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BSTRACT 

enomic and transcriptomic image data, repre- 
ented by DNA and RNA fluorescence in situ hy- 
ridization (FISH), respectively, together with pro- 

eomic data, particularly that related to nuclear pro- 
eins, can help elucidate gene regulation in rela- 
ion to the spatial positions of chromatins, messen- 
er RNAs, and key proteins. However, methods for 

mage-based multi-omics data collection and anal- 
sis are lacking. To this end, we aimed to develop 

he first integrative browser called iSMOD (image- 
ased Single-cell Multi-omics Database) to collect 
nd browse comprehensive FISH and nucleus pro- 
eomics data based on the title, abstract, and related 

xperimental figures, which integrates multi-omics 

tudies focusing on the ke y player s in the cell nu- 
 leus fr om 20 000+ (still growing) published papers. 
e have also pr o vided several exemplar demonstra- 

ions to show iSMOD’s wide applications ––profiling 

 ulti-omics resear ch to reveal the molecular target 
or diseases; exploring the working mechanism be- 
ind biological phenomena using multi-omics inter- 
ctions, and integrating the 3D multi-omics data in a 

irtual cell nucleus. iSMOD is a cornerstone for de- 
ineating a global view of relevant research to enable 

he integration of scattered data and thus pr o vides 

ew insights regarding the missing components of 
olecular pathway mechanisms and facilitates im- 

r o ved and efficient scientific research. 
(
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RAPHICAL ABSTRACT 

NTRODUCTION 

he progress made in omics has increasingly demonstrated 

ha t dif ferent types of omics data (e.g. genomics, transcrip- 
omics and proteomics) can crosstalk to ensure mutual reg- 
lation and control of various biological processes and dis- 
ases. Consequently, r esear ch questions can ne v er be fully 

nswered by implementing a single omics type. Integrated 

 ulti-omics anal ysis provides a systema tic stra tegy for un- 
erstanding the nati v e and altered states of cells in their en- 
irety by threading data from multiple omics fields, greatly 

xpanding our understanding of different cellular processes 
 1–3 ). 

After decades of r esear ch and innovation, the technolo- 
ies and analysis methods used in the respecti v e omics fields 
ave seen significant advances. The spatial location of genes 
ail: jlsuo@tsinghua.edu.cn 
du.cn 
@tsinghua.edu.cn 
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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 RN As. Consequentl y,
this method has been widely employed for se v eral 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 deri vati v es, 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 effecti v ely v erify the chro-
matin interactions between promoters and enhancers. Most
of these methods arise from chromosome conformation
capture (3C)-deri v ed 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://massi v e.
ucsd.edu/ProteoSAFe/static/massi v e.jsp ), omics data shar-
ing is ra pidl y expanding and becoming more popular ( 21 ).
In fact, datasets on both genomics and proteomics are
availab le ( https://ega-archi v e.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 le v els, 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 massi v e amount of
ra pidl y growing yet scattered, valuable multi-omics data on
specific topics. It is now possible to integrate these data sys-
tema tically to accelera te ne w discov eries. It is , thus , clear
that a search engine enabling the aggregation of multi-
omics data is r equir ed. Surprisingly, all published data on
FISH and protein spatial location have not been collected
nor organized into databases using comprehensi v e anno-
ta tion, classifica tion, description, and sta tistical analyses,
to enable efficient subsequent investigations. Although re-
searchers have recently de v eloped e xcellent browsers ( 22–
24 ) for efficient sharing and searching, they do not function
with combination studies to integrate the spatial data for
DN A / RN A and related proteins. 

In this study, we created an integrati v e browser called
iSMOD (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 (mainl y RN A 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 comprehensi v e information from the title, abstract,
k eyw ords and all experimental FISH or nuclear protein
images (currently comprises 23,288 articles and continues
to expand) in published r esear ch 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 sear ch r esults in
a graphical form. 

As an exemplar demonstration of the function of iS-
MOD, we have described four examples: building knowl-
edge graphs of r esear chers and various r esear ch topics in
this field; investigating the molecular mechanism of specific
diseases by integrating the FISH of the genes or alleles in a
chromatin r egion; cr eating a virtual cell to integrate se v eral
multi-omics data from different groups; inferring the work-
ing mechanism of specific topics from the extracted multi-
omics interactions. 

As the first integrati v e browser for image-based multi-
omics data focusing on the cell nucleus, iSMOD will be of
great benefit to the research community, bringing together
the large amount of existing data and r esear ch r esults, help-
ing explore the global scenario, re v ealing ne w trends, and
inspiring task-specific combinatorial analyses. 

MATERIALS AND METHODS 

iSMOD data collection and annotation 

Ar tic le acquisition. For a comprehensi v e collection of the
single-cell multi-omics academic papers, we retrie v ed 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
bod y, cajal bod y, 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 k eyw ords 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. 

Keyw ord libr ary construction. A k eyw ord library was con-
structed, covering the information at three omics le v els to

https://www.ebi.ac.uk/prid
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
https://ega-archive.org/about/introduction
https://www.i-smod.com
https://www.ncbi.nlm.nih.gov/pmc/articles
https://www.science.org/
https://www.cell.com/
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elp organize the database in a systematic wa y f or brows- 
ng and searching. To serve users from different research 

elds, we provided di v erse search fields, including species, 
ene , protein, cell name , cancer, and probe. For each search 

tem, we use crawlers or official FTP to build a relati v ely
omplete k eyw ord library. 

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

to H. sapiens). 
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. 
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 ). 
The cancer library was largely obtained from 

https://www.cancer.gov/types , while the can- 
cer cell list was obtained from CCLE ( https: 
//depmap.or g/portal/do wnload ). For cancers and 

cells with multiple aliases aside from their scientific 
name (e.g., APL for acute promyelocytic leukemia), we 
assigned a unique index. 
The probe library was primarily deri v ed from ‘The 
Molecular Probes Handbook’ by ThermoFisher 
( https://www.thermofisher.cn/cn/zh/home/r efer ences/ 
molecular- probes- the- handbook.html ). 
The protein library was largely obtained from previous 
r esear ch and reports on nuclear proteins. 

We were then able to extract the multi-omics information 

s textual labels for each article and match the labels with 

he k eyw ord library. 

utomatic figure parsing. Considering that experimen- 
al figures often refer to the core points of the arti- 
le, we extracted the images and their textual informa- 
ion for paper annotation. We then de v eloped an auto- 
atic figure parser according to the following steps: (i) 
pplied optical character recognition (OCR) technology 

o recognize the text information embedded in a figure, 
ncluding those in the figure legends (such as A / B / C, 
tc.). Specifically, we used PaddleOCR ( https://github.com/ 
 addleP addle/P addleOCR ) implemented by P addleP addle 
ased on Tensorflow 1.14, which predicts the location of 
ll te xt b locks and recognizes the content at high fidelity. 
ii) Segmented each figure into panels by adapti v e bina- 
ization and a ppl ying image morpholo gical processing tech- 
iques, which is effecti v e in segmenting fluorescent mi- 
roscopy images. (iii) Designed discriminati v e image fea- 
ures (described with color moments and color texture mo- 
ents) and trained a support vector machine (SVM) to fil- 

er the non-fluorescent images, such as statistical graphs 
nd ordinary fluorescence images. We excluded manuscripts 
ithout figures / panels reserved to pre v ent them from enter- 

ng the pool e v en though relevant textual information, such 

s FISH, may be contained in the introduction or related 
onte xt. (i v) Assigned labels for each candidate panel to be 
he closest OCR-predicted text box with up to two valid 

haracters (either letters or numbers). Moreover, the text 
nside the panel was regarded as its text description, which 

enerally refers to the related gene , chromosome , or protein. 
or clarity, we described the workflow of figure parsing in 

xtended Data Supplementary Figure S5. 

nnotation of pairwise interaction information. The ex- 
raction of pairwise interaction information was conducted 

ased on the k eyw ord annotations of the massive articles 
nd figures, under semantic guidance of multi-omics in- 
er actions. To accur a tely process millions of rela ted para- 
raphs from articles in our database, we first identified a 

et of ‘anchors’ indicating interactions (including ‘interact’, 
validate’, ‘contact’, ‘loop’, ‘corroborate’, ‘promoter’ and 

enhancer’, along with their deri vati v es such as the noun 

nd past participle forms) to narrow the search scope. 
hereafter, we extracted k eyw ords of genes , alleles , pro- 

eins and their aliases from the anchor’s neighboring con- 
ext, and the extracted k eyw ords were judged to have pair- 
ise interactions. 

extual annotation of the database. From an empirical 
erspecti v e, it was deemed unlikely that the omics items 
 ppearing onl y in the abstract or conclusion section rep- 
esent the main research object of a paper (particularly if 
her e ar e no r ele vant e xperiments or figures). In addition,
f a FISH method or deri vati v e was not mentioned in the
bstract, figure caption, or r efer ence context, it may only 

erve as an introduction or r efer ence and is, ther efor e, not
ithin our scope of e xploration. Accor dingly, for an article, 
e extracted multi-omics terms from the title, abstract, and 

gur e-r elated text (including the figure caption filtered by 

he SVM and the context r efer encing the figur es) for anno- 
a tion, via string ma tching between these e xtracti v e descrip- 
i v e wor ds and the k eyw ord library. Since string matching
ith a huge k eyw ord library comprising millions of items 

s time-consuming, we implemented a rapid matching algo- 
ithm adopting the following strategies: 

For each item in the k eyw ord library, tw o indices were 
maintained –– the string length and number of words. 
Gi v en a descripti v e sentence, we parsed it into candidate 
phrases and searched the library from the items with the 
matching number of words and letters. 
The search began from the longest items until successful 
matching. 
For genes, we only searched the gene library of the target 
species. 
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. 

SMOD database and website construction 

r tic le information organization. We organized the dataset 
ia object-oriented programming, with each article , figure , 
nd figure panel serving as an object and annotated with 

ftp://ftp.ncbi.nih.gov/pub/taxonomy/
http://ftp.ensembl.org/pub/
https://www.atcc.org/en/cell-products/human-cells
http://bio-bigdata.hrbmu.edu.cn/CellMarker/download.jsp
https://www.cancer.gov/types
https://depmap.org/portal/download
https://www.thermofisher.cn/cn/zh/home/references/molecular-probes-the-handbook.html
https://github.com/PaddlePaddle/PaddleOCR
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proper k eyw ords. For an article object, the annotation key-
words were obtained from the title and abstract; for a fig-
ure object, the k eyw ords were extracted from the caption
and r efer ence context matching its label; for a panel object,
k eyw ords 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 af filia tions,
publication time, DOI, journal name and k eyw ords such
as species and cancer. Next, within the article class, we
introduced a member describing its own figures defined by
fig class, featuring the figure caption, figure ID, image file-
name, r efer ence context, and various k eyw ords contained
in the caption and r efer ence conte xt. Finally, gi v en that
an article figure often comprises multiple panels, of which
only a proportion are informati v e for multi-omics studies,
we further inherited a ‘panel’ class from ‘fig’ to r epr esent
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 k eyw ords, author, and date were also described
with corresponding classes, i.e., kword , author and data
respecti v ely. 

Fortunately, most articles either provide corresponding
.xml files in the Pubmed database or html versions on their
w e bsite, which help retrie v e various information through
html tags , ID , and r efer ences. We extracted the afor emen-
tioned content via string parsing, such as searching tags by
r egular expr essions. An example of r etrieving the compr e-
hensi v e information from a paper ( 27 ) is shown in Extended
Data Supplementary Figure S7. 

Database and website construction. Based on the k eyw ord
libraries and annotation of the reserved 23 288 articles, we
estab lished a two-le v el database of articles and figures, and
sub-databases of authors, publishing dates, corresponding
authors, and various k eyw ords, using MySQL 8.0. Further-
mor e, to ensur e facile and e xtensi v e 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 pr ovide br owse and search services for the large
database. For customized searches, detailed in the next sub-
section, one can retrie v e a collection of articles via key-
words in different fields, and the results will then be dis-
played comprehensi v ely, including all pub lishing informa-
tion of the article and the experimental figure panels. We
hav e achie v ed 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 quantitati v e statistics and graphical
visualization of search results in real-time, which is imple-
mented by multi-core CPU using R language and can adap-
ti v ely select the proper plot type (such as bar plots, pie
plots, or circular bar plots) according to the amount of re-
trie v ed 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 deri vati v es, journals, and authors) and
frequency evolution across years of species and publishing
journals. Sim ultaneousl y, iSMOD also collects the inter-
acting pairs in the result list to generate a real-time inter-
action knowledge gra ph, w hich 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 sear ch r esults 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 GUI. 

• Diff erent sear ch options : By entering the k eyw ords in one
or more of the fields in the search boxes of iSMOD, users
can retrie v e all the rele vant pub lished papers from iS-
MOD. Moreover, iSMOD offers functions for searching
the articles related to a gi v en gene or a set of genes within
a range of chromosomal coordinates. 

• Compr ehensive r esults : The sear ch r esults ar e 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 retrie v ed 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 achie v ed
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). 

• Customized filtering : For the sear ch r esults, 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,
respecti v ely. Second, for queries with chromosomal co-
ordinate ranges, a filter specifying gene names within the
range is displayed to reserve a specific subset. 

• Save the search results : In addition to tabular and graphi-
cal pr esentation, iSMOD pr epar es a summary, including
the number of articles , genes , cell lines , and DN A / RN A
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 w e bsite are generated based on
Vis.js ( https://github.com/visjs/vis-network ) and cover the

https://ensembl.org
https://www.ncbi.nlm.nih.gov/protein
https://github.com/visjs/vis-network
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elationship network describing author collaboration, au- 
hor’s r esear ch field, and entity interaction. Differ ent types 
f graphs are provided to obtain a complete profile the 
atabase and facilitate deep statistical analysis of the rela- 
ional knowledge of r esear chers, r esear ch topics, and bio- 
ogical interactions from a multi-omics perspecti v e. 

apping of author collaboration graphs. In the author col- 
abor ation gr aph, the node r epr esents an author and is as-
igned a weight (i.e. size) proportional to the total citations 
o all his / her published papers collected in the database. 

e obtained the citation count for each article in Google 
cholar as of April 2023. The edges describe the number 
f coauthored papers in iSMOD between its associated au- 
hor pair. Since this database involves nearly 100 000 dif- 
erent authors, the graph only displays author nodes with 

 1600 citations. Ne v ertheless, by inputting the names of 
ne or more authors in the multi-line plain-text editing area 

bove the graph, one can obtain a complete collaboration 

raph associated with the input names, which is expected 

o promote understanding of the current research status 
n the field and benefit enhanced cooperation. Besides, the 
sers can customize author collaboration graphs of differ- 
nt FISH methods and their deri vati v es. Such sub-graphs 
re built from the subset of articles annotated by the corre- 
ponding FISH method. 

apping of bipartite author-topic graph and its pr ojections . 
e constructed a bipartite author-topic graph to display the 

 esear ch focus of the authors in iSMOD, with each graph 

ode denoting an author or topic and the edges connecting 

ach author to his / her r esear ch topic(s). We defined topic
odes for all FISH methods and nuclear proteins present 

n iSMOD. The weight of the topic node in this graph was 
et as the number of articles referring to this method, and 

hat of the author node r epr esents the total citation count 
n Google Scholar (down-scaled by 10 times to match the 
ange of weight of the method / protein node). To avoid node 
xplosion caused by the huge number of authors, only the 
uthor nodes with a weight exceeding 400 are displayed in 

he bipartite graph. A topic-author edge exists only if the 
ssociated author has published at least one article anno- 
ated with the corresponding topic. Each edge is assigned a 

eight proportional to the number of the author’s papers in 

his r esear ch ar ea. From all key topics, we can build a global
ipartite author-topic graph, as shown in Figure 2 A. 
To show the author-topic relation knowledge for sub- 

elds, we can also generate projection graphs for specific 
 esear ch topics, e.g. the DNA FISH, RNA FISH, nucleic 
rotein, or their sub-classes, according to the annotations 
f each article. Three representati v e results are displayed in 

igure 2 B–D. To maintain consistent configuration among 

ll author-topic gr aphs / sub-gr aphs, the nodes in each pro- 
ection graph contain the same setting as in the global bipar- 
ite graph. In the projection graph, all authors (regardless 
f their citation count) associated with the method / protein 

re displayed, with the positions of high citation nodes 
resented in the whole bipartite graph fixed to re v eal the 
nique connection between authors and methods. Corre- 
pondingly, the collaborations between newly introduced 
uthors (not included in the bipartite graph) are added as 
ew edges. 

apping of the entity interaction graph. We construct in- 
er action gr aphs based on the entity inter actions retrie v ed
rom articles in iSMOD based on preset anchors. Simi- 
arly, the node in the interaction graph denotes an entity 

hat could be a gene, protein, or allele, with its weight pro- 
ortional to the number of articles referring to this item. 
n edge r epr esents an inter action between two inter acting 

ntities, and the weight is the count of corresponding inter- 
ctions retrie v ed from the whole database. For deeper dis- 
overy of relational knowledge, we can extend the graph by 

etaining the genes , alleles , and proteins that are linked with 

romoters or enhancers. 
To serve users from different sub-fields, the graph can be 

urther customized and filtered to display only specific cate- 
ories by using the function of adding and deleting grouped 

ntities in Vis Dataset, Similar to the author collaboration 

raph, the filtered sub-graph can also be obtained by in- 
utting the entity name(s) of inter est, wher e only entities 
ith interaction(s) with the input terms, and the enhancer 
nd promoter, are displayed. 

Additionally, in the comprehensi v e r epr esentation of cus- 
omized search results or papers related to the selected item, 
he interactions in the list are gathered with their corre- 
ponding cell type annotations to form a .json file, which is 
sed for the construction of the real-time entity interaction 

raph. Employing the cell type(s) as a checking label, the 
ub-graph on a specific cell type can be displayed by select- 
ng the item in a drop-down menu, promoting cell-specific 
nteraction r esear ch on multi-omic entities. 

he module identification and role classification of the 
raphs. Guimer ̀a and Amaral have shown that a complex 

raph can be divided into functional modules; the nodes 
ith varying features and importance can then be catego- 

ized into different roles according to their connection pat- 
ern intra- and inter-modules ( 28 ). By extracting the module 
nd role information in a complex network, either author 
ollaboration or entity interaction graph, one can obtain 

 coarse-grained version that can better help r esear chers 
solate important clusters or communities and offer intu- 
ti v e insights into academic leadership and r esear ch foci. 

e utilized the rnetcarto package ( https://github.com/ 
ran/rnetcarto ) in R language to respecti v ely perform mod- 
le identification and role classification for the graphs. In 

he graphs describing author cooperation and entity inter- 
ctions, we used distinct node colors for different modules, 
nd different shapes to distinguish their roles in the graph. 
or the bipartite author-method graph, we set the option 

bipartite’ in the rnetcarto to true to perform analysis 
n authors only. 

etrics of the graph. In the study of the social network 

f scientific collabora tions, quantita ti v e measur es ar e pro- 
ided to depict the degree distribution and connectivity of 
omplex graphs ( 29 ). As for our proposed graphs, we calcu- 
ated the average and maximum degree of the author collab- 
r ation gr aph; the f ollowing f ormula deri v es the clustering

https://github.com/cran/rnetcarto
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A

C

B

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 perspecti v es 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 ). 
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coefficient of a node v i in the complex graph ( 30 ): 

C ( v i ) = 

2 | U v j ,v k ∈ N ( v i ) 
{〈

v j , v k 
〉} | 

| N ( v i ) | ( | N ( v i ) | − 1 ) 
(1)

where N ( v i ) is the set of all nodes with connection to v i . 〈 v j ,
v k 〉 is 1 if the nodes v j and v k are connected, otherwise it is 0.
| N ( v i )| is the size of the set N ( v i ). The clustering coefficient
r epr esents 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 deri v ed by av eraging the clustering coefficient of all
nodes in the graph. The density of a knowledge graph pro-
posed by Otte and Rousseau quantitati v ely depicts the ag-
gregation from another perspecti v e as ( 31 ) 

� = 

2 G 

N × ( N − 1) 
, (2)

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 da ta integra tion capabilities through the four virtual
cells shown in Figure 4 B and E–G, which have been vi-
sualized in an interacti v e manner on the homepage GUI
of iSMOD. Specifically, the construction of virtual cells
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CA

B

D

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), respecti v ely. The green nodes represent 
the nuclear proteins, the orange nodes r epr esent the FISH deri vati v es, and the gray nodes r epr esent the authors. The roles of the nodes are depicted by 
their shapes. 
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an be described in two steps: 3D data collection and 

D modeling. 

D data collection. All source data in the exemplar mod- 
ls rely on the compound search and comprehensi v e anno- 
ation of iSMOD. For the distribution of the same gene at 
ifferent stages, we input the gene name or chromosome in- 
erval of interest (e.g. Xist ) in the ‘Gene’ text box of iS-

OD, select ‘FISH type’ in the ‘Other Keywords’ options, 
nd select the 3D option in the filter box of the search result
age. As the figures and captions provided by iSMOD can 

ndicate whether the manuscript contains images of related 

enes, potential candida tes tha t may provide 3D FISH ex- 
erimental images or coordinate lists can be obtained. Due 
o limited data availability, 3D images or coordinate data 

ypicall y a ppear in supplementary ma terials / source da ta a t-
ached to the article or are provided directly by the au- 
hor. For example, in the two pieces of source data inte- 
rated in Figure 4 B, the article by Takei et al.introduces its 
ata r epository ( https://zenodo.org/r ecord/3735329 ) in the 

https://zenodo.org/record/3735329
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A B

D E F

HG

C

Figure 3. Examples of molecular mechanism in vestigations f or diseases, based on the integrations of FISH data for the genes or alleles in a gi v en chro- 
matin region. (A, B) Distribution of genes in human ( A ) and mouse ( B ) chromosomes studied in iSMODdatabase. ( C ) The mechanism inferred from the 
retrie v ed articles studying gene HBB in region Chr11:5225464-5269945 . (D, E) Distribution of alleles imaged by FISH in human ( D ) and mouse ( E ) 
chr omosomes. ( F ) The graph pr oduced 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). 
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‘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 v o xel-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 deri v ed the conv e x 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 gi v en
v o xel 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 de v elopmental 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 iSMOD, 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 w e b-
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 4 F and G is deri v ed
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

https://info.vizgen.com/mouse-brain-data
https://zenodo.org/record/3928890


Nucleic Acids Research, 2023 9 

A

B C D

E F G

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 separa tion. Dif fer ent between-node r elationships ar e distinguished with edges of different line types, and 
the numbers indicated on the edge r epr esent 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 differ ent r etrie v ed r efer ences 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 de v elopmental 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 gr een, wher eas 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, 
z :0-2679 (unit: nm ). The genes that overlapped with homeobox ( HOX ) gene family on chromosomes are marked in purple. 
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speckles. Notab ly, we reserv ed the coor dinates 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 4 G,
We highlighted the genes that overlap with the HOX genes
family ( HOXD1 , HOXD3 , HOXD4 , HOXD8 , HOXD9 , HOXD10 ,
HOXD11 , HOXD12 , HOXD13 , HOXC4 , HOXC5 , HOXC6 ,
HOXC8 , HOXC9 , HOXC10 , HOXC11 , HOXC12 , HOXC13 ,
HOXA1 , HOXA2 , HOXA3 , HOXA4 , HOXA5 , HOXA6 , HOXA7 ,
HOXA9 , HOXA10 , HOXA11 , HOXA13 , HOXB1 , HOXB2 ,
HOXB3 , HOXB4 , HOXB5 , HOXB6 , HOXB7 , HOXB8 , HOXB9 ,
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 perfor med nor malization
on the coordinates of the points in each virtual cell and then
recorded them in several arrays as a .json file according to
dif ferent ca tegories (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 4 F and G, the innumerable gene and tran-
scription point objects contain a key-value pair for trans-
par ency, which ar e usually relati v ely 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 e v ent
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 achie v ed by redrawing each element on the canvas with a
updated size. 

RESULTS 

Data sources and functions of the iSMOD database 

iSMOD 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 comprehensi v e te xtual annotation, including FISH
types (DN A or RN A), proteins , species , gene names , can-
cers , cell types , cell names , cell cycles , dyes , FISH deriva-
ti v es, and other k eyw ords or search terms. Additionally,
the genes and proteins wer e r ecorded 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 ),
respecti v ely. The distributions in terms of different labels
and FISH techniques are shown in Figure 1 A and B, re-
specti v el y. Specificall y, we extracted the textual annotations
(i.e., k eyw ords) 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 1 C. 
To enable r esear chers in r elated fields to easily utilize the
tool and thus expand the fle xib le and di v erse use of iSMOD,
we de v eloped a user-friendl y gra phical user interface (GUI)
based on php, as shown in the lower block of Figure 1 C.
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 br owse thr ough 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). (iii) The ‘Stats viewer’ module provides a comprehen-
si v e gr aphical illustr a tion of the ca tegorical distribution of
the search results or selected item in the browser, by plot-
ting the qualitati v e statistical figures of the database from
different perspecti v es. The GUI is accessib le in Windows,
Linux, MacOS and Android systems and supports multiple
browsers and scr een r esolutions. 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,
respecti v ely. For other functions, please refer to the user
man ual ( https://www.i-smod.com/user man ual.pdf), which
provides detailed documentation and step-by-step instruc-
tions for the usage of iSMOD. 

Such a large database, together with comprehensi v e an-
notations of the author, r esear ch topics, and entity inter-
actions, is bound to form a huge, complex associated net-
w ork. iSMOD pro vides tools for constructing knowledge
gra phs to anal yze the key insights buried in such a huge
network. Generally, we built three types of graphs for in-
tegrati v e 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 1 C. 

Statistical characteristics of iSMOD 

With such a large repository and comprehensi v e annota-
tions, iSMOD provides multi-dimensional statistical plots,
re v ealing 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 r esear ch on humans and mice has been the predomi-
nant focus, and the use of Drosophila and budding yeast
has also been relati v el y common in FISH anal ysis. Coupled
fr equency plots ar e also provided in Extended Data Sup-
plementary Figure S4B. By enumerating the r esear ch pa-
pers on different species over the years, the de v elopment
trends for species studied using multi-omics can be assessed.
Additionally, the proportions of different imaging meth-
ods and different omics le v els are plotted in Extended Data
Supplementary Figure S4C. For instance, one can roughly

http://lufylegend.com/api/en_US/out/index.html
https://ensembl.org
https://www.ncbi.nlm.nih.gov/protein
https://www.i-smod.com/user_manual.pdf
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etermine how many genes have allele-specific FISH data 

sing the frequency plot for allele names. Overall, we can 

btain tens of informati v e statistics and leave more open for 
sers. 

UI of the search engine 

ustomized searching. To make iSMOD more user- 
riendly, we have constructed a website that has a user- 
riendly GUI for customized searching, as shown in Ex- 
ended Data Supplementary Figure S1. The interface pro- 
ides various aforementioned search fields and supports 
witching among three display modes for the comprehensi v e 
ear ch r esults (tabular listing, graphical plots, and knowl- 
dge graph) implemented in the GUI of stats viewer. More- 
v er, options are availab le for filtering 3D data and saving 

he annotated search results and publication information in 

 summary document; see methods in Section ‘Customized 

uery and result filtering’ for details. 

epository br o wser. W hile the ‘Search’ module of fers a 

apid and facile means for users to view multi-omics articles 
ith specific titles or attributes, the ‘Browse’ module com- 
rehensi v ely organizes all data from iSMOD into different 
erspecti v es to meet the demands for further exploration 

n di v erse backgr ounds. A br owser with a GUI was con-
tructed to provide rapid access to the massi v e amount of 
a tegorized da ta and organiza tions, as shown in Extended 

ata Supplementary Figure S2. As a user switches among 

he categories, all entries of this category in iSMOD are dis- 
layed as a clickable list, and a circular bar plot of the top 

00 frequency entries in the category is displayed, which in- 
uiti v ely characterizes the focus of related studies to some 
xtent. By selecting an entry of interest in the list, a new 

age similar to the search results is displayed to provide an 

v ervie w for all article information and statistics in the sub- 
atabase containing this entry. The offline summary docu- 
ent is also available for download from the summary mod- 

le in this page. 

tats viewer. The w e bsite has a stats viewer to display the
ear ch r esults in thr ee modes: The tabular listing shows the
nformation of each item matching the query, whereas the 
raphical plot and knowledge graph (interaction network) 
rovide statistical depictions r ender ed from the search re- 
ults on another page, resulting in a more intuiti v e ov ervie w
f the query. Users can switch among the three modes us- 

ng the radio button on the results page. On browsing the 
epository, the users can also see the statistics of the papers 
elated to the selected item using similar graphs. 

The graphical plots are generated online using R, and the 
nowledge graphs are displayed using Vis.js ( https://github. 
om/visjs/vis-network ), where colors indicate the modules 
similar to a comm unity), and sha pes indicate the node 
unctions. 

xemplar Applications 

esearch profiling of the image-based single-cell multi-omics 
eld. One of the core functions of iSMOD is to generate 
 global ov ervie w of the topics of the user’s interest, to as-
ist with tasks such as quickly conducting a scoping re vie w, 
dentifying hot topics or the right collaborators, or locating 

 specific r efer ence. A huge comple x networ k e xists among
he comprehensi v e annotations of tens of thousands of pa- 
ers in iSMOD, and a proper and fle xib le graph can re v eal

mportant insights. 
Scientific cooperation is of great significance for knowl- 

dge sharing, r esour ce / information sharing, and advanc- 
ng innovations ( 36 ). This notion can be traced back to 

rice, the inventor of scientometrics, who proposed the con- 
ept of an ‘invisible college’ and provided effecti v e meth- 
ds and models for studying the relationship of collabora- 
ion ( 37 , 38 ). The rise of social network analysis methods 
as further promoted the de v elopment of r esear ch on au- 
hor collaboration ( 39 , 40 ). To this end, iSMOD provides a 

nowledge graph of author collaboration (Extended Data 

upplementary Figure S8) with advanced filters and sub- 
raphs corresponding to various FISH methods, which are 
xpected to improve collaboration in the following aspects. 
irst, iSMOD depict the scientific collaboration map in 

ifferent topics of multi-omics research by providing mea- 
urements of the clustering coefficient, network diameter 
 29 ), or density ( 31 ) (see Methods in section ‘Metrics of the
ra ph’), w hich are beneficial for researchers to break down 

he barrier of collaboration and re vie w the current research 

tatus. In Extended Data Supplementary Table S3, we pro- 
ide the above indicators of the author collabor ation gr aph 

nd the corresponding sub-graphs of the FISH methods 
urrently provided by iSMOD, reflecting the distinguished 

 esear ch practices in different fields. Second, iSMOD pro- 
uces suggestions regarding author collaboration groups by 

abeling each node in the collaboration knowledge graph 

ith an advanced method ( 28 ). Specifically, the nodes as- 
igned the same labels are associated with the same affili- 
tion or close collaborations. Third, iSMOD measures the 
 xperienced e xperts (lar ge-size nodes), key authors (lar ge- 
egree nodes), and the frequency of collaboration (mean 

egree of the graph) ( 29 ) in the scientific relationship. Ex- 
mplar data on the provided graphs are also displayed in 

xtended Data Supplementary Table S3. Further, iSMOD 

nalyzes the role of r esear chers in collaboration, where the 
entrality measurement methods have the potential to char- 
cterize the role of each author in constructing the collab- 
r ation gr aph ( 41 ). Howe v er, we adopted a mor e r efined
lassification approach proposed by Guimer ̀a and Ama- 
al ( 28 ) for the various graphs provided by iSMOD, where 
uthors (or other nodes) are classified into se v en types of 
oles, indicating the frequency and preference of his / her 
ollaboration with the inter-group and intra-group coun- 
erparts (see methods in Section ‘The module identifica- 
ion and role classification of the graphs’). In this way, it 
s expected to effectively improve the efficiency of novice re- 
earchers in grasping the de v elopment of the field and con- 
ucting literature retrieval. Finally, the sub-graph generated 

hrough customized queries meets specific needs, such as 
dentifying potential mentors / collaborators or conducting 

iteratur e r esear ch. Specificall y, by customizing the gra ph 

ith arbitrary input, one can further obtain a graph of 
 narrower scope to get a quick ov ervie w of the r esear ch
tatus for a group of interest and the enclosed relational 
nowledge. 

https://github.com/visjs/vis-network
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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 gra ph, w hich is
generated based on the interaction information of all arti-
cles included 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 r esear chers
and r esear ch topics, we can gener ate a bipartite gr aph be-
tween authors and topics (e.g. FISH methods or nuclear
proteins) (Figure 2 A), which serves as a means to com-
prehensi v ely characterize the state of r esear ch in the multi-
omics fields. Two different colors are used to encode and dis-
tinguish categories. The established methods and r esear ch
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
fea tures, the d ynamics of the hot topics may change, and
regular updates for iSMOD will help identify the recent re-
sear ch tr end. 

To provide the statistics of a specific r esear ch 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 respecti v e projections.
Figure 2 B and D present two important high-throughput
methods for genomics –– MERFISH and seqFISH, respec-
ti v el y, w here both graphs present significant author clus-
ters. Similarly, Figure 2 C provides the projection graph
of CUGBP –– a regulatory factor that has not been exten-
si v ely studied. Of note, in the small projections, we labeled
the author collaborations, i.e. edges connecting two au-
thors. The collabor ation subgr aph 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
r esear ch 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 2 B 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 deri vati v es, 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. 

In vestig ating the molecular mechanism of diseases by com-
bining the FISH results of the genes or alleles within a given
chr omatin r egion. In iSMOD, ther e ar e curr ently 10 848
and 7541 genes from human (Figure 3 A) and mouse (Fig-
ur e 3 B) chromosomes, r especti v ely, imaged using FISH.
An important application of mining the enormous data is
to retrie v e 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
Chr11:5225464--5269945 containing the gene HBB
that encodes �-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 iSMOD. This set of pa pers potentiall y refers
to the related studies re v ealing 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 le v el of
acti v e 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 �-globin gene cluster, includ-
ing HBB , serves as a r epr esentative, and the cluster targets
the nuclear interior during erythrocyte ma tura tion while
transcription occurs ( 43 ). Regarding the cause of the up-
regulation of HBB and four other genes ( HBA , SLC4A1 ,
ERAF and GATA1 ) that occurs during erythr opoiesis, Br own
et al. ( 44 ) reported significant but varying association le v els
among the fiv e 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 3 C. In addition to re v ealing the among-gene associa-
tions with blood oxygen transportation, the other retrie v ed
papers can provide observation and drug mechanism in-
sights related to �-globin. For example, Stavrou et al. ( 45 )
reported that the �-globin replicator produces vectors that
promote transfection efficiency in hematopoietic progeni-
tor cells, in which the regulation can be observed with en-
hanced gr een fluor escent protein-tagged plasmids. Mor e-
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 r esear ch 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. iSMOD 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 3 D and Figure 3 E, respecti v ely. 

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 ( Chr11:1-2 800 000 ) ( 48 ). For
this 1-Mb-long imprinted region, 39 papers were retrie v ed
from iSMOD, we then ra pidl y identified the FISH experi-
ments conducted for H19 (imprinted maternally expressed
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ranscript) and Igf2 (insulin-like growth factor 2) ( 49 , 50 ) 
o improve our understanding of the expression pattern of 
he H19-Igf2 imprinting gene cluster. Eggermann et al. 
 48 ) re v ealed tha t on unmethyla ted ma ternal allele, CTCF
inding results in a boundary to pre v ent Igf2 promoters 
rom accessing enhancers, and conversely, methylation of 
he dif ferentially methyla ted region (DMR) on the pater- 
al allele pre v ents CTCF binding. Furthermore, accor ding 

o Rovina et al. ( 49 ), in addition to the differential methy-
ation of DMR within the H19 / IGF2 domain, the inter- 
ction between the H19 / IGF2 and CDKN1C / KCNQ1OT1 

omains also has a strong impact on the pathogenesis of 
hese two syndromes. In the CDKN1C / KCNQ1OT1 domain, 
CNQ1OT1 is an imprinted antisense long non-coding RNA 

lncRNA) on chromosome 11p15.5 which participates 
n cell prolifer ation, migr ation ( 51 ), and chromosomal do- 

ain localization ( 52 ); this is considered to regulate the 
e v elopment of colorectal cancer ( 53 ) and diseases such 

s retinal infection ( 54 ). Refined queries in iSMOD re- 
eal the imprinting mechanism of CDKN1C / KCNQ1OT1 , 
hich is similar to that of H19 / IGF2 in normal cases, 
nd the Kcnq1ot1 imprinting control region ( ICR ) is un- 
ethylated on the paternal allele, which allows Kcnq1ot1 

cRNA transcription ( 55 ). The expression level is regu- 
ated by various nucleoporins ( 55 ) or �-catenin ( 53 ) un- 
er differ ent cir cumstances, and this process acts as a mi- 
roRNA sponge to regulate the expression of other RNAs 
 51 ). Specifically, the reciprocal expression of these two 

egions is regulated in a methylation-sensiti v e manner by 

ompeting with a shared set of enhancers. There are three 
nteractions in this region –– between imprinting control 
egion 1( ICR1 ) and enhancer candidate regions located 

pstream of ICR2 ( Enh 2 ), between ICR2 and the re- 
ion upstream of IGF2 , and between ICR2 and CTCF 

w –– among which, the ICR2--CTCF Dw association is in- 
erred to occur on the maternal allele, whereas the ICR2- 

upstream IGF2 interaction may occur on the paternal 
llele. Other putati v e enhancer regions have also been sug- 
ested to potentially affect CDKN1C expression mediated by 

TCF ( 56 ). In pathological conditions, the ICR1--Enh 2 

nd ICR2--CTCF Dw interactions are lost, and new inter- 
ctions, such as ICR2--Enh A and ICR2--Enh B , ap- 
ear. Research on this chromosomal range also involves 
eletions / duplications of imprinted loci ( 57 ), which are of- 
en associated with the mechanisms of imprinting control. 
s v alidated b y user studies in one retrie v ed paper ( 58 ), an

n cis duplication of the entire 11p15.5 cluster on the ma- 
ernal allele may be related to the disease phenotype. Fur- 
hermore, the microduplication of truncated KCNQ1OT1 

ay lead to the presence of both methylated and unmethy- 
ated ICR2 sequences on the same chromosome, resulting 

n CDKN1C silencing on the maternal chromosome but caus- 
ng no effect on the paternal chromosome. Upon combining 

he results from the retrie v ed articles, a conceptual map was 
onstructed, as shown in Figure 3 F, which illustrates the 
egulatory mechanisms and chromosomal transitions un- 
erlying the Beckwith–Wiedemann and Silver–Russell syn- 
romes. 
As demonstrated above, the integration of r esear ch con- 

lusions a t dif ferent le v els provides comprehensi v e insights 
nto the interactions and activities within and between gene 
egions. We anticipate that with an increase in published 

rticles, a more holistic understanding of various genomic 
nd molecular mechanisms underlying diseases can be elu- 
idated with the aid of iSMOD and data reanalysis. In iS- 

OD, we have annotations for 131 cancer types and 642 

ancer cell lines (Figure 3 G–H). One can search for related 

apers for a specific cancer type using combinatorial anal- 
sis and uncover the underlying mechanisms to further un- 
erstand how the genetic changes in 3D result in key genetic 
ariants that can ultimately lead to cancer de v elopment. 

xploring the wor king mec hanisms under biological phe- 
omena by mining multi-omics interactions from the iS- 
OD repository. The entity–entity connection graph 

efers to the interaction relationships established from se- 
antic analysis of the interactions among molecular enti- 

ies (e.g. promoters , enhancers , genes , alleles , transcription 

actors, etc.), r epr esenting each entity as a node and inter- 
ctions as edges. Together with customized searching, iS- 
OD can build a graph based on retrie v ed papers on pair- 

ise interactions related to the topic of interest at varying 

mics le v els and integrate the r esults to r e v eal a portion of
he underlying working mechanisms. Here, we use liquid– 

iquid phase separation (LLPS) as a r epr esentati v e, which is 
ncreasingly being used as a potential physicochemical ba- 
is for the formation of membrane-less bodies in cells, such 

s in promyelocytic leukemia nuclear body ( PML NB) ( 59 ). 
ince LLPS is closely related to various nuclear proteins and 

lays a key role in regulating the relationship among pro- 
eins, RNA, and chroma tin, integra ting the locations (de- 
ermined by FISH) of and interactions among these enti- 
ies may help re v eal the mechanisms underlying phase sep- 
r ation. iSMOD produced a gr aph using the data from 

2 retrie v ed related papers and presented it as filled nodes 
ogether with their related edges (Figure 4 A). We supple- 
ented the gra ph manuall y with hollow nodes, as a limited 

umber of entities were not retrie v ed in se v eral papers. The
ercentage of the filled nodes largely validates the effecti v e- 
ess of the automatic extraction of interactions. From the 
raph, we can draw the following conclusions: 

(i) iSMOD 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 4 A. Experimentally, the exis- 
tence of LLPS condensate formed by BRD4 , MED1 , 
and RNAPII indicates that proteins with a higher con- 
tent of disordered regions are associated with higher 
LLPS potential ( 60 ), re v ealing a close connection be- 
tween IDR and LLPS. The alternati v e lengthening of 
telomeres associated with the condensation of PML NB 

( APB ) is also dri v en 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 ), heter ochr omatin establish- 
ment ( SETDB1 ), and chroma tin d ynamics regula tion 
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( 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
structur es ar e 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 dri v es 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-
stra te tha t the viroplasm is formed by interactions be-
tween the RN A cha perone NSP2 and the intrinsically
disordered protein NSP5 and its co-localization with
RNA ( 66 ). 

(ii) Phase separation plays an important role in DNA
damage repair (DDR), as illustrated by the ‘DDR fac-
tors’ cluster in Figure 4 A. 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 -positi v e struc-
tures ( 69 ). As an important r equir ement 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 ). 

(iii) The ribonucleoprotein (RNP) milieu is formed by the
interaction of lncRNA and IDRs in RBP s, where the
phase separation is established under the participa-
tion of HRS s ( 71 ). Combining the two retrie v ed 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 4 A: As an example of
the lncRNA–protein complex, paraspeckle is formed
by the phase separation of associating RBP s, where
lncRNAs 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,nakagawa2018molecular
( 74 ). Large RNP complexes also exhibit deep connec-
tions with high-salt–r ecover ed sequences ( HRS s), 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 , Pou5f1 , Nanog and Klf4 loci, which may
be associated with a large RNP complex in cortical
neurons and map to Malat1 / Neat1 loci as well
( 73 ), which are necessary for the assembly of nuclear
speckles / paraspeckles and the regulation of gene ex-
pression ( 75 ). 

(iv) 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 4 A. iSMOD retrie v ed 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
tha t the LLPS d ynamics (nuclear speckle morphol-
ogy) ar e r egulated 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–chroma tin interactions, valida ting the regula-
tion of XBP1 . At the genomic le v el, sets of genes, such
as Manf , Hyou1 and Sec23b were found to be hyper-
sensiti v e to the dynamic changes of LLPS ( 76 ). 

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

Integr ation of 3D g enomic, tr anscriptomic, and pr oteomic
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 de v elopment. 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 gi v en 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-
gra ting the coordina tes of genes determined using seqFISH
with those from other techniques yields a more comprehen-
si v e 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. Ne v ertheless, ther e ar e promis-
ing examples that can be used to validate the importance of
iSMOD and advance efforts in single-cell multi-omics data
sharing. 

For instance, X inacti v e 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 4 B). For the SeqFISH data by Takei et al.
( 33 ), we quantitated the 3D position of Xist using shells of
equal radius division (see Figure 4 C) and found that Xist
is distributed randomly in the nucleus ( t -test: P = 0.65;
Mann–Whitney U -test: P = 0.82; one-way ANOVA: P =
0.65; Figure 4 D). By contrast, the Xist data by Shiura et 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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ist RNA, Namekawa et al. ( 80 ) re v eal the importance 
f Xist in gene silencing at the morula stage (the second 

tep of imprinted X inactivation). iSMOD can thus make it 
asier to re v eal such information by exhibiting the spatial 
istributions of Xist a t dif ferent de v elopmental phases by 

ntegra ting partial da ta from dif ferent groups into the pro- 
osed virtual cell. 
We can also set up a global 3D distribution map to vi- 

ualize the available transcriptomic data for the same cell 
ype, from the public MERFISH data released by Viz- 
en Data Release Program ( https://info.vizgen.com/mouse- 
rain-data ) and other related papers in iSMOD. 
First, we demonstrated the ability of iSMOD to integrate 
N A-seq data, w here the tr anscripts in the br ain cells im-

ged using MERFISH were visualized in 3D space (Figure 
 E). Furthermore, by considering multi-omics data such as 
hose for nucleoli and speckles, another ‘virtual cell’ was 
uilt using the MERFISH data from IMR-90 cells ( 35 ) by 

ntegrating the spatial inf ormation f or genome-scale chro- 
a tin organiza tion, transcriptional activity, and nuclear 

tructures into one 3D map (Figure 4 F). The zoomed-in 

odel shown in Figure 4 G demonstrates the detailed dis- 
ributions of multi-omics entities; the genes that overlapped 

ith homeobox ( HOX ) gene family on chromosomes are 
arked in purple, with the potential for further exploration. 
ll virtual cells shown in Figure 4 are modeled on the home- 
age of iSMOD in an interacti v e manner (see methods in 

ection ‘The construction of 3D virtual cells’ for details). 
his demonstra tes tha t iSMOD is a good candida te for 

he single-cell multi-omics da ta pla tform to investigate the 
echanisms of gene regulation. 

UMMARY AND DISCUSSION 

his study aimed to de v elop a method for advanced biolog- 
cal studies that unify multi-omics data and technologies. 
onsequently, the image-based multi-omics search engine 

SMOD was de v eloped, using ne wly collected and anno- 
a ted da ta for 23 288 (which continues to grow) life sciences 
nd medicine papers from PubMed. A new w e bsite, https: 
/i-smod.com , was constructed to search, browse, and ana- 
 yze the pa pers included in the database with a user-friendly 

UI. A salient feature of the database is that it currently 

ncludes at least 11,664 genes / genomic loci or RNAs and 

42 proteins imaged using DN A FISH, RN A FISH and 

mmune-staining, respecti v ely. 
As the first integrated single-cell multi-omics platform, 

SMOD provides a new means to serve the life sciences and 

edical community in an interdisciplinary manner. We have 
etailed typical examples to gi v e a broader perspecti v e of 
he possibilities the tool is capable of: (i) It is envisioned 

hat the platform will inspire researchers to conduct deeper 
ata mining to combine the fragmentary conclusions scat- 
ered in tens of thousands of papers and investigate the spa- 
iotemporal e v ents underlying diseases, such as tumorigen- 
sis and various rare diseases ( 48 , 51 , 57 ). (ii) This search en-
ine will enable r esear chers to visualize the nuclear struc- 
ure and molecular activities in a unified coordinate sys- 
em, thus advancing the current understanding regarding 

he relationships among chromatin organization, gene reg- 
lation, tr anscription, and tr anslation. Such a unified view 
ill largely benefit from recent progress in high-throughput 
nd multimodal imaging based on multiplexed FISH imag- 
ng methods (e.g. MERFISH and seqFISH) and directly 

inks genomic loci with nascent RNA transcripts and land- 
ark nuclear structures. (iii) iSMOD serves as a platform 

o identify the key studies and r esear chers involved in the 
 ulti-omics fields, w hich will help facilitate a more ra pid 

nderstanding of the history, key technologies, hot topics, 
roducti v e r esear ch groups, and author collaborations. This 
rofiling is efficient and informati v e as the results are built 
n comprehensi v e annotations from the contents of aca- 
emic papers rather than k eyw ords and titles. (iv) The rich 

et of annotations and search options make iSMOD a pow- 
rful tool that can meet the demands of different users. For 
xample, the function of retrieving papers related to a spe- 
ific gene or genes within a chromosomal region is useful for 
tudies on a target topic; searching the papers and experi- 
ental results of a gi v en dye can quickly identify the proper 

yes from pre vious inv estigations; one can also retrie v e the 
ntries related to a specific cancer type or cell line. 

iSMOD also provides ranking to the search results to 

elp users identify the expected literature. For example, in 

a pers w here diseases or genes are mentioned in the ab- 
tract or title but not related to FISH or protein analysis, 
he annotations of these papers tend to provide misleading 

esults. Howe v er, articles, especiall y meta-anal yses and re- 
iew articles, containing high citation count or published in 

igh-impact journals tend to be more rigorous in the tex- 
ual description of the title and abstract, thus serving to 

otentially provide more relevant information. To this end, 
SMOD provides ranking by either publication time or ci- 
ation count, helping users to retrie v e the rele vant articles 
fficiently. 

UTURE DIRECTIONS 

s multi-omics techniques are de v eloping and e volving 

a pidl y, related academic papers are being published at an 

ncreasing rate, and the demand for systematic re vie wing 

nd integration of related studies is becoming e v en more im- 
ortant. Corr espondingly, an incr easing amount of image- 
ased multi-omics data will be published, and this will pro- 
ide large amounts of new data relevant to iSMOD . To 

etter track the ra pid pro gress in this field and to benefit 
he academic community, we will continue to update iS- 

OD with the latest published work to help reveal promis- 
ng r esear ch tr ends. 

We also plan to expand the platform to integrate image 
ata from other omics, including image-based transcrip- 
omic data and single nuclear metabolomic data, to serve 
he integrati v e single-cell multi-omics studies in a more 
omprehensi v e manner. It is also worth noting that the re- 
earch on disease and clinical symptoms accounts for a large 
ercentage of the articles in iSMOD , where quantitati v e 
ata are provided and can potentially re v eal the pathogene- 
is of disease statistically. Ther efor e, iSMOD is further ex- 
ected to incorporate the results of Kaplan –– Meier anal- 
sis as well as genotype (mutations) and phenotype infor- 
a tion tha t is crucial for depicting the r esear ch conclusion, 

f provided, in the search results in the future. Moreover, 
ntegra ting spa tial multi-omics da ta or the results obtained 

https://info.vizgen.com/mouse-brain-data
https://i-smod.com
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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-
tegrati v e 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-
sentati v es in these works introducing similar organizing
serv ers for e xperimental / computa tional da ta are impor-
tant r efer ences ( 81–83 ) and data sources ( 25 , 26 , 84 ) for iS-
MOD. Howe v er, manuscripts that primarily organize ex-
isting experimental / computational data may probably not
enter our database due to lacks of conclusi v e e xperimental
images according to the information extraction pipeline. To
this end, we consider provide database access to multi-omics
experimental / computa tional da ta in the ”Helpful Links”
column of iSMOD, and one can retrie v e / locate such serv ers
using search engines with proper k eyw ords. 

While advancing toward more comprehensi v e search
results, achieving the pipeline from the output of iS-
MOD to reliable conclusions or predictions serves as
another inter esting dir ection. Curr ently, it does r equir e
a certain amount of professional knowledge to inter-
pret the aggregated results or retrie v e meaningful con-
nections from the interaction graph. To this end, the
large language models ( 85 ) / general foundation models
(arXi v preprint: 2108.07258) hav e 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. Moreov er, in-conte xt learning is
widely explored and making progress in large language
models (arXiv preprint arXiv:2202.12837, arXiv preprint
arXiv:2301.00234). Ther efor e, 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 r esear ch, and the fine-tuned
model could provide effecti v e output as another impor-
tant annotation of iSMOD, where large-scale data collec-
tion, environmental configuration, and hardware upgrades
ar e r equir ed. Ther efor e, subsequent versions of iSMOD
will focus on the latest de v elopments in foundation model
r esear ch and move toward integration with high-level se-
mantic analysis tools. Mor eover, ther e ar e a lot of com-
putational works utilizing image-based omics data, which
plays a key part in multi-omics studies. The computational
wor ks containing e xperimental figures or panels will be la-
beled by the k eyw ords and enter our database, assisting
r esear chers to integrate the conclusions computationally
drawn from image-based omics data. In the future, utilizing
ad vanced semantic anal ysis techniques for gathering omics
data sour ces, r ecognizing the computation algorithm, and
retrieving the computational conclusion from such compu-
tational works, we can combine experimental and compu-
tational works for more comprehensi v e 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 r esear ch
papers. 

Additionally, a mor e compr ehensi v e annotation is e x-
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, howe v er, were inaccessib le
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 se v en positi v e 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 da ta informa tion (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 affor dab le
for iSMOD’s server. Furthermore, data identification and
pre-processing often rely on empirical and manual oper-
ations. Ther efor e, generating virtual cells online based on
r eal-time sear ch r esults on the w e bsite 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 integrati v e studies. To-
ward more versa tile integra tion 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 coordina te informa tion solely based on specific cell
types or experimental methods may result in decreased ac-
curacy due to factors such as dif ferentia ted experimental
conditions. In the future, we plan to deploy advanced se-
mantic models for comprehensi v e 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
accura te 3D spa tiomics models, w here the gra ph 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 ); howe v er,
certain issues must first be resolved to allow its implemen-
tation in iSMOD: First, retrieving and annotating histolog-
ical images from the article is r equir ed 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 iSMOD construction, but is also closely
related to the advance of image processing, deep learning,
and multi-omics r esear ch itself. 

Furthermore, as is common with other search engines,
not all extracted k eyw ords are closely related to the topic
of the article and not all the articles are directly related to
the FISH or proteins r esear ch, although various approaches
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escribed in Section ‘iSMOD data collection and annota- 
ion’ have been adopted. In the future, ra pidl y improving 

emantic analysis algorithms for the article and search items 
ill be applied to produce better annotation and more ac- 

urate results. We also plan to extend the search range in the 
ain text and include annotations on the supplementary 

aterials. 
Although most steps of iSMOD construction are au- 

omatic, the acquisition of citation counts of articles and 

he creation of knowledge graphs r equir es some manual 
ssistance; thus, iSMOD is not updated in real time. In- 
tead, considering the rapid advances in the field of single- 
ell multi-omics, iSMOD will maintain a bi-monthly reg- 
lar update. The GUI and functions will continue to be 

mproved or supplemented based on the received feedback 

rom r esear chers. 
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