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ABSTRACT Therapeutic inhibition of critical viral functions is important for curtail-
ing coronavirus disease 2019 (COVID-19). We sought to identify antiviral targets
through the genome-wide characterization of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) proteins that are crucial for viral pathogenesis and that
cause harmful cytopathogenic effects. All 29 viral proteins were tested in a fission
yeast cell-based system using inducible gene expression. Twelve proteins, including
eight nonstructural proteins (NSP1, NSP3, NSP4, NSP5, NSP6, NSP13, NSP14, and
NSP15) and four accessory proteins (ORF3a, ORF6, ORF7a, and ORF7b), were identi-
fied that altered cellular proliferation and integrity and induced cell death. Cell
death correlated with the activation of cellular oxidative stress. Of the 12 proteins,
ORF3a was chosen for further study in mammalian cells because it plays an impor-
tant role in viral pathogenesis and its activities are linked to lung tissue damage
and a cytokine storm. In human pulmonary and kidney epithelial cells, ORF3a
induced cellular oxidative stress associated with apoptosis and necrosis and caused
activation of proinflammatory response with production of the cytokines tumor ne-
crosis factor alpha (TNF-a), interleukin-6 (IL-6), and IFN-b1, possibly through the
activation of nuclear factor kappa B (NF-kB). To further characterize the mecha-
nism, we tested a natural ORF3a Beta variant, Q57H, and a mutant with deletion of
the highly conserved residue, DG188. Compared with wild-type ORF3a, the DG188
variant yielded more robust activation of cellular oxidative stress, cell death, and
innate immune response. Since cellular oxidative stress and inflammation contrib-
ute to cell death and tissue damage linked to the severity of COVID-19, our find-
ings suggest that ORF3a is a promising, novel therapeutic target against COVID-19.

IMPORTANCE The ongoing COVID-19 pandemic caused by SARS-CoV-2 has claimed
over 5.5 million lives with more than 300 million people infected worldwide. While vac-
cines are effective, the emergence of new viral variants could jeopardize vaccine pro-
tection. Treatment of COVID-19 by antiviral drugs provides an alternative to battle
against the disease. The goal of this study was to identify viral therapeutic targets that
can be used in antiviral drug discovery. Utilizing a genome-wide functional analysis in
a fission yeast cell-based system, we identified 12 viral candidates, including ORF3a,
which cause cellular oxidative stress, inflammation, apoptosis, and necrosis that contrib-
ute to cytopathogenicity and COVID-19. Our findings indicate that antiviral agents tar-
geting ORF3a could have a great impact on COVID-19.
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The ongoing pandemic of coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is unprecedented in its

rapid spread, persistence, and high fatality. Although current vaccines are effective
at preventing SARS-CoV-2 infection, breakthrough infections are not uncommon.
Moreover, the emergence of new viral variants could undermine the effectiveness of
current vaccines, as well as treatments. For example, of three approved monoclonal
antibody treatments, only sotrovimab is effective against the Omicron variant (1).
Antiviral drugs are an alternative, potentially effective means to treat SARS-CoV-2
infection and curtail COVID-19 disease, but currently such drugs are limited. The dis-
covery of new antiviral agents is hampered by limited knowledge of the pathogenic-
ity of the virus and of which viral protein(s) should be targeted. There is an urgent
need to identify the viral proteins that cause harmful cytopathic effects, tissue dam-
age, and cytokine storm, in order to advance the rational design of anti-COVID-19
therapies.

SARS-CoV-2 belongs to sarbecoviruses, a subgenus of the b-coronaviridae family
(2). It is one of the 7 human coronaviruses (hCoVs) that cause human diseases that
range from the common cold to severe acute respiratory syndrome (SARS) and
Middle East respiratory syndrome (MERS). Like other hCoVs, SARS-CoV-2 is an envel-
oped, positive-sense (1), single-stranded RNA virus with an average genome size of
29.7 kb. Upon viral entry into a host cell, the (1)ssRNA viral genome is released into
the cytoplasm where the two overlapping open reading frames 1a and 1b (ORF1a
and ORF1b, respectively) are translated to produce two polyproteins, which are fur-
ther processed by viral proteases to generate a total of 29 SARS-CoV-2 proteins,
including 4 structural proteins, namely, spike (S), envelope (E), membrane (M), and
nucleocapsid (N); 16 nonstructural proteins (NSP1 to NSP16); and 9 accessory ORFs
(3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and 10) (3). Among them, ORF3a, ORF8, ORF9c, and
ORF10 are unique to SARS-CoV-2 (4).

We carried out a genome-wide functional screening of SARS-CoV-2 proteins to iden-
tify viral targets that can be used for antiviral drug discovery and testing. We reasoned
that SARS-CoV-2 protein therapeutic targets (i) should be essential for virus survival, (ii)
should contribute to virus pathogenesis, (iii) should confer measurable cytopathic effects
that could be used as endpoints for high-throughput drug screening, and (iv) could be
either an established or a novel antiviral drug target. We adapted a unique integrated
approach, viz., a well-established fission yeast cell-based system to conduct genome-
wide and functional analyses of the viral proteins (5, 6), with the goal of identifying pro-
teins that cause harmful cytopathic effects. Fission yeast (Schizosaccharomyces pombe) is
a haploid single-cell eukaryotic organism that has been used extensively as a model to
study human cancer biology (7) and viruses (5, 6, 8, 9). Fission yeast is a well-tested
model system for the study of highly conserved cellular activities (10, 11), such as the cy-
topathic effects caused by viral proteins, including inhibition of cell proliferation, inter-
ruption of cell structural integrity, and induction of apoptosis and necrosis (8). Fission
yeast cell-based systems also have been shown to be suitable for antiviral drug testing
and drug discovery (5, 12).

A total of 29 viral ORFs (4) representing the entire viral genome were cloned into the
fission yeast gene expression system (6, 13). The expression of each viral ORF was under
the control of an inducible no message in thiamine (nmt1) promoter (13), allowing all
SARS-CoV-2-specific viral protein effects to be measured specifically by gene induction ver-
sus those without gene induction (6, 8). Using this unique integrated strategy, we report
the identification of multiple possible viral therapeutic targets with a detailed description,
as a proof-of-concept, of ORF3a. We demonstrate the potential of ORF3a to serve as a ther-
apeutic target for the discovery and testing of antiviral drugs against COVID-19.
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RESULTS
Identification of SARS-CoV-2 cytopathic proteins that prevent cellular proliferation

and colony formation of fission yeast. A total of 29 viral ORFs representing all viral pro-
teins produced by the SARS-CoV-2 genome were expressed using inducible nmt1 pro-
moter-mediated transcription in a wild-type fission yeast strain, SP223. Fission yeast
cells expressing an empty cloning plasmid, pYZ1N, were used as a cloning vector con-
trol (Ctr). The effect of the SARS-CoV-2 protein expression on the ability of fission yeast
to form colonies, an indication of cell proliferation, was measured on minimal selective
agar plates (12, 13). All cells with viral genes repressed (gene-off) formed normal-sized
colonies on the agar plates (Fig. 1A; see Fig. S2A in the supplemental material). In con-
trast, 8 nonstructural viral protein-producing fission yeast cells (NSP1, NSP3, NSP4,
NSP5, NSP6, NSP13, NSP14, and NSP15) and 4 accessory proteins (ORF3a, ORF6, ORF7a,
and ORF7b) showed either complete inhibition or near-complete inhibition of yeast
colony formation on minimal selective agar plates (Fig. 1A). In each case, either no col-
ony or very small colonies were observed under viral gene-inducing conditions,

FIG 1 Effect of SARS-CoV-2 expression on fission yeast colony formation (A), cellular growth (B), and summary of the relative
cellular growth (15%, red; 25% blue) of each of the SARS-CoV-2 protein-expressing cells (C). The name of each SARS-CoV-2 protein
is labeled above each agar plate. An empty pYZ1N vector (Ctr) was used as a control. Gene-off, no SARS-CoV-2 protein
production; gene-on, the specific SARS-CoV-2 protein production was induced by triggering the nmt1 promoter-mediated gene
transcription. Fission yeast colony formation was measured by growing SARS-CoV-2 protein-expressing fission yeast cells on the
selective EMM agar plates and incubated at 30°C for 3 to 5 days before the pictures were taken. The cell proliferation analysis was
carried out by comparing cellular growth between the SARS-CoV-2 protein-producing cells and the SARS-CoV-2 protein-
suppressing cells over time. Cell growth was measured by spectrophotometry (OD650). Only the effect of those SARS-CoV-2
proteins that showed complete (NSP1, NSP4, NSP6, NSP13, NSP14, ORF3a, ORF6, and ORF7a) or nearly complete (NSP3, NSP5, and
NSP15) inhibition of yeast colony formation is shown in A and thereafter. Complete data on cell proliferation are included in
Fig. S2. Each experiment was repeated at least three times, and the standard errors of each time point were calculated.
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consistent with cellular growth inhibition. With the Ctr control, normal size colonies
were observed on both gene-suppressing (gene-off) and gene-inducing (gene-on)
plates, confirming the specificity of the viral protein effect observed. We named the 12
viral proteins the “cytopathic proteins.” The production of the remaining 18 SARS-CoV-
2 proteins showed either no effect or a reduced effect on the fission yeast colony for-
mation (Fig. S2A).

To verify the effect of the 12 cytopathic proteins on cell proliferation, we measured
the growth kinetics of the SARS-CoV-2-carrying fission yeast cells. Fission yeast cells
were grown under the gene-off and gene-on conditions in the liquid minimal and selec-
tive Edinburgh minimal medium (EMM). Cellular growth was measured by the change
in cell concentration over 48 h after gene induction (agi) using optical density at 650
nm (OD650)-based measurements. In the Vec-only control cultures, two indistinguish-
able growth curves with typical logarithmic kinetics were observed in the gene-off and
gene-on pYZ1N-carrying yeast cells. In contrast, expression of NSP1, NSP4, NSP6,
NSP13, ORF3a, ORF6, or ORF7a completely blocked cellular growth, whereas expression
of NSP3, NSP5, NSP14, NSP15, or ORF7b significantly suppressed cellular growth
(Fig. 1B). During the first 24 h agi, both the SARS-CoV-2 gene-off and gene-on cells
grew at about the same rate, consistent with 16 h being required to fully produce a
protein after the induction of genes under the control of the nmt1 promoter (14).
However, thereafter, the growth of cells expressing the 12 viral proteins stopped or
slowed compared with that of cells without viral gene expression. The relative cellular
growth of each of the SARS-CoV-2 protein-expressing cells are summarized in Fig. 1C.
Consistent with the data on colony formation, the production of the remaining 18
SARS-CoV-2 proteins showed either no effect or a reduced effect on fission yeast cellu-
lar growth (Fig. S2B).

SARS-CoV-2 cytopathic proteins induce fission yeast cell morphologic changes
and hypertrophy. Changes in cell morphology, such as hypertrophy, are linked to
SARS-CoV-2-induced cytopathic effects in human airway epithelial cells and myocytes
(15). To determine whether the SARS-CoV-2 cytopathic proteins affect cell morphogen-
esis, we compared microscopic cell morphologies between fission yeast cells with or
without viral protein production. Control cells containing the Vec-carrying plasmid
appeared normal under both gene-suppressing and gene-inducing conditions. Cells
were typically rod shaped with diameters of 3 to 4 mM and lengths of 7 to 14 mM. They
were shiny on the edges, which is a sign of healthy cells (Fig. 2A) (10). Normal cell mor-
phologies also were observed in cells that carried the 12 cytopathic protein-encoding
plasmids under the gene-suppressing conditions. In contrast, the expression of the 12
SARS-CoV-2 cytopathic proteins under the gene-inducing conditions resulted in vari-
ous degrees of hypertrophic morphologies (Fig. 2A, bottom rows of each panel). The
common features of the abnormal cell morphologies included cell elongation and
enlargement. We further analyzed the overall changes in cell morphology caused by
the 12 cytopathic proteins. Both the forward-scattered light (FSC) and side-scattered
light (SSC) were measured for each cell population of 10,000 cells using flow cytomet-
ric analysis (Fig. 2B). The FSC is relative to the cell surface area and thus measures cell
size. The SSC is related to cell granularity and thus determines intracellular complexity.
The combined analyses of FSC and SSC provide the overall architectures of cell shapes
in a heterogeneous cell population. As shown in Fig. 2B, there were significant differen-
ces in the cells’ overall architectures between the gene-off and gene-on cultures of cells
with cytopathic proteins. In contrast, there were no clear differences between the
gene-inducing and gene-repressing Vec-carrying fission yeast cells, suggesting the
observed morphological changes were specific to SARS-CoV-2 proteins. The produc-
tion of all other SARS-CoV-2 proteins did not induce clear morphologic changes (see
Fig. S3A in the supplemental material) or cellular hypertrophy (Fig. S3B). Together, our
observations suggest that the 12 cytopathic proteins cause various degrees of cellular
hypertrophy.
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Correlation of SARS-COV-2 protein-induced cell death and induction of cellular
oxidative stress in fission yeast. Since all 12 cytopathic proteins reduce or prevent
cell proliferation (Fig. 1) and cause cellular morphologic changes (Fig. 2), these effects
could be lethal. We tested whether the cytopathic proteins cause cell death. The induc-
ible production of each viral protein was carried out as described above. Forty-eight
hours agi, cell death was detected by trypan blue, a vital diazo dye that specifically
detects dead cells (6, 8). As shown in Fig. 3A, all cytopathic proteins induced cell death
in the range of 10% to 60% (Fig. 3C, blue bars). In contrast, most of the other SARS-
CoV-2 proteins did not kill cells or the extent of cell killings is not as strong as those of
the 12 cytopathic proteins (see Fig. S4A in the supplemental material).

We explored the mechanism of cell death caused by the cytopathic proteins.
Because a cellular oxidative stress response can trigger cell death and is known to play
an important role in COVID-19 (16–18), we tested for intracellular oxidative stress by
measuring the production of reactive oxygen species (ROS). A ROS-specific dye, dihy-
droethidium (DHE), that produces red fluorescence in the presence of ROS, was used
to measure the presence of ROS 48 h agi (Fig. 3B). Except NSP14, other cytopathic pro-
teins triggered the induction of ROS as quantified and shown by the red bars (Fig. 3C).
These observations suggest that cell death induced by the cytopathic proteins, with
the exception of NSP14, was at attributable least partially to the induction of intracellu-
lar oxidative stress. Note that 2 NSPs (NSP2 and NSP16) and 3 structural proteins (E, M,
and S) also induced ROS production (Fig. S4B). However, the levels of the cell killings
by these proteins were below the cutoff as shown by the 12 cytopathic proteins
(Fig. 1C). Thus, these proteins are excluded from discussion.

FIG 2 The effect of SARS-CoV-2 protein on fission yeast cellular morphology. Only those SARS-CoV-2 proteins
that affected cell proliferation presented in Fig. 1 are shown here. Complete SARS-CoV-2 genome-wide data on
fission yeast cellular morphology are included in Fig. S3. (A) Shows the effect of individual SARS-CoV-2 proteins
on fission yeast cell morphology. Each image was taken 48 h agi using bright field microscopy. Scale
bar = 10 mM. (B) Overall cell morphology as shown by the forward-scattered analysis. A total of 10,000 cells
were measured 48 h agi. The forward-scatter light (FSC) measures the distribution of all cell sizes. The side-
scatter light (SSC) determines intracellular complexity. Gene-off, no SARS-CoV-2 protein production; gene-on,
SARS-CoV-2 protein produced.
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ORF3a-induced apoptosis and necrosis are associated with the activation of
mammalian cellular oxidative stress and immune proinflammatory responses. Of
the identified cytopathic proteins, ORF3a was chosen for further study because it plays
an important role in viral pathogenesis and its activities are linked to lung tissue dam-
age and a cytokine storm in COVID-19 (19, 20). Since we found that ORF3a-induced cell
death was associated with the induction of cellular oxidative stress in fission yeast
(Fig. 3), we tested whether a similar ORF3a effect is produced in mammalian cells,
including human pulmonary epithelial A549 and Calu-3, as well as kidney epithelial
293T cell lines. After transfection of the ORF3a-carrying lentiviral pLVX451 EF1alpha-

FIG 3 Correlation of SARS-CoV-2 protein-mediated cell death with the induction of oxidative stress in fission
yeast. (A) SARS-CoV-2 protein-induced cell death was measured 48 h agi by trypan blue staining. (B) SARS-CoV-
2 protein induces oxidative stress, as indicated by the DHE staining showing the production of ROS. Images
were taken 48 h agi. Scale bar = 10 mM. BF, bright field; ROS, reactive oxidative species. DHE, an oxidative
stress-specific dye (8, 67). (C) Quantitative correlation of SARS-CoV-2 protein-induced cell death (blue bars) and
the production of ROS (red bars). Data represent mean 6 SE from three independent experiments. Complete
SARS-CoV-2 genome-wide data on fission yeast cell death and ROS production are included in Fig. S4.
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IRES-Puro plasmid vector into A549 and 293T cells, cell growth over time was meas-
ured. Cell viability and cell death were evaluated by the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) method and trypan blue exclusion. As
shown in Fig. 4A and B, the expression of ORF3a in either the A549 or the 293T cells
significantly reduced cell growth, decreased cell viability, and increased cell death in
comparison with the mock and the vector controls. Possible effects of ORF3a-induced
cell death via apoptosis or necrosis were evaluated by a RealTime Glo annexin V apo-
ptosis and necrosis assay. As shown in Fig. 4C, a to b, ORF3a-induced cell death
involved both apoptosis and necrosis. ORF3a-induced apoptosis was mediated at least
in part through the cleavage of caspase-3 (Fig. 4C, a to c). In addition, the expression of
ORF3a triggered a cellular oxidative stress response, as measured by DHE staining
(Fig. 4D). Our results suggest that ORF3a-induced apoptosis and necrosis in mamma-
lian cells are associated at least in part with the induction of a cellular oxidative stress
response.

To test whether the induction of apoptosis and necrosis by ORF3a is related to a
host cellular immune response, we first measured a well-recognized master regulator,
nuclear factor kappa B (NF-kB), that mediates cellular proinflammatory responses to vi-
ral infection (21). A NF-kB luciferase (luc) reporter plasmid system (Stratagene, La Jolla,
CA) was used to measure NF-kB-mediated transcriptional activities. The plasmid con-
tains a firefly luc gene that is driven by 5-kb NF-kB binding and activating elements
located upstream of the minimal TATA promoter. Upon the activation by proinflamma-
tory cytokines, endogenous NF-kB transcription factors bind to the DNA response ele-
ments, inducing transcription of the luc reporter gene. Thus, the production of Luc
indicates the activation of the NF-kB pathways. As shown in Fig. 4E, expression of
ORF3a markedly elevated NF-kB-mediated transcriptional activities over time. Next, we
measured the production of the cytokines, tumor necrosis factor alpha (TNF-a), inter-
leukin-6 (IL-6), and their regulator NF-kB by quantitative reverse transcriptase PCR
(qRT-PCR). The mRNA levels of each gene target were measured over time (Fig. 4F).
The gene expression of both TNF-a and IL-6 increased moderately in Calu-3 and 293T
cells at 72 h posttransfection (hpt). The level of NF-kB also increased slightly over time.
These data suggest that ORF3a-induced apoptosis and necrosis could also contribute
to the activation of a cellular proinflammatory response.

ORF3a-induced apoptosis and necrosis are affected by natural and artificial
gene mutations. To further elucidate the molecular mechanism underlying ORF3a-
induced apoptosis and necrosis (Fig. 5), we tested the effect of ORF3a mutation on the
induction of apoptosis and necrosis. A natural mutant variant (Q57H) that is associated
with the ongoing Beta variant and deletion of a highly conserved glycine residue
(DG188) were tested. The DG188 mutant was chosen because the amino acid (aa) 188
is highly conserved among sarbecoviruses. G188 may be structurally important as it is
one of the two glycine resides that separate two antiparallel b4 and b5 sheets, and
both residues are in the proximity of two homodimers of ORF3a and the free C-termi-
nal end of the protein (22). The same methods as described above (Fig. 4) were used
to measure cell growth, cell viability, apoptosis, and necrosis with the ORF3a mutants.
Compared with wild-type ORF3a, the DG188 mutant showed significant differences in
its effects, including markedly reduced cellular growth and viability and increased cell
death over time (Fig. 5A, a to c, red bars). In contrast, the Q57H mutant showed slightly
improved cellular growth and viability and reduced cell death (Fig. 5A, a to c, blue
bars). Compared with wild-type ORF3a, the DG188 mutant markedly increased apopto-
sis and necrosis, whereas the Q57H mutant showed slightly reduced apoptosis and ne-
crosis. Consistent with the idea that ORF3a-induced cell death is mediated through the
induction of cellular oxidative stress, a positive correlation also was seen between
the wild-type and mutant ORF3a in the production of ROS (Fig. 5C, a to b). Based on
these observations, ORF3a-induced apoptosis and necrosis are likely mediated through
the induction of cellular oxidative stress, and the overall structure of the ORF3a protein
appears to be important for the induction of cell death.
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FIG 4 SARS-CoV-2 ORF3a-induced apoptosis and necrosis are correlated with the induction of cellular
oxidative stress and innate immune proinflammatory responses in mammalian cells. Expression of SARS-
CoV-2 ORF3a induces cellular growth reduction and cell death 72 hpt in human lung epithelial A549
cells (A) and human kidney epithelial 293T cells (B). (C) ORF3a induces apoptosis and necrosis 48 hpt
measured by Annexin V (a), necrosis (b), and caspase-3 cleavage (c). (D) ORF3a triggers the induction of
oxidative stress 48 hpt measured by the DHE straining. The ORF3a was cloned in a lentiviral constitutive
expression vector (4). Scale bar = 20 mM. (E) ORF3a elevates NF-kB-mediated transcriptional activities. (F)
ORF3a triggers elevated production of TNF-a, IL-6, and NF-kB in Calu-3 (a) and 293T (b) cells. Data are
presented as mean 6 SE from three independent experiments. Statistical differences between ORF3a
and mock (indicated with #) or empty vector control (indicated with *) were evaluated. * or #, P , 0.05;
** or ##, P , 0.01; *** or ###, P , 0.001 (pair-wise t test).
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FIG 5 ORF3a-induced apoptosis by natural and artificial mutant variants correlate with cellular oxidative stress and innate immune proinflammatory
responses. 293T cells were transfected with plasmids harboring ORF3a wild type (WT), DG188, or Q57H mutant variant. Effects of ORF3a mutant variants

(Continued on next page)
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ORF3a-induced apoptosis and necrosis are correlated with the level of cellular
proinflammatory response. Since ORF3a-induced cell death is associated with the
activation of host cell proinflammatory response (Fig. 4E and F), we tested whether the
level of ORF3a-induced cell death is correlated with the NF-kB-mediated transcrip-
tional activities or the level of the cellular proinflammatory response. Both Q57H and
DG188 mutants were tested in comparison with the wild-type ORF3a. While the Q57H
mutant showed a similar immune expression profile as the wild-type ORF3a (Fig. 5D;
Fig. 5E-a, blue bars), sharp increases in NF-kB-mediated activities and transcription of
TNF-a, IL-6, and NF-kB were observed with the DG188 mutant (Fig. 5D; Fig. 5E-a, red
bars), suggesting a strong correlation between the level of apoptosis and necrosis
induced by the DG188 mutant and NF-kB-mediated transcription of TNF-a or IL-6. To
further test whether other cytokines or pattern recognition receptors that recognize
RNA virus also respond to the expression of ORF3a, we measured mRNA levels of type I
interferon beta-1 (IFN-b1), Toll-like receptors 4 (TLR4), and Toll-Like receptors 3 (TLR3).
Similar or slightly reduced activation of IFN-b1, TLR4, and TLR3 was observed in the
Q57H mutant compared with the wild-type ORF3a (Fig. 5E-b), whereas sharp increases
of IFN-b1, TLR4, and TLR3 were observed with the DG188 mutant (Fig. 5E-b).
Interestingly, there were temporal differences in the activation of the various cytokines
and regulators. The increase in TNF-a began as early as at 24 hpt and was significantly
reduced at 72 hpt (Fig. 5E-a). In contrast, no significant increase of signals of NF-kB,
TLR4, or TLR3 was seen at 24 hpt, but mRNA abundance gradually increased from 48
to 72 hpt, suggesting they might be late events. The two type I interferons IFN-b1 and
IL-6 showed a significant spike at 48 hpt. These observations suggest that there is an
active interaction between the expression of ORF3a and the host cellular innate
immune responses.

DISCUSSION

Although current mRNA-based vaccines are generally effective at preventing SARS-
CoV-2 infection, the effectiveness of those vaccines wane over time (23). In addition, the
emergence of new viral variants could further undermine the effectiveness of those vac-
cines. Antiviral drugs are an alternative, potentially effective means to treat SARS-CoV-2
infection and curtail COVID-19 but currently such drugs are limited. Two antiviral drugs
were granted recently by U.S. FDA for emergency use, which include a nirmatrelvir and
ritonavir drug combination (Paxlovid) by Pfizer and molnupiravir (Lagevrio) by Merck.
Molnupiravir is a nucleoside analogue that resembles cytidine in RNA. It inhibits viral
reproduction by introducing nucleoside substitution b-D-N4-hydroxycytidine 59-triphos-
phate into viral RNA during viral replication that is mediated by RNA-directed RNA poly-
merase (24). Nirmatrelvir is a competitive 3C-like protease (3CLpro) inhibitor (25). Ritonavir
is a CYP3A enzyme inhibitor that is used to maintain the high plasma concentration of
nirmatrelvir. However, the discovery of new antiviral agents is limited by our current
knowledge on the viral pathogenicity of the virus and of which viral protein(s) should be
targeted. Thus, there is a continued need to identify viral proteins that cause, e.g., harmful
cytopathic effects, tissue damage, and cytokine storm, in order to advance the rational
design of anti-COVID-19 drug therapies.

The goal of this study was to identify SARS-CoV-2 viral targets that can be used in
high-throughput drug screening and antiviral drug discovery. Our criteria for appropri-
ate targets were that the viral protein must contribute to viral pathogenesis and cause
a measurable cytopathic effect that can be used in large-scale drug screening. Twelve
viral proteins were identified that included 8 nonstructural proteins (NSP1, NSP3, NSP4,

FIG 5 Legend (Continued)
on cytopathic effects (A), as measured by cellular growth (a), cell viability (b), and cell death (c), at the indicated times. (B) Effects of ORF3a mutant
variants on apoptosis (a) and necrosis (b). (C) Induction of oxidative stress. The images were taken at 72 hpt. Scale bar = 20 mM. (D) ORF3a elevates NF-
kB-mediated transcriptional activities. (E) Activation of cellular innate immune proinflammatory responses, as measured by qRT-PCR. Data are presented
as mean 6 SE from three independent experiments. Statistical differences between control and ORF3a WT or mutants (indicated with #) or between WT
and mutants (indicated with *) were evaluated. * or #, P , 0.05; ** or ##, P , 0.01; *** or ###, P , 0.001 (one-way ANOVA).
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NSP5, NSP6, NSP13, NSP14, and NSP15) and 4 accessory proteins (ORF3a, ORF6, ORF7a,
and ORF7b). Overall, they all inhibited cellular growth (Fig. 1), caused cellular hypertro-
phy (Fig. 2), and induced cell death (Fig. 3).

Two major types of viral proteins were identified, namely, viral enzymes and viral
proteins that participate in viral replication or transcription (26). Among the viral
enzymes, NSP5 carries the major 3C-like protease, NSP3 produces a minor papain-like
protease (PL2pro), NSP13 carries a viral helicase that unwinds duplex RNA or DNA with
a 59!39 polarity, and NSP14 is a dual-function enzyme with N-terminal exoribonu-
clease (ExoN) and C-terminal N7-methyltransferase (N7-MTase) activities. All of these vi-
ral enzymes are highly conserved among coronaviruses and are essential for viral repli-
cation (26). Therefore, they might be ideal targets for antiviral drug discovery. Notably,
viral proteases are proven antiviral targets against HIV-1 (27) and hepatitis C virus
(HCV) infection (28). Some of the FDA-approved HIV-1 and HCV protease inhibitor
drugs inhibit 3CLpro or PL2pro (29, 30). Although no clinical benefit has yet been shown
from using those repurposed drugs, they nevertheless indicate the potential of using
protease inhibitor drugs for treating COVID-19. The successful development of the first
protease inhibitor antiviral drug Paxlovid (PF-07321332) against SARS-CoV-2 by Pfizer
(31) attests this possibility. The fission yeast 3CLpro or PL2pro cell-based assays described
here could conceivably be used for high-throughput screening and testing of future
SARS-CoV-2 protease inhibitors. This use is certainly feasible because our early study
shows that all FDA-approved HIV-1 protease inhibitor drugs suppress HIV-1 protease in
the fission yeast cell-based system (12). NSP13 also shows dNTPase and RNA 59-triphos-
phatase activities besides its helicase activity. NSP13 is the most conserved coronaviral
protein, and it is essential for viral RNA transcription and replication. Therefore, it is
another promising viral target for antiviral drug development (32).

Three of the identified viral candidates (NSP3, NSP4, and NSP6) form a core protein
complex that is responsible for the formation of virus-induced double-membrane vesicles
(DMVs). DMVs are part of the viral replication-transcription complex (RTC) in SARS-CoV-2-
infected cells that drives replication and transcription for virus reproduction (33, 34). The
RTC formed by NSP3/4/6 in SARS-CoVs links the cytoplasmic membrane with the endo-
plasmic reticulum lumen to induce membrane curvature and form unique DMVs (35). In
addition, NSP3/4/6 interacts with E, M, and N proteins to facilitate viral assembly (36).
Thus, interruption of the NSP3/4/6 protein complex and DMV formation could potentially
be a critical viral target to inhibit viral replication and transcription.

ORF3a was chosen for mechanistic studies because it fulfills the predefined criteria
as a potential therapeutic target. ORF3a is a multifunctional protein that has 275 aa
(;31 kDa) and presents as a homodimer or tetramer (22). It has 3 transmembrane
regions that span halfway across the membrane and cytosol that are linked to multi-
functionalities, including virulence, infectivity, ion channel formation, and virus release
(37–40). ORF3a plays an important role in SARS-CoV-2-mediated viral pathogenesis,
including induction of the inflammasome in damaged lung tissue and initiation of
cytokine storm (20, 41). High titers of the anti-ORF3a antibody were found in SARS-
CoV-2-infected patients, suggesting its clinic significance (42). Deletion or transcription
knockdown of ORF3a from either the SARS-CoV or the SARS-CoV-2 genome results in a
major reduction of virus growth (43, 44). SARS-CoV-2 ORF3a is essential for viral replica-
tion in the absence of the E protein (45, 46).

Consistent with our findings from the fission yeast studies, ORF3a prevented cell
proliferation and induced apoptosis and necrosis in mammalian cells (Fig. 4A to C), in
part through the induction of cellular oxidative stress (Fig. 4A to D). ORF3a-induced ap-
optosis has been reported previously (47). However, oxidative stress-induced cell death
had not been reported in SARS-CoV-2 infection, and the viral protein(s) responsible for
inducing cellular oxidative stress had not been identified. Here, we report for the first
time that ORF3a induces ROS production leading to cellular oxidative stress, and this
cellular stress response appears to be a common feature of all the viral proteins except
NSP14 that link to cell death in fission yeast cells (Fig. 3C, shown by arrows). Whether
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the activation of cellular oxidative stress also contributes to the death of human cells
caused by other viral proteins besides ORF3a remains to be elucidated. Oxidative stress
is a common cellular response to viral infection (48). Sustained viral infection leads to
the accumulation of the ROS in cells or tissues that may result in tissue damage and
cell death (49, 50). Increasing evidence suggests that excessive ROS production is a
major cause of local or systemic tissue damage and contributes to the severity of
COVID-19 (17, 18). Therefore, focusing on these viral targets could potentially help
ease the COVID-19 burden. It is unclear at present why NSP14-induced cell death did
not trigger a cellular oxidative stress response. One possible explanation is that it func-
tions as an enzyme that is part of normal cellular activity.

ORF3a-induced apoptosis and necrosis might also be attributed in part to the acti-
vation of a cellular proinflammatory response, as three of the common proinflamma-
tory cytokines, namely, TNF-a, IL-6, and IFN-b1, were all elevated (Fig. 4E and F;
Fig. 5D). Clinical studies suggest that high serum IL-6 and TNF-a levels are strong, inde-
pendent predictors of patient survival (51, 52) and that hyperinflammatory responses
in patients with COVID-19 are a major cause of disease severity and death (51, 52).
ORF3a-induced apoptosis and necrosis might be one of the viral factors that contrib-
utes to the elevation of IL-6 and TNF-a observed in these patients. Our data show that
the elevated production of IL-6 and TNF-a could be mediated through NF-kB, a well-
recognized master regulator that mediates cellular proinflammatory responses to viral
infection (21). In addition, TLR3 and TLR4 might also be involved in these elevations, as
they are also activated (Fig. 5E). Both TLR3 and TLR4 recognize RNA viruses and trigger
the antiviral production of type I IFNs and proinflammatory cytokines. TLR4 is a cell
membrane receptor (53) and TLR3 resides on the endosomal membrane in epithelial
cells (54). TLR3 induces proinflammatory cytokine production through TRIF (54),
whereas TLR4-mediated proinflammatory cytokine production is likely through NF-kB.
Both TLR3- and TLR4-mediated proinflammatory responses contribute to the severity
of COVID-19 (55–57). TLR4-mediated production of IL-6 and TNF-a is associated with
the severity of COVID-19 in patients with cardiometabolic comorbidities (55). Inhibition
of TLR3 by famotidine decreases IL-6 (56) and reduces the risk of intubation and death
in patients hospitalized with COVID-19 and alleviates symptoms in nonhospitalized
patients with COVID-19 (57). Both cellular inflammation and oxidative stress contribute
to the severity of the COVID-19 (58). In addition, ORF3a-induced apoptosis and necrosis
are highly conserved cellular responses among yeast (this study), Drosophila (59), and
human cells (47). Therefore, targeting ORF3a-induced apoptosis and necrosis could be
a promising antiviral strategy to fight against COVID-19. Fission yeast could potentially
be used as a surrogate system for large-scale drug screening and testing of anti-ORF3a
inhibitors.

The DG188 mutant triggered a much stronger activation of the cellular oxidative stress
and innate immune responses than wild-type ORF3a (Fig. 4 and 5). An early protein struc-
tural analysis suggests that the G188 residue may be structurally important, as it is one of
the two highly conserved glycine resides among sarbecoviruses that separate two anti-
parallel b4 and b5 sheets, and both residues are in the proximity of two homodimers of
ORF3a and the free C-terminal end of the protein (22). The DG188 mutant may interrupt
dimerization of the protein or the structure of the two antiparallel b4 and b5 sheets at
the C-terminal end where it affects ion channel activity or interaction of ORF3a with host
cellular proteins (22). The ORF3a activity has been linked to a number of sequence motifs
from the signal peptide (aa 1 to 13) of the N terminus to a di-acidic motif (aa 171 to 173)
(40, 47). This study is the first demonstration of the functional relevance of the G188 resi-
due at the b4/b5 junction of the C terminus of ORF3a in the activation of cellular stress,
innate immune response, and induction of apoptosis and necrosis. Additional mutagene-
sis studies are needed to confirm our findings. One possible explanation for the stronger
effect of the DG188 mutant than that of the wild type is that the wild-type ORF3a effect
might be restricted by a host restriction cellular protein(s) through a direct protein-pro-
tein interaction, as shown in other viral infections (60, 61). If this is indeed the case,
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interruption of the ORF3a protein with the host restriction factor(s) by the DG188 muta-
tion could release the ORF3a resulting enhanced triggering of host cellular stress and
innate immune response and leading to stronger cell death. This scenario is further sug-
gested by the fact that the wild-type ORF3a completely kills fission yeast cells but only
partially kills human cells. Note that ORF3a-induced cell killing in fission yeast is not an ar-
tifact caused by protein overproduction, as viral proteins with similar molecular weights,
such as NSP8 and seventeen other viral proteins, did not cause cell killing nor do they
induce the ROS under the same experimental conditions. It would be of interest to iden-
tify the binding partner(s) of the ORF3a in human cells.

ORF3a mutations are associated with disease progression (39, 40) and high mortal-
ity in patients with COVID-19 (62). The Q57H mutation (40, 62) was found recently in
the emerging Beta variant (63), and the Q57H variant was suspected of contributing to
a surge of SARS-CoV-2 infection in Hong Kong (64). Our data show that the Q57H mu-
tant activities are comparable to those of the wild-type ORF3a regarding the induction
of cellular oxidative stress, innate immune responses, and apoptosis and necrosis
(Fig. 4 and 5). However, our data cannot rule out the possibility that the Q57H mutant
may have other effects on viral pathogenesis. For example, the Q57H mutant was pre-
dicted to bind the S protein, whereas the wild type does not (65). It would be of inter-
est to test whether the Q57H mutant contributes to viral entry. A number of new
ORF3a mutations were found to associate with the emergence of the new viral var-
iants. It would be necessary to test the effect of those natural ORF3a variants on their
interactions with host cellular stress and innate immune responses to better under-
stand the role of ORF3a in COVID-19.

In summary, through genome-wide characterization, 12 viral proteins were identi-
fied to exert cytopathic effects. Since these viral proteins are essential for viral survival
and contribute to viral pathogenesis, they could serve as therapeutic targets for future
antiviral drug discovery. In accordance with this finding, we demonstrated here that
ORF3a induces apoptosis and necrosis through the activation of cellular oxidative
stress and host innate immune proinflammatory responses. Since these ORF3a activ-
ities are linked to viral pathogenesis, disease progression, and severity of COVID-19, it
would be desirable to develop a fission yeast cell-based high-throughput system to
identify anti-ORF3a drugs to battle COVID-19.

MATERIALS ANDMETHODS
Cell and growth media. A wild-type fission yeast SP223 strain (h-, ade6-216, leu1-32, and ura4-294) was

used to test the cytopathic effect of SARS-CoV-2 viral proteins in this study (8, 14). Standard yeast extract-su-
crose (YES) complete, minimal EMM, or Pombe Glutamate medium (PMG) selective media supplemented
with adenine, uracil, leucine, or thiamine (20 mM) was used to grow fission yeast cells or to select for plas-
mid-carrying cells. Luria-Bertani (LB) medium supplemented with ampicillin (100mg/mL) was used for grow-
ing New England BioLabs (NEB) stable Escherichia coli (NEB catalog [cat] no. C3040H) or DH5a cells and for
DNA transformation.

Human pulmonary epithelial cell lines A549 (ATCC CCL-185) and Calu-3 (ATCC HTB-55) and a human
embryonic kidney epithelial 293T cell line was used in this study. A549 and 293T cell lines were maintained
in the high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Corning cat 10-017-CV) with 10% fetal
bovine serum (FBS; Gibco cat 100-438-026) and 100 U/mL penicillin-streptomycin (Gibco cat 15140122).
Calu-3 cells were maintained in Eagle’s minimum essential medium (EMEM) (Quality Biological cat 112-018-
101) with 10% FBS and 100 U/mL penicillin-streptomycin. All cell lines were grown in an incubator at 37°C
with 5% CO2.

SARS-CoV-2 reference strain and plasmids. A U.S. SARS-CoV-2 reference strain, USA-WA1/2020
(GenBank accession no. MN985325), was used for the genome-wide functional analysis of the SARS-CoV-
2 viral proteins. A fission yeast gene cloning system, which includes a pYZ1N gene expression plasmid,
has been described previously (6, 13). pYZ1N carries an inducible no message in the thiamine (nmt1)
promoter. Through the regulation of this promoter, viral gene expression can be either induced or
repressed in the absence (gene-off) or presence (gene-on) of 20 mM thiamine, respectively (13). The fis-
sion yeast strain that carries the pYZ1N-SARS-CoV-2 ORF was maintained in the minimal EMM with the
selection of the Leu2 gene carried on the plasmid. For the mammalian ORF3a study, a lentiviral constitu-
tive expression vector pLVX-EF1alpha-IRES-Puro (TaKaRa) that carries the ORF insert (provided by Nevan
J. Krogan of University of California San Francisco [UCSF]) was used (4). The ORF3a mutant variants
(Q57H and DG188) were generated by overlapping PCR with mutant-specific primers (see Table S1 in
the supplemental material) and cloned onto the same pLVX-EF1alpha-IRES-Puro plasmid via the Gibson
assembly method. All final constructs were verified by Sanger sequencing.
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Molecular cloning of SARS-CoV-2 ORFs in fission yeast. A total of 29 SARS-CoV-2 viral ORFs were
cloned into a fission yeast pYZ1N gene expression vector system using methods as described previously (6,
8) (see Fig. S1A in the supplemental material). Among them, 27 of the viral ORFs were described previously
(4). NSP3 or NSP16 was obtained from Zhe Han of University of Maryland, Baltimore, or Fritz Roth of
University of Toronto (Addgene plasmid no. 141269), respectively. Briefly, each SARS-CoV-2 protein-encod-
ing nucleotide was PCR amplified with a pair of primers that contained specific restriction enzyme sites
(Table S1; Fig. S1B) for molecular cloning and cloned into the pYZ1N expression vector for the functional
analysis. The SARS-CoV-2 viral gene inserts were verified by restriction digestions and Sanger sequencing.

Fission yeast plasmid transformation and inducible SARS-CoV-2 gene expression. The SARS-CoV-2
gene-carrying pYZ1N plasmids were transformed into a wild-type fission yeast SP223 strain by electro-
poration (8, 66). The plasmid transformants were selected for the presence of the Leu2 gene on a mini-
mal selective PMG medium. Successful transformation of the respective SARS-CoV-2-containing plasmids
was verified by colony PCR with gene-specific primers (Table S1). Successful expression of the respective
SARS-CoV-2 ORF mRNA transcripts was measured by RT-PCR using gene-specific primers (Table S1) and
a SuperScript III one-step RT-PCR system (Invitrogen; cat no. 12574-030). To measure SARS-CoV-2 gene-
specific activities, the PCR-confirmed yeast colony, which carries the desired and specific SARS-CoV-2
gene-containing plasmid, was grown to log phase in liquid EMM supplemented with 20 mM of thiamine.
Cells were then washed three times with distilled water to remove thiamine. Finally, 2 � 104 cells/mL,
which was quantified using a TC20 automated cell counter (Bio-Rad), was reinoculated into fresh liquid
EMM without thiamine to induce gene expression (gene-on) or with thiamine to suppress gene expres-
sion (gene-off). The cell cultures were grown at 30°C with constant shaking before the observation.

Measurement of fission yeast cell-specific activities. The effects of a SARS-CoV-2 protein on fission
yeast cellular growth were measured by several methods, which include a yeast colony-forming assay to
measure cell proliferation, a cell viability assay (8, 12), and the cellular growth kinetics to quantify cellular
growth (8, 14). Briefly, the fission yeast cultures were prepared as described above. A total of 50 mL of
liquid cultures with approximately 1 � 103 cells was spread onto the selective EMM agar plates with
(gene-off) and without (gene-on) thiamine. The agar plates were incubated at 30°C for 4 to 6 days before
the observation for the presence or absence of fission yeast colony formations and the sizes of the form-
ing colonies. The absence of colonies on the agar plates indicates complete inhibition of cellular prolifer-
ation. Fewer colonies with smaller colony sizes than the normal control typically suggest reduced cellu-
lar proliferation.

To quantify the level of growth inhibition caused by the expression of a SARS-CoV-2 protein in fis-
sion yeast, 100 mL of gene-on or gene-off liquid cultures (2 � 104 cells/mL) was grown in the 96-well
microtiter plate in the selective EMM over time at 30°C in an incubator with moisture. Cellular growth
kinetics was measured at OD650 over 48 hours by using a Synergy H1M monochromator-based multi-
mode microplate reader (BioTek).

The methods used to test the effect of each viral protein production on fission yeast cell morphology
have been described previously (8, 14). Briefly, fission yeast cell morphology was observed using a BZX
fluorescence microscope (Keyence) under the bright field 48 h agi. The overall cell morphology was eval-
uated by flow cytometry using forward-scattered analysis (8, 14). Ten thousand cells were analyzed on a
FACSCanto II flow cytometer (Becton, Dickinson). The forward-scattered light (FSC) and side-scattered
light (SSC) were measured for each cell population. FSC is proportional to the cell surface area and thus
measures cell size. SSC determines intracellular complexity because it is proportional to cell granularity.

SARS-CoV-2 protein-induced cell death was detected by trypan blue staining (8). Trypan blue is a
dye that specifically detects dead cells. The activation of fission yeast cellular oxidative stress by SARS-
CoV-2 proteins was monitored by the production of ROS, which can be detected by a ROS-specific dye,
DHE (Sigma). DHE generates red fluorescence in the presence of ROS (8, 67). DHE was added in a final
concentration of 5 mg/mL. Cellular oxidative stress was measured 48 h agi.

Measurement of mammalian cell-specific activities. A total of 2 � 104 293T or 1 � 104 A549 and
Calu-3 cells/well were seeded onto a 96-well plate and cultured at 37°C and 5% CO2 overnight. The plas-
mid was transfected into cells using the Lipofectamine 3000 reagent (ThermoFisher) following the man-
ufacturer’s protocol. Cellular growth or cell death at the indicated time was quantified by cell number
counting and trypan blue staining. Briefly, cells were trypsinized, and 10 mL of the cell suspension was
mixed with an equal volume of trypan blue. Within 5 minutes of mixing, the total cells and dead cells
were counted using a TC20 automated cell counter. Cell viability was determined by the MTT assay as
described (68). At the time of the measurement, 10 mL of 5 mg/mL MTT was added to each well of the
96-well plate and incubated at 37°C for 2 to 5 h. After the medium was removed, 100 mL of dimethyl
sulfoxide (DMSO) was added to each well and mixed by pipetting. The plates were agitated gently for
15 minutes, and the absorbance was measured at 570 nm using the H1M microplate reader.

Cell apoptosis and necrosis were measured by a RealTime-Glo annexin V apoptosis and necrosis
assay (Promega) (69). At 24 h after plasmid transfection, the apoptosis and necrosis detection reagents
were added into each well of a 96-well plate. Following incubation at 37°C and 5% CO2 at the indicated
time, luminescence (relative light units [RLU]) and fluorescence (relative fluorescence units [RFU]; 485
nm excitation/520 to 530 nm emission) were used to measure apoptosis and necrosis, respectively, with
the H1M microplate reader.

The activation of cellular oxidative stress in mammalian cells was monitored using a ROS detection cell-
based assay kit (Cayman Chemical; cat no. 601290). The fluorescence of DHE staining was visualized using a
BZX fluorescence microscope (Keyence). The intensity was measured using the H1Mmicroplate reader.

The Western blot analysis was carried out as described previously (68). Total proteins were extracted
from transfected 293T cells using radioimmunoprecipitation assay (RIPA) lysis buffer (Millipore Sigma) at

Zhang et al. ®

January/February 2022 Volume 13 Issue 1 e00169-22 mbio.asm.org 14

https://mbio.asm.org


48 hpt. Equal amounts of total protein were separated on an SDS-PAGE gel by electrophoresis and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Target proteins were detected using
the following antibodies: mouse anti-Strep tag II (Millipore Sigma; cat no. 71590); rabbit anti-Caspase 3
(Cell Signaling; cat no. 9662); rabbit anti-Cleaved-Caspase 3 (Cell Signaling; cat no. 9664), and mouse
anti-GAPDH antibody (Cell Signaling; cat no. 2118).

For the NF-kB luciferase assay to measure NF-kB-mediated transcriptional activities, 2 � 104 293T
cells/well was cultured in a white 96-well plate overnight. A total of 0.05 mg of the plasmid with the
gene of interest was cotransfected with 0.05 mg of pNF-kB-Luc and 0.005 mg of pRL-SV40. The activities
of firefly luciferase and Renilla luciferase were measured at the indicated time using the dual luciferase
reporter assay system (Promega; cat no. E1910) and H1 plate reader (BioTek). The signal of firefly lucifer-
ase was normalized with Renilla luciferase, and the fold changes compared to empty vector control
were calculated.

Reverse transcriptase quantitative PCR (qRT-PCR) was carried out as we described previously (69).
Briefly, a total of 1 mg of extracted total RNA was used for the synthesis of first-strand cDNA using a
high-capacity RNA-to-cDNA kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Quantitative PCR was performed on a QuantStudio 3 real-time PCR system using gene-specific primers
(see Table S2 in the supplemental material) and 2� SYBR green qPCR master mix (Bimake). The amplifi-
cation conditions were 40 cycles of 95°C for 10 s and 60°C for 30 s, followed by melting curve analysis.
The fold change in mRNA expression was quantified by calculating the threshold cycle (22DDCT) value,
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an endogenous control.

Statistical analysis. A pair-wise t test or one-way analysis of variance (ANOVA) was calculated using
software Prism 9 (GraphPad, San Diego, CA, USA). Statistical significance was accepted at the 95% confi-
dence level (P, 0.05; * or #, P, 0.05; ** or ##, P, 0.01; *** or ###, P, 0.001).
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