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Abstract

RNA is essential for all kingdoms of life and exerts important

functions beyond transferring genetic information from DNA

to protein. With the advent of the state-of-the-art deep

sequencing technology, a large portion of noncoding tran-

scripts in eukaryotic genomes has been broadly identified.

Among them, long noncoding RNAs (lncRNAs) have been

emerged as a new class of RNA molecules that have

regulatory potential in a variety of physiological and pathologi-

cal processes. Here we summarize recent research progresses

that have been made by scientists in China on lncRNAs,

including their biogenesis, functional implication and the

underlying mechanism of action at the current stage. VC 2016
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Overview of Long Noncoding RNA

Studies in China
Long noncoding RNAs (lncRNAs) comprise different types of RNA
molecules with >200 nucleotides in length and lack coding
potential. Most well characterized lncRNAs are RNA polymerase
II (Pol II)-transcribed, capped, polyadenylated and contain exon–
exon splice junctions like mRNAs (1,2). The first mammalian
lncRNA H19 was discovered in 1989 (3), followed by the identifi-
cation of lncRNA Xist that plays an essential role in X chromo-
some inactivation, a process by which one X chromosome in

female mammals is transcriptionally silenced to achieve dosage
compensation of gene expression in males and females (4,5). It
has been accepted that lncRNAs can play important roles in
gene regulation in a variety of biological conditions with distinct
mechanisms of action, such as recruiting transcription factors or
chromatin-modifying complexes to their DNA targets, acting as
decoys to sequester RNA binding proteins or miRNAs and direct-
ly interacting with DNAs or other RNAs (6).

By searching literatures of lncRNA studies between 1989
and 2015 in the Web of Science database with limited key words
such as lncRNAs, lincRNAs and others, a brief summary of the
total number of publications in each year is obtained (Table 1).
Strikingly, although almost zero work had been reported before
2010 in China, the number of annual Science Citation Index of
all publications by Chinese scientists has been rapidly grown
since 2010. The number of articles with an impact factor (IF)
higher than 4 (IF�4) increases from 2 in 2010 to 207 in 2015,
corresponding to a proportion increased from 1.8% to 15.9%
among all global publications. The number of articles published
in top international journals with an impact factor higher than
10 (IF�10) also increases with a similar tendency. In this
respect, it indicates a fact that both the number and the quality
of lncRNA research have increased significantly in China.
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Major Discoveries Of LncRNA Study by

Scientists in China

LncRNAs in Stem Cell Pluripotency and Differentiation
Transcriptional and epigenetic networks are regulated by mul-
tiple mechanisms in stem cells pluripotency and differentia-
tion. LncRNAs constitute one class of molecules that play roles
in this regulatory circuitry. It has been suggested that the cell-
type specific expression of lncRNAs may be novel “fine-tuners”
in stem cell fate determination (7). By applying single-cell RNA
sequencing of polyadenylated RNAs, Tang and colleagues at
Peking University analyzed more than 100 individual cells
from human preimplantation embryos and human embryonic
stem cells (hESCs), of which a total of 8,701 lncRNAs were
detected. This work provides a valuable resource to study
lncRNAs in early embryo development (8). LncRNA linc-RoR
was known as a key regulator in stem cell pluripotency. How-
ever, function of this lncRNA and mechanism of action during
ESCs self-renewal and differentiation have remained unknown
(9). A study from Liu’s group at Second Military Medical Univer-
sity has shown that linc-RoR is an endogenous competing RNA
to titrate miRNAs that target Oct4, Nanog and Sox2 in self-

renewing hESCs. This observation suggests that linc-RoR forms
a feedback loop with core transcription factors and miRNAs to
regulate ESCs maintenance and differentiation (10). Our group
discovered sno-lncRNAs by sequencing non-polyadenylated
RNAs in hESCs (11). Sno-lncRNAs are nuclear-enriched intron-
derived lncRNAs that are processed on both ends by the snoRNA
machinery. The genomic region encoding one abundant class of
sno-lncRNAs is specifically deleted in Prader-Willi syndrome
(PWS), a neurogenetic disorder with a worldwide prevalence of
1 in 15,000–30,000 (12). In hESCs the PWS region sno-lncRNAs
accumulate near their sites of synthesis, associate with Fox fam-
ily splicing regulators and regulate patterns of splicing. This
study reveals a potential role of a new class of lncRNAs in hESCs
and a link between lncRNAs and the PWS pathogenesis.

In addition to the lncRNA itself that regulates gene expres-
sion in stem cells, recent studies by Shen and colleagues at
Tsinghua University began to dissect how the lncRNA and its
genomic locus in regulating neighborhood gene expression dur-
ing stem cell maintenance and differentiation. They have delin-
eated a complex effect of Haunt lncRNA and its DNA sequence
in regulating HOXA gene activation during mouse ESCs (mESCs)
differentiation. They found that knockdown of the Haunt
lncRNA by RNAi, knockin of a transcription stop signal within
the Haunt DNA locus or deletion of the Haunt promoter could all
result in an upregulation of HOXA during retinoid acids (RA)-
induced mESCs differentiation. Interestingly, removal of a large
fragment of the Haunt DNA locus attenuated HOXA expression
upon the RA treatment, which could not be rescued by the rein-
forced expression of Haunt RNA. This study suggests that the
lncRNA Haunt, its genomic DNA and the transcription of this
locus all play a role in regulating HOXA gene expression (13).
Divergent lncRNAs are transcribed on the opposite strand from
their neighboring protein-coding genes, representing �20% of
total lncRNAs in mammalian genomes. The same group has
shown that divergent lncRNAs can interfere with the transcrip-
tion of their adjacent genes in pluripotent cells. For instance,
the divergent lncRNA Evx1as is required for the proper activa-
tion of its nearby EVX1. Evx1as binds to chromatin of its own
locus, recruits epigenetic regulators and promotes chromatin
looping at the EVX1 locus (14).

Several studies have also revealed multiple roles of lncRNAs
in establishing and maintaining cell-type-specific patterns of
gene expression during cell differentiation. Wang and colleagues
at Chinese University of Hong Kong reported the lncRNA Dum
acts as an RNA regulator during myogenesis in mouse myoblast
cells. Dum is a promyogenic factor during myoblast differentia-
tion. Loss of Dum caused the delayed cardiotoxin-induced mus-
cle regeneration in vivo. Dum silences the transcription of its
neighboring gene developmental pluripotency-associated 2
(DPPA2) by binding and recruiting DNA methyltransferase to the
DPPA2 promoter (15). The same group has also identified linc-
YY1 as a novel lncRNA by analyzing several RNA-seq datasets
from proliferating and differentiating mouse muscle myoblast
C2C12 cells. They observed that depletion or overexpression of

Statistics of papers on the lncRNA-related research

published by Chinese and global scientists

(1989–2015).

Year

Global Chinese

Total IF� 4 IF� 10 Total IF�4 IF� 10

1989–2000 231 33 23 0 0 0

2001–2005 235 124 20 2 0 0

2006 74 39 10 2 0 0

2007 66 28 7 2 1 0

2008 75 41 13 1 0 0

2009 92 44 10 1 0 0

2010 109 48 13 6 2 0

2011 186 77 32 15 4 1

2012 268 150 44 37 15 3

2013 535 254 87 140 49 9

2014 853 311 128 325 102 15

2015 1,302 605 120 656 207 18

The IF is calculated according to Journal Citation Reports (2014).

Papers published by Chinese scientists refer to papers of those corre-

sponding authors are from China. These data come from Web of Sci-

ences database. Database search date: June 2, 2016. Database update

date: May 31, 2016.

TABLE 1
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linc-YY1 in C2C12 cells and muscle satellite cells altered myo-
genic differentiation and regeneration of injured muscles. Mech-
anistically, linc-YY1 was found to interact with transcription fac-
tor Yin Yang 1 (YY1) and evict YY1 and Polycomb repressive
complex from target promoters (16). Chen and colleagues at
Institute of Biophysics, Chinese Academy of Sciences (CAS)
characterized the lncRNA ADINR as a novel regulator during
adipogenesis. Knockdown of ADINR impaired expression of
adipogenic genes and reduced lipid accumulation in
differentiated human bone marrow MSCs. ADINR binds to
PAXIP1 associated glutamate rich protein 1 (PA1), recruits
MLL3/4 histone methyl-transferase complexes to increase
H3K4me3 and decrease H3K27me3 histone modifications,
which leads to activation of gene at the C/EBPa locus (17).
Zhang and colleagues at Kunming Institute of Zoology, CAS
reported the DNA methylation signatures of lncRNAs in porcine
adipose and muscle tissues by analyzing the methylated DNA
immunoprecipitation sequencing datasets, further expanding
our knowledge of lncRNAs in domestic animals (18).

LncRNAs in Tumorigenesis and

Metastasis
Multiple lines of evidence have shown that lncRNAs are critical
regulators in tumorigenesis and metastasis. Hepatocellular
carcinoma (HCC) is the most common type of liver cancers and
the third most frequent cause of cancer-related deaths (19).
Sun’s group at Second Military Medical University has identi-
fied several key lncRNAs that are involved in HCC progression.
LncRNA-HEIH is highly expressed in HCC; it regulates cell
cycle via binding to the enhancer of Enhancer of Zeste Homo-
log 2 (EZH2) and inhibits the expression of a substantial
groups of genes regulated by EZH2 (20). LncRNA-Dreh is a
downstream effector of hepatitis B virus X protein (HBx); the
expression of this lncRNA is dramatically decreased in HBx-
transgenic mice and mouse liver cells that expressing HBx,
suggesting its role as tumor suppressor in the development of
hepatitis B virus induced HCC (21). LncRNA-LET is a regulator
of hypoxia-induced cancer cell invasion in hepatocellular car-
cinomas, colorectal cancers and squamous-cell lung carcino-
mas; its downregulation in tumors is epigenetically regulated
by hypoxia-induced histone deacetylase 3 and required for
hypoxia-mediated metastasis (22). LncRNA PVT1 is a lncRNA
found to be highly expressed in HCC; this lncRNA promotes
cell proliferation, cell cycle and stem cell-like properties of
HCC; PVT1 binds to and stabilizes NOP2 nucleolar protein,
which is required for PVT1 function during tumorigenesis (23).
The lncRNA-ATB is highly upregulated during HCC metastasis;
this lncRNA promotes the invasion-metastasis cascade in HCC
through interacting the miR-200 family to promote zinc finger
E-box binding homeobox 1 (ZEB1) and ZEB2 expression and
also by activating STAT3 signaling via binding and inducing
interleukin 11 (IL-11) mRNA expression (24). PRAL is yet
another lncRNA that has been identified as a regulator in

tumor growth and apoptosis; PRAL associates with HSP90 and
p53; this interaction stabilizes p53 levels by inhibiting MDM2-
dependent ubiquitination of p53 (25). Zhou and colleagues
identified lncRNA MVIH as a risk factor that can predict HCC
patients’ recurrence-free survival after hepatectomy. MVIH
binds to phosphoglycerate kinase 1 and inhibits its secretion, a
process contributes to the activation of tumor-inducing angio-
genesis in HCC (26). A recent work by Zhou’s group further
uncovered the role of lncRNA DANCR in stem cell-like HCC
cells. DANCR interacts with catenin beta 1 (CTNNB1) mRNA
and prevents degradation of ctnnb1 by miR-214, miR-320a
and miR-199a; such an interaction of lncRNA, mRNA and
miRNA plays an important role in increasing the stemness fea-
ture of HCC (27). Moreover, the lncRNA lncTCF7 has been
reported as a regulator in the self-renewal of liver cancer
stem cells by Fan and collaborators at Institute of Biophysics,
CAS. LncTCF7 is upregulated in HCC tumors and liver cancer
stem cells; it interacts with Switch/sucrose nonfermentable
complex and recruits the complex to the TCF7 promoter; these
activities lead to TCF7 gene activation and elevate Wnt signal-
ing that can promote self-renewal and tumor propagation (28).

In addition to HCC, multiple lncRNAs that affect gene
expression globally or in a gene-specific manner have been
reported in other types of cancers. Song and colleagues at Sun
Yat-sen University reported the lncRNA NKILA was induced by
nuclear factor-jB (NF-jB) in breast cancer. NKILA prevents
IjB kinase (IKK)-induced inhibitor of NF-jB (IjB) phosphoryla-
tion by directly masking phosphorylation motifs of IkB, leading
to the suppression of breast cancer metastasis (29). Our group
identified the human colorectal cancer (CRC)-specific lncRNA
CCAT1-L. CCAT1-L is transcribed from the CRC-specific super-
enhancer of MYC, accumulates at its sites of transcription and
promotes the chromatin looping between the super-enhancer
and the MYC promoter, leading to enhanced MYC transcription
in CRC (30). Wu and colleagues at University of Science and
Technology of China reported that lincRNA-p21 was induced
by hypoxia and required for glycolysis. LincRNA-p21 binds to
hypoxia-inducible factor-1 (HIF-1a) and von Hippel-Lindau
(VHL) and blocks the interaction between these two proteins;
such a complex inhibits HIF-1a ubiquitination mediated by
VHL, leads to HIF-1a accumulation and promotes glycolysis in
tumor (31). LincRNA-p21 was also found to be a mediator of
cell proliferation and apoptosis in atherosclerosis by enhancing
p53 activity, shown by Zeng and colleagues at Third Military
Medical University (32). Sunitinib has been used for renal cell
carcinoma (RCC) treatment for years but some tumors are
resistant to it. Wang and colleagues at Second Military Medical
University has shown that lncARSR plays a crucial role in suni-
tinib resistance. LncARSR acts as a competing endogenous
RNA and binds to miR-34/miR-449 that target AXL receptor
tyrosine kinase and MET proto-oncogene (c-MET); additional-
ly, hnRNPA2B1 regulates the packaging of lncARSR into exo-
somes, which leads to a transportation of lncARSR into sensi-
tive cells and produces sunitinib-resistant RCC (33). Single
nucleotide polymorphism (SNP) widely exists in human
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genomes. A recent study from Lin’s group at Chinese Academy
of Medical Sciences and his collaborators at Peking Union
Medical College has reported that a SNP can affect the func-
tion of lncRNA LINC00673. LINC00673 enhances the interac-
tion between protein tyrosine phosphatase nonreceptor type
11 (PTPN11) and pre-mRNA processing factor 19, a U-box-
containing E3 ubiquitin ligase, to promote PTPN11 degrada-
tion by ubiquitination. The low level of PTPN11 inhibits proto-
oncogene tyrosine-protein kinase Src/extracellular signal
regulated kinase (SRC/ERK) oncogenic signaling pathway and
activates STAT1-dependent antitumor response in pancreatic
cancer. Remarkably, the G>A change at the SNP rs11655237
in the exon 4 of LINC00673 turns this lncRNA into a target of
miR-1231, which leads to LINC00673 degradation and affects
the tumorigenesis in pancreatic cancer (34).

LncRNAs in Immune Cell Differentiation

and Function
Several recent studies conducted in China have uncovered
lncRNAs as emerging regulators for immune cell differentiation
and function. Cao and colleagues at Second Military Medical
University has reported a lncRNA called lnc-DC that is exclu-
sively expressed in human conventional dendritic cells (DCs).
Lnc-DC regulates human DCs differentiation by activating tran-
scription factor STAT3 through a direct binding of lnc-DC to
STAT3. Such an RNA–protein interaction prevents STAT3 from
binding to its downstream partner and promotes STAT3 phos-
phorylation at Tyrosine 705 (35). Zeng’s group at Sun Yat-sen
University identified lncRNA-CD244 as a regulator in T-cell
immune responses during tuberculosis infection; this lncRNA
recruits EZH2 and mediates H3K27 trimethylation at infg/tnfa
loci toward repressive chromatin states and inhibits interferon
gamma/tumor necrosis factor alpha (IFN-c/TNF-a) expression in
CD8(1) T cells (36). Chen and colleagues at Institute of Microbi-
ology, CAS has identified the lncRNA NRAV in influenza virus-
infected cells. NRAV epigenetically inhibits transcription of
many interferon-stimulated genes and promotes influenza A
virus replication and virulence (37). Furthermore, the lncRNA
NEAT1 was known as the organizer of the nuclear structure
called paraspekles. Both NEAT1 expression and paraspeckle
numbers increase upon immune stimuli such as infection and
the poly(I:C) treatment (38). Our group recently found that
NEAT1 transcription was repressed by transcription regulator
arginine methyltransferase CARM1. Upon poly(I:C) treatment,
the paraspeckle-localized CARM1 was significantly reduced that
led to both increased transcription of NEAT1 and number of
paraspeckles (39).

LncRNAs in Plant Biology
Dozens of research papers conducted in China have reported
the regulatory potential of lncRNAs in different physiological
conditions in plants. In 2012, Zhang and colleagues identified

lncRNA LDMAR as an essential component of photoperiod-
sensitive male sterility in hybrid rice (40). Since then over two
dozens of lncRNA studies have been reported in plants in Chi-
na. The majority of these studies largely focused on the profil-
ing of lncRNAs in different plant species under diverse condi-
tions by taking advantage of RNA-seq technology, including
Setaria italic (41), Arabidopsis thaliana (42), Zea mays L. (43),
Oryza sativa (44), Populus tomentosa (45), Fragaria vesca
(46), Solanum lycopersicum (47), Panax ginseng (48), Medi-
cago truncatula (49), Morus notabilis (50), Brassica rapa ssp.
Chinensis (51) and Gossypium arboreum (52). For instance,
Chen’s group at Sun Yat-Sen University has identified a set of
lncRNAs that are involved in the sexual reproduction of rice;
one such lncRNA XLOC_057324 has the potential to regulate
panicle development and fertility (44). Yu and colleagues at
China Agricultural University has identified 584 lncRNAs in
millet, among which 19 lncRNAs were found to be responded
to the drought stress (41). Lu’s group at Tsinghua University
identified 245 polyadenylated and 58 non-polyadenylated
lncRNAs that were differentially expressed under various
stress stimuli in Arabidopsis thaliana (42). By profiling
lncRNAs in tomato, a study from Ye and colleagues at Huaz-
hong Agricultural University has revealed that the origins of
some lncRNAs were associated with transposable elements
(53). Meng’s group at Hangzhou Normal University has
reported that several lncRNAs can generate small RNAs
through a Dicer-like 1 dependent pathway in Arabidopsis
thaliana (54). These studies together expand our knowledge
on the widespread expression of lncRNAs in plant species and
shed light on the potential regulation of lncRNAs under differ-
ent stresses of plants.

Circular RNAs
Circular RNAs represent another type of lncRNAs. They are
covalently closed single-stranded RNAs that were originally
found in more than 20 years ago (55). There are two types of
circular RNAs derived from Pol II transcripts: circular intronic
RNAs (ciRNAs) that are derived from the inefficient debranch-
ing of lariat introns and circular RNAs (circRNAs) that are
produced from back-splicing of exons. The RNA-seq of non-
polyadenylated transcriptomes and the advent of integrated
computational approaches have recently uncovered the wide-
spread expression of circular RNAs (55).

While the majority of annotated lncRNAs are polyadeny-
lated, our group began to explore the non-polyadenylated
RNAs in human transcriptomes in 2011 (56). We detected
highly expressed RNA-seq signals from both excised introns
and excised exons (56), which comprise a number of new non-
coding RNA species (11,57,58) that are spliced from RNA pre-
cursors (59). In collaboration with Yang lab at CAS-MPG Part-
ner Institute for Computational Biology we uncovered ciRNAs
whose formation depend on the consensus sequence contain-
ing a 7 nt GU-rich motif near the 50 splice site and an 11 nt C-
rich motif at the branch point site to avoid debranching,
resulting in RNA circles carrying the 20,50-phosphodiester
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bond. Such ciRNAs largely accumulate in the nucleus and pro-
mote Pol II transcription in cis (57). We also identified thou-
sands of back-spliced circRNAs using an in-house developed
computational algorithm called CIRCexplorer (58), which has
been proven to be one of the most reliable tools for circRNA
prediction (60). Back-spliced circRNA formation is dependent
on flanking intronic complementary sequences. Remarkably,
alternative formation of inverted repeated Alu pairs and the
competition between them can lead to alternative circulariza-
tion, resulting in multiple circRNAs produced from a single
gene (58,61). Furthermore, by investigating nascent circRNA
processing, we found that circRNA production largely occurs
post-transcriptionally and some abundant circRNAs at steady-
state level tend to be transcribed quickly and accumulate (55).
Most recently, Yang lab reported the existence of pseudogenes
retrotransposed from circRNAs in mammalian genomes,
revealing a previously unknown impact of circRNAs by altering
the host genome through retrotransposition (62).

In addition to the understanding of the biogenesis of circular
RNAs, recent progress has also been made to illustrate their
functional implications. In an attempt to interrogate ncRNAs
associated with Pol II, Shan and colleagues at University of Sci-
ence and Technology of China found a subset of intron-
containing circRNAs produced from exon back-splicing (exon–
intron circRNAs, EIciRNAs) that were associated with Pol II and
promoted transcription of their parental mRNAs (63). Some
EIciRNAs interact with Pol II, U1 small nuclear ribonucleoprotein
(snRNP) and their parental gene promoters; depletion of U1
snRNP or blocking the interaction between U1 snRNA and
EIciRNA abolished the effect of EIciRNAs on parental gene
expression (63). While intron-containing circular RNAs are
enriched in the nucleus (57,63), the majority of back-spliced
circRNAs are largely localized in the cytoplasm. A recent study
from He group at Fudan University revealed the presence of
abundant circRNAs in exosomes (64). Exosomes are small mem-
brane vehicles secreted by most of cell types, containing specific
protein and RNA molecules that may modulate cell behaviors.
Remarkably, over 1,000 circRNAs from serum exosomes of can-
cer patients were correlated with CRC, indicating that circRNAs
may serve as promising biomarkers for cancer diagnosis. The
same group also reported another line of evidence that indicates
the regulatory potential of some circRNAs. They found that the
Exon 2 of HIPK3-derived circHIPK3 was involved in cell growth
by titrating multiple miRNAs (65).

Identification of circular RNAs depends on sequencing
reads that can be mapped to the back-splicing junctions in a
reversed order (55), hence specific algorithms need to be
developed for their annotation. Several groups in China includ-
ing Yang lab at PICB, CAS (57,58,62), Zhao lab at Beijing Insti-
tutes of Life Science (66) and Qu lab at Sun Yat-sen University
(67) have independently developed new algorithms to predict
circRNAs. It should be noted that different algorithms should
be applied in a combination way in order to accurately mine
circular RNAs (60). To overcome the heterogeneity of individu-
al transcriptomes, a collaboration between Tang and Huang’s

groups at Peking University have developed SUPeR-seq to ana-
lyze the non-polyadenylated transcripts in single cells, from
which 2,891 cricRNAs were identified in mouse implantation
embryos. Finally, a study from Han and colleagues at Shang-
hai Institute of Plant Physiology and Ecology, CAS identified
over two thousands cricRNAs in rice (49), further revealing the
widespread expression of circular RNAs.

LncRNA Databases
In addition to the characterization of lncRNA function in normal
development and disease states, several research groups in Chi-
na developed algorithms to predict and annotate lncRNAs. Chen
and his collaborators at Institute of Biophysics, CAS established
the first version of NONCODE database that provided the com-
prehensive information of noncoding RNAs in 2005. The data-
base has been updated regularly and the newest version, NON-
CODEv4, contains 21,0831 lncRNAs (68–71). An earlier study
from Zhao’s group at Sun Yat-sen University has reported the
first computational annotation of lncRNA function using pub-
lished microarray data (72). Cui and colleagues at Peking Uni-
versity established LncRNADisease, a database for lncRNA-
associated disease, which contains 480 entries of lncRNA-
disease association from 166 diseases and 1,564 human
lncRNAs predicted to be associated with diseases (73). Wu and
colleagues at Harbin Medical University has developed a meth-
od with an improved accuracy for lncRNA prediction and identi-
fied a number of putative lncRNAs with regulatory potential in
the vicinity of gene loci during mouse brain development (74).

Conclusions
It is now well accepted that lncRNAs are pervasively transcribed
throughout eukaryotic genomes and play important roles in gene
regulation. In the past several years, efforts made by Chinese sci-
entists have increased our knowledge on the biogenesis and reg-
ulatory potential of lncRNAs in a variety of biological contexts.
As the field moves forward, many questions still remain to be
addressed, especially the detailed mechanisms of action of
lncRNAs that have potentially important functions during normal
development and in disease states. In addition, new technologies
are also warranted in order to characterize lncRNAs in a more
sensitive and quantitative way and to dissect the lncRNAs and
their protein complexes in different biological settings.
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