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Long non-coding RNAs (IncRNAs) have been found to perform
various functions in a wide variety of important biological
processes. To make easier interpretation of IncRNA functionality
and conduct deep mining on these transcribed sequences, it is
convenient to classify IncRNAs into different groups. Here, we
summarize classification methods of IncRNAs according to their
four major features, namely, genomic location and context,
effect exerted on DNA sequences, mechanism of functioning
and their targeting mechanism. In combination with the
presently available function annotations, we explore potential
relationships between different classification categories,
and generalize and compare biological features of different
IncRNAs within each category. Finally, we present our view on
potential further studies. We believe that the classifications of
IncRNAs as indicated above are of fundamental importance
for IncRNA studies, helpful for further investigation of specific
IncRNAs, for formulation of new hypothesis based on different
features of IncRNA and for exploration of the underlying
IncRNA functional mechanisms.

*Correspondence to: Zhang Zhang; Email: zhangzhang@big.ac.cn
Submitted: 12/30/12; Revised: 04/07/13; Accepted: 04/08/13
http://dx.doi.org/10.4161/rna.24604

924

RNA Biology

Introduction

In contrast to a small proportion of the mammalian genome
(e.g., human, mouse) that are transcribed into mRNAs, the
vast majority of the genome is transcribed into what was previ-
ously regarded as “dark matter’—non-coding RNAs (ncRNAs)
that do not encode information about proteins."”> Among these
ncRNAs, long ncRNAs (IncRNAs) represent the most preva-
lent and functionally diverse class.® There is no definition of
IncRNA that is based on biological argumentation and widely
accepted in the community. The most commonly used definition
is based on the threshold of 200 nucleotides (nt) of the RNA
length.®”? It conventionally divides ncRNAs into IncRNAs that
have more than 200 nt in length and the remaining ones that are
considered “small” RNAs. Small ncRNAs include many different
RNAs, such as microRNAs (miRNAs), small nucleolar RNAs
(snoRNAs), piwiRNAs (piRNAs).® Undoubtedly, the definition
of IncRNA merely based on length is arbitrary. One attempt to
distinguish IncRNAs from small ncRNAs, based more on the
biological argumentation is proposed by Amaral et al. defining
IncRNAs as those ncRNAs that function either as primary or
spliced transcripts, independent of extant known classes of small
ncRNAs. Therefore, there are some IncRNAs that do not exceed
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the arbitrary threshold in length (such as BCI and snaR, which
are less than or close to 200 nt but included in IncRNAdb'?).
LncRNAs are observed in a large diversity of species, includ-

112 plants,' yeast," prokaryotes” and even viruses.'®

ing animals,
However, IncRNAs are poorly conserved among different species
when compared with the well-studied RNAs (such as mRNAs,
miRNAs, snoRNAs),*”!® invoking uncertainty about whether a
given IncRNA is functional at all due to poor interspecies conser-
vation, or it conveys functional species-specific characteristics. In
addition, IncRNAs are usually low expressed,*!”? making them
to look like more as transcriptional noise. Despite this, a lot of
evidence has accumulated showing that IncRNAs play a signifi-
cant role in a wide variety of important biological processes,***
23,24 sp[icing’25,26 27,28 pro_
tein localization, cellular structure integrity,”># imprint-
ing,®% and apoptosis,'®*
and reprogramming® and heat shock response.”#* It has been

translation,
31,32

including transcription,
29,30

cell cycle®®”

stem cell pluripotency®
suggested that IncRNAs may regulate cancer progression® and
development of many other human diseases.* Moreover, a con-
siderable number of IncRNAs are 3" polyadenylated, 5' capped,
multi-exonic>** and exhibit transcriptional activation activity
similar to that of mRNAs.*®¢ As a consequence, all these func-
tions and biological features of IncRNAs make them interesting
and important research topic.

Recent advances in experimental and computational technol-
ogies make it feasible to conduct deep mining on more and more
transcribed sequences.>**¥* At present, there are 73,370 IncRNA
entries from 1,239 organisms according to NONCODE v3.0°° (a
database of literature documented IncRNAs). Conversely, among
all these IncRNAs, only a small proportion (less than 200 accord-
ing to LncRNAdb," a database of IncRNA annotation) has been
functionally annotated. To better understand their functional sig-
nificance, it helps to classify IncRNAs into different groups that
are useful for exploring their underlying mechanisms of actions,
for formulating new hypotheses and for providing insights in dif-
ferences of such major classes of IncRNAs. Here, we summarize
classification methods of IncRNAs according to their different
features as discussed in what follows, including their (1) genome
location and context, (2) exerted effect on DNA sequences, (3)
mechanism of functioning and (4) targeting mechanism. Finally,
we provide our perspectives on potential further studies.

Genomic Location and Context

Intergenic IncRNAs and intronic IncRNAs. There is a large
number of non-coding regions (accounting for 98-99% in the
human genome) interspersed between coding regions.”>* Since
IncRNAs are located and transcribed from different genomic
locations, those transcribed from intergenic regions are named
intergenic IncRNAs (Fig. 1A) and, in contrast, those transcribed
entirely from introns of protein-coding genes are named intronic
IncRNAs (Fig. 1B).

It is suggested that intergenic IncRNAs and intronic IncRNAs
are most likely regulated through different transcription activa-
tion mechanisms® and may have different poly(A) modifications
and manifest activities in different cellular locations.* However,
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only a small portion of intronic IncRNAs has been explored
regarding their function. In contrast, there is a large number
of long intergenic non-coding RNAs (lincRNAs) that function
through different types of mechanisms: cis or trans transcrip-
tional regulation (described below), translational control, splic-
ing regulation, other post-transcriptional regulation, etc. (see
Table 1). Also, lincRNAs have been extensively studied about
their expression feature and conservation among species.

It is found that lincRNAs are transcriptionally activated

similarly to mRNAs, 46545
45,46,55

as they are more conserved than

introns and antisense transcripts, more tissue-specifically

expressed than protein-coding genes**** and more stable than
intronic IncRNAs.>® “K4-K36” domain (with histone H3K4 tri-
methylation at their 5' end and histone H3K36 trimethylation in
the body of the gene), an indicator of active transcription in pro-
tein-coding genes, is found to prevalently exist in transcription-
ally active lincRNAs.#4>4% Approximately 70% of lincRNAs
with “K4-K36” domain show evidence of RNA transcription,
which is similar to the proportion (-72%) of protein-coding
genes. Most importantly, nearly 70% of the transcription active
domains (K4-K36 domain) of lincRNAs in human are conserved
in the orthologous region of mouse, which is comparable to the
corresponding proportion (80%) of protein-coding genes.*® In
addition, lincRNAs are found to be conserved across multiple

vertebrate species.?’

The above evidences (active transcription, a
degree of domain conservation, tissue-specific expression, stabil-
ity) strongly indicate the functional importance of lincRNAs. In
reality, lincRNAs are found to perform important functions in
many cellular processes, from embryonic stem cell pluripotency
to cell proliferation and cancer progression.** 4354

Sense and antisense IncRNAs. Sense IncRNAs are tran-
scribed from the sense strand of protein-coding genes, contain-
ing exons from protein-coding genes. They may overlap with
part of protein-coding genes, or cover the entire sequence of a
protein-coding gene (Fig. 1C). Antisense IncRNAs, to the con-
trary, are transcribed from the antisense strand of protein-coding
genes. According to GENCODE (a database of manually curated
IncRNAs) annotation,* antisense IncRNAs may appear in three
scenarios: (1) transcripts from the antisense strand of protein-
coding genes overlap an exon of a sense gene through IncRNAs’
exons, (2) transcripts from the intron of a sense gene do not have
exon-exon overlap with this sense gene and (3) transcripts cover
the entire sequence of a sense gene through an intron (Fig. 1D).
Sense and antisense IncRNAs are proved to be genuine transcripts
by strand-specific assay or sequencing,”* qRT-PCR validation®
and by sequencing 5" and 3' ends of full-length cDNA? and, thus,
they do not represent truncated CDSs or transcriptional noise.
Most of the IncRNAs that come from protein-coding genes or
the antisense of the protein-coding genes can be obtained using
CAGE (cap-analysis gene expression) and oligo-dT guided
reverse transcription, suggesting that they also possess mRNA-
like features of 3' polyadenylation and 5' capping.? Moreover,
sense and antisense IncRNAs can also be multi-exonic.®’

Many antisense IncRNAs function through different types of
mechanisms (similar to lincRNAs) (Table 1). It has been found

that as many as 87% coding transcripts have antisense partners
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in the mouse genome® and ~32% of the
human IncRNAs are antisense to coding
genes,* suggesting that antisense regulation
is likely to be commonly utilized. However,
in comparison with lincRNAs and anti-
sense IncRNAs, sense IncRNAs have been
less explored for their functions (Table 1). It
is suggested that most IncRNAs tend not to
have protein-coding potential. Intriguingly,
some sense IncRNAs are special in the sense
that they can function as both RNA and
protein-coding gene. For instance, SRA
(steroid receptor RNA activator) can trans-
late into protein, and the RNA sequence
can also act as a scaffold for several co-acti-
vator and repressor proteins to form com-
plexes that regulate gene transcription;
ENOD40 (early nodulin 40) can translate
into proteins™ and is also needed for correct
subcellular localization of RNP particles in
legume plants.®® These findings have chal-
lenged our understanding of gene classifica-
tion and, in the meantime, broadened the
known roles of IncRNA. Such special rela-
tionship between the sense IncRNAs and
protein-coding genes may provide novel
insights into the evolution of gene function.

Present studies are mainly focused
on lincRNAs and antisense IncRNAs
(especially lincRNAs), though less is
known about intronic IncRNAs and sense
IncRNAs. Some biological features of
IncRNA are quite prominent, such as the
high conservation of lincRNAs among

44655 Also, another evidence,

mammals.
albeit not extensive, may indicate the spe-
cial feature of the sense IncRNAS’ coding
potential.’**  Additionally, as antisense
IncRNAs and sense IncRNAs are correlated
differently with coding genes, they are most
likely to exert different effects on gene locus
or mRNAs. Therefore, genomic location
and context can be used for classification of
IncRNA, though a classification of IncRNA
using exclusively genomic localization and
context may not be fully adequate.

A Intergenic IncRNA
[ Gene A — LrcRNA — GeneB ]
{ ThcRNA—}
Ty — T GeneB ]
L Gene A — LncRNA i
T GeneB 1]
B Intronic IncRNA
C Sense IncRNA
B Exon1 X ExonZ < TncRNA {_Exon3 <
D Antisense IncRNA
{Exonl & Exonz
3 Exon2 > 3 Exoni
Coxonf &—CExon2 € {Exon3 <
L LncRNA  F
T GeneA 1}
2 Exon3s >——> Exon2 > 3 _Exoni >
Figure 1. Genomic location and context of IncRNAs. Protein-coding genes and their exons are
represented by blue color, while INcRNAs and their exons are represented by red color. Panels
are mainly based on IncRNA location annotation of GENCODE.* (A) Intergenic IncRNA, tran-
scribed intergenically from both strands. (B) Intronic IncRNA, transcribed entirely from introns
of protein-coding genes. (C) Sense IncRNA, transcribed from the sense strand of protein-coding
genes and contain exons from protein-coding genes, overlapping with part of protein-coding
genes or covering the entire sequence of a protein-coding gene through an intron. (D) Anti-
sense IncRNA, transcribed from the antisense strand of protein-coding genes, overlapping with
exonic or intronic regions or covering the entire protein-coding sequence through an intron.

Effects Exerted on DNA Sequences

It has been found that IncRNAs are predominately localized
in nucleus and chromatin,* suggesting that IncRNAs may have a
significant impact on DNA sequences. Also, a large proportion
of IncRNAs are involved in transcriptional regulation (-42%
of the 182 assessed entries according to IncRNAdb; Table 1).
Therefore, it is meaningful to classify IncRNAs based on their
effects exerted on DNA sequences: cis-IncRNAs (cis-acting

926 RNA Biology

IncRNAGs) that regulate the expression of genes in close genomic
proximity and #rans-IncRNAs (¢trans-acting IncRNAs) that regu-
late the expression of distant genes (Fig. 2A).

Cis-IncRNAs. It seems plausible that cZs-IncRNAs function
through transcriptional interference or chromatin modification,
ranging from yeast [e.g., SRGI (regulatory gene 1) RNAs¢]
to plants [e.g., COLDAIR (cold assisted intronic noncoding
RNA)®?] to mammals [e.g., DHFR (dihydrofolate reductase)

upstream transcripts,”>® Xist (X inactive-specific transcript)®]
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Table 1. Functional mechanisms and genomic locations of IncRNAs
Function mechanism

Transcriptional regulation®

Gene symbol

Aird, Alpha 250/Alpha 280¢, ANRIL?, Beta-globin transcripts®, Beta-MHC antisense transcripts?, CAR
Intergenic 104, CCND1 associated ncRNAs®, COLDAIR¢, COOLAIR?, DHFR upstream transcripts?, Emx20s¢,

Cis

Evf29, fop1+ promoter RNAs®, GAL10-ncRNAY, H19°, H19 antisense®, H19 upstream conserved 1 and 2°,

H19 ICR ncRNAs, HOTAIRM1®, HOTTIPY, Hoxal1as¢, ICR1<, Kenglot1d, Khpsiad, L1PA16P, LINoCR?, MEG3P,
Mistral®, Msx1as?, Nespas?, ncR-Upar®, PHO5 IncRNA¢, PHO84 antisense?, pRNAP, PWR1¢, RTLY, SRG1°<, TEA

Trans

ncRNAsS, TIRTaxutd, TPO1axutd, Tsix®, Xist®

7SKP, B2 SINE RNA®, GAS5P, HOTAIRY, Jpx®, LXRBSVS, PR antisense transcripts?, VL30 RNAs

Adapt33®, antiPeg119, Gtl2-as?, HOXA3as?, HOXA6as, linc1242®, linc1257", linc1368®, linc1547°, linc1582°,

Unclear

linc1609°®, linc1610°®, lincRNA-p21®, lincRNA-RoR °, Malat1-as®, MEG9®, NDM29¢, NEAT1®, PANDA®, PCAT-1°,

Rian®, Satlll transcripts®, SNHG3¢, SRAS, Tmevpg1®, TncRNAP, TUGT®

Translational regulation

Splicing regulation

Other post-transcriptional
regulation

Other functional
mechanisms

BC1°, BC200°, Gadd7, SNHG1®, SNHG6¢, snaRP, Zeb2NAT?

MIAT®, LUSTY, Malat1®, SAF9, VL30 RNAs, Zeb2NAT¢

21A, 1/2-sbsRNAT¢, At4°, BACE1ASY, CDR1 AS¢, Dio3os®, E2F4 antisense?, Emx20s¢, Gadd7, H19°, HULC®,
HSUR1 and HSUR2, IPS1°, KRASP1®, Linc-MD1®, psvA antisense RNA9, PTENP1®, tie-1as9, WT1-AS¢

7SLP, Beta 2.7 RNA, Centromeric a-satellite RNA?, ENOD40¢, EBER1 and EBER2 RNAs, G22°, L1PA16°, hsr
omega transcripts®, meiRNA, Maternal RNA templates<,¢, Maternal somatic nucleus RNAsc,4, MER11C®,

NRON¢, rncs-1°, roX1 and roX2°, sfRNA, TERRA, TERCP, VAl and VAII RNAs, VegT RNAS, Xlsirts, Y RNAs®

Note: IncRNAs listed are collected from the database of IncRNAdb and published papers. 2Cis, IncRNAs that regulate expression of genes in close
genomic proximity; Trans, IncRNAs that regulate expression of distant genes; Unclear, IncRNAs that regulate gene expression at transcriptional level,
either in cis or trans. °LincRNAs. <Sense IncRNAs. YAntisense IncRNAs. ¢Intronic IncRNAs.

(detailed below). Regarding the mechanism of transcriptional
interference, IncRNAs may influence the transcription activity of
target genes through promoter binding to block PIC (preinitia-
tion complex) formation,” or by interacting with transcription
factors?*%6! (Fig. 2A). Such cis-IncRNAs may be transcribed
from genes’ promoter regions. For instance, DHFR upstream
transcripts, ~0.8—7.3 kb IncRNAs from the promoter region of
DHEFR, can form stable triplex structures with the promoter of
DHFR**% and interact with TFIIB to efficiently dissociate PIC.%
Likewise, SRGI RNAs, ~0.4-1.9 kb IncRNAs from the promoter
region of SER3 (Ser3p), are found to cover the promoter of SER3
coding gene to prevent transcription factor binding to the pro-
moter and, thus, repress the expression of SER3.°%¢! Also, the
transcription of IncRNAs in promoter regions may induce chro-
matin remodeling and, thus, activate the downstream protein-
coding genes’ transcription, such as fbpI promoter RNAs.%
Cis-IncRNAs that function through chromatin modification
often recruit chromatin modification complexes, e.g., PRC (poly-
comb repressive complex) or Rpd3S HDAC (Rpd3 small histone
deacetylase complexes). The most studied chromatin modifica-
tion complex is PRC and one well-known example is Xisz (a 19 kb
IncRNA in human), which binds to PRC2 to induce H3K27me3
modification and, thus, leads to transcriptional silencing of genes
on the X chromosome.® Similar examples can be found in MEG3

(maternally expressed 3) (a ~1.6 kb IncRNA)®® and COLDAIR (a
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~1.1 kb IncRNA).%* Also, there are other chromatin modifica-
tion complexes that are recruited by IncRNAs. GALI0-ncRNA
(Gall0p-noncoding RNA) (a ~4 kb IncRNA) has been reported
to recruit the Rpd3S HDAC complex, resulting in a decrease in
some histone 3 acetylation to repress the expression of GALL."
Although the above-mentioned examples of PRC and Rpd3S
HDAC are all implicated in negative regulation of gene expres-
sion, interaction of IncRNA with chromatin modification com-
plexes is also involved in positive regulation. A case example is
HOTTIP (HOXA transcript at the distal tip) (a ~3.8 kb IncRNA
in human) that recruits a MLL chromatin modifying complex to
maintain a domain of active chromatin over the 5' end of HOXA
(homeobox A cluster) gene cluster.®’

Trans-IncRNAs. Although it may be easier for IncRNAs to
influence genes in their immediate vicinity probably based on
sequence complimentary to the locus from which they are tran-
scribed, IncRNAs can also function in #rans-acting mode to tar-
get distant gene loci. For instance, HOTAIR (HOX antisense
intergenic RNA), a ~2.2 kb IncRNA that is transcribed from the
HOXC (homeobox C cluster) gene locus in chromosome 12, can be
transported by the Suz-Twelve protein to regulate the homologous
target sites at HOXD (homeobox D cluster) gene locus in chromo-
some 2.%* Also, HOTAIR are found to bind to many other genomic
loci that tend to possess specific DNA motifs and influence gene

expression by recruiting chromatin modification complexes.®*®
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Figure 2. Functional mechanisms of IncRNAs.
LncRNA is represented by a letter “L” and a
number appended. (A) Transcriptional regula-
tion: We listed examples of cis-IncRNA (L1 and
L3) and trans-IncRNA (L2). L1 is transcribed from
the promoter region of gene A and its binding
to promoter of gene A blocks the binding of
transcription factors, thus affecting transcrip-
tion initiation of gene A. L3 functions to modify

A Transcriptional regulation

M’({ =

chromatin protein in its vicinity through re-
cruiting the complex of PRC2. L2 influences
transcription of gene B from a distant region
through interaction with transcription factor
or RNA polymerase. Therefore, L1 and L2 also
function through transcriptional interference,
whereas L3 functions through chromatin modi-
fication. (B) Post-transcriptional regulation: L1,
L2 and L3 all influence gene splicing. Specifi-
cally, L1 binds to intronic area to inhibit binding
of splicing factor, L2 functions to modulate the
pool of modified (such as phosphorylation)
splicing factor and L3 binds to splicing factor

o

B Post-transcriptional regulation

L2 o

SRR S

~
in

«-€a 51

\

~
_&\L:& i

to block spliceosomal complex formation. L4
interacts with translational factors to inhibit
translation. L5 and L6 are two examples of ceR-
NAs, which interact directly or indirectly with

the binding of miRNA to the 3' UTR of target L4
mRNA. L6 binds to the 3' UTR of target mRNA,
which also blocks the binding of miRNA to

the target gene. L7 serves as natural antisense

ﬁs oni

miRNAs. L5 binds to miRNA and, thus, inhibits ‘uk _*

Other functional mechanisms. L1 is involved in
protein transportation and L2 binds to Dicer to
influence RNA interference.

inhibitor to promote degradation of mRNA. (C) | UTR

Therefore, unlike cis-IncRNAs, trans-
IncRNAs may function independently of
sequence complementary to target gene
locus. In addition to chromatin modifica-
tion complexes,®*® they may bind to tran-
scription elongation factors®”' or RNA
polymerases®! to affect transcription. It is
reported that 7SKRNA (a ~330 bp IncRNA)
functions as a central scaffold to coordinate
protein-protein interactions in 7SK snRNP
(small nuclear ribonucleoproteins), which Dicer
comprises transcription elongation factor—
P-TEFb (positive transcription elongation

factor b). This activity consequently leads

to repression of transcription elongation at

many gene loci””! Another IncRNA, B2
SINE RNA, has been found to stably bind to polymerase II com-
plex to block its activity during heat shock response.!

Mechanisms of Functioning

While only a small number of IncRNAs has been well docu-
mented, it is believed that IncRNAs are involved in a wide variety
of cellular molecular functions. According to their mechanisms
of functioning, IncRNAs roughly fall into three groups that
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affect transcriptional regulation, post-transcriptional regulation
or other functions (Fig. 2).

Transcriptional regulation. As mentioned above, there is
a large number of IncRNAs that regulate gene transcription
through transcriptional interference (e.g., DHFR upstream tran-
scripts, SRGI RNAs, 7SK snRNA, B2 SINE RNA) and chro-
matin remodeling (e.g., fbpl (fructose-1,6-bisphosphatase-1)
promoter RNAs, Xist, MEG3, GALI0-ncRNA, HOTAIR,
HOTTIP and COLDAIR). Therefore, IncRNAs responsible for
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transcription regulation can be sub-divided according to the
mechanism of their functioning: (1) transcriptional interfer-
ence and (2) chromatin remodeling (Fig. 2A). Besides, there are
other related functional mechanisms, for example, the regulation
effect: a set of IncRNAs transcribed from enhancers are termed
eRNAs (enhancer RNAs) as they positively regulate genes’ tran-
scription, such as ncRNA-al (activating long ncRNA 1),>% Eyf-2
(embryonic ventral forebrain-2) RNA,? Alpha-250/Alpha-280.7

Post-transcriptional regulation. There are two common
post-transcriptional regulation mechanisms that IncRNAs get
involved in, namely, splicing regulation and translational control
(Fig. 2B). LncRNAs that influence mRNA splicing may func-
tion through binding to™ or modulating®
directly hybridizing with mRNA sequences to block splicing.
MIAT (myocardial infarction associated transcript), a ~9-10 kb
IncRNA, contains strong intron branch point sequences
(UACUAAC repeats) and is able to bind to SF1 (splicing fac-

tor 1) to inhibit splicing and spliceosomal complex formation.™

splicing factors, or
25,28

Malat] (metastasis-associated lung adenocarcinoma transcript
1), a -7 kb IncRNA, can bind to SR splicing factor [serine—argi-
nine (SR)-rich splicing factor] and regulate its distribution in
nuclear speckle domains.?® Also, it is suggested that Malat] may
modulate the pools of phosphorylated SR and, thus, influence
alternative splicing of pre-mRNAs.>® Additionally, other splic-
ing regulation mechanisms may exist. LUST (LUCA-15-specific
transcript), a ~1.4-2.4 kb IncRNA, is the antisense transcript of
RBMS5 (RNA binding motif protein 5) and is hypothesized to
regulate the expression of RBMS splice variants through masking
a sense-strand regulatory sequence.”

LncRNAs that participate in translational control may func-
tion through binding to translation factors*””> or ribosome.”*””
There are two IncRNAs, BCI (brain cytoplasmic RNA 1) and
BC200 (200 nt brain cytoplasmic RNA), which can bind eIF4A
(eukaryotic translation initiation factor 4A), PABP (poly(A)-
binding protein) and other factors, to repress translation initiation
by blocking assembly of the required complex.”””> snaR (small
NF90-associated RNAs), a cytoplasmic IncRNAs, can bind
to ribosome, presumably influencing translation of mRNAs.”®
Gaddy7 (growth arrested DNA-damage inducible gene 7), which
is associated with active translation, is hypothesized to bind to
ribosome.”” It should be noted that in some cases translation and
splicing are associated with each other. Zeb2 (zinc finger E-box-
binding homeobox 2) translation requires retention of an intron.
Zeb2NAT (Zeb2 natural antisense transcript) (a IncRNA that is
more than 1.2 kb), which overlaps the 5' splicing site of an intron,
can inhibit splicing of the intron to allow translation of Zeb2.2®

Aside from splicing regulation and translational control, there
are other post-transcriptional regulation mechanisms utilized by
IncRNAs. The findings of siRNA (small interfering RNA) mech-
anism’®”’ and competing endogenous RNAs*# have opened up
new aspects of post-transcriptional regulation and recent stud-
ies suggest that IncRNAs are also implicated in these processes,
displaying direct siRNA mechanisms®”
miRNAs.80-8

LncRNAs may function as natural antisense inhibitors to pro-
mote degradation of mRNA”®7 (Fig. 2B). It has been found that

or interacting with
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214, a ~300 bp IncRNA, which shows high sequence homology
to CENP-F (centromere protein F) intronic portions, can reduce
CENP-F expression at both mRNA and protein level through
antisense inhibitor.”® 1/2-sbsRNAI (half-STAUI-binding site
RNA1), a ~0.7 kb IncRNA, has been found to bind to mRNAs’
3' UTR through Alu elements, and reduces mRNA abundance.”

Moreover, there are many IncRNAs that interact directly or
indirectly with miRNAs to stabilize target mRNAs*-# (Fig. 2B).
These IncRNAs are called ceRNAs (competing endogenous
RNAs).88 For instance, /inc-MDI (long intergenic ncRNA that
is associated with muscle differentiation), a ~0.5 kb IncRNA, acts
as sponge/target mimic of miR-133 and miR-135 to regulate the
expression of two transcription factors: MAMLI (mastermind-like
protein 1) and MEF2C (myocyte-specific enhancer factor 2C),
which activate the expression of muscle-specific genes.*® Similar
examples can be found in /PSI (induced by phosphate starvation
1) RNA® and HULC (highly up-reglated in liver cancer) RNA.®
Some pseudogenes can function as a sponge/target mimic for miR-
NA:s to stabilize their homologous mRNAs, such as KRASP!I and
PTENPI, which are pseudogenes of KRAS (V-K -ras2 Kirsten rat
sarcoma viral oncogene homolog) and PTEN (phosphatase and
tensin homolog), respectively.®**¢ In addition, some antisense
IncRNAs may bind to mRNA to mask the binding sites of miRNA
and thus stabilize mRNA. BACEIAS (BACE]1 antisense RNA), a
~2 kb IncRNA, has been reported to be activated in Alzheimer dis-
ease to form an RNA duplex with BACET (f3-secretase 1) mRNA,¥
which may mask the binding site for miR-485-5p and, thus, pre-
vent translational repression of BACEl mRNA by miRNA.%

Other mechanisms of IncRNA functioning. In addition to tran-
scriptional regulation and post-transcriptional regulation, IncRNAs
may function through other mechanisms (Fig. 2C), such as protein
localization,”*° telomere replication,*” RNA interference,” beyond
transcription and translation regulation, etc. Considering the limi-
tation of the currently available knowledge, it is difficult to catego-
rize these IncRNAs into some more “stable” groups and, thus, we
roughly place them into IncRNAs with “other functional mecha-
nisms.” For instance, meiRINA, a ~0.5 kb IncRNA, is required for
nuclear localization of Mei2.? ENOD40 RNA is required for cor-
rect subcellular localization of RNP particles in legume plants.?
TERC (telomerase RNA component), which is part of telomerase
reverse transcriptase, acts as template to extend telomere during
DNA replication in eukaryote.® In ciliated protozoa, maternal
RNA templates have been found to guide reproducible rearrange-
ment during the transition from germline nucleus to somatic
nucleus.”! In addition, IncRNAs may be involved in RNA interfer-
ence by regulation of Dicerl. It is suggested that 77¢s-1 (RNA non-
coding and starvation upregulated) reduces Dicer-generated siRNA
and affects levels of Dicer-regulated genes.”

Targeting Mechanisms of IncRNAs

According to their mode of action, IncRNAs may also be clas-
sified based on their targeting mechanisms, mainly associated with
the following categories:* (1) signal: show cell type-specific expres-

sion and respond to diverse stimuli, such as Xist,* COLDAIR;*
(2) decoy: bind and titrate away a protein target, but does not
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exert any additional functions, such as DHFR upstream tran-
scripts,®® PANDA;” (3) guide: bind proteins and then direct the
localization of ribonucleoprotein complex to specific targets, such
as Xist,% HOTAIR;*® (4) scaffold: serve as central platforms to
bring together multiple proteins to form ribonucleoprotein com-
plexes, such as HOTAIR,**%® 7SL*% Alternatively, IncRNAs can
be grouped based on the types of interactions they make with their
targets: RNA-RNA pairings, RNA-DNA hybrids, RNA structure
mediated interactions and protein linkers.”®

However, a single targeting archetype in referring to mode of
action may not be sufficient to fully describe one IncRNA since
one IncRNA may contain multiple archetypes. There are many
IncRNAs that are induced by endogenous and exogenous signals
to express, and they also can possess the binding sites of chro-
matin modification complexes (such as PRC) to repress or acti-
vate expression of a set of genes, e.g., Xist,* Air,”” COLDAIR,
HOTTIPY HOTAIR**®  [incRNA-p21.*® Therefore, these
IncRNAs operate in a dual mode as both signal and guide. Some
signal IncRNAs may also function as decoys that bind and titrate
away a protein target, e.g., PANDA?? More complexly, some
IncRNAs have more than two archetypes, such as HOTAIR that
functions according to three archetypes: as anatomic signal,
guiding the chromatin-modifying complexes to the target gene,
and as a scaffold for PRC2 and LSD1.%#¢¢

Albeit, there are multiple groups of IncRNAs based on differ-
ent classification methods as mentioned above, different groups
appear to be linked closely to one another. LncRNAs that func-
tion via transcriptional interference mechanism may target gene
loci through RNA-DNA hybrids and operate as the archetypes
of decoy, e.g., DHFR upstream transcripts;*> IncRNAs that affect
chromatin modification may target gene loci through RNA struc-
ture mediated interaction, which, thus, acts as the archetypes of
signal, guide and scaffold, e.g., HOTAIR;***8 ceRNAs that directly
or indirectly regulate mRNA level target miRNAs or mRNAs
through RNA-RNA pairing, may also operate as the archetype of
decoy, for example, KRASPI and PTENPI;® IncRNAs that regu-
late splicing may function through RNA-RNA pairing to influence
their targets and operate as the archetype of decoy (e.g., Malat1*®).

Perspectives

Here, we summarized classification methods of IncRNAs accord-
ing to their four major characteristics (genomic location and
context, effects on DNA sequences, functional mechanisms and
targeting mechanisms). Based on function annotations presently
available, we explored potential relationships between differ-
ent classification categories and investigated biological features
of different IncRNAs within each category. Although IncRNA
could be described in terms of other features, such classifications
of IncRNAs as summarized here are of fundamental importance
for IncRNA studies, helpful for further investigation of specific
groups of IncRNA, for generation of new hypothesis based on
different IncRNA groups and for exploration of IncRNA under-
lying functional mechanisms.

Classification of IncRNAs. When studying IncRNAs, it
is straightforward to investigate their functional features by

930

RNA Biology

0.8
1

Density
0.6
1

0.4

0.2

0.0
|

@ Small-IncRNA
@ Medium-IncRNA
u Large-IncRNA

Figure 3. Length distribution of IncRNAs in human and mouse. Ln-
cRNAs are divided into three groups based on their length distribution:
small-IncRNA (200~950 nt), medium-IncRNA (950~4,800 nt) and large-
IncRNA (4,800 nt~). Density distributions of IncRNA length are shown in
(A) and percentages of three IncRNA groups are depicted in (B).

classifying them into different groups. However, classification
of IncRNAs is highly dependent on the current existing knowl-
edge, thus requiring frequent validation of the classification sys-
tem, exploring new classification systems and, when necessary,
abandoning old ones. One possible example is the definition of
IncRNA that is longer than 200 nt. We investigated the length of
IncRNAs and compared their distribution between human and
mouse (data from NONCODE V3.0%). Clearly, IncRNAs can be
further divided into different groups based on their length distri-
bution (Fig. 3): small-IncRNA (200-950 nt), medium-IncRNA
(950-4,800 nt), large-IncRNA (4,800 nt~). In human, the major-
ity of IncRNAs are small-IncRNAs (58%), whereas the majority
of IncRNAs in mouse are medium-IncRNAs (78%). In addi-
tion, human genome contains more small-IncRNAs and large-
IncRNAs than mouse, but less medium-IncRNAs. However,
the number of manually annotated IncRNAs by GENCODE
released recently is less than half of NONCODE V3.0, sug-
gesting the uncertainty of the comparative results. While the dif-
ferences could be due to the annotation levels, if proved to reflect
the genuine situation, such differences may imply distinct evolu-
tionary process of IncRNAs between human and mouse and need
further evolutionary analysis.

Investigation of specific groups of IncRNAs. Classification
of IncRNAs is useful for focusing on specific groups. Currently,

Volume 10 Issue 6



lincRNAs that recruit chromatin modification complexes have
attracted a lot of attention. It is reported that lincRNAs tend
> so that
lincRNA-associated chromatin modification may represent a

to bind to specific chromatin-modifying complexes,’

specific regulation mechanism. Additionally, lincRNAs recruit-
ing the same chromatin-modifying complex may diverge greatly
between different species.®® Therefore, lincRNAs may affect spe-
cific variety of target genes in different biological processes, such
as PCAT-1, which regulates a variety of prostate cancer implicated
genes through recruiting PRC2.® These findings shed lights on
the functional significance of the lincRNA group (that func-
tions through recruiting PRC2) and stimulate further work on
other chromatin-modifying complexes. Notably, there is a large
number of antisense IncRNAs, which function through recruit
ing chromatin modification complexes to regulate transcription
activity according to available evidences (Table 1). It has been
suggested that most of the PRC2 binding transcripts are anti-
sense and sense IncRNAs rather than lincRNAs.®® Therefore, it
would be desirable for future studies to explore more chromatin
complex binding features of the antisense and sense IncRNAs.

Regulation network of IncRNA and small ncRNA. The
discovery of IncRNAs and their regulatory roles challenges
the initially miRNA-centered regulatory networks, which may
help comprehensively understand gene regulation by both small
ncRNA and IncRNA and, accordingly, provide new insights into
complex processes of gene regulation. As mentioned above, ceR-
NAs, a group of IncRNAs interacting with miRNAs, can impose
an additional level on post-transcriptional regulation.®*#¥ In
addition to those IncRNAs that act as sponge/target mimic of
miRNAs,%-5¢ it should be noted that more than 50% of the sense
and antisense transcript pairs may be composed of coding and
antisense non-coding transcripts,” and the formed RNA duplex
may also influence the interaction between miRNAs and their
target mRNAs.8”% According to our previous integrative analysis
of miRNAs and mRNAs in NSCLC (non-small cell lung carci-
noma),” we found that most of the target mRNAs do not vary
significantly, in spite of the dramatic increase or decrease of their
miRNAs, indicating that gene regulation network may be more
sophisticated.

Considering their similar background in gene expression
and function overlap between IncRNA and small ncRNA, it
is attractive to investigate whether there is a certain evolution-
ary association between the two components. It is found that
some IncRNAs contain miRNAs in their gene locus.””'*" H19
(gene comes from colon pH19), a ~2.3 kb IncRNA, contains
mir-675 in its exon and also serves as a precursor of this miRNA
in addition to its transcription regulation activity.”” Also,
IncRNA LOC554202 contains mir-31 in its intron, and both
miR-31 and the host IncRNA are found to be lowly expressed
in triple-negative breast cancer.'®® It has been found that five
IncRNAs, namely, MEG3, MEG8 (maternally expressed 3),
MEG9 (maternally expressed 3), antiPegl] (antisense transcript
to Pegl1/Rell) and Rian (RNA imprinted and accumulated in
nucleus), contain a lot of miRNAs and snoRNAs and func-
tion through transcriptional regulation; interestingly, these
five IncRNAs and their endogenous small ncRNA may target
the same gene,'” but it remains unclear whether those five
IncRNAs can serve as precursors of their corresponding miR-
NAs. In addition, it is suggested that some IncRNAs in human
may be preferentially post-processed into snoRNAs.*!*? Taken
together, future studies focused on this aspect may bring new
unexpected insights into the evolutionary relationships between

small ncRNA and IncRNA.
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