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ABSTRACT

Three-dimensional (3D) chromatin structure is an
emerging paradigm for understanding gene reg-
ulation mechanisms. Hi-C (high-throughput chro-
matin conformation capture), a method to detect
long-range chromatin interactions, allows extensive
genome-wide investigation of 3D chromatin struc-
ture. However, broad application of Hi-C data have
been hindered by the level of complexity in process-
ing Hi-C data and the large size of raw sequencing
data. In order to overcome these limitations, we con-
structed a database named 3DIV (a 3D-genome In-
teraction Viewer and database) that provides a list
of long-range chromatin interaction partners for the
queried locus with genomic and epigenomic annota-
tions. 3DIV is the first of its kind to collect all publicly
available human Hi-C data to provide 66 billion uni-
formly processed raw Hi-C read pairs obtained from
80 different human cell/tissue types. In contrast to
other databases, 3DIV uniquely provides normalized
chromatin interaction frequencies against genomic
distance dependent background signals and a dy-
namic browsing visualization tool for the listed inter-
actions, which could greatly advance the interpreta-
tion of chromatin interactions. ‘3DIV’ is available at
http://kobic.kr/3div.

INTRODUCTION

Noncoding DNA, which accounts for the vast majority of
human genome (>98%), is at the height of growing in-
terest for its broad range of functional flexibility. Massive
epigenomic and transcriptomic annotations of noncoding
DNA in diverse cell/tissue types have been completed by
ENCODE (1) and Roadmap Epigenomics (2) consortiums.
Unexpectedly, these consortiums discovered mammalian
genomes to be abundant in distal cis-regulatory elements
(cREs), which are also enriched in many disease-associated

human genetic variants (3). Nevertheless, the functional
consequence of the majority of ¢REs is poorly understood
due to the lack of information on their target genes.

Many studies have attempted to address this challenge by
investigating long-range chromatin interactions, which was
enabled by proximity ligation based chromosome confor-
mation capture (3C) methods (4), as an emerging paradigm
to identify distal target genes of ¢cREs (5,6). Among them,
Hi-C, one of 3C variants, became a powerful method to
detect long-range chromatin interactions in a genome-wide
manner (7). However, utilization of Hi-C data has been hin-
dered by several technical difficulties, including the com-
plexity of Hi-C data processing, requirement of massive
computational resources and the large size of raw sequenc-
ing data.

In order to overcome these limitations, several databases
were developed to provide pre-computed long-range chro-
matin interactions (8-13), but the number of samples col-
lected and the derived information such as TADs (topo-
logically associating domains) or the table of interaction
frequencies were not sufficient for full utilization of Hi-C
data for many researchers (Table 1). Besides, the lack of
normalized Hi-C interaction frequencies against genomic
distance dependent background signals made it difficult to
precisely identify biologically meaningful long-range chro-
matin interactions. Finally, a better visualization system
was required for researchers to intuitively understand the
identified long-range chromatin interactions.

In this aspect, we constructed a new database named
3DIV, which provides a list of long-range chromatin in-
teraction partners of any queried locus. The listed interac-
tions can be visualized using a dynamic browsing system
where users can easily explore long-range chromatin inter-
action patterns surrounding the target of interest and com-
pare multiple samples with synchronized modes.
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Table 1. Comparison of chromatin interaction database
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interac- interac- browsing session data or
Name of # of Hi-C TAD an- Interaction tion tion of visual- manage- local in-
service samples™ heatmap notation table frequency  frequency  ization ment stallation Data-type
3DIV 80 v v v v v v v Hi-C
Chrom 6 v v Hi-C
Contact
HUGIN 21 v v v v v v Hi-C
3Disease 6 v v v Hi-C
browser
Hi-View 2 v v v v v Hi-C
Hi-Cdata 40 vi v v Hi-C, capture
browser Hi-C, and
ChIA-PET
HiGlass 34f v v1 v v Hi-C
Juicebox 58t v v1 v v v Hi-C, capture
Hi-C, and
ChIA-PET
WashU 54t v v v Hi-C, capture
epigenome Hi-C, and
browser ChIA-PET

“Number of samples refer to only Hi-C experiments and multiple replicates were counted as one.
THiGlass, Juicebox and WashU epigenome browser can visualize user’s own dataset.

tHi-C data browser provides Hi-C heatmap on different pages.

$ Juicebox does not use pre-built one-ro-all interaction data, but builds one-to-all interaction track in wiggle format on demand.
YHiGlass and Juicebox load TADs annotations separately from interaction frequency data.

1. Interaction frequency heatmap
2. Topologically associating domains

3. One-tfo-all interaction plot

4. Arc-representation of significant interactions
5. Coordinates of genomic/epigenomic

elements

Module 2

Figure 1. Functionalities of 3DIV. 3DIV consists of three major modules;
interaction table, interaction visualization and comparative interaction vi-
sualization.

MATERIALS AND METHODS
Hi-C data collection and processing

We processed 80 Hi-C samples as summarized in Supple-
mentary Table S1. Raw Hi-C reads were aligned to the hu-
man reference genome hgl9. Then cis-interactions were ex-
tracted to build raw interaction frequency matrices in 5 kb
resolution. A negative binomial model-based implicit nor-
malization pipeline removed the biases from the interac-
tion frequency matrices. Finally, distance dependent back-
ground signal was normalized to emphasize biologically
meaningful long-range chromatin interactions. Additional
information for Hi-C data processing is described in Sup-
plementary Figure S1 and Supplementary Methods.

Annotations of TADs, GWAS SNPs and epigenetic features

3DIV provides four different TAD calling options using
TopDom (w = 5 or w = 20) (14) and DomainCaller
(w = 500 or w = 2000) (15). Coordinates and associ-
ated phenotypes of disease associated SNPs were obtained
from RegulomeDB (16). Histone ChIP-seq experiments on
38 corresponding Hi-C samples were analyzed to provide
epigenetic features. ChIP-seq sample information and data
processing including enhancer and super-enhancer annota-
tions are described in Supplementary Table S2 and Supple-
mentary Methods.

Implementation of 3DIV

3DIV was implemented in a three-tiered architecture, in
which data, logic and presentation tiers (or layers) are sepa-
rated (Supplementary Figure S2). The advantage of multi-
tiered architecture is the elimination of the need to re-
design retrieval and storage components for new database
instances. Detailed description for the implementation is
provided in Supplementary Methods.

3DIV ACCESS AND DISPLAY FEATURE

3DIV is freely available from https://kobic.kr/3div/ and is
compatible with almost all modern web browsers (Mozilla
Firefox 50+, Google Chrome version 37+, Microsoft Edge
38+ and Safari 10+). 3DIV consists of three modules; inter-
action table, interaction visualization and comparative in-
teraction visualization (Figure 1). Interaction table module
provides a list of long-range chromatin interaction partners
of the queried locus in a table format. Interaction visual-
ization module visualizes the listed interactions using vari-
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Figure 2. Data sources and output result from interaction table module. 3DIV processed data from numerous sources including Hi-C experiments, gene
annotations, GWAS studies and ChIP-seq experiments. From these processed data, 3DIV extracted chromatin interaction frequencies, annotation of
promoters and gene bodies, coordinates of disease-associated SNPs, annotation of enhancer/super-enhancers and histone ChIP-seq signals. Interaction
table provides a list of chromatin interaction partners for the queried locus with the aforementioned genomic/epigenomic annotations.

ous visualization schemes. Comparative visualization mod-
ule visualizes the chromatin interactions of two samples
in a comparative manner. These modules share an identi-
cal querying scheme (Supplementary Figure S3A) and the
querying process is as follows. Users need to pass both the
samples of Hi-C experiment and the locus of interest as the
query. Users can select one or more sample(s) by clicking
the checkbox(es) and the gene name, SNP ID or genomic
coordinates as the query. When the gene name is passed as
the query, 3DIV uses transcriptional start site (TSS) of the
corresponding gene as the queried genomic coordinate.

Interaction table

The output of interaction table module includes bias-
removed interaction frequency, distance-normalized inter-
action frequency, annotation of promoters, disease asso-
ciated GWAS SNPs, annotation of enhancers and super-
enhancers, and histone ChIP-seq signals (Figure 2). Inter-
action table allows users to order annotations by clicking
the column header or to extract interactions by distance-
normalized interaction frequency using the scroll for inter-
action frequency filtration.

Visualization of chromatin interaction

Visualization of chromatin interactions around the queried
locus helps users to intuitively understand implications
of the listed interactions obtained from the interaction
table module. For this purpose, 3DIV provides interac-
tion heatmap (Figure 3A), interaction frequencies with the
queried locus in a form of one-to-all interaction plot (Fig-
ure 3B) and arc-representation of significant interactions
(Figure 3C). Interaction heatmap also provides TAD (topo-
logically associating domains) annotation which is spec-
ified by the TAD calling option combobox (Supplemen-
tary Figure S3A, blue rectangle). Blue bar graph and ma-
genta dot graph in one-to-all interaction plot represent bias-
removed and distance-normalized interaction frequencies,
respectively. Further, the arc-representation provides visu-
alization of significant interactions, which are defined by
the threshold displayed as the green line in interaction fre-
quency graph. Users can change the threshold value of sig-
nificant interactions.
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Figure 3. Output result from interaction visualization module. (A) Shown is interaction frequency heatmap ranged from 179 425 000 to 183 425 000 of
chromosome 3 in H1 embryonic stem cell. The color of the heatmap indicates the level of normalized interaction frequencies and each triangle indicates
topological association domain. (B) One-to-all interaction plot is shown for SOX2 promoter region as bait. Y-axes in the left and the right indicate bias-
removed interaction frequency (blue bar graph) and distance-normalized interaction frequency (magenta dots), respectively. Green line indicates the cut-off
for distance-normalized interaction frequency. (C) Shown is arc-representation of significant interaction for the given cut-off value defined by the green

line in (B).

Comparative visualization of chromatin interaction

3DIV also enables users to perform comparative analysis of
gain or loss of interactions between two samples by gener-
ating a comparative heatmap with automatic scale synchro-
nization. 3DIV provides comparative interaction heatmap
(Figure 4A) and one-to-all interaction plot (Figure 4B). In
comparative heatmap, the cells filled by vivid red or blue
indicate sample-specific interactions. One-to-all interaction
plot is similar to the one generated by general interaction vi-
sualization module, except for the automatic scale synchro-
nization. With comparative interaction visualization mod-
ule and interaction frequency graphs, users can investigate
dynamic long-range chromatin interactions between sam-
ples.

Dynamic browsing, exportation and session management

In addition, 3DIV provides user-friendly features, includ-
ing dynamic browsing system, exportation of output, and
session manager to save and load the result (Supplemen-
tary Figure S4). In dynamic browsing system, users can
easily customize resolution or color range of heatmap by

using the resolution drop-down button and color gradi-
ent bar (Supplementary Figure S4A, green rectangle). Sim-
ilarly, users can dynamically browse one-to-all interaction
plot and arc-representation by simply dragging the whites-
pace on interaction frequency graph to slide the visual-
ization window (Supplementary Figure S4B, blue rectan-
gle). Alternatively, users can zoom-in/out by clicking zoom-
in/out button (Supplementary Figure S4A, orange rectan-
gle) or assign the visualization window by dragging the yel-
low band above interaction frequency graph (Supplemen-
tary Figure S4B, orange rectangle). Moreover, users can
change the queried locus by dragging the red query bar
(Supplementary Figure S4B, magenta rectangle). 3DIV also
provides brief genomic or epigenomic characteristics of the
interaction when users specify an interaction by clicking an
arc-representation of significant interaction (Supplemen-
tary Figure S4C). Additionally, users can hide and show the
visualization element by clicking hide/show button (Sup-
plementary Figure S4A, magenta rectangle). Lastly, 3DIV
allows users to export the visualization result as SVG file for
building publication-ready figures and save or load the re-
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Figure 4. Shown are comparative interaction frequencies around chr1:60 000 000 between H1 embryonic stem cell (H1-ESC) and H1-derived mesenchymal
stem cell (HI-MSC). Key features of comparative interaction visualization are comparative interaction frequency heatmap and synchronized scale. (A)
Comparative interaction heatmap visualizes differential chromatin interaction frequency near the queried locus ranged from 58 000 000 to 62 000 000 of
chromosome 1 between H1 embryonic stem cell and H1-derived mesenchymal stem cell. Red and blue dots indicate chromatin interactions that are H1
embryonic stem cell-specific and H1-derived mesenchymal stem cell-specific, respectively. (B) Shown are one-to-all interaction plots for two samples. Any
adjustment on one plot is synchronized to the other, as well as the cut-off for distance-normalized interaction frequency for arc-representation.
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sult by creating a session without login or registration (Sup-
plementary Figure S3B).

DISCUSSION

It is becoming apparent that 3D conformation of genome
is more complicated than previously anticipated, but there
is no doubt that it is critical to interpret the function of
distal cis-regulatory elements. In this aspect, we have made
efforts to provide a pre-calculated list of long-range chro-
matin interactions with user-friendly visualization system
to be widely used in this field.

Despite the huge scale and intuitive visualization, 3DIV
still has a room for expansion on supporting diverse experi-
mental data, including ChIA-PET, capture Hi-C and single
cell Hi-C, for investigation of 3D genome structure. Addi-
tionally, expansion of database to include non-human or-
ganisms, such as mouse or fly, could increase the value of
3DIV utilization. Thus, we plan to expand 3DIV to sup-
port more experimental results in multiple organisms and
local installation for visualization of users’ own chromatin
interaction data in the future. In summary, we have built
3DIV, a huge database of long-range chromatin interactions
from all publically available human Hi-C data with an intu-
itive visualization system, which would assist in deciphering
functions of many cis-regulatory elements.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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