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Fernández-

Rodrı́guez, Natalia

Redondo, ...,
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SUMMARY

SARS-CoV-2, the causative agent of the present COVID-19 pandemic, possesses
eleven accessory proteins encoded in its genome, and some have been implicated
in facilitating infection and pathogenesis through their interaction with cellular
components. Among these proteins, accessory protein ORF7a and ORF7b func-
tions are poorly understood. In this study, A549 cells were transduced to express
ORF7a and ORF7b, respectively, to explore more in depth the role of each acces-
sory protein in the pathological manifestation leading to COVID-19. Bio-
informatic analysis and integration of transcriptome results identified defined ca-
nonical pathways and functional groupings revealing that after expression of
ORF7a or ORF7b, the lung cells are potentially altered to create conditions
more favorable for SARS-CoV-2, by inhibiting the IFN-I response, increasing
proinflammatory cytokines release, and altering cell metabolic activity and adhe-
sion. Based on these results, it is plausible to suggest that ORF7a or ORF7b could
be used as biomarkers of progression in this pandemic.

INTRODUCTION

There is an urgent need to better understand the molecular mechanisms governing severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of the ongoing coronavirus disease 2019

(COVID-19) pandemic. SARS-CoV-2 belongs to the family Coronaviridae, subfamily Orthocoronavirinae,

genus Betacoronavirus, subgenus Sarbecovirus (Gorbalenya et al., 2020). Since the 2019/2020 outbreak,

SARS-CoV-2 has infected more than 600 million people, causing more than 6.4 million deaths worldwide

(https://covid19.who.int/), and unleashing a serious global health problem. COVID-19 exhibits a broad

spectrum of severity and progression patterns from mild upper respiratory disease or even asymptomatic

sub-clinical infection to severe and fatal pneumonia (Rajarshi et al., 2021).

SARS-CoV-2 genome consists of a single-stranded positive-sense RNA of 29,903 bp containing 14 open

reading frames (ORFs) encoding 31 viral proteins (Ellis et al., 2021). Although much of the research on

this virus is focused on the spike protein (Walls et al., 2020; Yang et al., 2020; Zost et al., 2020), recent reports

demonstrate that SARS-CoV-2 accessory proteins are involved in COVID-19 pathogenesis by modulating

antiviral host responses (Jiang et al., 2020; Konno et al., 2020; Miorin et al., 2020; Wang et al., 2021; Wu

et al., 2021; Xia et al., 2020; Zhang et al., 2021). Eleven accessory proteins are encoded in the SARS-

CoV-2 genome (Redondo et al., 2021) and some of them have been involved in facilitating the infection pro-

cess by interacting with cell components (Gordon et al., 2020; Stukalov et al., 2021). Among these proteins,

accessory protein ORF7a and ORF7b are less studied and their functions have not been fully resolved.

ORF7a is a type-I transmembrane protein of 121 amino acid residues with an N-terminal signal peptide (res-

idues 1–15), an immunoglobulin (Ig)-like ectodomain (residues 16–96), a transmembrane domain (residues

97–116), and an ER retention motif (residues 117–121) (Zhou et al., 2021) (Figure 1A). It exhibits 95.9%

sequence similarity with ORF7a protein from SARS-CoV (Yoshimoto, 2020). SARS-CoV-2 ORF7a Ig-like ec-

todomain has recently been identified as an immunomodulating factor able to interact with CD14+ mono-

cytes, leading to a decrease in their antigen-presenting ability and triggering a significant upregulation of

the proinflammatory cytokines IL-6, IL-1b, IL-8, and TNF-a, the most abundant cytokines propagated
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during cytokine storm in SARS-CoV-2 infection (Zhou et al., 2021). In addition, ORF7a is one of SARS-CoV-2

proteins able to antagonize IFN-I responses, a process in which the specific residues of this protein play an

important role (Xia et al., 2020). Thus, Cao and colleagues demonstrated that ubiquitination of lysine 119 of

ORF7a plays a critical role in inhibiting IFN-a signaling by blocking STAT2 phosphorylation (Cao et al.,

2021). Recently, ORF7a was discovered to target the antiviral factor SERINC5, which inhibits SARS-CoV-2

entry by preventing virus-cell fusion. ORF7a blocks the incorporation of overexpressed SERINC5 into

budding virions, counteracting the antiviral effect of SERINC5 (Timilsina et al., 2022). ORF7b is a 43 amino

acid transmembrane protein, one less than in SARS-CoV (Figure 1A). Although less well studied than

ORF7a, some authors identified that ORF7b is able to multimerize through a leucine zipper and hypothe-

sized that it could interfere with some cellular processes involving leucine zipper formation and epithelial

cell-cell adhesion that might underlie some common COVID-19 symptoms such as heart rate dysregulation

and odor loss (Fogeron et al., 2021). Recently, ORF7b has been involved in host immune responses by pro-

moting IFN-b, TNF-a, and IL-6 expression, activating IFN-I signaling pathways, and eventually accelerating

TNF-induced apoptosis (Yang et al., 2021). Early clinical isolates identified a 382-nucleotide deletion of

ORF7b associated with mild disease. This mutation impaired the ability of ORF7b to suppress MAVS-

induced interferons products (Shemesh et al., 2021) indicating that this protein plays a crucial role in the

interferon production.

Furthermore, mutations in ORF7a and ORF7b have been observed in circulating ‘‘variants of concern’’

(VOC) (Addetia et al., 2020; Holland et al., 2020; Joonlasak et al., 2021; Mazur-Panasiuk et al., 2021; Nem-

udryi et al., 2021; Pyke et al., 2021); however, they do not persist over the time. Truncated versions (7-nucle-

otide deletion) of ORF7a have been detected in nature in a B.1.1.7 VOC, showing no significant replicative

differences when compared with the virus carrying an intact ORF7a protein (Pyke et al., 2021). Conversely, a

field isolate carrying a 115 amino acid deletion in ORF7a that truncates the C-terminal half of the protein

displays a replication defect and affects potentially viral egress (Nemudryi et al., 2021). This growth defect is

associated with elevated IFN-I responses suggesting that ORF7a truncations are defective in suppressing

the host immune response. Interestingly, when assessed the levels of replication of a VOC (Delta lineage

B.1.6.17.2 sublineage AY4) carrying an 872-nucleotide deletion and loosing ORF7a and ORF7b genes, no

significant differences were recorded in levels of RNA (Mazur-Panasiuk et al., 2021).

In vivo animal studies in transgenic mice expressing the human ACE2 receptor have been performed to

evaluate mutants carrying complete deletions of either ORF7a or ORF7b but no significant differences

in the pathogenesis were observed (Silvas et al., 2021), consistent with previous findings in SARS-CoV

(Yount et al., 2005).

Figure 1. Expression of SARS-CoV-2 ORF7a and ORF7b in A549 epithelial cells

(A) Schematic representation of SARS-CoV-2 ORF7a and ORF7b proteins. Domains are highlighted in couleur (SP, signal

peptide; TM, transmembrane domain; ER, ER retention signal) and numbers denote the residues sites.

(B) Expression of SARS-CoV-2 proteins ORF7a and ORF7b. C-terminally Strep-tagged viral proteins were transduced in

A549 cells and analyzed by western blotting using anti-Strep-tag and anti-GAPDH antibodies.

(C) Cellular localization of ORF7a and ORF7b. A549 transduced cells with Strep-tagged SARS-CoV-2 proteins were

imaged by confocal microscopy. Right panels are heatmaps of signal intensity detected in a representative cell. Scale bar

is 25 mm.
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As there is still a limited knowledge regarding the functions of SARS-CoV-2 ORF7a and ORF7b and how

they affect the cellular environment, the response of A549 human epithelial cells expressing ORF7a or

ORF7b separately was analyzed using transcriptomic approaches combined with bioinformatic analysis

and functional assays. Overexpression of ORF7a or ORF7b induced specific and differential alteration on

metabolic cascades via UGT1A9, PTGS2, and CYP1A1; interferon responses via OASL, IFIT1, and IFIT2;

inflammation via IL-8, IL-11, and CXCL1; and cell adhesion via ICAM-1, ZO-1, and g-catenin. Overall, we

found that the expression of either ORF7a or ORF7b was sufficient to alter cellular networks in a manner

similar to full SARS-CoV-2 virus infection.

RESULTS

ORF7a and ORF7b overexpression in A549 cells

SARS-CoV-2 uses several strategies to interact with and interfere with the host cellular machinery. To investi-

gate the function of ORF7a and ORF7b in such interactions, A549 human lung carcinoma cell line was used

since infection of lung epithelial cells is a hallmark of SARS-CoV-2 infection in the humans. Lentiviruses ex-

pressing individual viral proteins ORF7a or ORF7b were transduced in A549 cells with a 2xStrep-tag at

C-terminus to allow their detection. In Western blot analysis of A549-ORF7a and A549-ORF7b cells, protein

bands of 15 kDa were detected using an ant-Strep-tag antibody in agreement with previous results (Xia

et al., 2020) (Figure 1B). For ORF7a, an additional band of 10 kDa was also detected, whichmay due to protein

cleavage. Protein overexpression was confirmed by immunofluorescence and highlighted different patterns of

localization in A549 cells. According to a heatmaps of signal intensities in a single cell, ORF7a is highly concen-

trated in the perinuclear region while ORF7b was diffused through the cytoplasmwith an enrichment adjacent

to the nucleus (Figure 1C). Because protein localization can provide important information on their function,

immunofluorescence confocal microscopy was assessed to examine the subcellular co-localization of proteins

with different organelles. The A549 cells were stained with anti-Strep-tag and the organelle markers GM130 to

visualize Golgi, Tom20 to visualize mitochondria, and Rab4 and Rab7 to visualize early and late endosomes,

respectively. Cytosolic ORF7a C-terminal contains a di-lysine ER retrieval signal (KRKTE) that mediates protein

trafficking to the ER-Golgi intermediate compartment (Figure 1A). Thus,ORF7a localized predominantly at the

Golgi apparatus (Figure 2A) in agreement with previous studies (Gordon et al., 2020; Lee et al., 2021; Zhang

et al., 2020) andwith early endosomes. Likewise, ORF7b has been associatedwith ER in SARS-CoV-2 (Lee et al.,

2021; Zhang et al., 2020) and with Golgi in SARS-CoV (Schaecher et al., 2007, 2008). However, our results

showed that SARS-CoV-2 ORF7b partially localizes with Golgi (Pearson’s coefficient of 0,58) and predomi-

nantly colocalized with mitochondria (Pearson’s coefficient of 0,74) (Figure 2B).

RNA sequencing identified genes altered on A549-ORF7a and A549-ORF7b cells

Differential gene expression analysis was performed for A549 cells and A549 cells expressing either ORF7a

or ORF7a (Figure S1A). A principal component analysis (PCA) based on normalized counts from DESeq2

was used to explore the similarity of our samples. High quality was achieved since samples were well clus-

tered (Figure S1B). We identified the overall up- and down-regulated differentially expressed genes (DEGs)

in A549-ORF7a and A549-ORF7b cells compared to A549 non-transduced cells (adjusted p value < 0,05 and

log2 fold chance >1). In total, 882 genes were upregulated and 457 genes were downregulated by ORF7a

(Figure 3A and Table S1). Likewise, 652 genes were upregulated and 500 genes were downregulated in

A549-ORF7b cells (Figure 3A and Table S2). To delineate the potential functions of SARS-CoV-2 ORF7a

and ORF7b proteins, Gene Ontology (GO) and pathways (KEGG) analysis was conducted based on their

respective DEGs. The most significantly enriched biological processes in cells expressing ORF7a were

cell-cell adhesion, extracellular structure, and extracellular matrix organization (Figure S2A and

Table S1) and pathways such as steroid hormone biosynthesis, ascorbate and aldarate metabolism, bile

secretion, and ECM-receptor interaction (Figure S2C and Table S1). In A549-ORF7b expressing cells, pro-

cesses like extracellular structure, extracellular matrix organization, and metabolism pathways were also

the most significant ones (Figures S2B and S2D, Table S2). These data indicated that identified DEGs

are mainly enriched in ECM-related items and metabolism genes, suggesting that both proteins could

be interacting in similar pathways. The overlap of DEGs in ORF7a- and ORF7b-regulated genes was

analyzed using the Venn diagram visualization, showing 751 genes in common of which 311 genes were

upregulated and 440 genes were downregulated (Figure 3B). Next, the MCODE enrichment analysis based

on this PPI network was applied to the common genes. Out of the eight PPI modules presented, three of

them were discarded since they contained only 3 genes (Figure 3C and Table S3). Among the top list of

enriched terms of MCODE 1 (22 genes), three major Reactome pathways were extracellular matrix, integrin

cell surface interactions, and collagen chain trimerization, most of which were downregulated (red and
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green colors). The top list of MCODE 2 enriched categories (15 genes) included GO-term positive

regulation of vasculature development, positive regulation of angiogenesis, and the Reactome pathway

adherens junctions interactions (JUP, CDH7, CDH5,and PDZD3 downregulated and CDH6 upregulated).

MCODE 3 (11 genes) was associated with post-translational protein phosphorylation, regulation of insu-

lin-like growth factor transport and uptake by insulin-like growth factor binding proteins, and NABA

CORE MATRISOME pathways, most of them upregulated (blue and violet colors). MCODE 4 (10 genes)

included the KEGG pathway steroid hormone biosynthesis and themetapathway biotransformation Phase

Figure 2. Cellular localization of SARS-CoV-2 ORF7a and ORF7b

(A and B) Confocal analysis of SARS-CoV-2 protein ORF7a and ORF7b localization in A549 cells transduced with Strep-

tagged-ORF7a (A) or ORF7b (B) and organelle markers: GM130 (Golgi), Tom20 (Mitochondria) Rab4 (Early endosome)

and Rab7 (Late endosome). Red: Strep-tag antibody signal; yellow: organelle markers; Blue: DAPI (nuclei staining); Green:

Phalloidin. Scale bar, 25 mm. All experiments were done at least twice, and one representative is shown. PCC indicates the

Pearson’s coefficient for co-localization of each organelle with the Strep-tag ORF7a or ORF7b.
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I and II. Finally, MCODE 5 (5 genes: WNT5A, IL7R, VAMP8, STON1, and SYT1) was associated with the Re-

actome pathwayCargo recognition for clathrin-mediated endocytosis, Clathrin-mediated endocytosis and

Membrane Trafficking (Figure 3C).

Expression of ORF7a and ORF7b induced metabolic disfunctions in A549 cells

The uridin diphosphate (UDP)-glucuronosyltransferase (UGT) family of enzymes catalyzes the attachment

of a glucuronic acid (glucuronidation) to certain drugs and xenobiotics, as well as to endogenous com-

pounds such as bilirubin to facilitate their elimination from the body (Mano et al., 2018). We found genes

coding for several UDP-glucuronosyltransferases (UGT1A1, UGT1A3, UGT1A6, UGT1A7, UGT1A9, and

Figure 3. Transcriptomic analysis of differentially expressed genes

(A) Identification of DEGs in A549 cells expressing ORF7a or ORF7b. (A) Volcano plot of DEGs in A549 cells transduced

with SARS-CoV-2 ORF7a (left) or ORF7b (right) compared with A549 WT.

(B) Venn diagram of DEGs in A549 cells expressing ORF7a and ORF7b.

(C) MCODE enrichment analysis by Metascape. MCODE algorithm was applied to clustered enrichment ontology terms

to identify neighborhoods where proteins are densely connected and GO enrichment analysis was applied to each

MCODE network to assign biological meanings. The color code for pie sector represents a gene list.
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UGT2B7) highly overexpressed in transduced cells with ORF7a and ORF7b (Figures 3C and 4A). Using qRT-

PCR, the expression of accessory proteins ORF7a and ORF7b induced an 18-fold increase in UGT1A9

mRNA levels as compared with control cells (Figure 4B).

On the other hand, cytochromes P450 (P450s or CYPs) comprise a superfamily of monooxygenase enzymes

that catalyze oxygen insertion into a large array of different substrates such as lipids and steroids, as well as

drug compounds and other xenobiotics. A prominent member of the P450 superfamily is CYP1A1, which

metabolizes a variety of substrates including fatty acids such as arachidonic acid, the fluoroquinolone anti-

biotic difloxacin, and the drug theophylline. CYP1A1 also acts on several procarcinogenic molecules

(Munro, 2018). Thus, CYP’s system is the most important drug-metabolizing enzyme family existing among

species (Stipp and Acco, 2021). Generally, CYPs’ expression or activity decrease during viral infections,

chronic inflammation, and in presence of proinflammatory cytokines (e.g. IL-6, TNF-a, IFN-g, TGF-b, and

IL-1b), which can result in alterations of the pharmacological effects of substances in inflammatory diseases

(Christmas, 2015; Wang et al., 2022). Surprisingly, ORF7a and ORF7b overexpression led to significant

downregulation of genes coding for CYP enzymes such as CYP1B1, CYP2F1, CYP2T3P, CYP4F3,

CYP27C1, and CYP26A1 (Figure 4A). We also observed a reduction in CYP1A1 expression by qRT-PCR in

A549-ORF7a and A549-ORF7b cells (Figure 4C). These results indicate that both ORF7a andORF7b perturb

the UGT and CYP expression suggesting a metabolic dysfunction that might facilitate the metabolic inac-

tivation of drug therapies in patients with COVID-19.

Interestingly, we found that the gene coding for the prostaglandin-endoperoxidase synthase 2 (PTGS2),

also known as cyclooxygenase 2 (COX-2), was significantly upregulated in A549-ORF7a and ORF7b

cells (Figure 4D). COX-2 enzyme is critical for the generation of prostaglandins, lipid molecules with diverse

roles in maintaining homeostasis, as well as in mediating pathogenic mechanisms, including the

inflammatory response (Ricciotti and FitzGerald, 2011). Stimulation of PTSG2 has been previously detected

in SARS-CoV via its spike and nucleocapsid proteins (Liu et al., 2007; Yan et al., 2006). More recently, it was

Figure 4. SARS-CoV-2 ORF7a and ORF7b alter the metabolic process

(A) Log2 Foldchange Heatmaps of DEGs involved in metabolism pathways.

(B–D) Expression of UGT1A9 (B), CYP1A1 (C) and PTGS2 (D) genes were calculated with 2�DDCT method by normalizing to

that of GADPH. The fold changes were calculated with respect to the level of A549 WT. Error bars represent mean G SD

(n = 3). Statistical significance is as follows: **p < 0.01, ***p < 0.001.
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found that SARS-CoV-2 induced COX-2 upregulation in human lung epithelial cells (Blanco-Melo et al.,

2020) as observed in the present study.

ORF7a and ORF7b disrupt inflammatory responses balance in A549 cells

SARS-CoV-2 infection induces unbalanced inflammatory responses, characterized by weak production of

type I interferon (IFN-I) and overexpression of proinflammatory cytokines, both of which are linked to severe

clinical outcomes (Hojyo et al., 2020; Sa Ribero et al., 2020). Data from our RNAseq study showed a down-

regulation of several interferon-stimulated genes (ISGs) as well as an upregulation of cytokines and chemo-

kines (Figure 5A). As previously reported, SARS-CoV-2ORF7a antagonizes the production of IFN-I by block-

ing the phosphorylation of STAT2 thereby suppressing the transcriptional activation of antiviral ISGs

(Martin-Sancho et al., 2021; Xia et al., 2020). As expected, we found reduced expression of OASL, IFIT1,

IFIT2, and TRIM22genes in A549-ORF7a cells (Figure 5A). However, inORF7b-expressing cells, we observed

a decrease of IFIT1 andTRIM22 expression but overexpression of IFITM1 andRSAD2genes, suggesting that

both proteins may interfere with IFN-I responses but employing different strategies. To confirm this, we

examined by qRT-PCR whether ORF7a or ORF7b expression affected ISG-associated gene expression in

A549 cells. The results showed that while ORF7a inhibited the expression of OASL, IFIT1, and IFIT2,

ORF7b did not (Figure 5B), indicating that ORF7a is an IFN-I antagonist whereas ORF7b is not.

ORF7a is also thought to activate the NFkB pathway and promote the production of inflammatory cytokines,

which play a significant role in the clinical severity of COVID-19 (Su et al., 2021). Conversely, little is known

about ORF7b0s role in the inflammatory response. It has been described that ORF7b may promote the

IFN-I signaling pathways and eventually accelerate TNF-induced apoptosis (Yang et al., 2021). An increase

in several genes encoding cytokines was observed here, including IL-8, IL-11, IL-15, IL-32, and IL-12A in

A549-ORF7a and IL-8 and IL-15 in A549-ORF7b (Figure 5A). In addition, genes encoding chemokines such

as ACKR3, CXCL1, and CXCL12 were strongly overexpressed in ORF7a cells whereas only CXCL1 was

observed overexpressed in ORF7b cells. To further corroborate this data, expression of IL-8, IL-11, and

Figure 5. Interferon and inflammatory responses to SARS-CoV-2 ORF7a and ORF7b

(A) Heatmaps showing expression of genes related to antiviral and inflammatory response compared to A549 cells. Genes

shown in red are significantly increased, genes in green significantly decreased and genes in black indicate no change in

expression.

(B and C) Expression of ISGs, OASL, IFIT1, and IFIT2 (B) and cytokines IL8, IL11, and CXCL1 (C) were calculated with 2�DDCT

method by normalizing to that of GADPH. The fold changes were calculated with respect to the level of A549 WT.

Error bars represent mean G SD (n = 3). Statistical significance is as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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CXCL1wasmeasured in A549-ORF7a and A549-ORF7b by qRT-PCR. Increased levels of these genes were de-

tected in both transduced cell lines (Figure 5C). All in all, our results showed that accessory proteinsORF7a and

ORF7b play key roles in regulating the host immune responses to SARS-CoV-2 infection, inhibiting the IFN-I

production by ORF7a and increasing proinflammatory cytokines release by both ORF7a and ORF7b.

ORF7a and ORF7b expression alter cell-ECM and cell-cell interactions

Most of the dysregulated genes associated with the enriched process ECM organization (Figure 3C) were

downregulated. Among them, we found genes coding for integrins (ITGA2B, ITGB3, ITGB6, ITGA10, and

ITGA11), collagens (COL4A4 and COL9A3), tenascins (TNC), vitronectin (VTN), laminins (LAMB2, LAMA3,

LAMB3, and LAMC3), nephronectin (NPNT), and thrombospondin-3 (THBS3-AS1) and cell adhesion

molecules (CAMs) such as immunoglobulin superfamily members (ICAM-1 and IGSF11), integrins

(ITGAL), cadherins (CDH5), and claudins (CLDN2), most of them downregulated (Figure 6A). Integrins

are integral cell-surface proteins composed of an alpha chain and beta chain that participate in cell adhe-

sion as well as in cell-surface-mediated signaling. Interestingly, ITGA2B and ITGB3 genes encoding alpha

and beta chains of the alpha-IIb/beta-3 integrin were observed downregulated. This integrin is highly ex-

pressed in platelet and plays a crucial role in the blood coagulation system by mediating platelet aggre-

gation (Ma et al., 2007). Integrin alpha-IIb/beta-3 binds specific adhesive proteins as fibrinogen/fibrin, plas-

minogen, prothrombin, thrombospondin, and vitronectin (Huang et al., 2019; Ma et al., 2007). A

downregulation of ITGA10 and ITGA1, the genes encoding the beta chains of the collagen-binding integ-

rins alpha-10/beta-1 and the alpha-11/beta-1, respectively (White et al., 2004), was also observed.

Conversely, we observed an increase in the expression of the gene encoding beta-6 integrin subunit

(ITGB6), which forms exclusively a dimer with the alpha v chain (alpha-v/beta-6) (Bandyopadhyay and Ra-

ghavan, 2009). This integrin plays a role in modulating the innate immune response in lungs, being able

to bind ligands such as fibronectin and transforming growth factor beta-1 (TGF-1). Integrin alpha-v/

beta-6 is predominantly expressed in epithelial cells and is highly expressed in inflamed and injured

lung tissue (Horan et al., 2008). In summary, our results suggest that ORF7a and ORF7b expression is

responsible for critical changes in the expression of important components of the cell adhesion machinery,

which can significantly alter cell-ECM and cell-cell interactions. To test this hypothesis, transduced and con-

trol cells were evaluated for their adhesion ability to different ECM components (Figure 6B). According to

transcriptomic data, A549-ORF7a cells showed weaker binding capacity to fibrinogen, collagen IV, and

fibronectin whereas A549-ORF7b exhibited lower adhesion to fibrinogen and fibronectin. This could be

due to the inhibition of ITGA2B, ITGB3, ITGA10, and ITGA11 expression observed in both transduced cells.

Integrins typically bind to the ECM while immunoglobulin members and cadherins are associated with cell

adhesion and cell-cell signaling. In fact, previous studies have suggested that SARS-CoV-2 ORF7amay play

a vital role in recognizing macromolecules on the cellular surface since its structural homology with the hu-

man intercellular adhesion family of molecules (ICAM) (Nizamudeen et al., 2021; Zhou et al., 2021). Interac-

tion between ICAM and integrins regulates immune cell migration, activation, and target cell recognition,

which are important host defense mechanisms against infectious agents. Interestingly, our transcriptomic

results revealed a downregulation of ICAM1 as well as ITGAL and ITGB2, the genes encoding the integrin

alpha-L and beta-2 chains for the leukocyte function-associated antigen-1 (Figure 6A). Significant reduc-

tions in ICAM1 and ITGB2 expression were further confirmed by qRT-PCR in A549-ORF7a and A549-

ORF7b cells (Figure 6C). Next, flow cytometry was used to analyze ICAM-1 expression on cell surfaces.

As shown in Figure 6D, ICAM-1 expression was significantly reduced in direct relation to ORF7a and

ORF7b expression in A549 cells.

Cadherins are the major cell adhesion molecules (CAMs) responsible for Ca2+-dependent cell-cell adhe-

sion and they are therefore crucial for promoting diverse morphogenetic processes (Hirano and Takeichi,

2012). The transcriptomic analyses of A549-ORF7a andORF7b revealed a reduction in transcripts encoding

adherens junctions proteins including cadherins (CDH5, CDH7, and CDH19), protocadherins (PCDHGA5,

PCDHGB5, PCDH10, and PCDH17), and catenins such as g-catenin (JUP, also known as plakoglobin). Addi-

tionally, dysregulation of genes encoding tight junction and gap junction proteins such as claudin 2

(CLDN2), zona occludens protein 2 (TJP2), and the gap junction protein beta 3 (GJB3) were also observed

(Figure 7A). To assess the impact of these transcriptional changes on cell-cell junctions in the bronchoal-

veolar epithelium, plakoglobin expression in transduced A549 cells was analyzed by Western blotting. Pla-

koglobin is present in desmosomes and adherens junctions being critical for desmosome components

recruitment which are required for junction assembly (Sumigray and Lechler, 2015). As expected,
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plakoglobin expression in A549-ORF7a and ORF7b cells was firstly analyzed by Western blotting. As ex-

pected, A549-ORF7a and A549-ORF7b cells had significantly reduced compared to A549 cells, with

ORF7b having a more pronounced effect (Figure 7B). Next, a cell-cell adhesion assay was performed in or-

der to detect potential defects in cell-cell adhesive bonds. Interestingly, we detected a reduced adherence

associated with ORF7b but not to ORF7a (Figure 7C), probably linked to g-catenin reduction. To better

characterize the barrier function of the A549-transduced cells, immunofluorescence analysis in the tight

junction protein zonula occludens-1 (ZO-1) was performed. ZO-1 is a scaffold protein that promotes pro-

tein-protein complex assembly and influences the structure and function of lung epithelial barrier (Bazzoni

et al., 2000). After 8 days of culture on transwell inserts to polarized cells, ZO-1 was localized in membranes

Figure 6. Effect of SARS-CoV-2 ORF7a and SARS-CoV-2 ORF7b in cell adhesion

(A) Log2 Foldchange Heatmaps of DEGs involved in ECM-receptor interaction (hsa04512) and cell adhesion molecules (CAMS) (hsa04514). Red for

upregulated, green for downregulated and asterisk (*) for significant in both cell lines.

(B) Quantification of A549 cells adhering to the extracellular matrix (ECM) components fibronectin, collagen I, collagen IV, laminin I, and fibrinogen, and BSA

(control).

(C) RT-qPCR for ICAM1 and ITGB2 genes.

(D) Analysis by flow cytometry of ICAM-1 expression in A549 cells expressing ORF7a or ORF7b (left panel) and quantification of the percentage of ICAM-1

positive cells (right panel).

Data are represented as mean G SD (n = 3). Statistical significance is given as follows: *p < 0.05, **p < 0.01, ***p < 0.001 to the control group A549 WT.
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of neighboring epithelial cells showing continuous distribution in A549 cells and A549-ORF7a while fluores-

cence intensity decreased and distribution was discontinuous in membranes from A549-ORF7b cells

(Figure 7D). In agreement with this result, we noticed a greater facility to trypsinize A549-ORF7b when

we cultured them (data not shown). Together, these data show that ORF7b could disrupt cell-to-cell inter-

action leading to a breakdown of the lung epithelial barrier.

Host transcriptome responses by ORF7a and ORF7b resembled responses to SARS-CoV-2

infection

A comparative study was performed by integrating transcriptomic results from SARS-CoV-2 infections

deposited in public repositories and those generated in the present work. The objective was to analyze

the presence of common alteration in common genes, in order to estimate which aspects of the host

response to SARS-CoV-2 infection could be attributed to the expression of the accessory proteins

ORF7a and ORF7b. To this end, we compared our differential expression data with those obtained from

infecting ACE2-transfected A549 cells with SARS-CoV-2 and others resulting from transcriptomic analysis

of postmortem lung biopsies from patients with COVID-19 (GSE147507) (Blanco-Melo et al., 2020)

(Figures S3A and S3B). Several ORF7a and ORF7b-associated genes were found to be differentially ex-

pressed upon SARS-CoV-2 infection in A549-ACE2 cells and in clinical COVID-19 lung samples

(Figures 8A and 8B). These data suggested a certain degree of similarity between transcriptional changes

associated with ORF7a and ORF7b expression and SARS-CoV-2 infection.

Figure 7. Effect of SARS-CoV-2 ORF7a and SARS-CoV-2 ORF7b in cell junctions

(A) Log2 Foldchange Heatmaps of DEGs related to cell-cell adhesion interaction.

(B) Western blotting showing the expression of g-catenin, the major protein in cell-cell adhesion at the desmosomes (top

panel) and quantification for g-catenin (bottom panel). GAPDH was used as a control.

(C) Cell-cell adhesion assay showing the percentage of adherent cells. Data are represented as mean G SD (n = 3).

Statistical significance is given as follows: *p < 0.05, **p < 0.01, ***p < 0.001 to the control group A549 WT.

(D) Immunostaining for the tight junction protein ZO-1 after 8 days of culture on transwell inserts. Scale bar, 10 mm.
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Totally, 204 DEGs in A549-ORF7a and 177 in A549-ORF7b were identified also differentially expressed in

SARS-CoV-2-infected A549-ACE2 cells. Of these, 125 genes were regulated by both accessory proteins

(Figure 8A). When compared with datasets from postmortem lung biopsies, 97 genes were found associ-

ated with ORF7a, 79 genes with ORF7b, and 53 genes were in common (Figure 8B). To further investigate

differential perturbation of pathways regulated by these accessory proteins in SARS-CoV-2 infection, GO

enrichment analysis and PPI network were contained with to obtain MCODE network components

(Figure 8C and Table S4). Overall, substantially enrichment biological process of common genes belonging

to the inflammatory response (GO006954) (Figure S3C) and enrichment pathways of the MCODE network,

such as, leukocyte activation involved in immune response, neutrophil degranulation, integrin cell surface

interactions, post-translational protein phosphorylation, and interferon alpha/beta signaling were de-

tected. Among leukocyte activation involved in immune response included RUNX1, RUNX2, GATA2,

GATA3, FOS, JUP, LCN2, TCN1, ALDOC, and TNFAIP6, TNF alpha-induced protein 6 (TNFAIP6) and the

AP-1 transcription factor subunit (FOS) belonging to the TNFA signaling via NFKB, that were also detected

in our set of dysregulated genes in A549-ORF7a and A549-ORF7b cells. Similarly, they were dysregulated in

A549-ACE2 cells infected with SARS-CoV-2 (red and green colors, respectively) and in clinical COVID-19

lung samples (blue and violet colors) (Figure 8C). A dysregulation of 7 neutrophil-enriched genes

(MGAM, CYPBB, SNAP25, VAMP8, RAB37, CEACAM1, and OLR1) and the maltase-glucoamylase

(MGAM), which is directly involved in neutrophil recruitment and activity (Ericson et al., 2014), was found

in all data lists (Figure 8C). Another dysregulated gene in infected A549-ACE2 cells with SARS-CoV-2, in

COVID-lung samples, and in A549-ORF7a and A549-ORF7b was integrin beta 3 subunit (ITGB3). This

gene belongs to the MCODE network integrin cell surface interaction that also includes integrins alpha

Figure 8. Comparison of host transcriptome responses of ORF7a and ORF7b to SARS-CoV-2 infection

(A and B) Venn diagrams of the intersection between differentially expressed genes in A549 cells expressing ORF7a or

ORF7b and SARS-CoV-2-regulated genes in A549-ACE2 cells (A) and COVID-19 lung biopsies (B). Data are from Blanco-

Melo et al. (2020).

(C) MCODE components identified from the PPI network. Network nodes are displayed as pies. The color code for the pie

sector represents a gene list (metascape.org).
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subunits ITGA10 and ITGA11, collagens COL11A1 and COL5A2, and chemokine CX3CL1, which can act as

a ligand for the alpha v/beta 3 integrin (Figure 8C). Most of these genes were downregulated (Figure 3C).

DISCUSSION

SARS-CoV-2 encodes eleven accessory proteins that modulate host immune responses andmay contribute

to the pathogenicity of the viral infection (Redondo et al., 2021). Among those accessory proteins, SARS-

CoV-2 ORF7a and ORF7b functions are not fully understood. Therefore, human bronchoalveolar A549

epithelial cells individually expressing accessory proteins SARS-CoV-2 ORF7a and ORF7b were generated

by lentivirus transduction in order to gain deeper knowledge of their function (Figure 1). As previously

reported, we observed that SARS-CoV-2 ORF7a localizes at the Golgi apparatus (Gordon et al., 2020;

Lee et al., 2021; Zhang et al., 2020). In addition, we also detected this protein in the endosome (Figure 2A).

However, SARS-CoV-2 ORF7b partially localizes with Golgi and predominantly with mitochondria in A549

epithelial cells (Figure 2B), in contrast to the previous observation in COS-7 and Caco-2 cells, where SARS-

CoV-2 ORF7b colocalizes with ER (Lee et al., 2021; Zhang et al., 2020). Recent studies have shown that

ORF7b interacts with mitochondrial antiviral signaling protein (MAVS) (Stukalov et al., 2021), supporting

our findings on ORF7b localization (Figure 2).

Using transcriptomic combined with bioinformatic analysis, we have found that individually expressed

accessory proteins ORF7a and ORF7b were sufficient to alter cellular networks in a manner that resembles

full SARS-CoV-2 (Figures 3 and 8). For the first time to our knowledge, our results showed that SARS-CoV-2

ORF7a and ORF7b were individually implicated in multiple deregulations of host pathways, such as im-

mune response, metabolism, extracellular matrix organization, and cell adhesion, broadening our under-

standing of the pathogenicity of SARS-CoV-2 (Figure 3). Interestingly, perturbed UGT and CYP gene

expression were altered genes that encode UDP-glucuronosyltransferase and cytochrome P450 enzymes,

respectively (Figure 4), both undoubtedly having an important influence on cell responses to endogenous

and exogenous factors that may impact on disease progression as well as on drug responses. Al-Kuraishy

et al. suggested that hyperbilirubinemia in patients with Gilbert syndrome attenuates COVID-19-induced

metabolic disturbances (Al-Kuraishy et al., 2021). This syndrome is characterized by genetic alteration of

the UGT1A1 gene causing reduced gene expression, resulting in a reduction of the UDP-glucuronosyl

transferase function, which is responsible for the conjugation of bilirubin. The antioxidant role of hyperbi-

lirubinemia in patients with COVID-19 has been also reported by Liu et al. (2020) and its beneficial role has

been additionally highlighted by Khurana et al., who postulated the use of administration of bilirubin to

combat systemic dysfunctions associated with COVID-19 (Khurana et al., 2021). In this study, we observed

high expression of UGT1A1 (log2FC > 4), together with some other UGT genes such as UGT1A9 (Figure 4)

suggesting that ORF7a and ORF7b may induce metabolic disorders which could alter the levels of bilirubin

and other metabolites andmay facilitate inactivation of drug therapies that could explain the inefficiency of

most of the COVID-19 treatments used. Moreover, many drugs used in patients with COVID-19 are metab-

olized by CYPs (Wang et al., 2022); therefore, if CYPs’ expression is greatly altered in patients with COVID-

19, it may contribute to altered drug pharmacokinetics and increased drug-related side effects.

COX-2 enzyme has a central role in viral infections and regulates the expression levels of many serum pro-

teins, including proinflammatory cytokines (Capuano et al., 2020; Ricciotti and FitzGerald, 2011). COX-2 hy-

perproduction has been reported in lung epithelial cells of patients who died of H5N1 infection (Lee et al.,

2008) and detected in blood samples of patients with severe COVID-19 (Passos et al., 2022), suggesting

that this enzyme is associated with poor clinical outcomes in viral infections. In SARS-CoV, transfection

of plasmids encoding either the spike or the nucleocapsid genes was sufficient to stimulate COX-2 expres-

sion (Liu et al., 2007; Yan et al., 2006). Similarly, ORF7a and ORF7b proteins may mediate COX-2 induction

in SARS-CoV-2 (Figure 4).

Another factor in virus pathogenicity and transmissibility is to know how SARS-CoV-2 may subvert immune

responses by evading innate immunity. IFN is among the first cytokines to be upregulated in virus-infected

cells and are important in coordinating the antiviral response and inflammation. Many SARS-CoV-2 acces-

sory proteins are known to antagonize or evade IFN responses, which may contribute to the delayed IFN

expression observed in patients with COVID-19. Both SARS-CoV-2 ORF7a and ORF7b have been reported

that inhibit IFN-I signaling by blocking phosphorylation of STAT proteins. Specifically, ORF7a only inhibits

STAT2 phosphorylation while ORF7b suppresses both STAT1 and STAT2 phosphorylation (Cao et al., 2021;

Xia et al., 2020). Consistent with these studies, a dysregulation of the IFN-I signaling was observed here
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which was characterized by a reduction in several ISGs expression (Figure 5); however, only ORF7a seemed

to be a potent antagonist of IFN-I. What seems clear is that SARS-CoV-2 has evolved ways of using acces-

sory proteins to subvert the IFN response (Martin-Sancho et al., 2021; Xu et al., 2021), although the antag-

onistic mechanism requires further study.

SARS-CoV-2 infection causes an excessive immune response, characterized by a strong production of

proinflammatory cytokines (‘‘cytokine storm’’) (Del Valle et al., 2020; Hojyo et al., 2020). Here, we confirmed

that ORF7a and ORF7b strongly induce the expression of proinflammatory cytokines (Figure 5) in agree-

ment with previous studies (Su et al., 2021; Yang et al., 2021; Zhou et al., 2021). The overexpression of

IL-8 and the chemokine CXCL1 induced by the presence of these accessory proteins (Figure 5C) could

contribute to immune cells infiltration. IL-8 and CXCL1 act as chemoattracts for several immune cells,

especially neutrophils to the site of infection regulating immune and inflammatory responses (Allen and

Kurdowska, 2014; De Filippo et al., 2013). IL-8 has been considered as a biomarker for disease prognosis

of COVID-19 since serum IL-8 was easily detectible in patients with COVID-19 with mild symptoms, while

serum IL-6 became obviously elevated in severe COVID-19 patients (Del Valle et al., 2020; Li et al., 2020,

2021). Recently, a positive feedback loop of systemic and neutrophil autocrine IL-8 production has been

identified, which leads to a prothrombotic neutrophil phenotype characterized by degranulation and

neutrophil extracellular trap (NET) formation in severe COVID-19 (Kaiser et al., 2021). Consistent with

this neutrophil response, differential expression of genes associated with neutrophil degranulation was

detected related to the expression of ORF7a and/or ORF7b (Figure 8C). In addition, differential expression

of genes involved in leukocyte activation was also observed, including genes of the TNFA signaling via

NFkB (Figure 8C) such as TNFAIP6 and FOS that might contribute to leukocyte infiltration. Additionally,

a high expression of IL-11 was observed (Figure 5C). IL-11 is a pleiotropic cytokine with effects that overlap

with IL-6, particularly relevant in epithelial cells (West, 2019). In human lungs, IL-11 upregulation has been

associated with viral infections and a range of fibroinflammatory diseases, including idiopathic pulmonary

fibrosis (Ng et al., 2020). Infection with SARS-CoV-2 has also been associated with fibrosis. Notably, the ma-

jor risk factors for COVID-19 are shared with those of idiopathic pulmonary fibrosis (George et al., 2020).

Finally, diffuse alveolar damage and alveolar-capillary barrier breakdown are prominent pathological fea-

tures of severe COVID-19 (Batah and Fabro, 2021). In this study, we suggest that SARS-CoV-2 ORF7a and

ORF7b could play a determinant role in the disruption on the lung epithelium in patients with COVID-19.

Alterations in gene expression were identified in a large number of critical cell-ECM and cell-cell junction

proteins, which were strongly repressed (Figures 6 and 7) leading to a weaker association to selective ECM

components as fibrinogen, collagen IV, and fibronectin (Figure 6B) and lower cell adhesion (Figure 7C).

Thus, it is tempting to speculate that upon infection, ORF7a and ORF7b participated in COVID-19 patho-

genesis by the destruction of the epithelial barrier. These accessory proteins could disrupt adherents and

tight junctions which would contribute to the desquamation of the alveolar wall, as observed in lung bi-

opsies from SARS-CoV-infected patients (Nicholls et al., 2003), macaques (Li et al., 2005) and recently in

lung autopsy samples from patients with SARS-CoV–2 infection (D’Agnillo et al., 2021). Based on our

results, it is tempting to speculate that alteration of cell junctions would create a breach in the epithelial

barrier allowing virions to reach the basal matrix, which compromises endothelial function and ‘‘blood–air

barrier’’ integrity. However, in vivo results of transgenic mice infected with SARS-CoV-2 mutants carrying

ORF7a or ORF7b gene deletions have been shown a small impact of ORF7a and ORF7b on viral pathogen-

esis and disease outcome (Silvas JA et al., 2021), suggesting that other viral factors could counterplay

ORF7a or ORF7b role in the context of SARS-CoV-2 infection, at least in mice.

Taken together, our findings suggest that SARS-CoV-2 accessory proteins ORF7a and ORF7b trigger

changes in human pulmonary epithelial cells, which could likely contribute to, at least in part, metabolic

disturbances, and diffuse alveolar damage and the hyperinflammatory state in severe COVID-19. These

findings could provide insights into the interactions between the accessory proteins and the host, and

broaden our understanding about the pathogenicity of SARS-CoV-2.

Limitations of the study

The major limitation in this study is the usage of an in vitromodel for individual expression of viral proteins,

which do not evaluate ORF7a and ORF7b functions in the context of SARS-CoV-2 infection. Nevertheless,

this reductionist approach allows studying each individual protein interaction with the cell machinery

without interference of other viral proteins. Other approaches, such as cell culture-based and in vivo
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infections with mutant viruses containing deletions of these accessory proteins would allow detailed anal-

ysis of molecular changes during infections and would be necessary to define other physiologically relevant

effects, such as interactions of viral proteins between them and with the cellular structure.
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Ellis, P., Somogyvári, F., Virok, D.P., Noseda, M.,
andMcLean, G.R. (2021). Decoding Covid-19 with
the SARS-CoV-2 genome. Curr. Genet.Med. Rep.
9, 1–12. https://doi.org/10.1007/s40142-020-
00197-5.

Ericson, J.A., Duffau, P., Yasuda, K., Ortiz-Lopez,
A., Rothamel, K., Rifkin, I.R., and Monach, P.A.;
ImmGen Consortium (2014). Gene expression
during the generation and activation of mouse
neutrophils: implication of novel functional and
regulatory pathways. PLoS One 9, e108553.
https://doi.org/10.1371/journal.pone.0108553.

Fogeron, M.-L., Montserret, R., Zehnder, J.,
Nguyen, M.-H., Dujardin, M., Brigandat, L., Cole,
L., Ninot-Pedrosa, M., Lecoq, L., Meier, B.H., and
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-StrepTag Sigma-Aldrich Cat#SAB2702215

Mouse Anti-GAPDH GenScript Cat#A00084

GM130 abcam Cat#ab52649; PRID:AB_880266

Tom20 abcam Cat# ab186735; RRID:AB_2889972

Rab4 abcam Cat#ab109009; RRID:AB_10887396

Rab7 abcam Cat# ab126712; RRID:AB_11130316

PE mouse anti-human CD54 BD Pharmingen Cat# 560971; RRID:AB_2033962

PE Mouse IgG1, K Isotype control BD Pharmingen Cat# 550617; RRID:AB_10050483

Mouse Anti-g-catenin (A-6) Santa Cruz Biotechnology Cat#sc-514115

Rabbit Anti-ZO-1 Invitrogen Cat# 61-7300; RRID:AB_2533938

StarBright Blue 700 Anti-mouse BIO-RAD Cat# 12004159; RRID:AB_2884948

Anti-Rabbit IgG-FITC Sigma-Aldrich Cat# F9887; RRID:AB_259816

Bacterial and virus strains

Lentivirus VSV-G Clontech (Takara) Cat#631253

Lentivirus VSV-G pseudotyped ORF7a This paper N/A

Lentivirus VSV-G pseudotyped ORF7a This paper N/A

Chemicals, peptides, and recombinant proteins

DMEN 1X (Dulbecco’s Modified Eagle Medium) Gibco Cat#41965039

Fetal Bovine Serum (FBS) Gibco Cat#10270106

Penicillin-Streptomycin Gibco Cat#15140

Puromycin Millipore Cat#54022

Lipofectamine 2000 Reagent Thermo Fisher Scientific Cat#11668019

Polybrene Millipore Cat#TR-1003-G

Mini-Protean TGX Stain-free gels BIO-RAD Cat#4568093

Trans-Blot Turbo Transfer Nitrocellulose BIO-RAD Cat#170-4270

Trans-Blot Turbo Transfer Buffer 5X BIO-RAD Cat#10026938

Laemmli Buffer SDS-PAGE SERVA Cat#42556.01

Tween-20 PanReac AppliChem Cat#142312

PageRuler Plus Prestained Protein Ladder Thermo Scientific Cat#26619

Protease inhibitor cocktail Sigma-Aldrich Cat#P8340

Phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat#P5726

Phosphatase inhibitor cocktail 3 Sigma-Aldrich Cat#P0044

DAPI (40,6-Diamidino-2-Phenylindole,

dihydrochloride)

Roche Cat#10236276001

Calcein-AM Invitrogen Cat#C1430

Trypsin-EDTA 10X Biowest Cat#X0930

Albumin (BSA) PanReac AppliChem Cat#A1391

Triton X-100 Sigma-Aldrich Cat#X100

Tris Base Fisher Scientific Cat#M-27435

NaCl PanReac AppliChem Cat#141659

Glycine PanReac AppliChem Cat#A1067

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Juan José Garrido Pavón (ge1gapaj@uco.es).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

RNeasy mini kit Qiagen Cat#74106

TURBO DNase Invitrogen Cat#AM2238

qScript� cDNA synthesis kit Quanta Biosciences Inc Cat#95047

5x PyroTaq EvaGreen qPCR Mix Plus with ROX Cultek Molecular Bioline Cat#88H24

CytoSelect� 48-well Cell Adhesion Assay Cell Biolabs Cat#CBA-070

Deposited data

Raw RNA-seq data This paper NCBI BioProject: PRJNA841835

This paper Mendeley Data:https://data.mendeley.com/datasets/

gfyzfzkcyw/1gfyzfzkcyw/1

Experimental models: Cell lines

A549 ATCC CCL-185

A549-ORF7a This paper N/A

A549-ORF7b This paper N/A

HEK293T ATCC CRL-11268

Oligonucleotides

Primers for qPCR, see Table S5 This paper N/A

Recombinant DNA

pLVX-EF1a-IRES-Puro Clontech (Takara) Cat#631253

pLVX-EF1a-SARS-CoV-2-ORF7a-2xStrep-IRES-Puro This paper N/A

pLVX-EF1a-2xStrep-SARS-CoV-2-ORF7b-IRES-Puro This paper N/A

Software and algorithms

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Fiji (ImageJ) version 2.1 National Institutes of Health, USA https://imagej.net/software/

fiji/downloads

Image Lab software version BIO-RAD https://www.bio-rad.com/es-es/

product/image-lab-software?ID=KRE6P5E8Z

DESeq2 R package Bioconductor https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

NovoSmart Software Novogene https://en.novogene.com

Metascape App Metascape http://metascape.org

Cytoscape version 3.9.1 Cytoscape https://cytoscape.org

GenEx6 Pro software MultiD Analyses AB https://multid.se/genex/

FlowJo version 10 BD Biosciences https://www.flowjo.com/

solutions/flowjo/downloads

Other

Illumina NovaSeq 6000 Illumina https://www.illumina.com/systems/

sequencing-platforms/novaseq.html
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Material availability

All unique material generated in this study are listed in the key resources table and available from the lead

contact.

Data and code availability

All sequencing data sets are available in the NCBI BioProject database under accession number

PRJNA841835. Additional Supplemental Items (Tables S1, S2, S3 and S4) are available from Mendeley

Data at https://data.mendeley.com/datasets/gfyzfzkcyw/1. Any additional information required to reana-

lyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

A549 pulmonary epithelial cells (ATCC CRM-CCL-185) were cultivated in Dulbecco’s Modified Eagle Me-

dium (DMEM) supplemented with 10% (v/v) fetal bovine serum/FBS) and 1% Streptomycin-Penicillin.

A549-transduced cells expressing SARS-CoV-2 ORF7a or ORF7b were additionally supplemented with

2 mg/mL puromycin. All cells were cultured at 37�C in a 5% CO2, 90% humidity atmosphere.

METHOD DETAILS

Lentivirus production, cell culture and transduction

ORF7a or ORF7b coding sequences (codon-optimized for mammalian expression) were cloned into pLVX-

EF1a-IRES-Puro Cloning and Expression Lentivector (Clontech, Takara) to generate pseudotyped lentiviral

particles encoding the ORF7a or ORF7b accessory proteins of SARS-CoV-2 (Wuhan-Hu-1 isolate) at the

CNIC (Centro Nacional de Investigaciones Cardiovasculares) Viral Vector Unit (ViVU). Briefly, VSV-G pseu-

dotyped ORF7a or ORF7b lentivirus was produced by co-transfection of HEK293T cells with the pLVX-

ORF7a or pLVX-ORF7b plasmids, pCMV-Gag-Pol and pCMV-VSV-G using Lipofectamine 2000 Reagent

(Thermo Fisher Scientific) as per manufacturer instructions. The supernatant was collected 2 days after

transfection, centrifuged at 500 x g for 10 min, and concentrated using Amicon Ultra-15 Centrifugal Filter

Units, and finally titrated by serial dilution. A549 pulmonary epithelial cells (ATCC CRM-CCL-185) were

transduced by incubating with lentivirus at a MOI of 10 for 24 h followed by 2 mg/mL puromycin treatment

to start the selection of successfully transduced cells.

Western blot

Transduced cells were harvested and lysed in ice-cold RIPA lysis buffer containing complete protease

inhibitor and phosphatase inhibitors cocktails (Sigma-Aldrich) at 4�C for 30 min. Cell lysates was mixed

with SDS-Laemli sample buffer and heated at 95�C for 5 min. Protein samples were resolved by SDS poly-

acrylamide gel electrophoresis and transferred onto a nitrocellulose membrane using Trans-Blot

Turbo Transfer System (Bio-Rad, Hercules, CA), followed by blocking for 1 h with 5% nonfat milk in

Tris-buffered saline-Tween 20 buffer and probing with antibodies against Strep Tag (SAB2702215,

Sigma-Aldrich), g-catenin (sc-514115, Santa Cruz Biotechnology) and GAPDH (A00084, GenScript). The

washed membranes were incubated with secondary antibody StarBright Blue 700 Goat anti-mouse

IgG (Bio-rad). The proteins were visualized by fluorescence using ChemiDoc MP Imaging Systems

(Bio-Rad).

Immunofluorescence microscopy

Cells were seeded on 24-well plates containing glass coverslips coated with poly-lysine solution (100.000

cells per well). Cells were fixed with 4% PFA in PBS for 15 min, washed twice in PBS, and then permeabilized

for 10 min with 0.1% Triton X-100 in PBS. Primary antibodies incubation was carried out for 1h in PBS con-

taining 3% BSA and 0.1% Triton X-100 at 1:100 dilution. Coverslips were washed three times with PBS

before secondary anti-mouse antibodies incubation (1:1000 dilution). The antibodies used for immunoflu-

orescence are shown in the key resources table. Anti-phalloidin was used as a cytoplasmic marker at 1:200,

and DAPI (406-diamidino-2-phenylindole) (Molecular Probes) was used as a nuclear marker. Coverslips were

mounted inMowiol 4-88 (Sigma-Aldrich). Images were acquired with a confocal laser microscope Leica TCS

SP8 STED 3X.
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RNA isolation and sequencing

WT A549, A549-ORF7a and A549-ORF7b cells were seeded (3 3 105) in 6-well plates and lysed using RLT

buffer for RNA isolation (RNeasy mini kit, Qiagen). Each sample was performed in triplicate. RNA was iso-

lated following manufacturer protocol, quantified by Nanodrop 1000 (Thermo Scientific) and quality

controlled by Bioanalyzer (Agilent). All samples sent for sequencing had a RIN (RNA integrity number)

over 9.90. cDNA libraries and sequencing were performed by Novogene Europe, using 400 ng of RNA

per sample for library preparation. Samples were sequenced in an Illumina platform using a PE150 strategy.

Gene sets and expression analysis

Sequencing raw data was quality controlled (error rate, GC content distribution) and filtered, removing bad

quality and N-containing sequences and adaptors. Clean data were mapped (HISAT2) to reference

genome GRCh38.p13, and gene expression was quantified using FPKM (Fragments Per Kilobase of tran-

script sequence per Millions of base pairs sequenced). Differential expression analysis was performed us-

ing DESeq2 R package (Anders and Huber, 2010).

Raw counts were transformed with the vst function in the DESeq2 package (Love et al., 2014) of the R soft-

ware version 3.6.3 (R Core Team, 2020), and subsequent PCA was performed with the prcomp function. The

500 genes with the highest variance among samples were considered. Finally, the PCA graph was made

with Graphad Prism software.

GO and pathways enrichment analysis

The annotation function of GO analysis is comprised of three categories: BP, CC, and MF. Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) is a database resource for understanding high-level functions and

utilities of the genes or proteins (Kanehisa et al., 2012; Kanehisa and Goto, 2000). GO analysis and

KEGG pathway enrichment analysis of candidate DEGs were performed using the R package and using

NovoSmart Software. An adjusted p-value less than 0.05 was considered as the cut-off criterion for both

GO analysis and pathway enrichment analysis.

Pathway enrichment analysis, network and PPI module reconstruction

To perform the pathway enrichment analysis and the gene network reconstruction, we used the online

Metascape tool (http://metascape.org/; Zhou et al., 2019) with the default parameters set. Enrichment an-

alyses were carried out by selecting the genomics sources: KEGG Pathway, GO Biological Processes, Re-

actome Gene Sets, Canonical Pathways, and CORUM. Terms with p < 0.01, minimum count 3, and enrich-

ment factor >1.5 were collected and grouped into clusters based on their membership similarities. p values

were calculated based on accumulative hypergeometric distribution, and q values were calculated using

the Benjamini-Hochberg procedure to account for multiple testing. To further capture the relationship

among terms, a subset of enriched terms was selected and rendered as a network plot, where terms

with similarity >0.3 are connected by edges. Based on PPI enrichment analysis, we ran a module network

reconstruction based on the selected genomics databases. The resulting network was constructed contain-

ing the subset of proteins that form physical interactions with at least one other list member. Subsequently,

employing Molecular Complex Detection (MCODE) algorithm, we first identified connected network com-

ponents, then a pathway and process enrichment analysis was applied to each MCODE component inde-

pendently and the three best-scoring (by p-value) terms were retained as the functional description of the

resulting modules.

Real time qPCR analysis

RNA samples (500 ng) were reverse transcribed using qScript� cDNA synthesis kit (Quanta Biosciences

Inc.), following manufacturer’s instructions. Primer sequences are available in Table S5. The final 15 mL

PCR reaction included 2 mL of 1:5 diluted cDNA as template, 3 mL of 5x PyroTaq EvaGreen qPCR Mix

Plus with ROX (Cultek Molecular Bioline, Madrid, Spain), and transcript-specific forward and reverse

primers at a 10 mM final concentration. Real time PCR was carried out in a QuantStudio 12K Flex system

(Applied Biosystems) under the following conditions: 15 min at 95�C followed by 35 cycles of 30 s at

94�C, 30 s at 57�C and 45 s at 72�C. Melting curve analyses were performed at the end, in order to ensure

the specificity of each PCR product. Relative expression results were calculated using GenEx6 Pro software

(MultiD- Göteborg, Sweden), based on the Cq values obtained. Statistical differences in expression among

groups were assessed using Student’s t-test, setting statistical significance at p <0.05.
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Flow cytometric analysis

Flow cytometry was used to analyze the expression levels of ICAM-1. Cells were harvested, washed in PBS

and blocked with goat serum for 20 minutes at 4�C. For staining, cells were resuspended in PBS 0.1% BSA

0.01% NaN3 containing the monoclonal antibody PE mouse anti-human CD54 (BD Pharmingen) or its iso-

type control at a concentration of 1/500. Both antibodies were previously titrated to determine their

concentration. Live/Dead Fixable Aqua dye (Invitrogen) was used at 1/1000 to assess cell viability. Cells

were incubated for 30 min at 4�C protected from the light, washed with PBS 0.1% BSA 0.01% NaN3 and

resuspended in PBS. For these experiments, a CytoFLEX flow cytometer (Beckman Coulter) was used

and data was analyzed using FlowJo v10 (BD Biosciences).

Cell adhesion assays

Cell to ECM adhesion was tested using the CytoSelect� 48-well Cell Adhesion Assay (CBA-070, Cell Bio-

labs) according to the manufacturer’s protocol. Briefly, cells were seeded at 0.12 3 106 onto the 48-well

plate and were left to incubate for 90 min at 37�C, with 5% CO2. The unbound cells were washed off and

the adherent cells were stained for 10 min at RT. Any residual stain was removed with 5 washes using

dH2O and the plate was left to air dry. Using an orbital shaker, the plate was incubated for a final 10 min

at RT with extraction solution. The optical density (OD) was read at 595 nm. Bovine serum albumin (BSA)

was used as a negative control.

The cell-cell adhesion assay was performed as follow. Briefly, 5 3 104 A549 cells were seeded into a 96-well

plate for 24 hours. After 24 h incubation, A549 cells were labeled with calcein-AM. They were co-cultured

with the monolayer of A549 cells for 2 h at 37�C, 5% CO2. After the indicated period, non-adherent cells

were removed, and then calcein-AM measured the fluorescence using a fluorescein filter set (absorbance

maximum of 480/20 nm and an emission maximum of 530/25 nm) to calculate the number of adherent cells.

ZO-1 staining

For the optical characterization of tight junctions, cells were grown on Transwell membranes (ref. 3401,

Costar, 0.4 mm pore size). Seeding density was 70 000 cells. ZO-1 staining was performed after 8 days as

described below. Cells were washed three times with PBS and fixed with �20�C methanol for 5 minutes

at 4�C. Afterward, the samples were permeabilized with 0.1% Triton X-100 for 5 minutes at RT. Subse-

quently, a blocking step with PBS containing 1% BSA was performed. The primary anti-ZO-1 antibody

(ref. 61-7300, Invitrogen) was diluted at 1:100 in PBS containing 1% BSA and incubated for 3 h at RT. The

secondary antibody (anti-rabbit IgG-FITC, ref. 9887, Sigma) was diluted 1:200 in PBS and incubated for

1 h at RT. Cell nuclei were counterstained with DAPI (0,5 mg/mL) for 2 min at RT. Transwell membranes

were then sliced into strips and mounted onto glass slides with the cell side up, and treated with anti-

fade reagent overnight at 4�C with coverslips on top. Samples were analyzed by a confocal laser scanning

microscopy.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad PRISM 9. p values were determined using Student’s

t-test. Unless otherwise stated, data are shown as the mean of at least three biological replicates. Signifi-

cant differences are indicated as: *, p <0.05; **, <0.01; ***, p<0.001.
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