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Abstract

The three-dimensional (3D) organization of the human genome plays a crucial role in gene regulation. EXPloration of Regulatory Epigenome
with Spatial and Sequence Observations (EXPRESSO) is a novel multi-omics database for exploration and visualization of multi-layered 3D
genomic features across 46 different human tissues. Integrating 1360 3D genomic datasets (Hi-C, HiChIR ChlA-PET) and 842 1D genomic
and transcriptomic datasets (ChIP-seq, ATAC-seq, RNA-seq) from the same biosample, EXPRESSO provides a comprehensive resource for
studying the interplay between 3D genome architecture and transcription regulation. This database offers diverse 3D genomic feature types
(compartments, contact matrix, contact domains, stripes as diagonal lines extending from a genomic locus in contact matrix, chromatin loops,
etc.) and userfriendly interface for both data exploration and download. Other key features include REpresentational State Transfer application
programming interfaces for programmatic access, advanced visualization tools for 3D genomic features and web-based applications that correlate
3D genomic features with gene expression and epigenomic modifications. By providing extensive datasets and tools, EXPRESSO aims to deepen
our understanding of 3D genomic architecture and its implications for human health and disease, serving as a vital resource for the research
community. EXPRESSO is freely available at https://expresso.sustech.edu.cn.
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Introduction

The human genome is folded into hierarchical three-
dimensional (3D) organization, which can be dissected into
multiple levels. The development of chromosome conforma-
tion capture (3C) assay and its variants, including Hi-C (1),
HiChIP (2) and chromatin interaction analysis by paired-end
tag sequencing (ChIA-PET) (3), and others, have greatly ex-
panded our knowledge of 3D genomic organization. At the
large scale, megabase-scale A/B compartments segregate the
genome into activating (A) and inactivating (B) regions (1). At
the submegabase scale, contact domains represent regions of
the genome that interact more frequently with themselves than
with neighboring regions (4), serving as fundamental units of
genome organization that constrain enhancer-promoter inter-
actions. Chromatin loops bring distant regulatory elements
such as enhancers and promoters into close proximity (3). Re-
cent studies have identified so-called stripes, which appear as
as diagonal lines extending from a genomic locus in contact
matrices and are believed to form through a loop extrusion
process when a loop anchor interacts with the entire domain
at high frequency (5,6). Stripes are often enriched in super en-
hancers (6), though repressive stripes also exist (7).

In recent years, the 3D genomic states of various cell lines,
tissues and disease conditions have been elucidated. Large col-
laborative projects such as ENCODE (8) and 4D Nucleome
(9) have generated a large number of 3D genomic data. Ad-
ditionally, sequencing repositories such as GEO (10) database
have seen a continuous increase in the number of 3D genomic
datasets. Collecting these data to create a comprehensive hu-
man 3D genome database is a highly meaningful endeavor.
Several initiatives have already been undertaken to address
this challenge. For example, ChromLoops (11) and HiChIPdb
(12) have collected public HiChIP and ChIA-PET data, while
3DIV (13) focuses on genomic structural variations and their
impact on cancer 3D genomes. These studies provide rich re-
sources for 3D genomic research.

However, the above databases have some limitations.
Firstly, they often feature limited assay types and thus lim-
ited data volumes, reflecting only specific aspects of the hu-
man 3D genome. Secondly, the availability of data types for
download is limited, especially in Hi-C data, which depict
various 3D genomic features such as compartments, contact
domains, stripes and chromatin loops. Thirdly, understand-
ing the genome’s structure—function relationship requires in-
tegrating 3D genome structure with other omics data (e.g.
RNA-seq, ChIP-seq and ATAC-seq). Given the cell- and tissue-
specific nature of regulatory elements, using 1D data from
the same biosample may better reflect these relationships.
Fourthly, considering the diversity of data types, hierarchies,
and volumes, developing a programmatic application pro-
gramming interface (API) can facilitate more flexible data re-
trieval. Lastly, improving the visualization of multi-layered 3D
genomic features remains an area requiring enhancement.

Here, we introduce EXPloration of Regulatory Epigenome
with Spatial and Sequence Observations (EXPRESSOj https:
/lexpresso.sustech.edu.cn), a multi-omics database designed
to explore and visualize multi-level 3D genomic features and
their associations with the epigenome and gene expression.
EXPRESSO integrates 1, 360 3D genomic datasets, includ-
ing Hi-C, HiChIP and ChIA-PET, across 46 human tissues.
These datasets were processed using standardized pipelines
for each data type, providing the community with various
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3D genomic features such as compartments, contact domains,
stripes and chromatin loops. To investigate the relationship
between the 3D genome and other epigenomic data, we pro-
cessed 842 RNA-seq, ChIP-seq and ATAC-seq datasets from
the same biosamples. To demonstrate the usage of multi-omics
data integration, we developed three web-based applications:
(a) the differential expression levels of genes located between
A and B compartments; (b) the stripes marked by H3K27ac
and H3K27me3 modifications; and (c) the enrichment of tran-
scription factor (TF) motifs on chromatin loops. To facilitate
data access, we created a set of REpresentational State Trans-
fer (REST) APIs for programmatic queries and downloads.
Additionally, we developed an associated 3D genome visual-
ization browser to effectively visualize these 3D genomic fea-
tures.

EXPRESSO provides a comprehensive platform to study
the interplay between 3D genome architecture and gene regu-
lation, aiming to advance our understanding of the genome’s
spatial organization and its implications for human health and
disease.

Materials and methods

Database overview

We uniformly processed each 3D genomic dataset and up-
loaded the intermediate files to cloud storage. For Hi-C data,
we provide various files including the contact matrices, com-
partments, contact domains, stripes, and chromatin loops.
For HiChIP and ChIA-PET, we provide chromatin loops and
coverage files (Figure 1). All relevant metadata is stored us-
ing MySQL format (https://www.mysql.com/). We utilized
the Vue.js framework (https://vuejs.org/) to create the front-
end pages for our database. Additionally, we developed an
associated genome browser using Canvas (https://developer.
mozilla.org/en-US/docs/Web/API/Canvas_API), D3.js (https:
//d3js.org/) and WebGL (https://get.webgl.org/) to display var-
ious 3D genomic features. Statistical graphs are plotted us-
ing ECharts (https://echarts.apache.org/en/index.html). The
genome browser and statistical graphs are integrated into
the front-end webpage. For each 3D genomic dataset, we
attempted to collect corresponding 1D omics data of the
same biosample and study, including RNA-seq, ATAC-seq
and H3K27ac/H3K27me3/CTCF ChIP-seq data. Utilizing
biosamples that have both 3D and 1D genomic data, we de-
veloped three web-based applications to explore the relations
between 3D genomic organization and other epigenomic data:
(a) compartment-expression analysis; (b) stripe atlas; and (c)
TF enrichment. Additionally, we implemented a REST API us-
ing the Python framework FastAPI (https:/fastapi.tiangolo.
com/), which allows easy access to this resource from any pro-
gramming language environment.

Data collection

We searched the GEO repository for 3D genomic datasets (Hi-
C,RNAPII / H3K27ac ChIA-PET or HiChIP) datasets related
to the species ‘Homo sapiens’. In addition to 3D genomic
datasets, we retrieved RNA-seq, CTCF ChIP-seq, H3K27ac
ChIP-seq, H3K27me3 ChIP-seq and ATAC-seq datasets avail-
able for corresponding biosamples. In total, we acquired 1360
3D genomic datasets along with 334 corresponding RNA-seq,
169 H3K27ac ChIP-seq, 73 H3K27me3 ChIP-seq, 140 CTCF
ChIP-seq and 126 ATAC-seq datasets.
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Figure 1. Overview of the functionalities in EXPRESSO database EXPRESSO integrates multiple types of 3D genomic datasets and 1D genomic
datasets across various human tissues. The database provides a userfriendly interface for data exploration and visualization, as well as REST APlIs for

programmatic access.

Data processing

Hi-C and HiChIP data were processed using the HiC-Pro
(14) pipeline with default parameters, adjusting the LIGA-
TION_SITE parameter according to the specific restriction en-
zyme used. Specifically, pair-end reads were aligned to the hu-
man reference genome assembly version hg38. Multi-mapped,
duplicated and other unvalid read pairs were discarded. Valid
pairs were converted to .bic format with Juicer (15) or .cool
format with cooltools (16). Hi-C contact matrices were nor-
malized with cooler balance function (16). A and B com-
partments were identified using decomposed eigenvectors (E1)
from contact matrices of 100 kb resolution with cooltools
(16). The compartment scores (E1) were adjusted for GC
content for each bin. Genome-wide contact insulation scores
and domain boundaries were calculated using cooltools (16)
insulation command. Chromatin loops were identified with
cooltools (16) dots command at 10 kb resolution. ChIA-PET
datasets were processed using the ChIA-PIPE (17) pipeline
with default settings. RNA-seq data were mapped using STAR
(18) version 2.5.3a, converted to BigWig format with the bam-
Coverage command from deepTools (19). Gene expression
data with TPM normalization were quantified using feature-
Counts (20). ChIP-seq and ATAC-seq data were mapped us-
ing Bowtie2 (21). The resulting BAM files were deduplicated
using Picard (https://broadinstitute.github.io/picard/) version
1.26. Reads with a quality score below 20 were filtered out,
and the remaining reads were sorted and indexed using SAM-
tools (22). BAM files were then converted to BigWig format
using the bamCoverage command from deepTools (19), and
peaks were called using the macs2 (23) callpeak command.

Calculate the relations between genes and 3D
genomic features

Gene annotation files were downloaded from GENCODE v29
(https://www.gencodegenes.org/human/release_29.html). For
each of the 3D genomic features (compartment, contact do-
main, stripe and chromatin loop), we computed its relation-
ships with gene promoters, defined as the region extending
2.5 kb upstream and downstream of the transcription start
site. Specifically, for each dataset, we determined whether each
gene promoter is located in A or B compartment, within a con-
tact domain or at its boundary, at a chromatin loop anchor, or

within a stripe. The intersections were calculated using bed-
tools (24).

Genome browser development

We developed a genome browser to visualize multi-level
3D genomic features, including compartments, contact do-
mains, contact matrices, domain boundaries, chromatin loops,
stripes and coverage files. This browser is a pure front-end li-
brary implemented using the Vue.js framework. Visualizations
were created using Canvas (https://developer.mozilla.org/en-
US/docs/Web/API/Canvas_API) and D3.js (https:/d3js.org/)
and WebGL (https://get.webgl.org/). We also designed a nav-
igation bar that allows users to navigate and zoom through
the genome. Additionally, each track type has specific config-
uration options to adjust the track’s color, lines and other at-
tributes.

Web-based applications

We developed three applications to facilitate multi-omics in-
tegration.

Compartment-expression analysis

For biosamples that include both Hi-C and RNA-seq data,
we examined the relationship between 3D genome organiza-
tion and gene expression by determining the compartment (A
or B) in which each gene resides. By comparing the expres-
sion levels of genes in the A compartment versus those in the
B compartment, we can identify significant expression differ-
ences that suggest a correlation between a gene’s spatial posi-
tioning within the genome and its transcriptional activity. This
application provides insights into how the structural organi-
zation of the genome influences gene regulation, highlighting
potential mechanisms by which 3D genome architecture af-
fects cellular function and phenotype.

Stripe atlas

Stripe is a recently identified 3D genomic feature linked to
both active transcription and gene silencing (6). We identify
stripes across all Hi-C datasets using Stripenn (6) and further
classify them based on the presence of activating and inacti-

vating histone marks, in biosamples that contain both 3D ge-
nomic data and H3K27ac or H3K27me3 ChIP-seq data. This
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Table 1. Track type and file format for EXPRESSO visualization module

Track Type File format

Chromatin loops bedpe

Compartment bigwig

Coverage bigwig

Contact domain and domain boundary bed

Contact matrix hic

Gene track UCSC gene annotation

classification allows us to distinguish between stripes associ-
ated with active transcription and those related to transcrip-
tional repression. The Stripe Atlas application reveals the dual
roles that stripes play in gene regulation and helps elucidate
the complex regulatory landscape within the genome.

Transcription factor enrichment

By analyzing Hi-C and ATAC-seq data from the same biosam-
ple, we can map TF-binding motifs within chromatin loops
and identify that TFs might be involved in loop formation. A
total of 126 biosamples with both Hi-C and ATAC-seq data
were used for the analysis. ATAC-seq peaks located within
chromatin loop anchors were identified and motif scan was
then conducted using Homer 4.11 (25). We used the HOCO-
MOCOvV11 core human motif database (26) (HOCOMO-
COv11_core_ HUMAN_mono_homer_format_0.0001.motif’)
for motif analysis.. This application enables us to distinguish
common TFs that mediate loops across different conditions
from specific TFs unique to subset of samples.

APl development

To facilitate programmatic access to EXPRESSO’s resources,
we developed a suite of REST APIs. These APIs allow users to
access metadata, search for 3D genomic data features, search
for genes and download files. The ‘metadata API’ provides de-
tailed information about the biosample, including their data
type, biomaterial type, health status and other experimen-
tal conditions. The ‘3D genomic features search API’ enables
users to find specific chromatin structures such as chromatin
loops, contact domains, and insulation boundaries. The ‘gene
search APT allows users to query specific genes and retrieve
associated 3D genomic data. Finally, the ‘download AP’ en-
ables users to download relevant data files, thus streamlining
the data acquisition process for further analysis.

Results
Graphical interface of the EXPRESSO database

We have developed a user-friendly web interface to facilitate
exploration of EXPRESSO, featuring the following sections:

(1) Data Portal: This module allows users to search for spe-
cific datasets based on various criteria, filter results and
navigate to individual dataset pages.

(2) Gene Search: This functionality enables users to search
for specific genes. It provides detailed information about
the genes and their associated 3D genomic features
across all the samples.

(3) Multi-Omics Analysis: We have created three web-based
applications that integrate 3D genomic data with other
omics data types, enabling users to perform multi-omics
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analyses. Detailed introductions to each application are
provided in the ‘Applications’ section below.

(4) Download: This section allows users to download all
available datasets, including contact matrices, com-
partments, contact domains, chromatin loops, stripes
and coverage files. Datasets associated with individual
biosamples can also be downloaded from their respec-
tive webpages.

(5) API: This section introduces the APIs of EXPRESSO. It
provides documentation and examples for using the API
to retrieve metadata and download datasets program-
matically, enabling more flexible and advanced access.

(6) Documentation: Comprehensive documentation for the
database is available in this section. It includes guides, tu-
torials and reference materials to help users understand
and utilize the database effectively.

Data portal page

In the ’Data Portal’ section, we presented a bar plot illustrat-
ing the number of datasets available from each tissue (Fig-
ure 2A). We also provided a comprehensive Summary Table
(Figure 2B) that allows users to filter samples based on vari-
ous criteria such as body sites, health status, biomaterial and
assay type. Users can access individual sample pages for more
detailed information by selecting the appropriate samples af-
ter filtering.

Individual biosample page

Each biosample contains its own page, consisting of four sec-
tions: (1) Sample Information (Supplementary Figure S1A),
which provides basic information about the dataset, includ-
ing details like the sample’s body site, health status, bioma-
terial and assay type; (2) File Download (Supplementary
Figure S1B), where users can directly download various 3D
genomic features associated with the biosample for further
analysis. (3) Genome Browser (Figure 3A-H), an embedded
module that allows users to visualize the 3D genomic fea-
tures of the dataset, including gene tracks, compartments, con-
tact matrices, domains, loops and stripes; and (4) File Table
(Supplementary Figure S1C), which details the relationships
between genes and the above 3D genomic features, such as
whether a gene is located in the A or B compartment, within a
contact domain or boundary, within a stripe or at a chromatin
loop anchor.

Genome browser and file table sections

To facilitate intuitive exploration of multi-layered 3D data,
we developed a web-based genome browser integrated with
EXPRESSO. The browser fetches data from the file server and
renders it on the client side. It supports widely used data for-
mats for visualizing various levels of 3D genomic features. The
supported track types and file formats are as follows (Table 1):

The genome browser includes a toolbar for seamless nav-
igation to any genomic region (Figure 3A) and a configura-
tion panel for each track to customize style and appearance
(Figure 3B). Users can also enable a vertical line to assist the
navigation.

For each dataset, we calculated the relations between genes
and various 3D genomic features, including compartments,
contact domains, stripes and chromatin loops (See ’Materi-
als and methods’ section); and stored the results in File Table
section. The File Table indicates whether each gene is in the A
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Figure 2. Biosample search features in EXPRESSO. (A) Bar plot displaying the count of 3D genomic datasets across various tissues. (B) An interactive

summary table for filtering biosamples under various criteria.

or B compartment, inside a contact domain or at its boundary,
whether it is involved in a stripe, and if it serves as a chromatin
loop anchor.

Examples of 3D genome organization comparison
across samples

Using the large datasets in EXPRESSO, users can compare and
visualize 3D genomic features of related samples. We present
three examples to demonstrate this strategy.

Switched compartment in prostate cancer cells

Human 3D genome contact maps display checkerboard pat-
terns that represent the spatial compartmentalization of two
main types of chromatin: activating and open A compart-
ments and inactivating and more closed B compartments. An-
alyzing changes in gene compartments across multiple sam-
ples helps understand the impact of the 3D genome on the
transcriptional regulation. For instance, Wnt5a (Wnt Family
Member 5A) plays a crucial role in cell proliferation, differ-
entiation, migration, adhesion and polarity. It can co-regulate
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Figure 3. Individual biosample page overview, (A) Navigation bar of the EXPRESSO browser. (B) Configuration panel of the gene annotation track. (C and
D). Example of compartment switch between healthy prostate cells (C) and PCa cell (D). The gene Whnt5a is highlighted. (E and F) Example of neo
contact domain formation in DCM heart (F) compared with healthy heart (E). The neo domain that wrapped NPPA and NPPB gene is highlighted. (G and
H) Example of multi-level 3D genome organization of AFP gene. Panel G displayed compartment and contact domain in Hi-C data. Panel H displayed

chromatin interactions and 1D coverage using RNAPII ChIA-PET data.

the transactivation function of mutated androgen receptors
and promote the proliferation of prostate cancer (PCa) cells
in an autocrine manner (27). Another study found a substan-
tial enrichment of W#ntSa in circulating tumor cells (CTCs)
from enzalutamide-resistant PCa patients (28). In the EX-
PRESSO database, WNTS5a shifts from the B compartment
in healthy prostate cells (GSM3564252) to the A compart-
ment in PCa cells (GSM4908718) (Figure 3C-D; Compart-
ment track). Meanwhile, there are also specific chromatin

loops at the WntSa site in PCa genome, consistent with its
active state (Figure 3C-D; Loop track). Such compartmental
changes can affect the accessibility of genomic regions to TFs
or other regulatory proteins (29).

Neo contact domain in dilated cardiomyopathy

Changes in contact domain positioning or shifting of domain
boundaries could reveal altered interactions of neighboring
promoter-enhancer regions. We provided an example compar-

20 JoquaAoN Gz uo Jasn Ateiqi] ABojouyda | g 9ouaiog jeuoneN Aq £86G/8//6669e30/1eU/S60 101 /I0p/a]01He-aouBApe/Ieu/wod dno-ojwapede//:sdiy woly papeojumoq



Nucleic Acids Research, 2024

ing human healthy heart sample (GSM5029738, Figure 3E)
and Dilated Cardiomyopathy (DCM) sample (GSM 5029740,
Figure 3F) to demonstrate de novo domain formation. In this
example, the cardiac hypertrophy marker genes (30) NPPB
(Natriuretic Peptide B), NPPA (Natriuretic Peptide A) and its
antisense gene NPPA-AS1 show strong Hi-C signals and form
a neo contact domain in the DCM sample (Figure 3E and F;
Domain Track, Boundary Track and Matrix Track), which are
absent in the healthy heart. This observation aligns with study
suggesting that the NPPA-AS1 promoter may function as an
enhancer to regulate NPPA and NPPB transcription in DCM
(31).

Multi-level 3D genome organization of AFP locus in liver can-
cer

Liver cancer cell Hi-C data (GSM7656195) showed that the
hepatocellular carcinoma marker gene AFP (a-fetoprotein)
(32) localizes in a contact domain with ALB (Albumin) (Fig-
ure 3G). Hi-C matrix identified strong intra-TAD contact sig-
nals, indicating chromatin interactions between AFP and ALB
(Figure 3G; Domain Track and Matrix Track). Consistent
with Hi-C dataset, RNAPII ChIA-PET data (GSM5379365)
further showed AFP is associated with strong RNAPII-
binding (Figure 3H; Peak Track) and chromatin looping
with ALB and an upstream enhancer element (Figure 3H;
Loop Track). Hi-C excels in identifying compartment and
domain-level patterns, whereas RNAPII ChIA-PET provides
high-resolution insights into transcription-related enhancer-
promoter interactions. By integrating Hi-C and RNAPII
ChIA-PET data, users can obtain a comprehensive, multi-level
view of a specific gene.

Search genes and individual gene page

We provide two methods for selecting genes: users can ei-
ther directly input the gene name or filter for genes contained
within a genomic region. For each gene, we display its relation-
ships with four types of 3D genomic features: (1) the number
of samples in which the gene is located in the A or B compart-
ment, along with corresponding metadata, which can indicate
if the gene resides in a specific compartment in certain tissues
or diseases; (2) the number of samples in which the gene is lo-
cated within contact domains or boundaries; (3) the samples
in which the gene is found within a stripe; and (4) the sam-
ples in which the gene participates in chromatin interactions.
The above results can suggest potential regulatory roles of the
gene in a subset of samples. As an illustration, we ranked the
gene NEATT1 by the compartment E1 score (Figure 4A). The
results show that NEATT is in the A compartment in most
samples (Figure 4B); however, it belongs to the B compartment
in the cervical cancer cell line Hela (Figure 4C), indicating 3D
genome is reorganized in cervical cancer cells.

Applications

Gene expression and compartment change
Compartmentalization in the genome refers to the spatial or-
ganization of chromatin into distinct regions, typically clas-
sified as A (activating) and B (inactivating) compartments,
which are associated with differential gene expression and
chromatin modifications (33), although some regions in A
compartments are not transcribed (34). To visualize the re-
lationship between gene expression and their compartmental-
ization, we used a box plot to compare expression levels of

genes located in the A compartment versus those in the B com-
partment.

Stripe atlas

Stripes were recently observed in 3D contact maps and pro-
posed as evidence for the loop extrusion model. Recent stud-
ies suggest that the stripe is associated with both activating
and inactivating chromatin states (7). In this study, we de-
tected 1, 891, 697 stripes across all Hi-C datasets with a me-
dian count of 1361 stripes per dataset. To further characterize
these stripes, we analyzed their overlap with peak regions of
H3K27ac, H3K27me3 and CTCF within the same biosam-
ple. This analysis identified 250 650 stripes associated with
H3K27ac, 30 631 with H3K27me3 and 279 087 with CTCE.
To illustrate the utility of the Stripe Atlas, we highlighted a
stripe located in the CCAT1 and MYC gene region of the
cervical cancer cell line HeLa. The dashed box in the Hi-C
matrix track highlighted the locations of the stripe starting
from the gene CCAT1 and extending to MYC gene (Figure 5A;
Top track). MYC aberrations or upregulation of MYC-related
pathways occur in the vast majority of cancers (35), and stud-
ies have demonstrated that CCAT1 enhances cervical cancer
cell proliferation and invasion (36). Interestingly, the stripe ap-
pears to be absent in colorectal cancer cells (Figure 5A; Bot-
tom track), underscoring its potential regulatory significance
in cervical cancer cells.

Transcription factor mediated chromatin loops

TFs play a crucial role in organizing the 3D genome by bind-
ing to specific DNA motifs and facilitating the formation of
chromatin loops, which bring distant regulatory elements into
proximity with their target genes. Therefore, understanding
both common and specific TFs involved in mediating the 3D
genome is of great interest. We identified the enrichment of
TFs in chromatin loop anchors across 126 biosamples and
provided various visualization methods to display the results.

Firstly, we ranked TFs based on the number of samples in
which they are enriched and provided an interactive bar plot
(Figure 6A). Notably, CTCF (3) and YY1 (37), known to be
key TFs for 3D genome organization in tissues, ranked highly
on the list. Interestingly, IKZF1’s binding motif was enriched
in 74 out of 126 samples (Figure 6A). IKZF1 encodes the
TF IKAROS, a zinc finger DNA-binding protein with a key
role in lymphoid lineage development. IKAROS is recently re-
ported to be involved in inter-TAD interactions that harbor
lymphoid-specific genes (38). Our enrichment result is con-
sistent with IKAROS’s role to assemble lineage-specific do-
mains. Further study is needed to examine the exact locations
of IKAROS-bound interaction anchors. Furthermore, we per-
formed clustering of both TFs and biosamples, and presented
the results using a heatmap. These visualizations enhance our
understanding of the common and specific roles of different
TFs in mediating chromatin loops. Future research could fo-
cus on TFs that are enriched in a smaller number of samples,
as these may be related to cell- or tissue-specific 3D genome
organization.

When clicking the TF names in the bar plot or heatmap,
the Motif Table will display the exact motif logo and asso-
ciated statistics in each biosample where the TF is enriched
(Figure 6B).
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Programmatic access

We provide a comprehensive API to programmatically access
EXPRESSO (Table 2), with functionalities encompassing four
main areas: (1) search metadata: filter samples by sample ID
or metadata such as health status, tissue and biomaterial; (2)
Search 3D genomic features: query genes contained in com-
partments, domains, boundaries, stripes and chromatin loops
within specific samples; (3) search genes: explore the relation-
ships of genes across samples with compartments, contact do-
mains, stripes and chromatin loops; (4) download files: each
file has a unique API URL, allowing users to download data
directly by entering the URL. We provided examples of var-
ious usages on the Documentation page. Users can conve-
niently use the API within their programming environment
(e.g. R).

Discussion

A comprehensive database of multi-level 3D
genome organization

In this study, we presented EXPRESSO, a comprehensive
multi-omics database for exploring and visualizing multi-
level 3D genomic features and their associations with the

epigenome and gene expression across a wide range of human
tissues. The database’s ability to facilitate comparisons of 3D
genomic features across different samples, as demonstrated
in the examples of PCa cells, DCM and liver cancer, high-
lights its potential to uncover novel regulatory mechanisms
and disease-associated genomic alterations. Furthermore, the
integration of multi-omics data and the programmatic APIs
enhance the database’s utility for in-depth investigations. The
Stripe Atlas and TF Enrichment analyses offer unique perspec-
tives for exploring the functional implications of 3D genome
organization. As research in this field continues to evolve, EX-
PRESSO is poised to become an invaluable resource for re-
searchers seeking to unravel the complex interplay between
3D genome structure and gene regulation in both health and
disease states.

A multi-omics database to study the relations
between 3D genome and gene regulation

The 3D genome organization plays a crucial role in regulat-
ing gene expression by facilitating the interactions between
genes and their regulatory elements. Understanding the intri-
cate relationship between genome architecture and gene ex-
pression requires measuring the 3D genome, transcriptome
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Table 2. Application programmatic interfaces of EXPRESSO
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Type Required resource

URL

Search metadata Sample
Samples

Files

Seach genomic features Compartments
Domains
Stripes

Loops

Search gene associated genomic features Compartments
Domains
Stripes

Loops
Download File

/dataset/{gsm_id}
/datasets/tissue=({string}&heatlth_status={string}&biomaterial={string}
/files/{sample_name}

/compartments?sample_name={sample_name}
/domains?sample_name={sample_name}
/stripes?sample_name={sample_name}
/loops?sample_name={sample_name}

/gene/{gene_name}/compartment
/gene/{gene_name}/domain
/stripes?gene_id=({gene_id}
/loops?gene_id={gene_id}

/download/{sample_name}/{file_type}

and epigenome from the same biosample. For instance, ChIP-
seq identifies binding sites of TFs and histone modifications,
elucidating the regulatory landscape of the genome. ATAC-
seq maps open chromatin regions, indicating genomic regions
of regulatory potential. By combining 3D genomic data with
these epigenomic datasets, researchers can gain a comprehen-
sive view of how chromatin architecture influences gene reg-
ulation.

EXPRESSO, incorporating 842 1D omics datasets, provides
a comprehensive view of the dynamic interplay between the
3D genome organization and the epigenetic landscape, reveal-
ing how spatial organization collectively influences gene ex-
pression. To demonstrate the usage of multi-omics integra-
tion, we created three web-based applications: compartment-
expression analysis, stripe atlas, and TF enrichment. The first
application compares the expression of genes located in A and
B compartments, providing a general view of the impact of
3D genome organization on gene expression. The second ap-
plication identifies and annotates a comprehensive resource
of architectural stripes in the human genome. Further explo-
ration of large-scale stripes collected by EXPRESSO can help
better understand the grammar of stripe formation. The third
application identified enriched TFs in chromatin loops across
different tissues and cell types. Understanding the role of TFs
in chromatin looping provides valuable insights into the reg-
ulatory mechanisms that shape 3D genome organization and
influence gene expression patterns, offering potential targets
for therapeutic intervention.

API access and data visualization

Other key features of EXPRESSO include a user-friendly suite
of REST APIs, crucial for a database of this nature. Users can
develop tools for specific programming languages based on
these APIs to integrate EXPRESSO’s data. As the 3D genome
itself is a multi-layered structure, clearly visualizing these
structures is also a critical component. The visualization mod-
ule we developed is a lightweight framework that has been
deeply integrated with EXPRESSO.

Future directions

In the future, we plan to continue updating EXPRESSO with
specific plans that include the addition of mouse data, as mice
are a crucial model organism in 3D genomics, and compar-
ing mouse and human 3D genomes can reveal similarities and
differences in transcriptional regulation between species. We

also plan to incorporate Micro-C data (39), with its global and
high-resolution characteristics, complements Hi-C, HiChIP
and ChIA-PET data effectively. Furthermore, we aim to ex-
pand our omics data types, adding whole-genome sequencing
data, exome sequencing genetic data and epigenetic data such
as DNA methylation. Additionally, we will offer users the ca-
pability to annotate their own 3D genomic data, using our
extensive reference dataset to aid them in understanding their
data.

Data availability

EXPRESSO is a database with online and open access, avail-
able at https://expresso.sustech.edu.cn. Any constructive com-
ments and suggestions are welcome to send to Prof. Yuliang
Feng at email address fengyl@sustech.edu.cn.

Supplementary data
Supplementary Data are available at NAR Online.
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