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Abstract

The novel coronavirus pneumonia (COVID-19) is a highly infectious acute respiratory disease caused by Severe Acute Respiratory
Syndrome-Related Coronavirus (SARS-CoV-2) (Prec Clin Med 2020;3:9-13, Lancet 2020;395:497-506, N. Engl J Med
2020a;382:1199-207, Nature 2020;579:270-3). SARS-CoV-2 surveillance is essential to controlling widespread transmission.
However, there are several challenges associated with the diagnostic of the COVID-19 during the current outbreak (Liu and Li
(2019), Nature 2020;579:265-9, N. Engl J Med 2020;382:727-33). Firstly, the high number of cases overwhelms diagnostic test
capacity and proposes the need for a rapid solution for sample processing (Science 2018;360:444-8). Secondly, SARS-CoV-2 is
closely related to other important coronavirus species and subspecies, so detection assays can give false-positive results if they are not
efficiently specific to SARS-CoV-2. Thirdly, patients with suspected SARS-CoV-2 infection sometimes have a different respiratory
viral infection or co-infections with SARS-CoV-2 and other respiratory viruses (MedRxiv 2020a;1-18). Confirmation of the
COVID-19 is performed mainly by virus isolation followed by RT-PCR and sequencing (N. Engl J Med 2020;382:727-33,
MedRxiv 2020a, Turkish J Biol 2020;44:192-202). The emergence and outbreak of the novel coronavirus highlighted the urgent
need for new therapeutic technologies that are fast, precise, stable, easy to manufacture, and target-specific for surveillance and
treatment. Molecular biology tools that include gene-editing approaches such as CRISPR-Cas12/13-based SHERLOCK, DETECTR,
CARVER and PAC-MAN, antisense oligonucleotides, antisense peptide nucleic acids, ribozymes, aptamers, and RNAi silencing
approaches produced with cutting-edge scientific advances compared to conventional diagnostic or treatment methods could be vital
in COVID-19 and other future outbreaks. Thus, in this review, we will discuss potent the molecular biology approaches that can
revolutionize diagnostic of viral infections and therapies to fight COVID-19 in a highly specific, stable, and efficient way.

Highlights

e SARS-CoV-2 is an RNA virus that could be targeted and diagnosed with novel CRISPR approaches.

e ASO therapy targeting transcript encoding a viral protein or genomic RNA itself could be developed as a response to the
SARS-CoV-2 pandemic.
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e Antisense peptide nucleic acids, which have significant potential as antiviral agents, are important therapeutic candidates
that can target SARS-CoV-2 RNA with high hybridization affinity and stability.

e Although ribozyme and aptamer technologies are relatively older than other gene-editing technologies, they are still
strong candidates in the fight against the COVID-19 pandemic due to their high specificities and low toxicities, besides

that aptamers are highly reproducible.

e siRNAs that target structural or non-structural proteins of SARS-CoV-2, could inhibit assembly and replication of SARS-

CoV-2.

Introduction to the basic structure of SARS-
CoV-2 to understand the potential targets
for the novel diagnostic and therapeutic
approaches

Coronaviruses have a high prevalence and wide distribution
around the world. It has a wide genetic diversity due to its
RNA-based genomes with a high mutation rate. This is
likely, given the recurrent [1-11] outbreaks, that new cor-
onaviruses will appear periodically in humans [12, 13]. The
last coronavirus pandemic, which was named later as Cor-
onavirus Disease 2019 (COVID-19), is caused by the
Severe Acute Respiratory Syndrome Coronavirus 2, namely
SARS-CoV-2 [14]. SARS-CoV-2 has a 29,903 base of
single and positive-strand RNA genome (SARS-CoV-2
Wuhan Hu-1 strain. Accession: NC_045512) encoding
several structural and non-structural proteins (nsps)
[15, 16]. Although SARS-CoV, MERS-CoV, and SARS-
CoV-2 can cause severe disease, HKU1, NL63, OC43, and
229E are associated with mild symptoms [17]. The SARS-
CoV-2 has a non-segmented RNA genome, which encodes
four major structural proteins on the virions: the nucleo-
capsid (N) protein, the transmembrane (M) protein, the
envelope (E) protein, and the spike (S) protein [18-20].
While the N protein takes part in the replication of viral
RNA and the host’s cellular response to viral infection [21].
The S glycoprotein is a type 1 membrane glycoprotein with
different functional domains including the amino (S1) and
carboxy (S2) termini. While the S2 subunit is a trans-
membrane protein mediating the fusion of viral and cellular
membranes, the S1 subunit is associated with receptor
binding functions [21, 22] the M protein of SARS-CoV-2
plays a central role in virus assembly by turning virus and
host factors to make new virions on cellular membranes
[23]. While the E protein is localized at the ER, Golgi, and
ER-Golgi intermediate compartment, which is associated
with assembly and budding of SARS-CoV-2 in the site of
intracellular trafficking [18]. The nsps and structural pro-
teins that are pivots of the pathophysiology and virulence
mechanisms of SARS-CoV-2 are potential targets for the
novel molecular biology toolbox including CRISPR-Cas,
antisense oligonucleotides (ASO), peptide nucleic acids
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(PNAs), ribozymes, and siRNA. In this review, we will
discuss potent molecular biology approaches that can be
used in the diagnostic of SARS-CoV-2 and therapies
against the COVID-19 infection in a highly specific, stable,
and efficient way.

CRISPR-Cas diagnosis and therapeutic tools
for SARS-CoV-2 infection

CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats)-Cas (CRISPR-associated) systems have
improved our ability to edit genes and modulate gene
expression. The mechanism naturally defends bacteria
against invading bacteriophages and other foreign nucleic
acids [24]. DNA-targeting effectors like Cas9 ensure pro-
tection against DNA bacteriophages, and RNA-targeting
activity for type III and VI effectors provide defense against
RNA pathogens. This suggests that CRISPR effectors could
be reprogrammed to aid mammalian cells defending against
both DNA and RNA viruses. Indeed, recent Cas9 applica-
tions have demonstrated that CRISPR effectors can suppress
replication of double-stranded DNA viruses or single-
stranded RNA (ssRNA) viruses with DNA intermediates
in mammalian cells [24-31]. Also, many ssRNA viruses are
human pathogens and lack US Food and Drug Administra-
tion (FDA)-approved therapies [32] that emphasize the need
for new antiviral strategies. Recently characterized RNA-
and DNA-targeting Cas9 orthologs are less likely to be able
to solve these needs, as they have low RNA-cleavage effi-
cacy and could stimulate off-target effects on cellular DNA
[27, 33]. CRISPR systems are extremely diverse in terms of
the diversity of Protospacer Adjacent Motif (PAM) and the
number and type of Cas proteins. CRISPR-Cas mechanisms
with the CRISPR region and the content of the Cas genes are
classified into three main types (I, II, and III) and 11 sub-
types (I-A to I-F, II-A to II-C, and III-A to III-B) [34]. Type
II gadget is the most studied machine and the mechanism is
the best-illuminated device among those systems. The basic
mechanism of the CRISPR-Cas9 system begins with the
access of a overseas virus or plasmid DNA into the mam-
malian cell. Foreign nucleotides are identified with the aid of
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Cas complicated and are separated into ~30 base pairs in
length and these fragments are inserted into the CRISPR
sequence. This sequence consists of small fragments of
overseas virus or plasmid DNA that it has previously
encountered. Foreign oligo DNA with the PAM sequence
may be inserted into the guide RNA centered web site with
repetitive genes. Cas proteins specific and technique the
CRISPR vicinity to produce CRISPR RNAs (crRNAs). In
the Type II system, non-coding RNA transactivating crRNA
acts as a skeleton that binds crRNA with Cas9 and helps the
conversion of precursor crRNAs made from CRISPR
sequences into mature crRNAs. Using collection homology,
those crRNAs direct a Cas nuclease to the diagnosed exo-
genous genetic fabric facet subsequent to the species
PAM and breaks the targeted DNA region into fragments to
form insertion-deletion mutation [35-38]. It became hypo-
thesized that this hobby can also be part of a programmed
cell demise pathway in bacteria, allowing cells to commit
cell suicide or end up dormant unless they get over infection.
Fortunately, the collateral activity is undetectable in mam-
malian cells and flora making an allowance for many RNA-
targeting programs to be developed the usage of Casl3.
Many programs have additionally been built the use of
Casl3s in mammalian cells, along with transcript knock-
down, live-cellular transcript imaging [39] and RNA base
editing [40]. While Casl3a confirmed some interest for
RNA knockdown, certain orthologs of Casl3b proved
greater stable and strong in mammalian cells for RNA
knockdown and editing. More recently, additional orthologs
of Cas13 have been discovered, along with Cas13d, which
has been leveraged for green and strong knockdown across
many endogenous transcripts [41]. Konermann et al. more-
over confirmed that Cas13d may be used to modulate spli-
cing of endogenous transcripts and that the coding collection
for Cas13d is small enough to fit in the packaging limits of
AAYV for in vivo delivery [41]. RNA-targeting CRISPR
effectors could offer a future promising possible antiviral
approach. Recent studies about class 2 type VI CRISPR
effector Casl3 have highlighted its ability to efficiently
target and cleave RNA in several model systems, including
mammalian cells [39—46]. Moreover, Cas13 can process its
CRISPR array and let out individual crRNA [47], allowing
for multiplexed targeting applications. Besides CRISPR
array processing activity, Casl3 has collateral cleavage
activity that has been utilized for diagnostic applications, as
specific high-sensitivity enzymatic reporter unlocking
(SHERLOCK) approach [8, 48, 49]. Moreover, various
Casl3 orthologues have minimal off-target effects on the
host transcriptome as determined in several recent studies in
mammalian cells [39-42]. This suggests that Cas13 could be
programmed to target and destroy a wide variety of mam-
malian viruses and could be useful as a novel antiviral
platform.

Recent advances in CRISPR diagnostic
toolbox

Although CRISPR gained popularity as a genome-editing
tool, its diagnostic potential was also noticed by researchers.
In the past few years, CRISPR functionality has emerged as
a location finder, rather than a site-specific cleavage tool.
Casl2a (DNA-specific) and Casl3 (works with RNA) are
particularly two popular nucleases in CRISPR diagnostics.
A part of the mechanism resembles that of Cas9—a guide
RNA that is complementary to the target sequence is
required for specific binding and the Casl2a/Casl3a
nuclease cleaves at the site. An amazing feature of
Casl2 and Casl3 nucleases is that they show trans or col-
lateral cutting activity. After finding the target, the nuclea-
ses will cut other non-targeted nucleic acid molecules in
the close area as well. This property is leveraged to
create reporter systems for a visual readout in CRISPR
diagnostics.

CRISPR-Cas13 diagnostic

In 2017, the first reported CRISPR-based nucleic acid
detection technique called SHERLOCK was announced by
Feng Zhang’s group [50]. This technique allows multi-
plexed, portable, and ultra-sensitive detection of RNA or
DNA from clinically relevant samples. SHERLOCK ana-
lyses recombinase-mediated polymerase pre-amplification of
DNA or RNA and subsequent Casl3- or Casl2-mediated
detection via fluorescence and colorimetric readouts that
provide results in less than 1 h with a setup time of <15 min.
SHERLOCK analyses recombinase-mediated polymerase
pre-amplification of DNA or RNA and subsequent Cas13- or
Casl12-mediated detection via fluorescence and colorimetric
readouts that provide results in less than 1h with a setup time
of <15 min. Open-access SHERLOCK research protocols
and design resources for SARS-CoV-2 are using CRISPR-
Casl3. The Casl3 enzymes are classified as programmable
RNA-guided Type VI CRISPR enzymes with nuclease
activity. The Cas13 enzymes can target and knockdown the
gene without editing the genome, which makes it a potential
therapeutic for interfering gene expression without perma-
nently altering the genome sequence.

The recent coronavirus (COVID-19) outbreak presents
enormous difficulties for global health. Zhang et al. has
developed a research protocol along with the CRISPR-
Cas13 based diagnostics for SARS-CoV-2 [51]. Similarly,
Metsky et al. has developed an assay design tool and a
research method for detecting specifically SARS-CoV-2 and
66 related viruses, as described in a bioRxiv preprint [51].

The described research techniques provide the basic
framework to set up SHERLOCK-based COVID-19 tests
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by using paper strips. SHERLOCK system is based on the
CRISPR-Cas13 and can detect specifically different RNA
viruses in patient specimens. The system searches for
unique nucleic acid sequences and uses a test strip resem-
bling a pregnancy test to provide a visual readout. In a
simple paper strip test along with a prepared sample, a line
appears on the strip to determine whether the virus is
present or not. To this end, they have designed and ana-
lyzed two RNA guides that recognize two signatures of
COVID-19 by using synthetic SARS-CoV-2 RNA frag-
ments. Thanks to the CRISPR-Cas13 riboprotein complex
that forms the SHERLOCK system, it is accomplished to
detect the presence of SARS-CoV-2 viral RNA in a
COVID-19 patient specimen [8, 50, 52]. The RNA samples
extracted for current qPCR tests can be used. In their recent
method, Zhang et al. [52] targeted two genes, S gene and
Orflab, specific to the COVID-19 genome along with
synthetic COVID-19 virus RNA fragments as positive-
control tests [52].

The SHERLOCK COVID-19 virus detection method
involves two major steps:

(1) The synthetic viral RNA amplification is using
recombinase polymerase amplification (RPA) tech-
nology that is followed by in vitro amplified DNA
transcription back into RNA,

(2) Casl3 RNA-detection and crRNA targeting specific
sequences. Visual color readout using a commercially
available paper dipstick captures which cleaved
reporter RNA with labeled ends on specific antibody
bands. The study showed that SHERLOCK could
detect coronavirus target RNA sequences with a
sensitivity of 10-100 copies/ul of patient specimen
[52]. This suggests that RNA purified from patient
nasal samples could be analyzed for the presence of
COVID-19 in less than 1h without special
instrumentation.

Sabeti et al. developed a web-based platform that allows
designing CRISPR-Cas13-based assay to identify 67 viru-
ses, including SARS-CoV-2 and related respiratory viruses,
where users can pick single or multiplex panels [51]. Each
of these designs to be (1) comprehensive across genomic
diversity by accounting for a large fraction of known
sequence diversity (>97 percent mostly), (2) predicted by a
machine learning model to have large detection activity
towards all targeted genomic diversity, and (3) estimated to
have high target precision so that they can be grouped into
panels that are targeted [51].

The researchers have also posted a bioRxiv preprint
detailing these tools, focusing on a SHERLOCK SARS-
CoV-2 [51]. They checked the test on synthetic RNA
fragments using both fluorescent and visual readout, with a
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sensitivity of 10 copies per microliter. The provided pro-
tocol can easily be adapted to the other 66 viruses [51].

In 2018, Mammoth Biosciences announced a new tool
called DNA endonuclease-targeted CRISPR trans reporter
(DETECTR) for the detection of DNA using Casl2a [53].
CRISPR-Cas12a (Cpfl) proteins are RNA-guided enzymes
that bind and break DNA as bacterial-adaptive immune
system components. Like CRISPR-Cas9, based on its
ability to produce guided, double-stranded DNA breaks,
Casl2a is used for gene editing [53]. It is reported that
RNA-guided binding of DNA unleashes indiscriminate
cleavage operation of single-stranded DNA (ssDNA) by
Casl12a, which fully degrades ssDNA molecules. Besides,
target-activated, non-specific single-stranded cleavage
deoxyribonuclease (ssDNase) is a feature of other CRISPR-
Casl2 type V enzymes [53]. Casl2a ssDNase activation
along with isothermal amplification DETECTR method can
detect target DNA at a very low concentration [51, 53].
DETECTR allows rapid and accurate identification in
patient samples of human papillomavirus, thereby providing
a novel platform for molecular diagnosis [53].

The Mammoth Biosciences team tested the identification
of two genes, N-gene and E-gene, from the SARS-CoV-2
genome from engineered samples, based on CRISPR [51].

The following steps were included in their protocol:

(1) Amplification of the RNA extracted from samples
using reverse transcription loop-mediated isothermal
amplification.

(2) Detection of DNA using Casl2a and Synthego-
supplied crRNA targeting specific sequences.

(3) Visual readout using commercially available dip strips
as the same method with SHERLOCK.

In a comparison of the DETECTR (the sensitivity range
is 70-300 copies/ul input) to the SHERLOCK-based pro-
tocol (the sensitivity range is 10-100 copies/ul), the
DETECTR platform allowed faster detection (30 rather than
60 min). This was largely due to the system that saved time
spent on the additional IVT steps needed for Casl3a-based
detection [51].

The DETECTR method could be further modified to
identify SARS-CoV-2 RNA in as low as 30 min. Such a
rapid diagnostic method would be particularly useful in
high-risk areas, such as airports and hospitals [51]. The
Algorithm outputs are comprehensive across genomic
diversity and are expected to be highly sensitive and
accurate. SARS-CoV-2 prototypes were experimentally
screened with a CRISPR-Casl3 detection system.
Researchers have developed assay designs to identify 67
viral species and subspecies including SARS-CoV-2,
phylogenetically-related viruses, and clinically specific
viruses [51]. On the other hand, Mammoth Biosciences’



Gene editing and RNAi approaches for COVID-19 diagnostics and therapeutics

DETECTR platform is still “slow” if compared to, for
instance, Assay Genie’s product which provides reliable
results in 15 min.

CRISPR-Cas13 is adapted as an antiviral
system against SARS-CoV-2

Around two-thirds of the viruses that can infect humans,
including deadly Ebola, Zika, and flu, have an ssRNA
genome, and there is no FDA-approved treatment for any of
these types of viruses. Vaccines have emerged as the pre-
vailing solution to the war against infectious diseases but
only 16 viruses have vaccines approved by the FDA [32]. A
lot of new attempts have come out to develop antiviral
drugs, such as small-molecule screening methods to classify
viral and host target inhibitors. Identifying potent inhibitors
of these targets also requires biological or mechanical
understanding, which in the face of drug resistance or
emerging pathogens may delay antiviral development [54].
Moreover, human viral pathogens are very complex and
evolve rapidly, underlying both the developmental chal-
lenge and a great need for adaptable antiviral therapeutic
platforms. The method harnesses the programmable RNA-
targeting activity of Casl3 to build an end-to-end devel-
opment platform called Casl3-assisted Viral Expression
and Readout (CARVER), which combines Cas13-mediated
viral RNA cleavage with a fast, Casl3-based diagnostic
readout using the SHERLOCK platform [50, 54]. Scientists
managed by a team at the Wide Institute of Massachusetts
Institute of Technology and Harvard are now declaring the
development of a CRISPR-Casl3 enzyme-based technol-
ogy named CARVER (Casl3-aided viral expression and
readout restriction), which can be programmed to kill RNA-
based viruses in human cells [54]. The research is believed
to be one of the first to harness Casl3, or any CRISPR
device, as an antiviral in human cultured cells [54]. More
recently, researchers have adapted Casl3 which naturally
targets viral RNA in bacteria as a method to cut and edit
human RNA, and as a test to detect the existence of viruses,
bacteria, or other targets. Researchers have studied the
enzyme well in mammalian cells and can be guided to target
different RNA sequences. Casl3 is fairly easy to deliver
into cells. The CRISPR effector Cas13 may be an efficient
antiviral for ssRNA viruses, because it complements its
crRNA by programmable RNAs cleaves. The Cas13 protein
complexes with the guide RNA via the reputation of a short
hairpin within the crRNA and target specificity is encoded
by way of a 28-30-nt spacer that is complementary to the
goal region. In hundreds of ssRNA viral species that can
potentially infect humans, Freije et al. computationally
described thousands of possible Casl3 crRNA target sites
[54]. Firstly, they explored Casl3’s wide usefulness in

targeting mammalian ssRNA viruses by computationally
analyzing >350 viral genomes from species known or pre-
dicted to infect people [54]. The research experimentally
tested the ability of Cas13 to inhibit viral replication in three
distinct ssSRNA viruses: lymphocytic choriomeningitis virus
(LCMYV); influenza A virus (IAV); and VSV. Then,
researchers conducted a genome-wide LCMYV test and fur-
ther optimized this antiviral approach by investigating the
significance of Cas13 localization and multiplexing crRNAs
and compared the success of Cas13 and short hairpin RNAs
(shRNAs) in establishing CARVER as a strong antiviral
and diagnostic technology platform for a wide variety of
ssRNA viruses [54].

CRISPR-Cas13-based PAC-MAN approach to
fight COVID-19

PAC-MAN (prophylactic antiviral CRISPR in human cells),
which is a CRISPR-Cas13-based technology can effectively
degrade SARS-CoV-2 sequences and live IAV genome in
human lung epithelial cells [55]. They designed and
screened a group of crRNAs targeting conserved viral
regions and diagnosed purposeful crRNAs for cleaving
SARS-CoV-2. The study showed that the PAC-MAN
approach can lower respiratory cellular viral replication for
HINI1 IAV [55]. The bioinformatic evaluation also coun-
seled a minimum pool of six crRNAs that can cover over
90% of sequenced coronaviruses. With the bioinformatics
analysis performed in the study, it was also shown that the
PAC-MAN system can target all sequenced coronaviruses
with 22 crRNA pools. Thus, PAC-MAN can target different
regions of a virus or different coronavirus strains simulta-
neously with the ctRNA pool, preventing possible viral
escapes and is a promising strategy to combat pan-
coronaviruses that will occur in pandemics [55]. They
have also repurposed the RNA-guided RNA endonuclease
activity of Casl3d in mammalian cells in opposition to
emergent viral targets, SARS-CoV-2 and AV, in the PAC-
MAN strategy. This expands the packages of CRISPR-
Cas13 systems in addition to their uses for diagnostics along
with SHERLOCK and live-cellular imaging [48, 50, 54-56].
Prior work showed Casl3a/b systems may inhibit sSRNA
viruses together with influenza, which is regular with our
observed high performance of SARS-CoV-2 reporter and
TAV inhibition the usage of the PAC-MAN approach [54].
PAC-MAN demonstrated that a Casl3d-based tool can
successfully target and cleave the RNA sequences of SARS-
CoV-2 fragments and IAV in lung epithelial cell cultures.
While this approach is a proof-of-concept and will require
also testing the usage of replication-ready SARS-CoV-2
viruses and validation in animal models earlier than clinical
checks in humans, it represents a unique method to
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implement a rapid and vast antiviral defense in human
beings in opposition to rising pathogens for which there are
no powerful vaccines. Traditional vaccines rely upon prim-
ing the immune system to viral proteins or peptides often
derived from surface proteins that show off a high rate of
mutation, which expands the chances of viral evasion of the
host immune response [57]. In contrast, this has confirmed a
genetic strategy that is able to target rather conserved
regions, which could be predicted to make it much greater
not likely for the virus to escape inhibition through mutation.
Also, Cas13d can screen viral genome using a ctRNA array
way that multiple crRNAs concentrated on different areas
could be delivered simultaneously [41], which may reduce
the probabilities of viral escape.

ASO as a COVID-19 therapeutic

ASO technology targets mRNA, small RNA, or long non-
coding RNA. ASO have chemically synthesized 15-50
nucleotides in length that are designed to bind RNA targets
via complementary base pairing. ASO can act and modulate
RNA function by two different mechanisms in the cells; (1)
in the cytoplasm, ASO interferes with mRNA and prevent
translation of the mRNA by the ribosome and block protein
synthesis; (2) in the nucleus, ASO bind complementary
sequence of an mRNA. The complementary base pairing
between an ASO and mRNA leads to endonuclease-
mediated transcript knockdown as the RNA-DNA hybrid
becomes a substrate for RNase H. Transport of mRNA to
the cytoplasm is blocked thus preventing protein production
[58]. ASO therapy advantage is their application against any
viral RNA of interest. ASO therapy is an emerging suc-
cessful method used for myopathies, neurodegenerative
diseases, oncology, and many other diseases [59-63]
Clinical suitability of ASO drugs has been demonstrated in
many human clinical trials [64-68]. Previous studies have
demonstrated the efficacy of ASO in highly pathogenic viral
infections by Ribovirus such as Ebola, influenza, Hepatite-
C, Japanese Encephalitis [69—72].

ASO technologies are also developed for the SARS-CoV
to reduce the severity of infection, to treat and diagnose
associated disease, and to detect the virus in human sam-
ples. Three patents using ASO for pathogenesis and viru-
lence of SARS-CoV were published. Patent application
WO02005023083 published by Ionis Pharmaceuticals
describes the invention of an ASO that targets various
regions of viral RNA to reduce the activity of the SARS
virus, to prevent or treat and diagnose SARS virus-
associated disease. In this study, hybrid DNA/RNA ASO
was used for the disruption of the pseudoknot in the fra-
meshift site of SARS-CoV [73]. AVI BioPharma, Inc.
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published a patent WO2005013905 relating the modified
oligonucleotide compounds targeting 3’ terminal end of
negative strand for treating sSRNA viral infection such as
flavivirus, coronavirus, picornavirus, togavirus, calicivirus,
and hepatitis E virus [74]. Another patent US20030224353
was published by Stein David described ASO ORF1, for
SARS region 217-245bp antisense antiviral agent and
method for treating ssSRNA viral infection [75].

ASO could be directed against any genomic viral RNA
of interest. Compared to viruses with a DNA genome, RNA
viruses (other than retroviruses) are suitable to be targeted
by ASO, so genomic RNA can be disturbed or completely
degraded. However, viruses with DNA genome and retro-
virus integrate stably host genome. In this case, mature
mRNA transcript can be targeted by ASO and viral
expansion can be disturbed. Thus, ASO therapy strategies to
block SARS-CoV-2 virus infection can be designed to tar-
get the virus itself, by binding transcripts encoding a viral
protein associated with replication and transcription. Barrey
et al. designed recently ASO targeting viral RNA encoding
protein associated with replication and transcription of
SARS-CoV-2 to block the infection [76]. In this study, five
candidates ASO were designed to target the genomic 5'-
UTR, ORFla, and ORF1b expression of the replicase/
transcriptase complex, and the gene N encoding genome-
associated nucleoprotein. However, experimental validation
should be done to demonstrate the effectiveness of each of
these ASO [76].

Benjamin et al. demonstrated that ASO associated sup-
pression of SARS-CoV replication can be achieved by
targeting conserved RNA elements required for viral RNA
synthesis and translation [77]. However, SARS-CoV
escaped and developed resistance against ASO drug [77].
Beyond targeting viral proteins, using ASO against the viral
RNA genome itself could be designed for the elimination of
SARS-CoV-2. Although the viral genome has recently been
sequenced, treatment with ASO is difficult because the
conserved RNA sequences of SARS-CoV-2 are still
unknown. Identifying conserved sequences is important to
improve ASO targeting and to prevent viral escape.

The majority of oligo treatment utilizes systemic delivery
intravenous or subcutaneous administration. Nevertheless,
SARS-CoV-2 causes acute pulmonary injury and acute
respiratory syndrome [78]. Delivering ASO drugs into the
lung would be one of the greatest challenges for COVID-19
treatments. For SARS-CoV-2, a form of inhalation delivery
to get the oligos directly into the airways and lungs is
needed [79].

ASO therapies are produced for rare diseases. However due
to their low toxicity effect, high specificity, and low cost of
production to manufacture and easy to design, ASO therapy
could be developed for SARS-CoV-2 pandemia [80].
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PNAs as antisense agents

Antisense therapy is one of the important strategies devel-
oped for the treatment of malignant and viral diseases and is
characterized by inhibiting gene translation of sequence-
specific ASO that bind to target RNA [81]. PNAs, on the
other hand, are an important oligonucleotide class which is
defined as antigen and antisense therapeutic compounds.
PNAs were first described in 1991 as a synthetic nucleobase
oligomer in which the nucleic acid phosphodiester back-
bone was replaced by N-(2-aminoethyl) glycine units via a
methyl carbonyl binder [82]. These chemically stable syn-
thetic nucleic acids are long-lasting in vivo and in vitro,
since they are resistant against nuclease or proteases. These
stable PNAs that have low or no binding affinity to serum
proteins and having low toxicity even in relatively high
concentrations are important candidates as antisense ther-
apeutics or antigen technologies [83, 84].

Thanks to the flexible polyamide and uncharged back-
bone of PNAs, the geometry of bases, and high similarity
of its structure with natural DNA and RNA molecules, they
can easily hybridize with complementary DNA or RNA
according to Watson—Crick base pairing [85]. They can
bind to double-chain DNA in B-form, with single-stranded
DNA or RNA in B-form which was discovered by James
D. Watson and Francis Crick While PNAs can easily be
designed for any target sequence, there are some limita-
tions when trying to create triplex structures with double-
stranded DNA. Due to the strong hybridization properties,
stability, and low toxicity, PNA oligomers are important
compounds for antisense and antigen applications. How-
ever, slow cellular uptake of PNAs appeared as a problem
that has been tried to be overcome with various PNA
modifications [85, 86] and recently nanotechnological
approaches. For instance, PNAs coupled with gold nano-
particles (AuNPs) have become important candidates with
their low toxicity, high biodistribution and biocompat-
ibility, adjustable size and shape, and easy synthesis
[84, 87].

Use of PNAs as antisense agents

The potential of PNAs to act as antisense agents was
shown by Hanvey et al. in 1992 through a sequence and
dose-dependent inhibition of transcription of DNA tem-
plate expressing SV40 large T antigen with 15-mer PNA’s
nuclear microinjection [88]. They bind to RNA at 5’
untranslated region and coding sequence and thus inhibit
ribosome binding or translational elongation. In addition
to these, they also act by binding to RNA regions that
allow proteins to be transported from the nucleus to the
cytoplasm [89].

The study examines the inhibition potential of HIV-1,
MMLYV, and AMV reverse transcriptases (RTs) of PNAs
bound by triplex or duplex hybridization to target certain
regions of the human immunodeficiency virus 1 (HIV-1)
gag gene. It has been shown that all RTs have been stopped
by the PNA/RNA complex when they are in sufficient
concentration in the cell thus they act as an important
reverse transcription inhibitor. Besides, since no sign of
RNA degradation was observed, it was suggested that the
effect of PNA was an only steric blockade, not RNase-H
related [90].

PNAs can target more than one specific region such as
dimerization initiation site to prevent genomic RNA
packaging, att sequences of linear proviral DNA’s U3 and
US region to prevent the integration of viral genome with
the host genome, and LTR region to inhibit strand transfer
reaction during reverse transcription. Thus, it can block
reverse transcription at many stages and show a more
effective antiviral effect [91-93].

PNA approaches for SARS-CoV-2

In the treatment of COVID-19, approaches that can inhibit
the viral life cycle at different stages will be important. In
this direction, there are no clear studies on the use of PNAs,
which are considered as suitable candidates. However, as
mentioned in the previous section, PNA antisense ther-
apeutic approaches have been developed for the treatment
of retrovirus induced HIV. In a study, antisense PNAs were
used against SARS-CoV which is genetically 79% similar
to SARS-CoV-2 strains [94]. A SARS-CoV replicon
expressing the luciferase reporter gene for cell-based ana-
lysis of antiviral activity was created and the —1 ribosomal
frameshifting (—1 PRF) signal which controls the synthesis
of viral RNA replicase polyproteins involved in virus gen-
ome replication was blocked by a fully compatible
sequence-specific PNA. As a result, the intracellular amount
of replicase proteins encoded by signal related ORF1b was
reduced, replication of the SARS-CoV replicon was sup-
pressed and an effective antisense strategy was achieved.
The fact that the structure of the -1PRF signal was extre-
mely stable and conserved turned this region into an
important candidate for antiviral treatment. At the same
time, it was found that the PNA which showed a difference
of two bases with the target was less effective in —1 fra-
meshifting inhibition when compared with fully compatible
PNA (94% efficiency at specific concentration) [95]. This
result is an indication that PNA oligomers require more
specificity when binding to DNAs or RNAs when compared
to binding between DNA strands.

There are some important difficulties in the use of
PNAs as antiviral therapy against the SARS-CoV-2 RNA
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genome. One of these is the fact that the conserved gen-
ome regions of SARS-CoV-2 are fully known yet [96].
However, one of the major problems known for PNAs is
slow cellular uptake. Due to the negatively charged
phosphate backbones, PNAs have been reported to tend to
fold into complex globular structures when in solution,
possibly due to intra and intermolecular affinity between
their hydrophobic nucleobases. The hydrophobicity and
tendency to an aggregate of PNAs impose various lim-
itations. Hydrophobicity that supports PNA aggregation
appears to promote relatively non-specific adhesion to
both other macromolecules and larger surfaces [97]. Using
liposomes as a model for cellular membranes, researchers
have stated that PNAs are not readily absorbed by cells,
although they are neutral. This indicates that PNAs are
more lipophilic than oligonucleotide but are present in
aqueous sections of liposomes rather than being dissolved
in the lipid membrane [98].

Although nanotechnological tools such as gold nano-
particles and some modifications have been applied for the
solution of this problem, no studies have been conducted for
SARS-CoV-2 antiviral therapy. While there are studies on
the transmission of siRNA to the lungs through means of
transmission such as lipid nanoparticles [99], the applic-
ability of this for PNAs, determination, and optimization of
the effective dose is significant difficulties that should be
overcome.

Ribozymes and aptamers in the fight with
SARS-CoV-2

Scientific studies on the RNA molecule in the last 50 years
have provided a better understanding of the complex
structure of this molecule. Ribozymes are RNA molecules
with catalytic function. This catalytic function is provided
by binding and cleavage of the phosphodiester bonds in a
target nucleic acid. In this way, protein synthesis from the
target region is prevented. Ribozymes are classified
according to their size and reaction mechanisms [100]. The
specific inactivation of target RNAs by ribozymes suggests
that they could be effective in treating viral diseases via
their gene-editing activities. Indeed, ribozyme-based gene
regulation studies have been carried out in diseases caused
by RNA viruses including HCV, HIV, and influenza. Most
of the gene-editing studies carried out by ribozymes had
utilized easily modified small ribozymes such as the ham-
merhead, the hairpin, hepatitis delta, and the Varkud satel-
lite (VS) ribozyme [101-106].

Some important issues should be taken into consideration
while performing ribozyme-based antiviral therapy. For
example; the target region should be conserved and vital for
the virus, the target region should be accessible, and the
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ribozyme should be able to easily bind to the target region.
Also, an effective delivery mechanism is an important factor
that increases the robustness of therapy.

The major disadvantage of ribozymes is that their clea-
vage effects in vivo are not the same as in vitro. Moreover,
unmodified ribozymes generate a short-term effect when
they are administered alone in vivo [107-109]. The possible
reason for this could be the interaction of the ribozyme in
cellular traffic and its half-life. Yet, this does not mean that
ribozyme technology is completely unsuccessful and unu-
sable. On the contrary, improvements in this technology
will further increase its functionality and success rate. Long-
term in-vivo expression of ribozymes and permanent
treatment of the disease could be possible by mediator
molecules or chemical modifications. Some chemical
modifications made in ribozyme molecules have prevented
their degradation in the cell [110].

There have not been developed an effective, fast, per-
manent, and reliable treatment strategy for SARS and
MERS infections. Because they come from the same family
and their genetic structures are similar [111], many of the
treatment strategies tried for SARS-CoV-2 have been
inspired by those treatment methodologies. Since they are
all RNA viruses and are very prone to new mutations that
adversely affect the development of treatment strategies, it
is also become more difficult to find a definitive treatment
for SARS-CoV-2. However, in 2007, the DNA/RNA chi-
meric ribozyme that can be used in the treatment of the
general coronavirus has been designed and also taken into
patent protection by Japan scientists (JP2007043942). This
chimeric ribozyme is a ribozyme that targets and cuts
conserved regions in the coronavirus family and could be
adapted to SARS-CoV-2 treatment strategies or studies,
as well.

Lee et al. [112] have combined the ribozyme molecule as
a gRNA with the CRISPR/Cas9 system and they have
tested their effectiveness both in vitro and in zebrafish
embryos [112]. It was reported that the combination of
ribozyme and CRISPR/Cas9 technologies increased gene
disruption in the target region. Besides, a similar study has
been reported for the treatment of malaria, as well [113]. In
short, using ribozyme technology, in conjunction with
Cas9, or even Cpfl nuclease could increase the effective-
ness of the strategies [114]. Ribozyme therapy is an
important therapy due to its features such as high specificity
and lack of immunogenic response compared to some other
therapies [115]. Therefore, the combination of ribozyme
technology with antiviral drugs to treat SARS-CoV-2
infection could strengthen treatment efficacy as it was
shown in HIV with other gene therapy technologies
[116, 117].

Aptamers are a type of oligonucleotides that can be used
in gene therapy and treatments of viral diseases. They are
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small and single-chain oligonucleotides that bind to the
target molecule with high affinity. They have been preferred
in various studies because of their significant advantages
such as high affinity, ease of chemical modification, low-
cost, low-temperature sensitivity, rapid synthesis, and large-
scale production. RNA aptamers have been used to suppress
viral infection in Human Papillomavirus Type 16, Avian
Influenza Virus, and Hepatitis C virus (HCV) studies [118—
120]. However, the biggest disadvantage of aptamers is that
they are unstable within the cell, but with some modifica-
tions, aptamers could become more stable. There are a
plethora of chemical modifications leading to aptamers
stabilization [121, 122].

Aptamers are combined with ribozymes to produce cat-
alytic molecules called aptazyme. It has been reported that
combining aptazymes with the CRISPR/Cas system as
gRNA increases gene-editing efficiency [123]. In addition,
aptamers that have been combined with siRNA technology
to stop HIV-1 expression were also reported [124]. Two
patent applications in Korea (KR2009128837 and
KR2012139512) related to inhibition SARS virus were also
reported [125]. Therefore, by using similar methods and
inventions, aptamer technology could be a useful strategy
for the treatment of SARS-CoV-2 infections.

Aptamer technology could be used not only in the
treatment but also in the diagnosis of COVID-19 by binding
to antigenic viral proteins. Aptamer Group is planning to
use a combination of enzyme-linked oligonucleotide assay
with aptamer technology for the diagnosis of COVID-19 in
the near future [126, 127]). Moreover, an aptamer-based
nanosensor developed by Pinpoint Science is expecting to
rapidly diagnose COVID-19. There is also a detailed project
proposal regarding the use of aptamers in the treatment of
COVID-19 [128]. Finally, some studies in the SARS epi-
demic period have demonstrated that aptamer technology
could work for the diagnosis of the COVID-19 [129, 130].

RNAi based approaches for COVID-19
therapy

RNA interference (RNAi) mechanism has been used for the
silencing of genes that are related to cancer, viral infections,
and autoimmune diseases. microRNAs, siRNAs, and
shRNAs are the key molecules for the activation of RNAi
mechanisms. siRNAs, short interfering RNAs, are non-
coding dsRNA molecules that are 21-25bp in length
[9, 50, 131-133]. siRNAs, depending on homology and due
to the presence of 2 nt 3’ overhangs that are recognized by
the PAZ domain of Dicer, are important for guiding the
Dicer processing and the generating of the suitable guide
strand. siRNAs bind to target mRNA depending on

homology. Binding-complexes are recognized by RNAi
mechanisms that cause degradation of the target mRNA or
via RISC activation (RNA-induced silencing complex)
translation can be inhibited [131, 132]. For siRNA mediated
RNA interference, two different methods have been used
for siRNA mediated RNA interference. One is the RNA-
based strategy; synthetically produced siRNAs can be
transferred to target cells using specific transporters.
Another one is the intracellular production of siRNA via
DNA-based strategies. In this method, plasmids that are
encoding shRNA have been designed and used. In the
nucleus, shRNAs are produced and cleaved by Drosha and
DGCRS, transferred into the cytoplasm via exportin 5. By
Dicer cleavage in the cytoplasm, shRNAs turn into siRNAs
that trigger RNAi mechanism [132].

siRNAs can be used for the silencing of SARS-CoV-2
genes which encode structural and nsps. Genomes of
SARS-CoV-2 encode four structural proteins, these are
envelope (E), membrane (M), nucleocapsid (N), and spike
(S) proteins which are crucial for the assembly of the virion
and inhibition of viral replication in humans. For the drug
development, the genes encoding these viral structural
proteins have been targeted with developing siRNAs [133].
siRNAs have been shown to suppress SARS-CoV gene
expression [134]. Along with suppressing gene expression,
it also inhibits virus replication. Different siRNA targeting
studies have been analyzed by targeting SARS-CoV E, M,
N, and S genes. As a different approach, instead of targeting
SARS-CoV genes by siRNA, the leader sequences of
SARS-CoV genes were targeted. Leader sequences of S, E,
M, N genes were analyzed and common sequences for all
four genes were targeted by a siRNA. Inhibition of virus
replication was shown using siRNA in SARS-CoV-infected
Vero EG6 cells [135]. According to the approach and result in
this study, targeting multiple genes with siRNA by finding
common sequences from the leader sequences may be more
effective in inhibiting virus replication. As a current
approach to SARS-CoV-2 siRNA studies, researchers have
identified potentially siRNAs that could target the SARS-
CoV-2 virus. In this study, nine conserved siRNA regions
that could target the SARS-CoV-2 genome (MN908947,
https://www.ncbi.nlm.nih.gov/nuccore/MN908947))  were
analyzed [136] (Table 1).

In a Chinese patent (CN101173275), two different
siRNA was designed to silence the M protein-encoding
gene of SARS-CoV. siRNA-MI1, one of siRNA, is com-
plementary with M protein’s mRNA sequence, 220-241
nucleotides and other siRNA is complementary with its
460—480 nucleotides. Using these two siRNAs, inhibition
of M protein mRNA was shown, and interference efficiency
of siRNAs was determined as over %70 [131, 137-139]. A
patent application (US20050004063) includes six siRNAs
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Table 1 siRNAs that are

Target region

characterized by SARS-CoV Virus Patent or article
and potential siRNA targeting SARS-CoV
the SARS-CoV-2 genome.
SARS-CoV
SARS-CoV
SARS-CoV
SARS-CoV
SARS-CoV-2 [136]
SARS-CoV-2 [136]
SARS-CoV-2 [136]
SARS-CoV-2 [136]
SARS-CoV-2 [136]
SARS-CoV-2 [136]
SARS-CoV-2 [136]
SARS-CoV-2 [136]
SARS-CoV-2 [136]

CN101173275 (1023405-01-7) (1023405-02-8)
CN101173275 (1023405-03-9) (1023405-04-0)
US20050004063 (821121-38-4)

CN1569233 (872062-82-3)

CN1569233 (872067-98-6)

220-241 region of M protein
460-480 region of M protein
1194-1213 bp of replicase Al
Nucleoprotein N

Proteolytic enzyme

Orflab (6509-6531)

Orflab (7168-7188)

Orflab (11,997-12,017)
Orflab (12,001-12,021)
Orflab (15,041-15,064)

S (22,391-22,411)

Orf3a (25,693-25,717)

M (27,128-27,148)

N (28,688-28,711)

(SARSI-1 to -6) which target mRNA sequences of replicase
Al gene region and experimental results showed that virus
infection and replication was inhibited in FRhk-4 cells,
especially with SARSi-4 (CAS RN821121-38-4) [133]. In
the CN1569233 patent, designed siRNAs that targets
nucleoprotein N and proteolytic enzyme, inhibit around %
90-95 SARS-CoV in the BJol strain (Table 1).

SARS-CoV-2 also has 15 nsps Nspl to NsplO and
Nspl2 to Nspl6 which are encoded by genes on ORFlab
and ORFla. Nsp3, papain-like protease, is responsible for
cleaving polyprotein la to make Nspl, Nsp2, and Nsp3.
Nsp5 (main, 3C-like protease) and Nsp12 (RNA-dependent
RNA polymerase) regulate viral replication [133]. Nsp10/
Nspl6 (2'0O-methyltransferases) and Nspl0/Nspl4 com-
plexes facilitate methyltransferase activity. According to a
study, separately expressed Nsp9 and NsplO cause the
induction of IL-8 and IL-6 via targeted NKRF in lung
epithelial A549 cells. By targeting Nsp9 and Nspl0 with
siRNA, induction of IL-8/IL-6 can be reduced, thereby
minimizing neutrophil-related lung damage [138]. Target-
ing nsps is also important for the inhibition of viral repli-
cation and the reduction of viral symptoms.

As a different approach, genes encoding human proteins
associated with SARS-CoV-2 proteins are also targeted by
the designed siRNAs. There is one proposal which is aim-
ing to suppress the ACE2 gene for the treatment of SARS-
CoV-2 via siRNA mediated RNAi [140]. In this proposed
strategy, virus infection will be prevented as the RBD
region of the spike protein cannot bind to the ACE2
receptor [140]. This strategy was used for SARS-CoV and
resulted as viral replication was reduced in Vera E6 cells
[141]. Delivery strategies of siRNAs are planned using
stable nucleic acid-lipid particles (SNALP liposome) or
using an inactivated virus as siRNA carrier [140]. However,
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non-specific targets of siRNA might cause undesirable
immunogenicity, and suppression of the ACE2 gene might
cause different symptoms in humans. In another study for
SARS-CoV and MERS-CoV treatment, siRNAs were
designed to target ABL kinases (Abll and Abl2) which
regulate several cellular processes. According to experi-
mental results, knockdown of ABL2 by siRNA in Vero E6
cells causes considerable inhibition for replication SARS-
CoV and MERS-CoV [142].

For the treatment of COVID 19, an appropriate in vivo
transport strategy should be chosen when in vitro analysis
and characterization of siRNAs targeted to SARS-CoV-2
genes is complete. Naked siRNA molecules cannot effec-
tively pass through the cell wall due to their large size and
high negative charges density. Also, acute lung injury has
been established because SARS-CoV and SARS-CoV-2
viruses infect lung type-2 epithelial cells [143]. For
COVID-19, a respiratory disease, developed siRNAs could
be given to patients via pulmonary route by inhalation,
intratracheal aerosol delivery, intranasal delivery [99]. The
intense mucus layer, alveolar macrophages, pulmonary
proteases are a barrier for siRNAs to reach target cells due
to inflammation caused by acute lung injury [99]. Pul-
monary administered naked siRNAs degrade by macro-
phages and neutrophils, which are sensitive to foreign
particles [99]. These restrictions can be mitigated for aero-
sol administration using the lipidic, polymeric, peptide, or
inorganic origin siRNA nanocarrier systems and addition-
ally anti-mucosal agents. Lipid-based nanoparticles (LNPs)
can be used for the delivery of siRNAs. siRNAs are
encapsulated by using LNPs which provide penetration
ability to target tissue and more stability [144]. In addition,
SNALPS, developed by Alnylam (Patisiran, siRNA-based
drug) could be used for siRNAs delivery [144].
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Conclusion

Coronavirus disease (COVID-19) is a particularly infectious
respiratory disease caused by a newly discovered cor-
onavirus, SARS-CoV-2. The emergence and outbreak of the
novel coronavirus highlighted the urgent need for new
therapeutic technologies that are fast, precise, stable, easy to
manufacture, and target-specific for surveillance and treat-
ment. Molecular biology tools that include gene-editing
approaches such as CRISPR-Cas12/13-based SHERLOCK,
DETECTR, CARVER and PAC-MAN, ASO, antisense
peptide nucleic acids, ribozymes, aptamers, and RNAi
silencing therapies produced with cutting-edge scientific
advances compared to conventional diagnostic or treatment
methods could be vital in COVID-19 and other future
outbreaks. From a shorter and easier diagnosis to more
targeted virus detection and killing, these tools can enter our
lives as new generation diagnosis and treatment methods.
Thus, in this review, we summarized the robust molecular
biology toolbox that is studied for diagnosis of SARS-CoV-
2 and treatment against the viral infection, which can be
alternative biotechnological drugs in the future to conven-
tional vaccines and drugs.

Also, in this review, we have created a comparative
graph by discussing the information obtained from studies
conducted with these molecular biology tools that can be
used in the future in the treatment of viral infections specific
to SARS-CoV-2 (Fig. 1). In particular, we created a com-
parison idea between durability, specificity, handling,

availability, toxicity, and cost of production (Fig. 1). Based
on published studies, we think that CRISPR and ASO/
peptide nucleic acids are more resistant to purely RNA-
based RNAi silencing and ribozyme/aptamers, although
there are no such statistical comparative publications yet.
Despite this, we anticipate that CRISPR systems may be
more costly and perhaps toxic than all other systems
(Fig. 1). However, we think that the cheapest method would
be ASO or peptide nucleic acid. Comparative studies to be
conducted in the future will give us a clearer idea about
which or which of these systems will enter our lives more
quickly, easily, effectively, and cheaply (Fig. 1).
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