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Abstract
                         

COVID-19 is caused by severe acute respiratory SARS-CoV-2. Regardless of the availability of 
treatment strategies for COVID-19, effective therapy will remain essential. A promising approach to 
tackle the SARS-CoV-2 could be small interfering (si) RNAs. Here we designed the small hairpin 
RNA (named as shRNA688) for targeting the prepared 813 bp Est of the S protein genes (Delta). 
The conserved and mutated regions of the S protein genes from the genomes of the SARS-CoV-2 
variants in the public database were analyzed. A 813 bp fragment encoding the most part of the RBD 
and partial downstream RBD of the S protein was cloned into the upstream red florescent protein 
gene (RFP) as a fusing gene in the pCMV-S-Protein RBD-Est-RFP plasmid for expressing a potential 
target for RNAi. The double stranded of the DNA encoding for shRNA688 was constructed in the 
downstream human H1 promoter of the plasmid in which CMV promoter drives enhanced green 
fluorescent protein (EGFP) marker gene expression. These two kinds of the constructed plasmids 
were co-transfected into HEK293T via Lipofectamine 2000. The degradation of the transcripts of 
the SARS-CoV-2 S protein fusing gene expressed in the transfected HEK293T treated by RNAi was 
analyzed by RT-qPCR with a specific probe of the targeted SARS-CoV-2 S protein gene transcripts. 
Our results showed that shRNA688 targeting the conserved region of the S protein genes could 
effectively reduce the transcripts of the S protein genes. This study provides a cell model and technical 
support for the research and development of the broad-spectrum small nucleic acid RNAi drugs 
against SARS-CoV-2 or the RNAi drugs for the other hazard viruses which cause human diseases.
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Introduction

The global coronavirus disease 19 (COVID-19) 
pandemic is caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) [1]. The 

virus has a higher rates human-to-human transmission 
rate, facilitating rapid spread across the world [2]. 
According to the John Hopkins coronavirus resource 
center, SARS-CoV-2 has infected over 200 million 
people and caused more than 4.5 million deaths 
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worldwide till September 2021 [3]. Vaccines are 
markedly slowing the increase in positive cases and 
deaths; however, vaccination may not cover the global 
population fully [4]. Furthermore, mutated variant 
strains of SARS-CoV-2 that escaped from immunity 
in response to previous infection or vaccination are 
continuously emerging, and causing new local and 
global outbreaks [5, 6]. The emergence of Omicron 
variant indicates how fast the SARS-CoV-2 evolves, 
and its potential impact on the current protein-based 
intervention (i.e., vaccines, antibodies, or convalescent 
plasma) that primarily targets the highly mutated Spike 
(S) protein cannot be neglected [7]. One emerging 
concept in anti-COVID-19 medication involves the 
development of nucleic acid-based therapeutics, which 
can degrade the viral genome and can be quickly 
adjusted to viral mutations [8-10]. Nucleic acid-based 
therapeutics include small interfering RNAs (siRNAs). 
These are about 19~21 base-pair long, noncoding RNA 
duplexes that can knockdown the expression of target 
genes in a sequence-specific way by mediating targeted 
mRNA degradation [11, 12]. After cellular uptake, 
the siRNA duplex is loaded into the RNA-induced 
silencing complex (RISC). The duplex is processed 
to a single strand that binds with high specificity to 
complementary RNAs present in the cytosol, resulting 
in their cleavage [12, 13]. The ongoing pandemic 
prompted multiple research groups to evaluate siRNA-
based therapies for COVID-19. While the most of 
the published studies so far reviewed the potential 
of RNAi to treat COVID-19 [14-17], describe in-
silico studies [18, 19], initial proof-of-concept that 
SARS-CoV-2 can be inhibited by siRNAs was also 
provided [8, 20, 21]. The designed siRNA targeting 
the Orf1a/b region of the SARS-CoV-2 RNA genome, 
encoding for non-structural proteins (nsp), was tested. 
A siRNA with highly efficient inhibition of SARS-
CoV-2 replication was identified [19, 22]. The adeno-
associated virus vectors co-expressing a cocktail of 
the short hairpin RNAs (shRNA) directed against the 
SARS-CoV-2 RdRp and N genes were tested. The 
results indicated RNAi has the potential and promising 
drug candidate for therapeutic intervention [23]. An 
in-depth understanding of an efficient suppression of 
viral replication would be a requirement to formulate a 
potent antiviral strategy [24].

The SARS-CoV-2 is an enveloped, single-stranded 
large RNA virus, with a 5’ untranslated region (UTR), 
the ORF1a/b RNA encoding non-structural viral 
proteins, and a 3’ segment encoding the structural 

proteins, such as the S protein that binds to the human 
angiotensin-converting enzyme 2 (hACE2) receptor 
on host cells, and the nucleocapsid N protein involved 
in virion assembly [25], and a 3’ UTR [2, 26]. As a 
global response to the COVID-19 pandemic, the large 
amount of genomes of the SARS-CoV-2 variants, 
including the sequences of the S protein genes and 
proteins of the SARS-CoV-2 variants are available 
in the public database (https://www.ncbi.nlm.nih.
gov/nuccore/?Term=SARS-CoV-2%2C+S+ protein) 
[27, 28]. The dynamic properties of the S protein, 
particularly the much more transmissible Delta and 
Omicron variants were reported. The more mutations 
have accumulated in the Omicron S proteins, including 
the RBD [29,30]. The mutations in the receptor-
binding domains (RBDs) of the S protein influence its 
affinities to ACE2 [31]. The SARS-CoV-2 have the 
large RNA genome but without integration in human 
genome as they replicate in the cell cytoplasm of the 
human lung epithelial cells [32]. The antiviral efficacy 
of adenosine-based analogs, the main repurposed drugs 
for SARS-CoV-2 RNA-dependent RNA polymerase 
inhibition was investigated [33]. Using nucleic acid 
antisense oligonucleotides were described as a potential 
novel therapeutic strategy targeting the SARS-CoV-2 
RNA. An antisense oligonucleotide binding to the 5′ 
leader sequence of the SARS-CoV-2 disrupted a highly 
conserved stem-loop structure with nanomolar efficacy 
in preventing viral replication in human cells [2]. 

Here we designed the small hairpin RNA (named as 
shRNA688) for targeting the prepared 813 bp Est of 
the S protein genes (Delta) after cluster analysis. The 
conserved and mutated regions of the S protein genes 
of the genomes of the SARS-CoV-2 variants from the 
public database were analyzed. A 813 bp fragment 
encoding for the most part of the RBD and partial 
downstream RBD of the S protein (Delta) was cloned 
into the upstream red florescent protein gene (RFP) as 
a fusing gene expressing as a potential target for RNAi 
testing as the pCMV-S-Protein RBD-Est-RFP plasmid. 
The double stranded of the DNA shRNA688 were 
constructed in the downstream human H1 promoter of 
a plasmid which could also express green fluorescent 
protein (EGFP) marker gene. The dual expression of 
the EGFP and shRNA in a plasmid was convenient way 
to understand to transfection efficiency (34). These two 
kinds of the constructed plasmids were co-transfected 
into  HEK293T via  Lipofectamine 2000.  The 
degradation of SARS CoV-2 S protein gene fragment 
transcripts expressed in the transfected HEK293T after 
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RNAi treatment was studied by analyzing the image of 
gene transfected cells and the fluorescence quantitative 
reverse transcription polymerase chain reaction (RT 
qPCR) data using a specific probe targeting SARS 
CoV-2 S protein gene.

Experimental
Selection of RNAi targets by analysis 
the conserved and mutant sequences of 
SARS-CoV-2 variants

The multiple genome and S protein sequences from 
SARS-CoV-2 variants, alpha, beta, gamma, delta, and 
omicrons were obtained from the Genbank (https://
www.ncbi.nlm.nih.gov/nuccore/?term=SARS-CoV-2). 
The clustal comparisons were performed by the online 
tool of the UCSC genome browser for SRAS-CoV-2 
(http://genome.ucsc. edu/cgi-bin/hgBlat), the Clustal 
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
The conserved region was selected on the consensus 
of the S protein genes of the SRAS-CoV-2. The sense 
sequence (21 bp) was picked up for the shRNA, which 
was as same as the targeted sequence of the S protein 
genes of the SRAS-CoV-2. After the sense sequence (21 
bp), there was a loop sequence with “TTCAAGAGC”. 
After  that ,  there were a  f ragment  of  reverse 
complementary (21 bp) and a fragment of poly(T)6. 
Then, a shRNA contained the elements, a sense, a loop, 
an antisense, and a poly(T)6. The designed shRNA688 
sequence and the complementary sequence were in the 
list (Table 1).

Construction of H1-shRNA688-pCMV-
EGFP plasmid

For construction of the shRNA expression plasmid, 
a pSIL-EGFP vector https://www.addgene.org/52675/
sequences/) contained pCMV-EGFP gene for gene 
transfection marker gene was used as the basic vector. 
The human RNA polymerase III type promoters (34), 
H1 promoter (108 bp) was constructed in the upstream 
of the pCMV-EGFP regions via XhoI and HindIII 
construction sites. The shRNA688 was integrated in 
downstream the promoters, H1 promoter (108 bp) via 
HindIII and EcoRI restriction sites. The constructed 

plasmid was confirmed by Sanger sequencing.

Selection and Preparation of the RBD 
containing Fragment of the SARS CoV-2 
Delta S Protein Gene

Based on cluster analysis of the S protein sequences 
from the SARS-CoV-2 variants, a fragment (813 bp) of 
an RBD containing sequence (EST) from the S protein 
of the SARS-CoV-2 Delta variant was selected. This 
is a region that not only contains the special mutation 
in SARS CoV-2 Delta S protein gene, but also 
contains the shared conservative region in Omicron 
B.1, B.5 and other SARS CoV-2 S protein genes. For 
construction of this S protein RBD containing EST 
expression plasmid, this fragment sequence (813 bp) 
as a sense strand and its reverse complementary as an 
antisense strand with added few nucleoside acids at 
both ends were synthesized. After the sense and the 
antisense strands were annealed as a double strands 
of DNA fragment with the sticky restriction sites, for 
XhoI at 5’end and KpnI at 3’end, were formed. 

Construction of an RBD containing 
fragment of the SARS-CoV-2 S protein 
and RFP fusing gene expression plasmid

The pLVX-IRES-mCherry vector (Takara Bio 
USA), which contains the CMV promoter, multiple 
cloning sites (MCS), mCherry red fluorescent protein 
(RFP) gene with polyA tail, was used as the basic 
vector for expression of the RBD containing EST of 
the S protein gene of the SARS-CoV-2. In this vector 
MCS, there are the restriction sites of XhoI (2809) 
and SacII (2834). There are two SacII and two KpnI 
restriction sites in the vector. Their cutter positions are 
in a way as SacII (2834) - KpnI (3289) -SacII (4644) 
– KpnI (4869). For construction, this empty vector 
was double digested with enzymes, XhoI and SacII 
(Takara Bio USA). The circle vector was first opened 
with XhoI. The digested vector DNA was harvested 
from 0.8% agarose gel. The recovered DNA was 
further digested by Sac II. The two fragments from the 
double digested vector were separated on 1% agarose 
gel (Shanghai Yuanye Bio-Technology Co., Ltd). The 
big fragment (6322 bp) was with SacII sticky end (5’) 

Table 1 The oligo sequences for constructing the shRNA688 expression plasmid
Oligo names Sequences

nRBD-4F-688 AGCTTGGTGTTCTTACTGAGTCTAACTTCAAGAGCGTTAGACTCAGTAAGAACACCTTTTTTG

nRBD-4R-688 AATTCAAAAAAGGTGTTCTTACTGAGTCTAACGCTCTTGAAGTTAGACTCAGTAAGAACACCA
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and XhoI sticky end (3’). The second fragment (1816 
bp) was with SacII sticky end at both ends. The second 
fragment (1816 bp) was further digested with KpnI to 
result in two sub-fragments (1316 bp, 459 bp). The two 
sub-fragments were further separated on 1.5% agarose 
gel. The fragment (1316 bp) with KpnI sticky end 
(5’) and SacII sticky end (3’) was harvested from the 
gel. Then, three fragments, two of them (6322 bp and 
1316 bp) from the pLVX-IRES-mCherry vector, and 
one of them, the double strands of the DNA fragment, 
which was encoding the most of the RBD and partial 
downstream RBD of S protein of SARS-CoV-2, were 
with XhoI and KpnI sticky-ends (825 bp), connected 
and circled by T4 DNA ligase (5 u/µL) (Thermo Fisher 
Scientific) as an expression plasmid. The constructed 
plasmid is called pCMV-S protein RBD-EST-RFP. The 
insertion region of plasmid was confirmed by Sanger 
sequencing (Fig. 1).

Transfection of the S protein RBD 
containing fragment and RFP fusing 
gene expression plasmid, shRNA and 
EGFP plasmid to HEK293 cells

The human cell line, HEK293T cells (ATCC) were 
cultured in high-glucose Dulbecco’s Modified Eagle 
Medium (Thermo Fisher Scientific) supplemented with 

10% fetal bovine serum (FBS), 1% antibiotics (100 
µg/mL penicillin, 100 µg/mL streptomycin), 2 mM 
glutamine, and 1.5 mg/mL sodium bicarbonate at 37 °C 
in a humidified incubator with 5% CO2 (All reagents 
were obtained from Thermo Fisher Scientific). The 
sub-cultured HEK293T cells were used for transient 
transfection experiments. The cell suspension was 
diluted to 1 × 105 cells/mL and seeded in 6-well-plates 
When the cells were grown reaching 70% confluence, 
then washed with phosphate buffered saline (PBS). 
Either constructed pCMV-S-protein RBD-EST-RFP 
or the pH1-shRNA-EGFP plasmids was transiently 
transfected into the cultured HEK293T cells mediated 
with the transfection reagent, Lipofectamine 2000, 
according to the manufacturer protocol. Briefly, 
each transfection mix was prepared in serum-free 
DMEM with 1 μg/100 μL of a DNA plasmid and 3 µL 
Lipofectamine 2000 as ratio of 1:3. One mix for each 
transfection was agitated in 200 µL and incubated 
15  min at room temperature. An equal mass of shRNA 
or control plasmid was used for these respective 
transfections. The mixes were added to the cells in 0.5 
mL per a well in 6-well plates and incubated for 6-20  
h. After that, the mixes were removed from the treated 
cells, and the 1.5 mL/well normal growth DMEM 
supplemented with 10% FBS, 1% antibiotics were 
subsequently added back to the treated cells.

Fig. 1 Cluster analyzing of the RBD regions of the S proteins of SARS-CoV-2 variants. Each RBD region has at least one mutation 
in peptide level shown in the blue boxes of the two blocks. In the blocks, the mutations (with white background) of the peptide 
sequences are shown from different S protein RBD isoforms of SARS-CoV-2 variants, including the Omicron variants within the 
yellow boxes. In the last line, the sequence of the RBD containing and partial downstream RBD was from Delta, and its 813 nt cDNA 
was selected for integrating to an RFP gene over-expression plasmid as the shRNA targets in this study. The peptides in red box in 
downstream RBDs are highly conserved in all variants without any mutation.
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F luore scence  image  ana lys is  o f 
transfected cells expressing the S 
protein RBD-RFP fusion gene, shRNA 
and EGFP gene

The transgenic expressions were examined and 
validated 24 hours after the transfection under 
fluorescence microscope. The red or green, fluorescent 
cells were visualized by fluorescence microscopy 
on a microscope (10X magnification, DMIL LED, 
Leica, Germany). The fluorescent cells (the red or/
and green fluorescence) over the total cells (under 
normal light) were observed. The images were taken. 
The overlapping or co-localized RFP and EGFP 
images were performed to understand the double 
transfection efficiency using the software matched to 
the microscope images.

Nucleic acid extraction and strand-
specific cDNA synthesis

For quantitative RT-PCR, the total RNA was 
extracted from the transfected cells 24  hours post 
transfection with the FastPure Cell/Tissue Total RNA 
isolation Kit V2 (Vazyme RC112, China). The cells 
in each well were lysed with the buffer from the Kit. 
After then, the subsequent steps were performed 
according to the manufacturer’s instructions. The 
quality and concentration of the eluted total RNA 
from each sample was measured by Nanodrop 2000 
spectrophotometer (Thermo Scientific, Waltham, MA, 
USA); Samples with A260/280 ratios between 1.8 
and 2.2 were considered for next steps. cDNAs were 
prepared from 1 µg total RNA using the HiScript III 1st 
Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme 
R312-01/02, China) and oligo (dT) as primer for 60 
min at 45 °C.

Quantitation of the targeted SARS-CoV-2 
transcripts via RT-qPCR 

The quantitation of SARS-CoV-2 S protein RBD-
EST and housekeeping gene transcripts in the 
transfected cell cultures were carried out with a RT-
qPCR. Total RNA and cDNAs were prepared as 

described above. A RT-qPCR was conducted using the 
AceQ Universal U+ probe Master Mix V2 (Vazyme 
Q513, China). For each reaction, 10 µL “2X AceQ 
Universal U+ Probe Master Mix V2”, 0.4 µL the sense 
primer (10 µM), 0.4 µL the antisense primer (10 µM), 
the targeting S protein RBD specific probe (10 µM), 
and the sample cDNA with ddH2O, a total volume 
was 20 µL. The primers and targeting S protein RBD 
specific probes were designed, used and listed in the 
Table 2. The cycle conditions of the RT-qPCR were 
applied as an incubation step at 37 °C for 2 min, an 
initial denaturation step at 95 °C for 5 min, followed 
by 45 cycles of amplification for 10 s at 95 °C and 30 
s at 60 °C using a Light Cycler 480 (Roche, Basel, 
Switzerland). The quantities of the transcripts were 
normalized by the amount of GAPDH transcript. 
Relative quantification of the targeted RBD EST 
degraded by the tested shRNA688 was calculated using 
the standard 2−ΔCt method.  

Results and Discussion
The mutant and conserved regions of S 
protein RBD of the SARS-CoV-2 variants

One published SARS-CoV-2 Spike protein (S 
protein, surface glycoprotein isoform, YP_009724390) 
is composed of the 1273 amino acids. Among them, 
the 223 amino acids (319-541) are for the receptor-
binding domain (RBD). The RBD is for the binding 
to human ACE2 (https://www.uniprot.org/uniprotkb/
P0DTC2). Taking the cDNA and protein sequences 
of this S protein and its RBD as the references, the 
sequences of the S protein genes and their translated 
protein isoforms of the SARS-CoV-2 variants were 
cluster analyzed. The results showed that there was at 
least one amino acid mutation in each of the RBDs of 
the S protein isoforms. There were several mutations 
in Omicrons BA.1, BA5.1.3, BA.5.2.1. However, 
the conserved regions were remained which have no 
mutation in downstream RBDs. In this study, an 813nt 
cDNA sequence encoding for the most part of the 
RBD region and the partial downstream RBD of the 
SARS-CoV-2 Delta S protein was selected (Fig.1). 
This cDNA sequence and its reverse complementary 

Table 2 The primers and probes for RT-qPCR to detect SARS-CoV-2 S protein RBD EST degraded by the shRNA
Oligo names Sequences (within S protein RBD region)

qPCR-13R-nRBD-688-174bp primer 5’ AGCAACTGTTTGTGGACCTAA

qPCR-13F-nRBD-688-174bp primer 3’ TGGTGTAATGTCAAGAATCTCAAGTG

RBD-Taqman probe-4 TGTGGATCACGGACAGCATCAGT (reverse)
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sequence were synthesized and annealed as a fragment 
which was integrated with the RFP cDNA as a fusing 
gene in the pCMV-RFP expression plasmid.

The constructed S protein RBD EST of 
SARS-CoV-2 Delta and RFP fusing gene

The RBD EST of the S protein of the SARS-CoV-2 
Delta and mCherry red fluorescent protein (RFP) fusing 
gene was constructed in pLVX-IRES-mCherry RFP 
plasmid for expressing the potential target to evaluate 
the effectiveness of the shRNA interference. In this 
pLVX-IRES-mCherry plasmid, pCMV drives mCherry 
RFP gene expression. We removed the most part of the 
IRES between the restriction sites of XhoI and KpnI. 
The synthesis and annealed double strands of the DNA 
fragment was with the sense strand (813 nt) encodes 
for the most part of the S protein RBD of the SARS-
CoV-2 Delta S protein was successfully integrated into 
this plasmid (Figure 2). The 813 nt insert integrating 
with RFP gene as a fusing gene was approved by 
Sanger sequencing. The insert theoretically encodes 
the most part of the RBD and the partial downstream 
after RBD of the SARS-CoV-2 Delta S protein, but it 
started from the position downstream the start points 
“ATG” encoding for “M” of the S protein. So, the 813 
nt insert-RFP fusing gene was only possible to express 

mRNA, but not to produce any fusing protein (Figure 
3).

D e s i g n e d  s h R N A t a r g e t i n g  t h e 
conserved downstream RBD of the 
SARS-CoV-2 Delta S protein

The whole RNA genomes and their S protein genes 
of the SARS-CoV-2 variants were cluster analyzed. 
The S protein genes could be identified in their RNA 
genomes. In the SARS-CoV-2 Delta variant genome, 
the S protein gene (3816 nt) was started from 21517 
nt and ended at 25332 nt. The RBD (317-539aa, 
described as the sequence in sp|P0DTC2|SPIKE_
SARS2) from the coding region of the S protein 
(1271aa) of the genome (OL903477.1) was started 
from 22465 nt and ended at 23133 nt (Figure 4). 
Although there were different kinds of mutation in 
RBDs of the SARS-CoV-2 S proteins, the 813 nt cDNA 
sequence encoding for the part of the RBD region and 
the highly conserved partial downstream RBD of the 
SARS-CoV-2 Delta S protein gene was selected as the 
potential shRNA targets. The shRNA was designed on 
the base of the 813 nt insert sequence from the Delta. 
Considering of the shRNA to target not only the Delta, 
but also the Omicrons and the others, we finally picked 
up the highly conserved region at the downstream but 

Fig. 2 Construction of pCMV-RBD EST of SARS-CoV-2 S protein and RFP fusing gene plasmid, named pCMV-S-protein-RBD-
EST-RFP. The synthesized and annealed double strands of the DNA fragment was with a XhoI sticky site (CTCGAG) at the 5’ end, 
KpnI sticky site (GGTACC) at the 3’ end. The sense strand (813 nt) of the DNA fragment encodes for the most part of the RBD of the 
SARS-CoV-2 Delta S protein. The 3’ LTR acts as a polyadenylation signal to terminate transcription.
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near the RBD of the S protein genes to test (Figure 
4). The shRNA, named as shRNA688, was with the 
sense sequence as “GGTGT TCTTA CTGAG TCTAA 
C” which was total identity in all the downstream the 
RBDs of the S protein genes of SARS-CoV-2 variants 
(Figure 5).

The constructed EGFP marker gene and 
the shRNA688 targeting the S protein 
gene of the SARS-CoV-2 co-expressing 
plasmid

The constructed pCMV-EGFP-pH1-shRNA688 co-
expression plasmid was prepared on the base of the 
pSIL-EGFP vector which contained pCMV-EGFP gene 
for gene transfection marker gene. The H1 promoter 
(108 bp), one of the human RNA polymerase III type 
promoters, was used in the upstream shRNA688. The 
shRNA688 was in downstream the H1 promoter. There 
are 4 elements in shRNA688 cDNA. The sequences 

were as the sense “GGT GTT CTT ACT GAG TCT 
AAC”, the loop “TTC AAG AGC”, the antisense “GTT 
AGA CTC AGT AAG AAC ACC”, and the termination 
“TTT TTT”. Both H1 promoter and shRNA688 were 
confirmed by Sanger sequencing. The constructed 
plasmid was with the pCMV promoter to drive the 
EGFP marker gene expression and the human H1 
promoter to drive the expression of the shRNA688 
which were designed for targeting the S protein 
transcripts of the SARS-CoV-2 (Figure 6).

The HEK293T cells expressed both 
EGFP and RFP genes with the green and 
red fluorescence after co-transfection 
with pCMV-EGFP-pH1-shRNA and pCMV-
S-protein-RBD-EST-RFP plasmids

The HEK293T cells were co-transfected with the 
pCMV-S protein RBD EST-RFP fusing gene plasmid 
and the pCMV-EGFP-pH1-shRNA688 plasmid 

Fig. 3 The EST insert encoding for the RBD and the downstream RBD of the SARS-CoV-2 Delta S protein connected to upstream 
RFP gene was confirmed by Sanger sequencing. The insert is between the restriction sites of the XhoI (CTCGAG, with yellow 
background) at 5’ end and KpnI (GGTACC, with brown background) at 3’ end. The insert region theoretical encoding for the RBD 
(with underline) and the downstream (after the RBD region and before the KpnI restriction site (GGTACC, with brown background) 
of the S protein Delta. However, there is no “ATG” for this RBD and whole fusion gene in the part of the EST of the S protein Delta. 
The RFP protein was translated from its own “ATG” for its entire protein as wild-type RFP protein.
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Fig. 4 shRNA targeting the S protein gene of the SARS-CoV-2 Delta. The location of the S protein gene and its encoded protein of 
SARS-CoV-2 Delta were indicated. The selected shRNA (shRNA688) was targeted the downstream but closed to the coding region 
of the RBD of the S protein of the SARS-CoV-2 Delta variant.

Fig. 5 shRNA688 targeting the downstream RBDs of S protein genes of the SARS-CoV-2s. The sense sequence of the shRNA688 
was “GGT GTT CTT ACT GAG TCT AAC” which was total identity in all the downstream the RBDs of the S protein genes of 
SARS-CoV-2 variants (inside of the red line box, in up block). If the sense sequence of the shRNA688 was translated into peptide 
sequence as a reference, it was “GVLTESN” which was the same as the all the compared peptide sequences of the S protein isoforms 
although there were the mutations in the RBD peptide sequences of the S proteins of the SARS-CoV-2 variants.
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mediated with Lipofactamine 2000 as the ratio of 
the DNA to Liposome (1:3). After the transfection, 
there were three kinds of transfected cells. One kind 
of the transfected cells received the pCMV-S protein 
RBD EST-RFP fusing gene plasmid were with red 
fluorescence. The second kind of the transfected cells 
received the pCMV-EGFP-pH1-shRNA688 plasmid 
were with green florescence under fluorescence 
microscope. The third kind of the transfected cells were 
received both kinds of the plasmids. Such transfected 
cells expressed both red and green fluorescence as 

shown as yellow fluorescence after the fluorescent 
images were overlapped (Figure 7).

shRNA688 degraded the S protein 
Est in the gene transfected HEK293T 
determined by RT-qPCR

After the HEK293T cells were co-transfected 
with pCMV-EGFP-pH1-shRNA688 plasmid, and 
pCMV- S protein RBD containing EST-RFP fusing 
gene plasmid, the cells with both the green and red 

Fig. 6 The constructed EGFP marker gene and the shRNA688 targeting the S protein gene of the SARS-CoV-2 co-expressing 
plasmid, named as pCMV-EGFP-pH1-shRNA688. The pSIL-EGFP expression plasmid was used as a basic vector. The human H1 
promoter (108 bp) was inserted into XhoI and HindIII restriction sites. The annealed double strands of the shRNA688 forward strand 
(with 4 elements indicated) and its reverse complementary strand with HindIII and EcoRI restriction sticky ends was integrated in 
downstream H1 promoter and confirmed by Sanger sequencing.

Fig. 7 The HEK293T cells were co-transfected with the pCMV-S protein RBD EST-RFP fusing gene plasmid and the pCMV-EGFP-
pH1-shRNA688 plasmid. In shRNA testing, the cultured cells were transfected with the pCMV-EGFP-pH1-shRNA688 plasmid 
DNA. In the control, the cells were transfected with the pSIL-EGFP plasmid DNA, which was the empty backbone to construct 
shRNA silencing plasmids with EGFP transfection maker (https://www.addgene.org/52675/), respectively. The transfected cells were 
observed under fluorescence microscope with the filters for red or green fluorescence (10X objective, Leica). (A) HEK293T cells 
grew after co-transfection (under daylight). (B) The cells expressed the S protein RBD EST-RFP fusing gene with red fluorescence. 
(C) The cells expressed EGFP with green fluorescence. (D) When the cells in the culture were co-transfected with two kinds of the 
plasmids, some cells were with both red and green fluorescence as finally shown as yellow colors after the images B and C have 
been merged. (E) The cells grew after co-transfection. (F) Some cells were with red fluorescence. (G) Some cells were with green 
fluorescence. (H) Some cells were with yellow colors after the images F and G have been merged.

shRNA688

shRNA
control

(A) (B) (C) (D)

(E) (F) (G) (H)
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fluorescence. The total RNA from each transfection 
were isolated and cDNA were prepared. The RT-
qPCR were performed, and the data were statistically 
analyzed. The experiments were performed repeatedly 
three times and each experiment was with samples (n 
= 3). The results showed that the average and standard 
error of the degradation rate of the transcripts of the 
S protein Est (813 bp) after shRNA688 treatment was 
down to 0.4860.039 compared to the control. The 
results indicated that the transcript concentration of 
the S protein mRNA Est (813 bp) in transfected cells 
after shRNA688 treatment was significantly reduced 
comparing to the control (Figure 8).

Conclusions
T h e  c o n s t r u c t e d  s h R N A 6 8 8  w a s 
targeting the highly conserved region of 
the S protein genes of the SARS-CoV-2

The SARS-CoV-2 with novel mutations have 

resulted in the COVID-19 pandemic world-wide so 
far (1). In this study, we took an 813 nt fragment of 
the S protein gene from the SARS-CoV-2 Delta as 
shRNA target. The 813 nt contained the most part of 
RBD and partial downstream RBD of S protein gene. 
Based on this 813 nt fragment sequence, we have 
designed, prepared the shRNA688 and performed 
the RNAi experiments. Our results showed that the 
shRNA688 significantly reduced the concentration of 
the S protein mRNA Est813 transcripts. We analyzed 
the different types of S protein CDS and protein 
isoforms. The results showed that shRNA688 targeting 
region was highly conserved in all SARS-CoV-2 
variants, including the Delta, Omicron BA.1, Omicron 
BA.5.1.3 and Omicron BA.5.2.1 which were caused 
the COVID-19 in recent two years. So, the shRNA688 
not only degraded S protein mRNA Est of the SARS-
CoV-2 Delta in our study, but also theoretically has the 
RNAi function on all existed SARS-CoV-2 variants 
identified so far, as the target region of shRNA688 

Fig. 8 The mRNA concentration of the S protein mRNA Est813 in transfected cells after shRNA688 treatment was significantly 
reduced compared to the control. Results showed that the three times of RT-qPCR experiments. The degradation rates of the mRNA 
concentration of the S protein mRNA Est813 after shRNA688 treatment were shown down till in A: 0.465, B: 0.531 and C: 0.462 (data 
were triplicated) compared to the control. The average and standard error degradation rate of the three-time experiments were down 
to 0.4860.039. As the concentration of the S protein mRNA Est813 in each experiment were varied but the degradation rates (D.R) 
were in similar levels. The data were also shown in graphics.
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were shared in all S protein genes of the SARS-CoV-2 
variants.

Co-transfection of the shRNA and EGFP 
expression plasmid, and S protein gene 
fragment-RFP fusing gene plasmid 
in human cell l ine as a useful cell 
experimental model for RNAi research

Considering the lab biosafety, we constructed the 
pCMV-S protein RBD containing EST-RFP fusing 
gene plasmid and sent the fragment of S protein 
gene into experimental cells. We were carefully to 
pick the fragment and connected with the RFP gene 
as a fusing gene, which did not produce any fusing 
protein, but produce the wild-type RFP gene as gene 
transfection marker. If the transfected cells expressed 
the constructed S protein RBD containing EST-RFP 
fusing gene, the cells were with red florescence. 
Considering the delivery efficiency of shRNA for 
RNAi, we constructed the pCMV-EGFP-pH1-shRNA 
plasmid. In one construct, pCMV derived EGFP 
expression, the human H1 promoter drives the shRNA 
expression. We used LipofectAMINE2000 to mediate 
both pCMV-S protein RBD containing EST-RFP fusing 
gene plasmid and pCMV-EGFP-pH1-shRNA plasmid 
into the cultured cells. The gene transfection ratios can 
be easily observed under fluorescence microscope. The 
co-transfection efficiency can be observed by image 
merging analysis of the red fluorescence and the green 
fluorescence. The co-transfected cells with yellow color 
about average 20-30% were under the consideration 
of performing RT-qPCR to determine the mRNA 
concentration of the targeted S protein Est fusion gene 
transcripts, to test the RNAi effects of the shRNA. 
Here, the shRNA688 reported by us in this study, as 
we have observed the RNAi results of shRNA688, we 
did not try to sort both the red or the green florescence 
gene expressed cells by Flow cytometry (FASC).

shRNA688 could be potential therapeutic 
drugs against SARS-CoV-2

The SARS-CoV-2 is RNA genome virus. When the 
SARS-CoV-2 have infected human lung epithelial cells, 
the virus genetic RNA invaded the infected cells. The 
S protein of the virus was translated from the S protein 
RNA gene. In this study, we used the shRNA688 to 
degrade the transcripts of the S protein RBD containing 
EST-RFP fusing gene in cell model successfully, 
although we did not perform any experiment on real 

SARS-CoV-2 to investigate whether the full RNA 
genome of the SARS-CoV-2 can be degraded or not 
by shRNA688. As we all know, several variants of 
the SARS-CoV-2 were already existed. Since the 
spread of SARS-CoV-2, the vaccines and neutralizing 
antibodies were research hot fields. It takes us great 
efforts and time to prepare and update the vaccines 
or identify novel neutralizing antibodies to avoid 
the immune escapes of the developed neutralizing 
antibodies to the new mutant antigens of the S proteins 
of the SARS-CoV-2 novel variants. Nowadays, a novel 
variant of the SARS-CoV-2 can be fully sequenced 
and analyzed. If any virus mutants exist in the targeted 
RNA sequence, the RNAi element can be also easily 
and quickly designed and prepared to test its RNAi 
function on the potential new mutants of SARS-
CoV-2. At present, the Food and Drug Administration 
(FDA) has issued emergency approval for the use of 
some antiviral drugs. RNAi based therapy provides 
a tractable target for antiviral treatment. The use of 
nanoparticles as carriers for the delivery of siRNAs to 
specific cells of the human body could play a crucial 
role in the specific therapy of SARS-CoV-2 infections 
(35). For real clinical application, the optimal 
nanomaterials or mediators will be under consideration 
for aerosol inhaler. Inhaled siRNA holds great promise 
to develop antiviral therapies for respiratory diseases. 
COVID-19 caused by the SARS-CoV-2 virus is a fast-
emerging disease with even deadly consequences. 
The pulmonary system and lungs are most prone to 
damage caused by certain the SARS-CoV-2 infection, 
which leaves a destructive footprint in the lung tissue, 
making it incapable of conducting its respiratory 
functions and resulting in severe acute respiratory 
disease and loss of life. The RNAi can be employed 
to develop therapies against the virus. This approach 
allows specific binding and silencing of therapeutic 
targets by using shRNA molecules. the feasibility of 
delivering promising therapies by the inhalational 
route, with the expectation that this route will provide 
one of the effective interventions to halt viral spread 
(36). The short double strands of shRNA will be under 
consideration to instead of the plasmids. Furthermore, 
to collaboratively test RNAi drug function on the 
pseudovirus, or even the SARS-CoV-2 are supposed 
with the research groups in the biosafety labs. Once 
a pipeline of siRNA design and delivery to the 
respiratory tract is established, the adaptation of RNAi-
based therapies to new targets is comparably simple. 
Thus, it could allow a relatively fast development of 
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antiviral drugs in emergency settings caused by newly 
emerging pathogens affecting the respiratory tract 
such as SARS-CoV-2 (37). We hope that RNAi can 
be developed as one of the effective drugs for treating 
SARS-CoV-2 to save the lives of patients.
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