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ABSTRACT

Circular RNAs (circRNAs) were recently described as a novel class of cellular RNAs. Two circRNAs were
reported to function as molecular sponges, sequestering specific microRNAs, thereby de-repressing target
mRNAs. Due to their elevated stability in comparison to linear RNA, circRNAs may be an interesting tool in
molecular medicine and biology. In this study, we provide a proof-of-principle that circRNAs can be
engineered as microRNA sponges. As a model system, we used the Hepatitis C Virus (HCV), which requires
cellular microRNA-122 for its life cycle. We produced artificial circRNA sponges in vitro that efficiently
sequester microRNA-122, thereby inhibiting viral protein production in an HCV cell culture system. These
circRNAs are more stable than their linear counterparts, and localize both to the cytoplasm and to the

nucleus, opening up a wide range of potential applications.

Circular RNAs (circRNAs) have recently been discovered as
a large class of ubiquitously expressed, tissue-specific,
mainly noncoding RNA [1,2]. They are produced by the
canonical splicing machinery by a process termed “back-
splicing”, where a donor splice site is spliced to an
upstream instead of a downstream acceptor site [3]. They
are mostly located in the cytoplasm and appear to be gener-
ally more stable than linear RNA due to their resistance to
exonucleolytic degradation [2]. The first described function
for cellular circRNAs was serving as microRNA (miRNA)
sponges. Two circRNAs, CDRlas/ciRS-7 and SRY, were
found to contain highly conserved binding sites for
miRNA-7 or miRNA-138, respectively [4,5]. CDR1as/ciRS-7
is highly expressed in brain and functionally suppresses
miRNA-7 activity, thereby de-repressing natural miRNA-7
targets. Recently it was shown that CDR1as/ciRS-7 is essen-
tial for normal brain function, and knockout caused dys-
functional synaptic transmission in mice [6].

In this study, we aim to provide a proof-of-principle that arti-
ficial circRNAs can be engineered as custom miRNA sponges to
sequester miRNAs relevant in human disease. As a model sys-
tem, we chose the Hepatitis C Virus (HCV), a positive-sense sin-
gle-stranded RNA virus that lacks a 5’-cap structure and initiates
its translation via a highly structured internal ribosome entry site
(IRES). The virus is hepatocyte-specific, partly due to its depen-
dence on the host miRNA-122 that is exceptionally abundant in
hepatocytes [7]. miRNA-122 binds to two distinct binding sites
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at the very 5’-end of the virus genome, where it protects the
virus RNA from exonucleolytic degradation by Xrn-1, enhances
viral replication and translation from the viral IRES-element,
consequently facilitating propagation of HCV [8-11].

miRNA-122 was therefore already utilized as a drug tar-
get in anti-HCV therapy. The first antimiR-drug Miravirsen
was successfully tested in phase II clinical trials [12]. Mira-
virsen is a locked-nucleic-acid (LNA)/DNA-mixmer oligo-
nucleotide that is complementary to miRNA-122, and
tightly binds and functionally sequesters the miRNA [13].
In patients, virus titers were decreased to non-detectable
levels after four weeks of subcutaneous administration [12].
Recently a second anti-miRNA-122 drug was clinically
tested. RG-101, an N-acetylgalactosamine-conjugated anti-
miRNA-122 oligonucleotide substantially reduced viral load
in combination with direct-acting antiviral drugs [14].

Here we show that artificial circRNAs can be engineered to
contain an array of miRNA-122 binding sites, and produced by
in vitro transcription and circularization. We provide evidence
that highly complementary binding sites are suitable to tightly
bind and sequester the cellular miRNA-122 in vitro and in vivo.
These artificial miRNA-sponges are more stable than their lin-
ear counterparts when transfected in cells. Ultimately, they
sequester miRNA-122 from HCV in two reporter systems,
including a full-length infectious HCV cell culture system. Viral
protein production is strongly reduced, with comparable effi-
ciency as Miravirsen. Interestingly, these artificial circRNA
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sponges localize both to the cytoplasm and to the nucleus, mak-
ing them an interesting tool for applications in molecular medi-
cine and biology.

To achieve a functional sequestration of miRNA-122 from
HCV, a molecular sponge needs to compete with the viral
binding sites. These reside at the 5'-end of the HCV plus
strand RNA genome and follow the canonical principles of
miRNA-mRNA interactions (Fig. S1A) [8,10,11]. To design a
molecular sponge, three different miRNA-122 binding sites
were analyzed: an experimentally validated endogenous bind-
ing site from the IGFIR mRNA 3’-UTR [15], a bulged binding
site lacking complementarity at nucleotides 10-12 and a per-
fectly complementary binding site, which is thought to be
cleaved by the miRNA-122-RISC complex (Fig. 1A) [16,17].
Four copies of these binding sites, corresponding seed mutant
versions (Fig. 1A) and unrelated 3’-UTRs without miRNA-
122 binding sites (derived from LAPTM4A, HNRNPK and
KPNBI mRNAs) were inserted into the firefly luciferase
reporter 3’-UTR of a dual-luciferase reporter system. The
reporter constructs were transfected into HuH-7.5 cells that
express high levels of miRNA-122, and luciferase activity was
monitored in cell lysates. The IGFIR binding sites did not
repress luciferase expression, whereas the wildtype bulged and
both perfectly complementary sites did (Fig. 1B). In the latter,
the seed mutation is not sufficient to completely abolish
repression of luciferase expression. The reduced luciferase
activity may not only be due to translational repression but
also cleavage and/or destabilization of the luciferase reporter
RNA as apparent from semiquantitative RT-PCR analysis
(Fig. 1C).

Moreover, we used a direct biochemical approach to ver-
ify interaction of miRNA-122 with the binding sites. Bioti-
nylated in vitro transcripts carrying the same sequences as
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the luciferase reporters were incubated in HuH-7 cyto-
plasmic extract, and bound miRNA-122 was analyzed by
northern blot. Both the bulged and perfectly complementary
binding sites efficiently pulled down miRNA-122, in con-
trast to the IGFIR-derived site or the corresponding seed
mutants (Fig. 1D). Surprisingly, we did not observe cleavage
of the perfectly complementary binding site under these
conditions (Fig. 1D, lower panel).

The two naturally occurring circular RNA sponges ciRS-7/
CDR1as and SRY have 73 and 16 consecutive miRNA binding
sites, respectively [4,5]. Repetitive elements as the artificial
binding sites tested in Fig. 1 are likely to complicate standard
molecular techniques as PCR, cloning, or Sanger sequencing.
For this reason the binding sites used in the following are lim-
ited to 8-mers, including 4 nucleotides (nt) spacer sequences,
resulting in optimal spacing of 20 nt between adjacent seed
sites. Analyses of endogenous miRNA-binding sites showed
that a spacing of 16-20 nt between seed binding sites is over-
represented, and allows efficient binding of multiple miRNA/
Ago2 complexes [17]. To enhance RNA circularization in
vitro and to overcome the disadvantageous repetitive nature
of the constructs used, a reverse complementary repeat of
11 nt was added to both ends of the transcript, resulting in a
11 bp stem with an open loop structure of 10 nt (Fig. 2A). A
63 nt constant region between this stem and the sponge
sequence allows detection of all constructs using the same
PCR primers or northern hybridization probes. Efficient cir-
cularization of in vitro transcripts is achieved by an optimized
in vitro circularization protocol using T4 RNA ligase 1. This
procedure results in circular RNA or linear dimers (Fig. 2B),
which can be distinguished by the differential migration
behavior of circular RNA in denaturing gels of varying poly-
acrylamide concentration [19] (Fig. 2C). Since the control 3’-
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Figure 1. Characterization of miRNA-122 binding sites. (A) Representation of the miRNA-122 wildtype binding sites (wt, left) used in this study as well as the correspond-
ing seed mutants (mut, right). (B) Dual luciferase reporter assay using four copies of the binding sites shown in (A) inserted into the 3’-UTR of a firefly luciferase reporter.
LAPTM4A, HNRNPK and KPNB1 3’-UTR fragments of similar length without miRNA-122 binding sites served as controls. Firefly luciferase activity was normalized to a renilla
luciferase reporter encoded by the same plasmid and to LAPTM4A control. Error bars represent s.d. (n = 3). *P < 0.05; ***P < 0.001. (C) RT-PCR of the reporter RNAs from
(B). Firefly and renilla luciferase RNA were detected, as well as cellular GAPDH mRNA. As a control for the absence of plasmid DNA, an experiment without reverse tran-
scriptase was used (firefly luc -RT). (D) Neutravidin-biotin pulldown from HuH-7 cytoplasmic extracts using in vitro transcribed and biotinylated RNA carrying four copies
of the binding sites displayed in (A) or KPNB1 3’-UTR fragment of the same length. Precipitated miRNA-122 was detected by northern blot. Input and bound biotinylated

RNA were analyzed by ethidium bromide staining.
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Figure 2. Preparation and analysis on circular RNA in vitro. (A) Schematic of in vitro circularization constructs. Transcripts to be circularized consist of a terminal 10 nt open

loop structure (black) and a reverse-complementary repeat sequence of 11 nt, which

forms an intramolecular stem (red). This structure is followed by a 63 nt constant

region for detection by northern blot or PCR (blue), followed by the miRNA-122 sponge (bulge; perfect) or a scrambled control sequence (shuffle) in grey. (B) Schematic
of the in vitro ligation reaction. 4-fold excess of GMP over GTP results in ~80% of the transcripts containing a 5’-monophosphate, enabling efficient in vitro ligation by T4
RNA ligase. Ligation products are circular RNAs (intramolecular ligation) or linear dimers (intermolecular ligation). (C) In vitro ligation reactions described in (B) were ana-
lyzed on 5%, 6% or 7% polyacrylamide-urea gels by ethidium bromide staining. While mobility of linear RNAs remains unchanged compared to RNA marker, the apparent
mobility of circular RNA is lower in higher percentage gels (indicated by dash/double dash or circle). (D) Purified linear or circular RNAs from (C) were transfected in HuH-
7.5 cells and total RNA was prepared after 4, 8, 14, 24 and 32 h. RNAs were detected by 32p_northern blot analysis using identical probes in the constant region [labeled
blue in (A)]. (E) HuH-7.5 cells transfected with circular RNA or linear RNA from (C) were subjected to sub-cellular fractionation and cytoplasmic or nuclear fractions were
analyzed by *2P-northern blot detecting transfected RNAs along with U1 snRNA and by western blot against hnRNP A1 or GAPDH proteins as a fractionation control. In
the circRNA-transfected samples, a degradation product is detected at linear monomer size (“linearized”).

UTRs used in Fig. 1 did not circularize efficiently, a shuffled
control sequence that does not bind miRNA-122 was used
(Fig. S1B, C). The differences in circularization efficiency
between repetitive sponge sequences (bulge, perfectly comple-
mentary) and the shuffled control sequence is most likely due
to secondary structure effects. Circular RNAs and their linear
counterparts were gel-purified and circularity was verified
using differential retardation in polyacrylamide gels
(Fig. S2A), RNase R exonuclease treatment (Fig. S2B) and
Sanger sequencing (Fig. S2C-E). When transfected into HuH-
7.5 cells in equal amounts by liposomes and analyzed by
northern blot after 4 to 32 hours, the circular RNAs appear
not to be more stable than their linear counterparts under
these conditions (Fig. 2D, Fig. S3A: circRNA t;,,: 6.9 to 9.4 h;
linear RNA t;/,: 5.7 to 8.3 h). We believe that liposomes have
an influence on evaluation of the RNA stability since they
could result in differential uptake of circular versus linear
RNAs, protect RNAs from degradation outside of the cell,
withhold or continuously release RNA into the cell. To omit
these technical errors, we used electroporation to measure the
intracellular stability of the circular versus the linear RNA
sponges (Fig. S3B, C). Importantly, the circular RNAs are first
cleaved to a linear form that is in turn subjected to decay.
Considering the available miRNA-122 binding sites in the
cell, the amount of circular and linearized molecules has to be
added up. We determined half-life times of 11.3-13.2 h for

the linear RNAs, and 14.1-19.1 h for the circular form,
whereas the total half-life of the circular RNA sponge in the
cell is 18.7-22.7 h (Fig. S3C).

It has been reported that endogenous circRNAs mainly
localize to the cytoplasm [1,2,4,5], but the transfected in vitro
produced circRNAs can be found in the nucleus as well as in
the cytoplasm in comparable amounts (Fig. 2E). This finding
qualifies in vitro generated circRNAs to be used as a potent
molecular tool, since also nuclear events like chromatin
re-modeling, transcription or pre-mRNA splicing could be
altered using circRNAs.

Although the competing endogenous RNA (ceRNA)-
hypothesis has been controversially discussed [20,21], exoge-
nously synthesized linear miRNA decoys have been successfully
used before. An outstanding example of a functioning anti-
miRNA drug is Miravirsen. The LNA/DNA mixmer reduced
virus titers of patients injected subcutaneously over four weeks
to non-detectable levels [12]. A disadvantage of LNA-contain-
ing anti-miRNA drugs is their potential accumulation of unme-
tabolizable LNA nucleotides in the patient and their
hepatotoxic effect in animal models, which is linked to the
LNA modification rather than to down-regulation of its target
[22].

CircRNAs are more stable than their linear counterparts
(see Fig. 2D, Fig. S3 and [2,5]), but not indefinitely stable
and most probably enter standard recycling pathways as



any RNA molecule in the cell, which may not be the case
for Miravirsen. To analyze if the artificial circular RNA
sponges can fulfill a similar function as an anti-miRNA
drug, two different HCV-reporter systems were utilized.
First, we used a non-infectious HCV/luciferase reporter sys-
tem, where the major part of the HCV polyprotein open
reading frame (ORF) is substituted by a luciferase ORF
(Fig. 3A) [9]. The natural start codon and first 33 nt of the
Core protein coding sequence were retained, maintaining
the structure of the internal ribosome entry site. Transfec-
tion of both the bulged and the perfectly complementary
miRNA-122 binding site-containing linear and circular
RNAs or Miravirsen oligonucleotide significantly reduced
luciferase activity, while the shuffled sequence-containing
RNAs did not (Fig. 3B). Stability of the reporter RNA was
not affected by the transfections of the RNA sponges or
Miravirsen under these conditions, arguing for an exclusive
translational repression effect of miRNA-122 sequestration
in this system (Fig. S4A, B).

Ultimately, the in vitro produced circRNAs were com-
pared with the Miravirsen anti-miRNA oligonucleotide in
an infectious, wildtype HCV system. We co-transfected
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HuH-7.5 cells with full-length Jc1 HCV RNA and either
Miravirsen antisense oligonucleotide or similar amounts of
linear or circular RNA. The HCV Jcl construct is a full-
length replication-competent chimeric clone capable of
autonomous replication and yields high infectious titers in
HuH-7.5 cells [23]. Linear as well as circular RNA sponges
were still detectable using the high-sensitive Digoxigenin-
detection northern blot five days post-transfection (Fig. 3C).
It is important to mention that similar absolute mass quan-
tities of circRNAs and Miravirsen were transfected, which
represents a three-fold higher molarity of miRNA-122 bind-
ing sites in the Miravirsen experiment.

Co-transfection of linear or circular miRNA-122 sponges
with HCV RNA reduced viral NS3 and Core intracellular
protein levels to almost undetectable levels five days post-
transfection similarly as the Miravirsen oligonucleotide
(Fig. 3D). Both linear and circular shuffled control RNAs
did not affect HCV protein levels. When transfecting limit-
ing amounts of miRNA-122 sponges (one fifth in compari-
son to Fig. 3D), it becomes apparent that the circular
molecules have a more pronounced effect on viral protein
production (Fig. S4C). The circular RNA that contains the

A IRES B 100,000
§'UTR 80,000
i vum
e
)
Xrn-1 3
Translation \&
& &
o
c linear circular linear circular linear circular
FFe T e L
3 & & & £ 3o SFFES
FEETFE T FE ST
oo =T T LS o
8= e o
500- —
400 —
il | | b
EtBr staining northern blot day §
E northern blot (all miRNA-122 molecules) F RT-gPCR miRNA-122
140%
o
g 120%
3
B N . £ 100%
2
miRNA-122 precursor - 80% . &
& e
E 0% e
4
mature miRNA-122 T 20% rI-I I‘h
®
0% 4
_ U1 snRNA
Ry P o <
@ Qgp' \\‘ﬁ & t}‘g “\x" &

Figure 3. Circular miRNA-122 RNA sponges affect HCV translation. (A) Schematic of the HCV/luciferase reporter construct. The HCV polyprotein open reading frame (ORF)
was replaced by a firefly luciferase gene, leaving the original start codon and part of the Core protein ORF intact due to IRES secondary structure elements present in the
region. miRNA-122 binding sites 1 and 2 are depicted, with Ago/miRNA bound and indicate its function in protection from Xrn-1-mediated degradation and in translation
stimulation. (B) Linear and circular RNAs shown in Fig. 2C or Miravirsen were transfected one day prior to the reporter construct shown in (A). Luciferase activity of the
reporter was measured 4 h post-transfection and normalized to reporter-only transfection (“mock”). Error bars represent s.d. (n = 3) *P < 0.05; **P < 0.01; ***P < 0.001.
(C) Ethidium bromide staining (left panel) of RNA prior to co-transfection into HuH-7.5 cells together with full-length HCV RNA (strain Jc1), and same RNAs detected via
northern blot 5 days post-transfection (right panel). (D) Western blot of cell lysates from HuH-7.5 cells co-transfected with full-length HCV RNA and linear/circular RNAs
from (C) or Miravirsen LNA/DNA mixmer oligonucleotide 5 days post-transfection. Equal amounts of total protein was loaded. Viral NS3 and Core, and cellular hnRNP L
and GAPDH proteins were detected. (E,F) Total RNA from the same cells as in (D) was isolated, and steady-state miRNA-122 levels and U1 snRNA were detected via north-
ern blot (E) and TagMan-RT-gPCR [normalized to miRNA-22 and control (mock) transfection, (F)]. Error bars represent s.d. (n = 3) *P < 0.05; **P < 0.01; ***P < 0.001.



1036 1. JOSTET AL.

bulged miRNA-122 binding site reduces levels of both viral
proteins more efficiently then Miravirsen under these
conditions.

It has been reported that highly complementary miRNA bind-
ing sites can trigger tailing and trimming and thereby destabiliza-
tion of miRNAs [24,25]. Therefore we tested steady-state miRNA-
122 level by northern blot. Neither the precursor, nor the mature
miRNA-122 were altered by any of the treatments (Fig. 3E).

Northern blot detects all miRNA-122 molecules in the cell,
including those sequestered by sponges, whereas reverse tran-
scription and TagMan qPCR detects only functionally available
miRNA-122 (Fig. 3F). This hypothesis was tested by splitting
the total RNA prepared from cells transfected with circRNA
sponges. One half was mixed with reverse transcription primers
and denatured prior to reverse transcription. This led to release
of miRNA-122 from the sponges, annealing of primers, and
detection of unaltered miRNA-122 levels (Fig. S4D). Therefore,
the decrease of miRNA-122 levels in the experiments where
molecular sponges were transfected demonstrates functional
sequestration. Similar effects on miRNA levels detected by RT-
qPCR were recently reported for sequestration of miRNA-17
and -221 by small RNA zippers [26].

In this study we designed artificial in vitro transcribed and
ligated circRNA sponges that sequester miRNA-122 from HCV
in a manner similar to Miravirsen, an LNA-modified antisense
oligonucleotide. Furthermore, circular RNAs could not only be
used as miRNA sponges, but might also work as protein sponges
using binding sites derived from SELEX- or CLIP-data available
for many RNA-binding proteins. A circular miRNA-122 RNA
sponge against HCV could be combined with sequences that
sequester host factors necessary for HCV propagation, such as
hnRNP L [27], HuR and the La protein [28], or even viral pro-
teins themselves. RNA aptamers against NS3 and NS5B have
been used to inhibit HCV replication [29], and can easily be
included in circular RNAs. Although not many other viruses are
known to hijack host miRNAs yet, a recent study found that the
bovine viral diarrhea virus (BVDV) is dependent on miRNA-17
and let-7 [30], a potential additional target for antiviral circRNA
sponges. In the future, approaches like this will certainly require
other, large-scale methods for circRNA production than in vitro
ligation. It has been shown that circular RNA can also be pro-
duced by alternative methods, e.g. by expression in bacteria using
constructs containing permutated group I introns [31] or by the
tRNA splicing mechanism [32]. Nonetheless, both circRNAs
synthesized in vitro as well as potential plasmid-based expression
constructs that produce artificial circRNAs in vivo require trans-
port into the cell by an adequate delivery platform. As summa-
rized in [33], lipid nanoparticles (LNPs) and synthetic
nanoparticles are currently still the best choice to overcome cel-
lular barriers for RNA therapeutics. Taken together, artificial
circRNA sponges are a promising tool in molecular medicine
and biology with a wide range of potential applications.

Materials and methods
Cell culture and transfections

HuH-7 and HuH-7.5 cells [34] were cultured in DME-medium
supplemented with 10% FBS (Gibco), GlutaMAX (Gibco) and

non-essential amino acids (Sigma) at 37°C and 5% CO,. Cells
were transfected using Lipofectamine 2000 (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions, or by elec-
troporation using GenePulser Xcell (Bio-Rad). For the latter,
cells were trypsinized, pelleted by centrifugation at 1500 rpm,
rinsed with PBS and reconstituted in Cytomix (120 mM KCl,
0.15 mM CaCl,, 10 mM K,HPO,/KH,PO, (pH 7.6), 25 mM
Hepes, 2 mM EGTA, 5 mM MgCl,, pH is adjusted to 7.6 with
KOH; supplemented by 2 mM ATP and 5 mM glutathione
before use) to 107 cells/ml. Electroporation was performed with
400 pl cell suspension in 4 mm cuvettes (Sigma) with the fol-
lowing settings: square wave, 270 V, 20 ms, single pulse.

MicroRNA binding site luciferase reporter assays

Luciferase reporter assays were performed using the pmirGLO
dual-luciferase miRNA target expression vector system (Prom-
ega). Four copies the miRNA-122 binding site sponge sequences
or controls (Fig. 1A) were cloned into the firefly luciferase
reporter 3'-UTR. Four nucleotides spacing in between single sites
(AGCQC) result in optimal spacing between seed sites to allow effi-
cient binding of multiple miRNA/Ago2 complexes [18]. As nega-
tive controls, fragments of unrelated 3’-UTRs (KPNBI,
HNRNPK, and LAPTM4A) were cloned into the firefly reporter
3’-UTR. Three wells of a 12-well dish of HuH-7.5 cells were
transfected with 500 ng plasmid per well as replicates. After 16 h
of expression, luciferase activity was measured using beetle juice
and renilla juice (PJK) by a Centro LB 960 Microplate Luminom-
eter (Berthold). The firefly luciferase activity was normalized to
renilla luciferase activity and adjusted to LAPTM4A. Standard
deviations were calculated for the biological triplicates.

For RT-PCR, HuH-7.5 cells were seeded on 6 cm dishes and
transfected with 5 ug of the reporter plasmids. Cells were har-
vested 2 days post-transfection, RNA was isolated using Trizol
reagent (Thermo Fisher Scientific) and the RNeasy kit (Qia-
gen). To eliminate plasmid DNA contamination, samples were
additionally treated with RQ1 DNase (Promega). 500 ng of
total RNA was subjected to reverse transcription using the
qScript ¢cDNA Synthesis Kit (Quanta Biosciences). PCR was
performed using specific primers for GAPDH mRNA (fwd:
tgcaccaccaactgcttage, rev:  ggcatggactgtggtcatgag), renilla
mRNA (fwd: aactggagcctgaggagttc, rev: tagctccctcgacaatageg)
and primers flanking the miRNA-122 binding site insertion in
the firefly reporter 3’-UTR (fwd: ccaagaagggcggcaagat, rev:
gccaactcagcttecttteg). After 23 cycles of PCR the products were
separated by 2% agarose gel electrophoresis and analyzed by
ethidium bromide staining.

Neutravidin-Biotin in vitro pulldown assays

In vitro transcription was performed using the HiScribe T7
High Yield RNA Synthesis Kit (NEB) and 3’-end biotinylated
as described in [35]. Neutravidin agarose beads (Thermo Fisher
Scientific) were blocked overnight with tRNA, BSA and glyco-
gen and incubated with 800 fmol of chemically 3’-end biotiny-
lated in vitro transcripts for 30 min. After washing with
600 mM KCl (20 mM HEPES pH 7.5), beads were incubated
with extracts from HuH-7 or HuH-7.5 cells that were lysed
using RIPA buffer for 1 h at 37°C. After extensive washing with



600 mM KCI, bead-bound RNA was isolated using Trizol
reagent. RNA was analyzed by ethidium bromide staining to
visualize bound transcripts, or by northern blot using EDC
crosslinking [36] and *?P-labeled DNA oligonucleotides or
Digoxigenin-LNA-probes (Exiqon) to visualize bound miRNA-
122 via autoradiography or the DIG-detection system (Roche).

Design and transcription of in vitro circularization
constructs

8-mers of miRNA-122 sponges were constructed from two in
vitro ligated dsDNA tetramers (ordered from Sigma, 4 bp spac-
ing, flanked by Nhel and Xbal restriction sites) and placing
into a circularization backbone that had been cloned into
pCR2.1-vector before. The shuffled sequence was generated by
using a sequence randomizer (“shuffle DNA”, [37]) on an array
of endogenous miRNA-122 binding sites (data not shown), and
produced by gene synthesis with flanking Nhel and Xbal
restriction sites and cloned in the same way. The circularization
backbone contains sequences that favor in vitro circularization
of a corresponding transcript (see also Fig. 2A). It contains a
T7 promoter, the first half of an open loop (5 nt starting with
the GGG of every T7 RNA polymerase transcript), and 11 nt
that form a stem with the end of the transcript. This stem is fol-
lowed by a 63 nt constant region that is similar for all circRNA
constructs and serves as a platform for northern probes and
PCR primers. The actual miRNA-122 sponge (8-mer, see
above) is then flanked by the second half of the 11 nt stem and
another 5 nt of an open loop. The transcripts 3’-end is created
by EcoRI cleavage that also produces the 3'-end of the template
for T7 RNA polymerase transcription. Construct sequences are
represented in Fig. S5.

In vitro transcription was performed using the HiScribe T7
High Yield RNA Synthesis Kit in presence of a 4-molar excess
of GMP (final concentration of 40 mM, Sigma) to produce
~80% monophosphate 5’-ends, which are required as a sub-
strate for T4 RNA ligase in the in vitro circularization reaction.
DNA template was digested by RQ1 DNase and free nucleoti-
des were removed by gel filtration using mini Quick Spin RNA
Columns (Roche).

In vitro circularization and RNA purification

The circularization protocol is a modified version of the proto-
col described in [38]. The transcripts were denatured at 95°C
in the presence of 50 mM NaCl, and then slowly cooled to
25°C (1°C every 10 s) to resolve secondary structures and facili-
tate annealing of the terminal stem loop structure for in vitro
circularization. Next, T4 RNA ligase buffer and RNaseOUT
(Thermo Fisher Scientific) were added and incubated for
10 min at 37°C. To facilitate in vitro circularization, ATP is
added to 200 nM, DMSO to 15% (v/v) and T4 RNA ligase 1 to
0.2 U/ul and the reaction is incubated in 250 ul for 16 h at
16°C. Ligations were analyzed on denaturing 5%, 6% and 7%
polyacrylamide-urea gels to distinguish circular RNA from lin-
ear dimers. Circular and linear monomers were then purified
from a preparative denaturing 7% polyacrylamide-urea gel via
UV-shadowing and gel elution in 800 ul PK-buffer containing
1% SDS for 1 h at 50°C. RNA was extracted using phenol
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extraction and ethanol precipitation and analyzed on denatur-
ing polyacrylamide-urea gels as described above.

RNase R treatment

100 ng of circular or linear gel-purified RNA was incubated
with or without 1.5 U RNase R (Epicentre) in a reaction volume
of 10 ul for 30 min at 37°C. 50% of the reactions were loaded
on a 7% denaturing polyacrylamide gel and RNAs were visual-
ized by ethidium bromide staining.

Stability assay

HuH-7.5 cells were seeded on 6-well plates and transfected with
100 ng of circular or linear RNA per well using Lipofectamine
2000. After 4 hours cells were washed with PBS and medium
was exchanged. Cells were harvested using Trizol at time points
4, 8, 14, 24 and 32 h after transfection, followed by RNA extrac-
tion. 20% of each sample was subjected to 7% denaturing poly-
acrylamide gel electrophoresis and northern blot (see below).
Alternatively, for the stability assay using electroporation, 4 x
10° HuH-7.5 cells were transfected with 600 ng of circular or
linear RNA as described above. Transfected cells were seeded
onto 6-well plates (2 ml per well); input samples were directly
harvested (time point 0). The medium exchange was performed
8 h post electroporation; cells were lysed by Trizol at time
points 8, 24, 48, 72 h, followed by total RNA isolation. 20% of
each sample was subjected to 7% denaturing polyacrylamide
gel electrophoresis and northern blot (see below).

Subcellular fractionation

HuH-7.5 cells were seeded on 6 cm dishes and transfected with
3 g of circular or linear RNA using Lipofectamine 2000. After
16 h, cells were harvested, samples were adjusted to the cell
count and subjected to subcellular fractionation using the NE-
PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher
Scientific). 75% of the nuclear and cytoplasmic extracts were
used for RNA preparation. Transfected RNAs and Ul snRNA
were detected by northern blot (see below). 15% of the lysates
were subjected to western blot, detecting hnRNP A1 (monoclo-
nal antibody 4B10, Santa Cruz Biotechnology) and GAPDH
(monoclonal antibody GAPDH-71.1, Sigma).

Cloning and sequencing of circRNAs

After 5 days of transfection in HuH-7.5 cells as described
above, total RNA was isolated using Trizol reagent and 1 g of
total RNA was reverse transcribed using qScript cDNA Synthe-
sis Kit and amplified by PCR (25 cycles) using outfacing pri-
mers in the constant regions specific for circular RNAs as
indicated in Fig. S2C. PCR products were cloned (TOPO-TA
cloning, Thermo Fisher Scientific) and Sanger sequenced.

HCV-UTR/Luciferase assay

Transcription templates were generated via PCR using primers at
the end of the 5'- and 3’-UTR, respectively (fwd: aattaatacgactcac-
tatagccag, rev: acatgatctgcagagaggec) and the plasmid pHCV-374-
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Fluc-3'-UTR [39]. 1 pg of gel-purified template was in vitro tran-
scribed with the HiScribe T7 High Yield RNA Synthesis Kit in a
50 pl volume for 1.5 h at 37°C. The template was digested using
RQ1 DNase and purified using mini Quick Spin RNA Columns,
followed by phenol/chloroform extraction and ethanol precipita-
tion. RNA quality was analyzed by denaturing 1.2% agarose gel
electrophoresis. HuH-7.5 cells were seeded in a 12-well plate the
day before the first transfection, and 200 ng/well (Fig. 3B) or
150 ng/well (Fig. S1B, C) of circular RNA, linear RNA or Mira-
virsen were transfected using Lipofectamine 2000. Medium was
changed after 16 h, 1 h prior to the second transfection of 150 ng
of HCV-UTR/Luciferase reporter RNA per well. 4 h after reporter
transfection cells were lysed and firefly luciferase activity was mea-
sured as described above. Three wells were transfected per condi-
tion to determine the mean luciferase activity and standard
deviations. A one sided t test for unequal variances was performed
to determine the level of significance compared to mock transfec-
tion. In a similar setup, cells were lysed using Trizol reagent, total
RNA was prepared and RT-PCR was performed to monitor
reporter RNA stability using primers targeting the HCV 5’-UTR
(fwd: tgagcacgaatcctaaacctc, rev: tgagcacgaatcctaaacctc).

Full-length wildtype HCV experiments

The ability of the RNA sponges to sequester miRNA-122 was
compared to that of a Miravirsen LNA/DNA mixmer oligonu-
cleotide (Exiqon) in the full-length HCV infection system.
Therefore, HuH-7.5 cells were co-transfected with Jc1 chimeric
HCV RNA genomes [21] and circular or linear RNA mono-
mers or Miravirsen oligonucleotide using Lipofectamine 2000
reagent. The Jc1 RNA transcripts were generated by in vitro
transcription using T7 RNA Polymerase (NEB) from Mlul-cut
plasmid pFK-JFH1-J6 C-846_dg (Jcl). For transfections,
933 ng (0.3 pmol) of Jc1 RNA and 200 ng of RNA sponges or
Miravirsen were applied to HuH-7.5 cells in 6-well plates in
duplicates; the controls of HCV infection and non-infected cells
were carried out therewith. In the experiments with limiting
RNA sponge, 0.1 pmol of Jc1 RNA was co-transfected with
10 ng of RNA sponges into HuH-7.5 cells in 12-well plates.
5 days after transfection total RNA and cell lysates were isolated
for downstream analyses. Isolation of total RNA was performed
as described above.

HCV protein expression was evaluated by western blot anal-
ysis of equal total protein amounts using antibodies against
HCV Core (monoclonal antibody C7-50, Thermo Fisher Scien-
tific) and NS3 (monoclonal antibody 8G-2, Abcam) proteins
along with the cellular hnRNP L (monoclonal antibody 4D11,
Sigma) and GAPDH (monoclonal antibody GAPDH-71.1,
Sigma) as reference proteins.

CircRNA detection by northern blot

For detection of circular and linear RN As, total RNA was sepa-
rated on a 6% or 7% denaturing polyacrylamide gel, transferred
to a nylon membrane and hybridized at 65°C with either digox-
igenin- labelled or *’P-internally labelled 73 nt riboprobes
directed against the constant region of the linear and circular
RNAs. For the experiments shown in Fig. 2F and 2G a mixture
of **P-labelled probes for the constant region of the circRNAs

and U1l snRNA was used (20 ng/ml each). DIG-northern blots
were developed using the DIG-detection system and **P-north-
ern blots were visualized by phosphorimaging and the Typhoon
FLA 9500 (GE). Quantification of bands intensity was con-
ducted using ImageQuantTL software, and normalized to 4 h
values (for the experiment in Fig. 2D and Fig. S3A) or to 8 h
(for the experiment in Fig. S3B,C). Half-life values for circRNA
variants and their counterparts were derived by fitting to expo-
nential decay function using OriginPro8 software (ExpDecl
function: y = A1" exp(-x/t)+y0).

miRNA detection

miRNA-122 steady-state levels in HCV-transfected HuH-7.5
cells were determined by northern blot as described above for
the Neutravidin-biotin in vitro pulldown assay. 6 ug of total
RNA 5 days post-transfection was loaded. Detection of
miRNA-122 levels by RT-qPCR was performed using the Taq-
Man microRNA detection system (Thermo Fisher Scientific),
using 75 ng of total RNA in the miRNA-122 assay or miRNA-
22 assay for normalization using the Pfaffl method of qPCR
analysis [40]. Denaturing conditions in TaqMan RT-qPCR
were artificially recreated by heating total RNA samples with
primers at 95°C for 2 min followed by cooling on ice, and sub-
sequent enzyme supplementation.
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