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A B S T R A C T

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has seriously threatened global public health and caused huge economic losses. Omics studies of
SARS-CoV-2 can help understand the interaction between the virus and host, thereby providing a new perspective
in guiding the intervention and treatment of the SARS-CoV-2 infection. Since large amount of SARS-CoV-2 omics
data have been accumulated in public databases, this study aimed to identify key host factors involved in SARS-
CoV-2 infection through systematic integration of transcriptome and interactome data. By manually curating
published studies, we obtained a comprehensive SARS-CoV-2-human protein-protein interactions (PPIs) network,
comprising 3591 human proteins interacting with 31 SARS-CoV-2 viral proteins. Using the RobustRankAg-
gregation method, we identified 123 multiple cell line common genes (CLCGs), of which 115 up-regulated CLCGs
showed host enhanced innate immunity and chemotactic response signatures. Combined with network analysis,
co-expression and functional enrichment analysis, we discovered four key host factors involved in SARS-CoV-2
infection: IFITM1, SERPINE1, DDX60, and TNFAIP2. Furthermore, SERPINE1 was found to facilitate SARS-
CoV-2 replication, and can alleviate the endoplasmic reticulum (ER) stress induced by ORF8 protein through
interaction with ORF8. Our findings highlight the importance of systematic integration analysis in understanding
SARS-CoV-2-human interactions and provide valuable insights for future research on potential therapeutic targets
against SARS-CoV-2 infection.
1. Introduction

In the past two decades, coronaviruses have caused three large-scale
outbreaks: severe acute respiratory syndrome (SARS), Middle East res-
piratory syndrome (MERS) and recently severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (Harrison et al., 2020). In December
2019, the first coronavirus disease 2019 (COVID-19) case was reported
(Huang et al., 2020), and rapid human-to-human and intercontinental
transmission were subsequently discovered. It was declared as a
pandemic by the World Health Organization on March 11, 2020 (Cuci-
notta and Vanelli, 2020). The SARS-CoV-2 outbreak, especially the recent
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global dissemination of the Omicron variant, has posed a serious threat to
global public health, resulting in massive economic losses throughout the
world (Araf et al., 2022).

SARS-CoV-2 is a positive-sense single-stranded RNA virus that en-
codes four structural proteins, sixteen nonstructural proteins (NSPs), and
several accessory proteins (Chen et al., 2020; Wu et al., 2020). The
structural proteins primarily function in forming infectious virions (Yang
and Rao, 2021). NSPs are critical for replication, and accessory proteins
are involved in dysregulating host immune responses and modulating
host cell signaling pathways (Suryawanshi et al., 2021). The competition
between host antiviral immunity and viral antagonism forms the
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virus-host interaction networks. Although the host activates innate and
adaptive immune responses to resist viral infection, viruses develop a
variety of strategies to modulate host signaling pathways and hijack host
metabolism resources to facilitate their replication (Chen et al., 2022).
Investigating the interaction between viral and host proteins is of great
significance in understanding the pathogenesis of emerging viruses (Tan
et al., 2007). Several individual studies have used large-scale methods to
decipher the interplay between SARS-CoV-2 and its hosts. Using
affinity-purification mass spectrometry (AP-MS), David E Gordon et al.
identified 332 high-confidence SARS-CoV-2 and human protein-protein
interactions (PPIs) (Gordon et al., 2020a). Meanwhile, scientists
compared virus-human PPIs for SARS-CoV-2, SARS, and MERS, obtained
conserved PPIs across all three viruses and identified 73 host factors
required for SARS-CoV-2 replication (Gordon et al., 2020b). However, a
single PPI study identified only the tip of the iceberg of SARS-CoV-2
interactome. A comprehensive analysis of virus-host interactions is ur-
gently needed. With the emergence of this new virus, a great number of
SARS-CoV-2 transcriptome data has been accumulated in public data-
bases (Blanco-Melo et al., 2020b; Ren et al., 2021). Previous studies
seemed to be limited and focused mostly on single cell line or tissue.
Nevertheless, results from traditional single sequencing data studies
suffer from low reproducibility due to the heterogeneity of experimental
samples, different sequencing techniques and data processing methods
(Aevermann et al., 2014). The integration of various datasets will allow
us to acquire a comprehensive perspective of virus-host interactions and
expand our understanding on how viral proteins hijack host systems to
favor their replication and immune evasion, as well as to identify crucial
host factors.

In this study, we conducted a systematic integrated analysis of
interactome and transcriptome datasets from different studies, to provide
a panoramic view of the interactions between SARS-CoV-2 proteins and
human proteins. By combing network analysis, gene ranking, co-
expression networks and functional enrichment analysis, we identified
four key host factors involved in SARS-CoV-2 infection, including SER-
PINE1, TNFAIP2, IFITM1 and DDX60. Furthermore, we showed that
SERPINE1 can facilitate SARS-CoV-2 replication and can interact with
the SARS-CoV-2 ORF8 protein to alleviate the endoplasmic reticulum
(ER) stress induced by ORF8. Overall, our findings improve our under-
standing of SARS-CoV-2 viral protein function and host immunity, paving
the way for the development of potential therapeutic strategies.

2. Materials and methods

2.1. Cells and virus

HEK293T (ATCC, #CCL-11268), Vero-E6 (ATCC, #CRL-1586), Huh7
and HeLa cells overexpressing human ACE2 (HeLa-ACE2) were cultured
in Dulbecco's Modified Eagle Medium (Gibco) supplemented with 10%
fetal bovine serum (Gibco), 1% penicillin-streptomycin (Gibco), and
maintained at 37 �C in a humidified atmosphere containing 5% CO2.
SARS-CoV-2 virus was provided by the NIH. Viruses were propagated in
Vero-E6 cells and titrated by TCID50. Cells were infected with SARS-CoV-
2 at the indicated multiplicity of infection (MOI) in Opti-MEM for 1 h and
then cultured with fresh medium supplemented with 2% fetal bovine
serum. All experiments involving the SARS-CoV-2 virus were performed
in the BSL-3 laboratory at the University of California, Los Angeles
(UCLA).

2.2. Plasmids and antibodies

SARS-CoV-2 ORF8-FLAG plasmid was kindly provided by Dr. Pei-Hui
Wang (Zhang et al., 2020a). HA-tagged recombinant plasmids encoding
human SERPINE1, TNFAIP2, IFITM1, and DDX60 were constructed by
PCR-based amplification and then subcloned into the pCMV-C-HA
eukaryotic expression vector (Beyotime, #D2639). The clones were
confirmed by DNA sequencing. Antibodies used for immunoblotting
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were: Rabbit anti DDDDK-Tag pAb (ABclonal, #AE004), HA-Tag (6E2)
mouse mAb (CST, #2367), IRDye 800CW goat anti-mouse IgG (HþL)
(LI-COR Biosciences, #925-32210), and IRDye 680LT goat anti-rabbit
IgG (HþL) (LI-COR Biosciences, #926-6802).

2.3. SARS-CoV-2-human interactome and network analysis

The SARS-CoV-2-human interactome is composed of two levels of
interactions, including SARS-CoV-2-human PPIs and human-human PPIs.
The first level (direct SARS-CoV-2-human PPIs) was manually curated
from published studies, comprising PPIs data obtained by four experi-
mental methods: affinity purification-mass spectrometry, proximity-
dependent biotin labeling, genome-wide yeast-two hybrid (Y2H)
screens and co-immunoprecipitations (Co-IP). The second level (SARS-
CoV-2 infection associated PPIs) was downloaded from HuRI database
(Luck et al., 2020) (www.interactome-atlas.org). The HuRI consists of
human-human PPIs screened using high throughput Y2H. Network to-
pology analyses were performed using package igraph version 1.2.6
(https://github.com/igraph) in R (version 3.6.2). The degree function
was used to calculate the degree (the total number of a node's neighbors).
The betweenness function was employed to calculate the betweenness
centrality (the number of shortest paths passing through a node, repre-
senting network centrality) (Mao and Zhang, 2013). The function
shortest.paths was utilized to calculate the average shortest path length
(the average length of all shortest paths from the node to other nodes in
the network). The final PPI network was visualized by Cytoscape Version
3.7.2 (Su et al., 2014).

2.4. Transcriptome analysis

Identification datasets were downloaded from GEO database (acces-
sion numbers: GSE153970, GSE150392, GSE150819, GSE148729, and
GSE147507) and National Genomics Data Center (https://bigd.b
ig.ac.cn/; accession number PRJCA002617 (Sun et al., 2020)). Raw
reads were assessed using FASTQC v0.11.9 (https://github.com/s-andre
ws/FastQC) and trimmed using Trimmomatic v0.38 (Bolger et al., 2014).
STAR aligner (v2.7.2a) was performed to map the filtered reads to the
human GRCh38 reference genome (Dobin et al., 2013). HTSeq (version
0.9.1) was used to retrieve the raw counts for each gene (Anders et al.,
2015) and the differential expression genes (DEGs) were calculated by R
package DEseq2 (Love et al., 2014) (with P-value < 0.01, |log2FC| � 1).
The R package RobustRankAggreg (RRA) (Kolde et al., 2012) was applied
to identify CLCGs in multiple cell lines infected by SARS-CoV-2 (with
adjust P-value< 0.05, |log2FC|� 1). This RRAmethod assumes that each
gene in each dataset is randomly arranged. It identifies genes that ranked
consistently across multiple cell lines. The validation dataset was a
bronchoalveolar lavage fluid (BALF) single-cell RNA sequencing
(scRNA-seq) data from GSE145926 (Liao et al., 2020) and was analyzed
by R package Seurat version 3.1.4 (Stuart et al., 2019).

2.5. Gene set enrichment analysis

The R package "clusterProfiler" (version 3.14.3) (Yu et al., 2012) was
used for functional enrichment analysis. The enrichGO and enrichKEGG
function were utilized to query the Gene Ontology (GO) function and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway,
respectively.

2.6. Transcription factors enrichment analysis

Transcription factors enrichment analysis was performed to analyze
the enrichment of upstream transcription factors (TFs) based on the
overlap between a given gene set and previously annotated TFs targets.
ChEA3 (Keenan et al., 2019) was employed as a TFs enrichment analysis
tool to predict upstream TFs. TFs targets were assembled from ENCODE
ChIP-seq library.

http://www.interactome-atlas.org/
https://github.com/igraph
https://bigd.big.ac.cn/
https://bigd.big.ac.cn/
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2.7. Knockdown of SERPINE1 using siRNA

siRNAs targeting human Serpine1 (sc-36179) and negative control
siRNA (sc-37007) were purchased from SantaCruz (Dallas, USA). At 12 h
after cell seeding, cells were transfected with the siRNAs using INTER-
FERin (Polyplus, Illkirch-Graffenstaden, France) siRNA transfection re-
agent according to the manufacturer's instruction. At 24 h after siRNA
transfection, cells were collected for interference efficiency detection by
RT-qPCR or immunoblotting.

2.8. Immunoblotting

Cells were harvested and lysed in RIPA lysis buffer (50 mmol/L Tris-
HCl (pH 7.4), 150mmol/L NaCl, 0.25% sodium deoxycholate, 1%NP-40,
1 mmol/L EDTA, phosphatase and protease inhibitor cocktails (Roche,
Basel, Switzerland)) on ice for 30 min. The supernatant was collected
after centrifugation at 13,500�g for 15 min. Protein concentrations were
determined by a BCA protein assay kit (Thermo Fisher Scientific, Wal-
tham, USA). Equal amounts of proteins were loaded to SDS-PAGE and
transferred onto polyvinylidene fluoride (PVDF) membrane. The mem-
branes were blocked with 5% (w/v) nonfat milk in TBST (50mmol/L Tris
pH 8.0, 150 mmol/L NaCl, 0.05% Tween-20) buffer, incubated with
antibodies and visualized by an Odyssey Clx infrared imager (LI-COR
Biosciences, Lincoln, USA).

2.9. Immunoprecipitation

HEK293T cells cultured in 6 cm dishes were transfected with various
plasmids. Cells were collected and lysed with RIPA lysis buffer. Super-
natants were collected by centrifugation (13,500 �g, 15 min, 4 �C) and
incubated with anti-HA or anti-FLAGMagnetic Beads (MedChemExpress,
Monmouth Junction, USA) overnight at 4 �C. Beads were washed three
times with IP-wash buffer (50 mmol/L Tris-Cl (pH 7.4), 150 mmol/L
NaCl, 0.25% sodium deoxycholate, 2% NP-40, 1 mmol/L EDTA).
Immunoprecipitated proteins were eluted by heating the beads to 98 �C
in 1� SDS-PAGE loading buffer and analyzed by immunoblotting.

2.10. Quantitative real time PCR analysis

Cellular total RNA was isolated from cells using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) with on-column digestion of genomic DNA.
Viral genome RNA in virus suspension were extracted using PureLink
Viral RNA/DNA Mini Kit (Thermo Fisher Scientific, Waltham, USA). The
RNAs were reverse transcribed to synthesize cDNA using the Prime-
Script™ RT reagent Kit (TaKaRa, Dalian, China) according to the man-
ufacturer's protocol. Quantitative real time PCR was performed using
LightCycler 480 SYBR Green I Master mix (Roche, Basel, Switzerland),
and the threshold cycle (Ct) values of the samples were measured with a
LightCycler 480 (Roche, Basel, Switzerland). cDNA quantities were
normalized to GAPDH. All primers used were listed in Supplementary
Table S1.

2.11. Confocal immunofluorescence assay

HeLa cell monolayers adhered to coverslips were transfected with the
indicated plasmids for 24 h. The cells were washed twice with Phosphate
Buffered Saline (PBS), and fixed with 4% paraformaldehyde for 15 min at
room temperature. Subsequently, the cells were permeabilized with PBS
containing 0.2% Triton X-100 for 30 min at room temperature and
blocked with bovine serum albumin (BSA)-PBS solution for 30 min at
room temperature. The blocked cells were incubated with the indicated
primary antibody (1:500) overnight at 4 �C, followed by incubation with
secondary antibody conjugated to Alexa FluorTM488, Alexa FluorTM594
or Alexa FluorTM647 (1:2000) (Jackson ImmunoResearch Inc., West
Grove, USA) at room temperature and protected from light for 1 h. 4',6-
diamidino-2-phenylindole (DAPI) was added to the slides to stain the
510
nucleus. Finally, the slides were imaged with a Leica SP8 confocal
microscope.

2.12. Statistical analysis

Statistical analysis was performed using R studio version 3.6.2 for
statistical computing. Experimental data are presented as mean � SD.
Differences were considered statistically significant when P values were
less than 0.05. “*” denotes significant difference and “ns” for no signif-
icance. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 for all
the analysis.

3. Results

3.1. SARS-CoV-2-human interactome construction and global analysis

To better understand the mechanisms of SARS-CoV-2 replication and
pathogenesis at the cellular level, we constructed and analyzed the virus-
host interactome. The SARS-CoV-2-human interactome consists of two
levels of interactions: PPIs between SARS-CoV-2 and human proteins,
and PPIs among human proteins. Firstly, we curated direct interactions
between SARS-CoV-2 and human proteins from published studies (Sup-
plementary Table S2). The results showed that 31 viral proteins encoded
by SARS-CoV-2 could directly interact with 3591 human proteins, which
were defined as SARS-CoV-2 directly interacting human proteins (SIPs).
These SIPs interacted with at least one SARS-CoV-2 protein, and some of
them can interact with multiple viral proteins simultaneously, resulting
in 11,755 interacting pairs (Fig. 1A). To gain insight into virus-induced
perturbations and the function of SIPs in the human host, we then
mapped the network onto a human PPIs network (HuRI). We identified
3848 human interactors of 1459 SIPs in HuRI and yielded 16,694 non-
redundant PPIs between these 5307 human proteins. The 3848 human
interactors of SIPs were defined as SARS-CoV-2 infection associated
human proteins (SAPs). Finally, we constructed a large SARS-CoV-2-
human protein interactome consisting of SARS-CoV-2 viral proteins,
SIPs and SAPs, with 7470 nodes and 28,449 non-redundant edges
(Fig. 1A).

Previous studies have showed that virus directly interacting proteins
usually play a central role in the host PPIs network, and targeting these
proteins may seriously affect the balance of the host network (Perrin--
Cocon et al., 2020; Zhang et al., 2021b). In order to provide novel in-
sights into virus-host interactions, the degree, betweenness centrality and
average shortest path length were calculated for each protein in HuRI.
SIPs had a median degree, betweenness centrality, and average shortest
path length of 4, 2 and 3.8, respectively, compared to 9, 286.3 and 3.6 for
SAPs and 2, 0, and 4 for all other human proteins in HuRI (Fig. 1B). SIPs
and SAPs showed higher betweenness centrality and degree, as well as
smaller average shortest path length when compared to other human
proteins (student's t-test, P< 0.01). This suggests that SIPs and SAPs exert
a substantial effect on human interactome. Additionally, the degree
distributions of each viral protein and human protein were investigated.
The top five viral proteins were ORF7b, M, NSP6, NSP4, and ORF7a
(Fig. 1C). As a viral attenuation factor in SARS-CoV (Pfefferle et al.,
2009), ORF7b had the highest degree. ORF8 ranked seventh and has
been reported to function in immune evasion during SARS-CoV-2 infec-
tion (Zhang et al., 2021a). In the top 30 human protein degree distri-
butions, 29 out of the top 30 proteins were SIPs that directly interacted
with viral proteins (Fig. 1C).

Next, we performed GO enrichment analysis for SIPs of each viral
protein. Research indicated that the localization of interaction partners is
somewhat consistent with the localization of viral proteins, and the
cellular component enrichment can convey important information
regarding function (Gordon et al., 2020b). Consistent with previous
study (Gordon et al., 2020b), cellular component enrichment showed
that SIPs of a variety of SARS-CoV-2 NSPs were mainly located in the
cytoplasm: NSP1 and NSP8 interactors were significantly enriched in



Fig. 1. Global analysis of the SARS-CoV-2-human interactome. A The SARS-CoV-2 interactome includes 7470 nodes and 28,449 non-redundant edges. Orange tri-
angles represent SARS-CoV-2 viral proteins, pink circles represent SARS-CoV-2 directly interacting human proteins (SIPs), and gray circles represent human interactors
of SIPs (SAPs). B Distribution of degree, betweenness centrality, and shortest path length for SIPs, SAPs and other human proteins in the human protein-protein
interaction network (HuRI). C Degree distribution of SARS-CoV-2 viral proteins and top 30 human proteins. D Cellular component enrichment and (E) biological
process enrichment of SIPs for each viral protein. Color indicates –log10(p.adjust).
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"cytoplasmic vesicle lumen", while NSP5, NSP12, NSP13 and NSP14
interactors were predominantly enriched in "cytosolic ribosome" and
"cytosolic part". In addition to cytoplasm related terms, SIPs of NSP4 and
NSP6 were also significantly enriched in ER related GO terms. NSP9
interactors were primarily found in nuclear related terms, such as "nu-
clear pore" and "nucleoid". The interactors of accessory protein ORF8
were mostly enriched in ER related terms: "intrinsic component of
endoplasmic reticulum membrane", "endoplasmic reticulum-Golgi inter-
mediate compartment", "integral component of endoplasmic reticulum
membrane" and "endoplasmic reticulum lumen" (Fig. 1D and Supple-
mentary Table S3). In agreement with cellular component enrichment
result, the biological process enrichment analysis of ORF8 interactors
was also mainly associated with ER related pathways such as "response to
endoplasmic reticulum stress", "response to topologically incorrect pro-
tein", "protein localization to endoplasmic reticulum", and "protein
folding" (Fig. 1E). Furthermore, we found that the SIPs corresponding to
each viral protein were generally enriched in multiple GO terms (Fig. 1E
and Supplementary Table S4), indicating the complexity of virus-affected
perturbations of the host biological network.

3.2. Identification of multiple cell lines common genes (CLCGs) in SARS-
CoV-2 infection

In the past few years, a large number of studies have investigated
transcriptome changes in host cells caused by SARS-CoV-2 infection
(Wang et al., 2021; Li et al., 2022). These transcriptomics studies have
greatly helped us to understand the pathogenesis and immune mecha-
nisms of SARS-CoV-2. To further mine more important information about
the host cell response to SARS-CoV-2 infection, we reanalyzed the DEGs
of six different datasets (Supplementary Table S5) by the DESeq2 pack-
age. The datasets we used include data from various cell lines,
sequencing platforms, infection time, and multiplicities of infection. We
found that DEGs overlap among different cell lines varies significantly,
and considerable variation also presented in the same cell line with
different infection time or multiplicity of infection (Fig. 2A), indicating
that these cell lines can flexibly respond to SARS-CoV-2 infection in a
cell-specific manner. Given the huge disparity in transcriptome changes
among multiple cell lines, we used the R package RRA to identify DEGs
with consistent changes in multiple cell lines infected by SARS-CoV-2.
Through rank analysis, we identified 123 CLCGs in all cell lines,
including 115 up-regulated genes and 8 down-regulated genes (Fig. 2B).

We found that most of the up-regulated CLCGs in virus-infected cells
were genes related to cellular innate immunity, including interferon
genes (e.g., IFNB1, IFNL3, IFNL1, IFNL2) and interferon stimulated genes
(ISGs) (e.g., MX1, CH25H, OASL, etc.). In addition, SARS-CoV-2 infection
also induced robust expression of chemokines and inflammatory cytokine
genes, such as CXCL2, CCL20, IL1A, IL6, TNF, TNFRSF9, etc. (Fig. 2B).
Meanwhile, functional enrichment analysis of the CLCGs revealed that
they were mainly involved in type I interferon signaling pathway,
regulation of cytokine production, and leukocyte chemotaxis. In addition
to significant enrichment in the term “Coronavirus disease-COVID-19”,
many other viruses related pathways were also enriched by KEGG
enrichment analysis, such as Influenza A, Epstein-Barr virus, Hepatitis C,
etc. (Fig. 2C and Supplementary Table S6), suggesting that CLCGs may be
universally up-regulated genes following viral infection. To determine
whether CLCGs were still differentially expressed at the patient level, we
next validated the expression of CLCGs in BALF epithelial cells from
COVID-19 patients. The results showed that most of the up-regulated
CLCGs remained upregulated in epithelial cells from patients with
moderate or severe COVID-19 compared to healthy individuals (Fig. 2D).

3.3. Identification of key host factors interacting with SARS-CoV-2

Based on the aforementioned systematic analysis of SARS-CoV-2-
human interactome and CLCGs, we aimed to identify core host genes
that were critical for SARS-CoV-2 infection and pathogenesis. We first
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overlapped the SARS-CoV-2-human interactome with the CLCGs, and
obtained 35 core host genes, as showed in Fig. 3A and Supplementary
Table S7. Then, the biological functions of these 35 core host genes were
annotated through the Metascape website. The resulting network
revealed that the core host genes were linked to "response to virus",
"response to interferon-beta", "TNF signaling pathway" and "regulation of
cytokine production involved in immune" (Fig. 3B). The enrichment of
each CLCG in different signaling pathways was shown in the heatmap of
Fig. 3C. We found that the majority of core host genes were enriched in
more than one signaling pathway, with TNF signaling pathway, regula-
tion of cytokine production, and regulation of defense response related
terms being significantly enriched by multiple core host genes.

To narrow down the list of candidate genes, co-expression and
network analysis was performed. Co-expression analysis can identify
genes that have coordinated expression patterns and may be functionally
related. The time-series data (PRJCA002617) was used for co-expression
analysis of the 35 core host genes. After clustering the Pearson's corre-
lation coefficient (PCC) matrix of all core host genes, we found that the
up-regulated and down-regulated genes showed strong co-expression,
respectively (Fig. 3D). Among the up-regulated genes, SERPINE1,
TNFAIP2 and RND1 formed a strongly related co-expressed gene module,
while BATF2, OAS1 and XAF1 also formed a co-expressed gene module.
Additionally, the remaining 25 genes showed a high positive correlation
in expression. To learn more about these 35 core host genes and their
function, the functional protein association networks STRING (https
://cn.string-db.org) was used to construct the co-expression network.
23 out of 31 up-regulated core host genes had inner interactions (Fig. 3E).
Mapping the time-series data to the network, we found that 16 genes
were up-regulated at 0 h post-infection (hpi), 10 genes at 7 hpi, 21 genes
at 12 hpi, and 22 genes at 24 hpi, respectively. It indicated that the host
elicited a complicated response in the very early stage of SARS-CoV-2
infection, and the response become stronger over time. The host up-
regulates immune-related genes to defend against SARS-CoV-2 infec-
tion, meanwhile, the virus employs various strategies to manipulate host
factors in favor of its own survival.

To recognize significant transcriptional changes and get insights into
the transcriptional machinery, we employed ChEA3 database to decode
the upstream TFs. We predicted 26 TFs (FET P-value <0.05) from the
ENCODE ChIP-seq library to regulate the co-expression network (Sup-
plementary Fig. S1 and Supplementary Table S8). STAT2 and STAT1 had
the most significant P-values, while HNF4A regulated the greatest
number of genes in the co-expression network. Several studies have
revealed that SARS-CoV-2 N protein can block STAT1/STAT2 phos-
phorylation or nuclear translocation to antagonize IFN-I signaling (Mu
et al., 2020; Xia et al., 2020). Furthermore, STAT2 may be involved in
restricting virus dissemination (Boudewijns et al., 2020). Finally, we
selected four SIPs (SERPINE1, TNFAIP2, IFITM1 and DDX60) in the
co-expression network that directly interact with SARS-CoV-2 as key host
factors for further study (Fig. 3F).

3.4. In vitro confirmation of the key host factors

Next, we verified the direct interactions between above identified key
host factors (SERPINE1, TNFAIP2, IFITM1 and DDX60) and corre-
sponding viral proteins. We cloned these human genes and SARS-CoV-2
viral protein expression sequences into HA or Flag-tagged expression
vectors and tested the interaction by co-immunoprecipitation assay. The
results showed successful detection of interactions between all four key
host factors and SARS-CoV-2 viral proteins. TNFAIP2 was able to interact
with viral proteins ORF7b, NSP4, andM. IFITM1 can interact with ORF7b
and ORF3. DDX60 can interact with NSP1 (Supplementary Fig. S2A), and
the interaction between SERPINE1 and ORF8 was readily detectable in
reciprocal immunoprecipitation experiments (Fig. 4A).

Using a time-series dataset (PRJCA002617), we then assessed the
dynamic expression of the four key host genes during SARS-CoV-2
infection (Supplementary Fig. S2B). SERPINE1 and TNFAIP2 were

https://cn.string-db.org
https://cn.string-db.org


Fig. 2. Systematic analysis of the transcriptome of multiple cell lines infected by SARS-CoV-2. A Overlap of differentially expressed genes (DEGs, p.adjust < 0.01, |
log2FC| � 1) in multiple cell lines with SARS-CoV-2 infection. B Log2FC heatmap of CLCGs in multiple cell lines infected with SARS-CoV-2. C GO and KEGG analysis of
CLCGs. D CLCGs expression in BALF-derived epithelial cells in patients with moderate (left) and severe/critical (right) infection.
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Fig. 3. Identification of key host factors interacting with SARS-CoV-2. A Venn diagram of CLCGs with SIPs and SAPs. 35 overlapped genes are defined as core genes. B
Network of enriched terms of 35 core genes, where each node represents an enriched term and is colored by its cluster ID. C Heatmap of each core gene participated
pathways. D Co-expression of 35 core genes, where red indicates a positive correlation; blue indicates a negative correlation. E Co-expression network. Each node
stands for a core gene. For each node, the top left represents gene expression at 0 hpi of SARS-CoV-2 infection, while the top right represents 7 hpi, the bottom right
represents 12 hpi, the bottom left represents 24 hpi. Red represents up-regulated (P.adj < 0.01, |log2FC| > 1). F Interactions of four key host factors with SARS-CoV-2
viral proteins.
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Fig. 4. SERPINE1 interacts with ORF8 and facilitates viral replication. A Co-immunoprecipitation of SERPINE1 and ORF8 in HEK 293T cells expressing SERPINE1-HA
and ORF8-FLAG. B Co-localization analysis of SERPINE1 and ORF8 in HeLa cells expressing SERPINE1-HA and ORF8-FLAG by confocal microscopy. Scale bar, 10 μm.
C Determination of SARS-CoV-2 genome RNA (vRNA) copies in the supernatant of GFP or SERPINE1 overexpressing cells by real-time PCR assay. D Huh7 or HeLa-
ACE2 cells were transfected with siRNA against Serpine1 for 48 h and then infected with SARS-CoV-2 virus at an MOI of 0.01 and incubated for 24 h. The vRNA copies
of SARS-CoV-2 in the cell supernatant were determined by real-time PCR assay. Statistical analyses were performed using a two-tailed Student's t-test. “*” denotes
significant difference. **P < 0.01, ***P < 0.001. Data in (A) and (B) were representatives of three independent experiments, data in (C) and (D) were shown as mean
� SD of three independent experiments.
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considerably up-regulated in Calu-3 cells during the early SARS-CoV-2
infection (0 hpi). DDX60 exhibited persistent up-regulation following
SARS-CoV-2 infection. Although IFITM1 appeared to be up-regulated, it
was not statistically significant (P-value > 0.01). To validate the
expression of the four key host factors, quantitative analysis by RT-qPCR
was performed. The result showed that four genes were significantly
elevated after SARS-CoV-2 infection (Supplementary Fig. S2C). The
expression patterns of SERPINE1, DDX60 and TNFAIP2 exhibited high
consistencies with those of RNA-Seq results (Supplementary Fig. S2B),
whereas IFITM1 displayed continuous up-regulation from 7 hpi.

3.5. SERPINE1, an ORF8 interacting protein, facilitates SARS-CoV-2
replication

To demonstrate the experimental value of the identified key host
factors, we focused on SERPINE1 and conducted further studies. The
interactome analysis and co-immunoprecipitation experiments showed a
clear and strong interaction between SERPINE1 and ORF8 (Fig. 4A). We
further examined their subcellular localization in co-expression cells. As
shown in Fig. 4B, ORF8 and SERPINE1 were all present predominately in
the cytoplasm and co-localized to form punctate bodies. To further study
the role of SERPINE1 in SARS-CoV-2 infection, Huh7 cells were trans-
fected with GFP or HA-tagged SERPINE1 expression plasmid, then the
transfected cells were infected with SARS-CoV-2. At 48 hpi, the viral
genomic RNA copy number in the supernatants was examined by RT-
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qPCR. The results showed that SARS-CoV-2 replicated more effectively
in SERPINE1-overexpressing cells than in GFP-expressing cells (Fig. 4C).
Secondly, we treated Huh7 and HeLa-ACE2 cells with Serpine1 siRNA to
knock down Serpine1 and detected the replication of SARS-CoV-2 in
Serpine1 knockdown cells. Result revealed that the viral growth is
remarkably reduced in Serpine1-knockdown Huh7 and HeLa-ACE2 cells
(Fig. 4D). Taken together, these results indicated that SERPINE1 is a co-
host factor that facilitates SARS-CoV-2 replication.

3.6. SERPINE1 alleviates ORF8 mediated ER stress

Considering the importance of the ORF8 interacting protein SER-
PINE1 for viral replication, we ought to find out the influence of SER-
PINE1 on the function of ORF8. According to our above integrated
analysis, 652 host genes were found to interact with ORF8. These genes
were localized primarily in the ER of host cells (Fig. 1D), and weremainly
involved in cellular ER stress, unfolded protein response (UPR), and
glycoprotein metabolic process via GO analysis (Fig. 1E). In addition, Liu
P et al. has reported that ORF8 could induce ER stress through targeting
key UPR components (Liu et al., 2022). Consequently, we hypothesized
that SERPINE1 may affect ORF8-mediated ER stress. To test this hy-
pothesis, we first examined whether the interaction between SERPINE1
and ORF8 occurred in ER. In cells expressing SERPINE1-HA, ORF8-FLAG
and ER tracker ER-DsRed2, we found that SERPINE1-HA and ORF8-FLAG
were co-localized in the ER-DSRED2-labeled ER (Fig. 5A). Then, we



Fig. 5. SERPINE1 can alleviate ER stress induced by ORF8. A Co-localization of ERp72-dsRed (ER-dsRed), ORF8-FLAG (green), and SERPINE1-HA (yellow) in HeLa
cells, nuclei were stained with DAPI (blue). Scale bars, 10 μm. Images shown were representatives of three independent experiments. B Detection of featured gene
(uXBP1, sXBP1, ATF4, BLOC1S1, CHOP and GRP78) expression of ER stress by real-time PCR in HEK 293T cells expressing ORF8-FLAG, SERPINE1-HA or the
combination of ORF8-FLAG and SERPINE1-HA. C Detection of ORF8 induced uXBP1, sXBP1, CHOP and GRP78 mRNA levels by real-time PCR in HEK 293T cells
transfected with scrambled control siRNA (siNC) or siRNA against Serpine1. Real-time PCR data were presented as mean � SD. Statistical analyses were performed
using a two-tailed Student's t-test. “*” denotes significant difference and “ns” for no significance. *P < 0.05, **P < 0.01 and ***P < 0.001.
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examined the ORF8-induced ER stress in SERPINE1 overexpressing cells
and knockdown cells, respectively. As shown in Fig. 5B, the expression of
ER stress characteristic genes was easily detected in ORF8 overexpressing
cells, including upregulated mRNA level of spliced XBP1 (sXBP1), ATF4,
CHOP, GPR78 and downregulation of un-spliced XBP1 (uXBP1) and
BLOC1S1, but these were reversed in cells overexpressing SERPINE1.
However, in Serpine1 knockdown cells, ORF8mediated stronger ER stress
than in control cells (Fig. 5C). These results suggested that SERPINE1
could alleviate the ER stress induced by ORF8 protein.

4. Discussion

The COVID-19 pandemic has caused a devastating impact across the
whole world. The pathogenesis of SARS-CoV-2 is complicated and poorly
understood. Evidence showed that both viral and host factors play key
roles in COVID-19, affecting the disease course in a complex manner
(Zhang et al., 2020b). Gene expression studies and interactome analysis
have been widely used in COVID-19 study (Chakraborty et al., 2021;
Mahmud et al., 2021). Given the massive dimensions and diversity of
available data, omics-scale integration analyses will provide an enor-
mous opportunity to better understand the pathobiology complexities of
COVID-19, as well as provide novel insights into potential therapeutic
targets (Li et al., 2022). This study employed a systematic integrated
analysis of SARS-CoV-2 transcriptome and interactome, aiming to
explore general characteristics and identify crucial genes in SARS-CoV-2
infection through this unbiased data-driven approach.
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By searching literature and database, we constructed a comprehen-
sive SARS-CoV-2-human interactome. The entry of virus into host cells
resulted in a complex network of interactions. Deciphering the interplay
between SARS-CoV-2 and the host is of primary importance in the study
of virus life cycle and host defense response (Terracciano et al., 2021).
From a systems biology point of view, we found that SIPs and SAPs
played vital roles in the human networks (Fig. 1B), indicating that tar-
geting these genes may affect the homeostasis of human networks.
Consistent with results from Gordon D.E. et al. (Gordon et al., 2020a), the
SIPs corresponding to each viral protein were involved in a number of
essential cellular pathways (Fig. 1D), including host antiviral immune
response and a number of pathways that conducive to the viral exploi-
tation of host resources. In order to screen vital genes closely related to
SARS-CoV-2 infection, transcriptome expression data was included in the
analysis. Transcriptome analysis after viral infection can facilitate un-
derstanding the dynamic response of host immunity and identification
important host factors (Fagone et al., 2020). The approach we employed
is significantly different from previous single SARS-CoV-2 transcriptome
study because the results obtained by single sequencing data cannot be
well verified in other data generated by different laboratories and the
results from different cell lines have internal heterogeneity. To detect
core genes more accurately, we performed a robust RRA approach based
on gene ranking across eight cell lines. 115 up-regulated CLCGs and 8
down-regulated CLCGs were identified. In agreement with the findings of
others (Blanco-Melo et al., 2020a), transcriptomic profiling revealed
robust levels of IFN, inflammatory cytokines and chemokines, suggesting
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the signature of elevated innate immunity and “cytokine storm” induced
by SARS-CoV-2 (Hu et al., 2021; Ramasamy and Subbian, 2021).

Through co-expression, network analysis and experimental confir-
mation of immunoprecipitation, four genes in the co-expression
network, including IFITM1, SERPINE1, DDX60 and TNFAIP2, were
found to directly interact with SARS-CoV-2 viral proteins and were
thought to be key host factors during SARS-CoV-2 infection. Some of
these genes have been proved to play special roles in SARS-CoV-2
infection. As an IFN-induced transmembrane protein, IFITM1 was
shown to mechanically alter membrane lipid order and curvature to
limit viral-cell fusion and thereby impede virus infection at the entry
stage (Huang et al., 2011; Wrensch et al., 2014). Evidence showed that
IFITM1 were strongly up-regulated during the innate immune response
in COVID-19 patients (Blanco-Melo et al., 2020a; Hadjadj et al., 2020).
Interestingly, IFITM1 has been revealed to have dual function roles,
promoting (Prelli Bozzo et al., 2021) or inhibiting (Buchrieser et al.,
2020; Shi et al., 2021) SARS-CoV-2 infection depending on the exper-
imental settings and cell types. Although IFITM1 is best known for its
antiviral activity, its additional physiological functions in SARS-CoV-2
infection merit further investigation. DDX60 was discovered to be a
ligand-specific sentinel for RIG-I activation and is involved in the viral
RNA degradation process (Miyashita et al., 2011; Oshiumi et al., 2015).
TNFAIP2 is associated with autoimmune diseases (Jia et al., 2018) and
may be involved in antiviral responses (Chevrier et al., 2011), but its
role in coronavirus remains unknown and merits in-depth mechanistic
study.

SERPINE1, encoding plasminogen activator inhibitor 1 (PAI-1), is a
member of the SERPIN superfamily and one of the key host factors that
can interact with the viral ORF8 protein. In this study, we found that
the expression of SERPINE1 was elevated in multiple cell lines. Several
studies also shown that SERPINE1 was over-expressed in plasma
(Goshua et al., 2020; Zuo et al., 2021) and lungs (Ackermann et al.,
2020) of COVID-19 patients. Dittmann M. et al. had reported that PAI-1
could block the maturation of progeny influenza A virus (IAV) particles
by targeting extracellular airway proteases and inhibit IAV glycoprotein
cleavage (Dittmann et al., 2015). In addition, we noticed that SER-
PINA1, another important member of the SERPIN family, could sup-
press SARS-CoV-2 replication in cell lines and primary cells by binding
and inactivating the serine protease TMPRSS2 (Wettstein et al., 2021).
In contrast to its antiviral activity in IAV and the function of SERPINA1
in SARS-CoV-2, our study showed that SERPINE1 facilitated
SARS-CoV-2 replication in cells. This reflects the complexity and
uniqueness of the interaction between SARS-CoV-2 and the host factors.
Given the fact that 652 ORF8 interacting host proteins were mainly
localized in ER and engaged in cellular ER stress, UPR, and glycoprotein
metabolic process (Fig. 1D and E), and the fact that ORF8 has been
reported to induce ER stress and regulate ER reshaping (Liu et al.,
2022), our following study focused on the effect of SERPINE1 on ORF8
function. The result showed that SERPINE1 interacted with ORF8, could
alleviate the ORF8-induced ER stress. It was known that viruses rely
entirely on host cell to synthesize and fold viral proteins. During viral
replication, the sudden need to process large amounts of viral glyco-
proteins drive the ER beyond its physiological ability to fold proteins
and will lead to ER stress. However, unresolved or excessive ER stress
drives host cells into apoptosis (Galluzzi et al., 2008; Sano and Reed,
2013). It has been shown that viruses use various strategies to balance
ER stress. Herpes simplex virus 1 UL41 protein can suppresses the
IRE1/XBP1 signal pathway of the UPR via its endoribonuclease activity
(Zhang et al., 2017). IAV relieves ER stress by NS1 interfering with the
host messenger RNA processing factor CPSF30 and suppressing ER
stress response factors to benefit IAV replication (Mazel-Sanchez et al.,
2021). Thus, we speculate that SARS-CoV-2 may trickily utilize SER-
PINE1 to balance the ER stress caused by ORF8, thereby limiting the
inevitable ER stress to a beneficial level for SARS-CoV-2 replication.
However, the underlying mechanism remains unclear and requires
further study.
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5. Conclusions

In conclusion, our findings provide a comprehensive perspective of
virus-host interactions of SARS-CoV-2. Based on the integrated analysis
of SARS-CoV-2 interactome and transcriptome, four key host genes
(IFITM1, SERPINE1, DDX60, and TNFAIP2) were identified as candidates
that may be involved in SARS-CoV-2 infection. Furthermore, one of the
identified genes, SERPINE1 was found to interact with the SARS-CoV-2
ORF8 protein and could alleviate the ER stress induced by the ORF8
protein to benefit SARS-CoV-2 replication. This study highlights the
value of multi-omics integration and provides insights for future research
on potential therapeutic targets against SARS-CoV-2.
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