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ABSTRACT

Chromatin loops (or chromatin interactions) are im-
portant elements of chromatin structures. Disruption
of chromatin loops is associated with many diseases,
such as cancer and polydactyly. A few methods, in-
cluding ChIA-PET, HiChIP and PLAC-Seq, have been
proposed to detect high-resolution, specific protein-
mediated chromatin loops. With rapid progress in
3D genomic research, ChIA-PET, HiChIP and PLAC-
Seq datasets continue to accumulate, and effec-
tive collection and processing for these datasets
are urgently needed. Here, we developed a compre-
hensive, multispecies and specific protein-mediated
chromatin loop database (ChromLoops, https://
3dgenomics.hzau.edu.cn/chromloops), which inte-
grated 1030 ChIA-PET, HiChIP and PLAC-Seq
datasets from 13 species, and documented 1 491
416 813 high-quality chromatin loops. We anno-
tated genes and regions overlapping with chro-
matin loop anchors with rich functional annota-
tions, such as regulatory elements (enhancers,
super-enhancers and silencers), variations (common
SNPs, somatic SNPs and eQTLs), and transcrip-
tion factor binding sites. Moreover, we identified
genes with high-frequency chromatin interactions
in the collected species. In particular, we identi-
fied genes with high-frequency interactions in can-
cer samples. We hope that ChromLoops will pro-
vide a new platform for studying chromatin interac-
tion regulation in relation to biological processes and
disease.

INTRODUCTION

Chromatin loops are a basic feature of eukaryotic genomes
and can link regulatory elements, such as enhancers or tran-
scription factor-binding sites (TFBS), physically close to
their target genes. Aberrant chromatin loops may affect de-
velopment and disease. For example, point mutations in
the enhancer regulatory region ZRS (chromosome 7q36)
result in preaxial polydactyly by regulating the ectopic ex-
pression of the SHH gene in mice (1,2). A 640-kb noncod-
ing region at 8q24 contains distal cis-acting enhancers that
control Myc expression in the developing face (3). Dele-
tion of this region leads to modest facial morphological
changes in mice and, sporadically, to cleft lip/cleft palate
(CL/P) (3). In addition to enhancer elements, silencer el-
ements, which repress gene expression through long-range
chromatin interactions, also play important roles in human
and mouse cell fate and development (4–6). Deletion of cer-
tain silencers in mice leads to transcriptional derepression
of their interacting genes and pleiotropy for developmen-
tal phenotypes, including embryonic lethality (5). Further-
more, some recent reports showed that intragenic CTCF-
mediated chromatin loops could regulate alternative splic-
ing across individuals (7–9).

A few methods, including ChIA-PET, HiChIP and
PLAC-Seq, have been proposed to capture genome-wide
chromatin interactions mediated by specific proteins such
as RNA polymerase II (RNAPII), transcription factors
(TFs), and histone proteins, resulting in highly specific
detection of chromatin loops (10–13). Practically, specific
protein-mediated chromatin loops have higher resolution
and are better suited for further study of chromatin regu-
latory mechanisms. With the rapid development of Three-
Dimensional (3D) genomics research, ChIA-PET, HiChIP
and PLAC-Seq datasets continue to accumulate. However,
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data generation and analysis of chromatin interactions are
not an easy task for every independent laboratory. Effective
collection and processing of these datasets are essential and
urgently needed for uncovering the gene regulation mecha-
nism of chromatin interactions.

More importantly, the regulation of genes through long-
range chromatin loops could strongly influence cell de-
velopment and disease. Genome-wide association studies
(GWASs) have revealed many single nucleotide polymor-
phisms (SNPs) associated with complex diseases, and most
of these SNPs are in noncoding chromosomal regions (14–
16). However, it is unclear which genes are affected by
disease-associated SNPs and their regulatory mechanisms.
Currently, we know that the target genes that form phys-
ical interactions with GWAS-identified SNP regions can
be identified by information on long-range chromatin in-
teractions. For example, a common Parkinson’s disease-
associated SNP in a noncoding distal enhancer element up-
regulates the expression of �-synuclein (SNCA), a key gene
implicated in the pathogenesis of Parkinson’s disease (17).
A recent study shows that multiple enhancers spanning an
ultralong distance (>megabases) can interact with one an-
other to modulate gene expression and disease risks through
3D chromosomal interactions (18). Since long-distance en-
hancer mutations are unlikely to occur simultaneously, this
long-distance enhancer co-regulation provides robustness
for gene expression. Nonetheless, it has also been shown
that not all disruptions in chromatin interactions lead to
changes in gene expression (19–21). And more systematic
and complex regulatory mechanisms between long-range
chromatin interactions and gene expression need to be fur-
ther studied. Undoubtedly, in-depth studies of gene expres-
sion regulation through chromatin interactions rely heav-
ily on comprehensive and reliable functional annotations.
It is necessary to build a chromatin loop database to inte-
grate and analyze loop results and annotate the genes and
regions involved in the interactions. This will help accelerate
the research on and discovery of chromatin loop regulatory
mechanisms.

Here, we developed a comprehensive, multispecies and
specific protein-mediated chromatin loop database (Chrom-
Loops, https://3dgenomics.hzau.edu.cn/chromloops). The
current version of ChromLoops encompasses 1 491 416 813
high-quality chromatin loops from 1030 datasets across 366
samples from 13 species, such as Homo sapiens and Mus
musculus. These datasets include all ChIA-PET, HiChIP
and PLAC-Seq data available from the NCBI Gene Ex-
pression Omnibus (GEO) (22). We annotated genes and re-
gions overlapping with chromatin loop anchors on the ba-
sis of various types of information, including regulatory el-
ements (enhancers, super-enhancers and silencers), varia-
tions (SNPs and quantitative trait loci (QTLs) ), TFs, al-
ternative splicing information, circRNAs, transcriptome-
wide association study (TWAS) information, chromosome
open accessible information, gene expression information
and DNA methylation information. In addition, Chrom-
Loops provides the search modules Genes, Regions, SNPs,
Loop Circos, Browsers and Samples, showing the results of
long-range chromatin interactions in individual or all sam-
ples. Moreover, physical interactions between distal regula-
tory elements play a key role in regulating gene expression.

To characterize these interactions in cancer and normal
samples, we manually curated the human datasets and pro-
vided genes with high-frequency chromatin interactions in
cancer and normal samples and genes with high-frequency
cancer-specific interactions. In a similar way, we also pro-
vided genes with high-frequency chromatin interactions in
collected species.

To the best of our knowledge, ChromLoops is the first
well-resourced and comprehensive database for specific
protein-mediated chromatin loops. We hope that this com-
prehensive, multispecies chromatin loop database will stim-
ulate research on various aspects of chromatin interactions.

MATERIALS AND METHODS

Database implementation

MySQL (version 5.7.26) was used to organize the database.
Django and Vue were used for web interface develop-
ment (Figure 1). ECharts (http://echarts.baidu.com) and
D3 (https://d3js.org) were used as graphical visualization
frameworks. The Network.js plugin (https://github.com/
yuleicul/vue-network-d3) was used for chromatin interac-
tion network visualization. WashU Epigenome Browser (re-
lease 52.5.0) (23) was used to construct the ‘ChromLoops
Browser’ module, which shows chromatin interactions in
arc mode and heatmap mode. The database has a conve-
nient web interface to facilitate searching, browsing and
downloading the results of chromatin loops (Figure 2A).

Chromatin loop data collection

ChIA-PET, HiChIP and PLAC-Seq are currently the most
commonly used techniques to detect genome-wide chro-
matin interactions based on specific protein enrichment.
To construct a comprehensive chromatin loop database, we
searched the NCBI GEO database, downloaded all datasets
(368 ChIA-PET, 597 HiChIP and 65 PLAC-Seq datasets)
available as of November 2021, and filtered the low-quality
data (loops < 500). These datasets originated from 13
species, including Homo sapiens, Mus musculus, Arabidop-
sis thaliana and Oryza sativa (Figure 2B and C). Finally,
1030 available datasets were manually curated and selected
from 1072 datasets (Figure 2D). The datasets contained
in ChromLoops are mainly enriched by proteins such as
H3K27ac, H3K4me3, CTCF and RNAPII (Figure 2E).

Processing of ChIA-PET/HiChIP/PLAC-Seq data

For ChIA-PET data analysis, we used ChIA-PET Tool (V3)
(24), a ChIA-PET data analysis tool developed in our lab-
oratory. In addition, it is important to unify the analy-
ses of all datasets for database construction. We updated
ChIA-PET Tool (V3) to analyze HiChIP and PLAC-Seq
data, and the code is available from GitHub (https://github.
com/GuoliangLi-HZAU/ChIA-PET Tool V3). Therefore,
the ChIA-PET Tool (V3) was used to analyze all chromatin
interaction data in this study.

Filtering data with few interaction loops

To ensure high-quality analysis results, we filtered the data
based on the number of chromatin loops analyzed and pre-
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Figure 1. The procedure for ChromLoops database construction. (A) Sample information included in ChromLoops. ChromLoops contains 1030 datasets
collected from the NCBI GEO for 13 species. (B) Annotation resources included in ChromLoops. We annotated loop anchor genes and regions with
genomic variations, enhancers, silencers and transcription factors (TFs). (C) Chromatin loop diagram. (D) Genome browser in ChromLoops. (E) Search
modules of ChromLoops. (F) Analysis functions included in ChromLoops. (G) Web implementation. The ChromLoops database was constructed with
MySQL, Django and Vue tools.

served the high-quality data with ≥500 chromatin loops.
Additionally, we quantified the interaction numbers, inter-
action distance and interaction frequency of each high-
quality dataset.

Annotation resource collection and processing

To promote deeper research of chromatin loop regu-
latory mechanisms, we provided genetic and epigenetic
annotations for each chromatin loop anchor, namely,
regulatory elements (enhancers, super-enhancers and si-
lencers), variations (SNPs from different sources, such as
common SNPs, somatic SNPs, risk SNPs, drug SNPs,
linkage disequilibrium (LD) SNPs, dsQTLs, eQTLs and
meQTLs), TFs (TFBSs and motif changes), alternative
splicing events, circRNAs, TWAS associations, chromo-
some open access information (ATAC and DHSs), gene
expression information and DNA methylation informa-
tion. BEDTools (25) was used to annotate correspond-
ing information to the chromatin loop anchors. Interac-
tive tables and bar plots were used to show details of the
annotations.

(1) Enhancers: We downloaded and screened 5 796 148
enhancers and 1 046 168 super-enhancers from ENdb (26),
EnhancerAtlas (27), FANTOM5 (28), GeneHancer (29),
RAEdb (30), scEnhancer (31), SEA (32), dbSUPER (33)

and VISTA (34). (2) Silencers: A total of 3 557 008 si-
lencers were collected from SilencerDB (35). (3) Variations:
ChromLoops also contains a wealth of SNP information,
including common SNPs, disease SNPs and meQTLs. See
Table 1 for details. (4) TFs: In total, 152 677 632 TFBSs were
collected from ENCODE (36), ReMap2022 (37), Cistrome
(38), ChIP-Atlas (39) and GTRD (40). In addition, 107
023 225 motif changes were collected from VARAdb (41)
and OncoBase (42). (5) CircRNAs: We downloaded and
merged 3 557 008 circRNAs from CircNet2 (43), CSCD2
(44), TSCD (45) and CircAtlas (46). (6) Alternative splic-
ing: We collected 2 233 946 gene alternative splicing events
from OncoSplicing (47). Moreover, we collected 7 941 822
cancer gene splicing events from CancerSplicingQTL (48).
(7) TWAS associations: TWAS associations were down-
loaded from WebTWAS (49), including 1 088 735 gene–
disease associations. (8) Chromosome open access informa-
tion: ATAC annotations were collected from Cistrome (38)
and TCGA (50), yielding 4 228 583 results. DHS annota-
tions were collected from ENCODE (36), yielding 62 112
668 DHSs. (9) DNA methylation: DNA methylation levels
of gene body and promoter were collected from the ASMdb
database (51).

We first removed the repeated information of down-
loaded annotation resources and further converted the ge-
nomic locations of the resources from the hg19 human
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Figure 2. Overview of the ChromLoops database. (A) The homepage of the web interface. (B) Main species included in ChromLoops. (C) The proportion
of ChIA-PET, HiChIP and PLAC-Seq data from various species in ChromLoops. (D) Statistics of ChIA-PET, HiChIP and PLAC-Seq data collected in
ChromLoops per year. (E) Statistics of ChIP marker in ChromLoops. (F) An example of a genome browser screenshot around the MYC gene region in
human HeLa and K562 cells (chr8:126542875–128709625, 2.2 Mb). Black boxes highlight CCAT1, MYC and PVT1.
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Table 1. SNP resources

Variation type Source Number of SNPs

common SNPs dbSNP(52) 12 675 975
somatic SNPs Cosmic(53), TCGA (50), ICGC (54) 35 223 134
risk SNPs ClinVar(55), GRASP v2.0 (56), GWAS Catalog (57), GWASdb v2.0 (58), DisGeNET

(59), VARAdb (41)
2 986 804

drug SNPs PharmGKB(60) 3449
eQTLs GTEx(61), HaploReg (62), OncoBase (42), PancanQTL (63) 20 387 710
dsQTLs OncoBase (42) 115 097
meQTLs mQTLdb(64) and Pancan-meQTL (65) 52 555 932

assembly. For all subsequent analyses, the genomic in-
tervals were converted to hg38 assembly coordinates us-
ing the UCSC Browser’s standalone ‘liftOver’ tool and
whole-genome pairwise alignment of the two assemblies
(hg19Tohg38.over.chain). Then, we annotated the loop
genes and anchor regions with BEDTools (25).

Genes with high-frequency chromatin loops in cancer

High-quality chromatin loops were retained through loop
quality filtering, and only the loops with a PET count ≥3
were used for the following analysis. Subsequently, we man-
ually screened and sorted all cancer-related samples and
corresponding normal sample data. We screened out genes
with high-frequency interactions in cancer and normal sam-
ples by calculating the gene long-range interaction fre-
quency. Furthermore, we calculated the interaction fre-
quency of each gene in all samples and obtained the genes
with high-frequency interactions in the species.

RESULTS

Web interface

A user-friendly web interface (Figure 2A) is provided to al-
low users to query the database through multiple modules:
(i) ‘Loop gene search’, a module that shows all interactions
of the queried gene in individual or all samples; (ii) ‘Loop
region search’, a module that lists all interactions of this
chromosome region in individual or all samples; (iii) ‘Loop
SNP search’, a module that displays all interactions overlap-
ping with this SNP in individual or all samples; (iv) ‘Circos
search’, a module that shows all interactions of one or more
chromosome regions; (v) ‘Browser search’, a module that
supplies interaction loops with arc mode in selected sam-
ples; (vi) ‘Sample search’, a retrieval module for online illus-
tration of the data information and loop results in a specific
sample; (vii) ‘Genes with high-frequency chromatin interac-
tions analysis’, modules with detailed tables and heatmaps
of high-frequency interaction genes in cancer samples and
collected species; (viii) ‘ChromLoops browser’, a browser
for browsing and searching chromatin loops and other func-
tional elements; (ix) ‘Download’, a module that links to
the download websites of the resources and (x) ‘Tutorial’,
‘Help’ and ‘About Us’, modules with detailed tutorials and
documentation.

Genome browser and data visualization

The genome browser, which was developed using WashU
Epigenome Browser, can easily display the chromatin inter-

action information of regions or genes in arc and heatmap
modes. Users are able to select different samples and view
the chromatin interaction results of a specified gene or re-
gion. In addition, the WashU browser provides ‘gene plot’,
‘screenshot’ and other functions. In particular, ‘screenshot’
gives users the ability to save and download the results in
PDF/SVG format. Moreover, users can view the enhancer,
silencer, SNP, and motif change information that we have
prepared in the browser. To better introduce and demon-
strate the application of the browser, we give an example:
the MYC gene. MYC is one of the most widely investigated
cancer-causing genes and is implicated in the formation,
maintenance and progression of several different cancer
types. Here, we demonstrate chromatin interactions around
the MYC gene in human cervical cancer HeLa cells and
leukemia K562 cells with RNAPII ChIP markers. Figure 2F
shows the chromatin interactions of the MYC gene and in-
formation on enhancers, silencers and motif changes in the
corresponding region. Studies have shown that CCAT1 pro-
motes cervical cancer cell proliferation and invasion (66).
The PVT1 region with enhancer-like activity interacts with
the MYC gene (67). Consistent with the results, the MYC
gene had chromatin interactions with CCAT1 in HeLa cells
and with PVT1 in K562 cells (Figure 2F). Moreover, users
can upload local data for viewing, and the browser allows
the uploading of files in formats supported by the WashU
browser, such as BEDPE and BED.

Functions of ChromLoops

Loop gene search. The ‘Loop gene search’ page provides
a search function for the chromatin interactions of a gene
in individual or all samples. The search results include (i)
the basic information of the searched gene; (ii) information
on the chromatin interactions mediated by the gene in indi-
vidual or all samples; (iii) the gene annotation information,
including that on variations, enhancers, silencers, TFs, cir-
cRNA, TWAS associations, chromosome open access and
alternative splicing sites and (iv) the gene expression infor-
mation in cancer and normal samples.

For instance, previous studies have shown that ERBB2
is amplified or overexpressed in 20–30% of invasive breast
carcinomas, and its amplification is an important predic-
tive biomarker for identifying patients with breast cancer
(68–70). To better illustrate the ‘Loop gene search’ func-
tion, we take the ERBB2 gene in MCF-7 breast cancer
cells with the RNAPII ChIP marker as an example. Fig-
ure 3A displays the search page information. The result de-
tails can be seen in Figure 3B. Figure 3C shows the ba-
sic information of the ERBB2 gene, and Figure 3D shows
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Figure 3. Loop gene analysis. (A) Loop gene search page. (B) The details of the loop gene search results. The results contain genomic variations, enhancers,
silencers, transcription factors (TFs) and so on. (C) Basic information of the ERBB2 gene. (D) Annotations covering the ERBB2 gene. (E) Genome browser
screenshot around the ERBB2 gene. Red arrows indicate the ERBB2 gene promotors. Black boxes highlight the super-enhancer regions. (F) The chromatin
interaction network of the ERBB2 gene in MCF-7 breast cancer cells. (G) The expression level of ERBB2 from the GEPIA2 database. Black box highlights
the gene expression level of ERBB2 in breast cancer tissue (BRCA). (H) The DNA methylation level of ERBB2 promoter from the ASMdb database.
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the annotation results for ERBB2, such as variations, en-
hancers, silencers, and TFs. In the ChromLoops database,
we found 558 drug-related SNPs, 58 enhancers, 2 super-
enhancers and 52 cancer-related enhancers covering the
ERBB2 gene. We can also see that the ERBB2 gene in MCF-
7 remotely regulates genes such as PAGP3 and CDK12 and
may be regulated by distal elements such as enhancers (56
distal-enhancers). These regulatory elements may play an
important role in studying ERBB2, especially its long-range
regulation. This is the first database integrated with such
abundant regulatory elements and chromatin loops for the
regulation of ERBB2. Similar results could be obtained for
other genes of interest.

Figure 3E presents the interaction results for the ERBB2
gene in the chr17:39677852–39761202 region in MCF-
7 cells. Strong chromatin interactions between super-
enhancers and ERBB2 in MCF-7 cells were demonstrated
in the results. The interaction network of ERBB2 is reflected
in Figure 3F. In addition, to obtain the gene expression
and DNA methylation levels in cancer/normal cells and
tissues, ChromLoops provides an association analysis with
GEPIA2 (47), CCLE (71), ENCODE (cell line and primary
cell) (36), GTEx (72) and ASMdb (51). The expression of
the ERBB2 gene in breast cancer (BRCA) tissue was signif-
icantly higher than that in normal tissue (Figure 3G). The
DNA methylation level of the ERBB2 promoter was signif-
icantly decreased in breast cancer (Figure 3H). It is consis-
tent with the knowledge that genes with high methylation
levels in the promoter have low expression levels.

Loop region search. Users can search for chromatin in-
teractions of a region in individual or all samples on the
‘Loop region search’ page. The search results include genes
and chromatin interaction information for the searched re-
gion. In addition, similar to the ‘gene search’ results, the
‘region search’ results also provide detailed statistical in-
formation and abundant annotation information (includ-
ing variations, enhancers, silencers, TFs, circRNAs, TWAS
associations, chromosome open access information, and al-
ternative splicing information).

Loop SNP search. One of the main challenges in SNP
studies is identifying the target genes of a SNP of inter-
est. With ChromLoops, we can search the target genes of
the SNP of interest for chromatin interactions. A query
on the ‘Loop SNP search’ page provides the chromatin
interactions of the queried SNP involved in individual or
all samples and the annotation of the interacting targets.
For example, SNP rs3851179 is an Alzheimer’s disease-
associated SNP located within a super-enhancer (73). The
partial search results for SNP rs3851179 in a hippocam-
pus sample are shown in Figure 4A and B. The results
showed that multiple types of enhancers and motifs cov-
ered SNP rs3851179. The ‘Loop SNP search’ module can
facilitate related research on the regulatory mechanism of
the SNP of interest. In addition, the results page displays
the chromatin interactions mediated by the super-enhancer
containing rs3851179. Statistical results show that 18 dis-
tal genes have long-range chromatin interactions with SNP
rs3851179. Among the results, it has been reported that the
interaction between rs3851179 and the PICALM gene is as-

sociated with a risk of developing Alzheimer’s disease (74)
(Supplementary Figure S1).

It should be noted that we also provide the functions
‘Loop gene search’, ‘Loop region search’ and ‘Loop SNP
search’ in all samples. On the corresponding search pages,
users can select ‘All samples’ to search for a gene, region
or SNP in all samples. For instance, Figure 4C shows the
search results for SNP rs606231147 in all samples, includ-
ing A673 cells, H9 cells, H1 cells and other cells or tis-
sues. The results of a keyword (SHH gene) search showed
rs606231147-related loops in all samples (Figure 4C). Re-
searchers have demonstrated that SNP rs606231147 in the
enhancer regulatory region ZRS (located in intron 5 of
LMBR1) results in preaxial polydactyly by regulating ec-
topic expression of the gene SHH (75,76). Figure 4D shows
an example of the interactions between rs606231147 and
the SHH gene in H1 RAD21 data in ChromLoops. These
search results can help reveal the target genes and regula-
tory mechanisms of disease-associated SNPs.

Loop Circos search. On the ‘Loop Circos search’ page,
users are able to search for chromatin interactions involv-
ing one or more regions in a specific sample. This func-
tion allows users to easily view the long-range chromatin
regulations between multiple regions. For example, in the
GM12878 cell line, multiple interchromosomal interactions
of the enhancer-promoter (chr1, chr4, chr7 and chr15) were
found, and these interaction genes including B-cell-specific
highly expressed genes (77). The chromatin interactions be-
tween chr1:46.51–56.75 Mb, chr4: 33–44.4 Mb, chr 7:70.4–
81.6 Mb, and chr15: 58.6–70 Mb can be seen in Supplemen-
tary Figure S2.

Sample search. A query on the ‘Sample search’ page dis-
plays the basic sample information and statistical informa-
tion of the results. For example, K562 cells are the first es-
tablished human immortalized myeloid leukemia cell line,
which is highly valuable for leukemia research. We take the
search of the K562 cell line as an example. Details for the
searched example of human K562 cells with RNAPII in-
clude (i) basic information, such as NCBI GEO ID, sam-
ple description, and ChIP marker information (Supplemen-
tary Figure S3A); (ii) statistical information for the interac-
tion results (Supplementary Figure S3B); (iii) a loop span
distribution density plot (Supplementary Figure S3C); (iv)
a Circos diagram of genome-wide chromatin interactions
of K562 cells (Supplementary Figure S4A); (v) a detailed
list of chromatin loops, including the interaction anchor re-
gion and covered genes (Supplementary Figure S4B) and
(vi) the genome browser interaction information for K562
cells (Supplementary Figure S4C).

Genes with high-frequency chromatin interactions in cancer.
After analyzing the data of all samples, we further car-
ried out the following work: (i) to explore the character-
istics of chromatin interactions in cancer, we screened the
datasets related to cancer and then identified the cancer-
specific genes with high-frequency chromatin interactions,
and the results are shown in Figure 5. Figure 5A and B
demonstrates the ‘high-frequency interaction gene in can-
cer’ search page and the heatmap of the distribution of



D64 Nucleic Acids Research, 2023, Vol. 51, Database issue

Figure 4. Loop SNP analysis. (A) The basic information for SNP rs3851179. (B) The distribution of genes, enhancers, silencers, etc., at SNP rs3851179.
(C) Chromatin interaction loop information for SNP rs606231147 in all samples. The red box highlights the keyword search function, including the cell
line, ChIP marker or gene. (D) Genome browser screenshot between SNP rs606231147 and the SHH gene in H1 cells with RAD21 data. The right black
box highlights SNP rs606231147, and the left black box highlights the SHH gene.
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Figure 5. Genes with high-frequency chromatin interactions in cancer. (A) The search page for genes with high-frequency interactions. (B) The distribution
of genes with high-frequency chromatin interactions on chromosomes in cancer and normal samples. (C) A list of genes with high-frequency interactions
in brain cancer and normal samples. (D) Example of the HOXD11 gene with cancer-specific high-frequency chromatin interactions. (E) The expression of
gene HOXD11 with the high-frequency interactions in cancer.



D66 Nucleic Acids Research, 2023, Vol. 51, Database issue

genes on chromosomes. Figure 5C shows the detailed list
of high-frequency interaction genes in cancer and normal
samples. Previous studies demonstrated that abnormal ex-
pression of HOXD11 promotes the malignant behavior of
glioma cells (78,79). Our results indicate that HOXD11 is a
specific high-frequency interaction gene in glioma (Figure
5C), and there are obvious chromatin interactions between
an enhancer enrichment region and the gene HOXD11 in
glioma (Figure 5D). This 3D specific interaction may be
one of the reasons for the high expression of HOXD11 in
glioma. Figure 5E shows the expression of the HOXD11
gene in normal and cancer samples. (ii) We also analyzed
and obtained the high-frequency interaction genes in dif-
ferent species. These results for high-frequency interaction
genes in cancer and in species will provide a new perspec-
tive for research on long-range chromatin interaction regu-
lation, species specificity and interspecies comparison.

Download and others. The ‘Download’ module provides
the statistics of enhancers, silencers, variations and other
annotation resources, as well as the download function
for chromatin loops. With the ‘Contact Us’ module, users
can contact us and submit data links not contained in our
database. We will perform data quality control and analy-
sis and then update the results in the database as soon as
possible.

DISCUSSION AND FUTURE DIRECTIONS

The first database for specific protein-mediated chromatin
loops

At present, there are several browsers and databases for 3D
genomes mainly based on Hi-C data. Browsers such as the
Hi-C data browser (80), WashU epigenome browser (23)
and 3D genome browser (81) have provided heatmap vi-
sualization functions for 3D genomic data, especially Hi-C
data. The Delta browser (82) can visualize Hi-C data as well
as the 3D physical architecture of genomes. Databases such
as the 3DGD (83) and 3DIV (84) databases mainly provide
topologically associated domain (TAD) analysis and visu-
alization results based on Hi-C data. 3DSNP (85) enables
linking noncoding SNPs to their 3D interacting genes based
on human Hi-C data. These browsers and databases have
provided a good visualization and analysis platform for 3D
genomics research in recent years. Although the 3DSNP
database presents a few chromatin loops (∼75 362) based
on human Hi-C data, most of these tools focus on TAD-
level analysis and visualization. Specific protein-mediated
chromatin loops have higher resolution and are better suited
for functional annotation to further study chromatin regu-
latory mechanisms.

Here, we analyzed and obtained high-resolution results
for specific protein-mediated chromatin loops based on all
publicly available ChIA-PET, HiChIP, and PLAC-Seq data.
ChromLoops, a database for specific protein-mediated
chromatin loops in diverse organisms, was constructed; it
also integrates search, analysis, visualization and download
functions. Crucially, we further annotated the loop genes
and regions with abundant functional annotation informa-
tion, such as regulatory elements, variations and TFs. More

importantly, we identified high-frequency chromatin inter-
actions in individual and all cancer samples. It will be help-
ful to explore the characteristics of specific long-range chro-
matin interactions in relation to cancer and provide a new
theoretical basis for the regulation of key cancer genes.
ChromLoops is a comprehensive and powerful database
for promoting research on 3D genomic functions, long-
range chromatin interaction regulation and gene transcrip-
tion regulation in association with cellular function and dis-
ease.

Future directions

In future versions, ChromLoops will continue to be up-
dated as follows: (i) We will further collect and analyze
new protein-mediated chromatin interaction data (includ-
ing ChIA-PET, HiChIP, PLAC-Seq and HiCuT data (86))
from different sources and species. HiCuT is a new tech-
nique for detecting protein-mediated chromatin interac-
tions that has just been published this year (86). At present,
there are only 12 datasets. (ii) We will provide additional
functional annotation resources and online functions in the
database based on user feedback. We will keep Chrom-
Loops up to date to ensure its value as a user-friendly
database. We expect that ChromLoops will contribute to re-
search on chromatin interactions in relation to cellular func-
tion.
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