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SARS-CoV-2 nucleocapsid protein binds host
mRNAs and attenuates stress granules to
impair host stress response

Syed Nabeel-Shah,1,2 Hyunmin Lee,1,3 Nujhat Ahmed,1,2 Giovanni L. Burke,1,2 Shaghayegh Farhangmehr,1,2

Kanwal Ashraf,1 Shuye Pu,1 Ulrich Braunschweig,1 Guoqing Zhong,1 Hong Wei,4 Hua Tang,1 Jianyi Yang,4

Edyta Marcon,1 Benjamin J. Blencowe,1,2 Zhaolei Zhang,1,2,3 and Jack F. Greenblatt1,2,5,*

SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleocapsid (N)
protein is essential for viral replication, making it a promising target for antiviral
drug and vaccine development. SARS-CoV-2 infected patients exhibit an uncoor-
dinated immune response; however, the underlying mechanistic details of this
imbalance remain obscure. Here, starting from a functional proteomics workflow,
we cataloged the protein–protein interactions of SARS-CoV-2 proteins, including
an evolutionarily conserved specific interaction of N with the stress granule resi-
dent proteins G3BP1 and G3BP2. N localizes to stress granules and sequesters
G3BPs away from their typical interaction partners, thus attenuating stress
granule formation. We found that N binds directly to host mRNAs in cells, with
a preference for 30 UTRs, and modulates target mRNA stability. We show that
the N protein rewires the G3BP1 mRNA-binding profile and suppresses the phys-
iological stress response of host cells, which may explain the imbalanced immune
response observed in SARS-CoV-2 infected patients.

INTRODUCTION

SARS-CoV-2, the causative agent of the ongoing global pandemic of coronavirus disease 2019 (COVID-19),

is an enveloped, positive-strand, single-stranded RNA virus (Zhou et al., 2020). The SARS-CoV-2 virion in-

cludes �30 kb of genomic RNA (gRNA) and four structural proteins, the crown-like spike (S) glycoprotein

that binds to the human ACE2 receptor (Wang et al., 2020b), themembrane (M) protein responsible for viral

assembly in the ER, the ion channel envelope (E) protein, and the N protein that assembles with the viral

RNA to form the nucleocapsid (Saikatendu et al., 2007; Zhou et al., 2020).

The N protein is a multifunctional RNA-binding protein that is involved in several aspects of the viral life

cycle, including viral genomic RNA replication and virion assembly (Chang et al., 2014; Liu et al., 2020;

McBride et al., 2014). Furthermore, the N protein is produced at high levels in infected cells (Liu et al.,

2020), where it appears to enhance the efficiency of sub-genomic viral RNA transcription and modulate

host cell metabolism (McBride et al., 2014). Recently, it was found that long-term N expression drives

the differentiation of iPSCs to fibroblasts (Lin et al., 2020), highlighting one of many potential adverse im-

pacts of SARS-CoV-2 infection. The SARS-CoV-2 N protein has two distinct RNA-binding domains, an

N-terminal domain [NTD] and a C-terminal domain [CTD], connected by a linker region (LKR) containing

a serine/arginine-rich (SR-rich) domain (SRD) (Kang et al., 2020; Ye et al., 2020; Zeng et al., 2020). Several

critical residues of the N protein have been shown to bind viral genomic RNA and modulate infectivity

(Zeng et al., 2020). Recent studies show that SARS-Cov-2 N protein can undergo RNA-induced liquid–

liquid phase separation (LLPS) (Perdikari et al., 2020; Savastano et al., 2020). The LLPS of N promotes

the cooperative association of the RNA-dependent RNA polymerase complex with viral RNA, thus maxi-

mizing viral replication (Savastano et al., 2020).

Recent proteomic studies have indicated that SARS-CoV-2 N associates with the host stress granule (SG)-

nucleating proteins Ras-GTPase-activating protein SH3-domain-binding protein 1 and 2 (G3BP1 and

G3BP2) (Gordon et al., 2020a; Li et al., 2020; Stukalov et al., 2021). SGs are membrane-less protein–
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mRNA aggregates that form in the cytoplasm in response to a variety of environmental stressors, such as

oxidative stress, osmotic stress, UV irradiation, and viral infection (Alam and Kennedy, 2019; White and

Lloyd, 2012). Assembly of SGs correlates with translation initiation arrest followed by polysome disas-

sembly, resulting in an increase of uncoated mRNAs in the cytoplasm (Buchan and Parker, 2009). Therefore,

SGs are thought to protect endogenous mRNA from stress-mediated degradation (Buchan and Parker,

2009). G3BP1 and G3BP2 are considered ‘‘essential’’ for SG formation (Kedersha et al., 2016; Panas

et al., 2019), and overexpression of these proteins results in SG formation even in the absence of stress

(Tourrière et al., 2003). Many RNA-binding proteins (RBPs), including G3BP1/2, TIA1, PRRC2C, and

UBAP2L, have been identified to be important for SG formation via LLPS (Yang et al., 2020b). SGs are gener-

ally believed to have an antiviral role upon viral infection (White and Lloyd, 2012), and many viruses manip-

ulate SGs to evade host responses (Kim et al., 2016). For example, it has been found that the Zika virus hi-

jacks key SG proteins, including G3BP1 and CAPRIN-1, via an interaction with the capsid protein (Hou et al.,

2017). This inhibits the formation of SGs and benefits viral replication (Hou et al., 2017). Currently, however,

the functional significance of SARS-CoV-2 N protein’s interaction with G3BPs remains unknown (Cascarina

and Ross, 2020).

SARS-CoV-2 N protein has been described as a promising target for vaccine and antiviral drug develop-

ment (Liu et al., 2006, 2020). Despite the urgent need to investigate molecular mechanisms through which

N protein affects cellular pathways in infected cells, there has been a lack of information regarding its

impact on the host metabolism and transcriptome. Here, we report that SARS-CoV-2 N attenuates host

SGs by sequestering G3BP1 and G3BP2 through its interaction with these proteins. We demonstrate

that N binds directly to host mRNAs, with a preference toward 30UTRs, and alters the levels of G3BP1

mRNA targets. RNA-sequencing experiments revealed that N affects multiple posttranscriptional pro-

cesses and blocks almost all such responses to cellular stress. We suggest that N protein dampens the

host stress response through SG attenuation, altering G3BP1 RNA-binding, and direct interaction with

mRNAs.

RESULTS

Overview of the SARS-CoV-2 interactome

To examine the potential impact of SARS-CoV-2 proteins on host cell metabolism, we generated inducible

HEK293 cell lines expressing EGFP-tagged variants of 28 full-length SARS-CoV-2 proteins (Figure 1A; Table

S1). Each EGFP-tagged protein was subjected to affinity purification with anti-GFP antibodies followed by

Orbitrap-based precision mass spectrometry analysis (AP-MS). To remove possible indirect associations

mediated by DNA or RNA, cell extracts were treated with a promiscuous nuclease (Benzonase) prior to

the affinity pull-downs.We scored specific protein interactions against GFP control purifications using ‘‘Sig-

nificance Analysis of INTeractome’’ (SAINTexpress) analysis (Teo et al., 2014) with a statistical cut-off of %

0.01 Bayesian false discovery rate (FDR). The number of significant interaction partners varied across the

examined baits. For example, NSP10 did not yield any significant interaction partners, whereas Orf7b

had 58 high-confidence prey proteins (FDR % 0.01; Table S2). In total, we identified 753 protein–protein

interactions (PPIs) involving 267 unique cellular proteins for 27 SARS-CoV-2 baits (Figure 1B; Table S2).

Gene Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment anal-

ysis identified major biological processes to be significantly enriched among the prey proteins, including

neutrophil activation involved in immune responses, metabolic pathways, RNA transport, regulation of

mRNA stability, protein processing in the ER and ribosomes (FDR < 0.05; Figures S1A and S1B).

Our AP-MS analysis revealed that many SARS-CoV-2 proteins interact with specific host proteins and/or

protein complexes (Table S3). For example, the endosomal trafficking-associated CCC–Wash complex

(Bartuzi et al., 2016) copurified with NSP16 (Figure S1C, top). CLCC1 (Chloride Channel CLIC Like 1) protein,

which has a role in ER stress and protein folding (Jia et al., 2015), specifically co-purified with Orf3a (Table

S3). Similarly, subunits of respiratory chain complex 1 co-purified with NSP5 (FDR% 0.01) (Figure S1C, bot-

tom). These observations suggest that, in infected cells, SARS-CoV-2 might manipulate host cell metabolic

pathways to its own advantage.

Stress granule proteins G3BP1 and G3BP2 specifically co-purify with nucleocapsid

We next compared our protein interaction data with two previously published AP-MS studies that were also

performed in HEK293 cells (Gordon et al., 2020b; Li et al., 2020). We observed that there is little interaction

partner overlap among the different reports, highlighting the variability of the experimental set-ups and/or

ll
OPEN ACCESS

2 iScience 25, 103562, January 21, 2022

iScience
Article



A

D

E F

CB

ll
OPEN ACCESS

iScience 25, 103562, January 21, 2022 3

iScience
Article



statistical analyses employed in the various studies to catalog the virus–host PPIs (Figure 1C). The only

shared interaction partners among all 3 studies were ERC1, VPS39, CLCC1, STOML2, and stress granule

(SG) nucleating proteins G3BP1 and G3BP2 (Figure 1C). Considering that SGs are thought to be involved

in host antiviral responses (Wang et al., 2020a), and G3BP1 and G3BP2 are essential for SG formation (Ke-

dersha et al., 2016; Panas et al., 2019), we focused our attention on further characterizing their interactions

with the viral proteins. Comparative proteomics analysis using all examined viral bait proteins indicated

that G3BP1 and G3BP2 co-purified exclusively with SARS-CoV-2 N (Figure 1D). By taking advantage of

recently published AP-MS datasets (Gao et al., 2019; Gordon et al., 2020a, 2020b; Li et al., 2020; Stukalov

et al., 2021), we also found that the N-G3BP1/2 interaction is evolutionarily conserved across related coro-

naviruses, including SARS-CoV-1 and middle east respiratory syndrome (MERS)-CoV (Figure S2A). These

observations suggest that the N-G3BP1/2 interaction is highly specific and potentially important for coro-

naviral processes in infected cells.

To further validate this interaction, whole-cell extracts (WCEs) from either control GFP- or GFP-N-express-

ing cells were treated with nuclease, and reciprocal co-immunoprecipitation (co-IP) experiments were per-

formed. Consistent with our AP-MS analysis, these experiments showed that SARS-CoV-2 N co-immuno-

precipitated with endogenous G3BP1, and vice versa (Figure 1E, right). Furthermore, N also successfully

pulled down G3BP2 (Figure S2B), demonstrating that N interacts with both G3BPs. Since the structures

for both SARS-CoV-2 N and G3BP1 are available (Kang et al., 2020; Vognsen et al., 2013), we performed

protein docking studies to predict their interaction surface. We observed that the N-terminal domain

(NTD) of N and the nuclear transport factor 2-like (NTF2-like) domain of G3BP1 had 23 residues predicted

to be % 6Å distance from each other (see STAR Methods; Figure S2C; Table S4). These observations sug-

gested that the NTD might be responsible for N’s interaction with G3BP1. We thus generated inducible

HEK293 cell lines expressing N protein truncation mutants (Figure 1F, top) and performed AP-MS as

well as co-IP experiments. While we cannot rule out a possible role of the N-terminal intrinsically disordered

region 1 (IDR1) of N, the NTD fragment successfully pulled down G3BP1, whereas the CTD did not (Fig-

ure 1F; Table S5). We conclude that N interacts with G3BPs through its NTD and that this interaction is high-

ly specific, as no other SARS-CoV-2 protein was observed to pull-down G3BP1 or G3BP2.

Expression of nucleocapsid reduces stress granule formation

Several viruses, including MERS-CoV, have been shown to manipulate host stress granules (Nakagawa et al.,

2018;White and Lloyd, 2012). Since SARS-CoV-2N interactedwith the stress granule resident proteins, G3BP1

and G3BP2, we examined its possible role in SG formation. Our AP-MS analysis using G3BP1 and G3BP2 as

baits identified at least 45 overlapping proteins as high-confidence interaction partners (FDR % 0.01; Fig-

ure 2A, left). Among these interaction partners were multiple SG-nucleating proteins, including CAPRIN1

and USP10 (FDR % 0.01; Figure 2A, right; Table S5), which have been previously shown to be important for

SG formation (Kaehler et al., 2012; Kedersha et al., 2016; Yang et al., 2020b). Notably, these SG resident pro-

teins were depleted from the SARS-CoV-2 N interactome (FDR% 0.01; Figure 2A), suggesting that N might

affect SG formation by sequestering G3BP1 and G3BP2 away from their interaction partners. G3BP1 and

G3BP2 are highly homologous to each other (Figure S2D) and, given their functional redundancy in SG nucle-

ation (Aulas et al., 2015; Matsuki et al., 2013), we only focused on G3BP1 for further analyses.

Figure 1. Overview of SARS-CoV-2 interactome in HEK293 cells

(A) Schematic representation of SARS-CoV-2 open reading frames (ORFs).

(B) Network representation of protein-protein interactions of 27 SARS-CoV-2 bait proteins. Baits (highlighted in red) were expressed in HEK293 cells and

subjected to AP-MS analysis (see Table S2 for details). Network legend is provided.

(C) Venn diagram showing the overlap among three different AP-MS studies. Processed AP-MS data from Li et al. (2020) and Gordon et al. (2020a, 2020b)

were downloaded from the supplemental files as published with each study. Overlapping proteins across all three datasets are listed in the box.

(D) Heatmap illustration of SARS-CoV-2 proteins’ interaction with G3BP1 and G3BP2 across three different studies.

(E) Left, Heatmap depiction of SARS-CoV-2 N protein–protein interactions as detected in this study (FDR% 0.01). Right, Interaction of SARS-CoV-2 N protein

with G3BP1 detected by reciprocal co-immunoprecipitation experiments. Top, IPs were performed with GFP antibodies using whole-cell lysates prepared

from HEK293 cells expressing GFP or GFP-N (EGFP: 30kDa + N:45kDa). Bottom, IPs were performed with G3BP1 antibody using whole-cell lysates prepared

from HEK293 cells expressing GFP or GFP-N. Cell lysates were treated with nuclease prior to IPs. Blots were probed with the indicated antibodies.

(F) Top, Domain organization of full-length N and truncation mutants that were generated. Bottom, Interaction of N protein truncation mutants with G3BP1

detected by AP-MS (left) and co-immunoprecipitation experiments (right). AP-MS data are represented as a dot plot where the inner circle color represents

the average spectral count, the circle size maps to the relative prey abundance across samples shown, and the circle outer edge represents the SAINT FDR.

Legend is provided below the plot. IPs were performed with anti-GFP and blots were probed with the indicated antibodies. See also Figures S1 and S2A–S2D

and Tables S2 and S5.
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To test the hypothesis that N attenuates SG formation, we performed immunofluorescence studies in cells

expressing either GFP-N or GFP alone. To model the stressed state of SARS-CoV-2 infected cells, we sub-

jected the cells to oxidative stress using sodium arsenite (NaAsO2) for one hour. As identified by G3BP1

A

CB

Figure 2. SARS-CoV-2 N protein attenuates stress granule formation

(A) Left, Venn diagram showing the overlap of significant interaction partners of G3BP1 and G3BP2 (FDR % 0.01). Right,

Heatmap representation of high confidence (FDR % 0.01) protein-protein interactions of N, N in NaAsO2-treated cells,

and overlapping G3BP1 and G3BP2 interaction partners. Additionally, G3BP1 co-purifying SG-related protein DDX3X,

NUFIP2, and EIF2AK2 are also shown. Box 1 and box 2 provide an enlarged view of certain interacting proteins. SG-

nucleating proteins are indicated by blue squares. A figure legend is provided.

(B) Top panels- Immunofluorescence (IF) analysis to examine the localization of N and G3BP1 in HEK293 cells without

NaAsO2 treatment. Bottom panels: IF was performed in HEK293 cells treated with NaAsO2 to quantify stress granule

formation in GFP- and GFP-N-expressing cells. Stress granules were identified by staining with anti-G3BP1 antibody. The

box plot shows the average number of stress granules per cell. Experiment was performed in biological replicates (n = 2,

total cells 50) and a student’s t test was used to examine the statistical significance (***p% 0.001; n.s.: non-significant). For

nuclear counterstaining, DAPI was used. Scale bar indicates 10 mm.

(C) Co-immunoprecipitation analysis using G3BP1 as the bait in NaAsO2-treated cells. G3BP1 was immunoprecipitated

with anti-G3BP1 antibody using cell extracts prepared either from N-expressing or wild-type cells. Cell lysates were

treated with nuclease prior to IPs. Blots were probed with the indicated antibodies. See also Figures S2E and S2F and

Table S5.
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Figure 3. SARS-CoV-2 N directly binds to host mRNAs

(A) Autoradiographs of immunopurified 32P-labeled N-RNA complexes after partial RNase I digestion. HEK293 cells were

UV-crosslinked and GFP-N was immunoprecipitated using anti-GFP antibody. Purified RNA-protein complexes were

resolved on 4–12% Bis-Tris gels after radiolabeling the RNA and transferred to nitrocellulose membranes. Cells

expressing only GFP were used as a negative control.

(B) Venn diagram indicating the overlap of N bound transcripts in non-NaAsO2- and NaAsO2-treated cells. p value was

calculated using the hypergeometric test.

(C) Pie charts representing the distribution of N iCLIP peaks across mRNA features in non-NaAsO2- and NaAsO2-treated

cells. Note, the biological replicates highly correlated with each other (not shown) and reproducible iCLIP peaks were

considered for further analyses.

(D) Standardized metaplot profiles showing the normalized peak density of N iCLIP in non-NaAsO2- and NaAsO2-treated

cells. CDS represents the coding sequence.

(E) Enriched sequence motifs found in N iCLIP-seq peaks. E-value represents the significance of the motif against

randomly assorted control sequences. Centrino output plot shown below the motifs indicates the distribution of the top

two motifs around N’s cross-linking sites. Motifs were found to be centrally enriched.
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staining, SG punctae were readily observable in both GFP- and GFP-N-expressing cells (Figure 2B).

Remarkably, we found that, in comparison with GFP-expressing cells, the number of detectable SGs was

significantly reduced in GFP-N-expressing cells (Figure 2B), indicating that N inhibits SG formation. Both

G3BP1 and N co-localized to the remaining SGs in NaAsO2 treated cells (Figure 2B). Importantly, the pro-

tein levels of G3BP1 remained unaltered in N-expressing cells (Figure S2E), confirming that SG attenuation

is not due to the degradation of G3BP1. Next, we examined whether this phenotype could be rescued

through the over-expression of G3BP1 in N-expressing cells. G3BP1 was transiently overexpressed in N-ex-

pressing cells followed by the induction of oxidative stress using NaAsO2 (Figure S2F). Consistent with the

idea that N attenuates SG formation by sequestering G3BP1 (and G3BP2), we observed that the overex-

pression of G3BP1 rescued the SG attenuation phenotype (Figure 2B). As expected, N localized to the

SGs in G3BP1 over-expressing cells (Figure 2B, bottom left) (see discussion).

Since N localized to SGs, we also performed AP-MS analysis of N in NaAsO2-treated cells (Table S5). Both

G3BP1 andG3BP2 were identified as high-confidence interaction partners, whereas other SG proteins were

depleted from the N interactome in oxidatively stressed cells (FDR%0.01; Figure 2A; Table S5). To further

test the hypothesis that N sequesters G3BPs away from their cellular interaction partners, we performed co-

IP experiments using G3BP1 as the bait in either wild-type or N-expressing HEK293 cells treated with

NaAsO2. Our results indicated that N expression abrogates G3BP1 interaction with the SG proteins CAP-

RIN1 and USP10 (Figure 2C), reinforcing the idea that N inhibits the formation of SGs in host cells by

sequestering G3BPs away from their interacting SG-nucleating proteins.

SARS-CoV-2 N protein directly binds cellular mRNAs with a preference for 30UTRs
Since N protein contains RNA-binding domains (Kang et al., 2020), we examined whether N interacts

directly with host mRNAs. We initially performed cross-linking and immunoprecipitation (CLIP) followed

by gel electrophoresis and autoradiography to detect cross-linked RNA and observed that GFP-N cross-

links robustly to RNA in UV-irradiated cells (Figure 3A). In contrast, GFP alone did not yield any observable

radioactive signal, and the N-dependent radioactive smear disappeared upon over-digestion with RNase I

(Figures 3A and S3A), indicating that N directly binds to RNA. Next, to identify mRNAs bound directly by N,

we carried out individual-nucleotide resolution UV cross-linking and immunoprecipitation followed by high

throughput sequencing (iCLIP-seq) experiments in biological replicates along with size-matched inputs

(SMI) as controls. Considering the role of N in SG attenuation, we also included NaAsO2-treated cells in

our iCLIP-seq analysis (Figure S3A).

Through peak calling in comparison with the SMI controls, we identified �22,000 reproducible peaks in

non-NaAsO2 samples, encompassing �3500 unique mRNAs from human protein-coding genes (Fig-

ure S3B, left; Table S6). For NaAsO2-treated samples, 5387 reproducible peaks covering �1600 protein-

coding genes were identified (Figure S3B, right; Table S7). Approximately 88% of the N-bound mRNAs

in the NaAsO2-treated samples were also present in the non-NaAsO2-treated cells (Figure 3B). Peak

distribution analysis indicated that the majority of the N iCLIP peaks (>70% of the total peaks in both

NaAsO2-treated and non-NaAsO2-treated cells) are found within the annotated 30UTRs of the target tran-

scripts (Figures 3C and 3D). Motif analysis identified A/U-rich sequences as the most significantly enriched

motifs in N-binding sites (Figure 3E). This is consistent with a recent study that showed that N condenses

with the SARS-CoV-2 RNA genome through binding A/U-rich unstructured regions flanked by strong stem-

loop structures (Iserman et al., 2020).

Since these N motifs shared similarity with AU-rich destabilizing elements (ARE) found in the 30 UTRs of

mRNAs that code for many proto-oncogenes and cytokines (Chen and Shyu, 1995), we examined whether

the N-bound genes were enriched for any specific biological processes. Processes related to mRNA

processing, RNA catabolic processes, posttranscriptional regulation of gene expression, and protein local-

ization to ER were significantly enriched (Figure 3F). KEGG analysis indicated that N-bound genes were

Figure 3. Continued

(F) GO enrichment analysis related to biological processes using identified N target genes. Plot legend indicating the p

values and gene count for each GO term is provided.

(G) KEGG pathway enrichment analysis using N target genes (Q % 0.05). Darker nodes are more significantly enriched

gene sets. Bigger nodes represent larger gene sets. Edge thickness represents the overlap of genes. See also Figure S3

and Tables S6 and S7.
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significantly enriched for several cancer-related pathways, including viral carcinogenesis, colorectal cancer,

renal cell carcinoma, chronic myeloid leukemia, and pancreatic cancer (FDR < 0.05; Figure 3G). These ob-

servations suggested that N might target growth-related genes in infected cells.

SARS-CoV-2 N protein alters the G3BP1 RNA-binding profile

Since N interacted with G3BP1, we asked how N might impact G3BP1’s RNA-binding capacity. We per-

formed G3BP1 iCLIP-seq experiments in biological replicates, along with control SMIs, in wild-type GFP-

expressing and N-expressing HEK293 cells with or without NaAsO2 treatment (Figure S3C; Tables S8,

S9, S10, and S11). In wild-type cells, G3BP1 localized to both coding regions and 30UTRs, with slightly

more enrichment toward the 30UTRs in NaAsO2-treated cells (Figure S3D). Consistent with previous studies

(Edupuganti et al., 2017; Martin et al., 2016; Tourrière et al., 2001), themost predominant G3BP1 RNA-bind-

ingmotifs consisted of C/U-rich sequences (Figure S3E). Furthermore, the central part of the knownmethyl-

6-adenosine (m6A) consensus sequence (ACU) was also present in an identified G3BP1 RNA-binding motif

(Figure S3E), as reported previously (Edupuganti et al., 2017).

To assess the effect of N on the G3BP1 RNA-binding profile, we examined its average RNA-binding density

along target transcripts in N-expressing cells. In comparison with the wild-type cells, we observed a shift in

G3BP1 RNA-binding density toward the 50 and 30 UTRs in N-expressing cells (Figure 4A). This trend was

particularly evident under oxidatively stressed conditions (Figure S3F). By overlapping the bound tran-

scripts (i.e., transcripts with reproducible significant peaks, FDR % 0.05), we observed that �67% of

G3BP1 targets identified in wild-type cells were also bound in N-expressing cells (Figure 4B). In contrast,

there were many additional G3BP1 targets in N-expressing cells, suggesting that N indeed rewired

G3BP1 target preferences. Of the 637 mRNAs uniquely bound by G3BP1 in N-expressing cells (Figure 4B),

�57% (referred to as N-specific G3BP1 targets hereafter) were also recognized as N targets (p value <

1.724 3 10�41, hypergeometric test; Table S6). Consistently, in oxidatively stressed conditions, �56.7%

of the G3BP1 bound transcripts in N-expressing cells overlapped with those identified as N targets (Table

S11; p value < 1.9333 10�49, hypergeometric test). These G3BP1 peaks in N-expressing cells were concen-

trated around the N-binding sites (Figures 4C and S3G), indicating that N might recruit G3BP1 to a subset

of host mRNAs that are typically not targeted byG3BP1 in wild-type cells. To assess the biological impact of

reshaping G3BP1 RNA-binding, GO analysis was performed using N-specific G3BP1 targets. These genes

were found to be enriched for many major biological processes, including posttranscriptional regulation of

gene expression, viral processes, chromosome organization, organelle organization, and cellular protein

localization (Figure S3H).

Since RNA-dependent LLPS is thought to be critical for G3BP1-mediated SG assembly (Sanders et al., 2020;

Yang et al., 2020b), we examined the G3BP1 mRNA binding propensity in the presence and absence of

oxidative stress. We observed that, in comparison with the non-stressed cells, the number of G3BP1 bound

mRNAs nearly doubled in stressed cells (Figure 4D, left). This finding is consistent with the role of mRNA in

enhancing LLPS of G3BP1 (Yang et al., 2020b). Remarkably, when N is expressed, the number of G3BP1

iCLIP peaks (and associated mRNAs) was drastically reduced in stressed conditions in comparison to

non-stressed conditions (Figure 4D, left; Tables S10 and S11;�3.9 and�3.6 million uniquely mapped reads

(replicates combined) for untreated andNaAsO2-treated samples, respectively). These results indicate that

N reduces G3BP1 access to host mRNAs under stressed conditions and suggest a negative impact of N on

the LLPS of G3BP1 in the context of SG formation (see discussion). Although 161 mRNAs remained asso-

ciated with G3BP1 in N expressing cells under both stressed and non-stressed conditions (Figure 4D, right),

58% of these mRNAs were also directly bound by N in stressed cells (p < 2.179 3 10�36, hypergeometric

test). This observation is consistent with the notion that N modulates G3BP1 mRNA target preferences.

Moreover, whereas stress caused G3BP1 to associate with 542 new mRNAs in the absence of N, it caused

G3BP1 to associate with only 63 new mRNAs in the presence of N (Figure 4D, right). We then performed

G3BP1 RNA-immunoprecipitation (RIP) followed by RT-qPCR experiments to validate the observed

reduced RNA-binding of G3BP1 in N-expressing stressed cells. Consistently, G3BP1 exhibited substantially

reduced RNA-binding for the two target transcripts we examined, MATR3 and CPSF6 (Figures 4E and S3I).

We conclude that N rewires the G3BP1 RNA-binding preferences, sequesters it away frommany of its wild-

type targets, and likely negatively impacts RNA-mediated LLPS of G3BP1 in the context of SG formation by

reducing its access to mRNAs in stressed cells.
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Figure 4. N affects G3BP1 RNA-binding targets

(A) Standardized metaplots showing the G3BP1 RNA-binding profiles. Different conditions used to perform G3BP1 iCLIP-

seq are color coded. Color legend is provided in top-right corner of the plot. CDS represents the coding sequence.

(B) Venn diagram representing the overlap of G3BP1 targets in wild-type and N-expressing cells. p value was calculated

using the hypergeometric test.

(C) Left, Average iCLIP peak density of G3BP1 around N-binding sites. iCLIP-seq samples across different conditions are

color coded, and a legend is provided. Right, genome browser shots of HDGF and RPS16 gene tracks show the location of

significant iCLIP peaks for the indicated samples. Significant N peaks (FDR % 0.05) are shown as blue lines.

(D) Left, Bar graph representation of G3BP1 mRNA targets in different conditions. Right, Venn diagram showing the

overlap of G3BP1 mRNA targets under different conditions.

(E) Bar graph representation of G3BP1 RIP-qPCR experiments in NaAsO2-treated cells expressing either GFP-N or GFP

showing the G3BP1 RNA-binding to MATR3 transcript. The experiments were performed in biological triplicates, and p

values were calculated using the student’s t test (***p% 0.001, **p% 0.01). Error bars represent a standard error of mean

(SEM). See also Figure S3 and Tables S8, S9, S10, and S11.
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SARS-CoV-2 N alters host gene expression and suppresses host response to stress

To examine the effect of SARS-CoV-2 N on host gene expression, we performed RNA-seq analysis in

HEK293 cells expressing either GFP-N or GFP alone, in the presence or absence of oxidative stress. The

RNA-seq replicates highly correlated with each other, indicating the reproducibility of our data (Fig-

ure S4A). Differential expression analysis indicated that, in comparison with the control cells, 2495 genes

were significantly differentially expressed in N-expressing cells (Q < 0.05; Figure 5A, left). Of these, 1303

were upregulated, whereas 1192 were downregulated (Table S12). By comparing with oxidatively stressed

GFP cells, we identified 1028 and 882 genes that were significantly up and downregulated, respectively, in

NaAsO2-treated, N-expressing samples (Q < 0.05; Figure 5A, right; Table S13). Notably, �87% of the dif-

ferential genes in the NaAsO2-treated N samples (1667/1910 genes) were the same as those that were also

significantly differentially expressed in the untreatedN-expressing cells (Figure 5B). These results indicated

that N affected a large core set of genes under both conditions. We validated the differential expression of

3 up and 3 downregulated genes by RT-qPCR experiments (Figure 5C). GO analysis indicated that the

significantly upregulated genes were enriched in terms related to viral transcription, protein targeting to

ER, mRNA surveillance, and nonsense-mediated decay (Figure 5D). The downregulated genes, on the

other hand, were enriched in chromatin modification and cell cycle regulation-related pathways (Figures

S4B and S4C). Furthermore, disease enrichment analysis indicated that differentially expressed genes

were enriched for various cancer types (Figure 5E). These data suggest that the expression of N results

in the deregulation of many functionally important host genes.

Since viral infection induces a stress response in host cells (Jindal and Malkovsky, 1994), we also examined

the impact of N on gene expression changes that occur due to cellular stress. We utilized our RNA-seq da-

tasets from samples treated with or without NaAsO2 and identified 1073 genes that were differentially ex-

pressed in GFP-expressing stressed cells in comparison with the non-stressed samples (Table S14). Of

these, 368 were upregulated, whereas 705 genes were downregulated in stressed cells (Q < 0.05; Fig-

ure 6A). Remarkably, the number of stress-induced differential genes was drastically reduced in N-express-

ing cells with only 124 and 132 genes being up and downregulated, respectively (Figure 6A; Table S15). The

majority of these differential genes in stressedN cells overlappedwith those identified in GFP stressed cells

(Figure 6A). These results imply an inhibitory role of N in cellular response to stress. To understand the un-

derlying mechanism, we utilized our iCLIP-seq data and overlapped N targets with those genes that were

differentially expressed in stressed GFP cells. We found that 53% of these stress-related differentially ex-

pressed genes in GFP cells were indeed directly bound by N (p value < 6.362 3 10�53, hypergeometric

test). In particular, 64% of the downregulated genes in stressed GFP cells were targeted by N (p value <

1.10 3 10�53; Figure S5A). We validated the expression changes for two target genes, ZNF121 and

DDX3X, using RT-qPCR experiments, and consistently found that N affected their expression levels in

stressed cells (Figures 6B and S5B). We conclude that N reverses the effects of stress on gene expression

by directly binding host mRNAs (see discussion).

Nucleocapsid expression affects multiple posttranscriptional processes

We next examined whether N could, directly or indirectly, alter various posttranscriptional regulatory pro-

grams of the host. We utilized RNA-seq datasets from control and N-expressing cells to assess alternative

splicing (AS) as well as alternative cleavage and polyadenylation (APA) profiles. AS levels were quantified by

calculating the percentage of transcripts with the exon spliced in ‘‘PSI’’ values. N expression in HEK293 cells

altered splicing (DPSI > 10) of 264 cassette exons, of which 96 and 168 exhibited increased and decreased

inclusion levels, respectively (Figure 6C, top left). In NaAsO2-treated cells, 425 retained introns and 597

cassette exons were detected with significant changes upon N expression (DPSI > 10). Among the cassette

exons, 219 and 378 exhibited increased and decreased inclusion levels, respectively (Figure 6C, top right;

Table S16). Remarkably, as was the case for gene expression, most of the effects of NaAsO2 on splicing

disappeared in the presence of N (Figure 6C, bottom panels).

To examine APA, we analyzed our RNA-seq data using ‘‘Quantification of APA’’ (QAPA) (Ha et al., 2018).

Application of QAPA to the RNA-seq datasets revealed that N expression resulted in significant and repro-

ducible shifts in the percent of poly(A) usage (PAU) of 176 mRNA transcripts (Figure 6D; p value < 0.05; cut-

off |DPAU|>20). Among these transcripts, 116 had decreased proximal PAU, resulting in 30UTR lengthening,

whereas 60 exhibited 30UTR shortening (Table S17). In NaAsO2-treated cells, QAPA identified 216 tran-

scripts with significant APA alterations (p value < 0.05), with 57 of them exhibiting 30UTR lengthening

and 159 transcripts showing significant 30UTR shortening (Figure 6D; Table S18). Again, nearly all the effects
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Figure 5. Expression of N alters host gene expression

(A) Volcano plot representation of genes differentially expressed in the presence of N in untreated (left) and NaAsO2

treated cells (right). Differential gene expression in N-expressing untreated (left) and NaAsO2 treated cells (right) was

calculated against GFP-expressing untreated and NaAsO2 treated cells, respectively. Each dot represents a single gene.

Genes with FDR % 0.05 were considered significant. Vertical dotted lines represent log2fold change of 2, and highly

significant genes are shown as red dots with labels indicating the gene name. Gray dots represent genes that are

considered insignificant in this representation. Legend is provided.

(B) Venn diagrams showing the overlap of significantly differentially expressed genes in N-expressing untreated and

NaAsO2-treated cells. p values were calculated using the hypergeometric test.

(C) Bar graphs representing RT-qPCR results to examine the differential expression of selected targets in N-expressing

cells. The experiments were performed in biological triplicates, and p values were calculated using the student’s t-test

(***p % 0.001, **p % 0.01, *p % 0.05, n.s.: non-significant). Error bars represent standard error of mean (SEM).

(D) GO enrichment analysis using genes that were significantly upregulated in N cells in comparison to the GFP cells. Plot

legend indicating the p values and gene counts for each GO term is provided.

(E) Disease enrichment analysis using differentially expressed genes across indicated comparisons. p values and gene

counts for each GO term are provided. See also Figure S4 and Tables S12, S13, S14, and S15.
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Figure 6. Expression of N affects multiple posttranscriptional processes

(A) Left, Bar graph depiction of stress-induced differentially expressed genes in GFP- and N-expressing cells. Differentially expressed genes in stressed cells

with Q < 0.05 were considered significant. Note: Depicted % of significantly differential genes is relative to the total genes with coverage sufficient for

calculating the differential expression. Right, Venn diagrams show the overlap of differentially expressed genes in NaAsO2-treated N-expressing and GFP-

expressing cells (in comparison with non-stressed cells). p values were calculated using the hypergeometric test. Note: ‘Ar’ stands for arsenite (NaAsO2)

treatment.

(B) Top, Bar graphs representing RT-qPCR results to examine the differential expression of ZnF121 in NaAsO2-treated N-expressing and wild-type GFP cells.

The experiments were performed in biological triplicates, and p value were calculated using the student’s t-test (*p % 0.05). Error bars represent SEM.

Bottom, close-up view of ZNF121 gene track showing the location of significant iCLIP peaks for N in non-NaAsO2- and NaAsO2-treated cells. Significant N

peaks (FDR % 0.05) are shown as blue lines.

(C) Schematic representation of various alternative splicing events that were analyzed using RNA-seq data. Bar graphs show the increased or decreased

inclusion levels for various splicing categories. Events with DPSI > 10 are shown.
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of NaAsO2 on APA disappeared in the presence of N (Figure 6D, bottom panels). Since N is predominantly

cytoplasmic, whereas splicing and cleavage/polyadenylation are co-transcriptionally regulated (Elkon

et al., 2013; Herzel et al., 2017), the alterations in AS and APA profiles implied that these host nuclear func-

tions might be indirectly impacted by N. Consistent with this idea, genes whose AS and APA effects of

NaAsO2 disappear in the presence of N were significantly under-represented in N targets (hypergeometric

p values 1.24 3 10�9 and 2.77 3 10�9 for AS and APA genes, respectively; Figure S5C).

G3BPs are thought to affect the stability and translation of mRNAs (Aulas et al., 2015; Edupuganti et al.,

2017; Laver et al., 2020) and, given that N sequestered G3BP1, we correlated N-binding to the global

change in the abundance of its target mRNAs. By comparing our RNA-seq datasets in N-expressing cells

against GFP controls, we observed that, in contrast to the non-targets, N-bound transcripts had signifi-

cantly more stable expression levels in both non-NaAsO2 (Figure 6E, left) andNaAsO2 conditions (p value <

0.001; Figure S6A). Likewise, when G3BP1 targets were considered, N-specific G3BP1 targets generally had

more stable expression levels compared to the wild-type targets of G3BP1 (p value < 0.001; Figure S6B).

These observations support a role for N in modulating target mRNA stability. Consistently, differentially

expressed genes were significantly over-represented in N-bound mRNAs (p value < 2.9 e�30, hypergeo-

metric test, Figure S6C). To corroborate these findings in infected cells, we utilized previously reported

RNA-seq data generated in SARS-CoV-2 infected iAT2 cells (24 h postinfection). Consistently, N-targeted

mRNAs were observed to be significantly more stable in their overall abundance compared to the non-tar-

gets (p value < 0.001; Figure 6E, right).

To further examine the role of N in mRNA stability, we conducted a time course study in which pre-mRNA

synthesis was blocked by treating cells with the transcription inhibitor Actinomycin D. Total RNA was

collected at 0, 2, 4, and 6 h after Actinomycin D treatment, and relative expression levels of selected target

mRNAs were quantified by RT-qPCR. In comparison with the GFP-expressing control cells, CREBBP and

NRIP1 transcripts were significantly stabilized whereas ZNF121 transcripts were destabilized in N-express-

ing cells (Figure 6F). In contrast, no significant difference in stability was observed for the non-target SLIT1

mRNA and 18S rRNA (Figures 6F and S6D). These results reinforce the idea that N posttranscriptionally af-

fects host gene expression by modulating the stability of at least some of its target mRNAs.

DISCUSSION

Given that the ongoing COVID-19 pandemic has globally caused more than three million deaths (World

health organization data; April 28, 2021), there is an urgent need to better understand the SARS-CoV-2

life cycle for effective antiviral drug development. Starting from a functional proteomics workflow, we found

that there is little overlap across studies that recently reported virus–host PPIs for SARS-CoV-2 proteins

(Gordon et al., 2020b; Li et al., 2020). This observation is presumably due to varying experimental proced-

ures and statistical analyses employed across the different AP-MS studies. Nevertheless, several of the PPIs

identified in our study were recently recovered in human alveolar basal epithelial cells (A549) using AP-MS

and proximity-dependent biotinylation approaches (Samavarchi-Tehrani et al., 2020; Stukalov et al., 2021).

Since SARS-CoV-2 affects respiratory epithelial cells, the overlap between these studies supports the idea

that information about virus–host PPIs can be gained through using simpler cell model systems (Lum and

Cristea, 2016).

Our study shows that SARS-CoV-2 N can attenuate SG formation by localizing to SGs and sequestering

G3BP1 and G3BP2 away from their interaction partners. The NTF2-like domain of G3BP1 has been shown

to be a hub of protein–protein interactions (Sanders et al., 2020; Yang et al., 2020b). Since our docking

studies implicated the NTF2-like domain in mediating the G3BP1 interaction with N, it is likely that N out-

competes host proteins for interaction with the NTF2-like domain of G3BP1. Although our preprint was the

first to document the role of N in SG inhibition (Nabeel-Shah et al., 2020), subsequent studies

Figure 6. Continued

(D) Cumulative plots show the APA distribution of the transcripts identified in RNA-seq data by QAPA. The x axis represents the value of proximal PAU (%),

whereas the y axis indicates the percentage of the transcripts. p values are indicated.

(E) Left, cumulative distribution analysis in the abundance of N and G3BP1 target mRNAs after expression of N in HEK293 cells. Right, cumulative distribution

analysis of N targeted mRNA’s abundance in iAT2 cells infected with SARS-CoV-2 (24 hpi). p values are indicated (Kruskal–Wallis test).

(F) RT-qPCR analysis of selected targets after treating GFP or N-expressing cells with Actinomycin D for the indicated times. Statistical significance was

assessed using student’s t test (***p% 0.001, **p% 0.01, *p% 0.05, n.s.: non-significant). Error bars represent SEM. See also Figures S5 and S6, and Tables

S16, S17, and S18.
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independently reported that SARS-CoV-2 N inhibits SG formation while this manuscript was in preparation

(Cai et al., 2021; Lu et al., 2021; Luo et al., 2021; Samavarchi-Tehrani et al., 2020). Furthermore, a recent

study showed that SGs were inhibited upon NaAsO2 treatment in SARS-CoV-2 infected cells (Zheng

et al., 2021), consistent with our results. SGs are typically formed upon viral infection as a cellular antiviral

response (White and Lloyd, 2012; Yang et al., 2019; Zhang et al., 2019). Viruses, however, have evolved mul-

tiple counter-measures to manipulate and exploit SGs (Alam and Kennedy, 2019; Gao et al., 2021; White

and Lloyd, 2012). For example, Zika virus hijacks host G3BPs to inhibit SG formation and to benefit its

own replication (Wang et al., 2020a). Although MERS-CoV has also been shown to inhibit SG formation,

which facilitates viral replication and translation (Nakagawa et al., 2018; Rabouw et al., 2016), it remains

to be seen whether SG inhibition by N similarly enhances SARS-CoV-2 replication in infected cells.

SG induction after viral infection coincides with translational shutdown through the phosphorylation of eu-

karyotic initiation factor 2 subunit a (eIF2a) (de Breyne et al., 2020). Four kinases, specifically PERK, PKR,

HRI, and GCN2, have been shown to be activated by stress conditions (de Breyne et al., 2020). During viral

infection PKR is activated such that it undergoes structural rearrangements, dimerization, and auto-phos-

phorylation (Dauber andWolff, 2009). Exposure to NaAsO2, on the other hand, activates HRI, and hence the

eIF2a phosphorylation is PKR-independent under these conditions (Lu et al., 2001). Remarkably, a recent

report showed that in infected cells SARS-CoV-2 N inhibited the phosphorylation of eIF2a by preventing

PKR autophosphorylation (Zheng et al., 2021). Consistently, our preliminary experiments indicate that N

expression had minimal effect on eIF2a phosphorylation upon NaAsO2 treatment (Figure S7). Further

studies are required to fully investigate the inhibitory role of N on the PKR-eIF2a pathway and host

mRNA translation.

In certain viruses, sequestration of G3BPs has been documented to impact the interferon (IFN) response by

inhibiting the translation of interferon-stimulated genes (ISGs). Bidet et al. (2014) demonstrated that

G3BP1, G3BP2, and CAPRIN1 are required for efficient translation of several ISGs in Dengue virus

(DENV-2) infection (Bidet et al., 2014). Remarkably, it was found that a DENV-2 non-coding subgenomic

flaviviral RNA (sfRNA) acted as an RNA sponge for G3BP1, G3BP2, and CAPRIN1, and binding of these

RBPs to sfRNA prevented their antiviral activity resulting in downregulation of ISG mRNA translation (Bidet

et al., 2014). Considering our finding that N sequestered G3BPs, it is conceivable that this sequestration

might also adversely impact the translation of certain ISG mRNAs in SARS-CoV-2 infected cells. Further

studies are required to examine this possible mechanism of host antiviral response evasion in SARS-

CoV-2 infected cells.

SG assembly is driven by LLPS that occurs through the interaction of SG-nucleating proteins with RNA

(Yang et al., 2020b). G3BP1 has been shown to be essential for SG formation, with its dimerization and

RNA-binding being critical for SG condensation (Sanders et al., 2020; Yang et al., 2020b). Our finding

that G3BP1 target mRNAs are greatly increased in stressed cells versus non-stressed wild-type cells is

consistent with the reported enhanced G3BP1-mRNA interactions in response to stress (Yang et al.,

2020b). SG assembly correlates with an increase in the number of uncoated mRNAs present in the cyto-

plasm of stressed cells (Panas et al., 2016). Since the mRNA-binding affinity of G3BP1 does not significantly

change upon stress (Yang et al., 2020b), it has been suggested that this enhanced G3BP1-mRNA interac-

tion is due to increased mRNA availability in the cytoplasm of stressed cells. We found that stress causes

G3BP1 to bind to far fewer new mRNAs in the presence of N, likely due to the loss of G3BP1’s critical in-

teractions with other SG proteins. This suggests that the increased number of G3BP1-mRNA interactions

in stressed cells might be a tightly coordinated process involving G3BP1-interacting SG proteins rather

than simply a passive one. Since RNA-mediated LLPS of G3BP1 is critical for SG formation, the observed

reduction in new G3BP1 mRNA-targets in the presence of N likely provides a mechanism through which

N attenuates host SGs, in addition to its role in the abrogation of G3BP1’s normal protein interactions.

LLPS provides an effective mechanism to locally enrich proteins and nucleic acids (Alberti et al., 2019; For-

man-Kay et al., 2018), and RNA viruses that replicate in the cytoplasm are thought to utilize this mechanism

to concentrate their replication machinery (Novoa et al., 2005). Since N inhibits G3BP1’s interactions with

other SG proteins, and the two proteins nevertheless co-localize to SG-like foci, this suggests that N might

sequester G3BP1 to form condensates distinct from stress granules. This notion is supported by two recent

studies suggesting that N-G3BP1 forms condensates in the presence of RNA (Lu et al., 2021; Wang et al.,

2021). SARS-CoV-2 N undergoes phase separation in the presence of RNA (Chen et al., 2020; Iserman et al.,
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2020; Jack et al., 2021; Savastano et al., 2020), which also appears to concentrate the viral replication ma-

chinery (Savastano et al., 2020). While the role of G3BPs in SARS-CoV-2 replication remains to be explored,

these proteins have been shown to bind gRNA in infected cells (Flynn et al., 2021; Garcia-Moreno et al.,

2019; Lee et al., 2021; Schmidt et al., 2020). Thus, it is conceivable that, by limiting G3BP1’s interaction

with host mRNAs in stressed cells, N undergoes LLPS with G3BP1 when forming the condensates that

contain viral gRNA.

Viral infection has been shown to result in changes in host cell steady-state mRNA levels (Guo et al., 2018b;

Wada et al., 2018). For example, certain adenovirus and hepatitis C virus (HCV) proteins stabilize host mRNAs

via binding to U- or A/U-rich elements present within 30UTRs of target transcripts (Guo et al., 2018a; Kuroshima

et al., 2011). AU-rich elements are present in many proto-oncogene, growth factor, and cytokine mRNAs, and

they targetmRNAs for degradation (Chen and Shyu, 1995; Vlasova et al., 2008; vonRoretz et al., 2011). Although

many of the mechanistic details of N-mediated modulation of mRNA stability remain unknown, we found that

SARS-CoV-2 N sequesters G3BP1 away from its typical target transcripts and co-localizes with G3BP1 on many

other mRNAs. Our finding that N impairs the host cell’s stress-induced gene expression changes through sta-

bilization and/or destabilization of its target transcripts aligns with previous RNA-seq studies revealing that host

antiviral and inflammatory responses are imbalanceduponSARS-CoV-2 infection (Blanco-Melo et al., 2020). The

effects of N on AS and APA, as well as its ability to suppress the effects of stress on AS and APA, are likely to be

indirect outcomes of its direct posttranscriptional effects on gene expression. We suggest that SARS-CoV-2

suppresses host antiviral responses through N protein-mediated SG inhibition and modulation of mRNA sta-

bility. Given that our initial finding of SG inhibition in N-expressing HEK293 cells (Nabeel-Shah et al., 2020)

has been replicated in SARS-CoV-2 infected cells (Zheng et al., 2021), we envision that our results regarding

N-mediated suppression of host anti-viral responses are physiologically relevant to patients infected with

SARS-CoV-2.

Figure 7. Proposed model for SARS-CoV-2 N in infected cells

The model highlights multi-level impacts of N in infected cells.
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Processing bodies (PBs) share several proteins with SGs and are active sites of mRNA decay (Corbet and

Parker, 2019; Hubstenberger et al., 2017; Youn et al., 2019). Our results parallel a recent report showing

that PBs are targeted for disassembly by human coronaviruses (Robinson et al., 2020). In that study, the

expression of SARS-CoV-2 N alone was also found to be sufficient for disassembling PBs (Robinson

et al., 2020). Thus, it is conceivable that N-mediated SG inhibition and modulation of mRNA stability are

also coordinated with the disassembly of PBs. We suggest that SARS-CoV-2 N exerts multiple impacts

on cellular processes by sequestering G3BP1 (and G3BP2) upon infection, altering host gene expression

by rewiring RNA-binding of G3BP1, attenuating antiviral SG formation, and undergoing LLPS with

G3BPs to facilitate viral gRNA replication and packaging (Luo et al., 2021; Savastano et al., 2020; Wang

et al., 2021) (Figure 7).

N is a promising target for antiviral drug and vaccine development. Given that SARS-CoV-2 N is highly

abundant in infected cells, targeting the SG formation pathway through G3BPs might be a suitable alter-

native strategy for antiviral drug development (Wang et al., 2020a). Several existing chemotherapy drugs

could be re-purposed to enhance SG formation during viral infection (Fournier et al., 2010; Gao et al.,

2019; Wang et al., 2020a). Casein kinase 2 (CK2) inhibitors might be useful as antiviral drugs, since CK2 in-

terferes with SG assembly by phosphorylation of G3BP1 (Reineke et al., 2017). Given the evolutionary con-

servation of their interaction, small molecules that disrupt the N-G3BP1 interaction might have broad ap-

plications as novel antiviral drugs. Collectively, our findings provide novel insights into mechanisms

through which SARS-CoV-2 might reduce the host antiviral responses and identify G3BP1/2 as promising

alternative drug targets for treating COVID-19.

Limitations of the study

Our use of a simplified model system might not represent the full extent of N’s role within infected cells. N

binds to viral gRNA in infected cells, which might affect its ability to target host mRNAs. Furthermore, the

observed rescue of SG formation upon G3BP1 overexpression in N-expressing cells requires further inves-

tigation in the context of infected cells. However, considering that several concurrent reports have pro-

vided complementary evidence for at least some of our findings (Carlson et al., 2020; Luo et al., 2021; Sa-

mavarchi-Tehrani et al., 2020; Savastano et al., 2020; Wang et al., 2021), we believe that our results reflect

N’s impact on cellular pathways in cells infected by SARS-CoV-2. Given the roles of SGs and G3BPs (Alam

and Kennedy, 2019), further studies should explore the impact of N on host mRNA translation.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal Anti-GFP Abcam ab290; RRID:AB_303395

Mouse monoclonal

Anti-GFP

Life Technologies G10362; RRID:AB_2536526

Mouse monoclonal

Anti-G3BP1

Santa Cruz sc-365338; RRID:AB_10846950

Mouse monoclonal Anti-GAPDH Abcam ab8245; RRID:AB_2107448

Mouse monoclonal Anti-Flag M2 Sigma-Aldrich F3165; RRID:AB_262044

Mouse monoclonal

Anti-USP10

Santa Cruz sc-365828; RRID:AB_10846854

Rabbit polyclonal Anti-G3BP2 Abcam ab86135; RRID:AB_1925011

Rabbit polyclonal Anti-Caprin 1 Bethyl A303-881A; RRID:AB_2620231

Bacterial and virus strains

Subcloning Efficiency DH5a Competent Cells Thermo Fisher Scientific 18265017

Chemicals, peptides, and recombinant proteins

4% Paraformaldehyde VWR 102091-906

Benzonase Nuclease Sigma-Aldrich E826

BSA NEB B9000S

DAPI Sigma-Aldrich D9542-5MG

DMEM (high glucose) Sigma-Aldrich D5796

Doxycycline hyclate Sigma-Aldrich D9891

FastAP Thermo Fisher Scientific EF0651

FBS GIBCO 12483-020

Hygromycin B Sigma-Aldrich 10843555001

IGEPAL CA-630 Sigma-Aldrich I8896-100ML

Lipofectamine 2000 Thermo Fisher Scientific 11668019

Opti-MEM I Reduced Serum Medium GIBCO 31985070

Proteinase K Thermo Fisher Scientific 25530049

Poly-D-Lysine Sigma-Aldrich 6407

Puromycin Sigma-Aldrich P8833

RNAiMAX Thermo Fisher Scientific 13778150

RNase I Thermo Fisher Scientific AM2295

RNaseOUT Recombinant Ribonuclease Inhibitor Invitrogen 10777019

Sodium pyruvate GIBCO 11360-070

SUPERase In RNase Inhibitor Ambion AM2696

Triton X-100 Sigma-Aldrich T8787-100ML

Turbo DNase Thermo Fisher Scientific AM2238

T4 polynucleotide kinase NEB M0201L

FastAP Thermosensitive Alkaline Phosphatase Thermo Fisher Scientific EF0651

Sodium arsenite Sigma-Aldrich N/A

Actinomycin D Sigma-Aldrich A1410

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TRIzol Reagent Invitrogen 15596018

b-mercaptoethanol Sigma-Aldrich M6250

Critical commercial assays

AccuPrime SuperMix I Thermo Fisher Scientific 12344040

AllPrep DNA/RNA Mini Kit QIAGEN 80204

Dynabeads protein G Thermo Fisher Scientific 10004D

Maxima First Strand cDNA

Synthesis Kit for RT-qPCR

Thermo Fisher Scientific K1671

NEBNext High-Fidelity 2X PCR Master Mix NEB M0541L

SuperScript VILO Kit Invitrogen 11754

SYBR Green Master qPCR mix Applied Bioscience 4385617

RNeasy Mini Kit QIAGEN 74106

Select-a-Size DNA Clean & Concentrator Zymo D4080

CircLigase� II ssDNA Ligase Lucigen CL9025K

Deposited data

Affinity-Purification Mass-Spectrometry

SARS-CoV-2

This study ftp://massive.ucsd.edu/MSV000086704/

AP-MS G3BP1,2 This study ftp://massive.ucsd.edu/MSV000088232/

iCLIP-Seq This study GEO: GSE171010

RNA-Seq This study GEO: GSE171010

Experimental models: Cell lines

Human: Flp-In 293 T-REx cell lines Invitrogen R780-07

Oligonucleotides

Primers: Table S19 This study N/A

Software and algorithms

MetaPlotR Olarerin-George and

Jaffrey (2017)

https://github.com/olarerin/metaPlotR

ShinyGO (v0.66) Ge et al. (2020) http://bioinformatics.sdstate.edu/go/

ClusterProfiler 3.16.1 Yu et al. (2012) https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

EnhancedVolcanoplot Unpublished https://github.com/kevinblighe/

EnhancedVolcano

DESeq2 3.11 Love et al. (2014) https://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

Cytoscape Cline et al. (2007) Version: 3.4.0

QAPA Ha et al. (2018) https://github.com/morrislab/qapa

GOplotTools Unpublished https://github.com/UBrau/GOplotTools

ImageJ NIH https://imagej.nih.gov/ij/

MS Data Significance Analysis of

INTeractome analysis: SAINT

Teo et al. (2014) Version exp3.3

Maxquant Tyanova et al. (2016) Version: 1.6.6.0

ProHits-viz Knight et al. (2017) https://prohits-viz.org/

Cutadapt 2.10 Martin (2011) http://code.google.com/p/cutadapt/

Pureclip Krakau et al. (2017) https://github.com/skrakau/PureCLIP

STAR 2.7.1 Dobin et al. (2013) https://anaconda.org/bioconda/star/

files?version=2.7.1a

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, reagents, and materials should be directed to and will be

fulfilled by the lead contact, Jack F. Greenblatt (jack.greenblatt@utoronto.ca).

Materials availability

Flp-In HEK293 T-REx cell lines inducibly expressing SARS-CoV-2 proteins fused to GFP were generated in

this study and are available upon request from the lead contact.

Data and code availability

d All proteomics data produced in this work have been deposited in MassIVE resource (http://massive.

ucsd.edu) and has been assigned ID MSV000086704 for SARS-CoV-2 related and MSV000088232 for

G3BP1 and G3BP2 AP-MS data. RNA-seq and iCLIP-seq data have been deposited in the Gene Expres-

sion Omnibus (GEO) with accession number GSE171010. Accession numbers and direct downloadable

links for AP-MS data are provided in Table S22.

d This paper does not report original code.

d Scripts for data analysis are available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures

HEK293 cells (Flp-In 293 T-REx cell lines) were obtained from Life Technologies (Invitrogen catalogue num-

ber R780-07). Cell cultures were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Wisent Bio-

products catalogue number 319-005-CL), which was supplemented with 10% FBS (Wisent Bioproducts

catalogue number 080-705), sodium pyruvate, non-essential amino acids, and penicillin/streptomycin as

described (Marcon et al., 2014).

METHOD DETAILS

Epitope tagging in HEK293 cells

GatewayTM-compatible entry clones for 28 viral ORFs (Kim et al., 2020) (kindly provided by Dr. Frederick P.

Roth) were cloned into the pDEST pcDNA5/FRT/TO-eGFP vector according to the manufacturer’s instruc-

tions to create fusions between eGFP and viral proteins. The vectors were co-transfected into Flp-In T-REx

293 cells with the pOG44 Flp recombinase expression plasmid. Cells were selected with hygromycin (Life

Technologies, 10687010) at 200 mg/ml for FRT site-specific recombination into the genome. Doxycycline

(1 mg/ml) was added to the culture medium 24 hours before harvesting to induce the expression of the

various viral genes of interest.

Antibodies

The following antibodies were used in this work: Flag (Sigma monoclonal antibody catalogue number

F1804); GFP (Abcam polyclonal antibody catalogue number 290); GFP monoclonal antibody (Life Technol-

ogies G10362); G3BP1 (Santa Cruz monoclonal antibody catalogue number sc-365338); Caprin 1 (Bethyl

A303-881A); and USP10 (Santa Cruz monoclonal antibody catalogue number 365828).

Immunoprecipitation (IP) and western blots

To perform Co-IP experiments, cell pellets were lysed in 1 mL of lysis buffer (140 mM NaCl, 10 mM Tris pH

7.6–8.0, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA) containing protease inhibitors (Roche

catalogue number 05892791001). Cell extracts were incubated with 75 units of Benzonase (Sigma E1014)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

vast-tools 1.0 Tapial et al. (2017) https://github.com/vastgroup/vast-tools

UMI-tools 1.0.1 Smith et al. (2017) https://github.com/CGATOxford/UMI-tools

MEGA7 Kumar et al. (2016) https://www.megasoftware.net/
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for 30 minutes in a cold roomwith end-to-end rotation. The cell lysates were cleared in a microcentrifuge at

15,000 g for 30 minutes at 4�C. The supernatant was transferred to a new tube and incubated with 1mg of

GFP antibody for 2 hours, and subsequently 10 mL protein G Dynabeads were added and incubated for an

additional 2 hours (Invitrogen catalogue number 10003D). The samples were washed three times with lysis

buffer containing an additional 1%NP40 and 2% Triton X-100 for 5 minutes each in a cold roomwith end-to-

end rotation. The samples were then boiled in SDS gel sample buffer. Samples were resolved using 4–12%

BisTris–PAGE and transferred to a PVDF membrane (Bio-Rad catalogue number 162-0177) using a Gel

Transfer Cell (BioRad catalogue number 1703930). Primary antibodies were used at 1:5000 dilution, and

horseradish peroxidase-conjugated goat anti-mouse (Thermo Fisher 31430) or anti-rabbit secondary

(Thermo Fisher 31460) antibodies were used at 1:10,000. Blots were developed using Pierce ECL Western

Blotting Substrate (Thermo Scientific catalogue number 32106).

iCLIP-seq experiments

Individual nucleotide resolution UV crosslinking and immunoprecipitation (iCLIP) (Huppertz et al., 2014)

was performed with the modifications detailed in our previous report (Han et al., 2017), as well as described

below. Briefly, cells were grown in 15 cm culture plates and were UV cross-linked with 0.15 J/cm2 at 254 nm

in a Stratalinker 1800 after induction with Doxycycline (1 mg/ml) for 24 hours. To model stressed condition,

cells were treated with 0.5 mM sodium arsenite (NaAsO2) for one hour prior to UV crosslinking. Cells were

lysed in 2.2 mL of iCLIP lysis buffer. 1 mL of lysate was incubated with Turbo DNase (Life Technologies cata-

logue number AM2238) and RNase I (1:250; Ambion catalogue number AM2294) for 5 minutes at 37�C to

digest the genomic DNA and obtain RNA fragments of an optimal size range. GFP-N was immunoprecip-

itated using 5 mg of anti-GFP antibody (Life Technologies G10362), whereas G3BP1 was immunoprecipi-

tated using 5 mg of anti-G3BP1 antibody (Santa Cruz monoclonal antibody catalogue number sc-

365338). A total of 2% input material was set aside for size-matched control libraries (SMI) prior to the

IPs. Following stringent washes with iCLIP high salt buffer and dephosphorylation with FastAP and T4 poly-

nucleotide kinase, on-bead-ligation of pre-adenylated adaptors to the 30-ends of RNAs was performed

using the enhanced CLIP ligation method (Nostrand et al., 2016). The immunoprecipitated RNA was 50-
end-labeled with 32P using T4 polynucleotide kinase (New England Biolabs catalogue number M0201L),

separated using 4–12% BisTris–PAGE and transferred to a nitrocellulose membrane (Protran). For the input

sample, resolved on 4–12% BisTris–PAGE and transferred to a nitrocellulose membrane alongside the

immunoprecipitated RNA, the membrane was cut to match the size of the IP material. RNA was recovered

by digesting proteins using proteinase K (Thermo Fisher catalogue number 25530049) and subsequently

reverse transcribed into cDNA using barcoded primers. The cDNA was size-selected (low: 70 to 85 nt, mid-

dle: 85 to 110 nt, and high: 110 to 180 nt), and circularized using CircLigase� II ssDNA ligase to add the

adaptor to the 5-end. We used Betaine in the CircLigase reaction at a final concentration of 1 M, and

the reaction mixture was incubated for 2 hours at 60�C. Circularize cDNA was digested at the internal

BamHI site for linearization, and PCR amplified using AccuPrime SuperMix I (Thermo Fisher catalog number

12344040) or Phusion High-Fidelity PCRMaster Mix (NEB,M0531S). The final PCR libraries were agarose gel

purified on purification columns (QIAGEN), and the eluted DNA was mixed at a ratio of 1:5:5 from the low,

middle, and high fractions and submitted for sequencing on Illumina NextSeq 500 platform using a full

High-Output v2.5 flow cell to generate single-end 51 nucleotide reads with 40M read depth per sample.

The barcoded primers used for iCLIP-seq are listed in Table S19.

RNA immunoprecipitation (RIP)

To analyze G3BP1 binding to target mRNAs, RNA immunoprecipitation experiments were performed in

wild-type and N-expressing HEK293 cells treated with NaAsO2 for one hour. Briefly, cells grown in 10-

cm plates were harvested and resuspended in 1 mL lysis buffer containing 25 mM Tris HCl pH 7.5,

150 mM NaCl, 0.5% (v/v) NP-40, 1 mM AEBSF and 1 mM DTT, supplemented with RNase and protease/

phosphatase inhibitors. Lysed cells were incubated on ice for 30 minutes. Cell lysates were clarified by

centrifugation (30 min, 20000 g, 4�C), and 5% of the lysate was taken as input sample. RNA immunoprecip-

itation was performed using 5 mg of anti-G3BP1 antibody (Santa Cruz monoclonal antibody catalogue num-

ber sc-365338) conjugated with Protein G Dynabeads (Invitrogen). For control IPs, 5 mg of IgG (Santa Cruz

Biotechnology, catalog number: sc-2025) was used. The IPs were performed for 2–3 hours at 4�C while

rotating. The beads were washed three times with wash buffer containing 25 mM Tris HCl pH 7.5,

150 mM NaCl, 0.05% (v/v) NP-40, 1 mM AEBSF and 1 mM DTT, with 5 minutes of rotation at 4�C for

each wash. RNA from the input and IP samples was extracted using Trizol Reagent (Invitrogen catalogue
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number 15596018) as per the manufacturer’s instructions. cDNA was synthesized using the First-strand

cDNA synthesis kit (Thermo Fisher Scientific) with random hexameric primers.

Affinity purification followed by mass spectrometry

To perform AP-MS procedure,�203 106 HEK293 cells were grown in two independent batches, represent-

ing biological replicates. After 24 hours of induction of protein expression using Doxycycline (1 mg/ml), cells

were harvested. Cell pellets were lysed in high-salt NP-40 lysis buffer (10mMTris-HCl pH 8.0, 420mMNaCl,

0.1% NP-40, plus protease/phosphatase inhibitors) with three freeze-thaw cycles. The lysate was sonicated

as described in our previous reports (Marcon et al., 2014; Schmitges et al., 2016). To remove genomic DNA

and RNA, we treated cell lysates with Benzonase for 30 minutes at 4�Cwith end-to-end rotation. The result-

ing whole-cell extract was centrifuged to pellet cellular debris. GFP-tagged viral proteins were immunopre-

cipitated with 1 mg of GFP antibody (G10362, Life Technologies) overnight in the cold room followed by a 2-

hour incubation with Protein G Dynabeads (Invitrogen). The beads were washed 3 times with high-salt

buffer (10mM TRIS-HCl, pH7.9, 300mM NaCl, 0.1% NP-40) with end-to-end rotation in the cold room

and twice with buffer without detergent (10mM TRIS-HCl, pH7.9, 100 mM NaCl). The immunoprecipitated

proteins were eluted with 0.5M NH4OH and lyophilized.

Sample preparation and proteomic analysis

Each purified eluate was digested in-solution with trypsin for MS analysis. Briefly, each sample was resus-

pended in 44 uL of 50mM NH4HCO3, reduced with 100mM TCEP-HCL, alkylated with 500mM iodoaceta-

mide for 45 min in a dark room, and digested with 1 mg of trypsin overnight at 37�C. Samples were desalted

using ZipTip Pipette tips (EMDMillipore) using standard procedures. The desalted samples were analyzed

with an LTQ-Orbitrap Velos mass spectrometer (ThermoFisher Scientific) utilizing a 90-minute HPLC

gradient and top 15 data-dependent acquisition.

Experimental design for mass spectrometry

We processed independently at least two biological replicates for each bait along with negative controls in

each batch of samples. Material fromHEK293 cells expressing only GFP was used as control. We performed

extensive washes between samples to minimize carry-over. Furthermore, the order of sample acquisition

on the mass spectrometer was reversed for the second replicate to avoid systematic bias.

Mass spectrometry data analysis

AP-MS datasets were searched with Maxquant (v.1.6.6.0) (Tyanova et al., 2016). Human protein reference

sequences from the UniProt Swiss-Prot database were downloaded on 18-06-2020. SARS-CoV-2 protein

reference sequences (GenBank accession NC_045512.2, isolate=Wuhan-Hu-1) were downloaded from

https://www.ncbi.nlm.nih.gov/datasets/coronavirus/proteins on 14-09-2020, supplemented by isolate

2019-nCoV/USA-WA1/2020 (GenBank Accession MN985325) for ORF3b, ORF9b and ORF9c. Spectral

counts as well as MS intensities for each identified protein were extracted from Maxquant protein Groups

file. The resulting data were filtered using SAINTexpress (Teo et al., 2014) to obtain confidence values uti-

lizing our two biological replicates. SAINTexpress Bayesian false discovery rate [FDR]% 0.01 was chosen as

cut-off. The AP-MS data generated from HEK293 cells expressing GFP alone were used as a negative con-

trol for SAINTexpress analysis.

MS data visualization, functional enrichment, and archiving

Weused Cytoscape (V3.4.0; (Cline et al., 2007)) to generate protein-protein interaction networks. For better

illustration, individual nodes were manually arranged. Heatmaps were generated using ProHits-viz (Knight

et al., 2017). Functional enrichment of PPI data was performed using ShinyGO (v0.66) (Ge et al., 2020), which

utilizes a hypergeometric distribution, followed by FDR correction (FDR cutoff was 0.05). All MS files used in

this study were deposited at MassIVE (http://massive.ucsd.edu).

Sodium arsenite (NaAsO2) treatment

HEK293 cells were treated with 0.5 mM Sodium Arsenite (NaAsO2) for one hour. Briefly, we used HEK293

cells expressing SARS-CoV-2 N protein tagged with GFP (GFP-N), GFP alone, and ‘GFP-N + untagged

G3BP1’. The expression was induced with doxycycline (1 mg/ml) for 24 hours prior to NaAsO2 treatment.
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Immunofluorescence

SARS-CoV-2 GFP-N and GFP expressing HEK293 cells were seeded on poly-L-lysine coated and acid-

washed coverslips. The expression of the proteins was induced using 1 mg/ml doxycycline for 24 hours. So-

dium arsenite (NaAsO2) treatment was performed as described above for one hour prior to cell fixation.

NaAsO2 was removed and cells were washed three times with PBS. Cells were fixed in 4% Paraformaldeyde

for 15 minutes. Cells were subsequently permeabilized with 0.2% Triton X-100 in PBS for 5 minutes and

incubated with block solution (1% goat serum, 1% BSA, 0.5% Tween-20 in PBS) for 1 hour. Santa Cruz

G3BP1 (H-10) antibody was used for staining at 1:100 concentration in block solution for 2 hours at room

temperature (RT). Cells were incubated with Goat anti-mouse secondary antibody and Hoescht stain in

block solution for 1 hour at room temperature. Cells were fixed in Dako Fluorescence Mounting Medium

(S3023). Imaging was performed the next day using a Zeiss confocal spinning disc AxioObserverZ1 micro-

scope equipped with an Axiocam 506 camera using Zen software. A single focal plane was imaged, and

stress granule quantification was performed for each replicate (n = 2; number of cells 50). The average num-

ber of stress granules per cell was plotted as a box plot, and statistical significance was calculated using the

student’s t test.

RNA extraction and sequencing

Total RNA was extracted using the RNeasy extraction kit (Qiagen) following the manufacturer’s instruc-

tions. Two independent biological samples for each condition were generated, resulting in a total of eight

samples. DNase-treated total RNA was then quantified using Qubit RNA BR (cat # Q10211, Thermo Fisher

Scientific Inc., Waltham, USA) fluorescent chemistry, and 1 ng was used to obtain an RNA Integrity Number

(RIN) using the Bioanalyzer RNA 6000 Pico kit (cat # 5067-1513, Agilent Technologies Inc., Santa Clara,

USA). Lowest RIN was 9.3; median RIN score was 9.75.

1000 ng per sample was then processed using the NEBNext Ultra II Directional RNA Library Prep Kit for

Illumina (cat # E7760L; New England Biolabs, Ipswich, USA; protocol v. v3.1_5/20) including PolyA selec-

tion, with 15 minutes of fragmentation at 94�C and 8 cycles of amplification. 1 uL top stock of each purified

final library was run on an Agilent Bioanalyzer dsDNA High Sensitivity chip (cat # 5067-4626, Agilent Tech-

nologies Inc., Santa Clara, USA). The libraries were quantified using the Quant-iT dsDNA high-sensitivity

(cat # Q33120, Thermo Fisher Scientific Inc., Waltham, USA) and were pooled at equimolar ratios after

size-adjustment. The final pool was run on an Agilent Bioanalyzer dsDNA High Sensitivity chip and quan-

tified using the NEBNext Library Quant Kit for Illumina (cat # E7630L, New England Biolabs, Ipswich, USA)."

The quantified pool was hybridized at a final concentration of 2.215 pM, and single-end reads were ob-

tained on an Illumina NextSeq 500 platform using a full High-Output v2.5 flowcell at 75 bp read lengths,

for an average of 52 million pass-filter clusters per sample.

Quantitative PCR

Total RNA was extracted using Trizol Reagent (Invitrogen catalogue number 15596018) as per the manu-

facturer’s instructions. RNA was used for cDNA synthesis with the SuperScript VILO Kit (Invitrogen cata-

logue number 11754). RT-qPCR was performed with Fast SYBR Green Master qPCR mix (Applied Biosci-

ence 4385617) on an Applied Biosystems 7300 real time PCR System (Thermo Fisher catalogue number

4406984). For quantitative PCR, the following program was used: 40 cycles of 95�C for 15 s and 60�C for

30 s, with a final cycle of 95�C for 15 s and then 60�C. GAPDH was used as loading control.

Actinomycin D treatment was carried out with 5 mg/ml Actinomycin D (Sigma-Aldrich catalogue number

A1410) for the indicated times prior to RNA extraction. 18S rRNA was used as loading control for the Acti-

nomycin D RT-qPCR. For each time point, relative transcript levels were normalized to 18S rRNA and time

point ‘‘0’’, using the DDCT method (Livak and Schmittgen, 2001). This method uses the threshold cycles

(CTs) generated by the qPCR system for calculation of gene expression levels. Primers are listed in Table

S20.

Prediction of complex structure model between G3BP1 and N protein

The crystal structures for G3BP1 and the SARS-CoV-2 N protein were downloaded from the Protein Data

Bank (PDB) to build their complex structure model (PDB ID: 4FCJ_A and 6M3M_B). The amino acid

sequence for each protein was extracted from the corresponding structure files according to the
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‘ATOM’ records. We generated MSA for each protein by running HHblits (Remmert et al., 2012) with 8 it-

erations and E-value = 1E-20 to search through the Uniclust30 library. The G3BP1 had 9435 homologous

sequences, and the N protein had 2665. These sequences were paired based on genomic distance or phy-

logeny. However, only the origin sequence was left after this concatenation. Thus, we input the concate-

nated single sequence to the deep learning-based algorithm trRosetta (Yang et al., 2020a) to predict

the interface residues. The interface residues were used as distance constraints to build a complex struc-

ture model with the HDOCK server (Yan et al., 2020). Finally, we utilized the Rosetta docking protocol to

optimize the interface with local refinement (Gray et al., 2003). The interface energy of the final model

was �5.46, which indicates a reliable model according to the Rosetta document (Gray et al., 2003).

Phylogenetic analysis of N

To reconstruct a protein phylogeny, we used amino acid sequences of N from related coronaviruses (Table

S21). Multiple sequence alignments were built using MUSCLE with default parameters, and phylogenetic

analysis was performed using the neighbour joining method with 1000 bootstrap replicates. The analysis

was carried out using MEGA7 (Kumar et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

Alignment and read processing

iCLIP libraries were demultiplexed using XXXNNNNXX barcodes, where X is a random nucleotide. The

50barcode and the Illumina adaptor were trimmed using Cutadapt (Martin, 2011) (ver 2.10). The PCR dupli-

cates were collapsed using UMI-tools (Smith et al., 2017) (ver 1.0.1). RNA-seq and iCLIP library reads were

mapped to Gencode assembly (Frankish et al., 2019) (GRCh37.p13) using STAR (Dobin et al., 2013) (ver

2.7.1). Only the uniquely mapping reads were used for the downstream analyses. Mapped reads were an-

notated using the GRCh37.p13 comprehensive gene annotation.

RNA-seq analysis

To identify the differentially expressed genes from RNA-seq data, we used DESeq2 (Love et al., 2014) (ver

3.11) on gene counts generated using STAR and the human Gencode annotation V19. We filtered out

genes with less than 10 counts across the sum of all RNA-seq samples. To plot differentially expressed

genes as volcano plots, we used R-package EnhancedVolcanoplot (https://github.com/kevinblighe/

EnhancedVolcano). The Gene Ontology enrichment analysis was performed and visualized using cluster-

Profiler (Yu et al., 2012) (version 3.16.1), with the universe set to all the genes detected by RNA-seq. Multiple

testing correction was performed using the Benjamini-Hochberg method, and q-value cut off of 0.05 was

used. Additionally, GO/KEGG enrichment was performed using ShinyGO (v0.61), which utilizes a hyper-

geometric distribution followed by FDR correction, where the FDR cutoff was set to 0.05.

Alternative splicing analysis

Alternative splicing analysis was performed as described previously (Hekman et al., 2020). Analysis was per-

formed using vast-tools v2.2.2 (Tapial et al., 2017) in combination with VastDB version Hs2, released onDec.

12, 2019 using option–IR_version 1. Changes were considered significant if they were greater than 10 dPSI/

dPIR and the expected minimum change was different from zero at p > 0.95 according to vast-tools’ diff

module. Events were filtered requiring a minimum of 10 reads per event and a balance score (quality score

4) of ‘OK’,‘B1’ f, ‘B2’, ‘Bl’ or ‘Bn’ for alternative exons or > 0.05 for intron retention events in at least 2 of 3

replicates.

Alternative cleavage and polyadenylation analysis

Alternative cleavage and polyadenylation analysis was performed using QAPA with default settings, essen-

tially as previously described (Ha et al., 2018). QAPA builds the database of 30 UTRs from all the mappable

protein-coding genes using GENCODE basic gene annotation (version 19) for humans (hg19). To quantify

the relative usage of proximal poly(A) sites, percentage of expression of a single 30 UTR over the total

expression level of all 30 UTRs for a given gene is calculated. In the current study, lengthening events

were defined as those with percentage of proximal Poly(A) Usage Index (PAU) group difference between

N and GFP cells (PAU_Group_diff) < �20% and shortening events with PAU_Group_diff > 20%.
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iCLIP metagene and motif analysis

Significant iCLIP peaks were called using Pureclip (Krakau et al., 2017) (FDR% 0.05), with input control, rep-

licates, and default settings, and the cross-linking sites within 50 bp from each other were merged. To visu-

alize the distribution of N and G3BP1 proteins on genes, we used MetaPlotR (Olarerin-George and Jaffrey,

2017) to calculate and scale the distance of peaks relative to transcriptomic features. To visualize the dis-

tance between N peaks and other peaks, we used bedtools distance function to calculate the distances.

The distances that were within G1000 bp of N peaks were plotted. We used bedtools (Quinlan and Hall,

2010) (ver 2.29.2) to retrieve DNA sequences from the iCLIP peaks and subjected the sequences to motif

analysis using the MEME-ChIP suite (Bailey et al., 2015) (version 5.1.1).
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