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SUMMARY

Extensive remodeling of host gene expression by nonstructural protein 1 (nsp1)
of coronaviruses is a well-documented and conserved aspect of coronavirus-host
takeover. Using comparative transcriptomics we investigated the diversity of
transcriptional targets between various nsp1 proteins. Additionally, affinity puri-
fication followed by mass spectrometry was implemented to identify common in-
teractors between the different nsp1 proteins. Although we detected wide-
spread RNA destabilization, closely related nsp1 showed little similarities in
clustering of targeted genes. We observed a partial overlap in transcriptional
targeting between a-CoV 229E and MERS nsp1, which may suggest a common
targeting mechanism, as MERS nsp1 preferentially targets nuclear transcripts.
Our interactome data show great variability between nsp1 interactions, with
229E nsp1, the smallest nsp1 tested here, interacting with the most number of
host proteins. Although nsp1 is a rather well-conserved protein with conserved
functions across different coronaviruses, our data indicate that its precise effects
on the host cell are virus specific.

INTRODUCTION

The past 20 years have seen the emergence of three highly pathogenic human coronaviruses (HCoVs),

including SARS-CoV, MERS-CoV, and SARS-CoV-2. Since 2002 and the first coronavirus epidemic, these

viruses have jumped to the forefront of public awareness as major public health threats. Other HCoVs

routinely circulate in the human population, such as HCoV-HKU1 or HCoV-229E, which cause mild to

moderate upper respiratory tract infections.

Coronaviruses consist of 4 genera: a-CoV, b-CoV, gammacoronavirus (g-CoV), and deltacoronavirus

(d-CoV).1–4 Although g-CoVs and d-CoVs primarily infect birds,4 a-CoV and b-CoV only infect mammals.

The three highly pathogenic HCoVs, SARS-CoV (referred to as SARS1 herein), MERS-CoV, and SARS-

CoV-2 (referred to as SARS2 herein), belong to the genus b-CoV and are believed to freely circulate in

and originate from bats.5,6 All these viruses have a highly conserved genomic organization and are the

largest known RNA viruses to date. The 50-terminal two-thirds of their genome encodes two overlapping

open reading frames (ORF1a and ORF1ab), which results in the production of two large polyproteins.

Nsp1 is the most N-terminal peptide released from the 50-most polyprotein. Nsp1’s role during b-CoV

infection has long been studied, and nsp1 was revealed to be a host shutoff protein that controls anti-viral

responses by globally reducing host gene expression.7,8 SARS2 nsp1 similarly to SARS1 nsp1 not only in-

duces translational shutdown7,9 but also promotes the degradation of its target RNA by binding to the

40S ribosomal subunit.10–12 Furthermore, MERS-CoV nsp1 selectively targets mRNA synthesized in the

host cell nucleus for degradation and thus inhibits translation in host cells.13,14 How the various nsp1 pro-

teins mediate this extensive shutoff phenotype at the RNA level remains unknown.15,16 nsp1 shares no

resemblance in its primary amino acid sequence or protein structure with any known RNases and has

been hypothesized to co-opt a host endonuclease to induce endonucleolytic cleavage of template

mRNA transcripts that interact with 40S ribosomes. Yet, the identity of this putative host RNase, although

extensively looked for, remains unknown.

Intriguingly, only a- and b-CoV encode nsp1, whereas g- and d-CoV lack this protein.2,3,17–20 The sizes of

nsp1 in b-CoV also differ from the a-CoVs’ nsp1, with the a-CoVs’ nsp1 being substantially smaller than their

b-CoV counterparts. Although these differences may have important consequences in the role of nsp1 dur-

ing infection, it appears that nsp1 proteins from HCoV-229E and HCoV-NL63 might still be able to bind the
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40S ribosomal subunit to affect host mRNA stability18,21,22 reminiscing of how the b-CoV nsp1 triggers host

shutoff.

The extensive study of the role of SARS2, SARS1, andMERS nsp1 has revealed a pervasive role in reshaping

the host gene expression environment. In this study, we set out to compare the impact of nsp1 on the host

cell not only from the highly pathogenic b-CoV but also from the a-CoVs 229E. We hypothesized that the

extent of nsp1-mediated RNA decay may vary among the different HCoVs, which could account for some of

the severity of these infections. To address this possibility, we generated a library of nsp1-inducible cells

from 4 HCoVs and explored the extent of nsp1 effect on the host transcriptome by RNA sequencing

(RNA-seq). Interestingly, we found that widespread targeting of RNA is conserved among these nsp1

but the range of targets is different. Moreover, we investigated the interactome of these nsp1 proteins

by mass spectrometry to identified common and divergent interactors and identified factors that may

contribute to nsp1 targeting of RNA. This work provides important insights into the fundamental differ-

ences between highly pathogenic and common coronaviruses’ nsp1 and refines our understanding of

nsp1-mediated decay.

RESULTS

Inducible Expression of coronavirus nsp1 proteins

Previous work has shown conservation in the ability of a- and b-CoVs to modulate host gene expression

pathways.15 However, to date, it remains unclear how diverse is the impact on the host transcriptome

between a- and b-CoV nsp1 proteins. To assess the influence of different coronavirus nsp1 proteins on

the host gene expression environment, we generated a library of nsp1-inducible cell lines using the

nsp1 protein of 4 different HCoVs. To generate this library, along with SARS2 and MERS, we constructed

229E and SARS1 coronavirus nsp1 lentiviral plasmids derived from the pLVX-TetOne-Zeo-CoV2-nsp1-

3xFLAGgifted to us by theGlaunsinger Lab. Following production of lentiviral plasmids, we performed len-

tiviral transduction on HEK293T cells using select pLVX CoV nsp1-Flag plasmid and pMD2.G and psPAX2

envelop and packaging plasmids (Figure 1A). After transduction, cells underwent selection using zeocin at

a concentration of 325 mg/mL. Following selection, to verify that our cell lines were inducible and would

produce CoV nsp1 protein, cells were induced with 1 mg/mL doxycycline. Twenty-four hours post-induction

samples were collected and protein samples were western blotted with an anti-FLAG antibody (Figure 1B).

All 4 nsp1 proteins express well under induction, at the expected size, and no leaky expression was

observed in the uninduced samples. Transcript levels of nsp1 were also assessed by RT-qPCR (Figure S1).

Once we verified that all 4 CoV nsp1 proteins could be properly expressed, we next determined if these

induced nsp1-regulated gene expression as expected. As reported before, nsp1 can efficiently degrade

GFP transcripts and reduce GFP expression by itself.10,12 We thus next expressed a GFP reporter; then

the transduced cells were either left in an uninduced state or induced with doxycycline. Twenty-

four hours post-transfection and induction, GFP expression was measured with fluorescence microscopy

Figure 1C) and quantified using ImageJ (Figure 1D). As expected, induction led to a significant decrease

in the intensity of GFP expression in all CoV nsp1-expressing cells. This is in line with the observation

that despite being a smaller protein, the 229E nsp1 is able to regulate the expression of genes, likely

due to a highly conserved domain.22 These results show that our library of nsp1-expressing cell lines do

not have leaky expression, are inducible, and are able to modulate gene expression.

Coronavirus nsp1 comparative RNA-seq shows differences in gene expression

After confirming that our inducible cell lines function as expected, we sought to explore the differences

in the extent of nsp1 targeting on the host transcriptome. Using the lentivirally transduced cell lines

described earlier, we induced the expression of nsp1 from SARS1, SARS2, MERS, or 229E (using unin-

duced cells as controls). Twenty-four hours post-induction, total RNA was extracted, polyA selected,

and cDNA library was prepared and sequenced. Of a total of 19,331 genes identified by RNA-seq,

15,779 genes appeared in all 4 datasets (Table S1). More specifically, we identified 3,121 genes that

were consistently downregulated upon expression of all 4 nsp1 and 3,833 that were consistently upregu-

lated (Figure 2A). Unsurprisingly, 229E nsp1, as the only representative of an a-CoV, has the most unique

pattern of genes up- and downregulated, perhaps indicating that its targeting mechanism differs from

that of the b-CoV nsp1. Furthermore, fold change patterns induced by 229E and MERS nsp1 as observed

by volcano plots appeared different than the SARS1 and SARS2 plots (Figure 2B). This might suggest that

the fold change distribution may not follow a normal distribution. Previous studies had indicated that

MERS preferentially targets nuclear mRNA, whereas our data here represent whole-cell RNA pools,
2 iScience 26, 105887, January 20, 2023



Figure 1. Inducible expression of 4 coronavirus nsp1s results in downregulation of GFP

(A) Diagram representing lentiviral transduction and cell induction protocols. HEK293T cells were transfected with pLVX

plasmids expressing the 4 nsp1s selected (from 229E, SARS1, SARS2, MERS) under a doxycycline-inducible promotor

along with the lentiviral envelope and packaging plasmids.

(B) Transduced cells were induced (I) with doxycycline for 24 hours (or left uninduced [U]). Cells were then harvested, lysed,

resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. Vinculin was used as the loading control.

(C and D) (C) Transduced cells were transfected with a GFP reporter for 24 hours and then nsp1 expression (as indicated)

was induced with doxycycline for 24 hours. GFP expression was monitored using fluorescence microscopy and

quantification of GFP-positive cells in (D). **p < 0.01, ***p < 0.001.
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which could skew our data representation.13 This might suggest that 229E nsp1 similarly only targets a

subset of RNA in cells. We next performed hierarchical clustering on this comparative transcriptomics

dataset. Figure 2C shows a heatmap of the correlation matrix across all transcripts. In line with previous

analyses, our data indicate that all the nsp1 tested trigger massive RNA degradation with >50% of the

detected genes downregulated upon each nsp1 expression (Figure 2D). Based on our analysis, between

30% and 45% of genes had a fold change between 1 and 2, indicating that nsp1 had little to no effect

on them. Surprisingly, we also detected close to 15% of genes that seem to be upregulated upon

nsp1 induction. Overall, our data indicate that a- and b-CoV nsp1 share the ability to widely trigger

RNA decay; however, the precise target of each of the nsp1 differs, suggesting that the host cell is likely

differentially affected.

Validation of coronavirus nsp1 RNA-seq gene expression patterns by RT-qPCR

RNA-seq provided an extensive range of data about the effects of expression of the different coronavirus

nsp1s on host gene expression. After data sorting and processing, we noticed some genes with particular

patterns of degradation upon expression of the nsp1. We thus next wanted to validate these patterns by

RT-qPCR (Figure 3). The first gene that we tested was ANKRD1. There are multiples links between ANKRD1

and coronaviruses; for example, upon porcine epidemic diarrhea virus (PEDV)—an a-CoV—infection

ANKRD1 is downregulated23 or viral load in SARS-CoV-2 infections is increased if ANKRD1 is knocked

down.24 Our RNA-seq data showed that ANKRD1 was downregulated upon expression of all tested

b-CoV nsp1s. We thus induced the expression of each nsp1 in cells and collected total RNA to examine

ANKRD1 expression by RT-qPCR. Our results recapitulate the RNA-seq data. We next tested the gene

INHBE, encoding a protein associated with cell proliferation and apoptosis, which showed higher
iScience 26, 105887, January 20, 2023 3



Figure 2. RNA-seq analysis shows differential expression of host genes as impacted by coronavirus nsp1

expression

(A) Venn diagrams showing the extent of unique and shared genes identified by RNA-seq between each coronavirus nsp1

RNA-seq dataset.

(B) Volcano plot of all genes differentially expressed between uninduced samples versus coronavirus nsp1-expressing

cells. Data points are shown as a representation of the log2(fold change) versus the -log10(p value) plotted by

VolcaNoseR2. Significance cutoff was set to the programs default setting, with significantly downregulated genes being

labeled blue and significantly upregulated genes being labeled red.

(C) Hierachical clustering and heatmap of RNA-seq data. Data were clustered based on fold change with columns

representing expression of different coronavirus nsp1 based on relatedness (MERS, 229E, SARS1, SARS2). Expression

levels were normalized relative to uninduced sample expression and represented as a heatmap. Transcripts are clustered

based on complete linkage method to place genes with high similarities together with dendrogram on the left.

(D) Distribution of fold change per nsp1 tested over uninduced sample and corresponding percentages on degrading

transcripts.
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downregulation in SARS2 and MERS, with slight downregulation in SARS1 and 229E in our RNA-seq data.

This pattern was again reflected in the RT-qPCR results (Figure 3B). We next investigated a gene (SP140L)

that encodes a protein that binds zinc and acts as a transcription regulator. SP140L appears to be slightly

upregulated upon expression of SARS2 and SARS1 nsp1, but downregulated with MERS and 229E nsp1

expression. Although our 229E nsp1 in this case appeared to have no effect on SP140L expression,

MERS nsp1 expression led to strong downregulation as would be expected from our RNA-seq data

(Figure 3C).

Our understanding of how nsp1 triggers RNA decay remains mostly vague; however, some nsp1 mutants

have been identified to specifically have no RNA decay activity. Residues R146 and K147 in MERS and R124

and K125 in SARS2 have been shown to be required for 40S binding, and mutating these residues has been

shown to affect RNA turnover.7,12,25,26 We thus next wanted to validate our RNA-seq data using these mu-

tants. We thus constructed FLAG-tagged versions of an MERS nsp1 mutant (R146A + K147A here referred
4 iScience 26, 105887, January 20, 2023



Figure 3. RNA-seq validation

(A–D) 293T cells were either left uninduced or induced for 24 hours as described above, total RNA was harvested, and RT-

qPCR was performed to measure expression of the endogenous genes ANKRD1 (A), INHBE (B), and SP140L (C).

(D and E) 293T cells were transfected with a FLAG-tagged WT or mutant version of nsp1 from MERS (D) or SARS2 (E) as

indicated (or mock transfected as a control). Total RNA was harvested and RT-qPCR performed to measure expression of

the endogenous genes COP17S or INHBE.

(F) 293T cells were transfected with a FLAG-tagged WT or mutant version of nsp1 as indicated. After 24 hours, cells were

harvested, lysed, resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. Vinculin was used as the

loading control. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

ll
OPEN ACCESS

iScience
Article
to as MERS nsp1_mut) and a SARS2 nsp1 mutant (R124A + K125A here referred to as SARS2 nsp1_mut),

which are both expected to abrogate nsp1-mediated RNA decay. For MERS nsp1_mut we looked at

COPS7B, a member of the COP9 signalosome complex involved in ubiquitination, which we found to be

downregulated by MERS nsp1 expression. To compare nsp1 wild-type (WT) and mutant version, 293T cells

were transfected with a FLAG-tagged WT MERS nsp1, or MERS nsp1_mut (or mock transfected). After

24 hours, total RNA was extracted and used to assess COPS7B expression by RT-qPCR. WT nsp1 induced

a strong reduction in COPS7B expression as expected from the RNA-seq data, whereas the nsp1 mutant

failed to induce degradation (Figure 3D). Similarly, for SARS2 nsp1, we compared the expression of

INHBE upon WT or mutant expression and saw that nsp1_mut failed to induce INHBE mRNA degradation

(Figure 3E). We verified that this loss of decay was not due to a lower expression of the mutant compared

with the WT by western blotting (Figure 3F). Combined together, these results show that all nsp1 tested

specifically induce mRNA decay. Additionally, we show that the mutant variants of the SARS2 and MERS

nsp1 proteins we have are able to ablate mRNA degradation.

Nsp1 interactome varies among coronaviruses

Nsp1 contribution to the widespread changes in host mRNA stability is believed to be mediated through

protein-protein interactions since nsp1 itself does not appear to act as a nuclease. Yet, very little is

known about nsp1 interactions, in particular in the less studied a-CoV. We first wanted to ensure that

our constructs accurately recapitulate known nsp1 interactions. We thus first verified interactions with

select ribosomal proteins and confirmed that nsp1 from SARS1 expressed from our induced cell line in-

teracts with RPS2, RPS3, and RACK1 (Figure S2). To better decipher the contribution of nsp1 to the

regulation of gene expression, we next compared the interactome of the 4 selected nsp1 using affinity

purification coupled with liquid chromatography-tandem mass spectrometry to map the nsp1-host pro-

tein interaction network (Figure 4A). After stringent filtering, 128 unique proteins were identified in this
iScience 26, 105887, January 20, 2023 5



Figure 4. Affinity purification followed by mass spectrometry (AP-MS) of nsp1-host protein interactions shows

few interactors shared between coronaviruses

(A) Schematic representation of the AP-MS strategy used to identify the interactors of nsp1 from 4 different coronaviruses.

FLAG-tagged nsp1 expression was induced in HEK293T as described above.

(B) Cytoscape network representation of nsp1-host protein interactions identified by MS. Host proteins (nodes) and the

4 nsp1s (hexagon) are represented. Intra-network interactions among host proteins (thin gray lines) were manually

curated from the STRING and IntAct databases.

(C) Gene Ontology (GO) enrichment analysis was performed on the interacting proteins for each coronavirus nsp1 using

DAVID bioinformatic database. The top (blue) histogram shows the raw p values of most enriched molecular function GO

terms, and the bottom histogram (orange) represents enrichment scores for the 6 clusters found in the GO term analysis.
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interactome, of which 74 were unique to 229E nsp1, 8 to MERS nsp1, 21 to SARS1 nsp1, and 9 to SARS2

nsp1 (Table S2). Notably, among the interactors of nsp1, ribosomal proteins and translation initiation fac-

tors were very prominent, which is in line with previous studies investigating nsp1’s interactions as well as

consistent with what is known about nsp1 function during infection.27,28 Furthermore, comparison of the

interaction networks highlighted that of the 4 nsp1 tested, nsp1 from MERS was the most divergent (Fig-

ure 4B). We next performed a functional analysis of this interactome using Gene Ontology (GO) on the

combined list of interactors, which revealed 6 functional groups involved in nsp1-mediated RNA decay

and essential cellular biological processes that could promote viral progression (Figure 4C). These results

demonstrate the differences between coronavirus nsp1-host proteins interactions and provide insight

into how host proteins may contribute to nsp1 role for progression of viral infection.

DISCUSSION

Destabilization and degradation of host mRNA is a prevalent strategy employed by numerous viruses

as a means of usurping the host gene expression machinery and to dampen the host immune re-

sponses.29–37 Prior research has highlighted the ability of SARS1, SARS2, and MERS coronavirus protein

nsp1 to disrupt host gene expression through two prominent methods: modulation of host gene expres-

sion through mRNA degradation as well as binding of the 40S ribosomal subunit and subsequent
6 iScience 26, 105887, January 20, 2023
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translational arrest.18,22,23 Moreover, some work also explored the ability of the a-CoV nsp1, such as the

one from HCoV-229E, to recapitulate some of the b-CoV nsp1 function.18,22 However, the extent and how

conserved nsp1-mediated RNA decay is on the host transcriptome between the different coronavirus

nsp1 remains poorly understood. Yet, we know that different nsp1s have different effect on the infected

cells. For example, it has recently been shown that SARS2 nsp1 better suppresses STAT1 and STAT2

phosphorylation than the nsp1 protein of SARS1 and MERS thereby more strongly repressing interferon

(IFN)-1 expression.38 This supports the notion that these proteins may function differently and may show

different preferences toward decay and regulation of gene expression. Another example is MERS nsp1

that was shown to preferentially target transcripts of nuclear origin, while forgoing those transcribed in

the cytoplasm.13 This again highlights how despite having a similar outcome on the host regulation, the

mode of action of the various nsp1 may be coronavirus specific.

Here, we sought to explore the transcriptional landscape of cells expressing the nsp1 of different corona-

viruses to better understand the impact of nsp1 between the b-CoVs and the a-CoV 229E. One caveat of

our approach is that that nsp1-mediated effect on the transcriptome is known to depend on the IFN state of

the cell, which is not addressed here. In fact, the overall state of the cell and timing of expression may be

major drivers of nsp1-dependent decay. Fisher et al., for example observed a higher level of degradation

than detected here at this 24-hour time point despite also performing their study in 293T cells.39 It would

thus be interesting to have a dynamic view of RNA decay in cell and to quantify nsp1 role over time and

under several immune states. Here, we observed that about half of the transcripts detected by RNA-seq

were downregulated upon nsp1 induction, regardless of the origin of nsp1. This suggests that all nsp1s

tested in our study have a conserved and likely profound impact on their host cells via the regulation of

RNA stability. To our surprise, numerous transcripts detected in our sequencing data were non-coding

RNAs (ncRNAs). Given the prominent association between nsp1 and the ribosome, it has been hypothe-

sized that nsp1’s direct role in RNA decay was likely either associated with the host ribosome stalling path-

ways or alternatively that the endonuclease necessary to mediate nsp1 decay was recruited at the site of

nsp1-ribosome interaction. The association of nsp1 and ncRNA would suggest that maybe nsp1’s role in

RNA decay may be more extensive than previously thought or perhaps that nsp1 can target multiple decay

pathways. MERS nsp1 has already been suggested to lead to RNA decay by targeting transcripts indepen-

dently of ribosome interactions.13,40 Based on our observation that all the nsp1 tested here target ncRNAs,

it could mean that they share this ribosome-independent RNA decay function. Furthermore, it would be

interesting to explore this link between nsp1 and host ncRNA, as this could have widespread consequences

on the regulation of the host cell.

Although SARS1 and SARS2 nsp1’s effect on the host transcriptome appear to adopt a ‘‘classic’’ volcano plot

shape, indicative of widespread, uniform RNA destabilization on the host transcriptome, MERS and 229E

nsp1 expression datasets do not follow this pattern. When we examine the MERS plot, we see not only many

genes undergoing significant negative fold changes but also high representation of genes that have significance

with little to no fold change. This could reflect the fact thatMERS nsp1 has been suggested to only target nuclear

transcribed RNAs, and our RNA-seq data represents total cellular transcripts. Tight clustering of the data would

indeed result in thiswith fewgenes significantly represented in the plot. As for 229E, however, the vastmajority of

identified genes represented in the volcano plot showed little significance in fold change in totality. It could sug-

gest that 229Epreferentially target a subset of transcript, but has onlymild effect on the rest of the transcriptome.

Alternatively, it has been suggestedbyWanget al.18 that nsp1’s greatest contribution tohost shutoff is not in fact

due to RNAdecay butmore likely because of the translational arrest induced by nsp1 binding to ribosomes. Our

data herewould indicate that this could be true for 229E nsp1, wherewe observe lessmarked RNAdecay than its

b-CoV counterparts.One alternativewouldbepossibly a technical difference between these nsp1s, perhapsdue

to their optimal timing of expression and/or action. Finally, recently, it was discovered that SARS-CoV2 nsp1 can

disrupt nuclear export pathways,41which could also differentially play a role in thebreadth of transcripts targeted

by the various nsp1s.

Another interesting observation was that a fraction of transcripts appears to be stabilized and/or have

increased expression upon expression of the various nsp1s. These transcripts could have function

important for the regulation of the infected cell. In fact, GO term analysis of the ‘‘upregulated’’ transcripts

for SARS2 nsp1 revealed an enrichment for genes involved in ‘‘cytokine activity.’’ However, it remains to be

assessed whether these transcripts are truly refractory to nsp1 or whether this is a secondary effect of nsp1-

mediated widespread decay and translational arrest.
iScience 26, 105887, January 20, 2023 7



ll
OPEN ACCESS

iScience
Article
Hierarchical clustering of our transcriptomic data highlight that although all nsp1 proteins induce

large-scale RNA decay, there is limited overlap in their specific targets, especially between SARS1 and

SARS2 nsp1. Moreover, genes that are heavily downregulated by MERS nsp1 are clustered to the

lower half of the heatmap, likely representing nuclear transcripts. This is very similar to the

clustered gene degraded by 229E nsp1, suggesting that 229E nsp1 may also preferentially target nuclear

transcripts.

We also verified our results using the SARS2 (R124A + K125A) and MERS (R146A + K147A) nsp1 mutants,

confirming that these mutants were not able to induce RNA decay like their WT counterparts. As it has

been suggested before, although these mutations lead to a loss of mRNA decay potential in the nsp1 pro-

tein, this is likely not linked directly to nsp1 containing RNAse activity. As no nsp1 sequence contains amino

acid sequences associated with RNA catalysis, the mutations could potentially disrupt interactions with a

protein that may play this role for nsp1.

Another challenging aspect of studying nsp1 biology is that it has been difficult to identify robust

interactions between nsp1 and host proteins. Small and large screens looking either specifically at

nsp1 interactome or more globally at the interactome of all CoV proteins have identified only few, rarely

confirmed interactors.27,42,43 Here, to increase the robustness of our results, we continued with our

comparative approach and sought to identify interactors that were shared by these 4 nsp1s.

Intriguingly, out of this interactome, 229E nsp1 had by far the highest number of unique interactors

and MERS nsp1 had the fewest. 229E nsp1, like other a-CoV nsp1 are drastically smaller than those

found in b-CoVs. We can thus speculate that it would require more interacting partners to achieve its

primary functions during viral infection. It is also possible that 229E nsp1 possesses more disordered re-

gions—regions that are known to facilitate protein-protein interactions—as it might be more difficult for

a protein of only 111 amino acids to fold into complex structures. However, studies have highlighted that

nsp1 from the a-CoV TGEV (transmissible gastroenteritis virus) and PEDV lack disordered regions.23,44

Therefore, the increased number of potential interactors for 229E nsp1 could be conferred by some

other yet uncharacterized intrinsic domain.

Given that MERS nsp1 is known to operate very differently than the nsp1 from SARS1 and SARS2, it is

perhaps less surprising to see that its interactome is also very different. Although we did not identify in

this interactome any host protein with direct RNAse activity that could account for nsp1’s role in RNA decay,

our GO revealed that many of the interactors that we detected were associated with mRNA catabolic pro-

cess. It would thus be interesting to explore these interactions and assess whether any of these factors are

essential for nsp1 activity.

In this work we sought to explore the similarities and differences between key RNA regulatory proteins dur-

ing coronavirus infection, to better understand how their expression leads to different viral pathogenic

conditions. We observed that even between closely related CoVs, there seems to be little similarities in

clustering of genes targeted for decay and that there are few protein interactors shared between these

different proteins. However, gene targeting for these proteins does not appear to be random; based on

hierarchical clustering the nsp1s seem to target different gene clusters.
Limitation of study

A limitation of our study is that the nsp1 proteins were expressed from lentiviral constructs in uninfected

cells. In an infection model, there could be additional viral factors impacting nsp1 interactions

altering the transcriptome in a way unobserved in our study. Additionally, our nsp1s were expressed

without the presence of the 50 leader, which in the context of infection, prevents nsp1 self-cleaving.

Finally, our RNA-seq was performed on total mRNA: given that MERS nsp1 is known to specifically target

nucleartranscripts, nuclear fractionation may be more suited to assess MERS nsp1 impact on the

transcriptome.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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In-Fusion HD Cloning Kit TaKaRa Bio 639650

T4 DNA Ligase New England Biolabs M0202S

Deposited data

RNA-seq files NCBI GEO GSE217848

Experimental models: Cell lines

Human: HEK 293T Cells ATCC CRL-3216

Oligonucleotides

Table S4 This paper N/A

Recombinant DNA

pLVX TetOne-Zeo-MERS-nsp1-3xFlag Britt Glaunsinger Derived from Addgene #129746

pLVX TetOne-Zeo-COV2-nsp1-3xFlag Britt Glaunsinger Derived from Addgene #129746

pMD2.G Britt Glaunsinger Plasmid #12259 (Addgene)

psPAX2 Britt Glaunsinger Plasmid#12260 (Addgene)

pLVX TetOne-Zeo-CoV-nsp1-3xFlag This Paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pLVX TetOne-Zeo-229E-nsp1-3xFlag This Paper N/A

pcDNA4.TO-MERS-nsp1 Britt Glaunsinger N/A

pcDNA4.TO-CoV2-nsp1 Britt Glaunsinger N/A

Software and algorithms

Galaxy Plat-form Afgan et al., 201845 https://usegalaxy.org/

Bowtie2 (Galaxy Plat-form) Langmead and Salzberg https://usegalaxy.org/

http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

Cufflinks (Galaxy Plat-form) Trapnell et. al., 201346 https://usegalaxy.org/

Cuffdiff (Galaxy Plat-form) Trapnell et al., 201346 https://usegalaxy.org/

Multiple List Comparator https://molbiotools.com/listcompare.php

VolcaNoseR Goedhart and Luijsterburg 202047 https://huygens.science.uva.nl/VolcaNoseR2/

DAVID Nature Protocols 2009; 4(1):44 & Nucleic

Acids Res. 2009; 37(1):1

https://david.ncifcrf.gov/

CRAPpome Mellacheruvu et al & Nature Methods 2013. https://reprint-apms.org/?q = chooseworkflow

Cytoscape Genome Res. 2003. 13: 2498-2504 https://cytoscape.org/

Python N/A Version 3.9.1

Seaborn N/A Version 0.11.2

Matplot N/A Version 3.5.1

Prism N/A Version 9.4.1
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RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents should be directed to the Lead Contact Author Mandy Muller

(mandymuller@umass.edu).
Material availability

All unique reagents generated in this study are available from the lead contact.

Data and code availability

d The raw sequence data generated in this paper were deposited on the NCBI Gene Expression Omnibus

(GEO) server and can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE217848

under the identifier GSE217848

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plasmids and plasmid construction

The pLVX-TetOne-Zeo-SARS2-NSP1-3xFlag and pLVX-TetOne-Zeo-MERS-NSP1-3xFlag were a kind gift

from the Glaunsinger Lab and were derived from the pLVX ORF18 plasmid (addgene #129746). SARS1

and 229E nsp1 were cloned into the pLVX backbone (Table S4 - List of primers - related to STAR Methods).

Briefly, MERS nsp1 was removed from the vector using EcoRI and NotI. SARS1 and 229E sequences were

obtained as gBlocks (IDT), PCR amplified, ligated into the same EcoRI and NotI. All plasmid constructions

were verified by Sanger sequencing. Transient expression vectors pcDNA4 SARS2 nsp1 Mut 3xFlag and

pcDNA MERS nsp1 mut 3xFlag were also a gift from the Glaunsinger lab.
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Cells, transfections, and lentiviral transduction

HEK293T cells (ATCC) were grown in Dulbecco’s modified Eagle’s medium (DMEM – Invitrogen) supple-

mented with 10% fetal bovine serum (FBS). To establish the lentiviral cell lines, HEK293T cells were co-trans-

fected with their respective zeocine-resistant, lentiviral vector along with pMD2.G and psPAX2 the envelop,

packaging, and accessory plasmids in DMEM 0% FBS with using Polyjet (SignaGen). 48 h post transfection

the supernatant from transfected cells was collected and filtered through a 0.45 mMfilter diluted with serum

free media with polybrene at a concentration of 8 mg/ml. Mixture was added to fresh HEK293T cells in a

6-well plate and underwent spinfection at 1500rpm for 1.5 h. Cells were incubated overnight then split

the following day into a 10 cm plate with media containing 325 mg/ml of zeocin. After selection the estab-

lished lentivirally infected cell lines were maintained in 162.5 mg/ml zeocin. For DNA transfection, HEK293T

cells were plated and transfected after 24h when 70% confluent using PolyJet (SignaGen).

Western blotting

Cell lysates were prepared in TP150 lysis buffer (NaCl, 150 mM; Tris, 50 mM; NP-40, 0.5%; dithiothreitol

[DTT]. 1 mM; and protease inhibitor tablets) and quantified by Bradford assay. 20ug of each sample

were resolved by SDS-PAGE and Western blotted with following antibodies in TBST (Tris-buffered saline,

0.1% Tween 20): mouse anti-Flag at 1:1000 (Invitrogen) and rabbit anti-Vinculin at 1:2000 (Invitrogen). Pri-

mary antibody incubations were followed by horseradish peroxidase (HRP)-conjugated goat anti-mouse or

goat anti-rabbit secondary antibodies (1:5000; Southern Biotechnology)

RT-qPCR

Total RNA was harvested using TRIzol according to the manufacture’s protocol. cDNAs were synthesized

from 1 mg of total RNA using AMV reverse transcriptase (Promega) and used directly for qPCR analysis with

the SYBR green qPCR kit (Bio-Rad). Signals obtained by qPCR were normalized to those for 18S.

RNA-seq

6 biological replicates of each lentiviral transduced cells (SARS1, SARS2, MERS, 229E and uninduced sam-

ple as a control) were grown to 80% confluency then induced with 1ug/ml of Doxycycline (BD Biosciences).

After 24h cells were collected in TRIzol Reagent and RNA was harvested following the manufacturer’s pro-

tocol. Purity of samples were analyzed via bioanalyzer. Following poly(A) selection, libraries underwent

76-base paired-end sequencing using the NextSeq500 Mid-150 cycle kit on a NextSeq 500. Read quality

was assessed using fastqc. Using Galaxy45 reads were then aligned to the human genome (hg38) by

Bowtie2 and differential expression analysis were performed using Cufflink and Cuffdiff.46,48 Data was

normalized using FPKM methodology based on gene length and total number of mapped reads. This

analysis was performed between the induced condition to the uninduced condition for each nsp1 dataset

to get differential expression of genes. For graphical representation in the heatmap, fold change values

were saturated by a hyperbolic tan function with a cutoff set at 10. Hierarchical clustering was generated

in Python using the SciPy package with complete linkage and Euclidian distance. Volcano plots were

developed using the program VolcaNoseR47 (LCAM) by plotting the log2Fold Change vs -log10p value,

with significance thresholds left at the default settings and the top 10 most significant genes highlighted

and labeled. Comparison of overlapping genes and generation of Venn diagrams were generated using

Multiple List Comparator (Molbiotools).

Immunoprecipitation

Cells were lysed in a low-salt lysis buffer (150 mM NaCl, 0.5% NP-40, 50 mM Tris [pH 8], 1 mM DTT, and

protease inhibitor cocktail), and protein concentrations were determined by Bradford assay. For FLAG

construct pull-downs, 400 mg of total protein lysates were incubated overnight with Anti-FLAG M2 Mag-

netic Beads (Sigma) or control G-coupled magnetic beads. Beads were then washed extensively with lysis

buffer. Lastly, samples were resuspended in 4X laemmli loading dye before resolution by SDS-PAGE and

further Western blotting.

Mass spectrometry

Lentiviral transduced cells were grown in 10 cm plates to an 80% confluency and then induced with 1 mg/ml

of Doxycycline (BD Biosciences). 24 h post-induction, cells were harvested and lysed, and immunoprecip-

itation (as mentioned above) was performed overnight at 4C. Samples were extensively washed, and

trypsin digested overnight. Samples were then cleaned up using a C18 column and sent to the University
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of Massachusetts Mass Spectrometry Center where peptides were separated by reverse-phase chromatog-

raphy using nano-flow EASY-nLC 1000 UHPLC coupled to Orbitrap Fusion mass spectrometer (Thermo Sci-

entific) with PepMap RSLCnano column (75 mm ID, 15 cm). Peptides were eluted over a 90 min 5–35% ACN

gradient at 300 nL/min. Survey scans were measured in the Orbitrap analyzer at 60,000 resolutions.

Data were collected in the linear ion trap using a 2-s cycle time with a full MS mass range from 400 to

100 m/z. Peptides (charge state 2–6) were fragmented using higher energy collisional dissociation using

a normalized collision energy setting of 27. A dynamic exclusion time of 5 s was used and the peptidematch

setting was enabled. Raw files were analyzed in Proteome Discoverer 2.4 (Thermo Scientific) using the

SEQUEST search algorithm using the Human Proteome database. The search parameters used were as fol-

lows: 10 ppm precursor ion tolerance and 0.4 Da fragment ion tolerance; up two missed cleavages were

allowed; dynamic modifications of methionine oxidation and N-terminal acetylation. Peptide matches

were filtered to a protein false discovery rate of 5% using Percolator algorithm. Data was then filtered based

on the number of peptides present for each hit between 3 biological replicates against control samples.

Unique hits in the experimental sample were then filtered through the CRAPome database49 to determine

false positive rates. Gene Ontology (GO) enrichment analysis was then performed on the human interact-

ing proteins for each coronavirus using DAVID bioinformatic database. Top enriched and shared clusters

are identified on the network using the Cytoscape software.
QUANTIFICATION AND STATISTICAL ANALYSIS

All results are expressed as means G standard errors of the means (SEMs) of experiments independently

repeated at least three times (individual replicate points are shown on bar graphs) using Prism9. Unpaired

Student’s test was used to evaluate the statistical difference between samples. Significance was evaluated

with p values as indicated in figure legends.
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