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A B S T R A C T   

Coronavirus disease 2019 (COVID-19) is a new respiratory illness caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and now spreads globally. Currently, therapeutics and effective treatment 
options remain scarce and there is no proven drug to treat COVID-19. Targeting the positive-sense RNA genome 
and viral mRNAs of SARS-CoV-2 to simultaneously degrade viral genome templates for replication and viral 
mRNAs for essential gene expression would be a strategy to completely realize virus elimination. Type VI CRISPR 
enzymes Cas13 have recently been identified as programmable RNA-guided, RNA-targeting Cas proteins with 
nuclease activity that allows for RNA cleavage and degradation. The precise viral RNA detection and antiviral 
application of the CRISPR/Cas13 system depend on high-efficient and minimal off-target crRNAs. Although a 
computer-based algorithm has been applied for the design of crRNAs targeting SRAS-CoV-2, the experimental 
screening system to identify optimal crRNA is not available. We develop a one-step experimental screening 
system to identify high-efficient crRNAs with minimal off-target effects for CRISPR/Cas13-based SARS-CoV-2 
elimination. This platform provides the foundation for CRISPR/Cas13-based diagnostics and therapeutics for 
COVID-19. This platform is versatile and could also be applied for crRNAs screening for other RNA viruses.   

Introduction 

Coronavirus disease 2019 (COVID-19) is a new respiratory illness 
caused by the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) and now spreads globally [1,2]. SARS-CoV-2 is classified in the 
Coronaviridae family and betacoronavirus genus and the seventh coro-
navirus known to infect humans and it is an enveloped, positive-sense, 
single-stranded RNA virus with mammalian and avian hosts [3]. The 
SARS-CoV-2 virus enters the human cell, releases its RNA genome into 
the cytoplasm, and synthesizes negative-sense RNA intermediates which 
serve as the templates for the synthesis of sub-genomic RNAs and 
positive-sense viral genome for new virus production [4]. A critical 
feature of SARS-CoV-2 is the fast transmission by human-to-human 
contact, or by touching surfaces contaminated by the infected person, 

or by breathing aerosol that quickly led to a worldwide public health 
emergency [5]. The clinical spectrum of SARS-CoV-2 infection ranges 
from asymptomatic infection to fatal disease [5]. Some people may 
suffer from fever, cough, fatigue, shortness of breath, occasionally 
watery diarrhea, or worsened symptoms such as pneumonia, acute 
respiratory distress syndrome, and death, which resulted in serious 
public and healthcare-related casualties worldwide [5]. Unfortunately, 
therapeutics and effective treatment options remain scarce and there is 
no proven drug to treat COVID-19 [6]. 

To combat the SARS-CoV-2 virus, many drugs are repurposed to treat 
COVID-19 by targeting the SARS-CoV-2 virus, such as chloroquine, 
hydroxychloroquine, lopinavir/ritonavir, and ribavirin [7]. Immuno-
modulatory drugs such as IL-6 inhibitors (eg, sarilumab or tocilizumab) 
or anti-GM-CSF compounds (eg, lenzilumab and gimsilumab) are 
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clinically tested to prevent or reverse SARS-CoV-2-caused pneumonia 
and acute respiratory distress syndrome [8]. In addition, various novel 
drugs are developed to inhibit SARS-CoV-2 virus replication and infec-
tion [9]. Prasad et al found annonaceous acetogenins showed a good 
inhibition activity against the SARS-CoV-2 spike protein through 
computational approaches [10]. Nevertheless, these drugs are designed 
to inhibit the replication and infection of SARS-CoV-2 but not eliminate 
it in the infected lung. Moreover, we do not yet know which drugs would 
be showed effective against SARS-CoV-2. The devastating impact of the 
SARS-CoV-2 pandemic on society and economics emphasizes an un-
precedentedly urgent need to find effective drugs to reduce the clinical 
consequence of COVID-19. 

The hypothesis 

Type VI CRISPR (clustered regularly interspaced short palindromic 
repeats) enzymes Cas13 have recently been identified as programmable 
RNA-guided, RNA-targeting Cas proteins with nuclease activity that 
allows for RNA cleavage and degradation [11–16]. Cas13 proteins are 
guided to the target RNA by a single CRISPR RNA (crRNA) composed of 
a direct repeat (DR) stem-loop and a spacer sequence (gRNA) that me-
diates target recognition by RNA–RNA hybridization and then causes 
targeted RNA cleavage and degradation. CRISPR/Cas13-based methods 
have been developed for COVID-19 diagnosis (SHERLOCK and CREST) 
and therapeutics (PAC-MAN and ABACAS) [17]. CRISPR/Cas13-based 
diagnostic platforms seem rapid, sensitive, and specific for the detec-
tion of SARS-CoV-2, but their efficiency in clinical use remains unknown 
[17]. The major shortcoming of these methods is the off-target effects 
that led to the poor signaling and misinterpretation of results [17]. 
CRISPR/Cas13-based therapeutic platforms are more dependent on the 
high specificity and low off-target effects for clinical use [18]. To 
improve the specificity and avoid the off-target effects of CRISPR/Cas13 
system, we need to design high-efficient and minimal off-target crRNAs. 
A computer-based algorithm has been developed for the design of 
crRNAs to target SRAS-CoV-2 [19]. However, sequence analysis by 
GUIDE-seq revealed that many off-target sites cannot be predicted by in 
silico methods [20]. It implies that crRNA design cannot completely 
depend on the computer-based algorithms and the experimental 
screening system to identify optimal crRNA is necessary. So far, there is 
no such experimental crRNA screening system to be reported. 

We hypothesize that targeting the positive-sense RNA genome and 
viral mRNAs of SARS-CoV-2 by CRISPR/Cas13 system to simultaneously 
degrade viral genome templates for replication and viral mRNAs for 
essential gene expression would be a strategy to completely realize 
SARS-CoV-19 virus elimination. To reach this purpose, we develop a 
one-step experimental screening system to identify high-efficient 
crRNAs with minimal off-target for CRISPR/Cas13-based SARS-CoV-2 
elimination. This platform provides the foundation for CRISPR/Cas13- 
based diagnostics and therapeutics for COVID-19. This platform is ver-
satile and could also be applied for crRNAs screening for other RNA 
viruses. 

Experimental procedure 

The design of crRNAs targeting SARS-CoV-2 

Theoretically, Cas13 can target anywhere of the RNA sequence 
because no protospacer flanking sequence (PFS) restriction has been 
documented for the Cas13 orthologs, including Cas13a, Cas13b, and 
Cas13d, in mammalian cells [11,12,14,16]. Because there is no available 
SARS-CoV-2 virus strain for conventional laboratory application, a 
conserved genomic region coding the RNA-dependent RNA polymerase 
(RdRp) is selected as the target sequence to design crRNAs for one-step 
platform assessment. RdRp is an essential gene for viral replication and 
conserved among human coronaviruses and a versatile drug target for 
anti-coronavirus [21–24]. Sequence alignment analysis demonstrated 

that the genomic region of SARS-CoV-2 RdRp is rarely mutated among 
COVID-19 patients (Fig. 1). In addition, there is no the similar sequence 
in the human transcriptome except a 19-nt sequence (CCTGTTGTA-
GATTCTTATT) that localizing in the KMT2C mRNA. Therefore, the 
RdRp is an ideal target for designing crRNAs. Considering that the sec-
ondary structure of RNA will reduce the efficiency of the CRISPR/Cas13 
system, the RNAxs platform is used to find regions of SARS-CoV-2 RdRp 
that have good accessibility for crRNAs [25]. 

LentiCRISPR library construction 

The CRISPR library is constructed according to a protocol from 
Wessels et al. [19]. Briefly, pooled crRNA libraries are synthesized as 
single-stranded oligonucleotides (Twist Biosciences), amplified using 
NEBNext High-Fidelity 2X PCR Master Mix (M0541S) and subcloned 
into lentiGuide-Puro (Addgene # 52963) along with the replacement of 
gRNA scaffold with direct repeat (DR). All constructs are confirmed by 
Next Generation Sequence and subsequently pooled using equal 
amounts. Complete library representation with minimal bias (90th 
percentile: 10th percentile crRNA read ratio: 1.68 – 2.17) is verified by 
Illumina sequencing (MiSeq). Lentiviruses are produced via transfection 
of library plasmid with appropriate packaging plasmids (psPAX2: 
Addgene, Cat# 12260; pMD2.G: Addgene, Cat# 12259). At 3 days post- 
transfection, the viral supernatant are collected and passed through a 
0.45-μm filter and stored at − 80 ◦C until use. 

Lentivirus transduction and single-cell RNA-seq (scRNA-seq) 

A human lung cell line stably expressing SARS-CoV-2 RdRP and 
Cas13 nuclease is generated for crRNA screening. The Cas13d is 
preferred to use as a CRISPR nuclease for this experiment because 
Cas13d has the most robust and substantial RNA knockdown in 
mammalian cells among Cas13 subtypes and orthologs [15,26]. The 
synthesized fragment of the SARS-CoV-2 RdRp sequence and Cas13d 
cDNA sequence are subcloned into a lentivirus vector for cell trans-
duction to generate a stable lung cell line expressing SARS-CoV-2 RdRp 
and Cas13d in human lung epithelial A549 cells (ATCC CCL-185). This 
lung cell line is infected with lentivirus CRISPR library at a low multi-
plicity of infection (approximately 0.3) to ensure that most cells receive 
only 1 viral construct with high probability. Three independent in-
fections are conducted, and then 3 independent libraries are produced. 
After a 2-day infection, cells are selected with puromycin. After a 7-day 
infection, cells are collected for scRNA-seq. Prior to analysis, cells are 
diluted to the final concentration and loaded on the 10X Chromium 
system (8,000 cells/channel) and scRNA-seq libraries are generated 
following the manufacturer’s instructions. A digital expression matrix is 
obtained for each experiment using 10X’s CellRanger pipeline with 
default parameters. Data are analyzed by a bioinformatician. The 
expression profile of host lung cells and SARS-CoV-2 RdRp expression in 
each single cell with a certain crRNA expression is compared to that in a 
single cell without crRNA expression. The single cell showing maximal 
suppression of SARS-CoV-2 RdRp expression and minimal change of 
expression profile of the host lung cells will contain an applicable 
candidate crRNA that will be the highly efficient and selective crRNAs 
with minimal off-target effects (Fig. 2). 

All-in-One system construction for therapeutic application 

Considering that angiotensin-converting enzyme 2 (ACE2) is the 
receptor of SARS-CoV-2, the expression of Cas13d is controlled by a 
human ACE2 promotor for a unique expression in lung ACE2+ cells, 
where SARS-CoV-2 infects lung epithelial cells and enters the human 
body [27–29]. The crRNAs and direct repeat sequence are subcloned to 
the Cas13d-expressed vector and the U6 promoter is used to drive crRNA 
expression. Combinations of several optimal crRNAs are used to form a 
crRNA array for multiple editing to enhance the targeting efficiency. 
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Thus, a plasmid containing all components for SARS-CoV-2 elimination 
is generated. To test the efficiency of the CRISPR/Cas13 system for 
SARS-CoV-2 RdRp knockdown in cultured human cells, the synthesized 
fragment of SARS-CoV-2 RdRp is subcloned into pcDNA3 expression 

vector, and this vector is transfected into human primary bronchial/ 
tracheal epithelial cells (ATCC Cat#PCS-300-010). The expression levels 
of SARS-CoV-2 RdRp are determined by RT-qPCR. The All-in-One 
CRISPR/Cas13 system containing the high-efficient and minimal off- 

Fig. 1. The RdRp genomic region of SARS-COV-2 is rarely mutated in various virus strains isolated world widely.  

Fig. 2. Flow chart of the one-step screening platform for high-efficient and minimal off-target CRISPR/Cas13 crRNAs targeting SARS-COV-2. Virus crRNA level 
indicates that the single cell is infected by a certain crRNA. Virus RdRp level indicates the knockdown efficiency induced by the crRNA in a single cell. Host 
transcriptome change indicates off-target effects induced by the crRNA in a single cell. 
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target crRNA array is co-transfected with the pcDNA3-RdRp expression 
vector to evaluate the SARS-CoV-2 RdRp knockdown efficiency. The off- 
target effects are analyzed by scRNA-seq. The All-in-One CRISPR/Cas13 
with scramble crRNAs is co-transfected with the pcDNA3-RdRp 
expression vector as a control group. Because of the lack of laboratory 
strains of SARS-CoV-2, the synthesized DNA fragment of SARS-CoV-2 
RdRp is subcloned into an AAV-based expression vector and the con-
structed RdRp-AAV virus particles are delivered into the mouse lung for 
transduction via intranasal administration. When SARS-CoV-2 RdRp is 
highly expressed (e.g., at 21 days post-transduction [30]), the All-in-One 
CRISPR/Cas13 vector containing the identified crRNAs targeting SARS- 
CoV-2 RdRp or scramble crRNAs is delivered into the lung intranasally 
by the nanoparticle technology for highly efficient delivery. The SARS- 
CoV-2 RdRP knockdown efficiency and off-target effects are determined 
by scRNA-seq. 

Discussion 

The guide RNA, including single-guide RNA (sgRNA) for CRISPR/ 
Cas9 system and CRISPR RNA (crRNA) for the CRISPR/Cas13 system, is 
a key component of CRISPR/Cas system because the quality of guide 
RNA is critical for the efficacy and specificity of CRISPR/Cas-mediated 
DNA/RNA editing [31]. Therefore, more attention is paid to design an 
efficient and functional guide RNA with high on-target efficacy and low 
off-target effects [32]. Three different computation-based genres appear 
for guide RNA designing: 1. pattern recognition genre; 2. feature rule 
genre; 3. machine learning genre [33]. In theory, the CRISPR/Cas sys-
tem searches PAM sequence in genome and guide RNA recognizes target 
site to activate endonuclease activity to cut specific locus. However, 
sequence features of guide RNA, epigenetic features of the host genome, 
energetics features of guide RNA and the host genome affect guide RNA 
efficacy, which make guide RNA design become extraordinarily complex 
[33]. Therefore, guide RNAs need to be experimentally validated for the 
efficacy after designing by the software. To avoid off-target effects, in 
silico methods are developed to evaluate off-target sites by aligning 
short guide RNA sequence to reference genome to detect mismatch 
number [32]. However, sequence analysis by GUIDE-seq revealed that 
numerous off-targets with high-mismatch or even with one-mismatch 
cannot be predicted by sequence alignment algorithm [20]. So, off- 
target effects need to be validated by established methods such as 
CIRCLE-seq [34], GUIDE-seq [20], DISCOVER-seq [35], and Digenome- 
seq [36]. This one-step guide RNA screening platform is a combination 
of CRISPR screening and single-cell RNA sequencing and is the first 
method for simultaneously screening guide RNAs with high on-target 
efficacy and low off-target effects. 

RdRp is selected as a target to design crRNA for the application of 
CRISPR/Cas13-based therapeutics based on several reasons: 1) RdRp is a 
versatile enzyme for viral RNA replication and transcription of viral 
genome in host cells, which makes RdRp essential for viral survival and 
spread [3,24]; 2) RdRp is considered to be a highly conserved enzyme 
across all RNA viruses and some DNA viruses, such as coronavirus, 
influenza virus, zika virus, hepatitis C virus [37]; 3) RdRp has a very low 
mutation rate among COVID-19 patients (Fig. 1); 4) RdRp has no ho-
mologs in human cells and its RNA sequence shows an extremely low 
similarity with human transcriptome [38]; 5) The essential role of RdRp 
for viral RNA replication and transcription makes it become a promising 
therapeutic target and many drugs are repurposed and developed to 
target it for COVID-19 treatment, such as remdesivir [22], favipiravir 
[39], ribavirin [40], sofosbuvir [41], and galidesivir [42]. 

Conclusion 

We develop a one-step experimental screening platform to identify 
high-efficient and selective crRNAs with minimal off-target effects for 
therapeutic eradication of SARS-CoV-2 virus in vivo laying a foundation 
for effective treatment of COVID-19. 
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