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Abstract

Most of the human genome is transcribed, yielding a complex network of transcripts that includes
tens of thousands of long noncoding RNAs. Many of these transcripts have a 5’ cap and a poly(A)
tail, yet some of the most abundant long noncoding RNAS are processed in unexpected ways and
lack these canonical structures. Here, | highlight the mechanisms by which several of these well-
characterized noncoding RNAs are generated, stabilized, and function. The MALAT1 and MEN
(NEAT1_2) long noncoding RNAs each accumulate to high levels in the nucleus, where they play
critical roles in cancer progression and the formation of nuclear paraspeckles, respectively.
Nevertheless, MALAT1 and MEN f are not polyadenylated as the tRNA biogenesis machinery
generates their mature 3’ ends. In place of a poly(A) tail, these transcripts are stabilized by highly
conserved triple helical structures. Sno-IncRNAs likewise lack poly(A) tails and instead have
snoRNA structures at their 5" and 3’ ends. Recent work has additionally identified a number of
abundant circular RNAs generated by the pre-mRNA splicing machinery that are resistant to
degradation by exonucleases. As these various transcripts use non-canonical strategies to ensure
their stability, it is becoming increasingly clear that long noncoding RNAs may often be regulated
by unique post-transcriptional control mechanisms. This article is part of a Special Issue entitled:
Clues to long noncoding RNA taxonomy.
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1. Introduction

Although proteins have long been thought to be the main structural and functional
components of cells, many biological processes utilize and, in fact, require noncoding
RNAs. For example, ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) are universally
used in protein synthesis, small nuclear RNAs (SnRNAs) catalyze pre-mRNA splicing, and
telomerase RNA ensures that no genetic information is lost from the ends of eukaryotic
chromosomes. With the recent realization that transcription is pervasive across eukaryotic
genomes [1,2], it is now clear that these classic “housekeeping” noncoding RNAS represent
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only the tip of the iceberg. As most (~75%) of the human genome is transcribed, each of our
cells likely generates tens of thousands of additional transcripts with little or no predicted
protein-coding capacity [3-7]. Among these noncoding RNAs are well-studied small RNAs,
such as microRNAs (reviewed in [8]), as well as many other classes of small (<200-nt) and
long (>200-nt) transcripts whose functions and mechanisms of biogenesis are less clear.
Interestingly, some of these long transcripts, including MALAT1 [9], MEN &/ (NEAT1)
[10], and certain circular RNAs [11,12], are expressed at levels higher than most protein-
coding transcripts. Nevertheless, most long noncoding RNAs are expressed at low levels and
are poorly conserved at the sequence level across species. This has led to some debate
whether these transcripts are truly functional or simply represent transcriptional noise
[13,14].

Because of the efforts of many laboratories, several dozen long noncoding RNAs now have
proposed functions and multiple lines of evidence support the biological relevance of others
(reviewed in [15-20]). For example, long noncoding RNAs are often stable [21], expressed
in a tissue-specific manner [22,23], or mis-regulated in human diseases, including cancer
and neurological disorders [24-26]. In addition, evolutionary selection within the promoter
and/or transcribed regions is found for many long noncoding RNAs [27,28], with functional
segments sometimes being 30-nucleotides or shorter [29]. In some cases, these segments
likely correspond to binding sites for proteins, including histone modification complexes or
RNA binding proteins, thereby allowing the formation of ribonucleoprotein (RNP)
complexes [30-33]. In other cases, these motifs allow the long noncoding RNAS to base pair
with DNA [34] or other RNAs, including microRNAs [35-37] and mRNAs [38-40], to
regulate expression in trans. With the recent development of new strategies to probe how
noncoding RNAs fold [41-44], we are also gaining an increasingly detailed view of how
these transcripts look and function at the molecular level.

One major surprise that has come from studying the biogenesis of various long noncoding
RNA:s is that they can be processed in non-canonical ways (reviewed in [45-47]). Although
most appear to be capped, spliced, and polyadenylated, some of the most abundant long
noncoding RNAs transcribed by RNA polymerase 11 defy these dogmas. Here, several of
these well-studied noncoding RNAs, which lack a 5’ cap, a poly(A) tail, or both terminal
structures, are highlighted. Although such transcripts are normally thought to be rapidly
degraded (reviewed in [48-50]), these particular long noncoding RNAs accumulate as stable
transcripts and have key cellular roles. First, the MALAT1 and MEN ¢/ (NEAT1) loci are
discussed as they each generate abundant non-polyadenylated RNAs whose 3’ ends are
protected by triple helical structures. | then discuss how the pre-mRNA splicing machinery
is able to generate several classes of noncoding RNAs, including sno-IncRNAs that
terminate in SnoRNA structures at both ends. Splicing additionally allows numerous introns
and exons to be processed into mature circular RNAs that have covalently linked ends and
are resistant to exonucleolytic degradation. In total, these well-characterized noncoding
RNAs serve as useful examples for future studies, especially since an increasing number of
transcripts have been suggested to lack a poly(A) tail [51-54]. It is, therefore, likely that we
are only beginning to understand the full variety of non-canonical mechanisms that control
the biogenesis and functions of noncoding RNAs.
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2. The long noncoding RNA MALAT1 is commonly mis-regulated in cancer

MALAT1 (metastasis-associated lung adenocarcinoma transcript 1), also known as NEAT2
[55], was originally identified as a prognostic marker in non-small cell lung cancer [56].
High MALAT1 expression in early-stage tumors was associated with increased risk for
metastasis as well as decreased patient survival. Subsequent work has shown that MALAT1
is over-expressed in many human carcinomas, including those of the breast, pancreas, lung,
colon, prostate, and liver [57-61]. Consistent with a role for the MALAT?1 transcript in
driving tumorigenesis, several studies (but not all [62]) have found that MALAT1 promotes
cell proliferation [61,63-67]. Furthermore, over-expression of MALAT1 results in increased
cell migration in vitro [61,64]. Depletion of MALAT1 (using antisense oligonucleotides,
siRNAs, or gene knockout strategies), on the other hand, inhibits cell motility in vitro and
significantly limits metastasis formation in mouse cancer models [61-63, 68—70]. For
example, when human A549 lung cancer cells are injected into the tail vein of nude mice,
cells lacking MALAT1 form 80-90% fewer lung metastases than wildtype A549 cells [62].
The MALAT1 locus thus represents both a promising cancer biomarker as well as a
potential therapeutic target for limiting metastatic growth. As antisense oligonucleotides are
able to efficiently knock-down the MALAT1 transcript in vivo [9,71], there exists the
interesting potential to translate these findings into the clinic.

In addition to being commonly over-expressed in various cancers, the MALAT1 locus is
often mutated [72,73]. Mutations map throughout MALAT1 and are most notably observed
in bladder urothelial carcinomas (15.3% of cases, making MALAT1 the 8th most commonly
mutated gene in these particular tumors), lung adenocarcinomas (9.7% of cases, 12th most
commonly mutated gene), head and neck squamous cell carcinomas (6.3% of cases, 10th
most commonly mutated gene), and lung squamous cell carcinomas (5.8% of cases, 20th
most commonly mutated gene) [72]. The functional significance of these mutations is,
however, still unknown. In some renal cell carcinomas, chromosomal translocations fuse the
MALAT1 promoter upstream of the TFEB (transcription factor EB) open reading frame
[74-77]. Besides presumably changing MALAT1 expression levels, these translocations
result in a promoter swap and >30-fold over-expression of the TFEB transcription factor,
which likely leads to the mis-regulation of key developmental pathways [75]. In total, these
studies have revealed that the MALATL1 locus can be mis-regulated via multiple
mechanisms in tumors, but the underlying molecular functions of MALAT1 that are altered
in cancers remains a key unanswered question.

3. MALAT1 is processed to generate a long non-polyadenylated RNA and a
tRNA-like small RNA

Even among non-cancerous cells, MALAT1 is broadly expressed and is among the most
abundant long noncoding RNAs in mouse and human tissues [55,78]. This rarely spliced
transcript (the dominant isoforms are unspliced and ~6.7-kb in mouse, ~7-kb in humans) is
expressed at a level comparable with or higher than many protein-coding genes, including -
actin or GAPDH [9]. As the MALAT1 transcript generally has a long half-life [78,79], it
was quite a surprise when it was determined that the mature MALAT1 transcript is not
polyadenylated [79]. Although replication-dependent histone mRNAs are stable despite
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lacking poly(A) tails (reviewed in [80]), the vast majority of non-polyadenylated, long RNA
polymerase Il transcripts are generally thought to be rapidly degraded (reviewed in [48]).

Rather than using the canonical cleavage/polyadenylation machinery, MALAT1 3’ end
formation almost always occurs several hundred nucleotides upstream of the poly(A) signal
(AAUAAA) (Fig. 1A). This upstream region is the most evolutionarily conserved part of the
MALAT1 locus (with conservation extending from humans to fish) and, similar to canonical
tRNAs, folds into a cloverleaf secondary structure [79]. The endonuclease RNase P
recognizes this tRNA-like structure and cleaves to simultaneously generate the mature 3’
end of the long MALAT1 transcript and the 5’ end of a tRNA-like small RNA. Additional
enzymes involved in tRNA biogenesis, including RNase Z and the CCA-adding enzyme,
then further process the small RNA to generate a mature 61-nt transcript known as
mascRNA (MALAT1-associated small cytoplasmic RNA) (Fig. 1B). mascRNA is exported
to the cytoplasm, but likely does not read the genetic code as it has a small, poorly
conserved anticodon loop. The exact biological function of mascRNA, however, remains
undefined. Nevertheless, by taking advantage of the tRNA biogenesis machinery, the cell is
able to process the primary MALATL transcript into two mature noncoding RNAS that have
very different fates.

4. A triple helix stabilizes the mature 3° end of MALAT1

Once the 3’ end of the long MALAT?1 transcript has been generated by RNase P, no
additional nucleotides are post-transcriptionally added to its end [79]. How then is the
MALAT1 3’ end stabilized to allow this long noncoding RNA to accumulate to such high
levels in cells? Mature MALAT1 ends in an evolutionarily conserved A-rich tract that is
preceded by two U-rich tracts and a stem—loop structure [79] (Fig. 1C). Although the
genomically encoded A-rich tract may look similar to a miniature poly(A) tail, it is disrupted
by GC nucleotides and likely is too short to bind poly(A) binding protein [81]. Furthermore,
the A-rich tract is necessary, but not sufficient for MALAT1 stability as both upstream U-
rich motifs are also required in vitro [79] and in cells [82,83]. Surprisingly, the reason why
all three motifs are required is that they interact through base pairing: U-rich Motif 1 forms
Hoogsteen hydrogen bonds to a Watson—Crick base-paired helix that is formed between U-
rich Motif 2 and the A-rich tract [82-84] (Fig. 1D). The 3’ end of MALAT1 thus folds into a
bipartite triple helix containing runs of five and four U-A-U triplets (Fig. 1E) that are
separated by a C-G:C triplet and a C-G doublet [82,83] (Fig. 1D). Interestingly, this C-G
doublet is critical for allowing all 10 triplets to form as it prevents steric clashes between the
Hoogsteen and Watson strands that otherwise occur when 6 or more triplets are present in a
continuous row [84].

By forming the equivalent of a molecular “knot,” the MALAT1 triple helix elegantly
functions to block exonucleolytic degradation from the 3’ end of the RNA. Even if the triple
helix is somewhat weakened by mutations in either of the U-rich motifs, the cell still has
some difficulty degrading through this structure [82,83]. 3’5’ exonucleases appear to often
stall within the triple helix, forcing the cell to post-transcriptionally add U-rich tails to these
decay intermediates [82]. The short U-rich tails then likely serve as single-stranded
sequences that additional exonucleases bind to re-start the decay process (reviewed in [85]).
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A highly similar triple helix stabilizes the 3’ end of the MEN f long noncoding RNA (see
below; Fig. 2A) [82,83]. In addition, PAN (polyadenylated nuclear) RNA, a long noncoding
RNA generated by Kaposi's sarcoma-associated herpesvirus (KSHV) and related vy-
herpesviruses, is protected from 3'-5’ degradation by a triple helical structure [86,87].
Unlike MALAT1 and MEN j, which encode their A tracts in the genomic DNA (and are
thus part of the primary transcripts), PAN RNA ends in a canonical poly(A) tail [88]. After
this poly(A) tail has been added post-transcriptionally, part of it reaches back to base pair
with two upstream U-rich motifs to form five U-A-U triplets [86]. As U-rich motifs have
recently been found to promote the stability of many yeast mMRNAs [89], poly(A) tails may
interact with upstream sequence motifs (possibly in a triple helical conformation) much
more often than is currently appreciated.

5. The triple helix is a multi-functional structure with roles beyond RNA

stability

Although the triple helix is structurally quite distinct from a poly(A) tail, it is able to carry
out nearly all the functions that a poly(A) tail normally serves. When placed at the 3’ end of
a reporter transcript, the MALAT1 and MEN B triple helices are each able to stabilize the
RNA almost as efficiently as a poly(A) tail [82,83,90]. Remarkably, when an open reading
frame is placed upstream of the triple helix, the reporter transcript is translated in
mammalian cells at an efficiency similar to that obtained when the RNA is polyadenylated
[82]. This indicates that the MALAT1 and MEN f 3’ ends can somehow function in RNA
stability, nuclear export, and translation.

Whereas the 10 base triplets are critical for RNA stability, nucleotides flanking each side of
the triple helical region are critical for supporting translation (Fig. 1D) [82]. Mutating these
flanking nucleotides causes a reporter transcript to be poorly translated despite the mMRNA
being stable and localized in the cytoplasm. The key factor(s) that recognize the ends of
MALAT1 and MEN  to support translation are still unknown, however. Neither poly(A)
binding protein (PABP) [91] nor stem—loop binding protein (SLBP) [80], which recognize
poly(A) tails and the histone stem—loop, respectively, are likely to directly bind these triple
helices. This suggests that MALAT1, MEN B, and other RNAs ending in triple helices may
be uniquely and specifically regulated by novel modes of post-transcriptional and
translational control.

Whether endogenous MALAT1 or MEN J are ever translated is unclear as these transcripts
are almost exclusively retained in the nucleus (see below). Curiously, ribosome profiling
revealed that the 5’ end of MALAT1 appears to be bound by ribosomes in mouse embryonic
stem cells [82,92,93]. As the MALAT1 putative ORFs are not evolutionarily conserved,
additional work will be required to determine what this ribosome binding may mean. For
example, it is possible that MALAT1 may generate short species-specific peptides, e.g.
during mitosis when the nuclear membrane has broken down. Alternatively, MALAT1 may
interact with ribosomes for reasons other than serving as a template for protein synthesis.
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6. MALAT1 localizes to nuclear speckles, but its functions are still
ambiguous

Once the primary MALATL transcript has been processed, mascRNA is exported to the
cytoplasm [79], whereas the long MALAT1 transcript is retained in the nucleus in nuclear
speckles [55,78]. These domains are enriched in pre-mRNA splicing factors and are thought
to serve as sites for the assembly, modification, and/or storage of the pre-mRNA processing
machinery [94]. Two distinct regions within human MALAT1 (nucleotides 1170-2249 and
5217-6220 of GenBank accession number FJ209305) are responsible for specifically
targeting the RNA to nuclear speckles [95,96]. However, the exact function of MALATL in
nuclear speckles is still rather unclear, especially since depletion of MALAT1 does not
noticeably disrupt the architecture of this subnuclear domain [9,97,98].

Some reports have indicated that MALATL interacts with splicing factors, such as SR
proteins, to regulate alternative pre-mRNA splicing patterns in human HeLa and fibroblast
cells [65,96,99]. Nevertheless, significant splicing changes were not observed when
MALAT1 was knocked-down in lung cancer cells [62], endothelial cells [67], or in
MALAT1 knockout mice [9]. MALAT1 has also been reported to bind unmethylated
Polycomb 2 (Pc2) protein to control the expression of growth-signal responsive genes, in
part by helping these genes relocate from Polycomb bodies to nuclear speckles [66].
Somewhat consistent with this idea, MALAT1 appears to bind many nascent pre-mRNAs
derived from actively transcribed gene loci [100,101]. In neurons, MALAT1 has
additionally been reported to regulate synapse formation [78] as well as bind TDP-43
[102,103], a DNA/RNA-binding protein that has been implicated in the pathogenesis of
amyotrophic lateral sclerosis (ALS) and other neurodegenerative disorders [104]. It thus
appears that MALAT1 may regulate gene expression via multiple mechanisms.

Despite all these reported phenotypes using various cell lines, MALATL loss-of-function
mice surprisingly have almost no phenotype [9,97,105]. These mice develop normally
without any gross abnormalities and are fertile. The only notable change that one study
could identify is that the expression of 12 genes, most of which are located adjacent to
MALAT1 in the genome, was weakly altered upon MALAT1 loss [9]. This suggests that the
mouse genome may encode other genes (protein-coding or noncoding) that may compensate
for MALAT1 loss or are functionally redundant with MALATL. Alternatively, it may be
that MALAT1 has an essential function only when cells are stressed or are changing their
state, e.g. during cellular transformation events in cancer. It is nevertheless important to
emphasize that depletion of MALATL clearly affects tumor growth in mice [62] and thus
MALAT1 has important roles in vivo. Future studies will hopefully clarify why even normal
cells bother to generate so much of the MALAT1 transcript.

7. The MEN e/ (NEAT1) locus is subjected to alternative 3 end processing
to generate multiple noncoding RNAs

Like MALAT1, the MEN &/f long noncoding RNAs accumulate to high levels in the
nucleus of many mammalian cells [55]. MEN ¢ (also known as NEAT1 1) and MEN f (also
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known as NEAT1_2) are both predominately unspliced and are transcribed from the same
promoter, but differ in the location of their 3’ ends (Fig. 2A). Whereas MEN ¢ (~3.2-kb in
mouse and ~3.7-kb in humans) is subjected to canonical cleavage/polyadenylation, the
mature 3’ end of MEN § (~20.7-kb in mouse and ~22.7-kb in humans) is generated via a
mechanism very similar to that used at the MALAT1 locus [10]. RNase P recognizes and
cleaves immediately upstream of a tRNA-like structure (Fig. 2B) that is encoded at the end
of the MEN  locus, releasing a tRNA-like small RNA as well as the mature MEN
transcript.

The decision to generate MEN ¢ vs. MEN J is at least partially controlled by the opposing
actions of CFl, (cleavage factor I, which is composed of a heterodimer of NUDT21 and
CPSF6) and hnRNP K [106]. Binding of CFl, upstream of the MEN ¢ poly(A) signal
recruits the cleavage/polyadenylation machinery (including CPSF and poly(A) polymerase),
thereby promoting the biogenesis of MEN €. hnRNP K is also able to bind near the MEN ¢
poly(A) signal, where it inhibits CFl, binding and acts to disassemble the CFl,, heterodimer
[106]. hnRNP K thus promotes the production of the long MEN p transcript, and the
competition between CFl,, and hnRNP K helps ensure that cells produce the appropriate
amounts of each noncoding RNA. The expression of MEN ¢ is further controlled post-
transcriptionally by an RNA decay pathway that is mediated by PABN1 (poly(A)-binding
protein nuclear 1) [107,108].

Whereas the 3’ end of MEN ¢ is protected by a poly(A) tail, MEN f ends in a triple helical
structure that is very similar to that at the 3’ end of MALAT1 (Fig. 2A) [82,83]. However,
unlike mascRNA, the MEN  tRNA-like small RNA is structurally unstable (due to presence
of a mismatch or multiple G-U wobbles in its acceptor stem) (Fig. 2B), causing it to be
marked with CCACCA and rapidly degraded in most mouse and human cells [109,110].
Interestingly, the MEN B tRNA-like small RNA is structurally stable in many other species,
including monkeys, allowing it to be marked with CCA and accumulate in cells [109]. As its
function is unknown, it is still unclear why the MEN B tRNA-like small RNA is stable in
only some species.

8. The MEN /B (NEAT1) long noncoding RNAs function as scaffolds for

paraspeckle formation

Within the nucleus, the MEN ¢ and MEN f transcripts specifically localize to paraspeckles
[10,98,111,112], which are commonly found in close proximity to nuclear speckles (where
MALAT1 localizes) (reviewed in [113]). Paraspeckles contain many RNA-binding proteins,
including paraspeckle protein 1 (PSPC1), NONO (also known as p54/nrb), and SFPQ (also
known as PSF), SWI/SNF chromatin-remodeling complexes, as well as a number of RNAs
that have been subjected to adenosine-to-inosine (A-to-1) hyper-editing (generally in
inverted repeat sequences) [106,114-118]. Beyond retaining RNAs in the nucleus [116,117],
paraspeckles have been proposed to regulate transcription (for example, via the
sequestration of key transcription factors) [101,119,120], to control alternative splicing
patterns [121], and to modulate the DNA damage response [122].
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Interestingly, RNase A treatment disrupts the structural integrity of paraspeckles [117,123],
and it is now clear that MEN &/p are the critical RNAs responsible for the biogenesis and
maintenance of these nuclear structures [10,98,111,112,124,125]. In fact, paraspeckles
generally co-localize with the MEN &/ gene loci, and inducing MEN e&/B expression is
sufficient for the co-transcriptional assembly of paraspeckles [124]. Both MEN & and MEN
[ are able to directly bind to paraspeckle proteins [10,98,111,112], thereby functioning as
platforms for the formation of the nuclear body. Consistent with this model, electron
microscopy has revealed that the MEN [ transcript localizes to the paraspeckle core [126].

9. The MEN /B (NEAT1) long noncoding RNAs are tightly regulated in vivo

MEN &/B levels are dynamically regulated, resulting in altered numbers of paraspeckles in
different cell types. In addition, these noncoding RNAs are induced upon hypoxia [127],
viral infection [128,129], treatment with the innate immune activator poly(l:C) [130], as
well as during differentiation of human embryonic stem cells [112] and mouse myaoblasts
[10]. As expected, increased MEN ¢/ levels results in increased numbers of paraspeckles as
well as enhanced nuclear retention of RNAs that contain edited inverted repeats [112,130].
Interestingly, the arginine methyltransferase CARM1 appears to be a critical regulator of
paraspeckles as it regulates MEN &/ transcription as well as the ability of RNAs to bind to
the paraspeckle protein NONO [130]. Notably, at least one of the RNAs retained in
paraspeckles (CTN-RNA, which is generated from the mouse CAT2 gene) can be
specifically released from this subnuclear body in response to stress via a poorly
characterized post-transcriptional cleavage mechanism [117]. Paraspeckles thus appear to be
highly dynamic structures that act to refine and reprogram gene expression patterns, thereby
helping cells to properly differentiate and respond to various stresses. When paraspeckles
and MEN /B are misregulated, they likely contribute to numerous pathological conditions,
including breast and prostate cancers [127,131].

The MEN &/B locus was originally suggested to be dispensable in vivo [132], although
recent work has now revealed that these particular long noncoding RNAs may play key roles
in fertility [133] and mammary gland development [134]. Despite normal ovulation, nearly
half of all mated MEN &/B knockout mice failed to become pregnant, likely due to corpus
luteum dysfunction and low progesterone levels [133]. Likewise, MEN &/p knockout female
mice have aberrant mammary glands and reduced lactation [134]. This resulted in only 24%
of pups born to MEN &/B knockout females surviving beyond 5 days after birth (compared to
>85% from wildtype mothers). Future work will hopefully reveal the underlying molecular
processes (e.g. a failure to retain some RNAs in the nucleus) that are misregulated when the
MEN &/ long noncoding RNAs and paraspeckles are absent in vivo.

10. Long noncoding RNAs with snoRNA ends regulate pre-mRNA splicing

patterns

Besides MALAT1 and MEN B, an increasing number of stable non-polyadenylated
noncoding RNAs have been identified [7,45,46,52-54,135]. Although these mature
transcripts often look and function very differently from one another, the pre-mRNA
splicing machinery generally plays a critical role in their biogenesis. For example, the
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Carmichael and Chen groups identified a class of long noncoding RNAs known as sno-
IncRNAs (snoRNA-related long noncoding RNASs) that are derived from introns and have
either box C/D or box H/ACA small nucleolar RNA (snoRNA) structures at their 5" and 3’
ends [136]. These terminal structures are used in place of a canonical 5" cap and poly(A) tail,
and allow these noncoding RNAs to accumulate to high levels (expression similar to that of
some histone mMRNAS). Interestingly, sno-IncRNAs are processed by the same machinery
that processes snoRNAs, but differences in the sequence content among introns (namely, the
number of encoded snoRNA genes) allows some introns to generate long noncoding RNAsS,
whereas others generate SnoRNAs that are only ~70-200-nt.

In vertebrates, sSnoRNA sequences are generally encoded in the introns of protein-coding
genes and are processed out of the excised introns following pre-mRNA splicing (Fig. 3A)
(reviewed in [137,138]). Exonucleases degrade from each end of the debranched intron until
they reach the 5" and 3’ ends of the snoRNA structure, which abruptly inhibit further
degradation. The mature snoRNA is subsequently released and functions to modify other
noncoding RNAs, including ribosomal RNAs and small nuclear RNAs (SnRNAs). However,
if two snoRNA sequences are present within the same intron, the exonucleases are unable to
degrade the internal region between the snoRNAs, and a long noncoding RNA with
snoRNA ends is produced (Fig. 3B) [136]. Consistent with this biogenesis mechanism, the
terminal snoRNAs, but not the internal sequence between the snoRNAs, are highly
conserved across evolution [139]. In fact, the internal region can be replaced with unrelated
sequences to generate “designer” sno-IncRNAs [140].

At least 19 endogenous sno-IncRNAs have now been identified in human, rhesus monkey,
or mouse, with most showing tissue- and species-specific expression patterns [139]. Sno-
IncRNAs are most notably generated from the 15911-g13 region of human chromosome 15
[136], which is subjected to genomic imprinting and implicated in Prader—Willi Syndrome
(PWS) [141,142]. These PWS region sno-IncRNAs accumulate in the nucleus at their sites
of transcription and have multiple predicted binding sites (ranging from 4 to 20) for RbFox2,
a protein known to regulate alternative splicing and many other post-transcriptional events
[136]. Indeed, RbFox2 strongly binds these sno-IncRNAs, and modulating the levels of the
noncoding RNAs induced changes in RbFox2-regulated splicing events. Therefore, these
sno-IncRNAs likely act, at least in part, as molecular sinks that prevent RbFox2 from
binding its MRNA targets [136]. As the genomic region encoding the sno-IncRNAS is
deleted in patients with Prader-Willi Syndrome, future work will hopefully reveal novel
insights into why these long noncoding RNAs are required for proper development.

11. Circular intronic long noncoding RNAs can regulate the transcription of

their parent genes

The vast majority of introns are rapidly debranched and degraded, although some are
processed to produce stable noncoding RNAS, such as sno-IncRNAs (discussed above),
snoRNAs, or microRNAs [143]. Surprisingly, recent work has indicated that many full-
length introns accumulate to high levels in the nuclei of Xenopus oocytes [144] and in
human cells [145]. The situation is Xenopus is particularly remarkable as the germinal
vesicle (nucleus) stores stable intronic sequences from most (~92%) of its transcribed genes
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[144]. These intron-derived sequences are stable (and, hence, called stable intronic sequence
RNA [sisRNA]) and appear to be transmitted to the developing embryo, although their exact
functions are still unknown.

In humans, at least 100 different introns have been shown to have their 3’ tails (the region
between the branch point sequence and the 3’ splice site) removed, but the 2/,5’-
phosphodiester bond at the branch point was not hydrolyzed (Fig. 3C) [145,146]. This
failure to completely process these introns allows these sequences to accumulate as circular
intronic long noncoding RNAs (so-called ciRNAS) that are often more stable than their
parent linear mMRNAS [145]. The exact reason why these introns escape debranching is still
unclear, although a 7-nt G/U-rich motif near the 5’ splice site and an 11-nt C-rich motif near
the branch point appear to play critical roles. Once generated, ciRNAs accumulate near their
site of synthesis and appear to promote the transcription of their parental genes in cis by
interacting with elongating RNA polymerase 11 complexes [145]. In addition, a portion of
the ciRNA transcripts localize to other sites in the nucleus, suggesting they may have
additional trans effects. Whether the stable introns produced in Xenopus function similarly
to regulate transcription is an open question.

12. Backsplicing generates cytoplasmic circular RNAs that can function as

microRNA sponges

Although it was long assumed that eukaryotic pre-mRNAs are almost always spliced to
generate a linear MRNA, it is now clear that thousands of protein-coding genes can be non-
canonically spliced to generate circular RNAs (so-called circRNAs) [11,12,37,147-150].
Unlike ciRNAs, circRNAs are almost exclusively derived from exons and are products of
alternative splicing events known as “backsplicing” (Fig. 3D). Rather than joining the exons
in the canonical order (joining exon 1 to exon 2 to exon 3, etc.), backsplicing joins a splice
donor to an upstream splice acceptor, e.g. joining the end of exon 2 to the beginning of exon
2. CircRNAs are observed across eukaryotes [151] and occur at a surprisingly high
frequency. For example, deep sequencing the transcriptome of a single human cell type
revealed that ~15% of actively transcribed genes may produce circRNAs, generating over
25,000 distinct circular transcripts [11].

Recent work has revealed that intronic repetitive elements, including sequences derived
from transposons, are critical determinants of whether a pre-mRNA is subjected to canonical
splicing or backsplicing. In most cases (but not all [152,153]), circular RNA biogenesis is
initiated when complementary sequences from two different introns base pair to one another
[11,154-158]. This brings the splice sites from the intervening exon(s) into close proximity,
facilitating backsplicing. As pre-mRNAs generally contain multiple intronic repeats, distinct
circRNAs can be produced depending on which repeats base pair to one another [155]. This
allows the functional output of a protein-coding gene to be finely tuned [148,159].
Surprisingly, some genes produce circRNAs at levels that exceed the associated linear
MRNAs by a factor of 10 [11,12]. This is at least partly due to the fact that circRNAs are
highly stable, as their covalently joined ends make the transcripts naturally resistant to
exonucleases. Exactly how circRNAs are generally degraded is unknown, although the
CiRS-7/CDR1as circular RNA can be endonucleolytically cleaved by Argonaute-2 to trigger
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its decay [160]. It should nevertheless be noted that this mechanism does not appear to be
generally used to post-transcriptionally regulate the levels of other RNA circles.

Once produced, most circRNAs accumulate in the cytoplasm, but do not associate with
ribosomes [11,147]. The two most highly studied circular RNAs, ciRS-7/CDR1as and Sry,
each function to modulate the activity of microRNAs [36,37]. These particular circles
contain many binding sites for specific microRNAs (miR-7 and miR-138, respectively),
allowing the transcripts to act as sponges that titrate the microRNAs from their other RNA
targets. However, most other circular RNAs contain few microRNA binding sites and likely
have a different function [147]. They may, for example, allow the formation of large RNA-
protein complexes or perhaps work in the same pathway as the protein produced from its
parental gene (analogous to how bacterial operons are organized and function).

13. Summary and perspectives

Although long RNA polymerase Il transcripts are generally thought to have 5’ caps and
poly(A) tails, MALAT1, MEN B, sno-IncRNAs, ciRNAs, and circRNAs all defy this dogma.
Nevertheless, one of the main reasons why all of these noncoding transcripts are stable and
accumulate to high levels is that they either have alternative structures that protect their ends
or they, in fact, have no ends. MALAT1 and MEN f end in triple helical structures, sno-
IncRNAs end in elaborately folded snoRNA structures, and ciRNAs as well as circRNAs
have no ends that can be recognized by exonucleases.

In each of the cases described, well-studied RNA processing factors catalyzed the biogenesis
reactions, yet the resulting mature RNAs have non-canonical features. This is not because
the proteins were behaving in unusual ways, but because of the unique organization of these
particular genomic loci. For example, RNase P recognizes and cleaves the tRNA-like
structures present within the primary MALAT1 and MEN  transcripts, just as the enzyme
recognizes and cleaves primary tRNA transcripts generated by RNA polymerase I11.
However, because these particular tRNA-like structures are at the ends of long RNA
polymerase Il transcripts, cleavage results in the generation of long noncoding RNAs. It
will, therefore, be informative to determine if there are other non-canonical RNAs being
produced in cells, especially as this may reveal other sequences/structures that perform key
functions in unusual ways. Notably, such RNAs would be depleted from deep sequencing
libraries that use an oligo(dT) selection step, and thus they may have been missed in many
studies.

By employing distinct strategies to protect the ends of RNAs, cells are likely able to mark
certain classes of RNASs as being different from others. In this way, cells ensure that these
various RNAs are stable, but look different at their termini so that they can be regulated by
unique mechanisms. Therefore, it will be of great interest to identify the unique factors that
recognize each of these ends, as this will reveal a much clearer picture of how these
transcripts are stabilized, degraded, trafficked around the cell, and function. Just as the
histone stem—loop structure dictates that histone mRNAS are only stable and translated
during S phase (reviewed in [80]), these other non-canonical sequences/structures likely
impart unique regulation on the noncoding transcripts. In summary, it is clear that a number
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of abundant long noncoding RNAS are generated in non-canonical ways, and it seems

C
C

ertain that future research will provide many more unexpected insights into how non-
oding RNAs are generated and regulated.
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Fig. 1.

The MALAT1 locus generates a nuclear-retained long noncoding RNA and a tRNA-like
small RNA. (A) Rather than using the canonical cleavage/polyadenylation machinery, the 3’
end of MALAT1 is almost always generated by tRNA biogenesis factors. First, RNase P
cleavage simultaneously generates the mature 3’ end of MALAT1 and the 5" end of
mascRNA. The tRNA-like small RNA is subsequently cleaved by RNase Z, subjected to
CCA addition, and exported to the cytoplasm. In contrast, the mature MALAT1 transcript
localizes to nuclear speckles and its 3’ terminus is protected by a triple helical structure
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(PDB code 4PLX [84]). The mouse coordinates (GenBank accession number FJ209304) are
given. (B) Mouse mascRNA adopts a tRNA-like cloverleaf secondary structure. CCA
(denoted in red) is post-transcriptionally added by the CCA-adding enzyme. (C) As shown
by the Multiz Alignment track of the UCSC Genome Browser, highly conserved A- and U-
rich tracts are present immediately upstream of the MALAT1 RNase P cleavage site
(denoted by arrow). (D) These conserved sequence motifs form base triplets (denoted by
dashed lines) that protect the 3’ end of MALAT1 from degradation. A minimal triple helix
that supports both RNA stability and translation [82] is shown. Nucleotides that function in
promoting translation are denoted in purple. (E) U-A-U base triplets form via Hoogsteen
hydrogen bonds to the major groove of a Watson—Crick base-paired helix.
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The MEN &/B (NEATL) locus is regulated by alternative 3’ end processing. (A) The MEN
/B primary transcript can be cleaved by the canonical cleavage/polyadenylation machinery
(to generate the polyadenylated MEN ¢ RNA) or by the tRNA biogenesis machinery (to
generate the non-polyadenylated MEN 3 RNA). Analogous to the MALAT1 locus, an
evolutionarily conserved triple helix is present immediately upstream of the RNase P
cleavage site to protect the mature 3’ end of MEN . The mouse coordinates (GenBank
accession number GQ859163) are given. (B) The acceptor stem of the mouse MEN {3 tRNA-
like small RNA is destabilized due to the presence of a C-A mismatch (denoted in red). This
causes the CCA-adding enzyme to add CCACCA rather than CCA to the small RNA,
triggering its efficient degradation.
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Fig. 3.

Tr?e pre-mRNA splicing machinery generates a number of non-polyadenylated noncoding
RNAs. (A) When a snoRNA sequence is encoded in an intron, pre-mRNA splicing releases
the excised intron, which is subsequently debranched and trimmed to produce the mature
~70-200 nt snoRNA. In this case, a box C/D snoRNA is shown. (B) In contrast, when two
snoRNA sequences are present in a single intron, debranching and trimming of the excised
intron produce a long noncoding RNA with snoRNA ends. (C) After splicing, some introns
fail to be debranched and accumulate as stable circular intronic RNAs in the nucleus. These
transcripts are covalent circles due to the 2/,5’-phosphodiester bond between the 5’ end of
the intron and the branch point adenosine. (D) Pre-mRNA splicing can generate linear or
circular RNAs comprised of exons. If the splice sites are joined in the canonical order, a
mature linear mMRNA is generated that is subsequently polyadenylated (top). Alternatively,
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the splicing machinery can backsplice and join a splice donor to an upstream splice acceptor,
generating a circular RNA whose ends are covalently linked by a 3’,5’-phosphodiester bond
(bottom).
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