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Simple Summary

Enhancers are DNA sequences that can activate genes from a distance. They do this by
forming physical loops to reach the genes they control. This process relies on specific
proteins that bind to the DNA and chemical modifications that mark the surrounding DNA
regions. In this study, we identified thousands of enhancer loops in three different cell
types (GM12878, K562, and HepG2). We found that proteins with both activating and
repressing functions were often present at the enhancers that anchor the loops. Although
the overall patterns of these proteins varied between cell types, four specific proteins (CTCF,
RAD21, SMC3, and ZNF143) consistently worked together at these sites. Furthermore, most
enhancer loops were found in active regions of the genome, and enhancers in these active
regions carried more activating chemical marks. Interestingly, in one cell type (K562), loops
in inactive regions showed only small changes in these activating marks. Despite these
differences, loops with both enhancer and promoter anchors active were always associated
with higher gene activity across all cell types. Our findings suggest that enhancer loop
formation is closely linked to the presence of these proteins and chemical marks, which
may work together to regulate gene activity.

Abstract

Enhancers regulate genes over long genomic distances by physically looping to interact
with promoters, a process highly dependent on specific protein recruitment and local
histone modifications. We identified 1399, 1394, and 4063 enhancer-associated chromatin
loops in GM12878, K562, and HepG2 cell lines, respectively, and found that dual-function
proteins, characterized by both activating and repressing activities, preferentially localized
at loop-anchored enhancers. Although protein co-localization patterns varied among cell
types, CTCF, RAD21, SMC3, and ZNF143 consistently co-localized with one another at
these enhancers. Furthermore, enhancer-associated loops localized primarily to the A
compartment. Enhancers anchored in A-A loops showed greater enrichment of H3K4me1,
H3K4me2, H3K9ac, and H3K27ac than those anchored in B-B loops. However, in K562 cells,
enhancers anchored in B-B loops exhibited minor changes in active histone modification
enrichment compared to their A-A counterparts, and even showed higher proportions of
H3K4me2 and H3K9ac enrichment for enhancer–promoter loops. Nevertheless, across
all three cell lines, A-A enhancer–promoter loops with both active anchors exhibited
significantly higher target gene expression than other A-A loops and B-B loops. Our study
suggests that enhancer-associated loop formation correlates with dual-function protein co-
localization and active histone modification enrichment, which may collectively contribute
to target gene transcription.
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1. Introduction
Enhancers are non-coding regulatory sequences that activate target gene expression

through transcription factor binding and the subsequent recruitment of architectural pro-
teins, coactivators, chromatin remodelers and modifiers, and RNA polymerase II [1]. En-
hancer activity is associated with local histone modifications. Inactive enhancers reside
within a closed conformation, lacking transcription factor binding and characteristic histone
modifications. By contrast, active enhancers are marked by the combination of H3K4me1
and H3K27ac, primed enhancers by H3K4me1 alone, and poised enhancers by H3K4me1
together with the repressive mark H3K27me3 [2,3].

Enhancers are often located distally from their target genes, and chromatin looping
brings these distant regions into close spatial proximity to facilitate enhancer–promoter
(E-P) interactions. Multiple proteins, including structural proteins, transcription factors and
coactivators, are involved in chromatin loop formation. The DNA-binding protein CCCTC-
binding factor (CTCF) and the cohesin complex are structural proteins that cooperate to
establish chromatin loops and regulate gene expression via the loop extrusion model [4,5].
The ubiquitously expressed transcription factor Yin Yang 1 binds to active enhancers and
promoter-proximal elements and dimerizes to promote E-P interactions [6]. Transcription
factors containing intrinsically disordered regions (IDRs) within their activation domains,
including the pluripotency factor OCT4 and the yeast transcriptional activator GCN4, form
phase-separated condensates with the Mediator coactivator at super-enhancers to activate
gene expression [7].

Chromatin loops are the finest and most fundamental structural units of three-
dimensional chromosome organization. At a higher hierarchical level, the genome is
compartmentalized into active (A) and inactive (B) compartments. A compartments gener-
ally contain transcribed genes and active histone modifications, whereas B compartments
are highly condensed, gene-poor, and enriched for repressive histone modifications. Ow-
ing to phase separation, A and B compartments preferentially interact with regions of
the same type, resulting in the characteristic plaid-like pattern observed on Hi-C contact
maps [8]. Fine-scale compartment analysis revealed that active distal enhancers, charac-
terized by H3K27ac in the absence of H3K27me3 and H3K9me3, predominantly localize
to the A compartment, and E-P interactions display higher specificity than general A
compartment association [9].

Enhancer activity is highly context-dependent, influenced by specific protein binding,
the local distribution of histone modifications, and the three-dimensional organization
of the genome. In order to investigate how enhancers are involved in chromatin loop
formation and regulate target genes, we first identified enhancer-associated chromatin
loops and analyzed the co-localization patterns of proteins at these loop-anchored enhancers
in GM12878, K562, and HepG2 cell lines. Furthermore, we examined the enrichment of
histone modifications at these enhancers to uncover the epigenomic features associated with
the formation of chromatin loops. Finally, we identified E-P loops and investigated how
histone modifications and chromatin looping are associated with target gene expression.
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2. Materials and Methods
2.1. Data Source

A total of 49,672, 43,148, and 50,160 enhancers corresponding to the GM12878,
K562, and HepG2 cell lines, respectively, were downloaded from the EnhancerAtlas2.0
database (http://www.singlecelldb.com/) (accessed on 25 May 2021) [10]. In addition,
51,381 promoter regions, defined as 2 kilobases (kb) upstream of transcription start
sites of UCSC-annotated genes, were obtained from the UCSC Genome Table Browser
(http://genome.ucsc.edu/cgi-bin/hgTables) (accessed on 24 October 2024). All genomic
coordinates for these elements were mapped to the hg19 genome assembly.

Raw paired-end reads for in situ Hi-C experiments in GM12878, K562, and HepG2 cell
lines were downloaded from the ENCODE portal (http://www.encodeproject.org/) (ac-
cessed on 16 June 2024) [11] under the accession numbers ENCSR410MDC, ENCSR545YBD,
and ENCSR194SRI [12,13], respectively. Raw reads were first trimmed from their 3′ ends
to the GATC restriction site, and then aligned to the hg19 human reference genome using
the Bowtie2 software (v 2.5.0) [14]. Only uniquely mapped reads with a mapping quality
greater than 10 were retained, and read pairs with identical ends were only considered once
to eliminate PCR duplicates. Tag directories were further generated from the filtered reads
using the HOMER program (v 5.1) [15] makeTagDirectory, followed by a second run with
the parameters -removePEbg, -removeSelfLigation, and -removeSpikes 10,000 5 to remove
small fragments, self-ligations and regions with abnormally high read density. Additionally,
the parameter -restrictionSite GATC -both was applied to retain only read pairs whose both
ends were located within the estimated fragment length from a restriction site. After read
and read pair filtering, 715 million, 961 million, and 1162 million read pairs were obtained
for constructing contact matrices in GM12878, K562, and HepG2 cells, respectively. Based
on the definition of Hi-C map resolution as the smallest locus size at which at least 80%
of loci have more than 1000 contacts [12], the maps for all three cell types reached 5-kb
resolution, and chromatin loops were subsequently identified at this resolution using the
HOMER program findTADsAndLoops.pl with the following parameters: -res 5000 -minDist
25,000 -maxDist 2,000,000 -poissonLoopLocalBg 0.01 -poissonLoopGlobalBg 1 × 10−5.
Briefly, -res defines the Hi-C map resolution; -minDist and -maxDist set the interaction
distance range, and -poissonLoopLocalBg and -poissonLoopGlobalBg specify the Poisson
p-value thresholds for interactions relative to local and global backgrounds, respectively.
For the identification of A/B compartments, HOMER recommends a resolution of 25 kb for
Hi-C maps generated from 200 million to 1 billion read pairs. Accordingly, A/B compart-
ments were identified at 25-kb resolution using the HOMER program runHiCpca.pl with
the parameters -res 25,000 -window 50,000, where -res defines the resolution and -window
specifies the overlapping window size.

ChIP-seq peaks for 133, 316, and 265 proteins in GM12878, K562, and HepG2 cell
lines, respectively, were downloaded from the NCBI Gene Expression Omnibus under the
accession number GSE104247 (accessed on 18 May 2023) [16] and from the UCSC Genome
Browser database (http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/) (ac-
cessed on 20 June 2023). All peak coordinates were aligned to the hg19 genome assembly,
and peaks from multiple replicate files across different laboratories were merged using
a union strategy. For each protein, peaks from all replicate files were combined into a
single file and sorted by chromosome and start position. Peaks with at least 1 bp of overlap
were subsequently merged into a single continuous region spanning the full extent of all
merged peaks.

Aligned ChIP-seq reads for control samples and ten histone modifications (H3K4me1,
H3K4me2, H3K4me3, H3K9ac, H3K27ac, H3K79me2, H3K36me3, H4K20me1, H3K9me3,
and H3K27me3) in GM12878, K562, and HepG2 cell lines were downloaded from the
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UCSC Genome Browser database (http://hgdownload.soe.ucsc.edu/goldenPath/hg19/
encodeDCC/wgEncodeBroadHistone/) (accessed on 10 September 2025). For each en-
hancer or promoter, the modification level for each histone mark was determined by
counting filtered reads overlapping the region.

Aligned paired-end RNA-seq reads for GM12878, K562, and HepG2 cell lines [17]
were also downloaded from the UCSC Genome Browser database (http://hgdownload.
soe.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeCaltechRnaSeq/) (accessed on
5 December 2024). Expression levels for all UCSC genes were quantified using Cufflinks
(v 2.2.1) [18] with default parameters.

2.2. Classification of Activators and Repressors

A total of 2164 human activators and 1144 repressors were retrieved from the UniProt
Knowledgebase (http://www.uniprot.org/) (accessed on 14 July 2025) [19] using the search
terms “activator AND (organism_id:9606) AND (reviewed:true)” and “repressor AND
(organism_id:9606) AND (reviewed:true)”, respectively. According to the dataset, each
protein located within enhancer regions was annotated as an activator, repressor, dual-
function protein, or other.

2.3. Enrichment of Histone Modifications Within Enhancer or Promoter Regions

For each histone modification, aligned reads overlapping enhancer or promoter regions
were quantified. A region was considered enriched for a histone modification if it satisfied
two criteria: a read count exceeding a threshold estimated from a background model and a
fold change greater than 2 over the control.

In the background model, the threshold t for each region was determined based on
both the total number of mapped reads and the region length. Specifically, t was defined as
the smallest integer satisfying P(X > t) < 10−4, where X follows a Poisson distribution with
the mean parameter set to the expected number of reads mapped to the region by random
chance [20], which was calculated as:

Expected reads =
Number of mapped reads × Region length

Genome size × 0.9

where Genome size × 0.9 represents the effective genome size, defined as the fraction of
the human genome that can be uniquely mapped by sequencing reads.

Histone modification enrichment was further validated by calculating the fold change
relative to control read counts in the same region, and regions with a fold change greater
than 2 were considered enriched [21]. The fold change was calculated as:

Fold change =
ChIP reads

Control reads
× Total control reads

Total ChIP reads

2.4. Identification of E-P Loops

The identification of E-P loops was based on the genomic overlap between loop an-
chors and known promoter/enhancer annotations. An E-P loop was defined as a chromatin
loop with one anchor overlapping an enhancer and the other overlapping a promoter by at
least 1 bp.

3. Results
3.1. Identification of Enhancer-Associated Chromatin Loops

A total of 4802, 6987, and 9334 chromatin loops (Table S1) were identified at 5-kb
resolution in GM12878, K562, and HepG2 cells, respectively, among which 1399, 1394,
and 4063 loops (Table S2) contained anchors overlapping enhancers and were there-
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fore designated as enhancer-associated. The median size of these enhancer-associated
loops was 340, 320, and 320 kb in GM12878, K562, and HepG2 cells, respectively, which
was significantly smaller than that of other loops (Figure 1A; Wilcoxon rank-sum test,
p < 2.2 × 10−16). Besides, the proportions of enhancer-associated loops classified as A-A
loops (both anchors in the A compartment) were 62.6%, 75.9%, and 61.7% in GM12878,
K562, and HepG2 cells, respectively, whereas B-B loops (both anchors in the B compartment)
accounted for 21.9%, 12.3%, and 25.9% (Figure 1B,C). This distribution was opposite to that
observed for other loops, pointing to an active role for enhancers in transcriptional regula-
tion. Fine-scale compartment analysis at 500-bp resolution revealed that active enhancers
and promoters may localize to A compartment regions surrounded by B compartment
intervals [9]. Given that averaging interaction profiles from neighboring loci at 25-kb reso-
lution would overlook such fine-scale features, we speculate that more enhancer-associated
loops would be identified as A-A loops at higher resolution.

Figure 1. Enhancer-associated chromatin loops are relatively small and localize primarily to the A
compartment. (A) The size distribution of chromatin loops in GM12878, K562, and HepG2 cells.
In each violin plot, the white dot represents the median, and the thick black line indicates the
interquartile range. (B,C) Proportions of A-A and B-B loops in GM12878, K562, and HepG2 cells.
**** represents a p-value of less than 2.2 × 10−16.

3.2. Protein Co-Localization at Loop-Anchored Enhancers

In order to characterize the co-localization patterns of proteins at loop-anchored
enhancers, we calculated the co-localization frequency of each pair of proteins at these
enhancer regions, and visualized the top 50 pairs with the highest frequencies using Cy-
toscape (v 3.10.0) [22]. Generally, dual-function proteins with both activating and repressing
activities were found to localize more frequently at loop-anchored enhancers (Figure 2),
suggesting that they may modulate enhancer activity in a context-dependent manner to pre-
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cisely regulate the expression of target genes. Specifically, in GM12878, K562, and HepG2
cells, the proteins that most frequently co-localized with other proteins at loop-anchored
enhancers were Runt-related transcription factor 3 (RUNX3), RE1-silencing transcription
factor (REST), and RAD21, respectively. RUNX3 functions as a lineage-restricted transcrip-
tion factor and plays a crucial role in mediating chromatin loop formation. RUNX3 has
been shown to bind to enhancers and bridge them with promoters, thereby facilitating
the expression of target genes through the formation of a RUNX3-containing activator
complex at the restriction point [23]. REST binds to RE1 sites and recruits corepressor
complexes, which in turn promote heterochromatin formation and facilitate the spatial
proximity between distal silencer elements and target genes. The combination of a REST
inhibitor and an EZH2 inhibitor has been shown to act synergistically to cause a severe loss
of chromatin loops [24]. RAD21 is a core subunit of the cohesin complex, which forms a
ring-like structure that dynamically extrudes DNA to form chromatin loops [4].

Figure 2. Protein co-localization at loop-anchored enhancers in GM12878 (A), K562 (B), and HepG2
(C) cells. Nodes are colored in red, blue, gold, and grey to represent activators, repressors, dual-
function proteins, and other proteins, respectively. Node size scales with degree centrality, and edge
width scales with the co-occurrence frequency of protein pairs.

Although the protein co-localization patterns varied among cell types, CTCF, RAD21,
SMC3, and ZNF143 consistently and frequently co-localized with one another at loop-
anchored enhancers across all three cell types (Figure 2). In the loop extrusion model, the
cohesin complex (comprising SMC1, SMC3, RAD21, and STAG1/2) functions as a motor
that drives the process of DNA loop extrusion, whereas CTCF acts as a boundary element
that stalls cohesin and anchors loop ends, particularly at convergently oriented binding
sites [5]. ZNF143 further regulates these loops by serving as a cofactor of the CTCF-cohesin
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complex [25]. In GM12878, K562, and HepG2 cells, we found that 21.6%, 23.4%, and 22.2%
of enhancer-associated loops, respectively, contained convergent CTCF binding sites at
both anchors, supporting their formation via the loop extrusion model.

3.3. Histone Modifications at Loop-Anchored Enhancers

We investigated the enrichment of individual histone modifications at loop-anchored
enhancers, and found that H3K4me1 was the most enriched histone modification. In
GM12878, K562, and HepG2 cells, 70.7%, 64.8%, and 53.9% of loop-anchored enhancers
were enriched for H3K4me1 (Figure 3), respectively, consistent with its role as a marker
for both active and poised enhancers [2]. Notably, 42.1%, 28.8%, and 19.8% of loop-
anchored enhancers exhibited co-enrichment of H3K4me1 and H3K27ac in the absence of
H3K27me3, respectively, suggesting their active status. Although loop-anchored enhancers
were generally enriched for active histone modifications, the repressive mark H3K27me3
was particularly prominent in HepG2 cells. In HepG2 cells, 25.0% of loop-anchored
enhancers showed H3K27me3 enrichment, and 9.7% exhibited co-enrichment of H3K4me1
and H3K27me3 in the absence of H3K27ac. Such co-enriched enhancers mark a poised
state, and may be associated with developmental genes, as well as genes that can be rapidly
activated upon specific signals or stress [26].

Figure 3. Enrichment of histone modifications at loop-anchored enhancers in GM12878, K562, and
HepG2 cells.

We further categorized enhancers based on whether they were anchored in A-A or
B-B loops and examined histone modification enrichment in the two groups. Compared to
enhancers anchored in B-B loops, those anchored in A-A loops showed greater enrichment
of four active histone modifications (H3K4me1, H3K4me2, H3K9ac, and H3K27ac) across
all three cell lines (Figure 4). Specifically, the proportions of H3K4me1-enriched enhancers
in A-A loops exceeded those in B-B loops by 19.2%, 4.8%, and 29.0% in GM12878, K562, and
HepG2 cells, respectively, whereas the corresponding differences for H3K27ac were 25.7%,
1.2%, and 14.9%. Furthermore, in GM12878 and K562 cells, enhancers anchored in A-A
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loops showed lower H3K27me3 enrichment, with the proportions of H3K27me3-enriched
enhancers decreased by 4.3% and 0.9%, respectively. These results suggest that enhancers
anchored in A-A loops tend to be in an active state, whereas those in B-B loops tend to be
in a poised or repressed state.

Figure 4. Enrichment of histone modifications at enhancers anchored in A-A and B-B loops in
GM12878 (A), K562 (B), and HepG2 (C) cells.

3.4. Expression of Target Genes Associated with E-P Loops

To investigate how enhancers regulate their target genes, 260, 266, and 732 E-P loops
(Table S3) were identified in GM12878, K562, and HepG2 cells, respectively, of which
75.0%, 85.3%, and 74.3% were A-A loops (Figure 5A). Quantitative RNA-seq analysis re-
vealed that A-A E-P loops were associated with significantly higher target gene expression
than B-B loops in both GM12878 and HepG2 cells (Figure 5B; Wilcoxon rank-sum test,
p < 1.5 × 10−8). In K562 cells, however, the two loop types showed no significant difference
in target gene expression, suggesting that the formation of E-P loops within A compart-
ments alone may not be sufficient to drive active expression of target genes, and instead,
that additional regulatory factors may be required.

We further investigated histone modification enrichment at both anchors of A-A
and B-B E-P loops. At promoter anchors, A-A E-P loops exhibited greater enrichment of
H3K4me1, H3K4me2, H3K4me3, H3K9ac, and H3K27ac, along with lower enrichment of
H3K27me3, than B-B loops in GM12878, K562, and HepG2 cells (Figure 6). However, the
patterns at enhancer anchors varied across these cell lines. In GM12878 and HepG2 cells,
the proportions of H3K4me1-enriched enhancers in A-A E-P loops exceeded those in B-B
loops by 40.7% and 23.9%, respectively, with corresponding differences of 24.2% and 12.4%
for H3K27ac. In K562 cells, however, these differences were substantially smaller: 4.5% for
H3K4me1 and 1.4% for H3K27ac. For H3K4me2 and H3K9ac, enhancer anchors of A-A E-P
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loops again showed higher proportions than their B-B counterparts in GM12878 and HepG2
cells (by 21.9% and 19.2% for H3K4me2, and 18.9% and 14.1% for H3K9ac, respectively). In
K562 cells, by contrast, the trend was reversed: enhancer anchors of B-B E-P loops exceeded
their A-A counterparts by 15.0% for H3K4me2 and 12.6% for H3K9ac. These results suggest
that in K562 cells, the gain of active histone marks at enhancer anchors of B-B E-P loops
may modulate enhancer activity and consequently affect the expression of target genes.
Indeed, in K562 cells, the HLX gene, involved in myeloid development [27], was enriched
for H3K4me1, H3K4me2, H3K9ac, and H3K27ac at its enhancer region, whereas the COX10
gene, linked to tumor growth and progression in various cancers [28], was enriched for
H3K4me2 and H3K9ac. Both genes were associated with B-B E-P loops and exhibited
expression levels above the third quantile of all genes in K562 cells.

Figure 5. A-A E-P loops are associated with higher target gene expression than B-B loops.
(A) Proportions of A-A and B-B E-P loops in GM12878, K562, and HepG2 cells. (B) Expression
levels of target genes associated with A-A and B-B E-P loops in GM12878, K562, and HepG2 cells.
*** represents a p-value of less than 1.5 × 10−8.

We considered enhancers as active if they showed co-enrichment of H3K4me1 and
H3K27ac without H3K27me3, and promoters as active if they were enriched for H3K4me3
in the absence of H3K27me3 [29]. Based on these definitions, we further classified A-A
E-P loops into those with both active anchors and others, and found that loops with dual
active anchors exhibited significantly higher target gene expression than other A-A loops
in GM12878, K562, and HepG2 cells (Figure 7; Wilcoxon rank-sum test, p < 1.3 × 10−6).
Similarly, these dual-active A-A loops also exhibited higher target gene expression than
B-B E-P loops across all three cell lines (Figure 7; Wilcoxon rank-sum test, p < 3.4 × 10−4).
These results suggest that active histone modifications at both enhancers and promoters
may be necessary for enhancer activity and elevated target gene expression.
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https://doi.org/10.3390/biology15161331


Biology 2026, 15, 1331 10 of 14

Figure 6. Enrichment of histone modifications at A-A and B-B E-P loop anchors in GM12878 (A),
K562 (B), and HepG2 (C) cells.

Figure 7. A-A E-P loops with both active anchors exhibit higher target gene expression. *, **, and
*** represent p-values of less than 3.4 × 10−4, 1.3 × 10−6, and 1.5 × 10−8, respectively.
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4. Discussion
Although enhancers can reside millions of base pairs away from their target genes,

our analysis revealed that enhancer-associated loops were relatively small compared to
other loops, spanning mainly hundreds of kilobases. Chromatin loops were identified
using HOMER within a restricted size range of 25 kb to 2 Mb, which may bias the size
distribution. However, the small proportion of loops outside this range suggests that such
bias is likely minor. This interpretation is supported by previous findings showing that
fewer than 5% of chromatin loops are shorter than 50 kb or longer than 2 Mb in GM12878
and K562 cells [12,30]. We further found that the enhancers anchoring chromatin loops were
frequently bound by proteins annotated as dual-function in the UniProt Knowledgebase,
suggesting a potential role in modulating enhancer activity in a context-dependent manner.
It should be noted that such a global dual-function annotation does not guarantee that both
activities are exerted at the specific enhancer loci analyzed in our study, as protein activity
is highly dependent on the local regulatory context. Specifically, CTCF, RAD21, SMC3,
and ZNF143, which cooperate in loop extrusion, frequently co-localized with one another
at loop-anchored enhancers. However, approximately one-fifth of enhancer-associated
loops contained convergent CTCF binding sites at both anchors, suggesting that the ma-
jority of these loops may not be formed through CTCF-dependent loop extrusion. We
speculate that liquid–liquid phase separation, driven by multivalent interactions between
protein IDRs, could represent an alternative mechanism that brings distal regulatory el-
ements to target genes via the formation of transcriptional condensates [7]. According
to the annotation of protein IDRs in the MobiDB database [31], all proteins frequently
co-localized at loop-anchored enhancers (Figure 2) contained IDRs, raising the possibility
that phase separation may contribute to loop formation. Nevertheless, direct experimental
approaches are required to further validate the role of these protein-binding events in
chromatin looping.

The majority of enhancer-associated loops were A-A loops. Enhancers anchored in A-
A loops showed greater enrichment of active histone modifications and lower enrichment of
H3K27me3 than those anchored in B-B loops, suggesting that A-A loop-anchored enhancers
tend to be in an active state. However, in K562 cells, enhancers anchored in B-B loops
exhibited minor changes in active histone modification enrichment compared to their A-A
counterparts (Figure 4), and even showed higher proportions of H3K4me2 and H3K9ac
enrichment for E-P loops (Figure 6), which may contribute to the higher expression of a
subset of genes associated with B-B loops. Consistent with this, the HLX and COX10 genes,
both associated with B-B E-P loops, showed enrichment for active histone modifications at
their enhancer regions and higher expression levels. Notably, this cell-type-specific anomaly
may result from the resolution constraints of A/B compartment identification. At higher
resolution, these active enhancers and promoters currently located in B compartments
might be reclassified as A compartments. This possibility is supported by a previous study
showing that active regulatory elements frequently reside within small A compartment
islands surrounded by broader B compartment intervals [9].

In K562 cells, A-A loop-associated genes showed comparable expression levels to
B-B loop genes overall. However, A-A E-P loops with both active anchors exhibited sig-
nificantly higher target gene expression than other A-A loops and B-B loops, consistent
with observations in GM12878 and HepG2 cells. These results suggest that enrichment of
the active histone modifications H3K4me1 and H3K27ac at enhancers is associated with
enhancer activity, and in combination with chromatin interactions in the A compartment,
may contribute to higher target gene expression. Multi-bromodomain proteins, including
the transcriptional regulator BRD4, have been reported to induce the formation of distinct
droplets from highly acetylated chromatin [32]. These droplets are immiscible with un-
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modified chromatin droplets and may serve to facilitate E-P communication and promote
gene expression. In the present study, active enhancers were defined as those enriched for
H3K4me1 and H3K27ac in the absence of H3K27me3. Although this co-enrichment is well
recognized as a marker for active enhancers, other histone modifications, such as H3K4me2
and H3K9ac [2,33], may also modulate enhancer activity. However, these modifications
were not examined in our analysis.

It is estimated that there are hundreds of thousands of putative enhancers in the
human genome [34]. Our study analyzed tens of thousands of enhancers, of which 3.4%,
3.7%, and 8.9% were anchored in chromatin loops in GM12878, K562, and HepG2 cells,
respectively. These small proportions may be explained by three factors. First, chromatin
loops shorter than 25 kb or longer than 2 Mb were excluded from our analysis. In HOMER,
the default minimum interaction distance for identifying significant chromatin loops is
set to 25 kb [15], as interactions shorter than this threshold are difficult to distinguish
from baseline polymer dynamics, random looping fluctuations, and general chromatin
compaction. Conversely, the maximum distance is set to 2 Mb, because the vast majority
of biologically functional, cohesin-driven loops fall within this range, and this threshold
balances computational efficiency with biological relevance. Second, the application of
more stringent parameters (-poissonLoopLocalBg and -poissonLoopGlobalBg) resulted in
the identification of relatively fewer chromatin loops. Specifically, setting these parameters
to 0.05 and 0.001 yielded 11,457, 17,626, and 19,686 chromatin loops in GM12878, K562,
and HepG2 cells, respectively. Third, standard Hi-C generates sparse and noisy contact
maps and lacks sufficient sequencing depth and resolution to accurately identify dynamic,
highly specific enhancer-associated loops. In contrast, advanced chromosome conformation
capture techniques, such as Micro-C [35], provide nucleosome-level resolution and superior
signal-to-noise ratios, facilitating the capture of short-range loops and multi-enhancer
hubs [36] to reveal how enhancers regulate target gene transcription.

5. Conclusions
In this study, we identified enhancer-associated chromatin loops and examined the

co-localization patterns of proteins and the enrichment of histone modifications at loop-
anchored enhancers in GM12878, K562, and HepG2 cell lines. We found that enhancer-
associated chromatin loops were relatively small in size and predominantly A-A loops.
These loop-anchored enhancers were frequently bound by dual-function proteins, and
were primarily enriched for H3K4me1. Further classification of enhancers anchored in A-A
versus B-B loops revealed that A-A loop-anchored enhancers exhibited greater enrichment
of active histone modifications (H3K4me1, H3K4me2, H3K9ac, and H3K27ac) and lower
H3K27me3 enrichment than their B-B loop-anchored counterparts. Moreover, analysis of
E-P loop target genes demonstrated that A-A loops with active enhancer and promoter
anchors were associated with significantly higher target gene expression than other A-
A loops and B-B loops. Together, these results suggest that dual-function proteins may
cooperate with histone modifications to modulate enhancer activity, promote chromatin
looping, and ultimately regulate transcription.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology15161331/s1, Table S1: Genomic coordinates of chro-
matin loops identified by HOMER in GM12878, K562, and HepG2 cells; Table S2: Genomic coordi-
nates and loop types of enhancer-associated chromatin loops in GM12878, K562, and HepG2 cells;
Table S3: Enhancer–promoter loop features in GM12878, K562, and HepG2 cells.

https://doi.org/10.3390/biology15161331

https://www.mdpi.com/article/10.3390/biology15161331/s1
https://www.mdpi.com/article/10.3390/biology15161331/s1
https://doi.org/10.3390/biology15161331


Biology 2026, 15, 1331 13 of 14

Author Contributions: Conceptualization, Y.N.; methodology, Y.N.; formal analysis, W.S. and Y.N.;
investigation, W.S. and Y.N.; writing—original draft preparation, Y.N.; writing—review and editing,
Y.N. and W.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: We thank the ENCODE Consortium for generating and providing the valuable
datasets used in this study. We are also grateful to the three anonymous reviewers for their insightful
comments and constructive suggestions, which greatly improved the quality of this work.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

E-P enhancer–promoter
CTCF CCCTC-binding factor
IDR intrinsically disordered regions
kb kilobase
RUNX3 Runt-related transcription factor 3
REST RE1-silencing transcription factor

References
1. Panigrahi, A.; O’Malley, B.W. Mechanisms of enhancer action: The known and the unknown. Genome Biol. 2021, 22, 108.

[CrossRef] [PubMed]
2. Calo, E.; Wysocka, J. Modification of enhancer chromatin: What, how, and why? Mol. Cell 2013, 49, 825–837. [CrossRef] [PubMed]
3. Zhang, J.Y.; Wang, Q.L.; Liu, J.X.; Duan, Y.Y.; Liu, Z.S.; Zhang, Z.Y.; Li, C.Y. Active enhancers: Recent research advances and

insights into disease. Biol. Direct 2024, 19, 112. [CrossRef] [PubMed]
4. Mach, P.; Kos, P.I.; Zhan, Y.; Cramard, J.; Gaudin, S.; Tunnermann, J.; Marchi, E.; Eglinger, J.; Zuin, J.; Kryzhanovska, M.; et al.

Cohesin and CTCF control the dynamics of chromosome folding. Nat. Genet. 2022, 54, 1907–1918. [CrossRef] [PubMed]
5. Fudenberg, G.; Imakaev, M.; Lu, C.; Goloborodko, A.; Abdennur, N.; Mirny, L.A. Formation of Chromosomal Domains by Loop

Extrusion. Cell Rep. 2016, 15, 2038–2049. [CrossRef] [PubMed]
6. Weintraub, A.S.; Li, C.H.; Zamudio, A.V.; Sigova, A.A.; Hannett, N.M.; Day, D.S.; Abraham, B.J.; Cohen, M.A.; Nabet, B.; Buckley,

D.L.; et al. YY1 Is a Structural Regulator of Enhancer-Promoter Loops. Cell 2017, 171, 1573–1588.e28. [CrossRef] [PubMed]
7. Boija, A.; Klein, I.A.; Sabari, B.R.; Dall’Agnese, A.; Coffey, E.L.; Zamudio, A.V.; Li, C.H.; Shrinivas, K.; Manteiga, J.C.; Hannett,

N.M.; et al. Transcription Factors Activate Genes through the Phase-Separation Capacity of Their Activation Domains. Cell 2018,
175, 1842–1855.e16. [CrossRef] [PubMed]

8. Rowley, M.J.; Corces, V.G. Organizational principles of 3D genome architecture. Nat. Rev. Genet. 2018, 19, 789–800. [CrossRef]
[PubMed]

9. Harris, H.L.; Gu, H.; Olshansky, M.; Wang, A.; Farabella, I.; Eliaz, Y.; Kalluchi, A.; Krishna, A.; Jacobs, M.; Cauer, G.; et al.
Chromatin alternates between A and B compartments at kilobase scale for subgenic organization. Nat. Commun. 2023, 14, 3303.
[CrossRef] [PubMed]

10. Gao, T.S.; Qian, J. EnhancerAtlas 2.0: An updated resource with enhancer annotation in 586 tissue/cell types across nine species.
Nucleic Acids Res. 2020, 48, D58–D64. [CrossRef] [PubMed]

11. Sloan, C.A.; Chan, E.T.; Davidson, J.M.; Malladi, V.S.; Strattan, J.S.; Hitz, B.C.; Gabdank, I.; Narayanan, A.K.; Ho, M.; Lee, B.T.;
et al. ENCODE data at the ENCODE portal. Nucleic Acids Res. 2016, 44, D726–D732. [CrossRef] [PubMed]

12. Rao, S.S.; Huntley, M.H.; Durand, N.C.; Stamenova, E.K.; Bochkov, I.D.; Robinson, J.T.; Sanborn, A.L.; Machol, I.; Omer, A.D.;
Lander, E.S.; et al. A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping. Cell 2014, 159,
1665–1680. [CrossRef] [PubMed]

13. Yardimci, G.G.; Ozadam, H.; Sauria, M.E.G.; Ursu, O.; Yan, K.K.; Yang, T.; Chakraborty, A.; Kaul, A.; Lajoie, B.R.; Song, F.; et al.
Measuring the reproducibility and quality of Hi-C data. Genome Biol. 2019, 20, 57. [CrossRef] [PubMed]

https://doi.org/10.3390/biology15161331

https://doi.org/10.1186/s13059-021-02322-1
https://www.ncbi.nlm.nih.gov/pubmed/33858480
https://doi.org/10.1016/j.molcel.2013.01.038
https://www.ncbi.nlm.nih.gov/pubmed/23473601
https://doi.org/10.1186/s13062-024-00559-x
https://www.ncbi.nlm.nih.gov/pubmed/39533395
https://doi.org/10.1038/s41588-022-01232-7
https://www.ncbi.nlm.nih.gov/pubmed/36471076
https://doi.org/10.1016/j.celrep.2016.04.085
https://www.ncbi.nlm.nih.gov/pubmed/27210764
https://doi.org/10.1016/j.cell.2017.11.008
https://www.ncbi.nlm.nih.gov/pubmed/29224777
https://doi.org/10.1016/j.cell.2018.10.042
https://www.ncbi.nlm.nih.gov/pubmed/30449618
https://doi.org/10.1038/s41576-018-0060-8
https://www.ncbi.nlm.nih.gov/pubmed/30367165
https://doi.org/10.1038/s41467-023-38429-1
https://www.ncbi.nlm.nih.gov/pubmed/37280210
https://doi.org/10.1093/nar/gkz980
https://www.ncbi.nlm.nih.gov/pubmed/31740966
https://doi.org/10.1093/nar/gkv1160
https://www.ncbi.nlm.nih.gov/pubmed/26527727
https://doi.org/10.1016/j.cell.2014.11.021
https://www.ncbi.nlm.nih.gov/pubmed/25497547
https://doi.org/10.1186/s13059-019-1658-7
https://www.ncbi.nlm.nih.gov/pubmed/30890172
https://doi.org/10.3390/biology15161331


Biology 2026, 15, 1331 14 of 14

14. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
15. Lin, Y.C.; Benner, C.; Mansson, R.; Heinz, S.; Miyazaki, K.; Miyazaki, M.; Chandra, V.; Bossen, C.; Glass, C.K.; Murre, C. Global

changes in the nuclear positioning of genes and intra- and interdomain genomic interactions that orchestrate B cell fate. Nat.
Immunol. 2012, 13, 1196–1204. [CrossRef] [PubMed]

16. Partridge, E.C.; Chhetri, S.B.; Prokop, J.W.; Ramaker, R.C.; Jansen, C.S.; Goh, S.T.; Mackiewicz, M.; Newberry, K.M.; Brandsmeier,
L.A.; Meadows, S.K.; et al. Occupancy maps of 208 chromatin-associated proteins in one human cell type. Nature 2020, 583,
720–728. [CrossRef] [PubMed]

17. Djebali, S.; Davis, C.A.; Merkel, A.; Dobin, A.; Lassmann, T.; Mortazavi, A.; Tanzer, A.; Lagarde, J.; Lin, W.; Schlesinger, F.; et al.
Landscape of transcription in human cells. Nature 2012, 489, 101–108. [CrossRef] [PubMed]

18. Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511–515. [CrossRef] [PubMed]

19. UniProt, C. UniProt: The Universal Protein Knowledgebase in 2025. Nucleic Acids Res. 2025, 53, D609–D617. [CrossRef] [PubMed]
20. Nix, D.A.; Courdy, S.J.; Boucher, K.M. Empirical methods for controlling false positives and estimating confidence in ChIP-Seq

peaks. BMC Bioinform. 2008, 9, 523. [CrossRef] [PubMed]
21. Shin, H.; Liu, T.; Duan, X.; Zhang, Y.; Liu, X.S. Computational methodology for ChIP-seq analysis. Quant. Biol. 2013, 1, 54–70.

[CrossRef] [PubMed]
22. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A software

environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef] [PubMed]
23. Lee, J.W.; Kim, D.M.; Jang, J.W.; Park, T.G.; Song, S.H.; Lee, Y.S.; Chi, X.Z.; Park, I.Y.; Hyun, J.W.; Ito, Y.; et al. RUNX3 regulates

cell cycle-dependent chromatin dynamics by functioning as a pioneer factor of the restriction-point. Nat. Commun. 2019, 10, 1897.
[CrossRef] [PubMed]

24. Zhang, Y.; Chen, K.; Tang, S.C.; Cai, Y.; Nambu, A.; See, Y.X.; Fu, C.; Raju, A.; Lebeau, B.; Ling, Z.; et al. Super-silencer perturbation
by EZH2 and REST inhibition leads to large loss of chromatin interactions and reduction in cancer growth. Nat. Struct. Mol. Biol.
2025, 32, 137–149. [CrossRef] [PubMed]

25. Wen, Z.; Huang, Z.T.; Zhang, R.; Peng, C. ZNF143 is a regulator of chromatin loop. Cell Biol. Toxicol. 2018, 34, 471–478. [CrossRef]
[PubMed]

26. Zentner, G.E.; Tesar, P.J.; Scacheri, P.C. Epigenetic signatures distinguish multiple classes of enhancers with distinct cellular
functions. Genome Res. 2011, 21, 1273–1283. [CrossRef] [PubMed]

27. Piragyte, I.; Clapes, T.; Polyzou, A.; Klein Geltink, R.I.; Lefkopoulos, S.; Yin, N.; Cauchy, P.; Curtis, J.D.; Klaeyle, L.; Langa, X.; et al.
A metabolic interplay coordinated by HLX regulates myeloid differentiation and AML through partly overlapping pathways.
Nat. Commun. 2018, 9, 3090. [CrossRef] [PubMed]

28. Du, H.; Xu, T.; Yu, S.; Wu, S.; Zhang, J. Mitochondrial metabolism and cancer therapeutic innovation. Signal Transduct. Target.
Ther. 2025, 10, 245. [CrossRef] [PubMed]

29. Millan-Zambrano, G.; Burton, A.; Bannister, A.J.; Schneider, R. Histone post-translational modifications—Cause and consequence
of genome function. Nat. Rev. Genet. 2022, 23, 563–580. [CrossRef] [PubMed]

30. Yang, D.; Chung, T.; Kim, D. DeepLUCIA: Predicting tissue-specific chromatin loops using Deep Learning-based Universal
Chromatin Interaction Annotator. Bioinformatics 2022, 38, 3501–3512. [CrossRef] [PubMed]

31. Piovesan, D.; Del Conte, A.; Mehdiabadi, M.; Aspromonte, M.C.; Blum, M.; Tesei, G.; von Bulow, S.; Lindorff-Larsen, K.; Tosatto,
S.C.E. MOBIDB in 2025: Integrating ensemble properties and function annotations for intrinsically disordered proteins. Nucleic
Acids Res. 2025, 53, D495–D503. [CrossRef] [PubMed]

32. Gibson, B.A.; Doolittle, L.K.; Schneider, M.W.G.; Jensen, L.E.; Gamarra, N.; Henry, L.; Gerlich, D.W.; Redding, S.; Rosen, M.K.
Organization of Chromatin by Intrinsic and Regulated Phase Separation. Cell 2019, 179, 470–484.e421. [CrossRef] [PubMed]

33. Hurton, M.D.; Miller, J.M.; Lee, M.T. H3K4me2 distinguishes a distinct class of enhancers during the maternal-to-zygotic transition.
PLoS Biol. 2025, 23, e3003239. [CrossRef] [PubMed]

34. Pennacchio, L.A.; Bickmore, W.; Dean, A.; Nobrega, M.A.; Bejerano, G. Enhancers: Five essential questions. Nat. Rev. Genet. 2013,
14, 288–295. [CrossRef] [PubMed]

35. Krietenstein, N.; Abraham, S.; Venev, S.V.; Abdennur, N.; Gibcus, J.; Hsieh, T.S.; Parsi, K.M.; Yang, L.; Maehr, R.; Mirny, L.A.; et al.
Ultrastructural Details of Mammalian Chromosome Architecture. Mol. Cell 2020, 78, 554–565 e557. [CrossRef] [PubMed]

36. Wu, H.; Zhang, J.; Tan, L.; Xie, X.S. Single-cell Micro-C profiles 3D genome structures at high resolution and characterizes
multi-enhancer hubs. Nat. Genet. 2025, 57, 1777–1786. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biology15161331

https://doi.org/10.1038/nmeth.1923
https://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1038/ni.2432
https://www.ncbi.nlm.nih.gov/pubmed/23064439
https://doi.org/10.1038/s41586-020-2023-4
https://www.ncbi.nlm.nih.gov/pubmed/32728244
https://doi.org/10.1038/nature11233
https://www.ncbi.nlm.nih.gov/pubmed/22955620
https://doi.org/10.1038/nbt.1621
https://www.ncbi.nlm.nih.gov/pubmed/20436464
https://doi.org/10.1093/nar/gkae1010
https://www.ncbi.nlm.nih.gov/pubmed/39552041
https://doi.org/10.1186/1471-2105-9-523
https://www.ncbi.nlm.nih.gov/pubmed/19061503
https://doi.org/10.1007/s40484-013-0006-2
https://www.ncbi.nlm.nih.gov/pubmed/25741452
https://doi.org/10.1101/gr.1239303
https://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1038/s41467-019-09810-w
https://www.ncbi.nlm.nih.gov/pubmed/31015486
https://doi.org/10.1038/s41594-024-01391-7
https://www.ncbi.nlm.nih.gov/pubmed/39304765
https://doi.org/10.1007/s10565-018-9443-z
https://www.ncbi.nlm.nih.gov/pubmed/30120652
https://doi.org/10.1101/gr.122382.111
https://www.ncbi.nlm.nih.gov/pubmed/21632746
https://doi.org/10.1038/s41467-018-05311-4
https://www.ncbi.nlm.nih.gov/pubmed/30082823
https://doi.org/10.1038/s41392-025-02311-x
https://www.ncbi.nlm.nih.gov/pubmed/40754534
https://doi.org/10.1038/s41576-022-00468-7
https://www.ncbi.nlm.nih.gov/pubmed/35338361
https://doi.org/10.1093/bioinformatics/btac373
https://www.ncbi.nlm.nih.gov/pubmed/35640981
https://doi.org/10.1093/nar/gkae969
https://www.ncbi.nlm.nih.gov/pubmed/39470701
https://doi.org/10.1016/j.cell.2019.08.037
https://www.ncbi.nlm.nih.gov/pubmed/31543265
https://doi.org/10.1371/journal.pbio.3003239
https://www.ncbi.nlm.nih.gov/pubmed/40638571
https://doi.org/10.1038/nrg3458
https://www.ncbi.nlm.nih.gov/pubmed/23503198
https://doi.org/10.1016/j.molcel.2020.03.003
https://www.ncbi.nlm.nih.gov/pubmed/32213324
https://doi.org/10.1038/s41588-025-02247-6
https://www.ncbi.nlm.nih.gov/pubmed/40603633
https://doi.org/10.3390/biology15161331

	Introduction 
	Materials and Methods 
	Data Source 
	Classification of Activators and Repressors 
	Enrichment of Histone Modifications Within Enhancer or Promoter Regions 
	Identification of E-P Loops 

	Results 
	Identification of Enhancer-Associated Chromatin Loops 
	Protein Co-Localization at Loop-Anchored Enhancers 
	Histone Modifications at Loop-Anchored Enhancers 
	Expression of Target Genes Associated with E-P Loops 

	Discussion 
	Conclusions 
	References

