
Review

The Emergence of lncRNAs in Cancer Biology
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intRoduction

A central question in biology has been, Which regions of 
the human genome constitute its functional elements: those 
expressed as genes or those serving as regulatory elements? 
In the 1970s and 1980s, early cloning-based methods re-
vealed more than 7,000 human genes (1), but in the 1990s 
large-scale analyses of expressed sequence tags suggested that 
the number of human genes was in the range of 35,000 to 
100,000 (2). The completion of the Human Genome Project 
narrowed the focus considerably by highlighting the surpris-
ingly small number of protein-coding genes, which is now 
conventionally cited as <25,000 (3).

While the number of protein-coding genes (20,000–25,000) 
has maintained broad consensus, recent studies of the human 
transcriptome have revealed an astounding number of noncod-
ing RNAs (ncRNA). These transcribed elements, which lack the 
capacity to code for a protein, are bafflingly abundant in all or-
ganisms studied to date, from yeast to humans (4–6). Yet, over 
the past decade, numerous studies have shown that ncRNAs 
have distinct biologic functions and operate through defined 
mechanisms. Still, their sheer abundance—some reports es-
timate that up to 70% of the human genome is transcribed 
into RNA (4)—has sparked debates as to whether ncRNA 

transcription reflects true biology or by-products of a leaky 
transcriptional system. Encompassed within these studies are 
the broad questions of what constitutes a human gene, what 
distinguishes a gene from a region that is simply transcribed, 
and how we interpret the biologic meaning of transcription.
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The discovery of numerous noncoding RNA (ncRNA) transcripts in species from 

yeast to mammals has dramatically altered our understanding of cell biology, 

especially the biology of diseases such as cancer. In humans, the identification of abundant long 

ncRNA (lncRNA) >200 bp has catalyzed their characterization as critical components of cancer 

biology. Recently, roles for lncRNAs as drivers of tumor suppressive and oncogenic functions have 

appeared in prevalent cancer types, such as breast and prostate cancer. In this review, we highlight 

the emerging impact of ncRNAs in cancer research, with a particular focus on the mechanisms and 

functions of lncRNAs.

Significance: lncRNAs represent the leading edge of cancer research. Their identity, function, and 

dysregulation in cancer are only beginning to be understood, and recent data suggest that they may 

serve as master drivers of carcinogenesis. Increased research on these RNAs will lead to a greater un-

derstanding of cancer cell function and may lead to novel clinical applications in oncology. Cancer 

Discovery; 1(5):391–407. ©2011 AACR.

AbstRAct

defining lncRnAs As 
distinct tRAnscRipts

Currently, lncRNAs are emerging as a fundamen-

tal aspect of biology. However, recent estimates 

that up to 70% of the human genome may be tran-

scribed have complicated the interpretation of the 

act of transcription. Although some have argued that 

many of the transcribed RNAs may reflect a “leaky” 

transcriptional system in mammalian cells, lncRNAs 

have largely avoided these controversies due to their 

strongly defined identity. We have indicated several 

common features of lncRNAs that confirm their bio-

logic robustness:

• Epigenetic marks consistent with a transcribed 
gene (H3K4me3 at the gene promoter, H3K36me3 
throughout the gene body)

• Transcription via RNA polymerase II

• Polyadenylation

• Frequent splicing of multiple exons via canonical 
genomic splice site motifs

• Regulation by well-established transcription factors

• Frequent expression in a tissue-specific manner
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ncRnA: A new Kind of gene
ncRNAs are RNA transcripts that do not encode for a pro-

tein. In the past decade, a great diversity of ncRNAs has been 
observed. Depending on the type of ncRNA, transcription 
can occur by any of the three RNA polymerases (RNA Pol 
I, RNA Pol II, or RNA Pol III). General conventions divide 
ncRNAs into two main categories: small ncRNAs <200 bp 
and lncRNAs >200 bp (10). Within these two categories, 
there are also many individual classes of ncRNAs (Table 1), 
although the degree of biologic and experimental support for 
each class varies substantially and, therefore, classes should 
be evaluated individually.

These developments have been matched by equally insight-
ful discoveries analyzing the role of ncRNAs in human dis-
eases, especially cancer, lending support to the importance of 
their cellular functions (7, 8). Initial evidence suggests that 
ncRNAs, particularly long ncRNAs (lncRNA), have essential 
roles in tumorigenesis (7), and that lncRNA-mediated biology 
occupies a central place in cancer progression (9). With the 
number of well-characterized cancer-associated lncRNAs grow-
ing, the study of lncRNAs in cancer is now generating new hy-
potheses about the biology of cancer cells. Here, we review the 
current understanding of ncRNAs in cancer, with particular 
focus on lncRNAs as novel drivers of tumorigenesis.

table 1. Types of ncRNAs known in humans

  Quality of Specific role in Aberration 

Category Name supporting data carcinogenesis in cancer Reference

Housekeeping RNAs Transfer RNAs High No No 10, 11

 Ribosomal RNAs High No No 10, 11

 Small nucleolar RNAs High No No 10, 11

 Small nuclear RNAs High No No 10, 11

Small ncRNAs (,200 bp MicroRNAs High Yes Amplification,  

in size)    deletion, methylation,  12, 13

    gene expression

 Tiny transcription initiation RNAs High Not known Not known 11

 Repeat-associated small High Not known Not known 11

 interfering RNAs

 Promoter-associated short RNAs High Not known Not known 4, 6, 11

 Termini-associated short RNAs High Not known Not known 4, 6, 11

 Antisense termini-associated High Not known Not known 6, 10

 short RNAs 

 Transcription start site Moderate Not known Not known 10

 antisense RNAs

 Retrotransposon-derived RNAs High Not known Not known 15

 3’UTR-derived RNAs Moderate Not known Not known 10

 Splice-site RNAs Poor Not known Not known 11

Long ncRNAs (. 200 bp Long or large intergenic ncRNAs High Yes Gene expression,  79, 25, 101

in size)    translocation

 Transcribed ultraconserved High Yes Gene expression 18, 19

 regions

 Pseudogenes High Yes Gene expression,  15, 81

    deletion

 Enhancer RNAs High Yes Not known 17, 29

 Repeat-associated ncRNAs High Not known Not known 15

 Long intronic ncRNAs Moderate Not known Not known 10, 11

 Antisense RNAs High Yes Gene expression 14

 Promoter-associated long RNAs Moderate Not known Not known 4

 Long stress-induced Moderate Yes Gene expression 10, 11

 noncoding transcripts 
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Long ncRNAs

Recent observations of novel long ncRNA species have led 
to the establishment of a complex set of terms and terminolo-
gies used to describe a given long ncRNA. These include anti-
sense RNAs, which are transcribed on the opposite strand from 
a protein-coding gene and frequently overlap that gene (14); 
transcribed ultraconserved regions (T-UCR), which originate in 
regions of the genome showing remarkable conservation across 
species; and ncRNAs derived from intronic transcription.

Although many RNA species are >200 bp long, such as re-
peat or pseudogene-derived transcripts (15), the abbreviated 
term lncRNA (also referred to as lincRNA, for long intergenic 
ncRNA) does not uniformly apply to all of these (Box 1). 
Although the nomenclature is still evolving, lncRNA typically 
refers to a polyadenylated long ncRNA that is transcribed by 
RNA polymerase II and associated with epigenetic signatures 
common to protein-coding genes, such as trimethylation of 
histone 3 lysine 4 (H3K4me3) at the transcriptional start site 
(TSS) and trimethylation of histone 3 lysine 36 (H3K36me3) 
throughout the gene body (16). This description also suits 
many T-UCRs and some antisense RNAs, and the overlap 
between these categories may be substantial. lncRNAs also 
commonly exhibit splicing of multiple exons into a ma-
ture transcript, as do many antisense RNAs, but not RNAs 

Small ncRNAs

The diversity of small ncRNAs has perhaps grown the most; 
several dozen classes of small ncRNAs have been proposed (10, 
11). These include well-characterized housekeeping ncRNAs 
(transfer RNA and some ribosomal RNA) essential for funda-
mental aspects of cell biology; splicing RNAs (small nuclear 
RNA); and a variety of recently observed RNAs associated with 
protein-coding gene transcription, such as tiny transcription-
initiation RNAs, promoter-associated short RNAs, termini-
associated short RNAs, 39 untranslated region (UTR)–derived 
RNAs, and antisense termini-associated short RNAs (10).

To date, the most extensively studied small RNAs in can-
cer are microRNAs (miRNA). Elegant studies over the past 
15 years have defined an intricate mechanistic basis for 
miRNA-mediated silencing of target gene expression through 
the RNA-induced silencing complex (RISC), which employs 
Argonaute family proteins (such as AGO2) to cleave target 
mRNA transcripts or inhibit the translation of that mRNA 
(Fig. 1A) (12). Aberrant expression patterns of miRNAs in can-
cer have been well documented in most tumor types (Fig. 1B), 
and detailed work from many laboratories has shown that 
numerous miRNAs, including miR-10b, let-7, miR-101, and 
the miR-15a-16-1 cluster, possess oncogenic or tumor sup-
pressive functions (Fig. 1C) (12, 13).

cMYC

HMGA2

RAS

HOXD10 RHOCRHOC

Normal Cancer

Normal Cancer

HMGA2

RAS

cMYC

miR-10b

let-7

HOXD10
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miR-10b

figure 1.  miRNA-mediated pathways in cancer. A, miRNA transcription usually occurs by RNA polymerase II, generating a primary pri-miRNA transcript. 
The pri-miRNA is processed by DROSHA and cleaved by DICER to generate a mature miRNA, which then associates with Argonaute family proteins in RISC to 
achieve gene expression control. B, in cancer, aberrant miRNA expression levels can lead to either the repression of tumor suppressors (typically when miRNA 
levels are upregulated) or derepression of oncogenes (typically when miRNA levels are downregulated). The colored triangles indicate different miRNA 
binding sites in the 39 UTR of a protein-coding mRNA. C, two examples of aberrant miRNA signaling in cancer are let-7, which is downregulated in cancer and 
regulates oncogenes such as cMYC, and miR-10b, which is upregulated in cancer metastases and indirectly upregulates RHOC. CDS, coding sequence.
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observed that many lncRNAs show tissue-specific expression, 
researchers speculate that the human genome may harbor 
nearly as many lncRNAs as protein-coding genes (perhaps 

~15,000 lncRNA), although only a fraction are expressed in 
a given cell type.

Long ncRnAs in cAnceR

Emerging evidence suggests that lncRNAs consti-
tute an important component of tumor biology (Table 2). 
Dysregulated expression of lncRNAs in cancer marks the 
spectrum of disease progression (9) and may serve as an inde-
pendent predictor for patient outcomes (28). Mechanistically, 
most well-characterized lncRNAs to date show a functional 
role in gene expression regulation, typically transcriptional 
rather than posttranscriptional regulation. This can occur by 
targeting either genomically local (cis-regulation) or genomi-
cally distant (trans-regulation) genes. Recently, a new type of 
long ncRNAs at gene enhancers, termed eRNAs, have also 
been implicated in transcriptional regulation (29).

cis-Regulatory lncRNAs

By recruiting histone modification complexes to specific ar-
eas of the genome, cis-regulation by lncRNAs contributes to 
local control of gene expression (Fig. 2). This effect either can 
be highly specific to a particular gene, such as the regulation of 
IGF2 by lncRNAs (30), or can encompass a wide chromosomal 
region, such as X-chromosome inactivation in women through 
XIST. Historically, cis-regulation through lncRNAs was studied 
earlier than trans-regulation, because several cis-regulatory 
lncRNAs, including H19, AIR, KCNQ1OT1, and XIST, were ear-
lier discoveries (20, 21, 31). Several cis-regulatory lncRNAs, in-
cluding H19, AIR, and KCNQ1OT1, are also functionally related 
through their involvement in epigenetic imprinting regions.

Imprinting lncRNAs

The involvement of lncRNA in imprinted regions of the 
genome is critical for maintaining parent-of-origin-specific 
gene expression. In particular, an imprinted region of human 
chromosome 11 (orthologous to mouse chromosome 7) has 

transcribed from gene enhancers [enhancer RNAs (eRNA)] 
or T-UCRs (17,19). Transcription of lncRNAs occurs from 
an independent gene promoter and is not coupled to the 
transcription of a nearby or associated parental gene, as with 
some classes of ncRNAs (promoter/termini-associated RNAs, 
intronic ncRNAs) (10). In this review, we use the term ln-
cRNA in this manner. When the data are supportive, we in-
clude specific T-UCRs and antisense RNAs under the lncRNA 
umbrella term, and we distinguish other long ncRNAs, such 
as eRNAs, where appropriate.

Identification of Long ncRNAs

Many initial lncRNAs, such as XIST and H19, were dis-
covered in the 1980s and 1990s by searching cDNA libraries 
for clones of interest (20, 21). In these studies, the intention 
was generally to identify new genes important in a particular 
biologic process—X chromosome inactivation in the example 
of XIST—by studying their expression patterns. At the time, 
most of the genes discovered were protein coding, and this 
tended to be the assumption, with a few exceptions, such as 
XIST, which were subsequently determined to be noncoding 
as a secondary observation (20).

In the past decade, however, large-scale analyses have fo-
cused on comprehensively identifying ncRNA species. This 
paradigm shift has been mediated by dramatic advances in 
high-throughput technologies, including DNA tiling arrays 
and next-generation RNA sequencing (RNA-Seq) (9, 22–25). 
These platforms provide systems with which RNA transcrip-
tion can be observed in an unbiased manner and have thereby 
highlighted the pervasive transcription of ncRNAs in cell bi-
ology (Box 2). Moreover, whereas conventional cDNA micro-
arrays detected only the transcripts represented by probes on 
the array, the introduction and popularization of RNA-Seq as 
a standard tool in transcriptome studies has removed many 
barriers to detecting all forms of RNA transcripts (9, 26). 
RNA-Seq studies now suggest that several thousand unchar-
acterized lncRNAs are present in any given cell type (9, 16), 
and elegant, large-scale analyses of lncRNAs in stem cells sug-
gest that lncRNAs may be an integral component of lineage 
specificity and stem cell biology (27). Because it has been 

discoveRY And vALidAtion of noveL tRAnscRipts

With the advent of high-throughput technologies, more and more ncRNA species are being discovered and 

characterized in mammalian systems. In this way, advancing technological achievements have dramatically 

affected the field of ncRNA research, in large part due to the ability to detect and monitor ncRNA expression 

in a global and unbiased manner. However, because the processing and interpretation of high-throughput data 

can be challenging, extensive validation by wet-lab assays is still an important part of confirming initial nomi-

nations. The following are the most commonly used methods to discover and validate ncRNAs. 

Discovery methods Validation methods

DNA tiling arrays PCR

RNA-sequencing (RNA-Seq) Immunohistochemistry

Custom microarrays Northern blot

 Rapid amplification of cDNA ends (RACE)
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Together, these data support a general role for H19 in cancer, 
although its precise biologic contributions are still unclear.

Other imprinting-associated lncRNAs are only tangentially 
associated with cancer. Although loss of imprinting is ob-
served in many tumors, the role for lncRNAs in this pro-
cess is not well defined. For example, Beckwith-Wiedemann 
syndrome (BWS), a disorder of abnormal development with 
an increased risk of cancer, displays aberrant imprinting 
patterns of KCNQ1OT1 (32, 37), but a direct association or 
causal role for KCNQ1OT1 in cancer is not described (37). 
Conversely, aberrant H19 methylation in BWS seems to pre-
dispose to cancer development more strongly (37).

XIST

XIST, perhaps the most well-studied lncRNA, is transcribed 
from the inactivated X chromosome in order to facilitate 
that chromosome’s inactivation and manifests as multiple 

been extensively studied for the role of lncRNAs. In humans, 
most well known are the H19 and KCNQ1OT1 lncRNAs (21, 
31), which are expressed on the maternal and paternal alleles, 
respectively, and maintain silencing of the IGF2 and KCNQ1 
genes on those alleles (Fig. 2A) (32).

Of the imprinting-associated ncRNAs, H19 has been the 
most extensively studied in cancer. Aberrant expression of H19 
is observed in numerous solid tumors, including hepatocel-
lular and bladder cancer (30, 33). The functional data on H19 
point in several directions, and this lncRNA has been linked 
to both oncogenic and tumor suppressive qualities (34). For 
example, there is evidence for its direct activation by cMYC (35) 
as well as its downregulation by p53 and during prolonged 
cell proliferation (36). In model systems, siRNA knockdown of 
H19 expression impaired cell growth and clonogenicity in lung 
cancer cell lines in vitro (35) and decreased xenograft tumor 
growth of Hep3B hepatocellular carcinoma cells in vivo (30). 

table 2. Examples of IncRNAs in cancer

IncRNA Function Cancer type Cancer phenotype Molecular interactors Reference

HULC Biomarker Hepatocellular Not known Unknown 10

PCA3 Biomarker Prostate Not known Unknown 82, 83

ANRIL/p15AS Oncogenic Prostate, leukemia Suppression of Binds PRC1 46–48, 68

   sensescence and PRC2

   via INK4A 

HOTAIR Oncogenic Breast, hepatocellular Promotes metastasis Binds PRC2 and LSD1 28, 55, 56

MALAT1/NEAT2 Oncogenic Lung, prostate,  Unclear Contributory to nuclear 76–79

  breast, colon  paraspeckle function 

PCAT-1 Oncogenic Prostate Promotes cell proliferation; Unknown 9

   inhibits BRCA2 

PCGEM1 Oncogenic Prostate Inhibits apopotosis;  Unknown 7, 10

   promotes cell proliferation 

TUC338 Oncogenic Hepatocellular Promotes cell proliferation Unknown 19

   and colony formation 

uc.73a Oncogenic Leukemia Inhibits apoptosis;  Unknown 18

   promotes cell proliferation 

H19 Oncogenic;  Breast, hepatocellular Promotes cell growth and Unknown 30, 34–36

 tumor suppressive  proliferation; activated by

   cMYC; downregulated by

   prolonged cell proliferation 

GAS5 Tumor suppressive Breast Induces apoptosis and Binds GR 57, 58

   growth arrest; prevents

   GR-induced gene expression 

linc-p21 Tumor suppressive Mouse models of lung, Mediates p53 signaling; Binds hnRNP-k 73

  sarcoma, lymphoma induces apoptosis 

MEG3 Tumor suppressive Meningioma, hepatocellular,  Mediates p53 signaling;  Unknown 69–72

  leukemia, pituitary inhibits cell proliferation 

PTENP1 Tumor suppressive Prostate, colon Binds PTEN-suppressing Unknown 81

   miRNAs 

Abbreviations: GR, glucocorticoid receptor; PCR1, polycomb repressive complex 1; PRC2, polycomb repressive complex 2.
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abnormalities observed in some breast cancers. In addition, 
there have been surprising accounts of aberrant XIST regu-
lation in other cancers, including lymphoma and male tes-
ticular germ-cell tumors, in which XIST hypomethylation is, 
unexpectedly, a biomarker (45). However, it remains unclear 
whether these observations reflect a passenger or driver sta-
tus for XIST, because a well-defined function for XIST in can-
cer has yet to attain a broad consensus.

ANRIL

Located on Ch9p21 in the INK4A/ARF tumor suppres-
sor locus, ANRIL was initially described by examining the 

isoforms (38, 39). On the active X allele, XIST is repressed 
by its antisense partner ncRNA, TSIX (39). XIST contains a 
double-hairpin RNA motif in the RepA domain, located in 
the first exon, which is crucial for its ability to bind polycomb 
repressive complex 2 (PRC2) and propagate epigenetic silenc-
ing of an individual X chromosome (Fig. 2B) (40).

Despite the body of research on XIST, a precise role for 
XIST in cancer has remained elusive (41). Some evidence ini-
tially suggested a role for XIST in hereditary BRCA1-deficient 
breast cancers (42, 43); data indicated that BRCA1 was not 
required for XIST function in these cells (44). It has also been 
reasoned that XIST may be implicated in the X chromosome 

figure 2.  Gene expression regulation by lncRNAs. 
A and B, cis-regulation of gene expression results in local 
control of genes neighboring, or on the same chromosome 
as, lncRNA transcription. A, H19 and KCNQ1OT1 are 
imprinted lncRNAs on chromosome 11 associated with 
allele-specific expression of IGF2 and KCNQ1. B, XIST 
transcription facilitates inactivation of an individual  
X chromosome in women by recruiting PRC2. C and D, 
trans-regulation of gene expression results in control of 
genomically distant genes. C, HOTAIR is transcribed from 
the HoxC cluster on chromosome 12 but represses the  
HoxD locus via PRC2-mediated epigenetic modifications.  
D, PCAT-1 is transcribed from chromosome 8 but 
regulates target genes such as BRCA2, CENPE, 
and CENPF, thereby impacting cell proliferation. E, The 
GAS5 lncRNA binds GR and sequesters it, preventing 
upregulation of GR-target genes across the genome.  
The blue lines represent the GAS5 transcript.
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HOTTIP also suggest a potential role for lncRNAs in MLL-
rearranged leukemias.

trans-Regulatory lncRNAs

Like most cis-acting lncRNAs, trans-acting lncRNAs typi-
cally facilitate epigenetic regulation of gene expression. 
However, because trans-acting lncRNAs may operate at geo-
graphically distant locations of the genome, it is generally 
thought that the mature lncRNA transcript is the primary ac-
tor in these cases, as opposed to cis-regulating lncRNAs such 
as H19, AIR, and KCNQ1OT1, which may function through 
the act of transcription itself (34, 53, 54).

HOTAIR

The characterization of HOTAIR led to the widespread at-
tention to trans-regulatory lncRNAs. First described in fibro-
blasts, HOTAIR is located in the HoxC cluster, but unlike 
HOTTIP and HOTAIRM1, HOTAIR was found to regulate 
HoxD cluster genes in a trans-regulatory mechanism (Fig. 2C) 
(55). These observations raise the question, Are all Hox clus-
ters regulated by lncRNAs, either by a cis-regulatory or by a 
trans-regulatory mechanism?

In cancer, HOTAIR is upregulated in breast and hepatocel-
lular carcinomas (10), and in breast cancer overexpression of 
HOTAIR is an independent predictor of overall survival and 
progression-free survival (28). Work by Howard Chang and 
colleagues has further defined a compelling mechanistic ba-
sis for HOTAIR in cancer. HOTAIR has two main functional 
domains, a PRC2-binding domain located at the 59 end of the 
RNA, and an LSD1/CoREST1-binding domain located at the 
39 end of the RNA (55, 56). In this way, HOTAIR is thought 
to operate as a tether that links two repressive protein com-
plexes in order to coordinate their functions. In breast cancer, 
HOTAIR overexpression facilitates aberrant PRC2 function 
by increasing PRC2 recruitment to the genomic positions 
of target genes. By doing so, HOTAIR mediates the epigen-
etic repression of PRC2 target genes, and profiling of repres-
sive (H3K27me3) and active (H3K4me3) chromatin marks 
shows widespread changes in chromatin structure following 
HOTAIR knockdown (28).

Furthermore, HOTAIR dysregulation results in a phenotype 
in both in vitro and in vivo models. Ectopic overexpression of 
HOTAIR in breast cancer cell lines increases their invasiveness 
both in vitro and in vivo. Supporting these findings, in benign 
immortalized breast cells overexpressing EZH2, a core com-
ponent of PRC2, knockdown of HOTAIR mitigated EZH2-
induced invasion in vitro (28). Taken together, these data 
provide the most thorough picture of an lncRNA in cancer.

PCAT-1

Using RNA-Seq (i.e., transcriptome sequencing) on a large 
panel of tissue samples, our laboratory recently described ap-
proximately 1,800 lncRNAs expressed in prostate tissue, in-
cluding 121 lncRNAs that are transcriptionally dysregulated 
in prostate cancer (9). These 121 prostate cancer–associated 
transcripts (PCAT) may represent an unbiased list of poten-
tially functional lncRNAs associated with prostate cancer. 
Among these, we focused on PCAT-1, a 1.9-kb polyadenylated 
lncRNA comprising two exons and located in the Chr8q24 
gene desert (9).

deletion of this region in hereditary neural system tumors, 
which predispose for hereditary cutaneous malignant mel-
anoma (46). ANRIL was subsequently defined as a polyad-
enylated lncRNA antisense to the CDKN2A and CDKN2B 
genes. In vitro data have suggested that ANRIL functions to 
repress the INK4A/INK4B isoforms (47), but not ARF. This 
repression is mediated through direct binding to CBX7 (47), 
a member of PRC1, and SUZ12 (48), a member of PRC2, 
which apply repressive histone modifications to the locus. 
However, these data are from studies done in different cell 
types, and it is not known whether ANRIL binds both com-
plexes simultaneously.

ANRIL also displays a highly complicated splicing pattern, 
with numerous variants, including circular RNA isoforms 
(49). Currently, it is unclear whether these isoforms have tis-
sue-specific expression patterns or unique functions, which 
may suggest a biologic basis for this variation. Through ge-
nome-wide association studies (GWAS), ANRIL has also been 
identified by single-nucleotide polymorphisms (SNP) corre-
lated with a higher risk of atherosclerosis and coronary artery 
disease (50), and ANRIL expression has been noted in many 
tissues. The function and isoform-level expression of ANRIL 
in these tissue types is not yet elucidated but may shed light 
on its role in diverse disease processes.

HOTTIP and HOTAIRM1

An intriguing theme emerging in developmental biol-
ogy is the regulation of HOX gene expression by lncRNAs. 
Highly conserved among metazoan species, HOX genes are 
responsible for determining tissue patterning and early de-
velopment, and in humans HOX genes reside in four ge-
nomic clusters. Within these clusters, HOX genes display 
intriguing anterior-posterior and proximal-distal expres-
sion patterns that mirror their genomic position 59 to 39 in 
the gene cluster.

Two recently discovered lncRNAs, termed HOTTIP and 
HOTAIRM1, may help to explain this colinear patterning of 
HOX gene expression. HOTTIP and HOTAIRM1 are located at 
opposite ends of the HoxA cluster, and each helps to enhance 
gene expression of the neighboring HoxA genes (51, 52). 
HOTAIRM1, located at the 39 end, coordinates HOXA1 expres-
sion and has tissue-specific expression patterns identical to 
those of HOXA1 (51). HOTTIP, by contrast, is at the 59 end of 
the cluster and similarly enhances expression of the 59 HoxA 
genes, most prominently HOXA13 (52). Mechanistic studies 
of HOTTIP suggest that it binds WDR5 and recruits the MLL 
H3K4 histone methyltransferase complex to the HoxA cluster 
to support active chromatin confirmation (52). These obser-
vations distinguish HOTTIP and HOTAIRM1, because most 
lncRNAs to date facilitate gene repression.

Although HOTAIRM1 and HOTTIP have not been exten-
sively studied in cancer, expression of these lncRNAs may 
have important roles in the differentiation status of cancer 
cells. For example, differentiation of myeloid cancer cell lines, 
such as K562 and NB4, by treatment with small-molecule 
drugs led to an increase in HOTAIRM1 expression, implicat-
ing it in myeloid differentiation (51). Moreover, HoxA genes 
are broadly known to be important for many cancers, par-
ticularly HOXA9, which is essential for oncogenesis in leuke-
mias harboring MLL rearrangements. Thus, HOTAIRM1 and 
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T-UCRs

Ultraconserved regions in the genome were initially de-
scribed as stretches of sequence >200 bp long with 100% 
conservation between humans and rodents but harboring 
no known gene (59). Because high levels of sequence conser-
vation are hallmarks of exonic sequences in protein-coding 
genes, ultraconserved regions strongly suggest the pres-
ence of either a gene or a regulatory region, such as an en-
hancer. Subsequently, numerous ultraconserved sequences 
were found to be transcriptionally active, defining a class of 
T-UCRs as ncRNAs (18). Many transcripts from T-UCRs are 
polyadenylated and associated with H3K4me3 at their TSSs, 
indicating that many are likely lncRNAs according to our 
definition (60).

Aberrant expression of T-UCRs has been noted in several 
cancer types, including neuroblastoma (60), leukemia (18), 
and hepatocellular carcinoma (19). Most notably, one T-UCR 
gene, termed TUC338, has been shown to promote both cell 
proliferation and anchorage-independent growth in hepa-
tocellular carcinoma cell lines (19), and TUC338 transcript 
is localized to the nucleus, suggesting a role in regulation 
of expression (19). Calin and colleagues (18) further showed 
that T-UCRs are targets for miRNAs. While T-UCRs remain 
poorly characterized as a whole, further exploration of the 
role and mechanism of these ncRNAs will likely elucidate 
novel aspects of tumor biology.

functions And MecHAnisMs  
of Long ncRnAs

Like protein-coding genes, there is considerable variability 
in the function of long ncRNAs, yet clear themes in the data 
suggest that many long ncRNAs contribute to associated bio-
logic processes. These processes typically relate to transcrip-
tional regulation or mRNA processing, which is reminiscent 
of miRNAs and may indicate a similar sequence-based mech-
anism akin to miRNA binding to seed sequences on target 
mRNAs. However, unlike miRNAs, long ncRNAs show a wide 
spectrum of biologic contexts that show greater complexity 
to their functions.

Epigenetic Transcriptional Regulation

The most dominant function explored in lncRNA stud-
ies relates to epigenetic regulation of target genes. This typi-
cally results in transcriptional repression, and many lncRNAs 
were first characterized by their repressive functions, includ-
ing ANRIL, HOTAIR, H19, KCNQ1OT1, and XIST (10, 47, 55). 
These lncRNAs achieve their repressive function by coupling 
with histone-modifying or chromatin-remodeling protein 
complexes.

The most common protein partners of lncRNAs are the 
PRC1 and PRC2 polycomb repressive complexes. These com-
plexes transfer repressive posttranslational modifications to 
specific amino acid positions on histone tail proteins, thereby 
facilitating chromatin compaction and heterochromatin for-
mation in order to enact repression of gene transcription. 
PRC1 may comprise numerous proteins, including BMI1, 
RING1, RING2, and Chromobox (CBX) proteins, which act 
as a multiprotein complex to ubiquitinate histone H2A at 

PCAT-1 shows tissue-specific expression and is selectively 
upregulated only in prostate cancer. Interestingly, PCAT-1, 
unlike HOTAIR, is repressed by PRC2, and PCAT-1 overex-
pression may define a molecular subtype of prostate that 
is not coordinated by PRC2 (9). In vitro and in vivo experi-
ments showed that PCAT-1 supports cancer cell prolifera-
tion (J.R. Prensner and A.M. Chinnaiyan; unpublished data). 
Like HOTAIR, PCAT-1 functions predominantly as a tran-
scriptional repressor by facilitating trans-regulation of genes 
preferentially involved in mitosis and cell division, includ-
ing known tumor suppressor genes such as BRCA2 (Fig. 2D). 
Intriguingly, because loss of BRCA2 function is known to in-
crease cell sensitivity to small-molecule inhibitors of PARP1, 
these data may suggest that PCAT-1 may impact cellular re-
sponse to these drugs as well.

The discovery of PCAT-1 highlights the power of unbiased 
transcriptome studies to explore a rich set of lncRNAs associ-
ated with cancer. Although PCAT-1 is the first cancer lncRNA 
to be discovered by this method, we anticipate that many ad-
ditional studies will use this approach.

GAS5

GAS5, first identified in murine NIH-3T3 cells, is a mature, 
spliced lncRNA manifesting as multiple isoforms up to 12 ex-
ons in size (57). Using HeLa cells engineered to express GAS5, 
Kino and colleagues (57) recently described an intriguing 
mechanism by which GAS5 modulates cell survival and me-
tabolism by antagonizing the glucocorticoid receptor (GR). 
The 3∙ end of GAS5 both interacts with the GR DNA-binding 
domain and is sufficient to repress GR-induced genes, such 
as cIAP2, when cells are stimulated with dexamethasone. By 
binding to the GR, GAS5 serves as a decoy that prevents GR 
binding to target DNA sequences (Fig. 2E) (57).

In cancer, GAS5 induces apoptosis and suppresses cell pro-
liferation when overexpressed in breast cancer cell lines, and 
in human breast tumors GAS5 expression is downregulated 
(58). Although it is unclear whether this phenotype is due to 
an interaction with GR, it is intriguing that GAS5 may also be 
able to suppress signaling by other hormone receptors, such 
as androgen receptor (AR), although this effect has not been 
seen with estrogen receptor (ER) (57).

Other Long ncRNAs

eRNAs

eRNAs are transcribed by RNA polymerase II at active gene 
enhancers (17). However, unlike lncRNAs, they are not poly-
adenylated and are marked by an H3K4me1 histone signature 
denoting enhancer regions (17) rather than the H3K4me3/
H3K36me3 signature classically associated with lncRNAs. 
Although research on eRNAs is still in the earliest phases, an 
emerging role for them in hormone signaling is already being 
explored. Nuclear hormone receptors, such as AR and ER, 
are critical regulators of numerous cell growth pathways and 
are important in large subsets of prostate (AR), breast (ER), 
and thyroid (PPAR) cancers. To date, eRNAs have been most 
directly implicated in prostate cancer, in which they assist in 
AR-driven signaling and are maintained by FOXA1, a tran-
scription factor that mediates cell lineage gene expression in 
several cell types (29).
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protein complexes, such as ANRIL (binding PRC1 and PRC2) 
and HOTAIR (binding PRC2 and LSD1/CoREST) (Fig. 3A).

Enhancer-Associated Long ncRNAs

In addition to facilitating epigenetic changes that impact 
gene transcription, emerging evidence suggests that some 
ncRNAs contribute to gene regulation by influencing the 
activity of gene enhancers. For example, HOTTIP is impli-
cated in chromosomal looping of active enhancers to the 
distal HoxA locus (52), but knockdown and overexpression 
of HOTTIP is not sufficient to alter chromosomal confir-
mations (52). There is also a report of local enhancer-like 
ncRNAs that typically lack the H3K4me1 enhancer histone 
signature but possess H3K4me3 and function to potentiate 
neighbor gene transcription in a manner independent of se-
quence orientation (67).

A major recent development has been the discovery of 
eRNAs, which are critical for the proper coordination of 
enhancer genomic loci with gene expression regulation. 
Although the mechanism of their action is still unclear, in 
prostate cancer cells, induction of AR signaling increased 
eRNA synthesis at AR-regulated gene enhancers, suggesting 
that eRNAs facilitate active transcription on induction of a 
signaling pathway (29). Using chromatin conformation as-
says, Wang and colleagues (29) showed that eRNAs are also 
important for the establishment of enhancer-promoter ge-
nomic proximity by chromosomal looping. Moreover, eRNAs 
work in conjunction with cell lineage specific transcription 
factors, such as FOXA1 in prostate cells, thereby creating a 
highly specialized enhancer network to regulate transcription 
of genes in individual cell types (Fig. 3B) (29). Future work 
in this area will likely provide insight into signaling mecha-
nisms important in cancer.

Modulating Tumor Suppressor Activity

The role of many lncRNAs as transcriptional repressors 
lends itself to inquiry as a mechanism for suppression of 
tumor suppressor genes. Here, one particular hot spot is the 
chromosome 9p21 locus, harboring the tumor suppressor 
genes CDKN2A and CDKN2B, which give rise to multiple 
unique isoforms, such as p14, p15, and p16, and function as 
inhibitors of oncogenic cyclin-dependent kinases. Expression 
of this region is affected by several repressive ncRNAs, such as 
ANRIL (Fig. 3C, top) and the p15-Antisense RNA, the latter 
of which also mediates heterochromatin formation through 
repressive histone modifications and has been observed in 
leukemias (47, 68).

Several lncRNAs are implicated in the regulation of p53 
tumor suppressor signaling. MEG3, a maternally expressed 
imprinted lncRNA on Chr14q32, has been shown to ac-
tivate p53 and facilitate p53 signaling, including the en-
hancement of p53 binding to target gene promoters (69). 
MEG3 has also been linked to p53 signaling in meningi-
oma (70), and MEG3 overexpression suppresses cell prolif-
eration in meningioma and hepatocellular carcinoma cell 
lines (70, 71). In human tumors, MEG3 downregulation is 
widely noted, with frequent hypermethylation of its pro-
moter observed in pituitary tumors (10) and leukemias 
(72). Taken together, these data implicate MEG3 as a puta-
tive tumor suppressor.

lysine 119 (61). PRC2 is classically composed of EED, SUZ12, 
and EZH2, the latter of which is a histone methyltransferase 
enzymatic subunit that trimethylates histone 3 lysine 27 (61). 
Both EZH2 and BMI1 are upregulated in numerous common 
solid tumors, leading to tumor progression and aggressive-
ness (13, 61).

Indeed, ANRIL, HOTAIR, H19, KCNQ1OT1, and XIST have 
all been linked to the PRC2 complex, and in all except H19, 
direct binding has been observed between PRC2 proteins and 
the ncRNA itself (40, 48, 55, 62, 63). Binding of lncRNAs 
to PRC2 proteins, however, is common and observed for 
ncRNAs, such as PCAT-1, which do not seem to function 
through a PRC2-mediated mechanism. It is estimated that 
nearly 20% of all lncRNAs may bind PRC2 (64), although 
the biologic meaning of this observation remains unclear. 
It is possible that PRC2 promiscuously binds lncRNAs in a 
nonspecific manner. However, if lncRNAs are functioning in 
a predominantly cis-regulatory mechanism—such as ANRIL, 
KCNQ1OT1, and XIST—then numerous lncRNAs may bind 
PRC2 to facilitate local gene expression control through-
out the genome. Relatedly, studies of PRC2-ncRNA-binding 
properties have shown a putative PRC2-binding motif that 
includes a GC-rich double hairpin, indicating a structural 
basis for PRC2-ncRNA binding in many cases (40).

Similarly, PRC1 proteins, particularly CBX proteins, have 
been implicated in ncRNA-based biology. For example, 
ANRIL binds CBX7 in addition to PRC2 proteins, and this 
interaction with CBX7 recruits PRC1 to the INK4A/ARF lo-
cus to mediate transcriptional silencing (47). More broadly, 
work with mouse polycomb proteins showed that treatment 
with RNase abolished CBX7 binding to heterochromatin on 
a global level, supporting the notion that ncRNAs are critical 
for PRC1 genomic recruitment (65). 

While PRC1 and PRC2 are perhaps the most notable part-
ners of lncRNAs, numerous other epigenetic complexes are 
implicated in ncRNA-mediated gene regulation. For example, 
the 39 domain of HOTAIR contains a binding site for the 
LSD1/CoREST, a histone deacetylase complex that facilitates 
gene repression by chromatin remodeling (Fig. 3A) (56). AIR 
is similarly reported to interact with G9a, an H3K9 histone 
methyltransferase (66). KCNQ1OT1 has been shown to inter-
act with PRC2 (63), G9a (63), and DNMT1, which methyl-
ates CpG dinucleotides in the genome. More rarely, lncRNAs 
have been observed in the activation of epigenetic complexes. 
In a recent example, HOTTIP interacted with WDR5 to me-
diate recruitment of the MLL histone methyltransferase to 
the distal HoxA locus (52). MLL transfers methyl groups to 
H3K4me3, thereby generating open chromatin structures 
that promote gene transcription.

In some cases, the mere act of lncRNA transcription is criti-
cal for the recruitment of protein complexes. Studies on H19, 
KCNQ1OT1, and AIR suggest that transcriptional elongation 
of these genes is an important component of their function 
(34, 53, 54). By contrast, other lncRNAs, including HOTTIP 
as well as many trans-regulatory lncRNAs, do not show this 
relationship (52). For these lncRNAs, biologic function may 
be centrally linked to their role as flexible scaffolds. In this 
model, lncRNAs serve as tethers that rope together multiple 
protein complexes through a loose arrangement. Supporting 
this model are the multiple lncRNAs found to bind multiple 
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Regulation of mRNA Processing and Translation

While many lncRNAs operate by regulating gene tran-
scription, posttranscriptional processing of mRNAs is also 
critical to gene expression. A primary actor in these pro-
cesses is the nuclear paraspeckle, a subcellular compart-
ment found in the interchromatin space within a nucleus 
and characterized by PSP1 protein granules (74). Although 
nuclear paraspeckle functions are not fully elucidated, this 
structure is known to be involved in a variety of posttran-
scriptional activities, including splicing and RNA editing 
(74). Paraspeckles are postulated to serve as storage sites for 
mRNA prior to its export to the cytoplasm for translation, 

A recently described murine lncRNA located near the p21 
gene, termed linc-p21, has also emerged as a promising p53-
pathway gene. In murine lung, sarcoma, and lymphoma tu-
mors, linc-p21 expression is induced on activation of p53 
signaling and represses p53 target genes through a physical 
interaction with hnRNP-K, a protein that binds the promot-
ers of genes involved in p53 signaling (Fig. 3C, bottom) (73). 
linc-p21 is further required for proper apoptotic induction (73). 
These data highlight linc-p21 as a candidate tumor suppressor 
gene. However, due to sequence differences among species, it 
is currently unclear whether the human homolog of linc-p21 
plays a similarly important role in human tumor development.

figure 3.  Mechanisms of lncRNA function. A, lncRNAs, such as HOTAIR, may serve as a scaffolding base for the coordination of epigenetic or 
histone-modifying complexes, including Polycomb repressive complexes and LSD1/CoREST. B, eRNAs transcribed from gene enhancers may 
facilitate hormone signaling by cooperating with lineage-specific complexes such as FOXA1 and AR. C, lncRNAs may directly affect tumor 
suppressor signaling either by transcriptional regulation of tumor suppressor genes through epigenetic silencing (e.g., ANRIL, top) or by mediating 
activation of tumor suppressor target genes (e.g., linc-p21, bottom). D, the MALAT1 lncRNA may be an integral component of the nuclear 
paraspeckle and may contribute to posttranscriptional processing of mRNAs. E, gene expression regulation may occur through direct lncRNA-mRNA 
interactions that arise from hybridization of homologous sequences and can serve as a signal for STAU1-mediated degradation of the mRNA. 
F, RNA molecules, including mRNAs, pseudogenes, and ncRNAs, can serve as molecular sponges for miRNAs. This generates an environment of 
competitive binding of miRNAs to achieve gene expression control based on the degree of miRNA binding to each transcript. The colored triangles 
represent different miRNA binding sites in a transcript. CDS, coding sequence.
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iMpLicAtions of ncRnAs foR 
cAnceR MAnAgeMent

lncRNA Diagnostic Biomarkers

For clinical medicine, lncRNAs offer several possible ben-
efits. lncRNAs, such as PCAT-1, commonly show restricted 
tissue-specific and cancer-specific expression patterns (9). 
This tissue-specific expression distinguishes lncRNAs from 
miRNAs and protein-coding mRNAs, which are frequently 
expressed from multiple tissue types. Although the underly-
ing mechanism for lncRNA tissue specificity is unclear, re-
cent studies of chromatin confirmation show tissue-specific 
patterns, which may affect ncRNA transcription (29, 52). 
Given this specificity, ncRNAs may be superior biomarkers to 
many current protein-coding biomarkers, both for tissue-of-
origin tests and for cancer diagnostics.

A prominent example is PCA3, an lncRNA that is a prostate-
specific gene and markedly overexpressed in prostate cancer. 
Although the biologic function of PCA3 is unclear, its utility as 
a biomarker has led to the development of a clinical PCA3 di-
agnostic assay for prostate cancer, and this test is already being 
clinically used (82, 83). In this test, PCA3 transcript is detected 
in urine samples from patients with prostate cancer, which 
contain prostate cancer cells shed into and passed through the 
urethra. Thus, monitoring PCA3 does not require invasive pro-
cedures (Fig. 4A) (82). The PCA3 test represents the most effec-
tive clinical translation of a cancer-associated ncRNA gene, and 
the rapid timeline of this development—only 10 years between 
its initial description and a clinical test—suggests that the use 
of ncRNAs in clinical medicine is only beginning. Noninvasive 
detection of other aberrantly expressed lncRNAs, such as 
upregulation of HULC, which occurs in hepatocellular carci-
nomas, has also been observed in patient blood sera (10); how-
ever, other lncRNA-based diagnostics have not been developed 
for widespread use.

lncRNA-Based Therapies

The transition from ncRNA-based diagnostics to ncRNA-
based therapies is also showing initial signs of development. 
Although the implementation of therapies targeting ncRNAs 
is still remote for clinical oncology, experimental therapeutics 
employing RNA interference (RNAi) to target mRNAs have been 
tested in mice, cynomolgus monkeys, and humans (84), as part 
of a phase I clinical trial for patients with advanced cancer (Fig. 
4B). Davis and colleagues (84) found that systemic administra-
tion of RNAi-based therapy was able to localize effectively to hu-
man tumors and reduce expression of its target gene mRNA and 
protein. Currently, ongoing clinical trials are further evaluating 
the safety and efficacy of RNAi-based therapeutics in patients 
with a variety of diseases, including cancer (85), and these ap-
proaches could be adapted to target lncRNA transcripts.

Other studies investigate an intriguing approach that em-
ploys modular assembly of small molecules to adapt to ab-
errant RNA secondary structure motifs in disease (86). This 
approach could potentially target aberrant ncRNAs, mutant 
mRNAs, as well as nucleotide triplet-repeat expansions seen 
in several neurologic diseases (such as Huntington disease). 
However, most RNA-based research remains in the early stages 
of development, and the potential for RNAi therapies target-
ing lncRNAs in cancer is still far from use in oncology clinics.

and one study discovered a paraspeckle-retained, polyade-
nylated nuclear ncRNA, termed CTN-RNA, that is a counter-
part to the protein-coding murine CAT2 (mCAT2) gene (75). 
CTN-RNA is longer than mCAT2, and under stress condi-
tions, cleavage of CTN-RNA to the mCAT2 coding transcript 
resulted in increased mCAT2 protein (75).

In cancer, two ncRNAs involved in mRNA splicing and 
nuclear paraspeckle function, MALAT1 and NEAT1, are over-
expressed. MALAT1 and NEAT1 are genomic neighbors on 
Chr11q13 and both are thought to contribute to gene expres-
sion by regulating mRNA splicing, editing, and export (Fig. 
3D) (76, 77). MALAT1 may further serve as a precursor to a 
small 61-bp ncRNA that is generated by RNase P cleavage of 
the primary MALAT1 transcript and exported into the cyto-
plasm (78). Although a unique role for MALAT1 in cancer is 
not yet known, its overexpression in lung cancer predicts for 
aggressive, metastatic disease (79).

Regulatory RNA-RNA Interactions

Recent work on mechanisms of RNA regulation has high-
lighted a novel role for RNA-RNA interactions between 
ncRNAs and mRNA sequences. These interactions are con-
ceptually akin to miRNA regulation of mRNAs, because 
sequence homology between the ncRNA and the mRNA is 
important to the regulatory process.

This sequence homology may be derived from ances-
tral repeat elements that contribute sequence to either the 
untranslated sequences of a protein-coding gene or, less 
frequently, the coding region itself. For example, STAU1-
mediated mRNA decay involves the binding of STAU1, an 
RNA degradation protein, to protein-coding mRNAs that 
interact with lncRNAs containing ancestral Alu repeats. In 
this model, sequence repeats, typically Alus, in lncRNAs and 
mRNAs partially hybridize, forming double-stranded RNA 
complexes that then recruit STAU1 to implement RNA deg-
radation (Fig. 3E) (80). A related concept is found with XIST, 
which contains a conserved repeat sequence, termed RepA, 
in its first exon. RepA is essential for XIST function, and 
the RepA sequence is necessary to recruit PRC2 proteins for 
X-chromosome inactivation (40).

Poliseno and colleagues (81) recently posited another 
model for mRNA regulation in which they suggested that 
transcribed pseudogenes serve as a decoy for miRNAs that 
target the protein-coding mRNA transcripts of their cog-
nate genes. Sequestration of miRNAs by the pseudogene 
then regulates the gene expression level of the protein-cod-
ing mRNA indirectly (Fig. 3F). In addition to pseudogenes, 
this model more broadly suggests that all long ncRNAs, 
as well as other protein-coding mRNAs, may function as 
molecular “sponges” that bind and sequester miRNAs in 
order to control gene expression indirectly. These research-
ers showed that pseudogenes of two cancer genes, PTEN 
and KRAS, may be biologically active, and that PTENP1, 
a pseudogene of PTEN that competes for miRNA binding 
sites with PTEN, itself functions as a tumor suppressor in in 
vitro assays and may be genomically lost in cancer (81). This 
intriguing hypothesis may shed new light on the functions 
of ncRNAs, pseudogenes, and even the untranslated regions 
of a protein-coding gene.
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represent an epidemiologic tool to assess patient populations 
with a high risk of prostate cancer.

Of the 14 genomic loci, the most prominent by far is the 
“gene desert” region upstream of the cMYC oncogene on 
chromosome 8q24, which harbors 10 of the 31 reproduc-
ible SNPs associated with prostate cancer (Fig. 4C). Several 
SNPs in the 8q24 region have been studied for their effect on 
enhancers (88), particularly for enhancers of cMYC (89), and 

lncRNAs in Genomic Epidemiology

In the past decade, GWASs have become a mainstream way 
to identify germline SNPs that may predispose to myriad hu-
man diseases. In prostate cancer, more than 20 GWASs have 
reported 31 SNPs with reproducible allele-frequency changes 
in patients with prostate cancer compared with those with-
out prostate cancer (87), and these 31 SNPs cluster into 14 
genomic loci (87). In principle, profiling of these SNPs could 

figure 4.  Clinical implications of lncRNAs. A, the PCA3 urine biomarker test for prostate cancer employs a noninvasive approach to disease 
diagnosis by collecting urine samples from patients, isolating nucleic acids from cells in the urine sediment, and quantifying PCA3 expression.
B, lncRNA-based therapies may target the lncRNA by utilizing either RNA interference (RNAi), which uses sequence homology between the lncRNA 
and the RNAi therapeutic molecule, or a small-molecule therapy that interacts with the lncRNA. These therapeutic avenues may be appropriate for 
systemic therapy by either intravenous or oral administration. C, GWASs may provide germline polymorphisms that predict an individual patient’s 
clinical risk for disease development, response to therapy, or disease aggressiveness, while also providing molecular information through the 
impact of polymorphisms on gene expression of key genes. CDS, coding sequence.
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Elucidating the Role of lncRNA Sequence 
Conservation

In general, most protein-coding exons are highly conserved 
and most lncRNAs are poorly conserved. This is not always 
true; T-UCRs are prime examples of conserved ncRNAs. 
However, the large majority of lncRNAs exhibit substantial 
sequence divergence among species, and lncRNAs that do 
show strong conservation frequently exhibit this conserva-
tion in only a limited region of the transcript, and not in the 
remainder of the gene.

This conundrum has sparked many hypotheses, many of 
which have merit. Small regions of conservation could indi-
cate functional domains of a given ncRNA, such as a bind-
ing site for proteins, miRNAs, mRNAs, or genomic DNA. 
Development of abundant ncRNA species could also suggest 
evolutionary advancement as species develop. In support of 
this latter proposition, many researchers have commented 
that complex mammalian genomes (such as the human ge-
nome) have a vastly increased noncoding DNA component 
of their genome compared with single-celled organisms and 
nematodes, whereas the complement of protein-coding genes 
varies less throughout evolutionary time (96).

For lncRNAs, the issue of sequence conservation is para-
mount. However, it is now well established that poorly con-
served lncRNAs can be biologically important, but it is unclear 
whether these lncRNAs represent species-specific evolutionary 
traits or whether functional homologs have simply not been 
found. For example, AIR was initially described in mice in the 
1980s, but a human homolog was not identified until 2008 (97).

Moreover, even lncRNAs with relatively high conservation, 
such as HOTAIR, may have species-specific function. Indeed, a 
study of murine HOTAIR (mHOTAIR) showed that mHOTAIR 
did not regulate the HoxD locus and did not recapitulate 
the functions observed in human cells (98). Other ncRNAs 
observed in mice, such as linc-p21, also show only limited se-
quence homology to their human forms and may have diver-
gent functions as well. This may support hypotheses of rapid 
evolution of lncRNAs during the course of mammalian devel-
opment. Additionally, this may suggest either that lncRNAs 
may have functions independent of conserved protein com-
plexes (which have comparatively static functions through-
out evolution) or that lncRNAs may adapt to cooperate with 
different protein complexes in different species.

Determining Somatic Alterations of lncRNAs  
in Cancer

To date, somatic mutation of lncRNAs in cancer is not 
well explored. Although numerous lncRNAs display altered 
expression levels in cancer, it is unclear to what extent cancers 
specifically target lncRNAs for genomic amplification/dele-
tion, somatic point mutations, or other targeted aberrations.

In several examples, data suggest that lncRNAs may be a 
target for somatic aberrations in cancer. For example, approx-
imately half of prostate cancers harbor gene fusions of the 
ETS family transcription factors (ERG, ETV1, ETV4, ETV5), 
which generally result in the translocation of an androgen-
regulated promoter to drive upregulation of the ETS gene 
(99). One patient was initially found to have an ETV1 trans-
location to an intergenic androgen-regulated region (100), 

chromosome looping studies have shown that many regions 
within 8q24 may physically interact with the genomic posi-
tion of the cMYC gene (90).

Recently, our identification of PCAT-1 as a novel chr8q24 
gene implicated in the pathogenesis of prostate cancer 
further highlights the importance and complexity of this 
region (Fig. 4C) (9). Although the relationship between 
PCAT-1 and the 8q24 SNPs is not clear at this time, this dis-
covery suggests that previously termed “gene deserts” may 
in fact harbor critical lncRNA genes, and that SNPs found 
in these regions may affect uncovered aspects of biology. 
Relatedly, GWAS analyses of atherosclerosis, coronary ar-
tery disease, and type 2 diabetes have all highlighted ANRIL 
on chr9p21 as an ncRNA gene harboring disease-associated 
SNPs (50).

Clinically, the use of GWAS data may identify patient pop-
ulations at risk of cancer and may stratify patient disease 
phenotypes, such as aggressive versus indolent cancer, and 
patient outcomes (91). SNP profiles may also be used to pre-
dict a patient’s response to a given therapy (92). As such, the 
clinical translation of GWAS data remains an area of interest 
for cancer epidemiology.

futuRe diRections

Defining the lncRNA Component of the  
Human Genome

Going forward, it is clear that the systematic identification 
and annotation of lncRNAs, as well as their expression pat-
terns in human tissues and disease, is important to clarifying 
the molecular biology underlying cancer. These efforts will be 
facilitated by large-scale RNA-Seq studies followed by ab initio 
or de novo sequence data assembly to discover lncRNAs in an 
unbiased manner (9, 26).

However, it is increasingly appreciated that a number 
of annotated but uncharacterized transcripts are impor-
tant lncRNAs; HOTTIP is one such example (52). Similarly, 
the STAU1-interacting lncRNAs described by Gong and 
colleagues (80) were also found by screening for anno-
tated transcripts that contained prominent Alu repeats. 
Although these examples were annotated as noncoding 
genes, it is also possible that other annotated genes, enu-
merated in early studies as protein-coding but not studied 
experimentally, are mislabeled ncRNA genes. These may 
include the generic “open-reading frame” (ORF) genes 
(such as LOCxxx or CxxORFxx genes) that have not been 
studied in detail.

Supporting this idea, Dinger et al. (93) recently argued 
that bioinformatically distinguishing between protein-
coding and noncoding genes can be difficult and that tra-
ditional computational methods for doing this may have 
been inadequate in many cases. For example, XIST was ini-
tially identified as a protein-coding gene because it has 
a potential, unused ORF of nearly 300 amino acids (94). 
Additional complications further include an increasing 
appreciation of mRNA transcripts that function both by 
encoding a protein and at the RNA level, which would sup-
port miRNA sequestration hypotheses posited by Poliseno 
and colleagues (81), and of very small ORFs (encoding pep-
tides <10 kDa) (95).
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by facilitating epigenetic repression of downstream target 
genes. Thus, lncRNAs represent a novel, poorly character-
ized layer of cancer biology. In the near term, clinical transla-
tion of lncRNAs may assist biomarker development in cancer 
types without robust and specific biomarkers, and in the fu-
ture, RNA-based therapies may be a viable option for clinical 
oncology.
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