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ABSTRACT

Expression profiles of long non-coding RNAs (IncR-
NAs) across diverse biological conditions provide
significant insights into their biological functions,
interacting targets as well as transcriptional reli-
ability. However, there lacks a comprehensive re-
source that systematically characterizes the ex-
pression landscape of human IncRNAs by integrat-
ing their expression profiles across a wide range
of biological conditions. Here, we present Lnc-
ExpDB (https://bigd.big.ac.cn/Incexpdb), an expres-
sion database of human IncRNAs that is devoted
to providing comprehensive expression profiles of
IncRNA genes, exploring their expression features
and capacities, identifying featured genes with po-
tentially important functions, and building interac-
tions with protein-coding genes across various bi-
ological contexts/conditions. Based on comprehen-
sive integration and stringent curation, LncExpDB
currently houses expression profiles of 101 293 high-
quality human IncRNA genes derived from 1977 sam-
ples of 337 biological conditions across nine bio-
logical contexts. Consequently, LncExpDB estimates
IncRNA genes’ expression reliability and capacities,
identifies 25 191 featured genes, and further obtains
28 443 865 IncRNA-mRNA interactions. Moreover,
user-friendly web interfaces enable interactive visu-
alization of expression profiles across various condi-
tions and easy exploration of featured IncRNAs and
their interacting partners in specific contexts. Col-
lectively, LncExpDB features comprehensive integra-
tion and curation of IncRNA expression profiles and

thus will serve as a fundamental resource for func-
tional studies on human IncRNAs.

INTRODUCTION

Accumulating evidences have shown that long non-coding
RNAs (IncRNAs) can act in cis or trans to perform
diverse functions including regulating gene transcription
and RNA splicing, modulating the activity or abun-
dance of RNAs and proteins, and organizing nuclear do-
mains (1). They are extensively implicated in cell-fate
programming/reprogramming (2), differentiation (3), de-
velopment (4) and especially in human diseases (5-7). While
hundreds of thousands of human IncRNAs have been iden-
tified primarily attributable to the rapid development of
high-throughput sequencing technology in recent years,
only a small subset of them have been well characterized
(8-10).

Nowadays, RNA-seq data are generated at exponential
rates and scales, enabling the identification of IncRNAs
and investigation of their expression profiles and accord-
ingly providing the most direct evidence for identifying
their potential functions across various biological condi-
tions (11). Compared with mRNAs, particularly, IncRNAs
feature higher tissue-specificity (12) and wider subcellular
localizations (13), indicating their specific biological roles in
gene expression regulation. Accordingly, multiple databases
have been developed to integrate IncRNA expression pro-
files from different aspects. However, these databases have
several limitations. First, they focus on specific biologi-
cal contexts, e.g. normal and cancer tissue/cell (e.g. Lnc-
Book, RefLnc) (9,12,14-18), organ development (e.g. IncR-
NAtor) (17,19), subcellular localization (e.g. LncATLAS)
(20) or exosome (e.g. NONCODE, exoRBase) (18,21). To
our knowledge, IncRNA expression is associated with at
least nine biological contexts of general interests, including
normal tissue/cell line, cancer tissue/cell line, subcellular
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localization, exosome, cell differentiation, preimplantation
embryo, organ development, circadian rhythm and virus
infection. Second, existing databases have different num-
bers of IncRNAs with different annotation/curation crite-
ria adopted (e.g. 140k IncRNA genes in LncBook (9), 16k
in Expression Atlas (22); see a review in (11)), leading to the
inconsistency of functional IncRNAs as well as their anno-
tations. Third, none of them fully characterizes expression
features of IncRNAs, including expression level, specificity,
breadth, capacity, and co-expression network. Considering
massive RNA-seq datasets across diverse conditions pub-
licly available, it is desirable to have a dedicated expression
database that comprehensively integrates expression pro-
files and systematically characterizes expression features of
human IncRNAs.

To this end, we developed LncExpDB (https://bigd.big.
ac.cn/Incexpdb), an expression database of human IncR-
NAs. Based on manual curation and standardized analy-
sis, LncExpDB features comprehensive integration of high-
quality expression profiles of human IncRNAs across di-
verse biological contexts and conditions. It estimates a
wide range of expression features for each IncRNA gene,
characterizes potentially functional IncRNAs and identifies
IncRNA-mRNA interactions by co-expression networks
(Figure 1). Moreover, LncExpDB is equipped with user-
friendly web interfaces, providing functionalities for data
query, browsing, visualization as well as easy access.

MATERIALS AND METHODS
LncRNA gene integration and curation

LncRNA transcripts were integrated from LncBook
vl.2 (9), RefLnc (12), GENCODE v33 (23), CHESS
v2.2 (24), FANTOM-CAT (25) and BIGTranscrip-
tome (26), and curated with the following three steps:
(i) To obtain a high-confidence IncRNA reference,
redundant/questionable/incomplete  transcripts ~ were
removed. Specifically, GffCompare (27) was used to com-
pare different IncRNA entries and identify redundancy,
mapping error, possible pre-mRNA fragment and poly-
merase run-on, which are allocated as ‘=", ‘s’, ‘¢’ and
‘p’, respectively. Single-exon transcripts that are part of
multi-exon transcripts and located in their exon regions
and transcripts with very short exons (<15 nt) at the 5" and
3’ ends, were considered as incomplete transcripts. (ii) We
further identified IncRNAs based on their sequence length
and coding potential. Transcripts shorter than 200 nt
were excluded. Four algorithms, namely, LGC (28), CPC2
(29), CPAT (30) and PLEK (31), were used for coding
potential estimation; transcripts identified as IncRNAs
by at least three algorithms were retained. iii) To provide
a reliable list of human IncRNAs, IncRNAs that have no
strand information were removed. Consequently, a total
of 331 244 IncRNA transcripts were obtained. It is noted
that LncBook integrated IncRNAs from GENCODE v27,
NONCODE v5.0, LNCipedia v4.1, MiTranscriptome
beta and HGNC (9), and about 10 databases thus have
contributed to the IncRNA integration of LncExpDB,
indicating a comprehensive coverage of human IncRNA
resources.
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Following the strategy used for the assignment of
IncRNA transcripts (32,33), transcripts sharing exonic se-
quences in the same strand are linked together and con-
sidered as the same gene, and we assigned IncRNA tran-
scripts into gene loci using GffCompare (27). Thus, a high-
confidence list of 101 293 IncRNA genes were obtained.
Accordingly, curated annotations of IncRNA genes as well
as protein-coding genes were merged and derived from the
above databases and GENCODE v33, respectively.

RNA-seq data collection

A total of 24 RNA-seq datasets across 1977 samples
were collected from GEO (https://www.ncbi.nlm.nih.gov/
gds/), SRA (https://www.ncbi.nlm.nih.gov/sra/) and Ar-
rayExpress (https://www.ebi.ac.uk/arrayexpress/), covering
337 biological conditions of nine important biological con-
texts, including normal tissue/cell line, organ development,
preimplantation embryo, cell differentiation, subcellular lo-
calization, exosome, cancer cell line, virus infection and cir-
cadian rhythm. The detailed information for each dataset is
summarized in Supplementary Table S1.

Read mapping, quantification and normalization

A standardized RNA-seq analysis pipeline was employed
for all samples. Specifically, Trimmomatic (version 0.39)
(34) was used to filter out low-quality reads and remove the
adapters. STAR (version 2.7.1a) (35) was used to map the
sequencing reads to the human reference genome (version
hg38/GRCh38 from UCSC). The uniquely mapped reads
were counted using featureCounts (version 2.0.0) (36) with
a strand-specific parameter ‘-s’. Kallisto (version 0.46.1)
(37) was used to quantify transcript-level abundances of all
samples. Considering the robustness of the TMM (weighted
trimmed mean of M-values) method in read counts normal-
ization (38), TMM in the package edgeR (39) was used to
normalize read counts for samples within the same project.

Gene expression analysis

To obtain the normalized expression levels, TPM (tran-
scripts per million), FPKM (fragments per kilobase of tran-
script per million mapped reads) and CPM (counts per
million) were calculated (publicly accessible at https://bigd.
big.ac.cn/Incexpdb/downloads). Expression values of both
IncRNA genes and mRNA genes were averaged among bi-
ological replicates. All expressed genes (averaged expression
values > 1 TPM) were further ranked under a specific con-
dition (time point/stage/tissue/cell/component/process);
genes whose expression values are greater than the upper
quantile are considered as ‘H’ (high expression level), those
less than the lower quantile as ‘L’ (low expression level),
and the remaining as ‘M’ (medium expression level). High-
capacity IncRNAs (HCL) are defined as IncRNA genes that
have the potential to be highly expressed and thus should
have at least one H among all conditions, low-capacity
IncRNAs (LCL) are those that have L in all conditions, and
the remaining are medium-capacity IncRNAs (MCL).
Furthermore, featured genes were identified by using
maSigPro (40) with significant time-course expression pat-
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Figure 1. Data curation and analysis workflow of LncExpDB. LncExpDB curates and analyzes expression profiles of human IncRNAs across diverse bio-
logical contexts/conditions based on comprehensive integration, accurate quantification and specialized analysis, to systematically characterize expression

signatures and identify featured IncRNA genes.

terns (R-square > 0.7 and P-value < 0.05) across differ-
ent time points/stages. By using the index T (41), time
point/stage-specific genes and tissue/cell-specific genes
were defined as those with 7 > 0.9. Consistently expressed
genes were defined as those with 7 < 0.35. Additionally,
specifically expressed genes or consistently expressed genes
were strictly screened out with maximum expression val-
ues greater than 10 TPM. Differentially expressed genes
(log, fold changel > 1 and adjusted P-value < 0.05) for
virus infection and exosomes were identified with the help
of DeSeq2 (42). Organelle-enriched genes were defined
as specifically highly expressed genes for each subcellular
organelle/compartment compared with the whole cell (log
fold change > 1 and adjusted P-value (FDR) < 0.05), with
more stringent criteria than the study (FDR < 0.05) from
which our data was derived (43). Circadian genes were iden-
tified (meta2d, BH.Q < 0.05) using the software MetaCycle
(44).

LncRNA-mRNA interaction prediction

LncRNA-mRNA interactions were predicted by co-
expression networks, which were identified using the
Pearson correlation coefficient (P-value < 0.01 and Irl
> 0.5). Nearly all datasets were used for co-expression net-
work construction, except the dataset of ‘COVID patients
vs. normal control’, due to extremely smaller sampling size
(n=24).

Implementation

LncExpDB was built with String Boot (https:/spring.
io/projects/spring-boot) as backend web framework and
MySQL (https://www.mysql.com/) as database engine. Web
interfaces were developed by JSP (Java Script Pages)
and AJAX (Asynchronous JavaScript and XML). Boot-
strap (https://getbootstrap.com/) was adopted as a front-
end framework, providing a series of templates for de-
signing web pages with consistent interface components.
Also, data visualization was rendered by Highcharts (https:
/Iwww.highcharts.com.cn/), Echarts (http://echarts.apache.
org/zh/index.html), Plotly.js (https://plotly.com/javascript/),
DataTables (https://datatables.net/) and UCSC Genome
Browser (45).

DATABASE CONTENTS AND FEATURES

LncExpDB presents a comprehensive and high-quality col-
lection of 101 293 human IncRNA genes (corresponding
to 331 244 transcripts). It houses abundant expression pro-
files of these IncRNAs across 337 biological conditions that
fall into nine important biological contexts, involving nor-
mal tissue/cell line, cancer cell line, subcellular localiza-
tion, exosome, cell differentiation, preimplantation embryo,
organ development, circadian rhythm and virus infection.
Moreover, LncExpDB identifies 25 191 featured IncRNA
genes and characterizes 28 443 865 co-expression interac-
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tions between 24 508 IncRNA genes and 17 345 mRNA
genes. The reference list of 101 293 IncRNA genes, IncRNA
genes/transcripts’ expression values as well as their expres-
sion analyzed results are all publicly available at https://
bigd.big.ac.cn/Incexpdb/downloads.

LncRNA expression profiles

Based on comprehensive expression profiles across multiple
biological contexts, LncExpDB features value-added cura-
tion and analysis to provide reliably transcribed IncRNA
genes. Consequently, we find that 92 016 IncRNA genes
(90.8%) are supported with reliable transcriptional evidence
(threshold of expression value is 1 TPM), distributing un-
evenly across the nine biological contexts (Figure 2A).
Among the reliably transcribed genes, the majority (82.6%)
are expressed in at least two biological contexts, and 3318
IncRNAs (3.6%) are expressed in all the nine contexts (Fig-
ure 2B).

Moreover, considering massive expression profiles across
abundant conditions in LncExpDB, we define high-
capacity IncRNAs (HCL) as those that have the potential to
be highly expressed (see Materials and Methods) in at least
one biological condition. Therefore, HCL are those whose
expression values are greater than the upper quantile in at
least one condition. Likewise, low-capacity IncRNAs (LCL)
are those whose expression values are always less than lower
quantile in all biological conditions, and the remaining are
medium-capacity IncRNAs (MCL). The expression levels
for inferring expression capacities of the 101 293 IncRNAs
across 337 biological conditions are available at https://bigd.
big.ac.cn/Incexpdb/downloads. Our analyzed results show
that, among the 92 016 expressed IncRNA genes across the
nine biological contexts, 34% are HCL, 55.7% are MCL,
and 10.3% are LCL and that 74.8% of HCL are specifically
highly expressed under only one biological context (Figure
2C). However, the number of HCL does not change so much
(336 genes are absent) without considering the context of
cancer cell line, which show abnormal transcriptional regu-
lation for a large number of genes. Although IncRNAs are
often believed to be lowly expressed (12), these results indi-
cate that one third of them have the capacity to be highly ex-
pressed under certain conditions and play important func-
tions accordingly.

Featured IncRNA genes

LncExpDB characterizes featured IncRNA genes that are
specifically expressed in a certain cell line/tissue, differen-
tially expressed in the context of cancer or virus infection,
enriched in a specific organelle, dynamically expressed dur-
ing cell differentiation or embryo/organ development, or
periodically expressed with circadian rhythm. These fea-
tured genes are most likely to exert important functions un-
der specific conditions (see details in Materials and Meth-
ods). Based on massive RNA-seq data, a total of 25 191
featured IncRNAs are identified, including 7922 in organ
development, 7498 in normal tissue/cell line, 5292 in sub-
cellular localization, 4343 in preimplantation embryo, 2907
in cancer cell line, 1740 in circadian rhythm, 1538 in exo-
some, 1232 in cell differentiation and 985 in virus infection
(Figure 2D).
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LncExpDB provides easy access to all identified featured
IncRNAs, thereby helpful for users to perform in-depth in-
vestigations on IncRNAs that are specifically expressed in
some conditions or involved in specific biological contexts.
Importantly, most featured IncRNA genes are present in
one biological context, while most protein-coding genes are
featured in two or three biological contexts (Figure 2E).
Nevertheless, 6362 IncRNA genes are found to be involved
in at least two biological contexts. For example, three con-
texts, viz., organ development, normal tissue/cell line, and
cancer cell line, share 191 featured IncRNA genes (Fig-
ure 2F), presumably providing important insights into their
functional roles in regulating the development of normal
tissues and cancers.

LncRNAs present a wider range of subcellular localiza-
tions (localized in nuclear, or cytoplasm, or both) compared
with mRNAs (generally exported to the cytoplasm), and
subcellular localizations, especially the enrichment/specific
localization, provides valuable insights into cellular roles
of IncRNAs (13). Based on data curation and analysis, we
identify IncRNAs that show specific localizations and find
that majority of these IncRNAs are enriched in nuclear (in-
cluding nucleus, nuclear lamina and nucleolus) (Figure 2G).
Among them, two well-characterized IncRNAs, MALATI
and NEATI, are significantly enriched in five subcellu-
lar compartments. As circadian-associated IncRNA genes
show large overlap with the enriched genes of cellular com-
partments (Figure 2D), we further investigated the distri-
bution of the overlapped genes. We found the overlapped
IncRNA genes are specifically enriched in nuclear lamina
and nucleus, whereas the overlapped mRNA genes exhibit a
wider distribution (Figure 2G), indicating different roles of
IncRNAs and mRNAs in regulation of circadian rhythms.

LncRNA-mRNA interactions

To facilitate in-depth investigations on molecular mecha-
nisms of featured IncRNAs, LncExpDB predicts IncRNA-
mRNA interactions by co-expression networks. Totally,
LncExpDB houses 28 443 865 predicted IncRNA-mRNA
interactions; the majority of these interactions (96.4%) are
present in one biological context, and there are 12 interac-
tions found in five contexts (Figure 2H).

Interestingly, 7TUGI (https://bigd.big.ac.cn/Incexpdb/
gene?geneid=HSALNGO0134930), one of the extensively
studied IncRNAs, is found to be highly interacted in five
contexts (organ development, cell differentiation, subcel-
lular localization, exosome and circadian rhythm) and is
co-expressed with seven mRNAs in all the five contexts
(Figure 21). Also, TUGI is frequently co-expressed with
114 mRNAs under at least four contexts (Figure 2I)
(Supplementary Table S2), and these mRNAs are signif-
icantly enriched in processes of transcription regulation
and cell cycle (data not shown). Additionally, among the
114 mRNAs, DDX17 and IFT27 are located on the same
chromosome (chr22), 750 and 578 kb distant from the
locus of TUGI, respectively.

Data organization and access

The central entities of LncExpDB are IncRNA genes, and
each IncRNA gene has a corresponding page, consisting


https://bigd.big.ac.cn/lncexpdb/downloads
https://bigd.big.ac.cn/LncExpDB/downloads
https://bigd.big.ac.cn/lncexpdb/gene?geneid=HSALNG0134930

D966 Nucleic Acids Research, 2021, Vol. 49, Database issue

‘ B
2000 Exressionbresdt Expression Breadth Number of LncRNAs
2 .g 0 10000 20000 30000 40000 50000
= 4
o 5
S 60000 - 6
2 '} </ [
5 [ 3 Cy
g W2
(<5} — 3
2 3000 — 4 (2%)
> . — < [ — i
32 — W 7(03%
I Rl
0 MC
Y, O Sw. &, C5,. Y%, O 123456789
0/70 ’@3,70/'@/0’ 0’? [/65'6// *oso /709,0/0 e 0:947 s -
ety Moy oy, M, 6’%0 "R,
s /”’ " s 61/0,, ce/, Yoy,
0
E F
18829 i
u IncRNA Cancer Cell Line Organ Development
= mRNA
- 15000 « 6146
® 2
g 1327
O 10000
@ 3
m: 2 5327
i [
R w2
2919 Normal Tissue/Cell Line
1166 908
J 3/ 115 0 0
789
Number of Contexts
93 0 »
.34 U
G ¢ ¥ H | . PY
0 m GiadianincRNA. ™
lon-circadian Incl
5000 { M Circadian mRNA - & ©
I Non-circadian mRNA 5 [ J
o 4000 B
I3 [ | s
£ S <
g 00 =
= F o
2000 =
o A [ ]
- . . S
) .- - | ]
S W 4 M % % % % % 1 2 3 4 5

%
%
% Y,

Subcellular Compartment

Number of Contexts

Figure 2. Expression features of IncRNA genes. (A) Number of expressed IncRNA genes across nine biological contexts; (B) Distribution and expression

breadth of IncRNA genes; (C) Expression capacity of IncRNA genes (HC = high-capacity, LC =

low-capacity, MC = medium-capacity); (D) Distribution

of featured IncRNA genes across nine biological contexts and the correlations between contexts; (E) Distribution of featured IncRNA and mRNA genes;
(F) Venn diagram of featured IncRNA genes in three biological contexts, namely, organ development, normal tissue/cell line and cancer cell line; (G)
Comparison of subcellular compartment enrichment between IncRNAs and mRNAs, and distribution of circadian genes that are enriched in specific
subcellular compartments (ERM: ER membrane, OMM: outer mito. Membrane, LMA: nuclear lamina, MITO: mitochondrial matrix, nucleus: NLS,
NIK: nucleolus, NES: cytosol, KDEL: ER lumen, NucPore: nuclear pore); (H) Distribution of IncRNA-mRNA interactions across the nine biological
contexts; (I) Interaction network between TUGI and its co-expressed mRNAs in at least four biological contexts. Green dots represent the mRNAs that

are co-expressed with 7UG! in five biological contexts.

of two main parts, viz., basic information (e.g. gene sym-
bol, genome context, length, exon number, classification
and corresponding transcripts information), and expres-
sion profiles. For each IncRNA, LncExpDB profiles its
gene expression landscape across all collected conditions
and visualizes its expression profiles in an interactive man-
ner. It organizes all relevant data in a structured man-

ner to facilitate gene-, dataset- and context-based data
browse/search. It enables visualization of various expres-
sion profiles of a specific IncRNA in one page, facili-
tates exploration of featured genes and their related co-
expression networks, and provides useful functionalities for
capturing expression landscape across different biological
conditions.



DISCUSSION AND FUTURE DIRECTIONS

LncExpDB is dedicated to the integration and curation of
human IncRNAs, identification and characterization of fea-
tured genes with potentially important functions, and con-
struction of co-expression interactions with protein-coding
genes across various biological contexts/conditions. Based
on comprehensive integration, stringent curation, and sys-
tematic analysis of massive RNA-seq datasets, LncExpDB
has great potential in deepening our understanding of IncR-
NAs’ functions and thus serves as a valuable resource for
the global research community. Future directions are to in-
clude more datasets (such as TCGA (46) and GTEx (47))
and accordingly to increase more diversity of biological
contexts/conditions such as immune reaction, drug ther-
apy, and also single-cell resolution. Meanwhile, in-depth
expression profile analysis will be conducted by associa-
tion with other omics data. Given the complexity and di-
versity of IncRNA-mRNA interactions, we are considering
to characterize the IncRNA-involved interactions with pro-
tein, RNA, DNA and compound through analyzing other
high-throughput sequencing data (e.g. CLIP-seq, SPLASH
and PARIS) and literature curation. In addition, more user-
friendly interfaces and tools will be developed and enhanced
in aid of functional annotation, correlation analysis and in-
teractive visualization of various expression profiles.

DATA AVAILABILITY

LncExpDB is an expression database of human long non-
coding RNAs (https://bigd.big.ac.cn/Incexpdb).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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