genetic alterations originating from its intragenic super-
enhancer in adult T-cell leukemia. Leukemia. (2022) 36:2293-305. doi: 10.1038/s41375-
022-01655-5

123. Li K, Liu Y, Cao H, Zhang Y, Gu Z, Liu X, et al. Interrogation of enhancer
function by enhancer-targeting CRISPR epigenetic editing. Nat Commun. (2020)
11:485. doi: 10.1038/541467-020-14362-5

124. Wang C, Zhang L, Ke L, Ding W, Jiang S, Li D, et al. Primary effusion
lymphoma enhancer connectome links super-enhancers to dependency factors. Nat
Commun. 11(2020):1-13. doi: 10.1038/s41467-020-20136-w

125. Uthaya Kumar DB, Yurieva M, Grassmann J, Kozhaya L, McBride CD,
Unutmaz D, et al. A genome-wide CRISPR activation screen identifies SCREEM a
novel SNAII super-enhancer demarcated by eRNAs. Front Mol Biosci. 10
(2023):1110445. doi: 10.3389/fmolb.2023.1110445

126. Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy JM, et al.
Search-and-replace genome editing without double-strand breaks or donor DNA.
Nature. (2019) 576:149-57. doi: 10.1038/s41586-019-1711-4

127. Liu X, Chen Y, Zhang Y, Liu Y, Liu N, Botten GA, et al. Multiplexed capture of
spatial configuration and temporal dynamics of locus-specific 3D chromatin by
biotinylated dCas9. Genome Biol. (2020) 21:59. doi: 10.1186/s13059-020-01973-w

128. Pelish HE, Liau BB, Nitulescu II, Tangpeerachaikul A, Poss ZC, Da Silva DH,
et al. Mediator kinase inhibition further activates super-enhancer-associated genes in
AML. Nature. (2015) 526:273-6. doi: 10.1038/nature14904

129. Gibbons HR, Mi D], Farley VM, Esmond T, Kaood MB, Aune TM, et al.
Bromodomain inhibitor JQI reversibly blocks IFN-y production. Sci Rep. (2019) 9:1-
10. doi: 10.1038/541598-019-46516-x

130. Minzel W, Venkatachalam A, Fink A, Hung E, Brachya G, Burstain I, et al. Small
molecules co-targeting CKIo: and the transcriptional kinases CDK7/9 control AML in
preclinical models. Cell. (2018) 175:171-185.e125. doi: 10.1016/j.cell.2018.07.045

131. Meng W, Wang J, Wang B, Liu F, Li M, Zhao Y, et al. CDK?7 inhibition is a
novel therapeutic strategy against GBM both in vitro and in vivo. Cancer Manag Res.
(2018) 10:5747-58. doi: 10.2147/cmar.S183696

132. Lai TH, Ozer HG, Gasparini P, Nigita G, Distefano R, Yu L, et al. HDACI regulates
the chromatin landscape to control transcriptional dependencies in chronic lymphocytic
leukemia. Blood Adv. (2023) 7:2897-911. doi: 10.1182/bloodadvances.2022007998

133. Tang F, Yang Z, Tan Y, Li Y. Super-enhancer function and its application in
cancer targeted therapy. NPJ Precis Oncol. (2020) 4:2. doi: 10.1038/541698-020-0108-z

134. Jia Q, Chen S, Tan Y, Li Y, Tang F. Oncogenic super-enhancer formation in
tumorigenesis and its molecular mechanisms. Exp Mol Med. (2020) 52:713-23.
doi: 10.1038/s12276-020-0428-7

135. Huang CS, You X, Dai C, Xu QC, Li F, Wang L, et al. Targeting super-
enhancers via nanoparticle-facilitated BRD4 and CDK7 inhibitors synergistically
suppresses pancreatic ductal adenocarcinoma. Adv Sci (Weinh). (2020) 7:1902926.
doi: 10.1002/advs.201902926

136. Peng A, Peng W, Wang R, Zhao H, Yu X, Sun Y, et al. Regulation of 3D
organization and its role in cancer biology. Front Cell Dev Biol. (2022) 10:879465.
doi: 10.3389/fcell.2022.879465

137. Tang SC, Vijayakumar U, Zhang Y, Fullwood M]. Super-enhancers, phase-
separated condensates, and 3D genome organization in cancer. Cancers (Basel). (2022)
14:1-23. doi: 10.3390/cancers14122866

frontiersin.org


https://doi.org/10.1016/j.heliyon.2024.e31192
https://doi.org/10.1002/art.42390
https://doi.org/10.15252/emmm.202012112
https://doi.org/10.3389/fimmu.2019.00488
https://doi.org/10.1186/s12885-023-11241-2
https://doi.org/10.1084/jem.20190668
https://doi.org/10.1126/science.1259037
https://doi.org/10.1186/s12943-022-01701-x
https://doi.org/10.1038/ng.3470
https://doi.org/10.3389/fonc.2022.780493
https://doi.org/10.1016/j.celrep.2018.03.056
https://doi.org/10.1186/s13045-019-0757-y
https://doi.org/10.1186/s13045-019-0757-y
https://doi.org/10.1093/nar/gkab1122
https://doi.org/10.1158/0008-5472.Can-21-0921
https://doi.org/10.3390/cancers13235911
https://doi.org/10.3390/cancers13235911
https://doi.org/10.1093/lifemedi/lnac053
https://doi.org/10.1093/lifemedi/lnac053
https://doi.org/10.1186/s13223-018-0278-1
https://doi.org/10.1038/ni.3753
https://doi.org/10.1016/j.cell.2014.02.019
https://doi.org/10.1016/j.cell.2014.02.019
https://doi.org/10.1016/j.immuni.2020.07.003
https://doi.org/10.1016/j.immuni.2020.07.003
https://doi.org/10.3390/v14051084
https://doi.org/10.1038/s41467-019-12046-3
https://doi.org/10.1006/jmbi.2000.4069
https://doi.org/10.1126/science.aae0491
https://doi.org/10.1126/science.aae0491
https://doi.org/10.1016/j.molcel.2009.06.003
https://doi.org/10.1016/j.chom.2017.11.010
https://doi.org/10.1080/21541264.2018.1523668
https://doi.org/10.1016/j.chom.2019.08.010
https://doi.org/10.1128/mBio.01457-20
https://doi.org/10.1002/jmv.28362
https://doi.org/10.1002/jmv.28362
https://doi.org/10.32607/actanaturae.11067
https://doi.org/10.1038/s41408-021-00421-7
https://doi.org/10.1038/s41408-021-00421-7
https://doi.org/10.1038/leu.2014.70
https://doi.org/10.1038/s41375-022-01655-5
https://doi.org/10.1038/s41375-022-01655-5
https://doi.org/10.1038/s41467-020-14362-5
https://doi.org/10.1038/s41467-020-20136-w
https://doi.org/10.3389/fmolb.2023.1110445
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1186/s13059-020-01973-w
https://doi.org/10.1038/nature14904
https://doi.org/10.1038/s41598-019-46516-x
https://doi.org/10.1016/j.cell.2018.07.045
https://doi.org/10.2147/cmar.S183696
https://doi.org/10.1182/bloodadvances.2022007998
https://doi.org/10.1038/s41698-020-0108-z
https://doi.org/10.1038/s12276-020-0428-7
https://doi.org/10.1002/advs.201902926
https://doi.org/10.3389/fcell.2022.879465
https://doi.org/10.3390/cancers14122866
https://doi.org/10.3389/fimmu.2025.1652398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lai et al.

138. Hamamoto R, Takasawa K, Shinkai N, Machino H, Kouno N, Asada K, et al.
Analysis of super-enhancer using machine learning and its application to medical
biology. Brief Bioinform. (2023) 24:1-17. doi: 10.1093/bib/bbad107

139. Sakamoto KM, Kim KB, Kumagai A, Mercurio F, Crews CM, Deshaies R], et al.
Protacs: chimeric molecules that target proteins to the Skp1-Cullin-F box complex for
ubiquitination and degradation. Proc Natl Acad Sci U.S.A. (2001) 98:8554-9.
doi: 10.1073/pnas.141230798

140. Zengerle M, Chan KH, Ciulli A. Selective small molecule induced degradation
of the BET bromodomain protein BRD4. ACS Chem Biol. (2015) 10:1770-7.
doi: 10.1021/acschembio.5b00216

141. Winter GE, Buckley DL, Paulk ], Roberts JM, Souza A, Dhe-Paganon S, et al.
DRUG DEVELOPMENT. Phthalimide conjugation as a strategy for in vivo target
protein degradation. Science. (2015) 348:1376-81. doi: 10.1126/science.aab1433

142. Wu D, Yin H, Yang C, Zhang Z, Fang F, Wang J, et al. The BET PROTAC
inhibitor GNE-987 displays anti-tumor effects by targeting super-enhancers regulated
gene in osteosarcoma. BMC Cancer. (2024) 24:1-16. doi: 10.1186/s12885-024-12691-y

143. Békés M, Langley DR, Crews CM. PROTAC targeted protein degraders: the
past is prologue. Nat Rev Drug Discov. (2022) 21:181-200. doi: 10.1038/s41573-021-
00371-6

144. LuX, Jin J, Wu Y, Lin J, Zhang X, Lu S, et al. Self-assembled PROTACs enable
protein degradation to reprogram the tumor microenvironment for synergistically
enhanced colorectal cancer immunotherapy. Bioact Mater. (2025) 43:255-72.
doi: 10.1016/j.bioactmat.2024.09.022

145. Li X, Pu W, Zheng Q, Ai M, Chen S, Peng Y, et al. Proteolysis-targeting
chimeras (PROTACs) in cancer therapy. Mol Cancer. (2022) 21:99. doi: 10.1186/
512943-021-01434-3

Frontiers in Immunology

16

10.3389/fimmu.2025.1652398

146. Zeng S, Huang W, Zheng X, Liyan C, Zhang Z, Wang J, et al. Proteolysis
targeting chimera (PROTAC) in drug discovery paradigm: Recent progress and future
challenges. Eur ] Med Chem. (2021) 210:112981. doi: 10.1016/j.ejmech.2020.112981

147. Juan A, Del Mar Noblejas-Lopez M, Arenas-Moreira M, Alonso-Moreno C,
Ocafia A. Options to improve the action of PROTACs in cancer: development of
controlled delivery nanoparticles. Front Cell Dev Biol. (2021) 9:805336. doi: 10.3389/
fcell.2021.805336

148. Dekker J, Rippe K, Dekker M, Kleckner N. Capturing chromosome
conformation. Science. (2002) 295:1306-11. doi: 10.1126/science.1067799

149. Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, Ragoczy T, Telling
A, et al. Comprehensive mapping of long-range interactions reveals folding principles of
the human genome. Science. (2009) 326:289-93. doi: 10.1126/science.1181369

150. Nagano T, Lubling Y, Stevens TJ, Schoenfelder S, Yaffe E, Dean W, et al. Single-
cell Hi-C reveals cell-to-cell variability in chromosome structure. Nature. (2013)
502:59-64. doi: 10.1038/naturel2593

151. Schoenfelder S, Fraser P. Long-range enhancer-promoter contacts in gene
expression control. Nat Rev Genet. (2019) 20:437-55. doi: 10.1038/s41576-019-0128-0

152. Grosselin K, Durand A, Marsolier J, Poitou A, Marangoni E, Nemati F, et al.
High-throughput single-cell ChIP-seq identifies heterogeneity of chromatin states in
breast cancer. Nat Genet. (2019) 51:1060-6. doi: 10.1038/s41588-019-0424-9

153. Maynard KR, Collado-Torres L, Weber LM, Uytingco C, Barry BK, Williams
SR, et al. Transcriptome-scale spatial gene expression in the human dorsolateral
prefrontal cortex. Nat Neurosci. (2021) 24:425-36. doi: 10.1038/s41593-020-00787-0

154. Amodio M, van Dijk D, Srinivasan K, Chen WS, Mohsen H, Moon KR, et al.
Exploring single-cell data with deep multitasking neural networks. Nat Methods. (2019)
16:1139-45. doi: 10.1038/s41592-019-0576-7

frontiersin.org


https://doi.org/10.1093/bib/bbad107
https://doi.org/10.1073/pnas.141230798
https://doi.org/10.1021/acschembio.5b00216
https://doi.org/10.1126/science.aab1433
https://doi.org/10.1186/s12885-024-12691-y
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1016/j.bioactmat.2024.09.022
https://doi.org/10.1186/s12943-021-01434-3
https://doi.org/10.1186/s12943-021-01434-3
https://doi.org/10.1016/j.ejmech.2020.112981
https://doi.org/10.3389/fcell.2021.805336
https://doi.org/10.3389/fcell.2021.805336
https://doi.org/10.1126/science.1067799
https://doi.org/10.1126/science.1181369
https://doi.org/10.1038/nature12593
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1038/s41588-019-0424-9
https://doi.org/10.1038/s41593-020-00787-0
https://doi.org/10.1038/s41592-019-0576-7
https://doi.org/10.3389/fimmu.2025.1652398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Super-enhancers in immune system regulation: mechanisms, pathological reprogramming, and therapeutic opportunities
	1 Introduction
	2 Features and classification of SEs
	2.1 Structural characteristics of SEs
	2.2 Classification and functional organization of SEs

	3 SEs regulate immune cell differentiation and functional diversification
	3.1 SEs in T cell differentiation and function
	3.2 SEs in B cell development and antibody production
	3.3 SEs in natural killer cells differentiation and dysregulation
	3.4 SEs in macrophage functional transitions
	3.5 SEs in dendritic cells differentiation and pathology
	3.6 Other immune cells

	4 Mechanisms of SEs regulation of immune response
	4.1 Regulation of cytokine expression
	4.2 Immune response signaling pathways
	4.3 Epigenetic modulation of SEs in immune plasticity

	5 SEs and immune-related diseases
	5.1 Role in autoimmune diseases
	5.2 SE-mediated regulation of the tumor immune microenvironment
	5.3 Epigenetic regulation and SEs in immunodeficiency disorders
	5.4 SEs in infectious diseases: immunomodulatory mechanisms and therapeutic implications
	5.5 SEs in immunoproliferative disorders

	6 Therapeutic strategies targeting SEs
	6.1 CRISPR-based targeting of SEs in immune-related diseases
	6.2 Small molecule-based therapeutic strategies targeting SEs in immune-related diseases
	6.3 Proteolysis-targeting chimeras in targeting SEs

	7 Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


