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Abstract While the vast majority of the genome is tran-
scribed into RNA, only a small fraction of these tran-
scripts have protein-coding potential. A large fraction of
the transcribed RNA belongs to the class known as long
non-coding RNAs (IncRNAs). Several recent studies
have shown that at least some of these IncRNA tran-
scripts represent functional RNA molecules. LncRNAs
can utilize a wide range of mechanisms to regulate the
RNA and/or the protein content of a cell on the tran-
scriptional and the post-transcriptional levels. So far,
many studies have identified differentially expressed
IncRNAs in various physiological contexts, genetic dis-
orders and human diseases. A steadily increasing num-
ber of studies could establish functional roles for some
of these IncRNAs in developmental processes, cancer
and tissue homeostasis. Taken together, these functions
provide an additional layer of gene regulation and con-
tribute to the high complexity of physiological and
disease-related phenotypes.
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Introduction

The advent of high-resolution microarrays and unbiased tran-
scriptome analysis using massive parallel sequencing technolo-
gies has provided the opportunity to identify and characterize
most, if not all, RNA species in humans and various animal
models, including mice. The finding that ~70 % of the human
genome is actively transcribed, while only 2 % of the total
genome is represented in the ~20,000 protein-coding transcripts,
has revolutionized our view of genome organization and content
[17]. The vast amount of transcripts that lack protein-coding
potential are collectively referred to as non-coding RNAs
(ncRNAs). Many of these ncRNAs are well-characterized, con-
stitutively expressed “housekeeping” RNAs, such as transfer
RNAs (tRNAs) and ribosomal RNAs (rRNAs) involved in
translation, small nuclear RNAs (snRNAs) involved in splicing
regulation, and small nucleolar RNAs (snoRNAs) involved in
ribosome biogenesis [18]. In recent years, it has become appar-
ent that many ncRNAs are involved in regulating the RNA and
protein layout of cells. The classes of ncRNAs that have cur-
rently received the most attention are microRNAs (miRNAs),
small interfering RNAs (siRNAs), or PIWI-interacting RNAs
(piRNAs), collectively referred to as short ncRNAs (18-31 nt)
[19]. The role of miRNAs in post-transcriptional gene regula-
tion by targeting mRNAs and thus repressing translation has
been extensively described. There is also an abundance of stud-
ies demonstrating the role of miRNAs in cancer [88], cardio-
vascular [86], neurological and other diseases [76]. Based on
these studies, miRNAs have been proposed as promising prog-
nostic, diagnostic, and treatment targets.

Although the current body of scientific literature is dominat-
ed by studies featuring short ncRNAs, the majority of mamma-
lian non-coding transcripts encompass RNAs longer than
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200 nt; currently referred to as long non-coding RNAs
(IncRNAs) [59]. LncRNAs were first described during the
large-scale sequencing of full-length ¢cDNA libraries in the
mouse [12, 87]. Given the important functional roles uncovered
for small ncRNAs, these IncRNAs have received increasing
attention in recent years with respect to their possible functions.

Current genome annotation efforts estimate the number of
IncRNA genes to be around 16,000 in the human genome
(GENCODE 24) and around 9000 in the mouse genome
(GENCODE MS). Because the annotation process is ongoing,
these numbers are likely to increase. In addition, since one gene
can provide a template for several different splice variants of a
IncRNA, the number of IncRNA transcripts exceeds the number
of genes. It is still a matter of debate whether these transcripts
represent transcriptional “noise” and are simply an outcome of
transcriptional regulatory processes, or if the transcripts them-
selves have a specific function [2]. Although the vast majority
of long non-coding RNAs have yet to be characterized thorough-
ly, several studies have clearly demonstrated that some IncRNAs
can indeed be functional. They exhibit developmental and tissue-
specific expression patterns, localize to specific subcellular com-
partments, and participate in various mechanisms of gene regu-
lation during development, cell differentiation [16], imprinting
[49], apoptosis and cell cycle [84], and metabolism and aging
[68]. In addition, deregulated expression of IncRNAs has been
associated with a variety of diseases, including cancer. While
these studies have indeed shown that IncRNAs serve biological
roles, the majority were performed in vitro. Therefore, the precise
in vivo biological roles and mechanisms for IncRNAs in normal
cellular processes during development, differentiation, and dis-
ease progression remains, for the most part, less clear.

In this review, we present an overview of the different types
of IncRNAs, their general characteristics and their mechanisms-
of-action as transcriptional and post-transcriptional regulators.
We highlight the emerging role of IncRNAs in both normal
physiology and disease states. We have mainly focused on
studies that have used either in vivo models, patient samples,
or ex vivo models to provide evidence for the functional rele-
vance of IncRNAs in development, cell differentiation, cancer,
genetic disorders, and other diseases (Table 1). Additionally, we
address some critical points that should be taken into consider-
ation for the functional analysis of novel IncRNAs. The discov-
ery and study of IncRNAs is relevant to furthering our under-
standing of human biology and diseases, since this heteroge-
neous and largely unexplored class of transcripts represents
new molecules with functional mechanisms that could aid in
the explanation of organismal and disease complexity.

Characteristics of IncRNA transcripts

The class of IncRNAs is a very heterogeneous collection of
RNA transcripts, which is solely defined as any RNA having
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an obvious lack of open reading frame (ORF) and a minimum
length of 200 nucleotides. LncRNA genes are mainly tran-
scribed by RNA polymerase II, and are processed similarly to
mRNAs, including 5'-end capping, 3’-end polyadenylation,
splicing of introns, and intracellular transport. Although
polyadenylation occurs, it is not the rule, as there are examples
of IncRNAs such as the antisense asOct4-pg5, or the brain-
associated BC200, which are functional, but not polyadenylated
[13]. In general, IncRNAs contain a lesser number of exons than
mRNAs and are generally shorter, with median length of 592 nt,
compared to 2453 nt for mRNAs [12, 29]. Their predicted
ORFs have poor start codon and ORF contexts; hence transla-
tion of IncRNAs is less probable but not completely unlikely
[32]. The functions of IncRNAs are mainly ascribed to their
sequence homology/complementarity with other nucleic acids,
and by structure; forming molecular frames and scaffolds for
assembly of macromolecular complexes. Some IncRNA tran-
scripts are processed into smaller RNAs, and each mature tran-
script can display a distinct function [22]. Their sequences are
less conserved than mRNAs among related species, but it seems
that their positions in relation to neighboring protein-coding
genes and secondary structures are often maintained [13].

LncRNAs fold into double and single stranded stems, loops
and bulges, which can fold further into three-dimensional struc-
tures, resulting in highly structured macromolecules with a vari-
ety of shapes. Novel methods like SHAPE-MaP (Selective 2'-
Hydroxyl Acylation analyzed by Primer Extension and
Mutational Profiling) allow the determination of secondary struc-
tures in living cells on a genome-wide scale [73]. Many
IncRNAs are localized to the nucleus, but there are also
IncRNAs enriched in the cytoplasm. Their localization within a
cell can be used as an indication of their function. The IncRNAs
examined to date also show more tissue-specific expression pat-
terns compared to protein-coding genes which, in combination
with their lower expression levels across different tissues, raises
the question as to whether there is a low abundance of IncRNA in
all cells of a tissue, or rather a specific subpopulation of cells in
the tissue preferentially expresses the IncRNA [13].

Genomic organization of IncRNA genes

As far as the genomic architecture is concerned, IncRNA genes
are positioned in various genomic regions with respect to mRNA
coding genes. Generally, the genomic localization of IncRNA
genes can be classified into three large groups according to their
proximity to protein-coding genes (group 1), to gene-regulatory
regions (group II) and to specific chromosomal regions (group
II) (Fig. 1). The first group is sub-classified into (1) exonic
IncRNAs, when the IncRNA overlaps one or more exons of a
protein-coding gene and can be transcribed in the sense or anti-
sense direction relative to the mRNA (these antisense IncRNAs
are also called natural antisense transcripts, NATs), (2)
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bidirectional IncRNAs when the transcription of the IncRNA and
a neighboring protein-coding gene on the opposite strand is ini-
tiated in close genomic proximity, (3) intronic IncRNAs, when
the IncRNA is transcribed from an intron of a protein-coding
gene, and (4) intergenic IncRNAs, when the IncRNA is tran-
scribed completely within an intergenic genomic region between
protein-coding genes [9]. The second group is sub-classified into
(1) 3'-UTR-associated IncRNAs, also called uaRNAs, when the
IncRNA is transcribed from the 3'-untranslated region of a
protein-coding gene [60], (2) promoter-associated IncRNAs, also
called pRNAs or plncRNAs, when the IncRNA is transcribed
from the promoter domain upstream of a protein-coding gene
[37]1[56] (3) enhancer IncRNAs, when the IncRNA is transcribed
from an enhancer, termed eRNAs if they are transcribed into both
directions or elncRNAs if they are transcribed unidirectionally
[56, 64]. The third group includes, for example, the telomeric
repeat-containing IncRNAs referred to as TERRA [1]. Analyzing
the genomic context of IncRNAs can provide indications as to
their functional roles, as IncRNAs often regulate genes located in
cis, even though they act via a trans mechanism (see below).
The histone methylation pattern at IncRNA loci is similar to
that at protein-coding genes. These include histone marks at
regulatory elements of IncRNAs genes, such as H3K4me2/3
(histone 3 lysine 4 di-/tri-methylation), H3K9ac (histone 3 lysine
9 acetylation), and H3K27ac at the upstream regulatory elements
and promoters, and H3K36me3 over the actively transcribed
region. They are, hence, subject to common regulatory machin-
ery, however, IncRNAs which are transcribed from enhancer
regions harbor histone marks found typically at enhancers [56].

Molecular functions of IncRNA transcripts

LncRNAs are able to regulate the expression of target genes
through transcriptional and post-transcriptional mechanisms
(Fig. 2). They influence histone modifications, chromatin re-
modeling (nucleosome positioning), and transcription factor
binding to influence gene expression on the transcriptional

Fig. 1 Genomic organization of
IncRNA coding genes according
to their proximity to protein-
coding genes, regulatory ele-

Intergenic IncRNA

Group I: proximity to protein -coding genes

level. When IncRNAs physically associate with regulatory
protein complexes, they can guide them, stabilize them, or
evict them from specific genomic regions to establish and
maintain the active or inactive chromatin state for target gene
expression. They are able to bind and target components of the
Polycomb (PcG) repressive group, which is responsible for
tri-methylation of histone H3 at lysine 27 (H3K27me3), or
components of the Mixed-lineage Leukemia/Trithorax acti-
vating group (MIl/TrxG), which is responsible for the tri-
methylation of histone H3 at lysine 4 (H3K4me3), to
specific loci. It has been also shown that IncRNAs can
recruit DNA methyltransferases (DNMTs) and the LSD1/
REST/coREST complex in order to silence specific loci
[79]. They can also coordinate the actions of these chromatin
influencing complexes by acting as molecular scaffolds for
different histone modifying complexes, for example,
interacting both with histone methylases and demethylases
[79]. Targeting of these histone modifying complexes to spe-
cific loci is under tight spatial and temporal control during
development, and it is unclear how they are able to precisely
locate their target genes, since most do not possess sequence-
specific DNA-binding subunits [27]. Therefore, the involve-
ment of IncRNAs able to both bind and, via other functional
domains, target these complexes to specific loci, could pro-
vide specificity for the activity of these histone modifying
complexes. The ability to provide single locus specificity dis-
tinguishes IncRNAs as key components of regulatory net-
works in comparison to transcription factors and small
ncRNAs (see below).

LncRNAs can also regulate gene expression directly
through binding to transcription factors and/or polymerase
11, and thereby either titrating them away or guiding them to
target loci [29]. They can also indirectly influence gene ex-
pression by regulating the localization of proteins involved in
transcription, for example by facilitating or preventing their
nuclear localization [50, 72, 89]. Conclusively, the collabora-
tion between locus specific IncRNAs, transcription fac-
tors and chromatin modifiers is essential for spatial and

Group II: proximity to regulatory elements
Enhancer IncRNA
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ments, and chromosomal regions.
LncRNAs are depicted in red,

protein-coding genes in grey, en-
hancers in black, and promoters in

blue. The arrows indicate the di-
rection of transcription
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Exonic overlapping IncRNA —— — 3'-UTR associated
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Fig. 2 Summary of IncRNA
function at transcriptional level
(1-7) and post-transcriptional
level (8-12). DNMT DNA meth-
yltransferases, Ac acetylated
chromatin
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temporal regulation of gene expression. However, in ad-
dition to acting as key regulators of gene expression,
IncRNAs can also function as key structural components
by forming complexes with other nucleic acids, e.g.,
RNA:RNA hybridization, RNA:DNA hybridization, and
RNA:dsDNA triplex formation.

With respect to post-transcriptional regulation, IncRNAs
can again act in a variety of ways. They have been implicated
in pre-mRNA splicing, by influencing the distribution of
splicing regulatory proteins and directing alternative splicing
in a cell type-specific manner [78, 92] and in mRNA decay, by
influencing stabilization and degradation of the mRNA. They
are able to hybridize with target mRNA, and hence prevent
decay [20], and have also been reported to function jointly

JISUSEERENY

mRNA

& Doapd Of

protein DNA Histones

with STAU1 to promote the decay of Alu-containing
mRNAs [46] [26]. LncRNAs have the potential to either re-
press or activate translation via interaction with partially com-
plementary mRNAs and recruitment of translation repressors,
or ribosomes to enhance translation [10, 82, 93]. In other
cases, IncRNAs regulate post-transcriptional processes by
functional association with miRNAs wherein they can
“sponge” away microRNAs or compete for the mRNA target
to increase translation, or even give rise to microRNAs and
hence decrease mRNA translation [11, 21, 43].

Given the great variety of functional mechanisms for
IncRNAs, they are able to act in cis, in frans, and in some
cases even in both ways. Cis-acting IncRNAs are restricted to
the site of synthesis and directly act on one or several
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neighboring genes on the same chromosome from which it is
transcribed. Moreover, the transcription of the IncRNA rather
than the transcript itself might account for the function. Trans-
acting IncRNAs diffuse from the site of synthesis and can act
directly on many genes on different chromosomes. Therefore,
trans-acting IncRNAs are more likely to be involved in large
gene-regulatory networks. Gene specific targeting seems to
happen naturally for cis-acting IncRNAs because they are
tethered to the site of transcription, while for #rans-acting
IncRNAs the formation of RNA:DNA triplex via Hoogsteen
base-pairing is one possible mechanism [31].

LncRNAs involved in dosage compensation
and imprinting

The first functions that were ascribed to IncRNAs were dosage
compensation (Xisf) and genomic imprinting (H19), and these
have been extensively described and reviewed elsewhere [49].
Briefly, X-inactive-specific transcript (XIS7/Xist) is expressed
only from the inactive X chromosome (Xi) and acts in cis to
promote the silencing and dosage compensation processing of
the X chromosome [67]. Xist binds the PRC2 complex and
targets it to X chromosome by interacting with YY'1. Two
other IncRNAs control Xist action, 7six (negatively) and Jpx
(positively). Male mice lacking Xist are unaffected whereas
females die during the first half of embryonic development.

The first imprinted IncRNA identified was H/9. H19 ex-
pression ensures that only one allele of the paternal /gf2
(Insulin-like growth factor 2) will be expressed [3]. Upon
H19 deletion, Igf2 expression, if maternally inherited, is in-
creased in accordance with body weight. Deletion of one copy
of the Igf2 gene rescues the phenotype [51]. H19 knockout
mice are viable and fertile but have reduced muscle regenera-
tion capacity mediated by loss of two miRNAs that are
encoded within the 19 transcript [14].

LncRNAs involved in development and cell
differentiation

Embryo development and cell differentiation require strict
spatiotemporal regulation of gene expression and IncRNAs
are essential regulators of gene-regulatory networks in these
processes. A remarkable example of how IncRNAs can coor-
dinate the function of opposing chromatin modification com-
plexes on target genes in order to keep their expression level
balanced is Fendrr (fetal-lethal non-coding developmental
regulatory RNA, alternative: Foxf! adjacent non-coding de-
velopmental regulatory RNA). It is divergently expressed
from the FoxfI promoter in the lateral plate mesoderm of the
early developing embryo. Surprisingly, Fendrr interacts with
both PRC2 and WDRS5 (a member of the TrxG/MLL
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complex) to establish the chromatin landscape for genes con-
trolling differentiation of the ventral body wall and heart, both
tissues derived from the lateral plate mesoderm. Consistently,
disruption of Fendrr expression in developing embryos is
lethal, in part as a consequence of heart failure [28]. At later
developmental stages, Fendrr is expressed in lungs and gut,
where it might contribute to additional detrimental defects
[71].

The embryonic ventral forebrain 2, Evf-2 IncRNA,
expressed from an ultra-conserved distal enhancer region in
the medial ganglionic eminence of the E13.5 mouse embryo is
an example of a IncRNA that binds a transcription factor,
affects its activity, and in turn regulates gene expression.
Particularly, Evf-2 associates with the transcription factor
DLX2 (distal-less homeobox 2) to control the expression of
DIx5/6 via an enhancer. A stable complex of Evf-2 with
DLX1/2 proteins binds to the regulatory elements in the
DIx5/6 locus in vivo, most likely preventing repressive en-
hancer DNA methylation [23, 39]. Deletion of Evf-2 leads to
a reduction of GABAergic interneurons in adult mice due to a
decrease in the number of neurons specified for this lineage
during embryonic development [5].

Another IncRNA involved in nervous system development
is the retinal non-coding RNA4 (RNACR4). It is expressed in
the postnatal developing retina and is part of a regulatory
network including the RNA helicase DDX3X and the miR-
183/96/182, which are essential for the organization of retinal
architecture. Deletion of RNACR4 impairs the uniformity of
the different layers of the retina, with the photoreceptor layer
being the most affected. When present, RNACR4 indirectly
activates pre-miR-183/96/182 processing by inhibiting the
processing repressor DDX3X. RNACR4 and the DDX3X-
miR-183/96/182 network is an interesting example of how
IncRNAs are able to regulate gene expression indirectly [47].

The IncRNA Neat! was identified as an essential architec-
tural component of paraspeckle nuclear bodies, but a physio-
logical role had not been linked to this IncRNA until recently,
when two independent groups investigated Neat! knockout
mice in detail. The first group observed that Neat!/ deletion
resulted in impaired mammary gland branching morphogene-
sis, lobular-alveolar development, and lactation [74]. The sec-
ond group observed that, although deletion of Neat/ still re-
sulted in viable and fertile mice, knockout females had about
50 % reduced fertility due to corpus luteum dysfunction and
reduced progesterone production. Unilateral transplantation of
wild-type ovaries or the administration of progesterone par-
tially rescued the phenotype, suggesting the importance of
Neatl for corpus luteum formation and function [63].
However, the molecular mechanism of Neat! function in these
two physiological processes remains unknown.

Playrr (Pitx2 locus asymmetric regulated RNA) was iden-
tified as a IncRNA transcribed from a known enhancer region
in the right side of the dorsal mesentery (DM). Asymmetric
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cell behavior in the DM requires Pitx2 expression on the left to
direct gut looping. The expression of Pitx2 and Playrr are
mutually downregulated through a mechanism that involves
changes in chromatin conformation and promoter-enhancer
looping [85]. Cells expressing Playrr-Pitx2 are proximal in
the left DM, where Pitx2 is preferentially expressed, but posi-
tioned further apart in the right DM where Playrr is expressed
and Pitx2 is not. Deletion of Pitx2 using CRISPR/Cas9 ge-
nome editing systems, leads to Playrr expression on both
sides and deletion of Playrr increases Pitx2 expression.

During early stages of murine myoblast differentiation in
vitro, a IncRNA named linc-MD1 was identified as being able
to induce myogenic differentiation. Linc-MD1 provides an
example of how the interplay between IncRNAs and
miRNAs regulates gene expression. Linc-MD]I originates
from the activation of the DIST promoter upon induction of
differentiation, and accumulates in the cytoplasm where it
binds two miRNAs, miR-133 and miR-135 [11]. Binding to
the miRNAs alleviates the repression of the miRNA target
genes MAMLI and MEF2, key myogenic factors, allowing
for their expression and progression of differentiation. Linc-
MD]I downregulation is associated with the pathogenesis of
Duchenne muscular dystrophy, as the myoblasts show a re-
duced ability to undergo terminal differentiation.

The terminal differentiation-induced IncRNA (7INCR) is a
IncRNA involved in somatic tissue differentiation. Using
organotypic human epidermal tissue it was found that
TINCR is expressed during epidermal differentiation and in-
creases the stability of mRNAs that induce skin differentiation
[46]. Depletion of TINCR leads to epidermis lacking terminal
differentiation ultrastructure, including keratohyalin granules
and intact lamellar bodies. TINCR binds directly to mRNAs
with a TINCR box motif, and promotes their stability by
recruiting Staufen 1 protein (STAUL), acting at a post-
transcriptional level to regulate gene expression.

LncRNAs can also play important roles in immune cell
differentiation. The /nc-DC, was exclusively identified in hu-
man dendritic cells (DCs), and knockdown experiments
showed its important role in promoting DC differentiation
from human monocytes in vitro and from mouse bone marrow
cells in vivo. The derived DCs had an impaired capacity to
activate T cells. Lnc-DC mediates its function by binding to
signal transducer and activator of transcription 3 (STAT3),
promoting STAT3 phosphorylation and thus activation [83].
Additionally, IncRNAs have been shown to be involved in
immune regulation and susceptibility to infectious disease.
Specifically, the IncRNA NeST (Nettoie Salmonella pas
Theiler’s [cleanup Salmonella not Theiler’s]) is required for
inducible /FN-y. NeST controls the chromatin state at the in-
terferon gamma (IFN-y) locus by binding to trithorax group
protein WDRS and altering histone 3 methylation marks.
Thus, NeST regulates INF-vy expression and susceptibility to
a viral and a bacterial pathogen [25].

LncRNAs associated with genetic disorders

Genome-wide association studies have revealed that only 7 %
of disease or trait-associated mutations or single nucleotide
polymorphisms (SNPs) reside in protein-coding exons, while
43 % are found outside of protein-coding genes [36].
Considering the wide range of roles that IncRNAs play in
cellular networks, it is not surprising that non-coding RNAs
have been implicated in genetic diseases and disorders.

FSHD (facioscapulohumeral muscular dystrophy) is an
autosomal-dominant disease, the third most common myopathy,
and is caused predominantly by a reduction in the copy number
of D4Z4 repeats at chromosomal region 4g35 [8]. In healthy
subjects, D474 repeats recruit Polycomb complexes to promote
the formation of a repressive chromatin state that inhibits the
expression of genes at 4q35. In contrast, in muscle biopsies and
primary muscle cells from FSHD patients, the reduction of
D474 leads the transcription of a novel IncRNA named DBE-
T, which coordinates the establishment of active chromatin state
and de-repression of genes from 4q35 [7]. DBE-T acts in cis by
recruiting the Trithorax group protein ASHIL to the FSHD
locus, driving histone H3 lysine 36 demethylation, chromatin
remodeling, and finally 4q35 gene expression.

ACD/MPV (Alveolar capillary dysplasia with misalignment
of pulmonary veins) is a lethal lung developmental disorder
associated with dysregulation of the FOXFI gene, a key regu-
lator of lung development. Apart from deletions or inactivating
mutations in the FOXF'I locus, deletions in an upstream region
that contains a distal FOXF'I enhancer have been also identified
as disease-causing deletions [75]. This region also contains two
IncRNAs expressed specifically in the lung, which raise the
hypothesis that these IncRNAs establish a chromatin loop that
brings the enhancer in close proximity to FOXF1 [77].

The HELLP syndrome is a life-threatening pregnancy-as-
sociated disease that occurs in the third trimester in the mother
and includes hemolysis, elevated liver enzymes, and low
platelets. However, the origin of the disease can be traced back
to the first trimester fetal placenta. Genome-wide linkage anal-
ysis of families with HELLP syndrome identified a region on
chromosome 12q23 between PMCH and IGFI to be associ-
ated with the disease [15]. The region contains a IncRNA
more than 205 kb in length which is expressed in early pla-
centa extravillous trophoblasts. Although the precise function
of this IncRNA has yet to be established, knockdown of this
IncRNA revealed a role in trophoblast transition from G2 to
mitosis and cell invasion. Interestingly, injection of
morpholino oligonucleotides complementary to the mutation
site in extravillous trophoblast cells boosted and reversed the
expression levels of HELLP IncRNA and cell invasion de-
fects. This was the first study that linked a IncRNA to a
Mendelian disorder with autosomal-recessive inheritance.

Examination of two families with BDE (Brachydactyly type
E) a disease with translocations on chromosome 12q, illustrated
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that the disease state involved regulation of expression by a
IncRNA. The identified translocations disrupt a regulatory re-
gion referred to as CISTR-ACT that interacts in cis with para-
thyroid hormone-like hormone (PTHLH) gene and in trans
with the sex-determining region Y-box 9 (SOX9) gene on chro-
mosome 17q, and leads to downregulation of both of these
genes [55]. Interestingly, a IncRNA (DA125942) was also
found to be transcribed from this region and to interact with
both loci, regulating PTHLH and SOX9 expression. The trans-
locations disrupted the higher order chromatin organization and
cis-regulatory elements, resulting in low IncRNA occupancy on
the target loci and downregulation of the target genes.

LncRNAs with roles in cancer

Several studies have transcriptionally profiled numerous prima-
ry tumor samples, metastatic biopsies, and cancer cell lines
which has led to the identification of thousands of differentially
expressed IncRNAs with implications in cancer. One of the
most comprehensive studies so far encompasses poly A+
RNA-seq data from more than 7000 samples, including tumors,
normal samples and tumor cell lines. The expression of 8000 of
the estimated 58,000 IncRNAs was restricted to only one cancer
type, highlighting the specific association of some IncRNAs to
cancers of different tissue origin [57]. These findings open up
the possibility of using IncRNA expression for accurate identi-
fication of tumor subclasses or response to a given therapy.
Although numerous in vitro cell-based assays have linked
IncRNAs to both oncogenic and tumor-suppressive pathways,
only a handful of animal models have been developed to ex-
amine the association IncRNAs with cancer in vivo.

The first IncRNA described to have a fundamental role in
cancer invasiveness and metastasis was HOX antisense
intergenic RNA (HOTAIR). HOTAIR is transcribed from the
antisense strand of HOXC gene cluster and mediates silencing
of the HOXD locus through direct interaction with the PRC2
complex and guiding to target genes [69]. This feature of
HOTAIR mediates cancer invasiveness and metastasis, as
HOTAIR overexpression leads to re-targeting of PRC2, altered
histone H3 lysine 27 methylation, and abnormal gene expres-
sion in different types of cancer. In breast cancer metastasis,
HOTAIR is expressed hundreds to thousands of fold higher
than in noncancerous tissue, being a powerful predictor of
metastasis and death. The altered PRC2 occupancy led to
cancer cells resembling embryonic fibroblasts, explaining
the increased lung metastatic ability in a xenograft model for
breast cancer, where HOTAIR was overexpressed [30].
Moreover, in a pancreatic cancer xenograft model, loss of
HOTAIR reduced tumor growth and in hepatocellular carcino-
ma tissue HOTAIR overexpression increased the risk of recur-
rence after hepatectomy and lymph node metastasis, and in
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colorectal cancer loss correlated with liver metastasis and poor
prognosis [24, 44].

Another cancer-associated IncRNA is MALATI (metasta-
sis-associated lung adenocarcinoma transcript 1). MALATI
was originally identified as a prognostic marker for metastasis
and patient survival in non-small cell lung cancer. It is ex-
tremely abundant in many human cell types and highly con-
served over its full length among mammals [40]. The contri-
bution of MALATI to cancer progression was proven using a
xenograft mouse model of human lung cancer, where im-
planted MALAT knockout human lung cancer cells were im-
paired in migration and formed fewer and smaller tumor nod-
ules [45]. The same study also showed that loss of MALATI
downregulated expression of several metastasis-associated
genes, hence uncovering MALAT!’s role in lung cancer as an
active regulator of metastasis.

Interestingly, it has been shown that Xis? is not only impor-
tant for X chromosome dosage compensation, but also plays a
role in suppressing hematologic cancer in vivo. Deletion of
Xist in the blood compartment of mice led to the development
of a highly aggressive myeloproliferative neoplasm and
myelodysplastic syndrome (mixed MPN/MDS) in mutant fe-
males with 100 % penetrance. In addition, Xist-deficient he-
matopoietic stem cells show aberrant maturation and age-
dependent loss. In this context, X-reactivation causes DNA
replication and mitotic anomalies, genome instability, and
dysregulation of the hematopoiesis pathway [91].

As a special case, the non-coding pseudogene BRAFP] has
been found to be mutated and aberrantly expressed in cancers,
similarly to its coding homologue BRAF. Mice overexpressing
Braf-rs1 (the murine homologue of BRAFPI) displayed ma-
lignancies resembling human diffuse large B cell lymphoma,
which regressed when the transgene was knocked down.
Expression of Braf-rsl causes upregulation of Braf by acting
as a ceRNA (competing endogenous RNA) and “sponging”
miRNAs that would otherwise target Braf, [42].

LncRNAs with roles in other diseases

The antisense IncRNA BACE1-AS has been strongly correlat-
ed with Alzheimer’s disease (AD) severity, since elevated
BACEI-AS levels have been detected in subjects with AD
and in amyloid precursor protein transgenic mice. BACE1-
AS is transcribed from the strand opposite to BACE!, an
aspartyl protease that cleaves APP in amyloid precursor pro-
tein transgenic mice. Accumulation of the A3 neuropeptide
and increased BACEI protein levels have been implicated in
the pathogenesis of the disease. BACE[-AS regulates BACE]
expression at the post-transcriptional level, as BACE-AS and
BACE] directly associate to form a duplex which stabilizes
BACEI mRNA. Stabilization of BACE] mRNA leads to ele-
vated BACE]1 protein levels, higher APP cleavage, and toxic
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accumulation of A3 plaques maintaining the deleterious feed-
forward cycle of disease progression [20]. BACEI-AS is an
excellent example of how dysregulated levels of a IncRNA
can play a significant role in the pathogenesis of a disease.

Cardiovascular diseases (CVDs) have also been associated
with various IncRNAs. Hundreds of IncRNAs have been
found to be dysregulated after induced myocardial infarction
in mice through transaortic constriction [65, 80, 94]. Analysis
of the myosin heavy-chain-associated RNA transcript (Mhrt),
transcribed divergently to Myh6 and overlapping with Myh7
in an antisense orientation, revealed a IncRNA with
cardioprotective effects. Mhrt is down regulated after induc-
tion of myocardial infarction, and ectopic expression of Mhrt
in mice following the operation resulted in much less severe
symptoms during recovery as compared to control mice [34].
Mhrt binds to the helicase domain of BRG1, an ATPase sub-
unit of the BAF chromatin-remodeling complex that is acti-
vated by stress to induce cardiac hypertrophy. The binding
prevents BRG1 from recognizing its genomic targets, includ-
ing the promoters of «-myosin and 3-myosin heavy chain
(Myh6 and Myh?7), critical genes in cardiac physiology but
also in pathological hypertrophy. BRGI1, in turn,
downregulates Mhrt, and thus escapes tethering to promote
cardiac hypertrophy under stress conditions. Human MHRT
also originates from the MYH?7 locus, has conserved sequence
and secondary structure, and is repressed in various types of
cardiomyopathies [33].

An examination of patients with coronary artery disease
(CAD) by genome-wide association studies has identified
SNPs in both non-coding regions and genomic regions with
no coding potential which are associated with the disease. A
case-control study of over 4000 CAD cases confirmed that the
high-risk CAD haplotype overlaps with exons 13—19 of an
antisense non-coding RNA in the INK4 (CDKN2A) locus
(ANRIL) on chromosome 9q21. ANRIL recruits CBX7 (and
thus PRC1) to its locus via a POLII-dependent mechanism in
order to repress the surrounding genes CDKN2A4 and
CDKN2B, and promotes cell cycle activity [90]. Further char-
acterization of the identified polymorphisms in the ANRIL
locus showed that SNPs could disrupt ANRIL splicing,
resulting in a circular transcript that affects its function.
ANRIL is expressed in atheromatous human vessels and cell
types such as vascular endothelial cells, monocyte-derived
macrophages, and coronary smooth muscle cells, all involved
in atherosclerosis. In another study, deletion of a 70 kb region
including a large portion of the ANRIL locus led to dysregu-
lation of gene expression in cis, and increased mortality in
mice, especially after high fat diet [81]. A smaller scale
case-control study of 188 myocardial infarction patients
and 752 control patients significantly linked 6 SNPs in
the myocardial infarction associated transcript (MIAT)
on chromosome 22q12.1 with susceptibility for myocar-
dial infarction [38].

LncRNAs in diagnostics and therapies

Current and future analysis of IncRNAs and their role as reg-
ulatory molecules will broaden our understanding of human
diseases, and opens up opportunities for new prognostic, di-
agnostic, and therapeutic strategies. Some specific features of
IncRNAs make them good candidates for developing diagnos-
tics and therapies. Another strategy takes advantage of the
highly tissue- and cell type-specific expression patterns of
IncRNAs to identify cell populations to target, such as differ-
ent subclasses of tumors, or to even predict treatment re-
sponses in these populations; hence IncRNAs could be useful
as biomarkers [6, 35]. Currently, the IncRNA prostate cancer-
associated 3 (PCA3, also called DD3) is used as a specific and
sensitive marker for prostate cancer in patient urine samples,
and the hepatocellular carcinoma (HCC) upregulated
IncRNA, HULC, which is highly expressed in HCC patients,
can be detected in the blood by conventional PCR methods [6,
66]. MALATI was originally identified as a prognostic marker
for metastasis and patient survival in non-small cell lung can-
cer [40] and LIPCAR (long intergenic non-coding RNA
predicting cardiac remodeling) was found in plasma from
myocardial infarction patients to significantly correlate with
mortality and could thus be considered as a useful biomarker
for CVD [48]. Beyond these, the highly specific expression of
IncRNAs has proven advantageous in the delivery of treat-
ments to specific cell populations, mitigating the risk of af-
fecting normal tissues. The only clinically developed strategy
thus far uses a plasmid that carries the gene for the A subunit
of diphtheria toxin under the regulation of the /79 promoter.
Intratumoral injection of the plasmid induces the expression of
high levels of diphtheria toxin specifically in the tumor,
resulting in a reduction of tumor size in human trials for a
broad range of carcinomas [62].

Other therapeutic strategies are based on manipulating
IncRNA expression or function. As previously discussed, a
characteristic of IncRNAs is that they bind proteins and pro-
vide gene locus specificity to the protein’s activity. Therefore,
protein activity can be indirectly targeted by modulating the
interaction with the IncRNA, and hence affecting expression
of specific genes. Due to this increased specificity, such a
strategy could be result in less off-target effects than conven-
tional protein-targeting drugs. Many drug development com-
panies focus on making small molecules or synthetic oligonu-
cleotide antagonists that specifically block the effects of pro-
teins. For example, in the case of HOTAIR, inhibition of the
interaction with PRC2 and LSD1 complexes may limit the
metastatic potential of breast cancer. Knockdown strategies
could be also applied using antisense oligonucleotides
(ASOs) that knockdown the IncRNA. To this effect, an ASO
has recently been used in mice for the treatment of Angelman
syndrome. The ASO blocks the IncRNA ubiquitin protein
ligase E3a gene antisense IncRNA (Ube3a-ats), leading to
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the expression of the imprinted Ube3a and, hence, the
Angelman phenotype is reversed [53]. In another study,
MALATI expression was targeted in established human xeno-
graft tumors in mice with free-uptake ASOs. Targeted
MALATI expression dramatically reduced lung cancer metas-
tasis formation [45]. In contrast to knockdown strategies,
overexpression of IncRNAs can also be used for therapeutics,
as for transgenic expression of the human XIST which has
been applied to silence one of the triplicated chromosome 21
in cells derived from a person with Down syndrome [41].
Major challenges of these strategies include the delivery of
the oligonucleotides or transgenes, both to the tissue of inter-
est and to the nucleus in case of nuclear IncRNAs, and main-
taining long-lasting effects.

Considerations when analyzing IncRNAs

LncRNAs have emerged as a new class of key regulatory
molecules in every level of cell physiology and are associated
with multiple human diseases and disorders. However, even
IncRNAs that have been known for quite some time and that
have been investigated in great detail, like H79 and Xist, have
proven elusive with regards to fully identifying their function-
al significance and molecular mechanisms. This makes loss-
of-function in vivo experiments crucial in the understanding
of the roles of novel IncRNAs. A variety of approaches, such
as locus deletion, promoter deletion, inversions, transcription-
al termination, and RNAi-mediated knockdown have been
used so far to disrupt IncRNA function. A quick approach,
which also allows for a small to medium sized primary screen,
is the use of knockdown experiments employing siRNAs.
However, siRNAs are less efficient for nuclear localized
IncRNAs. Therefore, it is favorable to use an approach
exploiting LNA modified antisense RNAs, which have been
shown to work significantly better [54]. In addition, such
IncRNA inhibitory molecules can be injected into mice to
evaluate potential in vivo defects caused by loss of the
IncRNA function post-development [61]. The gold standard,
however, remains the mouse knockout model [52], since in
some cases the observed phenotype of knockdowns and
knockouts differ significantly. For example, in the case of
the Evf-2 and lincRNA-p21 IncRNAs the two strategies
showed contradictory effects on neighboring gene expression
and mechanism-of-action [57]. Therefore, strategies such as
introduction of a transcriptional terminator that cause minimal
interference to the surrounding genomic DNA sequence are
recommended. However, in this case care should also be taken
to control for changing the spacing between regulatory ele-
ments. In addition, considerations should be made with
regards to elucidating the functional role of the RNA, as op-
posed to the process of transcription itself [4]. Despite the
robust phenotypes identified by the few IncRNA knockout
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models examined to date, some others, such as Malat! and
Neatl, have been found to display no overt or subtle pheno-
types, which may be the result of compensatory mechanisms
[70]. It also remains possible that the gene-regulatory func-
tions of some IncRNAs result in mild and specific phenotypic
effects that are only detectable following thorough analyses.

Concluding remarks

An unanticipated and tremendous amount of the non-coding
sequence of the human genome is transcribed, and IncRNAs
constitute the largest fraction of the non-protein-coding tran-
scripts. Mediating gene expression regulation at all levels,
IncRNAs have emerged as a new and bright field in human
genetics which has broadened our understanding of the com-
plexity of disease and of gene regulation. Mice and humans,
perhaps surprisingly, share a highly conserved set of protein-
coding genes that compose the basic instructions for body plan
and organ formation, but the diversity and complexity at the
organismal level hinges on the variety in non-coding genes. The
higher the complexity of an organism, the bigger the non-
coding regulatory repertoire [58]. LncRNAs are an important
component of the non-coding regulatory repertoire involved in
fine-tuning the gene-regulatory networks, and they are associ-
ated with specific cell types, growth stage, physiology, and
disease. Despite their importance, many questions remain to
be addressed in the remarkably diverse field of IncRNAs.
First, the full range of IncRNA mechanisms has to be deter-
mined. In addition, while the catalog of identified IncRNAs is
rapidly expanding, the in vivo function of the majority remains
unknown. Furthermore, a more concerted effort should be made
to elucidate the structure-function relationship, as this currently
lacking and will greatly contribute to our understanding of
IncRNAs and realizing their therapeutic potential.
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