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Most of the eukaryotic genome is pervasively transcribed, yielding hundreds to thousands of
long noncoding RNAs (lncRNAs) and circular RNAs (circRNAs), some of which are well
conserved during evolution. Functions have been described for a few lncRNAs and
circRNAs but remain elusive for most. Both classes of RNAs play regulatory roles in translation
by interacting with messenger RNAs (mRNAs), microRNAs (miRNAs), or mRNA-binding
proteins (RBPs), thereby modulating translation in trans. Moreover, although initially
defined as noncoding, a number of lncRNAs and circRNAs have recently been reported to
contain functional open reading frames (ORFs). Here, we review current understanding of the
roles played by lncRNAs and circRNAs in protein synthesis and discuss challenges and open
questions in the field.

circRNAs: BIOGENESIS AND CHALLENGES
IN DETECTION AND FUNCTIONAL STUDIES

H

undreds to thousands of different circular
RNAs (circRNAs) are expressed in eukaryotic cells (reviewed in Rybak-Wolf et al. 2015;
Salzman 2016). circRNAs represent an important class of RNAs, created by head-to-tail splicing, or backsplicing, that link the 30 end of an
exon to the 50 end of an upstream exon (Fig. 1)
(Salzman et al. 2012, 2013; Jeck et al. 2013; Memczak et al. 2013). Among other forms of covalent
RNA circles are certain RNA genomes (viroids,
the hepatitis delta virus) and intron-derived
RNAs (reviewed in Lasda and Parker 2014). In
addition to canonical splicing factors and signals, backsplicing requires speciﬁc intronic sequences that mediate circularization, bringing

the downstream donor and upstream acceptor sites into close proximity (Ashwal-Fluss et
al. 2014; Zhang et al. 2014). Circularization can
be promoted via complementary intronic sequences such as Alu repeats, or through the
binding of introns by RNA-binding proteins
(RBPs) (Dubin et al. 1995; Jeck et al. 2013;
Ashwal-Fluss et al. 2014; Liang and Wilusz
2014; Zhang et al. 2014; Conn et al. 2015; Ivanov
et al. 2015). For example, the splicing factor
Muscleblind (Mbl) binds to introns ﬂanking the
second exon of its own transcript, facilitating
circMbl formation (Ashwal-Fluss et al. 2014).
It also has been proposed that the RBP Quaking
may promote the biogenesis of multiple circRNAs via a similar mechanism by binding to
speciﬁc sites in the ﬂanking introns (Conn et al.
2015). ADAR1 negatively regulates circRNA
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Figure 1. Scheme illustrating biogenesis and regulatory roles of circular RNAs (circRNAs) in translation.
circRNAs form as a result of backsplicing, when ﬂanking introns are brought into close proximity because of
complementarity or through the binding of introns by speciﬁc RBPs. circRNAs play regulatory roles in translation, by acting as sponges and possibly transporting microRNAs (miRNAs) and RNA-binding proteins (RBPs),
as well as regulating miRNA levels via tailing and trimming. Some circRNAs contain translatable open reading
frames (ORFs). Regulatory proteins are shown, and examples are in parentheses. See text for more details.

biogenesis through A-to-I editing, thereby decreasing RNA base-pairing between the ﬂanking
introns (Ivanov et al. 2015).
circRNAs are mostly cytoplasmic (Salzman
et al. 2012; Jeck et al. 2013; Memczak et al. 2013;
Rybak-Wolf et al. 2015), raising a question as to
the mechanism of their nucleocytoplasmic export. Messenger RNA (mRNA) export to the
cytoplasm is mediated by the transport/export
complex (TREX) that interacts with mRNA primarily via the exon junction complex (EJC), deposited on spliced mRNA (reviewed in Delaleau
and Borden 2015). As circRNAs are spliced,
their export to the cytoplasm might be mediated
via similar mechanisms. As covalent circles,
circRNAs are resistant to degradation by RNA
exonucleases, and therefore have unusually long
half-lives, exceeding 24–48 hours (Jeck et al.
2013; Memczak et al. 2013). That poses another
question—how circRNAs are degraded—as it
2

has been observed that during neuronal development, circRNAs appear to be cleared rapidly (Rybak-Wolf et al. 2015). Curiously, the
circRNA CDR1as (cerebellar degeneration-related protein 1 antisense) has an almost perfectly
complementary binding site for miR-671, leading to slicing of CDR1as (Hansen et al. 2011;
Piwecka et al. 2017). Because of high complementarity of the target, miR-671 is destabilized
via a mechanism that involves modiﬁcation of
microRNA (miRNA) ends, adding (“tailing”)
and removing (“trimming”) nucleotides (reviewed in Duchaine and Fabian 2018). These
data provide insight into the mechanisms of
circRNA decay and release of the bound cargo.
Based on the abundance of circRNAs in extracellular vesicles, Lasda and Parker (2014) suggested that formation of such vesicles might
serve as an alternative mechanism for circRNA
disposal.
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Initially, circRNAs were viewed as splicing
artifacts or noise (Cocquerelle et al. 1993; Pasman et al. 1996). This opinion has recently
changed in light of a number of ﬁndings. First,
circRNAs have cell-type-speciﬁc expression patterns and are particularly abundant in the brain
(Salzman et al. 2013; Rybak-Wolf et al. 2015;
Szabo et al. 2015; You et al. 2015). Second,
many circRNAs are regulated independently of
their linear counterparts, and are well conserved
(Jeck et al. 2013; Memczak et al. 2013; AshwalFluss et al. 2014; Rybak-Wolf et al. 2015; You et
al. 2015). Also, well-expressed circRNAs have
enhanced conservation of nucleotides at third
codon positions compared with upstream or
downstream codons in bracketing coding sequences (Salzman et al. 2013; Rybak-Wolf et
al. 2015; Szabo et al. 2015; You et al. 2015).
Finally, biological functions have been reported
for some, as discussed in the next section.
The number of circRNAs to which biological
functions have been ascribed is limited. One
of the reasons is the challenge of depleting
circRNAs without affecting their linear counterparts. One method of doing so has been to
design small interfering RNAs (siRNAs) that
target the circRNA-speciﬁc splice junction.
However, it is usually not possible to design
more than a few siRNAs per junction, which
makes it difﬁcult to cope with off-target effects.
Uncovering intronic elements that facilitate
circRNA biogenesis (Jeck et al. 2013; AshwalFluss et al. 2014; Ivanov et al. 2015) provided a
new approach to knocking down circRNAs
without affecting linear transcripts. Indeed, disrupting intronic complementary sequences with
CRISPR/Cas strongly reduced the levels of
circGCN1L1 (Zhang et al. 2016). However, for
numerous circRNAs, there are no easily identiﬁable intronic complementary sequences.
The detection of circRNAs also poses several
challenges. They can be identiﬁed in RNA sequencing data through reads that map to the
backsplicing junction (Glazar et al. 2014; Jeck
and Sharpless 2014; Gao et al. 2015). However,
some of these reads might be the result of transsplicing, making it important to validate the circularity of individual candidates by treatment
with exonucleases to eliminate linear RNAs.

This is also relevant when using vectors that
overexpress circRNAs, as they also produce linear transcripts, sometimes as concatemers (Pamudurti et al. 2017), making it challenging
to determine which form is responsible for a
phenotype.
REGULATORY FUNCTIONS OF circRNAs
IN TRANSLATION

The main regulatory function described for
circRNAs so far is their action as sponges, which
sequester miRNAs (Fig. 1) (Hansen et al. 2013;
Memczak et al. 2013). miRNAs function as
guides by pairing with partially complementary
sites present in their target mRNAs, and subsequently recruiting a complex of proteins that
cause mRNA deadenylation, decay, and translational repression (reviewed in Jonas and Izaurralde 2015; Duchaine and Fabian 2018). This
means that RNAs with multiple miRNA-binding sites can compete for miRNA binding, leading to the stabilization and translational activation of miRNA-targeted mRNAs. circRNAs are
particularly suited for this function because they
are abundant and, as covalent circles without a
poly(A) tail, they resist miRNA-mediated deadenylation and decay. Two recent studies
(Hansen et al. 2013; Memczak et al. 2013)
showed that the circRNA CDR1as contains 63
conserved binding sites for miR-7 and depletes
miR-7 in neuronal tissues. Indeed, the expression of human CDR1as in zebraﬁsh leads to defects in midbrain development that are reminiscent of an miR-7 knockdown, and a CDR1as
knockout mouse showed impaired sensorimotor gating, a deﬁcit associated with neuropsychiatric disorders (Piwecka et al. 2017). Moreover,
biochemical miRNA-binding analyses in postmortem brains by “chimera analyses” (Grosswendt et al. 2014) showed that CDR1as is one
of the most highly miRNA-bound transcripts in
the human and mouse brain. circRNA deriving
from the ZNF91 (zinc-ﬁnger 91) locus contains
24 miR-23 sites, making it the next best miRNAsponge candidate (Guo et al. 2014). Another
example of a circRNA hypothesized to function
as an miRNA sponge is heart-related circRNA
(HRCR) (Wang et al. 2016). This has been
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suggested to play a protective role in cardiac hypertrophy by sequestering miR-223 via its six
binding sites. However, bioinformatic analyses
suggest that most circRNAs do not function as
miRNA sponges, as they do not harbor more
AGO2/miRNA-binding sites than linear RNAs
(Memczak et al. 2013; Guo et al. 2014; RybakWolf et al. 2015; You et al. 2015). Such a function
would also depend on the relative concentrations of the circRNAs and miRNAs in a speciﬁc
subcellular compartment, but these numbers are
difﬁcult to estimate at present, especially in
highly polarized cells such as neurons.
It is likely that circRNAs can also function
as docking sites for RBPs to sequester them
from their target RNAs or mediate their subcellular localization (Fig. 1). Curiously, circRNAs
are particularly abundant in synaptosomes
(Rybak-Wolf et al. 2015; You et al. 2015; Zappulo et al. 2017), suggesting that they may participate in local RNA regulation. For example,
they might transport miRNAs and RBPs to synapses and release them in response to speciﬁc
stimuli. One possible way of releasing bound
factors from a circRNA is if they contain a perfectly complementary site to an miRNA, which
can then be cleaved. The roles of circRNAs in the
regulation of transcription and splicing are reviewed elsewhere (Ebbesen et al. 2016).
TRANSLATION OF circRNAs

The scanning model of initiation suggested that
eukaryotic ribosomes require free 50 mRNA
ends to initiate translation, allowing them to
thread onto mRNA like beads on a string (Kozak
1978, 1979; Konarska et al. 1981). This view
was challenged by the discovery of internal ribosome entry site (IRES) elements that can directly recruit 40S ribosomal subunits (reviewed
in Jackson 2005; Kwan and Thompson 2018).
Indeed, an early study by Chen and Sarnow
(1995) showed that eukaryotic small ribosomal
subunits can initiate translation in vitro from
covalent RNA circles containing the encephalomyocarditis virus (EMCV) IRES (Chen and Sarnow 1995). Consistent with this ﬁnding, IRESbearing circRNAs generated from a reporter
plasmid via backsplicing produced proteins
4

(Wang and Wang 2015). Another study suggested that an artiﬁcial circRNA with an inﬁnite
open reading frame (ORF), that is, lacking a
stop codon, can be translated even in the absence of a detectable IRES (Abe et al. 2015).
Several recent studies have reported that endogenously produced circRNAs can be translated in vivo (AbouHaidar et al. 2014; Legnini
et al. 2017; Pamudurti et al. 2017; Yang et al.
2017). AbouHaidar et al. (2014) detected the
translation product of a circular satellite RNA
virusoid associated with rice yellow mottle virus
(scRYMV) in a wheat germ in vitro translation
system. The protein corresponds to an unusual
ORF within scRYMV, combining initiation and
termination codons in a UGAUGA sequence.
Another example of circRNA translation is
provided by a circular form of the ZNF609
transcript (circ-ZNF609) that regulates myoblast proliferation (Legnini et al. 2017). As
circ-ZNF609 contains an ORF that overlaps
with the main ORF of linear ZNF609, the investigators tested whether the circular form
could be translated. They tagged the endogenous
ZNF609 locus with a Flag tag in a way such that
the Flag peptide would be produced only from
the circular form of the transcript. Mass spectrometry analysis of anti-Flag immunoprecipitates identiﬁed a ZNF609-speciﬁc peptide, supporting the idea of circ-ZNF609 translation. The
mechanism by which this occurs is unclear, but
it is ∼100-fold less efﬁcient than the translation
of its linear counterpart and is dependent on
splicing. Importantly, the investigators observed
a strong increase in the translation of circ-FlagZNF609 on heat-shock stress. Stress leads to
eIF4G proteolysis, separating its cap-binding
function from its helicase and ribosome-binding
activity (reviewed in Holcik and Sonenberg
2005). As a result, cap-dependent translation is
inhibited, and the translation of IRES-containing mRNAs is promoted. This result led the investigators to speculate that the translation of
circ-ZNF609 might be low by default but activated in response to speciﬁc stimuli that inhibit
cap-dependent translation.
The study of Pamudurti et al. (2017)
searched for ribosome-associated circRNAs
(ribo-circRNAs) in the heads of Drosophila
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using ribosome proﬁling (Riboseq), a technique
that can yield a genome-wide snapshot of ribosome footprints on mRNAs (Ingolia et al. 2009,
2018). As circRNAs contain a unique head-totail splice junction that is not present in their
linear counterparts, they can be distinguished
from linear transcripts in RNAseq and Riboseq
data. To distinguish reads reﬂecting bona ﬁde
translation from background signals, the authors
examined the pattern of Riboseq reads across the
circRNA-speciﬁc splice junction. A known hallmark of translation is the three-nucleotide (nt)
phasing of Riboseq reads, which reﬂects the codon-by-codon movement of translating ribosomes (Calviello et al. 2016). In addition, accumulation of reads around start and stop codons is
often observed for translated ORFs. As start codons and most of the ORF are usually shared
between the linear and circular transcripts, Pamudurti et al. (2017) concentrated on the stop
codons. Indeed, an enrichment of Riboseq reads
around the putative stop codon of the most
abundant ribo-circRNA, circMbl, supported
the translation of this circRNA. The mbl locus
produces several circRNAs (Ashwal-Fluss et al.
2014). The authors used targeted mass spectrometry to search for peptides that could be
produced from these circRNAs. An analysis of
MBL immunoprecipitates identiﬁed a peptide
that could only be produced by circMbl3, but
not by linear Mbl. In ﬁndings similar to those
of Legnini et al. (2017), Pamudurti et al. (2017)
suggested that translation of circMbl is modulated in response to speciﬁc stimuli that interfere with cap-dependent translation.
A study by Yang et al. (2017) suggested that
the translation of circRNAs might be driven by
m6A RNA modiﬁcations (m6A effects on protein synthesis are reviewed in Peer et al. 2018).
The authors generated split GFP reporters that
would restore the GFP ORF on circularization.
Surprisingly, GFP protein was detected for all of
the transfected constructs, independently of
whether they contained an IRES element or
not. Yang et al. (2017) hypothesized that this is
caused by the m6A motif RRACH (R = G or A;
H = A, C, or U) (Csepany et al. 1990; Harper
et al. 1990), which had by chance been included
in all the plasmids. Mutations of the correspond-

ing motifs reduced levels of GFP. To search for
endogenous circRNAs that were potentially
translated in human 293 cells, the authors employed three different approaches: (1) identiﬁcation of m6A-modiﬁed circRNAs; (2) searching
for circRNAs associated with polysomes; and (3)
looking for peptides matching ORF-containing
circRNAs. Each approach resulted in dozens to
hundreds of potential candidates, although it is
difﬁcult to estimate the degree of overlap between the approaches, due to differences in the
sensitivity of the methods used and the usage of
different cell lines for different types of analyses.
The underlying mechanisms of translation remain mysterious. Based on small hairpin RNA
(shRNA) depletion and coimmunoprecipitation
experiments, Yang et al. (2017) suggested that
the m6A-binding protein YTH3 recruits eIF4G2/
DAP5 to promote cap-independent initiation.
This is plausible given a study from Liberman
et al. (2015), which showed that eIF4G2, instead
of canonical eIF4G, takes part in initiation at a
subset of cellular IRESes.
Interestingly, an earlier study of Meyer et al.
(2015) used in vitro translation systems to show
that m6A in 50 UTRs (untranslated regions) can
indeed initiate translation independently of the
cap, via the recruitment of eIF3. However, this
mechanism did not involve internal ribosome
entry and required free 50 ends. Meyer et al.
(2015) showed this in several types of experiments. First, by incubating m6A-containing
mRNAs bearing two start codons using 40S subunits, eIF1, -1A, -2 and -3, and Met-tRNAiMet,
they showed that 48S complexes assemble almost exclusively at the ﬁrst AUG. This outcome
can be easily explained if the preinitiation complex is recruited to the 50 end and initiates at the
ﬁrst suitable start codon, but it is unlikely to
result from internal-entry initiation. Second,
when translated in HeLa lysates, an m6A-modiﬁed reporter mRNA with two in-frame start
codons produced almost exclusively the longer
protein product, which relied on initiation at the
ﬁrst AUG. Finally, the insertion of a stable hairpin at the extreme 50 end to block 50 end-dependent initiation inhibited the translation of the
m6A reporter. Interestingly, a similar mode of
initiation—independent of the cap, but depen-
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dent on the 50 -end—was described for an
mRNA reporter carrying an eIF4G-binding domain from the EMCV IRES (Terenin et al.
2013), indicating that simply binding to the
40S subunit is not sufﬁcient for internal initiation—an IRES is also providing for a mechanism for internal entry. These data suggested
that m6A alone is rather unlikely to drive translation from circRNAs.
Yet another mechanism, involving the recruitment of the YHT-domain containing family protein 1 (YTHDF1), has been proposed to
explain the involvement of 30 UTR-located m6A
in translation (Wang et al. 2015). The authors
detected a number of proteins among interactors of YTHDF1, including eIF3 subunits,
YBX1, IGF2BP1, G3BP1, and PCBP2, and suggested that they might function collectively to
affect the translation of methylated mRNA. So,
there is no consensus on the matter whether
m6A can drive internal initiation and by which
mechanisms.
To sum up, several recent studies have provided evidence that some circRNAs can be translated. The evidence includes the presence of
ORFs, association with polysomes, enrichment
of Riboseq reads around putative stop codons,
and identiﬁcation of peptides corresponding to
circRNA sequences based on mass spectrometry. Translated circRNAs possess special properties such as a high stability and independence
from the 50 cap and poly(A) tail that are required
for the translation of most eukaryotic mRNAs.
Thus, circRNAs could have adapted in ways that
lead to translation in special cases where these
properties are advantageous. Indeed, reports
indicate that the translation of circRNAs is inefﬁcient under normal conditions and is preferentially activated when cap-dependent translation
is inhibited (Legnini et al. 2017; Pamudurti et al.
2017). A number of mechanistic questions remain to be resolved through future studies.
What drives initiation on circRNAs, and which
translation factors are required? If a ribosome
terminates translation on a circRNA, does it reinitiate on the same message? Do circRNAs contain ORFs lacking an in-frame termination
codon, producing long repetitive proteins as
a result of multiple rounds of translation?
6

How is the translation of circRNAs regulated?
The functions of the proteins produced from
circRNAs remain unclear as well. One point to
note is that many circRNAs share the 50 part of
their potential ORFs with their linear counterparts, which would give them the potential to
encode proteins containing only the amino-terminal portion of the protein and to function as
dominant negatives.
Rigorous technical procedures will be required to dissect the mechanisms underlying
circRNA translation. For example, Pamudurti
et al. (2017) observed that circRNA plasmid reporter constructs tend to generate not only
circRNAs, but also linear concatemers that encode the same peptides. This makes it important
to test the true circularity of the RNA products
by using RNase R treatment. It is also essential to
include a test for internal initiation, such as a
bicistronic assay and/or in vitro circularized
RNA, instead of relying exclusively on the capindependency test (reviewed in Terenin et al.
2017). One must take into account the fact that
bicistronic assays are prone to artifacts that result from cryptic promoters or splicing events
that produce monocistronic capped mRNAs.
Lloyd and colleagues (Van Eden et al. 2004)
proposed a stringent test to assess the integrity
of bicistronic constructs (Fig. 2): RNAi against
the ﬁrst cistron is performed on cells transfected
with either the bicistronic construct or two corresponding monocistronic constructs. In the
ﬁrst case, the production of proteins from both
cistrons is expected to be equally reduced. In the
second case, the production of the protein produced from the ﬁrst cistron will be reduced, but
the second will remain unaffected. If the result
for a bicistronic construct lies somewhere in between (i.e., the product of the second cistron is
reduced, but less efﬁciently than that of the ﬁrst),
this probably means that some amount of
monocistronic, possibly capped, mRNA has
been produced from the second cistron. Given
the fact that tested circRNAs and the corresponding bicistronic reporters have generally
produced low amounts of protein, it is particularly important to control for the integrity of the
mRNAs that are analyzed. For the same reason,
assessing the ratios of two cistrons through
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Figure 2. Small interfering RNA (siRNA) test for the integrity of bicistronic reporters. (Top) Transcription gives

rise to a bicistronic mRNA (left) or to two monocistronic mRNAs (right), with the RNAi fates depicted. (Bottom)
Predicted results of luciferase assays. See text for details.

qPCR does not sufﬁce: even if capped monocistronic mRNA represents such a small percentage of bicistronic mRNA that it cannot be detected by qPCR (∼1%–2%), it could still be
responsible for most of the protein product.
ANNOTATION OF lncRNAs

Long noncoding RNAs (lncRNAs) are broadly
deﬁned as noncoding RNAs longer than 200 nt,
to distinguish them from transfer RNAs
(tRNAs), miRNAs, Piwi-interacting ( piRNAs),
and other classes of noncoding RNAs (reviewed
in Perry and Ulitsky 2016). lncRNAs are classiﬁed based on their location relative to proteincoding genes: most are encoded by intergenic
regions (termed lincRNAs for long intergenic,
or intervening, RNAs), but some overlap with
protein-coding genes. Although thousands of

loci in vertebrates produce lncRNAs, biological
functions have been ascribed to only a small
fraction of them. lncRNAs exhibit lower levels
of synthesis, processing, and stability than
mRNAs (Mukherjee et al. 2017). They also exhibit a lower level of conservation than proteincoding genes. For example, of ∼1000 lncRNAs
that are moderately to highly expressed in humans, only ∼300 are conserved outside mammals in other vertebrates (Hezroni et al. 2015).
Despite the popular belief that lncRNAs are primarily nuclear, recent studies showed that they
exhibit a variety of localization patterns, from
nuclear to almost exclusively cytoplasmic localization (Derrien et al. 2012; Djebali et al. 2012;
Cabili et al. 2015; Mukherjee et al. 2017). Thus,
analysis of 31 lncRNAs in three cell lines with
single-molecule RNA-FISH showed that ∼55%
of them were mostly nuclear, ∼40% exhibited
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both nuclear and cytoplasmic localization, and
∼5% were mostly cytoplasmic. Consistently,
analysis of RNAseq data showed that the nuclear/cytoplasmic ratio is moderately higher for
lncRNAs than for mRNAs (Derrien et al. 2012;
Djebali et al. 2012; Cabili et al. 2015; Mukherjee
et al. 2017). A number of lncRNAs have been
implicated in the regulation of cell proliferation,
apoptosis, response to stress, and other processes. Based on the mechanisms by which they
function, lncRNAs can be loosely divided into
three groups (reviewed in Perry and Ulitsky
2016). The ﬁrst group includes lncRNAs for
which only the fact of transcription itself is important, for example, through modiﬁcation of
chromatin in the locus. The second group comprises cis-acting lncRNAs that accomplish their
functions by attracting trans-acting factors to the
chromatin locus, thereby modulating transcription. The third group, trans-acting lncRNAs,
function independently of their transcription
sites by recruiting other RNAs or RBPs. Some
of these lncRNAs play a role in the regulation of
mRNA translation and stability. We discuss this
group in more detail below.
REGULATORY ROLES OF lncRNAs
IN TRANSLATION

Some lncRNAs sequester and modulate the activity of RBPs and thus affect translation and
stability of the mRNAs that these proteins target
(Fig. 3). For example, recent studies (Lee et al.
2016; Tichon et al. 2016) showed that the
lncRNA NORAD (noncoding RNA activated
by DNA damage) harbors 17 binding sites for
the mammalian PUF family proteins Pumilio1
and Pumilio2. PUF family proteins are conserved
from yeast to animals and plants, in which they
deadenylate and repress the translation of their
target mRNAs (reviewed in Miller and Olivas
2011). Because Pumilio targets are enriched in
genes involved in chromosome segregation, the
sequestration of Pumilio by NORAD plays an
important role in maintaining genomic stability.
The importance of a precise regulation of Pumilio levels can be gleaned from observations
that Pumilio1 haploinsufﬁciency leads to neurodegeneration in mice (Gennarino et al. 2015).
8

Carrieri et al. (2012) have described a mechanism by which antisense lncRNA can activate
translation. Antisense Uchl1 is a neuron-speciﬁc
lncRNA transcribed from the opposite strand of
the protein-coding gene Uchl1. UCHL1 protein
is a deubiquitinating enzyme whose loss leads to
ataxia and axonal degeneration (Saigoh et al.
1999). Antisense Uchl1 regulates protein synthesis through the combined activities of two
domains: the 50 antisense region provides speciﬁcity through its complementarity to the sense
mRNA, and a SINEB2 repeat confers translational activation via an unknown mechanism.
The localization of antisense Uchl1 to the cytoplasm is controlled by signaling pathways such
as mammalian target of rapamycin (mTOR)
(Carrieri et al. 2012). The authors suggest that
antisense Uchl1 belongs to a new functional
class of antisense lncRNAs that act via similar
mechanisms involving SINEB2 repeats (Fig. 3).
lncRNAs have also been reported to function as trans-acting factors in Staufen-mediated
mRNA decay (SMD) (Gong and Maquat 2011).
SMD degrades translationally active mRNAs
bound by the dsRNA-binding protein Staufen.
Staufen-binding sites can be formed through
imperfect base-pairing between an Alu element
in the 30 UTR of the target mRNA and an Alu
element in a lncRNA. For example, the Alu elements within SERPINE1 and FLJ21870 30 UTRs
have the potential to base-pair with the lncRNA
AF087999 (designated as 1/2-sbsRNA). This
ﬁnding shows another functional strategy employed by lncRNAs in modulating mRNA
metabolism by helping to recruit speciﬁc RBPs
(Fig. 3).
TRANSLATION OF lncRNAs

By deﬁnition, noncoding RNAs lack conserved
protein-coding reading frames. Yet, a number of
recent studies have reported the translation of
RNAs formerly annotated as noncoding (Guttman et al. 2013; Slavoff et al. 2013; Ingolia et al.
2014; Prabakaran et al. 2014; Mackowiak et al.
2015; D’Lima et al. 2017; for reviews, see
Andrews and Rothnagel 2014; Saghatelian and
Couso 2015). Several approaches have been used
to ﬁnd RNAs with coding potential among
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Stau-mediated decay

Stau
PUM

RBP sponge/transporter
(NORAD)

Recruitment of RBPs to mRNA
(1/2-sbsRNA)

sORF
mRNA binding
(antisense Uchl1)

Encoding micropeptides
(misannotated protein-coding genes
or lncRNAs with regulatory ORFs)

Figure 3. Scheme illustrating regulatory roles of long noncoding RNAs (lncRNAs) in translation. lncRNAs act in

sequestering messenger RNA (mRNA)-binding proteins (RBPs), facilitating recruitment of RBPs to mRNAs, or
interacting with mRNAs directly. A number of annotated lncRNAs encode micropeptides and thus represent
bona ﬁde protein-coding genes. See text for more details. sORF, Short ORF.

sequences previously assumed to be noncoding: (1) a computational search for translatable
ORFs and evolutionary conservation analysis;
(2) ribosome proﬁling that uses ﬁlters to detect
known hallmarks of translation; and (3) mass
spectrometry to identify peptides encoded by
ORFs that are found exclusively in RNAs that
have been annotated as noncoding.
sORFs IN ANNOTATED NONCODING
TRANSCRIPTS

An ORF is deﬁned as a continuous stretch of inframe sense codons that begins with a start codon and ends with a stop codon. However, not
all ORFs are translated and deﬁning the parameters that distinguish those that are translated
from those that are not has been challenging.
Historically, protein-coding genes were discovered using strategies that assumed that true
ORFs would be relatively long, usually >100 codons (Claverie 1997). Such strategies were based
on the assumptions that (1) shorter ORFs can
occur through random processes, and (2) peptides with fewer than 100 amino acids are
unlikely to form structures stable enough to per-

form biological functions. A more recent algorithm, PhyloCSF, is based on conservation and
broadens the size range used to predict coding
ORFs (Lin et al. 2011; Bazzini et al. 2014). This
ﬁts with an increasing body of evidence demonstrating that short ORFs (sORFs) can be translated to produce proteins with important biological functions (reviewed in Andrews and
Rothnagel 2014; Saghatelian and Couso 2015).
Such ﬁndings have motivated recent studies
to search for sORFs among RNAs that have long
been annotated as noncoding. An analysis of
intergenic regions has identiﬁed ∼41,000 sORFs
in mice (Frith et al. 2006) and between 7159
(Hanada et al. 2007) and 33,809 (Lease and
Walker 2006) in Arabidopsis. Taking into account additional parameters, such as evolutionary conservation and a sequence’s location in
transcribed regions, led to predictions that
∼5% of these sORFs might be translated (Hanada et al. 2007). Recent work (Mackowiak et al.
2015) offered an integrated computational pipeline for the identiﬁcation of conserved sORFs in
human, mouse, zebraﬁsh, Drosophila, and Caenorhabditis elegans. By ﬁltering potential amino
acid sequences for conservation, the authors
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identiﬁed ∼2000 sORFs in mRNA 30 and
50 UTRs and in RNAs that had been annotated
as noncoding. Cross-checking this prediction
with experimental ribosome proﬁling data has
offered evidence in support of translation for
110 sORFs, and peptidomic evidence has been
found for 74 sORFs, 36 of which were mapped
to sequences annotated as lncRNAs. Interestingly, the peptides they encode are enriched in
disordered regions and short linear interaction
motifs that match motifs from the ELM (eukaryotic linear motifs) database (Dinkel et al. 2016).
EVIDENCE FROM RIBOSOMAL PROFILING

The computational prediction of ORFs is a powerful technique that is most efﬁcient for conserved ORFs under selective pressure to preserve
a speciﬁc amino acid sequence that results in a
functional protein. However, this approach fails
to detect species-speciﬁc and very short ORFs.
Translation could play a regulatory role by modulating RNA stability, for example, in which case
no selective pressure on the protein sequence is
expected. Therefore, ribosome proﬁling, a technique that identiﬁes ribosome-protected RNA
fragments (Ingolia et al. 2009), has been used
to map ORFs that are translated within RNAs
that have been annotated as noncoding. The ﬁrst
studies showed that ribosome occupancy per se
is not sufﬁcient to deﬁne translated RNAs. For
nearly half of the lncRNAs, the density of ribosome footprints was similar to known proteincoding transcripts (Ingolia et al. 2011). To distinguish between ribosome proﬁling reads that
reﬂect bona ﬁde translation from the background signal, a number of additional criteria
were suggested. One approach was based on the
fact that ribosomes generally dissociate from
mRNA at the end of the coding sequence after
translation. Guttman et al. (2013) introduced a
ribosome release score (RRS), deﬁned as the ratio between the number of reads within the putative ORF and those within the 30 UTR. For
lncRNAs, this produced a median RRS ∼100
times lower than for known protein-coding
RNAs, suggesting that lncRNAs are not translated. An important parameter in separating the
true ribosome footprints and background reads
10

resulting from secondary structures and nonribosomal RNPs is the observation that ribosomeprotected RNA fragments have a characteristic
length of 28–30 nt (Ingolia et al. 2014). To account for this, Ingolia et al. (2014) introduced a
fragment length organization similarity score
(FLOSS), which reﬂects how well the lengths of
fragments that are detected agree with true 80S
ribosome footprints. Several studies further
pointed to the 3-nt periodicity of ribosome proﬁling reads, reﬂecting the codon-by-codon
movement of ribosomes along mRNA during
translation (Michel et al. 2012; Bazzini et al.
2014; Duncan and Mata 2014). This property
led Calviello et al. (2016) to develop RiboTaper,
a computational tool intended to identify translated ORFs with a high degree of conﬁdence.
RiboTaper drew on HEK293 cell ribosome proﬁling data to identify ORFs in 504 noncoding
genes, including pseudogenes, antisense, and
lncRNAs. Interestingly, these ORFs were generally nonconserved, suggesting that their translation might be playing a regulatory role rather
than resulting in the production of stable functional proteins.
PROTEOMIC EVIDENCE AND THE
FUNCTIONALITY OF MICROPEPTIDES

Proof that a given ORF is indeed translated is the
detection of the corresponding peptides through
mass spectrometry. Banfai et al. (2012) analyzed
two data sets produced by the Encyclopedia of
DNA elements (ENCODE) project involving
tandem mass spectrometry (MS/MS) and RNAseq data for the cell lines K562 and GM12878.
The authors detected matching peptides for 69
lncRNAs, amounting to ∼8% of annotated
lncRNAs, concluding that most of the cases represented protein-coding genes that had been incorrectly annotated as noncoding. Slavoff et al.
(2013) performed peptidomic analysis to detect
products of sORFs in human cells. A small fraction of the peptides that were detected matched
annotated lincRNAs (8 of 1866). A study by
Prabakaran et al. (2014) compared transcriptomic and proteomic data from mouse cortical
neurons. This analysis identiﬁed 250 unique
peptides that mapped to regions that had been
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annotated as noncoding, including UTRs of
known protein-coding genes, pseudogenes, introns, antisense RNAs, and intergenic regions.
Of 25 peptides that mapped to intergenic regions, three were also found in the ribosomal
proﬁling data of Ingolia et al. (2011). It should
be noted that proteomic approaches are generally less sensitive than transcriptomic because of
the PCR-based ampliﬁcation step in RNAseq
protocols. Indeed, even for known protein-coding transcripts, proteomic evidence is normally
obtained for only 25%–30% of the transcripts
typically detected by RNAseq-based methods.
Extrapolating from this observation, the real
number of proteins that originate from annotated noncoding RNAs can be expected to be 3–4
times higher than currently conﬁrmed by proteomics studies.
Importantly, some proteins that originated
from intergenic regions and RNAs annotated as
noncoding were reported to have biological
functions. Hanada et al. (2013) overexpressed
473 coding intergenic sORFs in Arabidopsis, of
which 49 produced visible phenotypes, suggesting that the peptides played some role in
plant development. A clear functional example
comes from the peptide produced by four tandem sORFs within the Drosophila tarsal-less
(tal) lncRNA (Galindo et al. 2007; Kondo et al.
2007, 2010). Mutations that disrupt the translation of these sORFs lead to an embryonic lethal
phenotype similar to mutations in the transcription factor Ovo/Svb (Kondo et al. 2007, 2010).
Tal peptides trigger the amino-terminal truncation of the Ovo protein, which converts it from a
repressor to an activator. Interestingly, homologs of tal have been found in insect species
but not in vertebrates (Li et al. 2002). These
functional data have led to a recent reclassiﬁcation of tal as a polycistronic mRNA.
The study of Magny et al. (2013) described
two peptides, sarcolamban A and B, that are encoded by the putative Drosophila noncoding
RNA pncr003:2L. These peptides are conserved
from ﬂies to humans and function as regulators
of calcium transport and cardiac muscle contraction. Myoregulin (MLN) and dwarf open reading frame (DWORF) are recently discovered
micropeptides encoded by annotated lncRNAs

that have turned out to be important for muscle
function (Anderson et al. 2015; Nelson et al.
2016). Muscle contraction and relaxation depend on the release of Ca2+ from the sarcoplasmic reticulum (SR) and its reuptake by the
membrane pump SERCA. MLN functions as a
SERCA inhibitor, together with homologous
proteins phospholamban (PLN) and sarcolipin
(SLN). DWORF, on the other hand, enhances
SERCA activity by displacing SERCA inhibitors.
Mice lacking MLN show improved performance
in exercise, and the deletion of DWORF leads to
delays in Ca2+ clearance and relaxation.
D’Lima et al. (2017) used proteomics approaches to identify a small protein they called
NoBody, for nonannotated P-body dissociating
polypeptide. NoBody is encoded by LINC01420/
LOC550643 RNA and is speciﬁc to mammals.
The protein localizes to P bodies and interacts
with components of the decapping machinery.
Its overexpression resulted in the dissolution of
P bodies, suggesting that NoBody has a function
in the regulation of mRNA metabolism.
Curiously, mitochondrial 12S rRNA was
also reported to contain a functional sORF encoding a 16-amino-acid peptide MOTS-c (mitochondrial ORF of the 12S rRNA-c) (Lee et al.
2015). MOTS-c inhibits the folate cycle primarily in skeletal muscles, thereby regulating insulin
sensitivity and metabolic homeostasis.
To summarize, annotated lncRNAs can be
divided into three groups based on their status
with regard to translation: (1) actual lncRNAs
that do not encode proteins; (2) lncRNAs with
conserved sORFs that are protein-coding genes
misannotated as lncRNAs because the proteins
they encode are shorter than the limit of 100
amino acids used as a benchmark; and (3)
lncRNAs with nonconserved sORFs. The question of functions is most interesting and controversial for the last group. A minor but important
proportion of such nonconserved sORFs encode
functional micropeptides, but the lack of conservation suggests that for most of them their translation is likely to play a regulatory rather than
coding role, for example by modulating RNA
stability and/or localization. Smith et al. (2014)
showed that translation of sORFs from annotated lncRNAs in yeast targets them for nonsense-
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mediated RNA decay (reviewed in Karousis and
Mühlemann 2018). Such sORFs could also represent intermediate steps in de novo protein evolution (Carvunis et al. 2012; Ruiz-Orera et al.
2014), and it is certainly possible that some
lncRNAs with nonconserved sORFs play the
dual role of encoding functional peptides and
regulating the fates of other RNAs.
CONCLUSIONS AND FUTURE PROSPECTS

In conclusion, there is solid evidence that some
lncRNAs and circRNAs play regulatory roles in
translation. Such functions involve interactions
with trans-acting translational regulators, such
as RBPs and miRNAs. These interactions can
have diverse consequences for the sequestration,
storage, or intracellular localization of trans-acting factors. Moreover, lncRNAs can directly interact with mRNAs and regulate their fates by
recruiting speciﬁc RBPs. More regulatory mechanisms undoubtedly remain to be discovered.
Besides playing regulatory roles in translation, some circRNAs are translated in vivo, but
future work is needed to test whether the products of this translation are functionally important. As circRNAs lack a cap and poly(A) tail,
they may have adapted to undergo translation
in special situations when cap-dependent translation is inhibited. In the future, it will be important to intensifyefforts toward understanding the
mechanisms that govern circRNA translation.
The translation of sORFs has also been reported
for a number of RNAs annotated as lncRNAs.
Some represent missannotations of protein-coding genes that undergo corrections when corresponding peptides are found but the generally
low conservation of lncRNA sORFs makes it
likely that their translation plays more of a regulatory role. Further work is needed to understand
the signiﬁcance of this process. Clearly, the future will see the identiﬁcation of novel interaction partners for circRNAs and lncRNAs and
increasing clarity in deﬁning their functions.
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