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ABSTRACT The coronavirus disease 2019 (COVID-19) caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) is bringing an unprecedented health cri-
sis to the world. To date, our understanding of the interaction between SARS-CoV-2
and host innate immunity is still limited. Previous studies reported that SARS-CoV-2
nonstructural protein 12 (NSP12) was able to suppress interferon-b (IFN-b) activation
in IFN-b promoter luciferase reporter assays, which provided insights into the patho-
genesis of COVID-19. In this study, we demonstrated that IFN-b promoter-mediated lu-
ciferase activity was reduced during coexpression of NSP12. However, we could show
NSP12 did not affect IRF3 or NF-kB activation. Moreover, IFN-b production induced by
Sendai virus (SeV) infection or other stimulus was not affected by NSP12 at mRNA or
protein level. Additionally, the type I IFN signaling pathway was not affected by NSP12,
as demonstrated by the expression of interferon-stimulated genes (ISGs). Further experi-
ments revealed that different experiment systems, including protein tags and plasmid
backbones, could affect the readouts of IFN-b promoter luciferase assays. In conclusion,
unlike as previously reported, our study showed SARS-CoV-2 NSP12 protein is not an IFN-b
antagonist. It also rings the alarm on the general usage of luciferase reporter assays in
studying SARS-CoV-2.

IMPORTANCE Previous studies investigated the interaction between SARS-CoV-2 viral
proteins and interferon signaling and proposed that several SARS-CoV-2 viral proteins,
including NSP12, could suppress IFN-b activation. However, most of these results were
generated from IFN-b promoter luciferase reporter assay and have not been validated
functionally. In our study, we found that, although NSP12 could suppress IFN-b pro-
moter luciferase activity, it showed no inhibitory effect on IFN-b production or its down-
stream signaling. Further study revealed that contradictory results could be generated
from different experiment systems. On one hand, we demonstrated that SARS-CoV-2
NSP12 could not suppress IFN-b signaling. On the other hand, our study suggests that
caution needs to be taken with the interpretation of SARS-CoV-2-related luciferase assays.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel emerging
b-coronavirus that causes the coronavirus disease 2019 (COVID-19), is affecting
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more than 200 countries and territories around the world. SARS-CoV-2 infection causes
respiratory, enteric, hepatic, and neurological diseases of various severities (1–3). The
viral infection has caused 149,910,744 cases, including 3,155,168 deaths, as of 30 April
2021 (https://covid19.who.int/). Under the pressure of a continued rise in the incidence
of COVID-19, an unprecedented global effort is being implemented to discover effec-
tive vaccines and therapeutics to combat SARS-CoV-2.

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus. Its 30-kb ge-
nome encodes 16 nonstructural proteins, including NSP1 to NSP16; four structural pro-
teins, including spike glycoprotein (S), envelope protein (E), membrane protein (M),
and nucleocapsid protein (N); and accessory proteins open reading frame 3a (ORF3a),
ORF3b, ORF6, ORF7a, ORF7b, ORF8, and ORF10 (4, 5). During SARS-CoV-2 infection, S
protein binds to its host receptor, angiotensin-converting enzyme 2 (ACE2), and subse-
quently triggers S protein conformational change (6, 7). After fusion of virus membrane
with the endosomal membrane, the viral genome is released into the cytoplasm,
where replication occurs after synthesis and proteolytic cleavage of the replicase poly-
protein. A double-stranded RNA genome is then synthesized from the genomic plus-
strand RNA (8). After the synthesis of structural proteins, the progeny virus assembles
and buds at membranes of the endoplasmic reticulum, the intermediate compart-
ments, and/or the Golgi complex. This allows newly synthesized virion-containing
vesicles to fuse with the plasma membrane and release the virus (9).

Host innate immune system is essential for antiviral responses. SARS-CoV-2, as an
RNA virus, can be recognized by pattern recognition receptors (PRRs), including RIG-I-
like receptors (RLRs) and extracellular and endosomal Toll-like receptors (TLRs), which
activate downstream signaling pathways (10, 11). Downstream cascades trigger the
secretion of various cytokines, including type I/III interferons (IFNs), proinflammatory
tumor necrosis factor alpha (TNF-a), interleukin-1b (IL-1b), IL-6, IL-10, and IL-18 (12–14).
Single-cell RNA sequencing revealed that the type I IFN coexisted with TNF-a- and IL-1b-
driven inflammation in COVID-19 patients’ peripheral blood mononuclear cells, indicating
that type I IFN may play a role in exacerbating inflammation in severe COVID-19 (15).
Moreover, several studies demonstrated that SARS-CoV-2 was sensitive to IFNs pretreat-
ment in vitro, perhaps to a greater degree than SARS-CoV (16–18).

In contrast, Melo et al. found a lack of induction of type I IFN responses following
SARS-CoV-2 infection in infected cell lines, primary bronchial cells, and a ferret model
(19). Additionally, accumulating evidence shows that several SARS-CoV-2 proteins,
including NSP12, could inhibit type I IFN responses in cell cultures as illustrated by IFN-
b promoter assays (20–25). The detailed mechanism regarding IFN inhibition of NSP12
remained elusive. Here, by using the IFN promoter luciferase reporter system, we con-
firmed that NSP12 could inhibit IFN-b promoter luciferase activity induced by Sendai
virus (SeV) infection or components of the RIG-I/MDA5 pathway. But detailed studies
demonstrated that NSP12 could neither interfere with IRF3 and NF-kB activation nor
affect IFN-b transcription or translation. Furthermore, the STAT1 activation and inter-
feron-stimulated genes (ISGs) transcription were not affected by NSP12. Further experi-
ments revealed that different experiment systems could affect the results about the
effect of NSP12 on IFN-b promoter luciferase activity signal.

RESULTS
SARS-CoV-2 NSP12 represses IFN-b promoter luciferase activity. We first cotrans-

fected cells with IFN reporter construct and HA-NSP12-expressing plasmid or empty
vector and stimulated the cells with SeV, which is a well-known IFN inducer. Similar to
previous reports (20, 22), NSP12 suppressed IFN-b-Luc activity (Fig. 1A). As a positive
control, a previously known IFN-b antagonist, IAV NS1 protein, also suppressed IFN-
b-Luc activity (Fig. 1B) (26). In contrast, overexpression of green fluorescent protein
(GFP) showed little effect on IFN-b-Luc activity (Fig. 1C). To further confirm this inhibi-
tory effect, we evaluated IFN-b-Luc activities at different time points. As shown in Fig.
1D, the inhibition of NSP12 on IFN-b-Luc activity can be easily observed 8 h after SeV
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infection. Additionally, IFN-b-Luc activity induced upon RIG-IN expression (a RIG-I acti-
vator) can also be suppressed by NSP12 in a dose-dependent manner (Fig. 1E) (27).
Together, these results suggest that NSP12 may suppress IFN-b promoter.

To dissect which step upstream of IFN-b induction was affected by NSP12, we fur-
ther used different components of the RIG-I/MDA5 pathway to stimulate IFN-b pro-
moter luciferase reporters. Interestingly, as shown in Fig. 2, overexpression of NSP12
suppressed IFN-b promoter luciferase signals triggered by RIG-IN, MDA5, MAVS/VISA,
TBK1, IKK« , and IRF3-5D (a constitutively active IRF3 mutant) (28). These results indi-
cate that NSP12 may inhibit IFN-b promoter luciferase signal at the level of, or down-
stream of, IRF3 activation.

FIG 1 The effect of SARS-CoV-2 NSP12 on IFN-b promoter luciferase activity. (A) HEK293T cells were
cotransfected with IFN-b luciferase reporter pIFN-b-Luc, pPRL-TK, and pHA-NSP12 or empty vector for 24 h and
then infected with SeV. After 10 h, relative luciferase activity was determined. (B) HEK293T cells were
cotransfected with IFN-b luciferase reporter pIFN-b-Luc and pPRL-TK together with pHA-IAV-NS1 or empty
vector for 24 h and then infected with SeV. After 10 h, relative luciferase activity was determined. (C) HEK293T
cells were cotransfected with IFN-b luciferase reporter pIFN-b-Luc and pPRL-TK together with pGFP or empty
vector for 24 h and then infected with SeV. After 10 h, relative luciferase activity was determined. (D) HEK293T
cells were cotransfected with IFN-b luciferase reporter pIFN-b-Luc and pPRL-TK together with pHA-NS12 or
empty vector for 24 h and then infected with SeV for different durations (4 h, 8 h, 16 h, and 24 h). Relative
luciferase activity was determined. (E) HEK293T cells were cotransfected with pIFN-b-Luc, pPRL-TK, and pHA-
NSP12, together with pFlag-RIG-IN for 24 h. Relative luciferase activity was determined. The resultant ratios for
the samples were normalized using the Renilla luciferase values. The values from cells transfected with empty
vector and stimulated with SeV infection or RIG-IN were set as 100%. Data were shown as means 6 SEM of at
least three independent experiments. ****, P, 0.0001; ns, not significant.
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SARS-CoV-2 NSP12 does not affect IRF3 and NF-jB activation. Upon virus infec-
tion, phosphorylated IRF3 and NF-kB (P50 and P65) translocate to the nuclei and bind
to the interferon promoter to stimulate IFN-b production (28, 29). Next, we wanted to
investigate the effect of NSP12 on IRF3 and P65. IRF3 phosphorylation was induced
upon SeV infection as expected (Fig. 3A). However, NSP12 could neither repress SeV-
induced IRF3 phosphorylation nor repress IRF3 expression (Fig. 3A). Similarly, NSP12
failed to suppress IRF3 phosphorylation activated by either poly(I�C) or RIG-IN (Fig. 3B
and C). To further demonstrate the effect of NSP12 on the single-cell level, immunostain-
ing was performed. In mock-infected HEK293T cells, IRF3 was distributed in the cyto-
plasm (Fig. 3D). After SeV infection, IRF3 was translocated from the cytoplasm to the nu-
cleus (Fig. 3D). However, the presence of NSP12 showed no effect on IRF3 nucleus
translocation (Fig. 3D). We also investigated the effect of NSP12 on P65 nuclear

FIG 2 Effect of SARS-CoV-2 NSP12 on RIG-I/MDA5 signaling. HEK293T cells were cotransfected with
pIFN-b-Luc, pPRL-TK, and pHA-NSP12 together with pFlag-RIG-IN (A), pFlag-MDA5 (B), pFlag-MAVS
(C), pFlag-TBK1 (D), pFlag-IKK« (E), and pFlag-IRF3-5D (F) for 24 h. Relative luciferase activity was
determined. The resultant ratios for the samples were normalized using the Renilla luciferase values.
The values from cells transfected with empty vector together with the relevant constructs were set as
100%. Data were shown as means 6 SEM of at least three independent experiments. **, P, 0.01; ***,
P, 0.001; ****, P, 0.0001.
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translocation. Similar to IRF3, P65 nucleus translocation was observed upon SeV infec-
tion, and NSP12 could not block this translocation (Fig. 3E). Taken together, these results
reveal that NSP12 does not affect IRF3 and NF-kB activation.

SARS-CoV-2 NSP12 does not interfere with IFN-b production. Since SARS-CoV-2
NSP12 showed an inhibitory effect in IFN-b promoter luciferase reporter assays, we
continued to examine whether the SARS-CoV-2 NSP12 would affect IFN-b expression
at the transcriptional level or translational level. Interestingly, various doses of NSP12,
which showed a significant inhibitory effect on IFN-b promoter luciferase assay, slightly
upregulated SeV-induced IFN-b mRNA accumulation levels (Fig. 4A). Furthermore, the
kinetics of IFN-b mRNA after SeV stimulation showed no difference with or without NSP12
(Fig. 4B). Additionally, NSP12 could not affect the IFN-b mRNA induced either by poly(I�C)
(Fig. 4C) or even slightly upregulated IFN-b mRNA induced by RIG-IN (Fig. 4D). In contrast,
influenza A virus (IAV) NS1 could significantly reduce IFN-b mRNA as previously described
(Fig. 4E) (26). To further evaluate whether SARS-CoV-2 NSP12 could influence the transla-
tion or secretion of IFN-b , we measured IFN-b protein in cell culture supernatant by
enzyme-linked immunosorbent assay (ELISA) (Fig. 4F). Taken together, these results sug-
gest that NSP12 does not interfere with IFN-b production.

SARS-CoV-2 NSP12 does not interfere with type I IFN signaling pathway. We
further examined whether SARS-CoV-2 NSP12 affects the type I IFN signaling pathway.
After binding to its receptor, IFN-b activates Jak1 and Tyk2 kinases and then Jak1 and
Tyk2 kinases phosphorylate STAT1 and STAT2, triggering their dimerization and nu-
clear translocation (30). We then investigated the effect of NSP12 on STAT1 activation.
STAT1 phosphorylation was induced upon SeV infection as expected (Fig. 5A).

FIG 3 Effect of SARS-CoV-2 NSP12 on IRF3 phosphorylation and nuclear translocation. (A) HEK293T cells were transfected with
pHA-NSP12 or empty vector for 24 h and infected with SeV for 6 h. Phosphorylated IRF3, IRF3, NSP12, and GAPDH were
determined by Western blotting. (B) HEK293T cells were transfected with pHA-NSP12 or empty vector for 24h and transfected
with poly(I�C) for 6 h. Phosphorylated IRF3, IRF3, NSP12, and GAPDH were determined by Western blotting. (C) HEK293T cells were
cotransfected with pFlag-RIG-IN and pHA-NSP12 or empty vector for 24h. Phosphorylated IRF3, IRF3, NSP12, RIG-IN, and GAPDH
were determined by Western blotting. (D) HEK293T cells were transfected with pHA-NSP12 or empty vector for 24h and infected
with SeV for 8h. The subcellular localizations of IRF3 (green), HA-NSP12 (red), and nucleus marker Hoechst 33258 (blue) were
analyzed with confocal microscopy. (E) HEK293T cells were transfected with pHA-NSP12 or empty vector for 24h and infected with
SeV for 8 h. The subcellular localizations of P65 (green), HA-NSP12 (red), and nucleus marker Hoechst 33258 (blue) were analyzed
with confocal microscopy.
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However, NSP12 could neither repress SeV-induced STAT1 phosphorylation nor repress
STAT1 expression (Fig. 5A). Similarly, NSP12 failed to suppress STAT1 phosphorylation
activated by poly(I�C) (Fig. 5B). To evaluate the STAT1 activation on the single-cell level,
immunostaining was performed. We found that STAT1 was distributed in the cytoplasm
in mock-infected HEK293T cells (Fig. 5C). After SeV infection, STAT1 was translocated from
the cytoplasm to the nucleus (Fig. 5C). However, the presence of NSP12 showed no effect
on STAT1 nucleus translocation (Fig. 5C). We next determined the levels of ISGs. We found
that NSP12 could not interfere with the ISGs’ (ISG15, RANTES, ISG56, and CXCL10) mRNA
accumulation levels induced by SeV (Fig. 5D). Taken together, these results reveal that
NSP12 does not affect the type I IFN signaling pathway.

Different protein tags or plasmid backbones affect the activity of NSP12. As the
published results about the effect of NSP12 on IFN-b promoter luciferase assays are
contradictory (20, 22, 23), we speculated that different experiment systems could inter-
fere with the readouts of IFN-b promoter reporter assays. As previous studies used dif-
ferent tags fused with NSP12, we next investigated whether different tags could result
differently. NSP12 fused with Flag tag at N terminus was constructed and expressed
(Fig. 6A). Interestingly, unlike HA-NSP12, Flag-NSP12 could not interfere with IFN-b
promoter luciferase activity (Fig. 6B). However, in agreement with the result from HA-
NSP12, the IFN-b mRNA after SeV stimulation showed no difference with or without

FIG 4 Effect of SARS-CoV-2 NSP12 on IFN-b production. (A) HEK293T cells were transfected with pHA-NSP12 or empty
vector for 24 h and then infected with SeV. After 10 h, IFN-b mRNA was determined by quantitative reverse
transcription-PCR (RT-qPCR). (B) HEK293T cells were transfected with pHA-NSP12 or empty vector for 24 h and then
infected with SeV for 4 h, 8 h, or 16 h; IFN-b mRNA was determined by RT-qPCR. (C) HEK293T cells were transfected
with pHA-NSP12 or empty vector for 24 h and then treated with poly(I�C). After 6 h, IFN-b mRNA was determined by
RT-qPCR. (D) HEK293T cells were cotransfected with pFlag-RIG-IN and pHA-NSP12 or empty vector for 24 h; IFN-b
mRNA was determined by RT-qPCR. (E) HEK293T cells were transfected with pHA-NSP12, pHA-IAV-NS1, or empty
vector for 24 h and then infected with SeV. After 10 h, IFN-b mRNA was determined by RT-qPCR. (F) HEK293T cells
were transfected with pHA-NSP12 pHA-IAV-NS1 or empty vector for 24 h and then infected with SeV. After 24 h, IFN-b
in the supernatant was measured by ELISA. *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001; ns, not significant.
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Flag-NSP12 expression (Fig. 6C). To exclude the influence of different tags, NSP12 plas-
mid without any tag was constructed. The expression of NSP12 was determined by the
kinetic of NSP12 mRNA (Fig. 6D). As shown in Fig. 6E, NSP12 could suppress the IFN-b
promoter luciferase activity, while IFN-b mRNA accumulation levels remained unaf-
fected (Fig. 6F). These results suggested that although NSP12 is not an IFN-b antago-
nist, NSP12 fused with different tags could affect the readout of IFN-b promoter lucif-
erase assay.

Taken together, we demonstrate that SARS-CoV-2 NSP12 protein does not antago-
nize IFN-b production, which is supported by the results that neither the phosphoryla-
tion or nuclear translocation of IRF3 and P65, nor the expression of IFN-b , affected by
NSP12 (Fig. 7). Additionally, NSP12 protein could not affect the IFN-b signaling path-
way, which is proven by the results that NSP12 neither interfered with the phosphoryl-
ation or nuclear translocation of STAT1 nor the expression of ISGs (Fig. 7).

DISCUSSION

IFNs play pivotal roles in host antiviral defense. In the context of SARS-CoV-2 infec-
tion, data about IFNs are still accumulating. Previous studies showed that SARS-CoV-2
viral proteins, including NSP12, could suppress IFN-b activation. However, in the pres-
ent study, we elucidate that (i) NSP12 affects neither IRF3 activation nor NF-kB activa-
tion; (ii) NSP12 could not inhibit IFN-b production and downstream IFN-b signaling
pathway; and (iii) various experiment systems could affect the readout of IFN-b pro-
moter reporter assay.

FIG 5 Effect of SARS-CoV-2 NSP12 on IFN-I signaling pathway. (A) HEK293T cells were transfected with pHA-NSP12 or empty vector for 24 h and infected
with SeV for 8 h. Phosphorylated STAT1, STAT1, NSP12, and GAPDH were determined by Western blotting. (B) HEK293T cells were transfected with pHA-
NSP12 or empty vector for 24 h and transfected with poly(I�C) for 6 h. Phosphorylated STAT1, STAT1, NSP12, and GAPDH were determined by Western
blotting. (C) HEK293T cells were transfected with pHA-NSP12 or empty vector for 24 h and infected with SeV for 16 h. The subcellular localizations of STAT1
(green), HA-NSP12 (red), and nucleus marker Hoechst 33258 (blue) were analyzed with confocal microscopy. (D) HEK293T cells were transfected with pHA-
NSP12 or empty vector for 24 h and then infected with SeV. After 10 h, ISG15, RANTES, ISG56, and CXCL10 mRNA was determined by RT-qPCR. Data are
shown as means 6 SEM of at least three independent experiments. *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001; ns, not significant.
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Several studies demonstrated the interaction between SARS-CoV-2 and IFN response.
Arunachalam et al. reported that small amounts of IFNs in the serum of patients with
COVID-19 were accompanied by elevated amounts of chemokines and proinflammatory
cytokines (31), which is consistent with the results from Melo et al. (19). These studies
revealed that SARS-CoV-2 infection induced low-level and delayed IFN production. Using
single-cell RNA sequencing, Lee et al. have reported that the IFN-driven inflammatory
response and TNF/IL-1b-driven inflammatory response coexisted in classical monocytes
from severe COVID-19 patients (15). Along the same line, Zhou et al. also found a robust
IFN response in addition to proinflammatory response in bronchoalveolar lavage fluid of
patients with COVID-19 and suggested that timing and extent of IFN production were
likely associated with disease severity (32). Moreover, upregulation of IFN-responsive genes
has been demonstrated in SARS-CoV-2-infected intestinal organoids (33). Although these
studies provided evidence about the roles of IFNs in SARS-CoV-2 infection, more detailed
mechanisms need to be further investigated.

FIG 6 Different protein tags or plasmid backbones affect the activity of NSP12. (A) HEK293T cells were
transfected with pFlag-NSP12 and empty vector for 24 h. Flag-NSP12, and GAPDH were determined by Western
blotting. (B) HEK293T cells were cotransfected with IFN-b luciferase reporter pIFN-b-Luc, pPRL-TK, and pFlag-
NSP12 or empty vector for 24 h and then infected with SeV. After 10 h, relative luciferase activity was
determined. (C) HEK293T cells were transfected with pFlag-NSP12 or empty vector for 24 h and then infected
with SeV. After 10 h, IFN-b mRNA was determined by RT-qPCR. (D) HEK293T cells were transfected with NSP12
plasmid and empty vector for 12 h, 24 h, or 36 h. NSP12 mRNA was determined by RT-qPCR. (E) HEK293T cells
were cotransfected with IFN-b luciferase reporter pIFN-b-Luc, pPRL-TK, and NSP12 plasmid or empty vector for
24 h and then infected with SeV. After 10 h, relative luciferase activity was determined. (F) HEK293T cells were
transfected with NSP12 plasmid or empty vector for 24 h and then infected with SeV. After 10 h, IFN-b mRNA
was determined by RT-qPCR.
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On the other hand, several studies have identified that certain SARS-CoV-2 proteins
could limit IFN-b promoter luciferase activity. The screen results from Yuen et al.
described that NSP1, NSP6, NSP12, NSP13, NSP14, NSP15, and ORF6 of SARS-CoV-2
antagonized IFN-b promoter luciferase activity induced by RIG-IN (20); Li et al. demon-
strated that NSP1, ORF6, ORF8, and N protein limited IFN-b promoter luciferase activity
induced by SeV infection (21); Lei et al. have reported that SARS-CoV-2 NSP1, NSP3,
NSP12, NSP14, ORF3, ORF6, and M protein suppressed IFN promoter luciferase activity
activated by SeV or RIG-IN (22); and Xia et al. have revealed that SARS-CoV-2 NSP6,
NSP13, and ORF6 could repress IFN-b promoter luciferase activity activated by RIG-IN
(23). As reasonable as it is that the virus may evolve mechanisms to counteract the
host immune defense, the reported screen results are not consistent, and many of
them were not validated by additional functional tests. Thoms et al. have reported that
the SARS-CoV-2 NSP1 C terminus could bind to and obstruct the mRNA entry tunnel of
ribosome, which suppressed IFN-b production (34). Xia et al. have illustrated that
SARS-CoV-2 NSP13 could bind TBK1 and affect TBK1 phosphorylation, and they also
demonstrated that SARS-CoV-2 ORF6 could block IRF3 nuclear translocation by binding
to KPNA2, a key factor of IRF3 nuclear translocation (23). Although these studies shed

FIG 7 Graphical summary of this study. Upon sensing viral RNA, RIG-I or MDA5 activation occurs. Activated RIG-I or
MDA5 delivers signal to MAVS and activates phosphorylation of TBK1 and IKK« . Phosphorylation of TBK1 and IKK«
leading to the phosphorylation of IRF3. Phosphorylated IRF3 is subsequently translocated into the nucleus and
induces the activation of IFN-b promoter. On the other hand, MAVS/VISA activates IkB kinase (IKK) complex
comprising IKKa and IKKb catalytic subunits and two molecules of NEMO. The IKK complex then phosphorylates IkBa
and leads NF-kB phosphorylation. Phosphorylated NF-kB is translocated into the nucleus and binds IFN-b promoter.
IFN-b mRNA is translocated from the nucleus to the cytoplasm and produces IFN-b . Then, IFN-b is secreted outside
the cell. In this process, SARS-CoV-2 NSP12 neither affects phosphorylation and translocation of IRF3 and NF-kB nor
interferes with IFN-b expression at the transcriptional level or translational level. Additionally, the downstream
signaling of IFN-b activation, including STAT1 phosphorylation, nucleus translocation, and ISGs expression, are not
affected by NSP12.
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important light on the interactions of SARS-CoV-2 and IFN activation, more work involving
advanced models should be considered.

The firefly luciferase reporter assay is highly sensitive and has been widely used in a
variety of high-throughput bioluminescence screening assays (35). But it is important
to notice that false-positive results could be generated if there is direct inhibition on
luciferase activity, as has been documented. For example, some compounds are known
to affect the firefly luciferase enzymatic reaction, which includes quinolones 2-aryl-sub-
stituted benzo-[d]thiazole, 2-aryl-substituted benzo-[d]-imidazole, and 2-aryl-substi-
tuted benzo-[d]-oxazole (36, 37). In addition, various other inhibitory effects have also
been reported, which potentially interfere with firefly luciferase-based assays. For
example, treatment-induced luciferase stabilization could lead to an extension of lucif-
erase cellular half-life and, subsequently, a net increase in the luminescence signals.
Hence, for assays that rely on detecting an increase in the signal, the presence of cer-
tain firefly luciferase inhibitors potentially increases the chance of false-positive read-
outs (38). The results about NSP12 affecting IFN-b promoter luciferase activity are con-
tradictory. Yuen et al. and Lei et al. reported that NSP12 inhibited .50% IFN-b promoter
luciferase activity signal activated through RIG-I or SeV, while Xia et al. demonstrated that
NSP12 did not affect IFN-b promoter luciferase activity. By comparing the materials of
research groups, we found that the NSP12 plasmid constructs (protein tags or plasmid
backbones) used were different, which may lead the contradictory results. By using various
plasmids [pXJ40-HA-NSP12, pcDNA3.1(1)-flag-NSP12, and pXJ40-NSP12], we demon-
strated that NSP12 expressed by different plasmid backbones or fused with different tags
leads to contradictory IFN-b promoter luciferase activity results. These results indicated
that different experiment systems could affect the stability of IFN-b promoter reporter
assays. The reasons for this result need further investigation.

In summary, the present study investigated the interaction of SARS-CoV-2 NSP12
and IFN-b response. Using various strategies, we demonstrate SARS-CoV-2 NSP12 pro-
tein is not an IFN-b antagonist. However, different experiment systems could affect
the readout of IFN-b promoter luciferase assay. Our study not only provides insights
on the interaction between SARS-CoV-2 and innate immune response, it also rings the
alarm on the general usage of luciferase reporter assays.

MATERIALS ANDMETHODS
Cell lines and cultures. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

(catalog no. C11995500BT; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS), 100U/ml penicillin, and 100mg/ml streptomycin sulfate. HEK293T cells were maintained at 37°C in
a 5% CO2 incubator. Mycoplasma test kit (catalog no. C0301S; Beyotime Biotechnology, Shanghai, China)
was used in the lab routinely to exclude any existence of mycoplasma contamination in cell culture.

Plasmids and reagents. The sequences of SARS-CoV-2 NSP12 were amplified from the pET32a(1)-
NSP12 plasmid, which was kindly provided by Yan Li (Huazhong University of Science and Technology)
and cloned into mammalian expression vector pXJ40-HA (N-terminal hemagglutinin [HA] tag), pXJ40 (no
tag), and pcDNA3.1(1)-Flag. The IAV NS1 plasmid was kindly provided by Ke Xu (Wuhan University). The
IFN-b promoter firefly luciferase reporter plasmid was purchased from Clone Tech (Somis, CA); the herpes
simplex virus thymidine kinase promoter Renilla luciferase reporter plasmid (pRL-TK) was purchased from
Promega (San Luis Obispo, CA).

Polyinosinic-polycytidylic acid [poly(I�C)] (low molecular weight [LMW]) was purchased from
InvivoGen (catalog code tlrl-picw; San Diego, CA, USA). PEI Max transfection-grade linear polyethyleni-
mine hydrochloride (molecular weight [MW], 40,000) was purchased from Polysciences (catalog no.
24765-1; Hirschberg an der Bergstrasse, Germany). Lipofectamine 2000 was purchased from Invitrogen
(catalog no. 11668019; Carlsbad, CA, USA).

Quantitative reverse transcription-PCR. In a 24-well plate, 60% to 80% HEK293T cells were trans-
fected 100 to 400 ng protein expression plasmid or vector plasmid. HEK293T cells were activated by
cotransfected with 100 ng stimulator-expressing plasmid (RIG-IN) for 24 h or treated with poly(I�C) (2mg/
ml) for 6 h or infected with SeV (multiplicity of infection [MOI] = 100) for 10 h. Total intracellular RNA was
extracted with Ultrapure RNA kit (catalog no. CW0581M; CoWin Biosciences, China) according to the
manufacturer’s instructions. Total intracellular genomic DNA was extracted with TIANamp genomic DNA
kit (catalog no. DP304-03; Tiangen Biotech, Beijing, China) according to the manufacturer’s instructions.
Real-time quantitative reverse transcription-PCR was performed using the Roche LC480 and FastStart
essential DNA green master mix (catalog no. 06924204001; Roche, Germany). The reaction mixture con-
tains 5ml SYBR green PCR master mix, 4ml DNA diluted template, and 1ml primers. The following pri-
mers were used: human IFN-b , sense primer, 59-AGGACAGGATGAACTTTGAC-39, and antisense primer,
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59-TGATAGACATTAGCCAGGAG-39; for human GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
sense primer, 59-ATGACATCAAGAAGGTGGTG-39, and antisense primer, 59-CATACCAGGAAATGAGCTTG-
39; for human ISG15, sense primer, 59-GAGAGGCAGCGAACTCATCTT-39, and antisense primer, 59-
CCAGCATCTTCACCGTCAGG-39; for human ISG56, sense primer, 59-CTTGTGGGTAATACAGTGGAGATG-39,
and antisense primer, 59-GCTCCAGACTATCCTTGACCTG-39; for human RANTES, sense primer, 59-
TGCCCACATCAAGGAGTATTT-39, and antisense primer, 59-CTTTCGGGTGACAAAGACG-39; for human
CXCL10, sense primer, 59-GGTGAGAAGAGATGTCTGAATCC-39, and antisense primer, 59-GTCCATCCTT
GGAAGCACTGCA’; for human PRNP, sense primer, 59-TGCTGGGAAGTGCCATGAG-39, and antisense primer,
59-CGGTGCATGTTTTCACGATAGTA-39; for firefly luciferase, sense primer, 59-CTATTCTCCTTCTTCGCCAA-39,
and antisense primer, 59-TATCCAGATCCACAACCTTC-39.

Luciferase reporter assay. HEK293T cells (1� 105 cells per well in a 24-well plate) were cotrans-
fected with 100 ng of luciferase reporter plasmid (firefly luciferase), 10 ng pRL-TK (Renilla luciferase plas-
mid), and 50 to 200 ng of protein expression plasmid using transfection reagent with a ratio of 1:3.
Empty vector was used to ensure the same total amount (310 ng) of plasmids in each well. HEK293T cells
were activated by cotransfected with 100 ng stimulator-expressing plasmids (RIG-IN, MDA5, MAVS, TBK1,
IKK« , or IRF3-5D) for 24 h or stimulated with SeV (MOI, 100) for 10 h. Luciferase activity was measured by
using a dual-luciferase reporter assay system kit (part no. E1960; Promega, San Luis Obispo, CA) accord-
ing to the manufacturer’s instructions. Data represented are relative firefly luciferase activity after nor-
malization to Renilla luciferase signals.

Western blotting. Cell lysates were prepared with lysis buffer (50mM Tris-HCl, pH 7.5, 300mM NaCl,
1% Triton X-100, 5mM EDTA, and 10% glycerol). Protein concentration was determined by Bradford
assay (catalog no. 5000205; Bio-Rad, Hercules, CA, USA). Cell lysates (30mg) were electrophoresed in a
10% SDS-PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane (catalog no. IPVH00010;
Millipore, MA, US). PVDF membranes were blocked with 5% skim milk in Tris-buffered saline with 0.05%
Tween 20 (TBST) before antibody incubation. Protein bands were detected using a GeneGnome XRQ chemi-
luminescence imaging system (GeneGnome XRQ-NPC; Hong Kong, China). The antibodies used are listed in
Table 1.

Confocal microscopy. In a 12-well plate, 40% to 50% HEK293T cells were transfected with the indi-
cated plasmids (1000 ng) for 24 h; then, cells were washed twice with phosphate-buffered saline (PBS)
(containing 0.1% bovine serum albumin [BSA]) and fixed in 4% paraformaldehyde at room temperature
for 10min. Following permeabilization with 0.1% Triton X-100 buffer for 5min, cells were washed three
times with PBS (containing 0.1% BSA) and blocked with PBS containing 5% BSA for 1 h. The cells were
then incubated with the primary antibody overnight at 4°C, followed by incubation with DyLight 488-
conjugated anti-rabbit IgG and DyLight 568-conjugated anti-mouse IgG for 1 h. After three times wash-
ing with PBS (containing 0.1% BSA), cells were counterstained with Hoechst 33258 solution (catalog no.
H1398; Invitrogen, San Diego, CA, USA) for 5min and then washed three more times with PBS. Finally,
the cells were analyzed using a confocal laser scanning microscope (Leica TCS SP8 STED [STimulated
Emission Depletion]; Leica, Germany). The antibodies used are listed in Table 1.

ELISA. Secreted IFN-b were measured with human IFN-b ELISA kit (catalog no. 414101; Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.

Statistical analyses. Statistical significance was analyzed by one-way analysis of variance with
Dunnett's multiple-comparison test using GraphPad Prism 8. ****, P, 0.0001; ***, P, 0.001; **, P, 0.01;
*, P, 0.05; ns, not significant.
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