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Targeting pseudoknots with Cas13b inhibits porcine epidemic
diarrhoea virus replication
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Abstract

Clustered regularly interspaced short palindromic repeats-associated protein 13 (CRISPR-Cas13), an RNA editing technol-
ogy, has shown potential in combating RNA viruses by degrading viral RNA within mammalian cells. In this study, we dem-
onstrate the effective inhibition of porcine epidemic diarrhoea virus (PEDV) replication and spread using CRISPR-Cas13.
We analysed the sequence similarity of the pseudoknot region between PEDV and severe acute respiratory syndrome
coronavirus 2, both belonging to the Coronaviridae family, as well as the similarity of the RNA-dependent RNA polymerase
(RdRp) gene region among three different strains of the PED virus. Based on this analysis, we synthesized three CRISPR
RNAs (crRNAs) targeting the pseudoknot region and the nonpseudoknot region, each for comparison. In cells treated with
crRNA #3 targeting the pseudoknot region, RdRp gene expression decreased by 95%, membrane (M) gene expression by
89% and infectious PEDV titre within the cells reduced by over 95%. Additionally, PED viral nucleocapsid (N) and M protein
expression levels decreased by 83 and 98%, respectively. The optimal concentration for high antiviral efficacy without
cytotoxicity was determined. Treating cells with 1.5 ug of Cas13b mRNA and 0.5ug of crRNA resulted in no cytotoxicity
while achieving over 95% inhibition of PEDV replication. The Cas13b mRNA therapeutics approach was validated as sig-
nificantly more effective through a comparative study with merafloxacin, a drug targeting the pseudoknot region of the
viral genome. Our results indicate that the pseudoknot region plays a crucial role in the degradation of the PEDV genome
through the CRISPR-Cas13 system. Therefore, targeting Cas13b to the pseudoknot offers a promising new approach for
treating coronavirus infections.

DATA AVAILABILITY

We have provided the original uncropped and unadjusted image and blot results reported in an ‘original figure raw image’ file,
available in the online Supplementary Material.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein 13 (Cas13) can provide
microbial defence against foreign RNAs through RNA-induced endonuclease activity [1-5]. This technology represents a
novel platform for RNA editing, especially in combating diverse RNA viruses. Recent advancements have expanded the
system’s capability to recognize and degrade viral RNA within mammalian cells, markedly enhancing its research and
application potential [6, 7].
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Veterinary viral diseases have had substantial impacts on animal health, economic stability and public health. For example,
South Korea reported 1131 cases of porcine epidemic diarrhoea virus (PEDV), with periodic outbreaks occurring from winter
to spring in 2013-2014, 2017-2018, 2018-2019 and 2021-2022, and the most affected regions being Chungnam, Jeonbuk
and Jeju. Suckling piglets are especially susceptible to PEDV, with infection causing severe diarrhoea, dehydration and high
mortality rates, profoundly affecting the swine industry due to major losses [8].

PEDV classified under the Alphacoronavirus genus within the Coronaviridae subfamily of the Coronaviridae family shares struc-
tural features with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), despite the viruses belonging to different
genera within the same order, family and subfamily [9]. Notably, both viruses feature a pseudoknot structure in the ORF1b gene
that plays a pivotal role in their replication and pathogenicity.

The conservation of RNA structures among these viruses is crucial for understanding their molecular mechanisms. All
coronaviruses employ programmed —1 ribosomal frameshift (-PRF) to regulate protein expression. Studies on SARS-CoV-2
have identified a distinctive three-stemmed mRNA pseudoknot that induces high —PRF rates [10]. The —PRF process is
crucial for synthesizing viral RNA-dependent RNA polymerase (RdRp or Nsp12) and other nonstructural proteins involved
in viral RNA capping, modification, processing and proofreading [11]. Thus, targeting —PRF activity presents a potential
therapeutic strategy to impair viral replication [12]. Previous research has shown that Cas13b mRNAs and CRISPR RNAs
(crRNAs) targeting the pseudoknot region effectively inhibit SARS-CoV-2 replication [13].

This study investigated whether targeting the PEDV pseudoknot region using the CRISPR-Cas13 system effectively inhibits
viral spread. Synthetic spacers complementary to both the pseudoknot and nonpseudoknot sequences of PEDV were used. The
findings of this study suggest that targeting the pseudoknot regions is more effective in inhibiting PEDV transmission compared
with targeting the nonpseudoknot regions.

METHODS

Cell lines and culture conditions

Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with high glucose, pyruvate, 10% foetal
bovine serum (FBS), 100 Uml ™" penicillin and 100 Uml™" streptomycin. Cells were cultured at 37°C in a 5% CO, incubator.

PEDV infection and titration

An outbreak of PEDV was reported in Pocheon, Gyeonggi-do, from where intestinal samples were collected from the infected
pigs. The PEDYV strain was isolated from the collected porcine intestinal tissues and named CKK1-1 (PEDV; GenBank:
OM?714830.2) [14]. This procedure was conducted at the Jeonbuk National University Veterinary Diagnostic Center. For
PEDV production, Vero cells were infected with PEDV (CKK1-1) and cultured in DMEM without FBS and antibiotics at 37 °C
in a 5% CO, incubator. Upon observation of cytopathic effects, virus-containing supernatants were clarified via centrifuged
at 3000 r.p.m. for 10 min, removing all cell debris. Viral titres were determined through a tissue culture infective dose 50
(TCID,,) assay using the Reed—-Muench method.

Design and synthesis of crRNAs

To design efficient crRNAs, the crRNA targeting prediction programs CHOPCHOP (https://chopchop.cbu.uib.no) and
Casl3design (https://cas13design.nygenome.org/) were employed. crRNAs targeting PEDV were designed using these
programs, with three crRNAs selected for both the pseudoknot region and the nonpseudoknot region. Designed crRNAs
were synthesized by Integrated DNA Technologies with 2'-O-methyl-3'-phosphorothioate modifications at both the 5" and
3" ends of the three terminal nucleotides. The sequences of the crRNAs designed to target PEDV are summarized in Table 1.

Table 1. Sequences of crRNAs designed to target PEDV

No. crRNA name Targeting region Sequence

1 PEDV crRNA#1 RdRp_Pseudoknot CGA GCU GCA CUA GAG CCC CGU ACU CGU UUA
2 PEDV crRNA#2 RdRp_Pseudoknot AUC AGU ACC AUU ACA GGG CUC UAG UCG AGC
3 PEDV crRNA#3 RdRp_Pseudoknot GGA UUG CUC GUG UUC CAU CGC AGA CUU GGU
4 PEDV crRNA#4 RdRp_non-Pseudoknot GCA CUA UUU GAU ACA CGA CGC GAG CUU GGC
5 PEDV crRNA#5 RdRp_non-Pseudoknot CGA CAA UCU GCA UAG UAU GCU GCG AGC AAA
6 PEDV crRNA#6 RdRp_non-Pseudoknot CAG AAA AAG ACU CUA ACA CAC CAG CAU UCA
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mRNA and crRNA transfection

Vero cells were seeded at 2x10° cells per well in 12-well plates for 16 h. Before transfection, the culture medium was replaced with
a fresh medium. Transfection was then performed using jetMESSENGER (Polyplus) with 0.5, 1, 1.5 and 2 ug of Cas13b mRNA
and 0.1, 0.2, 0.5 and 1 pg of crRNA per well, respectively.

Quantitative reverse-transcription PCR

For RNA analysis, total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA), and its concentration was determined
using NanoDrop One/OneC. Equal amounts of RNA were quantified and reverse-transcribed into cDNA using CellScript cDNA
Master Mix/Premix (CellSafe, Gyeonggi-do, South Korea). Quantitative reverse-transcription PCR (qRT-PCR) was performed
using 1 pl of cDNA, iQ SYBR Green Supermix (Bio-Rad) and 5 pmol of gene-specific primers. PCR cycling conditions included
40 cycles of 95°C for 20s and 58 °C for 40s. The primers used targeted the PEDV membrane (M) gene region (forward primer:
5'-GGTTCTATTCCCGTTGATGAGGT-3'; reverse primer: 5'-AACACAAGAGGCCAAAGTATCCAT-3') and the RdRp (nsp12)
region (forward primer: 5'- TTCACTTGGAAGGATGGTCGTG-3'; reverse primer: 5'- CTCCTCACAAGCACCTACCTTAA-3).
The SARS-CoV-2 gene was normalized to ff-actin (forward primer: 5'-TGACAGCAGTCGGTTGGAGCG-3'; reverse primer:
5"-GACTTCCTGTAACAACGCATCTCATA-3"). Relative gene expression was calculated using the 2-AACt method, with the
untreated control employed as the reference.

Immunofluorescence assay

Vero cells were washed using PBS, fixed using methanol and acetone (1:1 ratio) for 10 min, washed three times with PBS and
blocked with 5% bovine serum albumin for 1h. Cells were then incubated with anti-PEDV monoclonal antibody (Cat. No.
9191, Median Diagnostics, South Korea) for 2h, followed by incubation with the secondary antibody (#4488, anti-mouse IgG
fragment conjugated with Alexa Fluor 488, Cell Signaling Technology). Nuclei were stained with DAPI (no. 4083S; Cell Signaling
Technology), and fluorescent images were captured using the CELENA X digital imaging system (Logos Biosystems). Stained
cells were quantified using the Indica Labs FISH-IF module.

Immunoblot assay

To detect PEDV proteins, PEDV-infected cells were washed with cold PBS and lysed with cold RIPA lysis buffer [25mM Tris-
HCI (pH 7.6), 150 mM sodium chloride, 1% Nonidet P-40, 1% sodium deoxycholate and 0.1% SDS; Thermo Fisher Scientific],
supplemented with a protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). The lysates were then centrifuged at
13 000 r.p.m. and 4 °C for 15 min. Protein samples were mixed with 4x Laemmli sample buffer containing 2-mercaptoethanol and
subsequently heated at 98 °C for 10 min. Proteins were separated via SDS-polyacrylamide gel electrophoresis and electrotransferred
to a polyvinylidene difluoride membrane. The membrane was blocked in PBS containing 5% BSA for 1h at room temperature.
Subsequently, it was incubated with anti-PEDV antibody (MBS560870; MyBiosource) and GAPDH antibody (sc-47724; Santa
Cruz Biotechnology) for 2 h at room temperature on a shaker. After incubation, the membrane was washed with 0.1% Tris-buffered
saline/Tween and incubated with anti-mouse IgG-HRP (Cell Signaling Technology). Proteins were detected using an ECL kit
(ELPIS Biotech).

Plaque assay

Plaque assay was performed as previously described [13]. Briefly, Vero cells were seeded into 12-well plates at 3x10° cells per well
and incubated at 37°C for 16h in a 5% CO, incubator. The virus-containing supernatant was diluted tenfold in DMEM without
FBS and antibiotics. Cells were infected with tenfold serial dilutions of the virus (1 ml) for 1 h. After washing with DMEM without
FBS and antibiotics, the cells were overlaid with a growth medium containing 0.6% low-melting agarose. After 96 h, the cells were
fixed with 3.65% formaldehyde at 37°C for 1h in 5% CO, and subsequently washed with tap water to remove formaldehyde and
agarose. Finally, the cells were stained with 0.5% crystal violet, and the plaques were counted and quantified.

Cell cytotoxicity assay

Vero cells were seeded into 96-well plates at 2x10* cells per well and incubated for 16 h at 37°C in a 5% CO, incubator. Cells were
transfected with Cas13b mRNA and crRNAs using jetMESSENGER (Polyplus). Additionally, 10 mM merafloxacin dissolved
in dimethylsulfoxide was diluted to 20, 50 and 100 uM in DMEM containing 10% FBS, after which 100 pl of merafloxacin was
added to the cells. After 48 h, cell viability was assessed by measuring ATP levels using the CellTiter-Glo 2.0 Cell Viability Assay
Kit (Promega).

Effect of merafloxacin on PEDV-infected cells

Vero cells were plated at 2x10° cells per well in a 12-well plate 24 h before infection. Vero cells were infected with PEDV at an
m.o.i. of 0.05 for 2h at 37°C. Merafloxacin was diluted to 20, 50 and 100 uM using DMEM containing 10% FBS. The diluted
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merafloxacin was added to each of the infected cells. For PEDV-infected Vero cells, the viral RNA and protein were quantified
using qQRT-PCR and IFA, respectively, after 24 h.

RESULTS

Design of crRNA targeting pseudoknot or nonpseudoknot for PEDV

Although few studies have investigated the nucleotide sequences and function of the PEDV pseudoknot structure compared
with those of SARS-CoV-2, this structure plays a similar role to that of SARS-CoV-2. Sequence alignment of PEDV
strain CV777 and SARS-CoV-2 strain Hu-1 revealed complete conservation of the slippery region sequence UUUAAAC
between the two viruses. However, the notable similarity was not observed in the pseudoknot site, which is crucial for
the —PRF process (Fig. 1a). The RdRp genes of the two viruses exhibit a relatively low identity of ~60.01%. For the design
of crRNAs targeting the CRISPR-Cas13 system, a multiple sequence alignment was performed on the slippery sequence and
pseudoknot sequence of RARp from PEDV strains including CV777 (earliest identified strain), OH851 (a highly virulent
strain prevalent across Asia) and CKK-1 [14] (isolated in Korea and is closely similar to O851). The findings revealed
that the slippery sequences and pseudoknot sequences are highly conserved, except for two nucleotides among the three
PEDV strains (Fig. 1b). Two crRNA prediction programs (CHOPCHOP and Cas13design) were employed to design crRNA
targeting 2780 nucleotides of PEDV RdRp [15-17]. A total of six crRNAs were designed, including three targeting the
non-pseudoknot region (crRNA #4-6) and three targeting the pseudoknot region (crRNA #1-3) (Fig. 1c). The crRNA#1
targets steml, and crRNA#2 targets stem2 of the conserved pseudoknot region, whereas crRNA#3 targets both stem2 and
stem3 (Fig. 1d, Table 1).

Cas13b effectively blocks PEDV propagation upon pseudoknot-targeting in ORF1b

To assess the efficacy of the Cas13b system targeting the pseudoknot structure of PEDV ORF1b, Cas13b mRNA and
the designed crRNAs were transfected into Vero cells, followed by PEDV infection (m.0.i.=0.05). qRT-PCR analysis
revealed that all six PEDV-targeting crRNAs suppressed the expression of both the RdRp and membrane-coding genes
of PEDV. Notably, crRNA#3 reduced RdRp gene expression by 95% and M gene expression by 89% (Fig. 2a). The
immunofluorescence assay showed that PEDV propagation efficacy decreased by >90% in cells treated with crRNAs
#1-4, with crRNA #3 exhibiting the most potent inhibitory effect on PEDV (Fig. 2b, ¢). Immunoblot analysis with
polyclonal antibody detecting PEDV proteins revealed an overall reduction in PEDV protein expression in cells treated
with Cas13b mRNA and crRNAs. Specifically, crRNA #3 reduced N and M protein levels by 83 and 98%, respectively
(Fig. 2d). A plaque assay confirmed that PEDV infectivity was reduced by 96.78% after treatment with crRNA #3. The
crRNAs #1 and #2 targeting the pseudoknot region and crRNAs #4-6 targeting the nonpseudoknot region reduced
PEDV titre by ~85% (Fig. 2e).

The optimal treatment concentration was determined by observing changes in PEDV RNA replication and cell viability at
different concentrations of Cas13b mRNA and crRNAs. The expression of the PEDV RdRp- and membrane-coding genes gradu-
ally decreased with increasing Cas13b mRNA concentration under the 0.5 pg of crRNA #3. Cas13b mRNA (2.0 ug) and crRNA
#3 (0.5 pg) showed no cytotoxicity and reduced viral gene expression by up to 98% (Fig. 3a, b). Next, the increasing crRNA #3
concentration under the 2 pg of Cas13b mRNA, RdRp and M genes decreased by 99% in cells transfected with 1 g of crRNA
#3 and 2 pg of Cas13b mRNA (Fig. 3c). However, a 17% reduction in cell viability indicated that cytotoxicity began to occur at
the same concentration (Fig. 3d). These findings suggest that the Cas13b system effectively defends against PEDV by targeting
the pseudoknot in PEDV ORF1b. Moreover, we determined the optimal concentration that inhibited more than 95% of PEDV
replication without causing cytotoxicity.

Merafloxacin, a pseudoknot formation inhibitor, simultaneously suppresses PEDV replication and induces
cytotoxicity

Merafloxacin, a fluoroquinolone antibacterial agent, inhibits pseudoknot formation, essential for the ribosomal frameshift
in the Betacoronavirus genome. Previous studies demonstrated merafloxacin’s inhibition of SARS-CoV-2 propagation [11];
however, its effect on PEDV, an Alphacoronavirus, has not been reported. This study was the first to investigate whether
merafloxacin inhibits viral propagation. These results showed ~40% reduction in PEDV RNA expression with 100 uM
merafloxacin (Fig. 4a). Additionally, immunofluorescence assay confirmed that PEDV replication in cells decreased as the
concentration of merafloxacin increased (Fig. 4b, ¢). However, cell viability also decreased by 34% with 100 pM merafloxacin
(Fig. 4d). Therefore, merafloxacin exhibited lower antiviral efficacy against PEDV compared with Cas13b targeting the
pseudoknot region.
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Fig. 1. Comparison of PEDV variant pseudoknot sequences and crRNA production. (a) Alignment of slippery and pseudoknot sequences between SARS-
CoV-2 and PEDV. The alignment compares nucleotide sequences, highlighting the slippery site (boxed) and pseudoknot site (grey) between SARS-CoV-2
and PEDV. Identical nucleotides are marked with asterisks (*) and differences with periods (.) below the sequences. Gaps are shown as dashes (-).
(b) Sequence diversity among PEDV variants, including CV777, OH851 and CKK1-1. The top diagram shows the general genome organization of PEDV.
The bottom diagram shows the multiple sequence alignment generated via CLUSTALW that compares the slippery region (boxed) and pseudoknot
region (grey) among three PEDV variants. (c) CRISPR-Cas13b system targeting the RdRp) gene of PEDV. The diagram illustrates CRISPR-Cas13b
targeting the RdRp gene, indicating the pseudoknot and nonpseudoknot crRNA sites. (d) Schematic of the secondary structures of the PEDV slippery
and pseudoknot regions with crRNA targeting sites marked. Sequences targeted by crRNAs #1, #2 and #3 are indicated by the red, green and blue
bands, respectively.

DISCUSSION

Previous studies have established the CRISPR-Cas13b system’s potential as an effective antiviral therapy against SARS-CoV-2 by
targeting its pseudoknot region within the ORF1b gene [13]. This approach not only confirmed the system’s effectiveness against
SARS-CoV-2 but also extended its applicability to other coronaviruses. These results emphasize the versatility and broad-spectrum
potential of this targeted antiviral strategy, especially in managing diverse coronavirus infections.
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Fig. 2. Potent inhibition of PEDV transmission via pseudoknot-targeting crRNA #3. (a) Quantification of PEDV gene expression. Vero cells were
transfected with Cas13b mRNA and crRNAs targeting CKK1-1 of the PEDV strain 24 h before infection. After 24 h, RNA was extracted, and PEDV RdRp and
membrane gene expression levels were quantified using gRT-PCR. Results were normalized to RNA expression in cells transfected with nontargeting
crRNAs. (b) Representative images of PEDV protein (green) and DAPI (blue) staining in Vero cells. Viral protein levels from (a) were visualized under
a fluorescence microscope. Scale bar: 50 um. (c) Quantification of the percentage of PEDV protein-positive cells relative to DAPI-positive cells, tested
as in (b). Green bars represent PEDV protein-positive cells compared with total cells (DAPI-positive cells). (d) Total proteins from the infected cells in
(a) were analysed using a western blot assay. Intensity ratios of PEDV proteins, normalized to GAPDH, are shown above and below each corresponding
protein band. (e) Quantification of PEDV titre. Vero cells were infected with the virus from (a). Titration was performed using a plague assay at 4 dpi.
The dilution factor multiplied by the plague count was used to determine the virus titre (n=3 for each group). Values are means+seM. One-way ANOVA
was used for statistical analysis. ***P<0.0001.

A prior study underscored the importance of designing crRNAs targeting single-stranded RNA regions for efficient RNA knock-
down by Casl13, revealing that Cas13 targeting the pseudoknot structure in the long noncoding RNA (IncRNA) XIST transcript
does not cleave RNA [18]. In the present study, crRNAs #1-3 were designed to target the PEDV pseudoknot region. Among these
crRNAs, crRNA #3, which targets the complex H-H-type (kissing loop) structure involving interactions between short Loop1
of stem2 and long Loop3 of stem3, exhibited the most effective inhibition of PEDV propagation. Despite unclear underlying
mechanisms, this study suggests that intermolecular forces between crRNA spacers and protospacers may outweigh base-pairing
interactions in complex RNA structures, such as the H-H-type pseudoknot [19]. These findings suggest that viral inhibition
efficacy can be improved by predicting RNA secondary and tertiary structures and designing crRNAs accordingly.
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Fig. 3. Optimization of Cas13b and crRNA for enhanced antiviral activity against PEDV in a dose-dependent manner. (a) Quantification of PEDV gene
copies. Vero cells were transfected with 0.5 pg of either crRNA #3 or nontarget crRNA and varying amounts of Cas13b mRNA (0.5, 1.0, 1.5 or 2.0 pg).
At 24 h post-transfection, cells were infected with PEDV (0.05 m.o.i.). After another 24 h, PEDV RdRp and membrane gene expression levels in total
RNA were quantified using qRT-PCR. Results were normalized to RNA expression in cells transfected with nontargeting crRNAs. (b) The same RNA
transfection from (a) was followed by a luminescent cell viability assay (ATP assay) 48 h later. Bioluminescence values were normalized to those of
untreated cells. (c) Vero cells were transfected with 2 ug of Cas13b mRNA and various amounts of crRNA #3 (0.1, 0.2, 0.5 or 1.0 ug). After 24 h, the cells
were infected with PEDV, and 24 h later, PEDV RdRp and membrane gene expression levels were quantified using gRT-PCR. Results were normalized to
RNA expression in cells transfected with nontargeting crRNAs. (d) Luminescent cell viability assay (ATP assay) was performed 48 h after transfection,
as shown in (c). Bioluminescence values were normalized to those of untreated cells. Values are means+seM. One-way ANOVA was used for statistical
analysis. ***P<0.0001.

Merafloxacin, a fluoroquinolone, inhibits pseudoknot formation, which is crucial for frameshifting in betacoronaviruses [11].
However, its therapeutic efficacy against PEDV, an Alphacoronavirus, is limited, highlighting a fundamental limitation of chemical
antivirals. Although human immunodeficiency virus 1 (HIV-1) pseudoknots play vital roles in viral replication and gene expres-
sion as well as the —PRF process [20], one study has shown that merafloxacin does not inhibit —PRF of HIV or viral replication,
highlighting its narrow effectiveness against viruses with similar pseudoknot structures [21]. This limitation underscores the
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infected with PEDV and treated with the indicated merafloxacin concentrations 1h later. After 24 h, PEDV RdRp gene expression was quantified using
gRT-PCR. Results were normalized to RNA expression in cells treated with DMSO. (b) Representative immunofluorescence images of PEDV protein
(green) and DAPI (blue) staining in Vero cells. Images are from one of three replicates. Scale bars: 50 um. (c) Quantification of the percentage of PEDV
protein-positive cells relative to DAPI-positive cells, tested as in (b). (d) Cytotoxicity quantification following merafloxacin treatment. Vero cells were
treated with the indicated concentrations of merafloxacin dissolved in DMSO. After 24 h, a luminescent cell viability assay (ATP assay) was performed.
Bioluminescence values were normalized to those of untreated cells. Values are means+SeMm.

need for more flexible antiviral strategies, where the CRISPR-Cas13b system targeting pseudoknots shows substantial promise
in reducing viral propagation across RNA viruses, offering a versatile alternative to traditional chemical antivirals.

Given that the CRISPR-Cas13 system is now widely recognized as an RNA interference technology, computational models
have been developed to optimize crRNA selection. These screening models enable predictions of crRNA efficiency against
target genes while minimizing off-target effects [15-17]. Despite these advancements, designing crRNAs for lengthy viral
genomes remains challenging. The present study simplified crRNA design by focusing on the presence or absence of
pseudoknot regions, achieving efficiency comparable to strategies considering high conservation scores, coding regions and
the number of unpaired bases in RNA secondary structures [7, 18, 22]. These findings highlight the potential of targeting
pseudoknot regions as a straightforward yet potent antiviral therapy strategy.

All experiments in this study were conducted in vitro, necessitating future in vivo studies using piglets as experimental animals
for PEDV research. Despite encountering various challenges, such as the expense of animal experiments and RNA synthesis as
well as the efficiency of RNA delivery systems [23], in vivo research remains invaluable. To sustain high Cas13b expression levels,
advanced technologies, such as self-amplifying mRNA (saRNA) and SINE-derived UP-regulation (SINEUP), have been proposed.
saRNA incorporates additional RNA sequences enabling cellular replication, increasing mRNA levels and protein production
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over an extended period [24, 25]. SINEUP, an IncRNA, enhances target mRNA translation efficiency [26]. Specifically, it binds to
certain mRNAs, increasing their translational efficiency and boosting protein production. These technologies promise sustained
therapeutic effects or robust gene expression for treatments requiring long-term efficacy.

In conclusion, targeting RNA virus pseudoknot regions with the CRISPR-Cas13b system presents a promising avenue for antiviral
strategies. This study is the first to demonstrate effective PEDV propagation reduction in vitro using CRISPR-Cas13b, highlighting
its potential as a novel approach for controlling viral infections.

Funding information
This research was supported by the grant of the Korea Health Industry Development Institute (KHIDI) funded by the Ministry of Health and Welfare,
Republic of Korea (No. HI22C1637). This work also funded by the Ministry of Education, Republic of Korea (No. 2017R1A6ATA03015876).

Acknowledgements
We would like to thank D.S. Tark for providing the PEDV virus and antibody. We would also like to thank Enago for the English language review. All raw
experimental data included in this study are available upon request to the corresponding author Sang-Min Kang via email: sangminkang@jbnu.ac.kr.

Author contributions

Conceptualization: S.-M.K., W.D.H. and H.-J.H.; Methodology: S.-M.K., D.T. and H.-J.H.; Validation: S.-M.K., D.T. and H.-J.H.; Formal analysis: S.-M.K. and
H.-J.H.; Investigation: S.-M.K., W.D.H. and H.-J.H.; Data curation: S.-M.K,, D.T. and H.-J.H.; Writing — original draft: H.-J.H.; Writing — review and editing:
S.-M.K. and D.T,; Visualization: S.-M.K. and H.-J.H.; Supervision: S.-M.K., W.D.H. and H.-J.H.; Project administration: S.-M.K., W.D.H. and D.T.; Resources:
W.D.H. and D.T,; Funding acquisition: S.-M.K., W.D.H. and D.T.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References 13. Yu D, Han H-J, Yu J, Kim J, Lee G-H, et al. Pseudoknot-targeting

1. Cox DBT, Gootenberg JS, Abudayyeh 00, Cas13b combats SARS-CoV-2 infection by suppressing viral repli-
Franklin B, Kellner MJ, et al. RNA editing with CRISPR-Cas13. cation. Mol Ther 2023;31:1675-1687.

Science 2017;358:1019-1027. 14, Kim D-M, Moon S-H, Kim S-C, Lee TG, Cho H-S, et al. Genome char-

2. Abudayyeh 00, Gootenberg  JS, Essletzbichler P, acterization of a Korean isolate of porcine epidemic diarrhea virus.
Han S, Joung J, et al. RNA targeting with CRISPR-Cas13. Nature Microbiol Resour Announc 2024;13:e0011823.
2017;550:280-284. 15. Guo X, Rahman JA, Wessels H-H, Méndez-Mancilla A, Haro D, et al.

3. Smargon AA, Cox DBT, Pyzocha NK, Zheng K, Slaymaker IM, et al. Transcriptome-wide Cas13 guide RNA design for model organisms
Cas13b is a type VI-B CRISPR-associated RNA-guided RNase and viral RNA pathogens. Cell Genom 2021;1:100001.
differentially regulated by accessory proteins Csx27 and Csx28. 16. Lin X, Liu Y, Chemparathy A, Pande T, La Russa M, et al. A compre-
Mol Cell 2017;65:618-630. hensive analysis and resource to use CRISPR-Cas13 for broad-

4. Jackson SA, McKenzie RE, Fagerlund RD, Kieper SN, spectrum targeting of RNA viruses. Cell Rep Med 2021;2:100245.
Fineran PC, et al. CRISPR-Cas: adapting to change. Science 17. Wessels H-H, Méndez-Mancilla A, Guo X, Legut M, Daniloski Z,
2017;356:eaal5056. et al. Massively parallel Cas13 screens reveal principles for guide

5. Tambe A, East-Seletsky A, Knott GJ, Doudna JA, 0'Connell MR. RNA RNA design. Nat Biotechnol 2020;38:722-727.
binding and HEPN-nuclease activation are decoupled in CRISPR- 18. Bandaru S, Tsuji MH, Shimizu Y, Usami K, Lee S, et al. Structure-
Cas13a. Cell Rep 2018;24:1025-1036. based design of gRNA for Cas13. Sci Rep 2020;10:11610.

6. Abbott TR, Dhamdhere G, Liu Y, Lin X, Goudy L, et al. Development 19. Nishimasu H, Nureki O. Structures and mechanisms of CRISPR
of CRISPR as an antiviral strategy to combat SARS-CoV-2 and RNA-guided effector nucleases. Curr Opin Struct Biol 2017;43:68-78.
Influenza. Cell 2020:181:865-876.. 20. Namer LS, Harwig A, Heynen SP, Das AT, Berkhout B, et al. HIV

7. Cui J, Techakriengkrai N, Nedumpun T, Suradhat S. Abrogation of co-opts a cellular antiviral mechanism, activation of stress kinase
PRRSV infectivity by CRISPR-Cas13b-mediated viral RNA cleavage PKR by its RNA, to enable splicing of rev/tat mRNA. Cell Biosci
in mammalian cells. Sci Rep 2020;10:9617. 2023;13.

8. Park G-N, Song S, Choe SE, Shin JSJ, An B-H, et al. Spike gene 21. Sun Y, Abriola L, Niederer RO, Pedersen SF, Alfajaro MM, et al.
analysis and prevalence of porcine epidemic diarrhea virus from Restriction of SARS-CoV-2 replication by targeting programmed
pigs in South Korea: 2013-2022. Viruses 2023;15:2165. -1 ribosomal frameshifting. Proc Natl Acad Sci USA

9. Rosas-Murrieta NH, Rodriguez-Enriquez A, Herrera-Camacho |, 2021:118:e2023051118.

Millan-Pérez-Pefa L, Santos-Lépez G, et al. Comparative review 22. Liu L, Li X, Ma J, Li Z, You L, et al. The molecular architecture for

of the state of the art in research on the porcine epidemic diar- RNA-guided RNA cleavage by Cas13a. Cell 2017;170:714-726.

rhea virus and SARS-CoV-2, scope of knowledge between corona- 23. Zhao Y, Fan B, Song X, Gao J, Guo R, et al. PEDV-spike-protein-

viruses. Viruses 2024;16:238. expressing mRNA vaccine protects piglets against PEDV chal-
10. Kelly JA, Olson AN, Neupane K, Munshi S, San Emeterio J, et al. lenge. mBio 2024;15:e0295823.

Structural and functional conservation of the programmed -1 ribo- 24. Bloom K, van den Berg F, Arbuthnot P. Self-amplifying RNA

somal frameshift signal of SARS coronavirus 2 (SARS-CoV-2). J vaccines for infectious diseases. Gene Ther 2021;28:117-129.

Biol Chem 2020;295:10741-10748. 25. Papukashvili D, Rcheulishvili N, Liu C, Ji Y, He YJ, et al. Self-
11. Bhatt PR, Scaiola A, Loughran G, Leibundgut M, Kratzel A, et al. amplifying RNA approach for protein replacement therapy. Int J

Structural basis of ribosomal frameshifting during translation of Mol Sci 2022;23:12884.

the SARS-CoV-2 RNA genome. Science 2021;372:1306-1313. 26. Toki N, Takahashi H, Sharma H, Valentine MNZ, Rahman F-UM,
12. Kelly JA, Woodside MT, Dinman JD. Programmed -1 ribo- et al. SINEUP long non-coding RNA acts via PTBP1 and HNRNPK

somal frameshifting in coronaviruses: a therapeutic target. Virol to promote translational initiation assemblies. Nucleic Acids Res

2021;554:75-82. 2020;48:11626-11644.



	Targeting pseudoknots with Cas13b inhibits porcine epidemic diarrhoea virus replication
	Abstract
	Data Availability
	Introduction
	Methods
	Cell lines and culture conditions
	PEDV infection and titration
	Design and synthesis of crRNAs
	mRNA and crRNA transfection
	Quantitative reverse-transcription PCR
	Immunofluorescence assay
	Immunoblot assay
	Plaque assay
	Cell cytotoxicity assay
	Effect of merafloxacin on PEDV-infected cells

	Results
	Design of crRNA targeting pseudoknot or nonpseudoknot for PEDV
	Cas13b effectively blocks PEDV propagation upon pseudoknot-targeting in ﻿ORF1b﻿
	Merafloxacin, a pseudoknot formation inhibitor, simultaneously suppresses PEDV replication and induces cytotoxicity

	Discussion
	References


