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Table 1 Representative typical functional enhancers
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Figure 1 Mechanisms by which enhancer-associated genetic variation leads to diseases. A: Genetic variations in enhancers lead to abnormal binding
of transcription factors, leading to the dysregulation of target genes; B: genetic variations in enhancers alter the three-dimensional chromatin structure,
leading to the dysregulation of the original target genes and potentially abnormally activating other target genes; C: genetic variations in enhancers
disrupt the transcription of eRNAs, preventing them from maintaining chromatin loops and resulting in the dysregulation of target genes; D: structure
variations lead to the hijacking of ectopic enhancers by oncogenes, resulting in their abnormal activation; E: ecDNAs lead to the abnormally high
expression of oncogenes by forming ecDNA hubs or acting as mobile enhancers that are hijacked by oncogenes
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Figure 2 Overview of representative algorithms for predicting functional enhancers. This diagram illustrates the main input data types (left) and

their output formats (right) for different algorithms (middle)
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Figure 4 Enhancer-related therapeutic strategies. A: Targeting enhancer regions using CRISPR-Cas9. A representative example involves targeting
the enhancer of BCL11A4 to suppress its expression, thereby reactivating high-efficiency fetal hemoglobin production in adult erythrocytes; B: targeting
TF-enhancer interactions. For instance, BET inhibitors competitively bind to block the interaction between BRD4 protein and acetylated histones,
consequently inhibiting abnormal transcription of oncogenes; C: targeting enhancer-associated epigenetic modifications. Histone deacetylase
inhibitors restore chromatin accessibility to reactivate tumor suppressor gene expression; D: targeting super-enhancer-dependent transcriptional
regulation. For example, CDK7 and CDK9 inhibitors impede phosphorylation of RNA polymerase II and block transcriptional initiation or elongation,
thereby suppressing expression of associated genes
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Figure 5 Research strategy for functional enhancer screening and validation. A: Identify genomic regions with active chromatin features as potential
enhancers by analyzing features such as chromatin accessibility, histone modifications, transcription factor binding and chromatin interactions; B: use
computational models to integrate enhancer landscapes, resolve the complexity of enhancer regulatory networks, and preliminarily screen regulatory
sequences that play key roles in the regulatory network as candidate enhancers; C: screen for DNA elements whose perturbation significantly affects
cellular or organismal phenotypes through phenotype-oriented high-throughput experiments as phenotypic enhancers; D: conduct systematic
functional validation at transcriptional regulation, cellular function, and organismal levels to identify regulatory elements that can specifically regulate
gene expression and cause significant phenotypic changes as functional enhancers; E: evaluate the therapeutic potential of functional enhancers and
identify enhancers that play crucial regulatory roles in disease progression and possess good interventional properties as therapeutic targets
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Enhancers are core regulatory elements in the genome that precisely modulate gene expression, shaping biological development and
disease progression. Millions of putative enhancers have been nominated based on DNA sequence and epigenetic features, yet
elucidating their functions and mechanisms remains a major challenge. Recent breakthroughs in technologies such as single-cell
multi-omics, chromatin conformation capture, spatial omics, and genome editing have provided powerful tools to dissect enhancer
function. In this review, we elaborate on the concept of functional enhancers—from their role in gene regulation to their impacts on
cellular, tissue, and organismal phenotypes, as well as their contributions to disease. We systematically summarize the recent advances
in high-throughput computational and experimental technologies that have significantly improved the identification and interpretation
of enhancer-mediated regulatory networks in development and diseases. Finally, we propose a strategy for screening and validating
functional enhancers from vast candidate sequences in the human genome and discuss future directions in enhancer research.
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