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ABSTRACT RNA structural elements occur in numerous single-stranded positive-sense
RNA viruses. The stem-loop 2 motif (s2m) is one such element with an unusually high
degree of sequence conservation, being found in the 39 untranslated region (UTR) in the
genomes of many astroviruses, some picornaviruses and noroviruses, and a variety of
coronaviruses, including severe acute respiratory syndrome coronavirus (SARS-CoV) and
SARS-CoV-2. The evolutionary conservation and its occurrence in all viral subgenomic tran-
scripts imply a key role for s2m in the viral infection cycle. Our findings indicate that the
element, while stably folded, can nonetheless be invaded and remodeled spontaneously
by antisense oligonucleotides (ASOs) that initiate pairing in exposed loops and trigger effi-
cient sequence-specific RNA cleavage in reporter assays. ASOs also act to inhibit replica-
tion in an astrovirus replicon model system in a sequence-specific, dose-dependent man-
ner and inhibit SARS-CoV-2 replication in cell culture. Our results thus permit us to
suggest that the s2m element is readily targeted by ASOs, which show promise as antivi-
ral agents.

IMPORTANCE The highly conserved stem-loop 2 motif (s2m) is found in the genomes of
many RNA viruses, including SARS-CoV-2. Our findings indicate that the s2m element can
be targeted by antisense oligonucleotides. The antiviral potential of this element represents
a promising start for further research into targeting conserved elements in RNA viruses.

KEYWORDS plus-strand RNA virus, coronavirus, astrovirus, s2m, gapmer, LNA,
therapeutic oligonucleotides, SARS-CoV-2

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly infectious
virus and the causative agent of the ongoing coronavirus disease 2019 (COVID-19)

pandemic. Given the continued rise in cases worldwide, the significant mortality rate,
and the challenges in predicting the severity of illness in infected individuals (1), there is a
pressing need for efficacious antiviral therapies (2, 3) (https://www.who.int/emergencies/
diseases/novel-coronavirus-2019). Moreover, the potential for further outbreaks of infections
by emerging pathogenic coronaviruses (4, 5) places importance on improving fundamental
understanding of coronavirus biology, as well as exploring novel therapeutics that could be
rapidly repurposed in response to the next zoonotic jump.
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Like replication of other positive-sense single-stranded RNA [(1)ssRNA] viruses, rep-
lication of SARS-CoV-2 is orchestrated by virus-encoded enzymes inside infected host
cells. The 30-kb SARS-CoV-2 genomic RNA and the subgenomic mRNA transcripts all
contain a common 59 leader sequence and a common 39 UTR, which harbor several
conserved structural elements, including the stem-loop 2 motif (s2m) (Fig. 1A and B)
(6, 7). The s2m, originally identified in astroviruses (8), is a highly conserved RNA
sequence element present within the 39 UTR in the genomes of many astroviruses,
some picornaviruses and noroviruses, and a variety of coronaviruses, including mem-
bers of the subgenus Sarbecovirus, which includes SARS-CoV and SARS-CoV-2 (9, 10).
The SARS-CoV and SARS-CoV-2 s2m sequences are nearly identical, with only 2 point
nucleotide differences (Fig. 1A), in contrast to the overall 20% genome-wide sequence
divergence (7). The s2m sequence is also highly conserved in the clinical isolates from
patients that have tested positive for SARS-CoV-2 during the current pandemic,
although with a few isolated exceptions (11, 12). The high degree of s2m sequence
conservation is likely to be a direct consequence of a requirement to sustain an elabo-
rate three-dimensional structure. Indeed, an earlier study of the SARS-CoV s2m ele-
ment revealed a stable stem-loop with a few exposed bases (Fig. 1B) in a 2.7-Å-resolu-
tion crystal structure (13). Several more recent studies probed RNA accessibility and
mapped RNA-RNA interactions of the positive-sense SARS-CoV-2 viral RNAs inside the
host cell, confirming that the s2m stem-loop structure folds in vivo as well (14, 15).

Because of the apparent high degree of selective pressure to maintain this specific
sequence and its structure, the s2m is a promising target for potential antiviral agents,
with reduced likelihood of evolving mutations that would lead to resistance. Since the
s2m element is present in all positive-sense transcripts (both genomic and subge-
nomic) produced by a given virus, any agents targeting the s2m would also have the
advantage of acting against the majority of viral RNAs present within a cell. In order to
test the accessibility of the s2m element to potential nucleic acid-based therapeutics,
we designed a panel of antisense oligonucleotides (ASOs). These oligonucleotides
have proven therapeutic potential against viruses and have been undergoing active
development for more than a decade (16). Third-generation ASOs include locked
nucleic acids (LNAs), in which a bicyclic linkage at the furanose constrains the confor-
mational freedom of the nucleotide (17). LNAs provide high-affinity base-pairing to
cRNA and DNA targets, as well as resistance to nuclease attack (18). A version of LNA
ASOs known as gapmers consist of LNA bases flanking a central DNA sequence (19). In
this design, LNA bases confer resistance to nucleases and provide high-affinity base-
pairing to the RNA target, while the central DNA region, once base-paired to RNA,
recruits RNase H, which acts to cleave the RNA in the RNA-DNA duplex. In this process,
the DNA is not digested, and thus, the gapmer remains intact and free to bind further
RNA molecules, directing their cleavage. Gapmers have already been successfully used
in clinical trials to catalyze the degradation of target transcripts (20).

In this report, we describe the design and testing of several LNA ASOs (gapmers) against
the highly conserved structured s2m element from the 39 UTR of SARS-CoV-2. By performing
chemical probing of the RNA, we found that ASOs successfully remodel the s2m structure, de-
spite its high degree of structural compactness. Furthermore, gapmers were capable of induc-
ing sequence-specific RNA cleavage in vitro and had an inhibitory effect in multiple independ-
ent cell-based platforms, including a human cell reporter system, an astrovirus replicon assay,
and SARS-CoV-2 replication in infected cells. Our results support targeting of the s2m element
and other conserved structures with predicted exposed loops in viral genomes by ASOs. In
addition, the particular gapmer designs described here may offer suitable lead compounds for
further development as antiviral therapeutics to treat COVID-19 and other diseases caused by
RNA viruses possessing the s2m element in their genomes.

RESULTS
Model for the s2m element in the context of the SARS-CoV-2 39 UTR. Given the

high sequence similarity between the s2m elements in the SARS-CoV-2 and SARS-CoV
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FIG 1 s2m is a conserved structural element in the SARS-CoV-2 genome. (A) Sequence alignment of the s2m element in the 39 UTRs of SARS-CoV-2 and
SARS-CoV. Lines indicate base-pairing regions within the element. (B) Crystal structure of the SARS-CoV s2m element (adapted from PLoS Biology [13]). (C)
SHAPE chemical probing of the 39 UTR of SARS-CoV-2. RNA was denatured and refolded in the presence of 100mM K1 and 0.5mM Mg21 and then

(Continued on next page)
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genomes (Fig. 1A), the corresponding structures are expected to show high similarity
as well, although recent nuclear magnetic resonance (NMR) data suggest some differ-
ences in their secondary structures (21).

The crystal structure of the SARS-CoV s2m reveals a stem-loop with a small pocket
that can accommodate cations (Fig. 1B) (13) and suggests a similar fold for the SARS-
CoV-2 s2m. To test this experimentally, we probed the structure of the SARS-CoV-2
s2m element within the genomic 39 UTR using SHAPE (selective 29-hydroxyl acylation
analyzed by primer extension) (22). The SHAPE reactivity profile agrees with the crystal
structure of the SARS-CoV s2m element (Fig. 1C and D). For instance, high SHAPE reac-
tivities were found at the loop region (G71 to A75), indicating a strong possibility of a
single-stranded nature, while low SHAPE reactivities were found for nucleotides pre-
dicted to be base-paired, such as nucleotides 54 to 58 and nucleotides 90 to 94 (Fig.
1D). We compared our results from gel-based SHAPE analysis (Fig. 1C) with the previ-
ous analyses by Manfredonia et al. (23), performed on the full-length virus genome
using SHAPE with mutational profiling (SHAPE-MaP) (Fig. 1E; Table 1). We found an
especially high correlation (Pearson correlation coefficient [PCC] = 0.77) between our
data and SHAPE-MaP reactivities (Fig. 1E) for the s2m region, indicating that the s2m is
an intrinsic structural module. Stable structural unit formation by s2m, maintained
within an extended surrounding sequence, was also observed in a recent NMR and di-
methyl sulfate (DMS) chemical probing study (21).

To further investigate potential structures formed by the viral 39 UTR as a whole, we used
cryo-electron microscopy (cryo-EM). Imaging this RNA fragment mainly yielded elongated
shapes resembling thick rope, up to 500Å in length (Fig. 1F). A subset of the ropey particles
were less extended, measuring around 300Å, which is about half the length expected for an
elongated polymer, implying that the RNA there is semicompact. These particles were sub-
jected to computational 2D/3D averaging in an attempt to reveal underlying shared struc-
tural features (Fig. 1G and H). However, none could be clearly identified, suggesting that the
39 UTR RNA does not fold into a well-defined structure, at least in vitro.

Our cryo-electron microscopy observations give support to earlier in vivo studies,
where cells infected with SARS-CoV-2 virus were probed by cryo-electron tomography
(24). Both the tomography study and our single-particle imaging reveal small, high-
contrast features at the periphery of the RNA particles, which might represent views
down the long axis of some duplex RNA regions (Fig. 1F, red arrows).

Overall, based on the prediction from the SARS-CoV s2m RNA crystal structure and
our SHAPE probing results, we conclude that the s2m element in the 39 UTR of SARS-
CoV-2 RNA folds into a stem-loop structure, which may be highly conserved among
coronaviruses. This is in contrast to the entire 39 UTR as a whole, for which we did not
observe any well-defined global structure.

Binding and activity of LNA ASO gapmers against the s2m element in vitro.
Although the highly conserved sequence of the s2m element makes it an attractive tar-
get for therapies based on ASOs, the structured nature of the target may potentially
interfere with ASO-target base-pairing. To facilitate gapmer-induced disruption of the
native s2m structure, we designed gapmers so that the high-affinity LNA bases would
pair with the RNA bases predicted to be exposed in the s2m element (Fig. 2 and Table 2).
This pairing should facilitate initial gapmer-target interaction, hypothetically leading to
unfolding of the s2m element as the rest of the gapmer base-pairs with the complemen-
tary target nucleotides.

We designed a panel of gapmers and tested their ability to direct RNase H cleavage in
vitro, using s2m RNA as the substrate for the purified enzyme (Fig. 2A and D). Different

FIG 1 Legend (Continued)
incubated with NAI (1NAI channel) or DMSO control (2NAI channel). NAI modification was detected by reverse transcription stalling and gel-based
analysis. Sequencing lanes were generated by adding ddT (for A), ddG (for C), ddC (for G), and ddA (for U) when reverse transcription was performed. (D)
Annotation of SHAPE signal on the s2m structure. (E) Bar plot showing the reactivities of structural profiling of gel-based analysis in our study (C) and in
the SHAPE-MaP experiment described by Manfredonia et al. (23). The s2m structure is highlighted by shading in green. (F) Representative cryoEM image of
the SARS-CoV-2 39 UTR (220 nt) at a 2.5-mm defocus. The red arrows indicate features that likely correspond to views along the long axis of duplex regions.
Bar, 50 nm. (G) 2D class averages and (H) 3D reconstructions were calculated by cryoSPARC 2.15.0.
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TABLE 1 Comparison of s2m SHAPE reactivity data with full SARS-CoV-2 RNA probing in
reference 23

Position (nt) nt

Reactivity in:

Gel in Fig. 1C
SHAPE-MaP
in vivo (23)

29724 C 0.0003 0.099
29725 A 0.0011 0.000
29726 U 0.0165 0.160
29727 U 0.0000 0.039
29728 U 0.0000 0.000
29729 U 0.0000 0.037
29730 C 0.0000 0.116
29731 A 0.0025 0.152
29732 C 0.0081 0.000
29733 C 0.0000 0.270
29734 G 0.2168 1.608
29735 A 0.2151 2.273
29736 G 0.2791 0.539
29737 G 0.0000 0.390
29738 C 0.0181 0.110
29739 C 0.0183 0.311
29740 A 0.0284 0.358
29741 C 0.0563 0.237
29742 G 0.0540 0.971
29743 C 0.0370 0.418
29744 G 0.1447 0.642
29745 G 0.8744 1.428
29746 A 0.0845 2.005
29747 G 0.4517 1.473
29748 U 1.4426 1.305
29749 A 1.0879 2.589
29750 C 0.3185 1.423
29751 G 0.7278 0.713
29752 A 1.6490 3.033
29753 U 0.0659 2.408
29754 C 0.1931 0.286
29755 G 0.2435 0.110
29756 A 0.4121 0.475
29757 G 0.5827 0.734
29758 U 0.0173 0.526
29759 G 0.0217 0.059
29760 U 0.1322 0.396
29761 A 0.1796 0.874
29762 C 0.1029 0.157
29763 A 0.3225 0.223
29764 G 0.1078 0.107
29765 U 0.1042 0.124
29766 G 0.1214 0.037
29767 A 0.2554 0.063
29768 A 0.3495 0.043
29769 C 0.5775 0.850
29770 A 0.1371 1.647
29771 A 0.2830 0.470
29772 U 0.5108 0.038
29773 G 0.0684 0.268
29774 C 0.3365 0.870
29775 U 1.2293 3.447
29776 A 2.9140 4.946
29777 G 0.1926 0.496
29778 G 0.1186 0.355
29779 G 0.6380 0.236
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gapmer-target affinities were trialed: gapmers 1 to 3 were designed to have higher affinity
for target RNA than gapmers 4 to 6, as indicated by respective predicted melting tempera-
tures (Fig. 2, top, and Table 2). The presence of the sequence-specific gapmers 1 to 6 in
the digestion reactions led to clear degradation of the target s2m RNA, regardless of their
predicted melting temperature bracket, whereas a non-sequence-specific control gapmer
with a scrambled sequence failed to have an effect (Fig. 2D, “Gapmer scr” lanes). The deg-
radation was very efficient even for a 2:1 s2m-to-gapmer molar ratio, indicating that
gapmers can be recycled and can direct multiple turnover of substrates by RNase H.
Gapmers 1 to 6 also drove cleavage of the whole 39 UTR (Fig. 2B and E) and of the

FIG 2 Antisense oligomers direct RNase H cleavage of the s2m element and a conserved single-
stranded region (ss3) in vitro. (Top) Design of the six gapmers complementary to the s2m, as well as
a nonspecific control gapmer “scr” used in this study (Table 3). The LNA is indicated in orange, s2m-
specific phosphorothioate-linked DNA in pink/purple, other phosphorothioate-linked DNA in gray
(“scr” and “all”), and phosphodiester-linked DNA in light gray (“some”). RNase H cleavage of the
isolated s2m (A and D), 39 UTR (B and E), the extended 39 UTR (F), and the predicted single-stranded
region ss3 (C). Three target-to-gapmer molar ratios were tested: 1:0.5, 1:1, and 1:2. Incubation of RNA
target with RNase H alone does not lead to cleavage (RNase H, last lane) and is not driven by control
gapmers with scrambled DNA sequence (“scr”). Incubation of RNA target with gapmer without the
addition of RNase H does not lead to degradation either, but it does lead to the appearance of a
retarded band that likely corresponds to the target-gapmer duplex.
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extended 39 UTR construct, which additionally includes open reading frame 10 (ORF10)
and the region immediately upstream of it (Fig. 2F; Table 3), indicating that the target s2m
sequence is successfully recognized and is accessible for gapmer base-pairing in the con-
text of the longer 39 UTR. The observation that both the higher-affinity gapmers 1 to 3
(Fig. 2A and B) and the lower-affinity gapmers 4 to 6 (Fig. 2 D to F) were able to direct
RNase H cleavage of the s2m element indicates that a range of gapmer-target affinities are
compatible with successful target degradation of the highly structured s2m sequence. This
flexibility in gapmer design is particularly encouraging for potential development of thera-
peutics, as lower-affinity gapmers may be expected to have fewer off-target interactions in
cells than the higher-affinity variants.

Additionally, we designed and tested gapmers targeting a single-stranded con-
served region in SARS-CoV-2, at positions 1359 to 1374 relative to the virus reference
genome (known as ss3; GenBank no. NC_045512.2) (6) and tested alternative gapmer
backbone chemistries with these. Gapmers designated “all” and “some” have the same
sequence and base composition but different polymer backbones (Table 2). The entire
backbone of gapmer “all” contains phosphorothioate modifications, as is also the case

TABLE 2 Gapmers used in this study

Gapmer Sequencea

Tm (°C)b

DNA RNA
1 [1A]*[1C]*[1T]*[1C]*C*G*C*G*T*G*G*C*[1C]*[1T]*[1C]*[1G] 85 93
2 [1T]*[1A]*[1C]*[1T]*C*C*G*C*G*T*G*G*[1C]*[1C]*[1T]*[1C] 81 97
3 [1G]*[1A]*[1T]*[1C]*G*T*A*C*T*C*C*G*[1C]*[1G]*[1T]*[1G] 78 88
4 [1G]*[1C]*G*T*G*G*C*C*[1T]*[1C]*[1G] 69 76
5 [1G]*[1A]*T*C*G*T*A*C*T*C*C*G*C*[1G]*[1T]*[1G] 70 76
6 [1T]*[1T]*[1C]*A*C*T*G*T*A*C*A*C*T*[1C]*[1G]*[1A] 68 79
scr [1A]*[1C]*C*G*T*G*C*G*G*T*A*T*T*[1C]*[1G]*[1C] 71 75
all [1C]*[1A]*[1A]*[1T]*A*A*A*T*T*T*T*A*[1A]*[1C]*[1A]*[1A] 53 50
some [1C]*[1A]*[1A]*[1T]AAATTTTA[1A]*[1C]*[1A]*[1A] 53 50
a*, phosphorothioate backbone linkage; [1X], LNA base X.
bMelting temperature predictions were obtained using an online oligonucleotide design tool (Qiagen).

TABLE 3 Sequences of RNAs used in this study

Description Sequencea

SARS-CoV-2 s2m sequence used in RNase
H assays in vitro and in GFP reporter assays (47 nt)

GGAGUUCACCGAGGCCACGCGGAGUACGAUCGAGUGUACAGUGAAUU

Scrambled control sequence used in GFP
reporter assays (47 nt)

AGCCGGGCUGGAAGAUACUGCCCAAAUAGGGAACUUUGACGCGGUUG

SARS-CoV-2 39 UTR (220 nt) UAGCAAUCUUUAAUCAGUGUGUAACAUUAGGGAGGACUUGAAAGAGCC
ACCACAUUUUCACCGAGGCCACGCGGAGUACGAUCGAGUGUACAGUGAA
CAAUGCUAGGGAGAGCUGCCUAUAUGGAAGAGCCCUAAUGUGUAAAA
UUAAUUUUAGUAGUGCUAUCCCCAUGUGAUUUUAAUAGCUUCUUAGGAGAA
UGACAAAAAAAAAAAAAAAAAAAAA

SARS-CoV-2 extended 39 UTR (358 nt) ACUCAUGCAGACCACACAAGGCAGAUGGGCUAUAUAAACGUUUUCGCUUUU
CCGUUUACGAUAUAUAGUCUACUCUUGUGCAGAAUGAAUUCUCGUAACUA
CAUAGCACAAGUAGAUGUAGUUAACUUUAAUCUCACAUAGCAAUCUUUAAU
CAGUGUGUAACAUUAGGGAGGACUUGAAAGAGCCACCACAUUUUCACCGAG
GCCACGCGGAGUACGAUCGAGUGUACAGUGAACAAUGCUAGGGAGAGCU
GCCUAUAUGGAAGAGCCCUAAUGUGUAAAAUUAAUUUUAGUAGUGCUAU
CCCCAUGUGAUUUUAAUAGCUUCUUAGGAGAAUGACAAAAAAAAAAAAA
AAAAAAAA

SARS-CoV-2 ss3 (16 nt). A conserved region predicted
to be single-stranded in the genome; positions1359–1374
relative to the NC_045512.2 reference (6)

UUGUUAAAAUUUAUUG

aBoldface indicates the extended s2m region common to these RNA substrates.
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in gapmers 1 to 6; it is a well-established modification conferring some nuclease resist-
ance to oligonucleotides (25, 26). The backbone in gapmer “some,” however, is mixed;
DNA bases are linked by a phosphodiester backbone, whereas LNA bases are linked by
a phosphorothioate backbone.

In vitro digestion experiments (Fig. 2C) indicate that both chemistries are compati-
ble with RNase H recruitment and the degradation of the RNA target and also suggest
general applicability of gapmer-directed cleavage of virus RNA sequences. Gapmer
“some” appears to have higher binding affinity for the ss3 target, judging from the
presence of an extra band at the top of the gel in Fig. 2C, which likely corresponds to a
gapmer-target dimer. This is consistent with expectation, as phosphorothioate modifi-
cations are known to reduce target affinity (27), so gapmer “all” would be expected to
show weaker binding than gapmer “some.” On the other hand, gapmer “all” generates
a larger amount of cleaved product (Fig. 2C), which supports our choice of a phosphor-
othioate backbone throughout gapmers 1 to 6.

Despite being structured, the s2m is successfully remodeled by LNA gapmers.
To confirm that gapmers affect the s2m structure, we performed SHAPE probing of the
SARS-CoV-2 39 UTR in the presence of gapmers 1, 2, and 3 targeting s2m and gapmer
“all” as a nonspecific control. Since SHAPE probing detects the accessibility of nucleo-
tides (22), it is capable of revealing both intra- and intermolecular RNA base-pairing
interactions.

In the presence of gapmer 1, SHAPE reactivity profiles strongly decreased in the
gapmer-targeted region from G60 to C69 (Fig. 3A and B), indicating successful
gapmer-target base-pairing. Due to the interaction between the gapmer and its target
site, the other arm of the s2m (U79 to A94) loses base-pairing interactions and
becomes more single-stranded, as evidenced by a strong increase in SHAPE reactivity
in this region (Fig. 3A and B). We also found slightly decreased SHAPE reactivities in
the region from A75 to A78 and increased SHAPE reactivities in the region from G70 to
A75. The latter might be due to a dynamic interaction between the 39 end of the
gapmer and the target site or due to conformational remodeling leading to a higher
accessibility of the SHAPE reagent to the 29-OH of these nucleotides. Similar changes
in SHAPE reactivities were also observed in the presence of gapmer 2 (Fig. 3C and D),
which targets s2m with a 1-nucleotide (nt) shift compared to the target site of gapmer
1 (G60 to C76 and C59 to A75, respectively).

In the presence of gapmer 3, which targets the single-stranded loop region within
s2m, the SHAPE reactivity profile showed a strong decrease in the region from G60 to
A75 (Fig. 3E and F), indicating successful base-pairing interactions with the gapmer.
We also found that this intermolecular interaction between gapmer 3 and the loop
region led to increased SHAPE reactivities downstream of the loop region. Thus, the
intermolecular interactions between gapmers and target regions could also remodel
the folding status of flanking regions.

Notably, the observed changes in SHAPE reactivity were dependent on the concen-
tration of gapmers and were not detected in the presence of a control gapmer (gapmer
“all”) which is not able to target the s2m element (Fig. 3G and H). Taken together, our
results validate the design of gapmers to target the s2m element and highlight the effect
of gapmers in remodeling the s2m structure to gain access to a highly structured RNA.

s2m induces gapmer-directed reduction of reporter gene expression in human
cells. To investigate if gapmers against the s2m element could drive target RNA degra-
dation in human cells, we set up a tissue culture-based reporter system. We generated
lung-derived A549 and HeLa cell reporter lines carrying stably integrated GFP genes
that encode either the wild type s2m element or a scrambled control sequence in their
39 UTR (Fig. 4A to C). Transfection with gapmers against s2m reduced GFP fluorescence
levels in the two s2m-containing cell lines for both the higher-affinity gapmers
(gapmers 1 to 3) and the lower-affinity gapmers (gapmers 5 to 6) (Fig. 4D and F).
Gapmer 4, which is the shortest of the tested gapmers and contains only six DNA nu-
cleotides (Table 2), had no effect (Fig. 4D and F); this may reflect difficulties in recruit-
ing human RNase H in vivo to this length of RNA-DNA duplex (28). Nonspecific control
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FIG 3 SHAPE probing reveals RNA structure changes induced by LNA gapmers. (A, C, E, and G) SHAPE probing of SARS-CoV-2 39 UTR structure in the presence or
absence of the gapmer indicated. RNA was denatured and refolded in the presence of 100mM K1 and 0.5mM Mg21, then incubated with different gapmer-to-
target molar ratios (0, 0.5, 1, and 2), and probed using NAI. (B, D, F, and H) Quantification of results in panels A, C, E, and G, respectively. Analysis of the differences
in SHAPE signal from SARS-CoV-2 39 UTR alone and in the presence of 2� molar excess of the gapmer. (A and B) The presence of gapmer 1 induced an increase in
SHAPE signal at positions 70 to 74 and 79 to 94 (highlighted in orange), indicating that these nucleotides are more unstructured. A strong decrease in SHAPE signal
was observed at positions 60 to 69 (highlighted in blue), indicating decreased accessibility of these bases, which could be caused by their base-pairing with the
gapmer. (C and D) The reactivity profile in D is similar to that in B, due to the similar target regions of gapmer 1 and gapmer 2. (E and F) In the presence of
gapmer 3, nucleotides at positions 69 to 75 are more structured, while nucleotides at positions 76 to 94 are less structured, as indicated. (G and H) No significant
differences in SHAPE signal could be detected in the presence or absence of the nonspecific control gapmer “all,” indicating that it is unable to cause structural
changes in the SARS-CoV-2 39 UTR.
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FIG 4 Gapmer-induced reduction of protein levels in cell reporter assays. (A) Schematic of the GFP reporter assay. (B) Gating and data visualization
strategy of the reporter assay data. The main cell population was identified and gated on forward and side scatter using the Auto Gate tool and

(Continued on next page)
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gapmers did not affect GFP fluorescence levels, nor did treatment with s2m-specific
gapmers of control cell lines in which the sequence of the s2m element was scrambled
(Fig. 4E and G). These results indicate that the gapmer-mediated reduction in target
gene expression relies on sequence-specific gapmer-target interaction. Overall, the
results indicate that gapmers against the s2m element have the potential to decrease
gene expression from mRNAs containing s2m in their 39 UTR sequences, which is the
case for SARS-CoV-2 mRNAs.

Our experimental method was also used to test the hypothesis that the s2m is a
posttranscriptional response element. We used the green fluorescent protein (GFP) re-
porter cell lines to compare fluorescence levels between the GFP-s2m and GFP-
scrambled cells. No difference was observed, indicating that the s2m element itself
does not affect fluorescent-protein production (Fig. 4C), which suggests that it does
not act as an independent element in cis in translation or stability of viral mRNAs.

LNA gapmers against s2m inhibit replication in an astrovirus replicon model
system in human cells. To investigate the effects of s2m-targeting LNA gapmers on vi-
ral replication, initially we employed an astrovirus replicon system, where the meas-
ured luciferase signal represents the translation of a reporter protein from subgenomic
RNAs. Many (1)ssRNA viruses share a similar repertoire of genetic elements required
for the replication of viral RNA, and this is true in the case of coronaviruses and astrovi-
ruses. Despite a large disparity in genome size, coronaviruses and astroviruses possess
a similar modular organization, with a largely similar ordering of nonstructural and
structural genes, a frameshift signal to access the open reading frame encoding the
RNA-dependent RNA polymerase (RdRp), and production of 39-coterminal subgenomic
mRNAs for structural and accessory protein expression. Like coronaviruses, many astro-
viruses—including human astrovirus 1 (HAstV1)—contain an s2m element in the 39
UTR of their genomes (Fig. 5A). We recently developed a robust HAstV1-based replicon
system (Fig. 5A, bottom) which permits the evaluation of RNA replication in multiple
cell types (29). The small astrovirus genome (;7 kb), in contrast to the much larger
coronaviruses (;30 kb), allows rapid manipulation of sequences for antiviral testing in
a less restrictive environment than that required to manipulate SARS-CoV-2.

Building on promising results in the cell-based reporter system, we used the astrovi-
rus system to test gapmer efficacy in the context of virus-like replication, where replica-
tive intermediates are generally physically occluded within host membrane-derived
vesicles, as is also the case in bona fide virus infection. We generated chimeric astrovi-
rus replicons bearing the s2m elements from SARS-CoV or SARS-CoV-2 (Fig. 5B).
Chimeric replicons recapitulated the replication properties of the wild-type astrovirus
replicon (Fig. 5C), indicating that this system is suitable for testing gapmers against
multiple s2m sequences. To rule out any potential cell-specific effects, all gapmers
were tested in two human cell lines, Huh7.5.1 (29) and HEK293T (optimized for this
study). The replication of replicons bearing SARS-CoV-2 s2m sequences was efficiently
inhibited by gapmers 1, 2, and 5, causing inhibition in the subnanomolar range, with a
less pronounced effect found for gapmers 3, 4, and 6. The inhibition of nonspecific
control gapmers (“all” and “scr”) was significantly below that of their composition-
matched counterparts, gapmers 1 to 3 and 4 to 6, respectively (Fig. 5D; Table 4). The
same gapmers were also tested against the SARS-CoV s2m in this system and found to
be active, though with a lower potency (Fig. 5E; Table 5). This could potentially be

FIG 4 Legend (Continued)
plotted as a histogram to visualize GFP intensity of cells. (C) HeLa and A549 cells containing a genomic insertion of a GFP reporter construct
without additional insertion in its 39 UTR (GFP), with the s2m sequence in its 39 UTR (GFP-s2m), or with a scrambled sequence insertion in its 39 UTR
(GFP-s2m-scr) were analyzed by flow cytometry. Data are representative of two independent experiments. (D to G) Flow cytometry analysis of the
GFP-expressing cells. HeLa (D) and A549 (F) cells containing a genomic insertion of a GFP reporter construct with the s2m sequence in its 39 UTR
(GFP-s2m) were transfected with a 20 nM concentration of the indicated gapmers and analyzed 72 h posttransfection by flow cytometry. Treatment
with gapmers against the s2m element, but not a nonspecific control gapmer, induced reduction in fluorescence. HeLa (E) and A549 (G) cell lines
containing a control genomic insertion of a GFP reporter construct with a scrambled sequence inserted in its 39 UTR (GFP-s2m-scr) were transfected
with 20 nM the indicated gapmers and analyzed 72 h posttransfection by flow cytometry. The control cell lines containing GFP reporter with a
scrambled sequence insertion in the 39 UTR show no appreciable change in fluorescence upon treatment with the gapmers targeted against the
s2m element. Data are representative of three independent experiments (D to G).
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FIG 5 Inhibition of astrovirus replicon activity by gapmers targeting the SARS-CoV-2 s2m RNA element. (A) Schematic of the SARS-CoV-2 and human astrovirus 1
(HAstV1) genome organization. The lowest panel represents the astrovirus replicon (pO2RL). FS, frameshift signal; SG, subgenomic; RLuc, Renilla luciferase; RdRp, RNA-
dependent RNA polymerase. The presented virus and replicon genomes are not to scale. (B) Conservation of the s2m 39 UTR element (two-dimensional representation)
between HAstV1, SARS-CoV, and SARS-CoV-2. In the astrovirus replicon, the HAstV1 s2m was switched for the SARS-CoV or SARS-CoV-2 s2m; the wild-type and chimeric
replicons are indicated below. Gapmers 1, 2, and 3 and gapmers 4, 5, and 6 are color coded in light, medium, and dark magenta, respectively. (C) Luciferase activity of
the wild-type, chimeric, and replication-deficient (RdRp GDD motif mutated to GNN) astrovirus replicons measured in Huh7.5.1 (dark blue bars) and HEK293T (light blue
bars) cells. (D) Inhibition of the astrovirus chimeric replicon containing the SARS-CoV-2 s2m by gapmers at a 0.5 to 500nM concentration range. (E) Inhibition of the
astrovirus chimeric replicon containing SARS-CoV s2m by gapmers at a 0.5 to 500nM concentration range. For panels D to E, data are means 6 standard deviations
(SD) from 3 biologically independent experiments; full data and statistical analyses are provided in Tables 4 and 5. Replicon activity is presented as the ratio of Renilla
(subgenomic reporter) to firefly (cap-dependent translation, loading control) luciferase activity, normalized by the same ratio for the untreated control replicon.
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attributed to differences arising from C-G versus C-U juxtaposition within the respec-
tive s2m elements (Fig. 5B) (30), potentially affecting the s2m gapmer binding proper-
ties. Replication in the presence of sufficient concentrations of gapmers 1, 2, or 5
dropped to the baseline level of the pO2RL-GNN mutant (Tables 4 and 5), which is
completely deficient in replication due to a mutated RdRp active site (Fig. 5C).

To assess the cytotoxicity and potential off-target effects of the tested gapmers, we
(i) performed a lactate dehydrogenase (LDH) release-based cytotoxicity assay and (ii)
evaluated the efficiency of cap-dependent translation in the presence of the different
gapmer concentrations. Consistent with previous work (31), these assays showed no
gapmer-induced cellular toxicity (Fig. 6A). Translation inhibition of. 50% was
observed only at 500 nM concentrations of gapmers 1, 2, 5 and 6 (Fig. 6B), which is at
least 10-fold higher than the effective inhibition range for gapmers 1, 2 and 5. Overall,
these results suggest that gapmers targeting the s2m element can inhibit viral replica-
tion in the model replicon system in a dose-dependent, sequence-specific manner
without causing significant cell toxicity.

SARS-CoV-2 growth is inhibited by LNA gapmers targeting s2m. A high-content
screening (HCS) assay was developed to measure the effects of LNA gapmers on infec-
tion in Vero E6 cells infected with SARS-CoV-2. Figure 7A shows a graphical representa-
tion of the HCS assay workflow and a representative microscopy image, with cells

TABLE 4 Statistical analysis for the inhibition assay of chimeric astrovirus replicon
containing SARS-CoV-2 s2ma

aP values are from two-tailed t tests with separate variances; “ref” represents the reference data set for each
calculation. The color scheme green-yellow-red represents least-to-most inhibited samples.
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stained for N protein (488-nm signal). We tested gapmers 1 to 6, “all,” and “scr” at
0.25mM, 0.5mM, and 1mM concentrations, alongside a no-gapmer treatment as a neg-
ative control and a 10mM remdesivir treatment as a positive control. Our results indi-
cate that gapmers 2 and 5 inhibit SARS-CoV-2 infection in a dose-dependent manner.
At the 1mM concentration, these gapmers reduced virus replication (measured
through N protein expression) to 10.4% and 6.9% of the no-gapmer control, respec-
tively, with cell viability at 72% and 83%, respectively. Furthermore, these inhibition
levels are comparable to that of the 10mM remdesivir control in this assay (Fig. 7B).
Gapmers 1, 3, and 6 had a less profound effect (27%, 31%, and 17% of nontreated con-
trol levels at 1mM), whereas gapmer 4 showed the highest toxicity levels (54% viability)
besides inhibition to 13% of the nontreated control. In strong agreement with the
astrovirus replicon-based results (Fig. 5D), gapmers 2 and 5 demonstrated the most
promising results in SARS-CoV-2 inhibition assays (Fig. 7B), suggesting that these two
gapmers could be preferred for therapeutic development. Consistent with our previous
results on other cell lines (Fig. 6A), the gapmers show no cytotoxic effect on Vero E6
cells in the absence of transfection reagent (,5%) (Fig. 7C), providing further confi-
dence for potential therapeutic gymnotic delivery (32). These results are consistent
with the results from the astrovirus replicon system and indicate that gapmers may
have sufficient access to their RNA targets to direct degradation in infected cells and

TABLE 5 Statistical analysis for the inhibition assay of chimeric astrovirus replicon
containing SARS-CoV s2ma

aP values are from two-tailed t tests with separate variances; “ref” represents the reference data set for each
calculation. The color scheme green-yellow-red represents least-to-most inhibited samples.
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that gapmers against the conserved s2m element or, by extension, other conserved
RNA elements may act as viable antiviral agents, warranting their further exploration
as therapeutics.

DISCUSSION

For many RNA viruses, genomic RNA structures play critical roles in the replication
cycle, including in the modulation of the immune response, regulation of virus RNA
replication, virus protein translation, and interactions with host factors. This undoubt-
edly impacts the evolution of both hosts and viruses, leading to selection and conser-
vation of such structured RNA elements (33). The s2m element, found across different
distantly related RNA viruses (10), is a good example of this, although its exact role(s)
in the virus life cycle and possible interaction partners are yet to be determined.
Nonetheless, the remarkable conservation of the s2m makes it an attractive target for
therapeutic intervention, which was explored in this study.

We have confirmed that the s2m element in the 39 UTR of SARS-CoV-2 RNA is a fea-
sible candidate for ASO-based targeting. For this, we designed and successfully tested
LNA-based gapmer ASOs against the s2m. We demonstrated physical gapmer-induced
disruption of the RNA structure, consistent with successful gapmer-target base-pairing
interactions, and RNase H-induced target degradation in vitro. Furthermore, we have
demonstrated that the s2m element can direct gapmer-induced reduction of gene
expression in GFP reporter assays in human cells, likely relying on the demonstrated
enzymatic activity of endogenous RNase H in the nucleus and the cytoplasm (34).

We extended the observation by testing the ability of s2m-targeting gapmers to in-
hibit viral replication in an astrovirus-based replicon model system, a rapid functional

FIG 6 Testing the cytotoxic and off-target effects of gapmers. (A) Toxicity assay for gapmer-treated cells. Cells were treated with 0.5 to 500 nM gapmers for
24 h. Supernatant was used to measure cell viability, calculated as the ratio of released to total lactate dehydrogenase (LDH) activity; “max” refers to the
maximum LDH measured for fully lysed cells. (B) Effect on translation measured as a readout of capped T7 RNA encoding firefly luciferase at a 0.5 to
500 nM gapmer concentration, normalized to the value for untreated cells. All data are means 6 SD from 3 biologically independent experiments.
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assay that does not require access to higher-containment-level facilities. Astrovirus repli-
con assays showed that gapmers against s2m inhibit replication in a sequence-specific,
dose-dependent manner, down to the subnanomolar range. These observations confirm
that gapmers have significant potential as RNA replication inhibitors. Results from SARS-
CoV-2 infection assays in cell culture are also highly encouraging, with inhibition
observed at the 0.25 to 1mM gapmer concentration range. Two of the tested gapmers, 2
and 5, provided consistent inhibition results in both systems without increased cellular
toxicity. These gapmer results also highlight specific target regions within the s2m ele-
ment that could be particularly promising for the development of therapeutic ASOs. In
the cellular environment in the replicon assays and in bona fide SARS-CoV-2 infection,
the differences in gapmer efficiencies could be attributed to a combination of multiple
possible factors, including target sequence accessibility, nuanced differences in the tar-
get structure, other multimolecular interactions, and possible off-target effects.

LNA gapmer-based therapies represent an emerging strategy to specifically target
RNAs for RNase H-mediated degradation, proven to be a robust pharmacological
mechanism in both the cytoplasm and the nucleus (34). More broadly, ASO-based thera-
pies have successfully been applied against myopathies, various genetic disorders, cancers,

FIG 7 Inhibition of SARS-CoV-2 growth by gapmers targeting the s2m RNA element. (A) Graphic representation of the high-content screening assay
experiment workflow: transfection of Vero E6 cells with gapmers followed by infection with SARS-CoV-2, fixation of the plate, labeling, and screening. A
representative image from the immunofluorescence-based detection of SARS-CoV-2 infection of Vero E6 cells is shown at the bottom. (B) Vero E6 cells
were transfected with gapmers 1 to 6 against the s2m element or control gapmers “all” and “scr” at 0.25mM, 0.5mM, and 1mM final concentrations,
infected with SARS-CoV-2, fixed, labeled, and analyzed. Results are presented as means 6 SD for 3 biological replicates; signal was normalized to a no-
gapmer control. Cell viability was evaluated using the DRAQ7 signal normalized to that in mock-treated wells. P values are from two-tailed t tests with
separate variances (ns, not significant [P. 0.05]; *, P# 0.05; **, P# 0.01; ***, P# 0.001). (C) Toxicity assay for gapmer-treated Vero E6 cells in the absence of
transfection reagent. Cells were treated with 0.25mM, 0.5mM, and 1mM gapmers for 24 h. Supernatant was used to measure cell viability, calculated as the
ratio of released to total lactate dehydrogenase (LDH) activity. “max” refers to maximum LDH measured for fully lysed cells.
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and infections with viruses, including cytomegalovirus and Ebola virus (35). With several
drug candidates already approved and many in clinical trials, ASO-based therapies repre-
sent a promising direction thanks to their high specificity, long-term stability, low toxicity,
and relatively low production cost (36).

There are several reports on using ASOs as potential therapeutics against SARS-CoV-2.
Of particular interest, a recent study by Sun et al. describes in vivo click SHAPE-based
detection of functional structured SARS-CoV-2 RNA elements, which are validated by
targeting with small interfering RNAs (siRNAs) and ASOs (37). This study highlights the
importance of the conserved RNA elements across the coronavirus genome and includes
in-depth analyses of conserved RNA elements stem-loop 1 (SL1) to SL4 in the 59 UTR and
SL(ORF10), confirming their potential as antiviral targets. The s2m element has been identi-
fied as a discrete structural unit in many studies (6, 15, 23, 37), so it is likely to interact with
gapmers similarly in different contexts (reporter, replicon, and virus infection). Targeting
UTRs represents a rational way to target both genomic and subgenomic coronavirus RNAs
present in the infected cell, hopefully boosting the impact of the therapeutic agent.
Further confidence in UTRs as promising therapeutic targets comes from our SARS-CoV-2
gapmer inhibition assay (Fig. 6B), where inhibition is observed for gapmers targeting s2m
but not for the gapmer “all,” which targets a conserved nonstructural ORF1a region (nt
1359 to 1374), which is present only in the less abundant genomic RNA.

It is worth noting that coronaviruses produce double membrane vesicles inside
infected host cells that are thought to conceal the viral double-stranded RNA replica-
tive intermediate from cellular defenses (38, 39). These vesicles have been proposed to
be formed through virus-induced manipulations of the membrane of the endoplasmic
reticulum (40). This compartmentalization of the SARS-CoV-2 genome in membranous
bodies within the host cell cytoplasm (24) may reduce access of the ASOs to the s2m
element or other viral genomic targets (although viral mRNAs, which all contain s2m,
should still be accessible). In this regard, it is useful to consider that LNA ASOs have
been conjugated with tocopherol and cholesterol for membrane association in the
past (41, 42), which could increase the ability of ASOs to find their targets. Improved
membrane association may also boost gapmer entry into target cells. The primary tar-
gets for SARS-CoV-2 infection are the ACE2 receptor-expressing airway cells, with virus
infection gradually decreasing from the proximal to distal respiratory tract (43). These
cells might be amenable to ASO delivery through aerosol (44), enabling highly tar-
geted therapeutic administration.

When considering s2m as a target for virus inhibition, it is also worth noting that
while it is a remarkably stable genomic element, conserved across multiple groups of
single-stranded positive-sense RNA viruses, some mutations can arise over time. In the
SARS-CoV-2 sequences from COVID-19 patient samples, some s2m polymorphisms and
deletions that are predicted to destabilize or disrupt the structure have been detected
(11, 12). Using a combination of several gapmers offers a potential therapeutic strategy
to guard against emerging resistance.

The results described here represent a promising start for further research into target-
ing conserved elements in (1)ssRNA viruses and support development of gapmers and
related ASOs against the s2m element in particular. In the case of SARS-CoV-2, our
gapmer designs offer a strong starting point for further therapeutic development, which
may include large-scale optimization and screening to maximize efficacy in cell culture
and animal models, as well as chemical modifications for optimal delivery to target cells.

MATERIALS ANDMETHODS
RNA preparation. 39 UTRs and the s2m 47-mer were prepared by in vitro transcription (IVT).

Templates for IVT were generated either by PCR, using Phire Hotstart II polymerase (Thermo Fisher)
according to manufacturer’s instructions, or by hybridizing cDNA oligonucleotides (Sigma). Sequences
for the PCR primers and the DNA oligonucleotides are given in Table 2. RNA generated by IVT was puri-
fied: IVT products were separated on polyacrylamide denaturing gel (National Diagnostics), and relevant
bands were excised using UV shadowing, electroeluted in Tris-borate-EDTA (TBE) (Whatman Elutrap),
and then cleaned up using a PureLink RNA Microscale kit (Invitrogen). RNA concentrations were
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estimated using UV absorbance (A260) and a calculated extinction coefficient. All RNA sequences used in
this study are provided in Table 1.

Gel-based RNA cleavage assay. Each gapmer was preincubated with target RNA in 1� RNase H
buffer (Thermo Scientific) for 10min at 37°C. Then, 2.5 U of RNase H (Thermo Scientific) was added, and
the reaction mixture was incubated for 20min at 37°C. Reactions were quenched by adding an equal
volume of proteinase K mix (0.5mg/ml enzyme, 100mM Tris-HCl [pH 7.5], 150mM NaCl, 12.5mM EDTA,
1% [wt/vol] SDS) and incubating at 50°C for 20min. RNA was visualized on polyacrylamide–7.5 M urea
gels (National Diagnostics) in TBE using SybrGold (Invitrogen).

Chemical probing of the 39 UTR. To probe RNA structure without gapmers, 5 pmol RNA (;350ng)
was dissolved in 9ml nuclease-free water, denatured at 95°C for 90 s, and then cooled on ice for 2min.
RNA was refolded by adding 10ml of 2� SHAPE probing buffer (80mM HEPES [pH 7.5], 200mM KCl, 1mM
MgCl2) and incubating at 37°C for 15min. 2-Methylnicotinic acid imidazolide (NAI) was added to a final
concentration of 100mM in a 20-ml reaction mixture; for control reactions, the same volume of dimethyl
sulfoxide (DMSO) was added instead. Reactions were allowed to proceed at 37°C for 5min and then
quenched by adding 10ml of 2 M dithiothreitol (DTT). RNA was purified by loading quenched samples
onto Micro Bio-spin columns with Bio-Gel P-6 (Bio-Rad), followed by ethanol precipitation. Purified RNA
was then dissolved in 6ml water, reverse transcribed to cDNA, and analyzed by PAGE as described below.

To probe RNA structure with gapmers, different amounts of gapmers were added to refolded RNA, at
molar ratios of 0.5�, 1�, or 2�, and incubated at 37°C for 10min. The same volume of water was added
for the no-gapmer control. After coincubation, RNA was probed using NAI as described above. In addition,
unprobed input RNA was also subjected to Sanger sequencing: RNA was dissolved in 5ml water, supple-
mented with 1ml of a 10mM concentration of the corresponding dideoxynucleoside triphosphate
(ddNTP) (Roche), then reverse-transcribed to cDNA, and analyzed by PAGE as described below.

Reverse transcription and PAGE analysis of cDNA. A 6-ml portion of each RNA-containing sample
was mixed with 1ml of 5mM Cy5-modified reverse transcription (RT) primer (sequence given in Table 6)
and 0.5ml of 10mM dNTPs. The mixture was incubated at 95°C for 3min to denature the RNA and then
cooled to 50°C. The RT reaction was started by adding 2ml of 5� RT buffer (100mM Tris [pH 8.3], 500mM
LiCl, 15mM MgCl2, 5mM DTT) and 0.5ml Superscript III enzyme (Invitrogen) and mixing quickly with a pip-
ette tip. The reaction was allowed to proceed at 50°C for 20min and then quenched by incubation at 85°C
for 10min, which inactivates the enzyme. In order to degrade RNA and liberate the complementary cDNA,
the reaction mixture was then supplemented with 0.5ml of 2 M NaOH and incubated at 95°C for 10min.
The reaction was stopped by adding an equal volume of 2� stopping buffer (95% formaldehyde, 20mM
EDTA [pH 8.0], 20mM Tris-HCl [pH 7.5], orange G dye) and incubating at 95°C for 5min. The resulting
cDNA sample was cooled to 65°C and analyzed on an 8% acrylamide–bis-acrylamide–urea gel by electro-
phoresis. The gel was imaged with a Typhoon FLA 9000 gel imager (GE Healthcare).

Quantitative gel analysis and SHAPE reactivity calculation. Signal intensity of each band on the
PAGE gel was detected using ImageQuant TL software and normalized to the total signal of the whole
lane. Raw reactivity was generated by subtracting the signal of NAI channel from that of the DMSO con-
trol channel; reactivities with negative values were corrected to 0. SHAPE reactivity was generated fol-
lowing the 2/8% normalization method (45). To calculate the differences in SHAPE signal in the presence
and absence of gapmers, the lanes of NAI channels with 2� gapmer (1gapmer) or without gapmer
(2gapmer) were used. The signal intensity of each band was normalized to the total signal of the whole
lane. Differences were calculated by subtracting the signal of the 1gapmer channel from that of the
2gapmer channel and then rescaled to the signal of the 2gapmer channel.

Cryo-electron microscopy. A 5mM concentration of purified 39 UTR in 10mM Tris (pH 7.6)–10mM
KCl–10mM NaCl was annealed by sequential incubation at 95°C for 2min, at 50°C for 2min, at 37°C for
5min, and then at room temperature. The sample was supplemented with 1mM MgCl2, and 3ml of the
resultant mixture was applied to glow-discharged (EasiGlow Pelco) R2/2 Quantifoil grids (Quantifoil).
Excess sample was blotted away with a FEI Vitrobot (IV) (100% humidity; 4°C; blotting force, 0; 3-s blot
time) and the grids were vitrified in liquid ethane. The grids were screened with a 200-kV FEI Talos
Arctica microscope with a Falcon III camera, and a data set was collected on a 300-kV FEI Titan Krios
microscope equipped with a Gatan K3 camera. Motion correction, contrast transfer function (CTF) esti-
mation, and particle picking were performed in Warp (46), and 2D/3D alignments and averaging were
carried out with cryoSPARC 2.15 (47). All cryo-EM grids were prepared and cryo-EM data collected at the
BIOCEM facility, Department of Biochemistry, University of Cambridge.

Gapmer reporter assays. The s2m sequence or control scrambled sequence of s2m (s2m_scr) was
inserted into the 39 UTR of GFP in the H6P plasmid using an In-Fusion cloning kit (TaKaRa) and verified

TABLE 6 Primers for IVT and SHAPE analysis

Name Type Sequence
39 UTR_F IVT primer GTTTTTTAATACGACTCACTATAGCAATCTTTAATCAGTGTGTAACATTAGG
39 UTR_R IVT primer TTTTTTTTTTTTTTTTTTTTTGTCATTCTCCTAAGAAGC
S2M_F IVT primer GTTTTTTAATACGACTCACTATAGGAGTTCACCGAGGCCACGCGGAGTAC

GATCGAGTGTACAGTGAATT
S2M_R IVT primer AATTCACTGTACACTCGATCGTACTCCGCGTGGCCTCGGTGAACTCCTATA

GTGAGTCGTATTAAAAAAC
COV19_RT SHAPE primer Cy5-CTCTTCCATATAGGCAGCTC
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by sequencing. HEK293ET, HeLa, and A459 cells, as well as all stable cell lines, were grown in Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with 10% fetal calf serum (FCS) at 37°C in 5% CO2.
All cell lines tested negative for mycoplasma. Constructs in H6P plasmids were used to produce recombi-
nant lentivirus in HEK293ET cells for the stable expression of GFP reporter in mammalian cells from a
constitutive spleen focus-forming virus (SFFV) promoter. HeLa and A549 stable cell lines were generated
by lentiviral transduction with a low multiplicity of infection (MOI) (.0.3) to ensure single genomic inte-
grations and were selected for by drug resistance.

To examine the effect of gapmers on GFP expression, HeLa or A549 cells with a stably integrated
GFP-s2m/s2m_scr reporter were seeded at 5� 104 cells per well in 24-well plates. The following day,
cells were transfected with gapmer to achieve a 20 nM final concentration using Lipofectamine
RNAiMAX (Thermo Fisher Scientific). Flow cytometry analysis was performed 72 h after transfection. Cells
were washed twice with warm phosphate-buffered saline (PBS), detached with trypsin, and resuspended
in IMDM. All samples were analyzed on a BD LSR II flow cytometer, using the high-throughput system
(HTS), and at least 20,000 events were acquired for each sample. Data were analyzed in FlowJo (v10.7.1).
The main cell population was identified and gated on forward and side scatter using the Auto Gate tool
and plotted as a histogram to visualize GFP intensity of cells (measured using a B-525 detector).

Virus replicon assays. HEK293T cells (ATCC) were maintained at 37°C in DMEM supplemented with
10% fetal bovine serum (FBS), 1mM L-glutamine, and antibiotics. Huh7.5.1 cells (Apath, Brooklyn, NY)
(48) were maintained in the same medium supplemented with nonessential amino acids. All cells were
mycoplasma tested (MycoAlert Plus assay; Lonza); Huh7.5.1 cells were also tested by deep sequencing.

The HAstV1 replicon system is based on the HAstV1 infectious clone, where the virus genome is left
intact up to the end of ORFX and then followed by a foot-and-mouth disease virus 2A sequence and a
Renilla luciferase (RLuc) sequence fused in the ORF2 reading frame, followed by the last 624 nt of the vi-
rus genome and a poly(A) tail (Fig. 4A) (GenBank accession number MN030571) (29). The s2m mutations
were introduced using site-directed mutagenesis, and all constructs were confirmed by sequencing. The
resulting plasmids were linearized with XhoI prior to T7 RNA transcription.

Huh7.5.1 and HEK293T cells were transfected in triplicate with Lipofectamine 2000 reagent (Invitrogen), using
the protocol in which suspended cells are added directly to the RNA complexes in 96-well plates. For each trans-
fection, 100ng replicon, 10ng firefly luciferase-encoding purified T7 RNA (RNA Clean and Concentrator; Zymo
Research), the indicated amount of gapmers, and 0.3ml Lipofectamine 2000 in 20ml Opti-MEM (Gibco) supple-
mented with RNaseOUT (Invitrogen; diluted 1:1,000 in Opti-MEM) were added to each well containing 5� 104

cells in 100ml DMEM supplemented with 5% FBS, and wells were incubated at 37°C for 12 h (Huh7.5.1) or 18 h
(HEK293T). Firefly and Renilla luciferase activities were determined using the dual-luciferase Stop & Glo reporter
assay system (Promega). Replicon activity was calculated as the ratio of Renilla (subgenomic reporter) to firefly
(cap-dependent translation, loading control) luciferase activity, normalized by the same ratio for the control repli-
con, as indicated for each experiment. Three independent experiments, each in triplicate, were performed to con-
firm reproducibility of results.

Cytotoxicity assays. The analysis of gapmer cytotoxicity in HEK293T, Huh7.5.1, and Vero E6 cells
was performed using the CyQUANT LDH cytotoxicity assay (Thermo Scientific). Leaked cytoplasmic LDH
in cell culture supernatants was quantified after enzymatic conversion, and absorbance was measured
at 490 nm in a 96-well plate reader according to the manufacturer’s instructions.

SARS-CoV-2 production and infection. Vero E6 cells obtained from Oliver Schwarz (Institute
Pasteur, Paris) were maintained in DMEM modified with high glucose, L-glutamine, phenol red, and so-
dium pyruvate (Thermo Fisher number 41966-029) supplemented with 10% FCS at 5% CO2. SARS-CoV-2
strain BetaCoV/England/02/2020 (obtained from Public Health England) was propagated at 37°C on Vero
E6 cells in DMEM supplemented with 10% FCS at 37°C. The titer was determined by plaque assay as fol-
lows. Confluent monolayers of VeroE6 cells were grown on 6-well plates and incubated with 200ml of a
10-fold serial dilution of virus stock in DMEM supplemented with 10% FCS for 1 h at room temperature.
These cells were then overlaid with 0.5� DMEM supplemented with 1% FCS and 1.2% Avicel (BMC
Biopolymers, Belgium). After 4 days incubation at 37°C, cells were fixed with 4% formaldehyde in PBS fol-
lowed by staining with 0.1% toluidine blue (Sigma number 89640). The titer was calculated as PFU per
milliliter.

SARS-CoV-2 infection assay. Vero E6 cells (National Institute for Biological Standards and Control
[NIBSC], UK) were grown in DMEM (containing 10% FBS) at 37°C and 5% CO2 in 96-well imaging plates
(Greiner 655090). Cells were transfected with individual gapmers at a 0.25, 0.5 or 1mM final concentration
using Lipofectamine 2000 (Thermo Fisher), according to the manufacturer’s instructions. At 6 h posttransfec-
tion, the medium was replaced, and the cells were infected with SARS-CoV-2 at a multiplicity of infection of
0.5 PFU/cell or mock infected. At 22 h postinfection, cells were fixed, permeabilized, and stained for SARS-
CoV-2 N protein using Alexa Fluor 488-labeled-CR3009 antibody (49) and for nuclei (DRAQ7; 647-nm wave-
length). The plate was imaged using the high-content screening microscope Opera Phenix from Perkin
Elmer with a 5� lens. The Opera Phenix-associated software Harmony was used to delineate the whole well
area and to determine the total intensities of the Alexa Fluor 488-N protein and DRAQ7-DNA signals per said
whole well area during image acquisition. The background-subtracted Alexa Fluor 488-N intensities were
normalized to vehicle-treated samples. Toxicity was evaluated using the DRAQ7-DNA signal normalized to
mock-treated wells and LDH release-based cytotoxicity assay.
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