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Programmable modulation of ribosomal
frameshifting by mRNA targeting
CRISPR-Cas12a system

Shih-Hong Huang,1,2 Shih-Cheng Chen,1,3 Tsu-Ying Wu,4 Cheng-Yao Chen,4,5 and Chien-Hung Yu1,2,6,*

SUMMARY

Minus 1 programmed ribosomal frameshifting (�1 PRF) is a conserved translational regulation event
essential for critical biological processes, including the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) replication. Efficient trans-modulation of the structured RNA element crucial to �1 PRF
will endow the therapeutic application. Here, we demonstrate that CRISPR RNA can stimulate efficient
�1 PRF. Assembled CRISPR-Cas12a, but not CRISPR-Cas9, complex further enhances �1 PRF efficiency
through its higher capacity to stall translating ribosomes.We additionally perform CRISPR-Cas12a target-
ing to impair the SARS-CoV-2 frameshifting pseudoknot structure via a focused screening. We demon-
strate that targeting CRISPR-Cas12a results in more than 70% suppression of �1 PRF in vitro and about
50% suppression inmammalian cells. Our results show the expanded function of the CRISPR-Cas12 system
in modulating �1 PRF efficiency through stalling ribosomes and deforming frameshifting stimulatory sig-
nals, which could serve as a new strategy for future coronavirus pandemics.

INTRODUCTION

Canonical protein synthesis initiates from the start to the stop codon on an mRNA; during the journey, the translating ribosome moves one

codon at a time1 to faithfully decode the message, with only a small chance of making a spontaneous decoding error (1 per 10^4 codons).2

However, dedicated signals embedded in the mRNAs can alter the meaning of genetic code or redirect the linear readout mechanism of

ribosomes, a phenomenon called recoding.3 These intrinsically designated signals dramatically ‘‘mobilize’’ the genetic code to increase

the frequency of codon redirecting or redefinition to hundreds- or thousands-fold; therefore, the recoding events are considered pro-

grammed. Several programmed recoding mechanisms exist, including programmed ribosomal frameshifting (PRF), translational bypassing,

and stop codon readthrough.4,5 Among these translational recoding events, PRF is one of themost extensively studiedmechanisms.6 Various

types of PRF were reported.7–9 PRF is further classified based on the ribosome movement direction relative to the 50 end of the mRNA, in the

forward (+) or reverse (�) direction, and the number of nucleotides that ribosome slips. In the +1 PRF event, the ribosome slips by 1-nt in the 30

direction on a specific shift-prone sequence, namely a slippery sequence, followed by resuming translation in the alternative reading frame to

synthesize a new polypeptide with the altered C-terminal end. +1 PRF was first identified in the transposable element Ty912 of yeast.10 Later,

cellular genes in prokaryotes, prfB, and eukaryotes, OAZ, were identified to use +1 PRF for their protein synthesis.11 Naturally occurring �2

PRF was identified for synthesizing the porcine reproductive and respiratory syndrome virus (PRRSV) nsp2TF protein, a critical protein for viral

replication.8 �1 PRF, for which the translating ribosome slips 1-nt back to the 50 end, is the most widespread ribosomal shifting mechanism

and is conserved through evolution.6,12–14 In addition to a handful of prokaryotic and eukaryotic cellular genes,�1 PRF is predominantly found

in viral genomes.6 The viruses utilize�1 PRF to increase their genome coding capacity and to define the stoichiometry of synthesized proteins

critical for virus propagation. Particular attention was directed to major human pathogenic viruses, including human immunodeficiency virus

(HIV) and severe acute respiratory syndrome coronavirus (SARS-CoV). It was shown that the interference with �1 PRF efficiency leads to the

restriction of replication of both viruses,15–17 highlighting the therapeutic potential to target �1 PRF.

In general,�1 PRF is facilitated by three cis-acting regulatory elements: a heptameric slippery sequence, a downstream structured frame-

shifting stimulatory signal (FSS) (a hairpin, a pseudoknot (PK), or a G-quadruplex), and a spacer (usually between 5 and 9 nt in length) between

them.18–21 The slippery sequence, where the ribosome slips, follows a specific motif of X_XXY_YYZ (the underscore indicates the 0-frame),

where X can be any nucleotide, Y represents adenine or uridine, and Z can be any nucleotide except for guanine. This motif allows P-site
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and A-site tRNAs to re-pair to mRNA upon �1 shift due to the potential mRNA-tRNA mismatching in the wobble position.18 The FSS down-

stream of the slippery sequence represents a kinetic barrier, pausing the elongating ribosome and stimulating �1 PRF during the transloca-

tion step.22–24 Consequently, themechanical stability of the pseudoknot FSSwas shown to correlate with frameshifting efficiency.25 Regarding

hairpin FSS, thermodynamic stability is a general proxy for frameshifting efficiency.26,27 Moreover, the intrinsic dynamic nature of the FSS

structure was proposed to regulate frameshifting efficiency.28 The length of the spacer determines the correct positioning of the stimulatory

signal when the ribosome is on the slippery sequence to obtain optimal frameshifting efficiency.20 The slip site-upstream elements were also

found to regulate �1 PRF efficiency in prokaryotes29 and in SARS-CoV.30

Although early reports showed that trans-acting factors could regulate +1 PRF efficiency,11,31–33 �1 PRF was long considered to be pre-

dominantly regulated by RNA cis-acting elements34 until a groundbreaking observation that the PRRSV nonstructural protein nsp1b transac-

tivates �1 and �2 PRF through a slip site-downstream cytidine-rich sequence that is unable to form a stable secondary structure.8,35 A latter

study uncovered that the interaction of nsp1b and the cytidine-rich element is mediated by host poly-cytidine binding proteins,36 presumably

creating a complex to mimic the FSS to promote efficient �1 PRF. This finding opens the possibility that viral or host factors may selectively,

directly or indirectly, bind cis-elements to regulate�1 PRF efficiency. Two host protein products of interferon (IFN)-stimulated genes, Shiftless

(SHFL)37 and the short isoform of zinc-finger antiviral protein (ZAP-S),38 were reported to inhibit �1 PRF through the interaction with frame-

shifting signals. However, the specificity of this protein-frameshifting signal remains to be established.39 More direct evidence of protein-fra-

meshifting signal interaction is from two 2A proteins from the Cardiovirus. The 2A proteins of encephalomyocarditis virus (EMCV) and

Theiler’s murine encephalomyelitis virus (TMEV) were shown to bind putative pseudoknots to promote�1 PRF via 2A proteinmediated-pseu-

doknot stabilization.40–42 However, the molecular basis of the 2A protein-pseudoknot interaction remains to be determined.

In addition to trans-acting factors, we and others demonstrated that antisense oligonucleotides (ASOs) that bind to the specific distance

downstream of slippery sequence can effectively induce +143 and �1 PRF,26,44,45 providing the evidence that stable duplex is sufficient to

pause translating ribosomes to shift their reading frame. The results implicate that ASO can regulate �1 PRF efficiency through the

sequence-specific modulation of RNA structure formation/deformation. Further inspired by the naturally occurring protein/mRNA com-

plex-stimulated �1 PRF,35,41,42 we hypothesized that the protein-ASO complex may enhance the regulatory capacity of ASO in �1 PRF.

The powerful CRISPR/CRISPR-associated (Cas) system, which canmimic protein-ASO complexes, offers the possibility to test this hypothesis.

The well-characterized and programmable nature of the CRISPR/Cas system makes it the top candidate. For three major CRISPR/Cas sys-

tems,46 including Cas9, Cas12a, and Cas13, we considered Cas12a is the most appropriate protein for our purpose with two primary reasons:

(1) compared to Cas9, the Cas12 crRNA scaffold is in the 50 end, which is opposite to the translation direction, that makes the RNA duplexes

directly exposed to the translating ribosomes; (2) the intrinsic RNA degradation activity of Cas13 may result in unexpected RNA turnover to

bias results interpretation.

In this study, we show that the Cas12a-CRISPR RNA (crRNA) complex can bind to the target mRNA without noticeable riboendonuclease

activity. Targeting the Cas12a-crRNA complex to the slip site downstream region promotes about 2.5-fold more �1 PRF than the antisense

crRNA alone in rabbit reticulocyte lysate (RRL). Mechanistically, the Cas12a-crRNA complex induces stronger ribosome stalling based on the

established ribosomal pausing assay. The optimal spacer length between the slippery sequence and Cas12a-crRNA complex is seven nt,

similar to Cardiovirus 2A-pseudoknot complexes. In addition, the enhanced stability of the Cas12a-crRNA complex allows efficient induction

of�1 PRF of duplexes enriched with adenine (A) uracil (U) base pairs close to the ribosome. We further demonstrate the Cas12a-crRNA com-

plex can efficiently disrupt the frameshifting pseudoknot structure of SARS-CoV, resulting in attenuated frameshifting efficiency. Based on the

standardized dual luciferase assay, the most effective combination reduces SARS-CoV-2�1 PRF efficiency by 70% in vitro and 50% in cellulo.

These results demonstrate that, by learning from naturally occurring protein-directed frameshifting, Cas12a-crRNA canmodulate site-specific

�1 PRF efficiency. This observation provides opportunities to study the molecular basis of protein-directed �1 PRF mechanism and novel

strategies for developing antiviral drugs.

RESULTS

Cas12a-crRNA complex can target mRNA without triggering RNA cleavage and stimulate efficient �1 PRF in RRL

Although the Cas12a-crRNA system harbors the mentioned advantages to test the idea of protein-ASO complex-induced �1 PRF, it is not

clear if the Cas12a may trigger RNA-dependent RNA cleavage47,48 similar to the Cas9 effector in the absence of protospacer adjacent motif

(PAM).49 Further, the non-specific trans-single strandDNase activity of Cas12a was reported.48 To test the potential cis- or trans-RNase activity

of Cas12a, we assembled the purified recombinant Lachnospiraceae sp. Cas12a-3xHA-6xHis50 (LbCas12a-3xHA-6xHis; will be stated as

Cas12a in the following text) loadedwith in vitro synthesized crRNA followed by the incubationwith the synthesizedmRNAbearing the crRNA

targeted sequence. We first examined the binding specificity of the Cas12a-crRNA binary to the mRNA using native agarose gel electropho-

resis (Figure 1A). The results showed the addition of matched Cas12a-crRNA_v1 complex to the mRNA (Figure 1A, lane 6) results in slower

migration bands than the unmatched Cas12a-crRNA_v4 complex (Figure 1A, lane 7), supporting the binding specificity of Cas12a-cRNA. An

additional set of mRNA-crRNA pairs was tested and showed comparable results (Figure S1). We then performed denaturing agarose gel elec-

trophoresis of themRNA incubated with the targeting Cas12a-crRNA complex. The result showed the binding of Cas12a-crRNA to themRNA

did not result in noticeable degradation of targeted mRNA (Figure 1B), suggesting Cas12a will not trigger RNA-dependent RNA cleavage.

We further tested if Cas12a can protect crRNA from RNase degradation, which will expand the application potential. As shown in Figure 1C,

the processed crRNA51 (crRNA*) indicated the successful binding of Cas12a, and the Cas12a-bound crRNA was stable in the presence of

RNaseA.
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To determine the effectiveness of the Cas12a-crRNA complex in stimulating �1 PRF, we created a dual fluorescent protein reporter

(p2FL) harboring the same frameshifting context, including slippery sequence, spacer sequence, and length, and ASO-targeting sequence,

as our previous reporter SF468 (Figure 1D, p2FL-v1).26 The second fluorescent protein, red fluorescent protein (RFP), will be in-frame trans-

lated if the ribosome undergoes �1 frameshifting on the U3A3C slippery sequence 30 of the green fluorescent protein (GFP) (Figure 1C).

We designed and in vitro synthesized crRNA_v1 (detail primer sequences were listed in Table S1). The crRNA_v1 will target 7 nt down-

stream of the slippery sequence in p2FL-v1 to mimic the reported ASO-induced �1 PRF.26,45 After pre-loading the v1-crRNA with recom-

binant Cas12a, in vitro translation in RRL was performed to examine the capability of crRNA and Cas12a-crRNA complex in inducing �1

PRF. By treating the crRNA_v1, the �1 PRF efficiency increases in a dose-dependent manner (Figures 1E and 1F): the �1 PRF efficiency was

about 2.2-fold higher than the non-treated control in the presence of 100-fold molar excess of crRNA_v1. Interestingly, the treatment of the

Cas12a-crRNA_v1 complex further increased the induced �1 PRF efficiency by about 1.5-fold at each tested concertation (Figures 1E and

1F). To determine whether the Cas12a-crRNA complex is a general strategy for efficient induction of the �1 PRF, we created another ASO-

targeting sequence, 2FL-v2, with the same GC content as 2FL-v1 (Figure S2A). By targeting 2FL-v2 with the corresponding crRNA_v2, we

observed a similar increment of �1 PRF efficiency as 2FL-v1 (Figures S2B–S2C). Further, when we swapped the targeting crRNA, the mis-

matched crRNA could not induce efficient �1 PRF even at the 500-fold molar excess concentration (Figure S2D). Similarly, adding the

incompatible Cas12-crRNA complex cannot induce efficient �1 PRF (Figure S2E). These data suggest that the crRNA-induced �1 PRF

is highly specific. Collectively, our data demonstrate that crRNA or Cas12a-crRNA binary complex can be a programmable and efficient

trans-acting �1 PRF stimulator.
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Figure 1. Cas12a-crRNA complex can specifically stimulate efficient �1 PRF without triggering RNA cleavage in RRL

(A) Representative native agarose gel showing the binding of matchedmRNA_v1/crRNA_v1 andmRNA_v1/Cas12a-crRNA_v1 complex as well as the unmatched

mRNA_v1/Cas12a-crRNA_v4 complex.

(B) Representative denaturing agarose gel showing the RNA cleavage assay of Cas12a.

(C) Representative urea-PAGE showing the RNase A cleavage assay of crRNA and Cas12a-crRNA. The doublet of crRNA* indicates the pre-crRNA (upper band)

andmature crRNA (lower band). An additional higher-resolution image is shown in the lower bracket region. The ssDNA is the spike-in control to normalize crRNA

purification.

(D) Schematic representation of the representative frameshift reporter construct (p2FL-v1). GFP is in the 0-frame while RFP -1-frame with respect to GFP. The �1

PRF is monitored by the appearance of GFP-RFP fusion product. The UUUAAAC slippery sequence is in bold. The 0-reading frame codons are indicated above

the sequence; the �1 frame codons are indicated below the sequence. The sequence of the matched crRNA_v1 is shown.

(E) Representative SDS-PAGE analysis showing the [35S]methionine-labeled 0-frame (non-frameshift, NFS) and -1-frame (frameshift, FS) translational products in

the presence of indicated molar ratio of Cas12a protein, matched crRNA, and Cas12a-crRNA binary complex. HP is a positive control, harboring our reported

frameshifting hairpin structure27 in the p2FL vector. Radioisotope signals were recorded by storage phosphor screen followed by phosphorimager exposure. The

targeted band intensity was quantified. The calculated �1 PRF efficiency is listed below the lane.

(F) Bar graph shows the relative [normalized to the negative control (NC) without crRNA or Cas12a-crRNA addition]. Data represents the meanG SD of three or

more independent replicates. Statistical analysis (paired t test): *p < 0.05, **p < 0.01.
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CrRNA and Cas12a-crRNA complex stimulate �1 PRF via pausing translating ribosomes

To further understand the mechanism of crRNA- and Cas12a-crRNA complex-stimulated�1 PRF, we performed a ribosome pausing assay to

test if the crRNAor Cas12a-crRNA complex can pause translating ribosomes at the frameshift (FS) site (Figure 2A),52 amechanistic explanation

for functional FSSs. To monitor the translation pausing, we mutated the slippery sequence to a non-slippery sequence (p2FL-v1_RT) to facil-

itate the observation of pause-then-continue translation events.40,52 In addition, we cloned a stop codon immediately downstream of the

mutated slippery sequence (p2FL-control) to obtain a protein product as the pausing marker (indicated as Pause in Figures 2B–2D). Specif-

ically, the pausing was assessed by monitoring the [35S] methionine-labeled polypeptide products during a time course in which the trans-

lation reaction was synchronized by the addition of translation initiation inhibitor CR-1-31-B,53 5 min after the start of the reaction. Compared

to the non-treated control (Figure 2B), reactions treated with crRNA and Cas12a-crRNA complex resulted in a stronger pausing band corre-

sponding to the ribosome decoding the slippery sequence (Figures 2C and 2D). In support of this, the amount of full-length products of non-

treated and crRNA-treated conditions at 12 min after CR-1-31-B addition are more abundant than that of Cas12a-crRNA complex-treated

condition (Figures 2B–2D), suggesting the translation elongation is hampered in the presence of Cas12a-crRNA complex.

cUUgAACp2FL-v1_RT

crRNA_v1p2FL-control

p2FL_RT mRNA

p2FL_RT mRNA + crRNA

p2FL_RT mRNA + Cas12a-crRNA

A

B

C

D

Figure 2. Both crRNA and Cas12a-crRNA complex trigger ribosome pausing

(A) Schematic representation of the ribosome pausing reporter construct (p2FL-v1-RT). The slippery sequence is mutated to a non-slippery sequence (MSS)

highlighted in bold. The immediate downstream codon of the non-slippery sequence is mutated to the UAG stop codon (underlined) to construct p2FL-

control. This protein product marks the expected position of crRNA or Cas12a-crRNA-induced ribosome pausing product. Refer to the legend in Figure 1 for

the rest of the details.

(B–D) The mRNAs of indicated constructs were translated in RRL in the presence of [35S]methionine, after 5 min further initiation was halted by the addition of CR-

31, and aliquots were removed at various times and analyzed by SDS-PAGE. Lane C shows makers of ribosome pausing at the MSS. Translation reactions were

supplemented with 10 pmol crRNA (50-foldmolar excess to themRNA) (C) or 10 pmol Cas12a-crRNA complex (50-foldmolar excess to themRNA) (D). Full-length

and pause products are indicated by filled and empty arrowheads, respectively.
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The crRNA and Cas12a-crRNA complex-induced �1 PRF efficiency is spacer length dependent

It is well accepted that the spacer sequence length is critical to�1 PRFdue to its role in placing the structural obstacles in the ribosomalmRNA

entry channel.20 Based on the solved Cas12a-crRNA structure, extended peptides from the targeted duplex region54,55 may clash with trans-

lating ribosomes when the spacer length is not optimal. To better characterize the novel crRNA or Cas12a-crRNA complex-induced �1 PRF,

we created constructs with spacer lengths varying from 3-nt to 11-nt while maintaining the crRNA targeting sequence (Figure 3A). The treat-

ment of crRNA alone resulted in the highest�1 frameshifting when the spacer length is 3-nt, reminiscent to the previously reported morpho-

lino oligonucleotides44 (Figures 3B and 3D). However, the optimal spacer length of the Cas12a-crRNA complex is 7-nt downstream of the

slippery sequence (Figures 3C and 3D), comparable to the reported 2A-pseudoknot frameshifting signals.40–42 This longer optimal spacer

length may be due to the extra molecular space occupied by the Cas12a protein. We noted that, in the construct of 7-nt and 9-nt spacer,

an additional band with a larger molecular weight than the predicted non-frameshift (NFS) appeared (Figures 3B and 3C, lane 3, 4). By check-

ing the primary sequences and searching for the size-matched +1/-2 frameshifting or stop codon readthrough product, we considered this

second band may be from leaky termination. Alternatively, it could be due to alternative translation initiation. The exact reason is not clear.
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Figure 3. Determine the optimal spacer length of crRNA- and Cas12a-crRNA-induced �1 PRF

(A) Schematic representation of the �1 PRF reporter constructs based on p2FL-v1. The spacer length between the U3A3C slip site (in bold) and the downstream

stimulator, crRNA_v1 or Cas12a- CrRNA_v1, is modified from 3 nt to 11 nt. Refer to the legend to Figure 1 for the rest of the details.

(B andC) The reportermRNAswith indicated spacer length were translated in RRL in the presence of [35S]methionine. Translation products were analyzed by SDS-

PAGE followed by successive imaging and quantification. In the construct of 7 nt and 9 nt spacer length, the in-frame product (NFS) is the lower band due to their

distinct reading frame caused by the designed spacer length. The shifted products (FS) are indicated. Note that, due to the varied linker sequence, the molecular

weight of the FS products is slightly different (Table S2). Translation reactions were supplemented with a 100-fold molar excess of crRNA (B) or a 100-fold molar

excess of Cas12a-crRNA complex (C).

(D) The bar graph shows the�1 PRF efficiency (FS%) in the presence of crRNA (light gray) or Cas12a-crRNA complex (dark gray). Data represents themeanG SEM

of three independent replicates. Statistical analysis (paired t test): ns: not significant, *p < 0.05, **p < 0.01.
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Nevertheless, we estimated the �1 PRF efficiency based on the intensity of NFS and FS with the predicted molecular weight. Therefore, this

unknown product did not affect our data interpretation.

To further examine the spacer length effect of CRISPR-Cas complex in�1 PRF frameshifting, we decided to test Cas9 guiding RNA (gRNA)

and Cas9-gRNA complex. Catalytically dead Cas9 (dCas9) was purified to prevent targeted mRNA degradation for the following assays.56

Because the scaffold of the CRISPR-dCas9 gRNA is in its 30 end that may encounter translating ribosome before the ASO-mRNA duplex,

this may also lead to a longer effective spacer length compared to the Cas12a crRNA. Indeed, we observed the optimal spacer length for

Cas9-gRNA (gRNA_v1) is 7-nt (Figures S3A–S3B). Moreover, the dCas9-gRNA complex did not significantly enhance the stimulated �1

PRF efficiency of gRNA_1 (Figure S3C), presumably because the dCas9-gRNA complex was stripped frommRNA due to the steric hindrance

when ribosomes were decoding slippery sequence.

Cas12a-crRNA complexes enhance the local stability of ASO-mRNA duplexes enriched with AU base pairs to induce

efficient �1 PRF

Most of the identified frameshifting signals,19 either a stem-loop or a pseudoknot structure, enrich G-C pairs in the bottom stem regions,

especially in the first 3–4 bp of the bottom stem. The local thermodynamic stability of this region, whichmay reside in themRNAentry channel

upon the ribosomedecoding slippery sequence, is critical to�1 PRF efficiency.26,54 Reducing the local stability by changing aG-C to A-Ubase

pair while maintaining the thermodynamic stability of the entire HIV frameshifting stem-loop dramatically compromises frameshifting-

inducing capability.54 We hypothesized that the Cas12a-crRNA complex could stabilize the local ASO-mRNA duplex enriched with AU

base pairs to promote�1 PRF. To test this, we created constructs, based on p2FL-v1, to replace the first two nucleotides of the crRNA target-

ing region from 50-GC-30 to 50-AU-3’ (p2FL-v3, Figure 4A) and to replace the first four nucleotides from 50-GCGC-30 to 50-AUAU-3’ (p2FL-v4,
Figure 4A). The corresponding crRNAs, crRNA_v3, and crRNA_v4 were in vitro synthesized and purified. The treatment of 100-fold molar

excess of corresponding crRNAs can effectively stimulate �1 PRF on the p2FL-v1 construct (2-fold) but only leads to a marginal increase

of frameshifting efficiency of 2F-v3 (1.3-fold) and 2F-v4 (1.5-fold), agreeing with previous observations26,54 (Figures 4B and 4C). Interestingly,

the treatment of Cas12a-crRNA complexes results in comparable enhancement of �1 PRF efficiency of p2FL-v3 (3.2-fold) and p2FL-v4

(2.2-fold) to p2FL-v1 (3-fold) (Figures 4B and 4C). These results indicate that the Cas12a-crRNA complexes stabilize the local stability of

the ASO-mRNA duplex to make a none-stimulator duplex an efficient frameshifting signal.

Targeting crRNAs to SARS-CoV-2 frameshifting pseudoknot efficiently suppresses �1 PRF

Encouraged by our results that Cas12a-crRNA complexes can specifically anneal mRNA to induce �1 PRF, we further hypothesized that our

Cas12a-crRNA complexes can target frameshifting signals in trans to deform their structures to alter frameshifting efficiency. Previous studies

showed the cis-alternation of frameshifting signal structures leads to non-optimal �1 PRF efficiency, resulting in compromised replication of

pathological viruses,15,16,55,57 laying the rationale for our hypothesis. To test this, we selected the SARS-CoV-2 -1 PRF context as our model

due to its significance in global public health and performed rational design of SARS-CoV-2 frameshifting pseudoknot-targeting crRNAs.

Several SARS-CoV-2 frameshifting signal structures were recently proposed.57–61 We focused on the one from Atkins’ and Ban’s group

because the structure was obtained in the action of translation.61 The cloned SARS-CoV-2 frameshifting context with the predicted secondary

structure of frameshifting pseudoknot was shown in Figure 5A, while the sequences of rationally designed crRNAs to target the three stems

(S1 to S3) of SARS-CoV-2 frameshifting pseudoknot were shown in Table 1. The GC content and the predicted thermodynamic stability based

on Vienna RNA package62 were also shown in Table 1. The targeted regions were denoted as ‘‘SS’’ for slippery sequence and ‘‘S’’ for stem,

while the superscript ‘‘P’’ or ‘‘D’’ after the stem annotation indicated the slippery sequence at proximal or distal side of the stem, respectively

(Figure 5B). To better observe the effect of �1 PRF suppression; we added 100-fold molar excess of crRNAs into the following in vitro trans-

lation assay.

Targeting the SS-proximal S1 plus S2 (crRNA_I [S1P + S2P]) or SS plus SS-proximal S1 (crRNA_V [SS + S1P]) showedmarginal suppression of

�10% or 30%, respectively (Figures 5C and 5E). We reasoned that the mRNA targeting crRNA_I, although it may deform the native pseudo-

knot structure, formed a stable duplex structure that can induce efficient �1 PRF.26,43,45 Therefore, the overall frameshifting efficiency is not

compromised. The low suppressive capability of crRNA V could be due to the duplex melting by ribosomes upon translating the codons on

the slip site (Figures 5A and 5B). Targeting S3 by crRNA_III showedmarginal suppression (�20%) (Figures 5C and 5E), supporting the reported

minor role of S3 in�1 PRF in coronaviruses.63 In addition, the addition of crRNA_X (S1D + S3P) suppressed about 30% of�1 PRF. Furthermore,

CrRNA_II (S2P + S1D) and crRNA_IV (S3D + S2D) were designed to target S2 (Figures 5A and 5B), the formation of which was proposed to help

resist ribosome unwinding of S1 to enhance�1 PRF efficiency.64 Accordingly, crRNA II (�60% suppression) and crRNA IV (�40% suppression)

were more suppressive than others. To further confirm the�1 PRF suppression is indeed due to the crRNA targeting the frameshifting pseu-

doknot, we performed binding assays of SARS-CoV-2 frameshifting pseudoknot-containing mRNA and crRNAs. Our data showed that the

matched crRNA_VIII did bind to the target mRNA more efficiently than the non-matched crRNAs (Figures S4A–S4D).

Compared the crRNA_II and crRNA_IV, the GC content and the predicted duplex-forming thermodynamic stability of crRNA II (GC con-

tent is 59%, DG is �35 kcal/mol) are both better than those of crRNA IV (GC content is 50%, DG is �28 kcal/mol) (Table 1). It prompted us to

investigate the correlation between the binding affinity and the level of SARS-CoV-2 -1 PRF suppression. Therefore, we further designed

another two S2-targeting crRNAs, crRNA_VIII (S2D) (GC content is 44%, DG is �29 kcal/mol) and crRNA_IX (S3D + S2D) (GC content is

44%, DG = �27 kcal/mol) (Figures 5A and 5B) to test this idea. Although both crRNA VIII and crRNA IX have similar GC content and thermo-

dynamic stability (Table 1), crRNA VIII was more suppressive (�40% suppression) than crRNA IX (�20% suppression) (Figures 5C and 5E),
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suggesting that the thermodynamic contribution may not be the significant factor to predict the �1 PRF suppressive effect of crRNAs, even

though these crRNAs targeted similar regions of frameshifting pseudoknot. The discussion section will discuss further interpretation of

crRNA-mediated �1 RPF suppression. Nevertheless, our data suggest that crRNAs can effectively target FSS to suppress �1 PRF efficiency,

presumably through the deformation of the frameshifting structure.

Targeting Cas12a-crRNA complexes to SARS-CoV-2 frameshifting pseudoknot can further suppress �1 PRF

Since we found the Cas12a-crRNA complex can better stabilize the RNA duplex structure (Figure 1D), we further tested the capability of indi-

cated crRNAs preloaded onto Cas12a proteins in suppressing �1 PRF (Figures 5D and 5E). Although Cas12a-crRNA_II, V, and X showed

attenuated or similar repressive ability compared to the corresponding crRNAs, the other five Cas12a-crRNA complexes resulted in further

�20% suppression of�1 PRF, with themost effective Cas12a-crRNA_VIII suppressing�70% of�1 PRF (Figures 5C–5E). To further confirm the

specificity of Cas12a-crRNA in�1 PRF suppression, Cas12a-crRNA_VIII was incubated with the non-targeted p2FL-HP frameshifting reporter,

which harbors the reported frameshifting hairpin structure,26,27,65 in RRL. The result showed that addingCas12a-crRNA_VIII did not affect non-

targeted hairpin-induced �1 PRF (Figure S4E), suggesting that using Cas12a-crRNA complex to target frameshifting pseudoknot is specific.

We also examined the suppression using the established dual luciferase assay in RRL. The results showed similar relative suppression as

our p2FL vector (Figure S5). Together, our results demonstrated that antisense crRNAs that target frameshifting signals could suppress �1

PRF, presumably through the deformation of the frameshifting structure. The suppressive effect can be enhanced by the assembled Cas12a-

crRNA complex that further stabilizes the interaction with the targeted RNA.
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Figure 4. The formation of the Cas12a-crRNA complex enhances the capability of the otherwise inefficient crRNA �1 PRF stimulator with higher AU

content

(A) Schematic representation of themajor sequence context of�1 PRF reporter constructs with thematched crRNAs. Refer to the legend in Figure 1 for the rest of

the details.

(B) The indicated reporter mRNAs supplemented with matched crRNA or Cas12a-crRNA were translated in RRL in the presence of [35S]methionine. Translation

products were analyzed by SDS-PAGE followed by successive imaging and quantification. The quantified �1 PRF efficiency of the representative gel is listed

below each lane. FS: frameshifted product; NFS: in-frame product.

(C) Bar graph shows the relative�1 PRF efficiency (FS%) normalized to the control without adding crRNA or Cas12a-crRNA complex. Data represent the meanG

SEM of four independent replicates. Statistical analysis (paired t test): ns: not significant, *p < 0.05, **p < 0.01.
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Efficient suppression of reporter-based SARS-CoV-2 �1 PRF by Cas12a-crRNA complex in living cells

It has been shown that cis or trans alteration of �1 PRF efficiency will suppress the replication of various viruses employing �1

PRF.15–17,55,57,66,67 Motivated by our observations that Cas12a-crRNA complexes can efficiently suppress SARS-CoV-2 -1 PRF in vitro, we

set forth to test the capability of crRNA and Cas12a-crRNA in suppression of SARS-CoV-2�1 PRF in living cells. To better mimic the infection

of RNA viruses, we co-transfected in vitro transcribed p2luc reporter mRNA harboring the SARS-CoV-2 frameshifting signal together with

crRNA_VIII or Cas12a-crRNA_VIII complex. Immunofluorescence staining of transfected Cas12a-crRNA complex indicated that the complex

mainly resided in the cytoplasm (Figure 6A). By measuring the dual luciferase activity after 8 h of transfection, the result showed that the treat-

ment of crRNA_VIII alone did not lead to significant suppression of�1 PRF (Figure 6B), probably due to its degradation by endogenous RN-

ases. In comparison, the treatment of the Cas12a-crRNA_VIII complex resulted in about 50% suppression of�1 PRF (Figure 6B). These results

suggest that Cas12a enhances the crRNA in�1 PRF suppression by (1) increasing the half-life of cRNA (Figure 1C) and (2) stabilizing the inter-

action between crRNA and targeted mRNA (Figures 5C and 5D) in living cells. Collectively, our data showed the rationally designed Cas12a-

crRNA complex can specifically and efficiently suppress �1 PRF in living cells through targeting frameshifting stimulators.
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Figure 5. Deformation of SARS-CoV-2 frameshifting pseudoknot by crRNA and Cas12a-crRNA efficiently attenuate �1 PRF efficiency

(A) Schematic representation of the frameshift reporter construct harbors SARS-CoV-frameshifting pseudoknot (p2FL-SARS-CoV-2 PK). The depicted secondary

structure is based on the model of Bhatt et al.61 S denotes the stem structure. The three stems are further colored in blue (stem 1, S1), purple (stem 2, S2), and

orange (stem 3, S3). Refer to the legend in Figure 1 for the rest of the details.

(B) Arrowed lines indicate the designed crRNAs, expressed as Roman numerals, targeted regions of SARS-CoV-2 frameshifting pseudoknot. The crRNA targeting

region is further denoted in the bracket: SS denotes slippery sequence; S denotes stem structure; the superscript P andD indicate the proximal targeting or distal

targeting, respectively.

(C and D) The reporter mRNA supplemented with indicated crRNAs (C) or Cas12a-crRNAs (D) were translated in RRL in the presence of [35S]methionine.

Translation products were analyzed by SDS-PAGE followed by successive imaging and quantification. The quantified �1 PRF efficiency of the representative

gel is listed below each lane. FS: frameshifted product; NFS: in-frame product.

(E) Bar graph shows the relative level of �1 PRF suppression normalized to the control without adding crRNA or Cas12a-crRNA complex. Data represents the

mean G SD of three or more independent replicates. Statistical analysis (paired t test): *p < 0.05, **p < 0.01.
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DISCUSSION

In this study, we demonstrate that the Cas12a-crRNA complex is a programmable tool to efficiently and specifically modulate �1 PRF effi-

ciency in vitro and living cells. With the bound Cas12a protein, the local stability of the mRNA-crRNA duplex is further enhanced, revealed

by the prolonged ribosomepausing and increased�1 PRF efficiency, reminiscent of the protein-directed�1 PRF in reported RNA viruses.35,40

Additionally, this enhanced binding feature can compete with folded frameshifting signals to attenuate�1 PRF efficiency in living cells, impli-

cating the therapeutic potential against pathogenic RNA viruses that require optimal �1 PRF efficiency for replication.15–17,57,66,67,69

Given the importance of the evolutionary conserved PRF in diverse biological functions,6 efforts were made to predict PRF events in avail-

able genomes based on the criteria of cis-acting frameshifting elements.70–72 However, these sophisticated tools cannot predict the trans-

activated PRF events8,40,42 that lack all three defined cis-acting elements. Our current data further suggest the trans-activated PRF events

may be a more general feature: an optimal positioned RNA-protein complex guided by sense-antisense interaction can mimic the ribosome

roadblock to stimulate PRF. In support of this, it was recently discovered that a small interfering RNA (siRNA)-guided Argonaute-microRNA-

SGS3 complex can lead to site-specific ribosome stalling in plants73 as well as a particular class of siRNAs that target coding regions.74 More-

over, this idea may provide clues to understand why there are no apparent cis-mRNA stimulatory structures downstream of slippery se-

quences in a group of alphaviruses75: the counteracting factor of higher AU content in the potential frameshifting signal region, from 8 to

12 nt downstream of slippery sequence, could be overcome by RNA-protein complex (Figure 4). Also, it may provide potential explanation

of microRNA (miRNA)-mediated ribosomal frameshifting,76 albeit an improved reporter system contested this report.77 Nevertheless, our

data extend the scope of protein-directed ribosomal frameshifting, which is currently limited in viruses, to hint that RNA-protein complexes

targeting the optimal position downstreamof potential slippery sequence can trigger ribosomal frameshifting. The exploration of thismay be

achieved by the recently developed high-throughput approach in targeted cells.78

Due to the crucial role of FSS in�1 PRF, the optimal efficiency of which impacts viral replication and life cycle,15,17,55 many studies based on

the characterized structural features of FSSs to design small molecules as the antiviral drugs.79–82 Although promising, this strategy relies on

thoroughly understanding FSS structure information and extensive small molecule screening. Moreover, the fast-evolving nature of viruses

may adopt different FSSs,19,63 such as evolving human coronaviruses,63 that lead to compromised efficacy of developed compounds. Alter-

natively, targeting the primary sequence by ASOs may offer the advantages of fast design and higher specificity to restrict viral pandemics

and, therefore, could be a first-line therapy against emerging viruses that require PRF. Similar ideas were recently tested.57,83 Our Cas12a-

crRNA system offers additional advantages to the ASOs from these reports, which are listed in the following. (1) The chemistry of ASO, crRNA

in our case, is more flexible due to the resistance to RNases by Cas12a protection (Figure 1). Thismay essentially eliminate the toxicity concern

of modified nucleotides.57,84 (2) The Cas12a-crRNA offers higher local stability (Figure 2) to stall translating ribosome and better capability to

deform FSS (Figure 5). We speculate that both activities may be further assisted by the unique target searching feature of Cas proteins,85

although further evidence is needed to support this hypothesis. (3) We demonstrate that, without nuclear localization sequence (NLS),

Cas12a is predominantly located in the cytoplasm (Figure 6A). This cytoplasm-enriched feature can increase the effective concentration of

Cas12a-crRNA to target cytosolic viral mRNA and prevent the unpredictable effect of nuclear entry ASOs.86 Accordingly, with the recent ad-

vances in engineered virus-like particles (eVLPs) technology of in vivo CRISPR gene editing delivery,87 combining our discovery with the eVLP

could be a potential therapeutic agent against pathogenic HIV or SARS-CoV.

The relative lower NFS and FS band intensities were found in the experiment with the addition of 100-fold molar excess of Cas12a-crRNA

complex (Figure 1E, lane 8; Figure 4B land 4, 7, 10; Figure S4E, land 1, 2). Since we demonstrated that the Cas12-crRNA complex did not

cleave the target mRNA (Figure 1B), the decrease is not due to the lower mRNA concentration. Alternatively, we reasoned that, due to

the relatively high concentration of Cas12a-crRNA complex (equal to 1 mM when added in a 100-fold molar excess), translating ribosomes

have to remove the non-specifically attached Cas12a-crRNA complexes on the mRNA and, therefore, the translation efficiency is compro-

mised. Nevertheless, sincewe estimate�1 PRF efficiency by calculating the ratio between FS (frameshifted) andNFS (non-frameshifted) prod-

ucts, our conclusion that the Cas12a-crRNA complex can specifically modulate �1 PRF is justified.

Table 1. List crRNA sequences, including the GC content and the predicted thermodynamic stability upon forming a duplex with SARS-CoV-2

frameshifting pseudoknot

GC% of antisense sequence and predicted DG of a heterodime

crRNA GC% DG(kcal/mol)

I GGUAAUUUCUACUAAGUGUAGAU CGGGCUGCACUUACACCG 67% �28

II GGUAAUUUCUACUAAGUGUAGAU CGGUGUAAGACGGGCUGC 59% �35

III GGUAAUUUCUACUAAGUGUAGAU CAUCAGUACUAGUGCCUG 50% �28

IV GGUAAUUUCUACUAAGUGUAGAU AGCCCUGUAUACGACAUC 50% �28

V GGUAAUUUCUACUAAGUGUAGAU CACCGCAAACCCGUUUAA 50% �27

VIII GGUAAUUCCCACUAAGUGUGGGU GAUGUCAAAAGCCCUGUA 44% �29

IX GGUAAUUCCCACUAAGUGUGGGU CAAAAGCCCUGUAUACGA 44% �27

X GGUAAUUCCUACUAAGUGUAGGU UGCCGCACGGUGUAAGAC 61% �27
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Although our rational-designed SARS-CoV-2 frameshifting pseudoknot-targeting crRNAs are relatively specific (Figures S4A–S4C), and

these cRNAs can suppress �1 PRF (Figures 5C–5E), the level of suppression cannot be simply predicted based on crRNA binding affinity or

crRNA targeting region. Take the targeting of S1, which is the critical stem to resist ribosome unwinding to induce �1 PRF,25 as an example;

although we predicted the reason for less suppressive proximal S1-targeting crRNA_I (�10% suppression with crRNA alone and �30% sup-

pression in the binary complex form) (Figure 5) is due to the formation of a stable RNA duplex upon targeting (i.e., creating a frameshifting-

competent secondary structure at the optimal location26,27,43–45), the treatment of crRNA_X, which was designed so that it targets the distal

S1 and the formed duplex should not induce -1PRF due to the non-optimal distance to the slip site, did not lead to robust suppression of

�1 PRF (�30% suppression with sole crRNA and�30% suppression in the binary complex form). The potential explanation for the low predic-

tionpower is that the�1PRFefficiency readout couldbeaffectedby additional factors, suchas the formationof alternativeRNAstructuresafter

crRNA or Cas12-crRNA targeting in dynamic refolding processes during translation.28,72 An observation from S2 targeting crRNAs (crRNA_II,

IV, VIII, and IX) may provide a clue to design better – 1 PRF suppressor crRNAs: the 30 end of crRNA that annealed to the flexible loop region

betweenS1 and S2or S2 andS3 can result in better�1 PRF suppression.Wehypothesized that the accessibility of such crRNA to the structured

target could be more efficient by initial targeting to the single-stranded region within the target (Figure 5A), reminiscent of DNA strand inva-

sion.88 Nevertheless, understanding the fraction of alternative RNA conformers89 during translation would help predict the potency of crRNA.
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Figure 6. Cas12a-crRNA attenuates SARS-2 �1 PRF in human cells

(A) Representative images of immunofluorescence staining of HEK293T cells transfected with or without assembled Cas12a-crRNA_VIII complex using HA

antibody against the C-terminal 3HA tag of recombinant Cas12a. DAPI is applied to stain nuclear DNA.

(B) In vitro transcribed and capped dual luciferase reporter68 mRNA was co-transfected with none, crRNA_VIII, and Cas12a-crRNA_VIII for 8 h, followed by the

measurement of luciferase activity. The bar graph shows the relative level of�1 PRF suppression normalized to the none co-transfection control. Data represent

the mean G SD of nine independent biological repeats. Statistical analysis (paired t test): **p < 0.01.
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During the preparation of our manuscript, a study from the Heo lab demonstrated that among the twelve crRNA-Cas13b complexes de-

signed to target the open reading frame 1b (ORF1b) region to degrade the RNA-dependent RNA polymerase (RdRp) gene, the targeting of

SARS-CoV-2 frameshifting pseudoknot is the most efficient site to inhibit SARS-CoV-2 propagation.90 This result supports our data in two

aspects: (1)�1 PRFmechanism is a promising drug target against pathogenic viruses that rely on it; (2) the CRISPR-Cas system can be applied

to target compact frameshifting stimulatory structures specifically. Nonetheless, the mechanism of our Cas12-crRNA system is to disrupt the

frameshifting structure instead of triggering target RNA degradation, like the Cas13b system. Therefore, our Cas12-crRNA strategy may

cause more subtle side effects than the Cas13b system if the off-targeting is inevitable.91 Because, regarding host cellular mRNA, the off-tar-

geted Cas12a-crRNA complexes will be removed by translating ribosomes.

Limitation of the study

Although our data support that Cas12a-crRNA complexes can module �1 PRF through either enhancing the frameshift efficiency as a road-

block or inhibiting �1 PRF by disrupting the frameshifting inducing PK structure, we observe that the addition of a high concentration of

Cas12a-crRNA suppresses the translation efficiency of the reporter gene in RRL. We reason that the suppression of translation efficiency

comes from the accumulated roadblock effects of the Cas12a-crRNA complex along the ribosome journey of the transcript. Therefore, treat-

ing the Cas12a-crRNA complex in higher doses, exceeding mM level, may accompany the trade-off of reducing protein yield.

Additionally, in the inhibition of frameshifting PK formation experiments, the inhibitory effects of Cas12a-crRNAs are not always more

effective than the corresponding crRNAs. Further, the inhibitory level cannot be simply predicted by the binding affinity of the Cas12a-

crRNA-target RNA complexes. This may be due to the complicated interaction network between the Cas12a-crRNA-target RNA-ribosome,

resulting in alternative folded frameshifting RNAs. Therefore, probing the dynamic RNA structures in the presence of Cas12a-crRNA during

translation is critical to understanding how the Cas12a-crRNA-RNA complexes affect �1PRF.

Furthermore, in the current study, we did not investigate the mechanism of how Cas12a-crRNA specifically recognizes RNA targets. It will

be interesting to explore whether the Cas12a-crRNA complex searches for RNA targets through the canonical one-dimensional diffusion

mechanism.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-HA-tag (F-7) Santa Cruz Biotechnology Cat# sc-7392; RRID: AB_627809

Bacterial and virus strains

Stable Competent E. coli New England Biolabs Cat# C3040I

E. coli DH5a N/A N/A

Chemicals, peptides, and recombinant proteins

CR-1-31-B (CR-31) MedChemExpress Cat# HY-136453

isopropyl b-D-1-thiogalactopyranoside (IPTG) Sigma Cat# 367-93-1

Recombinant LbCas12a-3HA-6His This paper N/A

Recombinant MBP-dCas9 This paper, MR O’Connell et al.50 Addgene ID: #60815

Murine RNase Inhibitor Vazyme Biotech Cat# R301

RNase A VWR International Cat# 97062-172

Q5 DNA Polymerase New England Biolabs Cat# M0491S

T4 DNA Ligase New England Biolabs Cat# M0202L

T4 Polynucleotide Kinase New England Biolabs Cat# M0201L

HiFi DNA Assembly Cloning Kit New England Biolabs Cat# E5520S

T7 RNA Polymerase New England Biolabs Cat# E2040S

SP6 RNA Polymerase New England Biolabs Cat# E2070S

Anti-Reverse Cap Analog (ARCA) New England Biolabs Cat# S1411S

EasyTag L-[35S]-Methionine Perkin Elmer Cat# NEG709A005UC

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000008

SYBR Gold Thermo Fisher Scientific Cat# S11494

Urea Cytiva Cat# 17-1319-01

Critical commercial assays

Phosphorimager screen Amersham

Rabbit Reticulocyte Lysate Promega Cat# L4960

Luciferase Assay System Promega Cat# E2940

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216

Oligonucleotides

Transcription templates (See Table S1) IDT N/A

Primers for cloning p2FL-v1, v2, v3,and v4 (See Table S3) IDT N/A

Primers for cloning p2FL_3 nts, 5 nts, 9 nts, and

11 nts (See Table S3)

IDT N/A

Primers for cloning p2FL-SARS CoV2 PK (See Table S3) IDT N/A

Primers for cloning pET21a-Cas12a without NLS (See Table S3) IDT N/A

Recombinant DNA

p2FL-v1 This paper N/A

p2FL-v2 This paper N/A

p2FL-v3 This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chien-Hung Yu

(chienhung_yu@mail.ncku.edu.tw).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK293T was purchased from the American Type Culture Collection (ATCC). HEK293T cells (ATCC, CRL-3216) are female in origin. This Cell

line was not authenticated internally. The cells were tested and confirmed to be free of mycoplasma by ATCC.

METHOD DETAILS

Plasmid construction

The p2FL constructs were generated based on the reported SF reporter plasmid.26 The original influenza polymerase basic 2 (PB2) was re-

placed by eGFP (abbreviated as GFP) and mDsRed (abbreviated as RFP) (a gift from Dr. Hua-Lin Wu, National Cheng Kung University). In

this newly constructed p2FL plasmid, GFP would be produced in 0 frame and RFP in �1 frame. The slippery sequence, spacer (3, 5, 7, 9,

11 nts), and targeting sequences (v1, v2, v3, v4, SARS CoV2 PK) were cloned between GFP and RFP of p2FL using standard cloning or NEB-

uilder HiFi DNA Assembly (NEB). The p2Luc-SARS CoV2 PK plasmid was created by inserting SARS-CoV-2 frameshifting context into p2Luc68

(a gift from Dr. Atkins, University College Cork) through NEBuilder HiFi DNA Assembly (NEB). The pET-21a_LbCas12a-3HA-6His was gener-

ated by PCR-mediated deletion from Addgene plasmids pET-21a_LbCas12a-2xNLS-3HA-6His50 (#114366). The constructs are confirmed by

Sanger sequencing (Genomics, Taiwan). Please see Table S3 for the detail oligonucleotide sequences.

In vitro transcription

The DNA templates for in vitro transcription were PCR amplified from indicated p2FL and p2Luc series plasmids. The SP6 RNA polymerase

(NEB) was used to transcribe p2FL series templates; T7 RNA polymerase (NEB) was used to transcribe p2luc series templates. The mRNA

transcription protocol was based on standard RNA synthesis, and the capped mRNA was transcribed using the manufacturer’s Anti-

Reverse Cap Analog (ARCA, NEB) RNA synthesis protocol. The crRNAs and sgRNA templates were annealed by two DNA oligonucleotides

(IDT), containing a wholly matched T7 promoter region and a single-stranded template region. Subsequently, crRNAs were synthesized using

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

p2FL-v4 This paper N/A

p2FL_3 nts This paper N/A

p2FL_5 nts This paper N/A

p2FL_7 nts This paper N/A

p2FL_9 nts This paper N/A

p2FL_11 nts This paper N/A

p2FL-SARS CoV2 PK This paper N/A

p2FL-v1_RT This paper N/A

p2FL-control This paper N/A

p2FL-HP This paper N/A

pET-21a_LbCas12a-2xNLS-3HA-6His P Liu et al., 201949 Addgene ID: #114366

pET-21a_LbCas12a-3HA-6His This paper N/A

Software and algorithms

ViennaRNA Web Services Institute for Theoretical Chemistry, University of Vienna http://rna.tbi.univie.ac.at/
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a short template RNA synthesis protocol (NEB). RNAproducts were purified by LiCl precipitation followed by urea PAGE to confirm the integ-

rity. The complete list of the DNA oligonucleotide sequences is in the supplementary materials (Table S1).

Expression and purification of Cas12a

E. coli Acella cells containing the pET-21a_LbCas12a-3HA-6His were grown in the 2 L of LB medium supplemented with 0.5% glucose and

50 mg/mL Ampicillin at 37�C.When the cell density reached 0.6–0.8 absorbance at the OD600, 1mMof isopropyl b-D-1-thiogalactopyranoside

(IPTG) was added into the culture. Cells were allowed to grow for an additional 4 h at 37�C, then harvested by centrifugation at 70003g

for 10 min at 4�C. The cell pellets were resuspended with the Tag Buffer A [50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 1 mM

DTT, 5% (v/v) glycerol] containing 1 mM Benzamidine hydrochloride, and lysed by the sonication. Cell lysates were clarified by centrifugation

at 18,0003g for 20min at 4�C. A final concentration of 0.3% (w/v) polyethyleneimine and 800mMNaCl were added to the cell lysate to remove

nucleic acids. The cell lysates were clarified by centrifugation at 18,0003g for 20 min at 4�C. The ammonium sulfate was added (to the 60%

saturation) into the combined supernatant. The protein precipitates were obtained by centrifugation at 18,0003g for 20 min at 4�C. The pro-

tein precipitates were first suspended with the Ni-NTA Buffer A without NaCl [50 mM Tris-HCl (pH 8.0), 20 mM imidazole, 1 mM EDTA, 1 mM

DTT, 5% (v/v) glycerol] and clarified by centrifugation at 18,0003g for 20 min at 4�C. The supernatant was further diluted with the Ni-NTA

Buffer A and directed loaded onto a 5mL of HisTrap HP column pre-equilibrated in the Ni-NTA Buffer A [50 mM Tris-HCl (pH 8.0), 20 mM

imidazole, 500mMNaCl, 1 mMEDTA, 1mMDTT, 5% (v/v) glycerol]. The protein was eluted with a linear 20–500mM imidazole gradient using

the Ni-NTA Buffer A and Buffer B [50 mM Tris-HCl (pH 8.0), 500 mM imidazole, 500 mMNaCl, 1 mM EDTA, 1 mMDTT, 5% (v/v) glycerol]. The

protein elution fractions were analyzed by the 10% SDS-PAGE. Fractions containing Cas12a protein were pooled and dialyzed at 4�C over-

night against the dialysis buffer [50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% (v/v) glycerol]. The sample was diluted

with the Tag Buffer A and loaded onto a 5 mL of HiTrap Heparin HP column pre-equilibrated with the Tag Buffer A. The protein was eluted

with a linear 100–1000mMNaCl gradient using the Tag Buffer A and Buffer B [50 mM Tris-HCl (pH 8.0), 1MNaCl, 1 mM EDTA, 1 mMDTT, 5%

(v/v) glycerol]. The elution fractions were analyzed by the 10% SDS-PAGE. Fractions containing Cas12a protein were pooled and loaded onto

a HiPrep 26/60 Sephacryl S-200HR column pre-equilibrated and eluted with the Tag Buffer A. The protein elution fractions were analyzed by

the 10% SDS-PAGE. Fractions containing Cas12a were pooled and stored in the 40% glycerol at �20�C. The final protein concentration was

determined by the Bradford Assay using bovine serum albumin (BSA) as the standard.

Expression and purification of dCas9

E. coli Acella cells containing theMBP-dCas9 (Addgene, #6081556) were grown in the 2 L of LBmedium supplemented with 0.5% glucose and

50 mg/mL Ampicillin at 18�C.When the cell density reached 0.6–0.8 absorbance at the OD600, 1 mM of IPTG was added into the culture. Cells

were allowed to grow for an additional 16 h at 18�C, then harvested by centrifugation at 70003g for 10 min at 4�C. The cell pellets were re-

suspended with the Tag Buffer A [50 mM Tris-HCl (pH 8.0), 100 mMNaCl, 1 mM EDTA, 1mM DTT, 5% (v/v) glycerol] containing 1 mM Benza-

midine hydrochloride, and lysed by the sonication. Cell lysates were clarified by centrifugation at 18,0003g for 20 min at 4�C. A final concen-

tration of 0.3% (w/v) polyethyleneimine and 800mMNaCl were added to the cell lysate to remove nucleic acids. The cell lysates were clarified

by centrifugation at 18,0003g for 20min at 4�C. The ammonium sulfatewas added (to the 60% saturation) into the combined supernatant. The

protein precipitates were obtained by centrifugation at 18,0003g for 20 min at 4�C. The protein precipitates were first suspended with the

Amylose Buffer A without NaCl [20 mM Tris-HCl (pH 7.5), 1 mMEDTA, 5% (v/v) glycerol] and clarified by centrifugation at 18,0003g for 20 min

at 4�C. The supernatant was further diluted with the Amylose Buffer A and directed loaded onto a 10mL of Amylose resin pre-equilibrated in

the Amylose Buffer A [20mMTris-HCl (pH 7.5), 200mMNaCl, 1mMEDTA, 5% (v/v) glycerol]. The protein was eluted with the Amylose Buffer B

[20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, 20 mM Maltose, 5% (v/v) glycerol]. The protein elution fractions were analyzed by the

10% SDS-PAGE. Fractions containing Cas9 protein were pooled and dialyzed at 4�C overnight against the dialysis buffer [50 mM Tris-HCl (pH

8.0), 300mMNaCl, 1mMEDTA, 1mMDTT, 5% (v/v) glycerol]. The samplewas dilutedwith theNi-NTABuffer AwithoutNaCl and loadedonto

a 5 mL of HisTrap HP column pre-equilibrated with the Ni-NTA Buffer A [50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 20 mM Imidazole, 1 mM

EDTA, 1 mMDTT, 5% (v/v) glycerol]. The protein was eluted with a linear 20–500mM Imidazole gradient using the Ni-NTA Buffer A and Buffer

B [50 mM Tris-HCl (pH 8.0), 500 mMNaCl, 500 mM Imidazole, 1 mM EDTA, 1 mMDTT, 5% (v/v) glycerol]. The elution fractions were analyzed

by the 10% SDS-PAGE. Fractions containing Cas9 were pooled and stored in the 50% glycerol at�20�C. The final protein concentration was

determined by the Bradford Assay using BSA as the standard.

Electrophoretic mobility shift assay (EMSA)

The 55 pmol crRNAwas incubated with 50 pmol Cas12a in 1x complex reconstitution buffer (20 mMHEPES, pH 7.5, 250 mMKCl, 2 mMMgCl)

at room temperature for 10min. Aftermixing 500 ng ofmRNAwith crRNA andCas12a-crRNA complex, respectively, themixtures were added

to an equal volume of 2x EMSA loading dye (20% glycerol, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 1 mMEDTA) and analyzed on

1% agarose gel.

Cas12a RNA cleavage activity assay

The 55 pmol crRNA was incubated with 50 pmol Cas12a for 10 min at room temperature in 1x complex reconstitution buffer. The complexes

were mixed with 500 ng of mRNA for an additional 10 min at room temperature. The reactions were then mixed with 2x RNA loading dye
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(95% formamide, 0.025% SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 1mMEDTA) and incubated at 90�C for 5min to denature.

The mixtures were subsequently chilled on ice, centrifuged, and the chilled were loaded onto a 1% agarose gel for staining.

RNase protection assay

The amount of 22 pmol of crRNA was incubated with 20 pmol Cas12a in 1x complex reconstitution buffer at room temperature for 10 min,

followed by adding 100 ng RNase A for 10 min at room temperature. The reactions were then mixed with spike-in control [a synthesized 120

nts single-stranded DNA (ssDNA)]. The mixtures were then purified by phenol-chloroform extraction and ethanol precipitation. The purified

mixtures were then mixed with 2x TBE-urea RNA loading dye (80 mM Tris-base, 80 mM boric acid, 2 mM EDTA, 8 M urea, 0.025% bromophe-

nol blue, 0.025% xylene cyanol FF) and incubated at 90�C for 5 min. The samples were then chilled on ice, centrifuged, and resolved on a 12%

TBE-Urea PAGE. The PAGE was then visualized by SYBR Gold staining (Invitrogen).

In vitro translation

In vitro translation was conducted using the Rabbit Reticulocyte Lysate System (RRL, Promega). For frameshifting experiments, the 10 mL trans-

lation reactions were prepared, containing 4 mL RRL, 4 mM amino acid mixture without methionine, 2 mCi [35S] methionine (PerkinElmer), and

the premixed solution of 0.1 pmol mRNA, and 0.1–50 pmol ASO or Cas12a-crRNA complex. The reactions were then incubated for 60 min at

28�C. For ribosomal pausing assays, each 10 mL final translation reaction consisting of 4 mL RRL, 4 mM of amino acid mixture without methi-

onine, 2 mCimethionine, and a premixed solution of 0.2 pmolmRNA, and 10 pmol ASOor Cas12a-crRNA complex. Reactions were initiated at

26�C, and after 5 min, CR-31 (MedChemExpress) was added at a final concentration of 500 nM to inhibit ribosome initiation. At each indicated

interval, 9 mL aliquots were removed from the reaction andmixed with 1 mg RNase A for 10 min at room temperature to terminate translation.

The samples were mixed with 5x protein sample buffer, heated at 85�C for 5 min, and separated on 12.5% SDS-PAGE. SDS-PAGE gels were

fixed on cardstock, dried under vacuum, and exposed to a phosphorimager screen, visualized by Typhoon Storage Phosphorimager equip-

ped with a laser scanner. The in-frames, �1 frameshift, and paused protein products on the radiograph were quantified and estimated by

Quantity One (Biorad).

The frameshift percentages were calculated as follows as the formula:

ðFS � FSBKGDÞ=N"
FS � FSBKGD

N
+
NFS�NFSBKGD

n

# �% = frameshift percent

The FS and NFS denote the volume of �1 and 0 frameshift products, respectively. And FSBKGD and NFSBKGD represent the background

volume of �1 and 0 frameshift products, respectively. The N and n represent the amount of methionine in a �1 and 0 frameshift product,

respectively. An example of �1 PRF efficiency calculation is shown in Figure S6.

In the dual-luciferase frameshifting assay in RRL, the translation reactions were assembled similarly as above, except that [35S] methionine

was left out, and the complete amino acid mixture was supplemented. The luciferase activity was measured using Dual-Glo Luciferase Assay

Reagent (Promega) on a plate reader (BMG Labtech) according to the manufacturer’s protocol. To obtain the �1 PRF efficiency of the dual-

luciferase system samples, the firefly/Renilla activity ratio generated from the control reporter was divided into that from frameshift reporters

carrying frameshifting signals of interest andmultiplied by 100 to obtain frameshifting efficiencies (expressed as percentages) for each recod-

ing signal.

Cell culture and transfection

HEK293T cells weremaintained in DMEM supplementedwith 10% FBS and 1% Pen-Strep andwere incubated at 37�Cwith 5%CO2.When the

cell density reached 70% confluency, the complete medium was replaced 30 min before transfection. Meanwhile, Lipofectamine 3000 (Invi-

trogen) was diluted in a serum-free medium, mixed with premixed Cas12a-crRNA-mRNA ternary complex, and then incubated at room tem-

perature for 10 min. The lipoplexes were added dropwise to the cell culture medium. After 8 h, cells were imaged by immunofluorescence

imaging or lysed with 5x passive lysis buffer, and the luciferase intensity of the lysates was measured (Dual-Glo Luciferase Assay Reagent,

Promega). To obtain the �1 PRF efficiency of the dual-luciferase system samples, the firefly/Renilla activity ratio generated from the control

reporter was divided into that from frameshift reporters carrying frameshifting signals of interest andmultiplied by 100 to obtain frameshifting

efficiencies (expressed as percentages) for each recoding signal.

Immunofluorescence assay

HEK293T cells were seeded on a 24-well plate. After 18 h, the cells were transiently transfected with Cas12a-crRNA-mRNA ternary complex.

Eight hours after transfection, the medium was removed, and the cells were washed with PBS. The cells were then fixed with 4% paraformal-

dehyde for 10min at room temperature, permeabilized with 0.25% Triton X-100 for 5 min at room temperature, and blocked in 5% BSA for 1 h

at room temperature. The blocked cells were incubated with anti-HA antibody (sc-7392, Santa Cruz Biotechnology) at 1:100 dilution at room

temperature for 1 h. After washing three times with PBS, the samples were incubated with the Goat anti-Mouse IgG (H + L) secondary anti-

body-FITC (#31569, Invitrogen) in the dark for 1 h at room temperature. The samples were washed thrice with PBS and stained with DAPI to
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visualize the nuclei. After washing five times, the coverslip samples were placed on microscope slides and dried overnight. The samples were

visualized and imaged with fluorescence microscopy (Olympus).

QUANTIFICATION AND STATISTICAL ANALYSIS

The frameshifting efficiency assay was calculated using a paired t-test.

*p value < 0.05; **p value <0.01; ***p value <0.001.
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