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ABSTRACT

NONCODE (http://www.bioinfo.org/noncode/) is a
systematic database that is dedicated to present-
ing the most complete collection and annotation of
non-coding RNAs (ncRNAs), especially long non-
coding RNAs (IncRNAs). Since NONCODE 2016 was
released two years ago, the amount of novel iden-
tified ncRNAs has been enlarged by the reduced
cost of next-generation sequencing, which has pro-
duced an explosion of newly identified data. The
third-generation sequencing revolution has also of-
fered longer and more accurate annotations. More-
over, accumulating evidence confirmed by biologi-
cal experiments has provided more comprehensive
knowledge of IncRNA functions. The ncRNA data set
was expanded by collecting newly identified ncR-
NAs from literature published over the past two
years and integration of the latest versions of Ref-
Seq and Ensembl. Additionally, pig was included in
the database for the first time, bringing the total num-
ber of species to 17. The number of IncRNAs in NON-
CODEV5 increased from 527 336 to 548 640. NON-
CODEV5 also introduced three important new fea-
tures: (i) human IncRNA-disease relationships and
single nucleotide polymorphism-IncRNA—-disease re-
lationships were constructed; (ii) human exosome
IncRNA expression profiles were displayed; (iii) the
RNA secondary structures of NONCODE human tran-

scripts were predicted. NONCODEV5 is also accessi-
ble through http://www.noncode.org/.

INTRODUCTION

Whole transcriptome studies have revealed that protein-
coding regions account for only 2% of the genome (1-3),
although most of the human genome can be transcribed.
The vast majority of transcribed sequences do not encode
proteins and are called non-coding RNAs (ncRNAs). Long
non-coding RNAs (IncRNAs) are ncRNAs that are >200
nt in length (4,5). Accumulating evidence has shown that
IncRNAs play key roles in various biological processes, such
as the circuitry controlling pluripotency and differentiation,
imprinting control, immune responses, disease aetiology (6—
8) and chromosome dynamics (9). The biological functions
and mechanisms of IncRNAs have not been fully mined to
date due to a systematic lack of comprehensive collation
and summary. Consequently, we updated the NONCODE
database to version 5.0 to remain up-to-date with the latest
IncRNA discoveries. The data sources of NONCODEVS in-
clude literature published since the last NONCODE update
and the latest versions of several public databases (Ensembl
(10), RefSeq (11), IncRNAdDb (12) and LNCipedia (13)).
The number of transcripts in NONCODEVS5 reached 548
640 after removal of false and redundant IncRNAs.

Of the articles retrieved from PubMed concerning IncR-
NAs, we found that the vast majority studied IncRNA func-
tions, especially the relationships between IncRNAs and
diseases. The last version of NONCODE collected relation-
ships between IncRNAs and various diseases using litera-
ture mining, differential IncRNA analysis utilizing public
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RNA-seq data and microarray data and mutation analyses
from public genome-wide association study (GWAS) data.
In NONCODEVS, relationships between IncRNAs and dis-
eases were obtained from four IncRNA disease databases,
and the relationships between IncRNAs and SNPs were ob-
tained from LincSNP 2.0, which integrated eight database
resources in the update. A total of 32 226 disease-related and
724 579 SNP-related records on human genes were included
in the NONCODEVS5 database.

Apart from the IncRNA-disease information discovered
by researchers, the majority of associations remain un-
known and need to be developed. Several novel research
fields have provided valuable IncRNA-disease association
research directions. A recent study showed that exosomes
derived from tumour and normal cells greatly contributed
to tumourigenesis, apoptosis, and chemotherapeutic resis-
tance (14). To provide statistical support for IncRNA—
disease association studies, NONCODEVS5 collected six hu-
man exosome datasets from GEO (15), including six tu-
mour cell lines and four tissues, and depicted the expression
profiles of genes and transcripts included in NONCODEVS.

Recent studies have shown that IncRNA secondary struc-
tures also serve as regulatory factors in biological processes
and influence practically every step of the RNA life cycle,
including RNA transcription, splicing, cellular localization,
translation, and turnover (16). The RNA secondary struc-
ture is important for RNA functions and regulation, and
there is growing interest in determining the RNA structures
of many transcripts (17). To meet the requirements, we pre-
dicted the RNA secondary structures of the human tran-
scripts collected in NONCODEVYS for the first time.

The updated NONCODEYVS is committed to building a
one-stop knowledge gateway for IncRNAs in the areas of
data collection, expression profile calculation in different
tissues, IncRNA gene-disease relationship construction and
RNA structure prediction.

DATA COLLECTION AND PROCESSING

The data sources for NONCODEYVS include the previ-
ous versions of NONCODE (18-20), public literature and
IncRNA databases. To obtain IncRNA information from
published articles, keywords including ‘ncrna’, ‘noncoding’,
‘non-coding’, ‘no code’, ‘non-code’, ‘Incrna’ and ‘lincrna’
were searched on NCBI PubMed to identify studies pub-
lished between 1 July 2015 and 22 June 2017. A total of 10
454 IncRNA-related articles were retrieved and excavated
using artificial information. We retrieved the newly identi-
fied IncRNAs and their annotations from the supplemen-
tary material or websites of these articles. After screening
papers manually, we focused on 70 research articles which
identified novel ncRNAs in species included in the NON-
CODE species list. For articles which did not provide lists of
ncRNAs, we asked the authors for detail information. Ad-
ditionally, we collated the newest data from Ensembl, Ref-
Seq, IncRNAdb, and LNCipedia and the old versions of the
NONCODE data. In addition to the four databases, we also
integrated The Arabidopsis Information Resource (TAIR)
(21) and FlyBase (22) databases into NONCODEvS. All
of the collected data were processed through a standard
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pipeline which is concordant with the previous versions of
NONCODE for each species.

STATISTICAL ANALYSIS OF NONCODE

NONCODEVS5 contains 548 640 IncRNA transcripts from
17 species (human, mouse, cow, rat, chimpanzee, gorilla,
orangutan, rhesus macaque, opossum, platypus, chicken,
zebrafish, fruit fly, Caenorhabditis elegans, yeast, arabidop-
sis and pig). According to the definition of IncRNA gene
(19), NONCODEVYVS5 collected a total of 354 855 genes.
A total of 96 308 and 87 774 genes were generated from
172 216 and 131 697 human and mouse transcripts, re-
spectively. NONCODEVvVS5 annotated the expression profiles
from all human and mouse transcripts and genes, and some
of these genes were annotated with predicted functions. Ex-
pression profiles in exosomes calculated for human species
and the conservation of information between human and
other species were provided. Moreover, the RNA secondary
structures of the human transcripts were predicted in this
version.

LncRNAs and diseases

Most genomic transcripts are noncoding, whereas only a
small fraction of the transcripts encode proteins (2,23).
Among these noncoding transcripts, IncRNAs are closely
linked to diseases through several aspects, including
the regulation of histone modifications, transcription,
DNA methylation and chromatin remodeling and post-
transcriptional regulation (24,25). Conformational changes
of the RNA structure, expression levels and IncRNA-
binding proteins can all contribute to dysfunction, includ-
ing cancer and neurodegenerative disorders (26). For exam-
ple, the IncRNA SNHGI functions both in cis and trans
mechanisms to contribute to tumour cell growth by regu-
lating SLC3A2 and FUBP1 expression (27). The IncRNA
MT1JP interacts with TIAR to regulate the p53 pathway,
resulting in tumour suppression (28). Spinocerebellar ataxia
type 8 (SCAS), which is a type of neurodegenerative dis-
order, has been shown to be related to expansion repeats
of the IncRNA gene ATXNSOS (29). To provide a com-
prehensive resource for IncRNA—disease relationships, we
collected information from four databases (LncRNADis-
ease (30), Lnc2Cancer (31), MNDR (32) and LncRNAWiki
(33)). LncRNADisease includes IncRNA-disease associa-
tions supported by biological experiments and predicted
by computational methods. Lnc2Cancer is a manually cu-
rated database of experimentally supported IncRNAs as-
sociated with various human cancers. MNDR v2.0 inte-
grates experimentally and computationally predicted di-
verse ncRINA-disease relationships from the literature and
other database resource collections, such as NSDNA (34)
and LincSNP (35). LncRNAWiKki is a IncRNA knowledge
base that contains IncRNA—disease association informa-
tion. We summarized the collected IncRNA-disease rela-
tionships from these databases. However, IncRNA-disease
associations predicted by computational methods were not
included in NONCODEVS5 because of uncertainty credibil-
ity, and only experimentally supported relationships were
integrated in our final results. In summary, we obtained 32
226 records of IncRNA and disease-related information.
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Figure 1. NONHSAGO000148.2 exosome expression profile.

LncRNAs and SNPs

Genome-wide association studies (GWASs) have revealed
many of the genetic variants associated with diseases. At
least one-third of genetic variants belong to noncoding re-
gions (36,37). The most common type of genetic variant
in the human genome is single nucleotide polymorphisms
(SNPs). Furthermore, the density of SNPs in IncRNA re-
gions is similar to the density in protein coding regions.
Some IncRNA intervals even have a higher density of SNPs
than the genome average (37). SNPs in IncRNAs may influ-
ence their partner mRNAs by disturbing splicing or struc-
tural stability (38,39). Thus, the IncRNA SNP-disease re-
lationship needs to be well studied. Functions of this rela-
tionship have been revealed in multiple disease processes,
including carcinogenesis (40). For example, a study found
that the TT genotype of rs3787016 was related to the risk
of breast cancer and the clinicopathological features of
the tumour among premenopausal women (41). To inte-
grate the SNP information with the NONCODEv5 human
transcripts, we collected IncRNA-SNP associations from
LincSNP 2.0 (35). LincSNP 2.0 is a database that links
disease-associated SNPs to human large intergenic non-
coding RNAs and has summarized 809 451 IncRNA SNPs
from eight databases (dbGaP (42), GAD (43), GWAS Cen-
tral (44), Johnson and O’Donnell (45), the NHGRI GWAS
Catalog (46), PharmGKb (47), GWASdb (48) and GRASP
(49)). Using information for SNP chromosome positions,
we obtained IncRNA SNPs with Bedtools (50) Intersect.
Thus, NONCODEVS includes 724 579 SNPs that poten-
tially exist in IncRNA intervals, which provide researchers
with a convenient resource to acquire SNP-disease infor-
mation for their IncRNA of interest.

LncRNAs and Exosome expression profiles

Exosomes, which are produced by endocytosis, are small

Exosomes)
6.51389 0

membrane vesicles that are secreted by most cells (51). Stud-
ies have shown that exosomes can be used for the early dis-
ease diagnosis of cancer and as potential drug targets. Ex-
osomes can also change the target cell microenvironment
and contribute to cancer metastasis. In a study of pancre-
atic cancer, the researchers found that the abundance of
GPCI (glypican-1)-positive exosomes in the sera of patients
with early pancreatic cancer was significantly higher than
the abundance in the normal population; this finding pro-
vides a significant basis for the early diagnosis of cancer
(52). Another study of exosomes showed that metastatic tu-
mour cells released exosome prior to departure. Exosome
arrived at the metastatic organ and were taken in by the
corresponding cells to change the state of these target cells
and create a suitable condition for tumour growth (53).
However, most previous studies have focused solely on ex-
osomal mRNAs, miRNAs, proteins and lipids. A recent
study showed that IncRNAs protected by exosomes were
up-regulated and promoted cell proliferation and migra-
tion in non-small cell lung cancer (54). NONCODE has
noted this field, which is full of potential, and has provided
the first expression profiles of IncRNAs in exosome (Figure
1) based on high-throughput analyses of exosome RNA-
sequencing data. Exosome-related RNA-seq data were col-
lected from 6 RNA-sequencing datasets downloaded from
the GEO database (Table 1). The exosome sources included
six cell lines (A431, BJ, HepG2, HUVEC, MCF7 and
MDA-MB-231) and four tissues [invasive non-functional
pituitary adenomas (NFPAs), non-invasive NFPAs, tuber-
culosis patient serum and blood from normal individuals].
Then, the ribosome RNA sequencing reads were removed
using sortmerna-2.1b (55). The read quality was filtered us-
ing Trimmomatic-0.36 (56) through a 4-base sliding win-
dow with an average quality threshold of 24, and reads
with length less than 36 were dropped. The filtered reads
were mapped to the genome with the split-aware aligner



Table 1. Exosome RNA-sequencing datasets
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Exosome source GSE ID Description Citation

Tuberculosis patients serum GSE94907 Active tuberculosis patient serum exosomes Lv L et al. 2017 Front Microbiol (59)

BJ cell line GSE89926 Human untreated foreskin fibroblast exosomes Prakash A et al. (unpublished)

HUVEC cell line GSE89926 Human untreated endothelial cell exosomes Prakash A et al. (unpublished)

Invasive NFPAs GSES89779 Invasive non-functional pituitary adenomas Ren Y et al. (unpublished)
exosomes

Non-invasive NFPAs GSE89779 Non-invasive non-functional pituitary Ren Y et al. (unpublished)
adenoma exosomes

MDA-MB-231 cell line GSES8464 Breast cancer ultracentrifugation method Ghosh A et al. (unpublished)
extracted exosomes

MCFT7 cell line GSES8464 Breast cancer ultracentrifugation method Ghosh A et al. (unpublished)
extracted exosomes

A431 cell line GSE76173 A431 squamous cell carcinoma cell line Lefebvre FA et al. 2016 Sci Rep (60)
exosomes

HepG2 cell line GSE76173 HepG?2 hepatocellular carcinoma cell line Lefebvre FA et al. 2016 Sci Rep (60)
exosomes

Normal people blood GSE100206 Normal blood extracted exosomes LiY et al 2015 Cell Res (61)

STAR (57) with ‘—outFilterScoreMinOverLread’ 0.1 and ‘—
outFilterMatchNminOverLread’ 0.1. To avoid their influ-
ence, we removed duplicated reads using picard-tools-2.1.0
(http://broadInstitute.github.io/picard). Finally, we calcu-
lated the IncRNA expressions. We used featureCounts (58)
to quantify read counts for each NONCODE gene or tran-
script with default parameters. For paired-end data, we set
‘isPairedEnd = TRUE’ and ‘requireBothEndsMapped =
TRUE’ additionally. Then, we used DGEList and rpkm
function from edgeR (59) to calculate the normalized ex-
pression levels in FPKM (fragments per kilobases per mil-
lion mapped reads; counted on read pairs in case of paired-
end data).

LncRNAs and RNA secondary structure

In parallel to the genetic code for protein synthesis, a sec-
ondary layer of information is embedded in all RNA tran-
scripts in the form of the RNA structure. The RNA struc-
ture influences practically every step in the gene expression
program (62).

Several high-throughput technologies have been devel-
oped recently to probe RNA secondary structures at
the transcriptome level in human. These technologies are
based on enzyme cleavage or chemical modification of nu-
cleotides with specific structural states (e.g. loop regions or
double-stranded regions), which can be detected by high-
throughput sequencing via the stops they cause during re-
verse transcription (RT stops) (63). For example, parallel
analysis of the RNA structure (PARS) utilizes RNase V1
and nuclease S1 simultaneously to probe RNA structures
(63). DMS-seq or Structure-seq uses the small molecule
dimethyl sulfate (DMS) to modify adenines and cytosines
in single-stranded states both in vivo and in vitro (64,65).

We selected representative human structure probing data
(Table 2) reprocessed by the RNAex web server (63) and
predicted the RNA secondary structures of the human
transcripts in NONCODEVS restrained by these data us-
ing RME (66), which is a software program that can in-
corporate multiple types of experimental probing data for
NONCODE human transcripts. To remain in agreement
with RNAex, we transformed the genomic positions of
the NONCODE transcript to hgl9 using liftover (http:

/lgenome.ucsc.edu/cgi-bin/hgLiftOver) and used the RME
parameter trained and provided by RNAex for each dataset.
This approach only predicts minority RNA secondary
structures through dataset correction with the limitation of
sequencing data coverage. The V1 Child-S1 Child data pair
only covered 4756 transcripts, whereas the data pair Con-
trol Fibroblast-Vivo Fibroblast covered 5,795 transcripts of
a total number of 172 216 transcripts. Moreover, 3059 tran-
scripts were covered by both V1 Child-S1 Child and Con-
trol Fibroblast-Vivo Fibroblast. We also used RME with-
out any dataset restraint. The RNA secondary structure of
each transcript can be accessed through the NONCODE
website; this option is supported by the RNA secondary
structure visualization tool forna (67), which allows RNA
secondary structures to be displayed directly in the browser
(Figure 2). NONCODEVYS5 can provide the corresponding
RNA secondary structures predicted in different datasets.

DISCUSSION

NONCODEVS5 contains a total of 548 640 transcripts.
Compared with NONCODE 2016, the number of human
transcripts increased from 167 150 to 172 216, and the num-
ber of mouse transcripts increased from 130 558 to 131 697.
The increase in transcripts is not much larger than the last
update. NONCODE 2016 collected a large quantity of new
transcripts due to the rapid increase in second generation
sequencing data. Although the identification of novel IncR-
NAs was much slower in recent years, many researchers
changed their study focus from novel IncRNA detection to
IncRNA function and annotation. For example, some re-
searchers concentrated on the relationships between IncR-
NAs and diseases, how IncRNA secondary structure infor-
mation influenced the expression of IncRNAs and how the
expression of IncRNAs in exosomes contributed to disease
diagnosis. NONCODEvVS made the corresponding adjust-
ments to these changes in the collection, analysis, and stor-
age methods for the above information. However, annota-
tion data are still scarce for IncRNAs. For example, in con-
sideration of limited resources, six human-related exosome
datasets were collected, but only two exosome datasets for
mice were found; therefore, we only calculated exosome ex-
pression for human, and data from other species need to


http://broadInstitute.github.io/picard
http://genome.ucsc.edu/cgi-bin/hgLiftOver
http://genome.ucsc.edu/cgi-bin/hgLiftOver

D312 Nucleic Acids Research, 2018, Vol. 46, Database issue

Structure Visualization

DataSource: | DMS-seq(Control_Fibroblast-Vivo_Fibrob)
Bl DMS-seq(Control_Fibroblast-Vivo Fibrob)
See experim( pARS(V1_Child-S1_Child)
nodata(nodata)

¥ | show detail information

Eo IR

g -

Figure 2. NONHSAT001763.2 RNA secondary structure prediction.

Colors «

Table 2. The structure-probing data used in NONCODE

Data type Sample Condition Raw data Citation

DMS-seq Control Fibroblast in vitro GSE45803 Rouskin et al., 2014 Nature (64)
Vivo Fibroblast in vivo

PARS V1 Child in vitro GSES0676 Wan et al., 2014 Nature (62)
S1 Child in vitro

be collected in the future. Furthermore, the datasets used
to predict RNA secondary structures only covered a small
portion of the human reference genome, and thus the RNA
secondary structures predicted with the datasets were re-
tained. We will continue to follow up with the latest released
datasets to enrich the annotation of IncRNAs.

As a comprehensive database of non-coding RNAs,
NONCODE devoted itself to collect IncRNAs thoroughly
from literatures and other databases, and annotate these
IncRNAs exhaustively. NONCODE is one of the expert
databases of RNAcentral, which is a public resource that
offers integrated access to a comprehensive and up-to-
date set of non-coding RNA sequences. Currently, NON-
CODE covered the sequence, structure, expression, func-
tion, conservation, disease relevance and many other as-
pects of IncRNAs. Compared to other IncRNA databases,
such as GENCODE/Ensembl/Refseq, NONCODE col-
lected more IncRNA transcripts, and provided unique an-
notations of IncRNAs, such as RNA secondary structure,
expression of exosome, association between IncRNA and
disease. When researchers were concerned with the whole
repository of IncRNA isoforms, or interested in the above-
mentioned unique annotations, it is a good choice to use

NONCODE. And when they paid more attentions to rep-
resentative IncRNA isoforms, NONCODE also supports
to retrieve IncRNAs subsets to meet the quality demands
of researchers since NONCODE 2016 (18). Several subsets
were provided according to the source of the data, such as
from literature, Refseq, Ensembl and other databases sup-
ported. And a lot of quality controls were implemented on
these subsets, including exon number, transcript length, and
CNCI score for these transcripts.
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