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Integrative network analysis identifies R
pivotal host genes and pathways for

SARS-CoV-2 infection

The coronavirus disease 2019 (COVID-19) is still a global
threat today. SARS-CoV-2 is the etiologic agent of COVID-
19, the culprit behind the current pandemic. Its life cycle is
dependent on hijacking host-cell biological processes to
facilitate entry, replication, assembly, and budding. The
recognition that a suite of mammalian host proteins is
required for SARS-CoV-2 infection and replication presents
additional targeting strategies that may be less prone to
deflections by the quickly mutating viral genome. In this
study, we conducted an integrative network analysis to
identify pivotal host genes and pathways for SARS-CoV-2
infection.

In this study, we systematically analyzed a large amount
of RNA sequencing data from five molecular studies of
SARS-CoV-2 infection, with multiplicity of infection (MOI)
ranging from 0.01 to 4, and test time points ranging from
1 h to 48 h (see Table S1). Initially, we carried out a
weighted gene co-expression network analysis, which yiel-
ded 31 modules (Fig. 1A; Fig. S1A—D). Subsequent corre-
lation analysis results revealed that six modules were
significantly associated with MOI, while no module showed
a significant correlation with the time course (Fig. 1A),
which was supported by the gene significance for MOI
(Fig. S2A—F). Regression analysis results showed that no
module was also associated with the experiment or the cell
type (Fig. 1A), indicating that these gene modules were
unaffected by the conditions of the experiments. Upon
analysis of function enrichment, the genes in one of the six
modules were enriched in the SARS-CoV-2 signaling
pathway (Fig. S3B). Thereout, discovering these modules
linked to SARS-CoV-2 infection was not an accidental event.

The royal blue module exhibited the highest correlation
with MOI (Fig. 1A). The genes in this module were enriched
in pathways related to the SARS-CoV-2 signaling,
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neuroinflammation, and neuron death (Fig. S3A, B). Evi-
dence accumulated so far indicates that the pathophysi-
ology of COVID-19 is characterized by systemic
inflammation, hypoxia resulting from respiratory failure,
and neuroinflammation (either due to viral neurotropism or
in response to cytokine). Mice lacking THAP1 (THAP domain
containing 1) exhibited neurological impairment.” THAP1
was identified as a hub gene within the royal blue module
upon analysis of a protein—protein interaction network
(Fig. 1B). It had a negative correlation with MOI, which was
confirmed in a dataset from an additional independent
study (Fig. 1H). According to the centrality-lethality rule (in
the protein—protein interaction network of a module, the
higher the neighbor count is, the more important a node is),
THAP1 is crucial in the neuroinflammation caused by SARS-
CoV-2. Syntaxin 11 (STX11), another hub gene (Fig. 1B), was
associated with hemophagocytic lymphohistiocytosis, a
multisystem inflammatory disorder due to cytokine over-
production. IL-1 receptor antagonist is in many cases used
to treat this sickness. IL-1 is initially released from the
virus-infected cell and triggers ensuing inflammation. It was
reported that a patient with hemophagocytic lymphohis-
tiocytosis resulting from a homozygous frame-shift muta-
tion of STX11 achieved remission with IL-1 receptor
antagonist monotherapy, but subsequently developed an
acute SARS-CoV-2 infection responsive to increased IL-1
receptor antagonist dosing.” STX11 and MOI had a positive
correlation in our study. Evidently, STX11 has a crucial role
in the inflammation brought on by SARS-CoV-2.

The genes in the pink module (one of the six modules)
were enriched in pathways related to MAPK signaling and
JUN phosphorylation (Fig. S3C, D). BACH2 (BTB domain and
CNC homolog 2) links MAPK/JUN and is a repressor of JUN-
mediated transcriptional activation. Several studies
demonstrated that vitamin D increased BACH2 to reduce
IFN-y and increase IL-10. These two cytokines are critical in
resolving type 1 inflammation in the setting of severe

2352-3042/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2024.101206&domain=pdf
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2024.101206
https://doi.org/10.1016/j.gendis.2024.101206
http://creativecommons.org/licenses/by/4.0/

Rapid Communication

A Module-trait relationships
MEred [lll| 04 03 1 1 | 1 1 1 1 1
MElightgreen 0.03 0.2 1 1 1 1 1 1 1 1 1
MElightyellow 09 03 1 1 1 1 1 1 1 1
MEpaleturquoise 09 0.8 1 1 1 1 1 1 1 1
MEsaddlebrown 0.2 1 1 1 1 1 1 1 1 1
MEsteelblue 0.9 0.9 1 1 1 1 1 1 1 1
MEbrown 0.03 0.7 1 1 1 1 1 1 1 1
MEcyan 0.2 08 1 1 1 1 1 1 1 1
MEpink 0.02 0.9 1 1 1 1 1 1 1 1 o5
MEdarkgreen 1 0.7 1 1 1 1 1 1 1 1 )
MEmidnightblue 0.7 0.8 1 1 1 1 1 1 1 1
MEdarkgrey 04 07 1 1 1 1 1 1 1 1
MEorange 05 05 1 1 1 1 1 1 1 1
MEblack 07 05 1 1 1 1 1 1 1 1
MEmagenta 0.9 0.9 1 1 1 1 1 1 1 1
MEsalmon | 0.8 0.4 1 1 1 1 1 1 1 1 Lo
MEgreenyellow 0.6 08 1 1 1 1 1 1 1 1
MEpurple 0.2 04 1 1 1 1 1 1 1 1
MEgrey60 06 0.7 1 1 1 1 1 1 1 1
MEtan 05 08 1 1 1 1 1 1 1 1
MEgreen | 08 1 1 1 1 1 1 1 1 1
MEturquoise 0.7 04 1 1 1 1 1 1 1 1
[MEroyalblue 56-05 08 1 1 1 1 1 1 1 1 | o5
MEskyblue 03 08 1 1 1 1 1 1 1 1 e
MEdarkred [lll| 0.01 06 1 1 1 1 1 1 1 1
MElightcyan 0.01 0.7 1 1 1 1 1 1 1 1
MEblue lll| o8 0.3 1 1 1 1 1 1 1 1
MEyellow 09 0.5 1 1 1 1 1 1 1 1
MEdarkorange i 04 02 1 1 1 1 1 1 1 1 ol
MEdarkturquoise 1 0.3 1 1 1 1 1 1 1 1 1
MEwhite 0.3 0.3 1 1 1 1 1 1 1 1 -
MEgrey 0.3 08 1 1 1 1 1 1 1 1
o @Qf > N » v < e &) &
&) o) > G o Ny \s
~ Q & & & & QYO & P J
& & & S &
[ ] ] o
B C 4COMT D @SNAPIN
THAP1
ot o/P2B1
@BACH2
@STX1
@PEF1
@EPDR1
@/\FKBIC
@EXOSC8 @SH3GLB1
#SMG9
Hubgene-MOI relationships Part 1 Hubgene-MOI relationships Part 2
NFKBID | 002 0.006 1 SH3GLB1 | 004 07 )
1 0.001 |
EXOSC8 | 002 004 05 EPDR1 | 0.03 0.001 o5
SMG9 | 0.01 0.06 COMT | 003 0.03
0 f— 0
PEF1 | 001 3e-04 BACH2 | 0.04 0,001
AP2B1 | 0.04 . 03 THAP1 |0.005 1e-04 205
SNAPIN [0.005 0.007 A STX11 | 0.007 4
\OQQ \OQQ \°°Q \OQQ
) OIS
& & & &
S S
<& 5 & S

Figure 1

Integrative network analysis identifies pivotal genes. In a cell, there is a P-value and color-denoted coefficient. (A) The

relationships between module eigengenes and traits. Each colored row in the y-axis represents a color-coded module. (B—G) The
protein—protein interaction networks of the virus-related modules including, in turn, the royal blue module, pink module, light
cyan module, dark red module, brown module, and light green module. The clearly labeled node was the top hub gene. (H) The
relationships between top hub genes and traits. The validation group was from another independent experiment.
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COVID-19. BACH2, a hub gene in this module (Fig. 1C), had a
positive correlation with MOI in this study (Fig. 1H), indi-
cating that BACH2 negatively regulated inflammation
caused by SARS-CoV-2. Another hub gene COMT (catechol-
O-methyltransferase) (Fig. 1C) encoding catechol-O-meth-
yltransferase catalyzes the transfer of a methyl group from
S-adenosylmethionine to catecholamines, including the
neurotransmitters dopamine, epinephrine, and norepi-
nephrine. This enzyme was activated by the MAPK signaling
pathway, relieving functional pain and neuroinflammation.>
Our study found that COMT was negatively correlated with
MOI (Fig. 1H). COMT should keep down-regulation in the
SARS-CoV-2 infection, resulting in functional pain and
neuroinflammation.

SARS-CoV-2 enters through clathrin-mediated endocy-
tosis, and its genome is trafficked to the early endosomes.
The AP2B1 (beta-type subunit of the adaptor protein com-
plex 2) coding protein is one of two large chain components
of the adaptor protein complex 2, which serves to link
clathrin to receptors in coated vesicles. AP2B1, a hub gene
in the light cyan module (Fig. 1D), was positively correlated
with MOI (Fig. 1H). Thus, AP2B1 expression should promote
SARS-CoV-2 entry. On the other side, SARS-CoV-2 exploits
the lysosomal exocytosis pathway for egress. The SNAPIN
(SNAP-associated protein) encoding protein is a component
of the BLOC-1, a complex that is required for the normal
biogenesis of lysosome-related organelles. Its phosphory-
lation state influences exocytotic protein interactions and
regulates exocytosis. This protein is phosphorylated by the
MAPK cascade. In this study, the genes in the light cyan
module were enriched in the MAPK cascade pathway
(Fig. S3E), and SNAPIN (Fig. 1D) was negatively correlated
with MOI (Fig. 1H). Obviously, SNAPIN is involved in the
regulation of SARS-CoV-2 egress.

The SARS-CoV-2 assembly occurs in the endoplasmic re-
ticulum-Golgi intermediate compartment. Endoplasmic re-
ticulum-to-Golgi transport is the first step in the
constitutive secretory pathway. PEF1 (penta-EF-hand
domain containing 1) encoding protein ALG-2 (apoptosis-
linked gene 2) is a negative regulator of endoplasmic re-
ticulum-Golgi transport. Furthermore, ALG-2/peflin hetero-
complexes bind to endoplasmic reticulum exit sites through
the ALG-2 subunit to confer a low, buffered secretion rate.*
PEF1 as a hub gene in the dark red module (Fig. 1E) had a
negative correlation with MOI (Fig. 1H) and the genes in this
module were enriched in the endoplasmic reticulum to
Golgi vesicle-mediated transport pathway (Fig. S3G).
Therefore, PEF1 plays a key role in the SARS-CoV-2 as-
sembly and secretion.

SARS-CoV-2 hijacks the exosomal pathway to exploit
cellular replication mechanisms and further spread
infection throughout the body. Exosomes are lipid bilayer-
encapsulated microparticles (30—100 nm) released by
various types of cells. The genes in the brown module
were enriched in vesicle-mediated transport and lipid
metabolic processes (Fig. S3l). Exosome component 8
(EXOSC8), a hub gene in this module (Fig. 1F), encodes a
3'—5" exoribonuclease, part of the exosome complex.
Meanwhile, exosomes allow the host to produce effective
immunity by activating antiviral mechanisms.> For

example, exosomes were engulfed and led to the NF-«B
signaling activation by hindering the NFKB inhibitor delta’s
(NFKBID),> another hub gene (Fig. 1F). In this study,
EXOSC8 and NFKBID were significantly correlated with MOI
(Fig. 1H), suggesting that these two genes should be
essential in the response to SARS-CoV-2 infection in terms
of the exosome.

Ependymin-related 1 (EPDR1) overexpression increased
the p53, p21, and Bcl-2 expression and promoted apoptosis.
In this study, the genes in the light green module were
enriched in the apoptotic process (Fig. S3K), and EPDR1 was
positively correlated with MOI (Fig. 1H). As a hub gene in
this module (Fig. 1G), EPDR1 is bound to play a pivotal role
in the apoptosis caused by SARS-CoV-2.

In summary, by combining the weighted gene co-
expression network approach, protein—protein interaction
network analysis, and RNA sequencing data, this study un-
covered fundamental patterns of molecular responses,
intrinsic structures of gene co-regulation, and potential
targets in SARS-CoV-2 infection. Our findings provided
further insights into functional investigations to identify
potential therapeutic targets against SARS-CoV-2 infection.
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