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While most long noncoding RNAs (IncRNAs) appear indistinguishable from mRNAs, having 5’ cap struc-
tures and 3’ poly(A) tails, recent work has revealed new formats. Rather than taking advantage of the
canonical cleavage and polyadenylation for their 3’ end maturation, such IncRNAs are processed and sta-
blized by a number of other mechanisms, including the RNase P cleavage to generate a mature 3’ end, or
capped by snoRNP complexes at both ends, or by forming circular structures. Importantly, such IncRNAs

have also been implicated in gene expression regulation in mammalian cells. Here, we highlight recent
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progress in our understanding of the biogenesis and function of IncRNAs without a poly(A) tail.
This paper is part of a directed issue entitled: The Non-coding RNA Revolution.
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1. Introduction

In eukaryotic cells, nascent pre-mRNA transcripts undergo
multiple co-/post-transcriptional processing and modification
events during their maturation, which are tightly coupled and
precisely regulated. The 3’ end maturation of a nascent tran-
script is critical for allowing the release of the RNA from the
transcription template and for assuring the functionality of a
mature mRNA. With the exception of replication-dependent
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histone mRNAs, the mechanism of 3’ end processing of nearly
all RNA polymerase II (Pol II) transcribed mRNAs in eukaryotic
cells involves cleavage and polyadenylation of nascent transcripts.
The cleavage/polyadenylation machinery first recognizes the
AAUAAA hexanucleotide (or some variants), often together with
a downstream G/U rich sequence present in nascent transcripts,
resulting in endonucleolytic cleavage of the pre-mRNA by CPSF-73
(Mandel et al., 2006). A poly(A) tail of up to 200 to 250 adenosines
is subsequently added by poly(A) polymerase to the 3’-end of the
transcript in a non-templated fashion (reviewed in Shatkin and
Manley, 2000; Richard and Manley, 2009).

Recent studies revealed that alternative cleavage and
polyadenylation (APA) occur at more than 70% of all human
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genes (Tian et al., 2005; Hoque et al., 2013), leading to isoforms
of a mRNA with variable coding potentials and/or 3’ untranslated
regions (UTRs), and subsequently, different stability and subcellu-
lar localization (reviewed in Tian and Manley, 2013). As such, the
selection of each 3’ end cleavage site is under tight control and the
aberrant usage has a great impact on cellular regulation (reviewed
in Tian and Manley, 2013). Thus, it is becoming increasingly evident
that the proper processing of 3’ end is crucial to the functionality
of a mature mRNA. Interestingly, although it is generally believed
that replication-dependent histone mRNAs are the only cellular
mRNAs without a poly(A) tail, several large scale transcriptomic
studies have found that mature mRNAs with short poly(A) tails of
less than 30 nucleotides also exist in mammalian cells (Gu et al.,
1999; Cheng et al., 2005; Wu et al., 2008; Yang et al., 2011a), albeit
the mechanism and function of the appearance of the short poly(A)
tail remain unclear.

As the great majority of eukaryotic mRNAs end in a poly(A) tail,
transcriptome analyses using tiling arrays and deep sequencing
(mRNA-seq) in earlier studies typically involved the enrichment
of poly(A)+ RNAs by oligo(dT) selection (Pan et al., 2008; Wilhelm
et al., 2008). In addition to the fine mapping of mRNAs, this type
of analyses surprisingly revealed the widespread transcription of
long noncoding RNAs (IncRNAs) in mammalian cells. These IncRNAs
include natural antisense transcripts (NATs) (Katayama et al., 2005)
and thousands of long noncoding RNAs transcribed from intergenic
regions (lincRNAs) (Okazaki et al., 2002; Guttman et al.,2009,2011;
Cabili et al., 2011; Derrien et al., 2012) (Fig. 1). Characteristics that
define a lincRNA in a variety of organisms are based on knowl-
ege obtained from features of a mRNA, including chromatin maps
and data from methods used to identify Pol II transcription start
and elongation regions, such as histone 3 Lys 4 trimethylation in
the promoter region and histone 3 Lys 36 trimethylation across
the actively transcribed region, and the presence of a poly(A) site
for transcription termination (Khalil et al., 2009; Cabili et al., 2011;
Ulitsky etal.,2011; Guttman and Rinn, 2012). Thus, at the molecular
level, most lincRNAs appear indistinguishable from mRNAs, with
5’ cap structures, 3’ poly(A) tails and exon-exon splice junctions.
As it has long been thought that the proper 3’ end processing of a
nascent transcript is critical for the fate of a mature mRNA, a poly(A)
tail is presumably essential for the stability and functionality of a
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IncRNA. Although the functions of many IncRNAs remain mysteri-
ous, new lines of evidence on several dozens of well-characterized
ones have strongly implicated them in a variety of important bio-
logical processes (Reviewed in Ulitsky and Bartel, 2013; Rinn and
Chang, 2012).

In contrast to the widespread expression of polyadenylated
IncRNAs, recent studies revealed that a number of Pol Il transcribed
IncRNAs, including a few lincRNAs and others origninate from dif-
ferent genomic locations, such as enhancer and intron regions, and
are processed in alternative ways (Wilusz et al., 2008; Sunwoo
et al., 2009; Kim et al., 2010; De Santa et al., 2010; Burd et al.,
2010; Yap et al.,, 2010; Hansen et al., 2013; Salzman et al., 2012;
Yin et al,, 2012; Hansen et al., 2013; Jeck et al., 2013; Memczak
et al., 2013) (Fig. 1). Enhancer RNAs (eRNAs) are less than 2 kb in
length, bidirectionally transcribed from enhancer regions, largely
lack poly(A) tails, and have very low copy numbers (Kim et al.,
2010; De Santa et al., 2010). Although the mechanism of their
processing is not yet clear, recent studies revealed that eRNAs are
not by-products of transcription but carry out an important role for
enhancer-like function (Orom et al., 2010; Kim et al., 2010; Li et al.,
2013). For other non-polyadenylated IncRNAs, rather than taking
advantage of the canonical cleavage and polyadenylation for their
3’ end maturation, stabilization is achieved by a number of mech-
anisms, including the RNase P cleavage to generate a mature 3’
end (Brown et al., 2012; Wilusz et al., 2012), or capped by snoRNP
complexes at both ends (Yin et al., 2012), or by forming circular
structures to protect them from degradation during their life cycle
(Hansen et al., 2013; Jeck et al., 2013; Memczak et al., 2013; Zhang
et al., 2013). In this review, we will highlight the recent progress
of the biogenesis and function of these non-polyadenylated IncR-
NAs.

2. RNase P cleavage leads to some mature IncRNAs with
triple-helical RNA structures at their 3’ ends

RNase P is an endoribonuclease and is best known for its func-
tion in tRNA maturation. In bacteria, RNase P has two components:
M1 RNA and the single protein C5. While M1 is the catalytic sub-
unit of the enzyme, C5 is involved in enhancing M1’s affinity for
substrates and for cleavage efficiency (Guerrier-Takada et al., 1983;
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Fig. 1. Pervasive transcription of various classes of IncRNAs in mammalian genomes. NATs, natural antisense transcripts; lincRNAs, large intergenic noncoding RNAs; eRNAs,
enhancer RNAs; sno-IncRNAs, snoRNA-related IncRNAs; ciRNAs, circular intronic RNAs; circRNAs, circular RNAs. "There are a few reported lincRNAs without a poly(A) tail.
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Sun et al., 2006, 2010). In human, the catalytic RNA-Protein (RNP)
complex has an H1 RNA moiety and at least ten protein subunits
that are associated with H1 (Reiner et al.,, 2011). H1 RNA alone is
catalytically inactive in in vitro assays, but exerts its endonucle-
olytic activity with the support of the Rpp21/Rpp29 heterodimer
(Reiner et al., 2011). In addition to its function in tRNA processing
and the transcription of small ncRNAs by RNA Polymerases (Marvin
et al, 2011), recent studies have revealed that RNase P complex is
involved in the 3’ end maturation of some IncRNAs in yeast (Yang
and Altman, 2007) as well as of MALAT1 and NEAT1 in mammals
(Wilusz et al., 2008).

2.1. MALAT1

MALAT1 (metastasis-associated lung adenocarcinoma transcript
1), also known as NEAT2 (nuclear-enriched abundant transcript
2) (Hutchinson et al., 2007) was first identified as a prognostic
marker of survival in early-stage non-small cell lung cancers (Ji
et al,, 2003). Besides its over-expression in carcinomas, MALAT1
also exhibits a wide spectrum of expression in normal tissues with
relatively higher expression in brain (Ji et al.,, 2003; Bernard et al.,
2010). In contrast to the fact that many known regulatory IncRNAs
are less conserved than protein coding genes (Cabili et al., 2011;
Derrien et al., 2012), MALAT1 exhibits a high conservation in mam-
mals (Hutchinson et al., 2007) and other lower vertebrates, such
as zebrafish (Ulitsky et al., 2011), suggesting strongly that it has
important roles in biological processes.

MALATT1 is one of the most abundant nuclear enriched IncR-
NAs and is localized to nuclear speckles (Hutchinson et al., 2007;
Tripathi et al., 2010; Spector and Lamond, 2011). Careful analyses
by Wilusz et al. have revealed that mouse MALAT1 has two iso-
forms. The ~7 kb (~8 kb in human) long transcript has conserved
polyadenylation signals at the 3’ end and is retained in nucleus
(Wilusz et al., 2008). However, the long isoform is present at a
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very low level that cannot be easily detected (Wilusz et al., 2008),
which explains MALAT1 only showed one band in previous studies
(Jietal., 2003; Lin et al., 2007; Hutchinson et al., 2007). The abun-
dant shorter transcript of MALAT1 is ~6.7 kb (~7.5 kb in human),
which is generated by RNase P processing to cleave off a highly con-
served tRNA-like structure from the 3’ end of the nascent MALAT1
transcript. Cleavage by RNase P generates a stable nuclear-retained
MALAT1 with a short A-rich tract and a tRNA like, 61 nt cytoplas-
mic mascRNA (MALAT1-associated small cytoplasmic RNA) with
unknown function (Wilusz et al., 2008) (Fig. 2).

Interestingly, the short A-rich motif at the 3’ end of MALAT1 is
derived from a genomically encoded A-rich tract rather than by
being added post-transcriptionally, but it offers an even more sta-
ble status for MALAT1 than many RNAs with canonical poly(A) tails.
How is the stability at the end of MALAT1 is achieved? It turns out
that the 3’ end of MALATT1 contains highly conserved U- and A-rich
sequences, which was proposed to form a stable U-A-U triple helical
structure (Wilusz et al., 2012; Brown et al., 2012). This triple helical
structure constitutes the U-rich motif 2 and the A-rich motif that
form Watson-Crick base pair helix while the U-rich motif 1 con-
nects to A-rich motif by Hoogsteen hydrogen bond (Wilusz et al.,
2012; Brown et al., 2012) (Fig. 2). A similar triple helical structure at
the 3’ end has also been seen in another mammalian IncRNA, NEAT1
(see below) (Fig. 3), PAN IncRNA from Kaposi’s sarcoma-associated
herpesvirus and in the RNAs from other viruses (Mitton-Fry et al.,
2010; Tycowski et al.,2012). More strikingly, when the triple helical
structure from MALAT1 was placed on a GFP reporter, the resulting
mRNA could be exported to the cytoplasm and translated, sug-
gesting that this unexpected structure at the 3’ end can support
export and translation similar to a poly(A) tail (Wilusz et al., 2012),
although it is elusive whether such a U-A.U triple helical structure
exists in any endogenous mRNAs.

Although MALATI is exclusively localized to nuclear speckles
(Hutchinson et al., 2007; Tripathi et al., 2010), it is not a structural
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Fig. 2. RNase P processing of the 3' end of MALAT1. The nascent MALAT1 transcript forms a tRNA-like structure at its 3’ end, which can be recognized and cleaved by RNase P
to generate a stable MALAT1 with a U-A-U triple helical structure at the 3’ end. The U-A-U triple helical structure has been modified from (Wilusz et al., 2012). MALAT1 plays
an important role in several biological processes by regulating alternative splicing of pre-mRNAs and modulating expression of growth control genes.
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Fig. 3. Processing of two isoforms of NEAT1. NEAT1 has two isoforms. The short NEAT1_1 is polyadenylated, while the long NEAT1_2 is processed by RNase P at its 3’ end (Sunwoo
etal., 2009; Wilusz et al., 2011). Although both isoforms are essential for the integrity of paraspeckles, the long isoform is more important for de novo paraspeckle assembly.

RNA. Depletion of MALAT1 did not destroy the integrity of nuclear
speckles in both human and mouse cells (Tripathi et al., 2010;
Nakagawa etal.,2012; Zhang et al., 2012). In addition, MALAT1 does
not overlap with SC35 domains immediately after mitosis suggest-
ing that it is not necessary for nuclear speckle assembly and that
it is more likely to participate in the function of nuclear speck-
les, such as assembly, modification, and storage of components
of the pre-mRNA processing machinery (Hutchinson et al., 2007;
Tripathi et al., 2010; Nakagawa et al., 2012; Zhang et al., 2012).
At the molecular level, it has been shown that MALAT1 regulates
alternative splicing by modulating the levels of active (phospho-
rylated) serine/arginine (SR) proteins in HeLa cells (Tripathi et al.,
2010). In this scenario, MALATT acts as a decoy that titrates SR splic-
ing factors away from potential endogenous pre-mRNA targets.
Depletion of MALAT1 increases the levels of cellular SR proteins
and leads to alternative splicing of a subset of endogenous pre-
mRNAs (Tripathietal., 2010). Furthermore, MALAT1 was also shown
to modulate the recruitment of SR proteins to active transcription
sites by a transgene array (Bernard et al., 2010). Moreover, the
abundance of MALAT1 also supports its possible role as a “molecu-
lar sponge” for RNA-binding proteins. For example, genome wide
studies revealed that MALAT1 has many binding sites for TDP-43, a
protein that binds to pre-mRNAs and regulates alternative splicing
(Tollervey et al., 2011; Polymenidou et al., 2011), further pointing
out the possibility of MALAT1 in splicing regulation. However, a dis-
crepancy has been observed from MALAT1 knockout mice derived
cells (Nakagawa et al., 2012; Zhang et al., 2012). Here, depletion of
MALAT1 had no significant effect on splicing factor levels, phosphor-
ylation status, or alternative pre-mRNA splicing (Nakagawa et al.,
2012; Zhang et al., 2012). Interestingly, the inactivation of MALAT1
transcription itself could alter local (MALAT1 neighboring genes)
but not global gene expression, suggesting that the act of MALAT1
transcription may play a cis-regulatory role (Nakagawa et al., 2012;
Zhang et al., 2012). Finally, a recent study suggested that MALAT1

could work with methylation of Polycomb 2 protein (Pc2), a com-
ponent of Polycomb repressive complex 1 (PRC1) and play a role in
the relocation of growth-control genes between nuclear structures
and gene activation (Yang et al., 2011b).

Although studies of MALAT1 loss-of-function genetic models
have demonstrated that MALAT1 is not essential for mouse devel-
opment under normal laboratory conditions (Eissmann et al.,2012;
Zhang et al., 2012; Nakagawa et al., 2012), at the cellular level,
recent reports have suggested that MALAT1 plays a role in synapse
formation (Bernard et al., 2010; Polymenidou et al., 2011), cell
growth and tumor metastasis (Yang et al., 2011b; Tripathi et al.,
2013; Gutschner et al., 2013b). Knockdown of MALAT1 reduced
the synaptic density and altered expression of genes involved in
synapse function, suggesting that MALAT1 likely regulates synapse
formation (Bernard et al., 2010). In addition, TDP-43 depletion led
to the reduced expression of MALATT and impaired synapse forma-
tion (Polymenidou et al., 2011). The strong association of MALAT1
with TDP-43 (Tollervey et al., 2011) further supported a role for
MALATT1 in synapse regulation.

On the other hand, MALAT1 has been implicated in the regu-
lation of cell growth and tumor metastasis. First, MALATI1 likely
participates in cell cycle regulation. The level of MALAT1 is reg-
ulated during normal cell cycle progression and knockdown of
MALATT led to anincreased G1 phase and decreased S phase popula-
tion (Tripathi et al., 2013). Further study revealed that depletion of
MALATT1 not only led to the activation of p53 and its target genes, but
also affected the alternative splicing of an oncogenic transcription
factor that is involved in G2/M progression (Tripathi et al., 2013).
Second, MALATT1 is overexpressed in several tumor tissues and its
expression is positively correlated with metastasis (reviewed in
Gutschner et al., 2013a). Third, MALAT1 is a potential regulator
of metastasis of lung cancer. The MALAT1 knockout human lung
cancer cells were recently developed by using genome editing tech-
nology (Gutschner et al., 2011). MALAT1 depleted cells exhibited a
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reduction of cell motility in scratch assays and formation of fewer
tumor nodules in mouse xenografts (Gutschneretal.,2013b), which
were due to an altered expression of metastasis-associated genes
resulted from the loss of MALAT1 (Gutschner et al., 2013b).

2.2. NEAT1

NEAT1 (nuclear enriched abundant transcript 1), also known
as Men (multiple endocrine neoplasia) ¢/f or VINC (virus-inducible
ncRNA), is another broadly expressed and highly abundant IncRNA
in mammalian cell nuclei (Saha et al., 2006; Hutchinson et al.,
2007; Clemson et al., 2009; Sunwoo et al., 2009). NEAT1 is tran-
scribed by Pol Il from aregion 58 kb upstream of MALAT1. Unlike the
highly conserved MALAT1, NEAT1 has only two conserved segments
between human and mouse (Hutchinson et al., 2007). Although
the primary sequence is not well conserved, NEAT1 and its mouse
homologue both localize to paraspeckles and play a role in regulat-
ing gene expression by sequestering mRNAs containing inverted
repeats within the nucleus (Clemson et al., 2009; Sunwoo et al.,
2009; Chen and Carmichael, 2009; Mao et al., 2011a; for reviews,
see Fox and Lamond, 2010; Bond and Fox, 2009; Mao et al., 2011b).

There are two isoforms of NEAT1. While the abundant short
isoform, NEAT1_1 (3.7 kb in human) or Mene (3.2 kb in mouse), is
polyadenylated (Hutchinson et al., 2007), the less abundant long
isoform, NEAT1_2 (23 kb in human) or Meng (20kb in mouse), is
non-polyadenylated (Fig. 3). These two isoforms share the same
transcriptional start site, but their 3’ ends are processed by distinct
mechanisms: canonical polyadenylation (Naganuma et al., 2012)
or RNase P cleavage (Sunwoo et al., 2009; Wilusz et al., 2011).
NEAT1 2 is processed by RNase P with a similar mechanism to that
of MALATT1 (Figs. 2 and 3). RNase P cleavage leads to the formation
of a mature 3’ end of NEAT1_2 (Sunwoo et al., 2009; Wilusz et al.,
2008, 2011), which is protected by a triple helical structure (Wilusz
etal., 2012; Brown et al., 2012). Components of the CFIm complex,
such as CPSF6 and NUDT21 have been recently shown to local-
ize to paraspeckles and to be involved in the 3’ end processing of
NEAT1_1, confirming the involvement of the canonical polyadenyla-
tion in NEAT1_1 maturation (Naganuma et al., 2012). Interestingly,
the expression level of NEAT1_1 and NEAT1_2 is likely controlled by
HNRNPK, which is a newly identified paraspeckle protein and inter-
feres with the CFIm complex cleavage to keep NEAT1_2 synthesis
low (Naganuma et al., 2012).

Paraspeckles, located adjacent to nuclear speckles, were identi-
fied in 2002 by a proteomic study aimed at characterizing human
nucleoli (Fox et al., 2002). Paraspeckles were originally identified
to contain several well-studied Drosophila Behavior and Human
Splicing (DBHS) family proteins including PSP1a, p54"™ and PSF
(Fox et al., 2002, 2005; Bond and Fox, 2009). Blocking transcrip-
tion or depleting RNAs both led to a dramatic decrease in the size
and number of paraspeckles, indicating that paraspeckles depend
on both RNA and on Pol II transcription for their integrity (Fox
et al, 2002, 2005; Prasanth et al., 2005). The first paraspeckle RNA
was identified in 2005, named CTN-RNA, which is transcribed from
mouse cationic amino acid transporter 2 (mCAT2) gene. In the
nucleus, double stranded RNAs (dsRNAs) serve as efficient sub-
strates for adenosine (A)-to-inosine (I) A-to-I editing by ADAR
enzymes. Editing of long dsRNA duplexes can lead to the deami-
nation of up to 50% of the adenosines on each strand of the RNA
duplexes. Duplex RNA structures are commonly formed through
base-pairing of inverted repeat regions within transcripts. The 3’
UTR of CTN-RNA contains such elements for A-to-I editing and was
shown to be nuclear-retained and at least partially localized to
paraspeckles (Prasanth et al., 2005). Similarly, human mRNAs con-
taining inverted Alu elements in their 3’ UTRs are also associated
with paraspeckles (Chen et al., 2008; Chen and Carmichael, 2009).
Thus, although the function of paraspeckles is not yet completely

clear, these studies have suggested that they could be involved
in gene expression regulation by trapping edited RNAs within the
nucleus.

Knockdown of CTN-RNA did not disrupt paraspeckles, indicating
that some other RNA serves as an organizer (Prasanth et al., 2005).
In 2009, several groups independently identified NEAT1 IncRNAs
as bona fide paraspeckle structural RNAs (Sunwoo et al., 2009;
Clemson et al., 2009; Sasaki et al., 2009; Chen and Carmichael,
2009). Unlike CTN-RNA, NEATT is not A-to-I hyperedited, consis-
tent with its architectural role in paraspeckles (Clemson et al.,
2009). Biochemical analyses demonstrated that NEAT1 and Men /8
transcripts are associated with paraspeckle DBHS proteins (Sunwoo
et al,, 2009; Sasaki et al., 2009; Clemson et al., 2009; Chen and
Carmichael, 2009), indicating that they might serve as platforms for
the recruitment of the multifunctional DBHS proteins. In addition,
depletion of NEAT1 (Clemson et al., 2009; Chen and Carmichael,
2009) or Meng/B (Sunwoo et al., 2009; Sasaki et al., 2009) led to the
loss of paraspeckles and the nuclear localization of PSP1c/p54™™®
became more uniformly distributed, while overexpression of Mene
RNA increased numbers of paraspeckles in both NIH3T3 and HeLa
cells (Clemson et al., 2009), suggesting that NEAT1 and Men ¢/f are
essential paraspeckle components and are functionally conserved.

Detailed studies have suggested that NEAT1_2 (or Men ) is more
essential for de novo paraspeckle assembly (Sunwoo et al., 2009;
Sasaki et al., 2009; Naganuma et al., 2012). For example, transient
expression of NEAT1_2 but not NEAT1_1 reassembled paraspeckles
in NEAT1 knockout MEFs, suggesting that NEAT1 2 is the essential
component for de novo paraspeckle formation (Naganuma et al.,
2012). Furthermore, an electron microscopic study revealed that
the common NEATT1 region and NEAT1 2 3’-end region were located
at the paraspeckle periphery, whereas the central sequences of
NEAT1_2 were enriched in the paraspeckle interior, further indi-
cating NEAT12 is important for the maintenance of paraspeckle
integrity (Souquere et al., 2010). Moreover, in some mouse cells,
such as parietal cells, due to lack of Menf expression, Mene
and paraspeckle proteins are distributed throughout the nucleo-
plasm instead of forming paraspeckle-like punctations (Nakagawa
et al., 2011). Finally, to understand the role of NEAT1 IncRNAs in
paraspeckle assembly, a live-cell imaging system was developed
that allows for the inducible transcription of NEAT1 IncRNAs and
direct visualization of paraspeckle proteins (Mao et al., 2011a). This
study demonstrated that both the active transcription of NEAT1 and
the NEAT1 IncRNAs regulate paraspeckle maintenance and dynam-
ics (Mao et al., 2011a). While many recently identified IncRNAs
localize to specific but uncharacterized nuclear bodies (Sone et al.,
2007; Yin et al., 2012), studies on NEAT1 have suggested one pos-
sibility of the importance of such scaffold RNA in the maintenance
of nuclear structures.

Although NEATT1 is broadly expressed in many tissues in adult
animals, it is also differentially expressed during mouse C2C12
myoblast (Sunwoo et al., 2009) or human embryonic stem (ES) cells
differentiation (Chen and Carmichael, 2009), suggesting a regula-
tory role of NEAT1. Surprisingly, NEAT1 knockout mice were viable
and fertile, with no obvious phenotypic defects (Nakagawa et al.,
2011). This raised the question of whether NEAT1 and paraspeck-
les are functional. However, since these knockout mice were fed
under laboratory growth conditions, obvious phenotypes might be
not visualizable until certain stress conditions were present. Cur-
rent understanding of paraspeckle-related RNAs supports a model
where such nuclear structures can be functional during stress.
First, NEAT1 was originally identified by its up-regulation during
virus infection in mice (Saha et al., 2006). Second, under cellular
stress, the paraspeckle-retained CTN-RNA is post-transcriptionally
cleaved to rapidly produce protein-coding mCAT2 mRNA, which is
exported efficiently to the cytoplasm for translation, suggesting a
role of paraspeckles inregulating gene expression upon physiologic
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stress (Prasanth et al., 2005). Third, such desequestration might
be a general mechanism of paraspeckles under stress, hinted by
the different nuclear/cytoplasmic localizations of isoforms of mul-
tiple inverted Alu elements containing mRNAs in human cells (Chen
et al., 2008; Chen and Carmichael, 2009), and knockdown of NEAT1
in HelLa cells results both in loss of paraspeckles and in enhanced
nucleocytoplasmic export of such mRNAs (Chen and Carmichael,
2009). Thus, the systematic determination of paraspeckle-retained
RNAs before and after stress treatments will be of great inter-
est to provide new insights into the regulatory role of NEAT1 and
paraspeckles.

3. snoRNA-ended IncRNAs from excised introns

While the majority of known IncRNAs are transcribed from
intergenic regions, recent studies have found new formats of IncR-
NAs derived from excised introns. Intronic sequences account for
over 20% of the human genome and provide yet another source to
generate new forms of IncRNAs that lack both 5’ cap structures and
3’ poly(A) tails. Although it is generally believed that most introns
or intron fragments are unstable (Rodriguez-Trelles et al., 2006),
there are exceptions. For instance, there are several hundred known
small nucleolar RNAs (snoRNAs) and the great majority of these are
encoded within introns (Filipowicz and Pogacic, 2002). SnoRNAs
are a family of conserved nuclear RNAs (about 70-200 nt) that are
usually concentrated in Cajal bodies or nucleoli where they either
function in the modification of small nuclear RNAs (snRNAs) or
ribosomal RNAs (rRNAs), or participate in the processing of rRNAs
during ribosome subunit maturation (Boisvert et al., 2007; Kiss,
2001; Materaetal.,2007). SnoRNAs are processed from excised and
debranched introns by exonucleolytic trimming (Tycowski et al.,
1993; Kiss and Filipowicz, 1995) and carry out their functions
in complex with specific protein components by forming ribonu-
cleoprotein complexes (snoRNPs) (Kiss, 2001) (Fig. 4A, in green
shadow). There are two main classes of snoRNAs: box C/D snoR-
NAs and box H/ACA snoRNAs, both of which serve as guide RNAs
with complementarity to specific target sequences.

The exploration of non-polyadenylated and ribosomal RNAs
depleted “poly(A)-/ribo-" transcripts in human transcriptomes
identified many excised introns longer than 200 nucelotides that
could accumulate to high levels (Yang et al., 2011a), leading to the
question that how these excised introns escape from exonucleolytic
trimming after splicing. Detailed studies revealed one mechanism
for the processing of such excised introns. Introns containing two
snoRNAs are processed from their ends by the snoRNP machinery
after splicing and the internal intronic sequences between snoR-
NAs are not removed, leading to the accumulation of IncRNAs
with snoRNA ends (sno-IncRNAs) (Yin et al., 2012) (Fig. 4A, in blue
shadow). Such molecules lack both 5’ cap structures and 3’ poly(A)
tails, but are rather capped with snoRNAs at both ends. In addi-
tion, sno-IncRNAs are widely expressed in cells and tissues and can
be produced by either box C/D or box H/ACA snoRNAs in human
genome (Yin et al., 2012).

Importantly, the genomic region encoding five abundant
sno-IncRNAs (15q11-q13) is specifically deleted in Prader-Willi
Syndrome (PWS). PWS is a multiple system disorder characterized
by global developmental delay, mental retardation and morbid obe-
sity (for review, see Cassidy et al., 2012). The 15q11-q13 region is
imprinted, leading to the expression of the SNURF-SNRPN gene and
downstream noncoding region from the paternal chromosome. All
paternal transcripts downstream of the SNRPN gene are noncod-
ing and have been considered primarily as precursors for small
RNAs (Cavaille et al., 2000; Royo and Cavaille, 2008; Runte et al.,
2001). Since the minimal paternal deletion region associated with
PWS (108 kb) removes only SNORD109A, the SNORD116 cluster

of 29 similar snoRNAs and IPW (imprinted in Prader-Willi Syn-
drome, noncoding RNA), the most current published model is that
SNORD116 deficiency is the primary cause of disease (Sahoo et al.,
2008; de Smith et al., 2009; Duker et al., 2010). The function of
SNORD116s is unknown. While most snoRNAs exhibit complemen-
tarity to rRNA or snRNA targets, no noncoding RNA, pre-mRNA or
mRNA targets for these SNORD116 snoRNAs have been confirmed.
These snoRNAs show minimal complementarity to rRNA or other
RNAs so far and show greater homology to one another than to
other snoRNAs. A few potential targets have been predicted bioin-
formatically, but none has been validated (Bazeley et al., 2008).
The human and mouse SNORD116s are similar but not identical,
but their deficiency in mouse only recapitulates some of the fea-
tures of PWS (Skryabin et al., 2007). Thus, what function of these
SNORD116 snoRNAs is and what the precise molecular cause of
PWS still remains unknown.

PWS region sno-IncRNAs are expressed at exteremely high
levels (similar in abundance to some histone mRNAs) in undif-
ferentiated human ES cells. Interestingly, although one sno-IncRNA
contains two snoRNAs, sno-IncRNAs do not colocalize with nucleoli
or Cajal bodies, but rather accumulate near their sites of synthesis
(Fig. 4B). Importantly, all five PWS region sno-IncRNAs are colocal-
ized together in the nucleus, suggesting that they are functionally
similar to each other. Importantly, although knockdown of these
sno-IncRNAs has little effect on their parent gene, SNURF-SNRPN,
or global gene expression, depletion of these RNAs influenced
Fox2-mediated alternative splicing regulation. Each PWS region
sno-IncRNA contains multiple binding sites for Fox2 and strongly
interacts with Fox2 as demonstrated by a variety of biochemi-
cal and cellular assays (Yin et al., 2012), indicating that binding
of sno-IncRNAs could redistribute Fox2 to specific subnuclear
neighborhoods. Transcriptome analyses revealed that a number of
altered exons (inclusion or exclusion of some cassette exons) were
affected in opposite ways by depletion of these PWS region sno-
IncRNAs or by knockdown of Fox2, further supporting the notion
that these sno-IncRNAs work together to act as molecular sponges
for Fox2. It is interesting to note that among the group of RNAs
most affected by the depletion of PWS region sno-IncRNAs are sev-
eral genes with a clear connection to neuronal function, thus, subtle
changes of splicing regulation of these cassette exons during early
embryonic development and adulthood may result in an abnormal
development in PWS patients. Together, these results implicate the
PWS region sno-IncRNAs are functionally connected to the molec-
ular pathogenesis of PWS by acting to sequester Fox proteins. In
wild type human ES cells, PWS region sno-IncRNAs are expressed at
high levels, accumulate as strong nuclear foci near their sites of sys-
nthesis, act as molecular sponges to strongly associated with Fox2,
and regulate patterns of Fox-regulated alternative splicing. While in
PWS patients, all these sno-IncRNAs are not expressed, Fox proteins
are more uniformly distributed throughout the nucleus, resulting
in altered patterns of splicing regulation during early embryonic
development and adulthood.

There are a number of questions that remain to be addressed
for this new class of IncRNAs. First, why do PWS region sno-IncRNAs
affect only a subset of Fox2 regulated pre-mRNA splicing? This leads
to the hypothesis that pre-mRNAs with altered pattern of alterna-
tive splicing after depletion of these sno-IncRNAs may be located
in the proximity of the PWS region. Thus, PWS region sno-IncRNA
accumulation may offer a structural platform for such pre-mRNAs
and Fox proteins to interact. Second, what is the mechanism by
which PWSregion sno-IncRNAs accumulate exclusively to their sites
of synthesis after maturation? It is noteworthy that all five PWS
region sno-IncRNAs accumulate to only one or two adjacent places
near their sites of synthesis (Fig. 4B), suggesting that this localiza-
tion pattern may be important for their function, such as to act as a
structural platform for pre-mRNAs and proteins. Hence, answering
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Fig. 4. Processing and function of PWS region sno-IncRNAs. (A) The deletion of the paternal transcribed chr15q11-13 region leads to Prader-Willi Syndrome. The minimal
paternal deletion region associated with PWS (108 kb) removes snoRNAs and sno-IncRNAs. The processing of snoRNA is shadowed in green and the processing of sno-IncRNA is
shadowed in blue. PWS region sno-IncRNAs act to sequester Fox proteins and regulate alternative splicing. See text for details. (B) All five PWS region sno-IncRNAs accumulate
near to their sites of synthesis (a single chromosomal locus). A double FISH of sno-IncRNAs (green) and its adjacent DNA region (red) in H9 cells has been modified from (Yin
et al., 2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

this question will be helpful in our understanding of whether sno-
IncRNA nuclear accumulations represent yet another type of novel
nuclear bodies. Third, is Fox2 the only protein that binds these sno-
IncRNAs? Probably not. It is certainly possible that sno-IncRNAs can
interact with multiple proteins to carry out functions beyond Fox
protein titration. Thus, application of new approaches to system-
atically investigate proteins that are associated with these RNAs
will be of the future interest. Fourth, how are these PWS region
sno-IncRNAs involved in Prader-Willi pathogenesis? Although the
functional characterization of these sno-IncRNAs revealed that they
act as molecular sponges to titrate Fox proteins in undifferenti-
ated human ES cells, their function in other cells could be different,
in particular, considering the fact that their expression levels in
human tissues are variable (Yin et al., 2012). Finally, despite our
current understanding of sno-IncRNAs from PWS region, it will be
of interest to learn the biogenesis and function of other type of

sno-IncRNAs, such as the box H/ACA ended sno-IncRNAs. Taken
together, these intron-derived and snoRNA capped IncRNAs are a
class of IncRNAs with new format and what we have learned from
PWS region sno-IncRNAs may represent only the tip of the iceberg
of their regulatory functions.

4. Circular RNAs

In addition to the above mentioned linearized IncRNAs with the
noncanonical 3’ ends, circular RNAs are another type of noncoding
RNAs that are formed either by head-to-tail circularization from
exons with covalent joined ends (Salzman et al., 2012; Jeck et al.,
2013; Hansenetal.,2013; Memczaketal.,2013) or derived from the
inefficient debranching of lariat introns (Zhang et al., 2013) (Fig. 1).
Recent studies have demonstrated their regulatory roles in gene
expression.
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4.1. Circular RNAs produced from back splice circularization

Circular RNAs were first found in the 1970s in several eukary-
otic RNA viruses and were visualized to form ‘pan-handle’ like
structures (Kolakofsky, 1976; Hsu and Coca-Prados, 1979). Several
other circular RNAs produced from eukaryotic genomes have been
subsequently identified, including DCC (Homo sapiens deleted in
colorectal carcinoma) (Nigro et al.,, 1991), c-ETS-1 (circular ETS-
1) (Cocquerelle et al., 1992, 1993), SRY (sex-determining region
Y) (Capel et al.,, 1993) and cANRIL (Burd et al., 2010). Although
functions are largely unknown, these circular RNAs are derived
from important gene loci, thus implicating that they are not junk
in cells. For example, SRY is highly expressed in testes and plays
a key role in testes development in mouse (Capel et al., 1993;
Hansen et al., 2013). In addition, the INK4a/ARF tumor suppressor
locus-associated IncRNA ANRIL participates directly in epigenetic
transcriptional repression (Yap et al., 2010). Also, the circular form
of ANRIL (cANRIL) encoded by this locus is positively correlated
with INK4/ARF transcription (Burd et al., 2010), suggesting a role
of cCANRIL in gene expression regulation.

Very recently, the application of high-throughput sequencing
technology together with computational analysis has discovered
thousands of circular RNAs (circRNAs) across species, from Archaea
to humans (Danan et al., 2012; Salzman et al., 2012; Jeck et al.,
2013; Memczak et al., 2013). For example, by sequencing of rRNA-
depleted RNAs from human fibroblasts that had been digested with
RNase R - an exonuclease degrades linear but not circular RNAs,
over 25,000 circular RNAs have been identified (Jeck et al., 2013).
Some circular RNAs are more stable than their associated linear
mRNAs (Jeck et al., 2013; Memczak et al., 2013), probabaly due to
the circular structure being resistant to degradation by linear RNA

Canonical

Nucleus splicing

decay machineries. Although their detailed biogenesis has not yet
been investigated, several studies have suggested that these non-
linearized RNAs are largely generated from back-spliced exons, in
which splice junctions formed by an acceptor splice site at the 5’ end
ofanexon and adonor site atadownstream 3’ end (Burd et al.,2010;
Salzmanetal., 2012; Jeck et al.,2013; Hansen et al., 2013; Memczak
et al., 2013) (Fig. 5). The splicing machinery is likely involved in
this process although how the splicing machinery selects particu-
lar exons is still unknown. A few studies have suggested that the
presence of inverted Alu repeats in the adjacent introns and/or exon
skipping events may be involved in this process (Capel et al., 1993;
Pasman et al., 1996; Jeck et al., 2013; Memczak et al., 2013).
CircRNAs largely localized to the cytoplasm but were not bound
to ribosomes. Since they could be degraded by siRNAs, they were
proposed to act as sponges to compete with endogenous RNAs
for microRNA binding (Jeck et al., 2013). MicroRNAs are ~21-
nucleotides RNAs that act by base pairing to target mRNAs and
subsequently repress protein production or cause mRNA degrada-
tion (Bartel, 2004). As a microRNA can bind to many transcripts
containing complementary sequences, microRNA activity can be
regulated by introducing concatemers of target sites (Ebert et al.,
2007), or by endogeneously expressed competing RNAs (Salmena
et al,, 2011). Importantly, very recent studies have demonstrated
that some abundant circRNAs function as efficient “sponges” to
sequester microRNAs and subsequently regulate gene expression
(Hansen et al., 2013; Memczak et al., 2013). One such human
circRNA, named CDR1as (antisense to the cerebellar degeneration-
related protein 1 transcript), is predominately expressed in human
and mouse brain (Hansenetal.,2011; Memczaketal.,2013). CDR1as
is about 1.5kb in length and contains more than 70 binding sites
(among which over 60 sites are conserved) for microRNA miR-7

Back splice
circularization

circRNAs

Exported to cytoplasm

microRNA
sponges

Fig. 5. CircRNAs produced from back-splice circularization function as microRNA sponges. Canonical splicing occurs after or concurrently with transcription in which introns
are removed and exons are joined, and the mature 3’ end is generated by endonucleolytic cleavage followed by the addition of a poly(A) tail in a non-templated fashion.
CircRNAs are processed from back-spliced exons, in which splice junctions formed by an acceptor splice site at the 5’ end of an exon and a donor site at a downstream 3’ end.
CircRNAs are largely localized to the cytoplasm and some can function as microRNA sponges.
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(Memczak et al., 2013; Hansen et al., 2013), thus, CDR1as was also
named ciRS-7 (circular RNA sponge for miR-7) (Hansen et al., 2013).
This highly abundant circRNA (about the 1/5 abundance to GAPDH
mRNASs) has the potential to bind up to ~20,000 miR-7 molecules
per cell (Memczak et al., 2013), thereby preventing miR-7 from
binding other mRNAs. Consistant with the sponge model, this cir-
cular RNA was found to be associated with the miRNA effector AGO
proteins in a miR-7 dependent manner and decreased expression of
this circRNA caused the reduced expression of mRNAs containing
miR-7 binding sites (Hansen et al., 2013; Memczak et al., 2013).

Thus, a role as a molecular sponge for microRNAs classifies cir-
cRNAs in a similar category with several other recently reported
competing endogenous RNAs and pseudogene RNAs (Cesana et al.,
2011; Tay et al.,, 2011; Salmena et al., 2011). It is of great interest
to investigate the participation of thousands of other circRNAs in
microRNA binding as molecular sponges. In addition, several linear
IncRNAs have been recently characterized as molecular sponges for
RNA binding proteins (Tollervey et al., 2011; Polymenidou et al.,
2011; Yin et al., 2012), which further indicate that circRNAs may
act to sequester RNA-binding proteins beyond their roles in reg-
ulating microRNAs. Similarly, circRNAs may even base pair with
other larger cellular RNAs, and together with associated proteins,
resulting in the formation of (functional) RNA-protein complexes
in the cytoplasm.

4.2. Circular intronic RNAs derived from lariat introns

Very recently, we have identified another type of circular RNAs,
circular intronic RNAs (ciRNAs), derived from lariat introns (Zhang
etal, 2013). Intron lariats are short-lived intermediates during RNA
splicing. An intron lariat carrying a 2’,5'-phosphodiester bond is
debranched and rapidly degraded by exonuclease trimming dur-
ing splicing, thus usually rendering these molecules undetectable
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by biochemical assays. However, a few exceptions were noted in
earlier studies. For example, a spliced intron was found to accumu-
late as a set of lariat RNA structures with different length of tails in
the nucleus, resulting in stable intermediates of intron lariats (Qian
et al., 1992). In addition, stable lariat introns of some viruses were
also seen in infected cells due to atypical splicing (Wu et al., 1998).

By deep sequencing of RNAs collected from a combination treat-
ments of poly(A)- selection, rRNA depletion and RNaseR digestion
followed by new computational algorithm analyses, hundreds of
ciRNAs were suprisingly identified in human cells (Zhang et al.,
2013). These stable ciRNAs are derived from intron lariats, escape
from debranching and depend on a consensus RNA motif contain-
ing a 7 nt GU rich element near 5 splice site and an 11 nt GU rich
element branch point (Fig. 6). Although the resulting ciRNA car-
ries a 2',5-phosphodiester bond to form the circular structure, it
does not contain the 3’ linear components (the sequence from the
3’ end of an intron to its branch point site) (Zhang et al., 2013),
suggesting that they are different from splicing intermediates but
rather represent a new class of circular RNAs derived from excised
introns. However, how these consensus RNA elements work to
resist debranching and what protein partners are involved in this
process still remain to be determined.

Some abundant ciRNAs are much more stable than their asso-
ciated parent linear mRNAs, likely due to their circular structure
protection. Strikingly, different from circRNAs produced from
back splice circularization (Jeck et al., 2013; Hansen et al., 2013;
Memczak et al., 2013) (Fig. 5), these intron-derived ciRNAs have
little enrichment for microRNA target sites, suggesting that they
are fucntionally distinct. Detailed studies have revealed that some
abundant expressed ciRNAs accumulate in the nucleus and are
largely associated with their sites of transcription, where they
specifically interact with the elongating Pol II complex and act
as positive regulator for Pol Il transcription to regulate local gene

BP 3’ss

lSplicing

Modulate Pol I
transcription

Fig. 6. CiRNAs derived from lariat introns act as Pol Il regulators. Introns are usually degraded after splicing. Introns carrying consensus motifs near the 5’ splice site and the
branch point site lead to a failure in debranching of lariat introns and the formation of ciRNAs with a 2’,5'-phosphodiester bond. CiRNAs are abundant in the nucleus and

some can act as positive regulators of Pol II transcription.
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expression (Zhang et al., 2013). Interestingly, although ciRNAs are
widely expressed in human cells and tissue samples, they are less
evolutionarily conserved (Zhangetal.,2013). Comparison of human
ciRNA producing introns with those in the mouse genome revealed
that the consensus RNA motif that is key for ciRNA formation
is not conserved in mouse, suggesting that evolutionarily uncon-
served intronic noncoding transcripts could add more complexity
to human genomes.

5. Perspectives

Although the great majority of eukaryotic RNAs end in a poly(A)
tail, recent advances in deep sequencing and computational anal-
ysis have uncovered thousands of previously unknown RNAs with
a variety of new processing formats. This has not only provided
new insights into the “dark matter” of human genome, but also
raised a number of questions and issues to be addressed. First, as
the expression of non-canonical IncRNAs is tissue-/cell- specific
and evolutionarily less conserved, further application of similar
approaches for different tissues and species may result in the
identification of additional new RNAs. Second, beyond the above-
mentioned new types of RNAs, what other RNAs might have been
missed from the current IncRNA study? The combination of dif-
ferent treatments to RNAs prior to library preparation for RNA
sequencing may allow one to uncover new RNA species. Third, it is
noteworthy that the above-mentioned RNAs with non-canonical 3’
ends are more stable than linear RNAs, suggesting that their cellular
fate could be different from RNAs with canonical poly(A) tails, prob-
ably due to the non-canonical end or circular structure being able
to protect them from linear RNA decay machinery. However, such
RNAs do have a finite lifetime. How are they processed for degrada-
tion? A recent study revealed that Drosha-DGCRS8 microprocessor,
which is required for microRNA biogenesis, is also involved in con-
trolling the abundance of MALAT1 (Macias et al., 2012). Thus, it will
be of great interest to learn what other RNase enzymes or cellu-
lar decay machineries are involved in the processing of such RNAs.
Finally, it is known that the coupling between transcription and
processing is key for the functionality of some RNAs. Although the
biogenesis of these new RNAs has just begun to be appreciated,
what we have learned from their processing is already distinct from
that of canonical RNAs. As recent studies have suggested that these
new RNAs can participate in diverse aspects of biological regulation
by a variety of mechanisms, understanding the coupling between
transcription and processing of these new IncRNAs will provide
additional insights into their biological roles.
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