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An antibody-based proximity labeling map reveals

mechanisms of SARS-CoV-2 inhibition of antiviral
immunity
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In brief

Zhang et al. use a proximity labeling

technology to identify human proximal

proteins of SARS-CoV-2. They show that

SARS-CoV-2 manipulates key cellular

processes in antiviral and immune

responses. They provide a resource for

elucidating the mechanisms of SARS-

CoV-2 infection and developing drugs for

COVID-19 treatment.
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SUMMARY
The global epidemic caused by the coronavirus severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) has resulted in the infection of over 200 million people. To extend the knowledge of interactions be-
tween SARS-CoV-2 and humans, we systematically investigate the interactome of 29 viral proteins in human
cells by using an antibody-based TurboID assay. In total, 1,388 high-confidence human proximal proteins
with biotinylated sites are identified. Notably, we find that SARS-CoV-2manipulates the antiviral and immune
responses. We validate that the membrane protein ITGB1 associates angiotensin-converting enzyme 2
(ACE2) to mediate SARS-CoV-2 entry. Moreover, we reveal that SARS-CoV-2 proteins inhibit activation of
the interferon pathway through the mitochondrial protein mitochondrial antiviral-signaling protein (MAVS)
and the methyltransferase SET domain containing 2, histone lysine methyltransferase (SETD2). We propose
111 potential drugs for the clinical treatment of coronavirus disease 2019 (COVID-19) and identify three com-
pounds that significantly inhibit the replication of SARS-CoV-2. The proximity labeling map of SARS-CoV-2
and humans provides a resource for elucidating the mechanisms of viral infection and developing drugs for
COVID-19 treatment.
INTRODUCTION

The emergence of the severe acute respiratory syndrome coro-

navirus-2 (SARS-CoV-2) has resulted in extensive global trans-

mission in more than 210 countries and territories (Li et al.,

2020; Rickard et al., 2014; Wu et al., 2020; Zhou et al., 2020;

Zhu et al., 2020). Infection with SARS-CoV-2 results in coronavi-

rus disease 2019 (COVID-19), a mild to severe respiratory illness

with excessive inflammation (Wiersinga et al., 2020). SARS-CoV-

2 is an enveloped, positive-sense, single-stranded RNAbeta-co-

ronavirus. The genome size of this virus is 29.9 kb, and it en-

codes 14 open reading frames (ORFs) (Wu et al., 2020). The sug-

gested original and intermediate hosts of SARS-CoV-2 include

bats and pangolins (Lam et al., 2020; Lu et al., 2020; Zhou

et al., 2020). However, the transmission route of SARS-CoV-2 re-

mains controversial. Compared with other family members of
Cell C
Coronaviridae, SARS-CoV-1 and Middle East respiratory syn-

drome coronavirus (MERS-CoV), SARS-CoV-2 has higher

morbidity and lower mortality (Yi et al., 2020). Despite intensive

research, there is still limited knowledge about the interactions

between SARS-CoV-2 and its host. As a result, specific antiviral

drugs are not available to prevent or treat COVID-19. Information

about the interactions of SARS-CoV-2 and humans is urgently

needed to reveal the molecular mechanisms of COVID-19 and

for the development of drugs for clinical treatment.

The interactome of SARS-CoV-2 and its host has been inves-

tigated by affinity purification coupled with mass spectrometry

(AP-MS) (Gordon et al., 2020b; Stukalov et al., 2021). These re-

sources are useful for understanding the molecular mechanisms

of SARS-CoV-2 infection and the clinical progression of COVID-

19. Dozens of drugs have been found to inhibit the replication of

the virus, and in vitro and clinical trials are still ongoing. To
hemical Biology 29, 5–18, January 20, 2022 ª 2021 Elsevier Ltd. 5
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Figure 1. Flowchart of the proximity labeling

of SARS-CoV-2 proteins

(A) The proteins encoded by the SARS-CoV-2

genome.

(B) The workflow of the TurboID assay.
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identify therapeutic targets, additional strategies are still urgently

required to dissect virus-host interactions. Recently, a proximity

labeling method, TurboID, was developed to covalently label

neighbors of a target protein with biotin within 10 min (Branon

et al., 2018; Doerr, 2018). Then, the biotinylated proteins or pep-

tides were enriched and identified by mass spectrometry (Ude-

shi et al., 2017). This approach allowed the investigation of inter-

acting proteins under harsh lysis conditions while retaining weak

interactions. We aimed to extend the knowledge of the interac-

tions of SARS-CoV-2 and humans by generating a global

proximity labeling map. Consequently, we revealed the basic

mechanisms of viral infection and proposed potential drugs for

the clinical treatment of COVID-19.

RESULTS

Strategy for the expression and proximity labeling of
SARS-CoV-2 proteins
The genome RNA of SARS-CoV-2 encodes 14 putative ORFs

(Kim et al., 2020). Three kinds of proteins are encoded by the viral

genome: non-structural proteins, structural proteins, and acces-

sory proteins (Figure 1A). The non-structural replicase proteins

(NSP1–16) are encoded by a polyprotein, Orf1a/Orf1b, at the

amino terminus of the genome. The polyprotein is proteolytically

processed into 16 non-structural proteins. Four structural pro-

teins are expressed at the carboxyl terminus, including the spike

(S), envelope (E), membrane (M), and nucleocapsid (N) proteins.

The other part of the viral genome encodes nine accessory

proteins.

To proximity label the proteins of SARS-CoV-2, all of the viral

genes were cloned into mammalian expression vectors in frame

with a promiscuous biotin ligase gene (TurboID) (Figure 1B; Table

S1A). Additionally, five truncations were fused with TurboID,

including the core domain (CD), N terminus and C terminus of

NSP3; the receptor binding domain (RBD); and the S1 protein

of the S protein. These cassettes were expressed in SARS-

CoV-2-permissive HEK293T cells. Then, the proximal proteins

were labeled with biotin for 10 min. The cells were harvested

and digested with trypsin. The biotinylated peptides were en-

riched with a biotin antibody and identified by liquid chromatog-
6 Cell Chemical Biology 29, 5–18, January 20, 2022
raphy with tandem mass spectrometry

(LC-MS/MS). To obtain high-confidence

interactors, three sequential steps were

used to remove non-specifically binding

proteins. First, we scored the interactors

with the SANITexpress algorithm (Teo

et al., 2014) by using the negative control

samples. The negative controls were the

samples that transfected with the TurboID

vector. Second, we performed data mining

to determine the proteins that have a higher
propensity to be contaminants. We found that these proteins

were detected in more than 50% of the experiments when

choosing the fifth percentile as an arbitrary cutoff. To exclude

these non-specifically co-purified proteins, the top fifth percen-

tile proteins (Table S1B) ranked by the occurrence rate were

removed from each of the identified proteins, the biotinylated

proteins, and the CRAPome contamination proteins (Mellacher-

uvu et al., 2013), among whichmore than half of the viral proteins

co-purified with these proteins. Finally, only proteins with bio-

tinylated sites and enriched by 2-fold greater than the control

were considered candidate proximal proteins of the viral

proteins.

The expression of the TurboID-tagged viral proteins in

HEK293T cells was detected by western blot assays using an

anti-Myc antibody (Figure 2A). A total of 32 of 33 constructs

were expressed and had appropriate protein size. Only the

expression of NSP6 was not detected and it was excluded

from further analysis. Then, we verified the biotinylation of the

proximal proteins using HRP-conjugated streptavidin (Strep)

(Figure 2B). The distinct smear bands of various viral proteins

represent the proximal proteins that were biotinylated by biotin

ligase. As expected, significant and distinctive smear bands of

the biotinylated proteins were observed bywestern blot analysis,

indicating that the TurboID-tagged viral proteins effectively

biotinylated proximal proteins of the targets.

Systematic proximity labeling map of SARS-CoV-2
proteins
Proximity labeled samples of SARS-CoV-2 with three replicates

were identified by mass spectrometry. Approximately 29%

(�21,000 proteins) of the identified proteins contained 1 to 39

biotinylated sites in the original data (Table S2A), which shows

that the anti-biotin antibody effectively enriched biotinylated

peptides. After filtering, we finally obtained 1,388 interactions

of SARS-CoV-2 and human proteins through the TurboID assay

(Figure 3; Table S2B; Data S1). Among the proximal proteins, we

found that 90.7%of hits (1,259 proteins) emerged in all three rep-

licates, and the other 9.3% hits (129 proteins) emerged in two

replicates. The Pearson’s correlation coefficient of biological

replicates of each protein sample ranged from 0.72 to 0.98



Figure 2. Expression and biotinylation of proximal proteins of SARS-

CoV-2 proteins

(A) The expression of viral proteins in HEK293T cells was detected by the anti-

Myc antibody. The red arrowheads indicate the expression of target proteins.

(B) The biotinylation of proximal proteins in HEK293T cells by SARS-CoV-2

proteins was detected by HRP-conjugated Strep.
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(Figure S1). The number of interactions ranged from 1 to 264 for

each viral protein (Table S2C). No interaction was obtained for

the following viral proteins: E, NSP1, ORF3b, and ORF6.

To define the function of the viral proteins, we classified the

proximal proteins for each protein by Gene Ontology analysis

(Figures S2A–S2C; Tables S3A–S3C). As expected, the signifi-

cantly enriched proteins among the viral proteins were involved

in the regulation of viral processes (NSP15, NSP3C, NSP7, and

ORF10), Golgi vesicle transport (NSP14, NSP15, NSP16,

NSP3C, andORF7b), and RNA splicing (NSP15 andNSP16) (Fig-

ure S2A). NSP3C specifically enriched proteins involved in auto-

phagy. The proximal proteins of ORF7b participate in the regula-

tion of steroid metabolic processes. These proteins tended to be

localized in the ER(NSP3C, ORF10), spindle (N, NSP2, NSP14,

NSP15, NSP16, and ORF10), ribonucleoprotein granules (N,

NSP2, NSP3N, NSP8, NSP14, NSP15, NSP16, and ORF10),

and cell-cell junctions (M and NSP14) (Figure S2B). The various

subcellular localizations of the proximal proteins suggest that

the viral proteins affect different functions of the host. Of interest,

each of the viral proteins had specific molecular functions (Fig-

ure S2C). The M protein enriches proximal proteins of SNAP re-

ceptor activity and active transmembrane transporter activity.

The N protein tends to interact with proteins involved in ribonu-

cleoprotein complex binding. The identified proteins of NSP2,

NSP3C, NSP14, NSP15, NSP16, ORF3a, and ORF10 function

in cadherin binding. The binding partners of these viral proteins

might be useful for elucidating their biological processes, molec-

ular functions, and cellular localization during SARS-CoV-2

infection. To further investigate the signaling pathways related

to SARS-CoV-2 infection, the enriched pathways were analyzed

(https://reactome.org) (Figure S2D; Table S3D). We identified

numerous proteins that are reportedly related with SARS-CoV-

2 infection, such as interferon (IFN), NF-kB, vascular endothelial

growth factor (VEGF), andmRNA splicing-related proteins. Inter-

estingly, we revealed that the Hippo and Wingless-INT (WNT)/

b-catenin pathways were also targeted by SARS-CoV-2. The

functional roles of these pathways in SARS-CoV-2 infection

remain to be investigated (Figure S2D and Table S3D).

Integration analysis of the proximity labeling map and
multi-omics data of SARS-CoV-2
We compared our data with previous interactome data of SARS-

CoV-2 obtained by traditional AP-MS (Gordon et al., 2020b; Stu-

kalov et al., 2021). Although we used almost the same set of viral

proteins, differential results were obtained for each of the viral

proteins (Figures S3A and S3B). The overlap rates were low for

the three datasets, and only 57 interactions were shared by three

groups, of which 36 interactions were commonly identified by

this study. Unexpectedly, the two datasets from traditional AP-

MS shared only 21 interactions, possibly due to the different

cell lines and analysis strategies used. We used antibody-based

technology to enrich biotinylated peptides in the TurboID assay

and three stringent steps to filter non-specific proteins. The re-

sults of this study are complementary to those of the previous

two studies, which suggests the necessity of using different

methods to comprehensively elucidate the interactome of

SARS-CoV-2 and its host.

To further investigate the functions of the proximal proteins,

we mapped them to those identified by multi-omics studies after
Cell Chemical Biology 29, 5–18, January 20, 2022 7
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B C D E

Figure 3. Proximity labeling map of SARS-CoV-2

(A) The 1,388 identified high-confidence human proximal proteins (blue circle nodes) for the SARS-CoV-2 proteins (red diamond nodes). The thickness of the

edges is proportional to the ratio values of biotinylated sites in the sample and control.

(B–E) The proximal proteins were mapped to altered proteins of the transcriptome (B), proteome (C), phosphoproteome (D) and ubiquitinome (E). Red circle

nodes, upregulated proteins; blue circle nodes, downregulated proteins; green circle nodes, dynamically regulated proteins; gray diamond nodes, viral proteins.
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SARS-CoV-2 infection (Stukalov et al., 2021), including the tran-

scriptome, proteome, phosphoproteome, and ubiquitinome.

These proteins might be directly regulated by viral proteins. A to-

tal of 245 interactors were significantly altered after SARS-CoV-2

infection (Figures 3 and S4A–S4D; Table S4). As expected, only a

few proteins (13 proteins) mapped to the transcriptome, which

suggests that the proximal proteins tend to be regulated by

direct physical interactions rather than at the transcriptional

level. At the protein level, most of the proximal proteins were

downregulated (35 of 42 proteins), which implies that their

related biological processes are negatively regulated by viral

proteins. We found that most of the proximal proteins were

changed at the levels of phosphorylation (140 proteins) and ubiq-

uitination (96 proteins). For example, the phosphorylation levels

of several members of the Hippo pathway were altered, such

as AMOTL1, TJP1, TJP2, and YAP1, which might enhance the

activation of Yes-associated protein (YAP) and lead to a

decrease in the level of IFNs. The ubiquitination level of a few

components of the WNT/b-catenin pathway was altered after

viral infection, including CTNNB1, CTNND1, PSMD12, and

RNF213. At the transcriptome and proteome levels, the altered

proximal proteins were consistently upregulated or downregu-

lated during SARS-CoV-2 infection. However, the levels of phos-

phorylation and ubiquitination of the proximal proteins had

different patterns during viral infection, which suggests that the

interacting proteins are stringently regulated by posttranslational

modification during the viral life cycle.

ITGB1 associates with hACE2 to mediate SARS-CoV-
2 entry
The S protein of SARS-CoV-2 forms a spike on the virion surface

and is crucial for viral binding, fusion, and entry. The S protein

binds to the host receptor, human angiotensin-converting

enzyme 2 (hACE2), to enter cells (Walls et al., 2020; Zhou

et al., 2020). Although the proximity labeling assay tends to iden-

tify intracellular proteins of targets, we still found three mem-

brane proteins that interacted with the S protein: integrin subunit

beta 1 (ITGB1), transmembrane protein 38B (TMEM38B), and

Solute carrier family 7 member 5 (SLC7A5) (Figure 4A). Of note,

ITGB1 is an entry receptor of many viruses, including human

echoviruses 1 and 8, cytomegalovirus, Epstein-Barr virus, hu-

man parvovirus B1, human rotavirus, and mammalian reovirus

(Bergelson et al., 1993; Feire et al., 2010; Graham et al., 2003;

Maginnis et al., 2006; Weigel-Kelley et al., 2003; Xiao et al.,

2008). The functional role of ITGB1 in SARS-CoV-2 entry remains

elusive.

To investigate the functional roles of ITGB1 in SARS-CoV-2

entry, we confirmed the interaction of ITGB1 and the S protein

by co-immunoprecipitation assay (Figure 4B). Meanwhile, we

found that ITGB1 was associated with hACE2 (Figure 4C). We

identified that co-expression of ITGB1 with hACE2 significantly

enhanced the entry of SARS-CoV-2 pseudovirus (Figure 4D).

ITGB1 alone did not mediate this process. Furthermore, we

found that ITGB1 dose dependently enhanced the entry

of SARS-CoV-2 pseudovirus into HEK293T-hACE2 cells

(Figure 4E). Next, the entry process of the SARS-CoV-2 pseudo-

virus was attenuated by an ITGB1 antibody in a dose-dependent

manner (Figure 4F). Moreover, we knocked down the expression

of ITGB1 in HeLa-hACE2 cells by RNAi assay (Figure 4G). As ex-
pected, ITGB1 expression was significantly reduced by three

different small interfering RNAs (siRNAs) (Figure 4G). Then, the

cells were infected with SARS-CoV-2. Total RNA or cell lysates

were harvested at 24 h post infection. In contrast to the scramble

siRNA group, knockdown of ITGB1 significantly reduced the

replication of SARS-CoV-2 (Figure 4G). These results indicate

that ITGB1 is a co-factor for SARS-CoV-2 entry.

SARS-CoV-2 proteins inhibit MAVS-mediated IFN
pathway
The innate immune system is crucial for the development of

COVID-19 (Mangalmurti and Hunter, 2020). Non-resolving

inflammation results in a cytokine storm, which is closely related

to increasing severity of COVID-19 and poor clinical outcomes. It

has been reported that SARS-CoV-2 regulates the immune

response pathway (Mangalmurti and Hunter, 2020; Vabret

et al., 2020). We found that several proteins involved in immune

responses were targeted by SARS-CoV-2 proteins (Figure 5A). A

few viral proteins targeted the mitochondrial antiviral-signaling

protein (MAVS) pathway, including NSP2, NSP3C, NSP5,

NSP7, NSP14, NSP15, NSP16, ORF9b, and ORF10, suggesting

that SARS-CoV-2 employs multiple proteins to inhibit the anti-

viral immunity of the host.

The main chymotrypsin-like protease (NSP5) and papain-like

protease (NSP3) are essential for the processing of viral polypro-

teins. NSP3 cleaves ubiquitinated or ISGylated (ISG15 modifica-

tion) proteins to inhibit antiviral immune responses (Swaim et al.,

2020). Inhibition of NSP3 activates the antiviral IFN pathway and

reduces viral particle release from infected cells. NSP5 and

NSP3 are promising therapeutic targets for antiviral drugs.

IFNs are the most important components of antiviral defense.

To our knowledge, IFNs are suppressed in patients with moder-

ate COVID-19 but are sustained at higher levels in patients with

severe disease (Vabret et al., 2020). SARS-CoV-2 blocks the IFN

pathway to interfere with host antiviral innate immunity. More-

over, we found that NSP15 and NSP16 bind to signal transducer

and activator of transcription 2 (STAT2) (Figure 5A), which may

inhibit the activation of downstream expression of interferon-

stimulated genes (ISGs). It is likely that these viral proteins might

lead to a dysfunctional immune response.

The aforementioned results strongly suggest that multiple viral

proteins target antiviral signaling pathways through the mito-

chondrial protein MAVS. To further validate this finding, we

investigated the interaction of viral proteins and MAVS by co-

immunoprecipitation assays in mammalian cells (Figure 5B).

With the exception of NSP2, the other eight viral proteins showed

obvious associations with MAVS, including NSP3C, NSP5,

NSP7, NSP14, NSP15, NSP16, ORF9b, and ORF10 (Figure 5B,

upper panel). MAVS is a crucial protein for virus-triggered IFN

signaling pathways (Seth et al., 2005). MAVS activates the tran-

scription factors IRF3 and IRF7 (interferon regulatory factors 3

and 7) to regulate the expression of IFNs (Figure 5A).

To further validate that these viral proteins affect this pathway

through MAVS, we co-transfected the viral proteins with MAVS

and tested the activation of IFN-b and IFN-l1 reporters. As ex-

pected, none of the viral proteins alone affected the activation

of IFNs (Figure 5C). The expression of MAVS significantly acti-

vated IFN reporter genes. Six viral proteins blocked the activa-

tion of the IFN reporter, including NCP3C, NSP7, NSP14,
Cell Chemical Biology 29, 5–18, January 20, 2022 9
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D

G

E F

B Figure 4. ITGB1 mediates the entry of SARS-CoV-2

(A) The binding partners of the S protein.

(B) Validation of the interactions of ITGB1 and S by co-immu-

noprecipitation assay. HEK293T cells were co-transfected with

ITGB1 and S, immunoprecipited by Myc antibody, and de-

tected by Myc or Flag antibodies.

(C) Validation of the interactions of ITGB1 and hACE2 by co-

immunoprecipitation assay. HEK293T cells were co-trans-

fected with ITGB1 and hACE2, immunoprecipited by Flag

antibody, and detected by Myc or Flag antibodies.

(D) HEK293T cells were transfected with ITGB1 and hACE2.

Then, the cells were infected with SARS-CoV-2 pseudovirus.

(E) HEK293T-hACE2 cells were transfected with gradually

increased ITGB1. Then, the cells were infected with SARS-

CoV-2 pseudovirus.

(F) HEK293T cells were transfected with hACE2. Then, the cells

were infected with SARS-CoV-2 pseudovirus and treated with

anti-ITGB1 antibody or scramble antibody.

(G) HeLa-hACE2 cells were transfected with scramble or

ITGB1-specific siRNA oligos as indicated. The cells were in-

fected with SARS-CoV-2. Total RNA was analyzed using real-

time quantitative PCR (RT-qPCR) to determine the expression

levels of the N protein. The cell lysates were analyzed using

western blotting as indicated. b-Actin was used as a loading

control.

*p < 0.05, ***p < 0.001 (two-tailed Student’s t test), means + SD,

n = 3. Data are representative of two (B and C) or three (D–G)

independent experiments. E.V., empty vector.
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Figure 5. Viral proteins interfere with the interferon pathway

(A) Innate immune pathways are targeted by viral proteins.

(B) Validation of the interactions of viral proteins and MAVS by co-immunoprecipitation assays.

(legend continued on next page)
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NSP16, ORF9b, and ORF10. In contrast, the expression of NSP2

led to a significant increase in IFNs, but the reasons for this result

remain elusive. NSP5 and NSP15 did not affect the activation of

IFN reporters. ORF9c was used as a negative control. Activation

of the MAVS signaling pathway contributes to antiviral immunity.

Moreover, we investigated the replication of vesicular stomatitis

virus-enhanced green fluorescent protein (VSV-eGFP), which is

extremely sensitive to IFNs and is commonly used to study the

effect of IFNs on viral replication, via co-transfection of MAVS

and viral proteins (Figure 5D). Consistent with previous results,

the replication of VSV-eGFP was increased by NSP3C, NSP7,

NSP14, NSP16, ORF9b, and ORF10, and NSP2 decreased the

viral titer of VSV-eGFP. Although NSP5 did not affect the reporter

genes of IFNs (Figure 5C), it significantly increased the replica-

tion of VSV-eGFP (Figure 5D). NSP15 and ORF9c did not affect

the replication of VSV-eGFP (Figure 5D). To further confirm the

role of MAVS during infection, HeLa-hACE2 wild-type (WT) and

HeLa-hACE2 MAVS�/� cells were infected with SARS-CoV-2

(Figures 5E–5H). Our results show that SARS-CoV-2 replication

was increased inMAVS�/� cells at the RNA (Figure 5E) and pro-

tein levels compared to HeLa-hACE2 WT cells (Figure 5F). The

induced expression of downstream ISGs, including ISG54 and

ISG56, was significantly reduced in HeLa-hACE2MAVS�/� cells

after SARS-CoV-2 infection (Figures 5G and 5H). Additionally,

we validated that NSP15 and NSP16 were associated with

STAT2 (Figure 5I). However, the binding of NSP15 and TRAF

family member associated NF-kB activator (TANK) was unde-

tectable (Figure 5J).

NSP9 targets the methyltransferase SETD2 to block
IFN-STAT1 signaling
Epigenetic regulators are essential for viral infection. We identi-

fied that a few viral proteins targeted these molecules, including

NSP9, NSP14, NSP15, NSP16, and ORF10 (Figure 6A). NSP9 in-

teracts with SET domain containing 2, histone lysine methyl-

transferase (SETD2) and BCL6 corepressor (BCOR). SETD2

also binds to NSP14, NSP15, NSP16, and ORF10, suggesting

that these viral proteins might directly affect histone modifica-

tions. Transcription activation suppressor (TASOR) and periphi-

lin 1 (PPHLN1) are components of the human silencing hub

(HUSH) complex, which mediates epigenetic repression (Tcha-

sovnikarova et al., 2015), and they were found to be partners

of NSP16. The HUSH complex is recruited to genomic loci rich

in H3K9me3, and it maintains transcriptional silencing by pro-

moting the recruitment of SET domain bifurcated histone lysine

methyltransferase 1 (SETDB1). SETDB1 was identified to asso-

ciate with NSP14 and NSP16. Additionally, we found that DNA
(C) The effects of the SARS-CoV-2 viral proteins onMAVS-induced activation of IF

into HEK293T cells. E.V., empty vector.

(D) The effects of the SARS-CoV-2 viral proteins on MAVS-induced antiviral im

HEK293T cells. VSV-eGFP (multiplicity of infection [MOI] = 0.001) was used to in

extracellular VSV-eGFP using plaque assays.

(E) HeLa-hACE2WT andHeLa-hACE2MAVS�/� cells were infected with SARS-Co

cDNA. The SARS-CoV-2 genome expression levels were measured by RT-qPCR

(F) The cells were infected as in (E). The cell lysates were harvested at the indica

(G and H) The cells were treated as in (E), and ISG54 and ISG56 expression leve

(I and J) The indicated vectors were transfected into HEK293T cells, followed by

*p < 0.05, ***p < 0.001; NS, not significant (two-tailed Student’s t test), means + S

experiments.
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methyltransferase 1 (DNMT1) interacts with NSP16, which indi-

cates that NSP16 may have a functional role in controlling DNA

methylation. Our results showed that ORF10 associates with a

few epigenetic regulators, including chromodomain helicase

DNA binding protein 1 (CHD1), chromatin target of PRMT1

(CHTOP), and Jumonji domain containing 1C (JMJD1C). Several

ubiquitination-related epigenetic proteins were enriched by

ORF10, including cullin 4B (CUL4B), damage-specific DNA bind-

ing protein 1 (DDB1), HECT, UBA, and WWE domain containing

E3 ubiquitin protein ligase 1 (HUWE1), ring finger protein 40

(RNF40), and ubiquitin-specific peptidase 15 (USP15). These re-

sults strongly suggest that SARS-CoV-2 might regulate host

gene expression through epigenetic regulation.

The epigenetic regulator SETD2 is essential for the amplifi-

cation of IFN signaling through methylation of signal trans-

ducer and activator of transcription 1 (STAT1) (Chen et al.,

2017). We confirmed the binding of NSP9 and SETD2 by a

co-immunoprecipitation assay (Figure 6B). Consistent with a

previous report (Chen et al., 2017), overexpression of SETD2

significantly increased the level of STAT1 phosphorylation (Fig-

ure 6C, lane 4). We identified that NSP9 significantly attenu-

ated STAT1 phosphorylation mediated by SETD2 (Figure 6C,

lane 8). Moreover, knockdown of SETD2 attenuated the inhibi-

tion of STAT1 phosphorylation by NSP9 (Figure 6D, lane 8).

Furthermore, we used a catalytically inactive mutant of

SETD2, the R1625G mutant, which leads to a complete loss

of histone H3 Lys-36 trimethylation (H3K36me3). We showed

that the SETD2 mutant lost the ability to repress the level of

STAT1 phosphorylation when co-transfected with NSP9 (Fig-

ure 6E, lane 4). Additionally, we found that NSP9 inhibited

the nuclear translocation of STAT1 in a SETD2-dependent

manner (Figures 6F and 6G). The expression of ISG56 induced

by human IFN-a (hIFN-a) through the JAK-STAT pathway was

also suppressed by NSP9 (Figure 6H). These results indicate

that NSP9 blocks antiviral immunity through SETD2-depen-

dent inhibition of STAT1.

NSP14 and NSP16 block the IFN signaling through the
Hippo pathway
We found that the Hippo pathway is targeted by the viral proteins

NSP14 and NSP16 (Figure S5A). YAP is a negative regulator of

innate immunity against various viruses (Wang et al., 2017). Acti-

vation of YAP inhibits the expression of IFNs. The tight junction

proteins 1 and 2 (TJP1 and TJP2) are regulators of YAP activa-

tion. Angiomotin-like 1 (AMOTL1) interacts with multiple tight

junction proteins and reduces YAP activity (Yu and Guan,

2013). Serine/threonine kinase 4 (STK4, also known as MST1)
N-b and IFN-l1 luciferase reporters. The indicated vectors were co-transfected

munity against VSV-eGFP. The indicated vectors were co-transfected into

fect the cells. The culture supernatant was collected to determine the titers of

V-2. Total RNAwas extracted at the indicated times and reverse transcribed to

.

ted times and the protein expression levels were detected by western blot.

ls were measured by RT-qPCR.

immunoprecipitation with indicated antibody.

D, n = 3. Data are representative of two (B, I, and J) or three (C–H) independent
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Figure 6. NSP9 inhibits the phosphorylation and nuclear translocation of STAT1 in a SETD2-dependent manner

(A) Epigenetic regulators associated with viral proteins.

(B) Validation of the interactions of NSP9 and SETD2 by co-immunoprecipitation assay.

(C) HEK293T cells were treated with hIFN-a (10 ng/mL). Phosphorylated STAT1, SETD2, and H3K36me3 in HEK293T cells were detected by the indicated

antibodies. GAPDH was used as a loading control. Quantitative analysis of p-STAT1 is shown.

(D) p-STAT1, STAT1, H3K36me3, and SETD2 were detected in HEK293T cells. The cells were transfected with si-Control or si-Setd2 together with empty vector

or FLAG-NSP9 and stimulated as in (C). Quantitative analysis of p-STAT1 is shown.

(E) p-STAT1, STAT1, and H3K36me3 were detected in HEK293T cells co-transfected with Myc-tagged SETD2 or mutated SETD2 and FLAG-NSP9, followed by

hIFN-a treatment as in (C). Quantitative analysis of p-STAT1 is shown.

(F) The nuclear translocation of STAT1 was visualized by confocal microscopy. HEK293T cells were transfected with the indicated vectors for 24 h, followed by

hIFN-a (10 ng/mL) treatment for 30 min or untreated. Scale bars, 50 mm.

(G) Quantitation of the nuclear translocation of STAT1.

(H) HEK293T cells were transfected with the indicated plasmids. hIFN-awas used to stimulate the activation of the JAK-STAT pathway. The cells were harvested

for RNA isolation. The induction of ISG56 was evaluated by RT-qPCR. GAPDH was used as an internal control. The fold changes were quantified by the 2�DDCt

method.

*p < 0.05, **p < 0.001; NS, not significant (two-tailed Student’s t test), means +SD, n = 2 (C–E) or n = 3 (G and H). Data are representative of two (B–E) or three (F–H)

independent experiments. E.V., empty vector.
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is a kinase that phosphorylates and inhibits YAP1. The associa-

tion of YAP regulators with NSP14 and NSP16 suggests that

these viral proteins might block the expression of IFNs through

the Hippo signaling pathway.

We confirmed the interaction of NSP14, NSP16, and TJP1

(Figures S5B and S5C). However, the binding of NSP14 and

STK4, or NSP16 and YAP1, was undetectable. Xu and co-
workers described that YAP/TAZ interacts with TANK-binding

kinase 1 (TBK1) and abolishes virus-induced TBK1 activation

(Zhang et al., 2017). Interferon regulatory factor 3 (IRF3) is phos-

phorylated by TBK1 to induce IFN transcription. Thus, we exam-

ined the activation of IRF3. The results showed that NSP14 and

NSP16 impaired the phosphorylation of IRF3 induced by TBK1

(Figure S5D). The expression of the downstream target genes
Cell Chemical Biology 29, 5–18, January 20, 2022 13
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Figure 7. Potential targets and the drug network revealed by the SARS-CoV-2 proximity labeling map

(A) The proximal proteins (yellow circle nodes) are targeted by approved drugs (blue rectangle nodes). The viral proteins of SARS-CoV-2 are shown as red

diamond nodes.

(B) Ten drugs that target multiple proximal proteins obtained from the enrichment analysis by connectivity map. The length of the bar indicates the number of

proximal proteins that are up- or downregulated by the drugs. The gradient red color represents the Q values (Benjamini-Hochberg adjusted p value).

(C) Schematic diagram of the antiviral assays by the selected compounds.

(D) Vero E6 cells were seeded before infection. For IC50 determination, the cells were pre-treated with drugs for 1 h at gradient concentrations. After 48 h,

supernatants were harvested for RNA extraction. Then, the viral N mRNA was quantified by RT-qPCR and the inhibition ratio was calculated. Cell viability was

evaluated by using a CCK8 kit. Red, percentage of inhibition; blue, cell viability.

Data are shown as means + SD of four independent experiments (n = 4) (D).
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IFN-b and ISG1 was significantly repressed by NSP14 and

NSP16 (Figures S5E and S5F). We then stimulated HEK293T

cells with Sendai virus (SeV). The expression of IFN-b and

ISG56 was significantly downregulated by NSP14 and NSP16

in cells stimulated with SeV (Figures S5G and S5H). Taken

together, these results suggest that NSP14 and NSP16 nega-

tively regulate IFN-b signaling partially via the Hippo pathway.

Potential targets revealed by the SARS-CoV-2 proximity
labeling map and drug repurposing
To identify the potential targets and already approved drugs for

the therapeutic treatment of COVID-19, we assessed the prox-

imal proteins of SARS-CoV-2 using the DrugBank database

(Wishart et al., 2018). We obtained 70 proximal proteins targeted

by 248 drugs (Table S5A), among which 101 drugs have already

been approved by the Food and Drug Administration (FDA) (Fig-

ure 7A). Several human proteins are targeted by dozens of drugs,

including Calmodulin 1 (CALM 1), transferrin receptor (TFRC),

and HMG-CoA reductase (HMGCR). CALM1, which is a member

of the EF-hand calcium-binding protein family, binds to 21

approved drugs. Cholesterol metabolism-related proteins,

including HMGCR, are enriched by the viral protein ORF7b,
14 Cell Chemical Biology 29, 5–18, January 20, 2022
which indicates the potential roles of metabolic drugs in clinical

testing. For example, lovastatin inhibits the lipid metabolism of

the host. HMGCR is a rate-limiting enzyme in cholesterol synthe-

sis and is targeted by statins. Consistent with this result, statins

have anti-inflammatory effects, and the use of these drugs re-

duces the risk of mortality of COVID-19 patients (Zhang

et al., 2020).

To systematically investigate the drugs that affected the prox-

imal proteins, we mapped the proximal proteins of SARS-CoV-2

to the connectivity map (Lamb et al., 2006). Ten drugs were iden-

tified to significantly up-/downregulate the expression ofmultiple

proximal proteins (Figure 7B; Table S5B). Among these drugs,

estradiol significantly alleviates SARS-CoV-2 infection (Brei-

thaupt-Faloppa et al., 2020). Currently, remdesivir is the only

drug that has been approved by the FDA for treating COVID-19.

To validate the effects of the drugs during SARS-CoV-2

infection, we randomly selected 12 compounds from the list

(Tables S5A and S5B) and tested their antiviral efficacy against

SARS-CoV-2 in Vero E6 cells (Figures 7C and S6; Table S5C).

Remdesivir was used as a positive control. We found that three

of them significantly inhibited the replication of SARS-CoV-2,

including azacitidine, thimerosal, and verteporfin (Figure 7D).
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Azacitidine has been used to treat cancer and has shown certain

toxicity to cells, while the selective index of thimerosal and

verteporfin in Vero E6 cells was greater than 10 (Figure 7D).

Verteporfin significantly inhibited the replication of SARS-CoV-

2 at a very low concentration (half maximal inhibitory concentra-

tion [IC50] = 0.07 mM).

DISCUSSION

The interactome of SARS-CoV-2 and its host is essential to un-

derstand the fundamental processes of viral infection. Comple-

mentary to traditional AP-MS methods, biotin-ligase-based

proximity labeling technology is a powerful tool to investigate

proximal protein interactions in living cells and organisms (Bra-

non et al., 2018; Doerr, 2018; Kim et al., 2016; Larochelle et al.,

2019; Roux et al., 2012; Udeshi et al., 2017). Here, we con-

structed a proximity labeling map of SARS-CoV-2 and humans,

which is a useful resource for antiviral drug screening and per-

forming basic research on viral infection. We found significant

enrichment of low-abundance proximal proteins compared

with that with the traditional AP-MS method (p = 0.0065 and

0.0338 respectively, Student’s t test; Figure S7A). As expected,

the dataset generated in this study is complementary to two in-

teractome datasets obtained previously using a different

approach (Gordon et al., 2020b; Stukalov et al., 2021).

Limitations of the study
We used individual viral proteins rather than virulent virus to

investigate the protein-protein interaction network of SARS-

CoV-2 and humans. The overlap rate is low for the dataset of

this study and other reports that used AP-MS technology (Gor-

don et al., 2020b; Stukalov et al., 2021). Due to the differences

of technologies, cellular background, experimental procedures,

and data processing, the lack of overlap from different studies

is common. Gingras and co-workers compared the proximity

labeling technology with AP-MS (Lambert et al., 2015). They

found two approaches permitted the recovery of biologically

meaningful interactions. Similar results are shown in another

study (Liu et al., 2018). No interactions were obtained for the viral

proteins E, NSP1, ORF3b, and ORF6. The TurboID tag might

interfere with the interactions of these proteins. As shown previ-

ously (Gordon et al., 2020b; Stukalov et al., 2021), these viral pro-

teins have significant fewer interactions on average. In this study,

proteins proximal to viral proteins were covalently biotinylated by

a promiscuous biotin ligase. The biotinylated peptides were

captured by an anti-biotin antibody. Although we believe that

most non-specific co-purified proteins were removed from the

proximal dataset, they may still contain false-positives and

should be validated by other methods. It should be noted that

the proximal proteins might not have direct physical interactions

with the viral proteins.

During the preparation of this manuscript, three related pre-

prints were posted on bioRxiv (Laurent et al., 2020; Sama-

varchi-Tehrani et al., 2020; St-Germain et al., 2020). All of these

papers used a Strep-based BioID assay to enrich the proximal

proteins of SARS-CoV-2. Due to the high affinity of biotin and

Strep, it is difficult to identify specific sites of biotinylated pro-

teins, which is an important parameter to evaluate the confi-

dence of the proximal proteins. In this study, we used an anti-
body against biotin to enrich the biotinylated peptides, and

only those significantly enriched proteins with biotinylated sites

were considered high-confidence proximal proteins of SARS-

CoV-2. Approximately 21,100 of the identified proteins con-

tained biotinylated sites in the original data (Figure S7B), while

other reports lacked this information. We used a stringent strat-

egy to filter the non-specifically binding proteins (Figure S7B),

such as ribosomal proteins. Of the 1,388 high-confidence prox-

imal proteins in this study, 1,092 proteins with biotinylated sites

were not covered by the other three papers (Laurent et al., 2020;

Samavarchi-Tehrani et al., 2020; St-Germain et al., 2020) (Fig-

ure S7C), which indicates the technical advantages of the anti-

body-based TurboID assay in identifying proximal proteins. We

recovered 21.3% of proteins identified by the other three studies

(Figure S7C). This dataset with high confidence is useful for the

fields of medical research and clinical medicine of SARS-CoV-2.

SARS-CoV-2 requires host cellular factors for its entry, fusion,

release, and replication. Mapping the virus-host interactome

provides an effective way to elucidate the molecular mecha-

nisms of SARS-CoV-2 infection. ITGB1, a binding partner of

the structural protein S, is an entry receptor of other viruses,

and we found that it mediates the entry of SARS-CoV-2. This

suggests that the combination of anti-ITGB1 and anti-S antibody

treatment might effectively block the replication of SARS-CoV-2.

We also confirmed that multiple viral proteins bind to MAVS and

inhibit the expression of IFNs. To identify viral proteins that inhibit

IFN production, three groups systematically screened the pro-

teins of SARS-CoV-2 (Lei et al., 2020; Xia et al., 2020; Yuen

et al., 2020). Consistent with these results, we found that NSP3

and NSP14 block the type I IFN (IFN-I) induction (Figure 5). It

has been reported that ORF9b blocks IFN-I responses by target-

ing TOM70 or NEMO (Gordon et al., 2020a; Jiang et al., 2020;Wu

et al., 2021a). NSP7, NSP16, and ORF10 are regulators of IFN-I

production that were identified by this study. Moreover, we re-

vealed that these viral proteins impair IFN signaling through

physical interaction with MAVS and in a MAVS-dependent

manner.

The virus controls gene expression via epigenetic regulation

and contributes to non-resolving inflammation. We validated

that NSP9 associates with STED2 to block the JAK-STAT

pathway. It is likely that the perturbation of epigenetics by

SARS-CoV-2 is crucial for its life cycle. Meanwhile, our data sug-

gested that the Hippo pathway is a potential target for therapeu-

tic intervention. We found that these pathways are modulated by

the viral proteins NSP14 and NSP16. This pathway might play

important roles during viral infection. On the other hand, it is crit-

ical to validated the aforementioned proximal proteins of SARS-

CoV-2 under physiological conditions, such as in SARS-CoV-2-

infected cells or animals.

Furthermore, we proposed 70 potential targets, 101 drugs

(FDA approved), and 10 compounds that target multiple prox-

imal proteins for drug repurposing from the proximity labeling

map of SARS-CoV-2. Of note, the deprivation of some endog-

enous metabolites might improve the symptoms of COVID-19.

Currently, the treatment strategies for COVID-19 under study

include antiviral agents, immunomodulators, antibodies, and

adjunctive therapies. However, only limited strategies have

been approved for use in clinical practice. A number of

vaccines and approved drugs are being developed and are
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undergoing clinical trials against SARS-CoV-2. The proximity

labeling map of SARS-CoV-2 should be valuable for designing

effective antiviral drugs. Our data imply that immunomodula-

tors may ameliorate severe COVID-19 and may be able to be

used as antiviral agents, such as statins and estradiol. We

also found that three compounds have significant antiviral

activity against SARS-CoV-2 in Vero cells. These findings

strongly support efforts to test these drugs against SARS-

CoV-2 infection in clinical trials.

SIGNIFICANCE

Currently, the interactome of SARS-CoV-2 and humans has

been globally investigated by AP-MS. However, the overlap

of these studies is very low even using similar technology.

The knowledge of the interactions of SARS-CoV-2 with its

host remains limited. We systematically investigated the in-

teractome of 29 viral proteins in human cells by using an

enzyme-catalyzed proximity labeling technology, TurboID.

A total of 1,388 high-confidence human proximal proteins

were identified as interactors of SARS-CoV-2 proteins.

Notably, we found that SARS-CoV-2 manipulates key

cellular processes involved in the antiviral and immune re-

sponses: (1) themembrane protein ITGB1mediates the entry

of SARS-CoV-2; (2) SARS-CoV-2 inhibits the activation of the

interferon pathway through themitochondrial proteinMAVS;

(3) NSP9 blocks antiviral immunity through the methyltrans-

ferase SETD2; (4) NSP14 and NSP16 block the IFN signaling

through the Hippo pathway. We discovered three com-

pounds significantly inhibit the replication of SARS-CoV-2:

azacitidine, thimerosal, and verteporfin. We hope that

this resource sheds light on the basic research into SARS-

CoV-2 infection and the development of clinical drugs for

COVID-19.
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anti-rabbit IgG (H+L)

ImmunoResearch Laboratories

Inc

Cat#111-585-003; RRID:AB_2338059

Bacterial and virus strains

DH5a Tsingke Biotechnology Co. Cat#TSV-A07

SeV (Zheng et al., 2020) PMID: 33372174

SARS-CoV-2 Peking Union Medical College IPBCAMS-WH-01/2019

Chemicals, peptides, and recombinant proteins

Human IFN-alpha 1 Cell Signaling Technology Cat#8927

Azacitidine Selleck Cat#S1782

Camptothecin Selleck Cat#S1288

Dasatinib Selleck Cat#S1021

Glycyrrhizic acid Selleck Cat#S2302

Melatonin Selleck Cat#S1204

Methotrexate Selleck Cat#S1210

Nicardipine Selleck Cat#S5255

Pemetrexed Selleck Cat#S1135

Sulfinpyrazone Selleck Cat#S4628

Streptavidin-HRP Abcam Cat#ab7403

Thimerosal Selleck Cat#S3646

Torasemide Selleck Cat#S1698

Verteporfin Selleck Cat#S1786

Critical commercial assays

Dual-Luciferase Reporter Assay Kit Vazyme DL101-01

Cell Counting Kit Yeasen 40203ES60

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

PaxDB (Wang et al., 2015) PMID: 25656970

Multilevel proteomics data of SARS-CoV-2 (Stukalov et al., 2021) PMID: 33845483

Raw data of mass spectrometry This study PXD022086

Experimental models: Cell lines

HEK293T ATCC Cat#CRL-11268

HEK293T-hACE2 (Wu et al., 2021b) PMID: 34117209

HeLa-hACE2 cells This study N/A

MAVS-knockout HeLa-hACE2 cells This study N/A

Vero ATCC CCL-81

Oligonucleotides

See Table S6 for oligonucleotides

Recombinant DNA

pcDNA3.1-myc-TurboID This study N/A

pcDNA6B-TurboID-myc This study N/A

pCAG-TurboID-myc This study N/A

pCDH-CMV-MCS- EF1a-copGFP System Biosciences Cat#CD511B-1

pLP1 Thermofisher Cat#K4975-00

pLP2 Thermofisher Cat#K4975-00

pRK5-Myc-TBK1 (Meng et al., 2016) PMID: 27125670

Software and algorithms

Clusterprofiler (Yu et al., 2012) http://www.bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

Enrichr (Kuleshov et al., 2016) https://maayanlab.cloud/Enrichr/

Mascot Matrix Science http://www.matrixscience.com/

PANDA (Chang et al., 2019) https://sourceforge.net/projects/panda-tools/

Pepdistiller (Li et al., 2012) http://sourceforge.net/projects/pepdistiller

Perl Perl Core Team http://www.perl.org

R R Core Team http://www.r-project.org

ReactomePA (Yu and He, 2016) http://www.bioconductor.org/packages/release/

bioc/html/ReactomePA.html

REVIGO (Supek et al., 2011) http://revigo.irb.hr/

SAINTexpress (Teo et al., 2014) https://sourceforge.net/projects/saint-apms/files/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, JianWang

(wangjian@bmi.ac.cn).

Materials availability
Correspondence and requests for materials should be addressed to the Lead Contact.

Data and code availability
All proteomics raw data have been deposited to the ProteomeXchange Consortium via the iProX (Ma et al., 2019) partner repository

with the dataset identifier ProteomeXchange: PXD022086. All data reported in this paper will be shared by the lead contact upon

request. This paper does not report original code. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfection
HEK293T, HEK293T-hACE2, HeLa-hACE2 cells,MAVS-knockout HeLa-hACE2, and Vero cells were cultured in Dulbecco’sModified

Eagle’s Medium (plus 10% foetal bovine serum, supplemented with 1% penicillin-streptomycin) and maintained in a humidified 5%

CO2 incubator at 37
�C. Cells were tested on Jun 25, 2020, using the Mycoplasma Detection Kit and were negative: B/A ratio < 1 (no

detected mycoplasma).

Approximately five million HEK293T or HEK293T-hACE2 cells were plated per 10-cm dish and transfected with indicated con-

structs after 16-20 h. PEI (Polysciences, PA) was formulated to a concentration of 1 mg/ml and used for transfection of the plasmids.

After incubating DNA and PEI at a 1:5 (M/V) ratio in serum-freemedium for 20min, the transfectionmix was added to the culture plate.

For knockdown assay, HeLa-hACE2 cells were transfected with Lipofectamine RNAiMax (Thermo Fisher Scientific, MA) according to

the manufacturer’s instructions.

Gene cloning and constructs
The DNA sequences of 29 ORFs encoded by the SARS-CoV-2 Wuhan-Hu-1 strain (GenBank: NC_045512.2) were synthesized

(General Biol, China) and cloned into the pcDNA3.1 or pcDNA6B vector with the promiscuous BirA mutant (TurboID) and Myc

tags by using a Seamless Cloning Kit (Beyotime Biotechnology, China). Among them, the DNA sequences of NSP3C, NSP14, S,

ORF3b, and ORF10 were codon optimized to ensure their expression in HEK293T cells. To ensure their expression, some genes

of SARS-CoV-2 were further cloned into the pCAG vector with TurboID andMyc tags. All of the constructs are available upon request.

METHOD DETAILS

Proximity labelling with TurboID assays
After transfection with TurboID-tagged constructs for 24 h, HEK293T cells were added with biotin (50 mM) for 10 minutes. The cells

were washed twice with PBS at 4�C. Then, the cells were re-suspended with lysis buffer containing 8 M urea and 50 mM triethylam-

monium bicarbonate (TEABC), followed by sonication (30 W, 2 min pulses at 50% duty cycle). The protein concentration was

measured by the BCA (bicinchoninic acid) assay. The expression of viral proteins and biotinylation of proximal proteins were detected

by western blot analysis.

Approximately 6 mg protein was used for each of the three biological replicates. The samples were reduced by incubation with

20 mM DTT for 30 min at 56�C. Then, the samples were transferred to an Amicon Ultra-0.5 Centrifugal Filter Unit (Millipore, WI)

and washed with 200 mL UA buffer (8 M urea, 100 mM Tris-HCl pH 8.5), and alkylation was performed by adding 100 mL 50 mM

IAA for 30 min in the dark at room temperature. After washing with UA buffer and 50 mM TEABC, the proteins were digested with

trypsin (Promega, WI) at 37�C overnight. The mixture of peptides was collected by centrifugation, eluted with 50 mM TEABC, and

dried by vacuum centrifugation.

The peptideswere resuspended in 1mL of 50mMMOPSpH 7.2, 10mMsodium phosphate, and 50mMNaCl (IAP buffer). The anti-

biotin antibody was washed 3 times with IAP buffer and then added to the peptide mixture. The samples were incubated at 4�C in a

rotating mixer overnight. The antibody beads were washed 4 times with ice-cold PBS. The biotinylated peptides were eluted with

50 mL 0.15% trifluoroacetic acid (TFA, Sigma-Aldrich, WI) twice. The eluted peptides were dried by vacuum centrifugation after

desalting using StageTips.

Mass spectrometry analysis
Peptides were reconstituted in 8 ml 0.1% formic acid (FA) and analysed by using a Q-Exactive HF-X coupled to an UltiMat 3000

RSLCnano system (Thermo Fisher Scientific, MA). Briefly, 6 ml of the sample was loaded onto a silica-based nano-ESI column

(360 mm OD 3 150 mm ID) with a tip (3�5 mM) packed with 15 cm of ReproSil-Pur 120 C18-AQ 1.9 mm beads. The samples were

analysed using an 88 min LC-MS/MS method. The loading pump solvent was 0.1% FA (for the first 10 min), while NC_Pump (for

the next 78 min) solvent A was 0.1% FA and solvent B was 80% acetonitrile/0.1% FA. For all the eluted peptides, we used the

following gradient profile: (min:%B) 0:6; 10:6 (the first 10 min equated gradient with the loading pump solvent at a 0.3 ml/min mobile

phase flow rate, the rest of the steps used a 0.6 ml/min mobile phase flow rate); 15:10; 70:30; 80:40; 80.1:95; 85:95; 85.1:6; and 88:6.

Full MS scan ranges of 350 to 1550m/zwith a resolution of 120,000, automatic gain control (AGC) target of 33 106, and amaximum

ion time (max. IT) of 20mswere used. The top 25most intense ions from eachMS1 scan weremeasured toMS2 at a range resolution

of 200 to 2000 m/z, with a resolution of 15,000, AGC target of 2 3 104, fixed first mass of 110 m/z, minimum AGC target of 1 3 103,

intensity threshold of 3.33 104, and max.IT of 30 ms. An isolation window of 1.6m/z, an isolation offset of 0.0m/z, and a normalized

collision energy (NCE) of 27 was used. The dynamic exclusion time was set to 15 s, the FT master scan was set to previewmode and

monoisotopic precursor selection was enabled. Charge exclusions were unassigned, 1, 8, or >8.

Mass spectrometry data processing
The MS data were searched against the Uniprot Swiss-Prot Human database (v20180725) with the addition of TurboID-tagged

SARS-CoV-2 proteins by Mascot software (v2.6.0). The search parameters were as follows: the proteolytic enzyme was trypsin

with a maximum of missed cleavages of 3; the peptide charge was set to 2+, 3+ and 4+; the peptide error tolerance was 10 ppm;
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the MS/MS error tolerance was 0.02 Da; and carbamidomethylation of cysteine (+57.02146 Da) as a fixed modification and bio-

tinylation of lysine or N-terminal (+226.07759 Da) were the variable modifications. The peptide and protein false discovery rates

were set to 0.01 by using Pepdistiller (Li et al., 2012) and PANDA (Chang et al., 2019), respectively. The cut-off ion score was set

to 10. A three-step strategy was applied to identify high-confidence proximal proteins. First, the identified proteins were scored

by SAINTexpress (Teo et al., 2014) with a cut-off value R 0.6. Second, the top 5th percentile proteins ranked by occurrence rate

were removed from the identified proteins (this study), the biotinylated proteins (this study), and the CRAPome contamination pro-

teins (BirA-Flag as epitope tag). Third, the proteins were filtered by using the ratio value of biotinylated sites in the sample and control.

The cut-off value was set to 2. The network of high-confidence human proximal proteins was visualized by Cytoscape (v3.7.1) (Shan-

non et al., 2003).

Co-immunoprecipitation and western blot assays
HEK293T cells were transfected with indicated combination of the plasmids. At least 24 h after transfection, the cells were harvested

and washed with PBS (Phosphate buffered saline). The cells were lysed in lysis buffer (50 mMTris-HCl pH 7.5, 100mMNaCl, 1.5 mM

MgCl2, 0.2% (v/v) NP-40, 5% (v/v) glycerol, protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)) and sonicated (4�C, 50 W, 5

sec on, 5 sec off, 2 min). The samples were centrifuged at 12,000 g for 10 min. The protein A/G magnetic beads (MedChemExpress,

NJ) were incubated with a Myc antibody (Medical and biological Lab, Japan) for 2 h at 4�C, followed by incubation with the super-

natants of the samples overnight at 4�C. The beads were then washed three times in the lysis buffer. An aliquot (50 ml) of lysis buffer

and the same amount of 2x Laemmli sample buffer were added to the beads. After boiling for 10 minutes at 100�C, a fraction of the

input lysate and the immunoprecipitation samples were analysed by western blot analysis.

The protein samples were separated by SDS-PAGE, followed by immunoblot analyses with the indicated antibodies and detection

with the ECL (Enhanced chemiluminescent) substrate (Thermo Fisher Scientific, MA).

Dual-luciferase reporter assays
To determine whether SARS-CoV-2 proteins that associate with MAVS can affect the activity of MAVS-induced type I and III IFN pro-

duction, dual-luciferase reporter assays were performed. In brief, HEK293T cells, approximately 0.53 105 per well in 48-well plates,

were co-transfected with a combination of the IFN-b-Luc or IFN-l1-Luc plasmid and the MAVS plasmid and SARS-CoV-2 genes or

alone. 36 h later, the cells were lysed to assess the luciferase activity using theDual-Luciferase Reporter Assay Kit (Vazyme, China) by

a Centro XS3 LB 960 microplate luminometer (Berthold Technologies, Germany). The ratio of firefly luciferase activity to Renilla lucif-

erase activity served as the relative luciferase activity.

Pseudovirus production
Lentivirus-based SARS-CoV-2 S pseudoviruses were produced by cotransfection of the pCAG-SARS-CoV-2 SDC19-FLAG plasmid,

the lentiviral packaging plasmids pLP1 (expressing gag and pol) and pLP2 (expressing rev), and the transfer plasmid pCDH-CMV-

MCS-EF1a-copGFP (encoding a luciferase reporter and a GFP marker) into HEK293T cells according to the manufacturer’s instruc-

tions (ViraPower� Lentiviral Expression Systems, Invitrogen, USA). 6 h after transfection, themediumwas replacedwith fresh DMEM

containing 10% FBS. 48 to 60 h after transfection, culture supernatants were harvested. After cell debris was removed via a brief

centrifugation, the crude virus was concentrated by filtering through 50-kDa ultrafiltration membranes (Millipore, Germany) and

was then stored at �80�C. To transduce target cells, SARS-CoV-2 S pseudovirus was diluted in DMEM containing 10 mg/mL poly-

brene and incubated with target cells for 12 h; subsequently, fresh DMEM containing 10% FBS was added. 48 to 60 h post inocu-

lation, cells were observed via immunofluorescencemicroscopy to visualize the GFP-positive cells or harvested for themeasurement

of firefly luciferase activity as described above to determine the transduction efficiency.

Viral infection and plaque assays
Sendai virus (SeV) and VSV-enhanced green fluorescent protein (eGFP) was used to infect HEK293T and Vero-E6 cells as described

previously (Wang et al., 2018). Briefly, before infection, the target cells were washed three times using prewarmed serum-free DMEM

medium at 37�C; then, the virus diluted in serum-free DMEM was added to the target cells and incubated for 30 min. Subsequently,

the virus-medium complexes were replaced with DMEM containing 10% FBS.

The titre of VSV-eGFP was assessed by plaque assays as described previously (Wang et al., 2018). Vero cells at approximately

100% confluency cultured in 24-well plates were infected with serial dilutions of VSV-eGFP. After a 30-min incubation, the medium

was discarded, and DMEM containing 0.5% agar and 2% FBS was overlaid. When the agar turned solid, the cells were cultured for

another 20 h. Then, the cells were fixedwith a 1:1methanol-ethanol mixture, after which the solid agarose-mediummixwas removed.

The cells were visualized by staining with 0.05% crystal violet. Then, the plaques on the monolayer were counted to calculate the

virus titre.

RNA interference
Negative control small interfering RNA (siRNA) and specific siRNA were synthesized by Genepharma Corp (Shanghai, China).

For knockdown, cells were plated and transfected with 50 nM specific siRNA oligos or non-targeting control siRNA using

Lipofectamine RNAiMax (Thermo Fisher Scientific, MA) according to the manufacturer’s instructions. The cells were used for

real-time PCR, western blot, and viral infection after treating with siRNA for 48 h. The siRNA sequences are as follows: ITGB1
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siRNA1: 5’-GAACAGAUCUGAUGAAUGATT-3’; ITGB1 siRNA2: 5’-GAUCAUUGAUGCAUACAAUTT-3’; ITGB1 siRNA3: 5’- GUG

GUUUCGAUGCCAUCAUTT-3’; si-Setd2: 5’-GCUCAGAGUUAACGUUUGA-3’.

SARS-CoV-2 infection
HeLa-hACE2 cells were plated and infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.5 and were collected for RNA

isolation or cell lysates 24 h post-infection. All experiment with SARS-CoV-2 virus were performed in the BSL-3 laboratory.

RNA extraction and RT-qPCR assays
For the test of IFN-b and ISG15, total RNA was extracted from cells using the Trizol reagent (Thermo Fisher Scientific, MA) according

to the manufacturer’s instructions. For RT-qPCR analysis, cDNA was generated with ReverTra� qPCR RT Master Mix with gDNA

Remover (TOYOBO, FSQ-301, Japan) and analyzed by quantitative real-time PCR using the KAPA SYBR� FAST qPCR Master

Mix (23) (Kapa Biosystems, Sigma-Aldrich, WI). The primer sequences are as follows: (1) Human IFN-b forward: 50- CCAACA

AGTGTCTCCTCCAAAT-30; (2) Human IFN-b reverse: 50- AATCTCCTCAGGGATGTCAAAGT-30; (3) Human ISG15 forward: 50- GGAC

AAATGCGACGAACC-30; (4) Human ISG15 reverse: 50- CCCGCTCACTTGCTGCTT-30; (5) Human GAPDH forward: 50- AGGG

CTGCTTTTAACTCTGGT-30; (6) Human GAPDH reverse: 50- CCCCACTTGATTTTGGAGGGA-30.
For the test of ISG54 and ISG56 after SARS-CoV-2 infection, total RNA was extracted by using TRIzol reagent and reverse tran-

script to cDNA byM-MLVReverse Transcriptase (Promega,WI). The SARS-CoV-2 genome, ISG54 and ISG56 expression levels were

measured by RT-qPCR using TB Green Premix Ex (Takara Bio, Japan). The primer sequences are as follows: (1) Human ISG54 for-

ward: 50- CTGCAACCATGAGTGAGAA-30; (2) Human ISG54 reverse: 50- CCTTTGAGGTGCTTTAGATAG-30; (3) Human ISG56 for-

ward: 50- TACAGCAACCATGAGTACAA0; (4) Human ISG56 reverse: 50- TCAGGTGTTTCACATAGGC -30; (5) HumanGAPDH forward:

50- CGGAGTCAACGGATTTGGTCGTA0; (6) Human GAPDH reverse: 50- AGCCTTCTCCATGGTGGTGAAGAC -30; (7) Human b-actin

forward: 50- GGATGCAGAAGGAGATCACTG0; (8) Human b-actin reverse: 50- CAAGTACTCCGTGTGGATCG -30.

Anti SARS-CoV-2 infection assays by the selected compounds
Vero E6 cells were seeded in 96-well plates one day before infection. For IC50 determination, cells were pre-treated with drugs for 1 h

with each drug at concentrations 0.013, 0.041, 0.123, 0.370, 1.111, 3.333, 10, 30 mM. The cells were subjected to viability assay or

infected with SARS-CoV-2 at MOI of 0.1. After 48 h, supernatants were harvested for RNA extraction. Then the viral N mRNA was

quantified by quantitative PCR. The inhibition ratio was obtained by dividing the viral copy number in drug-treated samples by those

in the vehicle control samples. Cell viability was evaluated by using a CCK8 kit (Yeasen, China) according to the manufacturer’s in-

structions. The IC50 and CC50 were calculated. The selectivity index was calculated using the following formula: SI=CC50/IC50.

Fluorescence microscopy
The cells were cultured on Glass Bottom Cell Culture Dishes (Nest Scientific, China). Then, the culture medium was discarded and

cells were washed with PBS for one time. Next, cells were fixed with 4% paraformaldehyde for 10 min. After that, the cells were

washed with PBS, and then permeabilized in 0.2% Triton-PBS for 10-15 min on ice. After washing with PBS for 3 times, cells

were blocked in PBST-BSA (PBS with 0.1%Tween-20, 3% BSA) for 1 h, and then incubated with STAT1 primary antibodies

(Beyotime Biotechnology, China) diluted in PBST (PBS with 0.1% Tween-20) overnight. The cells were washed and followed by a

fluorescently labeled secondary antibody (Alexa Fluor� 594-conjugated AffiniPure Goat anti-Rabbit IgG (H+L), Jackson

ImmunoResearch, PA). The confocal images were examined using a microscope (LSM 880 + ELYRA S1, ZEISS, Germany) equipped

with 1003/1.40 NA oil objectives.

Gene ontology and pathway over-representation analysis
The enriched terms according Gene Ontology analysis were analysed by clusterProfiler (Yu et al., 2012) with the default parameters.

GO terms with Q-values less than 0.05 and more than 2 genes were considered to be significantly enriched. Redundant GO terms

were removed by REViGO (Supek et al., 2011), using the following parameters: allowed similarity, 0.5; background database, Homo

sapiens; and semantic similarity measure used, SimRel. The enriched Reactome pathways were analysed by ReactomePA (Yu and

He, 2016).

Integration analysis of the proximity labelling map with multi-omics data
The data of the transcriptome, proteome, ubiquitinome, phosphoproteome and interactome were obtained from references (Gordon

et al., 2020b; Stukalov et al., 2021). Proteins with a significantly changed abundance at more than one time point were selected. Con-

flicting results from the DDA (data-dependent acquisition) and DIA (data-independent acquisition) data were removed. The networks

were visualized by Cytoscape software.

Analysis of the potential drugs and drug targets
Information from DrugBank (Wishart et al., 2018) was collected by the R package dbdataset (https://github.com/MohammedFCIS/

dbdataset). The potential drugs and drug targets weremapped to the proximal proteins of SARS-CoV-2. The related information was

collected, including type, group, category, actions and PMID (PubMed ID). The network of approved drugs and their targets was

visualized by Cytoscape. Moreover, to identify drugs that regulate the expression of the proximal proteins, we mapped the proximal
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proteins to the Connectivity Map (Lamb et al., 2006) using Enrichr webtools (Kuleshov et al., 2016). An adjusted p value less than 0.05

was considered significant.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise specified, all data plotting and statistical analyses were performed using R 4.1.0 (R Core Team), and the error bars

represent the SD. The statistical significance of comparisons between two groupswas analyzedwith two-tailed Student’s t-test. Only

p values of 0.05 or lower were considered statistically significant, and *p < 0.05, **p < 0.01, ****p < 0.001. Statistical details of

experiments can be found in the figure legends.
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