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Abstract

Circular RNAs (circRNAs) belong to a diverse class of stable RNAs expressed in all cell types. 

Their proposed functions include sponging of microRNAs (miRNAs), sequestration and 

trafficking of proteins, assembly of multimeric complexes, production of peptides, and regulation 

of transcription. Backsplicing due to RNA structures formed by an exceptionally high number of 

Alu repeats lead to the production of a vast repertoire of circRNAs by human Survival Motor 
Neuron genes, SMN1 and SMN2, that code for SMN, an essential multifunctional protein. Low 

levels of SMN due to deletion or mutation of SMN1 result in spinal muscular atrophy (SMA), a 

major genetic disease of infants and children. Mild SMA is also recorded in adult population, 

expanding the spectrum of the disease. Here we review SMN circRNAs with respect to their 

biogenesis, sequence features, and potential functions. We also discuss how SMN circRNAs could 

be exploited for diagnostic and therapeutic purposes.

Keywords

spinal muscular atrophy, SMA; Survival Motor Neuron, SMN; backsplicing; circRNA; Alu 
elements; microRNA

1. Introduction

Circular RNAs (circRNAs) are a diverse class of RNAs expressed in all organisms from 

bacteria to humans [1–4]. While multiple mechanisms account for their biogenesis [1–4], the 

primary mechanism of circRNA production in humans is backsplicing, which will be the 

focus of this review [4]. Initially referred to as scrambled exons, circRNAs were first 

thought to be accidental byproducts of pre-mRNA splicing [5,6]. With the advent of next-

generation sequencing, thousands of circRNAs began to be identified in diverse cell types, 
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some of which represent the predominant RNA isoform of their host genes [4]. Soon, several 

studies outlining the biogenesis, characteristics, and potential functions of circRNA started 

to emerge, reinforcing the status of circRNAs as a bona fide category of functional RNAs 

[7–9].

The identified functions of circRNAs include sponging of microRNAs (miRNAs) and 

sequestration of RNA-binding proteins (RBPs) [7,8,10–13]. Some circRNAs are translated 

into proteins or peptides [14]. Similar to linear long non-coding RNAs (lncRNAs) that serve 

as protein scaffolds [15,16] or regulate chromatin modification [17,18], circRNAs can have 

critical non-coding functions. While exonic circRNAs are primarily localized in the 

cytoplasm [19], EIciRNAs that harbor both exonic and intronic sequences are localized in 

the nucleus [20]. EIciRNAs promote transcription of their host genes through interactions 

with U1 snRNP [20]. Several circRNAs formed by intron-only sequences have been found 

to be localized in the nucleus and implicated in the regulation of transcription [21].

Backsplicing that generates most circRNAs in humans requires pairing of a downstream 5′ 
splice site (5′ss) with an upstream 3′ splice site (3′ss) [4]. Such splice site pairing is often 

achieved through an RNA secondary structure formed by inverted repeat sequences, such as 

Alu elements in humans and B1 elements in mice [9,22]. RBPs also promote backsplicing 

by interacting with flanking intronic sequences upstream and downstream of the 5′ss and 

3′ss, respectively [12,23]. With the help of RNA structures and/or RBPs, backsplicing can 

occur within a lariat intermediate harboring skipped exon(s) [24]. Intron-only lariat 

intermediates themselves can form stable circRNAs by escaping the debranching reaction 

following splicing [25].

Alu elements are bipartite primate-specific repeats derived from the 7SL RNA portion of the 

signal recognition particle [26]. Alu-like sequences occupy ~10% of the human genome and 

are more conserved than older repeat families such as MIR elements [27–29]. Upon 

transcription, inverted Alu repeats can form stable RNA:RNA duplex structures through base 

pairing of the complementary sequences. Depending on the context, such structures may 

modulate alternative pre-mRNA splicing [22,30] as well as backsplicing [9,22]. Also, 

intronic Alu elements give rise to novel exons [31]. Exonization of an Alu sequence is 

favored by splice-site-like motifs located within the Alu element itself [32]. Currently, it is 

not known whether Alu-derived exons are more common in circRNAs than in linear 

mRNAs.

The SMN genes (SMN1 and SMN2) code for the survival motor neuron (SMN) protein that 

is involved in multiple cellular processes including pre-mRNA splicing, transcription, 

translation, stress granule formation, signal transduction, and macromolecular trafficking 

[33]. Low expression of SMN due to deletion of or mutation in SMN1 results in spinal 

muscular atrophy (SMA), a leading genetic disease of infants and children [34,35]. The 

SMN locus generates a variety of transcripts [36]. The major transcript produced from the 

SMN1 gene, SMN1 mRNA, codes for the full-length SMN; it contains 9 exons, i.e., exons 1, 

2A, 2B, 3, 4, 5, 6, 7 and 8 [36]. The SMN2 gene cannot compensate for the loss of SMN1 
due to predominant skipping of exon 7 during SMN2 pre-mRNA splicing [37,38], leading to 

production of a truncated and highly unstable protein, SMNΔ7 [39–41]. However, correction 
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of SMN2 exon 7 splicing holds the promise for cure [42–44]. Indeed, the first approved 

therapy for SMA, Spinraza (Nusinersen), is based on this approach [45,46]. Spinraza is an 

antisense oligonucleotide (ASO) that promotes exon 7 inclusion by blocking intronic 

splicing silencer N1 (ISS-N1), a negative cis-element located within intron 7 of SMN genes 

[46,47]. Two small compounds currently in clinical trials also act through correction of 

SMN2 exon 7 splicing [35,48,49]. In addition to exon 7, SMN exons 3 and 5 undergo 

alternative splicing [50,51]. Skipping of other SMN exons is triggered by either oxidative 

stress or depletion of U1 snRNP [50,52,53]. It has been shown that an Alu-derived sequence 

within intron 6 (referred to as exon 6B) can be exonized, resulting in an SMN isoform with 

an altered C-terminus [40].

The SMN genes are highly enriched in intronic Alu elements (Figure 1) [54]. Therefore, 

they are an ideal source for the production of circRNAs. Consistently, recent reports 

independently confirm the generation of a vast repertoire of exonic circRNAs by the SMN 
genes [55,56]. Every single internal exon of the SMN genes can become incorporated into 

circRNAs and several of the SMN circRNAs contain portions of exons 1 or 8 due to usage of 

novel splice sites [55,56]. Some of the SMN circRNAs include exon 6B and/or novel exons 

derived from portions of intron 1 and intergenic sequences downstream of exon 8 [55]. At 

least two SMN circRNAs contain exons from other genes, suggesting cooccurrence of 

backsplicing and trans-splicing for some of the SMN transcripts [55]. In this review, we 

describe the nature of the broad spectrum of SMN circRNAs and propose mechanisms for 

their generation. We also discuss potential functions of SMN circRNAs.

2. Identification and classification of SMN circRNAs

The first evidence that human SMN genes could produce circRNAs came from early surveys 

in human cell lines. As reported in circBase, RNA-Seq of Hs68 fibroblasts identified reads 

supporting backsplicing of SMN exon 4 to exon 2B [9]. Another RNA-Seq study performed 

in H1 human embryonic stem cells identified reads supporting backsplicing of exon 6 to 

exon 5 [57]. The vast majority of SMN circRNAs were identified by two independent 

studies using a candidate-based approach [55,56]. Both studies identified circRNAs by 

reverse transcription and PCR (RT-PCR) employing divergent primers annealing to either a 

single exon or one primer annealing to the backsplice junction [55,56]. To prevent mis-

identification of linear products and/or RT-PCR artifacts, both studies used RNA samples 

treated with RNase R that selectively degrades linear transcripts [55,56]. While minor 

differences in experimental approach and primer design led to differences in the apparent 

relative expression of some SMN circRNAs, many of the predominant isoforms identified by 

each were identical in exon content and backsplice site usage [55,56]. In addition to PCR 

using divergent primers, the expression of five of the most highly expressed circRNAs was 

independently confirmed by RNase protection assay [55].

SMN circRNAs are broadly categorized into four subtypes (Figure 2). Type 1 circRNAs are 

generated exclusively from the early transcribed region of SMN, encompassing a 

combination of the first 5 canonical exons of SMN. Three of the most highly expressed type 

1 circRNAs utilize the 5′ss of exon 4 for backsplicing (Figure 2), indicating that sequences 

or RBPs binding in the vicinity of the 5′ss of exon 4 are highly conducive for backsplicing. 
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Some of the type 1 circRNAs contain one of three novel exons, I1(NE1–98), I1(NE2–76), 

and I1(NE3–33), derived from sequences within intron 1 (Figure 2). None of these exonized 

sequences are derived from Alu elements; instead, I1(NE1–98) is derived from an LTR9D 

element, I1(NE2–76) is derived from an L1 repeat, and I1(NE3–33) is derived from a non-

repeat sequence (Figure 1).

Type 2 circRNAs are more varied in exon composition and are broadly characterized as 

containing at least one “middle” exon, i.e., exons 5, 6, and 7 (Figure 2). All type 3 circRNAs 

contain exon 8A with or without the downstream exons derived from the intergenic 

sequences. While the 3′ss of exon 6 is utilized for the production of most type 3 circRNAs, 

the 5′ss usage varies. Type 3 circRNAs are diverse, incorporating 8 exons in various 

combinations, including exon 6B and four novel exons generated from intergenic sequences 

located downstream of exon 8 (Figure 2) [55]. Of note, while exon 6B was originally 

identified in linear SMN mRNA as a rare exon [40], it appears to be much more commonly 

included in circRNAs [55].

The four novel exons generated from the intergenic sequences are referred to as exons 9, 10, 

11, and 12. Of these four, the two most proximal exons, 9 and 10, are much more frequently 

incorporated into circRNAs [55]. Exon 9 is derived from the right arm of an antisense AluSz 

element located immediately (<200 nt) downstream of exon 8. Of note, exon 9 has two 

alternative 3′ss separated by 4 nt. The shorter form, 9tr1, appears to be the predominant 

variant [55]. Exon 10 is located ~7 kb downstream of exon 9 and is derived from a 

Tigger17a repeat element (Figure 1). Exon 11 is located ~5.5 kb downstream of exon 10 and 

is derived from an MSTA element (Figure 1). Exon 12 is located ~2.6 kb downstream of 

exon 11 and is derived from a non-repeat sequence (Figure 1).

3. Biogenesis of SMN circRNAs

All SMN circRNAs reported thus far contain at least one exon. In general, an exonic 

circRNA is generated by a backsplicing event catalyzed by the spliceosome, when a given 

5′ss preferentially pairs with an upstream 3′ss. Such pairing of the splice sites could be 

facilitated by unique contexts described below.

3a. Backsplicing mediated by RNA structure

In several instances, an RNA:RNA duplex formed between complementary sequences 

located upstream and downstream of the 3′ss and 5′ss, respectively, facilitate backsplicing. 

In humans, such RNA:RNA duplex is often formed by inverted Alu repeats [9,22,58]. Non-

repeat sequences capable of forming an RNA:RNA duplex by long-distance interactions can 

also facilitate backsplicing, although such duplexes are difficult to predict due to the 

presence of alternative structures in long transcripts [59,60]. SMN has an exceptionally high 

Alu content (~40%) within its introns (Figure 1) [54]. Therefore, it is likely that structures 

associated with the Alu elements are the prime drivers of SMN circRNA generation [61]. 

For example, intron 4 contains two Alu elements, an AluY and an AluSx1 (Figure 3A). 

Production of C2A-2B-3–4 requires pairing of the 5′ss of exon 4 with the 3′ss of exon 2A. 

Consistently, intron 1 contains numerous Alu elements that the intron 4 elements could pair 

with (Figure 1). Specifically, near the 3′ss of exon 2A, there are three antisense Alu 
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elements that can each pair with the AluY located immediately downstream of exon 4 

(Figure 3A). Alternatively, a sense AluJr element upstream of the 3′ss of exon 2A can pair 

with the antisense AluSx1 element located in the middle of intron 4 (Figure 3A). In order for 

C2B-3–4 to be produced, the 5′ss of exon 4 must pair with the 3′ss of exon 2B. 

Consistently, intron 2A contains three Alu elements, of which the AluSx and AluJo are 

particularly well-situated to pair with both the AluY and AluSx1 in intron 4 (Figure 3A). 

Unlike introns 1 and 2A, intron 2B does not contain an Alu element (Figures 1 and 3A). 

Despite this, C3–4 is one of the most abundant circRNAs produced by the SMN genes [55]. 

Since intron 3 is relatively short (159 nt), it is possible that pairing of the 5′ss of exon 4 and 

3′ss of exon 3 is reinforced by the same Alu:Alu base pairing that is used for the production 

of C2B-3–4 (Figure 3A). Another possibility is that a non-Alu RNA:RNA duplex and/or 

RBPs facilitate the required splice site pairing.

The predominant type 2 circRNA, C5–6, is produced by pairing of the 5′ss of exon 6 with 

the 3′ss of exon 5. This splice site pairing is likely facilitated by RNA:RNA duplex formed 

between inverted Alu repeats located within introns 4 and 6. Of note, numerous Alu 

elements present within intron 6 can base pair with one of the two Alu elements present 

within intron 4 (Figure 1). In particular, one of the two antisense AluYs in the vicinity of 

5′ss of exon 6 can potentially pair with the sense AluY located upstream of exon 4 (Figure 

3B).

Almost all type 3 circRNAs utilize the 3′ss of exon 6 for backsplicing. Therefore, Alu 

sequences within intron 5 are likely to be critical for the formation of structures facilitating 

their backsplicing events. Intron 5 contains two Alu elements, an AluSq and a FLAM 

(Figure 3C). FLAM elements are ancestral Alu elements that contain only the left arm of the 

Alu consensus sequence. Interestingly, all of the downstream introns involved in the 

formation of type 3 circRNAs (e.g. introns 8A, 9, 10, 11, and 12) possess an antisense Alu 

element within 1 kb distance of the 5′ss involved (Figure 3C) [55]. Therefore, it is likely 

that in order to enable backsplicing the sense FLAM element forms an RNA:RNA duplex by 

base pairing with these antisense Alu elements.

3b. Backsplicing mediated by RNA binding proteins

Many RBPs have self-interacting domains, allowing them to dimerize or oligomerize on 

their target RNA molecules and as a consequence bring distantly located sequences in close 

proximity. Based on the type of looped out sequences due to self-dimerization/

multimerization of proteins bound to distant motifs, skipping or inclusion of specific exons 

could be enabled [62]. Looping out can also result in backsplicing when RBPs bind near a 

5′ss and the partner 3′ss comes from the upstream sequence. RBPs known to influence 

backsplicing include MBL, DHX9, FUS, Sam68, hnRNP L, and QKI [12,22,23,56,63,64].

As of now, DHX9 and Sam68 are the only two RBPs known to modulate backsplicing of 

specific SMN exons [55,56]. DHX9 is a ubiquitously expressed RNA helicase that unwinds 

Alu:Alu base pairing, thus inhibiting Alu-associated production of circRNAs [12]. Under 

conditions of DHX9 knockdown, some SMN exons, especially exons 3, 4, and 5, are 

skipped in linear transcripts producing the splice isoforms SMNΔ3–5 and SMNΔ3–5,7 [55]. 

At the same time, biogenesis of some circRNAs is strongly induced, with the biggest relative 
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increase observed for C3–4 [55,56]. Since both exons 3 and 4 are included in the lariat 

products, it is likely that the increase in C3–4 is due to backsplicing occurring within the 

lariat intermediate containing exons 3, 4, and 5. Unlike DHX9 that inhibits generation of 

SMN circRNAs, Sam68 facilitates generation of specific circRNAs of SMN [56]. 

Knockdown of Sam68 results in a reduction of type 1 circRNAs as well as C6–7–8A–9tr1. 

In addition, deletion of potential Sam68 binding sites drastically reduces the circularization 

of C6–7–8A-9tr1 in a SMN minigene [56]. Similar results were also obtained in Sam68 

knockout mice harboring the human SMN2 transgene [56].

3c. Backsplicing through a lariat intermediate

Lariats containing skipped exons may provide a constrained structural context favorable for 

backsplicing. However, it is not easy to prove that a lariat containing skipped exons was 

indeed the origin of a specific circRNA since the corroborating evidence, which is a linear 

byproduct(s) that lacks these very same exons, can be “destroyed” by nonsense-mediated 

decay (NMD). In mice carrying the human SMN2 transgene, SMN2 exons 3–5 and 5–7 can 

independently undergo co-skipping, producing lariats containing all exons found in C3–4 

and C5–6, respectively [40]. In addition, all exons from 3 to 7 can also be skipped together 

under the conditions of oxidative stress [40]. Such skipping events could be conducive for 

the formation of specific circRNAs, including C3–4 and C5–6, although this possibility 

requires further investigation. As discussed above, the best evidence for SMN circRNA 

arising from backsplicing within a lariat containing skipped exons comes from DHX9 

knockdown experiments described earlier [55].

4. Exon 8A splicing, downstream transcription, and type 3 circRNAs

There are two distinct features uniquely inherent to many of the type 3 circRNAs. Firstly, all 

type 3 circRNAs utilize a cryptic 5′ss located at the 142nd position of exon 8 [55]. 

Activation of this splice site produces a novel exon, i.e., exon 8A [55]. Secondly, many type 

3 circRNAs contain exons located downstream of the canonical SMN cleavage and 

polyadenylation site (PAS) located within exon 8. An Alu element predicted to participate in 

exon 8A backsplicing to exon 6 is also located downstream of the canonical PAS. This 

implies that the transcription of intergenic sequences may be required for the generation of 

all type 3 circRNAs. The low levels of linear transcripts harboring intergenic exons may 

suggest their degradation by NMD [55]. It is also likely that the intergenic exons are 

predominantly incorporated into circRNAs rather than linear mRNA.

Recognition of the 5′ss by U1 snRNP is a critical early step during pre-mRNA splicing [65]. 

Recognition is achieved by base pairing of the 5′ss with the 5′ end of the U1 snRNA 

(5′ss:U1 base pairing) [66]. Recruitment of U1 snRNP to the 5′ss can be modulated by 

RNA secondary structure and/or RBPs interacting in the vicinity of the 5′ss. The 5′ss of 

exon 8A can form a moderately strong 5′ss:U1 duplex comprised of five canonical base 

pairs and an additional two wobble base pairs (Figure 4). Such a level of base pairing was 

previously found to activate the cryptic 5′ss (Cr1) located within intron 7 [53]. Therefore, it 

is likely that U1 snRNA binding in the vicinity of the 5′ss of exon 8A induces its activation 
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in a similar manner [53,67]. Future studies will determine if the recognition of the 5′ss of 

exon 8A is modulated by RBPs interacting with nearby cis-elements.

Currently, it is not known why a fraction of SMN transcripts bypass the canonical PAS. It 

may be a stochastic event, occurring at a baseline level due to a simple failure of the 

cleavage and polyadenylation machinery to assemble on the nascent transcript. It also may 

be due to a competing binding of RBP(s) to the 3′ untranslated region (3′UTR) of SMN that 

leads to inhibition of PAS recognition. Several RBPs, including Gemin5, U1A and HuR, 

have been proposed to bind to the 3′UTR of SMN [68–70]. It remains to be seen if an 

interaction of any of these factors with the 3′UTR of SMN is required for the intergenic 

transcription. U1 snRNP is recruited at more sites than are used for pre-mRNA splicing; this 

recruitment was shown to repress the usage of a potential PAS by a process known as 

“telescripting” [71,72]. Hence, it is likely that binding of U1 snRNP to the 5′ss of exon 8A 

inhibits usage of the canonical PAS and promotes intergenic transcription.

5. Functions of SMN circRNAs

The proposed functions of circRNAs fall into multiple categories: sponging of miRNAs or 

RBPs, assembly and recruitment of RBPs into complexes, generation of polypeptides and 

direct regulation of transcription. We briefly discuss each of these potential functions of 

SMN circRNAs.

5a. Sponging of miRNAs

CDR1as is one of the most studied circRNAs for its role in miRNA sponging as it 

encompasses 63 potential binding sites for miR-7 [7]. Overexpression of CDR1as 

recapitulates the effects of a miR-7 knockdown, suggesting a positive role of this circRNA in 

translation of mRNAs targeted by miR-7 [7]. CircSry is another circRNA implicated in 

miRNA sponging due to the presence of 16 target sites for miR-138 [8]. At the same time, 

circMTO1 contains only a single target site for miR-9 but still acts as its sponge inhibiting 

cell proliferation in hepatocellular carcinoma [11]. This finding underscores the important 

role of circRNAs in miRNA sponging independent of the number of binding sites of a given 

miRNA. However, arguments have also been made that just a few miRNA binding sites on 

the low abundant circRNAs may not capture sufficient numbers of miRNA molecules to 

have a significant biological effect [73].

As per the publicly available circInteractome database [74], two SMN circRNAs, C5–6 and 

C2B-3–4, potentially interact with AGO1 [36], which is a surrogate marker for miRNA 

binding [36,74]. Figure 5A shows the nine most highly expressed SMN circRNAs along 

with the miRNA target sites identified by two complementary miRNA binding site 

prediction tools [75,76]. MiR-510–3p, a miRNA linked to azoospermia [77], has a predicted 

binding site in the 5′ portion of exon 4 (Figure 5A) as well as the 3′UTR of SMN [36]. 

Thus, this miRNA could potentially interact with all type 1 circRNAs (Figure 5A), 

competing with binding to the SMN mRNA and likely impacting its translation. Notably, 

low SMN expression has been linked to the male infertility of SMA mouse models as well 

as mild SMA patients [78,79]. Another miRNA, miR-339–5p, which potentially targets the 

junction between exons 6 and 6B in C6–6B-7–8A (Figure 5A), is associated with 
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Alzheimer’s disease [80]. MiR-2110 and miR-496 that have predicted binding sites within 

exons 3 and 10, respectively (Figure 5A), have been shown to regulate neuronal 

differentiation [81,82].

The backsplice junction provides a unique miRNA target specific to a given circRNA. For 

instance, miR-130b-5p, miR-6812–3p and miR-15b-3p are predicted to bind the backsplice 

junction between exons 4 and 2A in C2A-2B-3–4, which happens to be one of the 

abundantly expressed SMN circRNAs (Figure 5A). The backsplice junction between exons 6 

and 5 creates potential binding sites for miR-4774–5p and miR-221–5p (Figure 5A). 

Interestingly, miR-92a-2–5p is predicted to interact with the backsplice junctions of multiple 

type 3 circRNAs as well as with the linear SMN transcript (Figures 5A and 5B). However, 

the strongest predicted binding of miR-92a-2–5p occurs in the context of C6–7–8A that 

furnishes 18 potential base pairs (between the miRNA and the target sequence) with a free 

energy change of −21.47 kCal/mol (Figure 5B). Contexts of linear SMN and other type 3 

circRNAs are predicted to form 15 base pairs with free energy change between −18.07 and 

−21.21 kCal/mol, suggesting a slightly weaker interaction with miR-92a-2–5p (Figure 5B). 

Future experiments will reveal if slight variations in the free energy of miRNA interactions 

with their target sequences coupled with the changes in the relative expressions of type 3 

circRNAs would have any physiological significance.

5b. Sponging and/or assembly of RBPs

RBP interactions with circRNAs have been less studied than miRNA sponging. This is likely 

due to the fact that sequence complementarity alone is enough to decide the fate of a miRNA 

binding to its target, therefore, miRNA targets are much easier to predict. However, a few 

clear examples of RBP sponging do exist. For example, circMBL contains multiple binding 

sites for the protein product of its host gene, MBL, presumably as part of a feedback loop to 

control MBL activity [12]. Sequestration of HuR, a multifunctional RBP, by circPABPN1 

reduces the translation of HuR mRNA, supporting a point of view that circRNAs could play 

an important role in executing feedback loops [13]. In addition to the simple sequestration of 

RBPs, circRNAs could provide a much complex function such as acting as a scaffold for the 

assembly of multimeric complexes. For example, circFOXO3 binds both CDK2 and p21 in 

order to regulate cell cycle progression [83].

Due to extensive studies on SMN exon 7 splicing regulation, much is known about RBPs 

that bind to this exon (Table 1) [51,61,84–92]. Since exon 7 is present in nearly all type 3 

circRNAs, it is likely that type 3 circRNAs indirectly regulate SMN exon 7 splicing by 

competing for RBP binding in the nucleus. It is also possible that these circRNAs shuttle 

some RBPs to the cytoplasm. Outside of exon 7, a few RBPs have been shown to bind to the 

3′UTR of SMN [68–70]. However, the majority of relevant studies was focused on the 3′-

most portion of exon 8, which is not present in circRNAs. Several RBPs are predicted by 

UV crosslinking and immunoprecipitation (CLIP) to interact with SMN RNA sequences, 

including all but one exon (exon 2A) present in SMN circRNAs (Table 1). Some of these 

RBPs, including hnRNP A1, FUS, TAF15, and TARDBP/TDP-43, are associated with 

neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (FTD) [93,94]. Some of these proteins (FUS and TDP43) directly interact with 
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SMN, and perturbations of SMN function and/or localization have been linked to ALS and 

FTD [94–97]. Hence, it is likely that SMN circRNAs “cross-talk” with both SMN and SMN-

interacting proteins implicated in ALS and FTD. SMN2 gene deletion and atypical SMN1 
copy number are suggested risk factors for ALS [98]. It remains to be seen if the 

perturbations in the relative expression of SMN circRNAs due to an aberrant copy number 

of the SMN1 and/or SMN2 genes are pathogenic.

CircRNAs are known to have an altered profile of N6-adenosine methylation (m6A) 

modifications as compared to their linear counterparts [99]. YTHDC1, an m6A “reader” 

protein, participates in the recognition, binding, and nuclear export of m6A containing 

transcripts, along with SRSF3 [100]. YTHDC1 is predicted to bind to SMN exons 4 and 8A, 

and SRSF3 is predicted to bind to SMN exons 3, 4, 5, and 8A (Table 1). Future studies will 

determine whether some of the SMN circRNAs are m6A modified. IGF2BP2 (also known as 

IMP2) is predicted to bind extensively throughout both mRNA and circRNAs of SMN 
(Table 1). The IMP family of RBPs plays critical roles in mRNA stabilization and 

localization, and IGF2BP2 specifically is associated with a risk for type 2 diabetes [101]. 

The related protein, IMP1, interacts with SMN during the trafficking of cytoplasmic mRNP 

granules [102]. It is possible that SMN circRNAs play an important regulatory role by 

sequestering IMP1, IMP2, and IMP-containing complexes. EIF4A3 is predicted to interact 

with SMN exon 5, which is present in most type 2 circRNAs (Table 1). EIF4A3 is a 

multifunctional protein, which participates in the formation of the exon junction complex 

[103], circRNA generation [104], NMD [105], and ribosome biogenesis [106]. Of particular 

interest to SMN function, EIF4A3 plays a regulatory role in selenocysteine incorporation 

[107], a process in which SMN participates as well [108]. LIN28B protein is predicted to 

interact with exon 6, suggesting that it may bind both type 2 and type 3 circRNAs (Table 1). 

The canonical function of LIN28 proteins is to regulate let-7 family miRNAs, but it also 

directly binds to thousands of mRNAs [109].

5c. Potential translation of SMN circRNAs

CircRNAs have been reported to be translated, presumably through an internal ribosome 

entry site (IRES)-mediated process [14]. Due to diverse structural features, it is currently 

difficult to predict the presence of an IRES; therefore, any AUG (start codon) within 

circRNA could be considered as a potential translation start site in the context of a presumed 

IRES. Table 2 lists all AUGs that correspond to translation open reading frames (ORFs) of at 

least 10 amino acids of length. Every major SMN circRNA can potentially generate at least 

6 peptides of various sizes. Interestingly, several circRNAs contain AUGs that are in-frame 

with the SMN ORF, meaning that they can replicate several domains of SMN. One such 

AUG lies in the 3′ portion of exon 4 and is present in all type 1 circRNAs. For C3–4 and 

C2B-3–4, rolling-circle translation would create a multimer containing the entire Tudor 

domain and its nearby sequences, while for C2A-2B-3–4, the multimer would additionally 

contain an RNA binding domain (Table 2) [110–112]. There are three in-frame AUGs in 

exon 6. For C5–6, the primary type 2 circRNA, rolling-circle translation would produce 

multiple copies of a proline-rich region of SMN, which serves as a binding site for Profilin, 

an actin cytoskeleton regulatory protein [113,114]. For type 3 circRNAs, the same AUGs 

would produce peptides that contain the YG box, an essential domain for the 
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multimerization of SMN [115]. One could speculate that such peptides could either compete 

with full-length SMN for self-interaction, or alternatively interact with monomeric SMN to 

stabilize it, as monomeric SMN is highly unstable [41].

6. Conclusions

The SMN protein carries out surprisingly diverse cellular functions [33]. Likewise, 

alternative splicing, transcription initiation, and 3′ end processing result in a stunning array 

of transcripts, both linear and circular, from the SMN1 and SMN2 loci [36]. The SMN genes 

produce a very large number of circRNAs, containing sequences from every one of 

annotated SMN exons as well as exons never before detected in linear SMN mRNA [55,56]. 

Although no single circRNA is expressed at high levels compared to the major linear SMN 
transcripts (e.g. full-length and exon 7-skipped transcripts), the sheer number of unique 

SMN circRNAs results in a total sum of expression that is likely to be substantial.

The strongest driver of SMN circRNA production appears to be the high content of Alu-

derived sequences within SMN introns. Sam68 enhances circularization by interacting with 

the intronic sequences in the vicinity of some Alu elements [56]. Several other proteins 

likely promote backsplicing by binding to intronic sequences close to the splice sites of 

SMN exons. Low SMN levels are linked to alternative transcription termination by two 

distinct mechanisms. Firstly, SMN interacts with the C-terminal domain of polymerase II 

(PolII CTD) and Senataxin to mediate the resolution of RNA:DNA hybrids known as R-

loops at the 3′ end of genes [116]. Secondly, SMN is required for the proper assembly of U1 

snRNP that participates in telescripting in which recruitment of U1 snRNP at random 

locations on the elongating transcripts inhibits cleavage and polyadenylation at the nearby 

PASs [72,117]. Therefore, it is likely that the production of type 3 SMN circRNAs that 

contain sequences downstream of the canonical PAS can be directly linked to SMN 

functions through a variety of feedback mechanisms. In fact, several proteins whose 

functions are tied to SMN are predicted to bind to exons contained in SMN circRNAs, 

highlighting a possible regulatory relationship.

One of the major hopes for circRNA research is that, due to their high stability and 

persistent presence in biological fluids such as blood, saliva, and urine, they may serve as 

disease biomarkers and/or outcome measures for the therapeutic treatments [118]. As new 

therapies for SMA are being developed and the existing treatment regimens continue to 

evolve over time, there is a growing need for non-invasive, unbiased outcome measures. 

Specific SMN circRNAs could serve as such outcome measures if their relative expressions 

against other circRNAs are firmly established. Considering SMN circRNAs are likely to be 

part of the feedback mechanism that regulates SMN function, they could potentially serve as 

therapeutic targets for SMA as well. Some of the SMN circRNAs, including C2A-2B-3–4, 

C4 and C5–6–7, are present in both human and mouse, supporting their conserved function 

in mammals [55]. However, several of the SMN circRNAs, such as C2B-34, C3–4 and all 

type 3 circRNAs, appear to be specific to primates, supporting their evolutionary 

significance. Now that the generation of the vast repertoire of SMN circRNAs is 

independently confirmed, future studies will reveal if SMN circRNAs are as integral to 

cellular functions as the SMN protein.
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Figure 1. Organization of the SMN genes.
A scale depiction of the SMN1 gene (SMN2 has an identical overall structure) and flanking 

sequences are shown. Exons are depicted by colored shapes. Common exons (≥10% of total 

SMN RNA) are outlined in black, rare exons (<10% of total SMN RNA) are outlined in red. 

Repeat sequences as identified by Repeatmasker are depicted by colored arrows. Arrow 

direction indicates the orientation of the repeat sequence. ISS-N1, a critical splicing 

regulatory sequence in intron 7, is shown in red. Numbers indicate position within 

chromosome 5 of the GRCh38 human genome build. Abbreviations: SINEs, short 

interspersed nuclear elements; LINEs, Long interspersed nuclear elements. Scale and color 

coding of exons and repeat sequences are given in the boxed region.
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Figure 2. SMN genes generate a vast repertoire of circRNAs.
The genomic layout of the SMN genes and prominent backsplicing events is given at the top. 

Exons are shown as colored shapes, introns as broken lines. Exon sizes are given in black 

below each exon, intron sizes are given in gray above each intron. A cryptic 5′ss in exon 8 is 

indicated with an arrow. Colored arrows represent backsplicing events. The relative 

thickness of each arrow represents backsplice site usage frequency; arrow color represents 

type of circRNA (green for type 1, blue for type 2, and red for type 3). Bottom 4 panels 

show the total catalog of each type of SMN circRNA. The exon content of each circRNA is 

indicated graphically. The name of each circRNA is given at the right with total size in 

parentheses. circRNAs with the highest expression level are boxed.
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Figure 3. Potential Alu:Alu pairing leading to exon circularization.
(A) Alu-mediated backsplicing of major type 1 circRNAs. Top panel shows the genomic 

overview of the region from ~2kb upstream of exon 2A to exon 5 and production of 

C2A-2B-3–4, bottom panel shows the region from exon 2A to exon 5 and production of 

C2B-3–4 and C3–4. Exons are shown as colored shapes and labeled in bold. Introns are 

represented by black lines. Repeat elements are represented by colored arrows, the direction 

of each arrow indicating the orientation of the repeat. Dashed colored lines denote potential 

pairings between complementary Alu elements. Coloring is arbitrary and is meant to aid in 

distinguishing between pairings. The circRNA(s) predicted to result from Alu:Alu base 

pairing is indicated below. Scale and color coding of exons and repeat sequences is given in 

the boxed region. (B) Alu-mediated backsplicing of C5–6, the major type 2 circRNA. The 

genomic overview of the region from exon 4 to ~2 kb downstream of exon 6 is given. 

Coloring and labeling are the same as in (A). (C) Alu-mediated backsplicing of major type 3 
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circRNAs. The top panel shows the genomic overview of the region from exon 5 to ~2 kb 

downstream of exon 9 and production of C6–7–8A, C6–6B–7–8A, and C6–7–8A–9/9tr1. 

The bottom panel shows the genomic overview of the region from exon 5 to ~2kb 

downstream of exon 10 and production of C6–7–8A–10 and C6–7–8A–9/9tr1–10. Coloring 

and labeling are the same as in (A).
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Figure 4. Recognition of exon 8A 5′ss by U1 snRNA.
A diagram of exons 6 through 8 and intervening is given. Exons are shown as colored boxes, 

introns as lines/broken lines. Splicing events are indicated by dashed arrows. The sequence 

of exon 8 flanking the 8A 5′ss is given above the exon diagram. Numbering is given relative 

to the 8A 5′ss. The location of the 5′ss is indicated by an arrow. U1 snRNA is shown above. 

Base pairs between the 5′ portion of U1 snRNA and the 5′ss are indicated by dots; black 

dots indicate canonical base pairs and red dots indicate wobble base pairs. The primary 

splicing product of exon 8A recognition, C6–7–8A, is shown to the right. Of note, other 

circRNAs including additional exons are also produced downstream of recognition of the 

5′ss of exon 8A (See Figures 2 and 3).
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Figure 5. Predicted miRNA binding to SMN circRNAs.
(A) The 9 SMN circRNAs with the highest predicted expression levels are indicated 

graphically. Each exon is shown in different colors. miRNA with predicted binding sites 

located in SMN circRNA are indicated with thick lines with the position representing the 

predicted binding site. Gray color represents miRNAs of unknown function. Purple color 

represents miRNAs with identified functions related to SMN biology and/or 

neurodegeneration. Green color represents miRNAs whose targets are located across the 

backsplice junction. Thus, these miRNAs bind differentially to circRNA as compared to 

their linear mRNA counterparts. (B) The predicted binding strength of miR-92a-2–5p 

targeting different SMN RNAs. miR-92a-2–5p (boxed in yellow) is shown binding to 

different splice junctions (boxed in exon-specific colors). Base pairs are indicated with dots; 

black dots indicate canonical base pairs and red dots indicate wobble base pairs. Locations 

of bulging bases are indicated by dashes. The identity of each junction is indicated at the 

left. The miRanda score, number of base pairs, and free energy change of binding are given 

at the right.
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Table 1.
RNA binding proteins predicted to interact with SMN circRNAs

(A)Experimentally validated RBPs shown to interact with SMN sequences present in circRNAs. RBP name, 

SMN exon bound, and major circRNA isoforms that contain the target exon are given. Original studies 

identifying the RBP-SMN interaction are given in the ‘Reference’ column. (B)RBPs identified by CLIP and 

reported in public databases. The first three columns are the same as in (A). The fourth column lists the 

database(s) reporting CLIP tags.

Table 1A. Experimentally validated RNA binding proteins

Protein Exon circRNAs Reference

SF2/ASF (SRSF1) 7 Type 3 (all) [84]

hnRNP A1/A2B1 7 Type 3 (all) [85]

Sam68 7 Type 3 (all) [86]

hnRNP Q 7 Type 3 (all) [87]

Tra2-β 7 Type 3 (all) [88,89]

hnRNP G 7 Type 3 (all) [90]

hnRNP M 7 Type 3 (all) [91]

PSF 7 Type 3 (all) [92]

Table 1B. RNA binding proteins identified by CLIP

Protein Exon circRNAs Database

FUS 2B C2A–2B–3–4, C2B–3–4 CircInteractome, starBase

TAF15 2B, 7 C2A–2B–3–4, C2B–3–4, Type 3 (all) starBase

IGF2BP2 All exons All circRNA starBase

AGO1 3, 5 Type 1 (all), Type 2 (all) CircInteractome

SF2/ASF (SRSF1) 3, 4, 5, 7, 8A Type 1 (all), Type 2 (all) starBase

SRSF3 3, 4, 5, 8A Type 1 (all), Type 2 (all) starBase

MOV10 3, 8A Type 1 (all), Type 3 (all) starBase

U2AF2 4, 5, 7 Type 1 (all), Type 2 (all) starBase

YTHDC1 4, 8A Type 1 (all), Type 3 (all) starBase

EIF4A3 5 Type 2 (all) circInteractome, starBase

LIN28 6 Type 2 (all), Type 3 (all) circInteractome, starBase

hnRNP U 6, 7 Type 2 (all), Type 3 (all) starBase

TARDBP 6, 7 Type 2 (all), Type 3 (all) starBase

ILF3 6 Type 2 (all), Type 3 (all) starBase

KHDRBS1 7 Type 3 (all) starBase

Cell Signal. Author manuscript; available in PMC 2021 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ottesen and Singh Page 25

Table 2.
Predicted translation products of SMN circRNAs.

All AUGs resulting in peptides of at least 10 amino acids are reported. The first column gives the circRNA 

name. Start and stop exons give the location of AUG start codon and UAG/UAA stop codons, respectively. 

Start position refers to the position of the first nucleotide of AUG within the start exon. Stop position refers to 

the position of the last nucleotide of UAG/UAA within the stop exon. Peptide length refers to the predicted 

size in amino acids of the translation product. The last column refers to whether the circRNA ORF contains 

portions of the primary in-frame SMN ORF. N/A: There is no predicted stop codon, resulting in rolling-circle 

translation. ∞: Due to rolling-circle translation, the predicted translation product is of indeterminate length.

circRNA Start exon Start Position Stop exon Stop position Peptide length In frame?

C3–4

3 18 3 77 19 No

3 116 3 172 18 No

3 191 3 172 111 No

4 2 3 172 107 No

4 8 3 172 105 No

4 29 3 172 98 No

4 93 3 77 45 No

4 124 N/A N/A ∞ Yes

C2B–3–4

2B 14 3 172 92 No

3 18 3 77 19 No

3 116 3 172 18 No

3 191 2B 10 57 No

4 2 2B 10 53 No

4 8 2B 10 51 No

4 29 2B 10 44 No

4 93 2B 20 26 No

4 124 N/A N/A ∞ Yes

C2A–2B–3–4

2A 5 2A 37 10 No

2A 47 2B 10 11 No

2B 14 3 172 92 No

3 18 3 77 19 No

3 116 3 172 18 No

3 191 2A 37 66 No

4 2 2A 37 62 No

4 8 2A 37 60 No

4 29 2A 37 53 No

4 93 2A 8 22 No

4 124 N/A N/A ∞ Yes

C5–6
5 17 6 4 27 No

5 63 6 41 24 No
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circRNA Start exon Start Position Stop exon Stop position Peptide length In frame?

6 64 N/A N/A α Yes

6 75 6 41 57 No

6 82 N/A N/A ∞ Yes

6 109 N/A N/A ∞ Yes

C6–7–8A

6 64 7 46 32 Yes

6 75 8A 26 38 No

6 82 7 46 26 Yes

6 109 7 46 17 Yes

8A 27 8A 68 13 No

8A 139 6 41 14 No

C6–7–8A–9

6 64 7 46 32 Yes

6 75 8A 26 38 No

6 82 7 46 26 Yes

6 109 7 46 17 Yes

8A 27 8A 68 13 No

8A 139 6 41 48 No

C6–7–8A–9trl

6 64 7 46 32 Yes

6 75 8A 26 38 No

6 82 7 46 26 Yes

6 109 7 46 17 Yes

8A 27 8A 68 13 No

8A 139 7 46 87 Yes

C6–7–8A–10

6 64 7 46 32 Yes

6 75 8A 26 38 No

6 82 7 46 26 Yes

6 109 7 46 17 Yes

8A 27 8A 68 13 No

8A 139 10 32 11 No

10 62 6 41 25 No

10 83 6 41 18 No

C6–6B–7–8A

6 64 6B 51 32 Yes

6 75 6B 20 18 No

6 82 6B 51 26 Yes

6 109 6B 51 17 Yes

6B 93 7 46 20 Yes

8A 27 8A 68 13 No

8A 139 6 41 48 No

C6–7–8A–9–10
6 64 7 46 32 Yes

6 75 8A 26 38 No

Cell Signal. Author manuscript; available in PMC 2021 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ottesen and Singh Page 27

circRNA Start exon Start Position Stop exon Stop position Peptide length In frame?

6 82 7 46 26 Yes

6 109 7 46 17 Yes

8A 27 8A 68 13 No

8A 139 10 32 45 No

10 62 6 41 25 No

10 83 6 41 18 No

C6–7–8A–9trl-10

6 64 7 46 32 Yes

6 75 8A 26 38 No

6 82 7 46 26 Yes

6 109 7 46 17 Yes

8A 27 8A 68 13 No

8A 139 10 45 48 No

10 62 6 41 25 No

10 83 6 41 18 No
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