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Abstract 

Background: COVID-19, a pandemic declared by WHO, has infected about 39.5 million and killed about 1.1 million 
people throughout the world. There is the urgent need of more studies to identify the novel drug targets and the 
drug candidates against it to handle the situation.

Main body: To virtually screen various drugs against SARS-CoV-2, the scientists need the detail information about the 
various drug targets identified till date. The present review provides the information about almost all the drug targets, 
including structural and non-structural proteins of virus as well as host cell surface receptors, that can be used for vir-
tual screening of drugs. Moreover, this review also focuses on the different network analysis tools that have been used 
for the identification of new drug targets and candidate repurposable drugs against SARS-CoV-2.

Conclusion: This review provides important insights of various drug targets and the network analysis tools to young 
bioinformaticians and will help in creating pace to the drug repurposing strategy for COVID-19 disease.
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Background
SARS-CoV-2, as named by International Committee on 
Taxonomy of Viruses (ICTV) on February 11, 2020, is 
a novel viral pathogen and is responsible for the ongo-
ing COVID-19 pandemic. The pandemic is thought to 
be originated from Wuhan city of China in December 
2019 (Perlman 2020) and has caused mortality of about 
1.1 million people throughout the world. This pathogen 
belongs to the genus beta-coronavirus of the family cor-
onaviridae, a family of enveloped, positive-sense single-
stranded RNA virus (Yang and Wang 2020). The virus 
is round or oval in shape, with a diameter of approxi-
mately 60–140  nm and revealed a crown-like appear-
ance under an electron microscope (Zhu et al. 2020). The 
spread of this new virus has been faster than the other 

known human coronaviruses. After the identification of 
this novel pathogen, its first genome sequence was made 
available in the public domain by the Chinese scientists 
in January 2020 (Ren et al. 2020). The genome sequence 
revealed that this novel virus has only 80% similarity with 
the SARS-CoV-1 which was responsible for SARS epi-
demic in 2002 and about 96% similarity with the bat cor-
onavirus, Bat-Cov RaTG13 (Wu et al. 2020). Based on the 
genome sequence similarity with RaTG13, bats could be 
the primary reservoir for SARS-CoV-2. After that, almost 
every country affected with this pandemic has sequenced 
the genome of this novel pathogen. Comparative analy-
sis of these whole genome sequences has identified total 
116 mutations among the viral genome till date (Khailany 
et al. 2020). Recently, three different strains of this novel 
pathogen, based on the mutations in its genome, have 
been identified in the patients from across the world 
using phylogenetic network analysis (Forster et al. 2020). 
All the sequence information of SARS-CoV-2 is available 
free of cost at NCBI database, allowing the global medical 
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and scientific community to rapidly design and deploy 
molecular diagnostics and the drug candidates against 
the novel pathogen.

Despite the free availability of the whole genome 
sequence, and lot of efforts being made for the drug dis-
covery/ repurposing, there has been no vaccine available 
for use to fight against the COVID-19 pandemic and only 
few antiviral drug available for treatment of mild and 
moderate cases only. The risk of re-infection/ reactivation 
of this pathogen and the lack of appearance of symptoms 
in re-infected patients are posing a more serious threat to 
humanity. This situation demands an urgent need for the 
development of effective and safe therapeutic medicine 
and vaccines (Tai et  al. 2020). Currently, the research-
ers across the world are trying to either repurpose the 
molecules already available in databases or develop new 
drugs against COVID-19 based on the therapeutic tar-
gets predicted from the knowledge about the genome 
and pathogenesis of SARS-CoV-2. The system and net-
work biology approaches are offering the identification of 
novel drug targets and repurposable drug candidates in 
the limited time. For screening of various drugs available 
in databases, as well as using network biology approaches 
for identification of new targets, the scientists need 
the information about already identified drug targets. 
Therefore, this review summarizes all the therapeutic 
targets identified to date and the system biology-based 
approaches used for drug repurposing against this novel 
pathogen. This will be helpful in creating a pace to the 
researches on drug repurposing/development.

Methodology
Four different databases, namely Nature, PubMed, Sci-
enceDirect and Google Scholar, were searched using the 
keywords, drug target, drug repurposing, SARS-CoV-2 
and system biology. The papers published in English lan-
guage only were used for preparing this review.

Main text
Genome of SARS‑CoV‑2
The genome of SARS-CoV-2 is a positive-strand single-
stranded RNA made up of 29,891 nucleotides encoding 

9860 amino acids. It consists of a 5′-terminal untranslated 
region (UTR), twelve functional open reading frames 
(ORFs) coding for structural and non-structural proteins 
and a -3′UTR (Fig. 1). Out of 12 ORFs, the first ORF cov-
ering almost two-thirds of viral genome translates into 
a polyprotein, pp1ab and cleaves into 16 non-structural 
proteins. The 16 non-structural proteins include two viral 
cysteine proteases, namely NSP3 (papain-like protease 
PLpro), NSP5 (chymotrypsin-like main protease 3CL 
pro), NSP10/16 (RNA methyltransferase), NSP12 (RNA-
dependent RNA polymerase, NSP13 (helicase) and other 
NSPs which are likely to be involved in the transcription 
and replication of the virus. At the downstream of the 
first ORF, other ORFs encoding structural proteins such 
as S (spike), E (envelope), M (membrane) and N (nucleo-
tide), interspersed with the accessory ORFs essential for 
in  vivo pathogenesis, are present (Mousavizadeh and 
Ghasemi 2020; Lu et al. 2020).

The structural protein, S, specifically binds to the 
receptor of the host cell, and this is the key protein for 
viruses to enter the susceptible cells. The M and E pro-
teins are involved in the formation of the virus envelope, 
while the N protein is involved in the assembly of the 
virus (Yang and Wang 2020).

Drug targets
Several workers have conducted bioinformatics study on 
the proteins encoded by SARS-CoV-2 genome as well as 
the host proteins to identify the therapeutic targets and 
submitted their 3D model in protein data bank (PDB). 
The PDB ID of some of these proteins is given in Table 1. 
Based on their functions, these proteins can be catego-
rized as: (1) proteins helpful in viral replication, (2) struc-
tural proteins helpful in binding with human host, (3) 
virulence proteins (4) host-specific enzymes.

Proteins helpful in viral replication
Non-structural proteins (NSPs) encoded by ORF1a/b of 
the SARS-CoV-2 genome are involved in various essential 
functions like RNA replication, transcription, translation, 
processing, modification and infection of the host. Many 
of these proteins, RdRp, helicase, 3CLpro and PLpro, are 

Fig. 1 Genome organization of SARS-CoV-2
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the most important targets for the development of small-
molecule inhibitors due to their known biological func-
tions and vital enzyme active site (Wu et al. 2020).

RNA‑dependent RNA polymerase (RdRp)
RNA-dependent RNA polymerase (RdRp), also known as 
Nsp12, is an essential enzyme required for viral replica-
tion and transcription and has a conserved Ser-Asp-Asp 
domain (Huang et al. 2020). The synthesis of RdRp RNA 
requires a de novo synthesized 6 nucleotides long primer 
encoded by NSP8. Moreover, the binding of Nsp12 to 
RNA and its enzyme activity is enhanced by the Nsp7-
Nsp8 complex. The Nsp12 core protein is a single chain 
of about 900 amino acids and can be divided in two 
domains, a N-terminal and a polymerase domain. Like 
other polymerases, the polymerase domain of Nsp12 
adopts a cup shaped right hand structure and is com-
prised of finger, thumb and palm subdomains (Mirza 
et al. 2020). Similar to RdRp of other coronaviruses, fin-
ger and thumb subdomains of SARS-CoV-2 Nsp12 inter-
act with each other creating an active site in the center 
for substrate entry through a template. Besides, the active 
site also has seven conserved motifs which help in bind-
ing of substrate with the template and its catalysis (Mirza 
and Foreyen 2020; Peersen 2017). The stability to 3D 
structure of the Nsp12 protein is provided by two zinc 
ions, one of which binds with His295, Cys301, Cys306 
and Cys310 residues in the N-terminal domain whereas 
another binds with Cys487, His642, Cys645 and Cys646 
residues in finger subdomain of polymerase domain. As 
these ions are situated far from the active site, they have 
no direct role in the polymerase activity of the protein 
(Ahmad et al. 2020; Kirchdoerfer and Ward 2019).

The RdRP protein has been used as significant target 
for drug discovery against SARS-CoV and MERS-CoV 
also. In principle, targeted inhibition of Nsp12-RdRp 

could not cause significant toxicity and side effects on 
host cells. Recently, ribavirin, remdesivir, sofosbuvir, 
galidesivir and tenofovir have been considered as potent 
drugs against SARS-CoV-2 since they tightly bind to 
its RdRp (Elfiky 2020). Out of these drugs, remdesivir 
has already been approved for clinical use in mild and 
moderate cases of COVID-19. In addition, the GTP and 
other nucleotide analogs may also be tested against this 
protein.

Helicase
SARS-CoV-2 Helicase, also called as Nsp13, is a multi-
function protein of 596 amino acids that have five 
domains including two RecA like domains (1A & 2A), 1B 
domain, a N-terminal  Zn2+ binding domain (ZBD) and 
a stalk domain connecting 1B and ZBD. These domains 
collectively form a triangular pyramid shaped structure. 
This protein has been an indispensable element for the 
replication of SARS-CoV-2 (Mirza and Foreyen 2020). 
Habtemarium et  al. (2020) have analyzed the role of 
SARS-CoV-2 helicase (Nsp13) in viral replication as well 
as its structural and functional similarity with that of the 
helicase enzyme in other coronaviruses. They have con-
cluded that the sequences of helicase (Nsp13) enzyme 
are conserved among coronaviruses and thus provide a 
potential target for screening of antiviral drugs.

Shu et al. (2020) have tested the biochemical activities 
of recombinant nsp13 of SARS-CoV-2 and showed that 
the protein also has the NTPase activities with ability to 
hydrolyze all NTPs. The energy released by hydrolyzing 
the NTPs is used for unwinding the RNA helices. Jang 
et  al. (2020) have also realized the requirement of ATP 
hydrolysis for the helicase activity of SARS CoV Nsp13. 
Besides, the enzyme has a conserved NTPase active site 
residues, Lys288, Ser289, Asp374, Glu375, Gln404 and 
Arg567 as observed in SARS-Nsp13 too (Mirza and 
Foreyen 2020). Thus, the strategies to target the nsp13 
activity include inhibition of NTPase activity, blockage of 
ATP/nucleotide binding to the helicase, and inhibition of 
helicase translocation (Habtemariam et al. 2020). Despite 
the promise for inhibition of Nsp13 in coronaviruses by 
different compounds like imidazole, quinolone, anthracy-
cline, etc., only few reports are there about Nsp13 inhibi-
tors for SARS-CoV-2 (Wu et  al. 2020). Thus, the area 
demands the attention of researchers.

Papain‑like proteinase (PLpro)
PLpro is a part of Nsp3, a 213-kDa multi-domain mem-
brane-associated polypeptide, along with a phosphatase, 
a transmembrane domain, a conserved acidic domain 
and a Y domain. Ratia et al. (2006) have determined the 
structure of 35-kDa catalytic domain of SARS CoV PLpro 
(a.a. 1541–1855) and concluded that the protein has four 

Table 1 Potent target proteins with  available 3D models 
and  their PDB ID for  drug development against  SARS-
CoV-2

S Name of protein Origin PDB (protein 
data bank) ID

1 ACE-2 Host 6M0J

2 Apo-carbonic anhydrase II Host 6LUV

3 3CLPro Viral 6Y84

4 Extracellular portion of CD147 Host 3B5H

5 Furin Host 1P8J

6 Nsp12-NSP7- NSP8 complex Viral 7BW4

7 PLPro Viral 4MM3

8 RDRp Viral 6M71

9 S-Protein Viral 6VXX, 6LZG



Page 4 of 12Singh et al. Bull Natl Res Cent          (2020) 44:193 

distinct domains including a 62 amino acid independent 
N-terminal Ubl domain which makes a grip fold. Rest of 
the protein make a prolonged right-hand architecture 
with different thumb, finger and palm domains. Besides, 
the bioinformatics and biochemical analysis have shown 
the existence of a zinc binding domain in PLpro. The 
mutational analysis of cysteine amino acids in PLpro that 
binds with Zn has proved that these are required for the 
protease activity as well as the structure maintenance of 
the protein. Similar to the papain like proteases of other 
viruses, the active site of SARS CoV-2 PLpro also has a 
catalytic triad of Cys, His, Asp. The catalytic Cys112 and 
His273 are 3.7 Å apart from each other and are located at 
the base of thumb and palm domain, respectively. How-
ever, the Asp287 is located within 2.7A situated in a clas-
sic triad formation, within hydrogen-bonding distance 
(2.7 Å) of His273.

PLpro cleaves the replicase poly-protein (PP1a/b) to 
release Nsp1 and Nsp2, which is essential for ensuring 
correct viral replication. This protein has also showed 
a significant role in evading the host’s innate immunity. 
Being the necessary stakeholder in the process of repli-
cation in SARS-CoV-2 and other coronaviruses and their 
infection in host, Nsp3 has been recognized as a com-
mon target for coronavirus inhibitors. It is very valuable 
for targeting PLpro to treat coronavirus infections, but 
no inhibitor has been approved by the FDA till date.The 
anti-virus drugs like ribavirin, valganciclovir and thymi-
dine may have high binding affinity to PLpro (Elfiky 2020) 
and need thorough investigations.

3C‑like main protease (3CLpro)
The 3CLpro, also known as Nsp5, of SARS-CoV-2 con-
tains 306 amino acids. The active site of this enzyme is 
situated in a cleft between domain I and domain II, 
similar to the 3CLpro of SARS-CoV. The active site has 
a catalytic dyad, His41–Cys145, including one residue 
from each domain connected to the helical domain III 
by a long loop (Mirza and Foreyen 2020). Domain III, a 
globular cluster of five helices, is involved in regulation of 
dimerization which is required for the catalytic activity of 
the enzyme (Zhang et al. 2020).

3CLpro is first protein, cleaved automatically from rep-
licase poly-protein (PP1a/b), to produce mature enzymes, 
and then further cleaves the polyprotein downstream at 
11 sites to generate Nsp4–Nsp16 (Jin et  al. 2020). Nsp 
5 directly arbitrates the maturation of NSPs, which is 
essential in the life cycle of the virus.

Inhibitors targeting at Nsp5 of SARS-CoV mainly 
include peptide inhibitors and small-molecule inhibitors. 
The anti-asthmatic drug montelukast showed low bind-
ing energy to this particular proteinase it fits properly 
into the active pocket of SARS-CoV-2 Nsp 5. Recently, 

the organoselenium compound,  ebselen, also unveiled 
promising antiviral activity in cell-based assays (Jin et al. 
2020). The thorough study on the structure and catalytic 
mechanism of Nsp5 makes it a striking target for anti-
coronavirus drug development (Zhang et al. 2020).

RNA methyltransferase
Recently, Feinberg School of Medicine, Northwestern 
University, has mapped the atomic structure of two criti-
cal proteins, Nsp10/16 (Kramer and Paul 2020; Kadio-
glu et al. 2020). Nsp16 has 2′-O-RNA methyltransferase 
activity and modifies the genetic material of the SARS-
CoV-2 by RNA cap formation. The capping of viral RNA 
provides it a look more like the host (human) cell RNA 
thereby allowing it to hide from the cell’s defense system. 
This offers the stability and time for multiplication of viral 
RNA. The Nsp10 acts as cofactor for the Nsp16 activity. 
If a drug can be developed to inhibit Nsp10/nsp16, the 
immune system would be able to detect the virus and 
eradicate it faster. The active site of Nsp16 is highly con-
served between the SARS CoV-and SARS-CoV-2 suggest-
ing the feasibility for development of methyltransferase 
inhibitors against several coronaviruses. One such inhibi-
tor, sinefungin, and its binding capacity with Nsp10/16 
complex has been explained recently by Krafcikova et al. 
(2020).

Other proteins
Besides the above targets,some other non-structural pro-
teins, including Nsp7-Nsp8 (primase) complex, Nsp9, 
Nsp14 (exoribonuclease) and Nsp15 (endonuclease), also 
play an important role in the virus RNA synthesis and 
replication, suggesting that these proteins may be use-
ful targets for the anti-viral drug discovery. Structures 
of Nsp15 endonuclease and Nsp9 replicase have recently 
been determined by the University of Chicago (Kramer 
and Paul 2020).

Structural proteins helpful in binding with human host
Spike protein
Spike (S) proteins of SARS-CoV-2 are present on the 
surface of the virus as a trimer and have a receptor bind-
ing domain (RBD) for ACE-2 (angiotensin converting 
enzyme 2) receptor protein present on the surface of cells 
of human respiratory system. These S proteins promote 
the viral invasion into host’s cells and are the main goal of 
host’s immune system too. Thus, these proteins offer an 
opportunity for the designing of antiviral drugs and vac-
cines inhibiting the entry of the virus (Walls et al. 2020). 
The spike protein of SARSCoV-2 has a functional poly-
basic (furin) cleavage site of 28 nucleotides at the S1-S2 
boundary (Andersen et  al. 2020). This cleavage site is 
also characterized by the presence of 12 O-linked glycan 
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residues (Fig.  2). The presence of this cleavage site is a 
notable feature of SARS-CoV-2 and is identified by the 
host’s serine protease TMPRSS-2 for S protein priming. 
A small peptide molecule that can bind on this cleavage 
site may inhibit the S protein priming and thereby could 
inhibit the viral entry in the host cell.

Envelope protein
Envelope (E) protein has a vital role in assembly and 
morphogenesis of SARS-CoV-2. It possesses important 
biological functions for the structural integrity of corona-
virus and its virulence in host. It is also known to activate 
the NLRP3 inflammasome of host, which leads to the 
overproduction of IL-1beta interleukin. This protein may 
be one of the possible targets of chloroquine.

Virulence proteins
The non-structural viral proteins Nsp1, Nsp3c and 
ORF7a are known to impede with innate immune system 
of host and help the virus to hide and are called virulence 
proteins. Nsp1 promotes the degradation of host mRNA 
and prohibit the production of antiviral interferons by 
binding with the 40S ribosomal subunit of host cell. The 
protein Nsp3c binds with ADP-ribose of host and helps 
the virus to struggle with host’s innate immunity. The 
protein encoded by ORF7a is helpful in release of newly 
assembled virions as it binds with bone marrow matrix 
antigen 2 (BST-2). The binding of ORF7 with BST-2 
inhibits its glycosylation and eventually its activity, i.e., 
the inhibition of viral release (Wu et al. 2020). Thus, these 
virulence proteins may be attractive targets for drug dis-
covery against SARS-CoV-2.

Host‑specific enzymes
Angiotensin converting enzyme II (ACE‑2)
The novel coronavirus, SARS-CoV-2, invades the human 
cells by receptor mediated endocytosis using the cell sur-
face receptor protein angiotensin converting enzyme II 
(ACE-2). This host-specific enzyme has been proved a 
specific receptor for binding with the receptor binding 
domain of viral spike (S) protein in case of both SARS-
CoV and SARS-CoV-2 (Hoffmann et  al. 2020; Wu et  al. 
2020). Six amino acids, L455, F486, Q493, S494, N501 
and Y505, present in the receptor binding domain of 
SARS-CoV-2 S protein are critical for binding with ACE2 
receptors. Out of these six amino acid residues, five dif-
fer from that in the SARS-CoV (Andersen et  al. 2020). 
Thus, ACE-2 is a crucial target for antiviral drugs to 
prevent the entry of novel coronavirus into the host cell 
(Fig. 3). Natural antibodies from convalescent plasma as 
well as the engineered antibodies may be used for the 
purpose. However, much research is needed to know the 
status of ACE2 expression in various tissues of COVID-
19 patients after the administration of such inhibitors in 
COVID-19 (Li et  al. 2020a; b).  Chloroquine is reported 
to interrupt the interaction between viral S protein and 
ACE2 by inhibiting the glycosylation of ACE2 (Fan-
tini et  al. 2020).  Further, drug-repurposing strategies 
have been suggested to find possible molecule that may 
bind to S-protein to disrupt S protein-ACE2 interaction 
(Letko et al. 2020).

TMPRSS‑2
The phenomenon of binding of viral spike (S) protein 
with ACE-2 requires S protein priming, i.e., the cleav-
age of S protein into two subunits, S1 and S2, through 

Fig. 2 Features of SARS-CoV-2 spike protein along with amino acid sequences of receptor binding domain and the cleavage site
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a serine protease enzyme of host origin, TMPRSSS-2 
(Hoffman et  al. 2020). This protease enzyme is highly 
expressed in goblet and ciliated cells of nasal epithelium 
(Sungnak et al. 2020). The S1 subunit of viral spike pro-
tein binds with the ACE-2, whereas the S2 subunit helps 
in the fusion between the viral and host cell membrane. 
The strategy to block the activity of TMPRSS-2 may be 
a promising tool for the development of antiviral drug 
against SARS-CoV-2. The whole structure of this serine 
protease enzyme measures 42 × 24 Å and consists of an 
N-terminal activation domain and a C-terminal cata-
lytic domain. Vishnubhotla et  al. (2020) have mapped 
the active site of the enzyme and noticed the highly con-
served nature of amino acid residues His296, Ser441, 
Lys432, Trp461 and Gln438 present in this site.

Hoffman et al. (2020) have shown that inhibitors of this 
serine protease can block the entry of SARS-CoV-2 in 
the host cell. The use of a known serine protease inhibi-
tor, camostat mesilate, has shown the 65% reduction in 
mortality of mouse infected with SARS-Co-V (Clinical-
Trials.gov Identifier: NCT04321096). Thus, the clinically 
proven serine protease inhibitors may be tested as anti-
viral medicine against the SARS-COV-2 (Hoffman et al. 
2020).

Gangliosides
Recently, a new domain, conserved among clinical iso-
lates of SARS CoV-2, has been identified at the N-termi-
nus of S protein. This domain binds with the gangliosides 
on the host cell surface to facilitate the contact of viral 
S1 subunit with the host’s ACE-2 receptor (Fantini et al. 

2020). Recently, it has been shown that the chloroquine 
and its derivative, hydroxychloroquine, binds efficiently 
with the sialic acids present on gangliosides and thus 
blocks the binding of the viral S protein with the ganglio-
sides (Fantini et al. 2020).

Basigin (BSG)
In addition to ACE-2, another host cell surface glyco-
protein receptor molecule, BSG may also mediate the 
invasion of SARS-CoV-2 into host cell (Ulrich and Pillat 
2020). This molecule, also known as CD147 or extracel-
lular matrix metalloproteinase inducer (EMMPRIN), 
also provides a specific binding site for receptor binding 
domain of viral spike (S) protein. It has been observed 
that blockage of CD147 receptor using meplazumab, an 
anti-CD147 humanized antibody, inhibited the invasion 
of virus into host cell (Wang et al. 2020). A phase II clini-
cal trial is currently underway in China investigating the 
efficiency of meplazumab injection to treat the pneumo-
nia caused by SARS-CoV-2 (ClinicalTrials.gov Identifier: 
NCT04275245).

Systems biology-based approaches 
for identification of targets and repurposable drug 
candidates against SARS-CoV-2
The Covid-19 disease spreading speed is very fast 
throughout the world; the traditional approaches to con-
trol the disease are not feasible at this moment. The alter-
nate and convincing strategy is to recognize the already 
approved drugs that can be repurposed against the 
disease.

Fig. 3 Host cell surface receptors helpful in entry of SARS-CoV-2 in host cell
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The main strategy in system biology-based method is 
the designing of multiple networks which demonstrate 
every level of omics spectrum and their assimilation in 
a layered network that correlate information within and 
between layers (Oulas et  al. 2019). The system-based 
molecular networks of the available repurposable drug 
candidates with their potential targets provide the com-
plete information about the genes expressed, the encoded 
proteins and metabolites involved during progression 
of the stress (Yadav et  al. 2016). The data used for the 
genomics, proteomics and metabolomics analysis of the 
disease are either retrieved from the available literature 
or obtained from next generation sequencing (NGS) and 
genome-wide association sequencing (GWAS) analy-
ses (Yadav et  al. 2017). Contrary to the virtual screen-
ing approach, in which targets are already known from 
the beginning, system biology has capability to predict 
unknown targets in the genome and metabolome of the 
pathogen (Yadav and Tripathi 2018). Since  the last dec-
ade, plenty of computational tools based on system biol-
ogy have been developed and validated (Cheng et  al. 
2018; Guney et  al. 2016; Zitnik et  al. 2018; Zhou et  al. 
2020a).These tools enhanced the speed of therapeutics 
and diagnostics process.

The system network‑based drug repurposing tactics
The system-based network drug repurposing methodol-
ogy designated in this section is that the drugs have the 
potential to perturb the network vicinity of the virus 
disease module. There are two important target pro-
teins in human for COVID-19, angiotensin-converting 
enzyme-2 (ACE2) and basigin (BSG); therefore, research-
ers in  the area of system biology utilize these proteins 
to make host–pathogen interactions network with high 
confidence. The human interactome with SARS-CoV-2 
to build an important sub-network using ACE2 and 
BSG targets. The host (human) COVID-19 infection PPI 
(protein–protein interaction) network was constructed 
which focus the SARS-CoV-2 spike protein receptors. 
The receptors ACE2 and BSG were considered as seed 
nodes for the execution of random walk with restart 
(RWR) algorithm. The sub-network of protein–protein 
interaction showed influence of corona invasion on lethal 
comorbidities via insulin resistance. The network pro-
vides the significance of the molecular basis of COVID-
19 fatality with relation of AGE-RAGE (receptor for 
advanced glycation endproducts) signaling pathway in 
diabetic complications and adipocytokine signaling path-
way. Further, the identification of drug molecule, which 
potentially downregulates ACE2 with other critical pro-
teins, was also identified with network-based approach. 
This analysis recognized three drug molecules incyclin-
ide (also known as COL-3), entinostat and mocetinostat, 

which show activity against corona disease, and they can 
be repurposed for COVID-19 (Chakrabarty et  al. 2020; 
Beck et al. 2020).

The interactions network of host’s protein with viral 
protein provides detail information related to structural 
and functional domain of a  particular site of infection 
that further helps to create drug–target interactions 
network. User-friendly internet-based interface was 
developed to represent a visual presentation of the virus–
human interactome utilizing network-based algorithms 
for prediction of drugs named as CoVex. The CoVex net-
work delivers information about the drug targets based 
on experimentally validated interaction of all the known 
human target proteins with SARS-CoV-2 and SARS-
CoV-1 proteins. The CoVex interface also reconnoiters 
the molecular mechanisms of the virus life cycle and 
predict repurposable drug candidates involved in these 
mechanisms (Sadegh et al. 2020). The major focus of the 
network-based toolset is to improve the basic respira-
tory manifestations of the virus in the lung and detected 
comorbidities related with cardiovascular diseases.

Network proximity, diffusion and AI (artificial 
intelligence)‑based metrics
The main aim of system biology is to identify important 
regions in the network that can be linked to biological 
functions with pathologies. The network diffusion-based 
method elucidates all kind of omics in references to 
molecular interaction. The network proximity is defined 
through the network smoothing index, which allow to 
calculate number of omics information in genes in their 
neighborhoods network utilizing network diffusion 
(Bersanelli et al. 2016). In the present big data era, arti-
ficial neural network (ANN) offers innovative technique 
of information science to describe diseases, medicines, 
therapeutics and characterized targets with minimum 
errors. The artificial intelligence (AI) potentially reduces 
timelines and overall costs for medicine technologies and 
therapeutic development. In AI-based network medi-
cine,  the main idea is to screen the libraries of already 
existing drugs with numerous tests that might reveal new 
applications, and have made understandings that how to 
manage the medicines designed for one disease to treat 
another one (Zhou et  al. 2020b). The AI and network 
medicine method for a drug repurposing strategy show a 
broad picture of molecular landscape of the SARS-CoV-2 
infection based on prior information like experimentally 
validated human proteins recognized as viral interac-
tors, tissue-specific gene expression data. The network 
investigated the host molecular interaction network to 
the COVID-19 invasion via propagation and connec-
tivity significance to conclude to propose drugs for the 
treatment of COVID-19. The potential target genes were 



Page 8 of 12Singh et al. Bull Natl Res Cent          (2020) 44:193 

identified based on ranking and coherent groups of tis-
sue, potential and distinct sites of interactions between 
the virus and the organism (Stolfi et al. 2020).

A complex approach was established to utilize the three 
network-based drug repurposing tactics, namely network 
proximity, diffusion, and AI (artificial intelligence)-based 
metrics. The network found that virus could affect res-
piratory system as well as other tissues like reproductive 
system, brain regions and neurological comorbidities. 
Moreover, this approach identified 81 promising drug 
candidates for repurposing against COVID-19 and 
ranked them based on their expected efficacy (Gysi et al. 
2020).

The systematic investigation on interaction of human 
proteins with SARS-CoV-2 during infection was also 
accomplished. In this study, 27 different SARS-CoV-2 
genes were cloned and expressed into human HEK293T 
cells as 2xStrep-tag fusion proteins. Later, these tagged 
viral proteins were isolated and examined for their asso-
ciation with human proteins using affinity-purification-
mass spectrometry technique. The study recognized the 
major target proteins including lipoprotein metabolism, 
nuclear transport and ribonucleoprotein, followed by the 
possible binding interfaces. To the end, a network study 
showed 332 human proteins interacting with SARS-
CoV-2 viral genes and developed a first interactome 

Fig. 4 Diagrammatic representation of system biology-based methods for identification of therapeutic targets and repurposable drugs against 
SARS-Co-2
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Table 2 Network-predicted repurposable drugs with anti SARS-CoV-2 evidence ( adopted from Zhou et al. 2020a, b)

S. No Drug name Chemical structure Known as PubMed ID

1 Camphor Antipruritic, anti-infective 27833881

2 Colchicine Anti-inflammatory 28795759

3 Emodin Anti-inflammatory 21050882

4 Eplerenone Anabolic steroids 12815555

5 Equilin Estrogen 27169275

6 Melatonin Hormone 25262626
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model for SARS-CoV-2 and human protein interactions 
(Gordon et  al. 2020). Still at present, scientific commu-
nity struggling with proper knowledge of the molecular 
basis of SARS-CoV-2 disease prevents a complete assess-
ment of small lead candidates for host-directed therapies. 
The system and network-based investigation mapped the 
interaction landscape between SARS-CoV-2 proteins and 
human proteins. Consequently, a network model com-
prising of COVID-19 disease with 1,344 genes utilized 
an iterative network-building algorithm called AutoNet. 
The genome sequence analysis of SARS-CoV-2 was 

performed, which reveled disease similarities with SARS, 
MERS and other human coronavirus. The network of 
COVID-19 showed 34 related genes, including ACE2 and 
24 enriched pathways in five topological network mod-
ules. The scanning of this network with already known 
drug target interactions offered 78 drugs repurpos-
able against COVID-2019. To conclude, based on action 
mechanisms and  adverse effects of the drugs, the study 
has recommended 30 drugs for clinical approval (Li et al. 
2020a; b).

Table 2 (continued)

S. No Drug name Chemical structure Known as PubMed ID

7 Mercaptopurine Antimetabolites,
antineoplastic

18313035

8 Quinacrine Antibacterial, 
anti-malaria

233301007

9 Sirolimus Immunosuppressant 23135723

10 Toremifene Antineoplastic 27362232
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Moreover, an influential network-based approach was 
also used for rapid identification of candidate repur-
posable drugs and potential drug combinations against 
SARS-CoV-2. This method utilized the system pharma-
cology-based network platform to explore the interaction 
between SARS-CoV-2–host interactome and drug tar-
gets in the human protein–protein interaction network. 
The network presented 16 potential drugs candidates 
repurposable against SARS-CoV-2 with known targets 
and further validated those using enrichment analyses 
of drug–gene signatures and the virus-induced human 
cell line transcriptome. After validation, three potential 
drug combinations were recommended for repurposing 
(Zhou et  al. 2020b). Thus, the biological network-based 
approaches are very useful for discovery of new repur-
posable drugs candidates and their targets identification 
(Fig.  4). The drug repurposing may produce new thera-
pies at a quicker rate than novel drug discovery when the 
safety profiles of the drugs being repurposed have  been 
evaluated in the context of drug development for another 
disease, and at an even faster rate when the drugs have 
been  approved for other diseases and marketed. Some 
repurposable drug candidates, against COVID-19, iden-
tified through system and network biology given in 
Table 2.

Conclusion
In view of COVID-19 health crisis, repurposing of clini-
cally proven medicines is one of the best choice to opt 
for. However, to get the better results these medicines 
must be first tested in silico for their efficacy against the 
target viral and host proteins. This initial level of screen-
ing will save the time and efforts required for the clini-
cal trials of each drug. Availability of 3D models of the 
target proteins is definitely helping the researchers to test 
the large number of drugs at a faster pace. In addition, 
new drug targets for this novel pathogen are continu-
ously being discovered using the genome sequence data 
and system biology tools. We appeal the bioinformati-
cian throughout the world to identify novel drug targets 
using system biology and explore all the available drug 
databases for the possibility of their repurposing against 
SARS-CoV-2. This will help in not only finding the first 
line treatment but also in the preparation for pipeline of 
anti-COVID drugs.

Abbreviations
COVID19: Coronavirus disease 2019; SARS-CoV-2: Severe acute respiratory 
syndrome-coronavirus-2; ACE-2: Angiotensin converting enzyme-2; BSG: Basi-
gin; RdRp: RNA-dependent RNA polymerase; Nsp: Non-structural protein.

Acknowledgements
Not applicable.

Authors’ contributions
RKS cared about the drug targets, while BSY cared about system biology 
approaches. TMM revised the whole manuscript after the writing. All the 
authors were involved and contributed equally in conceiving the idea, wrote 
the paper and approved the final manuscript.

Funding
The study did not receive funding from any source.

Availability of data and material
The datasets used and or analyzed during the current study are available from 
the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Microbiology School of Life Sciences, H.N.B. Garhwal 
University, Srinagar (Garhwal), Uttarakhand 246174, India. 2 Faculty of Bio-
sciences and Aquaculture, Nord University, 8026 Bodo, Norway. 3 Department 
of Microbiology, Institute of Medical Sciences, Banaras Hindu University, 
Varanasi 221005, India. 

Received: 3 August 2020   Accepted: 3 November 2020

References
Ahmad J, Ikram S, Ahmad F, Rehman IU, Mushtaq M (2020) SARS-CoV-2 RNA 

dependent RNA polymerase (RdRp)—a drug repurposing study. Heliyon 
6:e04502

Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF (2020) The proximal 
origin of SARS-CoV-2. Nat Med 26:450–452. https ://doi.org/10.1038/s4159 
1-020-0820-9

Beck BR, Shin B, Choi Y, Park S, Kang K (2020) Predicting commercially avail-
able antiviral drugs that may act on the novel coronavirus (SARS-CoV-2) 
through a drug-target interaction deep learning model. Comput Struct 
Biotechnol J. https ://doi.org/10.1016/j.csbj.2020.03.025

Bersanelli M, Mosca E, Remondini D, Castellani G, Milanesi L (2016) Network 
diffusion-based analysis of high-throughput data for the detection of 
differentially enriched modules. Sci Rep 6:34841

Chakrabarty B, Das D, Bulusu G, Roy A (2020) Network-based analysis of fatal 
comorbidities of COVID-19 and potential therapeutics. ChemRxiv. https ://
doi.org/10.26434 /chemr xiv.12136 470.v1

Cheng F et al (2018) Network-based approach to prediction and population-
based validation of in silico drug repurposing. Nat Commun 9:2691

Elfiky AA (2020) Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and Tenofovir 
against SARS-CoV-2 RNA dependent RNA polymerase (RdRp): a molecular 
docking study. Life Sci. https ://doi.org/10.1016/j.lfs.2020.11759 2

Fantini J, Di Scala C, Chahinian H, Yahi N (2020) Structural and molecular 
modeling studies reveal a new mechanism of action of chloroquine 
and hydroxychloroquine against SARS-CoV-2 infection. Int J Antimi-
crob Agents. https ://doi.org/10.1016/j.ijant imica g.2020.10596 0

Forster P, Forster L, Renfrew C, Forster M (2020) Phylogenetic network 
analysis of SARS-CoV-2 genomes. Proc Natl Acad Sci. https ://doi.
org/10.1073/pnas.20049 99117 

Gordon DE, Jang GM, Bouhaddou M et al (2020) A SARS-CoV-2 protein 
interaction map reveals targets for drug repurposing. Nature. https ://
doi.org/10.1038/s4158 6-020-2286-9

Guney E, Menche J, Vidal M, Barábasi A (2016) Network-based in silico drug 
efficacy screening. Nat Commun 7:10331

https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1016/j.csbj.2020.03.025
https://doi.org/10.26434/chemrxiv.12136470.v1
https://doi.org/10.26434/chemrxiv.12136470.v1
https://doi.org/10.1016/j.lfs.2020.117592
https://doi.org/10.1016/j.ijantimicag.2020.105960
https://doi.org/10.1073/pnas.2004999117
https://doi.org/10.1073/pnas.2004999117
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1038/s41586-020-2286-9


Page 12 of 12Singh et al. Bull Natl Res Cent          (2020) 44:193 

Gysi DM, Do Valle I, Zitnik M et al (2020) Network medicine framework 
for identifying drug repurposing opportunities for COVID-19. arXiv, 
2004.07229v1

Habtemariam S, Nabavi SF, Banach M, Sarkar K, Si PC, Nabavi SM (2020) Should 
we try SARS-CoV-2 helicase inhibitors for covid-19 therapy? Arch Med 
Res. https ://doi.org/10.1016/j.arcme d.2020.05.02

Hoffmann M, Kleine-Weber H, Schroeder S et al (2020) SARS-CoV-2 cell 
entry depends on ACE2 and TMPRSS2 and is blocked by a clinically 
proven protease inhibitor. Cell 181:271–280. https ://doi.org/10.1016/j.
cell.2020.02.052

Huang C, Wang Y, Li X et al (2020) Clinical features of patients infected with 
2019 novel coronavirus in Wuhan, China. Lancet 395:497–506. https ://doi.
org/10.1016/S0140 -6736(20)30183 -5

Jang KJ, Jeong S, Kang DY et al (2020) A high ATP concentration enhances the 
cooperative translocation of the SARS coronavirus helicase nsP13 in the 
unwinding of duplex RNA. Sci Rep 10:1–13

Jin Z, Du X, Xu Y et al (2020) Structure of Mpro from COVID-19 virus and dis-
covery of its inhibitors. BioRxiv. https ://doi.org/10.1101/2020.02.26.96488 
2

Kadioglu O, Saeed M, Greten HJ, Efferth T (2020) Identification of novel com-
pounds against three targets of SARS CoV- 2 coronavirus by combined 
virtual screening and supervised machine learning. Bull World Health 
Organ. https ://doi.org/10.2471/BLT.20.25594 

Khailany RA, Safdar M, Ozaslan M (2020) Genomic characterization of a novel 
SARS-CoV-2. Gene Rep 19:100682. https ://doi.org/10.1016/j.genre 
p.2020.10068 2

Kirchdoerfer RN, Ward AB (2019) Structure of the SARS-CoV nsp12 polymerase 
bound to nsp7 and nsp8 co-factors. Nat Commun 10:2342

Krafcikova P, Silhan J, Nencka R, Boura E (2020) Structural analysis of the SARS-
CoV-2 methyltransferase complex involved in RNA cap creation bound to 
sinefungin. Nat Commun 11:3717

Kramer CJ, Paul M (2020) New drug target found for COVID-19. https ://www.
anl.gov/artic le/new-drug-targe t-found -for-covid 19. Accessed 20 March 
2020

Letko M, Marzi A, Munster V (2020) Functional assessment of cell entry and 
receptor usage for SARS-CoV-2 and other lineage B betacoronaviruses. 
Nat Microbiol 5:562–569. https ://doi.org/10.1038/s4156 4-020-0688-y

Li G, He X, Zhang L, Ran Q, Wang J, Xiong A (2020a) Assessing ACE2 expression 
patterns in lung tissues in the pathogenesis of COVID 19. J Autoimmun. 
https ://doi.org/10.1016/j.jaut.2020.10246 3

Li X, Yu J, Zhang Z et al (2020b) Network bioinformatics analysis provides 
insight into drug repurposing for COVID-2019. Preprints 2020030286. 
https ://doi.org/10.20944 /prepr ints2 02003 .0286.v1.

Lu R, Zhao X, Li J et al (2020) Genomic characterisation and epidemiology of 
2019 novel coronavirus: implications for virus origins and receptor bind-
ing. Lancet 395:565–574. https ://doi.org/10.1016/S0140 -6736(20)30251 -8

Mirza MU, Froeyen M (2020) Structural elucidation of SARS-CoV-2 vital pro-
teins: Computational methods reveal potential drug candidates against 
main protease, Nsp12 polymerase and Nsp13 helicase. J Pharm Anal 
10:320–328

Mirza MU, Vanmeert M, Froeyen M et al (2020) In silico structural elucidation of 
RNA-dependent RNA polymerase towards the identification of potential 
Crimean-Congo hemorrhagic fever virus inhibitors. Sci Rep 9:1–18

Mousavizadeh L, Ghasemi S (2020) Genotype and phenotype of COVID-19: 
their roles in pathogenesis. J Microbiol Immunol Infect. https ://doi.
org/10.1016/j.jmii.2020.03.022

Oulas A, Minadakis G, Zachariou M et al (2019) Systems bioinformatics: increas-
ing precision of computational diagnostics and therapeutics through 
network-based approaches. Brief Bioinform 20:806–824

Peersen OB (2017) Picornaviral polymerase structure, function, and fidelity 
modulation. Virus Res 234:4–20

Perlman S (2020) Another decade, another coronavirus. N Engl J Med 382:8
Ratia K, Saikatendu KS, Santarsiero BD et al (2006) Severe acute respira-

tory syndrome coronavirus papain-like protease: structure of a viral 
deubiquitinating enzyme. PNAS 103:5717–5722. https ://doi.org/10.1073/
pnas.05108 51103 

Ren LL, Wang YM, Wu ZQ et al (2020) Identification of a novel coronavirus 
causing severe pneumonia in human. Chin Med J (Engl) 133:1015–1024. 
https ://doi.org/10.1097/cm9.00000 00000 00072 2

Sadegh S, Pichlmair A, Rose TD, Yuan K, Josch K (2020) Exploring the 
SARSCoV-2 virus-host-drug interactome for drug repurposing. arXiv, 
2004.12420

Shu T, Huang M, Wu D et al (2020) SARS-coronavirus-2 Nsp13 possesses 
NTPase and RNA helicase activities that can be inhibited by bismuth salts. 
Virol Sin 35:321–329. https ://doi.org/10.1007/s1225 0-020-00242 -1

Stolfi P, Manni L, Soligo M, Vergni D, Tieri P (2020) Designing a network 
proximity-based drug repurposing strategy for Covid-19. Front Cell Dev 
Biol 8:1021

Sungnak W, Huang N, Bécavin C et al (2020) SARS-CoV-2 entry factors are 
highly expressed in nasal epithelial cells together with innate immune 
genes. Nat Med 26:681–687. https ://doi.org/10.1038/s4159 1-020-0868-6

Tai W, He L, Zhang X et al (2020) Characterization of the receptor-binding 
domain (RBD) of 2019 novel coronavirus: implication for development of 
RBD protein as a viral attachment inhibitor and vaccine. Cell Mol Immu-
nol. https ://doi.org/10.1038/s4142 3-020-0400-4

Ulrich H, Pillat MM (2020) CD147 as a target for COVID-19 treatment: sug-
gested effects of azithromycin and stem cell engagement. Stem Cell Rev 
Rep. https ://doi.org/10.1007/s1201 5-020-09976 -7

Vishnubhotla R, Vankadari N, Ketavarapu V (2020) Genetic variants in TMPRSS2 
and structure of SARS-CoV-2 spike glycoprotein and TMPRSS2 complex. 
BioRxiv. https ://doi.org/10.1101/2020.06.30.17966 3

Walls AC, Park Y, Tortorici MA, Wall A, Mcguire AT, Veesler D (2020) Structure, 
function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 
180:281–292. https ://doi.org/10.1016/j.cell.2020.02.058

Wang K, Chen W, Zhou YS et al (2020) SARS-CoV-2 invades host cells 
via a novel route: CD147-spike protein. BioRxiv. https ://doi.
org/10.1101/2020.03.14.98834 5

Wu C, Liu Y, Yang Y et al (2020) Analysis of therapeutic targets for SARSCoV-2 
and discovery of potential drugs by computational methods. Acta Pharm 
Sin B. https ://doi.org/10.1016/j.apsb.2020.02.008

Yadav BS, Lahav T, Reuveni E, Chamovitz DA, Freilich S (2016) Multidimensional 
patterns of metabolic response in abiotic stress-induced growth of Arabi-
dopsis thaliana. Plant Mol Biol 92:689–699

Yadav BS, Singh AK, Kushwaha SK (2017) Systems-based approach to the 
analyses of plant functions: conceptual understanding, implementation, 
and analysis. In: Hakeem KR, Malik A, Vardar-Sukan F, Ozturk M (eds) Plant 
bioinformatics. Springer, Cham, pp 107–133

Yadav BS, Tripathi V (2018) Recent advances in the system biology-based tar-
get identification and drug discovery. Curr Top Med Chem 18:1737–1744. 
https ://doi.org/10.2174/15680 26618 66618 10251 12344 

Yang P, Wang X (2020) COVID-19: a new challenge for human beings. Cell Mol 
Immunol 17:555–557. https ://doi.org/10.1038/s4142 3-020-0407-x

Zhang L, Lin D, Sun X et al (2020) Crystal structure of SARS-CoV-2 main 
protease provides a basis for design of improved α-ketoamide inhibitors. 
Science. https ://doi.org/10.1126/scien ce.abb34 05

Zhou Y et al (2020a) Network-based drug repurposing for novel coronavirus 
2019-nCoV/SARS-CoV-2. Cell Discov 6:1–18. https ://doi.org/10.1038/
s4142 1-020-0153-3

Zhou Y, Wang F, Tang J, Nussinov R, Cheng F (2020b) Artificial intelligence 
in COVID-19 drug repurposing. Lancet Digital Health. https ://doi.
org/10.1016/S2589 -7500(20)30192 -8

Zhu N, Zhang D, Wang W et al (2020) A novel coronavirus from patients 
with pneumonia in China, 2019. N Engl J Med 382:727–733. https ://doi.
org/10.1056/NEJMo a2001 017

Zitnik M, Agrawal M, Leskovec J (2018) Modeling polypharmacy side effects 
with graph convolutional networks. Bioinformatics 34:i457–i466

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.arcmed.2020.05.02
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1101/2020.02.26.964882
https://doi.org/10.1101/2020.02.26.964882
https://doi.org/10.2471/BLT.20.25594
https://doi.org/10.1016/j.genrep.2020.100682
https://doi.org/10.1016/j.genrep.2020.100682
https://www.anl.gov/article/new-drug-target-found-for-covid19
https://www.anl.gov/article/new-drug-target-found-for-covid19
https://doi.org/10.1038/s41564-020-0688-y
https://doi.org/10.1016/j.jaut.2020.102463
https://doi.org/10.20944/preprints202003.0286.v1
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/j.jmii.2020.03.022
https://doi.org/10.1016/j.jmii.2020.03.022
https://doi.org/10.1073/pnas.0510851103
https://doi.org/10.1073/pnas.0510851103
https://doi.org/10.1097/cm9.0000000000000722
https://doi.org/10.1007/s12250-020-00242-1
https://doi.org/10.1038/s41591-020-0868-6
https://doi.org/10.1038/s41423-020-0400-4
https://doi.org/10.1007/s12015-020-09976-7
https://doi.org/10.1101/2020.06.30.179663
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1016/j.apsb.2020.02.008
https://doi.org/10.2174/1568026618666181025112344
https://doi.org/10.1038/s41423-020-0407-x
https://doi.org/10.1126/science.abb3405
https://doi.org/10.1038/s41421-020-0153-3
https://doi.org/10.1038/s41421-020-0153-3
https://doi.org/10.1016/S2589-7500(20)30192-8
https://doi.org/10.1016/S2589-7500(20)30192-8
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017

	Molecular targets and system biology approaches for drug repurposing against SARS-CoV-2
	Abstract 
	Background: 
	Main body: 
	Conclusion: 

	Background
	Methodology
	Main text
	Genome of SARS-CoV-2

	Drug targets
	Proteins helpful in viral replication
	RNA-dependent RNA polymerase (RdRp)
	Helicase
	Papain-like proteinase (PLpro)
	3C-like main protease (3CLpro)
	RNA methyltransferase
	Other proteins

	Structural proteins helpful in binding with human host
	Spike protein
	Envelope protein

	Virulence proteins
	Host-specific enzymes
	Angiotensin converting enzyme II (ACE-2)
	TMPRSS-2
	Gangliosides
	Basigin (BSG)


	Systems biology-based approaches for identification of targets and repurposable drug candidates against SARS-CoV-2
	The system network-based drug repurposing tactics
	Network proximity, diffusion and AI (artificial intelligence)-based metrics

	Conclusion
	Acknowledgements
	References


