TH
Nucleic Acids Research, 2025, 53, D738-D747

https://doi.org/10.1093/nar/gkae863

Advance access publication date: 7 October 2024

Database issue - OXFORD

OPEN ACCESS

ANNIVERSARY

SubCELL: the landscape of subcellular
compartment-specific molecular interactions

Yintao Zhang ©12f, Wanghao Jiang'f, Teng Li', Hangwei Xu', Yimiao Zhu', Kerui Fang’,
Xinyu Ren’, Shanshan Wang?3, Yuzong Chen ©45-*, Ying Zhou'-* and Feng Zhu ©1-2-*

College of Pharmaceutical Sciences, Department of Pharmacy, Second Affiliated Hospital, Zhejiang University School of Medicine, State
Key Laboratory of Advanced Drug Delivery and Release Systems, Zhejiang University, Hangzhou 310058, China

ZInnovation Institute for Artificial Intelligence in Medicine of Zhejiang University, Alibaba-Zhejiang University Joint Research Center of Future
Digital Healthcare, Hangzhou 330110, China

3Qian Xuesen Collaborative Research Center of Astrochemistry and Space Life Sciences, Institute of Drug Discovery Technology, Ningbo
University, Ningbo 315211, China

“State Key Laboratory of Chemical Oncogenomics, Key Laboratory of Chemical Biology, The Graduate School at Shenzhen, Tsinghua
University, Shenzhen 518055, China

SInstitute of Biomedical Health Technology and Engineering, Shenzhen Bay Laboratory, Shenzhen 518000, China

“To whom correspondence should be addressed. Tel: +86 189 8946 6518; Email: zhufeng@zju.edu.cn
Correspondence may also be addressed to Prof. Ying Zhou. Email: zhou_ying@zju.edu.cn
Correspondence may also be addressed to Prof. Yuzong Chen. Email: chenyuzong@sz.tsinghua.edu.cn
The first two authors should be regarded as Joint First Authors.

Abstract

The subcellular compartment-specific molecular interactions (SCSIs) are the building blocks for most molecular functions, biological processes
and disease pathogeneses. Extensive experiments have therefore been conducted to accumulate the valuable information of SCSls, but none of
the available databases has been constructed to describe those data. In this study, a novel knowledge base SubCELL is thus introduced to depict
the landscape of SCSIs among DNAs/RNAs/proteins. This database is UNIQUE in (a) providing, for the first time, the experimentally-identified
SCSls, (b) systematically illustrating a large number of SCSls inferred based on well-established method and (c) collecting experimentally-
determined subcellular locations for the DNAs/RNAs/proteins of diverse species. Given the essential physiological/pathological role of SCSls,
the SubCELL is highly expected to have great implications for modern molecular biological study, which can be freely accessed with no login
requirement at: https://idrblab.org/subcell/.
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Introduction teractions serve as building blocks for most molecular func-
Cellular functions are tightly regulated by the interactions tions, biological processes, and disease pathogeneses (4-6).
among DNAs/RNAs/proteins, which are intimately tied with Sophisticated experimental technologies [cross-linking mass
their interacting subcellular compartments (1-3). These in- spectrometry (7), proximity labeling (8) and so on] are pro-
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posed to discover the subcellular compartment-specific inter-
action (SCSI). Moreover, an inferring method has also been
made available to enable the discovery of SCSIs through in-
tegrating experimentally validated in-vitro interactions with
the corresponding information of interacting molecule’s sub-
cellular compartment (9). Both types of SCSI are found criti-
cal for clarifying the molecular mechanism underlying disease-
induced organelle remodeling (10-12), elucidating the compli-
cated biological process regulated by DNAs/RNAs/proteins
(13-16), refining existing interaction networks for deconvo-
luting the highly complex architecture of cells (17-19), and
so on. Additionally, these data provide valuable foundation
for the application of Al (20-22) into biomedical studies (23—
25). Therefore, it is key to accumulate the data of subcellu-
lar compartment-specific molecular interactions to meet the
needs of modern biological research.

So far, several databases related to molecular interaction
have been developed. Some specialized in protein-protein in-
teraction, such as STRING (26), DIP (27), and HIPPIE (28);
some described RNA-centric interactions, like RNAInter (29),
NPInter (30) and RISE (31); the remaining gave multiple
types of interactions, including IntAct (32), BioGRID (33) and
ConsensusPathDB (34). All these databases had accumulated
broad interests from worldwide audiences, but none of them
included the data of SCSI. Currently, only two databases
are available for providing SCSI-related data, ComPPI (35)
and IID (36). However, both of them focused only on pro-
viding the inferring interactions between proteins, which led
to the absence of a huge number of interactions between
protein—-RNA, protein—-DNA, RNA-RNA. Moreover, the data
of experimentally-validated SCSIs were completely missing
from both databases. Thus, there is an urgent need to have
a knowledge base that provides the valuable information of
the subcellular compartment-specific interactions (SCSIs, both
experimental and inferred) among DNAs/RNAs/proteins.

Herein, a database, named SubCELL, was thus developed
to provide the landscape of subcellular compartment-specific
interactions among DNAs/RNAs/proteins. First, comprehen-
sive review was conducted by searching keyword combina-
tion like ‘subcellular + interactome’ and ‘organelle + inter-
actome’ in PubMed, and 11 559 experimentally-identified
SCSIs were accumulated. Second, the subcellular compart-
ment information of 68 081 DNAs/RNAs/proteins were
collected from literatures, which covered 52 organelles
(such as endoplasmic reticulum, mitochondrion, chloroplast,
melanosome, glyoxysome and carboxysome) from 2 291
species. Third, 398 798 experimentally-validated in-vitro in-
teractions were compiled from literatures and integrated from
existing databases (such as BioGRID (33), and IntAct (32)).
Finally, a well-established inferring method (9) was applied to
filter the interactions that two molecules located in the same
subcellular location, resulting in a refined set of 108 771 in-
ferred SCSIs. As a result, a total of 120 330 SCSIs (including
11 559 experimentally-identified and 108 771 inferred ones)
were systematically collected to SubCELL database.

Allin all, our SubCELL (illustrated in Figure 1) is unique in
(a) providing, for the first time, the experimentally-identified
SCSIs, (b) systematically describing a large number of SC-
SIs inferred based on a well-established method and (c) com-
prehensively collecting the experimentally-determined sub-
cellular compartments for 68 081 DNAs/RNAs/proteins
of diverse species. All molecules collected into this study
were cross-linked to other well-established databases such as
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UniProt (37), miRbase (38), TTD (39), DrugMAP (19), PDB
(40), AlphaFoldDB (41), Ensembl (42), HGNC (43) and NCBI
Taxonomy (44). Since these valuable SCSIs collected in Sub-
CELL are building blocks of molecular functions, biological
processes and disease pathogeneses, they are anticipated to
have great implication for the modern molecular biological
research.

Factual content and data retrieval

Collection of subcellular compartment-specific
interactions

In SubCELL, two types of subcellular compartment-specific
interactions (SCSIs) were described: the experimentally-
identified ones and the inferred ones. Those experimentally-
identified SCSIs were discovered by sophisticated experimen-
tal techniques (such as proximity labeling and cross-linking
mass spectrometry), while the inferred SCSIs were deduced by
integrating the subcellular distributions of and the in-vitro in-
teractions among the studied DNAs/RNAs/proteins. To col-
lect the experimentally-identified SCSIs, comprehensive liter-
ature review was conducted in PubMed (45) using such key-
word combinations as: ‘subcellular compartment + interac-
tion’, ‘subcellular location + interactome’ and ‘organelle + in-
teractome’. All retrieved publications were manually checked
and a total of 11 559 experimentally-identified SCSIs were
carefully recorded alongside the details of the detecting com-
partment and experimental technique. For the inferred SCSIs,
the processes for data collection were as follows. First, the
subcellular compartment information of proteins and RNAs
were comprehensively collected from literatures and exist-
ing databases, such as UniProt (37), HPA (17), MitoCarta
(46) and RNALocate (47), which led to a total of 101 192
compartment annotations for 68 081 molecules. Then, 398
798 experimentally-validated in-vitro interactions were re-
trieved from both literature and the existing databases [such
as BioGRID (33) and IntAct (32)]. Finally, only those inter-
actions whose interacting molecules located in the same com-
partment were collected into our SubCELL, which resulted in
108 771 inferred SCSIs.

As a result, a total of 120 330 SCSIs and 101 192 com-
partment annotations for 68 081 molecules were systemat-
ically described in our SubCELL, which came from 2 291
species (Homo sapiens, Mus musculus, Arabidopsis thaliana,
Fission yeast, etc.) and 52 organelles (mitochondrion, endo-
plasmic reticulum, chloroplast, carboxysome, etc.). Detailed
distribution of SubCELL data was illustrated in Figure 2A. As
demonstrated, the experimentally-identified and inferred SC-
SIs accounted for 10% and 90% of all those collected data, re-
spectively. The top-5 compartments with the highest amount
of SCSI data were Nucleus, Cytoplasm, Cytosol, Mitochon-
drion and Cell Membrane, and the top-5 species containing
the largest number of SCSI information were Homo sapiens,
Baker’s yeast, Mus musculus, Arabidopsis thaliana and Fission
yeast. Moreover, Figure 2B further described the distribution
of compartment annotation data in SubCELL, and the an-
notations for protein, RNA and DNA accounted for 67.1%,
29.1% and 3.8%, respectively. The top-5 compartments con-
taining the most annotations were Nucleus, Cytoplasm, Cy-
tosol, Secreted and Cell Membrane, and the top-5 organisms
having the most annotations were Homo sapiens, Mus mus-
culus, Arabidopsis thaliana, Baker’s yeast and Fission yeast.
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Figure 1. The uniqueness of the SubCELL and the potential applications of the collected data in SubCELL. The SubCELL database was constructed to
provide the landscape of subcellular compartment-specific interactions (SCSIs) among DNAs/RNAs/proteins, which was unique in (a) providing, for the
first time, the experimentally-identified SCSIs, (b) systematically offering a large number of SCSIs inferred based on well-established method and (c)
comprehensively collecting experimentally-determined subcellular compartments for DNAs/RNAs/proteins of diverse species. Both
experimentally-identified and inferred SCSIs are found critical for finding the molecular mechanisms underlying the disease-induced organelle
remodeling, clarifying complicated biological process regulated by DNAs/RNAs/proteins, refining existing interaction network for deconvoluting the

highly complex architecture of the cell, and so on.

Deciphering subcellular compartment-specific
interaction profiles of molecules

To execute its cellular functions, DNAs/RNAs/proteins
interacted with various molecules in diverse subcellu-
lar compartments (48). Unraveling SCSI landscape of
DNAs/RNAs/proteins could provide great insights into how
a molecule functioned in various cellular processes (49—
51), how it was regulated in specific locations (52,53), and
how disruption in these interactions might contribute to a
disease/cellular dysfunction (54-57). Taking the tumor sup-
pressor protein p53 as example, which bound to E3 ubiquitin—
protein ligase MDM?2 in cytosol, thereby maintaining p53 in
its inactive state. However, in response to the cellular stress,
P33 could dissociate from MDM2, translocated into the nu-
cleus, and acted as a transcription factor to induce apoptosis

(58,59).

To facilitate the understanding of the full picture and differ-
ences in molecule’s interaction profile in different subcellular
compartments, a web page for each molecule (as shown in
Figure 3) was constructed to provide the compartment data
and the SCSIs for each molecule. As described, the molecule
page was organized to two sections. The first section (as
shown in Figure 3A) presented the general information of the
molecule together with its compartments. The general infor-
mation demonstrated in the left side of Figure 3A included
molecule name, synonyms, species, structure, sequence and
functions. On the right side of Figure 3A, the correspond-
ing compartments of this molecule were visualized based on
SwissBioPics (60). The second section (as depicted in Figure
3B) focused on giving the experimentally-identified and the
inferred SCSIs. For experimentally-identified ones, the related
information was carefully showed, such as the experimen-
tal technique and corresponding publication. For the inferred
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Figure 2. The distribution of the data collected in SubCELL. (A) A quantitative overview of the subcellular compartment-specific interactions (SCSIs) in
SubCELL. The experimentally-identified and the inferred SCSls accounted for 10% and 90% of all collected data, respectively. The five subcellular
compartments that have the most interactions in SubCELL were nucleus, cytoplasm, cytosol, mitochondrion and cell membrane. The five organisms
that have the most interactions in SubCELL were Homo sapiens, Baker's yeast, Mus musculus, Arabidopsis thaliana and Fission yeast. (B) A quantitative
overview of the subcellular compartment annotation of molecules in SubCELL. The subcellular compartment annotations in SubCELL for proteins, RNAs
and DNAs accounted for 67.1%, 29.1% and 3.8%, respectively. The 5 subcellular compartments that have the most annotations in SubCELL were
nucleus, cytoplasm, cytosol, secreted and cell membrane. The five organisms that have the most annotations in SubCELL were Homo sapiens, Mus

musculus, Arabidopsis thaliana, Baker’s yeast and Fission yeast.

ones, the corresponding interactions were groups by compart-
ments. The user can click the Protein/RNA/DNA Info but-
ton to redirect to interacting molecule page for additional in-
formation. Moreover, a section entitled ‘Pathological Context
of This Interaction’ was provided online to demonstrate the
pathological contexts of each molecular interaction, and cross
links were also provided to existing online databases (28,36).

Exploring interactions and molecules in each
subcellular compartment

Exploring interactions in a specific subcellular compartment
can help to understand the spatial organization of cellular
components (61-63), uncover the molecular mechanisms un-
derlying the diseases (10,64), aid in the design of targeted ther-
apies (65-68) and so on. For example, the large-scale identi-
fication of interactome within mitochondria provided a valu-
able tool for advancing the understanding of mitochondrial
function and dysfunction (69,70), and served as a powerful
complement to new cryo-EM-derived structures of mitochon-
drial complexes (71).

In SubCELL, a dedicated page was designed for each sub-
cellular compartment (as illustrated in Figure 4) to provide the
information of proteins and their interactions with the com-
partment. As depicted in Figure 4A, the first section presented

the general information about the subcellular compartment,
such as synonyms, description and hierarchy. The hierarchy
of the subcellular compartment was constructed based on all
compartment information collected in the SubCELL. Taking
the Nucleus as an example, it can be subdivided into different
substructure, such as nucleus membrane, nucleolus, nuclear
speckle and nucleoplasm. Some of the substructures can be
further divided into tertiary levels, like nucleus inner mem-
brane and nucleus outer membrane. The second section (as
described in Figure 4B) systematically provided the subcellu-
lar compartment-specific interactions of a given compartment.
Users were empowered to filter interactions by selecting cer-
tain class(es) of interactions (such as protein—protein interac-
tion and protein—RNA interaction) or keywords search. The
third section (as shown in Figure 4C) listed all molecules that
located in the subcellular compartment. For each molecule,
the name, category, organism, and the detailed compartment
information were explicitly provided and users can click the
molecule name to jump to the molecule page for more detailed
information.

User-friendly search and download function

SubCELL provided diverse search options and download
functions to enhance user experience and access to informa-
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Figure 3. Diverse data provided in SubCELL for each molecule. (A) A studied molecule together with its subcellular compartment information in
SubCELL. On the left side, the general information of each molecule is displayed, included name, synonyms, organism, structure, sequence, functions
and so on. On the right side, all subcellular compartments of the molecule reported in publications were displayed using SwissBioPics. (B) A list of
interacting partners of the molecule and the compartment of interaction. For experimentally-identified partner(s), the compartment of interaction,
experimental method and corresponding publication were provided. For inferred Partner(s), the interactions were grouped by subcellular compartments.
Users can click the button of Molecule Info (Protein Info, RNA Info and DNA Info for protein, RNA and DNA, respectively) to redirect to the interacting

molecule page for detailed information.

tion. As shown in Figure SA, users can explore molecules and
subcellular compartment of interests by keywords (such as
molecule/compartment name), species, sequence and so on.
When the users search for the proteins or subcellular com-
partments using any of these strategies, the relevant results
will be presented in card format (as demonstrated in Fig-
ure 5B). Users can seamlessly navigate to specific molecule

or compartment pages for detailed insights by clicking the
Protein/RNA/DNA Info or Compartment Info button. In ad-
dition, as shown in Figure 5C, all data collected in SubCELL
can be downloaded in the Download page, including the sub-
cellular compartment-specific molecular interaction data, the
subcellular compartment information, and the general infor-
mation for molecules. This feature enables users to access

Gz0z Aenuer g uo sasn Aseiqi ABojouyos ] ¥ 9ouslog |euoneN Ag 269118/2/8€/2A/LA/EG/a101KE/JIEU/WOD dNOdlWapede//:sdiy woiy papeojumoq



Nucleic Acids Research, 2025, Vol. 53, Database issue

SubCELL

‘the [?n?’s’c"épe of subcellular compartment-specific molecular inte;.gctig{ls i

A Detailed Information of Each Compartment C Molecules of Each Compartment
I''"""'"""""""""""""I b b e b e e e by b el e L e oy T
1 1
1 i Nuieg;mmosome i | Filter Data by Keyword:
1 H 1
Synonyms i s Centromere i i
i ‘s Chromatin : | Molecule Name Category Organism
1
! = Telomere i !
1 1 1 1 1
| > Niiclear body i i Zinc finger protein GLI1 ~ Protein Human
1 £ ]
ipti ! e Catalbody |1 Zscanl0 DNA Mouse
Description E  PML body : i
: “ Nuclear paraspeckle i | mo-miR18a-5p miRNA Rat
: & Nuclear pore complex i !
]
] & Nuclear speckle I | Myosin-15 Protein Mouse-ear cress
- - ‘s Nucleolus ! 1
] 1
H’eramhy ' = Nucleolar fibrillar center i | Protein LOLS Protein Rice
i ‘= Nucleolus rim i i
i ‘s Nucleoplasm - ! MSAL mMRNA Baker's yeast
1 . 1 ]
- & Nucleus lamina I i X i _
Crasaiinks ! & Nucleus membrane i ! Protein tenl Protein Fission yeast
d .  Nucleus inner membrane | H
:l + Nucleus outer membrane | i
____________________________ - e S S S ——
B Experimentally-identified & Inferred SCSis of Each Compartment
e e e e e e
! Select the Type of Protein - Protein Protein - RNA
| Molecular Interactions: Protein - DNA B RNA-RNA
1
i Filter Data by Keyword:
1
| MoleculeA - MoleculeB - Category * Reference
1
H Molecule Name: Histone H2A type 1-A
! Histone H2A type 1-A Molecule Category: Protein in-like enhancer protein 3 Protein-Protein REFQ
‘I Organism: Homo sapiens (Human)
! Transcription factor SO Compartment: tin-protein ligase UBRS Protein-Protein REF{
L Nucleus >> Nucleoplasm
i E3SUMO-protein ligase ZNF45T Androgen receptor Protein-Protein REFQ
1
1
| Zinc finger protein GLI1 SOX9 Molecule Name: MEG3 Protein-DNA REF{y
! Molecule Category: IncRNA
1: Zinc finger protein GLI1 BHLHE41 | Organism:Homosapiens (Human){  progein-DNA REF{y
1 Compartment:
]
! Cellular tumor antigen p53 MEG3 Nucleus Protein-IncRNA REF{y
! Endoplasmic reticulum
E Protein lin-28 homolog A hsa-mir-54{  Cytoplasm Protein-miRNA REF <y
i
i MALATI1 hsa-miR-143-3p IncRNA-miRNA REF{y
1
i hsa-mir-29b-1 COL1A1 miRNA-mRNA REF&y
1
1
| hsa-miR-23a-3p SNHGS mMiRNA-snoRNA REF{
]
s s i i e S i e S o i S e S e 1 i 5 S s i e e S e 5 A e G S i e e o e e e 1

Figure 4. Various information offered in SubCELL for each subcellular compartment. (A) General information of the subcellular compartment. The
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general information of the subcellular compartment provided in SubCELL included synonyms, description, hierarchy and so on. The hierarchy of the
subcellular compartment was constructed based on the all compartment information of molecules collected in SubCELL database. (B) List of molecular

interactions in the subcellular compartment. All interactions in the subcellular compartment were listed in the tabular form. For each molecule in a

specific interaction, the name, category (DNA/RNA/Protein), organism (such as Homo sapiens, Mus musculus and Arabidopsis thaliana), and the all
reported compartment information were explicitly provided. Users can select certain class(es) of interactions (such as protein—protein interaction and
protein—-RNA interaction) or keywords search to filter the interactions and users can click the molecule name to jump to the molecule page for more

detailed information. (C) List of molecules located in the subcellular compartment. For each molecule, the name, category (DNA/RNA/Protein),

organism (such as Homo sapiens, Mus musculus and Arabidopsis thaliana), and the detailed compartment information of the molecule were explicitly
provided. Users can click the molecule name to jump to the molecule page for more detailed information.
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SubCELL. All data collected in SubCELL can be downloaded in the Download

page, including the data of subcellular compartment-specific molecular interactions, the information of subcellular compartment, and the general

information for molecules.

and utilize the compiled data for further analysis and research
purposes.

Database construction and maintenance

SubCELL (https://idrblab.org/subcell/) was constructed using
HTML, JavaScript, CSS and Python on the Nginx server. Its
front end was constructed using multiple software packages,
such as Vue and Element Ul. The current database could be

readily accessed by diverse mainstream browsers, including
Chrome, FireFox, Safari, Edge, etc. The back end was based
on Django, a Python web framework. MySQL and Swiss-
BioPics were implemented to facilitate the data storage, query
and visualization. With the rapid development of experimen-
tal technique for detecting the subcellular location-specific in-
teractions (SCSIs), an exponential increase of SCSI data was
highly expected, which asked for a persistent update of this
database in the coming years. Therefore, it was critical for us
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to keep updating SubCELL by (a) conducting literature re-
view semiannually to collect the newly discovered SCSIs and
(b) incorporating the large language model (LLM) as an auto-
mated tool to accelerate the data collection process (surely, a
group of well-trained pharmacologists and bioinformaticians
in our research team will manually validate all data to ensure
their quality).

Conclusion

In this study, a database, named SubCELL, was developed to
provide the landscape of subcellular compartment-specific in-
teractions (SCSIs) among DNAs/RNAs/proteins. Although a
number of molecular interaction-based databases have been
constructed, their data scope was limited by the correspond-
ing technology at their time. Particular, several advanced tech-
nologies became mature in recent years, which enabled the di-
rect capture of interactions in particular subcellular location.
The advancement of those technologies witnessed the expo-
nential growth of the experimentally-validated SCSIs. In other
words, at the time of existing databases, their SCSI data were
extremely limited, and SubCELL covered the largest num-
ber of experimentally-validated SCSIs. Moreover, the relation-
ships among interacting partner, interaction and subcellular
location were extremely sophisticated, and it was therefore
challenging to integrate the subcellular data for those exist-
ing databases. In this study, substantial efforts were made to
accumulate the most comprehensive set of both subcellular
information and interaction data. In other words, our Sub-
CELL provided the most diverse molecular types, species ori-
gins, and organelles among the available databases. Due to the
importance of collected SubCELL data, they were expected to
have great implications for the modern molecular biological
research.

Data availability

SubCELL is publicly accessible without any login requirement
at https://idrblab.org/subcell/.
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