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Long noncoding RNAs (IncRNAs) are emerging as potential key regulators in
gene expression networks and exhibit a surprising range of shapes and sizes.
Several distinct classes of IncRNAs are transcribed from different DNA ele-
ments, including promoters, enhancers, and intergenic regions in eukaryotic
genomes. Additionally, others are derived from long primary transcripts with
noncanonical RNA processing pathways, generating new RNA species with
unexpected formats. These IncRNAs can be processed by several mecha-
nisms, including ribonuclease P (RNase P) cleavage to generate mature 3’
ends, capping by small nucleolar RNA (snoRNA)-protein (snoRNP) complexes
at their ends, or the formation of circular structures. Here we review current
knowledge on IncRNAs and highlight the most recent discoveries of the under-
lying mechanisms related to their formation.

Eukaryotic RNA Transcription and Processing Yield a Diverse Catalog of
IncRNAs

Recent large-scale RNA profiling efforts have revealed that >75% of the human genome is
actively transcribed to yield a highly complex network of protein-coding transcripts (or mRNAS)
and noncoding RNAs (ncRNAs) [1,2]. In eukaryotic cells, DNA transcription and RNA proc-
essing are crucial steps for the biogenesis and function of all RNA species. For example, it is
well established that nascent precursor mRNA (pre-mRNA) processing is tightly connected to
RNA polymerase Il (Pol ll) transcription [3]. On transcription, numerous pre-mRNA processing
events including capping, splicing, cleavage/polyadenylation (C/P), export, and surveillance are
seamlessly integrated to ensure the functionality of mRNA maturation [4]. 7-Methyl guanosine
(m’G) capping at the 5’ end occurs during the initiation phase of Pol Il transcription. 3’ End
maturation of nearly all Pol ll-transcribed RNAs is connected to Pol Il termination and involves
the cleavage of nascent transcripts followed by the addition of poly(A) tails to their ends. The
m’G cap and 3 poly(A) are hallmark structures necessary for the stabilization and function of
eukaryotic mRNAs.

While protein-coding genes occupy only a small portion of the mammalian genome, transcrip-
tomic analyses have unveiled the widespread occurrence of INcRNAs. INcRNAs comprise a wide
variety of NncRNA species of size greater than 200 nucleotides (nt) that lack significant protein-
coding capacity [5]. Emerging lines of evidence have shown that INcRNAs are key regulators of
gene expression at both the transcriptional and the post-transcriptional level in diverse cellular
contexts and biological processes [6,7]. In general, INcRNAs can be subdivided into several
classes based on their positional relationship to protein-coding genes and different mechanisms
of processing (Figure 1, Key Figure). On the one hand, different classes of IncRNA transcripts [i.e.,
promoter upstream transcripts (PROMPTSs), enhancer RNAs (eRNAs), long intervening/intergenic
ncRNAs (incRNAs), and natural antisense transcripts (NATs)] have been shown to be transcribed
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Eukaryotic DNA transcription and RNA
processing yield a diverse catalog of
long noncoding RNAs (IncRNAs) that
are longer than 200 nucleotides and
lack significant protein-coding
potential.

IncRNAs transcribed from promoters
and enhancers are usually targeted
by nuclear exosomes and have short
half-lives.

Although they have a 7-methyl guano-
sine (M’G) cap and 3’ poly(A) at their
ends, the mRNA-like long intervening/
intergenic ncRNAs (incRNAs) have
patterns of transcription and proces-
sing distinct from those of mMRNAs.

New types of linear INcRNA species
are stabilized by various mechanisms,
including the processing of 3’ ends by
endoribonucleases, of 5’ ends by small
nucleolar RNA-protein (snoRNP) caps,
or of both ends by snoRNP protection.

Circular RNAs represent yet another
new type of INcRNA that is processed
from back-spliced exons or spliced
intron lariats of RNA polymerase II-
transcribed RNA precursors.
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from promoter upstream regions, enhancers (see Glossary), intergenic regions, and the
opposite strand of protein-coding genes, respectively, in eukaryotic genomes (Figure 1). On
the other hand, many other INcRNAs are generated from long primary transcripts with unusual
RNA processing pathways, resulting in new RNA species with unexpected structures
(Figure 1). For instance, rather than using canonical 5’-end m’G capping or 3'-end poly
(A) tailing for maturation, stabilization of INcRNAs can be achieved by several noncanonical
mechanisms, including RNase P cleavage to generate a mature 3’ end [8,9], capping by
snoRNPs at both ends [10-12] or the 5’ end [13], or forming circular structures to protect
them from degradation [14-19]. In this review we highlight the most recent discoveries
relating to INcRNA diversity and the mechanisms of their biogenesis.

Short-Lived IncRNAs Produced from Upstream Regions of Genes and
Enhancers

Promoters and enhancers are essential DNA elements in the control of gene expression
networks. Pol Il transcription at promoter upstream regions and enhancers produces short-
lived medium-length INcRNAs, usually ranging from 200 to 2000 nt [20,21]. These RNAs are
targeted by the nuclear RNA exosome and have rapid turnover rates, challenging their
functional significance in gene regulation.

PROMPTs

PROMPTSs are transcribed in the antisense orientation, approximately 0.5-2.5 kb upstream of
the active transcription start sites (TSSs) of most protein-coding genes in mammals [22,23]
(Figure 1). They were originally discovered by tiling microarray using cells that had exonucleo-
lytic RNA exosome components deleted to eliminate RNA degradation [23]. Similar transcripts
are called cryptic unstable transcripts (CUTs) in Saccharomyces cerevisiae [24]. Of note, CUTs
and PROMPTs are different from TSS-associated (Tssa-) [25] and transcription initiation (ti-) [26]
RNAs, which are subsets of the RNA population of 20-90 nt in length and thought to be
byproducts of Pol Il stalling and backtracking.

Regions of DNA containing PROMPT transcription units are occupied by Pol Il complexes
containing serine 2-phosphorylated (S2P) C-terminal domains (CTDs), mimicking the asso-
ciated genic region [20]. The resulting PROMPTs are heterologous in length (about 200-600
nt) and carry 5'-cap structures and 3’ adenosine tails [20]. These RNAs are largely retained in
the nucleus and undergo rapid degradation by the RNA nuclear exosome targeting (NEXT)
complex (degradation is from 3’ to &) [20,27]. Whether PROMPTs are functional remains
mysterious. It was reported that PROMPT levels could be altered under stress conditions and
their accumulation by exosome depletion was found to influence transcription factor binding
to promoters, suggesting that these short-lived transcripts may have some regulatory role
[28]. Besides lacking apparent functional significance, the rapid degradation of transcribed
PROMPTSs, but not of their neighboring promoter-downstream mRNAs, has been linked to
the choice of promoter directionality [29].

eRNAs

eRNAs are usually less than 2000 nt in length and bidirectionally transcribed from enhancers by
Pol Il, with the two directions producing roughly equivalent levels of RNA [21,30,31] (Figure 1).
Several reports have suggested that eRNAs have enhancer-like function in gene regulatory
networks by controlling promoter and enhancer interactions and the topology of higher-order
chromatin structure [32-34]. However, it has also been reported that knockdown of eRNAs did
not inhibit the function of enhancers in multiple cases [35]. Thus, the question of whether most
eRNAs are functional remains elusive.
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eRNAs lack poly(A) tails and several studies have provided insights into their biogenesis.
Integrator — a complex that has a core catalytic RNA endonuclease activity and is known
to be required for 3'-end processing of non-polyadenylated small nuclear RNA genes - is
involved in the 3’-end cleavage of eRNA primary transcripts [36]. Depletion of Integrator
resulted in the accumulation of primary eRNA transcripts bound to Pol Il [36]. Similar to
PROMPTSs, eRNAs are targets of the exosome, which appears to occur when they are released
from Pol Il [27]. Interestingly, while depletion of exosome components led to increases of both
PROMPTs and eRNAs, eRNA increases appeared to be much higher [30]. In addition,
individual-nucleotide-resolution crosslinking and immunoprecipitation (iCLIP) experi-
ments have shown that the exosome RNA-binding protein (RBP) RBM7 is broadly associated
with Pol ll-derived RNAs, including pre-mRNAs as well as PROMPTs and eRNAs [27].

It should be noted that enhancers/promoters have interchangeable roles depending on tissue
specificity. Enhancers have been described as resembling promoters for the production of cell-
type-specific transcripts [37,38]. Promoters in one tissue were also predicted to be enhancers
in other tissues [38]. These features of promoters and enhancers may in part explain the
similarities seen in the processing of PROMPTs and eRNAs. In this context, both DNA elements
can be regarded as sites of transcriptional initiation that are characterized by the types of
transcripts they produce. Interestingly, RNAs transcribed from promoter-proximal and —distal
enhancers remain bound to chromatin and contribute to stable transcription factor [such as Yin
Yang 1 (YY1)] occupancy at these sites to maintain gene expression programs [39]. Some gene
(both coding and noncoding) promoters have also been proposed to function as enhancers
regulating neighboring gene expression; transcription and transcripts of these genes thus
contribute to this regulation by recruiting activating factors or remodeling nucleosomes [40].

Synthesis and Turnover of lincRNAs

lincRNAs are transcribed by Pol Il from intergenic regions between two genes and represent the
best-studied subclass of INcRNAs (Figure 1). The functional significance of lincRNAs has been
well summarized in recent reviews (for examples see [6,7]). Most annotated lincRNAs contain
multiple exons and have typical MRNA-like features, with a 5 m’G cap and a 3’ poly(A) tail
[41,42]. These similarities suggest that the processing of liNcCRNAs can presumably mimic that
of MRNAs, leading to the assumption that mature lincBRNAs may behave similarly to mRNAs in
cells. However, this is not the case, and lincRNAs have their own characteristics. lINCRNAs lack
robust protein-coding potential; they are less evolutionarily conserved and less abundant, and
exhibit more tissue-specific expression [5,41]; they exhibit greater nuclear localization than their
mRNA counterparts [1]; and their functions are highly associated with their specific subcellular
localization patterns [6]. Of note, similar MRNA-like INcRNAs transcribed from the opposite
strand of protein-coding genes are called NATs [43] (Figure 1).

Early genome-wide analyses indicated that incRNA loci appear similar to protein-coding genes
at the chromatin level. This led to the systematic discovery of IncRNAs by monitoring the
patterns of histone 3 Lys 4 trimethylation (H3K4me3) in the promoter region followed by histone
3 Lys 36 trimethylation (H3K36me3) across the actively transcribed intergenic regions in
mammalian cells [42,44]. Although lincRNAs contain fewer exons than mRNAs and often
have weak cryptic splicing and polyadenylation signals [41,45], these observations could not
adequately address the differences between lincRNA and mRNAs.

Two recent studies have begun to dissect patterns of lincRNA transcription and processing
distinct from those of mMRNAs [46,47]. One study compared features related to pre- and post-
transcriptional regulation of lincRNAs with those of mMRNAs with similar expression levels in
several human cell lines. It was found that lincRNAs differ fromm mRNAs in a couple of aspects
[46]. First, lincRNAs in general have fewer histone marks and transcription factors bound to their
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Glossary

4sUDRB-seq: captures newly
transcribed RNAs, based on the
reversible inhibition of transcription
with 5,6-dichloro-1-g-d-
ribofuranosylbenzimidazole (DRB)
and pulse labeling with the uridine
analog 4sU after DRB removal and
high-throughput sequencing. It has
been used to measure genome-wide
transcription elongation rates and for
the characterization of nascent RNAs
[96].

Cajal body (CB): a type of
membraneless nuclear
subcompartment in eukaryotic cells.
CBs contain specific protein and
RNA components and play important
roles in RNA-related metabolic
processes including transcription,
splicing, ribosome biogenesis, and
telomere maintenance.

Enhancers: regulatory DNA
sequences that are capable of
binding master transcription factors/
mediators and often form long-range
chromatin loops with their target
genes to activate temporally and
tissue-specific gene expression
independent of their proximity or
orientation to their target genes.
Individual-nucleotide-resolution
cross-linking and
immunoprecipitation (iCLIP): a
method using UV light to covalently
crosslink proteins and RNA
molecules and immunoprecipitation
to identify protein-RNA interactions.
Native elongation transcript
sequencing in mammalian cells
(mNET-seq): generates single-
nucleotide-resolution genome-wide
profiles of nascent RNA and
cotranscriptional RNA processing
associated with different
phosphorylation states of the CTD of
the largest subunit of Pol Il [47].
Promoters: regions of DNA that
initiate the transcription of genes and
are located near the TSSs of genes
upstream on the same strand of
DNA.

RNA exosome: an evolutionarily
conserved RNA degradation complex
with both 3" — &' exonucleolytic and
endonucleolytic activity.

Small nucleolar RNA (snoRNA)-
protein (snoRNP): ribonucleoprotein
complexed with snoRNA; required
for snoRNA stabilization and
function.

XRN2: an evolutionarily conserved
5" — 3 exoribonuclease that is
predominantly localized in the

Trends in Genetics, Month Year, Vol. xx, No. yy

3




TIGS 1365 No. of Pages 13

promoters than mRNAs. However, H3K9me3, a histone modification typically associated with
transcriptional repression, is somehow more enriched at promoters of active incBRNA loci than
at those of active mMRNAs. Such H3K9me3-marked lincRNA genes are more tissue specific.
Second, lincRNAs are less efficiently spliced, probably owing to the weaker internal splicing
signals and the lower U2AF65 binding in incRNAs than in mRNAs. Of note, U2AF65 is one
important factor in splice site (ss) determination in pre-mRNA splicing [48]. Interestingly,
although the abundance of lincRNAs is generally lower than that of mMRNAs, their stabilities
are comparable for expression-matched groups.

Key Figure
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Figure 1. A schematic drawing to illustrate the diversity of IncRNAs in mammalian genomes. ciRNA, circular intronic RNA derived from intron lariats; circRNA, circular
RNA produced from back-splicing of exons; eRNA, enhancer RNA; lincRNA, large intervening/intergenic noncoding RNA; NAT, natural antisense transcript; PROMPT,
promoter upstream transcript; sno-IncRNA, small nucleolar RNA (snoRNA)-ended IncRNA; SPA, 5" snoRNA-ended and 3'-polyadenylated INcRNA; metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1)/Nuclear enriched abundant transcript 1, the long isoform (NEAT1_2), INcRNA with the 3’ end alternatively
processed by ribonuclease P (RNase P). The number of IncRNAs identified in each category in mammals is shown beneath
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In another study lINcRNA synthesis and turnover was characterized based on a range of
nascent transcriptomic approaches, including native elongation transcript sequencing in
mammalian cells (NNET-seq) [47]. It was found that lincRNAs and pre-mRNAs are tran-
scribed by different Pol Il phospho-CTD isoforms. It is known that pre-mRNAs are transcribed
by defined Pol Il isoforms that associate with the spliceosome through a serine 5 P (S5P) CTD,
and mRNA 3’ ends are generated cotranscriptionally by CPSF73 cleavage as part of C/P
processing, which in turn promotes Pol Il termination [3]. This is in contrast to most lincRNAs,
which are mainly transcribed by deregulated Pol Il, weakly spliced and polyadenylated, and
simultaneously degraded by the nuclear exosome on chromatin. Interestingly, the termination
of many lincRNA genes appears to be CPSF73 independent. For example, the threonine 4-
phosphorylated (T4P) CTD mark that correlates with protein-coding gene termination is
distributed more evenly across the gene body of lincRNAs. This is similar to S. cerevisiae,
where the cellular fate of INncRNA and mRNA transcripts is largely determined during 3’ end
formation before the acquisition of export competence [49].

Together these studies have identified unique patterns of transcription and processing for
human lincBRNAs. These features can somehow explain why many lincRNAs remain bound to
chromatin and are expressed at low levels. Of note, however, functional incRNAs must escape
from this targeted nuclear surveillance process [47] to accumulate to high levels in specific cell

types.

New IncRNA Species Generated by Unique Biogenesis Pathways

While a large proportion of INncRNAs look like mRNAs, various INcRNAs are processed from long
primary transcripts to yield mature INncRNAs without 5’-cap structures or 3’ adenosine tails
(Figure 1). The generation of these INcRNAs is highly associated with eukaryotic RNA
processing.

IncRNAs with 3’ Ends Alternatively Processed by Endoribonucleases

The metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) and multiple endo-
crine neoplasia B (Menp) (also called Nuclear enriched abundant transcript 1, the long isoform
NEAT1_2) IncRNAs each accumulate to high levels in nuclear bodies called splicing speckles or
paraspeckles, where they play critical roles in cancer progression and the formation of nuclear
paraspeckles, respectively [50]. They are processed at their 3’ ends not by canonical C/P but by
the recognition and cleavage of tRNA-like structures by RNase P [8,9] (Figure 2A). RNase P is
an endoribonuclease and is best known for its function in tRNA maturation [51].

RNase P cleavage leads to the formation of mature 3’ ends of INcRNAs, which are subsequently
protected by a conserved, stable U-A-U triple-helical RNA structure (- denotes the Hoogsteen
face and - denotes the Watson—-Crick face) [52,53]. A similar triple-helical structure, called a
nuclear retention element or element for nuclear expression (ENE), has also been found at the 3’
end of the PAN IncRNA, which is expressed by Kaposi's sarcoma-associated herpesvirus
(KSHV), and in RNAs from other viruses [54,55]. However, the viral ENE is not formed by RNase
P processing.

In addition to RNase P-mediated 3’ processing of INcRNAs, several INncRNA transcripts
containing miRNAs (Inc-pri-miRNAs) use the cleavage by the endonuclease Microprocessor
to terminate transcription, preventing transcriptional interference with downstream genes and
generating some unstable INcRNAs without 3'-end poly(A) tails [56].

Excised Intron-Derived snoRNA-Ended IncBRNAs

Excised introns can produce stable RNAs, although it is generally believed that most introns or
intron fragments are unstable [57,58]. For instance, the great majority of sSnoRNAs are encoded
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Figure 2. New Long Noncoding RNA (IncRNA) Species Generated from Unusual Processing Pathways. (A)
Ribonuclease P (RNase P) processing of the 3’ end of MALAT1. The nascent metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) transcript forms a tRNA-like structure at its 3’ end, which can be recognized and cleaved by RNase
P to generate stable MALAT1 with a U-A-U triple-helical structure at the 3’ end. The 3’-end product was further cleaved by
RNase Z to form mascRNA, which is ~ 60 nucleotides (nt) in length with unknown function [8,9,52,583]. (B) Processing of
small nucleolar RNA (snoRNA)-ended INncRNAs (sno-IncRNAs). sno-IncRNAs are formed when one intron contains two
snoRNA genes. During splicing the sequences between the snoRNAs are not degraded, leading to the accumulation of
IncRNAs flanked by snoRNA sequences but lacking 5’ caps and 3’ poly(A) tails [10]. (C) The diversity of INcRNAs related to
snoRNAs (sno-processed INcRNASs). Four types of sno-InNcRNA have been found in mammalian genomes and their ends
are both capped by a Box C/D or a Box H/ACA snoRNA protein (snoRNP) complex (blue box) or each capped by one Box
C/D or one Box H/ACA snoRNP (red box). Two types of 5 snoRNA-ended and 3'-polyadenylated IncRNA (SPA)
presumably exist in mammalian genomes (black box) [10,12,13,50]. (D) Species- or cell-type-specific expression of
sno-IncRNA. One example is shown to illustrate that alternative splicing (AS) leads to two snoRNAs embedded within one
intron and therefore sno-INcRNA formation. Of note, SLERT is a Box H/ACA-ended sno-IncRNA [11,12]. (E) Processing of
SPA. SPA is derived from readthrough transcripts and its processing is associated with the kinetic competition of XRN2
and Pol Il downstream of polyadenylation signals. Following cleavage/polyadenylation of its upstream gene, the down-
stream uncapped pre-SPA is trimmed by XRN2 until this exonuclease reaches the cotranscriptionally assembled snoRNP.
This snoRNP prevents further degradation, generates a novel 5’ end, and allows continuous Pol Il elongation [13].
Abbreviation: CPSFs, cleavage/polyadenylation-specific factors
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within introns [59]. snoRNAs are a family of conserved nuclear RNAs (about 70-200 nt) that are
usually concentrated in Cajal bodies (CBs) or nucleoli. They serve as guide RNAs with
complementarity to specific target sequences to modify small nuclear RNAs (snRNAs) or
rRNAs or participate in pre-rBNA processing during ribosome subunit maturation. They are
processed from excised and debranched introns by exonucleolytic trimming and perform their
functions in complex with specific protein components by forming snoRNPs [50]. There are
several hundred known snoRNAs, which can be grouped into two classes: Box C/D and Box H/
ACA.

The exploration of non-polyadenylated and rRNA-depleted ‘poly(A)—/ribo—’ transcripts in
human cells has revealed that many excised introns longer than 200 nt accumulate to high
levels [60], leading to the question of how these excised introns escape from exonucleolytic
trimming after splicing. Detailed studies have uncovered sno-INcRNAs, which are formed when
one intron contains two snoRNA genes. This occurs when the sequences between the
snoRNAs are not degraded during splicing, leading to the accumulation of INcRNAs flanked
by snoRNA sequences but lacking 5’ caps and 3’ poly(A) tails [10] (Figure 2B). sno-IncRNAs can
be capped by both Box C/D [10] and Box H/ACA [12] snoRNPs or, in some cases, capped by
one Box C/D or one Box H/ACA snoRNP at each end (Figure 2C). Remarkably, the expression
of sno-IncRNA is species or cell type specific, largely as the result of species- or cell-type-
specific alternative splicing (AS). In these cases, AS results in two snoRNAs embedded within
one intron, leading to sno-IncRNA formation [11] (Figure 2D).

Being protected by snoRNPs at both ends, sno-IncRNAs were found to have longer half-lives
than mRNAs with matched expression levels. Interestingly, it was suggested that sno-IncRNAs
could be further processed to produce individual snoRNAs [10-12], but how they are proc-
essed is unclear. The NEXT complex defines an early exosome targeting pathway acting on
newly synthesized RNA, including snoRNAs located in pre-mRNA introns [27], implying that the
nuclear surveillance pathway may play a role in sno-IncRNA degradation. Alternatively, some
unknown endonuclease may bind to the non-snoRNA sequences of sno-IncRNAs to initiate
their degradation.

The abundance of sno-IncRNAs argues that they are unlikely to be precursors of snoRNAs [10-
12]. For instance, the genomic region encoding several of the most-abundant Box C/D-ended
sno-INcRNAs is specifically deleted in Prader-Willi syndrome (PWS), a neurodevelopmental
genetic disorder [10,61]. The minimal microdeletion associated with PWS has been mapped to
the 3" UTR of SNURF-SNRPN at the imprinted region of 15g11-q13 [62-65], but the molecular
cause of PWS has remained elusive [61]. Importantly, this critical PWS deletion region encodes
multiple sno-INCRNAs of size ranging from 1000 to 3000 nt. These RNAs are expressed at high
levels (comparable with some histone mRNAs) in normal human embryonic stem cells (hESCs),
accumulate near their sites of synthesis, and interact with the splicing regulator RBFOX2 (see
below for details). Intriguingly, although these sno-IncRNAs contain snoRNA ends they do not
colocalize with nucleoli or CBs [10], indicating that an unknown mechanism is associated with
their unique subcellular localization.

In addition to Box C/D snoRNA-ended PWS-region sno-IncRNAs, SLERT is a Box H/ACA
snoRNA-ended INncRNA and has recently been characterized as playing an essential role in
rBNA biogenesis (Figure 2D) [12]. SLERT is translocated to the nucleolus depending on its
snoRNA ends. In the nucleolus it directly binds to the DEAD-box RNA helicase DDX21 via a
143-nt non-snoRNA sequence. Strikingly, DDX21 molecules in the nucleolus form ~400-nm
ring-shaped structures surrounding all RNA Pol | complexes to suppress pre-rRNA transcrip-
tion. SLERT binding alters the conformation of DDX21 and modulates DDX21 rings to remove
their suppression on Pol |, thereby providing a mechanism to control the differential expression
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of rDNA clusters [12]. Importantly, it has been established that dysregulated rRNA synthesis by
Pol | is associated with uncontrolled cell proliferation. Consistent with this notion, SLERT
depletion impairs pre-rRNA transcription and rRNA production, leading to decreased tumori-
genesis [12].

These studies together have shown that excised introns can produce IncRNAs that are
stabilized by snoRNPs. These sno-IncRNAs impact important cellular processes and functions
and their misregulation is highly associated with human diseases. Due to their unique biogen-
esis pathway, cell-type-specific expression pattern, and functional potential, it will be of great
interest to annotate additional sno-INCRNAs and investigate their roles in health and disease
contexts.

5" snoRNA-Ended and 3'-Polyadenylated IncRNAs (SPAs) Are Derived from Polycistronic
Transcripts and Coupled to Nascent RNA 3’-End Processing

Distinct from the abovementioned excised, intron-derived sno-INcCRNAs, processing of poly-
cistronic transcripts can produce yet another new species of INcRNA that are 5 snoRNP ended
and 3’ polyadenylated, called SPAs [13] (Figure 2E). Two SPAs were reported to be generated
from the minimal PWS deletion region, the 3’ UTR of SNURF-SNRPN at the imprinted region of
15911-g13 [10,13]. PWS-region SPAs contain multiple exons and are 35 000 and 16 000 nt in
length, respectively. Using in vitro recapitulation assays and modulating Pol Il elongation rates in
vivo, it was shown that the processing of SPAs is highly associated with fast Pol Il transcription
elongation and the kinetic competition of XRN2 and Pol Il at its upstream SNURF-SNRPN gene
termination. Followed by C/P of SNURF-SNRPN, the downstream uncapped pre-SPA is
degraded by XRN2 until it reaches the cotranscriptionally assembled snoRNP located several
kilobases downstream, which ensures SPA 5’ end formation and continuous Pol Il elongation
(Figure 2E) [13]. As both Box C/D and Box H/ACA snoRNAs are capable of mediating SPA
formation [13], it is possible to identify additional SPAs and polycistronic transcripts of this type
in various cells (Figure 2D).

The two PWS-region SPAs also locate to sites of their transcription [13]. Together with five sno-
IncRNAs [10], these seven INcRNAs form a 1 ~ 2-um® nuclear accumulation [13]. These
INcRNAs can sequester multiple RBPs including TDP43, RBFOX2, and hnRNP M, which
are well known to be involved in many aspects of the regulation of mMRNA metabolism. The
generation of a human PWS cellular model by depletion of all of these INcCRNA genes results in
genome-wide altered binding patterns for RBPs and AS. Interestingly, some genes with altered
cassette exons in these PWS cell lines were associated with synaptosome and neurotrophin
signaling pathways [13]. Thus, these results have implicated PWS-region sno-IncRNAs and
SPAs in the molecular pathogenesis of PWS, by acting to sequester multiple RBPs. Future
studies will be needed to dissect the distinct roles of sno-IncRNAs and SPAs in the molecular
and disease phenotype at this locus by identifying additional proteins, DNAs, and RNAs that are
associated with individual IncRNAs in hESCs and neurons.

Circular RNAs (circRNAs) Processed from Pol lI-Transcribed RNA
Precursors

Besides the aforementioned linear INcRNAs with 5'-to-3' polarity, circRNAs are produced by
distinct mechanisms and feature covalently closed structures [66,67]. Two types of circRNA
are reported to be produced from Pol ll-transcribed RNA precursors, presumably by the
spliceosomal machinery [58,66]. Owing to their non-polyadenylated loop structures, their
widespread expression has not been detected by transcriptome profiling from polyadenylated
RNAs but was only recently found by non-polyadenylated RNA-seq [10,14-19,60,68].
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Circular Intronic RNAs (ciRNAs) Derived from Spliced Intron Lariats

CiRNAs are generated from spliced introns [18]. Specifically, they are produced from excised
intron lariats that fail to be debranched after splicing, leading to a covalent circle with a 2/,5-
phosphodiester bond between the 5’ splice donor site and the branch point site (Figure 3A).
Unlike lariat RNAs, which usually contain a variety of lengths of 3’ linear tails [69], ciRNAs do not
contain 3’ linear appendages [18]. Both bioinformatic and experimental lines of evidence have
shown that ciRNA formation depends on a consensus RNA motif containing a 7-nt GU-rich
element near the 5’ ss and an 11-nt C-rich element near the branch point [18]. It remains
unclear how these cis elements function to resist debranching and what other, trans factors are
involved in this process.

Spliced-lariat-derived human ciRNAs are preferentially localized in the nucleus, while their
corresponding linear mMRNAs are mainly located in the cytoplasm [18]. Some abundant ciRNAs
play a cis-regulatory role in promoting transcription of their host genes by associating with the
Pol Il machinery [18]. Stable intronic sequence RNAs (sisRNAs) were also found in both the
oocyte nucleus and cytoplasm of Xenopus tropicalis [70,71]. Whether these sisRNAs form
similar circle structures or have similar roles in Pol Il regulation awaits further investigation.

circBRNAs Generated from Back-Spliced Exons

By taking advantage of non-polyadenylated transcriptomes and specific computational
approaches that identify reads mapped to back-splice junction sites with a reversed genomic
orientation [66,72,73], alarge number of circRNAs from back-spliced exons have been recently
rediscovered in various cell lines/tissues and across species [15-17,19,74-78]. Unlike canoni-
cal splicing, which ligates an upstream 5’ ss with a downstream 3’ ss to form a linear RNA,
back-splicing connects a downstream 5’ ss with an upstream 3’ ss to yield a circRNA with a
3',5’-phosphodiester bond.

Back-splicing is unfavorably catalyzed by the spliceosomal machinery [66,74,79,80] and
regulated by both cis elements [19,81] and trans factors [74,82] (Figure 3B). Theoretically,
orientation-opposite complementary sequences that juxtapose flanking introns of circularized
exons can form RNA pairs to generally facilitate back-splicing by bringing the downstream
donor and upstream acceptor sites close together. Protein factors that bind to pre-mRNAs to
bridge flanking introns together could also enhance circRNA formation [74,82]. Of note, back-
splicing can also be repressed by forming competitive RNA pairing within individual introns [19]
and protein factors can downregulate circRNA biogenesis by melting paired RNA duplexes
[76,77]. Thus, it would seem that the regulation of circRNA production in cells is more
complicated than is currently appreciated. For instance, it has been reported that cis elements
and trans factors could act in a combinatorial manner to regulate circRNA formation [83]. Some
RBPs regulate circRNA biogenesis by directly associating with intronic RNA pairing, especially
that formed by inverted repeated Alu sequences (IRAlus) [84,85].

The majority of circRNAs are usually processed from internal exons of pre-mRNAs and normally
contain multiple exons [19]. Since it is catalyzed by spliceosomal machineries [74,79,80,86],
back-splicing can compete with canonical splicing [19,74,87]. As illustrated in Figure 3C, back-
splicing for circRNA formation can occur before splicing, referred to as the ‘direct back-splicing’
model (left panel), or back-splicing occurs after canonical splicing, referred to as the ‘lariat-
intermediate’ model (right panel), in which circRNA is produced from a long spliced-out intron
containing exons for later back-splicing [14,15,17,73]. Although direct lines of biochemical
evidence are still needed to evaluate which step occurs first, it is possible that these two steps
may occur stochastically or synergistically. A recent study aiming to illustrate the link between
circBRNA processing and transcription using 4sUDRB-seq [96] revealed that endogenous
circBRNA production from pre-mRNA back-splicing is slow, largely occurs post-
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Figure 3. The Biogenesis of Circular RNA (circRNA) and Its Complex Regulation. (A) Circular intronic RNA (ciRNA) is derived from excised introns and
depends on consensus RNA sequences (orange bars) to avoid debranching of the lariat intron [18]. (B) circRNA produced by back-splicing circularization is catalyzed by
the spliceosome machinery. Back-splicing is enhanced by cis orientation-opposite complementary sequences (red arrows) in introns flanking circularized exons (left
panel) [19,79,81] or trans protein factors that can facilitate the positioning of distal back-splicing sites in close proximity (right panel) [74,82]. (C) Two proposed models
for circRNA biogenesis. Left: ‘Direct back-splicing” model, in which back-splicing occurs before splicing. Right: ‘Lariat-intermediate’ model, in which circRNA is
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transcriptionally, and is associated with fast Pol Il transcription [80]. The low efficiency of back-
splicing might lead to the observation that most circRNAs are less abundant than their linear
mRNA counterparts. However, some circRNAs were detected at levels as high as or even
higher than their linear mRNA counterparts, possibly due to their stability and post-transcrip-
tional accumulation (Figure 3D) [15,17,77,80].

The complex regulation of circRNA formation is further evidenced by the observation that one
gene locus can produce multiple circRNAs [19] through alternative back-splice site selection
and alternative ss selection [68]. The alternative (5’ or 3') back-splice site selection is positively
correlated with the existence of multiple RNA pairs that bracket different circle-forming exons
[68]. Mechanically, an across-intron RNA pairing flanking proximal back-splice sites could lead
to proximal back-splice site selection, whereas an across-intron RNA pairing that flanks the
distal back-splice sites could lead to distal back-splice site selection (exemplified by alternative
5" back-splicing in Figure 3E). Interestingly, alternative back-splicing is more common in human
than in other examined non-primate species, largely due to the abundance of primate-specific
Alu sequences in the human genome [68,75]. The majority of annotated human circRNAs
comprise multiple exons [19] and all four types of AS have been identified in circRNAs [68]
(exemplified by intron retention in Figure 3F).

Although by far the majority of circRNAs await functional annotation, recent studies have begun
to reveal that some circRNAs regulate gene expression at multiple levels by titrating miRNAs
[16,88], regulating Pol Il transcription [89], or competing with host linear RNA splicing
[19,74,87]. Furthermore, pseudogenes are also found to be retrotranscribed from circRNAs
[90]. Moreover, the stability of circRNAs and their detection in human blood indicate that
circRNAs may be used as disease biomarkers [91]. Very recently, several studies have shown
that cytoplasmic circRNAs can be translated into small peptides [92-94], and we also uncov-
ered the involvement of circRNAs in viral infection [84]. As circRNAs are generally expressed at
low levels [66], we speculate that many circRNAs, but not one specific circRNA, may act as a
group in response to the immune response [84]. Together these recent findings have sug-
gested that circRNAs are not merely tolerated byproducts of eukaryotic transcriptomes, but
their regulatory potential has not yet been fully explored.

Concluding Remarks

Recent advances in RNA-seq data mining has allowed the discovery of thousands of INcCRNA
molecules, which can be subdivided into a diverse catalog of INcRNAs according to their molecular
features and processing pathways (Figure 1). The transcriptional activity of some loci including
lincRNAs, eRNAs, or PROMPTs also appears to influence neighborhood gene expression [40,95],
arguing that INcRNAs themselves or their transcriptional activity executes a regulatory function.
However, thereis no doubt that many INcRNAs have established, important roles in diverse cellular
contexts and biological processes [6,7]. Nevertheless, the seemingly endless discovery of new
RNA species has significantly enlarged the diversity of eukaryotic transcriptomes, provided new
modes of gene regulation, and shed new light on molecular causes of human diseases. With
unexpected integrated approaches, new types of INcRNA are likely to be discovered in the future.

Cell

Outstanding Questions

How are different INcCRNA species
processed, matured, and degraded?
What rules are applied to distinguish
each class of IncRNAs and to differen-
tiate them from eukaryotic mRNA
processing?

How are the molecular features and life
cycles linked to the cellular localization
and function of INcCRNAs?

Are there new types of INcRNA yet to
be discovered in eukaryotic transcrip-
tomes? How do we discover additional
new RNA species?

To what extent is the expression and
function of different classes of
INcRNAs  conserved? Does the
strength of their non-conservation
contribute to any evolutionary
advantage?

How are diverse INncRNA species
structured and how do they act? Are
there distinctions or commonalities in
gene regulation?

What approaches can be applied to
dissect their distinctions and common-
alities, such as common structural
domains for localization and/or
function?

produced from a long spliced-out intron containing exons for later back-splicing [72,73]. (D) Processing of endogenous circRNA from precursor mRNA (pre-mRNA)
back-splicing. In general, endogenous back-splicing is slow, competes with linear mRNA splicing, and is associated with fast RNA polymerase Il (Pol Il) transcription
[80]. Some circRNAs can post-transcriptionally accumulate to high levels [15,17,77,80]. (E) Competition between RNA pairs flanking proximal or distal back-splice sites
leads to alternative back-splice site selection. The orientation-opposite complementary sequences (red arrows) flanking proximal or distal back-splice sites lead to
alternative 5’ back-splice site selection [68]. (F) A schematic diagram of one type of alternative splicing (AS), intron retention, within circRNAs. Blue bars, exons; grey
lines, introns; blue broken lines, back-splicing [68]
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Remarkably, given the vast number of INcRNAs, we still know little about what they do in cells.
Future studies aimed at understanding the characteristics and life cycles of the different categories
of IncRNAs will be helpful in underscoring their regulatory potential and mechanism of action in
depth (see Outstanding Questions).
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