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ABSTRACT

Within the tumour microenvironment, cells exhibit
different behaviours driven by fine-tuning of gene
regulation. ldentification of cellular-specific gene
regulatory networks will deepen the understand-
ing of disease pathology at single-cell resolution
and contribute to the development of precision
medicine. Here, we describe a database, LnCe-
Cell (http://www.bio-bigdata.net/LnCeCell/ or http:
//bio-bigdata.hrbmu.edu.cn/LnCeCell/), which aims
to document cellular-specific long non-coding RNA
(IncRNA)-associated competing endogenous RNA
(ceRNA) networks for personalised characterisation
of diseases based on the ‘One Cell, One World’ the-
ory. LnCeCell is curated with cellular-specific ceRNA
regulations from >94 000 cells across 25 types of
cancers and provides >9000 experimentally sup-
ported IncRNA biomarkers, associated with tumour
metastasis, recurrence, prognosis, circulation, drug
resistance, etc. For each cell, LhCeCell illustrates a
global map of ceRNA sub-cellular locations, which
have been manually curated from the literature and
related data sources, and portrays a functional state
atlas for a single cancer cell. LnCeCell also provides
several flexible tools to infer ceRNA functions based
on a specific cellular background. LnCeCell serves
as an important resource for investigating the gene
regulatory networks within a single cell and can help
researchers understand the regulatory mechanisms
underlying complex microbial ecosystems and indi-
vidual phenotypes.

INTRODUCTION

Human cancers are complex ecosystems composed of cells
with distinct phenotypes, genotypes and epigenetic states
(1). This intratumoral heterogeneity is a major obstacle
in cancer treatment and a significant confounding factor
in bulk-tumour profiling (2). Single-cell RNA sequencing
(scRNA-seq) technologies (3,4) are powerful means of ex-
ploring tissue heterogeneity and cellular variability (5) and
provide an unprecedented opportunity to address increas-
ingly challenging biological questions and understand the
atypical functional mechanisms involved in the develop-
ment of cancers. Currently, many single-cell sequencing
databases have been developed based on research require-
ments. For example, CancerSEA provides functional state
activity profiles of single cells for several types of cancers
(6). SCPortalen houses human and mouse single-cell tran-
scriptomic datasets and provides access to available single-
cell image files (7). However, these databases mainly focus
on gene expression, while within a tumour, cells exhibit dif-
ferent behaviours driven by the fine-tuning of gene regula-
tion. Thus, gene—gene associations at the single-cell level in
tumours need to be explored.

Accumulating evidence suggests that a subset of long
non-coding RNAs (IncRNAs) behave like competing en-
dogenous RNAs (ceRNAs), and compete with microRNAs
(miRNAs) to communicate with mRNAs (8). LncRNA-
associated ceRNA regulation has been implicated in cell-
fate determination and in various human diseases (9). For
example, activated by oxidative stress, IncRNAs H/9 and
HULC compete with let-7a/let-7b and mir-372 /mir-373 to
target IL-6 and CXCRA4, respectively, and promote the tis-
sue invasion and migration of cholangiocarcinoma cells
(10). Additionally, the IncRNA HOTAIR competes with
mir-206 to regulate MKLI expression, promoting the mi-
gration and invasion of HeLa cells (11). Several databases
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house ceRNA regulations (12-14); for example, starBase
v2.0 has identified several ceRNA regulatory relationships
by analysing miRNA binding sites on different types of
RNAs (13). LncACTdb 2.0, a recently updated exten-
sive database, provides comprehensive information on ceR-
NAs in different species and diseases (12). Although these
databases are important for the understanding of ceRNA-
mediated regulation in tumours, a database dedicated to de-
ciphering ceRNA-mediated regulation within a single cell is
still lacking.

Therefore, we developed LnCeCell, a comprehensive
database documenting cellular-specific IncR NA-associated
ceRNA networks predicted via high-throughput analysis of
single-cell genomic data and reliable biomarkers manually
curated from published literature. LnCeCell is a curation of
cellular-specific ceRNA regulations from thousands of cells
across 25 types of cancers, including: (i) >9000 experimen-
tally supported IncRNA biomarkers of tumour metastasis,
recurrence, prognosis, circulation, and drug resistance; (ii)
cellular-specific ccRNA networks for primary, malignant,
and metastatic cancer cells and immune cells; (iii) detailed
information of ceRNA sub-cellular locations manually en-
tered from literature and related data sources; (iv) clusters of
distinct cellular populations that exhibit diverse behaviours
such as angiogenesis, apoptosis, cell cycle, invasion, pro-
liferation and stemness. LnCeCell provides a user-friendly
searching and browsing interface. As an important supple-
ment to the database, several flexible tools that facilitate re-
trieval and analysis of the data are also available. We expect
the LnCeCell database to serve as an important resource
for the investigation of single-cell ceRNA regulation, aid-
ing in the understanding of regulatory mechanisms behind
tiny, yet complex ecosystems.

MATERIALS AND METHODS
Data collection and processing

We collected cancer-related scRNA-seq datasets from Gene
Expression Omnibus (GEO) and CancerSEA, ensuring that
the number of cancer cells after quality control is >100,
and the expression profiles can be divided into profiles of
mRNA and IncRNA expression, through annotation using
the GENCODE database (release 34, GRCh38). A total of
94 605 single cells derived from 40 single-cell datasets across
25 cancers was used to build the LnCeCell (Supplemen-
tary Figure S1). To identify single-cell ceRNA regulations,
108 668 candidate ceRNA regulations were downloaded
from starBase (v2.0) (13) and LncACTdb (v2.0) (12). We
used a published method, based on probability theory, for
cell-specific network construction to identify ceRNA net-
works in single cells (Supplementary Methods, Supplemen-
tary Figure S2) (15). Briefly, the association of a ceRNA
pair (IncRNA-mRNA) with a specific cell is estimated by
testing statistical independence of their expression values
between different cells. We identified 93 307 ceRNA regula-
tions in 94 455 single cells with a false discovery rate (FDR)
<0.05. In order to distinguish the functional states of the
different cancer cell types, we downloaded the characteris-
tic gene sets of the 14 functional states from CancerSEA (6).
Based on the genetic signatures of the 14 functional states,
the functional state of single cancer cells in each dataset

were evaluated using the gene set variation analysis (GSVA)
package in R (16). The sub-cellular and extracellular vesi-
cle locations of IncRNAs, miRNAs, and mRNAs were col-
lected from related databases (17-21) and published liter-
ature. A total of 9306 experimentally supported IncRNA
biomarkers were manually curated from the literature and
integrated into the LnCeCell database. Detailed informa-
tion on data collection and processing is described in the
Supplementary Methods.

Database construction

LnCeCell is freely available at http://www.bio-bigdata.net/
LnCeCell/ or http://bio-bigdata.hrbmu.edu.cn/LnCeCell/.
The LnCeCell online web server was developed using Java
Server Pages of the Tomcat software (v6). The MySQL
(v 5.5) data server was used to document and manage
the datasets. Creation of result tables and visualisation
of data were performed using jQuery (v1.11.3), Datat-
able (1.10.10) and ECharts (V4.0) plugin software. All sta-
tistical analyses were performed using the R framework
(V3.6.3). The LnCeCell website is supported on popular
web browsers, such as Microsoft Edge, Google Chrome,
Firefox and Safari.

RESULTS
Data collection and content of LnCeCell

The current version of LnCeCell contains 40 scRNA-seq
expression profiles, covering 94 455 single cells and 25 can-
cer types. An overview of LnCeCell is shown in Figure 1.
The average number of single cells per cancer type was
3778, with Ewing sarcoma having the largest number of
single cells (n = 13 170) and cervical cancer having the
smallest number (n = 126). For each cell, LnCeCell iden-
tified IncRNA-associated ceRNA regulations and provided
a cellular-specific ccRNA network. Finally, a total of 93
307 unique ceRNAs were included in the database. Each
type of cancer showed a different set of ceRNA regula-
tions, and at the same time, there were many ceRINAs that
played a regulatory role in a variety of cancers. A total of
703 pairs of ceRNA, suchas MALATI-KRAS and NEATI-
BACHI, can be identified in all cancer datasets. On av-
erage, each ceRNA was detected in 15 different cancer
datasets (Supplementary Figure S3). CeRNA datasets of
glioblastoma and cervical cancer showed the highest over-
lap, with 87 416 pairs of ceRNAs common for both datasets.
In addition, several ceRNAs were also common between
oesophageal squamous cell carcinoma and glioblastoma.
Based on the ceRNA expression profiles, cells of the 40
scRNA-seq datasets were classified into different cell pop-
ulations and displayed as cluster maps. To explore the
diverse cellular behaviours driven by the cellular-specific
ceRNA regulations, a comprehensive list of functional an-
notations has been integrated into LnCeCell, including 14
functional states of cancer cells from CancerSEA, 5917 gene
sets from Gene Ontology terms (22), 1329 biological path-
ways from Molecular Signatures Database (MSigDB) (23)
and 10 hallmark cancer processes (24). To further study
the molecular function of ceRNAs, sub-cellular localisa-
tion of each ceRNA network, including IncRNA, miRNA
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Figure 1. Database content and user interface of LnCeCell. The top area contains the database content, which includes identification of single cell ceRNA
networks from high-throughput scRNA-seq datasets and functional annotations in literature. The middle and bottom area contain the user interface of
LnCeCell. A panel of tools have been developed to infer ceRNA functions and cell states of a single cell.

and mRNA, were integrated into LnCeCell. For a com-
prehensive dataset of IncRNA-associated ceRNA, high-
confidence IncRNA-ceRNA associations, from published
literature in the PubMed database, were integrated in to
LnCeCell. LncRNA-ceRNA regulations supported by in-
formation from high-confidence experiments, such as PCR,
western blot, and luciferase reporter assay, are a part of
the database (Supplementary Methods). The database also
contains 9,036 experimentally supported IncRNA biomark-
ers of tumour metastasis, recurrence, prognosis, circulating,
drug resistance, etc. For survival analysis of ceRNAs, bulk
expression profiles and individual clinical information of 10
141 patients from The Cancer Genome Atlas (TCGA) were
also integrated into the LnCeCell. In addition, as an im-
portant supplement of the database, several flexible tools
that facilitate retrieval and analysis of the data were also
made available (Figure 1). These include Cell-Map, which
provides a global map of ceR NAs identified in distinct cellu-
lar populations, Cell-Location, which provides sub-cellular
locations of ceRNAs, Cell-Network, which aids in the vi-
sualisation of a dysregulated ceRNA network in a single
cell, and Cell-State, which allows users to view the func-

tional state of each cell. CeRNA-Function and CeRNA-
Hallmark are used to identify dysregulated functions and
cancer hallmarks of ceRNAs, respectively. Furthermore,
CeRNA-Survival is used to perform Cox regression anal-
ysis and draw survival curves for ccRNAs.

Feature and utility of LnCeCell

LnCeCell allows users to explore IncRNA-associated
ceRNA networks in a single cell and to infer cell states
and functions within different tumour microenvironments.
LnCeCell describes several aspects of single cells from a
scRNA-seq dataset, including ceRNA networks, functional
states, cell clustering maps, etc., and characterisation of
ceRNA regulation consists of the following information:
distribution in diverse cell populations, sub-cellular local-
isations, network of related ceRNA neighbours, functional
enrichment, relevant cancer hallmarks, experimentally sup-
ported IncRNA biomarkers, and survival analysis for vari-
ous cancers. The easy-to-use interface allows for searching,
browsing, visualising and downloading data.
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Global map of distinct cell populations. For each scRNA-
seq dataset, LnCeCell classified cells into different cell pop-
ulations based on the ceRNA expression profile, and pro-
vided a global map of cell populations. The global map can
be obtained from the Cell Map section of the LnCeCell
‘HOME’ page (Supplementary Figure S4). When ‘ceRNA’
is clicked, the user is required to input the gene name or En-
sembl ID of a pair of ceRNA (a mRNA and an IncRNA)
and the dataset that the user wishes to explore. LnCeCell
will classify cells into different cell populations based on
their ceRNA occurrence profiles and provide a global map
of the cell populations (Figure 2A). To further illustrate the
cells wherein the input ceRNA is present, a global map of
ceRNA distribution is also provided by LnCeCell (Figure
2B). In the Cell Map section, users can also determine the
location of a cell from different cell populations (Supple-
mentary Figure S5A, B). In addition, LnCeCell can also
classify cells based on their scRINA-seq expression profile
and provide a global map of cell clusters and ceRNA /cell
locations in different cell populations (Supplementary Fig-
ure S5C, D).

Sub-cellular locations of ceRNAs. A cell location sec-
tion was developed as a part of LnCeCell, to illustrate
ceRNA sub-cellular locations, by manual curation from
literature and related data sources. In this section, users
can input the gene name or ID (Ensembl ID for an
IncRNA/mRNA, miRBase ID for an miRNA) of a mem-
ber of the ceRNA network (IncRNA/mRNA/miRNA) of
their interest. LnCeCell will identify all possible sub-cellular
locations of the input ceRNA, and the identified sub-
cellular locations are demarcated with a red frame (Fig-
ure 2C). Users can also use this section with a single cell,
from a scRNA-seq dataset, as the input. LnCeCell will pro-
vide all ceRNA regulations and a global view of all possi-
ble sub-cellular locations of these ceRNAs (Supplementary
Figure S6A). Detailed sub-cellular location information, in-
cluding ceRNA names/IDs, possible locations, identified
tissues/cell lines, and data sources can be obtained by click-
ing the ‘Detailed sub-cellular table’ button (Supplementary
Figure S6B).

Functional states of cells. To decipher the diverse func-
tional states of cancer cells at a single-cell resolution, LnCe-
Cell provides a global view of cell states/behaviours includ-
ing stemness, invasion, metastasis, proliferation, epithelial—
mesenchymal transition (EMT), angiogenesis, apoptosis,
cell cycle, differentiation, DNA damage, DNA repair, hy-
poxia, inflammation and quiescence. For a single cell, en-
richment scores for the 14 functional states, from Can-
cerSEA, are shown as red lines and dots on a radar map
(Figure 2D). The average scores of all cells are shown as
grey lines and dots.

CeRNA networks of single cells. LnCeCell identifies
IncRNA-associated ceRNA regulation and provides a
cellular-specific ceRINA network for a single cell. In the
Cell Network section, users can input the cell name to ob-
tain a cellular-specific ceRNA network (Figure 2E). In the
network, the blue and red nodes represent IncRNAs and
mRNAs, respectively, while the edges represent the cceRNA

interactions between IncRNAs and mRNAs. When users
move the cursor over a node in the network, all edges and
nodes connected to it are highlighted. Users can choose
different network layouts, such as the circular layout and
force layout. Users can also determine ceRNA neighbours
and construct a sub-network by inputting the name of an
IncRNA or mRNA of interest (Figure 2F). Clicking a node
starts a new search and provides a distribution map of the
ceRNA in the human body and cancer biomarker annota-
tions of the node (Figure 2G-H).

A panel of tools for ceRNA analysis. LnCeCell also pro-
vides a panel of tools to infer ceRNA functions and
their association with cancers, and can be found in the
‘HOME’ page or “TOOLS’ section (Supplementary Figure
S4). Users can use the CeRNA-Function to identify dys-
regulated functions of ceRNAs. LnCeCell will perform a
‘guilt-by-association’ strategy for a given IncRNA, (12,25)
to infer ceRNA functions based on biological pathways
and GO terms (Supplementary Figure S7). The CeRNA-
Hallmark tool can be used to identify ceRNA-related can-
cer hallmarks such as insensitivity to antigrowth signals,
tissue invasion, and metastasis. The enrichment scores of
the 10 cancer hallmarks are shown as different sectors, and
the area of each sector is directly proportional to the —
logio(P) value (Supplementary Figure S8). Further, LnCe-
Cell houses high-throughput expression profiles and clini-
cal follow-up information of thousands of patients across 33
cancer types from TCGA. The CeRNA-Survival tool builds
a risk score model based on a linear combination of ccRNA
expression values weighted by the Cox regression coeffi-
cients (25,26) (Supplementary Figure S9). Using this tool,
users can obtain both Cox survival analysis and Kaplan-
Meier curves of the ceRNA network members (IncRNA,
miRNA, and mRNA) and the ceRNA interaction, respec-
tively.

Flexible ways to access and download the dataset

LnCeCell provides user-friendly searching (Figure 3A) and
browsing (Figure 3B) interfaces. In addition, a ‘QUICK
SEARCH’ interface is available on the ‘HOME’ page al-
lowing users to directly investigate data or perform analyses
(Supplementary Figure S10). All the single cells, IncRNAs,
mRNAs, and cancer biomarkers can be viewed comprehen-
sively on the ‘BROWSE’ page (Figure 3B). On clicking a
certain dataset listed under the ‘Disease’ catalogue, LnCe-
Cell will provide a graph of all related cells, in which the size
and colour of each cell changes with the number of ccRNA
regulations identified in the cell. Detailed information can
be viewed by clicking each cell in the graph. To further fil-
ter the result table, LnCeCell provides a search box on top
of the data table, which allows users to obtain more pre-
cise results using a keyword (e.g. a certain type of discase
or tissue). Users can reorder the data table by clicking on
different column headers. The customised results table of
ceRNAs and cells can be flexibly downloaded by clicking
the ‘Copy’, ‘Excel’, ‘CSV’ and ‘PDF’ buttons. All data in
LnCeCell can be freely downloaded on the DOWNLOAD’

page.
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Example application

To demonstrate the usage and potential application of
LnCeCell, we used MALATI-KRAS as a ceRNA input
for the database (Figure 3A). The ceRNA interaction of
MALATI-KRAS has been confirmed to play important
roles in different cancers (27-29). With MALATI-KRAS
as the search input, LnCeCell returns a result table indicat-
ing the number of competing miRNAs, and disease, tissue,
and number/percentage of cells in which this ceRNA can be
found (Figure 3C). In each line, the first and last columns
directly leads users to the detailed information and anal-
ysis tools (Figure 3D). In the detail page, we found that
the ceRNA of MALATI-KRAS was identified in 6.51% of
169 cells from bone marrow tissue of patients with acute
myeloid leukaemia. LnCeCell provides a panel of tools for
analysing the functions of MALATI-KRAS (Figure 3E).

A global map of MALATI-KRAS distribution in differ-
ent cell clusters can be accessed in the Cell Map section of
the detail page. In addition, we also found that the pos-
sible sub-cellular localisations of this ceRNA are nucleo-
plasm, ribosome, nucleolus, nucleus, chromatin, and exo-
somes. The Cell Network section provided a global view
of all possible MALATI-related ceRNA interactions. Fur-
ther, we have integrated a Pan-cancer comparison analysis
section in our online database. This section provides users
with a global view of the ceRNA distribution across differ-
ent cancer cells (Supplementary Figure S11). Detailed in-
formation on the confidence values and experimental anno-
tation can be accessed on this page (Supplementary Figure
S12). For a single cancer cell, a functional state activity pro-
file was generated by the Cell State tool. The Hallmarks and
Function tools performed functional analyses for MALATI
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based on molecular pathways and biological processes. The higher invasion scores than other cells (Figure 4C). Another
CeRNA-Survival section revealed that cceRNA expression study indicated that upregulation of GAS5-PTEN could
of MALATI-KRAS was associated with survival of acute suppress the metastasis of melanoma cells (32). We analysed

myeloid leukaemia patients, and the Kaplan-Meier survival the melanoma dataset and found GAS5-PTEN regulations
curves of the two patient groups were significantly different in 11.9% of tumour cells, wherein GASS and PTEN had
(Figure 3E, log-rank P < 0.05). significantly higher expression levels and lower metastasis

We used another example of ccRNA GAS5-PTEN, which scores than that of other cells (Figure 4D-F). The downreg-
has been experimentally identified in different cancers (30). ulation of IncRNA GAS5 promotes the invasion and migra-

It has been shown that downregulation of GAS5-PTEN tion of colorectal cancer cells (33). In colorectal adenocarci-
promotes glioma invasion (31). In our study, we found that noma, we found GASS5-PTEN regulation in 2.5% of tumour
GASS5-PTEN regulation could be identified in 3.9% high- cells, wherein GAS5 had significantly lower expression than
grade glioma cells, wherein GAS5 and PTEN expression in other cells (Figure 4G, H). These cells also had signifi-
was significantly lower than that in other cells (Figure 4A, cantly higher invasion and metastasis scores, which are con-
B). Cells with GAS5-PTEN regulation had significantly sistent with a previous study (Figure 41, J) (33). These re-
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Figure 4. An example of GAS5-PTEN expression and regulation in different cancers. (A-C) Cells with a downregulation of GAS5-PTEN in glioma are
associated with high invasion state. (D-F) Cells with an upregulation of GAS5-PTEN have lower metastasis scores in melanoma dataset. (G=J) Cells with
a downregulation of GAS5-PTEN in colorectal adenocarcinoma are associated with high invasion and metastasis states. (K) Illustration of GAS5-PTEN
distribution in the tumour microenvironment. Glioma cells with a downregulation of GAS5-PTEN have higher invasion state than other cells.

sults reveal that GAS5-PTEN distribution within different
tumour microenvironments lead to distinct cell states and
can be used to study different cellular behaviours driven by
the fine-tuning of ceRNA regulation (Figure 4K).

CONCLUSIONS AND FUTURE DEVELOPMENT

The emergence of scRNA-seq technologies have provided
researchers with powerful means of exploring intratumoral
heterogeneity (34-36), which is a major obstacle to can-
cer treatment and a significant confounding factor in bulk-
tumour profiling (37). A cell-specific gene regulatory net-
work is one of the important factors that lead to differ-
ent cell behaviours. Understanding and exploring gene—
gene associations at the single-cell level will help reveal
the mystery of tumours. Thus, LnCeCell, a database of
cellular-specific IncRNA-associated ceRNA networks in
cancer cells was developed. LnCeCell displays single cell
status of cancer cells at multiple levels, and helps to under-
stand the molecular mechanisms of the different behaviours
of cancer cells. We believe that LnCeCell will be a useful re-
source for cancer research.

We identified the cellular-specific IncRNA-associated
ceRNA networks and the functional states in >94 000
cells across 25 cancer types, and obtained detailed infor-
mation on the sub-cellular locations of ceRNAs, from lit-
erature and related data sources, using the LnCeCell. The
cell clusters based on expression values and regulatory re-
lationships of the ceRNA of interest were also provided.
LnCeCell houses over 9000 IncRNA biomarkers of tumour
metastasis, recurrence, prognosis, circulation, drug resis-
tance, etc. In addition, LnCeCell also provides several flexi-
ble tools for cceRNA functional analyses: CeRNA-Function
and CeRNA-Hallmark identify ceRNA-related functional
dysregulation and cancer hallmarks, respectively. CeRNA-
Survival performs Cox regression analysis and draws sur-
vival curves for ceRNAs.

LnCeCellis a comprehensive database that helps to inves-
tigate fine-tuning regulatory networks within a single cell,
and understand the regulatory mechanisms behind complex
microbial ecosystems. We continue to improve the database
in the following aspects: (i) continuous collection of newly
published datasets of different cancer types, (ii) identifica-
tion of cell types from cell clusters, (iii) refining of func-
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tional states and (iv) collection of newly identified IncRNA
biomarkers. We believe that LnCeCell, with continuous im-
provements, can become an effective tool to analyse the het-
erogeneity of cancer cells, and contribute to cancer diagno-
sis and treatment.
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