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ABSTRACT

Circular RNAs (circRNAs) are noncoding RNAs
that exist in all eukaryotes investigated and are
derived from back-splicing of certain pre-mRNA
exons. Here, we report the application of artificial
circRNAs designed to act as antisense-RNAs.
We systematically tested a series of antisense-
circRNAs targeted to the SARS-CoV-2 genome
RNA, in particular its structurally conserved 5'-
untranslated region. Functional assays with both
reporter transfections as well as with SARS-CoV-
2 infections revealed that specific segments of the
SARS-CoV-2 5'-untranslated region can be efficiently
accessed by specific antisense-circRNAs, resulting
in up to 90% reduction of virus proliferation in
cell culture, and with a durability of at least 48
h. Presenting the antisense sequence within a
circRNA clearly proved more efficient than in the
corresponding linear configuration and is superior to
modified antisense oligonucleotides. The activity of
the antisense-circRNA is surprisingly robust towards
point mutations in the target sequence. This strategy
opens up novel applications for designer circRNAs
and promising therapeutic strategies in molecular
medicine.

INTRODUCTION

Coronaviruses are positive-strand RNA viruses with large
polycistronic genomes of around 30 kb, which have been
extensively studied since the 2003 SARS outbreak [severe
acute respiratory syndrome, reviewed in (1)]. Following
receptor-mediated coronavirus entry into susceptible host
cells, the two large open reading frames (ORFs), la and
b, located in the 5'-terminal two-thirds of the capped
and polyadenylated coronavirus genome, are translated,
resulting in two polyproteins that are processed by viral

proteases to produce nonstructural proteins that direct viral
RNA synthesis (2). Translation requires the 5'-untranslated
region (UTR) of the genome RNA, which for SARS-CoV-
2 comprises nucleotides 1-265 [for secondary structure
models, see (3,4)].

Subsequently, the viral genome RINA serves as a template
for negative-strand RNA synthesis. Two types of minus-
strand RNAs are produced: first, full-length copies of
the plus-strand RNA that are used as templates for the
production of new genome RNAs, and second, a set of 5'-
coterminal subgenomic (sg) minus-strand RNAs of varying
length. The vast majority of sg-minus-strand RNAs carry
at their 3’-end an ‘antileader’ sequence, i.e. a complement
of the leader sequence located at the 5'-end of the genome,
which they acquire in a process called ‘discontinuous
extension’ of minus strands. The sg-minus strands serve as
templates for the production of a nested set of sg-mRNAs
that share a common 5'-leader sequence (75 nts in SARS-
CoV-2, plus a few nucleotides upstream of the translation
start codon of the first ORF in the respective mRNA).
This unusual process of discontinuous (minus-strand) RNA
synthesis is guided by pairing between complements of
the conserved transcription-regulatory sequences (TRS)
located upstream of the various ORFs in the 3'-region of
the genome (‘body-TRS’) and the TRS located immediately
downstream of the 5 leader [leader-TRS’, reviewed in (5),
and studied by transcriptomics for SARS-CoV-2 (6)].

The current COVID-19 pandemic, with its dramatic
worldwide impact on human health and economy, is
caused by SARS-CoV-2, which emerged in late 2019 in
China. The SARS-CoV-2 genome was sequenced in early
2020 (7,8), and currently there are intense worldwide
efforts to develop and apply new therapeutic strategies
to fight this life-threatening disease. Most of these
approaches focus on, first, small-molecule drugs targeting
viral enzymes (nucleoside analogs, protease inhibitors and
others), and second, on antibodies interfering with virus
entry, in particular virus-receptor interactions. In addition,
immunomodulatory agents are being used and a large
number of SARS-CoV-2 vaccines (including virus vector-
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and mRNA-based vaccines) are being developed and tested,
many of which providing promising new approaches to
prevent or treat COVID-19 more effectively (9).

However, alternative novel strategies should also be
considered and pursued. Antisense approaches represent
such a classical line of sequence-based interference and
have been investigated for the last 30 years [for reviews, see
(10-13)]. By targeting specific RNA sequences, antisense
approaches aim to modulate RNA structure and activity,
mRNA splicing, translation, or stability. Best known
examples are antisense oligonucleotides (ASO), with
incorporated modified positions, such as 2'-O-methyl (2'-
OMe), 2'-O-methoxyethyl (2-MOE) nucleotides, locked
nucleic acids (LNA), morpholino or other modifications,
which can increase RNA base-pairing, metabolic stability,
and/or delivery. As a result of antisense research over
several decades, ASO-based therapies have been advanced
to the stage of approved drugs used in certain genetic
diseases (14). Regarding antiviral strategies, earlier studies
had evaluated HIV-Tat peptide-coupled morpholino ASO
against SARS-CoV and the related mouse hepatitis virus
(MHYV) (15,16). Here, we investigated the antiviral potential
of circular RNAs (circRNAs) as a basis for presenting
antisense-RNA sequences, exploiting the unusual metabolic
stability of circRNAs to develop them into a new line of
RNA-based antiviral therapeutics.

CircRNAs are a large class of RNAs with covalently
joined 5" and 3’ ends that exist in all eukaryotes investigated
so far and have been known for more than four decades
[(17); reviewed in (18-20)]. More recently, circRNAs were
rediscovered as a large class of noncoding RNAs, based on
deep sequencing (21-23). The most common type of circ-
RNAs consists of one or several adjacent exons derived
from pre-mRNAs. Biogenesis of exonic circRNAs relies on
a kind of alternative splicing (24). Functionally, however,
circRNAs have remained largely unexplored, except for a
few examples of validated miRNA sponges (23,25), which
are embedded in regulatory RNA networks (26,27). Several
other hypothetical roles have been proposed for circRNAs,
for example protein sponging and antisense activity (28).
Based on their unusually high stability, circRNAs provide
an attractive basis for constructing designer circRNAs in
biotechnological applications [see, for example, (29-31)].

Here, we combined for the first time the classical
antisense ~ (AS)-RNA  approach  with  synthetic
short circRNAs, integrating antisense sequences into
a circRNA backbone. Our overall aim was to interfere with
SARS-CoV-2 genome expression and viral proliferation
by specifically targeting the structurally conserved 5'-UTR
of SARS-CoV-2. Based on structure-guided design and a
systematic functional screen of a series of AS-circRINAs, we
identified a highly accessible subregion in the SARS-CoV-2
S'-leader that could be efficiently targeted by specific AS-
circRNAs, resulting in 90% reduction of viral replication in
cell culture. Functional antisense activity was consistently
higher when the antisense sequence was presented within
a circRNA rather than as a corresponding linear RNA.
Compared with 2’-OMe- and 2’-MOE-modified antisense
oligonucleotides, unmodified antisense-circRNA was
superior in its activity; finally, it was surprisingly robust
towards point mutations in the target sequence.
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In conclusion, our work establishes AS-circRNAs
as a novel molecular approach suitable to target and
functionally regulate specific RNAs, therefore opening up
promising new avenues to develop highly specific, flexible
and efficient therapeutic strategies in molecular virology
and medicine.

MATERIALS AND METHODS
AS-circRNA design

Antisense target sequences (4075 nts) were selected based
on the SARS-CoV-2 5-UTR secondary structure (3,4),
as well as the presence of specific sequence elements (e.g.
5’-leader, TRS, AUGs). Randomized sequences of equal
length (40-75 nts) were used as controls.

RNAs for in vitro circularization were composed of
a constant backbone sequence, in which the individual
antisense target or control sequences were inserted.
The constant backbone consists of six complementary
nucleotides on either 5" and 3" ends of the RNA, followed by
four non-complementary nucleotides creating overhanging
ends and allowing stem-loop formation and efficient
ligation. For enhanced flexibility, and to assure stem loop
formation, a spacer of three unrelated nucleotides was
added between the constant backbone and the antisense
or control sequences on each side (for sequences, see
Supplementary Table S1). These sequences were ordered as
oligonucleotides (Sigma-Aldrich) including a T7 promoter,
and subsequently annealed to yield templates for in vitro
transcription.

For endogenous overexpression of antisense-circRNAs,
oligonucleotide cassettes (see Supplementary Table Sl)
were cloned into the pAV-U6+27-Tornado-Broccoli vector
(32), using the Sacll and Notl restriction sites, and
replacing the Broccoli aptamer sequence. Again, to allow
enhanced flexibility a spacer of unrelated nucleotides was
inserted, in this case two nucleotides upstream, and five
nucleotides downstream of the AS or control sequence.
Since internal poly(U) stretches longer than (U), including
single nucleotide interruptions, would terminate RNA
polymerase III, such sequences were changed by single
T— A mutations (see Supplementary Table S1).

In vitro transcription, circularization, gel purification and
RNase R treatment of antisense-RNAs

RNAs were transcribed from annealed DNA-
oligonucleotide templates (see Supplementary Table
S1), using the HighScribe™ T7 high-yield RNA synthesis
kit (NEB) in the presence of ATP, CTP, UTP, and GTP
(each at 7.5 mM), GMP (30 mM GMP; Merck), and
RNaseOut (Thermo Fisher Scientific) for 2 h at 37°C. The
DNA template was digested by addition of RQ1 DNase
(2 U per reaction, Promega), and incubation for 30 min at
37°C. Transcripts were purified using the Monarch RNA
purification kit (NEB) and quantified by the Qubit™ RNA
broad-range assay kit (Thermo Fisher Scientific).

For circularization, 60 g transcribed RNA was
incubated with 100 U of T4 RNA ligase (Thermo Fisher
Scientific) in 1 x T4 RNA ligase buffer, supplemented with
0.1 mg/ml BSA and RNaseOut (Thermo Fisher Scientific),
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overnight at 16°C in a final volume of 200 wl. RNA was
recovered by phenol/chloroform extraction (Roth) and
ethanol precipitation.

Gel purification was performed as described (33). To
validate the circular conformation, 250 ng of gel-purified
circular or linear RNA was incubated with or without 2 U
of RNase R (Biozym; 30 min at 37°C). After digestion,
200 ng of RNAs were separated in a 10% denaturing
polyacrylamide gel and visualized by ethidium bromide
staining.

Luciferase reporter constructs

5’-UTR (nts 1-265) and 5'-leader (nts 1-75) sequences of
SARS-CoV-2 (NC_045512.2) were cloned into pcDNAS-
CMV-FF (34) containing the Firefly reporter ORF.
Additionally, for the 5-UTR construct, 24 nucleotides
of the ORF1la sequence were included, and, for the 5'-
leader construct, 25 nucleotides of the S (spike) ORF,
followed in either reporter by the Firefly ORF (for a
schematic, see Figure 1A). For the construction of 5'-leader
constructs carrying point mutations, oligo cassettes with
corresponding nucleotide changes were ordered (Sigma-
Aldrich) and cloned in front of the Firefly reporter ORF.
Point mutations were selected based on their occurrence
frequency and annotation within the ViGTK database
(https://www.biosino.org/ViGTK).

Transfection of in vitro-transcribed RNAs and Tornado-
based circRNA expression constructs; luciferase reporter
assays and RT-qPCR

HeLa cells were cultured in DME-medium supplemented
with 10% FBS (Gibco) at 37°C and 5% CO,. For luciferase
reporter assays, 1 x 10° cells were seeded per well (12-well
plate). RNA transfections were done using Lipofectamine
2000, and Tornado-plasmid transfections with Turbofect
reagent, both in a total volume of 1 ml medium/well
(Thermo Fisher Scientific). For AS-circRNA screening,
cells were transfected either with 1 pg of individual
circRNAs, or with a combination of two circRNAs (0.5 pg
of each). For titration experiments, different amounts (100,
250, 500, 750, 1000 ng) of circular or corresponding linear
RNAs (CTR2 and 1-75 RNA) were used.

To compare the efficiency of AS-circRNAsand ASOs (2'-
OMe or 2’-MOE modified; SeqLab), 1 g of circRNA and
a molar equivalent of the corresponding ASOs were used.
Control ASOs carry the same modifications as the ASOs
tested (for sequence information, see Supplementary Table
S1).

For Tornado-circRNA screening, cells were transfected
with 1 pg of plasmid DNA. Culture medium was always
changed 1 h prior and 4 h after transfection. After one
day, cells were co-transfected with 50 ng of 5-UTR or
5'-leader luciferase reporter plasmids (see above), together
with 5 ng of pRL-SCV40 Renilla-reporter (Promega).
At 24 h post-transfection, cells were washed three times
with PBS (Gibco), and lysed in 250 pl Lysis-Juice
(PJK). Luminescence was measured for Firefly and Renilla
luciferase (Beetle- and Renilla-Juice kits, respectively;

PJK), using a Centro LB 960 Luminometer (Berthold
Technologies). Relative luciferase activities were calculated
as a ratio of the Firefly and Renilla raw values, with
three technical replicates per sample and a total of three
independent biological replicates.

For detection of Firefly mRNA expression levels by
RT-gPCR, HeLa cells were seceded and transfected as
described above. After one day, cells were co-transfected
with 50 ng of 5'-leader luciferase reporter plasmid, together
with 5 ng of pRL-SCV40 Renilla-reporter (Promega).
24 h post-transfection, cells were washed three times
with PBS (Gibco), and lysed by addition of TRIzol
reagent (Thermo Fisher Scientific), and the RNA was
purified using the RNeasy kit (Qiagen), followed by DNase
digestion with RQ1 DNase (Promega) to remove remaining
plasmid DNA. Reverse transcription was performed, using
500 ng total RNA with the qScript cDNA synthesis
kit (Quantabio). Real-time qPCR was carried out using
the Luna qPCR Reaction Mix (NEB) on a StepOne
thermocycler (Thermo Fisher Scientific). Firefly and
Renilla reporter mRNAs were amplified by specific primer
pairs (see Supplementary Table S1). All reactions were
performed in technical and biological triplicates; fold-
changes (relative to reporter transfection, but without RNA
transfection) were calculated using the A ACt method with
average cycle threshold (Ct) values, and Firefly mRNA
expression was normalized to Renilla mRNA levels.

Viral infection, plaque assays and immunofluorescence

Vero E6 cells were cultured in DME-medium supplemented
with 10% FBS and 100 U/ml penicillin and 100 pwg/ml
streptomycin (Gibco) at 37°C and 5% CO,. Cells were
seeded with a density of 0.5 x 10° per well (24-well
plate). RNA transfections were done using Lipofectamine
2000 in a total volume of 0.5 ml medium/well (Thermo
Fisher Scientific). For AS-circRNA screening, cells were
transfected either with increasing amounts of individual
circular RNAs, or their linear counterpart (between 25 and
5000 ng per assay, as described in Results and the figures).
Culture medium was exchanged 1 h prior and 4 h after
transfection. 24 h post-transfection, cells were inoculated
with SARS-CoV-2 at a multiplicity of infection (MOI) of
0.1 pfu/cell at 33°C. At 1 h post-infection, the inoculum was
replaced with fresh medium. Virus-containing supernatants
were collected at 24 h post-infection, and virus titers were
determined by plaque assays (35).

For durability assays (Figure 3E, Supplementary Figure
S4), 3 x 10° Vero E6 cells were seeded per well (6-well plate)
one day before transfection or infection.

For transfection of RNA prior to viral infection, 5 pg
of respective RNAs was transfected, using Lipofectamine
2000 in a total volume of 1 ml medium/well (Thermo Fisher
Scientific). The medium was replaced by 2 ml fresh medium
after 4 h. 24 h post-transfection, cells were inoculated with
SARS-CoV-2atan MOI of 0.1 pfu/cell at 33°C. At 1 h post-
infection, the inoculum was replaced with fresh medium,
and cells were subsequently incubated for a total of 72 h.

For transfection post infection, cells were inoculated
with SARS-CoV-2 at an MOI of 0.1 pfu/cell at 33°C. At
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1 h post-infection, the inoculum was replaced with fresh
medium, and 5 pg of respective RNAs was transfected,
using Lipofectamine 2000 in a total volume of 1 ml medium
per well (Thermo Fisher Scientific). The medium was
replaced by 2 ml fresh medium after four hours, followed
by incubation of cells for a total of 72 h.

Virus-containing supernatants were collected at 16, 24,
40, 48, 64 and 72 h post-infection or transfection, and virus
titers were determined by plaque assays (35).

Cryopreserved normal human bronchial epithelial
(NHBE) cells of a non-smoking, healthy donor were
obtained from Lonza (CC-2540, Batch No. 18TL269120).
The undifferentiated cells were seeded on collagen IV-
coated transwell plates (CLS3470-48EA; Corning Costar)
and grown in a 1:1 mixture of DMEM (Thermo Fisher
Scientific) and BEBM (CC-3171; Lonza), supplemented
with  BEGM Bronchial Epithelial Single Quots Kits
(CC-4175, Lonza) and retinoic acid (74 nM; R2625;
Sigma-Aldrich), with medium exchange every second day.
After reaching confluence, the cells were cultivated for
five (Experiment #1) or seven weeks (Experiment #2)
under air-liquid conditions for full differentiation into
pseudo-stratified human airway epithelia. The medium
from the basolateral compartment was renewed every
second day, and the apical surface was washed weekly with
PBS (Thermo Fisher Scientific).

The differentiation status of NHBE cells was further
validated via immunofluorescence, using antibodies against
Z0-1 (Invitrogen, #40-2200, 1:100), mucin SAC (abcam,
#ab198294, 1:100), tubulin IV (abcam, #ab179509, 1:100)
and Alexa Fluor 488-coupled F(ab’)2 goat anti rabbit IgG
(H + L) antibody (Invitrogen, #A-11070, 1:500). Images
were acquired by confocal laser-scanning microscopy (Leica
TCS SP5), and data were processed, using the Imaris 8.4
software package (Bitplane).

For transfection, the apical surface of the cells was
washed three times with 150 wl PBS, and afterwards
S5 wg RNA was transfected in a total volume of 125 pl
using Lipofectamine 2000 (Thermo Fisher Scientific). Four
hours post-transfection, the cells were washed three times
with 150 wl PBS. After 24 h the cells were infected with
SARS-CoV-2 (MOI of 3 pfu/cell) for 1 h. Afterwards, the
inoculum was removed, and at the indicated time points, the
apical surface of the cells was incubated with 150 pl/well
PBS for 15 min at 33°C, followed by plaque assays to
determine virus titers in the supernatants.

Subcellular fractionation

HeLa cells were seeded with a density of 8 x 10° cells
per 6-cm plate and transfected with 3 pg of in vitro
produced linear or circular RNA or with 4 pg of Tornado-
plasmids, using Lipofectamine 2000 in a total volume of
4 ml medium/plate. After 24 h, cells were harvested, and
2 x 10° cells subjected to fractionation, using the NE-PER
Nuclear and Cytoplasmic Extraction kit (Thermo Fisher
Scientific). RNA for Northern blot analysis was prepared
from 75% of the nuclear and cytoplasmic fractions using
TRIzol LS (Ambion), while 25% was saved for Western
blotting (see below).
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Western blot

Viral protein accumulation was analyzed by Western blot
of Vero E6 cell lysates, previously transfected with 2.5 wg
of circRNAs and infected with SARS-CoV-2 at an MOI
of 0.1 pfu/cell at 33°C. Total protein lysates obtained at
24 h post-infection were heat-denatured in SDS-loading
buffer (50 mM Tris—=HCI pH 6.8, 2% SDS, 10% glycerol,
2.5% 2-mercaptoethanol, and 0.05% bromophenol
blue) at 95°C for 10 min. Following separation by
SDS-polyacrylamide gel electrophoresis (PAGE; 10%),
proteins were blotted onto a nitrocellulose membrane
(BioRad). Viral proteins were immunostained overnight
with rabbit anti-SARS nucleocapsid protein (N, 200-
401-A50; Rockland Immunochemicals, 1:500) or mouse
anti-GAPDH antibody (monoclonal antibody G8795,
GAPDH-71.1; Sigma-Aldrich, 1:5000) and appropriate
secondary antibodies (HRP-conjugated anti-rabbit
(A0545-1ML) or anti-mouse (A9044-2ML), Sigma-
Aldrich, each 1:10,000). The blots were developed using
the Lumi-Light Western-Blotting Substrate (Roche).
Western blot signals were estimated by densitometry, using
GelAnalyzer 19.1 software.

For subcellular fractionation, 1.25% of cytoplasmic
or nuclear fractions were analyzed by SDS-PAGE (10%)
and Western blotting through detection of hnRNP Al
(monoclonal antibody, sc-32301, 4B10; Santa Cruz
Biotechnology, 1:2000) and GAPDH (monoclonal
antibody G8795, GAPDH-71.1; Sigma-Aldrich,1:5000).

Northern blot

All Northern blots were performed as previously described
(36).

Denaturing polyacrylamide Northern blot. For detection
of in vitro produced linear and circular RNAs transfected
in HeLa or Vero-E6 cells, 1 g of total RNA or 20%
of cytoplasmic/nuclear fractions was used, and for
Tornado-derived circRNAs 250 ng of total RNA or 20%
of cytoplasmic/nuclear fraction. Samples were separated
on a 10% denaturing polyacrylamide gel, transferred to a
nylon membrane (Hybond-N+; Amersham) by semi-dry
blotting, and crosslinked by UV light (0.125 mJ/cm? at
254 nm). Membranes were subsequently hybridized with
DIG-UTP-labeled (DIG RNA Labeling Mix, Roche)
riboprobes in NorthernMax hybridization buffer (Thermo
Fisher Scientific) at 60°C. For in vitro produced RNAs,
CTR2 or 1-75 specific riboprobes were used that are able
to detect both circular and linear molecules. For detection
of Tornado circRNAs, a circular-junction-specific probe
was used. For oligonucleotide and riboprobe sequences,
see Supplementary Table S1. Probe detection with
alkaline phosphatase-conjugated anti-DIG-Fab fragments
(11093274910, Roche) and CDP-Star chemiluminescence
substrate was done as described (Roche).

RNase R and RNase H treatment. To confirm circularity
of the detected Tornado-derived circRNAs, 250 ng of
total RNA were either incubated with 5 U/ug RNase R
(Biozym) in 1x RNase R buffer for 1 h at 37°C, or with 50 ng
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of antisense DNA-oligonucleotide in 1x RNase H buffer for
20 min at 37°C, followed by addition of 1 U RNase H (NEB)
and incubation for 40 min at 37°C. To assess whether the
effect of AS-circRNAs is based on a blocking or cleavage
mechanism, 3 pg of total RNA from previously transfected
HeLa cells (5 g circRNA, 500 ng 5'-leader reporter)
were incubated with 600 ng antisense DNA-oligonucleotide
and RNase H-treated (see above). Samples were analyzed
by denaturing polyacrylamide Northern blot as described
above.

Glyoxal Northern blot.  For detection of the SARS-CoV-2
genome and subgenomic RNAs, 3 pg of total RNA
from previously transfected (5 g in vitro produced linear
or circular RNAs per 3 x 10° cells on a 6-well plate,
in 1 ml total volume), and infected (at 24 h post-
infection; MOI = 0.1 pfu/cell) Vero E6 cells were mixed
with glyoxal loading buffer (Ambion) and incubated for
30 min at 50°C. RNAs were separated by 1% agarose gel
electrophoresis in 1x MOPS buffer, transferred to a nylon
membrane (Hybond-N+, Amersham), and hybridized with
a DIG-labelled riboprobe complementary to the 3'-UTR
common to the positive-strand viral genome as well as
the subgenomic RNAs (SARS-CoV-2 genome positions
29,535 t029,848; for the probe sequence, see Supplementary
Table S1; NorthernMax hybridization buffer; Thermo
Fisher Scientific; 68°C). The same procedure was used for
detection of the full-length 5°-leader reporter transcript:
3 pg of total RNA from previously transfected HeLa cells
(5 pg circRNA, 500 ng 5'-leader reporter) were treated and
separated as described above, followed by probing with a
DIG-labeled riboprobe (position 1 to 997 of the reporter-
derived transcript, see Supplementary Table S1). Probe
detection was performed as described above.

RNA-Seq and data analysis

For global analysis of viral genome and subgenomic RNA
abundance after transfection of in vitro produced linear or
circular RNA, 3 x 10° Vero E6 cells were seeded in a 6-well
plate 1 day before transfection. 5 wg of respective in vitro
produced RNA was transfected in 1 ml total volume, using
Lipofectamine 2000. At 24 h post-transfection, cells were
inoculated with SARS-CoV-2 at an MOI of 0.1 pfu/cell
at 33°C. At 24 h post-infection, RNA was isolated
by TRIzol extraction (Ambion). 1 pg of total RNA,
together with 2 wl of a 1:100 dilution of ERCC standard
(Ambion) as spike-in, was used to perform poly(A)-
selection (NEBNext® Poly(A) mRNA Magnetic Isolation
Module; NEB), followed by library preparation (NEBNext
Ultra II Directional RNA Library Prep Kit for [llumina;
NEB). Libraries were sequenced on an Illumina NextSeq
500 platform (single-read, 150 bp). RNA-seq data were
deposited in the Sequence Read Archive (PRINA693241)
of NCBI. Sequence reads were aligned to the SARS-CoV-
2 reference genome sequence (NC_045512.2) using STAR
(37). Positions of the transcription regulatory sequences
(TRS) and subgenomic RNAs (sgRNAs) were based on the
SARS-CoV-2 transcriptome tracks (6).

To quantitate the total viral RNA accumulation in
each sample (Figure 4B), and to calculate the read

coverage in the nine segments across the SARS-CoV-
2 viral genome (Figure 4C), the number of uniquely
mapped sequence reads of each sample were normalized
with the corresponding number of total sequenced reads
(mock: 33.4 mio; CTR2_lin: 49.5 mio; CTR2 _circ: 66.4 mio;
1-751in: 46.5 mio; 1-75_circ: 40.1 mio). For the read
coverage across the viral genome, the terminal regions
were not used (positions 1-75 and the 3'-terminal 50
nucleotides), due to their low representation.

RESULTS
Design of AS-circRNAs targeting SARS-CoV-2 RNA

To develop new RNA-based therapeutics for antiviral
strategies, we designed and tested artificial small circRNAs
containing antisense-RNA sequences that target SARS-
CoV-2 RNA. We focussed on the 5-UTR, because its RNA
secondary structure is relatively well characterized and
highly conserved (2,3), and there is evidence for important
functions of the 5-UTR on multiple levels, including viral
genome replication (38) and transcription [subgenomic
RNA (sgRNA) synthesis, (5,6)], translational initiation
(39), RNA stability (3) and, potentially, RNA packaging
(40). To screen for functional antisense sequences and
optimal SARS-CoV-2 targets in the 5-UTR, we initially
used two separate luciferase reporter systems (Figure 1A).

First, to assess effects of antisense-circRNAs (AS-
circRNAs) on the 5-UTR of the viral genome, the first
265 nucleotides of the SARS-CoV-2 genome including the
ORFla translation start codon and the first 24 nucleotides
of ORF1a, were fused in-frame with the luciferase ORF,
resulting in the ‘5’-UTR’ reporter construct (Figure 1A).

Second, to determine effects on the 5-UTR of viral
sgRNAs, the 5'-terminal 75 nucleotides of the SARS-CoV-
2 genome were used, comprising the common °‘leader’
sequence (including the TRS element), which is present on
all sgRNAs. That region, followed by 25 nucleotides with
AUG start codon and 5-terminal coding sequence of the
S protein, were fused to the luciferase ORF, resulting in the
‘5'-leader’ reporter (Figure 1A).

We selected the exact positioning of the antisense
sequences according to the current secondary structure
model of the 5-UTR and 5-leader regions, containing
three highly conserved stem-loop RNA structures [SL 1-3,
(3,4)]. Our previous work on AS-circRNAs had indicated
that perfect base-pairing between circRNA and target over
at least 30 nucleotides was required for stable interaction
(Silke Schreiner and Christina Pfafenrot, unpublished
observations).

On this basis, a series of six short AS-circRNAs,
between 66 and 76 nts in length and with 40-50 nts
of antisense sequence, was designed to specifically target
the SARS-CoV-2 5-UTR regions (named according to
target boundaries; for a schematic representation and
exact SARS-CoV-2 target boundaries, see Figure 1A
and B; antisense sequences are listed in Supplementary
Table S1). AS-circRNA 1-40 targets the 5'-terminal 40
nucleotides of the SARS-CoV-2 genome (and sgRNAs),
including SL1; AS-circRNA 1-65 targets the 5'-terminal 65
nucleotides, but omits the complete 27-nucleotide SL1, and
AS-circRNA 1-75 extends this base-pairing interaction by
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Figure 1. Design of AS-circRNA targeting SARS-CoV-2 RNA. (A) Schematic representation of the 5'-UTR (top, nts 1-265) and 5-leader (bottom; nts
1-75) sequences, targeted by AS-circRNAs, either in a luciferase-reporter (luc), or in the viral SARS-CoV-2 context (ORFla or S). Target regions of
individual AS-circRNAs are represented as blue bars with nucleotide coordinates. The conserved 5'-terminal stem-loop elements (SL1-3) are indicated,
as well as the transcription regulatory sequence (TRS) of the 5'-leader. Note that the target regions of AS_1-65 and AS_1-75 circRNAs omit the first
stem—loop (SL1), represented as a dashed line. (B) Target regions of AS-circRNAs within the 5'-leader (nts 1-75) and 5'-UTR of SARS-CoV-2 (nts 1-265),
represented in the context of the secondary structure model of this region [nts 1-300; (3,4)]. For a schematic representation, see panel A. The core TRS
element (nts 70-75) and the AUG start codon of ORF1a (nts 266-268) are shaded in grey. Note that AS_58-97 circRNA is not included, since it overlaps
with the ORF of the S protein.
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ten nucleotides, including the TRS element. AS-circRNA
36-75 again was designed to base-pair with the single-
stranded region between SL1 and 2, and the less stable
SLs 2 and 3, including the TRS element. These four AS-
circRNAs have in common that they can base-pair with
both the SARS-CoV-2 genomic RNA and all eight major
sgRNAs (sgRNAs 2-9) produced in infected cells.

In addition, two AS-circRNAs were designed to
specifically target either the ORF1la translation start site,
along with flanking regions (in the SARS-CoV-2 genome
RNA), or the ORF encoding the viral S protein (in sgRNA
2): AS-circRNA 247-286 spans the 3'-terminal region of
the genomic 5-UTR region and the first 21 nucleotides of
the ORF1la, whereas AS-circRNA 58-97 targets SL3, the
TRS element and the first 21 nucleotides of the S-protein
ORF (Figure 1A). As control and for normalization of
luciferase activities, two non-specific circRNAs were used in
these experiments, each comprising a randomized sequence
of 40 nucleotides instead of the antisense sequences.

Synthetic AS-circRNAs inhibit translation of SARS-CoV-2
reporter constructs

We initially used AS-circRNAs transiently overexpressed
in HeLa cells by the so-called Tornado system [Twister-
Optimized RNA for Durable Overexpression, see (32)]
which relies on an RNA polymerase III-driven and self-
cleaving expression cassette, combined with circularization
by endogenous RtcB tRNA ligase (Supplementary Figure
S1A). One day after transfection of the circRNA expression
constructs, either genomic 5'-UTR or subgenomic 5'-leader
reporters were transfected, followed by luciferase assays
(Supplementary Figure S1B). Overexpression at similarly
high levels of all ten SARS-CoV-2 5-UTR/5-leader
specific AS-circRNAs, as well as of two control circRNAs,
was confirmed by Northern blot analysis (Supplementary
Figure SI1C). In addition, circular configuration was
stringently established by RNase H cleavage assays
(for AS_1-75 circRNA), and cellular distribution
between nucleus and cytoplasm was characterized (for
AS_1-75 and CTR2 circRNAs, see Supplementary Figure
S1DE). Based on reporter assays with both the genomic
(5-UTR) and subgenomic (5-leader) constructs, all
of these overexpressed anti-SARS-CoV-2 circRNAs,
except for AS_67-106 and AS_104-143, were found to
reduce luciferase expression to levels between 50 to 60%
(Supplementary Figure S1F). Since the four AS-circRNAs
against the 5-leader region (nucleotides 1-75) as well as
three AS-circRNAs upstream of or spanning the ORFla
translation initiation site (nucleotides 148-286) reduced
reporter expression most profoundly, we decided to focus
our subsequent analysis on these regions.

However, the Tornado-based circRNA expression system
results in massive overexpression, in the order of 10°
copies per cell (31), and one cannot rule out effects
due to linear precursors or side-products. Therefore we
switched for all following assays to synthetic AS-circRNAs
transfected in mammalian cells, which is advantageous,
because it is a biochemically well-defined system; for
example, transfected circRNA quantities can be titrated
and the effects of circular and linear forms can be directly
compared with each other.

AS-circRNAs were produced in vitro, based on
transcription by T7 RNA polymerase and circularization
by T4 RNA ligase, followed by gel purification (Figure
2A). Each circRNA was designed such that the antisense
sequence was linked to a common short stem-loop (6
perfect base-pairs with two overhanging ends that were
joined by ligation). The antisense region and the stem-loop
are connected by two three-nucleotide linkers, to allow a
more flexible presentation of the antisense sequence.

To functionally characterize this series of AS-circRNAs,
we first tested their ability to inhibit translation in the two
luciferase reporter systems (for a flowchart of analysis, see
Figure 2B): HeLa cells were first transfected with circRNA;
after 24 h, the reporter construct was transfected and, after
another 24 h, luciferase activities were measured.

For quality control and evidence of circularity, purified
AS-circRNAs (as well as their linear counterparts) were
characterized by denaturing PAGE (Figure 2C): Note
that all of these relatively short circRNAs are RNase R
resistant, in contrast to the corresponding linear RNAsS,
and that the circular configuration results in slower mobility
relative to the linear form, demonstrating circularity.
Regarding cellular distribution after transfection, AS-
circRNAs as well as their linear counterparts were detected
predominantly in the cytoplasmic compartment (where
coronavirus replication is localized), as shown for AS_1-75
and control linear and circular RNAs (Supplementary
Figure S2).

Comparing the two reporters, 5-UTR versus 5'-leader,
corresponding effects of AS-circRNAs were observed for
the first four AS-circRNAs that target the 5'-terminal
region, nucleotides 1-75 (AS_1-40, AS_1-65, AS_1-75,
and AS_36-75; see Figure 2D): Only in case of the
longest version, AS_1-75, which excludes stem-loop 1,
both reporters were strongly reduced in translation (to
39 and 18% residual level, respectively). The two shorter
AS-circRNAs (AS_1-40 and AS_1-65) showed smaller
or insignificant activities. The strong effect of AS_1-75
circRNA is not simply due to extended base-pairing,
since the shorter AS_36-75 was almost as strong as
AS_1-75: reduction to 57 and 29%, respectively, for the two
reporters.

Moving from the 5-end to the regions overlapping the
translation start codons for the ORFla and the S-gene,
we assayed AS_247-286 circRNA (for the genomic 5'-
UTR reporter) and AS_58-97 circRNA (for the 5'-leader
reporter): Both had strong effects on reporter activity
(reduction to 15% and 54%, respectively). The use of AS-
circRNAs (AS_247-286 and AS_58-97) targeting the AUG
start codon regions (of ORFla and S-gene, respectively)
in combination with circRNAs targeting the 5'-terminal
leader region did not further increase the inhibitory action
on reporter translation (see three combinations for each of
the two reporters, Figure 2D).

To address the important question of whether the
circular configuration of the AS-circRNA is important for
inhibitory activity, we compared the two AS-circRNAs
with the strongest inhibitory effects with their linear
counterparts: AS_1-75 and AS_247-286, using the 5'-
UTR reporter, and AS_1-75 and AS_36-75, using the
S-leader reporter (Figure 2E). To provide additional
support for the specificity of the inhibition, we also
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Figure 2. Screening of active AS-circRNAs: 5-UTR and 5'-leader reporter assays. (A) Design of synthetic AS-circRNAs. CircRNAs were produced by in
vitro T7 transcription and subsequent circularization by T4 RNA ligase. Each circular RNA is composed of a stem-loop with overhangs for efficient ligation
(grey), a short stretch of unrelated nucleotides for enhanced flexibility (blue), and the antisense sequence (red). (B) Experimental workflow for luciferase
reporter assays in HeLa cells transfected with synthetic circRNAs. (C) AS-circRNA synthesis. RNase R treatment and aberrant electrophoretic migration
confirm the circularity of the produced circRNAs. Gel-purified linear and circular RNAs (lin/circ) were treated with RNase R, or left untreated (-/+),
and analyzed by denaturing polyacrylamide electrophoresis and ethidium bromide staining. Mobilities of circular (o) and linear (-) forms are marked.
M, DNA markers (sizes in bp). (D) Luciferase reporter assays reveal regions accessible to AS-circRNAs, based on the repression of luciferase activity by
specific SARS-CoV-2 5'-UTR (left) and 5’-leader reporter constructs (right). HeLa cells were transfected with the respective circRNA (as indicated below
the diagram) or a combination thereof (e.g. AS_1-40/247-286). The color code highlights those AS-circRNAs that were analyzed in more detail in panel
E. After 24 h, the respective reporter was transfected (5'-UTR or 5'-leader), and relative luciferase activities (ratio of Firefly and Renilla expression) were
measured, normalized to control circRNAs CTR1 and 2 (mean and standard deviations of three replicates, * P < 0.05, **P < 0.005, ***P < 0.001, ns = not
significant, two-sided #-test). (E) Dose dependence and comparison of circular versus linear configuration of selected antisense-RNA regions. HeLa cells
were transfected with increasing amounts (100-1000 ng per assay) of circRNAs (light gray), or their linear counterparts (dark grey; as indicated below the
diagram). After 24 h, the respective reporter constructs were transfected (5'-UTR or 5'-leader), and relative luciferase activities (Firefly/Renilla expression
ratios) were measured, normalized to control circRNA CTR2 (mean and standard deviations of three replicates, *P < 0.05, **P < 0.005, ***P < 0.001,
ns = not significant, two-sided z-test).
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measured dosis-dependent reduction in reporter activity
for the selected RNAs, with doses ranging between 100
and 1000 ng per assay. For each of the four setups, we
observed clear dosis-dependent effects, in particular for
the circular configuration. Under the conditions used,
maximal activities were attained with 750-1000 ng of AS-
circRNA per assay, whereas the inhibition with linear
counterparts leveled off at 500 ng and above. Importantly,
the circRNAs were consistently more potent than their
linear counterparts. At higher concentrations, the circRNA
caused a more than 2-fold stronger reduction of reporter
activity than the corresponding linear RNA. This superior
inhibitory efficacy of the AS-circRNAs may be due to
differential stabilities or intracellular localizations of the
transfected RNAs, their intrinsic antisense activity, base-
pairing potential, structural properties, or a combination
thereof.

We conclude that, based on two separate reporters
and AS-circRNA transfection in HeLa cells, both the 5'-
leader- and the AUG-start codon-proximal regions can be
efficiently targeted by AS-circRNAs, resulting in strong
translational inhibition down to 10% residual level.

Inhibition of SARS-CoV-2 proliferation by designer AS-
circRNAs

Following the identification of specific AS-circRNAs
that effectively inhibit translation of reporter RNAs, we
sought to corroborate key findings of our study by using
SARS-CoV-2-infected cells. To this end, the set of AS-
circRNAs we had characterized in our reporter assays,
except for inactive AS_1-40, as well as two control RNAs,
were transfected in Vero E6 cells, which are permissible
for SARS-CoV-2 infection and allow the production of
infectious virus progeny (for a flowchart, see Figure 3A).
Each AS-circRNAs was transfected in three different
quantities (25, 250 and 2500 ng per assay), and 24 h
later, cells were infected with SARS-CoV-2 at an MOI of
0.1 pfu/cell. 24 h post-infection, cell culture supernatants
were collected, and virus titers were determined by plaque
assays to assess the antiviral effects of individual AS-
circRNAs on viral replication in cell culture (Figure 3B).

Compared to the controls (untreated cells, mock-
transfected cells, two different control AS-circRNAs), the
three AS-circRNAs targeting the untranslated leader region
differentially affected virus titers: The strongest effect on
viral proliferation was measured for AS_1-75, a reduction
to 9% of control level, consistent with the strong effect
observed in the previous reporter assays (compare Figures
3B and 2D). The shortened version of this circRNA,
AS_1-65, still had a moderate, but significant effect on
virus titers (reduction to 33% compared to untreated
control cells), whereas AS_36-75 had no significant effect
(Figure 3B). In contrast to the initial reporter assays,
AS_58-97, designed as specific for the subgenomic mRNA
encoding the S protein, and AS_247-286, targeting the
genomic region including the ORFla start codon, did
not significantly reduce virus titers (Figure 3B). Based
on these results, we focussed our further analysis on the
AS_1-75 circRNA, which targets both viral genomic and
all subgenomic RNA species.

To obtain additional evidence for inhibition of viral
replication, we also measured viral protein synthesis by
Western blotting, using SARS-CoV-2 nucleocapsid (N)
protein-specific antibodies (Figure 3C). Clearly, compared
to the controls (untreated, mock, CTR 1 and 2) and
four other AS-circRNAs, intracellular accumulation of
viral N protein was most profoundly reduced in the
cells treated with AS_1-75 circRNA, consistent with the
observed inhibitory effects of this particular circRNA on
the production of infectious virus progeny.

Finally, we compared effects of circular and linear
versions of the antisense sequence of AS_1-75 in their
efficiency on viral proliferation, using an extended range
of RNA quantities (625-5000 ng per assay; see Figure 3D).
We observed a strong and dosis-dependent antiviral effect
of AS_1-75 circRNA, with virus titers reduced down to 4%
(at 2500 ng per assay); at an even higher dose (5000 ng),
virus titers were reduced to 7%, perhaps reflecting some
toxic effects at this high circRNA quantity or suboptimal
ratios of circRNA to transfection reagent. In contrast,
control AS-circRNA had no significant effect. Comparing
the effects of circular versus linear RNAs, we observed at
all quantities assayed, that circRNA was clearly superior to
the corresponding linear version, consistent with our results
from reporter assays (see above and Figure 2E).

In addition to the general workflow (Figure 3A), in
which we monitored the increase of virus titers until 24 h
post-infection, we addressed the question of whether the
antiviral effect of AS_1-75 circRNA persists for longer
time periods (Figure 3E): We determined virus titers in
the culture supernatants of cells transfected with linear
versus circular AS_1-75 RNA (along with appropriate
controls) and collected at six time points from 16 to
72 h post-infection. Whereas effects of linear and circular
control RNA (CTR2) did not significantly differ from
the mock control, AS_1-75 circRNA caused a significant
reduction of virus titers, especially between 24 to 48 h
post-infection. This antiviral effect was specific for the
circular configuration and indicates durability of the effect
over at least two days under the conditions used. Finally,
combining virus titer measurements from several assays of
the antiviral effect of AS_1-75 circRNA (all measured at
24 h post-infection and based on Figures 3B, D, E), we
estimated an ECs value in the 20-50 nM range for this most
effective AS-circRNA (Supplementary Figure S3).

Furthermore, to answer the question whether AS_1-75
circRNA also shows an effect in cells already infected with
virus, additional experiments were performed in reverse
order of circRNA transfection and virus infection (see
Supplementary Figure S4): One hour after virus infection,
linear or circular AS_1-75 RNA (together with appropriate
controls) was transfected, and virus titers were determined
in the culture supernatants at six time points after RNA
transfection, from 16 to 72 h post-infection. We chose a
one-hour interval between virus infection and circRNA
transfection, as used in many published studies. Binding
and uptake of virus particles is a relatively fast process (for
example, see reference 41). Therefore, one hour is sufficient
for establishment of the viral infection, and at the same time,
we avoid any potential problems with dying cells, which at
later time points would accumulate, obscure any effects, and

2202 1snBny Og UO J8sSn ay)01|qIgSISB)ISISAIUN OO ‘USSSaI) Jeulwas sayosnsune Aq 0£08€19/20SZ 1L/ 1 Z/61/2101./1eu/wod dno"olwapeoe//:sdiy Wwolj papeojumo(]



A cell seeding
(Vero E6)

circRNA
transfection

viral infection
(MOI=0.1)

plaque assay
Western blot

Nucleic Acids Research, 2021, Vol. 49, No. 21 12511

AN o
Day 2 > Day 3 >

o
> Day 1 >

Day 4 >

Northern blot

B RNA-seq Cc
X X .
106 - o o % remaining (rel. to mock)
" i 2500 ng circRNA
E - Qe Q < Qaedls M essmsssnilsmgpa=danes —
- ] * o 1 °
2 10° g o ol [°] = o o 8 2 3
2 o g o D L&
= 5 gE8ygonoy
£ 100 * i kbalM 5 EGG &4 BB
%] ) O]
2 554«
£ 401.-~..-—-‘--‘|N
10° 4 100 104 38 59 % remaining
5 /l | —| —| —| ——1]Inel 109 105 88 79 75 (rel. to mock)
2 8|8 & 8 el S e
© £ N0 354«
e o~
i
s CTR1+2 1-65 m1-75 36-75 58-97 247-286
D E _—
compared to mock 104 ',o'/, .
lin versus circ 7
% remaining
(rel. to mock) 10°4
= - CTR2lin
E o Sl =+ CTR2circ
2 = 10"
o . £ -¢- mock
g @lin S5
5 2 — — —
[
s Dcirc = 16 24 40 48 64 72
3 2
S = 107
2
[ng] ® A5
—— 1|Ing 4 S
b % - = 10°4 Jra—
=1 o g m < o
£ 10°4 /<"
A -+ 1.75lin
10 e 4 = 1-75 circ
s -o- mock
16 24 40 48 64 72

time point p.i. [h]

Figure 3. Inhibition of SARS-CoV-2 proliferation by AS-circRNAs: viral infection assays. (A) Experimental workflow for viral infection assays using Vero
E6 cells. (B) Screening of AS-circRNAs by virus titer assays identifies AS_1-75 as the most effective antiviral circRNA. Vero E6 cells were transfected
with increasing quantities of circRNAs (25, 250 and 2500 ng per assay; light gray; as indicated below the diagram). After 24 h, cells were infected with
SARS-CoV-2 (MOI = 0.1 pfu/cell). The effects on virus titers were measured by virus plaque assays using cell cutlure supernatants collected at 24 h post-
infection (mean and standard deviations of three experiments, * P < 0.05, ns = not significant, two-sided 7-test). Untreated (without RNA and transfection
reagent) and mock-treated cells (without RNA, but with transfection reagent) served as controls. Residual virus titers of significantly affected samples
are indicated as ‘percent remaining’ relative to mock treatment. (C) Viral protein synthesis assays: Western blot analysis of the viral nucleocapsid protein
(N) confirms reduction of viral protein accumulation in cells treated with specific AS-circRNAs. Vero E6 cells transfected with 2500 ng of respective
circRNAs per assay were harvested, lysed, and equal amounts of protein were analyzed by Western blotting, using the nucleocapsid protein as a marker
for viral protein accumulation (quantitation of protein levels relative to mock); GAPDH was used as loading control. M, protein markers (sizes in kDa).
(D) AS_1-75 circRNA: dose dependence of antiviral effect, in comparison to its linear counterpart. Vero E6 cells were transfected with increasing amounts
(625, 1250, 2500 and 5000 ng) of AS_1-75 circRNA (light gray), or of its linear counterpart (dark gray), followed by viral infection (MOI = 0.1 pfu/cell)
after 24 h. Plaque assays were used to determine virus titers in culture supernatants collected at 24 h post-infection (mean and standard deviations of
three experiments, *P < 0.05, ns = not significant, two-sided r-test). As controls, untreated (without RNA and transfection reagent) and mock-treated
cells (without RNA, but with transfection reagent) were used, as well as transfections with linear or circular control RNA (CTR?2). The virus titer of
significantly affected samples is indicated as ‘percent remaining’, relative to mock treatment. (E) Durability of antiviral activity of AS_1-75 circRNA. Vero
EG6 cells were transfected with AS_1-75 circRNA or its linear counterpart (bottom panel; in red), followed by viral infection (MOI = 0.1 pfu/cell) after
24 h (mean and SEM of three experiments). Plaque assays were performed to determine virus titers in culture supernatants collected at the indicated time
points (16-72 h post-infection). As controls, mock-treated cells (without RNA, but with transfection reagent) were used (top and bottom panels; in black),
as well as transfections with linear or circular control RNA (CTR2; top panel; in green).
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make interpretations difficult. Again, in this reverse order,
the effects of linear and circular control RNA (CTR2) were
not significantly different from the mock control, whereas
AS_1-75 circRNA caused a significant reduction in viral
titers, especially between 24 and 64 h post-transfection. The
antiviral effect was also more pronounced for the circular
than for the linear configuration, as observed in the usual
setup (Figure 3E).

In addition to the standard Vero EG6 cell culture system,
we evaluated the antiviral effect of AS_1-75 circRNA in a
biologically more relevant, ex-vivo respiratory cell culture
system, based on differentiated primary normal human
bronchial epithelial (NHBE) cells grown in air/liquid
interface culture (Supplementary Figure S5). This mimicks
the tracheobronchial region of the human respiratory tract
in a physiologically relevant cellular environment (42).
Differentiated NHBE cells were transfected with linear
versus circular AS_1-75 RNA or CTR2, followed by viral
infection with SARS-CoV-2 after 24 h and determination
of virus titers in the culture supernatants at different
time points (24-72 h post-infection). Comparing two
independent experiments, we conclude that also in this ex-
vivo model system AS_1-75 circRNA (as well as its linear
counterpart) exhibits a strong inhibiting effect on viral
replication.

To assess if an elongation of the antisense region of
AS_1-75 further improves its antiviral activity, we tested
two more AS-circRNAs in virus titer assays: AS_1-100
(S) and (N), both increasing the base-pairing potential of
AS_1-75 circRNA by 25 positions and including a small
number of nucleotides from the 5'-terminal coding regions
of the S and N genes, respectively (Supplementary Figure
S6). However, compared to AS_1-75 (virus titer reduced
to 1%, relative to control), both elongated AS-circRNAs
were slightly less active (reduction to 7 and 4%, respectively,
relative to the CTR3 control circRNA of equal length).
Note that the elongated AS-circRNAs were designed to
specifically target the sgRNAs that are used for S- and
N-protein expression, respectively, whereas AS_1-75 has a
broader specificity by targeting both genomic RNA and all
plus-strand subgenomic RNAs.

Finally, we assessed the effect of AS_1-75 RNA on viral
RNA synthesis more directly (Figure 4). Viral genome
RNA and all subgenomic mRNAs were detected in infected
and transfected cells by Northern blotting with a probe
specific for the 3'-terminus of the genome (Figure 4A).
We compared the effects of linear and circular versions
of AS_1-75 with four different controls (untreated cells,
mock, linear and circular control CTR2 RNA). Only the
circular configuration of AS_1-75, but not its linear version,
strongly reduced viral RNA levels, both genomic RNA and
all subgenomic RNAs that can be resolved, indicating a
global effect of this most active AS-circRNA on viral RNA
synthesis.

Since Northern blotting cannot be quantitated precisely
under these conditions, and not all eight subgenomic RNA
species (RNAs 2-9) could be unambiguously identified,
we performed RNA-seq, using poly(A)-selected RNA
from infected cells. By comparing normalized SARS-CoV-
2 genome-mapped reads, which reflect total viral RNA
accumulation in infected cells, we found that only the

read-counts obtained for cells transfected with AS_1-75
circRNA were strongly reduced (to 12.5% of mock levels;
Figure 4B).

In order to analyze individual viral RNA species, we
measured the read coverage for nine segments across the
SARS-CoV-2 viral genome, each of which are delimited by
flanking TRS sites (Figure 4C). Due to the characteristic 3'-
coterminal structure of each of the viral RNA species, only
full-length viral genome RNA (g) can be assessed directly
by read coverage between positions 76 and 21,562. In
contrast, production of the individual subgenomic RNAs
can be determined only as ‘cumulative read coverage’: For
example, the read coverage between positions 21,562 and
25,391 combines reads for both the genome RNA (RNA 1)
and the sgRNA 2 (S).

When we compared cumulative read coverage across
the viral genome sequence for cells transfected with linear
AS_1-75 RNA, AS_1-75 circRNA, or one of the controls,
we found that only in the AS_1-75 circRNA-transfected
cells viral RNA levels were strongly reduced (to between
37 and 10% relative to mock). Moreover, the extent of
reduction increased with a 5-to-3’ gradient, and most
profoundly within the first three segments, proceeding from
viral genome RNA to regions that include more and more
sgRNAs. This characteristic behavior suggests that the
AS_1-75 circRNA interferes, at least in part, with sgRNA
synthesis.

AS-circRNAs exhibit robust activity against SARS-CoV-2
mutant sequences and are superior to modified ASOs

Since newly emerging mutations in the viral genome are
of great concern in the current SARS-CoV-2 pandemic,
we also assayed whether the activity of designer antisense-
circRNA was affected by single point mutations in the
target sequence. We focussed on the highly conserved
S'-leader region, where the AS_1-75 circRNA had proved
most active, in combination with 5'-leader reporter
constructs carrying five different single-point mutations,
which naturally occur most frequently in this region
(https://www.biosino.org/VIGTK/): 21C—T, 34A—T,
35A—T, 36C—T, 66C—T (Figure 5A).

The reduction of reporter activity by AS_1-75 circRNA
was not significantly different for the wildtype reporter and
for four different mutant versions at positions 21, 34, 35 and
36; only for the 66C—T mutation the antisense activity
of AS_1-75 circRNA was reduced, from residual levels of
around 25-50% of control levels (Figure SB-D). These data
suggest that the activity of AS_1-75 circRNA is in most
cases surprisingly robust and resistant towards single-point
mutations.

Finally we compared the activity of AS_1-75
circRNA with corresponding modified, linear antisense
oligonucleotides (ASOs), using both the 5'-leader reporter
construct as well as viral infection assays (Figure SBC
and EF, respectively). We assayed two different ASOs of
standard length, covering positions 1-45 of the 5'-leader
sequence (with stem-loop 1 skipped, as in the AS_1-75
circRNA) and positions 56-75, respectively (Figure 5C).
These ASOs were modified either by 2'-O-methyl (2'-
OMe) or 2'-O-methoxyethyl (2’-MOE) nucleotides, which
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should enhance both base-pairing interaction as well as the 5-UTR region, which is not only highly conserved
cellular stability. Based on luciferase reporter assays, all in sequence and structure, but also absolutely essential
four ASOs were clearly less efficient than the AS_1-75 for the viral life cycle. Based on a series of AS-circRNAs
circRNA (by a factor of 3.5-5.4; see Figure 5E). Based targeting specific 5-UTR regions of SARS-CoV-2 genome
on viral infection and virus-titer assays, only the AS_1-75 and sgRNAs, we identified a cap-proximal region (including
circRNA, but none of the four ASOs exhibited significant part of the 5'-leader sequence) as the most effective target
antiviral effects (Figure 5F). We conclude that, comparing region. In particular, AS-circRNAs 1-65 and 1-75 strongly
antisense-circRNA and state-of-the-art ASOs, these initial interfered with virus proliferation, resulting in at least 10-
assays indicate the superiority of antisense-circRNA as fold reduced virus titers. Note that the target sequences
novel and sequence-specific antiviral agents. of these two antisense-RNAs are discontinuous, omitting
the first stem—loop. These data suggest that RNA structure
information (if available) should be taken into account in

DISCUSSION the design and optimization of AS-circRNAs.
To our knowledge, this is the first study to report the design When evaluating and comparing the efficiencies of AS-
and functional evaluation of a series of AS-circRNAs as a circRNAs in our study, one should also take into account

novel tool suitable to interfere with gene expression, applied that efficiencies are limited by the circRNA transfection
here to block SARS-CoV-2 proliferation. We focussed on efficiencies under our cell culture conditions; therefore the
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2’-OMe or 2'-MOE modified ASOs: luciferase reporter assays. HeLa cells were transfected with the AS_1-75 circRNA (1 ng) or ASOs (molar equivalents),
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‘real’ activities are likely higher than the apparent values
determined here. In addition, the experimental conditions
of circRNA lipofection, as well as the in vivo stabilities of
circRNAs can certainly be further improved, for example
by systematically optimizing circRNA delivery, evaluating
backbone sequences and structure, or introducing RNA
modifications or peptide conjugation.

We were able to demonstrate that the inhibitory potency
of circular versions of antisense sequences consistently
surpassed that of the corresponding linear versions (Figures
2 and 3); moreover, the optimal AS_1-75 circRNA proved
superior to state-of-the-art modified ASOs against the same
target region, as used in traditional antisense strategies
(Figure 5). Most likely this is due to the relatively high
metabolic stability of circular RNAs; in addition, structural
peculiarities and constraints of how the antisense sequence
is exposed in circular configuration may contribute to the
activity of AS-circRNAs. Obviously there are more ASO
varieties available, as well as combinations of modified
nucleotides, that could be tested more systematically,
beyond the 2’-OMe and 2’-MOE moieties assayed here.
In addition, integrating modified nucleotide positions
within synthetic AS-circRNAs appears an attractive and
promising option for follow-up studies to further optimize
the antisense-circRNA concept.

Our approach to assay the efficiency of antisense-
circRNA against SARS-CoV-2 is based on circRNA
transfection followed by virus infection, reflecting a
prophylactic treatment. However, we have assayed also
in the reverse order, viral infection followed by circRNA
transfection, and we were able to confirm the efficiency
of AS_1-75 circRNA and durability of the antiviral
effect (Supplementary Figure S4). This demonstrates that
our antisense-circRNA approach is useful not only for
prophylactic strategies, but also for protecting against viral
infection and for antiviral therapy.

Finally, we were able to confirm the antiviral effect of
AS_1-75 circRNA also in an ex-vivo cell culture system
(Supplementary Figure S5).

What is the mechanistic basis for the strong antiviral
effects observed for these AS-circRNAs? Detailed analyses
remain to be performed, but will likely reveal a complex
picture, because the 5'-terminal region of SARS-CoV-
2 is predicted to be involved in multiple levels of the
viral replication cycle, such as translational initiation, viral
genome replication, synthesis of the 5'-leader-containing
subgenomic RNAs, RNA stability, and RNA packaging.
Our analysis of viral RNA synthesis (Figure 4) and the
data obtained in reporter assays (Figure 2) indicate that the
most potent AS-circRNA, AS_1-75, interferes with both
the production of subgenomic RNAs and viral protein
translation. Effects on other steps are likely but remain to
be corroborated by further studies. Initial direct Northern
blot assays with reporters argue against the possibility that
an RNAi-type cleavage mechanism induced by perfectly
base-paired antisense regions is involved. These results,
complemented by measuring luciferase mRNA reporter
levels via qPCR, rather support a blockage-type mechanism
(Supplementary Figure S7).

The extended length of our optimal, unmodified AS_1-75
circRNA confers a certain robustness towards single
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point mutations in the antisense target region, as we
have demonstrated for several naturally occuring point
mutations in the leader region (Figure 5). Obviously this
represents an added benefit of an AS-circRNA based
antiviral strategy, considering the continuously arising
mutant SARS-CoV-2 virus forms.

The confirmed functionality of AS-circRNAs designed
and characterized in this study in the context of virus
infection, including the superior activity of circular over
linear RNAs, suggests that circRNAs with antisense
functions may exist in nature and play a role in gene
regulation. Our results establish designer AS-circRNAs
as a new generation of versatile and adjustable RNA
therapeutics with significant potential. Finally, in the
context of antiviral therapeutic applications, it is worth
noting that AS-circRNAs could be easily adjusted to virus
escape mutants potentially arising during viral replication
and transmission, particularly during virus pandemics of
newly emerging viruses.
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