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RNA transcripts, which do not encode proteins, have received considerable attention in recent years. These non-coding RNAs
are classified into two groups: small non-coding RNAs and long non-coding RNAs (lncRNAs). Increasing evidence suggests
that lncRNAs are emerging as key regulators in many biological processes. However, knowledge of the underlying mechanisms
whereby they act is still limited. Here, we try to elucidate the way that lncRNAs function in the context of DNA, RNA and protein interaction networks. It is noteworthy that lncRNA and another type of non-coding RNA microRNA (miRNA) may ‘talk’
to each other more frequently than ever expected. Additionally, lncRNAs display aberrant expression profiles in different kinds
of cancers, with their potential roles in carcinogenesis and cancer metastasis. We summarize the effect of some cancer related
lncRNAs upon tumor biological events, including cell proliferation, apoptosis, invasion and metastasis. Finally, we focus on the
clinical value of lncRNAs, considering their potential application in cancer diagnosis, prognosis and therapeutic intervention.
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The Encyclopedia of DNA Elements (ENCODE) project has
found that three-quarters of the human genome are capable
of transcription, while less than 2% of them is translated into
proteins [1]. Most protein coding genes have been frequently
studied. However, a new development in genomic research
may be the shift from studying exclusively the protein coding components of the genome to consideration of the roles
of regulatory noncoding parts. According to their transcript
size, these noncoding RNAs can be grouped into two classes:
small noncoding RNAs (< 200bp), such as miRNA, piRNA, etc.
and long noncoding RNAs (lncRNAs) (> 200bp). Compared
Abbreviations: lncRNA – long non-coding RNA; miRNA – microRNA;
H3K4me3 – histone H3 lysine 4 trimethylation; H3K36me3 – histone H3
lysine 36 trimethylation; RIP – RNA-immunoprecipitation; ChRIP – chromatin RNA immunoprecipitation; lincRNA – long intergenic noncoding
RNA; PRC2 – Polycomb repressive complex 2; AS – Alternative splicing;
CCND1 – Cyclin D1; hnRNP-K – heterogeneous nuclear ribonucleoprotein
K; ceRNA – competitive endogenous RNA; MREs – microRNA response
elements; EMT – epithelial-mesenchymal transition; HCC – Hepatocellular
carcinoma; PSA – prostate-specific antigen; OSCC – oesophageal squamous
cell carcinoma; ASOs – Antisense oligonucleotides

to the former, long noncoding RNAs are less documented.
Once considered nonsense, they are now recognized as key
regulators in many biological processes, including parental
imprinting [2], derivation of pluripotent stem cells [3] and
somatic tissue differentiation [4].
Recently, the relevance of lncRNAs to diseases, such as
neural disorders [5], immunological diseases [6], respiratory
diseases [7] and cancer draws people’s attention. Dysregulation
of lncRNAs occurs in a variety of cancers. Recent studies demonstrate that lncRNAs play vital roles in carcinogenesis and
cancer metastasis. The advancement in technology, including
the tiling microarray and RNA-seq [8], drives the mapping of
lncRNAs to an unprecedented degree. A very small percentage
of lncRNAs, such as XIST, H19 and HOTAIR, have been well
studied and the molecular mechanisms are clarified. In contrast to these substantial progresses, the functional roles for the
overwhelming majority of lncRNAs remain elusive. In this review, we summarize the mechanisms through which lncRNAs
function in the genetic interaction network. The interaction
between lncRNAs and the development and progression of
cancer was systemically reviewed and the discovered roles
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of lncRNAs were potentially proposed in the diagnosis and
treatment of cancers.
The identification of lncRNAs. Long noncoding RNAs
are identified as RNA transcripts larger than 200 nucleotides
(nt) without an open reading frame that encodes a functional
protein [9]. They are often transcribed by RNA polymerase II.
Localized in the nucleus or cytoplasm, they may be polyadenylated or not, 5’caps, and may be processed into small RNAs
[10]. They are generally lower expressed than protein-coding
genes, and display certain tissue-specific expression patterns
[11]. Based on its genomic distribution, lncRNAs can be
classified into five categories: sense, antisense, bidirectional,
intronic, and intergenic [9].
By utilizing technologies including tiling microarrays [12],
RNA sequencing [8, 13] and transcript abundance estimations,
which allow the first step toward characterizing lncRNA, studies
have identified specific properties of distinct classes of lncRNA
genes. These technologies combined with numerous annotation
sources also give chance to unveil the genome-wide lncRNA expression signatures of various types of cancers. Another way to
identify lncRNAs is chromatin-state map. Since the chromatinmodification landscape of mammalian genomes was depicted
[14], a clear signature was found relative to active transcription
recently. The signature contains a short stretch of histone H3
lysine 4 trimethylation (H3K4me3), and a following longer
stretch of histone H3 lysine 36 trimethylation (H3K36me3),
termed “K4–K36 domain”. By identifying K4–K36 domains
that lie outside of known protein-coding gene loci, Guttman
and his colleagues revealed more than a thousand lncRNAs
that show a high degree of evolutionary conservation, implying
their potential biological functions [10]. The methods to explore
the molecular mechanisms of lncRNAs have been reviewed by
Kung et al [15], including RNA-immunoprecipitation (RIP) and
chromatin RNA immunoprecipitation (ChRIP). An expanding
list of up-to-date technologies may help to elucidate the great
diversity in the structures and functions of lncRNAs, but there
is still a long way to go.
The interaction network of lncRNAs and its partners.
The genomic regulation network of eukaryotic genome is very
intricate which contains specific and dynamic interactions
between RNA species and DNA or proteins. Emerging evidence shows that lncRNAs are indispensable in this network.
The molecular mechanisms of lncRNAs could be described
as four main models: Signals, Decoys, Guides, Scaffolds [16].
The four archetypes cover functional mechanisms of most
known lncRNAs. In this review, we highlight the interactions
of lncRNA with DNA, RNA and protein molecules in the
regulatory network, in the hope of providing clues to future
researches (Fig 1.).
Interaction with DNAs. As a major component of the ‘central
dogma’, DNA molecules constitute the human genome with
enormous genetic information. Recently, a noncoding RNA was
indicated to be able to interact with the promoter of rDNA (rRNA
genes) by forming a DNA: RNA triplex with the T0 (oligo #4)
sequence [17]. The potential role of the triplex as form of RNA:
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DNA interaction, and whether lncRNA could bind to DNA
sequence via similar structure are still unclear. Comprehensive
surveys demonstrated that human genome is pervasively transcribed. Many noncoding transcripts have been identified and
the majority of them overlap with protein-coding loci [18], which
providing a possible hint of lncRNA-DNA interaction.
A Gene Ontology (GO) analysis discovered the connection
of one coding gene to at least three lncRNAs and that of one
lncRNA to at least three coding genes [19]. Considering the
influence of lncRNAs on gene expression, even though the
majority of interactions are indirect, the data provides profound insight into genetic regulatory network. For instance,
a 17 kb X-inactive-specific transcript (XIST/Xist), one of the
first lncRNAs discovered in mammals [20], is expressed exclusively in the inactive X chromosome (Xi). Accumulation
of Xist RNA has been observed near its transcriptional site,
Xi and the loading of Xist onto Xi induces the inactivation of
X chromosome [2].
Interaction with proteins. Numerous examples show that
specific proteins could interact with lncRNAs to facilitate their
modulatory effects. These protein partners may be intranuclear
or cytoplasmic and comprise participants in pervasive cellular
processes, varying from the epigenetic modification of chromatin gene transcriptional regulation to alternative splicing.
Chromatin-modifying complexes. It has become a major
theme of lncRNA biology that some lncRNAs are capable of
recruiting protein molecules for regulation of chromatin status. Approximately 20% of the mammalian genome encoded
long intergenic noncoding RNAs (lincRNAs) were observed
to physically associate with chromatin-modifying complexes
[21]. HOTAIR, which is transcribed from the HOXC locus
on chromosome 12q13.13, has been demonstrated to work
as modular scaffold of two different chromatin modification
complexes [13]. The 5’ domain of HOTAIR binds to PRC2
(Polycomb repressive complex 2), whereas the 3’ domain binds
to the LSD1/CoREST/REST complex. LSD1 is a histone lysine
demethylase, responsible for demethylation of H3K4Me2. By
guiding PRC2 or LSD1 to target genes, HOTAIR represses
transcription in trans of the HOXD locus located on chromosome 2. Similarities are shown in ANRIL [22, 23] and
TUG1 [24]. Other histone modification regulators, such as
the H3K9 methyltransferase G9a, which would interact with
the imprinted lncRNA Air, were also reported. LncRNAs can
work as both in-trans and in-cis regulators of gene expression
through RNA-protein interaction [25].
pre-mRNA splicing factors. Alternative splicing (AS) is a key
step in the generation of RNA diversity and the regulation of
gene function [26]. A study using RNA-IP followed by RT-PCR
revealed the interaction between MALAT1 (metastasisassociated lung adenocarcinoma transcript 1) and several
splicing factors- SRSF1, SRSF2, and SRSF3. MALAT1, an
abundant nuclear-retained lncRNA, can bind to SR proteins
with its 5’ end and modulate AS of endogenous pre-mRNAs
by regulating the distribution and phosphorylation of SR proteins [27]. Further studies proposed that MALAT1 influence
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Figure 1. The interactions of lncRNA with DNA, RNA and protein molecules in the regulatory network A. Specific lncRNAs could interact with DNA
directly or through binding motifs and lead to chromatin remodeling, such as Xist. B. lncRNA transcripts could bind to protein molecules or serve as
scaffold of protein complexes and activate or repress the transcription of specific target genes by directing the location of functional proteins. By bind
to SR proteins, lncRNA can also affect RNA processing, such as MALAT1. C. lncRNAs can interplay with mRNAs and mediate their stability by direct
binding or unknown mechanisms. Other lncRNAs titrate away small regulatory RNAs, such as miRNA, and serve as competitive endogenous RNA.
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the expression of a transcription regulator B-MYB, which in
turn resulted in altering transcription of downstream genes
[28]. Thus, the interaction of MALAT1 and specific splicing
factors contributes to its role in hyper-proliferation and metastasis of cancer.
Other transcriptional regulators. Several lncRNAs within
gene regulatory elements have been implicated in transcriptional regulation. NcRNA-CCDN1, a signal induced lncRNA
transcribed from the 5’regulatory region of Cyclin D1
(CCND1) can recruit TLS (for translocated in liposarcoma)
to CCND1 gene, resulting in the repression of transcription
[29]. A p53-induced lncRNA that lies upstream of cell-cycle
gene p21, PANDA (P21 associated ncRNA DNA damage
activated), was validated to interact with the transcription factor NF-YA to prevent activation of pro-apoptotic
genes, such as CCNB1, FAS, BBC3 and PMAIP1 [30]. Another promoter lncRNA, lincRNA-p21 (~15 Kb upstream
of p21), exerts its transcriptional repression effect through
interaction with heterogeneous nuclear ribonucleoprotein
K (hnRNP-K) [31]. These findings suggest the potential
roles of lncRNAs in cell-growth control. More broadly,
by interacting with transcription factors or co-regulators,
lncRNAs near or within protein coding genes may have
functional activities in specific cellular processes, which
might provide a promising way to detect novel lncRNAs
and their functions.
Similar to the transcription of protein-coding genes,
some transcription regulators bind to the promoter region of
lncRNA genes and influence the expression of lncRNAs. Transcription factor c-Myc could directly bind to the E-box element
in the promoter region of lncRNA CCAT1, and facilitate the
expression of CCAT1 [32]. By binding to the promoter of one
H19 allele, c-Myc also significantly increases the expression
level of the H19 noncoding RNA [33].
Interaction with RNAs. RNA-RNA interactions provide
one of the fundamental mechanisms of the genetic regulatory
networks. Emerging evidence suggests that lncRNAs work
with other RNA molecules, such as mRNA and microRNA.
However, by now whether other components in the RNA world
can interact with lncRNA remains unclear.
mRNA. LncRNAs may involve in the post-transcriptional
gene regulation through interaction with associated mRNA.
An exemplary study revealed that a cytoplasmic lncRNA TINCR (terminal differentiation-induced ncRNA) interacts with
a great range of differentiation mRNAs through genome-scale
RNA interactome analysis. The TINCR–mRNA interaction
occurs when a 25-nucleotide ‘TINCR box’ motif exists. By
binding to differentiation mRNAs and mediating their stability,
TINCR controls human epidermal differentiation post-transcriptionally [34]. A similar example is lincRNA-p21, whose
stability could be reduced by a RNA-binding protein HuR.
Several high complementary regions of lincRNA-p21 were
identified for CTNNB1 mRNA (15 sites) and JUNB mRNA
(8 sites) when compared to GAPDH mRNA (2 sites), supporting the selective lncRNA-mRNA interaction [35].
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microRNA. MicroRNAs (miRNAs), approximately 23 nt
in length, are a large class of noncoding, endogenous, small
ncRNAs, which have emerged as a critical element in gene
regulation. By pairing to messenger RNA of protein coding
genes, miRNAs induce post-transcriptional repression of target mRNAs [36]. LncRNAs may serve as ‘microRNA sponge’
or ‘competitive endogenous RNA (ceRNA)’ and impart diverse functions to the cryptic transcriptome.
Franco-Zorrilla et al [37] indicated that a lncRNA IPS1
(induced by phosphate starvation 1) from Arabidopsis thaliana
contains a motif with sequence complementary to miRNA,
and coin the term ‘target mimicry’ to define this mechanism
of inhibition of miRNA activity. Wang et al [38] discovered
the auto-regulatory loop of lncRNA highly upregulated in liver
cancer (HULC) via interaction with miRNA-372, similar to the
mechanism of ‘target mimicry’. However, this is only a tiny tip
of the iceberg in the RNA-RNA interaction network. Accumulating evidence support that the two classes of regulatory RNA,
lncRNAs and microRNA, may correlate with each other even
more frequently. Recently, a hypothesis that different types of
RNAs ‘talk’ to each other through a new ‘language’ mediated
by microRNA response elements (MREs), was proposed by
Pandolfi et al [39]. By competing for a limited reservoir of
microRNAs, various RNA transcripts may influence each
other’s expression levels. This ‘competing endogenous RNA’
activity, including lncRNAs as one of ‘the ceRNA protagonists’,
implicates a brand new large-scale regulatory network.
Supporting the hypothesis, PTENP1 [40], a noncoding
pseudogene, is revealed to be able to reduce the repression of
both PTEN transcript and protein by binding miRNAs. PTEN
and its related pseudogene PTENP1 (highly homologous
to PTEN) share many conserved MREs. A similar relationship can be detected in another gene-pseudogene partner,
KRAS and its pseudogene KRAS1P [40]. In addition to genepseudogene partners, long ncRNAs may play ceRNAs roles
to influence a large scale of gene expression. A cytoplasmic
lncRNA, linc-MD1, can decoy miR-133 and miR-135 to regulate the expression of MAML1 and MEF2C respectively [4].
On the other hand, miRNAs may target lncRNA transcripts
and negatively regulate lncRNA, which resembles the miRNAmediated silencing of target mRNAs [41]. Taken together,
lncRNA-miRNA interactions expand the genetic regulatory
networks to a large extent. Table 1 displays updated information of public databases of lncRNAs, including their interaction
with RNA and protein.
The roles of lncRNAs in carcinogenesis and cancer metastasis. Although the study of lncRNAs involved in cancer
biology is still in its infancy, a handful of lncRNAs have been
shown to be associated with hallmarks of cancer. lncRNAs
may affect many tumor biological events including cell cycle,
apoptosis, cancer-related signaling pathways, invasion and
metastasis, showing dual characteristics in cancer development (Fig 2.). Here, we display some well-documented
lncRNAs with oncogenic or tumor suppressive property in
Table2.
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Figure 2. The roles of lncRNA in carcinogenesis and metastasis lncRNAs exert complicated functions in cancer. Under multiple stresses, tumor suppressive or oncogenic lncRNAs and metastasis-associated lncRNAs are induced to influence tumor growth or metastasis.

Cell proliferation and apoptosis. In the attempt to probe
into the lncRNA involvement in cell-cycle regulation, some
lncRNAs were identified near or within cell-cycle genes.
Under multiple cell stress (DNA damage, oncogene activation, hypoxia), p53 will activate the transcription of target
genes, including PANDA and lincRNA-p21 [30, 31]. The
lncRNAs involved in p53 pathway may be much more than
ever expected. For example, LncRNA loc285194, also termed
LSAMP antisense RNA 3, has been shown to inhibit tumor
cell growth and identified as a p53-induced lncRNA [35].
Evidence showed that lncRNA GAS5 exerts a tumor suppressive function in carcinogenesis with its the regulatory role on
apoptosis [42]. Conversely, several other lncRNAs have been
reported to promote cell growth and displayed oncogenic
properties in prostate cancer, including PCGEM1 (prostatespecific transcript 1) [43], PCAT-1 [44], PRNCR1 (prostate

cancer noncoding RNA 1) [45], PlncRNA-1 [46] and PCA3
[47]. These researches uncover an important phenomenon
that lncRNAs can play both positive and negative roles in cell
life/death control.
Cancer metastasis. As key hallmarks of cancer, invasion
and metastasis-spread of cancer cells to adjacent tissues or
distant organs, are deemed as a major cause of cancer-related
death and disease status [48]. Recently, differential expression pattern of a set of lncRNAs was found in primary and
metastatic pancreatic cancer, suggesting that lncRNAs may
participate in metastasis [49].
HOTAIR and MALAT-1 are the most well-documented
lncRNAs that have been reported to play critical roles in invasion and metastasis. Gupta et al [50] found that HOTAIR
was dysregulated in breast cancer and had prognostic value
for metastasis and survival. Their findings suggested that

Table 1. Updated public databases of lncRNAs
Name

Website

Specialty

NONCODEv4
http://www.bioinfo.org/noncode/
a integrated knowledge database of noncoding RNAs
LNCipedia 3.0
http://www.lncipedia.org
a comprehensive annotation of human lncRNA sequences
lncRNAdb v2.0
http://lncrnadb.org
a database for functional long noncoding RNAs
starBase v2.0
http://starbase.sysu.edu.cn/
decoding the RNA–RNA and protein–RNA interaction networks from CLIP-Seq data
DIANA-LncBase www.microrna.gr/LncBase
a database of miRNA–lncRNA putative functional interactions
LncRNADisease http://cmbi.bjmu.edu.cn/lncrnadisease
a collection of experimentally supported and predicted lncRNA–disease associations
lncRNASNP
http://bioinfo.life.hust.edu.cn/lncRNASNP/ a database of disease-associated SNPs in lncRNAs
Abbreviations: CLIP-Seq, high-throughput sequencing of immunoprecipitated RNAs after cross-linking; SNPs, single nucleotide polymorphisms

Refs.
[63]
[64]
[65]
[66]
[67]
[68]
[69]
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Table 2. lncRNAs with oncogenic or tumor suppressive property

LncRNA

Expression
level

ANRIL/p15AS
HOTAIR
HULC
MALAT1/NEAT2
PCA3
PCAT-1
UCA1
GAS5

Low
High
High
High
High
High
High
Low

Cancer types

Property

Molecular interaction

Subcellular localization

Refs.

Prostate cancer, leukemia
Oncogenic
PCR1 and PCR2
Nucleus
[23]
Breast cancer, liver cancer, and GIST Oncogenic
PCR2 and LSD1
Nucleus
[13]
Liver cancer
Oncogenic
miR-372
Cytoplasm
[38]
NSCLC
Oncogenic
SR proteins
Nucleus
[27]
Prostate cancer
Oncogenic
Unknown
Nucleus, cytoplasm [47]
Prostate cancer, colorectal cancer Oncogenic
PCR2
Nucleus
[44]
Bladder cancer
Oncogenic
Unknown
Cytoplasm
[57, 70]
Breast cancer
Tumor suppressive GR
Cytoplasm
[42] [71]
Pituitary tumors, meningioma,
MEG3
Low
Tumor suppressive Unknown
Unknown
[72]
HCC, leukemia
PTENP1
Low
Prostate cancer
Tumor suppressive PTEN-targeting miRNAs Cytoplasm
[40]
lincRNA-p21
Low
Various tumors
Tumor suppressive hnRNP-K
Cytoplasm
[31, 73]
Abbreviations: PCA3, prostate cancer antigen 3; PCAT-1, prostate cancer associated transcript-1; UCA1, urothelial carcinoma associated 1; GAS5, growth
arrest-specific transcript 5; MEG3, maternally expressed gene 3; NSCLC, non-small-cell lung cancer; HCC, hepatocellular carcinoma; GR, Glucocorticoid
Receptor.

HOTAIR was involved in the late event of cancer biology.
MALAT-1, just as its name implies, was originally identified
in 2003 to be a risk factor of lung cancer metastasis [51]. Two
alternative mechanisms have been proposed for MALAT-1:
alternative splicing and gene expression. In lung cancer, it is
not alternative splicing but active regulation of gene expression
containing a set of metastasis-associated genes that contributes
to metastasis [52].
Multiple cellular events contribute to cancer invasion and
metastasis, including a developmental regulatory program,
known as ‘epithelial-mesenchymal transition’ (EMT). Recently,
noncoding RNAs have been shown to play critical roles in
EMT. For example, lncRNA-ATB (the lncRNA-activated by
TGF-β), associated with HCC (Hepatocellular carcinoma) metastasis, was found to induce EMT and invasion [53]. Although
limited lncRNAs were shown to be molecular regulators in
metastasis-associated signaling, including the Wnt/b-catenin
signaling pathway [54] and hypoxia-responsive signaling pathways [55], it provides important hints for further exploiting
of other cancer-related lncRNAs.
The diagnostic and therapeutic value of lncRNAs in
cancers. With the emerging recognition that lncRNAs are key
components in genetic regulation and cancer development, it
is expected that lncRNAs may act as potential biomarkers for
diagnosis or prognosis and novel therapeutic targets.
A list of lncRNAs have been shown different expression
patterns between tumor and normal tissues, a few of which
were found closely associated with tumorigenesis or metastasis. Importantly, lncRNAs may also be detected in human
fluids, such as blood and urine samples. For example, lncRNA
PCA3 is utilized in urine test as a biomarker of prostate
cancer for early detection [56]. In addition to the advantage
of easy-get specimen, PCA3 also showed a higher specificity
compared with current biomarker, prostate-specific antigen

(PSA). UCA1 is sensitive and specific urine biomarker for
bladder cancer [57]. Highly expressed in HCC patients,
lncRNA HULC could be detected in peripheral blood cells
from HCC patients. Thus, a potential use of HULC as a prognostic biomarker in HCC can be envisaged [58]. LncRNAs
may also have the potential to predict survival of patients
with cancer. Jiagen Li et al [59] identified a three-lncRNA
signature as a biomarker for the prognosis of patients with
oesophageal squamous cell carcinoma (OSCC). Because of
the limited accessibility of tissue samples, it is still far from
clinical application of such lncRNAs as biomarkers according
to the aberrant expression in tissues or samples.
LncRNAs also have the potential to be utilized as novel
therapeutic targets. lncRNAs may be targeted with synthetic
small RNA molecules, which could be used to selectively
silence oncogenic lncRNAs. A study showed that silencing of
lncRNA by shRNA reduced the resistance to chemotherapy
drugs of bladder cancer cells [60]. Another example indicated
that siRNA-mediated suppression of HOTAIR increased the
response of liver cancer cell lines to chemotherapy drug cisplatin and doxorubicin [61]. A profound work demonstrated
that systemic administration of siRNA with a targeted delivery
system was able to produce a specific gene inhibition both in
the mRNA and protein level [62]. However, for successful clinical application of lncRNA-based approaches, improvement
should be made in developing more specific delivery systems
or other techniques, together with more safety considerations.
Since the secondary structure of lncRNAs is quite complicated,
it’s still a challenge to design siRNAs targeting lncRNA. In addition, as many lncRNAs function through interaction with
other molecular partners, therapeutic options by preventing
their interaction can be feasible. Disrupting the combination
between PRC2 and HOTAIR, for instance, may incapacitate
the loading of PCR2 on chromatin, thus decreasing the
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metastatic potential of cancer. It is already available to utilize
oligonucleotides that bind and disrupt RNA-protein interactions. Gutschner et al [52] proposed that targeting MALAT1
with ASOs (Antisense oligonucleotides) might be a potential
therapeutic strategy for lung cancer metastasis. Collectively,
though most studies about the lncRNA-based targeted therapy
remain in the preliminary stage, clinical translation of lncRNAs
may provide promising strategies for clinical oncology.
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