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Abstract
Covid-19 (SARS CoV-2) has become a deadly, world-wide pandemic. Although most who are infected survive,
complications from the virus can be pronounced and long-lasting. To date, of all the respiratory viruses including influenza
and coronaviruses, only influenza has had a drug (i.e., Tamiflu) specifically targeted to treat and prevent infection. As a
result, additional agents that specifically target viral production and are clinically feasible are needed to alleviate respiratory
viral infections. The idea of using a miRNA/siRNA molecular approach for treating various diseases was postulated over a
decade ago; however, only within the past few years has it become feasible. One technological advancement has been the
molecular linkage of lipophilic moieties to mi/siRNAs in order to bypass the need for enveloping these inhibitory RNAs in
lipid-based transfection reagents, which could irritate the airway if inhaled. Here we show that siRNAs and miRNAs inhibit
SARS CoV-2 spike protein production in a dose-dependent manner in both HEK293 cells and a primary human airway
tracheal cell line. We also show that this inhibition is equally robust using a clinically relevant siRNA that does not need to
be prepped with a transfection reagent.

Introduction

Common respiratory viruses such as rhinovirus, respiratory
syncytial virus, human metapneumovirus, influenza virus
(IV), and coronavirus (hCoV) have been studied for decades
[1]. In general, most who are infected survive; however, the
death rate from complications (e.g., viral pneumonia) for
many of these viruses remains high. The arsenal of agents
for battling these types of viruses ranges from potent vac-
cines to over-the-counter medications for alleviating
symptoms. With the exception of Tamiflu for IV, few
agents exist, either pharmacological or molecular, that are
able to directly attack the replication, construction, or
infectious ability of these viruses. This problem is exacer-
bated by the fact that viral immunity, particularly mucosal,

appears to wane over just a few years. Interestingly,
mutation does not seem to be prevalent within the cor-
onaviruses that are widely circulating. As a result, SARS
CoV-2 viral ssRNA coding regions are vulnerable to
genetic targeting, an approach that would result in transla-
tional suppression of proteins necessary for virus produc-
tion/infection. A meticulous description of SARS CoV-2
can be found in ref. [2], which elucidates the mechanistic
complexities that regulate the SARS CoV-2 cycle of
infection. Based on existing information for SARS CoV-2,
we have devised a strategy to stop, or at least slow, the
production of infectious virions. This strategy is loosely
based on ongoing work in which we employed a paradigm
shift for treating heart failure using a molecular, gene-
targeting approach [3]. Specifically, we use miRNA tech-
nology to target genes known to cause heart failure in order
to return cardiac function to normal parameters. Given
previous success, we tested whether this molecular
approach could be effective against SARS CoV-2 and
hCoVs in general.

The hypothesis is that synthetic miRNAs (or alter-
natively siRNAs) can be used to target and suppress specific
translation events critical for SARS CoV-2 production and/
or infection. MiRNAs are small noncoding RNA molecules
(containing about 22 nucleotides) found in plants, animals,
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and some viruses. In vertebrates, miRNAs are predicted to
regulate timing of protein expression, epigenetic gene reg-
ulation, and overall protein homeostasis within cells [4–9].
While miRNAs generally function by targeting the 3′UTR
of an mRNA through their seed sequence consisting of 7–8
bases (although some can target 5′UTR and open reading
frame (ORF)), siRNAs, which are artificially synthesized
are generally perfect matches to the ORF of mRNAs. When
either miRNA or siRNA is used to target an mRNA, post-
transcriptional silencing of gene expression is the direct
result. All hCoVs must use translational machinery to
generate the proteins necessary for replication and infection.
Consequently, translation of these proteins is susceptible to
targeted suppression by miRNAs and/or siRNAs.

The idea of using a miRNA/siRNA molecular approach
for treating various diseases was postulated over a decade
ago; however, only within the past few years has it become
feasible. A prime example illustrating the clinical imple-
mentation of this novel paradigm is the recent (2017)
antisense agent IONIS-HTTRx (Ionis Inc.) for treating
Huntington’s disease [HTT] [10]. This therapeutic approach
is showing great promise not only with respect to safety but
also clearing away all mutant forms of HTT protein in phase
1 and 2 clinical trials. Antisense technologies are now
becoming feasible for treating cancers [11], muscular dys-
trophy [10], and some viral infections [12–14]. Based on
over a decade of experience using siRNA, miRNA mimics,
and inhibitors [3, 15–17,], we are proposing to use this
technology here for suppressing SARS CoV-2 infection/
production. The entire SARS CoV-2 sequence was released
early in 2020. This information has significantly sped up
our ability to test our hypothesis of targeting SARS CoV-2
RNA components.

Results and discussion

Two cell types, HEK293 cells and primary human tracheal
cells (hpTCs) were employed to test the hypothesis that
siRNAs or miRNAs could suppress SARS CoV-2 spike
expression. Using immunofluorescence analyses of both
HEK293 cells and hpTCs, spike protein expression was
clearly evident within 48 h of transfection (HEK293 cells)
or electroporation (hpTCs) of spike protein expression
construct (Fig. 1A–D). To alleviate concern that siRNAs or
miRNAs could consistently enter cells, a mimic control
conjugated to Dy547 was transfected at various concentra-
tions. 200 nM provided good evidence that small RNAs
could easily move into both types of cells (Fig. 1E, F).

HEK293 cells were used first to investigate the ability of
each siRNA to suppress production of spike protein. We
found that siRNA1 and 2 alone or in combination could
suppress spike production in a dose-dependent manner

(Fig. 2A, B). Quantification (Fig. 2B) of at least three
Western blots identified a significant difference in spike
protein expression primarily at the 200 and 20 nM con-
centrations of siRNAs. The 2 nM concentration was not
able to significantly block spike protein translation. Delving
further into the mechanism of suppression, semiquantitative
rt-PCR revealed that siRNA suppression is caused by
degradation of spike mRNA (Fig. 2C, D). Concomitantly
with protein expression, quantification of three semi-
quantitative RT-PCRs (Fig. 2D) revealed a significant
decrease in spike mRNA primarily at the 200-nM siRNA
concentration. These data provide evidence that siRNAs
lead to degradation of spike mRNA.

We duplicated these experiments using two different
miRNAs, miR510-3p and miR624-5p, both of which were
predicted using miRDB.org to target the ORF of the viral
spike RNA. Generally, miRNAs target sequences within
3’UTRs of mRNAs; however, we surmised that miRNA
mimics might fare better as an antiviral agent because they
are more easily metabolized by nucleases within cells and,
thus, any off-target events would be minimized. We found
that miRNA-624-5p was more effective than miRNA 510-
3p (Fig. 2E). Quantification of at least three Western blots
revealed miR624-5p significantly suppressed translation of
spike mRNA in a dose-dependent manner (Fig. 2F). Inter-
estingly, while the semiquantitative RTPCR revealed that
siRNA degraded spike mRNA (Fig. 2D), miRNA func-
tioned differently as spike mRNA did not seem to be
degraded (Fig. 2G). Significant difference was measured
only at the 200-nM dosage for miR510-3p (Fig. 2H).

The next step was to identify if siRNA1+ 2 and
miRNA1+ 2 could suppress spike production in hpTCs.
While transfection of SARS CoV-2 spike plasmid using
Mirius TransIT-X2® Transfection Reagent worked well
with HEK293 cells, hpTCs were difficult to transfect. As a
result, electroporation was used to introduce spike cDNA
into hpTCs. Twenty four hours after electroporation of
spike plasmid, 200 nM of each small RNA (the con-
centration seen to virtually completely suppress spike in
HEK293 cells) was transfected resulting in marked
reduction in spike protein expression in both siRNA1+ 2
and miRNA1+ 2 samples (Fig. 3A). These results pro-
vided clear evidence that specific small RNAs could be
used as a distinct strategy for suppressing functional
aspects of respiratory viruses such as SARS CoV-2 in
human airway tracheal cells.

siRNA1 was then modified with a cholesterol moiety and
then introduced, without transfection reagent, into SARS
CoV-2 spike expressing cells. The idea here was to identify
a more clinically feasible approach for delivering an anti-
sense RNA to suppress spike protein production. The data
in Fig. 3B, C reveal that siRNA1/NT (non-transfection
reagent) suppressed spike protein production in a
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dose-dependent manner in HEK293 cells (Fig. 3B). Using
siRNA1/NT in hpTCs, it was evident that this single siRNA
could suppress spike protein expression in a dose-dependent
manner without the need of a potentially irritating lipid-
based transfection reagent.

Finally, off-targets and cell proliferation/viability were
analyzed to alleviate concerns of siRNA/miRNA inad-
vertent effects. Cell cycle/growth was analyzed by com-
paring untreated cells to cells treated with siRNA and
miRNA1+ 2. Ki67 staining and quantification clearly
showed no significant difference between si/miRNA-treated
and -untreated hpTCS (Fig. 4A–D). Measuring cell growth
over 72 h using a Biorad TC20 cell counter also showed no
significant differences between untreated and si/miRNA-
treated hpTCs (Fig. 4E). Cell viability quantification also
resulted in no significant difference between untreated and
si/miRNA-treated hpTCs (Fig. 4F). We surmise from these
data that introduction of clinically relevant siRNA1/NT
would not induce abnormal cell growth or abnormal cell
death.

Off-targets are always a concern when introducing
RNAi into cells. Both siRNAs were blasted in miRDB.org
to identify if there were perfect matches against any
known genes in humans. We found no genes in the human
genome that were perfect matches for siRNA1 or 2. Two
genes, however, retinoblastoma-1 and MADS box tran-
scription enhancer factor 2, polypeptide C (Mef2C) were
75% matches (16/21 bases). As a result, we tested if
Mef2C could be affected by either siRNA. Figure 4G–L
showed that Mef2C expression was not affected by
siRNA1 or 2.

With respect to miRNAs, there were 25 genes with a
“target score” of 90/100 (90%) or higher. Target scores are
defined by a variety of algorithms that predict if that
miRNA has the ability to bind to an mRNA. Testing if any
of these 25 genes can be downregulated by miRNA1 or 2
will need to be investigated before they can be tested in a
clinical setting.

Taken together, these data provide strong evidence that
siRNA and possibly miRNAs could prevent the production

Fig. 1 SARS CoV-2 spike
protein is expressed in both
HEK293 cells and hpTCs.
A Transfection of the CMV-
SARS CoV-2-Flag plasmid
results in good expression within
48 h. Arrowheads point to spike-
positive cells. B Transmitted
light image of cells in A
showing that cells that were 75%
confluent when transfected, were
90% confluent 48 h later. hpTCs
that were un-electroporated (C)
showed no cells positive for
spike protein, while hpTCs
electroporated with SARS CoV-
2 spike plasmid (D) show spike
protein production (arrowheads)
within 48 h. Insets show
transmitted light images of cells.
E, F A mimic, 21 base small
RNA linked to a fluorescent
Dy547 dye shows that both cell
types easily internalize si/
miRNAs. E= 20×, F= 40×.
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of an important infectious component (i.e., spike) for SARS
CoV-2. We are aware that other viral particles might still be
generated with this approach; however, even if an entire
virus is generated and assembled properly, once exuded, it
would be incapable of infecting neighboring cells without
spike protein production.

We are currently working on loading siRNA/NT and
miRNAs into a Microsprayer® Aerosolizer (Penn-Century
Inc.) in order to spray the siRNA/NT or miRNA complexes
into cells. We are also in the process of identifying if this
technology suppresses other vulnerable Covid sequences
such as the nucleocapsid protein or specific membrane

proteins. We are confident that this technology can be
quickly moved from bench to bedside.

Methods

Cell culture

HEK293 cells were obtained from the tissue and cell core at
Lombardi Comprehensive Cancer Center and cultured in
high glucose DMEM with Penicillin/Streptomycin. hpTCs
(ScienCell Cat# 3220) were grown in Bronchial epithelial

Fig. 2 Experiments analyzing si and miRNA effects on spike
protein and mRNA production. A Western blot showing dose-
dependent effects of siRNA on viral spike protein production. Both
spike siRNAs target and prevent translation. B Intensity of bands were
quantified and graphed (N= 3). Asterisks represent significant differ-
ences between no spike siRNA (0 drug) and all 200-nM spike siRNAs.
C Semiquantitative rt-PCR reveals a mechanism for the loss in protein
production in the Western. Higher levels of spike siRNA result in
lower levels of spike RNA. D Intensity of bands at increasing siRNA
dosage was quantified and graphed (N= 4). Asterisks represent sig-
nificant differences between no spike siRNA and 200-nM siRNAs.

E–H Similar experiments were performed to analyze miRNA effects
on spike expression. Both miRNAs were observed to suppress spike
expression; however, miRNA624 seem to be more effective in a dose-
dependent manner. F Quantification of Western blots identified
miRNA624-5p (miRNA2) slightly more effective than miRNA 510-3p
(miRNA1). G Semiquantitative RTPCR reveals a mechanism for the
loss in protein production in the Western. Spike mRNA remained
intact at all concentrations of miRNA suggesting that miRNAs 1 and
2 suppress spike protein expression by suppressing translation and not
mRNA degradation. H Intensity of bands at increasing siRNA dosage
was quantified and graphed (N= 4).
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cell medium along with bronchial epithelial cell growth
supplement (ScienCell Cat#3211). Cells were counted using
a BioRad inc. TC20 cell counter. Cells were transfected
with TransIT-X2® Transfection Reagent (Mirius Bio Cat#
MIR6003).

Semiquantitative rt-PCR

Semiquantitative rt-PCR was used to identify the mechanism
of suppression for Covid-19 spike mRNA translation 2 days
after transfection during exponential phase at 2, 20, and 200-
nM dilutions of siRNA1+ 2 or miRNA1+ 2. Total RNA
was isolated using the miRNeasy Mini Kit (Qiagen, Cat
#217004). Concentrations of the extracted RNA were deter-
mined using NanoDrop 2000. Ten microliters of total RNA
were treated with RQ1 RNase Free DNase (Promega; cat. No.
M6106) to degrade all genomic and spike plasmid. cDNA
was prepared using the High Capacity cDNA Reverse Tran-
scription Kit (AppliedBiosystems; cat. No. 4368814).

Semiquantitative PCR was performed using MyTaq Red Mix
(Bioline; cat. No. BIO-25043) at 25, 30, and 35 cycles. Using
cDNA generated from actin mRNA as an internal control, we
verified that 30 cycles of PCR were in the log phase of
amplification for all treatments. Two different sets of reverse
primers were used to generate cDNA from spike mRNA. The
same two primers along with their forward counterparts were
employed to amplify cDNA. Primers used were: Actin, up:
CTCTTCCAGCCTTCCTTCC; low: TCGGCCACATTGTG
AACTTT. Spike F2R2 315 b.p., up: TGCACAAGCTTTA
AACACGCT; low: ACACCATGAGGTGCTGACTG; spike
F3R3 228 b.p., up: CGTCTTGACAAAGTTGAGGCTG;
low: ATGAGGTGCTGACTGAGGGA.

Western blot

293 and Tracheal cells were trypsinized with 0.25% Trypsin-
EDTA and then centrifuged at 1000 g for 5 min before
addition of sample buffer. The whole cell lysates were then

Fig. 3 Identifying siRNA, miRNA, and siRNA/NT efficacies.
A htPCs electroporated with SARS CoV-2 spike plasmid (lane 3)
showed marked suppression of spike protein when transfected with
200-nM siRNAs (Lane 4) or miRNAs (Lane 5). Flag antibody was
used in this experiment to identify spike protein. Antibodies to K18
and actin were used for loading controls. B siRNA/NT introduction
(without transfection reagent) into HEK293 cells co-transfected with
SARS CoV-2 spike plasmid showed a suppression of spike protein in a
dose-dependent manner. Spike antibody was used in this experiment to

identify spike protein. A lower band is a potential proteolytic product
often detected with this antibody (arrowhead). Vimentin was used as
loading control. C siRNA/NT tested in htPCs electroporated with
SARS CoV-2 spike plasmid showed a dose-dependent suppression of
spike protein. D Quantification of four Western blot experiments
showed significant difference between 200 nM and electroporated
htPCs. *significant difference p < 0.05. Virtually no spike protein was
detected with 200-nM siRNA/NT.
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heated on for 10 min at 95°. Lysates were loaded on 4–20%
gels (Biorad) and ran at 250 V. Consequently, the gel was
transferred to a 0.22-μM PVDF membrane (Biorad) using the
Trans-blot Turbo RTA PVDF Midi Transfer kit (Biorad).
Blots were blocked in 2% nonfat dry milk/TBST (pH 7.5) and
washed with 1X TBST/1% Tween. Western blot antibodies

recognized spike (Genetex Cat #GTX632604), Rb1 (Pro-
teintech Cat #10048-2-Ig), Mef2C (Proteintech Cat #10056-1-
AP), Flag (Abcam Cat #ab205606), Keratin 18 (EMD Mil-
lipore Cat#) Secondary antibodies were donkey anti mouse
(Jackson Immunoresearch), goat anti rabbit (Jackson Immu-
noresearch) and donkey anti rat (EMD Millipore).

Fig. 4 The effects of siRNAs
and miRNAs on cell cycle,
viability, and off-targets were
analyzed in hpTCs. Antibodies
to Ki67 revealed nuclear
staining (green) in untreated (A),
200-nM siRNA treated (B), and
200-nM miRNA (C). D
Quantification of hundreds of
cells from four different
experiments showed no
significant difference between
untreated and treated hpTCs.
E Cell proliferation also was not
effected by si/miRNAs. F Cell
viability measured by trypan
blue revealed that si/miRNAs
did not cause cell death. G–J
Mef2C was listed as a predicted
target (75% match) of siRNA1.
Antibodies directed against
Mef2C revealed staining in both
untreated (G–H) and siRNA-
treated (I–J) hpTCs. K Nuclei
positive for Mef2C were
counted and graphed. No
significant difference was found
(N= 4). L Western analyses
further confirmed no difference
in protein expression between
untreated and siRNA-treated
cells. This Mef2C antibody
often detects Mef2c protein as a
doublet. Actin serves as the
loading control.
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Immunofluorescence

293 cells and Tracheal cells were fixed with 4% paraf-
ormaldehyde and stained for Flag (Abcam), spike (Gen-
etex), Mef2C (Proteintech), Rb1 (Proteintech). Control
antibodies Vimentin (Sigma Aldrich Cat #V4630) and
Keratin 18 (EMD Millipore) stained 293 and tracheal
cells, respectively. Secondary antibodies conjugated with
Alexa Fluor (Life Technologies) were used. Stained cells
were visualized using an EVOS AMG inverted
microscope.

Statistics

All statistics were performed using the student t test.

Generation of si/miRNA sequences

siRNAs sequences were generated using the spike cDNA
sequence from https://www.ncbi.nlm.nih.gov/nuccore/NC_
045512.2?from=21563&to=25384&report=genbank fol-
lowed by and blasting from the spike sequence at
https://www.invivogen.com/sirnawizard/siRNA.php. Two
siRNAs were picked from 11 based on different GC%
contents (47.62% for siRNA1 and 52.38% for siRNA2)
and fewest base-matches with genes in the human gen-
ome. miRNAs were blasted from miRDB.org. The two
miRNAs chosen were based on the highest predicted
target percentage and the lowest number of off-targets. All
transfected siRNAs and miRNAs were purchased from
Thermofisher Inc. Modified siRNA requiring no trans-
fection reagent (NT siRNAs) was purchased from Horizon
Inspired Cell Solutions Inc. Sars-Cov-2 Spike cDNA
(pCMV14-3X-Flag-SARS-CoV-2 S) was purchased from
Addgene Inc [18].

siRNA needing transfection reagent for transfection
into cells.

siRNA1-Sense AGACCCAGUCCCUACUUAU
Antisense-AUAAGUAGGGACUGGGUCUU.

siRNA2-Sense CCGUGAUCCACAGACACUU
Antisense-AAGUGUCUGUGGAUCACGG.

miRNA1-hsa-miR624-5p.
miRNA2-hsa-miR510-3p.
All were purchased from Life Technologies Inc.
The following siRNA was linked to a lipid moiety and

did not need a transfection reagent for entering cells. Pur-
chased from Horizon Discovery/Dharmacon Inc.

siRNA1-SPIKE: length: 21.
Sense: 5′A.G.A.C.C.C.A.G.U.C.C.C.U.A.C.U.U.A.U.U.

U 3′.
Antisense: 5′5′-P.A.U.A.A.G.U.A.G.G.G.A.C.U.G.G.G.

U.C.U.U.U 3′.
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