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Long noncoding RNAs (IncRNAs) are a relatively poorly understood class of RNAs with little or no coding capacity
transcribed from a set of incompletely annotated genes. They have received considerable attention in the past
few years and are emerging as potentially important players in biological regulation. Here we discuss the
evolving understanding of this new class of molecular regulators that has emerged from ongoing research,
which continues to expand our databases of annotated IncRNAs and provide new insights into their physical
properties, molecular mechanisms of action, and biological functions. We outline the current strategies and
approaches that have been employed to identify and characterize IncRNAs, which have been instrumental in
revealing their multifaceted roles ranging from cis- to trans-regulation of gene expression and from epigenetic
modulation in the nucleus to posttranscriptional control in the cytoplasm. In addition, we highlight the mo-
lecular and biological functions of some of the best characterized IncRNAs in physiology and disease, especially
those relevant to endocrinology, reproduction, metabolism, immunology, neurobiology, muscle biology, and
cancer. Finally, we discuss the tremendous diagnostic and therapeutic potential of IncRNAs in cancer and other
diseases. (Endocrine Reviews 36: 25-64, 2015)

I. Introduction
II. Defining LncRNAs
A. An evolving definition of IncRNAs
B. A working definition of IncRNAs
II. Identifying and Cataloging LncRNAs
A. Identification of IncRNA transcripts: omics
approaches
B. Evaluation of coding potential
C. Gene-specific validations
D. Cataloging IncRNAs in public databases
IV. Functional Characterization of LncRNAs
A. Expression profiling across spatial and temporal
gradients

B. Coding-noncoding coexpression relationships:
guilt-by-association

C. A role for IncRNAs in the cis-regulation of gene
expression

D. Arole for IncRNAs in the trans-regulation of gene
expression

E. LncRNA-protein interactions drive molecular

outcomes in cis and frans gene regulation

F. Methods for the detection of IncRNA interaction
sites across the genome

G. Beyond the nucleus: a broader view of IncRNA
functions

ISSN Print 0163-769X
Printed in U.S.A.
Copyright © 2015 by the Endocrine Society

Received April 29, 2014. Accepted November 21, 2014.
First Published Online November 26, 2014

ISSN Online 1945-7189

doi: 10.1210/er.2014-1034

Endocrine Reviews, February 2015, 36(1):25-64

V. Lessons Learned From the Best-Characterized
LncRNAs
A. XIST
B. MALATI
C. HOTAIR

VI. The Biology of LncRNAs in Endocrine-Related
Systems
A. LncRNAs and hormonal signaling: regulators, co-

regulators, and modulators of steroid receptors

B. LncRNAs and reproduction: regulators of mam-

mary gland development

Abbreviations: AD, Alzheimer’s disease; agRNA, antigene RNA; ALC-1, atrial myosin light
chain 1; AR, androgen receptor; ceRNA, competing endogenous RNA; CHART, capture
hybridization analysis of RNA targets; ChiP-seq, chromatin immunoprecipitation sequenc-
ing; ChIRP, chromatin isolation by RNA purification; ciRNA, circular intronic long ncRNA;
circRNA, circular RNA; CoREST, RE1-silencing transcription factor corepressor 1; CPC,
coding potential calculator; CSF, codon substitution frequency; CTCF, CCCTC-binding
factor; DIx, distal-less homeobox; DMD, Duchenne muscular dystrophy; DNMT1, DNA
(cytosine-5)-methyltransferase 1; eRNA, enhancer RNA; ESC, embryonic stem cell; FSHD,
facioscapulohumeral muscular dystrophy; GABA, y-aminobutyric acid; GR, glucocorticoid
receptor; GRO-seq, global nuclear run-on sequencing; HD, Huntington's disease; hnRNP,
heterogeneous nuclear ribonucleoprotein; HuR, human antigen R; lincRNA, long inter-
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antisense purification; RIP, RNA immunoprecipitation; rRNA, ribosomal RNA; SCA, spino-
cerebellar ataxia; snoRNA, small nucleolar RNA; SRA, steroid receptor RNA activator;
STAU1, Staufen double-stranded RNA binding protein 1; TSS, transcription start site;
WDRS5, WD repeat-containing protein 5; XCl, X-chromosome inactivation.
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l. Introduction

enome-wide transcriptome analyses conducted over
G the past decade, including recent studies by the EN-
CODE (Encyclopedia of DNA Elements) Consortium,
have revealed that mammalian genomes are pervasively,
but not indiscriminately, transcribed, giving rise to a wide
variety of coding and noncoding RNA (ncRNA) tran-
scripts (1-3). The cellular repertoire of ncRNAs consists of
small housekeeping RNAs such as ribosomal RNAs
(rRNAs) and transfer RNAs, microRNAs, and long
ncRNAs (IncRNAs) including antisense RNAs and en-
hancer RNAs (eRNAs). The functions of many of these
ncRNAs are poorly understood, but interests in uncover-
ing their biological functions and molecular mechanisms
of action are intense. In this review, we focus on IncRNAs,
presenting the most current information on their discov-
ery, annotation, molecular actions, and biological func-
tions, especially as they relate to hormonal signaling
systems.

Figure 1.
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Figure 1. Molecular features of INcRNAs. LncRNAs are generally, but not exclusively, transcribed
by RNA Pol Il, spliced, 5’-capped (m7G), and 3’-polyadenylated (AAAAAA). By definition, they

have a mature length of >200 nt, and low or no coding potential.
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Il. Defining LncRNAs

LncRNAs, defined as non-protein-coding RNA tran-
scripts longer than 200 nucleotides (nt), are emerging as
key regulators of diverse cellular processes (4-12). To
date, a limited, but fast-growing number of IncRNAs have
been functionally characterized through gene-specific
studies. To further expand our understanding of
IncRNAs, rapid advancements in genomic methods and
analyses have spearheaded recent efforts in the large-scale
identification of IncRNAs across multiple biological sys-
tems. Nevertheless, accurate identification demands a

clear definition and sufficient knowledge of the features of
IncRNAs.

A. An evolving definition of IncRNAs

The definition of IncRNAs continues to evolve. A uni-
versal classification scheme does not exist, and there have
been various synonyms describing either very similar or
slightly differing IncRNA-like molecules, adding to the
confusion. The basic features are represented in the name
IncRNA: they are obligate ncRNAs and are relatively long
(>200nt) (4,7, 8,10, 13-17) (Figure 1). Some definitions
include an intergenic feature (ie, long intergenic ncRNA
[lincRNAs]; by definition, they do not overlap in any way
with annotated protein-coding transcription units) (9,
18-22) (Figure 2A).

1. Length

Although the current pool of known IncRNAs display a
wide range of transcript length (13), the lower bound for long
is somewhat arbitrarily set to be greater than 200 nt in an
attempt to facilitate distinction from most other well-char-
acterized groups of small ncRNA transcripts, such as rRNAs,
transfer RNAs, small nuclear RNAs, small nucleolar RNAs
(snoRNAs), and microRNAs. This length was chosen for
practical considerations as well, because this threshold al-
lows empirical separation of RNAs in
common experimental procedures.
The 200-nt cutoff, however, does not
make clear biological distinctions, cre-
ating potential gray areas in our
understanding.

Length

Mature RNA
Length > 200 nt
2. Coding potential

The absolute requirement for be-
ing noncoding also invites contro-
versy. Some studies have suggested
that ncRNAs may engage ribosomes
and produce small polypeptides
(23); others have suggested that
IncRNAs do not encode proteins
(24). Of course, a IncRNA may code
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Figure 2. Biogenesis of INcRNAs. A, LncRNAs can be intergenic or genic (approximately one-third
to one-half of INcRNAs overlap a protein-coding gene). Some intergenic INncRNAs are transcribed
divergently to a protein-coding gene. Genic IncRNAs can be further divided into those that
overlap a protein-coding gene in the sense vs antisense direction, and overlap exonic or intronic
regions of a protein-coding gene. B, Many IncRNAs are transcribed and processed like mRNAs,
whereas others originate from atypical processing of RNA transcripts. CircRNAs originate from
back-spliced exons, whereas ciRNAs originate from lariat introns that escape from debranching.
Sno-IncRNAs are processed on both ends by the snoRNA (sno) machinery, but retain the
sequences between the snoRNAs, leading to the production of IncRNAs flanked by snoRNA

sequences on either side, but lacking 5’-caps and 3’-polyadenosine tails.

for a polypeptide but also have coding-independent func-
tions, as shown for the steroid receptor RNA activator
(SRA), a well-characterized IncRNA involved in the nu-
clear receptor-mediated regulation of gene expression (de-
scribed in Section I1.A.1) (25). The SRA gene produces a
functional ncRNA as well as a protein-coding variant (26).
Therefore, instead of excluding any IncRNA-like tran-
scripts due to a potential to code for a polypeptide prod-
uct, a more reasonable approach may be to use a definition
of noncoding that focuses on a coding-independent func-
tional role of the untranslated RNA transcript. Thus, the
key feature is that a IncRNA must function as an RNA
transcript, whether or not it may also code for a
polypeptide.

Interestingly, recent studies in yeast, flies, and fish have
suggested that short polypeptides comprising a few to tens
of amino acids encoded by short open reading frames
(ORFs), like those found in mammalian IncRNAs, may

Exonic/Intronic

= s>

[ IncRNA Gene
[ mRNA Gene
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have cellular functions (27-34). For
example, the ELA (aka Toddler)
gene encodes a conserved hormone,
ELABELA, of 32 amino acids in ze-
brafish that acts through the G pro-
tein-coupled apelin receptor (29,
32). ELABELA, which is also ex-
pressed in human embryonic stem
cells (ESCs), appears at the onset of
zebrafish zygotic transcription and is

: E:?:n required for early cardiovascular de-
B Sno velopment (29). The extent to which
short polypeptides encoded by short
ORFs contribute to the function of
IncRNAs, however, has yet to be
sno-ncRNA determined.
—a

3. Transcription and processing
In many respects, IncRNAs re-
semble protein-coding mRNAs; they

Processing, with
retention of the
sequence between

the snoRNAs ]

o are generally, but not exclusively,
F?:I;(“::‘I?cit:g spliced, 5'-capped and 3'-polyade-
factors to nylated, and transcribed by RNA
alter splicing

polymerase I (PolII) (13,16, 18, 35,
36) (Figure 1). The results of a recent
study, however, suggest that tran-
scription is quantitatively different
for IncRNAs and mRNAs, with
transcription of the former being
controlled by a canonical DGCR8
(DiGeorge syndrome critical region
gene 8)-Dicer-microRNA pathway
that supports robust transcriptional
initiation and elongation (37). Pol II
is likely responsible for the transcrip-
tion of most IncRNA genes due to its higher processivity,
whereas RNA Pols I and IIT are generally limited to the
transcription of shorter housekeeping RNA transcripts.
The polyadenylation of IncRNAs is consistent with tran-
scription by Pol II, and it helps to stabilize the transcripts
to preserve their functional roles. Nonetheless, nonpoly-
adenylated, Pol II-transcribed, ncRNA transcripts, such
as BC200 (38) and asOct4-pg5 (39), have been identified.
Both are functional RNAs, playing roles in the regulation
of translation and chromatin structure respectively, and
are commonly referred to as IncRNAs in the literature.
Although BC200 is 200 nt long, barely fulfilling the min-
imum length requirement of IncRNAs, the actual length of
asOct4-pgS has not been evaluated and may be even
shorter than 200 nt. Thus, the notion that Pol T and Pol III
transcripts are too short to meet the length criterion of a
IncRNA may still hold true; BC200 may just be a rare
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exception that marginally escapes the arbitrary length
cutoff.

Some IncRNAs may originate from atypical processing
of RNA transcripts. Recent studies have identified circular
IncRNAs, including circular RNAs (circRNAs) originat-
ing from back-spliced exons (40-43) and circular intronic
long ncRNAs (ciRNAs) originating from lariat introns
that escape from debranching (44) (Figure 2B). CircRNAs
are thought to antagonize the actions of microRNAs,
whereas ciRNAs may act to regulate the RNA Pol I tran-
scription machinery. For example, the ciRNA ci-ankrdS52
accumulates at its own sites of transcription and positively
regulates Pol II transcription (44). The sno-IncRNAs rep-
resent another type of nuclear-enriched intron-derived
IncRNA (45). They are processed on both ends by the
snoRNA machinery, but retain the sequences between the
snoRNAs, leading to the production of IncRNAs flanked
by snoRNA sequences on either side, but lacking 5'-caps
and 3’-polyadenosine tails (45) (Figure 2B). As these ex-
amples illustrate, IncRNA biogenesis occurs through mul-
tiple distinct mechanisms, which may direct specific func-
tional outcomes.

4. Gene location and orientation

Historically, the focus has been on those IncRNAs en-
coded by genes that are well separated from genes encod-
ing known protein-coding transcripts (Figure 2A), hence
the name lincRNAs, as noted in Section I.A (9, 18-21).
Nonetheless, as discovered in the large-scale discovery ef-
forts noted in Section II1.A, genic IncRNAs are emerging
as a prevalent class, with approximately one-third to one-
half of IncRNAs overlapping protein-coding genes (13,
36,46) (Figure 2A). Genic IncRNAs can be further divided
into those that overlap protein-coding loci in the sense vs
antisense direction, and overlap exonic or intronic regions
of the protein-coding gene (Figure 2A). More specifically,
transcripts running on the opposite strand of protein loci
form an abundant class of IncRNAs often known as nat-
ural antisense transcripts (NATs) (47, 48). Although a
number of these NATSs have been demonstrated to play a
repressive role to regulate the expression of their sense
mRNAs (49-53), the functional consequences of these
distinctions associated with gene locations, at a global
level, are unclear.

5. Conservation and evolution

Although some IncRNAs are conserved across related
species, others lack strong evidence of conserved ho-
mologs (54). In fact, mammalian IncRNAs lack known
orthologs in species outside of vertebrates (9). In such
cases, positional and structural conservation may be more
important than sequence conservation, as was recently
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shown in a study comparing IncRNAs in zebrafish and
humans (55). Despite their rapid evolution, IncRNAs ex-
hibit detectable signatures of natural selection, although
these are weak (9). Tracking the evolutionary history of
IncRNA genes from ancient to more recent species may
provide information about the functions of the genes and
how they may have changed over time. For example, one
may be able to track across species the initial event of
spurious transcription that gives rise to the birth of a
IncRNA gene, which may gain, and perhaps subsequently
lose, coding potential over evolutionary time (9, 28, 56).

B. A Working Definition of LncRNAs

As illustrated here, questions remain regarding a uni-
fying definition for IncRNAs. The field, however, has
reached the point of having a solid working definition for
IncRNAs. For the purpose of convenience and simplicity
in identifying IncRNAs and distinguishing them from
other major classes of RNA transcripts, RNA molecules
longer than 200 nt and having little coding potential are
often classified as IncRNAs. They are very likely tran-
scribed by Pol II and, in many cases, are capped, spliced,
and polyadenylated.

I1l. Identifying and Cataloging LncRNAs

The earliest efforts to identify IncRNAs were mostly gene-
specific, starting with the discovery of a novel transcript
associated with a specific biological function and followed
by the surprising realization that the function of the tran-
script is independent of the production of a protein prod-
uct. More recently, significant advances in high-through-
put sequencing technology and bioinformatics have
revolutionized ncRNA discovery (Figure 3). Consistent
with the definition of IncRNAs, the general strategy in-
volves 2 major steps: 1) the identification of novel tran-
scripts that pass the 200-nt length threshold and 2) eval-
uation of their coding potential. The newly acquired
information has been consolidated into public databases,
thus feeding back into the discovery process to facilitate
identification of greater number of IncRNAs with higher
confidence.

A. Identification of IncRNA transcripts: omics approaches

A number of different groups and consortia have used
high-throughput sequencing technology and bioinformat-
ics to facilitate ncRNA discovery.

1. cDNA cloning
RIKEN’s FANTOM (Functional Annotation of the
Mammalian Genome) consortium pioneered the genome-
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Figure 3. Omics approaches for identifying and annotating INcRNAs. A, Primary IncRNA
transcripts are produced from IncRNA genes and are further processed to mature INcRNA
transcripts. B, A variety of omics approaches have been used to identify and annotate INcRNA
genes and transcripts, including ChiP-seq for histone modifications (H3K4me3, which marks
active promoters, and H3K36me3, which marks transcribed gene bodies), GRO-seq, RNA-seq,
and others, as illustrated. Abbreviations: TTS, transcription termination site; CAGE, cap analysis
of gene expression; RACE, rapid amplification of cDNA ends.

wide discovery of IncRNAs, publishing a set of 34 030
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their own bioinformatics methods to
map these transcripts to the mouse
genome, resulting in 102 281 ¢D-
NAs as the starting point of IncRNA
identification. To evaluate the cod-
ing potential of these cDNA tran-
scripts, they searched for the pres-
ence of 1) protein-domain-like
regions from Pfam (58) and SUPER-
FAMILY databases (59, 60) and 2)
transmembrane regions predicted by
the TMHMM program (61), coiled-
coil regions predicted by the NCOIL
program, and signal peptides pre-
dicted by the SignalP program (62).
The absence of such protein-do-
main-like regions and the lack of an
ORF longer than 100 amino acids
were used to annotate one-third of
the cDNA transcripts as IncRNAs.

2. Histone modification signatures
In 2009, Guttman and colleagues
(18) proposed a different strategy
that used global histone modifica-
tion signatures to identify novel
IncRNAs (Figure 3B). Using this ap-
proach, IncRNAs were defined as
polyadenylated Pol II transcripts
whose entire transcription units are
longer than 5 kb and are well sepa-
rated from known protein-coding
and microRNA genes (the lincRNA
definition provided in Section I1.A).
Using chromatin immunoprecipita-
tion followed by massively parallel
sequencing (ChIP-seq), the authors
generated genome-wide histone
modification maps, focusing on
those signatures associated with Pol
II transcription (ie, H3K4me3 at the
promoter and H3K4me36 along the
gene body), which served as markers
of transcription units genome-wide.
Polyadenylated exons were identi-
fied by microarray analyses with
polyadenylated RNA across a ran-
dom sample of 350 regions out of all
1675 transcription units identified.

polyadenylated IncRNAs from the mouse in 2005 (57).In ~ Due to a lack of splicing information, a conservative
addition, they isolated and cloned mouse full-length length cutoff of 5 kb was used to fulfill the length require-
cDNA libraries for 5'- and 3'-sequencing and developed  ment of >200 nt. Codon substitution frequency (CSF)
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(63), a measure of coding potential that examines evolu-
tionary signatures characteristic to alignments of con-
served coding regions, was evaluated for all intergenic
transcripts in all 3 reading frames to confirm that most of
the putative transcripts lack significant coding potential.
Using this approach, the authors were able to identify ap-
proximately 1600 putative IncRNAs across 4 mouse cell
types and about 3300 IncRNAs across 6 human cell types.
An additional study has shown that histone modification
signatures around transcription start sites may distinguish
functionally distinct classes of IncRNAs (64).

3. Identification of transcription units

Another approach that can be used to identify novel
ncRNAs is the identification of transcription units. Meth-
ods that detect the densities of elongating RNA poly-
merases along the genome, such as global nuclear run-on
sequencing (GRO-seq) (65, 66) or native elongating tran-
script sequencing (67), can be used to define the transcrip-
tion units and serve as the basis for transcript discovery
(Figure 3B). A modified version of GRO-seq that incor-
porates initial steps of rapid amplification of 5'-ends (68)
is useful in determining the exact transcription start sites
(TSSs) of all transcripts. Additional genome-wide meth-
ods that facilitate the determination of TSSs include new
cap-analysis gene expression (69) and TSS-seq (70, 71)
(Figure 3B). Gene identification signature and gene signa-
ture cloning ditag technologies, as shown in FANTOM3
(57), can be used for the identification of sequences cor-
responding to both the TSS and the transcription termi-
nation sites. A method known as polyadenosine position
profiling by sequencing (3P-Seq) can also be used to more
precisely determine the directionality and end position of
the polyadenylated transcription units (55, 72, 73) (Figure
3B). Nevertheless, although these methods delineate the
transcriptional landscape of potential IncRNA genes, in-
formation from RNA-seq will still be essential in elucidat-
ing the structure of the mature RNA transcripts contained
within the corresponding transcription units, which will in
turn reveal the exact reading frame, allowing subsequent
evaluation of coding potential.

4. Mature RNA structure

Characterization of the exon structure of IncRNAs has
been facilitated by the development of bioinformatics al-
gorithms that perform ab initio transcriptome reconstruc-
tion. Using programs such as Cufflinks (74, 75) or Scrip-
ture (19), entire transcriptomes of mammalian cells, and
of cells extracted from multiple organs and various spe-
cies, can be reconstructed using only RNA-seq reads and
the genome sequence. RNA-seq reads directly reflect the
position and structure of mature RNA transcripts (Figure
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3). Compared with histone modification signature-based
transcript determination, RNA-seq analysis gives a more
accurate measurement of the length of mature RNA tran-
scripts, and information about exon-intron structure re-
veals the actual reading frame, allowing for more accurate
calculation of coding potential. In the initial report using
Scripture for transcript annotation, the authors identified
over 1000 novel IncRNAs in 3 mouse cell types (19). These
IncRNAs are polyadenylated and multiexonic, and have
an average mature transcript length of 859 nt with very
low coding potential. A recent report describing the use of
Cufflinks as an initial step in IncRNA annotation with
subsequent incorporation of evolutionary information
identified over 13 500 polyadenylated IncRNAs across 11
tetrapod species (75). The authors examined IncRNAs in
a number of nonmodel organisms and further expanded
the repertoires of IncRNAs.

Both Cufflinks and Scripture have also been used to
assemble transcripts from RNA-seq datasets of very high
sequencing depth in an attempt to accurately identify com-
prehensive lists of IncRNAs. One study examined
IncRNAs in 24 human tissues and cell types and cataloged
the results in the Human Body Map IncRNA database
(20). Another study looked across 8 time points during
zebrafish embryogenesis (76). The combined use of 2 in-
dependent assembly programs, together with high se-
quencing depth on multiple cell types or across multiple
developmental stages strengthens the confidence of the
discovery process, especially because IncRNAs, as a
group, have low expression levels, are highly cell-type-
specific, and are tightly regulated during development. In
both studies, low CSF scores and the absence of Pfam
domains were absolutely required for designation as a
IncRNA, introducing extra criteria to ensure the noncod-
ing status of identified IncRNAs.

5. Integration of approaches

Researchers have developed and improvised a variety
of strategies to identify and annotate IncRNAs genome-
wide. Moreover, they have integrated elements from these
pipelines to facilitate IncRNA discovery. For example,
Sigova and colleagues (36) assembled transcripts from
RNA-seq reads but added the requirement of H3K4me3
enrichment to indicate the presence of high-confidence
TSSs. In an effort to identify IncRNAs genome-wide in
zebrafish, Ulitsky and colleagues (55) also used H3K4me3
and H3K36me3 to mark promoters and gene bodies but
supplemented the histone modification maps with 3P-seq
to more precisely map the polyadenylated end positions.
They also incorporated existing transcriptome datasets,
such as RNA-seq, annotated expressed sequence tags, and
full-length cDNAs, to partially compensate for the lack of
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accurate mature RNA structures. A coding potential cal-
culator (CPC) (77) was used to determine the coding po-
tential of each transcript. Collectively, the authors bioin-
formatically integrated multiple genomic datasets and
identified 550 distinct IncRNAs in zebrafish.

B. Evaluation of coding potential

By definition, IncRNAs are unable to code for proteins.
Determining the coding potential of a IncRNA, however,
can be difficult. Three determinants have commonly been
used for distinguishing ncRNAs from all identified RNAs:
the length of the longest ORF, the bioinformatically cal-
culated coding potential, and the presence of coding po-
tential for conserved protein domains. Among them, cal-
culation of coding potential is the least straightforward. It
involves the analysis of DNA alignments and codon usage
across multiple species, favoring changes in amino acids
that will preserve structural similarity vs changes that may
lead to dramatic alterations in protein structure. In addi-
tion to the CSF and CPC scores mentioned in Sections
III.A.2 and I11.A.5, other computational approaches ex-
amining coding potential include CSTminer (78), QRNA
(79),and CRITICA (80). CONC (Coding Or NonCoding)
is a program that was developed based on support vector
machines and can be used to classify transcripts according
to features including peptide length, amino acid compo-
sition, predicted secondary structure content, predicted
percentage of exposed residues, compositional entropy,
number of homologs from database searches, and align-
ment entropy (81). The identification and characteriza-
tion of a growing set of IncRNAs has allowed experimen-
tal validation of these bioinformatic approaches (Figure
3B).

Although most studies of IncRNAs have used the afore-
mentioned bioinformatic approaches to evaluate their
coding potential, ribosomal profiling is a direct experi-
mental approach that can be used to address this issue. It
was first developed to investigate the process of transla-
tion with subcodon resolution and involves deep sequenc-
ing of ribosome-protected RNA fragments (23, 82). It was
then adapted to distinguish polyribosome-associated
RNAs that are likely being translated from other RNAs
that are more likely to be noncoding (Figure 3B). Nam and
Bartel (73) identified polyadenylated transcripts in Cae-
norhabditis elegans using both RNA-seq and 3P-seq. Over
300 IncRNAs were identified from these transcripts after
filtering through the coding potential threshold calculated
from the CPC program and removing those that can be
detected in ribosome profiling experiments. However, ri-
bosomal profiling requires further testing and validation,
because association with the ribosome alone cannot be
taken as the absolute evidence of protein coding potential.
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For example, both H19 and TUG1, 2 well-characterized
IncRNAs, can be detected in association with the ribosome
(23, 83). Some researchers have argued that instead of
simply eliminating all transcripts identified in association
with ribosomes (ie, from ribosome profiling experiments),
a more careful examination of the preferential usage of
specific coding frames and features conferred by the re-
lease of the ribosomal complex at the site of the stop codon
should be used to determine whether the transcript is pro-
ductively translated (24).

C. Gene-specific validations

High-throughput sequencing and bioinformatics meth-
ods have led to tremendous progress in the large-scale
identification of IncRNAs. Nevertheless, empirical vali-
dation of IncRNAs using a set of classical molecular bi-
ology techniques is still required. After learning the ap-
proximate location of a potential IncRNA transcript using
global approaches, 5'- and 3'-rapid amplification of
c¢DNA end (RACE) experiments can be carried out to de-
termine the exact transcription initiation and termination
sites and to examine the presence or the absence of the
5’-cap and 3’-polyadenosine tail (Figure 3B). PCR-based
approaches can be used to isolate full-length cDNAs for
those IncRNAs whose cDNAs are not available from pub-
lic repositories, followed by traditional Sanger sequencing
to obtain precise information on the exact exon-intron
structure of the mature IncRNA transcript. Validation of
the noncoding status of a putative IncRNA is less straight-
forward. In vitro transcription-translation assays have
been used (Figure 3B), but may give inconclusive results.
In the case of SRA, functional outcomes associated with
the RNA transcript were monitored after the introduction
of different missense and frameshift mutations, illustrat-
ing how one can prove that a IncRNA functions in a cod-
ing-independent manner (25). Nevertheless, this ap-
proaches demands prior knowledge of the functions of the
identified IncRNAs.

D. Cataloging IncRNAs in public databases

The identification and characterization of a growing set
of IncRNAs has provided additional insights into the
properties of IncRNAs as a group, which facilitate subse-
quent efforts in IncRNA research. To make better use of
the power of recursion, a number of IncRNA databases
have been developed to consolidate and summarize the
growing body of information (Table 1). These include 1)
ncRNAdb, one of the first IncRNA databases, which fo-
cuses on functional ncRNA transcripts that perform reg-
ulatory roles in the cell (84); 2) fRNAdb (85) and NON-
CODE (86), more recent databases that compile and
integrate existing information of ncRNAs, including
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Table 1. Publicly Available LncRNA Databases
Number of Last
Database Species  LncRNAs Website Updated References
ChIPBase? Multiple  NA® http://deepbase.sysu.edu.cn/chipbase/ 2012 90
fRNAdb? Multiple 137 363 http://www.ncrna.org/frnadb/catalog_taxonomy/index.html 2014 85
GENCODE? Human, 26414 http://www.gencodegenes.org/ 2014 13
mouse
Human Body Map lincRNA  Human >8000 http:/Awww.broadinstitute.org/genome_bio/human_lincrnas/ 2011 20
LNCipedia Human 32183 http://www.Incipedia.org/ 2013 89
IncRNAdb Multiple ~ >150 http://www.Incrnadb.org/ 2012 88
ncRNAdb Multiple ~ >30 000 http://biobases.ibch.poznan.pl/ncRNA/ 2006 84,334
NONCODE Multiple 210 831 http://www.noncode.org/ 2014 86, 335
NRED Human, NAP http://nred.matticklab.com/cgi-bin/ncrnadb.pl 2008 87
mouse

Abbreviation: NA, not available.
@ These databases also contain short ncRNAs.

® These databases link INcCRNAs to expression microarray data (NRED) and ChlIP-seq data (ChIPBase), rather than cataloging IncRNAs per se.

IncRNAs; 3) a number of public repositories for IncRNAs,
such as Noncoding RNA Expression Database (NRED)
(87), IncRNAdb (88), and LNCipedia (2013) (89); and 4)
ChIPBase, a recently developed database that has ex-
tracted IncRNAs from IncRNAdb and incorporated tran-
scription factor binding maps taken from 543 ChIP-seq
experiments. The result is the identification of tens of
thousands of regulatory relationships between transcrip-
tion factors and IncRNAs in a wide variety of tissues and
cell lines from 6 organisms (90).

Other catalogs collect IncRNAs using in-house anno-
tation pipelines, such the Human Body Map lincRNA da-
tabase (described above) (20) and GENCODE (13), which
are the most current and comprehensive. GENCODE,
which is part of the ENCODE project, seeks to annotate
all evidence-based gene features (cDNA, expressed se-
quence tag sequences) in the entire human and mouse ge-
nomes at a high accuracy, and generates annotations of
both protein-coding and noncoding genes, including a
large number of IncRNAs. The latest version of GEN-
CODE for human (June 2014 freeze, GRCh38) contains
26 414 IncRNA transcripts produced from 15 877 genes.

At this point, a substantial proportion of all polyade-
nylated IncRNAs expressed in humans have already been
annotated, but these annotations need additional refine-
ment and validation. In addition, given the tissue and spe-
cies specificity of IncRNAs, there are most certainly more
to be discovered. With the existing annotations and func-
tional databases, molecular biologists interested in the
functional characterization of IncRNAs are no longer tied
to the requirement of bioinformatics expertise and the
high cost of deep sequencing associated with de novo iden-
tification of IncRNAs.

IV. Functional Characterization of LhcRNAs

Assigning molecular, cellular, and physiological functions
to well-annotated IncRNAs is the next great challenge in
the field. Classical biochemical and molecular biology
techniques have been instrumental in gene-specific func-
tional characterization of IncRNAs. Gain-of-function and
loss-of-function experiments can be used to validate the
role of IncRNAs in modulating specific cellular processes.
But, it is often challenging to determine whether an un-
characterized IncRNA plays an important functional role,
or which cellular process can be probed to yield an ob-
servable phenotype. Indeed, more efficient functional
analyses, including high-throughput approaches linking
IncRNAs to their probable functions, are required to keep
pace with the tremendous progress made in IncRNA
discovery.

A. Expression profiling across spatial and
temporal gradients

The expression of IncRNAs is often cell type-, tissue-,
and context-dependent. Therefore, the involvement of
IncRNAs in specific cellular processes may be inferred by
their differential expression patterns across tissues and
across different developmental- or signal-regulated time
points. For instance, Klattenhoff et al (91) identified
IncRNAs that play critical roles in cardiovascular lineage
commitment by reasoning that such candidates should
demonstrate expression patterns restricted to specific cell
types during ESC differentiation. They measured IncRNA
expression in mouse ESCs and in differentiated tissues us-
ing RNA-seq and focused on 47 candidates whose expres-
sion levels were elevated in ESCs compared with other
differentiated tissues. Among them, Bravebeart, a
IncRNA with higher expression in the heart relative to
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other tissues, was selected and characterized as a mediator
of epigenetic regulation of cardiac commitment.

Similarly, Kretz et al (92, 93) focused on IncRNAs in
keratinocyte differentiation, performing RNA-seq in pri-
mary keratinocytes during a calcium-induced differentia-
tion time course. ANCR and TINCR were 2 of the can-
didates chosen for further characterization. ANCR, one of
the most strongly suppressed RNAs during differentia-
tion, is required to enforce the undifferentiated cell state
within the epidermis (93). In contrast, TINCR, is one of
the most highly induced annotated IncRNAs during dif-
ferentiation, is required for somatic tissue differentiation.
It acts by binding to differentiation-specific mRNAs to
stabilize their steady-state levels (92). Interestingly,
IncRNA genes may be spatially correlated with genes en-
coding key transcription factors, as shown for IncRNAs in
the lung and foregut endoderm (94). These IncRNA genes
are located adjacent to, and show similar expression pat-
terns as, adjacent genes encoding critical developmental
transcription factors (eg, Nkx2.1, Gata6, Foxa2, and
Foxf1) (94).

These are just a few examples where transcriptome pro-
filing experiments across spatial or temporal gradients gen-
erate clues to the functions of annotated IncRNAs. Because
most IncRNA discovery approaches incorporate transcrip-
tome profiling, it can be easily envisaged that when carefully
designed, such efforts will not only yield information on the
annotation and expression of novel and existing IncRNAs
genes but also shed light on the probable functions of a se-
lected group of newly annotated IncRNAs.

B. Coding-noncoding coexpression relationships: guilt-
by-association

Although the spatial and temporal gradients are helpful in
choosing and characterizing a selected group of IncRNAs,
additional approaches are needed for other situations. Gutt-
man and colleagues (18) have proposed a genomic approach
to allow global functional characterization of IncRNAs, also
known as guilt-by-association, which relies on correlation
and clustering analysis performed on mRNA expression pro-
filing data and gene ontology or functional pathway analyses
(Figure 4). In this approach, groups of IncRNAs of unknown
function are associated with groups of protein-coding
mRNAs known to be involved in a specific cellular process
based on a common expression pattern across cell types and
tissues. A positive correlation between the expression profile
of aIncRNA and mRNAs suggests a common function in the
same cellular process. In their original paper, lincRNA-p21
was predicted to associate with p53-mediated DNA damage
responses, with [incRNA-p21 later validated as a p53 target
that modulates apoptotic responses upon DNA damage (95).
The guilt-by-association approach is a useful first pass in
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assigning putative biological functions to IncRNAs and pro-
vides a working hypothesis for targeted perturbation
experiments.

Zhao and colleagues (96) have expanded the analysis of
gene coexpression relationships into a coding-noncoding
coexpression network (CNC), making computational pre-
diction of IncRNA functions through the evaluation of
network characteristics. In addition to the coexpression
network, colocalization relationships were also taken into
consideration in their analysis. They focused on mouse
IncRNAs annotated by FANTOMS3 and extracted gene
expression information from reannotated Affymetrix
Mouse Genome Array data. Ultimately, they predicted
functions for 349 IncRNAs and further streamlined the
application into a practical user interface called the Non-
coding RNA Function Annotation Server (ncFANs) (97).
ncFANSs is a useful tool for global prediction of IncRNA
function, forming the basis of functional annotation in the
NONCODE database, but its application is limited to an-
notated IncRNAs associated with corresponding microar-
ray-based gene expression data.

C. A role for IncRNAs in the cis-regulation of
gene expression

One rationale behind the use of colocalization relation-
ships in CNC-based functional characterization is that
many IncRNAs have been shown to play a cis-regulatory
role in the expression of nearby genes. For example, the
gene for the IncRNA ANRIL overlaps and runs antisense
to the gene encoding p15, mediating its gene silencing (98).
Moreover, linc-HOXA1 islocated ~50 kb from the HoxA
gene cluster in mouse ESCs and functions to repress
Hoxal by recruiting purine-rich element-binding protein
basatranscription cofactor (99). In contrast, a chromatin-
associated IncRNA CAR intergenic 10 is coexpressed with
its flanking coding genes, FANK1 and Adam12, and helps
to maintain their expression by establishing active chro-
matin structures (100).

The cis-regulatory function of HOTTIP involves an
additional element. It is a IncRNA transcribed from the
5'-end of the HoxA gene cluster and functions to activate
the expression of neighboring genes (101). Nevertheless,
its influence extends to multiple distal HoxA genes due to
chromosome looping, as suggested by chromosome con-
formation capture carbon copy (5C), a high throughput
method to identify physical chromatin interaction. These
results suggest a model of how a cis-acting IncRNA can
affect distal genes.

In another study, Jrom et al (6), using IncRNAs from
the GENCODE database, uncovered an enhancer-like
function for several IncRNAs, which they termed ncRNA-
activating (ncRNA-a). These ncRNA-as enhance the ex-
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Figure 4. Guilt-by-association analyses link INcRNA expression patterns to gene ontologies and pathways through mRNA expression patterns. A,
Overview of the guilt-by-association approach. B, The RNA correlation matrix links the expression of each IncCRNA to the expression of all mMRNAs
(and their associated pathways and ontologies). C, The guilt-by-association matrix links pathways with each IncRNAs through gene set enrichment
analyses. The assumption is INcCRNAs that share expression patterns with mRNAs will also share pathways and ontologies. D, A heatmap provides a
graphical representation of the results from the guilt-by-association matrix, showing significant positive and negative correlation between each IncRNA
and each pathway. Hierarchical clustering groups IncRNAs that have similar expected functions. Abbreviations: pos., positive; neg., negative.

pression of neighboring coding genes in short interfering  ncRNA-a genes associate with their target genes through
RNA-mediated knockdown experiments and heterolo-  long-range chromatin loops. For example, Lai et al (102)
gous reporter gene assays. Similar to HOTTIP, some  have demonstrated that ncRNA-as recruit the Mediator
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complex to their targets genes, where it plays an important
role in forming DNA loops between the promoters of
IncRNA genes and the promoters of target genes, as well
as mediating ncRNA-a-dependent target gene activation
(Figure 5). Looping events have also been observed be-
tween the promoters of IncRNA genes and nearby enhanc-
ers. For example, the promoter of the gene encoding the
IncRNA CARLo-5 (cancer-associated region long noncod-
ing RNA-5) physically interacts with the MYC enhancer in
the chromosome 8q24 region, possibly to regulate CARLo-5
expression (103).

Colocalization relationships have been exploited even
further. To study IncRNAs involved in cell cycle regulation,
Hungand colleagues (104) looked in the proximity of known
cell cycle genes and designed their approaches based on both
guilt-by-association strategy and the cis-regulatory model.
They used an ultra-high-density array that tiles the promot-
ers of 56 cell cycle genes to interrogate 108 samples repre-
senting diverse conditions and perturbations, identifying 216
putative IncRNA transcripts originating proximal to these
cell cycle gene promoters. Subsequently, they examined the
coding-noncoding coexpression map across the conditions
and clustered IncRNAs into different cell cycle-associated
functions. The IncRNA PANDA (p21-associated ncRNA
DNA damage activated) was selected for further anal-
ysis and was shown to regulate apoptosis, consistent
with the prediction.

D. A role for IncRNAs in the trans-regulation of gene
expression

When coexpression and colocalization relationships
are used as the basis for functional prediction, direct per-

Figure 5.
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turbation experiments are required to validate the predic-
tion. Therefore, Guttman and colleagues (105) suggested
amore direct approach for the functional characterization
of IncRNAs, performing RNA interference-based loss-of-
function experiments and monitoring consequent changes
in global gene expression. They focused on previously
identified IncRNAs expressed in ESCs and were able to
successfully knock down the expression of 147 IncRNAs
using custom-designed short hairpin RNAs. For 137
IncRNAs, knockdown resulted in significant global
changes in gene expression as shown in microarray anal-
ysis, and the majority had little effect on neighboring
genes, suggesting that these IncRNAs most likely affect
gene expression in trans (105).

These were not the first IncRNAs to be associated with
trans-regulation. HOTAIR, a well-characterized IncRNA
involved in developmental processes, is coexpressed with
the HoxC genes, interacts with the chromatin-modifying
Polycomb repressive complex 2 (PRC2) complex, and
functions in trans to repress HoxD expression (106). In-
teractions between HOTAIR and PRC2 proteins have
been verified in both RNA-pulldown (captures proteins
associated with a RNA bait) and RNA immunoprecipita-
tion (RIP) (captures RNAs that are associated with pro-
teins of interest using specific antibodies). Indeed, there
are many other IncRNAs that have been shown to interact
with PRC2, including Bravebeart (described earlier) (91)
and XIST, which coats the X chromosome to initiate and
propagate X-inactivation (107-109).

Expanding on these observations, Khalil et al (21) cou-
pled RIP to a microarray analysis (RIP-chip) to query
many IncRNAs simultaneously. Among the 3300 human
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Figure 5. LncRNA-protein interactions drive molecular outcomes in gene regulation. Some IncRNAs function as molecular scaffolds that promote
the assembly of complexes containing chromatin- and transcription-modulating factors. These interactions are driven by specific interactions
between INcRNAs and proteins. The schematic diagram illustrates and generalizes specific INcRNA-protein interactions that have been observed in
specific gene regulation contexts. From left to right: The INcRNA ecCEBPA interacts with the DNA methyltransferase DNMT1 to block DNA
methylation and control gene expression outcomes (121). H79 binds to the methyl-CpG-binding protein MBD1 to control gene expression by
recruiting a histone lysine methyltransferase (KMT) to add repressive histone marks to the differentially methylated regions of imprinted genes
(122). Wrap53, a natural antisense transcript of TP53, interacts with the insulator protein and transcriptional regulator CTCF to control gene
expression (123). CTCF also interacts with SRA and its associated DEAD-box RNA helicase p68 to form a complex with CTCF that is essential for
insulator function (124). ncRNA-a IncRNAs interact with the Med12 subunit of the Mediator complex to promote gene looping and target gene
activation (102). HOTAIR interacts with the histone methyltransferase Ezh2, a key component of the PRC2 complex, to mediate chromatin-
dependent gene regulation (21, 107, 112). HOTAIR also interacts with Jarid2, a PRC2-associated factor, to promote the targeting of PRC2 to
chromatin (116, 117). THRIL binds to hnRNPL, a component of hnRNP complexes, and the THRIL-hnRNPL complex regulates transcription by

binding to target gene promoters (125).
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IncRNAs queried, PRC2 or RE1-silencing transcription
factor corepressor 1 (CoREST) complexes were found to
associate with 38% of them, suggesting that IncRNAs in-
teracting with chromatin-associated complexes could be a
common mechanism. In addition, although RIP-chip re-
quires prior knowledge of IncRNA sequences, Zhao et al
(107) improved the method by coupling it to high-
throughput sequencing, which allows for unbiased iden-
tification of IncRNAs that interact with candidate pro-
teins. In this case, they tested their method on PRC2 and
identified a genome-wide pool of >9000 PRC2-interact-
ing RNAs in mouse ESCs. Not surprisingly, XIST was
highly enriched in the PRC2 RIP-seq experiments, serving
as a good positive control. The types of IncRNA-protein
interactions described here are likely to be a key compo-
nent of trans-regulation pathways.

E. LncRNA-protein interactions drive molecular outcomes
in cis and trans gene regulation

LncRNAs are thought to function as molecular scaf-
folds that promote the assembly of complexes containing
chromatin- and transcription-modulating factors (8, 10,
21, 110). These scaffolding effects are driven by specific
interactions between IncRNAs and proteins (Figure 5).
Determining specific and direct interactions between
IncRNAs and their protein partners can be challenging.
Interactions detected under native conditions may reflect
nonspecific interactions or may be indirect (ie, mediated
by another protein). UV or photoactivatable cross-linkers
can help resolve both of these issues. In addition, recon-
stituting the interactions in biochemical assays, such as
EMSAs, with subsequent validation of the interactions
using mutants of the IncRNAs and proteins, can also be an
effective tool. Ultimately, IncRNA-protein interactions
should be explored using structural biology, which can
reveal novel insights into the functions of IncRNAs (111).

The histone methyltransferase Ezh2 is a key IncRNA-
binding component of the aforementioned PRC2 com-
plex, promoting interactions with XIST and HOTAIR,
and mediating chromatin-dependent gene regulation (21,
107,112, 113) (Figure 5). Likewise, the PRC2-associated
AT-rich interaction domain-containing chromatin regu-
lator Jarid2 (113-115) also binds XIST and HOTAIR to
promote the targeting of PRC2 to chromatin (116, 117),
whereas the embryonic ectoderm development subunit
regulates the affinity of Ezh2 for RNA, increasing the spec-
ificity to PRC2-RNA interactions (113). Interestingly, al-
though RNA is important for targeting PRC2 to chroma-
tin, it also inhibits Ezh2’s catalytic activity; JARID2
attenuates the binding of PRC2 to RNA and relieves this
inhibition (113). These results illustrate the complexity of
the regulatory interactions between IncRNAs and PRC2.
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Other IncRNAs have been shown to interact with ad-
ditional chromatin-modifying complexes. For example,
HOTTIP binds to and targets the WD repeat-containing
protein 5 (WDRS5)/mixed-lineage leukemia protein (MLL)
complex across the HoxA cluster to maintain active chro-
matin and coordinate homeotic gene expression (101).
Other IncRNAs, including some known to be important
for gene expression in ESCs, also bind WDRS/MLL to
specify cell fate outcomes (118). In addition, the tissue-
specific IncRNA Fendrr has been shown to bind both the
PRC2 and trithorax group/MLL complexes, modulating
chromatin signatures and gene activities to ensure the
proper development of heart and body wall in mouse
(119). LncRNAs may also affect the expression of rRNA
genes, which are transcribed by RNA Pol I. For example,
PAPAS (promoter and pre-rRNA antisense) IncRNAs
generated from the rDNA promoter mediate the recruit-
ment of the H4K20 methyltransferase Suv4-20h2, in-
creased H4K20me3, and chromatin compaction at the
rDNA promoter in growth-arrested cells (120).

Recent studies have also demonstrated specific func-
tional interactions of IncRNAs with other types of gene-
regulating proteins (Figure 5). For example, the Med12
subunit of the Mediator complex interacts with IncRNAs
(ncRNA-as, as noted in Section IV.C) to promote gene
looping and target gene activation (102). LncRNAs that
interact with the DNA (cytosine-5)-methyltransferase 1
(DNMT1) block DNA methylation to control gene ex-
pression outcomes for specific target genes (121) (Figure
5). In addition, the IncRNA H19 binds to the methyl-
CpG-binding domain protein 1 to control the expression
of 5 genes in the Imprinted Gene Network (IGN), which
is involved in growth control of the embryo, by adding
repressive histone marks (eg, H3K9me3) to the differen-
tially methylated regions of these imprinted genes (122)
(Figure 5). Another study has shown that interactions be-
tween Wrap$3, a natural antisense transcript of TP53, the
gene encoding the tumor suppressor p53, interacts with
the insulator protein and transcriptional regulator
CCCTC-binding factor (CTCF) to control p53 expression
(123) (Figure 5). CTCF also interacts with SRA and its
associated DEAD-box RNA helicase p68 to form a com-
plex with CTCF that is essential for insulator function
(124). Furthermore, the IncRNA THRIL (TNFa and hn-
RNPL-related immunoregulatory LincRNA) binds to hn-
RNPL, a component of heterogeneous nuclear ribonucle-
oprotein (hnRNP) complexes that associate with nascent
transcripts and regulate mRNA processing (125). The
THRIL-hnRNPL complex regulates transcription of
TNFA, the gene encoding the proinflammatory cytokine
TNFa, by binding to its promoter (125) (Figure 5). Finally,
human Alu RNA, a modular RNA thatis transcribed from
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date the structure and possibly the
domain architecture of IncRNAs,
such as those described recently by
the Chang and Weissman labs (129,
130), will undoubtedly reveal the
key sequence and structural elements
of IncRNAs that allow them to in-
teract specifically with their protein
partners.
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act as molecular scaffolds to guide
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F. Repression of translation by interaction
with Rck/p54 (e.g., lincRNA-p21)

pled with profiles of changes in chro-
matin signatures by ChIP-seq, the
target sites of IncRNA action can be
deduced. For example, changes in
H3K4me3 and H3K27me3 were ob-
served in HOTAIR knockdown
foreskin fibroblasts, consistent with

Figure 6. Gene regulation by IncRNAs occurs through nuclear and cytoplasmic mechanisms that
affect transcriptional, posttranscriptional, and translational events. LncRNAs mediate their
functional roles by regulating gene expression at many different levels, through a variety of
molecular mechanisms both in the nucleus and in the cytoplasm. The nuclear functions of
IncRNAs include interactions with chromatin-modifying complexes to alter epigenetic
modifications (A); interactions with transcription factors (TFs) (B), such as nuclear receptors (NRs),
and additional transcriptional coregulators, to alter their gene regulatory activities; and actions as
molecular decoys to titrate away and inhibit the activity of DNA-binding TFs (C). The cytoplasmic
functions of IncRNAs include sponging of microRNAs to reduce microRNA targeting of mRNAs
(D), as in the case of ceRNAs; interactions with STAU1 and regulation of STAU1-dependent
MRNA stability (E); and interactions with the cytoplasmic RNA-binding protein Rck/p54 to inhibit

the modes of action of HOTAIR in
targeting lysine-specific demethylase
1 (LSD1) and PRC2 to specific
genomic locations to affect histone
modifications (106). Nevertheless,
direct methods that capture the in-
teraction between IncRNAs and
chromatin sites have been developed

translation (F).

short interspersed elements, blocks transcription by bind-
ing RNA Pol II, thus providing a direct means for regu-
lating transcription (126).

Taken together, the connections between IncRNAs and
nuclear proteins that regulate chromatin, gene looping,
transcription, and RNA processing suggest a number of
appealing models of IncRNA-dependent gene regulation
involving all steps in the gene regulatory processes (Figure
6, A—C). The further development of RIP-based tools to
identify IncRNA-protein interactions, like those described
above, as well as better computational tools for predicting
and analyzing IncRNA-protein interactions (eg, IncPro,
RBP-IncRNA Base) (127, 128) should enhance the ease
and accuracy of identification, as well as functional stud-
ies. Furthermore, new genome-wide approaches to eluci-

recently, including 1) chromatin iso-
lation by RNA purification (ChIRP)
(131),2) capture hybridization anal-
ysis of RNA targets (CHART) (132), and 3) RNA anti-
sense purification (RAP) (133). They are based on affinity
capture of target IncRNA:chromatin complexes using til-
ing antisense oligonucleotides in ChIRP and RAP or pre-
selected oligonucleotides targeting RNase-H-sensitive
regions of the IncRNA in CHART to generate a genomic
map of IncRNA binding sites. In comparison with CHIRP,
RAP uses longer oligonucleotides as probes, which allows
more stringent conditions for removal of nonspecific inter-
actions. CHIRP and CHART have been applied to transact-
ing IncRNAs, such as the Drosophila IncRNA roX2 and
human HOTAIR, to confirm their genomic binding sites,
whereas CHART and RAP have been applied to the mouse
IncRNA XIST to visualize its spreading along the inactive X
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chromosome (133, 134). Moreover, CHART has also been
used to functionally characterize Paupar, a newly identified
IncRNA in mouse neuroblastoma cells that affects neural
differentiation, to elucidate its transcriptional regulatory ac-
tivity in trans (135).

G. Beyond the nucleus: a broader view of IncRNA
functions

LncRNAs play important roles in both cis- and trans-
regulation of transcription (Figures 5 and 6, A-C), but
continued studies are needed to determine the relative con-
tributions of cis and #rans mechanisms of IncRNA func-
tion. There is a strong bias in the field for this potential
aspect of IncRNA function, leading to the common belief
that IncRNAs as a group are mostly involved in transcrip-
tional regulation. Although IncRNAs as a group may
show a slight enrichment for the nuclear compartment,
many IncRNAs are predominantly or even exclusively lo-
calized to the cytoplasm. Inherent biases in some previous
analytical approaches, however, have propagated the em-
phasis on nuclear functions for IncRNAs. For example,
PRC2 RIP-based methods have suggested that a large
number of IncRNAs are involved in PRC2-mediated tran-
scriptional repression (107). Nevertheless, the RIP proto-
col limited the analysis to nucleus-retained RNAs, leaving
open the possibility that a large proportion of IncRNAs
interact with cytoplasmic proteins. Indeed, there have
been an increasing number of examples of cytoplasmic
IncRNAs. Among them, half-Staufen double-stranded
RNA binding protein 1 (STAU1)-binding site RNAs have
been shown to transactivate the binding of STAU1 protein
to its target mRNAs to facilitate mRNA decay (136) (Fig-
ure 6E). On the other hand, TINCR, another IncRNA that
has been shown to bind STAU1, functions to stabilize the
expression of differentiation mRNAs in a STAU1-depen-
dent manner (92) (Figure 6E).

Furthermore, Huarte et al (95) explored the mecha-
nisms of action of lincRNA-p21 by identifying its inter-
action partners using RNA pull downs with nuclear ex-
tracts. They found that the nuclear RNA binding protein
hnRNPK associates with this IncRNA to facilitate gene
repression. Yoon and colleagues (137) confirmed this in-
teraction using hnRNP-K RIP, whereas Dimitrova et al
(138) explored the functions of lincRNA-p21 in vivo using
a knockout mouse. The latter found that lincRNA-p21
functions predominantly as a cis activator of its neighbor-
ing gene, p21 (138). Interestingly, as Yoon and colleagues
(137) searched for RNA partners of the cytoplasmic RNA
binding protein human antigen R (HuR) in a RIP exper-
iment using whole-cell lysates, they observed that
lincRNA-p21 was enriched as well. This interaction ac-
celerates the degradation of lincRNA-p21, which in turn
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derepresses the expression of a subset of target mRNAs. In
the absence of HuR, lincRNA-p21 is stable, accumulates,
and associates with the DEAD-box helicase Rck/p54.
Rck/p54 promotes the association of lincRNA-p21 with
CTNNB1 and JUNB mRNAs, repressing their transla-
tion through a mechanism that includes reduced poly-
some size, suggesting an additional role of cytoplasmic
lincRNA-p21 as a posttranscriptional inhibitor of
translation (Figure 6F).

A number of IncRNAs have been shown to function as
competing endogenous RNAs (ceRNAs) that function in
multiple cellular models as sponges that can bind and re-
duce the targeted effects of microRNAs on mRNAs (139 -
143) (Figure 6D). This includes circRNAs originating
from back-spliced exons (40-42). One example of a
ceRNA is linc-MD1, which sponges miR-133 and miR-
1335 to control the expression of the transcription factors
mastermind-like protein 1 and myocyte-specific enhancer
factor 2C, which activate a muscle-specific gene expres-
sion program (139). Another example is the H19 IncRNA,
which sponges let-7 microRNAs to control muscle differ-
entiation (143). Examples exist from a variety of other
biological systems as well (40-42, 140-142). In addition
to sponging, a recent study has shown that IncRNAs may
also control pri-microRNA processing, as exemplified by
the IncRNA, Uc.283+A, which prevents pri-microRNA
cleavage by Drosha (144).

Many of the examples provided here, like lincRNA-
p21, suggest that methods limited to the characterization
of nucleus-retained IncRNAs are thus not sufficient to pro-
vide us with a complete spectrum of functional roles
played by IncRNAs. Delineating the cellular localization
of IncRNAs in an unbiased manner should be one of the
first steps used for gathering more clues on their possible
functional roles. Nucleus-retained IncRNAs are more
likely to be involved in transcriptional regulation, whereas
cytoplasmic IncRNAs may have other functions. RNA flu-
orescence in situ hybridization is a common method that
has been used to visualize the cellular localization of
IncRNAs (145-151), but challenges remain for a high-
throughput fluorescence in situ hybridization approach
that examines many IncRNAs simultaneously. Alterna-
tively, IncRNAs can be extracted from each of the phys-
ically defined cellular compartments and then sequenced,
revealing the relative amount of each IncRNA in the var-
ious cellular fractions. With modifications as described in
Yoonetal (137), RIP-based methods can also be used with
key cytoplasmic proteins that act in important cellular
pathways to identify and characterize cytoplasmic
IncRNAs involved in those pathways. Furthermore, Kretz
et al (92), who characterized TINCR, used a protein mi-
croarray analysis containing approximately 9400 recom-
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binant human proteins (Human Protoarray) to identify
the TINCR-STAUT1 interaction in the cytoplasm.

V. Lessons Learned from the Best-
Characterized LncRNAs

Using methods described above and additional strategies,
a growing number of IncRNAs have been characterized
molecularly and functionally (Table 2). A limited few are
as well-characterized as some protein-coding RNAs. Be-
low, we summarize the current status of the few best-char-
acterized IncRNAs to date and highlight the lessons
learned from these examples.

A. XIST

The X-inactive-specific transcript (XIST) was one of
the first IncRNAs to be discovered in mammals (152—
155). Tt is responsible for the initiation and spreading of
X-chromosome inactivation (XCI) in female somatic cells
(108, 109, 156, 157). XIST is transcribed from the XCI
loci and acts in concert with the transcription factor YY1
and several other IncRNAs from the same locus (eg, RepA,
Tsix, and Jpx/Enox) to facilitate the loading of PRC2 and
initiate DNA methylation and the subsequent chromo-
some-widessilencing (158 -1635) (Figure 6A).Itis one of the
best examples of multiple IncRNAs using their base com-
plementarity properties to collaborate with each other and
with proteins to achieve a common cellular function. This
could be a recurring theme with IncRNAs, which may base
pair with DNA in the genome or RNA elements in the
transcriptome, creating unique interfaces for RNA-pro-
tein interactions. LncRNAs encompass RNA motifs with
variable lengths, offering advantages over small protein
motifs and allowing more specificity in targeting to unique
addresses.

Even after more than 2 decades of extensive research,
the exact mechanism of XIST-mediated spreading of XCI
is yet to be fully elucidated. This is due, in part, to the lack
of high-throughput approaches of sufficient resolution to
distinguish allelic differences of the X chromosomes. To
address this, Pinter et al (166) developed allele-specific
ChIP-seq, mapping the positions of the PRC2 component
Ezh2 and XCl-associated histone marks on the inactive
(Xi) and active (Xa) X chromosomes separately over a
developmental time course. The authors presented a
model in which XCI is governed by a hierarchy of defined
PRC2 stations that spread H3K27 methylation in cis. In
addition, Engreitz et al (133) used RAP to examine the
mechanism of localization of the XIST IncRNA, showing
that it exploits the 3-dimensional genome architecture to
spread across Xi. Furthermore, Simon et al (134) used
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CHART-seq, a method similar to RAP, to provide high-
resolution maps of XIST on the X chromosome across a
developmental time course. The authors showed that
XIST IncRNA spreads to gene-rich and gene-poor regions
sequentially in a stage-specific manner.

B. MALAT1

Metastasis-associated lung adenocarcinoma transcript
1 (MALAT1) was one of the first cancer-associated
IncRNAs discovered (167). It is extremely abundant and
highly conserved over its full length across all mammalian
species, both properties that highlight its likely importance
and conserved functions (167-169). MALAT1 localizes to
nuclear bodies known as nuclear speckles (170), suggest-
ing functions in the nucleus. In cell-based models,
MALATT has been shown to regulate alternative splicing
and gene expression at the molecular level (169-172),
contributing to its association with metastatic lung ade-
nocarcinoma. Given these preliminary results, the obser-
vation that Malat1-knockout mice display little observ-
able phenotype, especially with respect to splicing or gene
expression, is surprising (173). The field must address why
IncRNAs that show cell-based phenotypes are not func-
tional in vivo, as observed with MALAT1. Parallels be-
tween IncRNAs and the better understood class of mi-
croRNAs may help to explain such conundrums.
Phenotypic evaluation of microRNA knockout mice has
revealed similar disappointing phenotypes (174-177).
But, new studies suggest that the most dramatic pheno-
types often arise in response to specific cellular signals,
such as special diet or stress, or under a compromised
genetic background (178, 179), suggesting that the ap-
propriate cellular context is essential.

In this regard, given the association between MALAT1
and lung adenocarcinoma, it will be interesting to cross the
Malat1-knockout mice with genetic models of lung can-
cer, or to generate lung-specific Malat1-knockout mice
and treat them with tumorigenic agents, to determine
whether any transcriptional and phenotypic consequences
arise. In this regard, Gutschner et al (180) diminished
MALATT1 expression in A549 human lung adenocarci-
noma cells using a zinc finger nuclease-mediated knockout
approach. They observed changes in gene expression and
impaired metastatic potential of these MALAT1-deficient
cells in mouse xenograph experiments, once again estab-
lishing a critical role of MALATT as a regulator of gene
expression governing hallmarks of lung cancer metastasis
(180). Not unlike the situation with microRNAs, when
probing the in vivo functions of IncRNAgs, it is important
to find the right context to uncover the observable
phenotype.
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Table 2. List of LncRNAs Discussed in This Review
Gene Symbol Gene Name
A. Hormonal signaling
CTBP1-as C-terminal-binding protein 1-antisense
GAS5 Growth arrest-specific 5
PCGEM1 Prostate-specific transcript 1, non-protein coding
PRNCRT Prostate cancer-associated non-coding RNA 1
SRA Steroid receptor RNA activator
B. Reproduction and development
Pinc Pregnancy-induced ncRNA
Zfas1 Zinc finger antisense 1

Brown fat IncRNA 1

LncRNA regulating adipogenesis 1, 2
PU.1 antisense

Steroid receptor RNA activator

PWS locus IncRNA
B-Cell-specific INncRNA whose depletion downregulates GLIS3 mRNA
Imprinted in Prader-Willi syndrome, non-protein-coding

E. Immune system function

GAS5

Lethe
LincR-Ccr2-5'AS
LincRNA-Cox2
Lnc-DC

NeST

THRIL

-n

ARXN8SOS
ASFMR
BACET-AS
BC1
BC200
BDNF-AS
Cyrano
Dix1as
Evf-2
FMR4
Miat
Paupar
RMST
SCAANT1
Six30S
TUG1
TUNA
UBE3A-ATS
utNgn1
Vax20S
G. Cardiac function
ANRIL

Braveheart
Fendrr
MALATT
MIAT
MYHCB-AS
MYL4-AS
Linc-MYH
SRA
TNNT2-AS

Growth arrest-specific 5

Pseudogene IncRNA that is selectively induced by proinflammatory cytokines via NF-«B or glucocorticoid receptor

LincRNA-chemokine receptor type 2, 5'-antisense

LncRNA induced by TLRs that mediates both activation and repression of immune response genes

LncRNA in dendritic cell

Nettoie Salmonella pas Theiler’s (cleanup Salmonella not Theiler’s); aka TMEVPG1 (Tmevpg1 Theiler's murine
encephalomyelitis virus persistence candidate gene 1) or lincR-ifng-3'AS (lincRNA-interferon y-antisense)

TNFa and hnRNPL-related immunoregulatory lincRNA

. Nervous system function

Ataxin 8 opposite strand

Antisense fragile X mental retardation

B-Secretase 1-antisense

Brain cytoplasmic 1

Brain cytoplasmic 200 nt, aka BCYRNT1, brain cytoplasmic RNA 1

Brain-derived neurotrophic factor-antisense

A zebrafish INcRNA required for normal development

Distal-less homeobox 1 antisense

ncRNA transcribed from the DIx-5/6 ultraconserved region; aka Dix6as (DIx6 antisense)
Fragile X mental retardation 4

Myocardial infarction-associated transcript; aka RNCR2 (retinal ncRNA 2), or Gomafu
Paired box6 (PAX6) upstream antisense RNA

Rhabdomyosarcoma 2 associated transcript

SCA type 7 antisense noncoding transcript 1

SIX homeobox 3 opposite strand

Taurine up-regulated 1, non-protein coding

Tcl1 upstream neuron-associated lincRNA; aka megamind

Ubiquitin ligase E3A-antisense

Upstream transcript of Neurog1

Ventral anterior homeobox 2 opposite strand

Antisense NcRNA in the INK4 locus; aka CDKN2B-AS (cyclin-dependent kinase 4 inhibitor B also known as multiple tumor
suppressor 2-antisense)
LncRNA required for cardiovascular lineage commitment, abbreviated as Bvht
FOXF1 adjacent noncoding developmental regulatory RNA
Metastasis-associated lung adenocarcinoma transcript 1
Myocardial infarction-associated transcript; aka RNCR2 (retinal ncRNA 2), or Gomafu
B-Myosin heavy chain-antisense
Myosin light chain 4-antisense
LincRNA-Myosin heavy chain
Steroid receptor RNA activator
Cardiac troponin T type 2-antisense
(Continued)
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Table 2.

Continued

Gene Symbol

Gene Name

H. Skeletal muscle function

DBE-T D474 binding element transcript, non-protein coding
H19 Imprinted materially expressed transcript, non-protein coding
Linc-MD1 LincRNA-muscle differentiation 1

|. Cancer
ANRIL Antisense ncRNA in the INK4 locus; aka CDKN2B-AS (CDKNZ2B antisense)
CARLo-5 Cancer-associated region INcRNA; aka CCAT7 (colon cancer-associated transcript 1)
FALT Focally amplified IncRNA on chromosome 1
GAS5 Growth arrest-specific 5
HOTAIR HOX transcript antisense RNA
HOTTIP HOXA transcript at the distal tip
IncRNA-ATB LncRNA-activated by TGF-B
lincRNA-p21 INcRNA upstream and on the opposite strand to Cdkn7a (p21 gene)
Loc285194 LncRNA, p53-regulated tumor suppressor
MEG3 Maternally expressed 3
MRUL MDR-related and upregulated INncRNA
PANDA p21-associated ncRNA DNA damage activated
PCAT-1 Prostate cancer associated transcript 1
PCA3 Prostate cancer-associated 3
PCGEM1 Prostate-specific transcript 1, non-protein coding
Pint p53-induced transcript
PRNCR1 Prostate cancer-associated non-coding RNA 1
PTENP1 Phosphatase and tensin homolog (PTEN) pseudogene 1
P21NAT p21 natural antisense transcript
SChLAPT Second chromosome locus associated with prostate 1
SRA Steroid receptor RNA activator
TARID TCF21 antisense RNA inducing demethylation

J. Other LncRNAs
ANCR Anti-differentiation ncRNA
asOct4-pg5 Antisense to Oct4 pseudogene 5
CAR intergenic 10 Chromatin-associated RNA 10
ci-ankrd52 CiRNAs in Ankrd52
Linc-HOXA1 ncRNA that represses HoxaT transcription in cis
ncRNA-a Noncoding RNA-activating
PAPAS Promoter and pre-rRNA antisense
rox2 ncRNA present in the male-specific lethal (MSL) complex required for sex dosage compensation in Drosophila
TINCR Terminal differentiation-induced ncRNA
Xist X-inactive-specific transcript

C. HOTAIR LSD1, a chromatin-modifying complex that promotes

HOTAIR is a 2.2-kb IncRNA transcribed from the
HoxClocus that functions to repress transcription in ¢rans
across 40 kb of the HoxD locus (106). Similar to
MALAT1, HOTAIR is a IncRNA associated with a vari-
ety of cancers, including breast, colorectal, nasopharyn-
geal, and hepatocellular cancers (181-184), although its
prognostic value in clinical oncology is still undetermined.
HOTAIR was the first IncRNA found to associate with
PRC2 complexes (106), initiating the subsequent charac-
terization of a large number of PRC2-interacting RNAs
later known as the PRC2 transcriptome (21, 107). Itisalso
the first mammalian IncRNA to be screened by ChIRP,
demonstrating its direct association with GA-rich regions
of chromatin that nucleate broad domains of Polycomb
and H3K27me3 occupancy (131) (Figure 6A). Tsai et al
(110) showed that not only does the 5’-domain of
HOTAIR bind to PRC2, but the 3’-domain binds to

H3K4me3 demethylation, suggesting a role for HOTAIR
as a molecular scaffold possessing distinct RNA domains
for protein interactions. Targeted deletion of Hotair in
mice has begun to reveal its functions in vivo (185). Con-
sistent with the molecular functions of human HOTAIR
in cell models, mouse Hotair binds PRC2 and LSD1 com-
plexes to modulate epigenetic modifications. Hence,
Hotair knockout in mice derepresses hundreds of genes,
including those in the HoxD locus, as well as several im-
printed genes, leading to homeotic transformation and
skeletal malformations (185).

The characterization of HOTAIR illustrates 3 aspects
of IncRNA function. First, it provides a model for the
function of a IncRNA that regulates transcription in trans,
by tethering to chromatin regions and recruiting chroma-
tin-modifying complexes. Second, it shows that IncRNAs
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Figure 7.
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processes in both the nucleus and cy-
toplasm (as described in detail in Sec-
tions VI and VII) (188). Both gene-
specific and high-throughput studies
have identified important roles for
IncRNAs in the physiology and
pathophysiology of the endocrine,
reproductive, metabolic, immune,
nervous, and cardiovascular systems
(Figure 7). Moreover, IncRNAs are
emerging as key regulators of cell
proliferation and cell death, which
are often associated with cancer.
Some of the developmental effects of
IncRNAs may be related to their ef-
fects on the pluripotency and lineage
commitment of ESCs (105, 118,
189, 190). In the following sections,
we review some of the recently un-

Muscle

e Heart

covered functions of IncRNAs in
these aspects of biology, beginning
with endocrine-related systems.

Figure 7. Physiological and pathophysiological functions of INcRNAs. Recent studies have

identified important roles for INcRNAs in the physiology and pathophysiology of the endocrine,
reproductive, metabolic, immune, nervous, and cardiovascular systems in both females and
males. Moreover, INcRNAs are emerging as key regulators of cell proliferation and cell death,

which are often associated with cancer.

can be modular, similar to proteins, with functions that
can be separated into independent molecular domains that
actin collaboration. Lastly, it provides an example of con-
servation of IncRNA functions with little sequence simi-
larity between human and mice, but with conservation in
synteny and RNA structures (185). These results suggest
ways of studying IncRNAs in a manner similar to studying
proteins. We can draw hints and insights from the predic-
tion or biochemical mapping of RNA structures, as well as
from information of evolutionary conversation, and per-
haps can even work toward building a database of
IncRNA domains or motifs, which will help to elucidate
the functions of IncRNAs, much in the same way Pfam
(58) and PROSITE (186) have done for proteins.

VI. The Biology of LncRNAs in Endocrine-
Related Systems

As described in Sections I-V, recent studies of IncRNAs
have yielded rapid advances in our understanding of this
new class of RNAs. Recent studies have shown that In-
cRNAs are required for life (187) and that they are likely
to be functionally involved in a wide variety of cellular

A. LncRNAs and hormonal
signaling: regulators, coregulators,
and modulators of steroid
receptors

Steroid receptors are members of
a superfamily of DNA-binding tran-
scription factors (nuclear receptors), many of which are
regulated by the binding of small-molecule ligands, which
play key roles in a wide variety of biological processes,
including metabolism, reproduction, and development
(191, 192). Their generally restricted expression patterns
make them well suited to the control of tissue-specific bi-
ological responses. A number of reasonably well-charac-
terized IncRNAs have been associated with steroid recep-
tor functions (Figure 8). This may occur through 1) the
regulation of nuclear receptor expression or activity by the
IncRNAs or 2) the regulation of IncRNA expression by
steroid receptors. Given the diverse array of biological
functions controlled by nuclear receptors, the regulatory
actions of IncRNAs could have a broad impact on phys-
iology and disease.

1. SRA: a nuclear receptor coregulator

The first link between a IncRNA and hormone recep-
tor-associated pathways was established in 1999 with the
discovery of SRA (25). SRA was initially described as an
RNA transcript specifically expressed in steroid hormone
target tissues, which functions as a steroid receptor co-
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of the target genes before hormone
induction (198) (Figure 8, illustra-
tion 3).

* SRA: SRC-1, SRC-2, p68, p72,
Pus1p, Pus3p, RISC components
(PACT, TRBP, and Dicer)

3. Interactions with NRs
e GAS5: GR, other NRs
e PRNCR1, PCGEM1: AR
e SRA: PR

Elements (HRE)

4. Other Requlatory Mechanisms

¢ PR antisense transcripts: ccRNAs to PR
e Estrogen-regulated IncRNAs: likely a variety

of mechanisms

Figure 8. LncRNAs act as regulators, coregulators, and modulators of nuclear receptors. A
number of INcRNAs have been implicated in the regulation of nuclear receptor (NR) functions,
ultimately controlling receptor-mediated transcriptional programs. The regulation occurs through
direct interactions with NR-associated coactivators and corepressors (as in the case of the
INcRNAs SRA and CTBP1-as) (illustrations 1 and 2), direct interactions with NRs (as in the case of
the INcRNAs GAS5, PRNCR1, and PCGEMT) (illustration 3), and additional transcriptional
mechanisms acting either upstream or downstream of the NRs (eg, PR antisense transcripts,

estrogen-regulated IncRNAs) (illustration 4).

activator. SRA interacts with steroid receptor coactivators
1 and 2 and facilitates ligand-dependent transactivation in
reporter gene assays. In biochemical and cell-based assays,
mutations that introduce early stop codons in SRA and
inhibitors of protein synthesis convincingly demonstrate
that the coactivator function of SRA is independent of
translated protein products. Subsequent studies have sub-
stantiated the earlier findings and identified additional in-
teraction partners involving both coactivators (eg, p68,
p72, Puslp and Pus3p, and components of the RNA-in-
duced silencing complex, such as protein activator of the
interferon-induced protein kinase, TAR RNA binding
protein, and Dicer) (193-195) and corepressors (eg,
SMRT- and HDACT1-associated repressor protein and
stem-loop-interacting RNA-binding protein) (196, 197),
thus expanding the role of SRA as a transcriptional co-
regulator (Figure 8, illustrations 1 and 2). More recently,
SRA was identified in a chromatin-associated complex
with unliganded progesterone receptor (PR) and an het-
erochromatin protein 1y-LSD1 repressive complex at the
promoter of hormone-regulated genes, where it functions
to stabilize the complex and maintain the repressive state

* SRA: SHARP, SLIRP, HP1y-LSD1
e CTBP1-as: CTBP1

»

Corepressors

Pol 1l Basal
Transcription
Machinery

Hormone Response Promoter

SRA has also been shown to be
posttranscriptionally modified by
pseudouridylation, a C-glycoside
isomerization of the nucleoside uri-
dine, which is mediated by pseudou-
ridine synthase family members
Pus1p and Pus3p (194, 199). Puslp
and Pus3p modify partially overlap-
ping, but distinct, positions on SRA,
altering SRA’s coregulator activity
with nuclear receptors (194, 199).
The extent to which other IncRNAs
are posttranscriptionally modified
has not been examined in great de-
tail. This could be an important reg-
ulatory mechanisms across this class
of regulatory RNAs, which should
be studied in greater detail.

Interestingly, protein-coding iso-
forms of SRA containing an ex-
tended first exon have also been
identified and characterized (26,
200), making SRA an interesting
case of an RNA with roles as both a
IncRNA and a protein-coding RNA.
Nevertheless, the noncoding isoform
displays differential expression pat-
terns across different breast cancer cell lines and may play
an oncogenic role in breast tumorigenesis (201-203),
making the studies of such IncRNAs highly relevant to
endocrine-related cancer research.

2. GAS5: a nuclear receptor decoy

Growth arrest-specific 5 (GASS) is another IncRNA
that has been shown to regulate the activity and function
of multiple nuclear receptors, including the glucocorti-
coid, androgen, mineralocorticoid, and progesterone re-
ceptors (204). Unlike SRA, which participates in coacti-
vator complexes as a scaffold, GASS forms an RNA stem-
loop structure to mimic a nuclear receptor DNA response
element. GASS interacts with the glucocorticoid receptor
(GR) DNA binding domain and acts as a decoy GR re-
sponse element, titrating GR away from its sites of tran-
scriptional activity in a ligand-dependent manner (Figure
8, illustration 3). The GASS RNA accumulates in fasting
and growth arrested cells, thus functioning as a starvation-
or growth arrest-linked riborepressor for GR and possibly
other nuclear receptors that share the same DNA response
element, facilitating steroid-modulated cell survival and
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metabolism (204, 205). In adherent human cell lines, in-
cluding 293T and MCF-10A, overexpression of GASS
suppresses cell growth and promotes apoptosis (206).
GASS is found at reduced levels in human breast carci-
noma samples compared with their matched controls, sug-
gesting a role for GASS as a tumor suppressor (206).

3. PR gene antisense transcripts: targets for antigene RNAs

Some nuclear receptor-related IncRNAs may be more
receptor-specific and may function at the level of the gene.
Corey and colleagues have examined the transcriptional
landscape of the PR gene and showed the existence of
antisense RNA transcripts overlapping the PR gene pro-
moter (207). They are likely to be IncRNAs, and at least 1
of them is spliced and polyadenylated. Although the cod-
ing potential of these transcripts has not been explicitly
evaluated, they appear to act as RNAs, which can serve as
targets for antigene RNAs (agRNAs). PR gene agRNAs
are double-stranded RNAs complementary to the PR gene
promoter, which act to increase expression of PR mRNA
and protein levels after transfection into human breast
cancer cells through a mechanism that involves the
agRNAs and the recruitment of Argonaute proteins to the
PR antisense transcripts (207,208). As such, PR antisense
transcripts are required for the agRNA-mediated activa-
tion of the PR gene, possibly through base pairing with the
agRNAs (207, 209) (Figure 8, illustration 4).

The possibility that PR antisense IncRNAs modulate
PR gene expression in response to endogenous agRNA-
like molecules is an attractive one, and Corey and col-
leagues continue to search for RNA molecules that might
mediate these effects (209). MicroRNAs are possible can-
didates; indeed, the inhibitory effects of mir123b on PR
gene expression can be inhibited by PR antisense IncRNAs
(209). These results suggest a role for PR antisense
IncRNAs acting as ceRNAs to sequester microRNAs, add-
ing to the growing list of IncRNAs that can serve as ceR-
NAs in multiple cellular models (139-142).

4. CTBP1-as, PRNCR1, and PCGEM1: androgen-
regulated IncRNAs

The examples noted above illustrate how direct or in-
direct interactions between IncRNAs and nuclear recep-
tors (or their genes) can affect receptor activity or expres-
sion. Other IncRNAs function as downstream targets of
the gene-regulating activities of nuclear receptors but may
also function in feedback loops that impact the activity of
the receptor. CTBP1-as, an androgen-regulated IncRNA,
is a NAT of CTBP1, which functions as a corepressor of
androgenreceptor (AR). In prostate cancer cells, androgen
upregulates the expression of CTBP1-as, which in turn
recruits the RNA-binding transcriptional repressor PTB-
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associated splicing factor and histone deacetylases to the
promoter of the CTBP1 gene, as well as additional target
promoters, to mediate gene repression (49). Thus,
CTBP1-as antagonizes the repressive functions of CTBP1
by limiting its expression, thereby facilitating the gene reg-
ulatory activities of AR. Moreover, CTBP1-as antago-
nizes the expression of additional target genes, including
tumor suppressor genes, to promote tumor growth (49).
Collectively, the available data suggest that androgen-reg-
ulated expression of CTBP1-as helps the AR bypass
CTBP1-dependent repression to promote prostate cancer
progression (Figure 8, illustration 2).

Similar to CTBP1-as, prostate cancer-associated non-
coding RNA 1 (PRNCR1) and prostate-specific transcript
1 (nonprotein coding) (PCGEM1) add to the list of an-
drogen-regulated IncRNAs that exhibit positive feedback
in the androgen signaling pathway and, as such, affect
prostate cancer progression (210). PRNCR1 and PC-
GEMT1 interact directly and sequentially with AR in an
androgen-dependent manner (210). These interactions en-
hance AR activity, facilitate AR gene activation programs,
and drive prostate cancer cell proliferation (210). Further-
more, loss of these IncRNAs in castration-resistant pros-
tate cancer cells leads to impaired tumor xenograph
growth in vivo (210). These androgen-regulated IncRNAs
suggest a model in which hormone signaling alters the
expression or the activity of IncRNAs, which in turn mod-
ulate steroid receptor functions and ultimately control en-
docrine signaling outcomes. This model, however, has
been challenged by Prensner et al (211), who have re-
ported that 1) PRNCRT1 is not associated with prostate
cancer, 2) neither PRNCR1 nor PCGEM1 is associated
with poor patient outcomes, and 3) neither interact with
AR, raising questions about their role in AR signaling.

5. Estrogen-regulated IncRNAs: components of a
mitogenic program

Like the androgen-regulated IncRNAs CTBPI-as,
PRNCR1,and PCGEM1, the expression of IncRNAs has
been shown to be regulated by estrogens. In this regard,
GRO-seq was recently used to explore the rapid effects of
estrogen signaling on the entire transcriptome in MCF-7
human breast carcinoma cells, as well as identify thou-
sands of novel estrogen-regulated ncRNAs, including
~1900 IncRNAs (66, 212, 213). Like a number of previ-
ously characterized estrogen-upregulated protein-coding
genes, many estrogen-upregulated IncRNAs show estro-
gen-induced estrogen receptor-a binding in their proximal
promoter regions, suggesting direct regulation by estrogen
receptor-a (213). Those IncRNAs that show rapid and
robust regulation in response to estrogen signaling are
likely to play important roles in the estrogen signaling
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pathway (Figure 8, illustration 4). Interestingly, knock-
down of some of these estrogen-regulated IncRNAs in-
hibits the growth of breast cancer cells, suggesting poten-
tial roles for these IncRNAs in breast cancer cell
proliferation (212, 213). Recent studies have also identi-
fied a whole host of estrogen-regulated eRNAs, some of
which may meet the criteria for classification as IncRNAs
(214, 215). Enhancer-derived IncRNAs have been shown
to function as integral components of enhancers that drive
the expression of distal target genes (6, 216).

B. LncRNAs and reproduction: regulators of mammary
gland development

Mammary gland formation is a complex developmen-
tal program, much of which occurs after birth. During
puberty, the formation of tubules within the mammary
gland is coupled with branching, establishing the basic
network of mammary ducts (217, 218). The gland con-
tinues to undergo dynamic changes during female repro-
ductive cycles, with proliferation and regression of cells at
specific times. Profound changes also occur during preg-
nancy, preparing the gland for lactogenesis and nursing at
term and postpartum (217, 218). The mammary gland is
a hormone-responsive organ, and many of the pregnancy-
associated changes are mediated by the sex steroid hor-
mones estrogen and progesterone (219). The IncRNAs de-
scribed in the previous section (Section VI.A) that regulate
the estrogen and progesterone signaling pathways are
likely involved in mammary gland biology. For example,
Lanz and colleagues (220) have shown that overexpres-
sion of human SRA IncRNA in mammary epithelial cells
of MMTV-SRA transgenic mice leads to abnormal mam-
mary gland development, implicating SRA in mammary
gland biology. Results like this point to the potential im-
portance of IncRNAs in the signaling programs that con-
trol key developmental processes.

Pregnancy-induced ncRNA (Pinc) and zinc finger an-
tisense 1 (Zfas1) are two IncRNAs that have been identi-
fied and characterized as regulators of mammary gland
proliferation and differentiation (221-223). Both
IncRNAs show coordinated expression patterns along the
mammary gland developmental axis in rats (Pinc) and
mice (Zfas1) (223, 224). In HC11 mouse mammary epi-
thelial cells, knockdown of Pinc isoforms increases differ-
entiation in a morphological dome formation assay,
whereas overexpression of Pinc results in reduced expres-
sion of differentiation marker genes (222). In contrast,
knockdown of Zfas1 in HC11 cells promotes cell prolif-
eration, increases the expression of differentiation marker
genes, and increases dome formation (223). The concerted
actions of these IncRNAs in proliferation and differenti-
ation ensure the proper developmental program in the
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mammary gland. Mechanistically, Pinc interacts with the
chromatin-modifying PRC2 complex in RIP assays and
may serve as an epigenetic regulator at the molecular level
(222). The molecular basis for Zfas1 function remains
unclear.

C. LncRNAs and metabolism: adipogenesis and
metabolic disorders

The adipose and pancreas exemplify organs in which
endocrine and metabolic functions are well integrated
(225-227).Impaired functions in these organs lead to met-
abolic dysregulation and can be an underlying cause of
important health concerns, such as obesity and diabetes
(228, 229). Adipose consists primarily of adipocytes and
is a major site for lipid storage and metabolism. As an
endocrine organ, it releases adipokines that signal to the
other organs and tissues in the body to regulate lipid and
glucose homeostasis (230). The pancreas contains multi-
ple cell types, including B-cells, which produce and secrete
insulin as part of the endocrine pancreas, and acinar cells,
which produce and secrete digestive enzymes and part of
the exocrine pancreas (231). Loss of B-cells is a direct
cause of type 1 diabetes, and insufficient insulin produc-
tion from B-cells is a major contributing factor for type 2
diabetes (232,233). Thus, IncRNAs that alter adipose and
pancreas function can have profound implications on me-
tabolism. The aforementioned IncRNA SRA, which acts
as a coregulator of multiple steroid receptors and has been
implicated in endocrine and reproductive functions, also
coactivates peroxisome proliferator-activated receptor y
(PPARY), a nuclear receptor that serves as a master regu-
lator of adipogenesis (234). Functional interactions be-
tween SRA and PPAR vy facilitate the adipogenic transcrip-
tional program associated with adipocyte differentiation.
Knockout of the SRA gene in mice protects against diet-
induced obesity and improves glucose tolerance (235),
suggesting broad functions of SRA in metabolic processes.

1. Lnc-RAPs, PU.1 AS, and Binc1: adipogenic IncRNAs
LncRNAs regulating adipogenesis have also been iden-
tified in large-scale genomic studies. By evaluating the dif-
ferential expression of IncRNAs across primary brown
and white adipocytes, preadipocytes, and cultured adi-
pocytes, Sun and colleagues identified 175 IncRNAs that
are specifically regulated during adipogenesis (12). They
selected 20 IncRNAs that are likely regulated by PPARYy
and CCAAT/enhancer-binding protein-a, master regula-
tors of adipogenesis, to perform a loss-of-function screen,
from which they showed that 10 of them, including lnc-
RAP-1 and IncRAP-2, function to modulate adipocyte dif-
ferentiation (12). Depletion of these adipogenic IncRNAs
causes dysregulation of adipogenic gene expression pro-
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grams, suggesting an underlying transcriptional mecha-
nism for these IncRNAs.

PU.1 antisense (AS) is another IncRNA that regulates
adipogenesis. As the name implies, PU.1 AS is a NAT of
the PU.1 gene and, like other NATs, it functions to an-
tagonize its sense transcript. Specifically, PU.1 AS forms
an RNA duplex with, and inhibits the translation of, PU.1
mRNA. PU.1 is a transcription factor that inhibits the
differentiation of preadipocytes into adipocytes (236). By
blocking the translation of PU.1 mRNA, PU.1 AS allows
adipogenesis to proceed (237). Interestingly, a nuclear,
nonpolyadenylated, ncRNA originating upstream of, and
encompassing the entire, CEBPA mRNA, called extra-
coding CEBPA (ecCEBPA), interacts with the DNA meth-
yltransferase DNMT1 to promote expression of the
CEBPA mRNA (121). CEBPA encodes the adipogenic
transcription factor CCAAT/enhancer-binding protein-a,
a key driver of adipogenesis (238). Although not specifi-
cally demonstrated, this mode of regulation could play an
important role in adipogenesis.

Blncl (brown fat IncRNA 1), which was identified
through global profiling of IncRNA expression during
thermogenic adipocyte formation, promotes the differen-
tiation and function of brown and beige adipocytes (239).
Blncl forms a complex with transcription factor early
B-cell factor 2 to stimulate a thermogenic gene expression
program that promotes differentiation into brown and
beige adipocytes. Interestingly, the Blncl gene is a target
of early B-cell factor 2, establishing a feed-forward regu-
latory loop to drive adipogenesis toward a thermogenic
phenotype (239). LncRNAs regulating adipocyte differ-
entiation, such as those described here, have important
implications for endocrine-mediated metabolic functions.

2. HI-LNC25 and islet cell IncRNAs: B-cell function
and diabetes

The endocrine pancreas is the key site for glucose me-
tabolism and is essential for the maintenance of glucose
homeostasis. To identify IncRNAs implicated in diabetes,
Mordn and colleagues (240) performed transcriptome
analysis in human pancreatic islets and B-cells and re-
ported the identification more than 1100 intergenic and
antisense islet cell IncRNAs. Some of these IncRNAs are
up- or downregulated in islet samples from individuals
with type 2 diabetes, whereas others coincide with diabe-
tes susceptibility loci. One intergenic IncRNA, HI-
LNC23, is specifically expressed in B-cells (240). Knock-
down of HI-LNC25 in EndoC-B-H1 human B-cell cells,
reduced the expression of GLIS3, a protein-coding tran-
scription factor implicated in diabetes (240). Collectively,
these results provide initial evidence that IncRNAs may be
involved in B-cell function and diabetes pathophysiology.
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3. 116HG: energy imbalances in Prader-Willi syndrome

Prader-Willi syndrome (PWS) is a genetic disorder with
a spectrum of phenotypes, including childhood obesity,
linked to the PWS critical region on chromosome 15 (241).
Interestingly, the metabolic disorders in PWS have been
linked to ncRNAs. Specifically, loss of the paternally im-
printed snord116 gene cluster, which encodes multiple
SNORD116 snoRNAs, sno-IncRNAs, and a IncRNA
called 116HG, underlies the symptoms of PWS in humans
and mouse (45,242-244). Notonly does the 116HG locus
serve as the host for SNORD116 snoRNAs, which are
potential drivers of PWS phenotypes, the 116 HG IncRNA
itself interacts with the transcriptional coactivator retino-
blastoma binding protein 5 to regulate transcriptional
programs underlying circadian energy homeostasis in
postnatal neurons in mice (245). Results from ChIRP-seq
and RNA-seq experiments showed that 116 HG likely pre-
vents the binding of RBBPS to the promoters of target
genes, hence preventing the upregulation of genes, which
encode proteins involved in chromatin modification and
metabolic signaling (245). Consequently, Snord116del
mice lacking 116HG exhibit dysregulation of metabolic
genes and diurnal energy expenditure in the brain, as
shown in genomic and metabolic analyses, suggesting that
the 116 HG contributes to the energy imbalance associated
with PWS (245).

LncRNAs originating from the PWS critical region on
chromosome 15 may affect the expression of imprinted
genes at loci on other chromosomes. For example, the
IncRNA IPW, whose gene is located in the PWS critical
region, regulates the DLK1-DIO3 region chromosome 14
(246). Overexpression of IPW in PWS promotes down-
regulation of maternally expressed genes in the DLK1-
DIO3 region through alterations of histone modifica-
tions, rather than DNA methylation (246). Whether this
altered regulation contributes to the PWS metabolic phe-
notypes hasnot been determined, but the possibility exists.
Collectively, the studies highlighted here illustrate the
emerging roles of IncRNAs in adipogenesis and metabolic
disorders.

D. LncRNAs in the immune system: innate and adaptive
immune responses

The immune system comprises a collection of biological
molecules, structures, cells, and processes that lead the
defense against disease. The immune system has 2 over-
lapping and interactive components, referred to as the in-
nate immune system (eg, phagocytosis, antimicrobial pep-
tides, and the complement system) and the adaptive
immune system (eg, antigen-specific responses and immu-
nological memory) (247). Both are essential for maintain-
ing homeostasis in the face of infections. Malfunctions in
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Figure 9. A possible integrated IncRNA network controlling inflammatory responses. Schematic
representation of known proinflammatory (A and C) and anti-inflammatory (B) gene regulatory
responses. Although the specific interrelationships illustrated here are not specifically known,
they are inferred from the literature. A, The IncRNA THRIL regulates the expression of TNFA, the
gene encoding TNFa (125), a key proinflammatory cytokine. B, LincRNA-Cox2, one of the most
highly upregulated lincRNAs in TIr4-stimulated mouse dendritic cells bone marrow-derived
macrophages (18), mediates both activation and repression of important inflammatory genes,
such as those encoding cytokines and chemokines (253). This repression involves the formation
of a IncRNA-protein complex containing lincRNA-Cox2 and hnRNP proteins (253). C, The
expression of Lethe is regulated by the proinflammatory cytokine TNFa through the transcription
factor NF-kB, a master regulator of inflammatory responses. Lethe acts as a negative regulator of
NF-kB-dependent inflammatory signaling through physical interactions with the RelA subunit of
NF-kB, forming a negative feedback loop to modulate inflammatory responses (254).

the innate and adaptive immune systems can lead to path-
ological inflammatory responses, autoimmunity, and im-
munodeficiency (248-251). Recent studies have impli-
cated IncRNAs in the biology of the immune system,
orchestrating both innate and adaptive immune responses
to support host defense mechanisms against invading
pathogens (Figure 9).

1. LincRNA-Cox2, Lethe, and THRIL: regulators of inflam-
mation in innate immunity

The innate immune system is the first line of defense
against infection. Its major functions include promoting
inflammatory responses and organizing the recruitment
and activation of various immune cell types, mostly
through the well-controlled production and release of cel-
lular mediators, such as cytokines and chemokines. Tran-
scriptome profiling in the innate immune system have

Lethe, efc.

Lethe INcCRNAm=___pmmm
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shown global differential expression
of IncRNAs in response to influenza
virus infection in mouse lung tissue
samples (252). In this regard, lincRNA-
Cox2 has been shown to function as a
regulator of inflammatory signaling in
the innate immune system. LincRNA-
Cox2 is located proximal to the Prgs2
(Cox2) gene and is one of the most
highly upregulated lincRNAs in toll-like
receptor 4 stimulated mouse dendritic
cells bone marrow-derived macro-
phages (18). LincRNA-Cox2 mediates
both activation and repression of impor-
tant inflammatory genes, such as those
encoding cytokines and chemokines
(253). This repression involves the for-
mation of a IncRNA-protein complex
containing /incRNA-Cox2 and hnRNP

Proinflammatory

i
\/

g proteins (253) (Figure 9B).

Lethe is another IncRNA that has
been shown to play a critical role in
innate immune responses by regulat-
ing the inflammatory transcriptional
program. Rapicavoli and colleagues
(254) identified hundreds of
IncRNAs that are regulated by the
proinflammatory cytokine TNFa«
through the transcription factor nu-
clear factor (NF)-«kB, a master regu-
lator of inflammatory responses, in
embryonic  fibroblasts.
Among them, they focused on Letbe,
a nuclear IncRNA produced from a
pseudogene of Rps15. Letheactsasa
negative regulator of NF-«kB-depen-
dentinflammatory signaling through physical interactions
with NF-«B protein, forming a negative feedback loop to
modulate inflammatory responses (254) (Figure 9C). As
noted above, the IncRNA THRIL regulates the expression
of TNFA, the gene encoding TNFa (125), a regulatory
event that may act upstream of Lethe in the aforemen-
tioned pathway (Figure 9A).

The expression of other cytokines is also regulated by
IncRNAs. For example, the IncRNA NEAT1, which is
required for the formation of nuclear body paraspeckles,
facilitates the expression of antiviral cytokines, such as
IL-8. NEATT1 binds to the proline/glutamine-rich splicing
factor splicing factor proline/glutamine-rich, a repressor
of IL8 gene expression, promoting the relocalization of
splicing factor proline/glutamine-rich from the IL8 pro-
moter to paraspeckles, leading to transcriptional activa-

mouse
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tion of IL8 (255). LncRNA-mediated movement of genes
between architectural structures in the nucleus has been
noted in other systems as well (eg, movement between
TUG1-containing Polycomb bodies and MALAT1-con-
taining interchromatin granules in response to growth sig-
nals) (170), suggesting that this may be a general mode of
regulation.

2. NeST, GASS5, lincR-Ccr2-5'AS, and Inc-DC: regulators of T
cells in adaptive immunity

The adaptive immune system involves highly special-
ized immune cell types that act to contain and eliminate
invading pathogens. Recent studies have shown that, in
addition to innate immunity, IncRNAs are involved in the
regulation of adaptive immune responses as well, partic-
ularly in the context of various subsets of T lymphocytes
(256,257), asillustrated by the IncRNAs NeST and GASS
(206, 258). NeST, also known as TMEVPGI1 or lincR-
ifng-3'AS, is transcribed from a gene that is positioned
next to the IFNG locus (257-259). NeST acts as a tran-
scriptional enhancer to increase the expression of [IFNG in
Th1 cells and cytotoxic CD8™ T cells (257, 258). Conse-
quently, NeST modulates adaptive immune responses to
pathogens, including Theiler’s virus and Salmonella en-
terica in transgenic mouse models (258). Likewise, GASS,
another IncRNA implicated in T-cell biology, has been
shown to play an essential role in the control of growth
arrest, apoptosis, and cell cycle in both a human leukemic
T-cell line and human peripheral blood T cells (206).

Large-scale transcriptome experiments have led to the
identification of thousands of IncRNAs in specific T-cell
populations. For example, Pang and colleagues (256) ex-
amined the expression profiles of IncRNAs in CD8" T
cells by using existing microarray datasets from human
and mouse CD8™ T cells, as well as by performing custom
expression microarrays on naive and activated CD8" T
cells isolated from the mouse spleen. In addition, Hu and
colleagues (257) performed RNA-seq on 42 T-cell popu-
lations, including CD4 ™, CD8 ™, and double-negative thy-
mic T cells, thymus-derived regulatory T cells, and various
types of in vitro differentiated CD4™ T cells. Both studies
showed cell-specific and dynamically regulated expression
patterns of subsets of IncRNAs across the different the
T-cell populations. Interestingly, the genes for many of the
IncRNAs with T-cell-specific patterns of expression are
located in proximity to protein-coding genes with immu-
nological functions. For example, the expression of lincR-
Ccr2-5"ASin T helper type 2 cells is highly correlated with
the expression of nearby protein-coding genes involved in
chemokine signaling pathways (257). Specifically, LincR-
Ccr2-5'"AS is required for expression of the neighboring
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chemokine genes Ccr2 and Ccr3, which facilitate the mi-
gration of T helper type 2 cells into the lung tissues (257).

Finally, some IncRNAs support the important func-
tional interplay between the innate and adaptive immune
systems. For example, lnc-DC is a IncRNA expressed ex-
clusively in dendritic cells, which are antigen-presenting
cells that process antigens and present them on the cell
surface to T cells. Lnc-DC supports the differentiation of
dendritic cells from monocytes, as well as the ability of
dendritic cells to stimulate T cell activation, by activating
the transcription factor STAT3 (260). Collectively, the
studies described in this section highlight the cell-type-
specific expression of IncRNAs in T cells and identify 3
specific IncRNAs (ie, NeST, GASS, and lincR-Ccr2-5' AS)
that play key roles in T-cell function.

VIl. LncRNAs in Other Biological Systems

A number of recent studies have begun to elucidate the
roles of IncRNAs in a wide variety of other biological
systems. Two of the best characterized with respect to
IncRNA function are the nervous and cardiovascular sys-
tems (Figure 7). As observed with the other biological sys-
tems described above, the IncRNAs that impact the biol-
ogy of the nervous system and the cardiovascular system
illustrate important concepts about the structure, func-
tion, and biological roles of IncRNAs in health and
disease.

A. LncRNAs in the nervous system: neural development
and disorders

The nervous system is the most complex organ system
in the human body, comprising numerous cell types and an
exquisite regulatory network of cellular activity. Given
their temporally and spatially controlled patterns of ex-
pression, IncRNAs are well suited for providing an addi-
tional regulatory layer to fine tune the cellular outcomes
needed for proper neuronal development and function.
Indeed, IncRNAs are abundantly expressed in the cells of
the central nervous system, dynamically regulated across
the developmental axis and in response to neuronal activ-
ity, and expressed in localized patterns in specific brain
structures (261-263). In this regard, IncRNAs have been
implicated in neuronal development and the differentia-
tion of neurons as well as the pathogenesis of neurological
disorders (264-267). Recent results from Rinn’s lab (187)
using a collection of 18 IncRNA knockout mouse lines
have reinforced the important role that IncRNAs play in
the brain.
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1. Identification of IncRNAs important in
neural development

A number of studies using high-throughput approaches
have established a connection between IncRNAs and the
nervous system. As mentioned earlier, Guttman and col-
leagues (105) screened for IncRNAs that alter global gene
expression in ESCs through a loss-of-function RNA in-
terference screen. Among the hits was a set of IncRNAs
that function to negatively regulate neuroectodermal dif-
ferentiation (105). Moreover, Khalil and colleagues found
that many IncRNAs physically associate with the REST/
CoREST complex in RIP-chip experiments (21). Given the
prominent roles of this chromatin-modifying complex in
neural development, it seems likely that some of these
IncRNAs contribute to REST/CoREST-related neuronal
functions.

Ramos and colleagues (268) examined IncRNAs ex-
pressed in the adult mouse subventricular zone neural
stem cell lineage through an integrative genomic ap-
proach, including RNA-seq, RNA CaptureSeq, and ChIP-
seq. They characterized 2 IncRNAs, Six30S and Dix1as,
with roles in the glial-neuronal lineage specification of
multipotent adult stem cells (268). The evolutionarily con-
served IncRNA TUNA (Tcl1 upstream neuron-associated
lincRNA, or megamind) controls pluripotency and neural
lineage commitment in ESCs (190). Other studies have
focused on the role of IncRNAs during corticogenesis, us-
ing a fluorescence reporter mouse line that allows tran-
scriptome profiling in isolated subpopulations of prolif-
erating neural stem cells, differentiating progenitors, and
newborn neurons during brain development (269). A sub-
set of IncRNAs show differential expression across the
different subpopulations, and several of them are associ-
ated with neuronal phenotypes. For example, the IncRNA
Miat functions to ensure the proper splicing of Wnt7b and
regulate neurogenic differentiation and neuronal survival
during brain development (269). In addition, Ulitsky and
colleagues (55) used an integrative genomic approach to
identify 550 IncRNAs in zebrafish. Morpholino antisense
oligo-mediated knockdown of 2 of them, cyrano and
megamind, causes neural defects in zebrafish in vivo (55).
Interestingly, these defects can be rescued by injection of
mammalian orthologs of the IncRNAs from either mouse
or human, highlighting the conserved function of
IncRNAs, even when sequence similarity may be limited
(595).

Many other IncRNAs have been implicated in brain
and retinal development. These have been reviewed else-
where and are mentioned briefly here. LncRNAs with im-
portant roles in brain development include 1) RMST, a
highly expressed IncRNA required for the differentiation
of midbrain neurons (270) and 2) utNgn1, a IncRNA tran-
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scribed from the Neurogl enhancer region, which regu-
lates Neurog1 expression to drive development of the cor-
tical region of the brain (271). LncRNAs with important
roles in retinal development and differentiation include
Tugl, Vax20S, Six30S, RNCR2 (aka Gomafu or Miat)
(272-275).In addition to the regulation of retinal cell fate,
Six30S8 and RNCR2 have been shown to play roles in
neural cell fate determination in the central nervous sys-
tem, including a role in adult neurogenesis in subventricu-
lar zone neurons for Six30S (268, 276).

2. LncRNAEs in neuronal function and activity

A growing number of IncRNAs have been implicated in
neuronal functions. For example, the highly abundant
IncRNA MALATT is induced in response to neuronal ac-
tivity and has been shown to affect synapse function in
cultured neurons (169). Although there is a lack of ob-
servable neurological phenotypes in Malat1-knockout
mice (173), knockout of other IncRNAs is associated with
neurological phenotypes in vivo. Dix1as is a IncRNA that
is transcribed antisense to the Dlx1 gene from the locus
harboring the distal-less homeobox (Dlx) genes, which
have been implicated in the differentiation of multiple neu-
ronal subtypes (277). Knockdown of Dlx1as downregu-
lates the expression of Dix1 and DIx2 (50). Moreover,
functional ablation of Dlx1as in mice without affecting
Dix1 through a carefully designed gene-targeting ap-
proach results in more y-aminobutyric acid (GABA)-ergic
interneurons (277). In addition, the mice exhibit neuro-
logical phenotypes that are similar to those caused by an
excess of DIx1, suggesting that Dlx1as acts as a negative
regulator of DIx1 to alter its mRNA transcript levels (50).
Evf-2 is another IncRNA transcribed from the Dix locus,
originating from an ultraconserved enhancer region be-
tween the DIx5 and DIx6 genes (278). Evf-2 acts as a
transcriptional coactivator of DIx2 to modulate the activ-
ity of the enhancer and to maintain the expression of Dlx 35,
DIx6, and Gadl, protein-coding genes required for the
proper formation of the GABA-dependent neuronal cir-
cuitry (278, 279). In this regard, Evf-2 mouse mutants
show reduced numbers of GABAergic interneurons, sug-
gesting a role of Evf-2 in adult brain development (279).

3. Antisense IncRNAs and neurological disorders

Among the IncRNAs implicated in neurological disor-
ders, there is a recurring theme of IncRNAs transcribed
antisense to a protein-coding gene playing key roles in the
pathophysiology of the disease. These NAT IncRNAs are
thought to contribute to the respective diseases by mod-
ulating the levels of the sense protein-coding transcript.
For example, BACE1-AS is transcribed antisense to the
BACEI1 gene, which encodes B-amyloid, a key protein
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component of the amyloid plaques that are central to the
pathophysiology of Alzheimer’s disease (AD) (280).
BACE1-AS exhibits elevated expression levels in AD in-
dividuals, leading to increased levels of BACE1 protein by
stabilizing the BACET mRNA (280). In addition to
BACE1-AS, the brain cytoplasmic RNAs, BC200 in hu-
man and BC1 in mouse, are IncRNAs with dysregulated
expression in individuals with AD and mouse models of
the disease, respectively (38). BC200 and BC1 regulate the
translation of mRNAs encoding specific proteins that con-
tribute to the pathogenesis of AD (38).

BDNEF-AS is another antisense IncRNA that has been
implicated in neurological disorders, including Hunting-
ton’s disease (HD) and schizophrenia. BDNF-AS likely
contributes to these diseases by antagonizing the expres-
sion of the sense BDNF transcript, which encodes brain-
derived neurotrophic factor, an important neuronal
growth factor shown to plays a crucial role in the patho-
genesis of HD (281, 282). UBE3A-ATS is a IncRNA
transcribed antisense to UBE3 A, a gene encoding ubiqui-
tin-protein ligase E3A, which has been implicated in An-
gelman syndrome, an imprinting-related neurodevelop-
mental disorder (283-285). UBE3A-ATS functions to
regulate the epigenetic silencing of the imprinted sense
allele, hence contributing to the disease pathology (286,
287).In all of these cases, the potential utility of targeting
the antisense IncRNAs in vivo has been suggested as a
therapeutic approach in treating the cognate neurological
disorder.

4. LncRNAs and trinucleotide repeat expansion disorders
HD is one of a number of trinucleotide repeat disorders,
genetic diseases caused by the abnormal expansion of tri-
nucleotide repeat sequences in the associated genes. Sev-
eral IncRNAs are associated with other trinucleotide re-
peat disorders, such as fragile X syndrome, fragile X
tremor ataxia syndrome, and spinocerebellar ataxias
(SCAs). The IncRNAs FMR4 and ASFMR1 are tran-
scribed from the disease-causing fragile X mental retar-
dation 1 (FMRT1) gene locus and are associated with fragile
X syndrome, fragile X tremor ataxia syndrome, and pos-
sibly autism (288,289). The IncRNA SCA type 7 antisense
noncoding transcript 1 (SCAANT1) is transcribed anti-
sense to the gene encoding ataxin-7 (ATXN7), a compo-
nent of the SPT3-TAF(II)31-GCNSL acetylase coactivator
complex, to regulate ATXN7 expression and contribute to
the disease phenotypes in SCA type 7 (290). In contrast,
the IncRNA ataxin 8 opposite strand (ATXN8OS) is tran-
scribed from within the trinucleotide repeat expanded re-
gion of the SCA type 8 disease locus and has been show to
play a role in related disease phenotypes in Drosophila in
vivo (291-293). Collectively, the studies described here
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illustrate the wide range of developmental and disease pro-
cesses in neurons that are mediated or altered by tissue-
specific expression of IncRNAs.

B. LncRNAs in cardiac and skeletal muscle: muscle
development and pathologies

Muscle, a soft tissue representing one of the 4 main
tissue types in the body (in addition to connective, ner-
vous, and epithelial tissues), comprises 3 distinct types in
vertebrates: cardiac, skeletal, and smooth muscle. Cardiac
muscle (aka myocardium or heart muscle) and skeletal
muscle are striated, containing sarcomeres that are ar-
ranged into highly regular bundles or myofibrils. In con-
trast to smooth muscle, which exhibits prolonged con-
tractions, cardiac and skeletal muscles contract and relax
in short, intense bursts. Cardiac muscle drives the con-
tractions of the heart that circulate blood through the vas-
cular system, whereas skeletal muscle allows skeletal
movement through tendon-mediated anchors to the bone.
Although distinct in their functions, different striated mus-
cles share some structural, molecular, and cellular features
that underlie the common aspects of their biology.

1. LncRNAs in the heart: development, physiology,
and disease

The heartis an essential organ in the circulatory system.
Its proper functioning is essential for life, but it is a com-
mon site of lethal disorders. In fact, heart disease is the
leading cause of death in the United States. Increased un-
derstanding of the complex biology of the heart, including
the cardiomyocytes and vascular cells within it, is needed
to reduce the incidence and mortality of heart disease. Not
surprisingly, IncRNAs have been shown to serve varied
and important functions in cardiac development, physi-
ology, and pathophysiology. Transcriptome analyses in
an immortalized adult ventricular cardiomyocyte cell line
have revealed a wide array of intergenic transcripts, many
of which are IncRNAs (294). Interestingly, the expression
of many of these IncRNAs, including MALAT1, is altered
in response to TNFa, a stress-related cytokine that pro-
motes proinflammatory responses and may contribute to
cardiac pathologies. Other IncRNAs, such as Bravebeart
and Fendrr, have been implicated in normal heart devel-
opment and physiology. Bravebeart is expressed in mouse
ESCsand adult heart cells and is required for the transition
from nascent to cardiac mesoderm by controlling the ex-
pression of core cardiac transcription factors, including
mesoderm posterior protein 1, to regulate the cardiovas-
cular gene network (91). On the other hand, Fendrr is
specifically expressed in the lateral plate mesoderm, where
it modulates the epigenetic environment of mesoderm-
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specific genes and plays an essential role in the develop-
ment of heart and body wall in mice (119).

Interestingly, several IncRNAs with molecular func-
tions initially characterized in other tissues have been im-
plicated in cardiovascular diseases. ANRIL, originally as-
sociated with cancer, is a IncRNA located in the strongest
genetic susceptibility locus for coronary artery disease,
and its expression in patients correlates with the severity
of atherosclerosis (295). SRA, a gene encoding a IncRNA
initially described as a steroid receptor coactivator in ste-
roid hormone target tissues, is located in a 600 kb region
of linkage disequilibrium associated with cardiomyopa-
thy. Furthermore, depletion of the SRA homolog in ze-
brafish results in severe myocardial dysfunction (296).
RCNR2 (aka Gomafu or myocardial infarction-associ-
ated transcript MIAT), identified in the nervous system as
aregulator of retinal development, contains SNPs that are
associated with myocardial infarction (297). How MIAT
is linked mechanistically to the disease, however, remains
unknown.

Other IncRNAs that have been identified specifically in
the heart have functions directly related to cardiac biol-
ogy. For example, Mhrt (myosin heavy-chain-associated
RNA transcript) protects the heart from pathological hy-
pertrophy by antagonizing the functions of BRM/SWI2-
related gene 1, a chromatin-remodeling enzyme that pro-
motes aberrant gene expression and cardiac myopathy in
response to stress (298). Linc-MYH, a IncRNA whose
gene shares a common enhancer with the genes encoding
myosin heavy chain (MYH), plays a key role in adult fast-
type myofiber specialization by preventing slow-type and
enhancing fast-type MYH gene expression (299). This is
achieved through the coordinated expression of fast
MYHs and linc-M YH by Six1 homeoproteins acting at the
common enhancer.

Similar to NATs in the brain, a number of antisense
IncRNAs have been implicated in cardiac biology through
interplay with their cognate sense genes. For example,
IncRNAs transcribed antisense to genes encoding the es-
sential cardiac proteins cardiac troponin T type 2, myosin
heavy chain 8 (3-MHC), and atrial myosin light chain 1
(ALC-1) are required for their proper expression (300-
302). Specifically, TNNT2-AS, which is transcribed anti-
sense to the gene encoding cardiac troponin T type 2,
forms a duplex with TNNT2 mRNA to regulate transla-
tion of the mRNA (300). In addition, MYHCB-AS, which
is transcribed antisense to the gene encoding 3-MHC, reg-
ulates isoform switching between «-MHC and g-MHC
(301). Finally, induced expression of MYL4-AS, which is
transcribed antisense to the gene encoding ALC-1, is as-
sociated with reduced ALC-1 protein levels in hypertro-
phic ventricles (302). As these 3 examples illustrate,
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IncRNAs add an important layer of regulation to the car-
diac gene network, contributing to cardiovascular func-
tion and pathophysiology. Nevertheless, the study of In-
cRNAs in the cardiovascular system is still in its infancy,
and additional studies are needed to elucidate fully the
underlying mechanisms that ultimately impact cardiac
biology.

2. LncRNAs in skeletal muscle: muscle differentiation and
muscular dystrophy

LncRNAs have also been implicated in muscle differ-
entiation and myopathies in skeletal muscle. For example,
SRA, a IncRNA that was described in other biological
contexts in Sections VI.A.1, VI.B, VI.C, and VII.B.1,
functions in a complex with p68/p72 to coregulate myo-
genic differentiation 1 and promote skeletal muscle dif-
ferentiation (303). This process may be inhibited by the
protein product of the SRA gene, SRA protein, which is
thought to bind SRA and inhibits its coregulatory function
(200), although direct interactions between SRA and SRA
protein have been questioned by McKay et al (304). Other
IncRNAs affect skeletal muscle differentiation by produc-
ing or inhibiting microRNAs. The IncRNA H19 produces
microRNAs miR-675-3p and miR-675-5p, which target
mRNAs encoding Smad transcription factors to promote
skeletal muscle differentiation and regeneration (305).
H19 also sponges let-7 microRNAs to control muscle dif-
ferentiation (143).

In contrast, the IncRNA [inc-MD1 functions as a
ceRNA in mouse and human myoblasts to control the
timing of muscle differentiation. It sequesters 7iR-133
and miR-135, 2 microRNAs targeting key transcription
factors involved in muscle-specific gene expression pro-
grams, ultimately affecting muscle differentiation (139).
Linc-MD1 is also the host transcript of 7iR-133b, a mi-
croRNA whose biogenesis is mutually exclusive with [inc-
MD1.HuR protein, whose levels are reduced by miR-133,
promotes linc-MD1 accumulation over miR-133b accu-
mulation by binding to linc-MD1 and repressing cleavage
by Drosha. The sponging activity of linc-MD1 stabilizes
HuR levels in a feed-forward positive loop, reinforcing
linc-MD1 sponge activity (306). Linc-MD1 has also been
associated with Duchenne muscular dystrophy (DMD). It
shows significantly reduced expression in muscle from
DMD individuals compared with controls (139). The dif-
ferentiation delay observed in DMD myoblasts can be res-
cued by the ectopic expression of linc-MD1, suggesting
potential therapeutic utility for the IncRNA in DMD and
possibly other muscle diseases.

The IncRNA DBE-T has been implicated in facioscapu-
lohumeral muscular dystrophy (FSHD), one of the most
common myopathies, through a mechanism that differs
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from that observed for linc-MD1 in DMD. DBE-T'is tran-
scribed specifically in FSHD patients from a gene proximal
to the D4Z4 locus, which contains many copies of D474
repeat units (307). In unafflicted individuals, a sufficient
number of the D474 repeat units can recruits the Poly-
comb complex to ensure chromatin compaction and re-
pression of nearby genes. In FSHD individuals, a reduced
number of D4Z4 repeat units results in chromatin dere-
pression, allowing transcription of DBE-T (307). The ex-
pressed DBE-T then initiates a positive feedback loop to
recruit the Trithorax complex, which antagonizes the
Polycomb complex to further derepress the expression of
nearby genes and DBE-T, leading to FSHD (307). Thus,
DBE-T plays a critical role in the etiology of FSHD, and
the therapeutic potential of targeting DBE-T for the treat-
ment of the disease is under investigation. Collectively, the
studies described here have revealed key roles for a broad
array of IncRNAs in muscle development, function, and
disease.

VIIl. LncRNAs in Cancer: Oncogenes and
Tumor Suppressors

Some of the first biological functions ascribed to IncRNAs
were related to their roles in cancers, such as the endo-
crine-related cancers noted above. Accumulating evidence
supports a role for IncRNAs in a much broader array of
cancer types. Du and colleagues (308) performed a global
analysis of IncRNAs in cancer, comprehensively interro-
gating the expression of more than 10 000 IncRNA genes
in over 1000 tumor samples. An integrative analysis of the
expression profiles, somatic copy-number alterations, and
clinical information allowed the authors to identify In-
cRNAs associated with specific cancer subtypes and clin-
ical outcomes as well as IncRNAs that potentially function
as drivers of oncogenic cell growth (308). Other studies
have also worked toward the identification and functional
analyses of IncRNAs that are expressed and function in a
particular type of cancer or are expressed and function
more broadly in cancers (309-311). Studies such as these
highlight how the role of IncRNAs in cancers has emerged
as a major focus in the field. This topic has already been
reviewed extensively elsewhere (17, 312-315), so we will
only provide a few highlights here.

A. LncRNAs and oncogenesis

A number of IncRNAs have been shown to promote
oncogenic cell proliferation, including SRA, PRNCRI1,
and PCGEM1, which were described in Sections VI.A.1
and VI.A.4. All 3 of these IncRNAs facilitate mitogenic
transcriptional programs associated with nuclear recep-
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tors. PCGEMI1 has also been shown to play an antiapo-
ptotic role in doxorubicin-treated prostate cancer cells,
further establishing its role as an oncogenic IncRNA (316).
Similarly, the DNA damage-induced IncRNA PANDA
also functions in cancer cells to evade apoptotic cell death
responses, but it does so by attenuating the expression of
proapoptotic genes (104). Alternatively, other oncogenic
IncRNAs enhance the proliferative potential of cancer
cells by negatively regulating the expression of growth-
inhibiting tumor suppressors. For example, ANRIL and
p2INAT are antisense IncRNAs that function to down-
regulate the expression of their cognate sense tumor sup-
pressor genes, CDKN2B (encoding p15) and CDKN1A
(encoding p21), respectively (98, 317). Likewise, FAL1
(focally amplified IncRNA on chromosome 1), a IncRNA
whose gene is subject to somatic copy number alterations
in cancers, associates with the epigenetic repressor 3 cell-
specific Moloney murine leukemia virus integration site 1
to modulate the transcription of CDKN1A and other
genes (310). Moreover, the prostate cancer-associated
transcript 1 (PCAT-1) acts as a transcriptional repressor
to lower the expression of tumor suppressing target genes,
including BRCA2 (318). Through these and other related
mechanisms, IncRNAs can enhance cellular oncogenic po-
tential and promote cancer formation.

B. LncRNAs and tumor suppression

Other IncRNAs have been associated with tumor sup-
pressor functions. MEG3 (maternally expressed 3), the
first IncRNA suggested to function as a tumor suppressor,
has been implicated in meningiomas (319). It functions to
stimulate both p53-dependentand p53-independent path-
ways, which collectively inhibit cancer cell growth. Con-
sistent with its tumor-suppressive role, MEG3 is selec-
tively downregulated in various brain cancers as well as
human cancer cell lines. Reduced expression of MEG3 is
associated with hypermethylation of the MEG3 gene reg-
ulatory regions in clinically nonfunctioning pituitary tu-
mors (ie, benign neoplasms that do not secrete active hor-
mones) (319). Although MEG3 functions upstream of
pS53, linc-p21 and Pint (p53-induced noncoding tran-
script) are direct transcriptional targets of p53. Linc-p21
is required for p53-depdendent induction of apoptosis in
cancer cell lines through transcriptional and translational
regulation of p53 target genes (95, 137). Pint, whose ex-
pression is regulated by p53, promotes cell proliferation
and survival by regulating the expression of genes in the
TGFB, MAPK, and p53 pathways (320). Similarly, GASS
sensitizes the cells to apoptosis to prevent tumorigenesis,
doing so by negatively regulating the activity of GR, hence
repressing the expression of apoptosis-inhibiting genes
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(206). Thus, a number of IncRNAs act to repress tumor-
igenesis by promoting apoptosis.

A number of IncRNAs are involved in pathways that
control the levels of tumor suppressor mRNA and protein.
Forexample, PTENP1 is aIncRNA produced from a pseu-
dogene of PTEN, a classical tumor suppressor gene, and
itsequesters PTEN mRNA-targeting microRNAs through
a sponging mechanism to maintain PTEN levels (321).
PTENP1 also acts as a tumor suppressor in its own right.
Interestingly, a pair of IncRNA isoforms transcribed an-
tisense to PTENP1 regulates the expression and stability
of PTENP1 RNA, thus controlling its microRNA sponge
activity (322). Although PTENP1 positively regulates a
tumor suppressor through a microRNA intermediate, a
recent study has shown that the IncRNA loc285194 does
so by directly antagonizing a growth-promoting mi-
croRNA, namely miR-211 (323). Loc285194 is upregu-
lated by p53 and is a downstream target of miR-211. Con-
sequently, the loc285194 forms a reciprocal repression
loop withiR-211 upon p53 induction, acting to suppress
tumor cell growth in vitro and in vivo (323). In contrast to
PTENP1 and loc285194, the IncRNA TARID (TCF21
antisense RNA inducing demethylation) activates the ex-
pression of the tumor suppressor gene TCF21 by inducing
promoter demethylation through interactions with the
TCF21 gene promoter and GADD45A, a regulator of
DNA demethylation (324).

C. LncRNAs and metastasis

Although dysregulated cell growth and cell death re-
sponses often promote the initiation of oncogenesis, the
tissue invasion and metastasis promote cancer progression
and ultimately cancer-related death. Not surprisingly, sev-
eral IncRNAs have been implicated in metastasis, such as
the previously described MALAT1 and HOTAIR (180,
181). Interestingly, HOTAIR is targeted and regulated by
amicroRNA, miR-141, in cancer cells, which antagonizes
the positive effects of HOTAIR in proliferation and inva-
sion (325). Recently, the IncRNA SChLAP1 (second chro-
mosome locus associated with prostate-1) has been shown
to play critical roles in prostate cancer cell invasiveness in
vitro and metastasis in vivo. SChLAP1 exhibits elevated
expression in a subset of prostate cancers that are associ-
ated with a poor prognosis (326). By attenuating the
genomic localization of the tumor-suppressing SWItch/
sucrose nonfermentable chromatin remodeling complex,
SChLAP1 promotes metastasis and leads to more aggres-
sive forms of prostate cancer (326).

A recent study by Yuan et al (327) has connected
IncRNA-ATB (IncRNA-activated by TGFB), a IncRNA
upregulated in hepatocellular carcinoma metastases and
associated with poor prognosis, to the TGFS signaling

edrv.endojournals.org 53

pathway. TGFB is a key mediator of the epithelial-mes-
enchymal transition in metastasis. LncRNA-ATB induces
epithelial-mesenchymal transition and invasion by up-
regulating the zinc finger E-box-binding homeobox 1 and
zinc finger E-box binding homeobox 2 transcriptional reg-
ulators through a mechanism involving competitive bind-
ing of miR-200 family microRNAs. As a mediator of the
TGFp signaling pathway signaling, lncRNA-ATB expres-
sion may predispose hepatocellular carcinoma patients to
metastases (327).

IX. The Therapeutic Potential of LncRNAs

The broad array of biological functions of IncRNAs as a
class, in conjunction with their restricted cell-type-specific
expression, make IncRNAs attractive as therapeutic tar-
gets. Recent studies have begun to explore the therapeutic
potential of IncRNAs and other ncRNAs, many of which
have focused on the diagnosis and treatment of cancers
(328, 329).

As described in Section VIII, the study of IncRNAs has
broadened our perspectives on fundamental aspects of
cancer biology. More importantly, it also offers possibil-
ities in medicine. Given their tissue-specific expression
patterns (13, 20, 76), IncRNAs can serve as excellent bio-
markers for certain types of cancer (35,181, 330, 331). In
the case of prostate cancer, a test based on the expression
of the IncRNA PCA3 has been developed and is being used
clinically, capitalizing on the observation that the PCA3 is
overexpressed specifically in prostate cancer cells (332).

In addition to IncRNA-based diagnostics, IncRNAs
also offer the possibility of IncRNA-based therapies. A
growing number of IncRNAs have been shown to function
as important oncogenes (eg, SRA, PANDA, ANRIL, and
p21NAT) and tumor suppressors (eg, MEG3, Pint, GASS,
and PTENP1), hence providing us with new opportunities
to approach cancer therapeutics. Molecular strategies that
antagonize the levels and activities of oncogenic IncRNAs,
including the administration of short interfering RNAs
and antisense RNAs, or those that increase the levels and
activities of the tumor-suppressive IncRNAs, have the po-
tential to function as anticancer drugs. Similarly, methods
that target IncRNAs involved in metastasis may also prove
useful. For example, in preclinical studies, antisense oligos
that attenuate the expression of MALATT1 in EBC-1 lung
cancer cells inhibits metastasis to the lung (180).

MRUL (multidrug-resistant [MDR]-related and up-
regulated IncRNA), a IncRNA thatis upregulated in MDR
gastric cancer cell sublines, is a good example of the ther-
apeutic potential of IncRNAs. MRUL expression in gas-
tric cancers is associated with a poor prognosis for gastric
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cancer patients due to likely effects on multidrug resis-
tance, the most common cause of chemotherapy failure in
gastric cancer (333). MRUL acts to maintain the expres-
sion of ABCBI1, a gene encoding a membrane-associated
ATP-binding cassette transporter that transports small
molecules across cellular membranes and is involved in
multidrug resistance (333). Presumably, therapeutic ap-
proaches that target MRUL might help to reduce multi-
drug resistance.

Of course, given the plethora of functions served by
IncRNAs in physiology, as highlighted in this review, it is
likely that the therapeutic potential of IncRNAs extends
well beyond cancer. For example, manipulating the levels
of HI-LNC2S5 and 116HG may be useful in treating met-
abolic disorders. Molecular interventions that modulate
the levels of lincRNA-Cox2, Lethe, and THRIL may be
useful in modulating effects of inflammation. In addition,
approaches that target the various antisense IncRNAs as-
sociated with neurological disorders and cardiac patho-
physiology may be useful in treating the diseases of these
systems. Collectively, the diagnostic and therapeutic po-
tential of IncRNAs in various diseases, although still in its
infancy, could be tremendous and warrants further
investigation.

X. Summary, Conclusions, and
Future Directions

In this review, we have discussed the evolving understand-
ing of IncRNAs, a new class of noncoding regulatory
RNAs, focusing on their discovery, annotation, physical
properties, and molecular mechanisms of action. In addi-
tion, we highlight the biological functions of some of the
best characterized IncRNA in physiology and disease, es-
pecially those relevant to endocrinology, reproduction,
metabolism, immunology, neurobiology, muscle biology,
and cancer.

A. Summary and Conclusions

The introduction of whole transcriptome sequencing
methods and the advent of large-scale transcript mapping
projects have transformed our perspectives on the variety
and dynamic nature of IncRNAs. Studies characterizing
the functions of an expanding set of IncRNAs have shown
that they play central roles in various aspects of physiol-
ogy. This relatively poorly characterized class of RNAs
with little or no coding capacity has been implicated in
endocrinology, reproduction, metabolism, immunology,
neurobiology, muscle biology, and cancer. They function
through molecular and biochemical mechanisms that
range from cis- to trans-regulation of gene expression, and
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from epigenetic modulation in the nucleus to posttran-
scriptional control in the cytoplasm. Given their wide-
spread functions throughout the bodys, it is not surprising
that many IncRNAs have been associated with diseases of
the tissues in which they are expressed. Efforts to tap the
tremendous diagnostic and therapeutic potential of
IncRNAs have begun to meet with some success, although
this is an area that needs to be explored in considerably
more detail.

B. Future directions

With the high level of interest in the field, our under-
standing of IncRNAs is constantly shifting and rapidly
expanding (336). Yet, as we move forward from efforts to
annotate IncRNAs to a greater focus on molecular func-
tion and biology, many questions and challenges await.
We still do not fully understand the biological significance
of IncRNAs as a group. Is the majority functional, or is the
act of transcription at these genomic loci the relevant end-
point? To answer these questions, we need better tools to
1) determine the structure and elucidate the key structure-
function relationships of IncRNAs, especially how they
interact with their protein partners; 2) track IncRNA lo-
calization throughout cellular compartments and across
the genome; 3) monitor the interactions of IncRNAs with
proteins and nucleic acids; 4) detect and analyze the func-
tions of posttranscriptional modifications of IncRNAs;
and 5) perturb the cellular levels of IncRNAs in a fast and
efficient manner. In addition, we need more effective high-
throughput approaches for screening the physiological
functions of IncRNAs in cells and animal models.

Moreover, we need better biological models to under-
stand the key elements of evolutionary conservation (eg,
sequence vs structure) as well as the different functions of
IncRNAs in the nucleus, cytoplasm, and elsewhere in the
cell. Finally, we need more effective ways to discern the
diagnostic and therapeutic potential of IncRNAs. These
are just a few of the many challenges faced by the field.
Given the rapid and extensive progress that has been made
over the past decade, there is every reason to be optimistic
about the field’s ability to address these questions and
challenges and ultimately produce a greater understand-
ing of the biology of IncRNAs.
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