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ABSTRACT

LncBook, a comprehensive resource of human long
non-coding RNAs (lncRNAs), has been used in a
wide range of lncRNA studies across various bi-
ological contexts. Here, we present LncBook 2.0
(https://ngdc.cncb.ac.cn/lncbook), with significant
updates and enhancements as follows: (i) incorpo-
ration of 119 722 new transcripts, 9632 new genes,
and gene structure update of 21 305 lncRNAs; (ii)
characterization of conservation features of human
lncRNA genes across 40 vertebrates; (iii) integra-
tion of lncRNA-encoded small proteins; (iv) enrich-
ment of expression and DNA methylation profiles
with more biological contexts and (v) identification
of lncRNA–protein interactions and improved pre-
diction of lncRNA-miRNA interactions. Collectively,
LncBook 2.0 accommodates a high-quality collec-
tion of 95 243 lncRNA genes and 323 950 transcripts
and incorporates their abundant annotations at dif-
ferent omics levels, thereby enabling users to deci-
pher functional significance of lncRNAs in different
biological contexts.

INTRODUCTION

LncBook, a curated resource of human long non-coding
RNAs (lncRNAs), features comprehensive integration of
human lncRNAs and systematic annotation with multi-
omics data analysis (1). Since its inception in 2019, Lnc-
Book has been widely used in delineating the transcriptional
landscape of human lncRNAs (2,3), uncovering lncRNAs’
molecular signatures (4,5), and disentangling functional
relevance of lncRNAs in human diseases (6–8). Over the
past several years, considerable efforts have been devoted
to identifying (9–13) and characterizing human lncRNAs
at different omics levels across diverse biological contexts,

e.g. disease, normal tissue/cell line, organ development,
subcellular localization (14). Particularly, multiple lines of
evidence have accumulated that sequence conservation is
a fundamental indicator for lncRNA functional signifi-
cance (15) and that lncRNA-encoded small proteins are in-
volved in diverse functions and multiple diseases (16–18).
Therefore, it is highly needed to integrate newly reported
lncRNAs and characterize lncRNAs from multiple omics
levels and in more biological contexts. Toward this end,
here we perform comprehensive integration of lncRNAs as
well as their curated annotations, including expression and
DNA methylation profiles in multiple biological contexts,
disease/trait-associated variants, lncRNA-miRNA interac-
tions, lncRNA–protein interactions, evolutionary conserva-
tion features and small proteins. As a consequence, we pro-
vide an updated version of LncBook, which, in contrast to
the previous version, has been significantly upgraded, ex-
panded and enhanced (Table 1).

MATERIALS AND METHODS

LncRNA integration and curation

Based on the previous version, LncBook 2.0 integrated
lncRNAs from five resources, including RefLnc (9), GEN-
CODE v33 (10), CHESS v2.2 (11), FANTOM-CAT (12)
and BIGTranscriptome (13). Transcripts with redundancy,
background noise, and mapping error, as well as incom-
plete transcripts, short ones, and those that may encode
proteins, were excluded (1). To improve the curation qual-
ity, in LncBook 2.0, we also removed lncRNA transcripts
without strand information, and transcripts identified as
miRNA precursors, small RNAs and pseudogenes accord-
ing to the comparison results generated with GffCompare
(19). In addition, four algorithms, viz., CPC2 (20), LGC
(21), CPAT (22) and PLEK (23), were used for coding po-
tential estimation, and transcripts identified as lncRNAs
by at least three algorithms were retained. It is noted that
the lncRNAs annotated by HGNC and GENCODE were
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Table 1. Data statistics of two LncBook versions

Data item Version 2.0 Version 1.0

LncRNA integration and
curation

Transcript 323 950 270 044

Gene 95 243 140 356
Quality control Remove pseudogenes, small RNAs, miRNA

precursors, and transcripts without strand
information

-

Reference file LncRNA; LncRNA & other genes LncRNA
Multi-omics annotation Evolutionary conservation Conservation features across 40 vertebrates -

Small protein 34 012 small proteins -
Genome variation 959 138 disease/trait-associated variants 92 725 757 SNPs
DNA methylation profile 14 cancers and 2 neurodevelopmental

disorders
9 cancers

Expression profile 9 biological contexts 1 biological context
LncRNA–protein
interaction

772 745 lncRNA–protein interactions -

LncRNA–miRNA
interaction

Predicted with TargetScan, miRanda and
RNAhybrid

Predicted with TargetScan
and miRanda

retained regardless of the coding potential. Following the
strategies used by GENCODE (24) and NONCODE (25),
we assigned lncRNA transcripts overlapped in their exonic
regions in the same strand into the same gene. To meet dif-
ferent demands of data analysis, lncRNA gene annotation
file and the integrated annotation file with both lncRNA
genes and other genes (derived from GENCODE) were pro-
vided.

Data integration and analysis

To perform sequence conservation analysis, genome ref-
erences, gene annotation files and paired alignment chain
files for human and 40 vertebrates were downloaded from
UCSC Genome Browser Gateway (https://hgdownload.
soe.ucsc.edu) (26). We identified lncRNA homologous
sequences/genes by considering alignment length and com-
paring with introns’ alignments in different species. As
lncRNAs are in general lack of high sequence conservation,
20% transcript coverage has been adopted to identify ho-
mologous lncRNAs (27), so that we collected alignments
that are at least 50 nt in length and with >20% transcript
coverage. Meanwhile, to reduce the impacts of evolution-
ary distance, the homologous sequences/genes were deter-
mined for each species if the alignment performance (mea-
sured by alignment length and identity) of lncRNAs exceeds
the introns’ Q50 threshold, which represents the intermedi-
ate level of intron alignments. LncRNA gene age was de-
fined as the earliest occurrence time of its homologous se-
quence across 40 species, which, from latest to earliest, are
‘Homo’ (human specific), ‘Hominini’, ‘Homininae’, ‘Ho-
minidae’, ‘Hominoidea’, ‘Catarrhini’, ‘Simiiformes’, ‘Hap-
lorrhini’, ‘Primates’, ‘Euarchontoglires’, ‘Boreoeutheria’,
‘Eutheria’, ‘Theria’, ‘Mammalia’, ‘Amniota’, ‘Tetrapoda’
and ‘Euteleostomi’.

High-confidence variants and associations were collected
from COSMIC (28), ClinVar (29) and GWAS Catalog
(30). For COSMIC (28), the variants labeled as ‘Confirmed
somatic mutation’ were retained. Suggested by COSMIC
(https://cancer.sanger.ac.uk/cosmic/analyses), the variants
whose FATHMM-MKL scores > 0.7 were defined as

disease-related (pathogenic) variants. Variants with definite
labels such as ‘benign’ or ‘pathogenic’ in ClinVar (29) were
collected. For GWAS Catalog (30), we collected the asso-
ciations with P-value < 5 × 10−8, which has been widely
used to determine association between a common genetic
variant and a trait of interest (31,32). Finally, names of dis-
eases and traits were unified according to Human Pheno-
type Ontology (33) and Experimental Factor Ontology (34),
respectively. All the variants were allocated to lncRNAs by
BEDTools (35).

To characterize the DNA methylation profiles of lncR-
NAs across human diseases, 16 publicly accessible bisulfite-
seq datasets were collected from TCGA (The Cancer
Genome Atlas) (36) and GEO (Gene Expression Om-
nibus) (37), covering 14 cancers and 2 neuro-developmental
disorders. Here, promoter region was defined as -1500
bps relative to the transcription start site and averaged
methylation level of all CpGs in promoter or body re-
gion was calculated. Differentially methylated lncRNA
genes were identified by considering the significance of
fold change, P-value, maximum and minimum methylation
levels.

Expression profiles of human lncRNAs were obtained
from LncExpDB (38), covering 337 biological conditions
that can be further classified into nine biological contexts,
namely, normal tissue/cell line, organ development, preim-
plantation embryo, cell differentiation, subcellular localiza-
tion, exosome, cancer cell line, virus infection and circa-
dian rhythm. To determine gene expression capacity, genes
whose expression values are greater than the upper quan-
tile of whole transcriptome (includes both lncRNA genes
and protein-coding genes) in at least one biological condi-
tion are considered as high expression capacity, those less
than the lower quantile as low capacity, and the remaining
as medium capacity. Featured lncRNA genes are those that
are specifically expressed in a certain cell line/tissue, consis-
tently expressed across different cell lines/tissues, 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. In addition,
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Figure 1. Data contents and organization in LncBook 2.0. A comprehensive, high-quality collection of human lncRNAs is annotated at different omics
levels and organized with user-friendly web interfaces for searching, browsing, visualizing, analyzing and downloading.

subcellular localization and tissue/normal cell/cancer cell
specificity of lncRNA genes were characterized based on
the expression profiles, and related information was listed
in ‘Gene Summary’.

Small proteins supported by Ribo-seq or mass spectrom-
etry evidence were integrated from SmProt (39). Small pro-
teins were mapped onto the lncRNAs with BEDtools (35)
and those entirely and uniquely falling within lncRNA tran-
scripts were retained.

LncRNA–protein interactions were identified based on
the collection of 848 077 RBP (RNA Binding Protein) bind-
ing sites of 150 RBPs in HepG2 and K562 cell lines from
ENCODE (40). We mapped the RBP binding sites onto the
lncRNAs with BEDtools (35), and RBP binding sites en-
tirely and uniquely falling within lncRNA transcripts were
retained.

Three tools, including miRanda (41), TargetScan (42),
and RNAhybrid (43), were used to predict more lncRNA-
miRNA interactions. Interactions supported by all the three
tools as well as those by any two tools were listed in the ‘In-
teraction’ section. Additionally, interactions predicted by
only one tool were provided in ‘Downloads’.

Implementation

LncBook 2.0 was implemented based on Spring Boot
(https://spring.io/projects/spring-boot), MySQL (https://
www.mysql.com) and Apache Tomcat Server (https://
tomcat.apache.org). Web interfaces were developed by
HTML5, CSS3, AJAX (Asynchronous JavaScript and
XML), JQuery (https://jquery.com), Bootstrap (https://
getbootstrap.com) and Semantic UI (https://semantic-
ui.com). In addition, data visualization was powered
by HighCharts (https://www.highcharts.com.cn), ECharts
(https://echarts.apache.org), Plotly.js (https://plotly.com),
and DataTables (https://datatables.net). Web tools were set
up by HTML widgets, NCBI BLAST+ (44) and in-house
python scripts.

IMPROVED CONTENT AND NEW FEATURES

Expanded lncRNA list and enriched multi-omics annotations

LncBook is devoted to providing a comprehensive and
high-quality collection of human lncRNAs as well as
their annotations based on multi-omics analysis and value-
added curation. Compared with the previous version, Lnc-
Book 2.0 is significantly improved in the quality of human
lncRNA genes, and the comprehensiveness of their multi-
omics annotations (Table 1).

LncBook 2.0 features a full list of human lncRNAs by
comprehensively integrating lncRNAs from different re-
sources and curating the lncRNAs with more strict crite-
ria (see details in Materials and Methods). As a result, it
incorporates 119 722 new transcripts and 9632 new genes,
updates the structure of 21 305 genes and provides a high-
quality collection of 323 950 lncRNA transcripts and 95 243
genes, compared with 270 044 transcripts and 140 356 genes
of the previous version. As transcripts overlapped in the ex-
onic regions in the same strand are assigned as the same
gene, LncBook 2.0 presents a decreased gene count in spite
of the increased number of transcripts. Based on this list,
it incorporates more annotations by including new omics
profiles and covering more biological contexts.

We characterize conservation features of human lncRNA
genes across 40 vertebrates, identify 139 306 homologous
genes for 22 347 human lncRNA genes, and integrate
34 012 lncRNA-encoded small proteins for 5743 lncRNA
genes. Expression profiles have been enriched with more
biological contexts, which are increased from 1 (normal
tissue/cell line) to 9 (normal tissue/cell line, organ devel-
opment, preimplantation embryo, cell differentiation, sub-
cellular localization, exosome, cancer cell line, virus infec-
tion, circadian rhythm). Moreover, disease types for DNA
methylation profiles have been increased from 9 cancers to
14 cancers and 2 neurodevelopmental disorders have been
included as well. As a result, LncBook 2.0 contains a total
of 24 157 featured lncRNA genes for expression (specifical
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closely associated with colorectal cancer 

closely associated with leukemia

LncRNA-protein interaction
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time of the gene sequence
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in promoter or body region in
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9 biological contexts
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Click on the gene ID to
view details in gene page

Click on the gene symbol to
view literature curation

Figure 2. Screenshot of ‘Genes’ page. Multi-omics features including expression capacity, featured expression pattern, featured methylation pattern,
disease/trait-associated variation, lncRNA–protein interaction, and small protein expression, are summarized in a table, which enables customized filtra-
tion and sort. Functional evidences for SATB2-AS1 and WT1-AS inferred from multi-omics association analysis and experimental evidences are described
in the manuscript.

ly/consistently/differentially/dynamically/perio-dically ex-
pressed) and 19 543 featured lncRNA genes for DNA
methylation (hyper/hypomethylated in promoter or body
region). Also, we curate 959 138 disease/trait-associated
variants associated with 50 165 lncRNA genes, identify 772
745 lncRNA–protein interactions for 2005 lncRNA genes,
and predict 146 092 274 lncRNA-miRNA interactions for
all lncRNA genes.

Database contents and organization

LncBook 2.0 is a gene-centric resource with user-friendly
web interfaces for searching, browsing, visualizing, ana-
lyzing and downloading (Figure 1). A lncRNA gene cor-
responds to a web page, which is composed of nine sec-
tions, including gene summary, transcript information, cod-
ing potential, conservation, variation, methylation, expres-
sion, small protein and interaction. For any lncRNA gene,
the annotations are summarized in various tables, sequence
conservation status across 40 vertebrates is displayed in a
phylogenetic tree, methylation levels of both promoter and
body regions across 16 diseases are visualized in boxplots,
and expression profiles across 337 biological conditions are

represented in a bar chart. Meanwhile, LncBook 2.0 al-
lows interactive visualization of literature curation results
in LncRNAWiki (45), expression profiles across diverse bi-
ological contexts in LncExpDB (38) and relevant annota-
tions in the integrated databases. In addition, LncBook 2.0
provides dedicated web pages for each omics resource with
abundant descriptive terms to enable various customized
comparisons. Moreover, curated multi-omics features of all
lncRNAs are summarized in a tabular form in the ‘Genes’
page. Based on these annotations, LncBook 2.0 presents a
series of useful statistics and analysis results in the ‘Statis-
tics’ page, and deploys several useful tools for online anal-
ysis. Equally important, all the associated data are publicly
available in the ‘Downloads’ page and all tables and figures
could be freely downloadable in LncBook 2.0.

Functional lncRNA identification and exploration

As an alternative to experimental examination, bioinfor-
matics association study serves as an efficient approach to
investigate the putative function of lncRNAs with the anal-
ysis of multi-omics data across various biological contexts.
Therefore, LncBook 2.0 is committed to providing the list
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of high-quality functional evidences from evolutionary con-
servation, genome variation, DNA methylation, gene ex-
pression, small protein and lncRNA-mediated interactions,
which could be overviewed for all collected lncRNA genes
(Figure 2).

Users can start from highly conserved lncRNA genes
with more multi-omics associations, for example, by set-
ting up the filters: gene age ≥14, high expression ca-
pacity, featured gene for both expression and methyla-
tion, possessing disease/trait-associated variants, and en-
coding small proteins. Consequently, a list of 100 lncRNA
genes are obtained (Supplementary Table S1). According
to multi-omics associations, we find that SATB2-AS1 is
suggested to be closely associated with colorectal cancer.
It is highly expressed in colon and rectum, hypermethy-
lated in colon adenocarcinoma, possesses large intestine
carcinoma-associated variants, and its encoded small pro-
teins (SPROHSA260428 and SPROHSA260429) are also
detected in colorectal cancer samples. Consistently, an-
notations in LncRNAWiki show that SATB2-AS1 has
been reported to be involved in colorectal cancer (46,47).
Another lncRNA, WT1-AS, is suggested to be closely
associated with leukemia, as it is highly expressed and
hyper-methylated in leukemia samples, and the encoded
small proteins (SPROHSA65308, SPR0HSA264911 and
SPROHSA326667) are also detected in leukemia samples.
Consistently, WT1-AS has been experimentally validated to
play an important role in leukemia (48,49). Also, LncBook
2.0 provides homologous genes for these lncRNAs, which
would offer new insights into the exploration of the biolog-
ical function in different species. Among the 100 lncRNA
genes, notably, 50 are functionally uncharacterized up to
now, which can be regarded as valuable candidates for ex-
perimental investigation and in-depth functional research.
Of course, we believe that the more multi-omics associations
do not necessarily represent the more important function,
and users are encouraged to perform customized selection
by different omics features of their own interest.

DISCUSSION AND FUTURE DEVELOPMENTS

As an important resource of the National Genomics Data
Center (50), LncBook, in close partnership with LncEx-
pDB (38) and LncRNAWiki (45), serves as a fundamen-
tal resource to provide comprehensive and high-quality
lncRNAs and their annotations. Considering the growing
volume of human lncRNAs, we plan to develop an au-
tomatic pipeline and web server to ease lncRNA integra-
tion and curation, and classify these lncRNAs by build-
ing collaborations with field experts in RNAcentral (51).
With more lncRNAs identified in different species, we
plan to improve the conservation annotation by including
the results generated from lncRNA sequence alignments.
Moreover, to better decipher the characteristics of lncR-
NAs, we will continue to include new omics features, such
as lncRNA–DNA/RNA interactions, histone modification
regulation, lncRNA modifications/edits and structures, in-
tegrate more biological contexts, and perform comparisons
between lncRNAs and other types of genes (e.g. protein-
coding gene). With the incorporation of more datasets and
annotations, we also plan to develop a robust metric to esti-

mate the confidence level of lncRNA gene and accordingly
provide a high-confidence list of functional lncRNAs.

DATA AVAILABILITY

LncBook 2.0 is freely available online at https://ngdc.cncb.
ac.cn/lncbook.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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