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Circular versus linear RNA topology: different modes of RNA–RNA interactions in 
vitro and in human cells
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ABSTRACT
Circular RNA is progressively reported to occur in various species including mammals where it is thought 
to be involved in the post-transcriptional regulation of gene expression, partly via interactions with 
microRNA. Here, we asked whether the circular topology causes functional differences to linear forms 
when interacting with short RNA strands in vitro and in human cells. Kinetic studies with human bladder 
cancer-derived synthetic circular RNA versus linear transcripts, respectively, with short oligoribonucleo
tides showed similar association rates for both topologies. Conversely, a substantial topology-related 
difference was measured for the activation entropy and the activation enthalpy of RNA–RNA annealing. 
This finding strongly indicates a significant difference of the mechanism of RNA–RNA interactions. To 
investigate whether these characteristics of circular RNA are biologically meaningful we performed 
transient transfection experiments with a microRNA-regulated expression system for luciferase in 
bladder cancer-derived cells. We co-transfected linear or circular RNA containing one microRNA binding 
site for the target-suppressing microRNA mlet7a. Here, the circular isoform showed a strongly increased 
competition with microRNA function versus linear versions. In summary, this study suggests novel 
topology-related characteristics of RNA–RNA interactions involving circRNA in vitro and in living cells.
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Introduction

Since circular RNAs (circRNA) moved into the focus of 
biomedical research, most of the increasing numbers of 
reports describe their (bio-)synthesis, their origin, and their 
presumed fundamental biological role [1–5]. The majority of 
these studies contain in silico analyses derived from transcrip
tome profiling data [6–10]. Many of the published data on 
circRNA suggest their central biological role in the regulation 
of cellular gene expression and metabolism, and also their 
potential use as specific disease biomarkers [11]. Conversely, 
biochemical characteristics of circRNA and mechanisms 
underlying its interactions with complementary RNA are 
almost unknown. As experimental mechanistic insights are 
missing, there remains a lack of models explaining crucial 
biological roles hypothesized for circRNAs including binding 
of cellular RNAs, the regulation of gene expression via 
microRNA (miRNA), a storage function, and a role in the 
localization of RNA or RNA-binding proteins [12,13]. In 
summary, circRNAs are thought to be involved in a highly 
complex structural and functional intracellular RNA network 
which consists of mRNAs, circRNAs, regulatory RNAs, and 
interacting molecules [14]. The concerted action of all kinds 
of RNAs involved seems to provide a fine-tuned, temporal, 

spatial, and developmental stage-specific mode of regulated 
gene expression. The ´sponge model´ assumes interactions 
between redundant binding sites of circRNA for cognate 
miRNA species thereby serving as a reservoir for microRNA, 
termed ´sponge´, by which the intracellular level and activity 
of miRNAs can be regulated [12,13].

To avoid artificial test systems and to establish 
a biologically relevant model system we chose sequences of 
circRNA that occurs in human bladder cancer cells (BCa). 
Further, we favoured a strand that is short enough for effi
cient in vitro transcription followed by efficient enzymatic 
circularization. From a more biomedical viewpoint, we 
focused on a potential circular RNA that has one binding 
site for a miRNA which was reported by at least two inde
pendent references [12,14–16]. These considerations were met 
by circRNA ‘hsa_circ_0001406’ according to (www.circbase. 
org/alias hsa_circ_000391 [according to http://gyanxet-beta. 
com/circdb/], length 176 nt, NM_006345, SLC30A9, binds 
miR-101-3p). In order to make use of T7 RNA polymerase, 
we added the six nucleotides GGGAGA at the 5´terminus, to 
guarantee high in vitro transcription yields. The addition led 
to the 182 nt long BCa associated start molecule for our 
model system.

CONTACT Sonja Petkovic sonja.petkovic@neuro.uni-luebeck.de;  
Georg Sczakiel georg.sczakiel@uni-luebeck.de Institut für Molekulare Medizin, Universität zu Lübeck and UKSH, Campus Lübeck, Ratzeburger Allee 160, D- 
23538 Lübeck, Germany 

#present address:Institute of Neurogenetics, Universität zu Lübeck and UKSH, Campus Lübeck, Ratzeburger Allee 160, D-23538 Luebeck, Germany.

†present address:Leibniz-Institut für Experimentelle Virologie, Heinrich-Pette-Institut, Martinistraße 52, D-20251 Hamburg, Germany.
Supplemental data for this article can be accessed here

RNA BIOLOGY                                                                                                                                                       
2021, VOL. 18, NO. S2, 674–683
https://doi.org/10.1080/15476286.2021.1978214

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/), 
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

http://www.circbase.org/alias
http://www.circbase.org/alias
http://gyanxet-beta.com/circdb/
http://gyanxet-beta.com/circdb/
https://doi.org/10.1080/15476286.2021.1978214
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15476286.2021.1978214&domain=pdf&date_stamp=2021-12-25


Here we describe experimental studies that indicate major 
influences of RNA topology on RNA–RNA interactions. We 
established an experimental platform for the biochemical 
understanding of interactions of circRNAs with complemen
tary RNA including antisense RNA or partially complemen
tary RNA such as microRNA. The presumed network of 
dynamic intracellular RNA–RNA interactions involves 
circRNAs and endogenous RNA. With regard to the tight 
relationship between kinetics of RNA–RNA annealing 
in vitro and biological phenotypes in vivo [17,18], it seemed 
to be reasonable to start with kinetic studies in vitro at 
physiological conditions. Thus, we elucidated the kinetics of 
interactions between in vitro transcripts representing the 
naturally occurring bladder carcinoma (BCa)-associated 
human circRNA hsa_circ_000391 with matching single- 
stranded oligomeric RNA. This includes a 92mer truncated 
version and three longer homologs.

Regarding the RNA species used in vitro for biochemical 
studies and for cell culture experiments, respectively, please 
note the following nomenclature. In vitro, we study 92mers, 
termed lin-92 and circ-92, respectively, and the complemen
tary oligonucleotide as101 which has no binding motif for 
mlet7a. When checking whether in vitro observations are 
biologically meaningful, we used a mlet7a-regulated indicator 
system. Thus, we had to modify lin-92 and circ-92 such that 
the resulting derivatives contain a binding motif for mlet7a. 
The resulting constructs were termed lin-mlet7a-92 and circ- 
mlet7a-92, respectively.

Results and discussion

To shed light on the role of the topology of circular RNA, we 
studied the natural hsa_circ_1406 system for which potential 
binding of microRNAs was analysed by RNA hybrid 2.2[19]. 
and by the data base ´circ2traits´[20]. The results indicate that 
this circular RNA can interact with miR-101-3p. For the 
following studies we increased the sequence complementarity 
with circRNA which resulted in as101, a complementary 
21mer based on miR-101-3p. Further, we attempted to 
exclude phenomena which could be specific for a given indi
vidual circRNA species, e.g. length dependency. Thus, we 
investigated a set of four related homologous circRNAs of 
92, 122, 152, and 182 nts (Table S1 and Table S2). All of 
these linear and circular RNAs were synthesized using proto
cols as described recently [21]. Briefly, two 3´-overlapping 
oligodeoxyribonucleotides (sequences in Table S3) were filled 
in by Klenow fragment. The resulting duplex contained a T7 
promoter element at one terminus by which transcripts were 
produced in vitro. Transcripts served as linear target RNA or 
were ligated intra-molecularly, and used as circular tar
get RNA.

We characterized linear and circular RNA species by using 
three different methodologies (shown for lin-92 and circ.92). 
(i) 1D- PAGE (7 M urea, circular RNA; Figure 1C), (ii) 2D- 
PAGE (no urea; Figure 1D & E), and (iii) cleavage by RNase 
H which linearizes circ-92 and produces two fragments of lin- 
92 (Figure 1F).

It is important to note that intermolecular RNA–RNA 
interactions are sensitive to local RNA structures and to 

accessibility for RNA–RNA interactions [22]. Thus, we first 
modelled secondary structures of the RNA molecules used in 
this study by extensive in silico analyses in the use of the 
programms RNAfold and forna that are accessible via the 
ViennaRNA package 2.4.1 [23,24]. Analyses included the 
temperature-dependency of the linear and circular RNAs of 
the series of four homologs 92mer, 122mer, 152mer, and 
182mer (Supplementary Fig. 1, Supplementary Table 1). The 
2D models of the linear version of the 92mer (lin-92), respec
tively, indicate a similar structural context of the binding sites 
for as101 of both topological isoforms at 37°C (Figure 1). 
Thus, we assume that the as101 binding sites and their struc
tural context have no major influence on biochemical studies 
of the interactions between the 92mers and as101.

First, we studied the annealing kinetics of linear or circular 
92mers with as101. The RNA–RNA association kinetics were 
measured at pseudo-first-order conditions at 37°C, physiolo
gical ionic strength, and physiological pH value, essentially as 
described [25]. The association rate constants ranged between 
1.1 × 105 (M−1 s−1) and 2.1 × 105 (M−1 s−1) for all RNAs 
regardless of their topology and size (Figure S2, Table S4). It is 
noteworthy, that a slight length-dependent increase of asso
ciation rates by a factor of approximately 1.6 and 1.8, respec
tively, occurs in the length range between 92 nts and 182 nts 
for the linear and for the circular versions (Table S4). This 
observation is consistent with earlier systematic studies on the 
length-dependent increase of RNA–RNA annealing 
kinetics [26].

To investigate in more depth the role of the covalently 
closed circular topology of circRNA for RNA–RNA interac
tions, we studied two major characteristics. Firstly, we exam
ined the activation energies of the association of as101 with 
linear or circular RNA (lin-92 or circ-92; Figure 2A, Table 1).

The temperature dependency of the annealing between 
as101 and the linear or the circular version of the 92mer, 
respectively, gave rise to Arrhenius plots (Figure 2A), and 
the activation energies of this reaction (Table 1). Since the 
annealing rate constants are similar between the as101 and the 
two topologies of the 92mer, the values for the Gibbs energy 
of activation (ΔG‡) are also similar (Table 1). Conversely, the 
Arrhenius activation energy differs substantially which is 
reflected by the considerable difference of the enthalpy of 
activation (ΔH‡) and the entropy of activation (ΔS‡) which 
constitute ΔG‡. This suggests major mechanistic differences of 
the RNA–RNA annealing mechanisms as a function of the 
topology of the long-chain RNA strand (Table 1). While Ea 
/ΔH‡ is increased for circRNA this thermodynamic disadvan
tage is compensated by the activation entropy.

With regard to the hypothesis that circRNAs act like 
‘sponges’ for miRNAs in which also the controlled release of 
miRNA occurs, we further focused on RNA–RNA dissocia
tion. Hence, dissociation kinetics of a partially double- 
stranded complex between as101 and the 92mer was studied 
at physiological conditions (compare methods section). The 
experimental design is schematically depicted in Figure 2B.

A pre-formed complex containing the 92mer and 
a fluorescently labelled ORN (as101*) was mixed with unla
belled as101 at varying excesses. The time-dependent release 
of the labelled strand was monitored by withdrawing samples, 
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quenching the reaction, and analysing complex formation by 
polyacrylamide gel electrophoresis (Figure 2C). Note that 
RNA-RNA dissociation may occur via two different pathways, 

an associative or a dissociative pathway [27] (Figure S3). Since 
no information related to these pathways is available, we 
measured the release of as101* from pre-formed complexes 
and provide the half-life of the apparent dissociation reactions 
in Figure 2D. Overall the release of as101* is slower in case of 
circRNA-containing complexes compared to linear RNA. 
Further, the data in Figure 2D show that the concentration 
dependency of the dissociation kinetics from the unlabelled 
‘displacer strand’ is fundamentally different between the two 
complexes differing in the topology of the long-chain RNA 

Figure 1. Secondary structure models of the linear and circular isoforms of the 92mer, lin-92 (A) and circ-92 (B), respectively. The segments that are complementary 
to the microRNA model as101 are indicated by yellow colour. (C) Polyacrylamide gel showing the linear and circular isoforms of the 92mer, termed circ-92 and lin-92, 
respectively. The lane on the left shows size markers. (D) Two-dimensional polyacrylamide gel on which linear RNA species are separated. 1st dimension, denaturing 
conditions (7 M urea) 15% polyacrylamide; 2nd dimension: 17.5% denaturing polyacrylamide or 15% native polyacrylamide., xxxxx; 2nd dimension, xxxxxx. (E) Two- 
dimensional polyacrylamide gel on which linear RNA species together with circ-92 are separated. 1st dimension, xxxxx; 2nd dimension, xxxxxx. The linear RNA species 
form quasi lines of signals while circ-92 migrates clearly outside this line. The position of circ-92 on the lower left of the gel is indicated by a white circle. (F) 
Separation of RNase H cleavage products of lin-92 and circ-92. Left lane, size markers; middle left lane, oligodeoxyribonucleotide (ODN) forming a substrate for RNase 
H together with both 92mers; middle right lane, mixture of circ-92, lin-92; right panel, cleavage products.

Table 1. Relationship between RNA topology and activation energies of the 
association of 92mer with as101 at 37°C. For detailed experimental data see 
suppl. table 5.

topology of 
92mer Ea

ΔG‡ (kJ/ 
mol)

ΔH‡ (kJ/ 
mol)

ΔS‡ (cal/ 
molK)

TΔS‡ (kJ/ 
mol)

lin-92 32.5 45.8 29.9 −12.2 −15.8
circ-92 57.6 46.2 55.0 6.8 8.8

676 S. PETKOVIC ET AL.



strand. The release of the short RNA strand from the linear 
complex seems to be enhanced at increasing concentrations of 
the ´displacer strand´ which is consistent with an associative 
mechanism that has been observed for a number of RNA– 
RNA complexes containing linear RNA [27]. Conversely, in 
case of a complex formed of circular RNA and an oligoribo
nucleties, the dissociation kinetics decrease at increasing 

concentrations of ´displacer strand´ which rather favours 
a non-associative mechanism of RNA–RNA dissociation 
(Figure 2D).

The kinetic data described here show crucial differences of 
RNA–RNA recognition of linear and circular RNA. These 
findings provide a second independent line of evidence for 
a fundamental role of RNA topology for RNA–RNA 

Figure 2. Arrhenius-plots of the association of as101 with lin-92 or circ-92, respectively (A). Dissociation studies in vitro. (B) Schematic depiction of strand 
displacement of the labelled as101 strand (as101*) within the complex with lin-92 (Iin-92•as101*) by an excess of unlabelled as101. (C) Gel analysis of the time- 
dependent dissociation kinetics. The complex Iin-92•as101* is composed of lin-92mer and the fluorescently labelled as101* (label indicated by*). Dissociation is 
driven by an excess of unlabelled as101 resulting in decreasing amounts of the visible complex Iin-92•as101*and increasing signals for as101* with increasing time. 
Lane pc, positive control (pre-formed complex after 90 min incubation; at 37°C). Lane nc, negative control (as101*) (D) Observed half-life of complexes containing lin- 
92 or circ-92 as a function of the molar excess of unlabelled as101. Dissociation of as101* from the linear complex is fast (short half-life) and increases at increasing 
concentrations of the ´displacer strand´ as101 (open circles). Conversely, release of as101* from a complex with circular RNA is slow and more reduced at increasing 
concentration of as101 (filled circles).
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interactions in vitro at physiological conditions. At a first 
glance it is surprising that for circRNA, dissociation becomes 
slower at increasing concentration of as101, which is not 
compatible with the dissociative nor the associative mechan
ism of RNA–RNA dissociation. However, considering similar 
association rate constants this observation is not contradicting 
the sponge hypothesis as at increasing as101 concentrations 
(modelling microRNA), the equilibrium shifts towards the 
complex, i.e. towards ´sponge characteristics´. The underlying 
mechanism needs to be resolved which, however, is beyond 
the scope of this initial investigation.

With regard to interactions of RNA with microRNA we 
like to draw the attention to the complexity of test systems 
in vitro and in in living cells. A large number of bioinfor
matics studies, genetic studies, and phenotypic functional 
studies indicate complexes between microRNA binding sites 
and microRNAs with partial sequence complementarity. 
Conversely, in studies in vitro at physiological conditions, 
RNA–RNA complexes between RNA strands and only partly 
complementary miRNA are extremely difficult to detect. 
Thus, studying those interactions in vitro seems to be quite 
a challenge and we had to use model systems with complete 
sequence complementarity.

To investigate whether the biochemical findings described 
above are biologically relevant for the action of circRNA in 
living cells, we established a cell culture model that is based on 
human bladder carcinoma (ECV-304) cells. This system 
makes use of a mlet7a-regulated recombinant luciferase- 
coding target mRNA harbouring mlet7a binding sites within 
its 3´-terminal region [28]. Thus, we adapted lin-92 and circ- 
92 to mlet7a. The resulting RNAs are also 92nts in length and 
RNA structure predictions according to the in vitro system 
with as101 resulted in RNA models which show binding sites 
and a structural context that is similar for both topologies 
(Figure 3A). Although the RNA sequences of this cell culture 
system are not identical to the in vitro studies described 
above, the overall structure seems to be enough closely related 
to allow to test whether the biology of a competitor RNA for 
mlet7a is dependent on its linear or circular topology.

In this cell culture model, microRNA, ´competitor RNA´ 
(lin-mlet7a-92 and circ-mlet7a-92) and two recombinant plas
mids are co-transfected (Figure 3B). One plasmid encodes the 
target transcript containing seven functional binding sites for 
mlet7a and the second plasmid contains an indicator gene 
serving as control for transfection efficiency. While one can 
define amounts of all nucleic acids that are added to cells, 
their intracellular fate is complex. The transfected RNAs are 
thought to be internalized by an endocytotic pathway fol
lowed by intracellular release from endosomes and by intra
cellular trafficking. This makes it very difficult to derive ´real´ 
endogenous concentrations at the site of action. Plasmid- 
encoded RNA is transcribed after nuclear uptake of plasmids. 
It is reasonable to assume that their transcripts have to be 
exported to the cytoplasm in order to encounter microRNAs. 
Further, there are other relevant unknown critical parameters 
like, for example, metabolic stability of all RNAs and their 
intracellular localization. For this reason, we study in cell 
culture a side-by-side comparison of the biological functions 
of linear versus circular RNA species.

After transient transfection of the plasmid-coded recombi
nant luciferase gene and mlet7a, luciferase activity is sup
pressed which is thought to occur via RNA–RNA 
interactions between mlet7a and its 3´-UTR-located binding 
sites [28]. To investigate the effects of co-transfected poten
tially ´competing RNA´, also termed ´sponge RNA´ by some 
laboratories [12,13,29–32] we added linear or circular versions 
of a 92mer containing a mlet7a binding site termed mlet7a-92. 
Based on the overall structure we designed a derivative of the 
92mer (Figure 1) that contains one defined binding site for 
mlet7a, assuming this can act as a decoy for mlet7a in human 
cells, thereby decreasing mlet7a-mediated down-regulation of 
luciferase activity. If the topology of this RNA would influence 
its interactions with mlet7a, then different strengths of effects 
should result in the use of the linear versus the circular form 
of this RNA.

This transient cell culture experiment (Figure 3) shows 
a counteracted down-regulation of luciferase expression by 
mlet7a by both co-transfected versions of mlet7a-92 tran
scripts. The circular version of the mlet7a-binding RNA 
(circ-mlet7a-92) is a significantly more potent competitor 
for mlet7a function than the linear isoform (lin-mlet7a-92, 
Figure 3C). This indicates that, in functional terms, circ- 
mlet7a-92 binds to mlet7a more efficiently than the linear 
version. In order to describe this behaviour more quantita
tively, we titrated the functional competition studies with 
circular or linear RNA, respectively, in the cell culture set- 
up schematically depicted in Supplementary Figure S5. 
Here, the binding of mlet7a to Hmga2m7 transcripts in 
transfected cells is competed with co-transfected in vitro 
synthesized linear or circular 92mers, respectively, both of 
which contain one mlet7a binding site (Figure 3A). 
Reproductions of this experiment showed a robust concen
tration-dependent increase of luciferase activity in the pre
sence of mlet7a-92mers. This effect was reproducibly 
stronger in the use of the circular version circ-mlet7a-92 
over the linear homolog lin-mlet7a-92. It is noteworthy that 
luciferase activity is increased a little at varying amplitude 
over the control when only lin-mlet7a-92 or circ-mlet7a-92, 
respectively, are co-transfected with the expression plasmid 
for Hmga2m7 in the absence of mlet7a (Figure 3D, bars 8 
& 13).

A crucial issue of this study is the conceivable possibility of 
interactions between mlet7a and linear or circular 92mers, 
respectively, prior to their intracellular localization, e.g. dur
ing the preparation of transfection mixtures. Thus, we asked 
whether interactions between mlet7a and linear or circular 
92mer, respectively, could occur in the course of transient 
transfection. To study these possibilities, we performed trans
fection experiments in which the components (i) lipofecta
mine, (ii) mlet7a, (iii) lin-92 or circ-92, respectively, and (iv) 
plasmids were mixed with different compositions and orders 
of transfection (Supplementary Figure S5). This control 
experiment suggests that critical RNA–RNA interactions do 
not occur before all interacting RNA molecules and endogen
ous plasmid-encoded transcripts are present inside cells 
(Supplementary Figure S5).

In general, a higher nuclease resistance and, hence, higher 
intracellular stability is postulated for circular RNAs. Thus, we 
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investigated the amounts of transfected linear and circular 
RNAs in this transient transfection assay by Northern ana
lyses and by liquid hybridization (Supplementary Figure S4). 
Both detection methods provide rough quantitative data. Both 

methods were applied to measure lin-mlet7a-92 and circ- 
mlet7a-92 in experiments that show the functional pheno
types shown in Figure 3C&D. The probe used in either 
assay was equally sensitive for lin-mlet7a-92 and circ-mlet7a 

Figure 3. Evidence for competing effects of lin-mlet7a-92 and circ-mlet7a-92 in human cells. (A) Secondary structure models of the linear and circular isoforms of the 
RNA mlet7a-92, respectively. This 92mer RNA contains a binding site for the microRNA mlet7a (indicated by red colour). (B) Schematic depiction of components of co- 
transfection experiments with mlet7a, the target mRNA encoding Renilla luciferase, and lin-mlet7a-92 or circ-mlet7a-92, respectively. (C) The RNA mlet7a-92 reduces 
mlet7a-mediated suppression of Renilla luciferase expression in ECV-304 cells. The co-transfected ´competitor´ RNAs are, lane 1, circ-mlet7a-92; lane 2, circ-92; lane 3, 
lin-mlet7a-92; lane 4, lin-92. The control RNAs (circ-92 and lin-92) have identical lengths with mlet7a-92 and similar sequences but lack intact mlet7a binding sites. In 
all transfection experiments the same amount of nucleic acids was used (see, Materials & Methods). (D) Concentration dependency of competitive effects of linear 
and circular forms of mlet7a-92 RNA, respectively. ECV-304 cells were transiently transfected with mixtures containing pGL3 (internal standard, expressing Firefly 
luciferase), pHmga2m7 (expressing Renilla luciferase controlled by mlet7a), and the RNAs indicated on the lower left panel at the concentrations indicated in the 
lower panel. The symbols ‘+’ and “-“ indicate co-transfection of mlet7a, control RNA (si-scr), lin-mlet7a-92, or lin-mlet7a-92, respectively. The numbers on top of the 
bars indicate mean values and the standard deviation of four measurements. All values of the activity of Renilla luciferase (Y-axis) are standardized to the levels of 
Firefly luciferase activity in the dual luciferase assay. Expression of Renilla luciferase in the presence of control RNA (3rd bar from left) is set 100%.
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-92 (Supplementary Figure S4A). Either RNA detection 
method indicates comparable amounts of both isoforms of 
the 92mers. Thus, potentially different intracellular stability of 
both isoforms does not seem to explain the differential com
petition properties of lin-mlet7a-92 versus circ-mlet7a-92.

Conversely, a complex network of RNA–RNA interactions 
involving two microRNAs, one long ncRNA, and circular 
RNA is noteworthy. Genetic studies in mice suggest that the 
circular RNA ´Cdr1as´ which contains large numbers of 
binding sites for miR-7 does not act as a typical microRNA 
sponge for miR-7. Although functional interactions between 
miR-7 and Cdr1as seem stop be very likely, regulatory path
ways might involve spatial or temporal properties [14]. While 
these findings by Kleaveland et al. [14] nicely show the highly 
complex regulatory intracellular network of functional RNAs 
involving circRNA and microRNAs, the system is different 
from the in vitro and cell culture studies described here.

In summary, this study strongly suggests a significant role 
of circular RNA topology for RNA–RNA interactions, i.e. the 
biology of microRNA in mammalian cells. Secondly, the find
ings described here are consistent with a hypothetical kind of 
`RNA sponge´ or `miRNA reservoir ´ suggested and dis
cussed by others [12,13,33]. However, more direct evidence 
for the existence of circular RNA sponge characteristics is 
beyond this study. Finally, we like to note that transient 
transfection studies do not necessarily monitor cellular meta
bolism and regulation at steady state conditions.

Considering the differences of thermodynamic character
istics of interactions between linear versus circular RNA and 
complementary short RNAs (see Figure 1, Figure S1, 
Figure 2C, and Table 1), we hypothesize that the regulation 
of RNA–RNA interactions is different in mechanistic terms 
that might also be true in living cells. Thus, we expect that 
further detailed mechanistic studies reveal new characteristics 
of circRNA and, as a consequence, more yet unknown func
tions of circRNA. To gain progressively more knowledge is of 
major importance as the number of newly identified 
circRNAs is rapidly expanding and evidences for circRNA 
involvement in human diseases are frequently found [34–36] .

In conclusion, kinetics and thermodynamics of interactions 
between linear or circular RNA and complementary short- 
chain RNA suggest a topology-related fundamental mechan
istic difference of RNA–RNA interactions at physiological 
conditions in vitro which is reflected by the different beha
viour of circular versus linear RNA in human cells.

Methods

Chemicals and enzymes

Unlabelled dNTPs, DNase I, T7 RNA polymerase, Klenow 
fragment exo-, Klenow reaction buffer, RiboLock™, RNA size 
standards, and T4 polynucleotide kinase were purchased from 
ThermoFisher Scientific (Schwerte, Germany). Radioactively 
labelled ATP ([γ-[32]P]ATP) was obtained from 
PerkinElmer® (Groningen, Netherlands), T4 RNA Ligase 
I (T4 RnL) and the appropriate buffer from New England 
Biolabs (Frankfurt am Main, Germany). DNA primers were 
purchased from eurofins Genomics (Ebersberg, Germany), 

RNA oligonucleotides (21mers) were provided by IBA 
(Goettingen, Germany). RNase R including the required buf
fer was obtained from epicentre (Oldendorf, Germany). All 
chemicals and reagents were of analytical grade and filtered 
through a 0.2 µm polyvinyl difluoride membrane before use. 
Upon electrophoresis, polyacrylamide (PAA) gels were either 
stained for 10 min with SYBR®Gold (1:50.000 in Tris/borate/ 
EDTA (TBE) buffer (pH 8.0 at 37°C)). Alternatively, a 3ʹ- 
Carboxyfluorescein-(6-FAM-) residue or a [32]P-labelled 5´- 
terminus of the short-chain oligoribonucleotide was used to 
detect and to quantify educts and products of annealing reac
tions. For quantification, a Typhoon FLA 9500 (GE 
Healthcare Life Sciences, Little Chalfont, Britain) was used. 
Agarose gels were stained with ethidium bromide (EtBr) at 
a final concentration of 0.5 µg/ml in TBE and visualized using 
the Variocam gel documentation system. All UV spectra were 
recorded on a NanoDrop ND 1000 spectrophotometer.

Synthesis of RNA

Klenow primers (sequences listed in Table S3, Supporting 
Information) were used in Klenow reactions in a total volume 
of 500 µl according to the manufacturer’s protocol. After 
precipitation of double-stranded DNAs using ice-cold ethanol 
at room temperature, product formation was controlled using 
native agarose gels (1.5%, EtBr stained). Since only one pro
duct was detectable after Klenow reaction, 1/10 volume of the 
resolved DNA pellet was used in GMP-primed in vitro tran
scription without further purification.

In vitro synthesis of RNA was performed essentially as 
follows. RNAs were formed by GMP-primed in vitro tran
scription of Klenow DNA templates with T7 RNA polymerase 
in the presence of ATP, UTP and CTP (2 mM each), GTP 
(1.25 mM), GMP (6 mM) and 1 U/µl RiboLock™ in 1x HEPES 
buffer (50 mM Na-HEPES, 12 mM MgCl2 hexahydrate, 2 mM 
spermidine pH 7.5 at 37°C) in a total reaction volume of 50 µl 
at 37°C for 3 h. DNA template was hydrolysed at 37°C for 
30 min by DNase I (2 U) directly added to the in vitro 
transcription reaction mixture. The reaction was stopped via 
precipitation using ethanol at room temperature. Subsequent 
electrophoresis on 12% denaturing polyacrylamide gels (for 
composition see subchapter PAGE analysis below) was fol
lowed by elution of the product-containing bands with 
sodium acetate buffer (0.3 M, pH 7.0, shaking at 500 rpm, at 
10°C). The procedure was done twice for at least 2 hours and 
overnight for the final elution step. Combined product- 
containing solutions were filtrated to remove PAA fibres 
and RNA was desalted by precipitation using 250 vol.-% 
ethanol at −20°C overnight.

Polyacrylamide gelelectrophoresis (PAGE)

For single RNA species analysis or purification, denaturing 
(7 M or 8 M urea) polyacrylamide gel electrophoresis (acry
lamide: bisacrylamide 19:1, ammonium persulphate 0.1% w/v, 
N,N,N′,N′-Tetramethylethane-1,2-diamine 0.1% v/v) was 
applied, using 1x TBE buffer as running buffer and stop mix 
(formamide, bromophenol blue and xylene cyanol each 5 vol.- 
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%) for sample loading. RNAs were denatured at 90°C for 
2 min and directly loaded onto the gel.

Analysis of RNA–RNA complex formations required semi- 
denaturing (4 M urea) or non-denaturing conditions for 10% 
v/v PAA gels. Loading buffer of semi-denaturing gels was 
composed of formamide, 40 mM EDTA, 0.05% SDS and 
7 M urea, loading buffer for non-denaturing gels consisted 
of 20 mM Tris-HCl (pH 8), 40 mM EDTA, 0.05% w/v SDS in 
20% v/v glycerol.

Ligation of RNA

In vitro transcription mixture was used for end-joining by T4 
RNA Ligase I in a total reaction volume of 18 µl. Either 1/10 
volume of the resolved RNA pellet or 10 pmol purified tran
script was used. Ligation was performed in 50 mM Tris-HCl 
(pH 7.5 at 25°C), 10 mM MgCl2, 1 mM DTT, 10 mM ATP, 
and PEG4000 (10% vol/vol) after RNA was denatured and re- 
folded at 90°C, 50°C, and 37°C at a duration per step of at 
least 5 min. Subsequently, 1 U or 4 U of T4 RNA Ligase I was 
added and ligation was performed at 37°C for 1–5 hours.

Two-dimensional gel electrophoresis

All ligated constructs were analysed using two-dimensional 
PAGE (for polyacrylamide gel composition, buffers and stain
ing see above PAGE analysis).

- first dimension: denaturing conditions (7 M urea) 15% 
polyacrylamide;

- second dimension: 15% native polyacrylamide.
Ligation reaction mixtures including linear RNAs of sev

eral sizes due to former uncompleted in vitro transcription 
were used for unambiguously identification of circular spe
cies. Mixtures were separated in the first dimension by gel 
electrophoresis. Subsequently, the gel lane was excised and 
used for electrophoresis in the second dimension.Here, linear 
RNAs compose a diagonal line. Covalently closed cyclic RNAs 
possess reduced degrees of freedom, displaying a non-linear 
dependency of migration manner and occur outside the diag
onal [21,37,38].

Exoribonuclease treatment of RNA

Hydrolysis of linear RNAs within a mixture of linear and 
circular RNAs was performed using 5 pmol RNA. The reac
tion buffer was 0.2 M Tris-HCl (pH 8.0), 1 M KCl, and 1 mM 
MgCl2 and MgCl2 concentration was increased to 5 mM. The 
reaction mixture was heated at 90°C for 5 min cooled to 50°C 
before addition of 0.1 U of RNase R. Hydrolysis occurred at 
50°C for 60 min. The reaction was stopped using an equal 
volume of 7 M urea and 50 mM EDTA, which is also used as 
loading buffer for electrophoresis, and the mixture was imme
diately frozen in liquid nitrogen. Products were analysed 
using PAGE in 15% denaturing PAA gels.

32P-labelling of RNA.

Radioactive labelling of as101 was performed using [γ-[32]ATP] 
(30 µCi), 10 pmol of RNA, reaction buffer (50 mM Tris-HCl 

(pH 7.6 at 25°C), 10 mM MgCl2, 5 mM DTT, 0.1 mM spermi
dine) and 10 U of T4 polynucleotide kinase. Reactions took 
place for 1 hour at 37°C and were stopped by heat inactivation 
at 75°C for 10 min, followed by product isolation using G-50 
Sephadex column and ethanol precipitation for 1 hour at −20°C. 
Phosphorylation efficiency was checked by liquid scintillation 
measurement and denaturing PAGE (15%, 7 M urea).

Determination of association rates

RNA–RNA association was measured at a 5 fold excess of 
linear or circular RNAs over the 21mers in 20 mM Tris-HCl 
(pH 7.4), 100 mM NaCl, and 10 mM MgCl2 at 37°C and 
stopped at time points 0, 1, 2, 4, 8, or 16 min. To stop the 
reaction, aliquots were mixed with loading buffer and ana
lysed via 10% native PAGE (see subchapter PAGE). Band 
intensities were quantified by using ImageJ and rate constants 
were calculated by linear regression analysis.

Dissociation studies

Prior to analysis of dissociation, a complex consisting of linear or 
circular RNAs with an appr. 5.6 fold excess over the labelled 
21mers had to be generated for at least 2 hours at 37°C in 
hybridization buffer (see determination of association rates). 
Subsequently, different concentrations (37 nM, 110 nM, 
370 nM, 1110 nM) of unlabelled 21mers were added. At indicated 
time points (compare Figure 3) reaction aliquots were withdrawn 
and immediately mixed with loading buffer. Further analysis was 
performed with 15% native PAGE (see subchapter PAGE). ImageJ 
was used for the determination of band intensities. Rate constants 
and half-life were calculated using linear regression analysis.

Liquid hybridization

Hybridization of total RNA (50% of RNA isolated from one 
well of 96 well plates) with the probe 5ʹ-FAM-as101 (0.25 μM) 
was performed in a total volume of 20 μL in 20 mM Tris/HCl, 
pH 7.4, and 0.1 M NaCl at a temperature of 37°C. First, RNAs 
were denatured at 90°C for 5 min followed by a 30 min incuba
tion. Samples were kept at on ice prior to gel electrophoresis.

RNAse H treatment

Reactions were performed in a total volume of 20 μL contain
ing 15 mM Na-HEPES (pH 7.4) 50 mM KOAc, 1 mM 
Mg(OAc)2, total RNA (0,04 μM), and oligonucleotide probes 
(1,2 μM) at 37°C for 30 min. 2 U of RNase H were added per 
reaction. The probe sequences were: as26, 5‘- 
GGACTTCGTCGTCTGATTTT-3‘ and as46, 5‘- 
AAGACTCAGTATCTTCATGG–3‘.

Transfection

ECV-304 cells were transfected using 5 µg/ml Lipofectamine 
2000 (Invitrogen, Karlsbad, California) in 96-well plates (2.0 
x 105 cells/well) with 10 ng pGL3 control (Promega, 
Fitchburg, USA), 100 ng Hmga2m7, 0.5 nM ds mlet7a, or 
0.5 nM ds scramble and 2.5 nM l/c-92 or LRa/CRa-mlet7a 
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following the manufacturer’s instructions (50 µl final volume of 
the transfection solution). Hmga2 3ʹUTR m7 luciferase (Luc- 
m7) was a gift from D. Bartel (Addgene plasmid # 14,788) [28]. 
Additionally, all cells were transfected with stocking DNA 
(comp. Figure S2) to ensure equal amounts of nucleic acids in 
each transfection mix. After 16–40 hours cells were washed with 
PBS and lysed with passive lysis buffer (Promega).

Luciferase assay

A non-commercial dual-luciferase enzyme assay described by 
Dyer et al., 2000 was used to determine the luciferase activities 
[39–42] . Light emission was measured directly in a 96-well 
micro-titre plate in a FLUOstar Omega BM6 Labtech. The 
ratio of the Renilla and the Firefly activities serves as a control 
for transfection efficiency. In order to determine the effect of 
LRa-mlet7a or CRa-mlet7a on the miRNA-regulating system 
the obtained values were normalized to those of the values 
from cells, which were transfected with lin-92 or circ-92.
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