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Cancer is primarily caused by genetic alterations that result in the 
deregulation of the gene networks that are responsible for the mainte-
nance of cellular homeostasis. Most cancers arise as a result of the inter-
action of somatic and germline mutations with various environmental 
factors. Many of these mutations lie within regions of the genome that 
lack protein-coding capacity1, yet contain other type of genes that exert 
their functions as RNA molecules: the noncoding RNAs.

Thanks to the general implementation of tiling microarrays and 
high-throughput sequencing technologies to whole genomes and 
transcriptomes, it is now evident that whereas less than 2% of the 
genome encodes proteins, at least 75% is actively transcribed into 
noncoding RNAs2. Although some of the noncoding transcripts are 
small, most of them surpass 200 nucleotides in length, and they are 
therefore catalogued as long (or large) noncoding RNAs (lncRNAs). 
Most (but not all) lncRNAs are transcribed by RNA polymerase II, 
and they are thus capped and polyadenylated at their 5′ and 3′ ends 
respectively. The most recent estimate by the Encyclopedia of DNA 
Elements (ENCODE) Project Consortium (GENCODE release 23) 
is that the human genome contains close to 16,000 genes that encode 
more than 28,000 distinct lncRNA transcripts.

With regard to their role in cancer, lncRNAs have tissue-specific 
expression and are expressed in a regulated manner, in correlation with 
distinct gene sets that influence cell cycle regulation, survival, immune 
response or pluripotency, among other functions, which determine 
the transformed phenotype of cancer cells3. Furthermore, several 
lncRNAs are transcriptionally regulated by key tumor suppressors or 
oncogenes4,5. Beyond these suggestive observations, more definitive 

evidence for a role for lncRNAs in oncogenesis has come from func-
tional studies, which have revealed the molecules’ active roles in gene 
regulation governing virtually every physiological process.

LncRNAs are a highly heterogeneous group of transcripts that regu-
late gene expression by means of diverse mechanisms. Consequently, 
they are found to be differentially expressed in tumors, and they are 
directly linked to the transformation of healthy cells into tumor cells. 
Some of the lncRNAs with known links to cancer are presented in 
Table 1 (also see Supplementary Table 1). For example, the overex-
pression of the lncRNA HOTAIR promotes the metastasis of breast 
cancer cells by epigenetically silencing the developmentally important  
genes in the HOXD cluster, among others6; overexpression of 
ANRIL (officially known as CDKN2B antisense RNA 1 (CDKN2B-
AS1)), which silences the tumor suppressor locus that comprises 
INK4b, ARF and INK4a (officially known as CDKN2B, CDKN2AIP 
and CDKN2A), is linked to poor prognosis in prostate and gastric  
cancer7–11. LncRNAs are thus functional transcripts that contribute 
to the hallmarks of cancer (Fig. 1), and they are therefore becoming 
attractive potential therapeutic targets12–14.

Here we present an overview of current knowledge regarding the 
roles of lncRNAs in cancer, discussing the challenges of studying 
them, as well as the potential clinical applications that they offer.

Identifying lncRNAs in cancer
Despite the overwhelming presence of lncRNAs in mammalian cells, 
conceptual and technical limitations have restricted our knowledge 
of their contribution to cancer. Initially, a conceptual shift had to 
be made away from the dogma of molecular biology, which implies 
that the only role of RNA is to encode proteins. In addition, the 
technological inability to interrogate the noncoding regions of the 
genome—leading to a lack of reliable lncRNA annotations—needed 
to be solved. These limitations have been overcome as a result of the 
general implementation of deep-sequencing technologies and the 
subsequent functional interrogation of lncRNAs (Fig. 1).
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It is increasingly evident that many of the genomic mutations in cancer reside inside regions that do not encode 
proteins. However, these regions are often transcribed into long noncoding RNAs (lncRNAs). The recent application 
of next-generation sequencing to a growing number of cancer transcriptomes has indeed revealed thousands of 
lncRNAs whose aberrant expression is associated with different cancer types. Among the few that have been 
functionally characterized, several have been linked to malignant transformation. Notably, these lncRNAs have 
key roles in gene regulation and thus affect various aspects of cellular homeostasis, including proliferation, 
survival, migration or genomic stability. This review aims to summarize current knowledge of lncRNAs from the 
cancer perspective. It discusses the strategies that led to the identification of cancer-related lncRNAs and the 
methodologies and challenges involving the study of these molecules, as well as the imminent applications of  
these findings to the clinic.
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Alteration of lncRNA expression in cancer cells. The first lncRNAs 
that were associated with cancer because of their aberrant expression 
were prostate cancer associated 3 (PCA3, also called DD3)15 and pros-
tate-specific transcript 1 (PCGEM1)16, found using differential display  
analysis of prostate tumors and normal tissue. PCA3 is currently 
used as a prostate cancer biomarker17, and PCGEM1 is involved in 
androgen receptor transcriptional activation18 and c-MYC activation,  
both of which are involved in the development of prostate cancer19 
(Fig. 2). The expression of the lncRNA metastasis-associated lung ade-
nocarcinoma transcript 1 (MALAT1) was also identified early on as a 
prognostic parameter for lung cancer survival20. MALAT1 expression 
has now been associated with malignancy in multiple types of tumors, 
including in the liver, breast and colon21, suggesting that it has a  
general role in cell proliferation. MALAT1 is a nuclear lncRNA, highly 
conserved across mammals and extremely abundant in many cell types. 
It has been linked to the regulation of alternative mRNA splicing22 
and the modulation of the epigenetic machinery23, and it is known 
to be associated with nascent pre-mRNA between the 3′ and 5′ ends  

of actively transcribed genes24,25. Despite being the subject of intensive  
study, the role of MALAT1 in cancer is not yet fully understood.

Myriad studies have now used microarray technology to profile 
different types of cancer samples. However, conventional expression 
microarray designs contain few probes corresponding to lncRNAs. 
To compensate for this dearth, and as lncRNA annotation has 
been refined, arrays have been modified to detect the expression 
of lncRNAs. This has led to exponential growth in the number of 
lncRNAs found to have aberrant expression in different cancer types. 
But possibly the most important progress has been made possible by 
the application of high-throughput sequencing of RNA (RNA-seq) 
to an increasing number of tumor samples. The most comprehensive 
study26 of lncRNAs so far includes the analysis of poly A+ RNA-seq 
data from more than 7,000 samples, including tumors, normal samples  
and tumor cell lines. The study identifies 58,000 lncRNA genes 
detected in at least one type of sample, which is twice the number 
of protein-coding genes identified in this study. The expression of 
8,000 out of these 58,000 lncRNAs is associated with a lineage or 

Table 1 Examples of lncRNAs with tumor-suppressor or oncogenic function (see Supplementary Table 1)
Symbola Accession no.b Cancer phenotype Cancer association Mechanism  Ref.

GAS5 Ensembl ID: 
ENSG00000234741

Induces cell arrest and 
sensitizes cells to apoptosis. 
Alters cell metabolism

Downregulated in breast cancer Outcompetes DNA binding to  
the glucocorticoid receptor (GR)

 102,103

LINC-PINT  
(MKLN1-AS1)

GEO profile:  
FLJ43663

Inhibits cell proliferation  
and promotes apoptosis

Downregulated in colorectal  
cancer

Interacts with PRC2 to silence  
gene targets

 38,65

MEG3 Ensembl ID: 
ENSG00000214548

Inhibits cell proliferation Downregulated in multiple  
tumor types

Downregulates MDM2 and promotes 
p53 accumulation. Also controls 
expression of gene loci through 
recruitment of PRC2

 82,128

NBAT1 (CASC14) GEO profile:  
LOC729177

Inhibits cell proliferation 
and invasion, and impairs 
differentiation of neuronal 
precursors

High expression predicts a  
good clinical outcome of 
neuroblastomas. CpG methylation 
and a high-risk neuroblastoma-
associated SNP contribute to  
low expression

Promotes the silencing of REST  
by PRC2

 32

PR-lncRNA-1 Ensembl ID: 
ENST00000562178.1

Inhibits cell proliferation,  
and promotes apoptosis

Downregulated in colorectal  
cancer

Enhances p53 transcriptional 
activation

 40

PTENP1 Inhibits cell proliferation, 
migration, invasion and  
tumor growth

Locus selectively lost in sporadic 
colon cancer, prostate cancer  
and melanoma

Decoy for microRNAs that target PTEN  111,114

CDKN2B-AS1  
(ANRIL, p15AS)

Ensembl ID: 
ENSG00000240498

Promotes cell proliferation Cancer-associated SNPs and  
high expression linked to bad 
prognosis in prostate and  
gastric cancer

Epigenetic silencing of the locus by 
interaction with CBX7 and PRC2

 7–11

BCAR4 Ensembl ID: 
ENSG00000262117

Promotes proliferation and 
migration

Expression correlates with 
advanced breast cancer, 
metastasis and anti-estrogen 
resistance

Activates the hedgehog/GLI2 
transcriptional program, by binding  
to and activating the transcription 
factors SNIP1 and PNUTS

 106,107

HOTAIR Ensembl ID: 
ENSG00000228630

Promotes metastasis Overexpressed in liver,  
metastatic breast, lung and 
pancreatic tumors

Acts as scaffold for the chromatin 
repressors PRC2 and LSD1. Silences 
HOXD and other gene loci

 6,76,97

MALAT1 (NEAT2) Ensembl ID: 
ENSG00000251562

Promotes cell proliferation  
and metastasis

Overexpressed in lung 
adenocarcinoma, breast, 
pancreatic, colon, prostate and 
hepatocellular carcinomas.  
SNP linked to hepatocellular 
carcinoma

Related to alternative splicing and 
active transcription. Conserved  
tRNA-like sequence at the 3′ end 
cleaved off and processed to generate  
a short tRNA-like ncRNA (mascRNA)

 20–25,129

PCAT1 Ensembl ID: 
ENST00000561978.1

Promotes cell proliferation Upregulated in prostate cancer. 
Contains disease-associated  
SNPs

Interacts with PRC2 and silences genes 
in trans. Also post-transcriptionally 
activates c-MYC, and inhibits BRCA2

 89–91

SCHLAP1 
(PCAT11)

NCBI Reference Sequence:  
NR_104321.1

Promotes invasion and 
metastasis

Upregulated in prostate cancer Interacts with SWIF/SNIF complex and 
antagonizes its regulatory functions 
genome-wide

 101

aOfficial symbols are given; symbols in parentheses are alternate symbols. bEnsembl Genome Browser, Gene Expression Omnibus (GEO), or other accession IDs.

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000234741;r=1:173863900-173868882
http://www.ncbi.nlm.nih.gov/geoprofiles/80065005
http://uswest.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000214548;r=14:100779410-100861031;redirect=no
http://www.ncbi.nlm.nih.gov/geoprofiles/73748
http://uswest.ensembl.org/Homo_sapiens/Transcript/Summary?g=ENSG00000261550;r=16:53035690-53052873;t=ENST00000562178;redirect=no
http://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000240498;r=9:21994778-22121097
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000262117;r=16:11819829-11828845;t=ENST00000573319
http://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000228630;r=12:53962308-53974956
http://www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000251562;r=11:65497762-65506516
http://uswest.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000253438;r=8:127013154-127021014;t=ENST00000561978;redirect=no
http://www.ncbi.nlm.nih.gov/nuccore/NR_104321


r e v i e w 

nature medicine  VOLUME 21 | NUMBER 11 | NOVEMBER 2015 1255

cancer type, highlighting the specific linkage 
of some lncRNAs to cancers of different tis-
sue origin26. It remains to be determined how 
many of these lncRNAs have a functional role 
in oncogenesis. This will require systematic 
experimental analyses to assess the effect of 
their activity (or lack of it) in normal and 
transformed cells.

Association of lncRNAs with genetic 
alterations and single nucleotide polymor-
phisms. Many lncRNAs are located inside 
frequent somatic copy number alterations 
(SNCAs). These are amplified or deleted 
genomic regions that result from the inherent 
genomic instability of cancer cells27. At least 
in some cases, there is evidence that a change in the gene dosage of 
amplified or deleted lncRNAs is connected to malignancy. The search 
for lncRNAs present in SNCAs led, for instance, to the identification 
of the focally amplified lncRNA on chromosome 1 gene (FAL1, offi-
cially known as FALEC), a lncRNA frequently amplified in epithelial 
tumors. FALEC acts as an oncogene by inhibiting the expression of 
the important cell-cycle regulator cyclin-dependent kinase inhibitor 
1a (CDKN1A) by stabilizing the polycomb complex protein BMI1 
that binds to the CDKN1A promoter to repress its expression28. Stud-
ies analyzing somatic point mutations that affect the expression of 
lncRNAs are sparse, however, in part because of a lack of sequence 
data. The sequences from whole cancer genomes are now becom-
ing available29,30 as large consortia such as the International Cancer 
Genome Consortium actively work to generate comprehensive data 
sets that describe the mutational landscape of cancer in the noncod-
ing regions of the genome. For instance, a recent study30 that analyzed 
the sequence of hundreds of chronic lymphocytic leukemia cases has 
found recurrent mutations in noncoding regions. These data will pre-
dictably enable the identification of the sequence elements that are 
critical to the function of lncRNAs.

In addition, more than 85% of single nucleotide polymorphisms 
(SNPs) that are associated with disease occur in noncoding regions31. 
For example, a high-risk neuroblastoma-associated SNP lies within 
the lncRNA neuroblastoma-associated transcript 1 (NBAT1), and it is 
associated with NBAT1 differential expression. NBAT1 inhibits cellular  
proliferation and invasion by silencing the neuronal-specific tran-
scription factor REST (also known as NRSF, encoded by REST)32.

Other well-known lncRNAs with cancer-associated SNPs in  
their genomic loci are the antisense RNA genes CDKN2B-AS1  
(ref. 10) and H19 (ref. 33). H19 is an imprinted gene encoding a  
fetal lncRNA that is downregulated postnatally. Although H19  
has been found to suppress metastasis, it is reactivated in liver34,  
bladder33, breast, esophageal and colorectal tumors among others35. 
SNPs in the H19 gene are associated with a decreased risk of developing  

non-muscle-invasive bladder cancer33 and, in the Han Chinese  
population, increased susceptibility to gastric cancer36.

Functional analysis of lncRNAs in cancer
In silico predictions of lncRNA functions in cancer. The elucida-
tion of the role of lncRNAs in cancer represents a major challenge; 
aberrant expression of lncRNAs in tumor samples is not sufficient 
evidence to ascribe to them an oncogenic or tumor suppressor role. 
To predict the putative function of lncRNAs, bioinformatic meth-
ods such as ‘guilt by association’3 or GiTools37 have been applied 
to associate specific lncRNAs with biological processes, by carry-
ing out analyses by correlating a common expression pattern of 
lncRNAs with protein-coding genes across multiple cell types and 
tissues. These approaches have identified lncRNAs whose expres-
sion correlates with key cancer pathways, such as those controlled 
by the tumor suppressor p53, the pro-proliferation and survival 
factor NFκB (nuclear factor κ-light-chain-enhancer of activated  
B cells) or mTOR (mammalian target of rapamycin)3,38. Although 
the analyses are mere correlations, they suggest that several lncRNAs 
may be implicated in these cellular responses, an idea that has been 
corroborated by studies that have linked the expression of lncRNAs 
to the activation of factors such as p53 (refs. 39–41), E2F (ref. 42), 
c-MYC (refs. 43,44), androgen receptor45–47 or estrogen receptor48. 
The results confirm that lncRNAs, similarly to protein-coding genes, 
are transcriptionally regulated by factors that control key tumor  
suppressor and oncogenic pathways.

Loss-of-function and gain-of-function lncRNA studies. The 
determination of the role of lncRNA transcripts in cancer necessi-
tates experimental analyses that will delineate the contribution of an 
lncRNA transcript to the phenotype of cancer cells or to the transfor-
mation of non-tumoral cells (i.e., proliferation, cell cycle, cell death, 
migration, invasiveness, tumorigenesis, etc.). To this end, RNA inter-
ference (RNAi) has been used to knock down lncRNAs with success in 
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Figure 1 Identification and characterization 
of lncRNAs with roles in cancer. Alterations 
in genomic sequence, gene dose and/or 
expression levels in tumor cells leads to the 
initial identification of cancer-related lncRNAs. 
Subsequent studies in vitro and in vivo  
have directly linked some of the identified 
lncRNAs with distinct cancer phenotypes.  
SNP, single-nucleotide polymorphism;  
CNV, copy number variation.
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many loss-of-function studies49. However, RNAi frequently does not 
efficiently reduce lncRNA levels. It has been argued that the predomi-
nantly nuclear localization of some lncRNAs impedes their targeting 
by the RNAi machinery, which is mainly localized to the cytoplasm. 
Thus, other oligo-mediated RNA knockdown strategies are used as 
an alternative, such as modified antisense oligonucleotides (ASOs) or 
‘gapmers’, which bind to the target RNA to form a DNA-RNA hybrid, 
promoting RNA cleavage by ribonuclease H (RNase H)50,51. Still, 
these oligo-based techniques share some limitations with RNAi, in 
which knockdown is incomplete, has unpredictable off-target effects 
and only provides temporary inhibition, which limits loss-of-function 
analysis to a transient system.

To avoid some of these limitations, gene knockout generated 
by directed targeting nucleases52–54 provides a powerful tool for  
elucidating the function of lncRNAs both in vitro and in vivo. In 
particular, genome editing by clustered regulatory interspaced short 
palindromic repeats (CRISPR)–CRISPR-associated endonuclease 9 
(Cas9)54 is now carried out in a rapid and efficient manner to gen-
erate total or partial deletion of lncRNAs55,56, or to block lncRNA 
expression by the targeted interruption between the promoter and 
the lncRNA sequence through insertion of polyadenylation signals57. 
Furthermore, CRISPR-Cas9 can be applied to achieve lncRNA over-
expression from its endogenous locus by inserting a strong promoter 
upstream of the gene58, or by targeting transcriptional activator com-
plexes to the promoter59. However, the most widely applied strategy 
for gain-of-function studies is the induction of ectopic overexpres-
sion using transient or stable transfection or viral transduction. This 
may be used to enhance the effect of lncRNAs when they exert their  
functions in trans, i.e., at a different location from the locus of tran-
scription. Different technological approaches can thus complement 
each other when investigating the function of lncRNAs.

Animal models for the study of lncRNAs. Mounting evidence from  
in vitro cell-based assays has linked numerous lncRNAs to cellular 
processes relevant to cell transformation39,60,61. Moreover, human can-
cer cells with manipulated expression of specific lncRNAs have altered 
tumor-forming capacity when injected into mice, lending support 
to the idea that they contribute to the cancerous phenotype6,18,62,63. 
For instance, the overexpression of lncRNA-LET (officially known as 
NPTN intronic transcript 1, NPTN-IT1), reduces the invasion and gen-
eration of abdominal metastases of human hepatocellular carcinoma 
cells when injected into nude mice, consistent with the decreased  
expression levels of NPTN-IT1 in human liver tumors63.

However, the field is still in its early stages and only a handful of 
animal models have been developed to assess the roles of lncRNAs 
in vivo64. Several of these knockout mice, such as those lacking 
Foxf1 adjacent noncoding developmental regulatory RNA (Fendrr);  
long intergenic non-protein coding RNA, Trp53-induced transcript 
(Linc-Pint); or Linc-Brn1b (officially known as Pantr2, POU domain, 
class 3, transcription factor 3 adjacent noncoding transcript 2), show 
important developmental phenotypes65,66, but their cancer-related 
phenotypes remain poorly investigated. A remarkable exception is 
the lncRNA inactive X-specific transcript (Xist). One recent study67 
showed a strong connection between Xist and cancer after condition-
ally deleting Xist RNA in the blood lineages of mice. This resulted 
in overexpression of the X-chromosome and a fulminant hemato-
logic cancer known as myeloproliferative neoplasm, myelodysplastic  
syndrome (mixed MPN/MDS)67.

A limitation of animal models for the identification of lncRNA func-
tion is that many lncRNAs are not highly conserved in evolutionarily  

distant species, which often hinders the identification of mouse 
orthologs68. Nevertheless, in some cases, partial conservation 
of human lncRNAs in other mammals exists69, as it does in some  
lower vertebrates70–73. Conservation is usually higher at the  promoter 
regions of lncRNAs, similar to those of protein-coding genes3,69. 
These observations suggest the possibility of a conserved function 
of lncRNAs, making animal models useful not only for investigating  
of the role of lncRNAs in vivo, but also for identifying conserved 
lncRNA sequences or structural elements that account for it.

In contrast, the in vivo mouse models could deliver unexpected results. 
For instance, mice lacking a region containing both Hoxc and Hotair 
show neither changes in Hoxd expression, nor in histone H3 lysine 27 
trimethylation (H3K27me3) in embryos74, which was the phenotype 
expected on the basis of studies75 of human HOTAIR in cell culture. 
However, mice in which only Hotair is deleted present  phenotypes 
with skeletal defects, and when mouse cells lacking Hotair are placed 
in culture, substantial differences in their Hoxd gene expression and 
H3K27me3 profiles are detected76, suggesting the presence of compensa-
tory mechanisms in mice lacking a larger portion of the Hoxc gene clus-
ter. A few other examples of knockout mice of cancer-related lncRNAs, 
including Malat1 (refs. 57,77) or Neat1 (refs. 78,79) knockouts, either do 
not show phenotypes or display subtle ones, which may be the result of 
compensatory mechanisms. It also remains possible that the gene-regu-
latory functions of some lncRNAs result in mild and specific phenotypic 
effects that can only be identified after thorough analyses.

Roles of lncRNAs in cancer
Tumor suppressor and oncogenic lncRNAs. Multiple lncRNAs  
are subjected to transcriptional regulation by factors that control  
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Figure 2 LncRNAs are part of the c-MYC oncogenic and p53 tumor 
suppressor networks. A number of lncRNAs regulate c-MYC or p53 
(MEG3, LINC-ROR) by affecting their expression, protein levels or activity. 
Several of the c-MYC–regulator lncRNAs (CCAT1-L, CARLo-5, PCAT1, 
PRNCR1, CCAT2, PVT1) are localized to the same genomic region and 
co-amplified with c-MYC. PCGEM1 regulates the expression of c-MYC but 
is not coamplified. Additionally, some lncRNAs are direct transcriptional 
targets of c-MYC (MYCLo-1, MYCLo-2) or p53 (TUG1, PANDAR, 
TP53COR1, LINC-PINT, PR-lcnRNAs, LINC-ROR, LED), also contributing 
to the functional output of their oncogenic and tumor suppressor 
responses. PR-lncRNAs = p53-regulated lncRNAs, ref. 40; PR-lncRNAs, 
p53-regulated RNAs.
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fundamental aspects of cellular homeostasis. Much of the evidence for 
this comes from genome-wide studies that reveal that transcription  
factors, such as p53 (refs. 4,40), MYC43,44, or the estrogen receptor48, or  
signaling cascades such as Notch80, specifically regulate the expression 
of a substantial number of lncRNAs. For example, after DNA damage 
or oncogenic stress, the transcription factor p53, a preserver of cel-
lular homeostasis, initiates a tumor suppressor program that involves 
the induction of many genes, including dozens of lncRNAs. Some of 
these are direct transcriptional targets of p53 (Fig. 2). Among them, 
the mouse tumor protein p53 pathway corepressor 1 lincRNA-p21 
(officially known as Trp53cor1) promotes apoptosis by contributing to 
p53-dependent transcriptional repression through its interaction with 
the protein heterogeneous nuclear ribonucleoprotein K (Hnrnpk)4. 
In addition, the human lncRNAs (PANDAR)41 and LINC-PINT38 
act as regulators of p53-dependent apoptosis and cell cycle arrest, 
depending on the cellular context, by mediating transcriptional and 
epigenetic repression of gene expression, respectively. In contrast, 
the lncRNA induced by p53 lncRNA activator of enhancer domains 
(LED), contributes to p53 transcriptional regulation by interacting 
with p53 transcriptional enhancers81. Consistent with their role in 
the p53 response, several human p53-regulated lncRNAs are down-
regulated in colorectal cancer38,40, or, similarly to LED, epigenetically 
silenced in acute lymphocytic leukemia, among other tumor types81, 
suggesting a role for them as tumor suppressors. In addition, other 
lncRNAs are involved in the p53 network without necessarily being 
transcriptional targets of p53, such as the maternally expressed gene 
3 (MEG3) lncRNA, which is downregulated in multiple cancers, is 
involved in p53 regulation and has a concomitant effect on cell sur-
vival and proliferation82.

In contrast to lncRNAs that are involved in the p53 tumor-suppres-
sor pathway, the expression of numerous lncRNAs is regulated by the 
proto-oncogene MYC43,44,83 (Fig. 2). Some of them, such as MYCLo-1 
and MYCLo-2 (officially known as ELFN1 Antisense RNA 1, ELFN1-
AS1), upregulated in colorectal cancer, are involved in MYC-dependent  
gene repression of some cell-cycle regulator genes44. MYC resides 
in the 8q24 genomic region, which is the most frequently amplified 
region in human cancers27. This 2-Mb region also contains several 
cancer-associated SNPs within enhancers that form tissue-specific 
long-range chromatin loops with the MYC gene84,85. Several lncRNAs 
are expressed from this transcriptionally active region58,86–89. Among 
these, prostate cancer–associated transcript 1 (PCAT1)89 and prostate 
cancer–associated noncoding RNA 1, PRNCR1 (ref. 18), contain SNPs 
that confer predispositions to prostate and both breast and prostate 
cancers, respectively, and the rs6983267 SNP, which resides in the 
colon cancer–associated transcript 2 CCAT2 gene and predisposes a 
host to prostate and colorectal cancer, shows allele-specific effects on 
the expression levels of another lncRNA contained in the region, colon 
cancer associated transcript 1, CCAT1, also known as CARLo-5 (ref. 87).  
Several of the lncRNAs in the amplified region regulate the transcrip-
tion of MYC58,86,87. For instance, CCAT1 (refs. 58,87) has a role in 
MYC transcriptional regulation by promoting long-range chromatin 
looping. In contrast, the oncogenic lncRNA PCAT1, which promotes 
the proliferation of prostate cancer cells and is also co-amplified with 
MYC, induces MYC expression by a post-transcriptional mechanism 
and impairs double-stranded DNA break repair by inhibiting expres-
sion of the breast cancer 2 gene, BRCA2 (refs. 90,91).

Also contained inside the 8q24 genomic region is PRNCR1. This 
has been linked to prostate cancer, and together with PCGEM1, it 
induces cell proliferation. They both interact with the androgen  
receptor protein, promoting androgen-receptor–mediated gene  

activation programs18. These results, nonetheless, have been ques-
tioned in another study92. Finally, a recent study performed in mice 
using chromosome engineering demonstrated that amplification of 
the lncRNA plasmacytoma variant translocation 1 Pvt1, which is  
contained in the same genomic region and adjacent to Myc, corre-
lates with c-Myc gene copy number gain, and that such a gain in 
Pvt1 increases Myc protein levels, indicating a probable cis-regulatory 
mechanism of Myc regulation by Pvt1 (ref. 88). Although these few 
studies represent only a small sample, they illustrate the large diversity 
of strategies by which lncRNAs may regulate tumor suppressors or 
oncogenes to influence cancer phenotypes.

LncRNAs and trans- and cis-gene regulation in cancer. The epige-
netic alterations that tumor cells undergo are a determining factor in 
cancer development93. Many lncRNAs affect this aspect of cell trans-
formation, as they interface with the epigenetic machinery influencing 
gene expression (reviewed in refs. 94,95). Several can associate with the 
polycomb repressive complex 2 (PRC2), a chromatin repressor com-
plex that catalyzes H3K27 trimethylation and which is tightly linked to 
the aberrant proliferation of cancer cells. Several lncRNAs have been 
shown to modulate PRC2 targeting of distantly located genes to silence 
them94–96. An example of this tripartite interplay between chromatin, 
lncRNA and PRC2 is HOTAIR, which is deregulated in different can-
cers97, and the expression of which is correlated with poor outcome in 
primary breast tumors6. HOTAIR forms a macromolecular complex 
with PRC2 and the lysine-specific demethylase 1 (LSD1) that silences 
specific gene loci, leading to metastasis98 (Fig. 3).

Besides HOTAIR, a number of cancer-altered lncRNAs, such as 
NBAT1 (ref. 32) or the p53-regulated—and downregulated in colo-
rectal cancer—lncRNA LINC-PINT38, and the taurine upregulated 
1 lncRNA, TUG1, upregulated in lung cancer99, affect cell prolifera-
tion by regulating gene expression through their interaction with 
PRC2. It has been debated whether the binding of PRC2 to lncRNAs 
only reflects the unspecific affinity of this protein complex for 
RNA99. In contrast, several studies32,38,96,99,100 show the functional  
relationship between lncRNAs and PRC2. Nonetheless, deeper  
functional and structural studies are needed to understand the  
principles of this RNA-protein interplay, and hence the role of  
PRC2-interacting lncRNAs in cancer.

PRC2, however, is not the only chromatin complex that has been 
linked with the function of lncRNAs. Besides the studies associat-
ing TUG1 with PRC2 (refs. 96,99), this lncRNA has been shown to 
localize to repressive chromatin by interacting with the methylated 
form of the polycomb 2 (PC2) protein23. Furthermore, instead of pro-
moting the activity of chromatin complexes, some nuclear lncRNAs 
can antagonize their function. For example, the oncogenic SWI/SNF  
complex antagonist associated with prostate cancer 1 lncRNA 
(SCHLAP1), whose expression levels predict poor outcomes in pros-
tate cancer, antagonizes the genome-wide localization and regula-
tory functions of the SWI/SNF chromatin remodeling complex101. 
Similarly, acting as a molecular decoy, the tumor suppressor lncRNA 
growth arrest–specific 5 (GAS5) outcompetes DNA binding to the 
glucocorticoid receptor (GR), which impedes GR-dependent gene 
activation and reduces cell metabolism102,103.

While the lncRNAs cited above affect expression of genes located 
on different chromosomes, other lncRNAs act in cis, i.e., on gene loci 
proximal to the locus where the lncRNA is transcribed, and they can 
sometimes spread their effects over long distances along the same 
chromosome. Some of the cis-acting lncRNAs activate the transcrip-
tion of closely located genes by promoting chromatin looping from 
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transcriptional enhancers, such as the previ-
ously discussed CCAT1 (refs. 86,87), which 
enhances MYC transcription. In contrast, 
others promote gene repression. XIST, for 
instance, controls the epigenetic silencing of 
one female X chromosome in the process of 
dosage compensation, which involves bind-
ing to PRC2, among other chromatin factors. 
Aberrant expression of XIST and X-chromosome overexpression 
are linked to multiple types of human cancers104. Another remark-
able example of cis-acting lncRNA is CDKN2B-AS1, which binds 
to chromobox 7 (CBX7) within the polycomb repressive complex 1 
and to SUZ12, a core subunit of PRC2. Through these interactions, 
CDKN2B-AS1 is involved in the repression of the tumor suppressor 
genes in the locus7–9 (Fig. 3). Interestingly, SNPs that alter the expres-
sion of CDKN2B-AS1 are associated with many diseases, including 
several types of cancers10.

Post-transcriptional regulation by lncRNAs. Although the major-
ity of characterized lncRNAs are directly involved in transcriptional 
regulation, some affect gene expression through post-transcriptional 
events. Indeed, different lncRNAs have been implicated in the splicing, 
turnover, export or translation of mRNAs, as well as in the stability and 
post-translational modification of proteins105. An example of the latter 
is the lncRNA breast cancer anti-estrogen resistance 4 (BCAR4), the 
expression of which correlates with metastatic advanced breast cancer 
and anti-estrogen resistance106,107. BCAR4 interacts with Smad nuclear 
interacting protein 1 (SNP1) and serine/threonine-protein phosphatase 
1 regulatory subunit 10 (PNUTS), promoting the acetylation of the 
proteins and transcriptional activity on genes of the hedgehog/GLI2 
transcriptional program that promotes cell migration107.

In addition, alternative splicing is a process in which lncRNAs can 
be active in influencing cancer progression. Many mRNA-splicing 
isoforms are developmentally regulated, and they are preferentially 
re-expressed in tumors. The natural antisense transcript (NAT) zinc 
finger E-box binding homeobox 2, ZEB2, for instance, regulates alter-

native splicing according to its ability to interact with ZEB2 mRNA. 
It overlaps and binds to an intronic 5′ splice site of the ZEB2 protein-
coding gene, preventing its splicing. The retained intron contains an 
internal ribosome entry site (IRES) that is necessary for the increased 
translation of ZEB2 protein, and which can subsequently function 
as a transcriptional repressor of E-cadherin, a cell adhesion protein 
that inhibits proliferation, invasion and metastasis (Fig. 3). A strong 
association has been demonstrated between the expression of the 
NAT ZEB2 and human tumors with low E-cadherin expression108. 
Whereas the NAT ZEB2 can enhance protein translation, the human 
TP53COR1 has been involved in translation inhibition. In HeLa cells, 
TP53COR1 associates with the proto-oncogene mRNAs JUNB and 
CTNNB1, selectively reducing their translation into proteins105.

Some lncRNAs such as the noncoding transcripts that function as 
competing endogenous RNAs (ceRNAs), or RNA sponges109, base 
their activity on sequence-specific interactions with other noncoding 
RNAs. This type of noncoding transcript not only includes lncRNAs110, 
but also pseudogenes111 and circular RNAs112,113 that contain binding 
sequences for microRNAs, and that reduce their action on mRNA 
targets by titrating the amount of free microRNA. An example of this 
interplay between RNA molecules is the regulation of the phosphatase 
and tensin homolog (PTEN) tumor suppressor by its pseudogene 
lncRNA, PTENP1, a locus deleted in colorectal cancer, prostate can-
cer and melanoma114. Transcribed PTENP1 positively regulates the 
levels of PTEN by competing for microRNA binding111 (Fig. 3). This 
type of mechanism seems to be shared by a number of cancer-related 
genes that possess pseudogenes, such as the Kirsten rat sarcoma 
viral oncogene homolog KRAS111, establishing a gene expression  
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Figure 3 Diverse mechanisms of cancer-
related lncRNAs. (a) Acting in the nucleus of 
the cell, some lncRNAs affect the expression 
of proximally located genes, such as ANRIL 
(CDKN2B-AS1), which mediates the 
epigenetic silencing of two genes on the same 
locus, CDKN2A and CDKN2B, inducing cell 
proliferation (refs. 7,9). (b) HOTAIR promotes 
metastasis in breast cancer by targeting distant 
genes, such as those in the HOXD cluster,  
for epigenetic silencing by the PRC2 complex  
(refs. 6 and 75). (c) Other nuclear lncRNAs  
act post-transcriptionally, such as the NAT  
of ZEB2 mRNA, ZEB2. The ZEB2 NAT blocks 
splicing of ZEB2 mRNA, promoting the use  
of an internal ribosome entry site (IRES)  
for translation initiation and delivering high 
ZEB2 protein levels, which induces epithelial-
to-mesenchymal transition (EMT) (ref. 108).  
(d) In contrast, a number of cytoplasmic 
lncRNAs may act as microRNA sponges.  
For instance PTENP1 binds to microRNAs that 
otherwise bind to the 3′ untranslated region 
(UTR) of PTEN mRNA, reducing its expression 
and tumor suppressor activity (ref. 111). Red 
text, lncRNAs; blue text, protein-coding genes.
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balance that is perturbed in cancer cells. This crosstalk between  
different types of regulatory RNAs and 3′ UTR of mRNAs highlights 
the complex fine-tuning of RNA networks. However, their dynamics 
and stoichiometry are still far from understood.

lncRNA-based diagnostics and therapies
The existence of a massive number of lncRNAs that may have roles 
in the transformation and maintenance of cancer phenotypes has 
important clinical implications. It opens up a whole new range of 
possibilities for the diagnostics and treatment of cancer. One of the 
distinctive features of lncRNAs is their highly tissue- and cell type–
specific expression patterns26,115, which could accurately classify  
different subclasses of tumors or even predict responses to treatments. 
Beyond detection and quantification of lncRNA expression on tumor 
biopsies, the application of lncRNAs as biomarkers in daily practice 
involves challenges, some inherent to their nature as long RNA mol-
ecules. The desirable markers should be stable and easily detectable  
in plasma or other body fluids, to allow noninvasive diagnosis. The 
lncRNA PCA3 meets these requirements because it is a more spe-
cific and sensitive marker of prostate cancer in patient urine samples 
than is the widely used serum prostate-specific antigen (PSA)15,17. 
Similarly, the hepatocellular carcinoma (HCC) upregulated lncRNA, 
HULC, is highly expressed in HCC patients and can be detected in 
the blood by conventional PCR methods116.

A promising area of research focuses on using RNA molecules con-
tained in exosomes, microvesicles, apoptotic bodies and apoptotic 
microparticles as biomarkers117. These membranous particles are 
released by tumor cells, and they may contain tumor-specific lncRNAs 
that are protected from the RNases present in body fluids. Current 
ongoing studies will shed light on the presence of lncRNAs and their 
functional implications.

As previously discussed, many lncRNAs regulate specific facets of 
protein activity. Therefore, drugs that target lncRNAs can be more 
refined and less toxic than conventional protein-targeting drugs.  
For instance, distinct lncRNAs have been shown to interact with the 
oncogenic PRC2 complex, promoting the repression of specific sub-
sets of PRC2 gene targets93. On the basis of this concept, companies 
are focusing their efforts on developing synthetic oligonucleotide 
antagonists that specifically block the binding of PRC2 to an indi-
vidual lncRNA region to de-repress specific genes118.

Other therapeutic strategies utilize oligonucleotides for the knock-
down of deleterious lncRNAs. As proof of principle, Angelman syn-
drome, a neuro-genetic disorder characterized by severe intellectual 
and developmental disabilities, has been cured in mice by inhibiting a 
lncRNA with antisense oligonucleotides (ASOs)119. This syndrome is 
caused by a lack of expression of the imprinted ubiquitin protein ligase 
E3a gene (Ube3a), which is repressed by its antisense transcript, the 
lncRNA Ube3a-ats and can be targeted in mice by the administration 
of ASOs119 that specifically target the antisense lncRNA. Although 
promising, the greatest challenge ahead for similar applications in can-
cer is to demonstrate efficient oligonucleotide delivery accompanied 
by long-lasting effects on tumor cells in human patients, independently 
of tumor location in the body. Working toward this goal, a number of 
companies have made substantial progress in developing improved oli-
gonucleotide chemistry for less toxic, more stable, and more efficient 
targeting in vivo, for instance by using locked nucleic acids (LNAs). 
These improved molecules are aimed not only at mediating the deg-
radation of specific lncRNAs (ASOs, gapmers, small interfering RNAs 
(siRNAs), etc.), but also at blocking lncRNA activity by binding to the 
molecules themselves or to their protein partners118,120.

Beyond these, features of lncRNAs can be exploited for other thera-
peutic applications that do not necessarily involve targeting them. For 
instance, some strategies take advantage of the highly specific expres-
sion of some lncRNAs in tumor cells to reduce the risk of affecting 
normal tissues during treatment. The plasmid BC-819 (DTA-H19) has 
been developed to make use of the tumor-specific expression of the 
H19 lncRNA. This plasmid carries the gene for the A subunit of diph-
theria toxin under the regulation of the H19 promoter, and its intra-
tumoral injection induces the expression of high levels of diphtheria 
toxin in the tumor, resulting in a reduction of tumor size in human 
trials in a broad range of carcinomas121. Also demonstrating the thera-
peutic application of lncRNA gene regulatory activity, a study122 has 
applied transgenic expression of the powerful lncRNA XIST to silence 
one of the triplicated chromosomes 21 in cells derived from a person 
with Down syndrome. These pioneering studies encourage further 
exploration of the therapeutic opportunities that lncRNAs offer.

Future directions
The surveillance of human transcriptomes to an unprecedented 
degree has caused a substantial shift in our understanding of gene 
regulation. The existence of thousands of lncRNAs taking part in cell 
regulatory networks has important implications for our conception 
of cancer, and it will force us to revise our view of the disease, from 
its causative origins to the design and prescription of treatments. The 
field is, however, still in its infancy, and we are far from incorporat-
ing lncRNAs into the clinic. The functions of lncRNAs—not only in 
cancer, but also in normal physiological conditions—are still far from 
fully understood. Despite the rapid increase in the catalog of roles 
reported for lncRNAs, one of the greatest challenges is identifying 
the sequence and structural elements that allow long noncoding RNA 
molecules to carry out their cellular functions. For instance, it is, at 
present, impossible to predict whether and how a cancer-associated 
SNP or somatic mutation might affect the function of the lncRNA 
in which it occurs. The particular characteristics of lncRNAs as long 
RNA molecules, typically lowly expressed, add technical difficulty 
to the task. The implementation of reliable computational predic-
tions and experimental modeling of lncRNA structure, together with  
methodologies that identify genome-wide DNA binding sites of 
lncRNAs (chromatin isolation by RNA purification, ChiRP; capture 
hybridization analysis of RNA targets, CHART; and RNA antisense 
purification, RAP)123–125, and the combination of these DNA- 
binding maps with the three-dimensional structure of the genome125, 
as well as techniques that detect lncRNA interactions with key  
RNA-binding proteins (CLIP-seq, PAR-CLIP-seq)126, when applied 
to a large number of lncRNAs and proteins will allow us to infer the 
principles that govern the function of lncRNAs.

A question under debate is the utility of animal models for the 
study of cancer-related lncRNAs, as lncRNAs are weakly conserved 
overall. Importantly, the number of lncRNAs encoded by the genome 
has increased with animal evolution68, suggesting that the presence of 
lncRNAs is linked to organismal complexity. Still, many human lncRNAs 
have syntenic orthologs in lower organisms127. Nonetheless, when ana-
lyzing lncRNA conservation, it should be taken into account that not 
just the linear sequence, but also the RNA structure, might determine 
function. It is therefore possible that despite the limited sequence con-
servation, a conserved function exists. Thus, the sequence and struc-
tural elements involved can be inferred from comparative studies.

LncRNAs hold the promise of tailored therapeutic applications, 
either by inhibition or restoration of lncRNAs that fine-tune the regu-
latory networks of cancer cells in a highly cancer type–specific manner.  
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How soon this promise will crystallize depends on achieving drug 
treatments (either oligonucleotide-based or with small molecules) 
that manipulate lncRNA activities, and delivering them efficiently 
and with lasting effects on tumor cells. An absolute requirement is a 
more pronounced understanding of lncRNA functions and mecha-
nisms, both in physiological and pathological conditions. It is now 
necessary to go beyond the descriptive identification of cancer-related 
lncRNAs and concentrate on their functional study. Intensive research 
in high-throughput and large collaborative projects, in parallel with 
the careful characterization of individual lncRNAs, will lead to the 
cracking of the lncRNA code.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.

Acknowledgments
I thank the members of my laboratory and D. O’Brien for critical reading of  
the manuscript, and I apologize to colleagues whose work was not discussed  
or cited owing to space constraints. I am supported by European Research  
Council grant ERC-2011-StG 281877, and by Spanish Ministry of Science Grant 
RYC-2011-08347. 

comPetIng FInAncIAl InteRests
The author declares no competing financial interests.

Reprints and permissions information is available online at http://www.nature.com/
reprints/index.html.

1. Maurano, M.T. et al. Systematic localization of common disease-associated 
variation in regulatory DNA. Science 337, 1190–1195 (2012).

2. Djebali, S. et al. Landscape of transcription in human cells. Nature 489, 101–108 
(2012).

3. Guttman, M. et al. Chromatin signature reveals over a thousand highly conserved 
large non-coding RNAs in mammals. Nature 458, 223–227 (2009).

4. Huarte, M. et al. A large intergenic noncoding RNA induced by p53 mediates 
global gene repression in the p53 response. Cell 142, 409–419 (2010).

5. Zheng, G.X., Do, B.T., Webster, D.E., Khavari, P.A. & Chang, H.Y. Dicer-microRNA-
Myc circuit promotes transcription of hundreds of long noncoding RNAs.  
Nat. Struct. Mol. Biol. 21, 585–590 (2014).

6. Gupta, R.A. et al. Long non-coding RNA HOTAIR reprograms chromatin state to 
promote cancer metastasis. Nature 464, 1071–1076 (2010).

7. Yu, W. et al. Epigenetic silencing of tumour suppressor gene p15 by its antisense 
RNA. Nature 451, 202–206 (2008).

8. Yap, K.L. et al. Molecular interplay of the noncoding RNA ANRIL and methylated 
histone H3 lysine 27 by polycomb CBX7 in transcriptional silencing of INK4a. 
Mol. Cell 38, 662–674 (2010).

9. Kotake, Y. et al. Long non-coding RNA ANRIL is required for the PRC2 recruitment 
to and silencing of p15(INK4B) tumor suppressor gene. Oncogene 30,  
1956–1962 (2011).

10. Cunnington, M.S., Santibanez Koref, M., Mayosi, B.M., Burn, J. & Keavney, B. 
Chromosome 9p21 SNPs associated with multiple disease phenotypes correlate 
with ANRIL expression. PLoS Genet. 6, e1000899 (2010).

11. Zhang, E.B. et al. Long noncoding RNA ANRIL indicates a poor prognosis of 
gastric cancer and promotes tumor growth by epigenetically silencing of  
miR-99a/miR-449a. Oncotarget 5, 2276–2292 (2014).

12. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 12, 861–874 
(2011).

13. Sanchez, Y. & Huarte, M. Long non-coding RNAs: challenges for diagnosis and 
therapies. Nucleic Acid Ther. 23, 15–20 (2013).

14. Ling, H. et al. Junk DNA and the long non-coding RNA twist in cancer genetics. 
Oncogene 34, 5003–5011 (2015).

15. Bussemakers, M.J. et al. DD3: a new prostate-specific gene, highly overexpressed 
in prostate cancer. Cancer Res. 59, 5975–5979 (1999).

16. Srikantan, V. et al. PCGEM1, a prostate-specific gene, is overexpressed in prostate 
cancer. Proc. Natl. Acad. Sci. USA 97, 12216–12221 (2000).

17. Hessels, D. et al. DD3(PCA3)-based molecular urine analysis for the diagnosis of 
prostate cancer. Eur. Urol. 44, 8–15 discussion, 15–16 (2003).

18. Yang, L. et al. lncRNA-dependent mechanisms of androgen-receptor–regulated 
gene activation programs. Nature 500, 598–602 (2013).

19. Hung, C.L. et al. A long noncoding RNA connects c-Myc to tumor metabolism. 
Proc. Natl. Acad. Sci. USA 111, 18697–18702 (2014).

20. Ji, P. et al. MALAT-1, a novel noncoding RNA, and thymosin β-4 predict metastasis 
and survival in early-stage non-small cell lung cancer. Oncogene 22, 8031–8041 
(2003).

21. Gutschner, T., Hammerle, M. & Diederichs, S. MALAT1–a paradigm for long 
noncoding RNA function in cancer. J. Mol. Med. 91, 791–801 (2013).

22. Tripathi, V. et al. The nuclear-retained noncoding RNA MALAT1 regulates 
alternative splicing by modulating SR splicing factor phosphorylation. Mol. Cell 
39, 925–938 (2010).

23. Yang, L. et al. ncRNA- and Pc2 methylation–dependent gene relocation between 
nuclear structures mediates gene activation programs. Cell 147, 773–788 
(2011).

24. West, J.A. et al. The long noncoding RNAs NEAT1 and MALAT1 bind active 
chromatin sites. Mol. Cell 55, 791–802 (2014).

25. Engreitz, J.M. et al. RNA-RNA interactions enable specific targeting of noncoding 
RNAs to nascent pre-mRNAs and chromatin sites. Cell 159, 188–199 (2014).

26. Iyer, M.K. et al. The landscape of long noncoding RNAs in the human 
transcriptome. Nat. Genet. 47, 199–208 (2015).

27. Beroukhim, R. et al. The landscape of somatic copy-number alteration across 
human cancers. Nature 463, 899–905 (2010).

28. Hu, X. et al. A functional genomic approach identifies FAL1 as an oncogenic long 
noncoding RNA that associates with BMI1 and represses p21 expression in cancer. 
Cancer Cell 26, 344–357 (2014).

29. Alexandrov, L.B. et al. Signatures of mutational processes in human cancer.  
Nature 500, 415–421 (2013).

30. Puente, X.S. et al. Non-coding recurrent mutations in chronic lymphocytic 
leukaemia. Nature doi:10.1038/nature14666 (22 July 2015).

31. Freedman, M.L. et al. Principles for the post-GWAS functional characterization 
of cancer risk loci. Nat. Genet. 43, 513–518 (2011).

32. Pandey, G.K. et al. The risk-associated long noncoding RNA NBAT-1 controls 
neuroblastoma progression by regulating cell proliferation and neuronal 
differentiation. Cancer Cell 26, 722–737 (2014).

33. Verhaegh, G.W. et al. Polymorphisms in the H19 gene and the risk of bladder 
cancer. Eur. Urol. 54, 1118–1126 (2008).

34. Matouk, I.J. et al. The H19 non-coding RNA is essential for human tumor growth. 
PLoS ONE 2, e845 (2007).

35. Angrand, P.O., Vennin, C., Le Bourhis, X. & Adriaenssens, E. The role of long non-
coding RNAs in genome formatting and expression. Front. Genet. 6, 165 (2015).

36. Yang, C. et al. Tag SNPs in long non-coding RNA H19 contribute to susceptibility 
to gastric cancer in the Chinese Han population. Oncotarget 6, 15311–15320 
(2015).

37. Perez-Llamas, C. & Lopez-Bigas, N. Gitools: analysis and visualisation of genomic 
data using interactive heat-maps. PLoS ONE 6, e19541 (2011).

38. Marín-Béjar, O. et al. Pint lincRNA connects the p53 pathway with epigenetic 
silencing by the Polycomb repressive complex 2. Genome Biol. 14, R104 (2013).

39. Huarte, M. & Rinn, J.L. Large non-coding RNAs: missing links in cancer?  
Hum. Mol. Genet. 19, R152–R161 (2010).

40. Sánchez, Y. et al. Genome-wide analysis of the human p53 transcriptional network 
unveils a lncRNA tumour suppressor signature. Nat. Commun. 5, 5812 (2014).

41. Hung, T. et al. Extensive and coordinated transcription of noncoding RNAs within 
cell-cycle promoters. Nat. Genet. 43, 621–629 (2011).

42. Feldstein, O. et al. The long non-coding RNA ERIC is regulated by E2F and 
modulates the cellular response to DNA damage. Mol. Cancer 12, 131 (2013).

43. Hart, J.R., Roberts, T.C., Weinberg, M.S., Morris, K.V. & Vogt, P.K. MYC regulates 
the non-coding transcriptome. Oncotarget 5, 12543–12554 (2014).

44. Kim, T. et al. Role of MYC-regulated long noncoding RNAs in cell cycle regulation 
and tumorigenesis. J. Natl. Cancer Inst. 107, dju505 (2015).

45. Louro, R. et al. Androgen responsive intronic non-coding RNAs. BMC Biol.  
5, 4 (2007).

46. Wang, L.G. et al. Androgen receptor overexpression in prostate cancer linked to 
Pur alpha loss from a novel repressor complex. Cancer Res. 68, 2678–2688 
(2008).

47. Takayama, K. et al. Androgen-responsive long noncoding RNA CTBP1-AS promotes 
prostate cancer. EMBO J. 32, 1665–1680 (2013).

48. Chakravarty, D. et al. The oestrogen receptor α-regulated lncRNA NEAT1 is a 
critical modulator of prostate cancer. Nat. Commun. 5, 5383 (2014).

49. Guttman, M. et al. lincRNAs act in the circuitry controlling pluripotency and 
differentiation. Nature 477, 295–300 (2011).

50. Bennett, C.F. & Swayze, E.E. RNA targeting therapeutics: molecular mechanisms 
of antisense oligonucleotides as a therapeutic platform. Annu. Rev. Pharmacol. 
Toxicol. 50, 259–293 (2010).

51. Kole, R., Krainer, A.R. & Altman, S. RNA therapeutics: beyond RNA interference 
and antisense oligonucleotides. Nat. Rev. Drug Discov. 11, 125–140 (2012).

52. Miller, J.C. et al. An improved zinc-finger nuclease architecture for highly specific 
genome editing. Nat. Biotechnol. 25, 778–785 (2007).

53. Zhang, F. et al. Efficient construction of sequence-specific TAL effectors for 
modulating mammalian transcription. Nat. Biotechnol. 29, 149–153 (2011).

54. Wiedenheft, B., Sternberg, S.H. & Doudna, J.A. RNA-guided genetic silencing 
systems in bacteria and archaea. Nature 482, 331–338 (2012).

55. Ho, T.T. et al. Targeting non-coding RNAs with the CRISPR/Cas9 system in human 
cell lines. Nucleic Acids Res. 43, e17 (2015).

56. Han, J. et al. Efficient in vivo deletion of a large imprinted lncRNA by CRISPR/
Cas9. RNA Biol. 11, 829–835 (2014).

57. Eißmann, M. et al. Loss of the abundant nuclear non-coding RNA MALAT1 is 
compatible with life and development. RNA Biol. 9, 1076–1087 (2012).

58. Xiang, J.F. et al. Human colorectal cancer-specific CCAT1-L lncRNA regulates long-
range chromatin interactions at the MYC locus. Cell Res. 24, 513–531 (2014).

59. Konermann, S. et al. Genome-scale transcriptional activation by an engineered 
CRISPR-Cas9 complex. Nature 517, 583–588 (2015).

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.nature.com/doifinder/10.1038/nm.3981
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html
http://www.nature.com/doifinder/10.1038/nature14666


r e v i e w 

nature medicine  VOLUME 21 | NUMBER 11 | NOVEMBER 2015 1261

60. Gutschner, T. & Diederichs, S. The hallmarks of cancer: a long non-coding RNA 
point of view. RNA Biol. 9, 703–719 (2012).

61. Yang, G., Lu, X. & Yuan, L. LncRNA: a link between RNA and cancer. Biochim. 
Biophys. Acta 1839, 1097–1109 (2014).

62. Keniry, A. et al. The H19 lincRNA is a developmental reservoir of miR-675 that 
suppresses growth and Igf1r. Nat. Cell Biol. 14, 659–665 (2012).

63. Yang, F. et al. Repression of the long noncoding RNA-LET by histone deacetylase 
3 contributes to hypoxia-mediated metastasis. Mol. Cell 49, 1083–1096 (2013).

64. Li, L. & Chang, H.Y. Physiological roles of long noncoding RNAs: insight from 
knockout mice. Trends Cell Biol. 24, 594–602 (2014).

65. Sauvageau, M. et al. Multiple knockout mouse models reveal lincRNAs are 
required for life and brain development. Elife 2, e01749 (2013).

66. Grote, P. et al. The tissue-specific lncRNA Fendrr is an essential regulator of heart 
and body wall development in the mouse. Dev. Cell 24, 206–214 (2013).

67. Yildirim, E. et al. Xist RNA is a potent suppressor of hematologic cancer in mice. 
Cell 152, 727–742 (2013).

68. Necsulea, A. et al. The evolution of lncRNA repertoires and expression patterns 
in tetrapods. Nature 505, 635–640 (2014).

69. Derrien, T. et al. The GENCODE v7 catalog of human long noncoding RNAs: 
analysis of their gene structure, evolution, and expression. Genome Res. 22, 
1775–1789 (2012).

70. Ulitsky, I., Shkumatava, A., Jan, C.H., Sive, H. & Bartel, D.P. Conserved function 
of lincRNAs in vertebrate embryonic development despite rapid sequence 
evolution. Cell 147, 1537–1550 (2011).

71. Ulitsky, I. & Bartel, D.P. lincRNAs: genomics, evolution, and mechanisms.  
Cell 154, 26–46 (2013).

72. Bejerano, G. et al. Ultraconserved elements in the human genome. Science 304, 
1321–1325 (2004).

73. Calin, G.A. et al. Ultraconserved regions encoding ncRNAs are altered in human 
leukemias and carcinomas. Cancer Cell 12, 215–229 (2007).

74. Schorderet, P. & Duboule, D. Structural and functional differences in the long 
non-coding RNA hotair in mouse and human. PLoS Genet. 7, e1002071 
(2011).

75. Rinn, J.L. et al. Functional demarcation of active and silent chromatin domains 
in human HOX loci by noncoding RNAs. Cell 129, 1311–1323 (2007).

76. Li, L. et al. Targeted disruption of Hotair leads to homeotic transformation and 
gene derepression. Cell Rep. 5, 3–12 (2013).

77. Zhang, B. et al. The lncRNA Malat1 is dispensable for mouse development but 
its transcription plays a cis-regulatory role in the adult. Cell Rep. 2, 111–123 
(2012).

78. Nakagawa, S., Naganuma, T., Shioi, G. & Hirose, T. Paraspeckles are subpopulation-
specific nuclear bodies that are not essential in mice. J. Cell Biol. 193, 31–39 
(2011).

79. Nakagawa, S. et al. The lncRNA Neat1 is required for corpus luteum formation 
and the establishment of pregnancy in a subpopulation of mice. Development 
141, 4618–4627 (2014).

80. Trimarchi, T. et al. Genome-wide mapping and characterization of Notch-regulated 
long noncoding RNAs in acute leukemia. Cell 158, 593–606 (2014).

81. Léveillé, N. et al. Genome-wide profiling of p53-regulated enhancer RNAs 
uncovers a subset of enhancers controlled by a lncRNA. Nat. Commun. 6, 6520 
(2015).

82. Zhou, Y. et al. Activation of p53 by MEG3 non-coding RNA. J. Biol. Chem. 282, 
24731–24742 (2007).

83. Winkle, M. et al. Long noncoding RNAs as a novel component of the Myc 
transcriptional network. FASEB J. 29, 2338–2346 (2015).

84. Jia, L. et al. Functional enhancers at the gene-poor 8q24 cancer-linked locus. 
PLoS Genet. 5, e1000597 (2009).

85. Sur, I., Tuupanen, S., Whitington, T., Aaltonen, L.A. & Taipale, J. Lessons from 
functional analysis of genome-wide association studies. Cancer Res. 73,  
4180–4184 (2013).

86. Ling, H. et al. CCAT2, a novel noncoding RNA mapping to 8q24, underlies 
metastatic progression and chromosomal instability in colon cancer. Genome Res. 
23, 1446–1461 (2013).

87. Kim, T. et al. Long-range interaction and correlation between MYC enhancer and 
oncogenic long noncoding RNA CARLo-5. Proc. Natl. Acad. Sci. USA 111, 
4173–4178 (2014).

88. Tseng, Y.Y. et al. PVT1 dependence in cancer with MYC copy-number increase. 
Nature 512, 82–86 (2014).

89. Prensner, J.R. et al. Transcriptome sequencing across a prostate cancer cohort 
identifies PCAT-1, an unannotated lincRNA implicated in disease progression. 
Nat. Biotechnol. 29, 742–749 (2011).

90. Prensner, J.R. et al. PCAT-1, a long noncoding RNA, regulates BRCA2 and controls 
homologous recombination in cancer. Cancer Res. 74, 1651–1660 (2014).

91. Prensner, J.R. et al. The long non-coding RNA PCAT-1 promotes prostate cancer 
cell proliferation through cMyc. Neoplasia 16, 900–908 (2014).

92. Prensner, J.R. et al. The IncRNAs PCGEM1 and PRNCR1 are not implicated in 
castration resistant prostate cancer. Oncotarget 5, 1434–1438 (2014).

93. Dawson, M.A. & Kouzarides, T. Cancer epigenetics: from mechanism to therapy. 
Cell 150, 12–27 (2012).

94. Marchese, F.P. & Huarte, M. Long non-coding RNAs and chromatin modifiers: 
Their place in the epigenetic code. Epigenetics 9, 21–26 (2014).

95. Guttman, M. & Rinn, J.L. Modular regulatory principles of large non-coding RNAs. 
Nature 482, 339–346 (2012).

96. Khalil, A.M. et al. Many human large intergenic noncoding RNAs associate with 
chromatin-modifying complexes and affect gene expression. Proc. Natl. Acad. Sci. 
USA 106, 11667–11672 (2009).

97. Zhang, J., Zhang, P., Wang, L., Piao, H.L. & Ma, L. Long non-coding RNA HOTAIR 
in carcinogenesis and metastasis. Acta Biochim. Biophys. Sin. (Shanghai) 46, 
1–5 (2014).

98. Tsai, M.C. et al. Long noncoding RNA as modular scaffold of histone modification 
complexes. Science 329, 689–693 (2010).

99. Zhang, E.B. et al. P53-regulated long non-coding RNA TUG1 affects cell 
proliferation in human non-small cell lung cancer, partly through epigenetically 
regulating HOXB7 expression. Cell Death Dis. 5, e1243 (2014).

100. Davidovich, C., Zheng, L., Goodrich, K.J. & Cech, T.R. Promiscuous RNA binding by 
Polycomb repressive complex 2. Nat. Struct. Mol. Biol. 20, 1250–1257 (2013).

101. Prensner, J.R. et al. The long noncoding RNA SCHLAP1 promotes aggressive 
prostate cancer and antagonizes the SWI/SNF complex. Nat. Genet. 45,  
1392–1398 (2013).

102. Mourtada-Maarabouni, M., Pickard, M.R., Hedge, V.L., Farzaneh, F. & Williams, 
G.T. GAS5, a non-protein-coding RNA, controls apoptosis and is downregulated 
in breast cancer. Oncogene 28, 195–208 (2009).

103. Kino, T., Hurt, D.E., Ichijo, T., Nader, N. & Chrousos, G.P. Noncoding RNA gas5 
is a growth arrest- and starvation-associated repressor of the glucocorticoid 
receptor. Sci. Signal. 3, ra8 (2010).

104. Lee, J.T. & Bartolomei, M.S. X-inactivation, imprinting, and long noncoding RNAs 
in health and disease. Cell 152, 1308–1323 (2013).

105. Yoon, J.H. et al. LincRNA-p21 suppresses target mRNA translation. Mol. Cell 47, 
648–655 (2012).

106. Godinho, M., Meijer, D., Setyono-Han, B., Dorssers, L.C. & van Agthoven, T. 
Characterization of BCAR4, a novel oncogene causing endocrine resistance in 
human breast cancer cells. J. Cell. Physiol. 226, 1741–1749 (2011).

107. Xing, Z. et al. lncRNA directs cooperative epigenetic regulation downstream of 
chemokine signals. Cell 159, 1110–1125 (2014).

108. Beltran, M. et al. A natural antisense transcript regulates Zeb2/Sip1 gene 
expression during Snail1-induced epithelial-mesenchymal transition. Genes Dev. 
22, 756–769 (2008).

109. Salmena, L., Poliseno, L., Tay, Y., Kats, L. & Pandolfi, P.P. A ceRNA hypothesis: 
the Rosetta Stone of a hidden RNA language? Cell 146, 353–358 (2011).

110. Cesana, M. et al. A long noncoding RNA controls muscle differentiation by 
functioning as a competing endogenous RNA. Cell 147, 358–369 (2011).

111. Poliseno, L. et al. A coding-independent function of gene and pseudogene mRNAs 
regulates tumour biology. Nature 465, 1033–1038 (2010).

112. Memczak, S. et al. Circular RNAs are a large class of animal RNAs with regulatory 
potency. Nature 495, 333–338 (2013).

113. Hansen, T.B. et al. Natural RNA circles function as efficient microRNA sponges. 
Nature 495, 384–388 (2013).

114. Poliseno, L. et al. Deletion of PTENP1 pseudogene in human melanoma. J. Invest. 
Dermatol. 131, 2497–2500 (2011).

115. Cabili, M.N. et al. Integrative annotation of human large intergenic noncoding 
RNAs reveals global properties and specific subclasses. Genes Dev. 25,  
1915–1927 (2011).

116. Panzitt, K. et al. Characterization of HULC, a novel gene with striking up-regulation 
in hepatocellular carcinoma, as noncoding RNA. Gastroenterology 132, 330–342 
(2007).

117. Record, M., Subra, C., Silvente-Poirot, S. & Poirot, M. Exosomes as intercellular 
signalosomes and pharmacological effectors. Biochem. Pharmacol. 81,  
1171–1182 (2011).

118. Donner, A. A platform for RNA. SciBX 6 doi:10.1038/scibx.2013.1151 (24 October 
2013).

119. Meng, L. et al. Towards a therapy for Angelman syndrome by targeting a long 
non-coding RNA. Nature 518, 409–412 (2015).

120. Ling, H., Fabbri, M. & Calin, G.A. MicroRNAs and other non-coding RNAs as 
targets for anticancer drug development. Nat. Rev. Drug Discov. 12, 847–865 
(2013).

121. Mizrahi, A. et al. Development of targeted therapy for ovarian cancer mediated 
by a plasmid expressing diphtheria toxin under the control of H19 regulatory 
sequences. J. Transl. Med. 7, 69 (2009).

122. Jiang, J. et al. Translating dosage compensation to trisomy 21. Nature 500, 
296–300 (2013).

123. Chu, C., Qu, K., Zhong, F.L., Artandi, S.E. & Chang, H.Y. Genomic maps of long 
noncoding RNA occupancy reveal principles of RNA-chromatin interactions.  
Mol. Cell 44, 667–678 (2011).

124. Simon, M.D. et al. The genomic binding sites of a noncoding RNA. Proc. Natl. 
Acad. Sci. USA 108, 20497–20502 (2011).

125. Engreitz, J.M. et al. The Xist lncRNA exploits three-dimensional genome architecture 
to spread across the X chromosome. Science 341, 1237973 (2013).

126. McHugh, C.A., Russell, P. & Guttman, M. Methods for comprehensive experimental 
identification of RNA-protein interactions. Genome Biol. 15, 203 (2014).

127. Hezroni, H. et al. Principles of long noncoding RNA evolution derived from direct 
comparison of transcriptomes in 17 species. Cell Rep. 11, 1110–1122 (2015).

128. Zhou, Y., Zhang, X. & Klibanski, A. MEG3 noncoding RNA: a tumor suppressor. 
J. Mol. Endocrinol. 48, R45–R53 (2012).

129. Wilusz, J.E., Freier, S.M. & Spector, D.L. 3′ end processing of a long nuclear-
retained noncoding RNA yields a tRNA-like cytoplasmic RNA. Cell 135, 919–932 
(2008).

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.nature.com/doifinder/10.1038/scibx.2013.1151

	The emerging role of lncRNAs in cancer
	Identifying lncRNAs in cancer
	Alteration of lncRNA expression in cancer cells.
	Association of lncRNAs with genetic alterations and single nucleotide polymorphisms.

	Functional analysis of lncRNAs in cancer
	In silico predictions of lncRNA functions in cancer.
	Loss-of-function and gain-of-function lncRNA studies.
	Animal models for the study of lncRNAs.

	Roles of lncRNAs in cancer
	Tumor suppressor and oncogenic lncRNAs.
	LncRNAs and trans- and cis-gene regulation in cancer.
	Post-transcriptional regulation by lncRNAs.

	lncRNA-based diagnostics and therapies
	Future directions
	Acknowledgments
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 Identification and characterization of lncRNAs with roles in cancer.
	Figure 2 LncRNAs are part of the c-MYC oncogenic and p53 tumor suppressor networks.
	Figure 3 Diverse mechanisms of cancer-related lncRNAs.
	Table 1  Examples of lncRNAs with tumor-suppressor or oncogenic function (see Supplementary Table 1)


	Button 2: 
	Page 1: Off



