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Abstract 

Human coronaviruses exhibit a spectrum of symptoms, ranging from mild seasonal colds to severe respiratory mani-
festations. Despite progress in understanding the host’s innate defense mechanisms against coronaviruses, how these 
viruses manipulate the immune response to promote inflammation remains elusive. In this study, we unveil the role 
of the coronavirus nonstructural protein 14 (NSP14) in leveraging the host’s linear ubiquitin chain assembly complex 
(LUBAC) to instigate NF-κB activation, thereby triggering proinflammatory responses. Our findings uncover that HOIL-
1-interacting protein (HOIP) directly engages with NSP14, conferring linear polyubiquitin chains onto NSP14. Conse-
quently, ubiquitinated NSP14 recruits NEMO and initiates the activation of the IKK complex. This NSP14-induced NF-κB 
activation stimulates the expression of proinflammatory factors but not type I interferon, leading to a skewed host 
innate immune response tilting to inflammation. Collectively, our study sheds light on a virus-initiated linear ubiquit-
ination pathway that induces NF-κB signaling and provokes proinflammatory responses.
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Introduction
Coronaviruses are a group of single-stranded positive-
sense RNA viruses with a broad spectrum of vertebrate 
hosts [1]. Within the human population, seven human 
coronaviruses (HCoVs) have been identified, among 
which is the pandemic strain, SARS-CoV-2. While 
HCoV-229E, HCoV-OC43, HCoV-HKU1, and HCoV-
NL63 typically induce mild symptoms akin to the com-
mon cold, MERS-CoV, SARS-CoV, and SARS-CoV-2 are 
notably pathogenic, leading to severe lower respiratory 

tract damage, pneumonia, and bronchiolitis in humans 
[2, 3]. The COVID-19 pandemic has inflicted devastat-
ing consequences, resulting in significant loss of life. 
Despite the development of mRNA vaccines and antivi-
ral drugs, the emergence of vaccine-resistant strains and 
viral mutations necessitates frequent updates of vaccine 
and antivirals. Moreover, the potential for future corona-
virus pandemics underscores the urgent need to discover 
a universal target applicable to all coronaviruses.

Activation of the RIG-I-like receptor (RLR) sign-
aling pathway triggers the expression of proinflam-
matory cytokines and interferon-stimulated genes 
(ISGs) through the IKK-NF-κB and TBK1-IRF signal-
ing branches, respectively. Initially beneficial to the 
host during early infection by mobilizing immune cell 
infiltration to combat the virus, dysregulated proin-
flammatory cytokines can lead to harmful systemic 
hyperinflammation and tissue damage. While the extent 
of RLR signaling pathways’ involvement in coronavirus-
induced inflammation remains incompletely understood, 
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coronaviruses, like many RNA viruses, counteract the 
RLR signaling pathway. For instance, the viral nucleopro-
tein (N) of SARS-CoV and MERS-CoV binds to the SPRY 
domain of TRIM25, inhibiting TRIM25-mediated K63-
linked ubiquitination of RIG-I and thereby abrogating 
RIG-I activation [4]. Additionally, SARS-CoV-2 ORF9B 
disrupts RIG-I-MAVS antiviral signaling by interfer-
ing with the K63-linked ubiquitination of NEMO [5]. 
Intriguingly, recent transcriptome analyses have revealed 
that SARS-CoV-2 strongly suppresses the expression 
of type I IFN and ISGs but not proinflammatory fac-
tors [6–8]. Moreover, severe cases of COVID-19 often 
exhibit heightened levels of proinflammatory cytokines 
in the plasma, including interleukin-1 beta (IL-1β), inter-
leukin-8 (IL-8), and tumor necrosis factor-alpha (TNFα) 
[9–11]. While current research concludes that corona-
virus proteins inhibit host innate immunity, the pres-
ervation of proinflammatory factors remains not fully 
understood. Therefore, the outstanding question pertains 
to how coronaviruses skew the host’s innate immune 
responses toward inflammation. A deeper understanding 
of how the innate immune system recognizes and reacts 
to HCoV infections will be crucial for guiding the devel-
opment of potential therapeutic interventions.

Nonstructural protein 14 (NSP14) is a highly conserved 
viral bifunctional enzyme in the Coronaviridae family 
with two distinct domains: the exoribonuclease domain 
(ExoN) [12] and the S-adenosyl methionine (SAM)-
dependent (guanine-N7) methyl transferase (N7-MTase) 
[13]. The ExoN domain plays a proofreading role associ-
ated with viral polymerase in averting lethal mutagenesis. 
Meanwhile, the N7-MTase domain plays a crucial role 
in orchestrating the assembly of the cap structure at the 
5`-end of viral mRNA, thereby facilitating viral mRNA 
translation. Moreover, NSP14 sabotages the host’s innate 
immune defense by either cleaving viral RNA or camou-
flaging it through methylation, thus eluding recognition 
by RIG-I/MDA5 and hindering the expression of type I 
interferons [14–16].

Despite its role in suppressing innate immunity trig-
gered by viral RNA, NSP14 also initiates NF-κB acti-
vation, as indicated by several recent studies [17–19]. 
Initially, a study revealed that NSP14 from the transmis-
sible gastroenteritis virus (TGEV), a pig coronavirus, 
stimulated NF-κB reporter activity by interacting with 
DEAD-Box Helicase 1 (DDX1) [17]. However, DDX1 
serves as a co-activator, augmenting NF-κB activity 
rather than directly activating it [20]. Subsequent studies 
proposed that NSP14 induces NF-κB activation through 
inosine-5’-monophosphate dehydrogenase 2 (IMPDH2), 
the rate-limiting enzyme in de novo guanine nucleotide 
biosynthesis [18, 19]. IMPDH2 inhibitors are known to 
impede DNA and RNA virus infection by depleting the 

GTP supply [21]. Nevertheless, the precise mechanism 
by which IMPDH2 activates the NF-κB signaling path-
way remains unclear. In essence, these pioneering studies 
collectively affirm NSP14 as an NF-κB inducer, under-
scoring a distinctive mechanism by which coronaviruses 
activate NF-κB signaling. However, the exact mechanism 
through which NSP14 triggers NF-κB activation is not 
well elucidated.

Recently, it has been uncovered that head-to-tail-
linked linear ubiquitination plays a crucial role in 
NF-κΒ-dependent inflammatory signaling and immune 
responses [22]. The formation of linear ubiquitin chains is 
orchestrated by the E2 conjugating enzyme UBE2L3 and 
the linear ubiquitin chain assembly complex (LUBAC) 
comprising the catalytic E3 ligase HOIP (also known as 
RNF31), an auxiliary E3 ligase HOIL-1L (also known as 
RBCK1), and the adaptor SHARPIN [23–28]. Linear pol-
yubiquitin plays a critical role in regulating the canonical 
NF-κB pathway, such as TNFα, IL-1, and TLR signaling 
pathways [23–27, 29]. In addition, our previous study 
has demonstrated that linear ubiquitination facilitates 
NF-κB activation induced by the latent membrane pro-
tein 1 (LMP1) during Epstein-Barr virus (EBV) infection 
[30]. However, whether linear ubiquitination is involved 
in coronavirus-induced NF-κB activation is unknown.

In this study, we reveal that coronaviruses hijack the 
host LUBAC complex to attach linear polyubiquitin 
chains onto the viral protein NSP14. This linear ubiq-
uitinated NSP14 then recruits and activates the IKK 
complex, initiating NF-κB activation and subsequent 
expression of proinflammatory factors. Notably, specific 
inhibition of linear ubiquitination effectively dampened 
coronavirus-induced mRNA expression of proinflam-
matory factors while leaving ISGs unaffected. Addition-
ally, linear ubiquitination of NSP14 was found to enhance 
viral replication within cells. Taken together, our findings 
underscore how coronaviruses exploit host linear ubiq-
uitination, a distinctive form of polyubiquitin, to drive 
NF-κB activation, manipulate the host immune response 
toward inflammation, and bolster viral replication.

Results
NSP14 induces NF‑κB activity independent of its enzymatic 
activities
To investigate the impact of coronavirus proteins on 
the expression of proinflammatory factors, we adopted 
NF-κB reporter assays because most proinflammatory 
factors are induced by the NF-κB transcriptional factor. 
We transfected each SARS-CoV-2 gene along with the 
NF-κB firefly luciferase reporter and the Renilla lucif-
erase construct as an internal control into HEK293 cells. 
We found that NSP14 and ORF7A significantly increased 
NF-κB reporter activity (Fig. S1a), aligning with recent 
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similar screening studies [18, 19]. Some viral genes pre-
viously identified as NF-κB activators were not found in 
our screening, such as ORF3A [31], possibly due to the 
different screening system, varying levels of viral pro-
tein expression, or reporter assay readout windows. We 
aimed to investigate NSP14 because of its high activity in 
inducing NF-κB activation. First, we found that NSP14 
activated NF-κB reporter (Fig. S1b) and IL-8 mRNA 
expression (Fig.  1a) in a dose-dependent manner. Next, 
we assessed whether NSP14-induced NF-κB activation 
is specific to viral species by evaluating NSP14 genes 
from other human coronaviruses (SARS-CoV, MERS-
CoV, HCoV OC43, HCoV 229E) and the pig coronavirus 
TGEV. Remarkably, all NSP14 proteins induced NF-κB 
activity (Fig.  1b), suggesting a general and conserved 
mechanism across coronaviruses.

NSP14 is a bifunctional enzyme with distinct ExoN 
and N7-MTase domains (Fig.  1c). However, as reported 
previously [32], neither the ExoN nor the MTase domain 
alone triggered NF-κB activation (Fig.  1d), indicating 
that NSP14’s enzymatic activities are not accountable for 
NF-κB activation. Moreover, while NSP10 is essential for 
NSP14’s ExoN activity, it had minimal effect on NSP14-
induced NF-κB activity (Fig. S1c), suggesting that ExoN 
activity is dispensable for NF-κB activation. This was 
further supported by the observation that mutants of 
NSP14 lacking ExoN activity (D243A) or MTase activ-
ity (D331A/G333A)[33] retained the ability to activate 
NF-κB (Fig. 1e). Of note, the low NF-κB activity induced 
by the D331A/G333A mutant could be due to its weak 
expression (Fig. 1e).

NSP14 harbors three zinc fingers (ZFs), two in the 
ExoN domain and one in the N7-MTase domain (Fig. 1c). 
Intriguingly, mutations in each ZF (ZF1*: C207S/C210S; 
ZF2*: C261S/H264A; ZF3*: C484S/H487A) impaired 
NSP14-induced NF-κB reporter activity (Fig. S1d) and 
IL-8 mRNA expression (Fig.  1f ). ZFs are also known to 
mediate protein–protein interactions [34], implying that 
these ZFs might recruit other proteins to activate NF-κB. 
Hence, these results suggest that NF-κB activation 
induced by NSP14 is independent of its enzymatic activi-
ties but relies on its three zinc fingers (Fig. 1g).

NSP14 is linearly ubiquitinated to govern NF‑κB activation
Upon examining SARS-CoV-2 NSP14 protein expression, 
we observed high molecular weight bands resembling 
polyubiquitination in the blot when exposing a longer 
time (Fig. 2a). Thus, we suspected that NSP14 might be 
subject to ubiquitination. However, the high molecular 
weight bands are not necessary ubiquitinated proteins. 
To ensure these bands are ubiquitinated NSP14 proteins, 
we performed immunoprecipitation to pull down NSP14 
proteins and blotted it with an anti-ubiquitin antibody. 

Western blotting confirmed that these bands indeed rep-
resented polyubiquitinated NSP14 (Fig. 2a). Consistently, 
NSP14 proteins from all other five coronaviruses were 
also ubiquitinated (Fig. S2a). To determine the type of 
ubiquitination involved, we focused on K63-linked poly-
ubiquitin and linear polyubiquitin, both known to regu-
late NF-κB signaling pathways [35]. UBC13 is associated 
with K63-linked ubiquitination, while HOIP is integral to 
the LUBAC complex responsible for linear ubiquitination 
(Fig.  2b). Therefore, we knocked out UBC13 and HOIP 
to abolish K63-linked ubiquitination and linear ubiquit-
ination, respectively, and validated the functional loss in 
these cell lines in response to TNFα (Figs. S2b-S2e). Then, 
we transfected NSP14 together with NF-κB reporter into 
these knockout cells. Knockout of HOIP, but not UBC13, 
abolished NSP14-induced NF-κB reporter activity (Fig. 
S2f ) and IL-8 mRNA expression (Fig.  2c), suggesting 
that linear ubiquitination is essential for NSP14-induced 
NF-κB activation. Furthermore, HOIP knockout abro-
gated NSP14 linear ubiquitination (Fig. 2d), further con-
firming that NSP14 undergoes linear ubiquitination.

Next, we investigated the role of OTULIN (OTU 
domain-containing deubiquitinase with linear linkage 
specificity), a deubiquitinase hydrolyzing linear poly-
ubiquitin chains [36, 37], in NSP14-mediated NF-κB 
activity. Thus, we generated OTULIN knockout cell lines 
by CRISPR (Fig. S2g). Ablation of OTULIN enhanced 
TNFα-induced IκBα phosphorylation (Fig. S2h), confirm-
ing functional loss in this cell line. In OTULIN knockout 
cells, NSP14-induced NF-κB reporter activity (Fig. S2i) 
and IL-8 mRNA expression (Fig.  2e) were heightened. 
Consistently, OTULIN deficiency increased NSP14 linear 
ubiquitination (Fig.  2f ), while OTULIN overexpression 
led to cleavage of NSP14’s linear polyubiquitin (Fig.  2g) 
and suppression of NSP14-induced NF-κB reporter 
activity (Fig. 2h). Collectively, these findings suggest that 
HOIP mediates NSP14 linear ubiquitination, promot-
ing NF-κB activation, while OTULIN counteracts this by 
cleaving NSP14’s linear polyubiquitin, thus suppressing 
NF-κB activity (Fig. 2i).

NSP14 interacts with HOIP via zinc fingers
Given NSP14’s linear ubiquitination, we hypothesized an 
interaction between NSP14 and one of the components in 
the LUBAC complex. To test this hypothesis, we first per-
formed co-immunoprecipitation (co-IP) between NSP14 
and each component of LUBAC. Co-IP revealed an inter-
action with HOIP, rather than with HOIL-1 or SHARPIN 
(Fig. S3a). Moreover, NSP14 interacted with endogenous 
HOIP (Fig. S3b) and co-localized with HOIP in the cyto-
plasm (Fig. S3c). To determine whether the NSP14-HOIP 
interaction is dependent on HOIL-1, we made HOIL-1 
knockout A549 cells. Immunoprecipitation found that 
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Fig. 1 NSP14 activates the NF-κB signaling pathway. a 2 ×  105 HEK293 cells were transfected with 0.05 µg, 0.1 µg, and 0.15 µg of FLAG-tagged 
SARS-CoV-2 NSP14 for 24 h. Real-time PCR analysis was conducted to assess the relative IL-8 mRNA levels. Lysates were blotted with anti-FLAG 
and anti-α-tubulin antibodies. b Co-transfection of FLAG-tagged NSP14 genes from indicated coronaviruses along with NF-κB firefly luciferase 
reporter and pRL-SV40 (Renilla luciferase as an internal control) into HEK293 cells. After 48 h, cells were harvested, and the relative reporter activity 
was determined by calculating the ratio of firefly luciferase to Renilla luciferase. Lysates were blotted with anti-FLAG and anti-α-tubulin antibodies. 
c Schematic of NSP14 domains and mutants. ExoN: 3′-to-5′ exoribonuclease; MTase: guanine-N7-methyltransferase; ZF: zinc finger. d FLAG-tagged 
SARS-CoV-2 wild-type NSP14 or the indicated mutant was co-transfected with the NF-κB reporter and pRL-SV40 into HEK293 cells. Lysates were 
blotted with anti-FLAG and anti-α-tubulin antibodies. e FLAG-tagged SARS-CoV-2 NSP14, the D243A mutant, or the D331A/G333A mutant 
was co-transfected with the NF-κB reporter and pRL-SV40 into HEK293 cells. Lysates were blotted with anti-FLAG and anti-α-tubulin antibodies. f 
HEK293 cells were transfected with FLAG-tagged SARS-CoV-2 NSP14 or the indicated zinc finger mutant for 24 h. ZF1*: C207S/C210S; ZF2*: C261S/
H264A; ZF3*: C484S/H487A. Real-time PCR analysis was performed to determine the relative IL-8 mRNA levels. Lysates were blotted with anti-FLAG 
and anti-α-tubulin antibodies. The p-value was calculated by one-way ANOVA followed by Tukey’s multiple comparisons test (a, b, d, e, f). g Model 
illustrating NSP14-mediated NF-κB activation
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NSP14 still interacted with HOIP in HOIL-1 knockout 
cells (Fig.  3a), indicating that the NSP14-HOIP interac-
tion is independent of HOIL-1. Conversely, NSP14 failed 
to interact with endogenous HOIL-1 in HOIP knock-
out cells (Fig.  3b), suggesting that NSP14 interacts with 
HOIL-1 through HOIP in the LUBAC complex.

Next, we determined the binding domain of HOIP 
responsible for NSP14 interaction. We made a panel of 
HOIP mutants (Fig. S3d). Co-IP found that the region 
between amino acids 1 to 563 (N563) in HOIP was suffi-
cient for NSP14 binding (Fig. S3e). To further validate the 
direct interaction between NSP14 and HOIP, pull-down 
assays were performed using MBP-tagged NSP14 and 
FLAG-tagged HOIP N563 protein purified from E. coli. 
In vitro MBP pull-down assays showed that NSP14, but 
not MBP, bound HOIP N563 (Fig. 3c). Similarly, we deter-
mined the domains of NSP14 responsible for HOIP inter-
action. ExoN or MTase domain alone barely bound HOIP 
(Fig.  3d), suggesting the requirement of both domains 
for interaction. To further dissect the binding region, we 
made a panel of NSP14 mutants (Fig. 3e). Co-IP revealed 
the deletion of any ZF in NSP14 dramatically reduced its 
interaction with HOIP (Fig. 3f ). In line with this observa-
tion, disruption of individual ZF1, ZF2, or ZF3 in NSP14 
reduced or abolished its interaction with HOIP (Fig. 3g). 
These findings suggest that ZFs mediate NSP14-HOIP 
interaction, aligning with the necessity of ZFs for NSP14-
mediated NF-κB activation (Fig. 1f ).

Multiple ubiquitination sites regulate NSP14‑mediated 
NF‑κB activation
Given that NSP14 proteins from various coronaviruses 
undergo linear ubiquitination, it’s reasonable to specu-
late that they might share conserved ubiquitination sites. 
Upon aligning their protein sequences, we identified 
five conserved lysines: K9, K34, K200, K336, and K440 

(corresponding to sites in SARS-CoV-2 NSP14) (Fig. 4a). 
However, when point mutations were made for each 
lysine, the mutants still activated the NF-κB reporter 
(Fig. 4b), indicating potential redundancy in ubiquitina-
tion sites. To address this, all five lysines were mutated 
to arginines (designated as  NSP14K/R). The  NSP14K/R 
impaired NF-κB activity (Fig.  4c) and abolished the lin-
ear ubiquitination (Fig.  4d). In agreement with these 
results, wild-type NSP14, but not  NSP14K/R, synergized 
with HOIP on IL-8 mRNA expression (Fig. 4e). Of note, 
our data cannot exclude that there might be only two, 
three, or four lysines from these five sites are responsi-
ble for NSP14 linear ubiquitination and NF-κB activity. 
Taken together, these findings suggest that LUBAC ubiq-
uitinates NSP14 at multiple lysine sites for downstream 
NF-κB activation.

NSP14 activates NF‑κB via the IKK complex
To ascertain NSP14’s position in the NF-κB signaling 
cascade, we co-transfected IKKα, IKKβ, or NF-κB p65 
alongside the NF-κB reporter into HEK293 cells. NSP14 
synergistically activated the NF-κB reporter with IKKα 
and IKKβ but exhibited only a marginal effect on p65-
induced NF-κB activity (Fig. S4a), indicating that NSP14 
acts upstream of NF-κB p65.

The upstream NF-κB pathways mainly involve two 
distinct signaling branches: the canonical pathway 
and the non-canonical pathway, dependent on the IKK 
complex and IKKα, respectively [35, 38]. Additionally, 
TBK1, another member of the IKK kinase family, is also 
reported to activate NF-κB. To discern which signal 
cascade NSP14 activates, we assessed NSP14-mediated 
NF-κB activation in IKKα, IKKβ, NEMO knockout 
HEK293 cells, and TBK1 knockout mouse embryonic 
fibroblasts (MEFs). IKKα, IKKβ, and NEMO knockout 
HEK293 cells were generated via CRISPR and validated 

(See figure on next page.)
Fig. 2 NSP14 induces NF-κB activation through the linear ubiquitination pathway. a FLAG-tagged NSP14 or pCMV-3Tag-8 vector was transfected 
into HEK293 cells. Cell lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, anti-ubiquitin (Ub), 
and anti-α-tubulin antibodies. b Strategies targeting K63-linked ubiquitination and linear ubiquitination. c Wild-type HEK293 cells, two UBC13 
knockout, and two HOIP knockout HEK293 cell lines were transfected with FLAG-tagged NSP14 for 24 h. Real-time PCR was performed 
to determine the relative IL-8 mRNA levels. d Vector or FLAG-tagged NSP14 (NSP14-FLAG) was transfected into HOIP wild-type and knockout 
HEK293 cells. After 48 h, cell lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, anti-linear ubiquitin, 
anti-HOIP, and anti-α-tubulin antibodies. e Wild-type and OTULIN knockout HEK293 cells were transfected with FLAG-tagged NSP14 for 24 h. 
Real-time PCR was performed to determine the relative IL-8 mRNA levels. f Wild-type and OTULIN knockout HEK293 cells were transfected 
with vector or NSP14-FLAG. After 48 h, cell lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, anti-linear 
ubiquitin, anti-OTULIN, and anti-α-tubulin antibodies. g NSP14-FLAG was transfected with vector or HA-tagged OTULIN (OTULIN-HA) into HEK293 
cells. After 48 h, cell lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, anti-linear ubiquitin, anti-HA, 
and anti-α-tubulin antibodies. h HEK293 cells were transfected with NSP14-FLAG and OTULIN-HA, together with the NF-κB reporter and pRL-SV40. 
After 48 h, cells were harvested, and the relative reporter activity was determined by calculating the ratio of firefly luciferase to Renilla luciferase. 
Lysates were blotted with anti-FLAG, anti-HA and anti-α-tubulin antibodies. The p-value was calculated by one-way ANOVA followed by Tukey’s 
multiple comparisons test (h) and two-way ANOVA followed by Sidak’s multiple comparisons test (c, e). i Proposed model illustrating NSP14 linear 
ubiquitination regulated by LUBAC and OTULIN
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by reduced IκBα phosphorylation in response to TNFα 
(Figs. S4b-S4d). Deficiency of IKKα, IKKβ, or NEMO 
significantly diminished NSP14-induced NF-κB activity 
(Figs. S4e-S4g) and IL-8 mRNA expression (Figs. 5a-5c). 

In contrast, TBK1 knockout MEFs demonstrated a sim-
ilar NF-κB activity as wild-type MEFs (Figs. S4h). These 
findings collectively suggest that NSP14 activates the 
canonical NF-κB signaling pathway through the IKK 
complex.

Fig. 2 (See legend on previous page.)
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NSP14 recruits and activates the IKK complex 
through linear polyubiquitin
In the TNFα-induced NF-κB pathway, linear polyubiq-
uitin activates NF-κB by recruiting the IKK complex 
through the ubiquitin-binding domain in NEMO [39]. A 
recent study found that NSP14 interacted with NEMO 
[40]. Thus, it is plausible that the linear polyubiquitin 
of NSP14 recruits the IKK complex through binding 
NEMO, subsequently activating the IKK complex and 
NF-κB. To delineate the mechanism, we first examined 
the interaction between NSP14 and IKKα in NEMO 
knockout cells. The NSP14-IKKα interaction was reduced 
in NEMO knockout cells (Fig. 5d), suggesting that NSP14 

binds the IKK complex through the regulatory subunit 
NEMO. Next, we examined the effect of NSP14 ubiqui-
tination on NEMO binding. Wild-type NSP14, but not 
the ubiquitination-defective mutant  NSP14K/R, interacted 
with endogenous NEMO (Fig. 5e), suggesting that linear 
ubiquitination is required for NSP14-NEMO interaction.

Next, we examined the effect of NSP14 on IKK phos-
phorylation, a hallmark of the activation of the IKK 
complex and NF-κB pathway. Wild-type NSP14 induced 
robust IKK phosphorylation whereas the  NSP14K/R 
mutant had little impact on IKK phosphorylation 
(Fig.  5f ). Consistently, wild-type NSP14 but not the 
 NSP14K/R mutant activated NF-κB reporter and IL-8 

Fig. 3 HOIP interacts with and ubiquitinates NSP14. a NSP14-FLAG was transfected into HOIL-1 wild-type and knockout A549 cells. After 48 h, cell 
lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, anti-HOIP, anti-HOIL-1, and anti-α-tubulin antibodies. 
b NSP14-FLAG was transfected into HOIP wild-type and knockout A549 cells. After 48 h, cell lysates were immunoprecipitated with the anti-FLAG 
antibody and blotted with anti-FLAG, anti-HOIP, anti-HOIL-1, and anti-α-tubulin antibodies. c Purified bacterial recombinant FLAG-tagged HOIP 
N563 was incubated with either MBP or MBP-tagged NSP14 (NSP14-MBP) at 4 °C for 16 h. Subsequently, MBP pull-down assays were carried 
out, followed by Western blotting with anti-MBP and anti-FLAG antibodies. d FLAG-tagged NSP14 or the indicated domain was co-transfected 
with HA-tagged HOIP (HOIP-HA) into HEK293 cells. After 48 h, cell lysates were immunoprecipitated with the anti-FLAG antibody and blotted 
with anti-FLAG and anti-HA antibodies. e Schematics of NSP14 mutants. f Co-transfection of FLAG-tagged NSP14 or the indicated mutants 
with HOIP-HA into HEK293 cells. After 48 h, cell lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, anti-HA, 
and anti-α-tubulin antibodies. g FLAG-tagged NSP14 or the indicated ZF mutant was co-transfected with HOIP-HA into HEK293 cells. After 48 h, cell 
lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, anti-HA, and anti-α-tubulin antibodies
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mRNA expression synergistically with IKKα and IKKβ 
(Figs. S4i and 5 g). Taken together, these data suggest that 
the linear polyubiquitin of NSP14 recruits the IKK com-
plex, leading to IKK activation and subsequent NF-κB 
pathway activation (Fig. 5h).

HCoV induces pro‑inflammatory responses through linear 
ubiquitination
Our studies propose that NSP14 linear ubiquitination 
activates the NF-κB pathway. However, coronavirus 
RNA also triggers NF-κB activation through the RLR-
MAVS signaling pathway. To determine the predominant 
or redundant role of these pathways in HCoV-induced 
inflammation, we knocked out HOIP and MAVS in A549 
cells to deactivate these pathways individually. Subse-
quently, we evaluated the impact of HOIP and MAVS 
deficiency on HCoV OC43-induced innate immune 
responses. Upon infecting wild-type, HOIP knockout, 
and MAVS knockout A549 cells with HCoV OC43, we 
observed that HOIP ablation abolished HCoV-induced 

linear ubiquitination (Fig.  6a). Interestingly, HOIP defi-
ciency impaired IKK phosphorylation at 8- and 16-h 
post-infection (Fig. 6a). Conversely, MAVS knockout had 
minimal effect on linear ubiquitination and reduced IKK 
phosphorylation at 4-h post-infection (Fig. S5a), suggest-
ing distinct roles of HOIP and MAVS in controlling IKK 
activation at different infection stages.

Strikingly, knockout of HOIP in two lung epithelial cell 
lines, H1299 and A549, dramatically reduced the expres-
sion of proinflammatory factors but not ISGs (Figs.  6b 
and S5b). In contrast, MAVS deficiency caused an oppo-
site effect by reducing mRNA expression of ISGs but not 
proinflammatory factors (Fig. S5c). The moderate effects 
on ISG15 and OAS3 mRNA expression in MAVS knock-
out cells suggest that other IFN induction pathways, such 
as TLRs, are also involved in ISG expression. These find-
ings support a model wherein linear ubiquitination drives 
coronavirus-induced proinflammatory responses, while 
the RLR-MAVS pathway predominantly regulates type I 
IFN production (Fig. 6c).

Fig. 4 HOIP ubiquitinates NSP14 at multiple sites. a Conserved lysines in NSP14 proteins from six coronaviruses, including SARS-CoV, SARS-CoV-2, 
MERS, HCoV OC43, HCoV 229E, and TGEV. b HEK293 cells were transfected with FLAG-tagged NSP14 or the indicated mutant, along with NF-κB 
reporter and pRL-SV40. After 48 h, cells were harvested, and the relative reporter activity was determined by the ratio of firefly luciferase to Renilla 
luciferase. Lysates were blotted with anti-FLAG and anti-α-tubulin antibodies. c FLAG-tagged NSP14 or  NSP14K/R was co-transfected with the NF-κB 
reporter and pRL-SV40 into HEK293 cells. After 48 h, cells were harvested, and the relative reporter activity was determined by the ratio of firefly 
luciferase to Renilla luciferase. d NSP14-FLAG or  NSP14K/R-FLAG was transfected into HEK293 cells. After 48 h, cell lysates were immunoprecipitated 
with the anti-FLAG antibody and blotted with anti-FLAG, anti-linear ubiquitin, and anti-α-tubulin antibodies. e FLAG-tagged NSP14 or NSP14.K/R 
was co-transfected with vector or HA-tagged HOIP into HEK293 cells for 24 h. Real-time PCR analysis was performed to determine the relative IL-8 
mRNA levels. The p-value was calculated by one-way ANOVA followed by Tukey’s multiple comparisons test (b, c, e)
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Fig. 5 NSP14-mediated NF-κB activation through the IKK complex. a-c Transfection of either vector or NSP14-FLAG into wild-type, IKKα knockout 
(a), IKKβ knockout (b), or NEMO knockout (c) HEK293 cells for 24 h. Real-time PCR analysis was conducted to determine the relative IL-8 mRNA 
levels. d Vector or NSP14-FLAG was transfected into NEMO wild-type and knockout HEK293 cells. After 48 h, cell lysates were immunoprecipitated 
with the anti-FLAG antibody and blotted with anti-FLAG, anti-IKKα, anti-NEMO, and anti-α-tubulin antibodies. e Vector, NSP14-FLAG, or  NSP14K/

R-FLAG was transfected into HEK293 cells. After 48 h, cell lysates were immunoprecipitated with the anti-FLAG antibody and blotted with anti-FLAG, 
anti-NEMO, and anti-α-tubulin antibodies. f NSP14-FLAG or  NSP14K/R-FLAG was transfected with Myc-tagged IKKα or IKKβ into HEK293 cells. After 
48 h, cell lysates were blotted with anti-FLAG, anti-Myc, anti-p-IKK (Ser176/180), and anti-α-tubulin antibodies. g FLAG-tagged NSP14 or  NSP14K/R 
was transfected with Myc-tagged IKKα or IKKβ into HEK293 cells for 24 h. Real-time PCR analysis was performed to determine the relative IL-8 
mRNA levels. Lysates were blotted with anti-FLAG, anti-Myc, and anti-α-tubulin antibodies. The p-value was calculated by one-way ANOVA followed 
by Tukey’s multiple comparisons test (g) or two-way ANOVA followed by Sidak’s multiple comparisons test (a, b, c). h Model illustrating NSP14 linear 
polyubiquitin-mediated NEMO recruitment and IKK activation
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To substantiate our model, we employed two inhibi-
tors, HOIPIN-8 [41] and IKK-16 [42], to block NSP14 
linear ubiquitination and IKK kinase activity, respectively 
(Fig.  6c). It’s worth noting that HOIPIN-8 selectively 
targets the NSP14-mediated NF-κB signaling path-
way, whereas IKK-16 affects both NF-κB and type I IFN 
signaling pathways (Fig. 6c). First, we tested the toxicity 
of HOIPIN-8 and IKK-16 in A549 cells using the previ-
ous reported dosage [41, 42]. Both inhibitors showed 
minimal toxic effect on A549 cells after 5 days (Fig. S5d). 
Then, we treated the A549 cells with either HOIPIN-8 
or IKK-16 followed by HCoV OC43 infection. As antici-
pated, HOIPIN-8 effectively inhibited HCoV OC43-
induced linear ubiquitination (Fig. 6d), akin to the effects 
observed with HOIP knockout. Furthermore, it inhibited 
IKK phosphorylation during the late stage of viral infec-
tion (Fig.  6d), consistent with our findings with HOIP 
knockout. Conversely, IKK-16 blocked IKK phosphoryla-
tion without affecting linear ubiquitination when com-
pared to the DMSO control group (Fig. 6e).

Next, we examined mRNA expression in the cells 
treated with HOIPIN-8 using RNA sequencing. HCoV 
OC43 induced both proinflammatory factor and ISG 
mRNA expression (Fig.  6f ). Mirroring the effects of 
HOIP knockout, HOIPIN-8 selectively suppressed 
the mRNA expression of proinflammatory factors but 
not ISGs (Fig.  6f-6g). In contrast, IKK-16 inhibited the 
expression of both proinflammatory factors and ISGs 
(Fig. 6h) due to its broad suppression of both NF-κB and 
type I IFN signaling pathways (Fig.  6c). Overall, these 
findings provide further evidence supporting the notion 
that coronaviruses induce proinflammatory responses by 
exploiting the host’s linear ubiquitination system.

Linear ubiquitination facilitates HCoV viral replication
The impact of proinflammatory responses on HCoV 
infection prompts us to delve into the role of linear 

ubiquitination in coronavirus infection.  TCID50 assays 
revealed a remarkable reduction in viral titer by more 
than 100-fold in HOIP knockout A549 cells at 4- and 
5-days post-infection (Fig.  7a) with comparable cell 
viability as the wild-type cells (Fig. S6a). Similarly, the 
viral N protein expression level was reduced in HOIP 
knockout H1299 cells (Fig. S6b). To further elucidate 
the requirement of HOIP enzymatic activity in coro-
navirus replication, we reconstituted wild-type HOIP 
and the enzyme-dead mutant  HOIPC885A in HOIP 
knockout A549 cells. Upon HCoV OC43 infection, 
wild-type HOIP but not the  HOIPC885A rescued linear 
ubiquitination and viral N protein expression (Fig. 7b). 
Consistent with these observations,  TCID50 assays 
showed that wild-type HOIP but not the  HOIPC885A 
mutant rescued HCoV infection (Fig. 7c). Furthermore, 
HOIPIN-8 treatment resulted in a substantial reduction 
in viral titer by approximately 10- to 100-fold, while 
IKK-16 only had a minor effect (Fig. S6c), emphasiz-
ing the necessity of HOIP enzymatic activity for HCoV 
replication.

The impairment of coronavirus titer and protein 
expression upon HOIP knockout suggests a potential 
impact of linear ubiquitination on coronavirus replica-
tion. Thus, we examined the quantities of viral dsRNA 
foci, a marker of viral replication. Remarkably, HOIP 
deficiency led to a significant reduction in dsRNA 
foci in infected cells (Fig. 7d). Consistently, HOIPIN-8 
treatment also hindered dsRNA foci formation in 
HCoV-infected cells (Fig. S6d). Together, these findings 
underscore the essential role of linear ubiquitination in 
facilitating HCoV replication and the induction of viral 
infection-induced proinflammatory responses (Fig. 7e).

(See figure on next page.)
Fig. 6 HOIP deficiency impairs HCoV OC43-induced linear ubiquitination and proinflammatory cytokine expression. a HOIP wild-type and knockout 
A549 cells were infected with 1 MOI of HCoV OC43 for designated times. Lysates were blotted with anti-FLAG, anti-p-IKK (Ser176/180), anti-IKK, 
anti-linear ubiquitin, anti-OC43 N, and anti-α-tubulin antibodies. Band densitometry was calculated using Image J. The ratio of phosphorylated 
IKK to total IKK in each lane was indicated. b HOIP wild-type and knockout A549 cells were infected with 1 MOI of HCoV OC43 for 16 h. Real-time 
PCR was conducted to determine the relative mRNA levels of proinflammatory factors and ISGs. c Schematic representation of NSP14 and RLR 
pathways involved in coronavirus infection. Targets of HOIPIN-8 and IKK-16 are indicated. d A549 cells were treated with DMSO or 30 μM HOIPIN-8 
for 2 h and then infected with 1 MOI of HCoV OC43 for designated times. Lysates were blotted with anti-FLAG, anti-p-IKK (Ser176/180), anti-IKK, 
anti-linear ubiquitin, anti-OC43 N, and anti-α-tubulin antibodies. e A549 cells were treated with DMSO or 10 μM IKK-16 for 2 h and then infected 
with HCoV OC43 for designated times. Lysates were blotted with anti-FLAG, anti-p-IKK (Ser176/180), anti-IKK, anti-linear ubiquitin, anti-OC43 N, 
and anti-α-tubulin antibodies. f A549 cells were treated with DMSO or 30 μM HOIPIN-8 for 2 h and then infected with 1 MOI of HCoV OC43 for 16 h. 
RNA sequencing was performed, and the normalized mean count of proinflammatory factors and ISGs is shown in the heatmap. g A549 cells were 
treated with DMSO or 30 μM HOIPIN-8 for 2 h and then infected with 1 MOI of HCoV OC43 for 16 h. Real-time PCR was performed to determine 
the relative mRNA levels of proinflammatory factors and ISGs. h A549 cells were treated with DMSO or 10 μM IKK-16 for 2 h and then infected with 1 
MOI of HCoV OC43 for 16 h. Real-time PCR was performed to determine the relative mRNA levels of proinflammatory factors and ISGs. The p-value 
was calculated by two-way ANOVA followed by Sidak’s multiple comparisons test (b, g, h)
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Fig. 6 (See legend on previous page.)
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Discussion
A novel coronavirus‑initiated linear ubiquitin signaling 
pathway
It is widely acknowledged that coronaviruses employ var-
ious mechanisms to hijack host ubiquitination processes, 
thus undermining the innate defense mechanisms. For 
instance, the viral N proteins of SARS-CoV and MERS-
CoV disrupt TRIM25-mediated K63-linked ubiquit-
ination of RIG-I, consequently suppressing type I IFN 
production [4]. Furthermore, K63-linked ubiquitination 
of SARS-CoV-2 ORF7A impedes the IFN response [43]. 
These findings, alongside many recent studies on viral 
IFN antagonisms, underscore the multifaceted evasion 
strategies employed by coronaviruses. However, whether 
human coronaviruses stimulate their own signaling path-
ways to enhance viral infection remains uncertain.

Our research reveals that coronaviruses exploit the 
host’s linear ubiquitination machinery to initiate a novel 
NF-κB pathway. In this pathway, HOIP confers lin-
ear polyubiquitin onto NSP14. Subsequently, the lin-
ear polyubiquitin on NSP14 recruits the IKK complex 
through binding to NEMO, triggering IKK and down-
stream NF-κB activation. Activation of this pathway 

not only promotes viral replication but also skews the 
balance of the host’s innate immune responses toward 
inflammation.

HCoV induces proinflammatory responses via NSP14 linear 
ubiquitination
Several SARS-CoV-2 proteins have been identified as 
activators of NF-κB signaling pathways. While one study 
indicated that the spike protein activates TLR4-NF-κB 
signaling [44], another suggested that hyper-inflamma-
tory responses to the spike protein are limited to senes-
cent cells [45]. Moreover, recent research has contested 
the involvement of TLR4 in SARS-CoV-2-induced pro-
inflammatory factor expression, proposing instead that 
the E protein activates TLR2, leading to the expression 
of proinflammatory factors like IL-1β, IL-6, and MCP-1 
[46]. The mechanism by which the E protein activates 
TLR2 remains unclear, particularly considering the typi-
cal topology of beta coronavirus E proteins, which posi-
tion both the N- and C-termini towards the cytosol [47].

Our study proposes a model in which linear ubiqui-
tination emerges as one of the drivers of NF-κB activa-
tion during coronavirus infection. Linear ubiquitination, 

Fig. 7 Linear ubiquitination facilitates coronavirus infection. a HOIP wild-type and knockout A549 cells were infected with 0.01 MOI of HCoV 
OC43 for the designated days.  TCID50 of culture supernatants containing HCoV OC43 were determined on Vero cells. b HOIP knockout A549 
cells reconstituted with HOIP or the C885A mutant were infected with 1 MOI of HCoV OC43 for the designated times. Lysates were blotted 
with anti-FLAG, anti-linear ubiquitin, anti-OC43 N, and anti-α-tubulin antibodies. c HOIP knockout A549 cells and knockout cells reconstituted 
with HOIP or the C885A mutant were infected with 0.01 MOI of HCoV OC43 for the designated days.  TCID50 of culture supernatants containing 
HCoV OC43 were determined on Vero cells. d Wild-type and HOIP knockout A549 cells were infected with 0.1 MOI HCoV OC43 for 24 h. Cells were 
stained with anti-dsRNA (red) and DAPI (blue). The relative ratio of positively stained cells is summarized in the graph. The p-value was calculated 
by t-test. e Model depicting how HCoV skews host innate immune responses toward inflammation
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prevalent in TNF and IL-1 signaling pathways, is well-
known to facilitate NF-κB activation through NEMO 
binding to linear polyubiquitin chains [48]. Intriguingly, 
NSP14 interacts with the IKK complex via linear poly-
ubiquitin-mediated interaction with NEMO, suggesting 
that coronaviruses employ a strategy akin to the TNF 
signaling pathway. Supporting this, recent evidence links 
transcription signatures in SARS-CoV-2 infection to 
TNFα signaling via NF-κB [49]. Furthermore, the defi-
ciency of linear ubiquitination significantly diminishes 
NF-κB activity induced by HCoV infection, highlighting 
a role in HCoV-induced NF-κB activation. Of note, it is 
important to recognize that the 5 simultaneous K-to-
R changes could have other effects. They could prevent 
proper protein folding of NSP14, alter its localization, or 
cause it to function as an inhibitor in some way. These 
warrants further investigations in the future.

HCoV skews host innate immune responses 
by differentially controlling NF‑κB and IRF signaling 
pathways
The impact of HCoV infection on the innate immune 
response is well-documented, characterized by an imbal-
anced innate immune response tilting to inflammation 
with suppression of type I IFN. Given NF-κB’s pivotal 
role in regulating both type I IFN production and proin-
flammatory factors, coronaviruses must simultaneously 
activate the NF-κB signaling pathway for proinflamma-
tory factor expression while inhibiting the IFN signaling 
pathway. Indeed, many SARS-CoV-2 proteins, including 
NSP1, NSP3, NSP12, NSP13, NSP14, NSP15, NSP16, 
ORF3, ORF3B, ORF6, M, ORF7A, ORF7B, and ORF9B, 
have been reported to suppress type I IFN production 
[50–56] and STAT1/2 phosphorylation [57] by antago-
nizing the RLR and IFN signaling pathways. Similar 
strategies are adopted by other coronavirus proteins. 
For instance, the nucleoprotein of SARS-CoV interacts 
with TRIM25 to inhibit RIG-I via RIG-I ubiquitination 
[4], and liquid droplets formed by the nucleoprotein of 
SARS-CoV-2 inhibit MAVS K63-linked ubiquitination 
[58], thereby suppressing type I IFN expression. Addi-
tionally, ORF-9B of SARS-CoV promotes PCBP2-medi-
ated degradation of MAVS [59], while the 4A protein of 
MERS-CoV represses MDA5 signaling [60]. This viral 
antagonism of the host IFN response is crucial for virus 
replication and the outcomes of coronavirus infection.

As both the RLR pathway and most TLR pathways 
bifurcate into NF-κB and IRF signaling branches, tar-
geting these pathways would suppress the expression of 
both proinflammatory factors and type I IFN. Given the 
multitude of mechanisms through which coronaviruses 
inhibit these pathways, it is improbable that they activate 
the RLR and TLR pathways to induce proinflammatory 

responses. Our study suggests that coronaviruses differ-
entially regulate NF-κB and IRF signaling pathways by 
suppressing the RLR pathways and activating the NSP14-
mediated NF-κB signaling pathway. These mechanisms of 
differential control over NF-κB and IRF signaling path-
ways result in skewed innate immune responses (Fig. 7e).

Is NF‑κB a friend or foe of coronavirus?
Our findings prompt this critical inquiry into why coro-
naviruses have evolved to employ their own NF-κB sign-
aling pathway to activate proinflammatory factors. Two 
recent studies demonstrate the requirement of NF-κB 
for SARS-CoV-2 infection [40, 49]. Our study found that 
HOIP knockout and HOIP inhibitor impeded HCoV rep-
lication, indicating that linear ubiquitination-mediated 
NF-κB activation might facilitate viral infection. It is not 
clear whether NSP14 linear ubiquitination alone or along 
with other protein linear ubiquitination is responsible for 
this phenotype. To address this question, future investi-
gation is warranted to generate an NSP14 linear ubiquit-
ination defective mutant virus.

While it may seem counterintuitive, NF-κB’s proviral 
role is not unprecedented, particularly among certain 
oncogenic DNA viruses and retroviruses. For instance, 
human T-cell leukemia virus type 1 and Epstein-Barr 
virus activate NF-κB to transform cells and inhibit apop-
tosis [61, 62]. HIV-1 and HIV-2 induce NF-κB activation 
via their Tat proteins, promoting p65 DNA binding and 
inhibiting the NF-κB repressor IκBα [63]. Interestingly, 
inhibition of NF-κB signaling has been shown to diminish 
influenza A virus infection, suggesting a potential provi-
ral role for some RNA viruses [64, 65]. While it’s unlikely 
that NF-κB’s proviral activity is a universal mechanism 
among all viruses, there may be unique NF-κB target 
genes essential for HCoV infection and critical steps in 
the HCoV life cycle.

Several hypotheses have been proposed regarding 
HCoV-induced NF-κB activation. For instance, IKKα/β, 
essential kinases for almost all NF-κB signaling pathways, 
could mediate the phosphorylation of viral proteins. 
Consistent with this model, the knockout of TRAF2, an 
upstream signal molecule of the IKK complex, reduced 
SARS-CoV-2 infection [40]. However, depletion or inhi-
bition of NF-κB, the transcription factor downstream 
of the IKK, still impaired SARS-CoV-2 infection [49], 
suggesting that SARS-CoV-2 replication requires the 
upregulation of one or more NF-κB target genes that may 
regulate the viral replication process. We have analyzed 
our dataset and published datasets based on several cri-
teria. First, we searched RNA sequencing databases of 
cells infected with four different coronaviruses, includ-
ing SARS-CoV-1, SARS-CoV-2, MERS, HCoV 229E [8]. 
As our data suggest that linear ubiquitination-mediated 
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NF-κB activation is a general mechanism for coronavi-
ruses, we collected the upregulated genes induced by 
all four coronaviruses. Second, we interrogated the col-
lected upregulated gene to our RNA sequencing data. 
We found that 81 genes of the collection were induced 
by HCoV OC43, and their expression was also blocked by 
HOIPIN-8. Lastly, we interrogated several recent CRISPR 
screenings [66–69] on coronaviruses with these 81 genes 
and found that 13 of them are the hits in the CRISPR 
screenings (Supplementary Table  1). Future research 
will investigate whether and how these 13 genes regulate 
HCoV infection.

Enhanced comprehension of the common mechanisms 
shared by various coronaviruses will be indispensable 
in informing the development of potential therapeutic 
strategies. Our study’s insights will help bridge gaps in 
understanding how coronaviruses modulate host innate 
immune responses towards inflammation and lay the 
groundwork for novel treatments against coronaviruses.

Materials and methods
Cells
HEK293 cells (ATCC, # CRL-1573), HRT-18G (ATCC, 
# CRL-11663) and Vero cells (ATCC, # CCL-81), were 
maintained in Dulbecco’s Modified Eagle Medium (Life 
Technologies, # 11,995–065) containing antibiotics (Life 
Technologies, # 15,140–122) and 10% fetal bovine serum 
(Life Technologies, # 26,140–079). A549 cells (ATCC, 
# CCL-185) were cultured in RPMI Medium 1640 (Life 
Technologies, # 11,875–093) plus 10% fetal bovine serum 
and 1 × MEM Non-Essential Amino Acids Solution (Life 
Technologies, # 11,140–050).

Viruses
HCoV OC43 was purchased from ATCC (#VR-1558). 
HCoV OC43 viral titration was performed as follows. 
Vero cells were infected with a serial diluted HCoV 
OC43. After 1 h, the medium was removed and replaced 
by the DMEM plus 2% FBS. Cells were examined for 
cytopathic effects to determine  TCID50 for five days.

Plasmids and chemicals
NSP14 genes from SARS-CoV-2, SARS-CoV, MERS-
CoV, HCoV OC43, HCoV 229E, TGEV, and the 5  K/5R 
mutant were synthesized by GenScript and then cloned 
into the pCMV-3Tag-8 vector (Stratagene). FLAG-
tagged HOIP and OTULIN were reported before [28, 
70]. Mutants of SARS-CoV-2 NSP14 were constructed 
by PCR or using a Q5® Site-Directed Mutagenesis Kit 
(New England Biolabs, Ipswich, MA, USA). Briefly, PCR 
was performed using the FLAG-tagged NSP14 in pCM-
V3Tag-8 vector (Stratagene, Santa Clara, CA, USA) as 
the template. After PCR, the PCR product is added to the 

Kinase-Ligase-DpnI (KLD) enzyme mix for circulariza-
tion and template removal. The mixture was transformed 
into E. coli for generating plasmids. All mutants were val-
idated by DNA sequencing. All primers used for cloning 
and mutagenesis are listed in Supplementary Table 2.

HOIPIN-8 was purchased from Axon Medchem (# 
2972). IKK-16 was purchased from Selleck Chemicals (# 
S2882).

Antibodies
Primary antibodies: Anti-β-actin [Abcam, # ab8227, WB 
(1:1,000)], anti-FLAG [Sigma, # F3165, WB (1:1,000), IFA 
(1:100)], anti-linear ubiquitin [Millipore, # MABS451, 
WB (1:1,000)], anti-ubiquitin [Cell Signaling Technol-
ogy, #3933S, WB (1:1,000)], anti-HA [Cell Signaling 
Technology, # 3724, WB (1:1,000), IFA (1:100)], anti-
IκBα [Cell Signaling Technology, # 4814S, WB (1:1,000)], 
anti-phospho-IκBα (Ser32) [Cell Signaling Technol-
ogy, # 2859S, WB (1:1,000)], anti-IKKα [Cell Signaling 
Technology, # 11930S, WB (1:1,000)], anti-IKKβ [Cell 
Signaling Technology, # 8943S, WB (1:1,000)], anti-
phospho-IKKακβ (Ser176/180) [Cell Signaling Technol-
ogy, # 2697S, WB (1:1,000)], anti-NEMO [Cell Signaling 
Technology, # 2695S, WB (1:1,000)], anti-TBK1 [Cell 
Signaling Technology, # 3504S, WB (1:1,000)], anti-
phospho-TBK1 (Ser172) [Cell Signaling Technology, # 
5483S, WB (1:1,000)], anti-human MAVS [Cell Signal-
ing Technology, # 24930S, WB (1:1,000)], anti-Myc [Cell 
Signaling Technology, # 2276S, WB (1:1,000)], anti-Myc 
[Bethyl Laboratories, # A190-105A, WB (1:1,000)], anti-
HOIP [R&D Systems, # MAB8039SP, WB (1:2,000), 
IFA (1:100)], anti-MyD88 [ABclonal, # A19082, WB 
(1:1,000)], anti-HCoV OC43 nucleoprotein [Sino Biologi-
cal, # 40,643-T62, WB (1:1,000)].

Secondary antibodies: Goat anti-Mouse IgG-HRP 
[Bethyl Laboratories, # A90-116P, WB (1:10,000)], Goat 
anti-Rabbit IgG-HRP [Bethyl Laboratories, # A120-201P, 
WB (1:10,000)], Alexa Fluor 594 Goat Anti-Mouse IgG 
(H + L) [Life Technologies, # A11005, IFA (1:200)], Alexa 
Fluor 488 Goat Anti-Rabbit IgG (H + L) [Life Technolo-
gies, # A11034, IFA (1:200)].

Sample preparation, Western blotting, 
and immunoprecipitation
Approximately 1 X  106 cells were lysed in 500 µl of tan-
dem affinity purification (TAP) lysis buffer [50  mM 
Tris–HCl (pH 7.5), 10 mM  MgCl2, 100 mM NaCl, 0.5% 
Nonidet P40, 10% glycerol, the Complete EDTA-free pro-
tease inhibitor cocktail tablets (Roche, # 11,873,580,001)] 
for 30 min at 4 °C. The lysates were then centrifuged for 
30  min at 15,000  rpm. Supernatants were collected and 
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mixed with the Lane Marker Reducing Sample Buffer 
(Thermo Fisher Scientific, # 39,000).

Western blotting and immunoprecipitation were per-
formed as described in a previous study [71]. Briefly, 
samples (10–15 μl) were loaded into Mini-Protean TGX 
Precast Gels, 15 well (Bio-Rad, # 456–103), and run in 
1 × Tris/Glycine/SDS buffer (Bio-Rad, # 161–0732) for 
35  min at 200  V. Protein samples were transferred to 
Immun-Blot PVDF Membranes (Bio-Rad, # 162–0177) 
in 1 × Tris/Glycine Buffer (Bio-Rad, # 161–0734) at 70 V 
for 60  min. PVDF membranes were blocked in 1 × TBS 
buffer (Bio-Rad, # 170–6435) containing 5% Blotting-
Grade Blocker (Bio-Rad, # 170–6404) for 1 h. After wash-
ing with 1 × TBS buffer for 30  min, the membrane blot 
was incubated with the appropriately diluted primary 
antibody in antibody dilution buffer (1 × TBS, 5% BSA, 
0.02% sodium azide) at 4 °C for 16 h. Then, the blot was 
washed three times with 1 × TBS (each time for 10 min) 
and incubated with secondary HRP-conjugated antibody 
in antibody dilution buffer (1:10,000 dilution) at room 
temperature for 1  h. After three washes with 1 × TBS 
(each time for 10 min), the blot was incubated with Clar-
ity Western ECL Substrate (Bio-Rad, # 170–5060) for 
1–2  min. The membrane was removed from the sub-
strates and then exposed to the Amersham imager 600 
(GE Healthcare Life Sciences, Marlborough, MA).

For immunoprecipitation, 2% of cell lysates were 
saved as an input control, and the remainder was incu-
bated with 5–10  μl of the indicated antibody plus 20  μl 
of Pierce Protein A/G Plus Agarose (Thermo Fisher Sci-
entific, # 20,423) or 10 μl of EZview Red Anti-FLAG M2 
Affinity Gel (Sigma, # F2426). After mixing end-over-end 
at 4 °C overnight, the beads were washed 3 times (5 min 
each wash) with 500 μl of lysis buffer. For ubiquitin detec-
tion, all beads were washed with 1  M urea for 15  min, 
3 times to exclude potential binding of unanchored 
polyubiquitin.

Immunofluorescence assay
Cells were cultured in the Lab-Tek II CC2 Chamber Slide 
System 4-well (Thermo Fisher Scientific, # 154,917). After 
the indicated treatment, the cells were fixed and permea-
bilized in cold methanol for 10 min at −20 °C. Then, the 
slides were washed with 1 × PBS for 10 min and blocked 
with Odyssey Blocking Buffer (LI-COR Biosciences, # 
927–40,000) for 1 h. The slides were incubated in Odys-
sey Blocking Buffer with appropriately diluted primary 
antibodies at 4  °C for 16  h. After 3 washes (10  min per 
wash) with 1 × PBS, the cells were incubated with the cor-
responding Alexa Fluor conjugated secondary antibod-
ies (Life Technologies) for 1 h at room temperature. The 
slides were washed three times (10 min each time) with 
1 × PBS and counterstained with 300 nM DAPI for 1 min, 

followed by washing with 1 × PBS for 1  min. After air-
drying, the slides were sealed with Gold Seal Cover Glass 
(Electron Microscopy Sciences, # 3223) using Fluoro-gel 
(Electron Microscopy Sciences, # 17,985–10). Images 
were captured and analyzed using a Revolve Microscope 
(Discover Echo Inc.).

Real‑time PCR
Total RNA was prepared using the RNeasy Mini Kit 
(Qiagen, # 74,106). One µg quantity of RNA was reverse 
transcribed into cDNA using the QuantiTect reverse 
transcription kit (Qiagen, # 205,311). For one real-time 
reaction, 10 µl of SYBR Green PCR reaction mix (Euro-
gentec), including 100 ng of the synthesized cDNA 
plus an appropriate oligonucleotide primer pair, were 
analyzed on a CFX384 Touch Real-Time PCR Detec-
tion System (Bio-Rad). The comparative Ct method 
was used to determine the relative mRNA expression of 
genes normalized by the housekeeping gene GAPDH. 
The primer sequences: human GAPDH, forward primer 
5`- AGG TGA AGG TCG GAG TCA -3`, reverse primer 
5`-GGT CAT TGA TGG CAA CAA -3`; human IL-6, for-
ward primer 5`- ACT CAC CTC TTC AGA ACG AATTG 
−3`, reverse primer 5`- CCA TCT TTG GAA GGT TCA 
GGTTG −3`; human IL-8, forward primer 5`- TTT TGC 
CAA GGA GTG CTA AAGA −3`, reverse primer 5`- AAC 
CCT CTG CAC CCA GTT TTC −3`; human IFNb1, for-
ward primer 5`- TCA TCC TGT CCT TGA GGC AGT 
−3`, reverse primer 5`- CAG CAA TTT TCA GTG TCA 
GAAGC −3`; human CXCL5, forward primer 5`- AGC 
TGC GTT GCG TTT GTT TAC −3`, reverse primer 5`- 
TGG CGA ACA CTT GCA GAT TAC −3`; human ISG15, 
forward primer 5`- CGC AGA TCA CCC AGA AGA TCG 
−3`, reverse primer 5`- TTC GTC GCA TTT GTC CAC 
CA −3`; human MX1, forward primer 5`- GTT TCC 
GAA GTG GAC ATC GCA −3`, reverse primer 5`- CTG 
CAC AGG TTG TTC TCA GC −3`; human OAS3, for-
ward primer 5`- GCT TCA AGA GCT ATG TGG ACC −3`, 
reverse primer 5`- GGA AAC GTG AGT CTC AGA CCA 
−3`; human CXCL10 (IP10), forward primer 5`- TTC 
AAG GAG TAC CTC TCT CTAG −3`, reverse primer 5`- 
CTG GAT TCA GAC ATC TCT TCTC −3`; human CCL5 
(RANTES) qPCR primers were purchased from Qiagen 
(# PPH00703B-200); HCoV OC43, forward primer 5`- 
ATG TTA GGC CGA TAA TTG AGG ACT AT −3`, reverse 
primer 5`- AAT GTA AAG ATG GCC GCG TATT −3`.

RNA sequencing and data analysis
Total RNA was prepared using the RNeasy Mini Kit. 
RNA samples were sent to Novogene (Sacramento, CA) 
for sequencing. Each sample was sequenced to gener-
ate a minimum of 20 million reads. Raw sequencing 
reads were aligned to human genome (hg38; Genome 
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Reference Consortium GRCH38). The alignments were 
conducted using the Spliced Transcripts Alignment to a 
Reference (STAR) aligner version 2.5.3 (–clip5pNbases 
6, default options) [72] and were subjected to visual 
inspection using the Integrative Genomics Viewer (IGV) 
genome browser [73]. Transcript data from STAR were 
then analyzed using the RSEM software (version 1.3.0 
[74]) for quantification of human gene expression. The 
EBSeq software [75] was utilized to call statistically dif-
ferentially expressed genes using a false discovery rate 
(FDR) less than 0.05 as previous described [76].

Plasmid transfection
HEK293 cells were transfected using Lipofectamine 
3000 (Life Technologies, # L3000015) Transfection Rea-
gent according to the manufacturer’s protocol. For co-IP 
experiments, a total of 2.5 µg of plasmids was transfected 
into approximately 1.2 ×  106 cells. For other experiments, 
a total of 0.5 µg of plasmids was transfected into approxi-
mately 2 ×  105 cells.

Reporter assays
To perform NF-κB reporter assays, 0.2 µg of each SARS-
CoV-2 plasmid was co-transfected with 0.1 µg of pNF-kB 
Luc reporter (Stratagene) and 0.02 µg of pRL-SV40 plas-
mid (Promega), containing the Renilla luciferase gene as 
an internal control, into 2 ×  105 HEK293 cells. After 48 h, 
the activities of both firefly and Renilla luciferases were 
measured using the Dual Luciferase Reporter Assay Kit 
(Promega). The luciferase activities were normalized to 
the Renilla luciferase activity of the internal control. Each 
experiment was performed in triplicate.

MTT assay
Cells were seeded in a 96-well plate in the culture 
medium. After 24 h, cells were either infected with HCoV 
OC43 or treated with inhibitors for 5  days. Cell viabil-
ity and growth were assessed every day for 5 days using 
the MTT Cell Proliferation Kit (Cayman Chemical, Ann 
Arbor, MI, USA).

Protein purification from E. coli
NSP14 and the 5 K/5R mutant were cloned into pMXB10 
(New England Biolabs, # E6901S) to fuse an MBP tag. 
These constructs were transfected into BL21 (DE3) E. 
coli (New England Biolabs, # C2527I) and cultured in 
LB broth at 20  °C. IPTG (0.4 mM) was added to induce 
protein expression. MBP-tagged proteins were purified 
using the IMPACT kit (New England Biolabs, # E6901S), 
and the MBP pull-down assays were performed using 
the anti-MBP Magnetic Beads New England Biolabs, # 
E8037S).

CRISPR/Cas9
The single guide RNA (sgRNA) targeting sequences: 
control CRISPR sgRNA: CTG AAA AAG GAA GGA GTT 
GA; human HOIP sgRNA: 5`- CGT ACG AGA ACT TGC 
ATT TG −3`; human MAVS sgRNA: 5`- ACA GGG 
TCA GTT GTA TCT AC −3`; human UBC13 sgRNA: 5`- 
GGC GTT GCT CTC ATC TGG TT −3`; human OTU-
LIN sgRNA: 5`- GGC TCC GGA TCG TTC GGA GC −3`; 
human IKKα sgRNA: 5`- GTC TGT ACC AGC ATC GGG 
TG −3`; human IKKβ sgRNA: 5`- GAC TGT CAC CCT 
CAG TTC GC −3`; human NEMO sgRNA: 5`- GGC AGC 
AGA TCA GGA CGT AC −3`. The sgRNA was cloned into 
lentiCRISPR v2 vector [77]. The lentiviral construct was 
transfected with psPAX2 and pMD2G into HEK293T 
cells using PEI. After 48 h, the media containing lentivi-
rus were collected. The targeted cells were infected with 
the media containing the lentivirus supplemented with 
10  μg/ml polybrene. Cells were selected with 10  μg/ml 
puromycin for 14 days. Single clones were expanded for 
knockout confirmation by Western blotting.

Statistics and reproducibility
The sample size was sufficient for data analyses. Data 
were statistically analyzed using the software GraphPad 
Prism 9.
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The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12964- 024- 01949-4.

Supplementary Material 1.

Supplementary Material 2.

Supplementary Material 3: Supplementary Fig. 1. NSP14 mediates 
NF-κB activation. (a) HEK293 cells were co-transfected with 0.2 µg of the 
indicated FLAG-tagged SARS-CoV-2 gene along with NF-κB reporter and 
pRL-SV40. After 48 h, cells were harvested, and the relative reporter activ-
ity was determined by calculating the ratio of firefly luciferase to Renilla 
luciferase. The p -value was calculated by one-way ANOVA followed by 
Dunnett’s multiple comparisons test. Lysates were blotted with anti-FLAG 
and anti-α-tubulin antibodies. (b) HEK293 cells were co-transfected with 
0.05 µg, 0.1 µg, and 0.15 µg of FLAG-tagged SARS-CoV-2 NSP14 along with 
NF-κB reporter and pRL-SV40. After 48 h, cells were harvested, and the 
relative reporter activity was determined by calculating the ratio of firefly 
luciferase to Renilla luciferase. Lysates were blotted with anti-FLAG and 
anti-α-tubulin antibodies. (c) 0.1 µg of FLAG-tagged SARS-CoV-2 NSP14 
and 0.1 µg of FLAG-tagged SARS-CoV-2 NSP10 were co-transfected with 
the NF-κB reporter and pRL-SV40 into HEK293 cells. Western blotting 
demonstrates the expression levels of NSP14-FLAG and NSP10-FLAG. The 
position of NSP14 and NSP10 is denoted. (d) FLAG-tagged SARS-CoV-2 
NSP14 or the indicated zinc finger mutant was co-transfected with the 
NF-κB reporter and pRL-SV40 into HEK293 cells. After 48 h, cells were 
harvested, and the relative reporter activity was determined by calculat-
ing the ratio of firefly luciferase to Renilla luciferase. Lysates were blotted 
with anti-FLAG and anti-α-tubulin antibodies. The p -value was calculated 
by one-way ANOVA followed by Tukey’s multiple comparisons test (b, 
c, d). Supplementary Fig. 2. NSP14 activates NF-κB via linear ubiquitina-
tion. (a) HEK293 cells were transfected with FLAG-tagged NSP14 genes 
derived from various coronaviruses. After 48 h, cell lysates were subjected 
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to immunoprecipitation and subsequent blotting using the indicated 
antibodies. (b) Lysates of HEK293 cells and two HOIP knockout cell lines 
were blotted as indicated. (c) Blotting analysis of lysates from HEK293 
cells and two UBC13 knockout cell lines. (d-e) Wild-type, HOIP knockout 
(d), and UBC13 (e) knockout HEK293 cells were stimulated with 10 ng/
mL TNFα for designated times. Subsequently, cell lysates were analyzed 
by Western blotting. (f ) Wild-type HEK293 cells, along with two UBC13 
knockout and two HOIP knockout HEK293 cell lines, were transfected 
with FLAG-tagged SARS-CoV-2 NSP14 along with NF-κB reporter and 
pRL-SV40. After 48 h, cells were collected, and the relative reporter 
activity was determined by calculating the ratio of firefly luciferase to 
Renilla luciferase. (g) Blotting analysis of lysates from OTULIN wild-type 
and knockout HEK293 cells. (h) OTULIN wild-type and knockout HEK293 
cells were stimulated with 10 ng/mL TNFα for designated times. Cell 
lysates were blotted using the indicated antibodies. (i) Wild-type and 
two OTULIN knockout HEK293 cell lines were transfected with FLAG-
tagged SARS-CoV-2 NSP14 with the NF-κB reporter and pRL-SV40. 
The p -value was calculated by two-way ANOVA followed by Sidak’s 
multiple comparisons test (f, i). Supplementary Fig. 3. NSP14 interacts 
with HOIP. (a) NSP14-HA was co-transfected with FLAG-tagged HOIP, 
HOIL-1, or SHARPIN into HEK293 cells. After 48 h, cell lysates were 
subjected to immunoprecipitation with the anti-FLAG antibody and 
subsequent blotting with anti-FLAG and anti-HA antibodies. (b) NSP14-
FLAG or GFP-FLAG was transfected into HEK293 cells. After 48 h, cell 
lysates were immunoprecipitated with the anti-FLAG antibody and 
blotted using the indicated antibodies. (c) Vector or NSP14-HA was 
transfected into A549 cells. After 48 h, cells were fixed and stained with 
anti-HOIP (red), anti-HA (green), and DAPI nuclear stain (blue). Scale 
bar = 10 μm. (d) Schematic of HOIP mutants. PUB: Peptide N-glycanase/
UBA or UBX-containing proteins; ZnF: Zinc finger; NZF: Npl4 zinc 
finger; UBA: Ubiquitin-associated; RBR: RING between RING fingers. (e) 
FLAG-tagged HOIP or the indicated mutant was co-transfected with 
Myc-tagged (NSP14-Myc) into HEK293 cells. After 48 h, cell lysates 
were immunoprecipitated with the anti-FLAG antibody and blotted as 
indicated. Supplementary Fig. 4. The IKK complex is required for NSP14-
mediated NF-κB activation. (a) Co-transfection of FLAG-tagged NSP14 
with IKKα, IKKβ, or p65, along with NF-κB reporter and pRL-SV40, into 
HEK293 cells. After 48 h, cells were collected, and the relative reporter 
activity was determined by calculating the ratio of firefly luciferase to 
Renilla luciferase. (b-d) Wild type, IKKα knockout (b), IKKβ knockout 
(c), or NEMO knockout (d) HEK293 cells were stimulated with 10 ng/
mL TNFα for designated times. Cell lysates were blotted as indicated. 
(e–g) Transfection of vector or FLAG-tagged NSP14 with NF-κB reporter 
and pRL-SV40 into wild-type, IKKα knockout (e), IKKβ knockout (f ), and 
NEMO knockout (g) HEK293 cells. After 48 h, cells were collected, and 
the ratio of firefly luciferase to Renilla luciferase was calculated to deter-
mine the relative reporter activity. (h) Vector or FLAG-tagged NSP14 
was transfected with the NF-κB reporter and pRL-SV40 into wild-type 
and TBK1 knockout MEFs. After 48 h, cells were harvested, and the rela-
tive reporter activity was determined by calculating the ratio of firefly 
luciferase to Renilla luciferase. (i) FLAG-tagged NSP14 or NSP14 K/R was 
transfected with Myc-tagged IKKα or IKKβ into HEK293 cells, along with 
NF-κB reporter and pRL-SV40. After 48 h, cells were harvested, and the 
relative reporter activity was determined by calculating the ratio of fire-
fly luciferase to Renilla luciferase. Lysates were blotted with anti-FLAG, 
anti-Myc, and anti-α-tubulin antibodies. The p -value was calculated by 
two-way ANOVA followed by Sidak’s multiple comparisons test (a, e, f, 
g, h) or one-way ANOVA followed by Tukey’s multiple comparisons test 
(i). Supplementary Fig. 5. MAVS knockout impairs ISG but not proinflam-
matory factor expression. (a) MAVS wild-type and knockout A549 cells 
were infected with HCoV OC43 for the designated times. Cell lysates 
were blotted as indicated, and band densitometry was calculated using 
Image J. The ratio of phosphorylated IKK to total IKK in each lane was 
indicated. (b) HOIP wild-type and knockout H1299 cells were infected 
with 1 MOI of HCoV OC43 for 16 h. Real-time PCR was conducted to 
determine the relative mRNA levels of proinflammatory factors and 
ISGs. (c) MAVS wild-type and knockout A549 cells were infected with 
1 MOI of HCoV OC43 for 16 h. Real-time PCR was conducted to deter-
mine the relative mRNA levels of proinflammatory factors and ISGs. 
(d) MTT assays of A549 cells treated with DMSO, 30 μM HOIPIN-8, or 

10 μM IKK-16 for 5 days. The p- value was calculated by two-way ANOVA 
followed by Sidak’s multiple comparisons test. Supplementary Fig. 6. 
HOIPIN-8 inhibits HCoV OC43 viral replication. (a) HOIP wild-type and 
knockout A549 cells were infected with 0.01 MOI of HCoV OC43 for the 
designated days. MTT assays were performed to determine cell viability. 
(b) HOIP wild-type and knockout H1299 cells were infected with 0.01 MOI 
of HCoV OC43 for the designated days. Lysates were blotted as indicated. 
(c) A549 cells were treated with DMSO, HOIPIN-8, or IKK-16 for 2 h and 
then infected with 0.01 MOI of HCoV OC43 for the designated days. TCID 
50 of culture supernatants containing HCoV OC43 were determined on 
Vero cells. The p -value was calculated by two-way ANOVA followed by 
Sidak’s multiple comparisons test. (d) A549 cells were treated with DMSO 
or HOIPIN-8 for 2 h and then infected with 0.1 MOI HCoV OC43 for 24 h. 
Cells were stained with anti-dsRNA (red) and DAPI (blue). The relative ratio 
of positively stained cells is summarized in the graph. The p -value was 
calculated by t -test.
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