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Abstract

Regulatory non-coding RNAs (ncRNAs) including small non-coding RNAs (sRNAs),
long non-coding RNAs (IncRNAs), and circular RNAs (circRNAs) have gained con-
siderable attention in the last few years. This is mainly due to their condition- and
tissue-specific expression and their various modes of action, which suggests them
as promising biomarkers and therapeutic targets. One important mechanism of ncR-
NAs to regulate gene expression is through translation of short open reading frames
(sORFs). These sORFs can be located in IncRNAs, in non-translated regions of mRNAs
where upstream ORFs (UORFs) represent the majority, or in circRNAs. Regulation of
their translation can function as a quick way to adapt protein production to chang-
ing cellular or environmental cues, and can either depend solely on the initiation and
elongation of translation, or on the roles of the produced functional peptides. Due to
the experimental challenges to pinpoint translation events and to detect the produced
peptides, translational regulation through regulatory RNAs is not well studied yet. In
the case of circRNAs, they have only recently started to be recognized as regulatory
molecules instead of mere artifacts of RNA biosynthesis. Of the many roles described
for regulatory ncRNAs, we will focus here on their regulation during inflammation and

in immunity.
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1 | INTRODUCTION

Transcription in eukaryotes comprises a major non-protein-coding
component. The human GENCODE genome assembly version
38 annotates a total number of 60,649 genes. These are com-
prised of 19,955 (32.9%) protein-coding genes, 17,944 (29.6%) long
non-coding RNA (IncRNA) genes, 7567 (12.5%) small non-coding
RNA (sRNA) genes, 14,773 (24.4%) pseudogenes, and 645 (1.1%)
immunoglobulin/T-cell receptor gene segments. The total num-
ber of annotated transcripts is 237,012, of which 86,757 (36.6%)
are protein-coding transcripts and 48,752 (20.6%) are IncRNA loci
transcripts® (Figure 1). The annotation of the human genome is con-
stantly refined and expanded. While genomic regions that are anno-
tated constitute only a small proportion of the total genome, it was
found that around 75% of the genome is actually transcribed, and
62% of the genome is transcribed resulting in transcripts that are
5'-capped and 3'-polyadenylated.?

ncRNA genes encode housekeeping RNAs including transfer
RNAs (tRNAs), ribosomal RNAs (rRNAs), small nuclear RNAs (sn-
RNAs), small nucleolar RNAs (snoRNAs), and regulatory ncRNAs.
Regulatory ncRNAs comprise sRNAs that are processed from longer
precursors and IncRNAs that are typically longer than 200 nucleo-
tides and function without major processing. Of the annotated long
protein-coding and non-coding RNAs, around 6% are probably pre-
cursors of sSRNAs, as part of their sequences were found to overlap
with the sequences of sSRNAs that comprise micro RNAs (miRNAs),
small interfering RNAs (siRNAs), and Piwi-interacting RNAs (piR-
NAs). These sRNAs are mostly found in introns, yet exons from In-
cRNAs often seem to harbor snoRNAs.2 The separation of ncRNAs
into housekeeping and regulatory RNAs is being challenged as more
and more noncanonical functions of either group are discovered.®~

In addition, fragments derived from ncRNAs such as tRNAs and
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snoRNAs are conserved between species and involved in the regu-
lation of gene expression, which adds another layer of complexity to
the modulation of cellular processes.3’5'7

INcRNAs can be transcribed from both strands from intergenic
regions (long intergenic ncRNAs), from introns of protein-coding
genes (long intronic ncRNAs), or from the antisense strand of
protein-coding genes in the case of natural antisense transcripts
(NATs).2 The term IncRNA was initially used to only describe RNAs
that were transcribed by RNA polymerase I, are 5'-capped and
3'-polyadenylated, and lack known coding capacity or a long open
reading frame (ORF).” By now, the term ncRNAs is mostly used to
describe RNAs without known protein-coding capacity, meaning
that they do not contain ORFs starting with an AUG start codon that
code for more than 100 amino acids.'® The restriction that unknown
ORFs needed to code for more than 100 amino acids was required in
automated annotation procedures, which else would have resulted
in the annotation of many spurious protein-coding genes. This defi-
nition will evidently lead to the under-annotation of the coding ca-
pacity of shorter ORFs or of ORFs with an alternative start codon.

Regulatory ncRNAs are often expressed in response to external
cues, during differentiation or in specific stages of development. Their
differential expression can modulate transcription or translation of
other genes or interfere directly with signaling pathways. IncRNAs
can function as target mimics, induce alternative splicing, regulate
transcription, modulate chromatin function for example through
RNA-dependent DNA methylation, regulate nuclear bodies, alter the
stability of mMRNAs or act as scaffolds, and more functions and modes
of action continue to get discovered.*?**7 |nterestingly, INcRNAs
play important roles in inflammatory pathways and in immune reac-
tions in general.*® An important factor in determining the function
of ncRNAs is their subcellular localization. While ncRNAs localized to

the nucleus can modulate epigenetic modifications and transcription,
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annotated genome and transcriptome,
respectively. Transcripts such as pre-
mRNAs or IncRNAs can further be
processed by backsplicing, resulting in
the generation of circRNAs. The short
non-coding RNAs miRNA, siRNA, piRNA,
sno-derived RNA (sdRNA), and tRNA-
processing derived fragment (tRF) are cleaved from

longer transcripts

d ‘L “TTOT “S66686€1

:sdny wouy papeoy

1pu0D) pue Swid I ay1 29§ “[£70Z/60/02] U0 Areaqry auuQ A1 ‘Bngs3ny [qIqsIeNsIoAIuN Aq pETSTITIE/TT 11 01/10p/wod Kofim A

isdy)

10)/wi00"A3IM A,

P

AsuLOI'T suowo)) dANea1) a[qearjdde oy £q pauroAos are so[onIe YO (asn Jo AN 10§ AIRIQIT SUI[UQ) AS[IA\ UO (SUODIP



DELLA BELLAET AL.

Wi LEYM

alter splicing or modify RNA, cytoplasmic ncRNAs are rather involved
in the regulation of RNA stability and translation.*>?° Further spa-
tial compartmentalization can contribute to the regulation of these
processes.21 Quantifying the expression of protein-coding and In-
cRNA genes, it was found that transcripts of protein-coding genes
were present in more copies per cell than transcripts of IncRNAs,
respectively. As 29% of all expressed polyadenylated ncRNAs
were identified in only one of the studied cell lines, the lower copy
numbers are probably the result of a specific expression pattern of
ncRNAs.? Corresponding with this, it was found that gene expres-
sion is complementary between IncRNAs that are often expressed in
a tissue-specific manner or not at all, and protein-coding RNAs that
are generally ubiquitously expressed.?? IncRNAs therefore consti-
tute an important class of regulatory molecules, and their tissue- and
condition-specific expression points to specialized functions, which
makes them interesting biomarker candidates or treatment targets.*
Their identification and the characterization of their different modes
of action have therefore gained a lot of attention. Despite their an-
notation as non-coding, regulatory RNAs have the propensity to be
associated with ribosomes at sORFs located in their sequences, and
translational control is a not widely known way to foster their func-
tion. Therefore, we will focus here on the translation of short open
reading frames (sORFs) in IncRNAs and of upstream ORFs (UORFs)
in non-coding regions of messenger RNAs (mMRNAs), on the role of
sORF and uORF translation in inflammation and immunity, and on the

biogenesis and function of circular RNAs (circRNAs).

2 | sORFS, THE HIDDEN CODING
POTENTIAL IN IncRNAs

As IncRNAs were often annotated as non-coding if they do not con-
tain AUG start codon ORFs coding for more than 100 amino acids,
some IncRNAs can still harbor peptide-coding ORFs. Sequencing
ribosome-associated RNAs in murine macrophages revealed that
about 10% were annotated as non-coding, and that more than half
of the ncRNAs that showed similar features as translated protein-
coding RNAs used the noncanonical start codons CUG, UUG, or
GUG.2 In addition, a few examples of sORFs have already been
known to be translated into peptides or to have a regulatory func-
tion in the 5" untranslated region (UTR).1%2% With the establishment
of ribosome profiling (RP), it became possible to directly determine
the RNA regions that actually get translated, and to analyze different
aspects of translation.?”"28 In RP, the RNA stretches that are located
inside elongating ribosomes are protected from RNase treatment in
the cell extract, and the ribosome-protected fragments (RPF) are
afterward isolated and sequenced.?’*° Recently, the establishment
of single-cell RP has expanded the toolkit for research of transla-
tion even further, making it possible to distinguish between cell
state-specific translation events.3! These technical advances led to
the identification of actively translated sORFs in IncRNAs includ-
ing NATs and circRNAs of which some started with non-AUG start
codons, as well as of translation of ORFs in 3'UTRs and 5'UTRs of

MRNAs.142%32-35 For some of the sORF peptides, the in vivo accu-
mulation could be confirmed with the use of mass spectrometry,**
and with systematic CRISPR-based screening that can precisely dis-
rupt protein-coding regions, the functional roles of sORF-encoded
peptides could be validated on a larger scale.®® While more and more
IncRNAs with coding potential and translated sORFs are discovered
and shown to be differentially translated under specific conditions,
more examples of sORF peptides that are involved in various cel-
lular functions are found.3*"*2 Their mode of action includes the
regulation of larger proteins or protein complexes, while some are
secreted and act as signal peptides®”3%43-4> (Figure 2). However, in
some cases, the mere association of ribosomes with sORFs in IncR-
NAs or mRNAs is sufficient to have a biological impact, for example
as explained below in more detail through the regulation of transla-
tion initiation efficiency at the start codon of the main ORF (mORF)

or of transcript stability through ribosome stalling (Figure 3) (Box 1).
2.1 | The role of sORF translation in
inflammation and immunity

While a comprehensive picture of the regulatory role of sORF pep-
tides in the immune system is still missing, some interesting cases

FIGURE 2 sORF-encoded peptides (in red) can regulate cellular
behavior in various ways. (A) sORF-encoded peptides can localize
to different cellular compartments including mitochondria; an
example is Mm47, which plays a role in inflammasome activation.
(B) sORF-encoded peptides can bind to protein complexes and
affect their function; an example is miPEP155, which is associated
with a chaperone and thereby influences antigen presentation. (C)
The presentation of peptides on MHC receptors contributes to
cellular immunosurveillance. (D) sORF-encoded peptides can be
secreted and influence neighboring cells
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FIGURE 3 uORFs can regulate
translation of the mORF in various ways.
The presence of uORFs in the 5'UTR
mainly represses translation of the mORF.
(A) When translation initiation occurs on
the start codon of the uORF, translation
needs to be re-initiated at the mORF after
translation of the uORF is completed.

(B) In leaky scanning, the pre-initiation
complex does not initiate translation at
the start codon of the uORF, but keeps
scanning until it initiates translation at the
start codon of the mORF. (C) Translational
repression of the mORF can be regulated
through the expression of transcript
isoforms containing different numbers of
uORFs. (D) Ribosomes that are stalled on
UORFs during elongation or termination
of translation can lead to the induction

of NMD and degradation of the mRNA.
(E) The repressive properties of uUORFs
can change through internal or external
cues such as stress induced through viral
infection
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have already emerged (Figure 2). In murine macrophages, a SORF
peptide encoded in the IncRNA Aw112010 was identified, which
plays a proinflammatory role in the mucosa. Through mutations in
the RNA sequence that changed the RNA folding, but not the pep-
tide sequence, it could be shown that the actual translated peptide
promotes the defense response against Salmonella enterica and in-
creases the susceptibility to induce colitis.?®> Another murine pep-
tide that is connected to inflammatory responses of macrophages
is Mitochondrial micropeptide-47 (Mm47), which is translated from
the IncRNA 1819958124Rik and localized to mitochondria. Lower lev-
els of Mm47 were associated with lower levels of interleukin (IL)-18

and decreased NOD-, LRR-, and pyrin domain-containing protein 3
(NLRP3) inflammasome activation, which is closely connected to mi-
tochondrial function®® (Figure 2A). Several other sORF peptides in-
cluding mitochondrial elongation factor 1 microprotein (MIEF1-MP),
micropeptide regulator of g-oxidation (MOXI), and mitoregulin have
been identified in different contexts to play a role in mitochondrial
processes such as mitochondrial translation, fatty acid oxidation,
and mitochondrial supercomplex formation.®4748 Whether these
peptides are involved in immunologic processes is not known yet.
However, metabolic reprogramming through translational changes
is a central aspect of immune cell function.*?>* The MIR155HG
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BOX 1 Major milestone discoveries

e Gene expression regulation through changes in transla-
tion is a relatively rare, but important mode of action of
ncRNAs

e Translation of some sORFs and uORFs results in the
production of functional peptides of which some were
shown to accumulate in vivo

e Translational regulation plays an important role in
fine-tuning gene expression during inflammation or in
immunity

e CircRNAs are regulatory ncRNAs rather than mere bio-
synthesis artifacts

e The special properties of circRNAs make them promising

candidates for RNA-based therapeutic strategies

transcript and the miRNA that is processed from this transcript
have known functions in inflammatory diseases and cancer.’>%® In
addition, the 17 amino acid peptide termed miPEP155 that is en-
coded by the transcript MIR155HG was recently described to be in-
volved in antigen presentation in human and murine dendritic cells
(DCs) in an anti-inflammatory context. Through the interaction of
miPEP155 with Heat shock cognate protein 70 (HSC70) that is re-
quired for antigen presentation, the HSC70-Heat shock protein 90
(HSP90) machinery is disrupted and antigen presentation on major
histocompatibility complex (MHC) class Il molecules is modulated®*
(Figure 2B). The discovery of the translated peptide adds another
layer of regulatory function to this multifunctional IncRNA (Box 1).
RP experiments in murine DCs identified several new translated
sORF and uORF peptides on ncRNA, which mirrored the known
early, intermediate, and late response to stimulation with lipo-
polysaccharide (LPS).>®> The detected translated peptides included
Solute carrier 35a4 (SLC35a4), MIEF1-MP and a 68 amino acid pep-
tide, which was later shown to be involved in RNA decapping and
called Nobody.>>>¢ Interestingly, another sORF peptide is encoded
in the same transcript as Nobody. However, this peptide does not
get translated in DCs, but has been associated with T helper 2 (Th2)
differentiation and aggravation of allergic airway inflammation in a
murine model system.>” As RP studies on immune cells such as T or B
cells have so far not aimed at the detection of unconventional trans-
lation events, >8¢! the question of the involvement of SORF peptides

in adaptive immunity still remains largely unanswered (Box 2).

3 | uORFs AS CELLULAR TOOLS FOR THE
FINE ADJUSTMENT OF GENE EXPRESSION

Computational sequence analyses have revealed that uORFs are
present in the 5’UTRs of about 50% of human transcripts.62 This
finding has been validated with results from RP experiments with
which upstream translation initiation sites (uTISs) were identified in

BOX 2 Future research perspectives

e Due to the environment- and tissue-specific expression
pattern of regulatory ncRNAs, their number is expected
to increase in future studies

e The characterization of the functional roles and location
of sSORF and cpuORF peptides promises to be an inter-
esting avenue of research

e Owing also to the recent inclusion of RNA vaccines into
the clinical practice, further studies on circRNA immu-
nogenicity and translation are highly indicated

more than 50% of human transcripts. Interestingly, the majority of
translation at uTISs initiated at a near-cognate start codons differing
in one base from the AUG start codon.®® As UORFs can function as
response elements that rapidly adapt protein production to altered
environmental conditions through translational regulation, their
properties and mode of action have attracted quite some research

interest (Figure 3) (Box 1).

3.1 | uORF mode of action

UORFs regulate the expression of the downstream mORF by dif-
ferent mechanisms. In most cases, the presence of uORFs inhibits
translation of the mORF under homeostatic conditions, as the pres-
ence of upstream start codons in general decreases the efficiency
of the rate-limiting initiation step at the mORF®?¢* (Figure 3A). In
translation initiation according to the scanning model, the small
40S ribosomal subunit is in a pre-initiation complex loaded with the
Eukaryotic initiation factor 2 (elF2)-GTP-initiator methionyl tRNA
(tRNAiMet) ternary complex, and it scans the 5’'UTR of the mRNA in
the 5’ to 3' direction until it encounters a start codon. Here, the scan-
ning is arrested and the GTP in the ternary complex is hydrolyzed,
which leads to the release of elF2-GDP and other initiation factors.
This allows the binding of the large 60S ribosomal subunit and the
formation of the 80S ribosome that can now start peptide elonga-
tion.®® For translation of the mORF in the presence of uORFs, the ri-
bosome either has to re-initiate translation at the start codon of the
mOREF or to bypass the uORF via leaky scanning of the transcript®>¢®
(Figure 3A,B). The efficiency of these processes depends on differ-
ent factors such as the sequence context of the uORF and mORF
start codons, that is, the presence of a favorable Kozak consensus
sequence,67 the presence of cognate or near-cognate start codons,
uORF termination efficiency, intercistronic distance, availability of
initiation factors, mRNA secondary structure and sequence, and
in some cases the peptide sequence encoded by the uORF.}6:¢4¢8
Adding to the complexity of uUORF-mediated translation control, cer-
tain arrangements or structural features of these factors can lead to
enhanced instead of repressed translation. One way of dynamically
modulating mORF translation efficiency is therefore to vary these
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features through the creation of transcript variants, for example, by
changing the number of uORFs through alternative splicing or al-
ternative promoter usage“’ (Figure 3C). Accordingly, many of these
properties are under pressure of negative selection and are often
conserved between different species.®®¢?

Another mode of action of translational repression by uORFs is
through stalling of ribosomes. Ribosome stalling of the elongating
or terminating ribosome is associated with mRNA secondary struc-
tures, interactions with trans-acting factors or the nascent peptide,
and usage of nonsense codons. Ribosomes stalled in translating
UORFs both inhibit progression of the ribosomes to the mORF and
induce nonsense-mediated decay (NMD). NMD is a cellular surveil-
lance pathway that degrades translationally abnormal RNA, which
includes mRNAs that prematurely terminate translation. As the
UOREF stop codon can be recognized as a premature termination sig-
nal when ribosomes stall at the uORF stop codon, the mRNA can be
subjected to degradation leading to reduced translation efficiency of
the mORF*¢%¢ (Figure 3D).

While the function of most uORFs is sequence-independent,
meaning that the amino acid sequence encoded by the uORFs is not
important for their regulatory function, a small fraction of uORFs
relies on the encoded peptide sequence. For the sequence-specific
uORFs, the encoded peptide sequences have been conserved in
evolution and have therefore been named conserved peptide uORFs
(cpuORFs).Y In humans, around 1.7% of UORFs were initially found
to be cpuORFs with likely conservation at the amino acid level.®® By
using a novel pipeline to detect cpuORFs conserved in evolution-
ary divergent animal genomes, additional cpuORFs encoded in the
human genome could be identified of which several were confirmed
to repress mORF translation in a peptide sequence-dependent man-
ner.”® Interestingly, for those uORF peptides for which we found evi-
dence for in vivo accumulation by mass spectrometry in Arabidopsis,
70.8% had a homologous uORF peptide sequence in other species.14
As mass spectrometry has a bias for the identification of more abun-
dant peptides or proteins and usually follows experimental proce-
dures that will de-enrich small proteins, the identification of uUORF
peptides is a sign of their pronounced accumulation. This might
indicate that sequence-specific cpuORF peptides have longer half-
lives than sequence-independent uORF peptides, which might be
linked to their functional roles (Box 1). In general, the function of
the cpuORF peptides is not necessarily connected to the functions
of the proteins encoded by the respective mORFs.%37%72 The func-
tional roles of cpuORF peptides therefore remain largely unknown

and may hold interesting surprises (Box 2).

3.2 | uORF translational control in
inflammation and immune response pathways

During the differentiation of monocytes into macrophages, leukocyte-
specific transcript 1 (LST1) protein levels are upregulated. Protein up-

regulation is at least partly controlled through differential splicing, as

the amount of LST1 transcripts containing exon 1C is increased, while
the transcript variant including exon 1B, which contains a long repres-
sive UORF, displayed only a moderate increase.”® Similarly, the 5’"UTR
of the TNF alpha-induced protein 2 (TNFAIP2) mRNA contains multi-
ple uORFs that inhibit translation of the mORF in monocytes. uUORF-
mediated repression of translation is relieved in mature macrophages,
leading to increased TNFAIP2 protein expression’* (Figure 3C).
Further examples of proteins whose expression or function is transla-
tionally modulated through the presence of uORFs in the context of
inflammation and immunity include signaling lymphocytic activation
molecule family member 1 (SLAMF1) (CD150), CD36, suppressor of
cytokine signaling 1 (SOCS1),”>””7 and mitochondrial antiviral signaling
(MAVS). MAVS is involved in the retinoic acid-inducible gene | (RIG-
I)/melanoma differentiation-associated protein 5 (MDA5)-dependent
sensing of viral nucleic acids in the cytoplasm. Under homeostatic
conditions, UORFs in the MAVS mRNA initiate leaky scanning of the
full-length MAVS start codon of ORF1. By working together to inhibit
translation of the MAVS mORF, three uORFs control production of
either the full-length MAVS from ORF1 or the truncated version from
downstream ORF2. They thereby maintain immune homeostasis
through prevention of MAVS spontaneous aggregation and stimula-
tion of Interferon (IFN)-g production’® (Figure 3B).

Responses to cellular stress such as viral infections lead to phos-
phorylation of Eukaryotic initiation factor 2 (elF2a), which causes
inhibition of global translation. However, increased elF2a phos-
phorylation can also lead to preferential translation of transcripts
involved in the stress response by mechanisms involving UORFs.”?
One well-characterized example is the transcription factor activating
transcription factor 4 (ATF4) whose translation is regulated by two
UuORFs of which one overlaps with the mORF. Under homeostatic
conditions, translation of the ATF4 transcript is inhibited, as the first
and the second UORF get translated through the quick acquisition
of the necessary initiation factors, which enable re-initiation at the
start codon of the second uORF. This inhibits initiation of transla-
tion at the start codon of the overlapping mORF. Upon cell stress,
ribosome re-initiation at the start codon of the second uORF is less
efficient due to reduced availability of functional ternary complex
caused by the phosphorylation of elF2a. The reduced re-initiation
at the start codon of the second uORF increases the probability of
leaky scanning, and thereby promotes re-initiation at the start codon
of the mORF of ATF4 instead®%8! (Figure 3E).

In a systematic study investigating mutations in the UTR that af-
fect uORF start or stop codons or uORF peptide sequences, a set
of single nucleotide variants (SNVs) in 296 genes that were associ-
ated with human diseases was identified. These include the previ-
ously characterized UTR variants of IFN regulatory factor 6 (IRF6) and
Neurofibromin (NF1).82 In addition, expression of Alpha-1-antitrypsin
(SERPINA1) that is involved in inflammatory conditions is associated
with the transcription of isoforms that differ in their 5’'UTRs includ-
ing the presence of uORFs.8% The properties of uORFs to regulate
and fine-tune the expression of specific genes therefore play an im-

portant role in health and disease (Box 1).
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4 | circRNAs ACT ON SEVERAL LEVELS IN
THE CONTROL OF GENE TRANSCRIPTION
AND TRANSLATION

circRNAs are circular single-stranded RNA molecules created by
covalently joining the 5’ and 3’ free ends of a linear transcript®
(Figure 4A). The existence of circular forms of RNA has been long ac-
knowledged however, they were considered to be biosynthesis arti-
facts or splicing by-products with no or little biological effect. Owing
also to the advent of next generation sequencing techniques, circR-
NAs have been finally recognized as a common feature in eukaryotes,

revealing a distinct biogenesis and diverse cellular functions.®>-%”

4.1 | circRNA biogenesis and regulation
circRNAs can be generated from the circularization of several pre-

cursors, including pre-mRNA, housekeeping RNA, and regulatory

RNA.28 The mechanism of circularization is usually referred to as

extracellular space

(D) N

exon a

intron

©

anti-inflammatory pro-inflammatory
effect effect

translation

backsplicing, with two main models being proposed: the direct back-
splicing and the lariat models, which differ in the order of occurrence
of the splicing event.®® Several signals and factors, both in cis and
in trans, are involved in circRNA biogenesis,89 and the presence of
long flanking introns and repetitive elements was shown to strongly
favor RNA circularization.”®?2 Both main backsplicing models could
explain how expression of the linear counterpart is regulated, and
there is evidence of both co-regulation and competition between
linear and circRNA biogenesis.”94

Several RNA-binding proteins (RBPs) have been demonstrated
to regulate the biogenesis of circRNAs.”>?>%% Of note, the splice
factor encoded by the Nudix hydrolase 21 (NUDT21) gene is one of
the earliest factors intervening in the 3' end maturation and polya-
denylation of pre-mRNAs. Its reduction in hepatocellular carcinoma
was associated with overall lower circRNA levels,”’ suggesting an
important role in circRNA biogenesis in close association with ca-
nonical pre-mRNA processing. Other RBPs have also been associ-
ated with specific circRNAs, which are linked with a role in various
disease (Table 1).

7
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FIGURE 4 circRNA functions in inflammation and immunity. (A) The schematic drawing depicts the simplified structure of an eukaryotic
circRNA, which may contain different combinations of exons and introns. In humans, RNA modifications such as méA and the presence of
introns are key to avoid the development of an immune response against circular RNA structures. (B) Endogenous circRNAs can participate
in the response to viral infections. Upon viral infection and interferon (IFN) response, RNase L is activated and degrades a circRNA that is
bound to PKR and keeps it in an inactive state. Activated PKR can recognize viral dsRNA and dimerize, which ultimately results in inhibition
of overall protein translation. (C) circRNAs with classical functions of protein and miRNA sponging can regulate inflammatory responses,
both with pro- and anti-inflammatory properties. (D) Accumulating evidence points to the production of circRNA-derived peptides, yet their
functions in inflammation and immunity have to be investigated and clarified. (E) circRNAs that are produced by viruses or engineered and
exogenously administered and do not contain méA modifications or introns can elicit an immune response by activating pattern recognition

receptors such as RIG-I
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TABLE 1 Regulation of circRNA biogenesis by specific RBPs and their role in disease
circRNA Gene RBP RBP function Disease and effect Ref
circ0006916 HOMER1 TNRC6A Binding to flanked intron regions, Use of TNRC6A as a possible strategy to 142
promotion of circ0006916 increase circ0006916 levels in lung
production cancer cells, where the expression
of this circRNA is downregulated.
Regulation of cell cycle and
proliferation.
SCD-circRNA 2 SCD RBM3 Binding to flanking regions, In hepatocellular carcinoma, upregulation 143
promotion of SCD-circRNA 2 of both SCD-circRNA 2 and RBM3.
biogenesis Regulation of cell cycle.
circAMOTL1L AMOTL1 RBM25 Promotion of circAMOTL1L In prostatic cancer, downregulation of both 144
biogenesis circAMOTL1L and RBM25 due to lower
p53 activity. Regulation of EMT.
TTN-derived TTN RBM20 Promotion of biogenesis of a specific In dilated cardiomyopathy, RBM20 activity 145

circRNAs

backsplicing.

As circRNAs are longer-lived molecules compared to other RNA
types due to their lack of free ends enabling exonucleolytic diges-
tion, the control of their degradation is essential. Some mechanisms
have been proposed, such as structure recognition and decay me-
diated by RBPs,”® Argonaute 2 (Ago2)-directed splicing by miRNA

99100 5nd endolytic cleavage upon recognition of m°A

targeting,
modifications or imperfect duplex regions.” It could also be shown
that circRNAs can form imperfect RNA duplexes under homeostatic
conditions, which inhibit double-stranded RNA-activated protein
kinase (PKR) that is related to innate immunity. Upon stimulation
or viral infection, the circRNAs get degraded by RNase L, which is
required for the activation of PKR°! (Figure 4B). In addition to cir-
cRNA stability, transport of circRNAs is also critical for their func-
tion. This process is still poorly studied, but circRNA size might be

decisive on how nuclear export is regulated.102

4.2 | circRNA functions

circRNAs regulate several cellular functions, including cell cycle pro-

103.104 rihosomal RNA transcription,’®® and maturation.%

gression,
circRNAs act as competing endogenous RNAs as they retain multiple
miRNA binding sites in their sequence and were suggested to act
as sponges to limit the ability of miRNAs to reach their actual tar-
gets (Figure 4C). For example, circular Cerebellar degeneration-related
protein 1 antisense (CircCDR1as), also known as cIRS-7, possesses
more than 70 conserved binding sites for miR-7 and other miRNAs,
thereby regulating a large variety of pathways including immune cell
functions.!®” ' Similarly, circular Sex-determining region on the Y
chromosome (Sry) has been shown to sponge miR-138.1*2 In an analo-
gous fashion, circRNAs can bind to and sponge RBPs in competition
with the linear transcripts for access to the RBPs.!13114

circRNAs also regulate pre-mRNA splicing. It is suggested that
linear and circRNA are often processed co-transcriptionally and

therefore, one form may regulate how the other is expressed.”® This

circRNAs subset from the
titin gene I-band. Alternative

is lost, and a complete set of circRNAs
together with it.

probably holds true for many, but not all circRNAs.”* Some circRNAs
have also been shown to actively regulate splicing.**>'*¢ In glioblas-
toma, circular SWI/SNF related, matrix associated, actin-dependent
regulator of chromatin, subfamily A, member 5 (circSMARCA5) regu-
lates alternative splicing of Serine and arginine-rich splicing factor 1
(SRSF3), Polypyrimidine tract binding protein 1 (PTBP1), and Vascular
endothelial growth factor A (VEGFA) by tethering the splicing factor
SRSF1 and ultimately inhibiting cell migration and angiogenic activ-
ity (Box 1) 117118

Although generally classified as non-coding RNAs, there is also
evidence for the association of circRNAs with the translation machin-
ery,!* and for the expression of peptides that are encoded by sORFs
on circRNAg!20-124 (Figure 4D). In a study of translational events in
human hearts, 40 translated circRNAs were identified using RP, and
for 9 of them, the expression of the encoded peptides was confirmed
by mass spectrometry.32 Even though hundreds of peptides are pre-
dicted to be translated from sORFs on circRNAs, only a few of them
have been characterized so far.1?%121125126 Thjs jncludes the expres-
sion of circular Muscleblind (circMbl)-derived peptides in Drosophila
and of a circZNF609 peptide in human and murine cells.*2%12! At east
two circRNA-derived peptides were shown to regulate the Wnt path-

126127 3nd a novel 198-

way in human cells with oncogenic effects,
aa peptide from a Collagen type VI alpha 3 chain (COL6A3)-derived
circRNA was found to regulate the aggressiveness of colorectal
cancer cells by regulating the stability of the COL6A3 mRNA.?8 |n
contrast, for a selection of 1000 highly expressed circRNAs no ev-
idence of translation could be identified in a study when multiple
publicly available datasets of different experimental conditions were

d.}?? With covalently closed ends and devoid of the charac-

analyze
teristics of a classically translated mRNA, circRNAs are depending
on cap-independent mechanisms for translation. Those involve in-
ternal ribosome entry sites (IRES) or IRES-like structures containing
Né—methyladenosine (méA) modifications, which have been shown
to be able to recruit the pre-initiation complex and start transla-

tion. 24130 Most importantly, two specific features of the IRES have
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recently been recognized to play a crucial role in driving circRNA
translation, which are 185 rRNA complementarity and a structured
RNA element. This peculiar RNA secondary structure is a stem-loop
structured RNA element (SuRE) that is located 40-60 nucleotides
from the first nucleotide of the IRES.?3! Future studies are needed
to elucidate the regulation and role of circRNA translation, as well as
the function of their encoded peptides in cellular pathways beyond

tumor biology (Box 2).

4.3 | circRNAs play a role in inflammation and
immune regulation

In the last few years, there was an almost exponential growth in the
number of papers reporting novel circRNAs and their functions. In
many of these papers, a role of circRNAs in a variety of disease models
and in the regulation of inflammation and immune responses was sug-
gested, especially for circRNAs with miRNA-sponging functions, but
the validity and biomedical relevance of these findings will need to be
further substantiated. Notwithstanding, there is increasing evidence
on the important regulatory role of circRNAs in CD4+ and CD8+ lym-
phocytes, macrophages, and natural killer (NK) cells, which has an im-
pact on tumor and antiviral immunity and on autoimmune disorders.**?

Besides circRNAs that act through miRNA sponging, at least two
circRNAs with a protein-binding function were identified that play a
role in inflammation (Figure 4C). Circular antisense non-coding RNA
in the INK4 locus (circANRIL) shows pro-apoptotic and atheroprotec-
tive functions as it binds to a protein complex that assembles with
pre-ribosomes and precursor rRNA, which affects rRNA maturation
and ribosome biogenesis in human peripheral blood mononuclear
cells and vascular smooth muscle cells.?®® circ_0075932 directly
binds to and increases the expression of the RBP Pumilio 2 (PUM2),
which positively regulates AuroraA kinase and thus activates the
nuclear factor-kappaB (NF-xB) pathway. Exosomes derived from
circ_0075932-overexpressing human adipocytes induce inflamma-
tion and apoptosis in dermal keratinocytes.** The abovementioned
mechanism of circRNAs to regulate the activity of PKR through the
formation of intramolecular imperfect duplex regions and the ac-
tivity of RNase L links the action of circRNAs to the recognition of
foreign nucleic acids and the direct antiviral activity of the innate
immune system©? (Figure 4B). The mechanism of PKR activation
through the degradation of PKR-bound circRNA by RNase L is also

proposed to be dysregulated in some autoimmune disorders.!°?

4.4 | Implications for circRNAs as a
biotechnological tool

The discovery of circRNAs and their peculiar characteristics and di-
verse functions quickly led to the exploration of their potential as
therapeutic agents. However, circRNAs are not an exclusive feature
of eukaryotes, but they can also be encoded by viruses, and circular
RNA structures can be recognized by the immune system as part

of the antiviral response.’®**3> Therefore, the question of how cir-
cRNA are recognized by the immune system was addressed in sev-
eral studies.’®¢71%7 Engineered circRNAs have been shown to elicit
a response from pattern recognition receptors, in particular RIG-I,
while endogenous circRNAs appear to be protected from immune
activation (Figure 4E). Whether a specific circRNA elicits an immune
response depends on the type of biogenesis, the specific sequence,
and how the RNA is delivered into cells. The presence of human in-

trons'®® and of the m®A modification%®

seem to play an important
role in suppressing innate immunity (Figure 4A) (Box 1).

Overall, more rigorous research on circRNA immunogenicity and
translation is strongly recommended to understand how to exploit
their properties at best. Indeed, an unprecedented advance in RNA
vaccine development has been elicited very recently by the SARS-
CoV-2 pandemic. Besides the obvious benefits for the management
and control of the pandemic itself, these advances also laid the
foundation for the development of other vaccines and therapeutics.
In summary, circRNAs are promising for the development of novel
RNA-based treatment strategies, with some approaches already

140,141

under investigation, and a raising number of pre-print papers

and biotech companies’ outlets mentioning this technology (Box 2).

5 | CONCLUSIONS

Regulatory RNAs including IncRNAs and circRNAs and translation
events in ncRNAs or in non-coding parts of mRNAs provide an in-
teresting mechanism to modulate gene expression and cellular func-
tions. The translation of SORFs located in IncRNAs or circRNAs can
result in stable and functional peptides with specialized roles. While
the translation of uUORFs mainly serves to regulate the efficiency of
translation initiation at the corresponding mORFs, some uORF pep-
tides are actually conserved at amino acid level and were shown to
accumulate in vivo, which indicates that they might have functional
roles that are not necessarily associated with the role of the protein
encoded by the mORF. As shown here, regulatory ncRNAs do play
important roles in the context of inflammation and immunity. Also
the various modes of action of circRNAs point to important roles of
these exciting molecules in immune responses. Through their circu-
lar nature, their ability to form intramolecular duplex regions, and to
interact with DNA, other RNAs, and RBPs, they represent a prom-
ising and versatile class of novel RNA-based therapeutic agents.
Further studies with the aim to unravel the mode of action of regula-
tory ncRNAs, and to characterize the roles of SORF and uORF pep-
tides that accumulate in vivo under specific conditions are expected
to provide novel information on a class of molecules that has so far
mainly been hiding in plain sight.
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