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ABSTRACT

Genomic and transcriptomic image data, repre-
sented by DNA and RNA fluorescence in situ hy-
bridization (FISH), respectively, together with pro-
teomic data, particularly that related to nuclear pro-
teins, can help elucidate gene regulation in rela-
tion to the spatial positions of chromatins, messen-
ger RNAs, and key proteins. However, methods for
image-based multi-omics data collection and anal-
ysis are lacking. To this end, we aimed to develop
the first integrative browser called iSMOD (image-
based Single-cell Multi-omics Database) to collect
and browse comprehensive FISH and nucleus pro-
teomics data based on the title, abstract, and related
experimental figures, which integrates multi-omics
studies focusing on the key players in the cell nu-
cleus from 20 000+ (still growing) published papers.
We have also provided several exemplar demonstra-
tions to show iISMOD’s wide applications—profiling
multi-omics research to reveal the molecular target
for diseases; exploring the working mechanism be-
hind biological phenomena using multi-omics inter-
actions, and integrating the 3D multi-omics data in a
virtual cell nucleus. iSMOD is a cornerstone for de-
lineating a global view of relevant research to enable
the integration of scattered data and thus provides
new insights regarding the missing components of
molecular pathway mechanisms and facilitates im-
proved and efficient scientific research.

GRAPHICAL ABSTRACT
iSMOD: Image-based Single-cell Multi-Omics Database

Data Source

=3 .
I Science Cell
/H“\\LL, Nucleic Acids Research .-

Applications

Annotations

@9@&%

R § S -
T S G

Cy e <
Functional Modules

&l E ad

Search Browse Statistics

Virtual Cells

Statistical Research

INTRODUCTION

The progress made in omics has increasingly demonstrated
that different types of omics data (e.g. genomics, transcrip-
tomics and proteomics) can crosstalk to ensure mutual reg-
ulation and control of various biological processes and dis-
eases. Consequently, research questions can never be fully
answered by implementing a single omics type. Integrated
multi-omics analysis provides a systematic strategy for un-
derstanding the native and altered states of cells in their en-
tirety by threading data from multiple omics fields, greatly
expanding our understanding of different cellular processes
(1-3).

After decades of research and innovation, the technolo-
gies and analysis methods used in the respective omics fields
have seen significant advances. The spatial location of genes
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and their messenger RNAs is recognized as crucial for their
transcription and regulation. In the era of genomics and
transcriptomics, fluorescence in situ hybridization (FISH)
(4) has become an essential method to understand the spa-
tial location of genes and messenger RNAs. Consequently,
this method has been widely employed for several decades in
the diagnosis of genetic diseases and identification of the ge-
netic aberrations underlying their pathologies (5). Recently,
(multi-color) FISH and its high-throughput derivatives, in-
cluding MERFISH (6), seqFISH/seqFISH+ (7,8), osm-
FISH (9), split-FISH (10), MINA (11) and others (12,13),
have provided a feasible means to effectively verify the chro-
matin interactions between promoters and enhancers. Most
of these methods arise from chromosome conformation
capture (3C)-derived methods, such as Hi-C (14) and ChIA-
PET (15); such high-throughput acquisition technologies
can generate rich genomic and transcriptomic datasets.

By contrast, the spatially and functionally distinct nu-
clear condensates, such as nuclear bodies, are essential for
the regulation and compartmentalization of gene expres-
sion in different cell types (16). By self-assembly through
phase separation and increasing reaction kinetics, nuclear
bodies have been found to contribute to specific nuclear
processes and inter-chromosomal interactions (17). Spa-
tial information about the key proteins specific to these
nuclear bodies is crucial for understanding their position-
ing as landmarks to help locate the position of genes and
to facilitate gene expression or RNA processing. With the
increasing availability of platforms, such as ProteomeX-
change (18), Proteomics (19), PRIDE (https://www.ebi.ac.
uk/prid), PeptideAtlas (20) and MassIVE (https://massive.
ucsd.edu/ProteoSAFe/static/massive.jsp), omics data shar-
ing is rapidly expanding and becoming more popular (21).
In fact, datasets on both genomics and proteomics are
available (https://ega-archive.org/about/introduction). The
availability of such large amounts of data promotes stud-
ies on proteomics and the integration of other omics data.

Considering the intrinsic correlation among different
omics levels, combining the three-dimensional (3D) loca-
tion information of DNA, RNA, and key nuclear proteins
based on previously described advanced acquisition tech-
nologies can help identify the mechanisms of transcription
and gene regulation in relation to different diseases. After
decades of exploration, there is now a massive amount of
rapidly growing yet scattered, valuable multi-omics data on
specific topics. It is now possible to integrate these data sys-
tematically to accelerate new discoveries. It is, thus, clear
that a search engine enabling the aggregation of multi-
omics data is required. Surprisingly, all published data on
FISH and protein spatial location have not been collected
nor organized into databases using comprehensive anno-
tation, classification, description, and statistical analyses,
to enable efficient subsequent investigations. Although re-
searchers have recently developed excellent browsers (22—
24) for efficient sharing and searching, they do not function
with combination studies to integrate the spatial data for
DNA/RNA and related proteins.

In this study, we created an integrative browser called
iISMOD (Image-based Single-cell Multi-omics Database,
https://www.i-smod.com), which collects and browses pre-
viously published papers for three types of image-based

omics data: genomic (primarily DNA FISH), transcrip-
tomic (mainly RNA FISH), and nuclear proteomic (focus-
ing on key proteins in the nuclear pore complex, subnu-
clear compartments, nuclear speckles, paraspeckles, nuclear
stress bodies, and Cajal bodies) data. iSMOD was built
using comprehensive information from the title, abstract,
keywords and all experimental FISH or nuclear protein
images (currently comprises 23,288 articles and continues
to expand) in published research articles available through
PubMed. Furthermore, we constructed a search engine that
allows users to browse the database with customized search
options, such as FISH method, species, gene name or gene
location, cancer cell, cell type, allele and protein. The results
can be presented in either tabular or graphical forms; the
former lists the related papers with publication information
(such as title, author, corresponding author, and journal)
and experimental sub-figures together with corresponding
figure captions and descriptions, while the latter presents
the statistics and relationships among the search results in
a graphical form.

As an exemplar demonstration of the function of iS-
MOD, we have described four examples: building knowl-
edge graphs of researchers and various research topics in
this field; investigating the molecular mechanism of specific
diseases by integrating the FISH of the genes or alleles in a
chromatin region; creating a virtual cell to integrate several
multi-omics data from different groups; inferring the work-
ing mechanism of specific topics from the extracted multi-
omics interactions.

As the first integrative browser for image-based multi-
omics data focusing on the cell nucleus, iISMOD will be of
great benefit to the research community, bringing together
the large amount of existing data and research results, help-
ing explore the global scenario, revealing new trends, and
inspiring task-specific combinatorial analyses.

MATERIALS AND METHODS
iSMOD data collection and annotation

Article acquisition. For a comprehensive collection of the
single-cell multi-omics academic papers, we retrieved all
downloadable papers published before April 2023 (regu-
lar updates are being made) from Pubmed Central (PMC,
https://www.ncbi.nlm.nih.gov/pmc/articles) with the term
“fluorescence in situ hybridization’ and a list of nuclear pro-
teins covering the categories such as clastosome, polycomb
body, cajal body, perinucleolar compartment, histone lo-
cus body, nuclear stress body, lamin, paraspeckle, nuclear
speckle, cohesin, nuclear pore complex, nucleolus, condens-
ing, and kleisin. Further, we included additional related
papers with the same search keywords from high-impact
journals [mainly Science (https://www.science.org/) and Cell
(https://www.cell.com/)] that are excluded from PMC. In
total, 89 299 papers have been downloaded, among which
only those with FISH or nuclear proteins mentioned in the
title, abstract, or figure captions of experimental images are
reserved.

Keyword library construction. A keyword library was con-
structed, covering the information at three omics levels to
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help organize the database in a systematic way for brows-
ing and searching. To serve users from different research
fields, we provided diverse search fields, including species,
gene, protein, cell name, cancer, and probe. For each search
item, we use crawlers or official FTP to build a relatively
complete keyword library.

e The species library is from NCBI (ftp://ftp.ncbi.nih.gov/
pub/taxonomy/), with the abbreviation of each scientific
name supplemented (e.g., Homo sapiens was abbreviated
to H. sapiens).

e The gene library of various species was obtained
from http://ftp.ensembl.org/pub/ (25,26). Genes that are
named after common daily words (e.g., ‘a’, ‘for’, ‘fig’) or a
letter with a number suffix (e.g., ‘F3’, ‘F2’) were discarded
from the gene list to avoid confusion.

e The cell name library was primarily obtained from ATCC
(https://[www.atcc.org/en/cell-products/human-cells) and
the Human cell markers category in CellMarker (http://
bio-bigdata.hrbmu.edu.cn/CellMarker/download.jsp).

e The cancer library was largely obtained from
https://www.cancer.gov/types, while the can-
cer cell list was obtained from CCLE (https:
//depmap.org/portal/download). For cancers and
cells with multiple aliases aside from their scientific
name (e.g., APL for acute promyelocytic leukemia), we
assigned a unique index.

e The probe library was primarily derived from ‘The
Molecular Probes Handbook’ by ThermoFisher
(https://www.thermofisher.cn/cn/zh/home/references/
molecular-probes-the-handbook.html).

e The protein library was largely obtained from previous
research and reports on nuclear proteins.

We were then able to extract the multi-omics information
as textual labels for each article and match the labels with
the keyword library.

Automatic figure parsing. Considering that experimen-
tal figures often refer to the core points of the arti-
cle, we extracted the images and their textual informa-
tion for paper annotation. We then developed an auto-
matic figure parser according to the following steps: (i)
Applied optical character recognition (OCR) technology
to recognize the text information embedded in a figure,
including those in the figure legends (such as A/B/C,
etc.). Specifically, we used PaddleOCR (https://github.com/
PaddlePaddle/PaddleOCR) implemented by PaddlePaddle
based on Tensorflow 1.14, which predicts the location of
all text blocks and recognizes the content at high fidelity.
(i1) Segmented each figure into panels by adaptive bina-
rization and applying image morphological processing tech-
niques, which is effective in segmenting fluorescent mi-
croscopy images. (iii) Designed discriminative image fea-
tures (described with color moments and color texture mo-
ments) and trained a support vector machine (SVM) to fil-
ter the non-fluorescent images, such as statistical graphs
and ordinary fluorescence images. We excluded manuscripts
without figures/panels reserved to prevent them from enter-
ing the pool even though relevant textual information, such
as FISH, may be contained in the introduction or related
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context. (iv) Assigned labels for each candidate panel to be
the closest OCR-predicted text box with up to two valid
characters (either letters or numbers). Moreover, the text
inside the panel was regarded as its text description, which
generally refers to the related gene, chromosome, or protein.
For clarity, we described the workflow of figure parsing in
Extended Data Supplementary Figure S5.

Annotation of pairwise interaction information. The ex-
traction of pairwise interaction information was conducted
based on the keyword annotations of the massive articles
and figures, under semantic guidance of multi-omics in-
teractions. To accurately process millions of related para-
graphs from articles in our database, we first identified a
set of ‘anchors’ indicating interactions (including ‘interact’,
‘validate’, ‘contact’, ‘loop’, ‘corroborate’, ‘promoter’ and
‘enhancer’, along with their derivatives such as the noun
and past participle forms) to narrow the search scope.
Thereafter, we extracted keywords of genes, alleles, pro-
teins and their aliases from the anchor’s neighboring con-
text, and the extracted keywords were judged to have pair-
wise interactions.

Textual annotation of the database. From an empirical
perspective, it was deemed unlikely that the omics items
appearing only in the abstract or conclusion section rep-
resent the main research object of a paper (particularly if
there are no relevant experiments or figures). In addition,
if a FISH method or derivative was not mentioned in the
abstract, figure caption, or reference context, it may only
serve as an introduction or reference and is, therefore, not
within our scope of exploration. Accordingly, for an article,
we extracted multi-omics terms from the title, abstract, and
figure-related text (including the figure caption filtered by
the SVM and the context referencing the figures) for anno-
tation, via string matching between these extractive descrip-
tive words and the keyword library. Since string matching
with a huge keyword library comprising millions of items
is time-consuming, we implemented a rapid matching algo-
rithm adopting the following strategies:

e For each item in the keyword library, two indices were
maintained—the string length and number of words.

e Given a descriptive sentence, we parsed it into candidate
phrases and searched the library from the items with the
matching number of words and letters.

e The search began from the longest items until successful
matching.

e For genes, we only searched the gene library of the target
species.

e For items that share the same names with common words
in English, we counted the number of times that they were
mentioned in the manuscript; entities with few appear-
ances were excluded.

iSMOD database and website construction

Article information organization. We organized the dataset
via object-oriented programming, with each article, figure,
and figure panel serving as an object and annotated with
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proper keywords. For an article object, the annotation key-
words were obtained from the title and abstract; for a fig-
ure object, the keywords were extracted from the caption
and reference context matching its label; for a panel object,
keywords were primarily obtained from the corresponding
text recognized by OCR.

The classes were organized in a hierarchical manner, as il-
lustrated in Extended Data Supplementary Figure S6. First,
we defined the article class describing the article ob-
jects, the data members of which included title, abstract, au-
thor(s), correspondence information, author’s affiliations,
publication time, DOI, journal name and keywords such
as species and cancer. Next, within the article class, we
introduced a member describing its own figures defined by
figclass, featuring the figure caption, figure ID, image file-
name, reference context, and various keywords contained
in the caption and reference context. Finally, given that
an article figure often comprises multiple panels, of which
only a proportion are informative for multi-omics studies,
we further inherited a ‘panel’ class from ‘fig’ to represent
the panel objects. Here we added two features, i.e., the la-
bel of the panel and the text contents within or about the
panel. The keywords, author, and date were also described
with corresponding classes, i.e., kword, author and data
respectively.

Fortunately, most articles either provide corresponding
.xml files in the Pubmed database or html versions on their
website, which help retrieve various information through
html tags, ID, and references. We extracted the aforemen-
tioned content via string parsing, such as searching tags by
regular expressions. An example of retrieving the compre-
hensive information from a paper (27) is shown in Extended
Data Supplementary Figure S7.

Database and website construction. Based on the keyword
libraries and annotation of the reserved 23 288 articles, we
established a two-level database of articles and figures, and
sub-databases of authors, publishing dates, corresponding
authors, and various keywords, using MySQL 8.0. Further-
more, to ensure facile and extensive use of the database,
we constructed a PHP-based iSMOD website on the Elas-
tic Compute Service server provided by Alibaba Cloud, Al-
ibaba Group, China, with a css style template, and dy-
namic behaviors implemented with JavaScript.

We also provide browse and search services for the large
database. For customized searches, detailed in the next sub-
section, one can retrieve a collection of articles via key-
words in different fields, and the results will then be dis-
played comprehensively, including all publishing informa-
tion of the article and the experimental figure panels. We
have achieved rapid queries via the application of a pre-
stored index. In fact, even complex queries involving mul-
tiple data fields can be executed within seconds. In addi-
tion, we provide the quantitative statistics and graphical
visualization of search results in real-time, which is imple-
mented by multi-core CPU using R language and can adap-
tively select the proper plot type (such as bar plots, pie
plots, or circular bar plots) according to the amount of re-
trieved data. Under the statistics tab of the search result
page, one can see the frequency distribution of tens of items
(FISH types, proteins, species, cancers, cancer cell names,

genes, cell types, cell names, probes, alleles, cell cycles, imag-
ing methods, FISH derivatives, journals, and authors) and
frequency evolution across years of species and publishing
journals. Simultaneously, iSMOD also collects the inter-
acting pairs in the result list to generate a real-time inter-
action knowledge graph, which can be further filtered to
a sub-graph displaying connections in a specific cell type.
For database browsing, we organized the data hierarchi-
cally through various types and provide corresponding sta-
tistical plots and knowledge graphs for each selected item.
Notably, the steps of gathering statistics, drawing statistical
plots and knowledge graph based on the search results or
item to be browsed are optimized to asynchronous execu-
tion and loading, greatly reducing the loading time.

Customized query and result filtering In addition, iS-
MOD provides customized query and result filtering, ac-
cessed by simply selecting from the combobox or clicking
the checkbox in the GUL

e Different search options: By entering the keywords in one
or more of the fields in the search boxes of iSMOD, users
can retrieve all the relevant published papers from iS-
MOD. Moreover, iISMOD offers functions for searching
the articles related to a given gene or a set of genes within
a range of chromosomal coordinates.

e Comprehensive results: The search results are displayed in
a table with three columns. The left column is a brief list
of the publication information, with a hyperlink to the
digital object unique identifier (DOI) and corresponding
author address. The middle column displays all experi-
mental images obtained by fluorescent microscopy, along
with their captions, for which image processing and OCR
algorithms are used. The right column is the information
set retrieved from the paper, including the species, genes,
cancers, cell types, alleles, FISH methods, and other key-
words. It is worth mentioning that the corresponding
link of the detailed information of genes and proteins,
such as position, description, and function, is provided
by hovering the mouse over the item, which is achieved
by loading a .json file storing links from the Ensembl
database (https://ensembl.org, for species-specific genes)
and the protein library of National Institutes of Health
(https://www.ncbi.nlm.nih.gov/protein, for proteins).

e Customized filtering: For the search results, we provide
two filtering types for individualized refining. First, the
3D FISH’ and ‘distance’ checkboxes filter the items con-
taining or mentioning 3D FISH or gene distance data,
respectively. Second, for queries with chromosomal co-
ordinate ranges, a filter specifying gene names within the
range is displayed to reserve a specific subset.

e Save the search results: In addition to tabular and graphi-
cal presentation, iISMOD prepares a summary, including
the number of articles, genes, cell lines, and DNA/RNA
FISH types matching the query. Furthermore, we provide
an offline text including the list of retrieved information.

Construction of knowledge graphs

All knowledge graphs in our website are generated based on
Vis.js (https://github.com/visjs/vis-network) and cover the
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relationship network describing author collaboration, au-
thor’s research field, and entity interaction. Different types
of graphs are provided to obtain a complete profile the
database and facilitate deep statistical analysis of the rela-
tional knowledge of researchers, research topics, and bio-
logical interactions from a multi-omics perspective.

Mapping of author collaboration graphs. In the author col-
laboration graph, the node represents an author and is as-
signed a weight (i.e. size) proportional to the total citations
to all his/her published papers collected in the database.
We obtained the citation count for each article in Google
Scholar as of April 2023. The edges describe the number
of coauthored papers in iISMOD between its associated au-
thor pair. Since this database involves nearly 100 000 dif-
ferent authors, the graph only displays author nodes with
>1600 citations. Nevertheless, by inputting the names of
one or more authors in the multi-line plain-text editing area
above the graph, one can obtain a complete collaboration
graph associated with the input names, which is expected
to promote understanding of the current research status
in the field and benefit enhanced cooperation. Besides, the
users can customize author collaboration graphs of differ-
ent FISH methods and their derivatives. Such sub-graphs
are built from the subset of articles annotated by the corre-
sponding FISH method.

Mapping of bipartite author-topic graph and its projections.
We constructed a bipartite author-topic graph to display the
research focus of the authors in iISMOD, with each graph
node denoting an author or topic and the edges connecting
each author to his/her research topic(s). We defined topic
nodes for all FISH methods and nuclear proteins present
in iISMOD. The weight of the topic node in this graph was
set as the number of articles referring to this method, and
that of the author node represents the total citation count
in Google Scholar (down-scaled by 10 times to match the
range of weight of the method/protein node). To avoid node
explosion caused by the huge number of authors, only the
author nodes with a weight exceeding 400 are displayed in
the bipartite graph. A topic-author edge exists only if the
associated author has published at least one article anno-
tated with the corresponding topic. Each edge is assigned a
weight proportional to the number of the author’s papers in
this research area. From all key topics, we can build a global
bipartite author-topic graph, as shown in Figure 2A.

To show the author-topic relation knowledge for sub-
fields, we can also generate projection graphs for specific
research topics, e.g. the DNA FISH, RNA FISH, nucleic
protein, or their sub-classes, according to the annotations
of each article. Three representative results are displayed in
Figure 2B-D. To maintain consistent configuration among
all author-topic graphs/sub-graphs, the nodes in each pro-
jection graph contain the same setting as in the global bipar-
tite graph. In the projection graph, all authors (regardless
of their citation count) associated with the method/protein
are displayed, with the positions of high citation nodes
presented in the whole bipartite graph fixed to reveal the
unique connection between authors and methods. Corre-
spondingly, the collaborations between newly introduced
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authors (not included in the bipartite graph) are added as
new edges.

Mapping of the entity interaction graph. We construct in-
teraction graphs based on the entity interactions retrieved
from articles in iISMOD Dbased on preset anchors. Simi-
larly, the node in the interaction graph denotes an entity
that could be a gene, protein, or allele, with its weight pro-
portional to the number of articles referring to this item.
An edge represents an interaction between two interacting
entities, and the weight is the count of corresponding inter-
actions retrieved from the whole database. For deeper dis-
covery of relational knowledge, we can extend the graph by
retaining the genes, alleles, and proteins that are linked with
promoters or enhancers.

To serve users from different sub-fields, the graph can be
further customized and filtered to display only specific cate-
gories by using the function of adding and deleting grouped
entities in Vis Dataset, Similar to the author collaboration
graph, the filtered sub-graph can also be obtained by in-
putting the entity name(s) of interest, where only entities
with interaction(s) with the input terms, and the enhancer
and promoter, are displayed.

Additionally, in the comprehensive representation of cus-
tomized search results or papers related to the selected item,
the interactions in the list are gathered with their corre-
sponding cell type annotations to form a .json file, which is
used for the construction of the real-time entity interaction
graph. Employing the cell type(s) as a checking label, the
sub-graph on a specific cell type can be displayed by select-
ing the item in a drop-down menu, promoting cell-specific
interaction research on multi-omic entities.

The module identification and role classification of the
graphs. Guimera and Amaral have shown that a complex
graph can be divided into functional modules; the nodes
with varying features and importance can then be catego-
rized into different roles according to their connection pat-
tern intra- and inter-modules (28). By extracting the module
and role information in a complex network, either author
collaboration or entity interaction graph, one can obtain
a coarse-grained version that can better help researchers
isolate important clusters or communities and offer intu-
itive insights into academic leadership and research foci.
We utilized the rnetcarto package (https:/github.com/
cran/rnetcarto) in R language to respectively perform mod-
ule identification and role classification for the graphs. In
the graphs describing author cooperation and entity inter-
actions, we used distinct node colors for different modules,
and different shapes to distinguish their roles in the graph.
For the bipartite author-method graph, we set the option
‘bipartite’ in the rnetcarto to true to perform analysis
on authors only.

Metrics of the graph. 1In the study of the social network
of scientific collaborations, quantitative measures are pro-
vided to depict the degree distribution and connectivity of
complex graphs (29). As for our proposed graphs, we calcu-
lated the average and maximum degree of the author collab-
oration graph; the following formula derives the clustering
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Figure 1. Construction and functions of iSMOD. (A) lists the numerous attributes (such as species and gene data) in iSMOD and the corresponding number
of entries. Using published literature on various FISH derivatives (B) and nuclear proteins, iSMOD extracts relevant figures and key information from
multiple perspectives and provides three main functional modules: search, browse, and statistics, as well as three types of knowledge graphs highlighting
the connections between authors and entities. The steps are sequentially numbered in (C).

coefficient of a node v; in the complex graph (30):

2|Uvj,vk€N(v,-) {(vjv vk)} |
IN@)[(IN@)|—=1)

Cu) = (1)

where N(v;) is the set of all nodes with connection to v;. (v;,
vi) is 1 if the nodes v; and vy are connected, otherwise it is 0.
IN(v;)l is the size of the set N(v;). The clustering coefficient
represents the actual number of edges formed by the set of
immediate neighbors of the node divided by the number of
possible edges formed by the set. The average clustering co-
efficient characterizes the property of dense connection and
can be derived by averaging the clustering coefficient of all
nodes in the graph. The density of a knowledge graph pro-
posed by Otte and Rousseau quantitatively depicts the ag-

gregation from another perspective as (31)

A 2G
CNx(N-1)

where N is the number of nodes and G is the number of
edges. Finally, the Floyd’s algorithm (32) is performed to
calculate the diameter of the proposed networks, i.e., the
maximum value of the shortest distances between any two
nodes in the graph that are connected directly or indirectly.

(@)

Construction of 3D virtual cells

We demonstrate iSMOD’s 3D reconstruction annotation
and data integration capabilities through the four virtual
cells shown in Figure 4B and E-G, which have been vi-
sualized in an interactive manner on the homepage GUI
of iISMOD. Specifically, the construction of virtual cells
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Figure 2. Bipartite author-topic graph and its projection graphs. (A) The bipartite author-topic graph built from the iSMOD database. (B-D) The projec-
tion author-topic graphs for DNA FISH (MERFISH), a nuclear protein (CUGBP) and RNA FISH (seqFISH), respectively. The green nodes represent
the nuclear proteins, the orange nodes represent the FISH derivatives, and the gray nodes represent the authors. The roles of the nodes are depicted by

their shapes.

can be described in two steps: 3D data collection and
3D modeling.

3D data collection.  All source data in the exemplar mod-
els rely on the compound search and comprehensive anno-
tation of iSMOD. For the distribution of the same gene at
different stages, we input the gene name or chromosome in-
terval of interest (e.g. Xist) in the ‘Gene’ text box of iS-
MOD, select ‘FISH type’ in the ‘Other Keywords’ options,
and select the 3D option in the filter box of the search result

page. As the figures and captions provided by iSMOD can
indicate whether the manuscript contains images of related
genes, potential candidates that may provide 3D FISH ex-
perimental images or coordinate lists can be obtained. Due
to limited data availability, 3D images or coordinate data
typically appear in supplementary materials/source data at-
tached to the article or are provided directly by the au-
thor. For example, in the two pieces of source data inte-
grated in Figure 4B, the article by Takei et al.introduces its
data repository (https://zenodo.org/record/3735329) in the
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Figure 3. Examples of molecular mechanism investigations for diseases, based on the integrations of FISH data for the genes or alleles in a given chro-
matin region. (A, B) Distribution of genes in human (A) and mouse (B) chromosomes studied in iSMODdatabase. (C) The mechanism inferred from the
retrieved articles studying gene HBB in region Chr11:5225464-5269945. (D, E) Distribution of alleles imaged by FISH in human (D) and mouse (E)
chromosomes. (F) The graph produced by integrating results from iSMOD on the Beckwith-Wiedemann and Silver—Russell syndromes, which are closely
related to alleles in the 11p15.5 region. The red boxes represent the maternally expressed genes, whereas the blue boxes represent the paternal genes.
(G, H) Stacked bar plot for cancer cell lines (panel G, categorized by organs) and for cancers (panel H, categorized by general cancer types).

‘Data Availability’ section (33), while the article by Shiura
et al.provides the original 3D image files in the email com-
munication with us (34). The former contains the voxel-wise
measurement of 3D coordinates of multiple genes and pro-
vides sufficient information to allow the labelling of specific
genes, such as Xist, and integration with data from other
articles. Specifically, we derived the convex hull of the coor-
dinate set of all genes in each cell and regarded its centroid
as the center of the cell. We then obtained the location of
the Xist with respect to the cell center based on the given
voxel size. For the files provided by the latter, the vesicle la-
beling and cell segmenting functions in Imaris were applied
to generate a three-dimensional coordinate list of Xist in
cells at different developmental stages. For the joint visu-

alization of multiple multi-omic entities in the same type
of cells, we employed a similar method to obtain accessi-
ble data from iISMOD, with ‘MERFISH’ selected in the
‘Method’ options and the 3D filter enabled. As a result, sev-
eral articles guided us to obtain MERFISH imaging data
of the mouse brain receptor map from the official web-
site of Vizgen, Inc. (https://info.vizgen.com/mouse-brain-
data), which aided us in building the model shown in Fig-
ure 4 E. The model shown in Figure 4F and G is derived
from the article by Su et al. (35) in search results that pro-
vides source data in the "Data and Code Availability” sec-
tion (https://zenodo.org/record/3928890), which contains
a 3D coordinate list of genes, chromosome coordinates,
transcriptional information, and distances to nucleoli or
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Figure 4. Examples of exploring the working mechanism under biological phenomena and integrating 3D omics data from different sources. (A) Knowledge
graph of entity— connections in terms of phase separation. Different between-node relationships are distinguished with edges of different line types, and
the numbers indicated on the edge represent the index of the corresponding cell type or cancer cell line, listed in the legend. (B-G) Integration and analysis
of single-cell multi-omics data, focusing on genomic data with the spatial distributions of Xist in different retrieved references as one example (panels
B-D) and spatial transcriptomic data with MERFISH in mouse brain cells (panels E-G). (B) Based on the 3D coordinates of many genomic loci from
seqFISH, the location of Xist (shown in blue) in other phases is added after the normalization of the 3D coordinate system. (C) Schematic showing the
analysis of the 3D position of Xist, using shells of equal radius division. (D) The assumed random distribution of genes in different shells, analysis of the
3D positions of Xist in various shells in seqFISH (33) and analysis of the 3D positions of Xist in various shells during different developmental stages
(E3.75, E4.0, E4.25 and E4.5) in Shiura et al.’s study (34). (E) The 3D visualization of MERFISH data in mouse brain cells. (F) Multi-omics visualization
of the ISMOD integration of single IMR-90 cells in 3D space. The genes that are not transcribed are shown in green, whereas those transcribed are depicted
in gray. Red and blue dots denote nucleoli and speckles, respectively. (G) Zoomed-in view of (F) with coordinates region x:88737-92337, y:121237-124837,
2:0-2679 (unit:nm). The genes that overlapped with homeobox (HOX) gene family on chromosomes are marked in purple.
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speckles. Notably, we reserved the coordinates with distance
to nucleoli or distance to speckles <5 nm, which can be con-
sidered as the positions of nucleoli and nuclear speckles.
In addition, in the zoomed-in model shown in Figure 4G,
We highlighted the genes that overlap with the HOX genes
family (HOXD1, HOXD3, HOXD4, HOXD8, HOXD9, HOXD10,
HOXD11, HOXD12, HOXD13, HOXC4, HOXCS5, HOXC6,
HOXC8, HOXC9, HOXC10, HOXC1l1l, HOXC1l2, HOXC13,
HOXA1, HOXA2, HOXA3, HOXA4, HOXAS, HOXA6, HOXA7,
HOXA9, HOXA10, HOXA1ll, HOXA13, HOXB1l, HOXB2,
HOXB3, HOXB4, HOXB5, HOXB6, HOXB7, HOXB8, HOXBO,
HOXB13) on chromosome coordinates as purple dots.

3D modelling. We have built the interactive 3D virtual
cell models in the 3D Virtual Cell” column of the iS-
MODhomepage. Specifically, we performed normalization
on the coordinates of the points in each virtual cell and then
recorded them in several arrays as a .json file according to
different categories (e.g., gene, transcription, nucleoli, and
speckles), with the category name serving as keys. In par-
ticular, in the model shown in Figure 4 E, each point object
contains a key-value pair for gene name, while in the model
shown in Figure 4F and G, the innumerable gene and tran-
scription point objects contain a key-value pair for trans-
parency, which are usually relatively small. Based on the
API of the Lufylegend.js engine (http:/lufylegend.com/api/
en_US/out/index.html) for model plotting and Ajax tech-
nology for loading .json files, the drawing of coordinate
planes and points is carried out on the Canvas element.
For convenient use of the models, we set up a mouse event
enabling users to change the perspective by dragging the
mouse. Further, by clicking the corresponding title, a new
page with the enlarged version of the virtual cell is accessed,
where one can further filter different omics tags by mak-
ing part of the points invisible on the canvas. In addition, a
range slider is provided to zoom in/out on the model, which
is achieved by redrawing each element on the canvas with a
updated size.

RESULTS
Data sources and functions of the iSMOD database

iISMOD has collected 23 288 papers on FISH and nu-
clear proteins in the life sciences and medical fields from
PubMed. For each paper, we conducted systematic process-
ing for comprehensive textual annotation, including FISH
types (DNA or RNA), proteins, species, gene names, can-
cers, cell types, cell names, cell cycles, dyes, FISH deriva-
tives, and other keywords or search terms. Additionally,
the genes and proteins were recorded with the links to
their detailed information in the Ensembl gene database
(https://ensembl.org) and the protein library of National In-
stitutes of Health (https://www.ncbi.nlm.nih.gov/protein),
respectively. The distributions in terms of different labels
and FISH techniques are shown in Figure 1A and B, re-
spectively. Specifically, we extracted the textual annotations
(i.e., keywords) of each article from its publishing informa-
tion, title, abstract, and figures with their embedded texts,
captions, and related descriptions parsed automatically, as
demonstrated in the middle block of Figure 1C.

To enable researchers in related fields to easily utilize the
tool and thus expand the flexible and diverse use of iISMOD,
we developed a user-friendly graphical user interface (GUI)
based on php, as shown in the lower block of Figure 1C.
The GUI has three key modules. (i) The ‘Search’ module
supports customized searching of the repository with differ-
ent annotated fields such as the method, species, gene, and
users can use either a simple query search with one field or a
more complex search using multiple fields. (ii) The ‘Browse’
module allows users to browse through the database based
on different categories, including species, cancer, gene, pro-
tein, probe, allele, journal, and author, and provides statis-
tical analysis of the selected item (e.g., Myc in gene mod-
ule). (ii1) The ‘Stats viewer’ module provides a comprehen-
sive graphical illustration of the categorical distribution of
the search results or selected item in the browser, by plot-
ting the qualitative statistical figures of the database from
different perspectives. The GUI is accessible in Windows,
Linux, MacOS and Android systems and supports multiple
browsers and screen resolutions. The user interface for the
three key modules has been demonstrated in Extended Data
Supplementary Figure S1, Extended Data Supplementary
Figure S2, and Extended Data Supplementary Figure S3,
respectively. For other functions, please refer to the user
manual (https://www.i-smod.com/user_manual.pdf), which
provides detailed documentation and step-by-step instruc-
tions for the usage of iISMOD.

Such a large database, together with comprehensive an-
notations of the author, research topics, and entity inter-
actions, is bound to form a huge, complex associated net-
work. iISMOD provides tools for constructing knowledge
graphs to analyze the key insights buried in such a huge
network. Generally, we built three types of graphs for in-
tegrative study: author—author connection (i.e. collabora-
tion), author—topic connection, and entity—entity connec-
tion (i.e. biological interaction), as shown in the upper block
of Figure 1C.

Statistical characteristics of iISMOD

With such a large repository and comprehensive annota-
tions, ISMOD provides multi-dimensional statistical plots,
revealing the focus and trends of multi-omics research. The
bar plots in Extended Data Supplementary Figure S4A il-
lustrate the proportions of different species, genes, and can-
cers that can be viewed via the ‘Stats viewer’ GUI. In ad-
dition, the distribution is displayed in Extended Data Sup-
plementary Table S1 with only the top 10 entries reserved.
The sorting and distribution can help identify the hot top-
ics in this field. For example, from the frequency distribu-
tion of the articles based on specific species, one can see
that research on humans and mice has been the predomi-
nant focus, and the use of Drosophila and budding yeast
has also been relatively common in FISH analysis. Coupled
frequency plots are also provided in Extended Data Sup-
plementary Figure S4B. By enumerating the research pa-
pers on different species over the years, the development
trends for species studied using multi-omics can be assessed.
Additionally, the proportions of different imaging meth-
ods and different omics levels are plotted in Extended Data
Supplementary Figure S4C. For instance, one can roughly
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determine how many genes have allele-specific FISH data
using the frequency plot for allele names. Overall, we can
obtain tens of informative statistics and leave more open for
users.

GUI of the search engine

Customized searching. To make iISMOD more user-
friendly, we have constructed a website that has a user-
friendly GUI for customized searching, as shown in Ex-
tended Data Supplementary Figure S1. The interface pro-
vides various aforementioned search fields and supports
switching among three display modes for the comprehensive
search results (tabular listing, graphical plots, and knowl-
edge graph) implemented in the GUI of stats viewer. More-
over, options are available for filtering 3D data and saving
the annotated search results and publication information in
a summary document; see methods in Section ‘Customized
query and result filtering’ for details.

Repository browser. While the ‘Search’ module offers a
rapid and facile means for users to view multi-omics articles
with specific titles or attributes, the ‘Browse” module com-
prehensively organizes all data from iSMOD into different
perspectives to meet the demands for further exploration
in diverse backgrounds. A browser with a GUI was con-
structed to provide rapid access to the massive amount of
categorized data and organizations, as shown in Extended
Data Supplementary Figure S2. As a user switches among
the categories, all entries of this category in ISMOD are dis-
played as a clickable list, and a circular bar plot of the top
100 frequency entries in the category is displayed, which in-
tuitively characterizes the focus of related studies to some
extent. By selecting an entry of interest in the list, a new
page similar to the search results is displayed to provide an
overview for all article information and statistics in the sub-
database containing this entry. The offline summary docu-
ment is also available for download from the summary mod-
ule in this page.

Stats viewer. The website has a stats viewer to display the
search results in three modes: The tabular listing shows the
information of each item matching the query, whereas the
graphical plot and knowledge graph (interaction network)
provide statistical depictions rendered from the search re-
sults on another page, resulting in a more intuitive overview
of the query. Users can switch among the three modes us-
ing the radio button on the results page. On browsing the
repository, the users can also see the statistics of the papers
related to the selected item using similar graphs.

The graphical plots are generated online using R, and the
knowledge graphs are displayed using Vis.js (https://github.
com/visjs/vis-network), where colors indicate the modules
(similar to a community), and shapes indicate the node
functions.

Exemplar Applications

Research profiling of the image-based single-cell multi-omics
field.  One of the core functions of iSMOD is to generate
a global overview of the topics of the user’s interest, to as-
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sist with tasks such as quickly conducting a scoping review,
identifying hot topics or the right collaborators, or locating
a specific reference. A huge complex network exists among
the comprehensive annotations of tens of thousands of pa-
pers in iSMOD, and a proper and flexible graph can reveal
important insights.

Scientific cooperation is of great significance for knowl-
edge sharing, resource/information sharing, and advanc-
ing innovations (36). This notion can be traced back to
Price, the inventor of scientometrics, who proposed the con-
cept of an ‘invisible college’ and provided effective meth-
ods and models for studying the relationship of collabora-
tion (37,38). The rise of social network analysis methods
has further promoted the development of research on au-
thor collaboration (39,40). To this end, iSMOD provides a
knowledge graph of author collaboration (Extended Data
Supplementary Figure S8) with advanced filters and sub-
graphs corresponding to various FISH methods, which are
expected to improve collaboration in the following aspects.
First, iSMOD depict the scientific collaboration map in
different topics of multi-omics research by providing mea-
surements of the clustering coefficient, network diameter
(29), or density (31) (see Methods in section ‘Metrics of the
graph’), which are beneficial for researchers to break down
the barrier of collaboration and review the current research
status. In Extended Data Supplementary Table S3, we pro-
vide the above indicators of the author collaboration graph
and the corresponding sub-graphs of the FISH methods
currently provided by iSMOD, reflecting the distinguished
research practices in different fields. Second, iISMOD pro-
duces suggestions regarding author collaboration groups by
labeling each node in the collaboration knowledge graph
with an advanced method (28). Specifically, the nodes as-
signed the same labels are associated with the same affili-
ation or close collaborations. Third, iSMOD measures the
experienced experts (large-size nodes), key authors (large-
degree nodes), and the frequency of collaboration (mean
degree of the graph) (29) in the scientific relationship. Ex-
emplar data on the provided graphs are also displayed in
Extended Data Supplementary Table S3. Further, iSMOD
analyzes the role of researchers in collaboration, where the
centrality measurement methods have the potential to char-
acterize the role of each author in constructing the collab-
oration graph (41). However, we adopted a more refined
classification approach proposed by Guimera and Ama-
ral (28) for the various graphs provided by iSMOD, where
authors (or other nodes) are classified into seven types of
roles, indicating the frequency and preference of his/her
collaboration with the inter-group and intra-group coun-
terparts (see methods in Section ‘The module identifica-
tion and role classification of the graphs’). In this way, it
is expected to effectively improve the efficiency of novice re-
searchers in grasping the development of the field and con-
ducting literature retrieval. Finally, the sub-graph generated
through customized queries meets specific needs, such as
identifying potential mentors/collaborators or conducting
literature research. Specifically, by customizing the graph
with arbitrary input, one can further obtain a graph of
a narrower scope to get a quick overview of the research
status for a group of interest and the enclosed relational
knowledge.
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We provide similar advanced filtering capability for the
discovery of new mechanisms by combining relevant knowl-
edge in the multi-omic entity interaction graph, which is
generated based on the interaction information of all arti-
clesincluded in iSMOD. It is worth mentioning that we have
also embedded a real-time interaction graph in the search
result page to describe the connection of multi-omic topics
that may be included in the current query, and a filter of cell
types is then generated for the exploration of cell-specific in-
teractions. An exemplar application is demonstrated in the
subsequent sub-section.

For a global picture of iSMOD in terms of researchers
and research topics, we can generate a bipartite graph be-
tween authors and topics (e.g. FISH methods or nuclear
proteins) (Figure 2A), which serves as a means to com-
prehensively characterize the state of research in the multi-
omics fields. Two different colors are used to encode and dis-
tinguish categories. The established methods and research
hotspots are highlighted with large font sizes, e.g. PML,
Chromosome Painting, and CGH. Considering that some
of the new techniques gain momentum given their unique
features, the dynamics of the hot topics may change, and
regular updates for iSMOD will help identify the recent re-
search trend.

To provide the statistics of a specific research focus at a
finer scale, a projection of the bipartite graph can be gener-
ated by selecting a specific topic. For example, here, we se-
lected an exemplar instance from each image-based single-
cell multi-omics and showed the respective projections.
Figure 2B and D present two important high-throughput
methods for genomics—MERFISH and seqFISH, respec-
tively, where both graphs present significant author clus-
ters. Similarly, Figure 2C provides the projection graph
of CUGBP—a regulatory factor that has not been exten-
sively studied. Of note, in the small projections, we labeled
the author collaborations, i.e. edges connecting two au-
thors. The collaboration subgraph is the same as that in Ex-
tended Data Supplementary Figure S8, in which the citation
counts in Google Scholar of their multi-omics papers de-
termine the node weight (see methods in Section ‘Mapping
of bipartite author-topic graph and its projections’ for de-
tails). Tight connections between authors within the same
research group and across groups can be observed in the
graph. Researchers with prominent reputations in the field
(e.g., inventor of the selected imaging techniques in the pro-
jections of Figure 2B and D) tend to have larger sizes and
more connections, and thus have larger degrees.

With the ability to filter for a specific topic or multiple
entities (e.g. different FISH methods or derivatives, or a set
of author names, proteins or genes input by the user), we
anticipate the ability of iSMOD to integrate data or ex-
perimental results from a sub-network to draw biological
conclusions or hypotheses.

Investigating the molecular mechanism of diseases by com-
bining the FISH results of the genes or alleles within a given
chromatin region. In iISMOD, there are currently 10 848
and 7541 genes from human (Figure 3A) and mouse (Fig-
ure 3B) chromosomes, respectively, imaged using FISH.
An important application of mining the enormous data is
to retrieve all FISH articles referring to the genes within

the chromosome region associated with a disease and in-
fer or validate the mechanism underlying the disease. For
example, in human chromosomes, for the genome region
Chrll1:5225464--5269945 containing the gene HBB
that encodes B-globin (a subunit of the important protein
hemoglobin that is present within red blood cells and binds
to oxygen molecules in the lungs), eight FISH articles can
be found in iISMOD. This set of papers potentially refers
to the related studies revealing the mechanisms and func-
tions of this chromosomal region. Miles et al. reported (42)
that the intergenic transcription of a 20-kb sub-domain in
this region occurs outside the S phase, and a high level of
active modification is obtained, primarily for histones H3.
As an important counterpart of histone H3, the enrich-
ment of the histone modification H3K9me3 has been found
to support the peripheral localization of chromatin regions
called lamina-associated domains (LADs),where
the peripheral targeting of the B-globin gene cluster, includ-
ing HBB, serves as a representative, and the cluster targets
the nuclear interior during erythrocyte maturation while
transcription occurs (43). Regarding the cause of the up-
regulation of HBB and four other genes (HBA, SLC4Al,
ERAF and GATA1) that occurs during erythropoiesis, Brown
et al. (44) reported significant but varying association levels
among the five genes (which are located on four different
chromosomes), and found that M-FISH further validated
the proximity of HBA, HBB, SLC4A1, and ERAF. These re-
sults are primarily attributed to the effects of splicing factor
aggregations within the nuclear speckle, as summarized in
Figure 3C. In addition to revealing the among-gene associa-
tions with blood oxygen transportation, the other retrieved
papers can provide observation and drug mechanism in-
sights related to B-globin. For example, Stavrou et al. (45)
reported that the B-globin replicator produces vectors that
promote transfection efficiency in hematopoietic progeni-
tor cells, in which the regulation can be observed with en-
hanced green fluorescent protein-tagged plasmids. More-
over, CRISPR /Cas9-mediated knock-in can localize HBB
without perturbation and demonstrate the long-term sta-
bility of HBB (46). Finally, as a regulated gene, HBB plays an
important role in drug mechanism research to verify specific
toxicity (47).

Monoallelic expression due to genomic imprinting or al-
lelic exclusion can be visualized using allele-specific FISH,
which offers to determine the abnormality of single alleles
in chromosomes and investigate the mechanisms involved
in genomic imprinting. iISMOD permits users to search
allele-specific FISH articles with >2000 allele-specific pa-
pers. Among them, a total of 118 alleles imaged using FISH
in human chromosomes, and 109 alleles imaged using FISH
in mouse chromosomes have been identified; their distribu-
tions are shown in Figure 3D and Figure 3E, respectively.

For example, the Beckwith—-Wiedemann (BWS OMIM
#130650) and Silver—Russell (SRS OMIM #180860)syn-
dromes exhibit opposite growth abnormalities. Collected
evidence from allele-specific FISH and other experiments
shows that both syndromes are caused by (epi)genetic
defects at 11p15.5 (Chrl1l:1-2 800 000) (48). For
this 1-Mb-long imprinted region, 39 papers were retrieved
from iISMOD, we then rapidly identified the FISH experi-
ments conducted for H19 (imprinted maternally expressed
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transcript) and Igf2 (insulin-like growth factor 2) (49,50)
to improve our understanding of the expression pattern of
the H19-Igf2 imprinting gene cluster. Eggermann et al.
(48) revealed that on unmethylated maternal allele, CTCF
binding results in a boundary to prevent Igf2 promoters
from accessing enhancers, and conversely, methylation of
the differentially methylated region (DMR) on the pater-
nal allele prevents CTCF binding. Furthermore, according
to Rovina et al. (49), in addition to the differential methy-
lation of DMR within the H19/IGF2 domain, the inter-
action between the H19/IGF2 and CDKN1C/KCNQ1OT1
domains also has a strong impact on the pathogenesis of
these two syndromes. In the CDKN1C/KCNQ10T1 domain,
KCNQ1O0T1 is an imprinted antisense long non-coding RNA
(IncRNA) on chromosome 11p15.5 which participates
in cell proliferation, migration (51), and chromosomal do-
main localization (52); this is considered to regulate the
development of colorectal cancer (53) and diseases such
as retinal infection (54). Refined queries in iSMOD re-
veal the imprinting mechanism of CDKN1C/KCNQ10T1,
which is similar to that of H19/IGF2 in normal cases,
and the Kcnglotl imprinting control region (ICR) is un-
methylated on the paternal allele, which allows Kenglotl
ncRNA transcription (55). The expression level is regu-
lated by various nucleoporins (55) or B-catenin (53) un-
der different circumstances, and this process acts as a mi-
croRNA sponge to regulate the expression of other RNAs
(51). Specifically, the reciprocal expression of these two
regions is regulated in a methylation-sensitive manner by
competing with a shared set of enhancers. There are three
interactions in this region—between imprinting control
region 1(ICR1) and enhancer candidate regions located
upstream of ICR2 (Enh 2), between ICR2 and the re-
gion upstream of IGF2, and between ICR2 and CTCF
Dw—among which, the ICR2--CTCF Dw association is in-
ferred to occur on the maternal allele, whereas the ICR2 -
-upstream IGF2 interaction may occur on the paternal
allele. Other putative enhancer regions have also been sug-
gested to potentially affect CDKN1C expression mediated by
CTCF (56). In pathological conditions, the ICR1--Enh 2
and ICR2--CTCF Dw interactions are lost, and new inter-
actions, such as ICR2--Enh A and ICR2--Enh B, ap-
pear. Research on this chromosomal range also involves
deletions/duplications of imprinted loci (57), which are of-
ten associated with the mechanisms of imprinting control.
As validated by user studies in one retrieved paper (58), an
in cis duplication of the entire 11p15. 5 cluster on the ma-
ternal allele may be related to the disease phenotype. Fur-
thermore, the microduplication of truncated KCNQ10T1
may lead to the presence of both methylated and unmethy-
lated ICR2 sequences on the same chromosome, resulting
in CDKN1C silencing on the maternal chromosome but caus-
ing no effect on the paternal chromosome. Upon combining
the results from the retrieved articles, a conceptual map was
constructed, as shown in Figure 3F, which illustrates the
regulatory mechanisms and chromosomal transitions un-
derlying the Beckwith—Wiedemann and Silver—Russell syn-
dromes.

As demonstrated above, the integration of research con-
clusions at different levels provides comprehensive insights
into the interactions and activities within and between gene
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regions. We anticipate that with an increase in published
articles, a more holistic understanding of various genomic
and molecular mechanisms underlying diseases can be elu-
cidated with the aid of iSMOD and data reanalysis. In iS-
MOD, we have annotations for 131 cancer types and 642
cancer cell lines (Figure 3G-H). One can search for related
papers for a specific cancer type using combinatorial anal-
ysis and uncover the underlying mechanisms to further un-
derstand how the genetic changes in 3D result in key genetic
variants that can ultimately lead to cancer development.

Exploring the working mechanisms under biological phe-
nomena by mining multi-omics interactions from the iS-
MOD repository. The entity—entity connection graph
refers to the interaction relationships established from se-
mantic analysis of the interactions among molecular enti-
ties (e.g. promoters, enhancers, genes, alleles, transcription
factors, etc.), representing each entity as a node and inter-
actions as edges. Together with customized searching, iS-
MOD can build a graph based on retrieved papers on pair-
wise interactions related to the topic of interest at varying
omics levels and integrate the results to reveal a portion of
the underlying working mechanisms. Here, we use liquid—
liquid phase separation (LLPS) as a representative, which is
increasingly being used as a potential physicochemical ba-
sis for the formation of membrane-less bodies in cells, such
as in promyelocytic leukemia nuclear body (PML NB) (59).
Since LLPS is closely related to various nuclear proteins and
plays a key role in regulating the relationship among pro-
teins, RNA, and chromatin, integrating the locations (de-
termined by FISH) of and interactions among these enti-
ties may help reveal the mechanisms underlying phase sep-
aration. iISMOD produced a graph using the data from
82 retrieved related papers and presented it as filled nodes
together with their related edges (Figure 4A). We supple-
mented the graph manually with hollow nodes, as a limited
number of entities were not retrieved in several papers. The
percentage of the filled nodes largely validates the effective-
ness of the automatic extraction of interactions. From the
graph, we can draw the following conclusions:

(1) iISMOD helps mine the molecular connections under-
lying separated studies on LLPS of various proteins
or complexities, for example, the role of the intrinsi-
cally disordered region (IDR) illustrated by the ‘PML
NB’ cluster in Figure 4A. Experimentally, the exis-
tence of LLPS condensate formed by BRD4, MED1,
and RNAPIT indicates that proteins with a higher con-
tent of disordered regions are associated with higher
LLPS potential (60), revealing a close connection be-
tween IDR and LLPS. The alternative lengthening of
telomeres associated with the condensation of PML NB
(APB) is also driven by interactions between the small
ubiquitin-like modifier (SUMO) and the SUMO interac-
tion motif used for eDHFR (61). SUMO1 modification
enables LLPS and is primarily present within the outer
shell of PML NBs. Modification plays a key role in the
recruitment and partitioning of regular ‘client’ pro-
teins with different functions, for example, transcrip-
tional regulation (HDAC7), heterochromatin establish-
ment (SETDB1), and chromatin dynamics regulation
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(iv)

(SIRT1) (59). Furthermore, besides the modification
of SUMO, the IDR of PML is also essential for LLPS, as
demonstrated by the fact that disordered C-terminal
domains of PML isoforms tend to cause the initiation
of LLPS (62), whereas those containing no disordered
structures are incapable of LLPS (63).

Strong connections between IDR and LLPS have also
been reported in coronavirus disease 2019 (COVID-
19) studies. Investigations into severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) suggest
that the multifunctional nucleocapsid (N) protein in its
central IDR drives phase separation with RNA (64),
which is caused by interactions between R2 motifs
(amino acids 369-390) (65). FISH experiments on ro-
tavirus at the early stages of infection further demon-
strate that the viroplasm is formed by interactions be-
tween the RNA chaperone NSP2 and the intrinsically
disordered protein NSP5 and its co-localization with
RNA (66).

Phase separation plays an important role in DNA
damage repair (DDR), as illustrated by the ‘DDR fac-
tors’ cluster in Figure 4A. FUS is an RNA-binding pro-
tein (RBP) that participates in DDR at sites of KU80,
NBS1, and SFPQ (67). The LLPS of FUS can be caused
by amyotrophic lateral sclerosis (ALS)-linked muta-
tions. The LLPS mediated by FUS protein is modu-
lated by specific (NEAT1 RNA) and non-specific RNAs
(68). The LLPS of FUS recruits LAMP1-positive struc-
tures (69). As an important requirement for the recruit-
ment of key proteins, such as XRCC1, to DNA damage
sites (70), LLPS is essential for the proper formation of
DNA damage foci and activation of the DDR signal-
ing cascade, thus serving as the factor necessary for the
participation of FUS in DDR (67).

The ribonucleoprotein (RNP) milieu is formed by the
interaction of IncRNA and IDRs in RBPs, where the
phase separation is established under the participa-
tion of HRSs (71). Combining the two retrieved papers
(72,73), we sketched the generation of the RNP mi-
lieu, as shown in the ‘HRS-related genes’ cluster and
its neighboring nodes in Figure 4A: As an example of
the IncRNA-protein complex, paraspeckle is formed
by the phase separation of associating RBPs, where
IncRNAs transcribed by enhancer or promoter regions
are thought to form a non-membranous RNP milieu
through association with IDRs, in which a key step
is the multimerization of SFPQ and NONO in the mid-
dle region of NEAT1_2,nakagawa201l8molecular
(74). Large RNP complexes also exhibit deep connec-
tions with high-salt-recovered sequences (HRSSs), i.e.
the genomic DNA associated with insoluble materials,
such as coilin, SMN, and PML obtained after high-
salt treatment on genes. These sequences correspond
to Sox2, Pou5£f1, Nanog and K1£4 loci, which may
be associated with a large RNP complex in cortical
neurons and map to Malatl / Neatl loci as well
(73), which are necessary for the assembly of nuclear
speckles/paraspeckles and the regulation of gene ex-
pression (75).

The dynamics of nuclear speckle LLPS are regulated
by a 12-h ultradian rhythm established by the XBP1s—

SON axis, as shown in the “XBP1s-SON axis’ clus-
ter in Figure 4A. iSMOD retrieved a set of interac-
tions from the paper of Dion et al. (76) and their con-
nections to other nodes. A simple analysis of the re-
lated text describes the following pathway: Immunoflu-
orescence against the SRSF2(SC35) marker confirms
that the LLPS dynamics (nuclear speckle morphol-
ogy) are regulated by XBP1 and its downstream gene
SON with a 12-h ultradian rhythm, and the Neat1—
Malat1 binding serves as an illustration of the nuclear
speckle—chromatin interactions, validating the regula-
tion of XBP1. At the genomic level, sets of genes, such
asManf, Hyoul and Sec23b were found to be hyper-
sensitive to the dynamic changes of LLPS (76).

Overall, benefiting from the decent extraction of interac-
tions, iISMOD can potentially reveal a wide range of phe-
nomena, mechanisms, and associations for various interac-
tions among molecular entities.

Integration of 3D genomic, transcriptomic, and proteomic
data in a virtual cell nucleus. Integrating the locations of
the same gene at different time points from different arti-
cles into a unified coordinate system is beneficial for the in-
ference of its migration and spreading mechanism during
cell development. Such integration can form a ‘virtual’ cell
that can function as the gold standard to verify the gene
locations in other experiments, including those comprising
ligation-based (Hi-C (14), capture-C (77)), or ligation-free
methods (GAM (78) and SPRITE (79)). Moreover, for a
specific cell type from the same species, at a given phase
in the cell cycle, all genes with FISH results can be inte-
grated into a unified 3D coordinate system to obtain a com-
plete spatial distribution of the genes. For example, inte-
grating the coordinates of genes determined using seqFISH
with those from other techniques yields a more comprehen-
sive 3D map of multiple genes. Although more than 14,500
FISH papers are collected in iSMOD, the FISH data for the
same gene from different papers are not yet sufficient to gen-
erate a complete virtual cell. Nevertheless, there are promis-
ing examples that can be used to validate the importance of
iISMOD and advance efforts in single-cell multi-omics data
sharing.

For instance, X inactive specific transcript (Xist), an
RNA gene, acts as a major effector of the X-chromosome-
inactivation process. We can register and merge the data
from two papers (33,34) to obtain a more complete illustra-
tion (see Figure 4B). For the SeqFISH data by Takei et al.
(33), we quantitated the 3D position of Xist using shells of
equal radius division (see Figure 4C) and found that Xist
is distributed randomly in the nucleus (z-test: P = 0.65;
Mann—Whitney U-test: P = 0.82; one-way ANOVA: P =
0.65; Figure 4D). By contrast, the Xist data by Shiura ez al.
(34) are not randomly distributed (Extended Data Supple-
mentary Table S2) but located more frequently in the cen-
tral region between the nuclear periphery and nuclear geo-
metric center. This finding is primarily attributed to the fact
that cells in the two papers are in different phases. Such in-
tegration can be used to visualize the differences in status
and validate the impacts of specific loci in different phases.
For example, in their movies on the spreading process of
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Xist RNA, Namekawa et al. (80) reveal the importance
of Xist in gene silencing at the morula stage (the second
step of imprinted X inactivation). iSMOD can thus make it
easier to reveal such information by exhibiting the spatial
distributions of Xi st at different developmental phases by
integrating partial data from different groups into the pro-
posed virtual cell.

We can also set up a global 3D distribution map to vi-
sualize the available transcriptomic data for the same cell
type, from the public MERFISH data released by Viz-
gen Data Release Program (https://info.vizgen.com/mouse-
brain-data) and other related papers in iISMOD.

First, we demonstrated the ability of iSMOD to integrate
RNA-seq data, where the transcripts in the brain cells im-
aged using MERFISH were visualized in 3D space (Figure
4E). Furthermore, by considering multi-omics data such as
those for nucleoli and speckles, another ‘virtual cell” was
built using the MERFISH data from IMR-90 cells (35) by
integrating the spatial information for genome-scale chro-
matin organization, transcriptional activity, and nuclear
structures into one 3D map (Figure 4F). The zoomed-in
model shown in Figure 4G demonstrates the detailed dis-
tributions of multi-omics entities; the genes that overlapped
with homeobox (HOX) gene family on chromosomes are
marked in purple, with the potential for further exploration.
All virtual cells shown in Figure 4 are modeled on the home-
page of iSMOD in an interactive manner (see methods in
Section ‘The construction of 3D virtual cells’ for details).
This demonstrates that iISMOD 1is a good candidate for
the single-cell multi-omics data platform to investigate the
mechanisms of gene regulation.

SUMMARY AND DISCUSSION

This study aimed to develop a method for advanced biolog-
ical studies that unify multi-omics data and technologies.
Consequently, the image-based multi-omics search engine
iISMOD was developed, using newly collected and anno-
tated data for 23 288 (which continues to grow) life sciences
and medicine papers from PubMed. A new website, https:
/fi-smod.com, was constructed to search, browse, and ana-
lyze the papers included in the database with a user-friendly
GUI. A salient feature of the database is that it currently
includes at least 11,664 genes/genomic loci or RNAs and
142 proteins imaged using DNA FISH, RNA FISH and
immune-staining, respectively.

As the first integrated single-cell multi-omics platform,
iISMOD provides a new means to serve the life sciences and
medical community in an interdisciplinary manner. We have
detailed typical examples to give a broader perspective of
the possibilities the tool is capable of: (i) It is envisioned
that the platform will inspire researchers to conduct deeper
data mining to combine the fragmentary conclusions scat-
tered in tens of thousands of papers and investigate the spa-
tiotemporal events underlying diseases, such as tumorigen-
esis and various rare diseases (48,51,57). (ii) This search en-
gine will enable researchers to visualize the nuclear struc-
ture and molecular activities in a unified coordinate sys-
tem, thus advancing the current understanding regarding
the relationships among chromatin organization, gene reg-
ulation, transcription, and translation. Such a unified view
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will largely benefit from recent progress in high-throughput
and multimodal imaging based on multiplexed FISH imag-
ing methods (e.g. MERFISH and seqFISH) and directly
links genomic loci with nascent RNA transcripts and land-
mark nuclear structures. (iii)) iSMOD serves as a platform
to identify the key studies and researchers involved in the
multi-omics fields, which will help facilitate a more rapid
understanding of the history, key technologies, hot topics,
productive research groups, and author collaborations. This
profiling is efficient and informative as the results are built
on comprehensive annotations from the contents of aca-
demic papers rather than keywords and titles. (iv) The rich
set of annotations and search options make iSMOD a pow-
erful tool that can meet the demands of different users. For
example, the function of retrieving papers related to a spe-
cific gene or genes within a chromosomal region is useful for
studies on a target topic; searching the papers and experi-
mental results of a given dye can quickly identify the proper
dyes from previous investigations; one can also retrieve the
entries related to a specific cancer type or cell line.

iISMOD also provides ranking to the search results to
help users identify the expected literature. For example, in
papers where diseases or genes are mentioned in the ab-
stract or title but not related to FISH or protein analysis,
the annotations of these papers tend to provide misleading
results. However, articles, especially meta-analyses and re-
view articles, containing high citation count or published in
high-impact journals tend to be more rigorous in the tex-
tual description of the title and abstract, thus serving to
potentially provide more relevant information. To this end,
iISMOD provides ranking by either publication time or ci-
tation count, helping users to retrieve the relevant articles
efficiently.

FUTURE DIRECTIONS

As multi-omics techniques are developing and evolving
rapidly, related academic papers are being published at an
increasing rate, and the demand for systematic reviewing
and integration of related studies is becoming even more im-
portant. Correspondingly, an increasing amount of image-
based multi-omics data will be published, and this will pro-
vide large amounts of new data relevant to iSMOD . To
better track the rapid progress in this field and to benefit
the academic community, we will continue to update iS-
MOD with the latest published work to help reveal promis-
ing research trends.

We also plan to expand the platform to integrate image
data from other omics, including image-based transcrip-
tomic data and single nuclear metabolomic data, to serve
the integrative single-cell multi-omics studies in a more
comprehensive manner. It is also worth noting that the re-
search on disease and clinical symptoms accounts for a large
percentage of the articles in iSMOD , where quantitative
data are provided and can potentially reveal the pathogene-
sis of disease statistically. Therefore, ISMOD is further ex-
pected to incorporate the results of Kaplan—Meier anal-
ysis as well as genotype (mutations) and phenotype infor-
mation that is crucial for depicting the research conclusion,
if provided, in the search results in the future. Moreover,
integrating spatial multi-omics data or the results obtained
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in a multi-cellular system can advance the investigations of
cell—cell and cell-extracellular matrix interactions in a sim-
ilar manner. In the future, we plan to construct a browser
for spatial multi-omics data, extending the database of in-
tegrative biomedical studies to a larger scale, where studies
ranging from molecular analyses to cell arrangements and
regulation would be included.

Servers for multi-omics datasets and analysis have be-
come booming tools in recent years, and some repre-
sentatives in these works introducing similar organizing
servers for experimental/computational data are impor-
tant references (81-83) and data sources (25,26,84) for iS-
MOD. However, manuscripts that primarily organize ex-
isting experimental /computational data may probably not
enter our database due to lacks of conclusive experimental
images according to the information extraction pipeline. To
this end, we consider provide database access to multi-omics
experimental /computational data in the “Helpful Links”
column of iISMOD, and one can retrieve/locate such servers
using search engines with proper keywords.

While advancing toward more comprehensive search
results, achieving the pipeline from the output of iS-
MOD to reliable conclusions or predictions serves as
another interesting direction. Currently, it does require
a certain amount of professional knowledge to inter-
pret the aggregated results or retrieve meaningful con-
nections from the interaction graph. To this end, the
large language models (85)/general foundation models
(arXiv preprint: 2108.07258) have demonstrated their po-
tential in analyzing natural languages and extracting
the main conclusions in the article, which further be-
comes a requisite for providing suggestions for unknown
mechanisms/pathways. Moreover, in-context learning is
widely explored and making progress in large language
models (arXiv preprint arXiv:2202.12837, arXiv preprint
arXiv:2301.00234). Therefore, a possible solution for the
conclusion-drawing function is expected to conduct trans-
fer learning (86) on the foundation large language model by
using the text from multi-omics research, and the fine-tuned
model could provide effective output as another impor-
tant annotation of iSMOD, where large-scale data collec-
tion, environmental configuration, and hardware upgrades
are required. Therefore, subsequent versions of iISMOD
will focus on the latest developments in foundation model
research and move toward integration with high-level se-
mantic analysis tools. Moreover, there are a lot of com-
putational works utilizing image-based omics data, which
plays a key part in multi-omics studies. The computational
works containing experimental figures or panels will be la-
beled by the keywords and enter our database, assisting
researchers to integrate the conclusions computationally
drawn from image-based omics data. In the future, utilizing
advanced semantic analysis techniques for gathering omics
data sources, recognizing the computation algorithm, and
retrieving the computational conclusion from such compu-
tational works, we can combine experimental and compu-
tational works for more comprehensive information inte-
gration. Besides, based on the gathered omics data, causal
learning method (87) that has already demonstrated ex-
ceptional results for climate prediction and cardiovascular
monitoring (88), has immense potential to explore correla-

tions between multi-omics data and phenotypes in research
papers.

Additionally, a more comprehensive annotation is ex-
pected to provide the interaction graph with advanced fil-
tering and retrieving functions, thereby increasing the ease
of exploration.

While iSMOD is a powerful search engine, data integra-
tion remains limited, as most 3D FISH or protein data were
identified in the original papers, however, were inaccessible
due to various reasons, including hard disk clashes or ob-
solete corresponding emails. We have contacted the corre-
sponding authors of over 100 retrieved papers but received
only seven positive responses (34,89-94) to date. Thus, lim-
ited data availability has become one potential challenge
for the real-time modeling of virtual cells based on search
results. In addition, although it is possible to collect the
source data information (if any) in most articles through
automated programs, most source data provided in omics
papers are very large and demand extended processing time
and large-scale storage occupation, which is not affordable
for iSMOD’s server. Furthermore, data identification and
pre-processing often rely on empirical and manual oper-
ations. Therefore, generating virtual cells online based on
real-time search results on the website is currently infeasible
but may push the process one step forward by extracting the
corresponding information provided by iSMOD. In the fu-
ture, we plan to collaborate as a data-sharing site to help
maintain valuable data for future integrative studies. To-
ward more versatile integration for virtual cells, iSMOD will
continue to encourage wider data availability and promote
efficient processing combined with advanced computer vi-
sion algorithms.

Another issue to be reckoned with is that aggregating
the 3D coordinate information solely based on specific cell
types or experimental methods may result in decreased ac-
curacy due to factors such as differentiated experimental
conditions. In the future, we plan to deploy advanced se-
mantic models for comprehensive annotations on experi-
mental conditions/controls/benchmarks, and a compound
analysis that includes histology images and gene expres-
sion abundance to facilitate the constructions of refined and
accurate 3D spatiomics models, where the graph convolu-
tional network has been proposed to identify spatial do-
mains (e.g., the 3D expression domain in MERFISH data)
and has demonstrated good scalability (95,96); however,
certain issues must first be resolved to allow its implemen-
tation in iISMOD: First, retrieving and annotating histolog-
ical images from the article is required based on the estab-
lishment of a spatial multi-omics data browser. Second, bet-
ter data availability is encouraged to match the histology
images as the compound input of the deep learning model.
Third, an updated neural network is necessary to general-
ize various omics images and data. In summary, achieving
more accurate integration not only poses challenges for the
future version of iISMOD construction, but is also closely
related to the advance of image processing, deep learning,
and multi-omics research itself.

Furthermore, as is common with other search engines,
not all extracted keywords are closely related to the topic
of the article and not all the articles are directly related to
the FISH or proteins research, although various approaches
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described in Section ‘iISMOD data collection and annota-
tion’ have been adopted. In the future, rapidly improving
semantic analysis algorithms for the article and search items
will be applied to produce better annotation and more ac-
curate results. We also plan to extend the search range in the
main text and include annotations on the supplementary
materials.

Although most steps of iSMOD construction are au-
tomatic, the acquisition of citation counts of articles and
the creation of knowledge graphs requires some manual
assistance; thus, iISMOD is not updated in real time. In-
stead, considering the rapid advances in the field of single-
cell multi-omics, iISMOD will maintain a bi-monthly reg-
ular update. The GUI and functions will continue to be
improved or supplemented based on the received feedback
from researchers.
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