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ARTICLE INFO ABSTRACT

Keywords: The ongoing global pandemic of COVID-19, caused by SARS-CoV-2 has killed more than 5.9 million individuals
COVID-19 ) out of ~43 million confirmed infections. At present, several parts of the world are encountering the 3rd wave.
Novel coronavirus Mass vaccination has been started in several countries but they are less likely to be broadly available for the
ls)?fg;i;\;;iosing current pandemic, repurposing of the existing drugs has drawn highest attention for an immediate solution. A
RARP recent publication has mapped the physical interactions of SARS-CoV-2 and human proteins by affinity-

purification mass spectrometry (AP-MS) and identified 332 high-confidence SARS-CoV-2-human protein-
protein interactions (PPIs). Here, we taken a network biology approach and constructed a human protein-
protein interaction network (PPIN) with the above SARS-CoV-2 targeted proteins. We utilized a combination
of essential network centrality measures and functional properties of the human proteins to identify the critical
human targets of SARS-CoV-2. Four human proteins, namely PRKACA, RHOA, CDK5RAP2, and CEP250 have
emerged as the best therapeutic targets, of which PRKACA and CEP250 were also found by another group as
potential candidates for drug targets in COVID-19. We further found candidate drugs/compounds, such as
guanosine triphosphate, remdesivir, adenosine monophosphate, MgATP, and H-89 dihydrochloride that bind the
target human proteins. The urgency to prevent the spread of infection and the death of diseased individuals has
prompted the search for agents from the pool of approved drugs to repurpose them for COVID-19. Our results
indicate that host targeting therapy with the repurposed drugs may be a useful strategy for the treatment of
SARS-CoV-2 infection.

Network biology
Rank aggregation
Functional annotation

1. Introduction by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),

also called 2019 Novel Coronavirus (2019-nCoV). In the past two de-

The ongoing pandemic of Coronavirus disease-2019 (COVID-19) has
resulted in over 5.9 million deaths among more than 43 million
confirmed cases in over 200 countries and area of territories as on 28"
February 2022 (https://www.who.int/emergencies/diseases/novel-cor
onavirus-2019). The outbreak that started in the Wuhan City of China
in December 2019, rapidly engulfed the entire World [1]. Currently,
many parts of the world is experiencing of 3rd wave. COVID-19 is caused

cades, two highly pathogenic human coronavirus infections, namely the
SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-
CoV) emerged [2]. Human coronaviruses primarily target the respira-
tory system that may lead to pneumonia, Acute Respiratory Distress
Syndrome (ARDS), multi-organ failure and death. However, the earlier
pandemics, despite being more fatal, resulted in much fewer infections
and total deaths [3]. The real danger of SARS-CoV-2 lies in its ability to

Abbreviations: COVID-19, Coronavirus disease-2019; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; 2019-nCoV, 2019 Novel Coronavirus;
MERS-CoV, Middle East respiratory syndrome coronavirus; ARDS, Acute Respiratory Distress Syndrome; PPIs, Protein-Protein interactions; AP-MS, Affinity
purification-mass spectrometry; PPIN, Protein-Protein interaction network; DC, Degree centrality; CC, Closeness centrality; BC, Betweenness centrality; EC, eigen-
vector centrality; GO, Gene ontology; MF, Molecular function; CC, Cellular component; BP, Biological process; MgATP, Magnesium ATP; MgADP, Magnesium ADP;
PKA, Protein kinase A; AAV2, Adeno-associated virus; HCMV, Human cytomegalovirus; HCV, Hepatitis C virus; HIV-1, Human immunodeficiency virus 1; VSV,
vesicular stomatitis virus; ARDS, Adult Respiratory Distress Syndrome; CDK5RAP2, Cyclin dependent kinase 5 regulatory subunit associated protein 2; CNS, Central

nervous system; IL-2, Interleukin-2; PD-L1, programmed death-ligand 1.
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rapidly spread from the infected individuals to susceptible population
[4]. Although most patients of COVID-19 are either asymptotic or mildly
symptomatic, they may act as reservoirs of infection that pose risk of
severe disease in the older populations and patients with co-morbidities
[5,6].

SARS-CoV-2 belongs to the family of single-stranded positive-sense
RNA viruses [7]. Whole genome sequencing of SARS-CoV-2 reveals
highest sequence identity with SARS-CoV (79.6%) [8]. In absence of the
availability of effective antiviral drugs, social distancing, repeated hand
washing, isolation/quarantine of potentially infected individuals and
containment of high incidence zones have been shown to be the most
effective strategies to control the spread of SARS-CoV-2 infection. Mass
vaccination has already been introduced in several countries and more
than 100 candidate vaccines and nearly 150 potential drug molecules
are currently under investigation [9,10]. While vaccines will provide
long-term solutions, they are less likely to be effective for current mutant
variants. Developments of new drugs also take years before their clinical
efficacy and safety is ensured. The scientific community is looking up to
repurposing of the existing drugs as the best immediate hope against
COVID-19 [7,8,11-13]. A number of antiviral (favipiravir, remdesivir,
lopinavir/ritonavir), antibiotic (doxycycline, azithromycin) and other
(for eg, chloroquine) drugs, and were tried with only modest success, but
none were universally effective in reducing severity or mortality.
Interim data analysis of the WHO Solidarity Trial concluded little or no
effect of remdesivir, hydroxychloroquine, lopinavir, and interferon
regimens on hospitalized patients with Covid-19, as indicated by overall
mortality, initiation of ventilation, and duration of hospital stay [14].
Several studies reported that prophylactic use of hydroxychloroquine
might reduce the incidence of severe infections, but others failed to
reproduce it. On the other hand, use of hydroxychloroquine to treat
symptomatic infection is discouraged because of no clear benefits along
with the risk of serious cardiac side effects in severe cases [15,16]. More
drugs need to be urgently investigated for repurposing. However, major
bottleneck in this endeavour lies in the lack of understanding about the
novel coronavirus and its interactions with the host. Identification of the
host proteins that play a critical role in COVID-19 pathogenesis will
significantly increase the number of potential drug targets to be repur-
posed for host-directed therapies.

Network biology approaches were introduced recently to identify the
critical host proteins for SARS-CoV-2 infection and their interactor
drugs/compounds [8,17,18]. However, the key protein sets found in
these studies were non- overlapping. In this study, we aimed to identify
the critical host targets of COVID-19, using a network biology study.
Recently, Gordon et al. identified 67 druggable human proteins from 332
high confidence SARS-CoV-2-human protein-protein interactions (PPIs)
[17]. We considered the important network biology and functional
annotation properties of the above SARS-CoV-2 targeted human pro-
teins. Drug-protein interactions were integrated into this study for the
identification of candidate drug for repurposing.

2. Materials and methods
2.1. Collection of SARS-CoV-2-human Protein-Protein interactions

We obtained SARS-CoV-2-human protein-protein interactions (PPIs)
from a recently published literature [17]. The authors identified 332
SARS-CoV-2-human PPIs using affinity purification-mass spectrometry
(AP-MS). Furthermore, we have considered interaction between the
spike protein of SARS-CoV-2 and angiotensin-converting enzyme 2
(ACE2) of human [19,20]. We found that the interactors included 26
SARS-CoV-2 and 333 human proteins. We observed that all the human
proteins were reviewed and well-annotated in UniProtKB [21]. We then
searched for all human PPIs for the above 333 human proteins in the
STRING database version 11 [22]. We found 991 human PPIs among
312 human proteins with the combined scores greater than 0.4 and
considered them for further analysis. Workflow of the proposed method
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is shown in Fig. 1.

2.2. Network properties

We constructed a network of 991 human PPIs using Cytoscape
version 3.9.1 [23]. In this protein—protein interaction network (PPIN),
each node indicates a protein and an edge indicates an interaction be-
tween the proteins. We integrated combined interaction score between
the proteins as an edge weight. A weighted PPIN can be represented as a
weighted undirected graph G = (V, E), where V is a set of vertices rep-
resenting the nodes (proteins) and E is a set of edges representing the
connections (PPI) between the nodes. Each edge (i, j) €E is assign with a
weight w;j, which represents the combined interaction score between
node i and node j. We calculated decisive network properties, including
the degree centrality (DC), closeness centrality (CC), betweenness cen-
trality (BC) and eigenvector centrality (EC) of the edge-weighted
network using CytoNCA [24]. A simple example of these centrality
measures are shown in Fig. 2. CytoNCA computes the centrality mea-
sures of an edge-weighted network using the following equations.

EWL[V

VENy

Degree Centrality (with weight) : Cp, (u

where, Ny, is the node set containing all the neighbors of node u. w(u,v) is
the weight of the edge connecting node u and node v.

N, —1

Closeness Centrality (with weight) : =
3 evdisty, (u,v)

C.,(u) =
where, dist, (u,v) = 37 cpC08t(s,t) is the weighted distance of the
shortest path from node u to node v.

cost(s, t) L5 (wep > 0),

Wis,t)

sit)ep

W(s, is the weight of the edge from

node s to node t.

P

Betweenness Centrality (with weight) : Cg, (u

7 )

where, p(s,t) is the total number of shortest paths from node s to node
t. p(s,u,t) is the number of those paths that pass through u.

s#u%t

Eigenvector Centrality (with weight) : Cg(u) = Omax (1),
where, am. (1) is the eigenvector corresponding to the largest eigenvalue
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Fig. 1. Workflow of the proposed method.
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of the weighted adjacency matrix Ay .

2.3. Rank aggregation

We calculated four different rankings of the human proteins in the
above network using the DC, CC, BC and EC values. We computed the
median ranking score of each protein by an excel formula, instead of
exploring each ranking score separately. Subsequently, we sorted the
individual human protein in the network using the median ranking
score. Top 20 proteins from the candidate pool of 312 human proteins
were considered for further analysis.

2.4. Functional similarity

All possible combination pairs of the top 20 proteins were considered
for functional similarity. We employed the GOSim R package (version
1.22.0) to compute functional similarity of the protein pairs [25]. The
Resnik terms similarity was calculated for all the three domains of gene
ontology (GO), viz., the molecular function (MF), cellular component
(CC) and biological process (BP) [26].

2.5. Identification of important proteins

Eigenvector and eccentricity centrality are significant centrality
measures to identify the influential nodes in a network [27]. For EC
calculation, the weighted value of the link of a node is more important
than the number of links. The GO similarity score of a protein pair is
represented as an edge-weight in the network. In an edge-weighted
network, EC of each node was calculated using CytoNCA. Top 20 pro-
teins of all three GO domains (MF, CC, BP) were sorted using EC scores.
To find the most influential proteins common to the above domains, we
considered the top 10 proteins from each domain.

2.6. Enrichment analysis of pathways and GO

Identification of the critical disease-associated pathways could help
drug discovery. Pathway analysis also helps to explore disease mecha-
nisms. The gene ontology biological process (GO BP) analysis assists in
understanding the processes that need the support of a protein to
become complete. We used “Enrichr: a comprehensive gene set enrich-
ment analysis web server” for the enrichment analysis of Pathways and
GO [28]. The pathway with an adjusted P-value < 0.05 was considered
as an enriched pathway. We also considered an adjusted P-value < 0.05
for GO BP enrichment analysis.

2.7. Drug-protein interaction network
To identify a drug/compound for the target protein, we searched for

drug-protein interactions in the STITCH database [29]. We examined
only the experimentally validated and manually curated databases to
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find reliable drug-protein interactions. The drug/compound was prior-
itized using a combined score greater than 0.9.

3. Results

We found a candidate pool of 312 human proteins from 991 human
PPIs (Fig. 3). The proteins were ranked based on their DC, CC, BC and EC
scores, for which we observed the maximum ranks of 312, 311, 245 and
295, respectively (Supplementary Table 1). All the centrality measures
are important to find the crucial node in a network. Therefore, we sorted
the proteins based on the median ranking scores and found a minimum
and a maximum score of 3 and 296.5, respectively (Supplementary
Table 2). Top 20 targets from this candidate protein pool were extracted
for functional similarity analysis (Table 1).

To understand the functions of the proteins at the molecular level,
their functional location in the cell and the biological processes they
support, we included all the aspects of the GO annotation and consid-
ered different GO domains, viz., MF, CC and BP. For a protein pair, all
possible term similarities were calculated. We observed a minimum
score of 0, a maximum score of 1 and a mean score of 0.317 for MF terms
similarity (Supplementary Table 3). CC terms similarity scores were
0.158 and 1 as the minimum and maximum scores, respectively, with a
mean of 0.632 (Supplementary Table 4). Finally, the BP terms similarity
scores had a mean of 0.547, with the minimum and maximum scores of
0 and 1, respectively (Supplementary Table 5).

We constructed three networks using the MF, CC and BP similarity
scores. For a protein pair, the GO similarity score was treated as the
weight of an edge between them. For these networks, only the edge
weights (GO similarity scores) were different, while nodes and number
of edges, as well as their connections were the same. The edge weights
were the main differentiators for eigenvector centrality calculation. As
shown in Table 2, the eigenvector centrality scores for MF, CC, and BP
ranged between 3.86E-13 and 0.33, 0.09 and 0.28 and 0.11 and 0.27,
respectively (Fig. 4 and Supplementary Figure S1 and S2).

In each case, 10 proteins with the highest eigenvector centrality
scores were considered to find the most common influential protein set.
Interestingly, we found that four proteins (gene name PRKACA, RHOA,
CDK5RAP2 and CEP250) were common to all the cases (Fig. 5). The
pathway enrichment analysis of these proteins showed vascular smooth
muscle contraction, chemokine signaling and viral carcinogenesis
pathways etc. (Supplementary Table 6). The gene ontology BP enrich-
ment analysis showed enriched biological processes like ciliary basal
body-plasma membrane docking, cell cycle G2/M phase transition,
mitotic cell cycle phase transition and cilium assembly (Supplementary
Table 7).

The drug-protein interaction network analysis of the above four
proteins showed multiple interactions (Table 3). PRKACA interacted
with H-89 dihydrochloride, balanol, MgATP (magnesium ATP), MgADP
(magnesium ADP), magnesium, manganese and adenosine mono-
phosphate, etc. (Fig. 6). RHOA showed interaction with phosphate
andmagnesium (Supplementary Figure S3). Both CDKSRAP2 and
CEP250 interacted with MgATP, MgADP and guanosine triphosphate
(Supplementary Figure S4-S5).

4. Discussion

Knowledge about SARS-CoV-2 targeted human proteins and their
interaction network are crucial to understand disease pathogenesis as
well as for the diagnosis of COVID-19. Identification of the human tar-
gets of SARS-CoV-2 might help the development of an effective treat-
ment. Network biology approaches have demonstrated their
effectiveness in the identification of repurposable drugs for various
human diseases [8,30,31]. Here, we propose a novel network biology
approach using the SARS-CoV-2-human PPI and human PPI to identify
the critical human targets of SARS-CoV-2 infection. Most of the experi-
mental proteomic studies for SARS-CoV-2-host PPIs are unable to find
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Fig. 3. Human PPIs of SARS-CoV-2 targeted human proteins, visualized by Cytoscape 3.9.1. The human proteins are represented by the nodes. The size and the color

of the nodes are different according to their degree.

Table 1
Top 20 proteins based on the median ranking scores.

Protein DC_Rank CC_Rank BC_Rank EC_Rank Median_Rank
AKAP9 1 6 18 1 3.5
PRKACA 3 1 8 4 3.5
PRKAR2B 4 4 59 2 4
RAB1A 7 2 4 17 5.5
RABSA 2 5 26 9 7
PCNT 5 10 43 3 7.5
CDK5RAP2 8 7 47 5 7.5
RAB7A 9 8 6 21 8.5
RHOA 13 3 5 16 9
CEP135 17 15 103 6 16
CNTRL 19 17 132 7 18
DDX10 6 30 7 105 18.5
PRKAR2A 26 13 104 13 19.5
RPL36 10 19 22 113 20.5
TUBGCP3 20 25 46 11 22.5
CEP250 21 24 234 8 22.5
RAE1 16 23 25 81 24
NUTF2 23 26 1 59 24.5
TUBGCP2 22 31 93 12 26.5
059 35 18 2 133 26.5

the interactions between the spike protein and ACE2 [32]. One of the
probable reasons might be the expression level of ACE2 is low in most
experimental cell lines [33]. However, ACE2 plays a vital role by helping
viruses to enter the human cells during disease onset [34]. Therefore, we
have considered interactions between the spike protein and ACE2 in this
study. The concept of centrality measures, such as DC, CC, BC, and EC
have been extensively used to identify the important proteins in the
PPIN [35-37]. However, majority of the network analysis methods have
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Table 2
Eigenvector centrality score of human proteins using GO MF, CC and BP simi-
larity scores.

Protein Eigenvector centrality score
MF CcC BP

AKAP9 0.221214 0.183526 0.247266
CDK5RAP2 0.278605 0.272746 0.256644
CEP135 0.107631 0.198114 0.23159
CEP250 0.203105 0.273835 0.241416
CNTRL 0.118379 0.204541 0.234498
DDX10 0.270821 0.265321 0.10762
NUTF2 0.14052 0.250276 0.162841
0s9 0.310271 0.095256 0.170248
PCNT 0.114475 0.17833 0.269729
PRKACA 0.326611 0.265322 0.240817
PRKAR2A 0.333194 0.262849 0.157465
PRKAR2B 0.333194 0.265352 0.212394
RABIA 0.307002 0.249588 0.22605
RAB7A 3.86E-13 0.243784 0.233122
RABSA 2.71E-11 0.279244 0.248546
RAE1 0.199742 0.135516 0.200893
RHOA 0.317055 0.247685 0.244188
RPL36 0.037185 0.132995 0.252692
TUBGCP2 0.140298 0.164321 0.229425
TUBGCP3 0.140298 0.167172 0.233789

utilized only one or two centrality measures, although it is not clear
which one performs the best. We computed four different ranks for each
protein, using the DC, CC, BC and EC scores. To find out the key human
protein set required for SARS-CoV-2 infection, we opted for a median
ranking score instead of considering each ranking method separately.
The top 20 proteins from a candidate pool of 312 proteins were
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Table 3
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Identified drugs/compounds that modulate SARS-CoV-2 interactors in the human cell.

Protein Drug/Compound Experimentally_determined_interaction Database_annotated Combined_score PubChem CID
PRKACA pSer 0.957 0.8 0.991 24779545
PRKACA A-674563 0.942 0.8 0.988 11314340
PRKACA H-89 dihydroch. 0.91 0.8 0.981 5702541
PRKACA balanol 0.911 0.8 0.981 5287736
PRKACA A-443654 0.912 0.8 0.981 10172943
PRKACA calcium ions 0.795 0.9 0.978 271
PRKACA MgATP 0.795 0.9 0.978 15126
PRKACA magnesium 0.795 0.9 0.978 5462224
PRKACA MgADP 0.795 0.9 0.978 30103
PRKACA manganese 0.795 0.9 0.978 15551713
PRKACA adenosine mono. 0.795 0.9 0.978 6083
PRKACA phosphate 0.795 0.9 0.978 1061
RHOA phosphate 0.933 0.9 0.993 1061
RHOA magnesium 0.852 0.9 0.984 5462224
CDK5RAP2 MgADP 0 0.9 0.9 30103
CDK5RAP2 MgATP 0 0.9 0.9 15126
CDK5RAP2 guanosine trip. 0 0.9 0.9 135398633
CEP250 guanosine trip. 0 0.9 0.9 135398633
CEP250 MgATP 0 0.9 0.9 15126
CEP250 MgADP 0 0.9 0.9 30103
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Fig. 4. Distribution of eigenvector centrality measure scores for GO MF.

considered for the identification of the most crucial human protein set
for SARS-CoV-2 infection.

Average term similarity scores of 0.317, 0.632, and 0.547 were found
for MF, CC, and BP, respectively, indicating notable functional similar-
ities between the top 20 genes. To identify the most prominent members
from the above list, we computed eigenvector centrality, using the MF,
CC, and BP terms similarity scores. We found that human proteins
PRKACA (UniprotID: P17612), RHOA (UniprotID: P61586), CDK5RAP2
(UniprotID: Q96SN8), and CEP250 (UniprotID: Q9BV73) with high
eigenvector centrality were common to all three GO domains. This
suggested that these proteins might be the most important targets for
SARS-CoV-2 infection. The pathways and GO BP enrichment analysis
showed that they target critical pathways and biological processes
related to infectious diseases. PRKACA and CEP250 were recently
identified as potential therapeutic targets in COVID-19 by Gordon et al.
[17]. The authors found that PRKACA and CEP250 interact with
nonstructural protein-13 (Nsp13) of SARS-CoV-2. Host interactions with
Nspl3 (golgins) may enable dramatic reconfigurations of Golgi traf-
ficking. During disease onset ACE2 plays a vital role for virus entry into
the human cells but during the disease progression, PRKACA, RHOA,
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CDK5RAP2, and CEP250 proteins play a vital role. Moreover, we have
employed the proposed methodology on other viruses like hepatitis C
virus (HCV) and dengue virus to find essential proteins. We found 3
essential human genes (APOA2, APOA1 and APOB) from a candidate
pool of 241 targets for HCV and 3 other genes (RPL5, RPL12 and CALR)
from a candidate pool of 244 human genes for the dengue virus [38,39].

PRKACA is the major catalytic subunit of protein kinase A (PKA),
which is ubiquitously present throughout the body, with moderate to
high levels of expression in the lung epithelial, vascular endothelial and
immune cells. These are the most important cell types involved in the
development of lung pathology of COVID-19. Protein kinase A, a serine/
threonine kinase and the most important effector of cyclic AMP in the
cell has more than 250 substrates that regulate a large number of cellular
processes, including cell growth, division and differentiation, meta-
bolism, gene transcription etc. [40]. Major targets of PKA, such as CREB,
NF-kB and MAP kinases are critical regulators of pathogenesis of infec-
tious diseases and host immune response [41]. PKA inhibitor (PKI
14-22) suppressed ZIKA virus replication at the post entry stage by
interfering with negative-sense RNA synthesis and viral protein trans-
lation [42]. Inhibitors of adenylate cyclase and PKA signalling also
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inhibits epithelial infection of human cytomegalovirus (HCMV), Hepa-
titis C virus (HCV), and Human immunodeficiency virus 1 (HIV-1) viral
replication in CD4 cells [43-45]. Chloroquine and antiviral drug lopi-
navir binds to the active site of PKA and have shown inhibitory effects on
SARS-CoV-2 and other coronavirus replication in cell culture assays
[46,47]. Additional benefits from PKA inhibition may come from the
fact that PKA signalling exacerbates hypoxic injury to cells [41,48].
Pulmonary thromboembolism has been implicated as one of the major
causes of death in COVID-19 and PKA-inducible HIF-1a was shown to
increase coagulation factors and thrombus formation [49]. However,
the potential beneficial role of PKA, such as T regulatory cell

Methods 203 (2022) 108-115

homeostasis [50], prevention of increased endothelial permeability
induced by inflammatory mediators [51] and beta adrenoreceptor
mediated alveolar liquid clearance [52] should be taken into account
before considering therapeutic modulation of PKA in COVID-19.

Rho GTPases are key regulators of actin cytosketon organization and
microtubule dynamics. A large number of viruses exploit Rho GTPases to
facilitate their entry into the cells (hepatitis C virus, Kaposis Sarcoma
Herpes Virus, herpes simplex virus-1, rotavirus and coronaviruses),
intracellular replication (herpesvirus, adenovirus, influenza virus) and
cell-to-cell spread (influenza virus). Even before the cellular entry, ret-
roviruses, papillomaviruses, herpesviruses, poxviruses, dengue virus
and vesicular stomatitis virus (VSV) engage Rho GTPase signaling to
facilitate unidirectional movements toward the cell [53-56]. Recently,
Rho kinase inhibitors were proposed as a potential therapy for severe
SARS-CoV-2 infection, leading to Adult Respiratory Distress Syndrome
(ARDS) and cardiovascular comorbidity [57,58]. Extensive literature
review suggests that activation of RhoA/ROCK signaling pathways
causes a burst in inflammation, immune cell migration, cell adhesion to
pulmonary endothelium, coagulation, endothelial cell contraction and
apoptosis. These may result in endothelium barrier dysfunction and
edema, the two hallmarks of ARDS. Additionally, RhoA decreases SARS-
CoV-2 receptor ACE2 expression [59].

Cyclin dependent kinase 5 regulatory subunit associated protein 2
(CDK5RAP2) regulates the activation of CDK5, a proline-directed
serine/threonine protein kinase. Viruses regulate their replication
through the effects on host cell cyclin-dependent kinases (CDKs),
thereby modulating cell cycle progression. This is underscored by the
inhibition of HSV-1 replication in vitro by Palbociclib, a CDK6 inhibitor
and CDK9-targeting alvocidib showing activity against influenza A.
Moreover, CDK4/6 inhibitor, abemaciclib, was one of the FDA-approved
drugs to display in vitro activity against SARS-CoV-2 [60,61]. CDK5 was
reported to increase programmed death-ligand 1 (PD-L1) expression on
tumour cells, which interacted with PD-1 on T cells and impaired anti-
tumour immune response [62]. Given that increased PD-1 expression
was thought to underlie the immune pathogenesis of COVID-19 [63], it
needs to be investigated if CDK5 blocking could be helpful. CDK5 also
exerts pro-inflammatory role during infection by regulating neutrophil
degranulation and lactoferin secretion and by inhibiting LPS-induced IL-
10 production [64]. Activated neutrophils and macrophages play key
roles in the lung inflammation of COVID-19. Several reports suggested
that early institution of methylprednisolone might help to resolve lung
pathology and accelerate recovery while dexamethasone treatment of
severe COVID-19 reduce death [65]. A recent study reported that dele-
tion or functional inhibition of CDKS5 resulted in the suppression of nitric
oxide (NO) generation in the inflammatory macrophages, thus aug-
menting the anti-inflammatory effects of glucocorticoids [66]. Addition
of CDK5 inhibitor might help to reduce the dose of corticosteroids
without compromising its therapeutic efficacy.

Drug-protein interactions analysis for the above proteins displayed
the most common interactions with MgATP, MgADP, magnesium, and
guanosine triphosphate drug/compound. A recent article proposed that
the suppresion of guanosine triphosphate might cause reduction of
cellular magnesium levels via conversion to MGATP (magnesium ATP).
Reduction of magnesium level resulted in blocking of RNA synthesis
through RNA dependent RNA Polymerase (RARP) that might help
COVID-19 treatment [67]. Antiviral drug remdesivir also functions by
inhibiting RARP and has shown promise in treating severe COVID-19
infection [68-71]. Unavailability of experimental study of PPIs limits
our analysis for mutant variants. Moreover, we found that most muta-
tions occur in spike protein, resulting in variants with increased binding
affinity with human ACE2 receptor and transmissibility and reduced
antibody neutralization [72,73].

5. Conclusion

SARS-CoV-2 targeted human proteins and their intra-species
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interactions are important to understand the mechanism behind COVID-
19. Identification of the critical human interactors of SARS-CoV-2 may
aid in the development of host-directed therapies. We found a more
influential human protein set relevant for COVID-19 by integrating
SARS-CoV-2-human PPIs and interaction dynamics of human PPIs. Our
finding suggests that 4 human proteins play a key role in disease
development. Studies focused on these proteins may lead to potential
biomarkers of SARS-CoV-2 infection. These proteins may be good tem-
plates for the development of drugs for COVID-19 and two of these
proteins were reported by another study as potential drug targets. The
study also indicated candidate repurposed drugs for COVID-19. Further
experimental and clinical validations are required to substantiate the
findings of this article.
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