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Abstract: Currently, coronavirus disease 2019 (COVID-19)
is still spreading in a global scale, exerting a massive health
and socioeconomic crisis. Deep insights into the molecular
functions of the viral proteins and the pathogenesis of this
infectious disease are urgently needed. In this review, we
comprehensively describe the proteome of severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) and summa-
rize their protein interaction map with host cells. In the
protein interaction network between the virus and the host, a
total of 787 host prey proteins that appeared in at least two
studies or were verified by co-immunoprecipitation experi-
ments. Together with 29 viral proteins, a network of 1762
proximal interactions were observed. We also review the
proteomics results of COVID-19 patients and proved that
SARS-CoV-2 hijacked the host’s translation system, post-
translation modification system, and energy supply system
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via viral proteins, resulting in various immune disorders,
multiple cardiomyopathies, and cholesterol metabolism
diseases.
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The proteome of SARS-CoV-2 and
the role of the constituent proteins
in self-replication

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), known as an enveloped B-coronavirus, is the
causative agent of coronavirus disease 2019 (COVID-19).
SARS-CoV-2 encodes 29 proteins, 16 non-structural proteins
(NSP1-16) [1-3], four structural proteins (Spike [S], Envelope
[E], Membrane [M], and Nucleocapsid [N]) [3], and nine
putative accessory factors (open reading frame [ORF] 3a, 3b,
6, 7a, 7b, 8, 9b, 9¢/14, and 10) [1, 2]. These proteins make up
the proteome of SARS-CoV-2 (Figure 1A).

The replication transcriptase complex (RTC) is
composed of the Neuroserpin (NSP) 3 viral papain-like
protease, the NSP5 protease (3CLPro), the NSP7-NSP8 pri-
mase complex, the NSP12 primary RNA-dependent RNA
polymerase (RdRp), the NSP13 helicase triphosphatase, the
NSP14 exoribonuclease, the NSP15 endonuclease, and the
NSP10/NSP16 N7- and 2’0O-methyltransferase [1-4]. Among
them, the NSP12 RdRp is the central enzyme within RTC. It
helps to polymerize and complement full- and partial-
length RNA templates (negative sense RNA) for the
nascent strand synthesis of positive sense RNA genomes
and subgenomic RNA species [4-6]. The NSP13 helicase
displays dsDNA helicase activity, which untwists the
SARS-CoV-2 dsRNA into two single sRNA, making it suit-
able for RNA replication [7, 8]. NSP15 trims ss/dsRNA,
leading to production of 2’-3’ cyclic phosphodiester and
5’-hydroxyl termini [8, 9]. NSP14, bearing 3’ to 5’ exonu-
clease activity, is responsible for proofreading during
RNA replication, thus enhancing genome replication
ability [4, 8]. NSP16 is a s-adenosylmethionine-dependent
(nucleoside-2’-0O)-methyltransferase [8]. The NSP10
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Figure 1: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) proteome.

(A) All proteins of SARS-CoV-2 and all glycosylation sites of the spike protein are shown. The black arrows indicate the N-glycosylation sites and
the blue arrows show O-glycosylation sites. (B) Key features of SARS-CoV-2. ACE2, angiotensin-converting enzyme 2; CH, central helix: CD,
connector domain: CT, cellular tail; E, Envelop protein; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; M, Membrane protein; N,
Nucleocapsid protein; Nsp, nonstructural protein; NTD, N-terminal domain; RBD, receptor-binding domain; S, Spike protein; S1, spike protein

subunit 1; S2, spike protein subunit 2; TM, transmembrane domain.

protein presents as the activating partner of both NSP14
and NSP16, aiding in the RNA replication process [8].
The complex of the SARS-CoV-2 NSP7-NSP8 hetero-
tetramer primase plays a pivotal role in efficient NSP12
RNA-dependent RNA polymerase activity [8, 10]. NSP3
shares a cysteine protease, which functions in recognition
and cleavage of the LXGG motif between NSP1 and NSP2,
NSP2 and NSP3, and NSP3 and NSP4 [8]. It is noteworthy
that the heterotypical interactions between NSP2 and
NSP3 are indispensable in the induction process of the
desired curvature in the endoplasmic reticulum (ER)
membrane during the production of virulent spherical
particles [11]. NSP5 is mainly responsible for processing
the ORFla/b-encoded polyproteins, acts as the key
element in virus protein maturation [8, 12]. Other than

these non-structural proteins, the RTC may also include
host factors that work in coordination in the synthesis of
viral RNA [5].

Like other coronaviruses, SARS-CoV-2 particles are
composed of S, E, M, and N construct proteins (Figure 1B). S,
E, and M proteins are embedded in the bilayer envelope on
the virus’ surface, while the N proteins bind the RNA genome
in a spiral symmetric manner at the core of the virion,
resembling beads on a string [4, 13-15]. These four structural
proteins are essential in morphogenesis and assembly of
SARS-CoV-2 [4]. The E protein is an intact membrane protein
which mainly participates in the assembly, budding, enve-
lope formation, and pathogenesis of the virus [11, 15]. The M
protein is an N-linked glycosylated protein and presents in
the highest amount out of all proteins in coronaviruses [16]. It
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helps to bend the membrane to create a spherical struc-
ture encircling the ribonucleoprotein and serves as a
scaffold for viral assembly [15]. Notably, the generation
of infectious spherical particles is promoted by co-
expression of the E and M proteins [11]. The N proteins
predominantly participate in viral RNA synthesis and
attach the viral genome to RTC, thus in charge of viral
replication [10]. Protruding from the enveloping surface of
the virus, the S proteins are essential for receptor recog-
nition and cell entry mediation of the host [15]. The S
proteins are homotrimeric class I transmembrane fusion
proteins, with a molecular weight of about 600 kDa and
composed of two functional subunits [17-19]. The S1 sub-
unit consists of N-terminal domain, receptor binding
domain (RBD), and a signal peptide, while the S2 sub-
unit contains conserved fusion peptide, heptapeptide
repeats 1 and 2, transmembrane domain, and cyto-
plasmic domain [13, 20] (Figure 1). SARS-CoV-2 utilizes
cell surface receptor angiotensin-converting enzyme 2
(ACE2) as a prime receptor [14]. Firstly, RBD of S1 unit binds
to cell surface receptor ACE2. Then furin protease-like
protease cleaves the cleavage site between S1/S2 subunits,
thus activating the conformational change of S protein to
expose the S2 subunit. Next, the S2 subunit further induces
virion fuse with the cell membrane and initiates virus
entry [2, 3, 18-21].

The surface of the S proteins is highly glycosylated,
composed of 22 N-linked glycans and 17 O-glycans
(Figure 1A), making a big difference in inducing the host
immune response [17, 19, 20, 22]. Among the 22 sites, eight
sites are composed of a large number population of
oligomannose-type glycans, while the other 14 sites are
shaped by highly processed complex-type glycans [19, 20].
Of the 17 O-glycosylation sites identified with the S proteins
extracted from the SARS-CoV-2 virions, 11 sites are located
near glycosylated Asn. Mutations of N616 by site-directed
mutagenesis on purified full-length wild-type S proteins
completely abolished the O-glycosylation on T618. This
suggests the possibility of an “O-Follow-N” rule, indi-
cating the occurrence of O-glycosylation near the glyco-
sylated Asn [19]. The glycosylated amino acid residue
blocks the antibody recognition, thus enabling the virus to
escape innate and adaptive immune responses [17, 22].

Location of SARS-CoV-2 proteins
and their cellular interactions with
the host proteome

Understanding the localization trace of viral proteins and
virus-host protein interactions is very important for inter-

preting the behavior and pathogenesis of viruses in host
cells at macro and molecular levels.
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Confirmed subcellular localization of viral
bait proteins

SARS-CoV-2 virus infects and enters cells to hijack the host
cell mechanisms for self-replication. These viral proteins
are located in diverse positions in the cell [14], and the
distribution of these viral proteins at the subcellular level
is related to their unique biological functions. Some
studies have reported on the subcellular localization of
different bait proteins in host cells. Although most locali-
zation information was found to be the same, there are
some inconsistencies, possibly due to different methods
and materials. Some localization results were only sup-
ported by one research study, and similar results have not
been observed in other studies. As such, the localization
results require further research and confirmation. There-
fore, we summarized the results from six analyses of viral
proteins [8, 14, 23-26] and the location results of virus baits
were recognized by at least two researchers were analyzed
(Figure 2). There were 10 baits (NSP4, NSP6, E, M, S, ORF6,
ORF7a, ORF7b, ORF8, and ORF10) that showed an ER
distribution, nine baits (NSP6, E, M, S, ORF3a, ORF3b,
ORF6, ORF7a, and ORF8) that were associated with the
Golgi apparatus, and one bait ORF3a that was associated
with endosomes and lysosomes. Three baits (NSP6, NSP16,
and ORF9b) were reported to be localized to the mito-
chondrion. Although coronavirus replication is most likely
to occur in the cytoplasm of the host cells, 13 bait proteins
(NSP1, NSP5, NSP6, NSP9, NSP10, NSP11, NSP13, NSP14,
NSP15, NSP16, M, ORF7b, and ORF9c) were reported to
have a nucleus-related location (Figure 2). Overall, the
results provide a more comprehensive and accurate
portrayal of the subcellular molecular context, which is
essential for accurately understanding the activities of the
viral proteins in the host cells.

A SARS-CoV-2 protein interaction map

Similar to how host proteins are constantly engaged in
various life activities, the viral proteins that enter cells are
also occupied with executing their duties instead of resting
at only one position. There are stable, weak, and transient
protein interactions between viral bait proteins and prey
proteins in the host cells. Therefore, combining the affinity
purification-mass spectrometry and proximity-based la-
beling biotin identification-mass spectrometry methods
together can aid in comprehensively capturing virus—host
interaction proteins. Moreover, it was inevitable that bait
proteins captured some non-specific interaction proteins,
which was a common flaw in the experiments.

Several studies [8, 14, 23, 27, 28] have focused on the
virus-host interactions and identified thousands of prey
proteins in the host cells. We summarized the interaction
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Figure 2: Confirmed subcellular localization of severe acute respiratory syndrome coronavirus 2 proteins in the host cell (same colors indicate
exact locations). E, Envelop protein; M, Membrane protein; N, Nucleocapsid protein; Nsp, nonstructural protein; ORF, open reading frame;

S, Spike protein.

results and found that 787 host prey proteins were identified
in at least two studies or verified by co-immunoprecipitation
experiments. These proteins interacted with 29 viral bait
proteins and formed a network composed of 1,762 proximal
interactions (Table 1). Two proteins, CD147 (BSG) [29] and
transferrin receptor (TFRC) [30], are attractive as alternative
receptors for SARS-CoV-2. We found that BSG interacts with
viral protein M while TFRC interacts with nsp6, ORF3a, and
ORF7. This indicates that SARS-CoV-2 may have other
pathways of cell entry with the help of viral proteins M,
nsp6, ORF3a, and ORF7. Furthermore, it is highly possible
that virions can enter the cells by endocytosis with one or
more of the three proteins nsp6, ORF3a, and ORF7 because
TFRC mainly acts as an adaptor protein in the endocytosis
biological pathway [31].

Hijacking of the ER system by SARS-CoV-2

Enrichment analysis of the Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathway for all 787 proteins showed
45 prey proteins related to protein processing in the ER

Table 1: Virus—host interaction proteins.

(Figure 3). Firstly, ribosomes are anchored on the ER by two
ribosome anchor components, Oligosaccharyl transferase
complex and Cytoskeleton-associated protein 4 (Climp63).
Afterward, the newly synthesized peptides in the ribo-
somes are transported to the ER by Secretion (Sec) protein
complex of Sec61-Sec62/63 acting as a translocon [32]. The
newly synthesized peptides in the ER are N-glycosylated.
These N-linked glycans increase the hydrophilicity of the
modified proteins and are helpful for protein folding. After
identification and folding with the help of lumenal chap-
erone proteins immunoglobulin heavy chain binding pro-
tein (Bip), Glucose-Regulated Protein (GRP) 94, Heat Shock
Protein (HSP) 40, and a negative regulatory factor Hypoxia
Up-Regulated Protein 1 (HYOU1), the outer two glycan
molecules of the N-glycosylated peptides are hydrolyzed
and cut off by glucosidases Neutral alpha-glucosidase AB
(GANAB) and Glucosidase 2 subunit beta (PRKCSH) in the
ER, indicating a folding process. Next, they mature with the
help of dextran-dependent chaperone proteins Calnexin,
Calreticulin, and Endoplasmic Reticulum Resident Protein
57 (ERp57) connected with monoglucosylated glycoproteins
ER. The properly folded proteins are then packaged into

Bait Prey-human

NSP1 (36)

NOP56, ARPC1B, RRP9, DKC1, AP2A1, ALDOA, KRT8, HNRNPC, RPSA, XRCC6, XRCC5, KRT10, FBL, ATP5F1D, KRT9, RPS19, LRPPRC,

NOP2, RPS10, HNRNPM, ACTR3, RPS16, PRKDC, SRSF6, NOLC1, NUP93, COLGALT1, MYO18A, NUP205, ARPC1A, EIF3C, PKP2,

PYM1, EFHD1, NAT10, NOP58
NSP2 (17)
DICER1, USP16, ACTN4
NSP3 (11)
NSP4 (112)

SLC27A2, MT-CO2, COX7A2, POR, ATP5F1D, ACADVL, RAP1GDS1, ATP1B3, RAB10, NME3, NNT, RCN1, GIGYF2, VCPIP1, STOML2,

MYO1C, HNRNPDL, MYO1B, MYO1D, ATP5F1D, FXR2, RHOA, RPL38, ACTC1, FMR1, ZER1
NBAS, MYO1C, HGS, SLC27A2, SPTBN2, SEC16A, ARPC1B, TPD52L2, MYO1B, RRP9, WDR1, LRP6, FLOT1, TMCC1, ERLIN2, IPO7,
AP2A1, LDHA, GLUD1, LMNA, ALDOA, OAT, GAPDH, TP53,

RPN1, EIF2S1, KRT18, GPI, LDHB, P4HB, YES1, RPSA, DLD, CALM2,

HSPA5, SLC25A6, PDIA4, HSP90B1, DSP, RCC1, LMNB1, MCM3, TARS1, CALR, MCM5, MYH10, LONP1, EIF4A3, RPS19, NAMPT,
EMD, SERPINH1, LRBA, ARSL, NUP107, ARPC4, ACTB, ACTR3, SEC61A1, RPS16, H4C15, PPIA, RPL38, TMF1, PFKP, LMNB2, GOLGA3,
ADAM9, DDX39B, DAG1, FLOT2, ITPR2, ITPR1, RAB35, SEC23A, INA, IMMT, GRIPAP1, PPP1R15B, CDC42BPA, NBEAL1, MON2,
HOOK3, WDR75, PNPLA6, KCT2, USP32, TRPM4, PIGO, SCFD2, GBF1, MYO18A, ARPC1A, NEO1, USP7, GCC1, CLMN, VPS13A,
PRR14, WDR11, ZDHHC5, NAT10, VPS33B, COG4, GPR108, CISD1, PI4KB, XPR1, SUCO, SLC25A10, SRP68, PIKFYVE, ARFGEF2

NSP5 (27)

MYO1C, SPTBN2, MYO1B, H2BC12, RPN1, TPM1, DLD, TOP1, SNRPB, RPL35A, MYL12A, SDHA, MCM4, MYH10, LRPPRC, EMD,

HNRNPM, ACTR2, RPS16, RPL38, PRKDC, TFAM, SLC25A11, DDX39B, MYH14, GNB4, SUPT16H, HDAC2, TRMT1
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Table 1: (continued)

Bait

Prey-human

NSP6 (181)

NSP7 (59)

NSP8 (20)
NSP9 (28)
NSP10 (20)

NSP11 (5)
NSP12 (13)

NSP13 (16)

NSP14 (13)
NSP15 (21)

NSP16 (19)

ORF3a (99)

ORF3b (50)

ORF6 (39)

ORF7a
(123)

ATP5MG, ILVBL, GPR89A, PGRMC1, SLC33A1, NDUFA4, TP53111, SCAMP3, XPO1, SPTBN2, SCAMP2, ARPC2, PGRMC2, SURF4,
YKT6, GPAA1, HNRNPR, ADCY9, WDR1, SEC22B, TACC1, NUP155, ZMPSTE24, ATP5PD, ERLIN2, VAPB, GCNT3, SEC24B, ACSL3,
TOMM40, CYB5A, CYB5R3, PNP, MT-ATP6, LMNA, TFRC, HMGCR, GAPDH, RPN1, RPN2, ATP1A1, EIF2S1, ATP5F1B, LDHB, SRPRA,
PDHA1, DLD, UCHL1, CALM2, CD99, PRKCSH, PKM, SNRPB, UQCRB, POR, PTPN1, ARF4, RCC1, ATP2B1, RAB6A, LMNB1, ATP5PB,
MCM3, ATP5F1A, MSN, RPL10, CANX, MARCKS, PRDX3, ATP5F1D, PPP2R1A, SDHA, MYH10, ETFB, EIF4A3, ARL1, EIF2S3, LRPPRC,
VDAC2, ATP5PO, LMAN1, SERPINH1, RAB5C, SSR4, ALDH3A2, HSD17B4, ATP1B3, ATP5MF, TMEM33, ARPC4, RAB8A, RAB2A,
RAB10, ACTR3, RHOA, RPS16, TRA2B, AP2B1, RPL38, TFAM, CLTC, SLC7A5, PFKP, SLC25A11, CKAP4, GOLGA3, CHAF1B, STIM1,
DDX39B, FKBP8, GANAB, EMC2, RAB3GAP1, SLC39A14 (mitochondria), OXA1L, RAB35, ELAVL1, SLC1A5, ATP6AP1, IMMT, YIF1B,
RABL3, DHRS7B, MRPL14, HACD2, COX15, KCTD9, ATG9A, KTN1, VKORC1L1, NUP93, GHDC, SLC35F6, EMC1, ATAD1, RETREG2,
USP32, NUP35, TOR1AIP2, MOSPD2, NUP210, SYNE2, NCLN, CCDC47, SYAP1, LRRC59, AP2M1, CERS2, VMP1, CDK5RAP3, PIGS,
CLCC1, TTC1, SIGMAR1, YIPF4, ALG1, PTDSS2, SGPP1, OSBPLS, SLIRP, LSG1, RAB1B, TMX1, ACBD3, PIGU, ATP13A3, GORASP2,
POLR1B, TM9SF3, EMC7, SACM1L, MRPL16, TECR, EMC3, VAPA, DHCR7, SLC25A10, SEC63, WDR3, VDAC3, PTRH2, SRPRB, PFKP,
DDOST

POTEF, RABGAP1L, AGPS, MYO1C, PGRMC1, IPO5, XPO1, SPTBN2, ARPC1B, ARPC2, ARPC3, MYO1B, DPM1, H2BC12, MACROH2A1,
ERLIN2, ACSL3, AP2A1, CYB5R3, RPN1, ATP1A1, SLC25A5, TPM3, LDHB, PDHA1, DLD, POTEJ, RALA, TOP2A, CKB, PDIA4, HSP90B1,
UQCRB, ARF4, PDIA3, MCM4, LONP1, ETFB, MARCKSL1, FXR2, RAB5C, RAB7A, RAB8A, RAB2A, RAB10, ACTR2, RHOA, GNB1, TRA2B,
RPL38, SLC7A5, PFKP, SRSF1, ILF2, CHAF1B, GANAB, KARS1, MRPL14, NCKAP5L, RAB18

PGRMC1, IPO5, SEC22B, ATE1, LDHB, DLD, DLAT, MCM7, PHB, DLST, MARCKSL1, ATP5MF, RHOA, PPIA, TRA2B, PFKP, HERC1,
MRPL14, YTHDF1, HECTD1

IPO5, NDUFA10, PSAP, GNAI3, MTHFD1, GTF2F2, MCM7, CTNNA1, DDOST, FXR2, ATP1B3, CDC42, SEC61A1, SLC7A5, FMR1,
PRPF4B, HSD17B12, NUP54, CAND1, CCAR1, NEK9, BBX, MAP7D2, SETD2, RAB1B, SFXN1, STOML2, VDAC3

PGRMC1, IPO5, ARPC2, ARPC3, ERLIN2, AP2A2, LDHB, RPSA, DLD, TOP2A, UQCRB, RAB6A, MARCKSL1, FXR2, ATP5MF, RAB10,
PFKP, AP2M1, NTPCR, GRPEL1

PPIA, PGRMC1, ALB, KRT10, KRT2

PDIA3, BAG2, PGRMC1, DNAJA2, PFDN1, SLC25A5, KRT18, CLTA, KRT10, KRT2, LONP1, STUB1, MYCBP2, PFKP, MYO1C, PGRMC,
MYO1B

ABLIM1, EIF2S1, KRT18, PCMT1, RRM2, STIP1, RDX, YAP1, TLE1, TLE3, GOLGA3, GOLGB1, GRIPAP1, PDE4DIP, ERC1, GCC2, NKB,
DDX39B

ALB, RPN1, EIF251, KRT18, KRT10, UBA1, STIP1, YAP1, CLTC, PEG10, CEP192, WDCP, SIRT5, MYO1C, MYO1B, GLO1, DDX39B
MYO1C, CKB, MYO1D, RHOA, KARS1, RCN1, ALB, KRT8, TOP1, YWHAQ, CANX, MYH9, MYH10, KRT2, VDAC2, PRKDC, CLTC, GANAB,
HAGH, DNAJA3, RBM14, MYO1B, APP, PDIA4

DNAJA2, TTC4, BAG2, ALB, KRT10, PDIA4, PDIA3, STIP1, LRPPRC, DHPS, RPS16, RPL38, ELOB, GRIPAP1, WASHC2A, ERC1, PIBF1,
YTHDF1, IBTK, PFKP, MYO1C, MYO1B

PGRMC1, SCAMP3, HGS, ARPC1B, YKT6, ACTN4, SNX2, WDR1, SEC22B, ZMPSTE24, CPD, MYO1D, VAPB, SEC24B, TOMM40,
CYB5A, CYB5R3, PNP (cytoplasm), TFRC, HLA-A, RPN1, ATP1A1, APP, EIF2S1, P4HB, YES1, GNAI3, CNP, U2AF1L5, CALM2, DLAT,
CD99, PRKCSH, HSP90B1, ATP2A2, ARF4, CANX, NDUFS1, EPHA2, ATP5F1D, STIP1, MCM5, EIF2S3, RPS27, LRPPRC, VDAC2,
MARCKSL1, SERPINH1, RAB5C, SSR4, VCP, TMEM33, EIF4A1, CDC42, RAB8A, SEC61A1, RPS16, RAB1A, DYNLL1, DYNLT1, BASP1,
TFAM, CLTC, SLC7AS5, PFKP, GOLGA3, DDX39B, DSG2, GANAB, PDIA6, MLF2, HSD17B12, NEDD1, HM13, CCDC47, SYAP1, DNAJA3,
VPS39, TRAPPC9, H2AC1, MCCC1, CLCC1, TUBB6, LSG1, RAB1B, VPS16, VPS11, ACBD3, GOPC, SACM1L, TECR, VAPA, SLC25A10,
SUN2, RAB21, MYO6, VDAC3, HYOU1, YTHDF2, SUPT16H, PFKP, PDIA4, CALR, DDOST, CKAP4

MYO1C, SPTBN2, ARPC1B, ARPC2,STX7, BUB3, ZMPSTE24, STAM2, MYO1D, ERLIN2, NDUFA10, AP2A1, LMNA, TP53, RPN1, P4HB,
TPM1, CALM2, PDIA4, ETFA, HSP90B1, SNRPB, UQCRB, NDUFV2, CANX, ATP5F1D, ATP5F1C, VDAC2, STT3A, MARCKSL1, RAB10,
ACTR2, FAU, PPIA, TRA2B, PRKDC, CLTC, SPTBN1, SRSF1, GOLGA3, DDX39B, DSG2, GANAB, ARFGAP2, RBM14, EFHD1, YTHDF1,
RAB1B, TECR, STOML2, VDAC3

NUP98, MYO1C, YKT6, NUP155, MYO1D, SEC31A, VAPB, PCNT, RPN1, KRT10, ETFA, SNRPB, LMNB1, CANX, HNRNPH3, KRT2,
EIF2S3, VDAC2, QARS1, LMAN1, EMD, H4C15, AP2B1, RAE1, PRKDC, SPTBN1, PFKP, PPP2R3A, GOLGA3, KARS1, RCN1, UBR4,
GCC2, TFG, BORCS6, RBM14, TRIM56, GRPEL1, RAI14, LEMD3

ILVBL, PGRMC1, SCAMP3, HGS, SLC27A2, SEC16A, YKT6, XPOT, RANBP6, FAM20B, WDR1, SEC22B (endoplasmic reticulum —
Golgi), TACC1, NUP155, ZMPSTE24, STAM2, CPD, LTN1, ERLIN2, VAPB, SEC24B, ACSL3, CYB5A, LMNA, TFRC, ALDOA, OAT, RPN1,
RPN2, ATP1A1, LDHB, P4HB, CALM2, PDIA4, POR, ATP2A2, PTPN1, ARF4, LMNB1, CAD, CALR, CANX, NDUFS1, ATP5F1D, MCM5,
MDH2, VDAC2, STT3A, MARCKSL1, LMAN1, EMD, FXR2, RAB5C, RAB7A, RAB27A, SSR4, BCAP31, SEC24C, NAPA, ATP5ME, RABS8A,
RAB2A, HSPE1, PPIA, TMF1, CLTC, PFKP, SLC25A11, LMNB2, CKAP4, GOLGA3, GOLGA2, NNT, DDX39B, DSG2, FKBP8, RAB35,
ELAVL1, IMMT, PDS5A, RABL3, REEP3, MON2, MTDH, KTN1, NUP93, ARFGAP2, ATAD1, KCT2, NUP35, TOR1AIP2, HM13, NUP210,
SCFD2, SCFD1, USP7, NCLN, CCDC47, SYAP1, LRRC59, DDRGK1, COG3, LSG1, TMX1, ACBD3, GORASP2, XPO5, PREB, ATP13A1,
SACMI1L, MDN1, FANCI, ATAD3A, ARL8B, TECR, VAPA, DHCR7, DNAJB11, SEC63, SRP68, NDUFA12, STUB1, VDAC3, PSAT1
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Table 1: (continued)

Bait

Prey-human

ORF7b
(149)

ORF8 (137)

ORF9b (54)

ORF9c (23)

ORF10 (72)

N (17)

E (69)

S (56)

M (226)

GPR89A, SLC33A1, STX16, TNFRSF10B, SCAMP3, SCAMP1, SCAMP2, TM9SF1, STX7, GPR39, CA12, ADCY9, PRAF2, SLC43A1,
ZMPSTE24, MYO1D, CTDNEP1, LMNA, ALB, ALDOA, OAT, EIF2S1, TPM3, H2BC11, LDHB, ANXA2, YES1, MET, RPSA, HNRNPA1,
MGST1, PCNA, EEF2, KRT10, CD99, PRKCSH, HSP90B1, SNRPB, GJA1, LMNB1, PCMT1, CFL1, MCM3, TARS1, CANX, EPHA2, PRDX3,
HNRNPH3, KRT2, ACVR1B,EIF4A3, IL6ST, EIF2S3, VDAC2, RPS10, IQGAP1, STT3A, QARS1, LMAN1, SLC26A2, RAB5C, RAB7A,
RAB13, VAMP7, ARFIP1, SEC61B, ACTB, DAD1, H4C15, RAB1A, RACK1, BASP1, EFNB1, CLTC, SPTBN1, NRG1, GOLGA3, STX4, PTPR),
STX5, TCIRG1, SPTAN1, DDX39B, FKBP8, GANAB, MFSD10, KARS1, PDIA6, ATP6AP1, SGCB, CYP1B1, HAGH, IMMT, ALG11, ANO6,
LPCAT4, STEAP3, RHBDD2, TMEM214, TMEM205, LCLAT1, LRIG3, SCARA5, ERMP1, LRP10, ADGRG6, TRIM59, SLC15A4, TMEMS87A,
RNF149, C50rf15, NETO2, DAGLB, GPRC5A, TRPM4, SCARB1, SLC35F5, AHCTF1, SYMPK, DDX17, NEO1, USP7, RFT1, TMEM159,
TLCD1, RBM14, PHB2, PRXL2A, NDFIP1, TMEM70, STRA6, LGR4, TMX1, GORASP2, GRPEL1, VEZT, ITM2C, ABCB10, GINM1,
ZDHHC18, TMOD3, GPRC5B, LRFN1, ADD3, SRP68, NOTCH3, MYO6, MYRF, ZDHHC9, PTRH2

PGRMC1, PLOD2, NOP56, TOR1A, TOR1B, ARPC2, ARPC3, ACTN4, MYO1B, SYNCRIP, PLOD3, SEC22B, MYO1D, ERLIN2, VAPB, LDHA,
C5, TGFB1, FGA, FGB, OAT, GAPDH, TP53, RPN1, RPN2, ITGB1, TPM3, H2BC11, P4HB, RPSA, HNRNPA1, U2AF1L5, CALM2, DLAT,
TOP1, MTHFD1, PCNA, SLC25A6, ACTN1, PDIA4, PRKCSH, PKM, HSP90B1, SNRPB, UQCRB, POR, IGFBP3, LMNB1, VDAC1, GART,
PPIB, CFL1, MCM3, CALR, CANX, ERP29, PRDX3, PDIA3, HNRNPH3, ETFB, EIF4A3, EIF2S3, VDAC2, RPS10, STT3A, LMAN1, TUFM,
SERPINH1, SSR4, YARS1, CSE1L, TMEM33, ARPC4, ACTB, ACTR3, ACTR2, RHOA, TGFB2, RPS16, CNBP, TRA2B, RACK1, TPM4,
SPTBN1, PFKP, PLOD1, CKAP4, SRSF1, MFGES8, TRAP1, NME3, SRSF6, 0S9, ADAM9, SPTAN1, DDX39B, FKBP8, GANAB, LTBP1,
PDIA6, PPA1, RCN1, NPTX1, SRSF7, DBN1, MAN2A1, HAGH, HSD17B12, ACTBL2, POGLUT2, YTHDF3, ERO1B, PLD3, EMC1, GGH,
DDX17,RBM14, PHB2, AIF1L, EFHD1, RBM4, SRRT, EDEM3, TMX1, SMOC1, SFXN1, TMOD3, UGGT2, TECR, SAE1, DNAJB11, MRTO4,
MYO6, VDAC3, CFL2, HYOU1, YTHDF2, FKBP7

MYO1C, IPO5, SPTBN2, ARPC3, NDUFS2, NDUFS3, ATP5PD, TOMM70, AP2A2, NDUFA10, CYB5R3, OAT, EIF251, ATP5F1B, PDHA1,
CALM2, DLAT, MTHFD1, ETFA, COX6B1, UQCRC2, ATP5F1A, MARK3, PRDX3, SDHA, MCM4, SHMT2, PHB, DLST, ETFB, MDH2,
LRPPRC, ATP5MF, NDUFA6, ACTR3, TFAM, PFKP, OGDH, SSBP1, TRAP1, NME3, FKBP8, KARS1, OXA1L, NDUFA9, TIMM50, MARK?2,
DLG5, TBRG4, PHB2, HSD17B10, TOMM22, OCIAD1, MARK1, POLDIP2

MYO1C, P4HB, PDIA4, ERLIN2, PDIA3, TPM3, RPSA, KRT10, HSP90B1, HNRNPL, PCMT1, ATP5F1D, PHB, MYH10, KRT2, HNRNPA3,
PRKDC, SSBP1, PRDX4, HAGH, DDX17, HSD17B10, POLDIP2

PGRMC1, SURF4, SMARCA5, MYO1D, ERLIN2, VAPB, AHSA1, LMNA, OAT, RPN1, P4HB, RPSA, CALM2, PCNA, PDIA4, ETFA, PRKCSH,
VDAC1, TCEA1, PPIB, MCM3, CALR, CANX, PRDX3, HNRNPH3, LONP1, ETFB, EIF4A3, DDOST, VDAC2, ATRX, MARCKSL1, LMAN1,
FXR2, HSD17B4, PGD, YARS1, CSE1L, RHOA, CNBP, TRA2B, NUCB2, CLTC, PFKP, YWHAH, CKAP4, GANAB, PDIA6, PPA1, SRSF7,
BEND3, CTR9, YTHDF3, CAND1, TXNDC5, IPO4, SCFD1, BBX, DDX17, ZNF512B, IPO9, RBM14, PARK7, NAT10, TMOD3, UGGT1,
USP36, SAE1, DNAJB11, RAB21, MY06, CNPY2, YTHDF2

ANKRD17, ALDOA, UBA1, NDUFS1, STIP1, SHMT2, G3BP1, TRIM25, RC3H1, YTHDF3, UPF1, TTC1, MOV10, IGF2BP1, G3BP2,
TNRC6B, R3HDM2, PGRMC, TDRD3

AP3B1, PGRMC2, YKT6, SNX2, DKC1, MYO1D, SEC31A, VAPB, LMNA, GAPDH, TP53, RPN1, TPM3, H2BC11, ANXA2, KRT19, GNAI3,
RPSA, TPM1, DLD, DBT, SLC25A6, PDIA4, LMNB1, CANX, PRDX3, PDIA3, STIP1, MCM5, HSPA4, EIF2S3, LRPPRC, VDAC2, RPS10,
ARCN1, EMD, ACTB, RPS16, RPL23, TPM4, CLTC, SPTBN1, PFKP, YWHAH, SSRP1, GANAB, KARS1, RAB11B, SRSF7, HAGH, NDUFA9,
ZC3HAV1, YTHDF3, NUP93, NUP35, USP7, AP2M1, RBM14, PHB2, ESYT1, LSG1, ACBD3, GORASP2, GRPEL1, ATAD3A, MRPL16,
SNX6, POLDIP2, YTHDF2, SUPT16H, PGRMC, MYO1B

PGRMC1, CDIPT, YKT6, TRIM13, DNAJA2, MYO1D, ERLIN2, VAPB, CYB5R3, LMNA, GAPDH, TP53, RPN1, RPN2, TPM3, HNRNPA1,
PDIA4, HSP90B1, PTPN1, ARF4, LMNB1, VDAC1, PCMT1, CANX, PDIA3, HNRNPH3, EIF2S3, VDAC2, RPS10, EMD, TMEM33, RAB10,
RPS16, H4C15, PPIA, RACK1, PRKDC, SLC25A3, PFKP, CKAP4, PDIA6, SLC9A3R2, IMMT, SLC27A3, RPS27L, ZC3HAV1, GOLGA?,
AP2M1, SDF2, CDCA3, ZDHHC5, LSG1, SDF2L1, TECR, HACD3, VAPA, HYOU1, MYO1C, MYO1B, HSPA5, DDX39B

ILVBL, GPR89A, HAX1, PGRMC1, CDIPT, HGS, SLC27A2, PLXNB2, PGRMC2, SURF4, SLC16A4, YKT6, MYO1B, SLC37A4, ICMT, SNX2,
DPM1, PRAF2, SEC22B, PMPCB, ERLIN1, NUP155, STAM2, CPD, SLC22A5, LTN1, MYO1D, ERLIN2, USP19, YIF1A, VAPB, SEC24B,
ACSL3, BAG2, AIFM1, FADS2, LMNA, GAPDH, RPN1, RPN2, ATP1A1, ATP1B1, SLC25A5, PCCB, EIF2S1, ITGB1, EPHX1, LDHB,
HNRNPC, SLC3A2, GNAI3, CALM2, SLC25A6, CKB, PDIA4, CD99, PKM, HSP90B1, SNRPB, ATP2A2, HSPA6, PFKL, PTPN1, RPL35A,
ARF4, SLC9A1, ATP2B1, RAB6A, LMNB1, COMT, STOM, CANX, PPP2R1A, SLC7A1, SDHA, DNAJA1, STIP1, MCM5, BSG, GGCX,
EIF4A3, RPS19, DDOST, ARL1, USP8, HADHA, EIF2S3, RPS27, VDAC2, RPS5, IQGAP1, LMAN1, EMD, SERPINH1, LRBA, SSR4,
ALDH3A2, SLC25A1, AP2S1, ATP1B3, SLC12A2, HADHB, TMEM33, ARPC4, UBE2G2, CDC42, RAB10, ABCE1, RHOA, RPS16, RAB1A,
PPIA, AP2B1, DYNLL1, RPL38, PRKDC, ATP2C1, CLTC, REEP5, SLC7A5, PFKP, SLC25A11, CAV1, TAP2, ARHGAP1, GOLGA3, NME3,
STIM1, SPTAN1, DSG2, GANAB, SLC39A14, KARS1, RHEB, DHCR24, SEC23B, ELAVL1, SLC1A5, HAGH, IMMT, ANO6, HSD17B12,
USP39, PYCR3, YIF1B, PITRM1, SLC27A3, ODR4, UBR4, CDKAL1, MICOS13, LMBRD2, TTC27, CNNM4, MTHFD1L, METTL7B, LRIG3,
RPS27L, COX15, ZFYVE16, MON2, KTN1, VRK2, RHOT1, ST13P4, MACO1, RETREG2, CNNM3, SLC30A7, LPCAT1, TOR1AIP2, ATL2,
CIP2A, SMAP2, FAR1, SYNE2, AHCTF1, GBF1, ABCC2, YIPF5, CCDC47, SYAP1, FERMT2, FAF2, COQ8B, DNAJA3, CYFIP2, INTS4,
DDRGK1, CDK5RAP3, VPS13A, ERGIC2, CLCC1, OSBPLY, PHB2, SDF4, TUBGCP2, ESYT1,ALG1, 0SBPL11, YTHDF1, OSBPL8, WDR11,
DDX47, RAB1B, SPNS1, ACBD3, GRPEL1, VEZT, RTN4, FANCI, TMEM160, TECR, VAPA, DHCR7, DNAJB11, STOML2, AMFR, STUB1,
SNX6, VDAC3, FNDC3A, LEMD3, ALG6, CEPT1, SLC4A7, SEC23IP, XPO1, IPO5
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Figure 3: Kyoto Encylopaedia of Genes and Genomes pathway enrichment analysis of 787 prey proteins interacting with viral baits. The red
color represents prey proteins involved in protein processing in the endoplasmic reticulum. The red color represents prey proteins involved in
protein processing in the endoplasmic reticulum. AARE, Acylamino-acid-releasing enzyme; ATF4, activating transcription factor 4; ATF6,
activating transcription factor 6; ASK1, Apoptosis signal-regulating kinase 1; Bap31, B-cell receptor-associated protein; Bak/Bax, Bax and Bak
are members of the Bcl-2 family and core regulators of the intrinsic pathway of apoptosis; Bcl2, BCL2 Apoptosis Regulator; BiP, bingding
protein, an ER-mediated chaperone; CASP12, caspase 12; CHIP, E3 ubiquitin ligase; CHOP, C/EBP-homologous protein; CNX, Calnexin; COPII,
the Coat Protein Complex Il; CRT, calreticulin; Cull, Cullin 1; Cuel, coupling of ubiquitin conjugation to ER degradation protein 1; Climp63;
Doal0, an ubiquitin ligase complex; DOA1, a Cdc48 cofactor Ufd3; DSK2, Ubiquitin domain-containing protein DSK2; DUB, deubiquitinating
enzymes; elF2a, eukaryotic Initiation Factor 2; EDEM, ER degradation-enhancing alpha-mannosidase-like protein 3; ER, endoplasmic
reticulum; ERAD, ER-associated degradation; FBP, folate Binding protein; Glcl, glucosidase I; Glcll, glucosidase Il; GRP94, heat shock protein
90 kDa; GIM9, Glc1Man9GlcNAc2 (G1M9); GADD34, Growth arrest and DNA damage-inducible protein 34; gp78, glycoprotein 78; G3M9,
Glc3Man9GlcNAc2; Hsp, Heat shock 70-kDa protein; Hrd, HMG-CoA reductase degradation; HERP, homocysteine-induced endoplasmic
reticulum protein; HRD1, an E3 Ubiquitin ligase involved in degradation of proteins; IRE1, the Inositol-requiring enzyme 1; JNK, c-Jun N-terminal
kinase; NEF, nucleotide exchange factors; NRF2, the nuclear factor erythroid 2-related factor 2; Npl4, component of transport complex; 0S9,
osteosarcoma-9; Otul, Ubiquitin thioesterase; OSTs, the oligosaccharyl transferases; PDIs, protein disulphide isomerases; p50-ATF6,
transcriptionally active transcription factor 6; p97, the ATP-driven chaperone valosin-containing proteinvalosin-containing protein; p180,
ribosome receptor; PERK, protein kinase R-like ER kinase; Png1, an N-glycanase; RBX1, E3 ubiquitin-protein ligase RBX1; RMA1, E3 Ubiquitin-
protein ligase RNF5; RAD23, UV excision repair protein RAD23; SVIP, Small VCP/p97-interacting protein; Skp1, S-phase kinase associated
protein 1; Selil, SEL1L Adaptor Subunit Of ERAD E3 Ubiquitin Ligase; Sec, Secretion; SAR1, an Arf family small GTPase; sHSF, heat shock
protein; SPR, signal recognition protein; SR, serine/arginine-rich protein; TRAF2, TNF Receptor Associated Factor 2; TRAP, translocon-
associated protein, a transport messenger on the endoplasmic reticulum membrane; TRAM, translocating chain-associated membrane
protein; UbcH5, Human Ubiquitin-Conjugating Enzyme E2 D1; UBE2G2, Ubiquitin-conjugating enzyme E2 G2; Ub, ubiquitin; Ubc, ubiquitin C;
Ufd, ubiquitin fusion degradation protein; Ubx, Ubiquitin-associated domain-containing ubiquitin regulatory X; UGGT, UDP-glucose
glycoprotein glucosyltransferase; Usal, a scaffold of the HRD-ubiquitin ligase; URPE, unfolded response pathway element; UPR, Unfolded
protein responce; VIP36, Vesicular integral-membrane protein VIP36; VIMP, VCP-interacting Membrane Protein; WFS1, Wolfram syndrome 1
protein; XTP3B, endoplasmic reticulum lectin 1; XBP, X-box-binding protein.
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transport vesicles and shuttled to the Golgi complex with the
help of the ER-Golgi intermediate compartment (ERGIC)
marker ERGIC53, Sec12, Sec13/31, Sec23/24, which are also
required for the formation of the Coat Protein complex II
transport vesicles from the ER. Some misfolded
N-glycosylated proteins can be glycosylated by UDP-glucose
glycoprotein glucosyltransferase UGGT (UGGT1, UGGT?2).
Thus they can be connected with Calnexin and Calreticulin
to be refolded a second time. The other misfolded proteins
are cut off with a mannose residue by ER degradation-
enhancing alpha-mannosidase-like protein 3 (EDEM3),
preventing them from obtaining the correct confirmation
and resulting in terminally misfolded proteins, which bind
to the ER chaperone BiP and are directly degraded by the
proteasome in ER-associated degradation. Finally, they are
transferred to ubiquitin ligase complex in ER with the help of
ERO1-like protein, protein disulfide isomerases, The protein
“amplified in osteosarcoma-9” (0S-9), B-cell receptor-
associated protein 31 (Bap31), HSP75, and Sec61.

In the interaction network, we found six compounds of
ubiquitin ligase complex —Ubiquitin-conjugating enzyme
E2 G2 (UBE2G2), E3 ubiquitin—protein ligase (AMFR), DnaJ
homolog subfamily A member 2 (DnaJA2), DnaJ homolog
subfamily A member 1(DnaJA1), Heat shock 70-kDa protein
6 (HSPA6), E3 ubiquitin-protein ligase CHIP (STUB1).
Transitional ER ATPase and two accessory proteins bind-
ing ubiquitinated proteins were essential for the export of
misfolded proteins from the ER to the cytoplasm, and BAG
family molecular chaperone regulator 2 (BAG2) acted as a
nucleotide exchange factor, which facilitates the release of
adenosine diphosphate from HSP70 and Heat Shock
Cognate protein 70 (HSC70) proteins, resulting in trig-
gering of client/substrate protein release.

Ten viral proteins (ORF8, M, ORF7a, ORF10, NSPs,
ORF7b, S, NSP4, E, and ORF6) interacted with the 45 prey
proteins located in ER according to Nathe above conclusion.
According to one study, another two viral proteins, ORF9c
and ORF3a, interacted with the above host proteins based
on observations in ER by confocal microscopy [14, 24]. The
consistency between the microscopy results and interaction
studies provides further evidence that SARS-CoV-2 hijacked
the host ER system, possibly through the 12 viral proteins
interacting with the 45 host proteins.

We also found that there were other viral bait proteins
(ORF3b, NSP7, NSP12, NSP16, NSP15, NSP9, NSP14, NSP5)
that interacted with the 45 host proteins, and ER locations
have not been reported for these proteins. For protein pro-
cessing in the ER, fewer interaction proteins have these viral
protein pathways; NSP5 and NSP14 have only one, NSP9
and NSP15 have only two interacting proteins. We speculate
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that there may only be transient interactions between these
proteins, which makes it difficult to observe their existence
under a microscope. The lower number of interacting pro-
teins may lead to a greater probability of false positives.

Hijacking of phagocytosis by SARS-CoV-2

Phagocytosis, one of the first processes that responds to
infection, is a primary mechanism of the innate immune
defense. Human angiotensin-converting enzyme 2 (hACE2)
is a known receptor for SARS-CoV-2 in the process of cell
entry through endocytosis [33, 34]. Fifteen prey proteins
from the interaction network are involved in the Phagocy-
tosis pathway (Figure 4). Five of those proteins, ras-related
protein Rab-7a (RAB7A), Transferrin receptor protein 1
(TFRC), HLA class I histocompatibility antigen, An alpha
chain (HLA-A), Scavenger receptor class B member 1
(SCARB1), and 1-phosphatidylinositol 3-phosphate 5-kinase
(PIKFYVE), are involved with identification and entry of
SARS-CoV-2. ACE2 is essential in the early stages of viral
entry. Previous research studies have shown that loss of
RAB7A may sequester the ACE2 receptor inside the cells,
leading to reduced viral entry [35]. TFRC is an alternative
receptor for SARS-CoV-2 entry [30]. HLA-A is an antigen-
presenting primary histocompatibility complex class I
(MHCI) molecule with immunodominant epitope originated
from SARS-CoV-2 [36]. Hence, it is not difficult to speculate
that HLA-A is a key element in SARS-CoV-2 recognition
through the phagocytosis pathway. SCARBI facilitates the
entry of SARS-CoV-2 by acting as an entry co-factor through
high-density lipoprotein (HDL) binding [37]. PIKFYVE is
necessary for cell entry of SARS-CoV-2 by endocytosis and
potentially a universal drug target for viruses entering cells
via endocytosis [34]. PIKFYVE is also essential for maturing
early endosomes into late endosomes, phagosomes, and
lysosomes in the phagocytosis pathway [38]. Integrin beta-1
(ITGB1) is another phagocytosis-promoting receptor.

There are another 11 proteins that play roles in the
phagocytosis pathway and participate in phagosome for-
mation, phagolysosome formation, and cross-presentation.
Hepatocyte growth factor-regulated tyrosine kinase sub-
strate (HGS) is reported to be engaged in intracellular
signal transduction. Ras-related protein Rab-5C (RAB5C),
SEC22B-Vesicle-trafficking protein (SEC22B), Syntaxin-7
(STX7), protein transport protein Sec61 subunit alpha iso-
form 1 (SEC61A), and protein transport protein Sec61 subunit
beta (SEC61B) mediates the endocytic trafficking or protein
transport [38—43]. Calnexin (CANX)/Calreticulin (CALR) is a
calcium-binding chaperone abundant within ER. CALR
mainly performs functions in protein assembly, promotion
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Figure 4: Kyoto Encylopaedia of Genes and Genomes pathway enrichment analysis of 787 prey proteins interacting with viral baits. The red
color represents prey proteins involved in phagocytosis. The red color represents prey proteins involved in phagocytosis. CALR, Calreticulin;
DCSIGN, a C-type lectin receptor; EEA1, early endosome antigen 1; ER, endoprasmic reticulum; FcaR, Fc alpha receptor; FcyR, Fc receptors for
I1gG; gp91, a NADPH oxidase subunit; Hrs, the ESCRT-0 subunit HRS; iC3b, a protein fragment that is part of the complement system, a
component of the vertebrate immune system; IG, immunoglobulin; LAMP, the lysosomal membrane proteins; Lox1, Lectin-like oxidized low-
density lipoprotein (LDL) receptor-1; M6PR, mannose-6-Phosphate Receptor; MPO, human Myeloperoxidase; MHCI, primary
histocompatibility complex class I; MHCII, the major histocompatibility complex class Il; MR, C-type lectin receptors; MARCO, mreceptor with
collagenous structure; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NOS, nitric oxide synthase; NO, Nitric oxide; PIKFYVE,
1-phosphatidylinositol 3-phosphate 5-kinase; PI(3)P, Phosphatidylinositol 3-phosphate; Rab5, Ras-related protein 5; Rab7, Ras-related
protein Rab-7; Rac, ras-related C3 botulinum toxin substrate; RILP, Rab-interacting lysosomal protein; Sec22, Secretion 22; SRA1, steroid
Receptor RNA Activator 1; SRB1, the Scavenger Receptor Class B type 1; TAP, Antigen peptide transporter 2; TfR, transferrin receptor; TLR, Toll-
like receptors; TSP, thrombospondin, an integrin-associated protein; TUBA, tubulin alpha chain; TUBB, Tubulin beta; VAMP3, vesicle
associated membrane protein 3; vATPase, v-type ATPase; VPS34, class Ill phosphoinositide 3-kinase.

of unassembled protein subunits retention within the ER, or
viral protein processing. Antigen peptide transporter 2
(TAP2) is associated with antigen processing. TAP2 is
indispensable in both of peptide-MHCI assembly and anti-
gen presentation [44-47]. An adequate supply of peptide
antigens binding with MHCI molecules requires the pres-
ence of TAP1 and TAP2 [44, 45]. Tubulin beta-6 chain
(TUBB6), V-type proton ATPase 116 kDa subunit a 3
(TCIRG1), and V-type proton ATPase subunit S1 (ATP6AP)
are three other proteins that assist in phagocytosis.

Proteins interacted with viral bait proteins (ORF3a,
ORF7b, ORF7a, NSP6, M, NSP4, ORF8) and most of the
proteins involved in phagocytosis, indicating that
SARS-CoV-2 hijacked phagocytosis through these bait
proteins after entering host cells, thereby achieving the
purpose of avoiding the innate immune response. Other
viral proteins, NSP7, ORF3DEPB, ORF10, ORF6, E, S,
NSP8, NSP9, and NSP15, have less than two interacting
proteins in this pathway and need further research to
address the high probability of false positives.
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Hijacking of the oxidative phosphorylation
pathway of host cell by SARS-CoV-2

Components of the oxidative phosphorylation system are
located on the mitochondria’ inner membrane. The system is
composed of five complexes: Nicotinamide adenine dinu-
cleotide (NADH) dehydrogenase complex (Complex I),
Succinate dehydrogenase complex (Complex II), Cyto-
chrome bcl complex (Complex III), Cytochrome ¢ oxidase
complex (Complex IV), and the ATP synthase (Complex V).
In the protein interaction network of the host cell with
SARS-CoV-2, there are 22 participants distributed in all the
complexes of the oxidative phosphorylation pathway
(Figure 5). NADH-ubiquinone oxidoreductase 75 kDa sub-
unit (NDUFS1), NADH dehydrogenase [ubiquinone] iron-
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NDUFA12, NDUFA4, NDUFA6, NDUFA9 are nine subunits of
Complex 1. Cytochrome ¢ oxidase assembly protein COX15
homolog (Cox15), Cytochrome ¢ oxidase subunit 6Bl
(COX6B1), Cytochrome c oxidase subunit 7A2 (COX7A2), and
Cytochrome c oxidase subunit 2 (MT-CO2) are four subunits
of Complex IV. ATP synthase subunit alpha (ATP5F1A), ATP
synthase subunit beta (ATP5F1B), ATP synthase subunit
gamma (ATP5F1C), ATP synthase subunit delta (ATP5F1D),
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Figure 5: Kyoto Encylopaedia of Genes and Genomes pathway enrichment analysis of 787 prey proteins interacting with viral baits. The red
color represents prey proteins involved in protein processing in oxidative phosphorylation. The red color represents prey proteins involved in
protein processing in oxidative phosphorylation. ATP, adenosine triphosphate; COR1, cytochrome-c reductase subunit COR1; COX,
cytochrome c oxidase; CYC, Cytochrome c; Cyd, cytochrome bd-type quinol oxidase subunits; FMN, flavin mononucleotide; FrdA, a
flavoprotein, part of an enzyme complex; FrdB, an iron-sulfur protein, part of an enzyme complex; Hox, hox hydrogenase; ISP, iron sulfur
protein; NADH, Nicotinamide adenine dinucleotide; OSCP, oligomycin sensitivity-conferring protein; PPi, diphosphate; PPPi,
tributylphosphoric acid; Pi, inorganic Phosphate; ADP, adenosine diphosphate; QCR, cytochrome c reductase; Qox, quinol oxidases; Sox,

sulphur oxides protein; UQ, ubiquinone.
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(A) Interaction diagram for proteins involved in tight junctions (TJs) and T)s assembly-related pathways. Viral protein interactions are
displayed in the top of the figure. (B) Interaction diagram for proteins involved in cholesterol-related pathways. (C) Interaction diagram for
proteins involved in the pathways of cardiac muscle-related diseases. The gray dotted lines represent gene ontology (GO) pathways; blue
dotted lines represent Kyoto Encylopaedia of Genes and Genomes pathways. The significance of the pathways is represented by —log(P-value)
(Fisher’s exact test) and is shown by color scales with dark blue indicating the highest level of significance. ACADVL, very long-chain specific
acyl-CoA dehydrogenase; ACTC1, actin-alpha cardiac muscle 1; ACTR, antibody-coupled T cell receptor; ACTN, alpha-actinin; ADCY9, adenylate
cyclase type 9; ANXA2, Annexin A2; APP, amyloid-beta precursor protein; ATP1A1, ATPase subunit alpha-1; ATP2A2, ATPase 2; ATP1B1, ATPase
subunit beta-1; ATP1B3, sodium/potassium-transporting ATPase subunit beta-3; ATP2B1, plasma membrane calcium-transporting ATPase 1;
CALM2, calmodulin-2; CAV1, Caveolin-1; CDC42, cell division control protein 42 homolog; CNBP, CCHC-type zinc finger nucleic acid binding
protein; COX6B1, Cytochrome c oxidase subunit 6B1; COX7A2, Cytochrome c oxidase subunit 7A2; CYB5R3, NADH-cytochrome b5 reductase 3;
DAG1, dystroglycan 1; DHCR, dehydrocholesterolreductase; DSP, 22-Desmoplakin; DSG2, desmoglein-2; EMD, Emerin; ERLIN1, Erlin-1; ERLIN2,
Erlin-2; EPHA2, Ephrin type-Areceptor 2; GJA1, gap junction alpha-1 protein; GNA13, guanine nucleotide-binding protein subunit alpha-13; GO,
gene ontology; GPR39, G-protein coupled receptor 39; HLA-A, HLA class | histocompatibility antigen, An alpha chain; HMGCR, 3-Hydroxy-3-
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and Genomes; LRP6, Low-density lipoprotein receptor-related protein 6; LMNA, Prelamin-A/C; MSN, Moesin, membrane-organizing extension
spike protein; MYH, myosin; MYO1C, unconventional myosin-Ic; MYH9, myosin-9; YL12A, transposon Ty1-LR2 Gag polyprotein; MTDH, NADP-
dependent mannitol dehydrogenase; MT-CO2, cytochrome c oxidase subunit 2; PPP2R1A, serine/threonine-protein phosphatase 2A 65 kDa
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plakophilin-2; PCNA, proliferating cell nuclear antigen; RDX, radixin; RAB, ras-related protein Rab-7a; RHOA, transforming protein RhoA;
RABS8A, ras-related protein Rab-8A; SCARB1, Scavenger receptor class B member 1; SGCB, beta-sarcoglycan; SLC9A1, sodium/hydrogen
exchanger 1; SYMPK, Symplekin; TGFB1, transforming growth factor beta-1 proprotein; TGFB2, transforming growth factor beta-2 proprotein;
TPM1, tropomyosin alpha-1 chain; TPM3; UQCRB, Cytochrome b-c1 complex subunit 7; UQCRC2, Cytochrome b-c1 complex subunit 2,
mitochondrial.
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are subunits of ATP synthase. Inorganic pyrophosphatase
(PPA1) is the key enzyme that catalyzes the production of
inorganic phosphates, and it is a synthetic substrate of ATP.

As mentioned above, the SARS-CoV-2 proteins NSP6,
NSP16, and ORF9b are partly located in the mitochon-
drion of the host cell. Oxidative phosphorylation, a pri-
mary process occurring in the mitochondria, covers
ORF9b and NSP6, which interacts with 10 and nine host
cell proteins. This indicates that the two viral proteins,
NSP6 and ORF9b, participate in hijacking the host cell’s
oxidative phosphorylation energy pathway. ORF7a,
ORF3a, M, NSP7, and ORF9c have been reported to appear
in mitochondria in only one research study each. We
found that these proteins also appeared in the interaction
network of the oxidative phosphorylation complex, which
provided further evidence that they might be located in
mitochondria. In the pathway, there were two or fewer
proteins that interacted with the other bait proteins of
SARS-CoV-2, ORF7b, ORF8, NSP1, NSP3, NSP5, NSP9,
NSP10, ORF10, E, and N. There were five proteins that
interacted with ORF3b, suggesting that ORF3b is located
or partly located in the mitochondrion.

We can conclude that multiple viral proteins, espe-
cially NSP6 and ORF9b, hijacked the oxidative phos-
phorylation energy system of the host cell and likely led
to dysregulation of mitochondrial functions [28]. Mito-
chondrial dysfunction is related to a variety of diseases,
such as Parkinson’s [48], Huntington’s [49, 50], and
Alzheimer’s disease [48]. This may partly explain why
patients infected with SARS-CoV-2 have neurological
symptoms.

SARS-CoV-2 disturbed tight junction,
cholesterol metabolic process, and cardiac
muscle contraction process

In the protein interaction network of SARS-CoV-2 and the
host cell, the host proteins participated in biological
pathways related to tight junction (T]), cholesterol, and
cardiac disease are highly abundant (Figure 6A-C).

TJs contribute to establishing the epidermal perme-
ability barrier by controlling the paracellular transport
between neighboring cells. The destruction of TJs may pose
a serious threat to health during virus infection [51]. The
breakdown of the selective permeable barrier is reported to
be closely associated with the hypoxemia in Acute Respi-
ratory Distress Syndrome [52], representing one of the
major risk factors affecting the case-fatality rate in
COVID-19 patients [53, 54]. TJs have been reported to exist
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between epithelial cells in the lungs, intestines, kidney,
and brain [55, 56]. Many of the host proteins in the inter-
action network are reported to be essential to TJs-related
biological pathways. The Ras-related protein (RAB13) which
regulates TJs assembly and activity, is conducive to estab-
lishing the Sertoli cell barrier [57-59] and may be related to
cysts dispersed in cells lacking TJs [60]. Symplekin (SYMPK)
is a specific component of the TJs plaque [61, 62]. Ephrin
type-A receptor 2 (EPHA?2) is associated with the positive
regulation of bicellular TJ assembly [63] and Plakophilin-2
(PKP2) plays a role in junctional plaques [64]. There are at
least three proteins interacting with the viral proteins ORF8
(7), NSP6 (6), ORF7b (5), M (4), NSP5 (4), ORF3a (4), NSP7 (3),
and NSP15 (3) in TJs-related pathways according to the
interaction network, as shown in Table 1.

Representing an essential component for mammalian
cell functions and integrity, Cholesterol serves as a pre-
cursor of steroid hormones, bile acids, and vitamin D. The
abnormal metabolism of cholesterol increases the risk for
various endocrine disorders and cardiovascular diseases.
Many host proteins that interact with the viral bait serve
important biological functions in cholesterol-related pro-
cesses. 3-Hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR), well-known as the main target of statins [65, 66],
coordinates critical events in cellular cholesterol
homeostasis [67-69]. Scavenger receptor class B member 1
(SCARBI) is the receptor for HDL. SCARBI1 regulates selec-
tive uptake of HDL-associated cholesteryl ester and also
facilitates the efflux of unesterified cholesterol [70].
Caveolin-1 (CAV1), Annexin A2 (ANXA?2), and Low-density
lipoprotein receptor-related protein 6 (LRP6) are involved
with cholesterol transport [71-73]. Delta (24)-sterol
reductase (DHCR24) and 7-dehydrocholesterol reductase
(DHCR?7) have important functions during the cholesterol
biosynthesis process [74-79]. Erlin-1 (ERLIN1), Erlin-2
(ERLIN2), and CCHC-type zinc finger nucleic acid binding
protein (CNBP) are involved in the regulation of cellular
cholesterol homeostasis [80, 81]. More than three host
proteins interacted with the viral proteins M, NSP6, NSP4,
and ORF8, which may indicate that they play key roles in
cholesterol related processes.

We also found that many of the prey proteins that
interacted with SARS-CoV-2 are related to the physiology
of cardiac muscles and the cardiac conduction system.
Caveolin-1 (CAV1), plakophilin-2 (PKP2), calmodulin-2
(CALM2), tropomyosin alpha-1 chain (TPM1), and sodium/
potassium-transporting ATPase subunit alpha-1 (ATP1A1)
have been reported to be involved in cardiac muscle
contraction [82-86]. Emerin (EMD), gap junction alpha-1
protein (GJA1), desmoglein-2 (DSG2) 22-Desmoplakin
(DSP), and Sodium/potassium-transporting ATPase
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subunit beta-1 (ATP1B1) are essential to cardiac
conduction [87-92].

Prelamin-A/C (LMNA), transforming growth factor beta
proprotein TGFB1 and TGFB2 relate to cardiac homeostasis,
cardiac muscle cell differentiation and proliferation,
respectively [87, 93-98]. The dysfunction of cytochrome ¢
oxidase subunit 2 (MT-CO2), actin-alpha cardiac muscle 1
(ACTC1), sarcoplasmic/ER calcium ATPase 2 (ATP2A2), and
sodium/hydrogen exchanger 1 (SLC9A1) would result in
cardiomyopathy. The host prey proteins that are involved in
the pathways of diseases related to the cardiac muscle also
interacted with a series of viral proteins (at least three
proximal interactions), such as M, NSP6, ORF3a, ORF7a,
ORF8, nsp4, ORF3b, ORF7b, E, S, NSP2, NSP7, and ORF9b.

Previous research has shown that a number of proteins
involved in TJ, cholesterol metabolic processes, and car-
diac muscle contractions are disturbed after being infected
with SARS-CoV-2 [99-101]. The fact that the host proteins
interacted with the SARS-CoV-2 proteome through biolog-
ical pathways further proves that the COVID-19 disease has
disturbed the biological processes and provides an expla-
nation for how this process occurred in cells.

Hijacking of the host cell translation process
by SARS-CoV-2

By analyzing the interaction network, we found that
SARS-CoV-2 interfered with the host cell’s ribosome
biogenesis process (XRCC5, XRCC6, PRKDC, NOP58, FBL,
DKC1, and NAT10), nucleocytoplasmic transport (NUP205,
NUP93, PYM1), and the formation of translation initiation
complex (eIF3A) through nspl protein.

DNA-dependent protein kinase (DNA-PK) and nucle-
olar small ribosome particle core protein are related to
ribosome biogenesis. DNA-PK include KU heterodimers
(XRCC5, XRCC6) and a catalytic subunit DNA-PKcs
(PRKDC). DNA-PK, which exists in the nucleolus in an
rRNA-dependent manner, is purified together with small
subunit processing bodies. The binding of KU to the end of
the DNA strand may recruit and activate DNA-PKcs. KU
drives the assembly of DNA-PKCs on U3 small nucleolar
RNA, which is necessary for the processing of 18S rRNA.

Consist of Ku70 (XRCC5) and Ku80 (XRCC6), the Ku
heterodimer may bind to DNA double-strand break ends,
which is necessary for the non-homologous end joining of
DNA repair pathway [102]. Fibrillarin (FBL), nucleolar
protein (NOP58), and dyskerin (DKC1) are three core pro-
teins that make up nucleolar ribosome particles. Small
nucleolar (snoRNA) are located in the nucleolus, which
guides the processing and modification of ribosomal RNA
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(rRNA) precursors and plays an important role in ribosome
biogenesis. Studies have shown that the majority of
snoRNP early stage processing and assembly occur in the
nuclear plasma, which is transported to the nucleolus after
assembly. RNA cytidine important transferase (nat10) is
essential for the process of rRNA modification. The unique
interaction of NSP1 with eIF3C (a component of the elF3
translation initiation complex) causes translation inhibi-
tion via bridging mRNA to the small ribosomal subunit.
Other studies demonstrated that NSP1 K164A and H165A
mutations might block its interactions with elF3 and small
ribosomal subunits [23]. Four ribosomal proteins (RPS16,
RPSA, RPS19, RPS10) were also found in these proteins,
which further proved that NSP1 might interfere with the
biogenesis or translation process of ribosomes. These
processes occurred in the nucleus and cytoplasm, along
with the microscopic localization of NSP1, further
confirmed the authenticity of NSP1 virus protein functions
in host cells.

Host response for COVID-19 infection

The wide clinical spectrum of COVID-19 disease ranges
from asymptomatic to mildly symptomatic forms to severe
clinical syndromes [103, 104]. In the most cases, patients
will display an immune response without obvious symp-
toms within the first week of infection [105]. In COVID-19
and convalescent patients, the amount of down-regulated
proteins was significantly more than that of up-regulated
proteins, which led to a significant decrease in the number
of identified proteins [99-101]. Contrary to the patients
infected with SARS-CoV-2, there was a significant increase
in the number of identified proteins in asymptomatic car-
riers, as compared to healthy controls [99, 101]. These
proteins are involved in many aspects of the host response,
which is helpful for deepening our understanding of the
molecular mechanisms revealing COVID-19 infection.

Immune response

Increasing evidence illustrate that the progression of
COVID-19 disease is highly associated with the host’s im-
mune response [106-109]. Considering the results from our
research and other peer-reviewed publications, the im-
mune response pattern of COVID-19 patients can be
concluded as a multi-stage process: activation in the
asymptomatic period, suppression in the mild/moderate
period, abnormally activation in the severe period and
prolonged suppression at convalescent period [99, 100].
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We found that Dishevelled, EGL-10 and pleckstrin (DEP)
along with a large number of proteins mainly involved in
the innate immune response were highly enriched in
asymptomatic carriers. Similarly, immune responses
mediated by leukocyte and neutrophil were up-regulated.
And cytokine production was also found to be
increased [99]. On the contrary, the levels up-regulated
proteins in the urine samples of asymptomatic carriers
were mostly reduced in mild/moderate and severe pa-
tients. It was identified that proteins related to these
functions switched from increase to decrease, indicating
that the immune response changed from activation in
asymptomatic infections to inhibition in symptomatic
COVID-19 patients [99]. Some of the proteins were associ-
ated with neutrophil mediated phagocytosis, such as cal-
pain (CAPN1), which is involved in neutrophil plasma
membrane expansion in conjunction with cell spreading
and phagocytosis [110-113]. Phagocytosis is one of the main
mechanisms of the innate immune defense and it is one of
the first processes that responds to infection. It has been
reported that SARS-CoV-2 infections changed cell phago-
cytosis and neutrophilia in COVID-19 patients [114].
Peripheral neutrophil-to-lymphocyte ratio was also charac-
terized to be increased in severe COVID-19 patients [115],
suggesting that neutrophil degranulation may play a key
role in modulating the landscape of immune changes after
SARS-CoV-2 infection [116]. As a cytosolic protein involved
in many biological processes, N-Myc downstream regulated
gene 1 (NDRG1) mainly affected the differentiation process of
macrophages [117]. The secretion of Macrophage migration
inhibitory factor (MIF) in response to viral infections may
trigger the production of inflammatory cytokines from
T cells and macro-phages, eventually resulting in significant
elevation in inflammatory response (also known as “cyto-
kine storm”) [99, 100, 118]. Phagocytosis, mediated by
neutrophils and macrophages, played a vital role during the
whole COVID-19 disease development process, and it may
be the SARS-CoV-2-specific risk factor determining the in-
flection point from asymptomatic to symptomatic [99].

Cholesterol metabolism

Cholesterol metabolism has been characterized to be
directly involved in COVID-19 pathogenesis [99, 101, 119].
Previous studies suggest that HDL possess a protective
action on the endothelial layer in COVID-19 patients [119].
Apolipoprotein A-I (ApoAl), known as an important
member in HDL family, plays a crucial role for reverse
cholesterol transport [99]. A number of studies have shown
that ApoAlis down-regulated throughout the disease cycle
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of COVID-19 [99-101]. The functional disorder of HDL
serum may be indicative of the abnormalities in cholesterol
reverse transport during SARS-CoV-2 infection.

Cardiac complications

Long-term myocardial disturbance is another feature of
COVID-19. Myocarditis is a major cardiac complication
found in COVID-19 BBA patients [106, 107, 120]. The rise of
troponin I in the cardiac signaling correlates with a poor
clinical outcome [99, 105]. The decrease of junction pla-
koglobin (JUP) in the serum of COVID-19 patients was
found to be related to arrhythmic right ventricular cardio-
myopathy (ARVC) [99]. Vascular function and coagulation
pathways are also affected in the mild/moderate and se-
vere COVID-19 stages [99]. The dysfunction is usually more
serious in severe patients than in moderate patients, and
this effect is extended until 6-12 months after recovery. The
level of creatine kinase Myoglobin (MB) was reported to be
significantly increased during convalescence, as compared
with healthy controls. Arrhythmogenic right ventricular
cardiomyopathy caused by the cascade reaction of com-
plement and coagulation was also observed during
convalescence [99, 101]. However, this phenomenon does
not exist in asymptomatic infections, indicating little effect
on the cardiovascular function or coagulation
pathway [99].

Tight junction

With the exception of FZD5, the level of many proteins
increased in the TJs assembly in asymptomatic carriers, but
remarkably decreased in symptomatic COVID-19 pa-
tients [99, 100]. This indicates that TJs are partially acti-
vated in asymptomatic infections, while destructed during
disease progression. The distinction in TJs variation at
protein levels between the different infection periods
indicated the occurrence of a defense process at the very
early phase of infection [99].

Mitochondrion stress

Peroxiredoxin-3 (PRDX3) and carbamoyl phosphate syn-
thase (CPS1) are two proteins which were found to be
significantly elevated in the serum of COVID-19 patients.
PRDX3, derived from mitochondria, is a known antioxi-
dant. CPS1 is the main mitochondrial urea cycle enzyme in
hepatocytes [121]. The proteins that were still affected 40-
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60 days after virus infection were related with mitochon-
drial stress. This may indicate that mitochondrial stress
reaction persists during SARS-CoV-2 infection.

Damage to other organs

There is compelling evidence that the infection of
SARS-CoV-2 may result in multiple organ dysfunctions,
covering the central nervous system, heart, gastrointes-
tinal tract, kidney, liver, and muscle [82, 101, 105, 122-125].

The level of Cystatin C and progranulin was remarkably
elevated in COVID-19 patients’ serum. Notably, Cystatin C
has been identified as an extracellular level biomarker for
tumor, cardiovascular disease, and inflammatory lung dis-
orders [126]. Progranulin appears to have a pro-inflammatory
role in adipocytes in diabetes [127]. These results were shown
with real-time architecture for autopsy samples collected
from different organs of COVID-19 patients. It turned out that
SARS-CoV-2 infection caused the dysregulation of more than
45% of total identified proteins in at least one organ/time
point, indicating the devastating effect of the SARS-CoV-2
infection [128]. What is more striking is that the incidence of
multiple organ dysfunction has actually increased among
COVID-19 patients in the recovery stage [99].
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