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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jose Luis Domingo Higher selenium status has been shown to improve the clinical outcome of infections caused by a range of

evolutionally diverse viruses, including SARS-CoV-2. However, the impact of SARS-CoV-2 on host-cell seleno-

Keywords: proteins remains elusive. The present study investigated the influence of SARS-CoV-2 on expression of seleno-
Selenium ) protein mRNAs in Vero cells. SARS-CoV-2 triggered an inflammatory response as evidenced by increased IL-6
Selenoprotein . expression. Of the 25 selenoproteins, SARS-CoV-2 significantly suppressed mRNA expression of ferroptosis-
Isr:‘lg}cz)&rzessmn associated GPX4, DNA synthesis-related TXNRD3 and endoplasmic reticulum-resident SELENOF, SELENOK,
COVID-19 SELENOM and SELENOS. Computational analysis has predicted an antisense interaction between SARS-CoV-2

and TXNRD3 mRNA, which is translated with high efficiency in the lung. Here, we confirmed the predicted
SARS-CoV-2/TXNRD3 antisense interaction in vitro using DNA oligonucleotides, providing a plausible mecha-
nism for the observed mRNA knockdown. Inhibition of TXNRD decreases DNA synthesis which is thereby likely
to increase the ribonucleotide pool for RNA synthesis and, accordingly, RNA virus production. The present
findings provide evidence for a direct inhibitory effect of SARS-CoV-2 replication on the expression of a specific
set of selenoprotein mRNAs, which merits further investigation in the light of established evidence for corre-
lations between dietary selenium status and the outcome of SARS-CoV-2 infection.

et al.,, 2015). RNA viruses such as coxsackievirus B3 and influenza
A/Bangkok/1/79 (H3N2) mutated into more virulent strains in a
Se-deficient host (Beck et al., 2004; Steinbrenner et al., 2015). Se sup-

1. Introduction

The world is undergoing a pandemic of Coronavirus Disease-2019

(COVID-19) caused by infection with severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2). Selenium (Se), an essential micro-
nutrient, is the only trace element to be specified in the genetic code; 25
genes encode selenoproteins that have a selenocysteine residue at their
active center (Rayman, 2012). Many selenoproteins are implicated in
the anti-oxidant, anti-inflammatory and anti-viral actions of Se (Beck
et al., 2004; Steinbrenner et al., 2015). Se has been found to be a sig-
nificant factor affecting the incidence and severity of a number of viral
diseases in both animals and humans (Beck et al., 2004; Steinbrenner
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plementation or higher Se status has been shown to improve the clinical
outcome of infections caused by a range of evolutionally diverse viruses
(Beck et al., 2004; Steinbrenner et al., 2015).

Se status is mainly affected by dietary Se intake and a link between Se
status and the prognosis of COVID-19 patients in China has been iden-
tified; when the cure rate (%) in cities outside Hubei province was
plotted against population hair-Se concentration — a surrogate for Se
intake from foods — a significant, positive linear association was shown
with a Pearson r of 0.85 (p < 0.0001) (Zhang et al., 2020a). Supporting
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that finding, a German study found that serum Se and SELENOP con-
centrations in COVID-19 patients were significantly lower than in
healthy controls and were significantly higher in samples from
COVID-19 survivors than from non-survivors (Moghaddam et al., 2020).
Furthermore, a Korean study showed that the percentage of COVID-19
patients that were Se deficient increased with COVID-19 severity (Im
et al., 2020). Relevant to these observations, Ebselen, an organo-
selenium compound [designed as a mimic for glutathione peroxidase-1
(GPX1)], was found to have the strongest inhibitory activity against
the SARS-CoV-2 main protease in the current drug arsenal of 10,000
compounds; this protease mediates the life cycle of the virus and is a
well-recognized target for inhibition (Jin et al., 2020). These new
findings, together with published evidence on other viruses (Beck et al.,
2004; Steinbrenner et al., 2015), suggest that Se compounds or Se-rich
foods may be used to achieve both prophylaxis and therapy in
COVID-19. The possible mechanisms by which Se protects against
COVID-19 have been discussed in several recent reviews (Zhang et al.,
2020b; Hiffler and Rakotoambinina, 2020; Bermano et al., 2020).
However, whether SARS-CoV-2 also affects the expression of host sele-
noproteins is currently unknown. Hence, in the current study, we
investigated the potential impact of SARS-CoV-2 infection at the mRNA
level on a model host in vitro system, African Green Monkey kidney cells
(Vero cells), which express the same 25 known selenoproteins as are
found in humans.

2. Materials and methods
2.1. Cells, virus and viral inoculation

Vero cells were obtained from American Type Culture Collection
(ATCC) and maintained in Dulbecco’s Modified Eagle’s media (Corning,
USA) supplemented with 10% fetal bovine serum (Gibco, Invitrogen), 2
mM L-glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin at
37 °C in a humidified atmosphere of 5% CO-. Patient-derived SAS-CoV2
(SZ005) was isolated by the Anhui Provincial Center for Disease Control
and Prevention (Anhui, China). The viral titer was determined by 50%
tissue culture infective dose (TCIDs() according to the cytopathic effect
by use of the Karber method. All the infection experiments were per-
formed in a biosafety level-3 (BSL-3) laboratory. Vero cells were seeded
on 6-well plates with a density of 1 x 10° cells/well and infected with 20
TCIDsq virus at 37 °C.

2.2. RNA extraction and quantitative real-time RT-PCR (qRT-PCR)

After viral infection for 48 h, the cell culture was subjected to virus
inactivation treatment and then divided into two replicates. One (100
pL) was used for viral RNA isolation on an automatic nucleic acid
extraction workstation (TANBead, Taiwan) according to the manufac-
turer’s instructions. Reverse transcription was performed with TagMan
Fast Virus 1-Step Master Mix (ThermoFisher, Catalog Numbers
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4444432). Briefly, 2 pL viral RNA was used as template for one-step
quantitative PCR. The full-length S gene of SARS-CoV-2 was synthe-
sized and cloned into pcDNA3.1 as positive control plasmid. Serial di-
lutions of the positive control (1000-1,000, 000, 000 copies per pL) were
used to establish a standard curve for determining the initial starting
amount of the target template in experimental samples. The primers and
probe used for quantitative PCR were: SB-F: GGCTGTTTAA-
TAGGGGCTGAAC, SB-R: ACCAAGTGACATAGTGTAGGCA, SB probe: 5
FAM-AGACTAATTCTCCTCGGCGGGCACG-BHQ.

The rest of the cell suspension was used for the RNA extraction of
host cells. Total RNA was extracted using an RNeasy mini kit (Qiagen
Inc., Valencia, CA) and the reverse transcription reaction was conducted
using a Goscript™ Reverse Transcription System kit (Promega, Madison,
WI). The RNA quality was confirmed by spectrophotometry and elec-
trophoresis. A Power SYBR® Green PCR Master Mix kit (Life Technol-
ogies, Warrington, UK) was employed to conduct the qRT-PCR on an ABI
QuantStudio 7Pro system. The expression level of a target gene mRNA
was normalized to the mRNA level of glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). The amount of the target gene expression was
calculated by the 2724€T method. The sequences of the genes involved in
the present study were obtained from Genbank (www.ncbi.nlm.nih.go
v/Genbank), and the sequences of primers used are listed in Supple-
mentary Table 1.

2.3. Activities of GPX and thioredoxin reductase (TXNRD)

GPX and TXNRD activities were measured according to the methods
described (Sun et al., 2014; Wang et al., 2014). One unit of GPX or
TXNRD was defined as 1 pmol of NADPH oxidized per minute and the
resulting GPX or TXNRD activity was presented as mU/mg protein.

2.4. Gel shift assay for SARS-CoV-2/TXNRD3 antisense interaction

The antisense pairing between regions of SARS-CoV-2 and human
TXNRD3 that were previously identified computationally (20) spanned
the following sequence regions of SARS-CoV-2 (NC_045512):
17824-17848 and TXNRD3 (NM_052883.2): 1322-1347. In order to
assure adequate ethidium bromide labelling of the single strands, which
requires some internal secondary structure, oligos based on those se-
quences were extended by 10 bases of the native sequences at both the 5’
and 3’ ends. This extension also served as a way to replicate the behavior
of the antisense interaction when the regions of interest are each part of
a larger native sequence context. Thus, the oligos used in the gel shift
assay were bases 17814-17858 of NC_045512 (coronavirus oligo C) and
bases 1312-1357 of NM_052883.2 (TXNRD3 oligo T). A randomly
shuffled version of viral sequence C was generated and labeled as R in
Fig. 4. Oligos were ordered from Integrated DNA Technologies, Inc.,
Coralville, IA.

The lyophilized DNA was dissolved in PBS to create 1 pM stock so-
lutions which were stored at 4 °C. One microliter of each sample (T, C or

v o)
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TXNRD activity
(fold of control group)
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Fig. 1. Influence of sodium selenite on GPX and TXNRD activities in Vero cells. (A) GPX activity. (B) TXNRD activity. Data are presented as mean + SEM (n =
3). Compared to control, **p < 0.01. Basal activities of GPX and TXNRD were 23 and 0.3 mU/mg protein, respectively.
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R) was further diluted in PBS, to a total volume of 10 pL (at 100 nM).
Oligos, either singly or in pairs of equal volumes of T + C or T + R, were
incubated at room temperature for 1 h. The tubes were then heated at
66 °C for 15 min, and then cooled at room temperature for 40 min. Along
with 2 pL of loading dye, the DNA was placed into the lanes, using 10 pL
of either the single strands or pair mixtures, giving about 1 pmol of total
DNA per well. The 5% TBE agarose gel, with ethidium bromide, was run
at 65v for 4 h while the set up was chilled in ice water. The gel was then
analyzed and imaged with a BIO-RAD Gel Doc™ XR+ Molecular Imager.

2.5. Statistical analysis

Data are expressed as the mean =+ standard error of the mean (n = 6
or 3), and analyzed using the IBM SPSS Statistics 22.0 (IBM, Armonk,
NY). The Mann Whitney test was used to assess the difference between
two groups. Significant levels of p < 0.05 and p < 0.01 were set for all
tests.

3. Results
3.1. Cell model for selenoprotein gene assessment

Vero cells, as tool cells for investigating SARS-CoV-2, were main-
tained in Dulbecco’s Modified Eagle’s media supplemented with 10%
fetal bovine serum. It has been shown that 10% fetal bovine serum does
not provide sufficient Se for full biosynthesis of selenoproteins (Verma
et al., 2008); we thus firstly evaluated Se status in Vero cells. Following

Control
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Fig. 2. Responses of host cells to SARS-
CoV-2 infection. Vero cells were infected
with SARS-CoV-2 at 20-fold TCID50. A, mi-
crographs of control and virus-infected cells
(72-h  incubation); the yellow bubbles
marked by red arrows represent dead cells;
B, micrographs of control and virus-infected
cells (48-h incubation). Following a 48-h
incubation, viral copy numbers and abun-
dance of mRNAs encoding IL-6 were quan-
tified by quantitative real time polymerase
chain reaction. C, viral copy number; D,
gene expression. Data are expressed as
mean + SEM (n = 6), statistical differences
were examined by the Mann Whitney test
(**p < 0.01). (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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supplementation of sodium selenite at 300 nM for 48 h, GPX activity
increased by 2.4-fold (Fig. 1A), which is consistent with the report by
Verma and colleagues (Verma et al., 2008) in which Vero cells were used
for virus infection. However, TXNRD activity remained unchanged
(Fig. 1B). These results suggest that the Vero cells were cultured under
suboptimal-Se condition. Given the worldwide prevalence of
suboptimal-Se populations, we next examined the influence of
SARS-CoV-2 on selenoprotein genes in the Vero cells without Se
treatment.

Vero cells were infected with SARS-CoV-2 at 20-fold TCIDsg. Pilot
experiments showed that significant cytopathy occurred after 72-h in-
cubation (Fig. 2A). Following a 48-h incubation, which did not cause
morphological alteration of the cells (Fig. 2B), SARS-CoV-2 viral copy
number in the cultured cells reached 4.4 x 10° (Fig. 2C); mRNA con-
centration of IL-6 was significantly up-regulated, i.e. by 4.3-fold
(Fig. 2D). IL-6 is positively correlated with COVID-19 severity (Guber-
natorova et al.,, 2020) and can affect the selenoenzyme, GPX, in an
isozyme-specific manner (Martitz et al., 2015). Specifically, GPX1
mRNA expression remained unaffected while that of GPX4 decreased in
IL-6-treated human hepatocytes (Martitz et al., 2015). Taken together, a
48-h infection of Vero cells by SARS-CoV-2 appears to be an optimal
time point for examining gene expression of selenoproteins, since (i) the
virus had initiated an inflammatory response as evidenced by IL-6, (ii) a
link between IL-6 and selenoprotein levels has been established, and (iii)
a causal relationship between potential alterations of selenoproteins and
cell damage could be distinguished. Therefore, we next evaluated gene
expression of selenoproteins at this time point.
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Fig. 3. Gene expression of GPX and TXNRD
families and ER-resident selenoproteins. Vero
cells were infected with SARS-CoV-2 at 20-fold
TCIDso. Following a 48-h incubation, the abun-
dance of mRNAs encoding selenoproteins were
quantified by quantitative real time polymerase
chain reaction. A, genes of GPX family; B, genes of
TXNRD family; C, genes of ER-resident selenopro-
teins. Data are expressed as mean + SEM (n = 6),
statistical differences were examined by the Mann
Whitney test (*p < 0.05 and **p < 0.01).
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Fig. 4. Antisense interaction between regions of SARS-CoV-2 and TXNRD3 mRNAs shown by gel shift assay using cDNA oligos. Lane labels correspond to
oligos for the complementary single stranded regions of the TXNRD3 (T) and coronavirus (C) sequences identified previously (20), a randomly shuffled version of the
viral sequence (R), and a dsDNA sequence ladder at right (L). As detailed in Methods, after incubation, lanes were loaded with either a single oligo (each of about 45
bases) or an approximately equimolar pair (T + C or T + R). All the single sequence lanes and the T + R lane migrate as single stranded, resulting in their uniform
vertical placement. Only the paired lane of T + C migrates more slowly, because the strands hybridize and move as a duplex, falling between the 35bp and 50bp
dsDNA size markers. The results show target-specific in vitro hybridization of the predicted SARS-CoV-2/TXNRD3 antisense pair.

3.2. Impact on GPX family

The selenocysteine-containing GPX family is the best characterized
among the selenoproteins. It includes: cytoplasmic GPX1; GPX2, pri-
marily found in the epithelium of the gastrointestinal tract; circulating
GPX3 (mainly secreted by the kidney); GPX4, localized in the cyto-
plasmic, mitochondrial and nuclear compartments; and olfactory
epithelium GPX6. All GPXs use glutathione as a cofactor, but GPX4 is
unique in the GPX family in that it protects against iron-dependent
ferroptotic cell death (Alim et al., 2019; Conrad and Proneth, 2020).
We found that SARS-CoV-2 did not alter mRNA concentrations of GPX1,
GPX2 and GPX3 but significantly down-regulated that of GPX4 by 69.4%
(Fig. 3A). As expected, GPX6 was not detected.

3.3. Impact on endoplasmic reticulum (ER)-resident selenoproteins

Seven selenoproteins including SELENOF, SELENOM, SELENOK,
SELENOS, SELENON, SELENOT and iodothyronine deiodinase 2 (DIO2)
are residents of the ER (Shchedrina et al., 2010). SELENOF and its
distant homologue, SELENOM, possess redox-active motifs, thus they
regulate redox homeostasis, catalyze the reduction or rearrangement of
disulfide bonds in ER-localized proteins and facilitate ER protein-folding
(Labunskyy et al., 2014). SELENOK, along with SELENOS, promotes

ER-associated degradation (ERAD) of errant proteins by recruiting
cytosolic valosin-containing protein to increase translocation of mis-
folded proteins from the ER lumen to the cytosol (Labunskyy et al.,
2014). Another three ER-resident selenoproteins, namely SELENON,
SELENOT and DIO2 have not been found to be involved with either ER
protein-folding or ERAD (Labunskyy et al.,, 2014). Intriguingly,
SARS-CoV-2 infection targeted ER-resident selenoproteins that have
known functions of ER protein-folding or ERAD, as shown by significant
reduction of mRNA concentrations of SELENOF, SELENOM, SELENOK
and SELENOS, i.e. by 75.9%, 56.2%, 71.3% and 61.1%, respectively. On
the other hand, mRNA concentrations of SELENON, SELENOT and DIO2
that have no documented functions in ER protein-folding or ERAD were
not significantly influenced by SARS-CoV-2 infection (Fig. 3B).

3.4. Impact on the TXNRD family and ten additional selenoproteins

The TXNRD family contains the ubiquitous cytoplasmic/nuclear
TXNRD1 and mitochondrial TXNRD2, as well as TXNRD3 (the thio-
redoxin/glutathione reductase with glutaredoxin activity), which in
contrast to TXNRD1 and 2 contains an N-terminal glutaredoxin domain
(Sun et al., 2005). TXNRD3 is predominately expressed in the testis;
however, pulmonary TXNRD3 protein levels are also high according to
the Human Protein Atlas (Uhlen et al., 2015). Thioredoxin serves as an
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Table 1
Gene expression of twenty-five selenoproteins except GPX and TXNRD families
and ER-resident selenoproteins.

Selenoprotein Control Virus p

DIO1 1.00 £ 0.05 1.00 + 0.05 >0.05
DIO3 1.00 £ 0.07 1.11 £ 0.15 >0.05
MSRB1 1.00 + 0.39 0.24 + 0.03 >0.05
SELENOH 1.00 £+ 0.10 0.81 + 0.04 >0.05
SELENOI ND ND -

SELENOO 1.00 £ 0.20 1.03 +0.18 >0.05
SELENOP 1.00 & 0.04 1.06 + 0.05 >0.05
SELENOV 1.00 £ 0.02 1.22 +0.10 >0.05
SELENOW 1.00 £ 0.06 0.82 + 0.03 >0.05
SEPHS2 1.00 & 0.03 1.24 + 0.05 >0.05

Following a 48-h incubation, the abundance of mRNAs encoding selenoproteins
were quantified by quantitative real time polymerase chain reaction. Data are
expressed as mean + SEM (n = 6), statistical differences were examined by the
Mann Whitney test. ND, undetected.

electron donor for ribonucleotide reductase which catalyzes the con-
version of ribonucleotides to deoxyribonucleotides for DNA synthesis
(Arner and Holmgren, 2006). Inhibition of TXNRD decreases DNA syn-
thesis and thereby increases the ribonucleotide pool for RNA synthesis;
thus, RNA viruses may target TXNRD for efficient reproduction. Ac-
cording to computational analysis, SARS-CoV-2 has the potential for
antisense-mediated knockdown of TXNRD3 but not TXNRD1 or TXNRD2
(Taylor, 2020). Consistent with the computational prediction, our study
found that SARS-CoV-2 did not lower mRNA concentration of TXNRD1
or TXNRD2 but significantly lowered mRNA concentration of TXNRDS3,
by 36.9% (Fig. 3C). Notably, however, SARS-CoV-2 did not affect mRNA
concentrations of the remaining ten selenoproteins, including DIO1
(iodothyronine deiodinase 1), DIO3 (iodothyronine deiodinase 3),
MSRB1 (methionine-R-sulfoxide reductase), SELENOH, SELENOI,
SELENOO, SELENOP, SELENOV, SELENOW and SEPHS2 (selenophos-
phate synthetase 2) (Table 1).

3.5. Molecular mechanism underlying TXNRD3 knockdown

Potential antisense interactions between viral mRNAs and isoforms
of TXNRD were first reported for HIV-1 and Ebola virus in 2016 (Taylor
et al,, 2016), and most recently, for Zika and other RNA viruses
including SARS-CoV-2, as recently reviewed with graphical represen-
tations (Taylor, 2020). Such interactions have the potential to inhibit
protein synthesis, either with or without knockdown or degradation of
the targeted host mRNA (Taylor et al., 2016). Using a gel mobility shift
assay and synthetic oligonucleotides, we assessed a potential antisense
interaction between SARS-CoV-2 and a region of human TXNRD3 that
was identified computationally, corresponding to the predicted anti-
sense pair (Taylor, 2020). Fig. 4 shows that DNA oligos corresponding to
those specific regions of SARS-CoV-2 and TXNRD3 mRNA hybridized
quantitatively to form a single slower moving band corresponding to the
expected duplex DNA. This interaction was sequence specific, because a
negative control consisting of a randomly shuffled SARS-CoV-2 oligo of
identical composition still moved as a single band in the presence of the
TXNRD3 oligo.

4. Discussion

Of the 25 mammalian selenoproteins, our findings show that SARS-
CoV-2 reduced mRNA concentrations of six selenoproteins in Vero
cells at the onset of the inflammatory response but prior to perceived cell
damage. Some of these selenoproteins may be implicated in the patho-
genesis of COVID-19 and SARS-CoV-2 may target some of these sele-
noproteins to promote the viral life cycle, as discussed below. It should
be noted that data from mRNA steady-state concentrations are not
equivalent to gene expression. The world of selenoproteins, in partic-
ular, is complicated by a number of levels at which final protein
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expression can be regulated, including transcription, translational effi-
cacy, post-translational modifications, etc. Therefore, given our lack of
protein data, much of the subsequent discussion represents our extrap-
olation of what may be happening.

SARS-CoV-2 increases the production of mitochondrial reactive ox-
ygen species (ROS) which in turn accelerate SARS-CoV-2 replication
(Codo et al., 2020). Treatment by antioxidants such as mitoquinol and
N-acetylcysteine substantially inhibits SARS-CoV-2 replication (Codo
et al., 2020). Of the five members of the GPX family, only GPX4 is
located in the mitochondria, thus SARS-CoV-2 may benefit more from
targeting GPX4 than other family members. GPX4 specifically protects
against ferroptotic cell death which normally occurs in cells of the im-
mune system. Leukopenia in COVID-19 patients may be associated with
SARS-CoV-2 induced ferroptosis (Cuadrado et al., 2020). The current
findings suggest that SARS-CoV-2 may have induced ferroptosis in leu-
kocytes that was associated with SARS-CoV-2 suppression of GPX4.

The Stimulator of Interferon Genes (STING) is pivotal in initiating
innate immune responses against viral infection. GPX4 is required for
facilitating STING activation (Jia et al., 2020). SARS-CoV-2 may exploit
evasion of the immune system by suppressing GPX4. GPX4 is a so-called
“housekeeping” gene, ranking high in the hierarchy of selenoprotein
expression, whereas GPX1 is ranked much lower and is less likely to be
expressed at low Se status (Sunde and Raines, 2011). While moderate Se
deficiency causes a significant reduction in GPX1 concentration, GPX4
concentration is not much reduced because GPX4 is high in the hierar-
chy of selenoprotein expression. Current results suggest that
SARS-CoV-2 infection in Se-deficient individuals may synergistically
destroy GPX defenses resulting in severe oxidative stress capable of
causing viral mutation to more virulent strains (Seale et al., 2020). In
addition to nutritional Se deficiency, either severe hypoxia or a pro-
nounced rise in IL-6, two hallmarks of severe COVID-19, suppresses
hepatic SELENOP expression (Martitz et al., 2015; Becker et al., 2014)
resulting in reduced circulating SELENOP and impaired Se delivery to
other tissues. Indeed, serum SELENOP concentration has been found to
be inversely associated with COVID-19 severity (Moghaddam et al.,
2020). Thus, SARS-CoV-2 infection may cause both tissue depletion of
Se and transcriptional inactivation of GPX4, thereby synergistically
destroying GPX defenses.

Coronavirus replication induces ER stress and the unfolded protein
response in infected cells (Sureda et al., 2020; Chan et al., 2006; Ver-
steeg et al., 2007; Liao et al., 2013). A link between coronavirus infec-
tion and ER-resident selenoproteins has not previously been
documented, although ER-resident selenoproteins are known to partic-
ipate in maintaining ER homeostasis (Shchedrina et al., 2010). Of the
seven ER-resident selenoproteins, we found that the mRNA steady-state
levels of four selenoproteins were decreased by SARS-CoV-2. We know
that impaired SELENOF and SELENOM increase protein misfolding,
causing ER stress, whereas impaired SELENOK and SELENOS attenuate
the ERAD of misfolded proteins (Labunskyy et al., 2014). Concomitant
down-regulation of SELENOF, SELENOM, SELENOK and SELENOS pro-
voked by SARS-CoV-2 infection is likely to result in increased concen-
tration of misfolded proteins in the ER and profound ER stress. Of all the
ER-resident selenoproteins, we found SELENOF expression to be the
most affected by SARS-CoV-2 infection (75.9% decrease). This is inter-
esting given a recent report that SELENOF may be targeted for prote-
olysis by the SARS-CoV-2 main protease MP™, because the SELENOF
protein contains a sequence (TVLQ/AVSA) that is almost identical to a
known viral MP™ cleavage site (TVLQ/AVGA) (Taylor and Radding,
2020). This dual targeting of SELENOF by SARS-CoV-2 at both the
mRNA and protein levels suggests that disruption of SELENOF function
may be particularly important for SARS-CoV-2 replication. Moreover,
SELENOF belongs to the group of stress-related selenoproteins that is
subject to regulation by dietary Se. In addition, a polymorphic site at
nucleotide position 1125 (A/G) located in the SECIS element of SELE-
NOF affects the efficiency of selenocysteine incorporation into SELENOF
in a Se-dependent fashion (Hu et al., 2001; Kumaraswamy et al., 2002).
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Fig. 5. Possible consequences of SARS-CoV-2 induced down-regulation of selenoprotein genes. LPO, lipid peroxidation; NTP, nucleoside triphosphate; dNTP,

deoxyribonucleoside triphosphate; RNR, ribonucleotide reductase.

The A1125 variant is prevalent in African Americans (Hu et al., 2001); a
large UK cohort study found that blacks were at significantly higher risk
of death from COVID-19 than those of white ethnicity, even after
adjustment for other factors (Williamson et al., 2020). These lines of
evidence suggest that SELENOF may be deeply involved in pathogenesis
of COVID-19. A direct mechanistic link between reduced expression of
SELENOS and increased production of inflammatory cytokines has been
well documented (Curran et al., 2005). Carriers of the A-allele of the
SELENOS —105G/A promoter polymorphism (rs28665122) have high
levels of inflammatory cytokines (Curran et al., 2005). Hence
down-regulation of SELENOS induced by SARS-CoV-2 may promote an
inflammatory response.

Some large DNA viruses are equipped with their own ribonucleotide
reductase to facilitate DNA synthesis for virus production (Taylor,
2020). Conversely, RNA viruses may attempt to suppress the diversion of
ribonucleotides for DNA synthesis in order to enhance RNA synthesis.
SARS-CoV-2 targets TXNRD3 by antisense at several sites, with
computed interaction energies equivalent to the strongest microRNA
interactions (Taylor, 2020). Consistent with that computational finding,
our results provide experimental confirmation of the predicted antisense
interaction, and show that SARS-CoV-2 significantly reduces mRNA
concentration of TXNRD3 but not mRNA concentrations of TXNRD1 and
TXNRD2. Pulmonary TXNRD3 protein levels are normally high accord-
ing to the Human Protein Atlas (Uhlen et al., 2015). Thus, by knockdown
of TXNRD3 at the mRNA level, possibly in coordination with proteolysis
of TXNRD1 by the SARS-CoV-2 main protease MP™ (Taylor and Radding,
2020), SARS-CoV-2 may boost virus production in the lung, the major
site of SARS-CoV-2 replication.

It has been documented that higher Se status ameliorates clinical
symptoms caused by the infections of evolutionally diverse viruses
including SARS-CoV-2 (Beck et al., 2004; Steinbrenner et al., 2015;
Zhang et al., 2020a; Moghaddam et al., 2020); however, potential in-
fluences of viruses on host-cell selenoproteins have seldom been
addressed. The strength of the present study is that it is the first study
utilizing a BSL-3 laboratory to characterize the influence of SARS-CoV-2
on mRNA expression of selenoproteins; it has also shown that
SARS-CoV-2 can significantly suppress mRNA expression of a number of
selenoproteins. The limitations of the present study are that it only
assessed selenoprotein mRNA concentrations without further evaluating
protein and/or enzymatic activities, owing to the restrictions placed on
what is allowed to be done in the BSL-3 laboratory to which we had

access.

In summary, our findings as summarized in Fig. 5 suggest that (i)
SARS-CoV-2 suppresses GPX4 gene expression facilitating ferroptosis;
(ii) the ER is an organelle that is severely affected by SARS-CoV-2 since
SARS-CoV-2 suppressed the expression of SELENOF, SELENOM, SELE-
NOK and SELENOS simultaneously; (iii) SARS-CoV-2 may boost virus
production by down-regulating TXNRD3.
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