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A B S T R A C T   

SARS-CoV-2 nucleocapsid (N) protein undergoes RNA-induced phase separation (LLPS) and sequesters the host 
key stress granule (SG) proteins, Ras-GTPase-activating protein SH3-domain-binding protein 1 and 2 (G3BP1 and 
G3BP2) to inhibit SG formation. This will allow viral packaging and propagation in host cells. Based on a 
genomic-guided meta-analysis, here we identify upstream regulatory elements modulating the expression of 
G3BP1 and G3BP2 (collectively called G3BP1/2). Using this strategy, we have identified FOXA1, YY1, SYK, E2F- 
1, and TGFBR2 as activators and SIN3A, SRF, and AKT-1 as repressors of G3BP1/2 genes. Panels of the activators 
and repressors were then used to identify drugs that change their gene expression signatures. Two drugs, ima-
tinib, and decitabine have been identified as putative modulators of G3BP1/2 genes and their regulators, sug-
gesting their role as COVID-19 mitigation agents. Molecular docking analysis suggests that both drugs bind to 
G3BP1/2 with a much higher affinity than the SARS-CoV-2 N protein. This study reports imatinib and decitabine 
as candidate drugs against N protein and G3BP1/2 protein.   

1. Introduction 

The recent outbreak of coronavirus disease 2019 (COVID-19) caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 
become one of the greatest public health challenges in recent times, 
leading to unprecedented growth in research efforts to develop vaccines 
and therapeutics [1]. The novel SARS-CoV-2 is an enveloped, single- 
stranded, positive-sense ~30 kb RNA virus of the family Coronaviridae 
[1]. The SARS-CoV-2 membrane contains the spike (S) glycoprotein, a 
membrane (M) protein, the envelope (E) protein, and nucleocapsid (N) 
protein. The N protein encapsulates the viral genome and thereby pro-
tects it from the host cell environment [2]. In the infected cells, the N 
protein is produced at high levels and is necessary for virion assembly 
and replication [3,4]. Moreover, it enhances the transcription efficiency 
of sub-genomic viral RNA, thus modulates host cell metabolism [2]. 
SARS-CoV-2 N protein is a 46 kDa RNA-binding protein, containing an 
N-terminal RNA-binding domain, and a C-terminal oligomerization 
domain. These two domains are connected by a linker region comprising 
a serine/arginine-rich (SR rich) domain (SRD) [5–7]. 

Recent studies showed that SARS-CoV-2 N protein undergoes RNA- 
induced phase separation [8–10] and this behavior is critical in viral 
genome packaging and virion assembly. SARS-CoV-2 N protein is 
involved in the formation of phase-separated RNA-protein granules 
[11–13]. Several of these proteins such as Ras-GTPase-activating protein 
SH3-domain-binding protein 1 and 2 (G3BP1and G3BP2) are comprised 
of disordered regions and form stress granule (SG) through liquid-liquid 
phase separation (LLPS) [14,15]. SGs are normally thought to play an 
antiviral role and many viruses employ SGs to escape host responses 
through inhibiting the post-translational modifications [16], excluding 
the key SG components such as TIA-1 and G3BP [17,18], and via the 
formation of stable viral ribonucleoprotein complexes with key SG 
proteins [19]. G3BP1 and G3BP2 are key nucleators of SG formation 
[14,20], and overexpression of these proteins leads to SG formation even 
in the absence of stress [21]. 

Very recently, Syed Nabeel-Shah et al. [13] have shown that the 
SARS-CoV-2 N protein interacts and sequesters G3BP1 and decreases SG 
formation. In contrast, ectopic expression of G3BP1 attenuates this in-
hibition in N-expressing cells. Therefore, the upregulation of G3BP1/2 
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may have a protective effect on SARS-CoV-2 infections by decreasing the 
viral load. 

To get more insights into the regulation of G3BP1/2 expression, we 
have performed gene set enrichment analysis (GSEA) to find out the 
upstream regulatory elements modulating the expression of G3BP1/2 
genes. Drugs were then identified based on their ability to change the 
gene expression of the identified regulators of G3BP1/2 genes. Using this 
strategy, we have identified and evaluated imatinib and decitabine as 
the two drugs that could be repurposed to ameliorate the outcomes of 
COVID-19. Further, similar to our previous studies [22–24], we have 
utilized the network-based methods to examine the drug-gene in-
teractions between drugs and human targets of SARS-CoV-2 proteins 
identified through three different proteomics-based studies [11–13]. 

The advantage of GSEA is that it provides a framework to investigate 
the gene expression alterations related to a disease that can be evident at 
the level of biological pathways or co-regulated gene sets, rather than 
individual genes. Thus, we checked here the expression changes of in-
dividual genes reported in different GEO studies. 

2. Methodology 

2.1. Gene set enrichment analyses (GSEA) analysis of G3BP1 and G3BP2 

In this study, GSEA was carried out to identify the genes linked to 
G3BP1 and G3BP2 for the significant enrichment of different functional 
categories. Gene enrichment analysis offers information about the over- 
representation of a given gene in a particular pathway. GSEA was per-
formed through the Enrichr bioinformatics platform (http://amp.pha 
rm.mssm.edu/Enrichr), which allows the investigation of nearly 
200,000 genes from more than 100 gene set libraries [25,26]. To this 
end, GSEA was performed using G3BP1/2 genes as baits applied to the 
genomic databases about the functional, regulatory, and pathophysio-
logical features associated with these genes. Enrichment analysis infers 
knowledge about gene (s) by comparing it to gene sets that have already 
been annotated and searching for overlap. 

The transcription factors regulating the expression of G3BP1/2 and 
the kinases co-expressed with G3BP1/2 were identified and considered 
as regulators of G3BP1/2 genes. Drugs were then identified based on 
their effects on gene expression signatures of the regulators of G3BP1/2 
genes. The screening for enrichment was based on the “combined score” 
which is a product of the log of the p-value obtained from the Fisher's 
exact test and the z-score, which is a deviation from the expected rank (i. 
e., combined score, c = log(p)*z). Next, the validation of the GSEA re-
sults was done by using the GEO2R tool of the NCBI and manual cura-
tions of the gene expression profiles of the Gene Expression Omnibus 
(GEO) database. GEO2R tool compares two or more groups of samples to 
identify the genes that are differentially expressed across experimental 
conditions. The tool in the background uses the limma package of R 
language to perform widely used statistical tests to identify the differ-
entially expressed genes. 

2.2. Drug-protein interaction network 

Recently, many studies have focused on characterizing the host-virus 
interactome in SARS-CoV-2 infection. We have extracted the protein- 
protein interactions from three different studies [11–13] and identi-
fied 809 human proteins target of SARS-CoV-2 proteins. Further, the 
drug-protein interaction network of the predicted drugs with these 809 
human proteins was constructed and studied using Cytoscape [27]. 

2.3. Molecular docking 

Using a network-based approach, we have identified imatinib and 
decitabine as target molecules for G3BP1 and G3BP2 genes. The three- 
dimensional structures of G3BP1 (PDB Id: 4FCJ) and G3BP2 (PDB Id: 
5DRV) along with the N-terminal domain of SARS-CoV-2 N protein 

(NTD, PDB Id: 6M3M) were retrieved from the protein data bank data-
base [28]. The three-dimensional structures were energy minimized 
using the Swiss PDB Viewer (SPDBV) tool [29]. For protein-protein 
docking, the HDOCK tool was used [30]. HDOCK is based on a hybrid 
algorithm of template-based modeling and ab initio free docking. The 
mol file of imatinib and decitabine was retrieved from the DrugBank 
database [31]. The OpenBabel software [32] was used for converting the 
mol file into a PDB file having 3D structural coordinates of the drug 
molecules. For protein-ligand docking, AutoDock-Vina [33] was uti-
lized. The site-specific docking was performed with a grid spacing of 1 Å, 
and exhaustiveness of 8. From the binding affinity of protein-ligand 
complexes, the best docking pose was generated and analysed using 
PyMOL (https://pymol.org/2/) and Discovery studio [34]. 

2.4. Binding free energy calculations 

The molecular mechanics/generalized Born surface area (MM/ 
GBSA) analysis was performed to calculate the binding free energy of the 
docked complexes. In the MM/GBSA calculation, the binding free en-
ergy of the protein-ligand complex is calculated using the following 
equations: 

∆Gbind = ∆GGcomplex −
(
∆GGprotein +∆GGligand

)

∆Gbind = ∆H − T∆S ≈ ∆Egas +∆Gsol − T∆S  

∆Egas = ∆Eint +∆EELE +∆EVDW  

∆Gsol = ∆GGGB +∆GSurf 

The binding free energy (∆Gbind) is separated into different energy 
terms. The gas-phase interaction energy, ΔEgas represents the summa-
tions of internal energies (∆Eint), electrostatic energies (∆EELE), and van 
der Waal interactions (∆EVDW). The solvation free energy (∆Gsol) is 
represented by the polar (∆GGB) and non-polar (∆GSurf) energy terms. 

2.5. Molecular dynamics simulation 

All-atom MD simulations were performed using Gromacs v5.18.3 on 
the atomic coordinates of G3BP1 and G3BP1-drug complexes. The 
CHARMM27 force field was utilized and the TIP3P was used as a water 
model to solvate the systems [35]. The PRODRG server [36] was utilized 
to generate molecular topologies and coordinate files of drug-like mol-
ecules. The G3BP1 systems were placed in the octahedral simulation box 
with the water molecules filling around the system. The 0.15 M counter 
ions (Na+ and Cl− ) were added to neutralize the system [37]. The energy 
minimization of the neutralized systems was achieved using the steepest 
descent and conjugate gradients (50,000 steps for each). NVT (constant 
volume) and NPT (constant pressure) for 500 ps were then used for the 
equilibration of the system. Berendsen weak coupling method [38] and 
Parrinello-Rahman barostat [39] methods were employed to maintain 
the temperature and pressure of G3BP1 systems at 300 K, and 1 bar, 
respectively. LINC algorithm was used to constrain the bonds and angles 
[40]. The van der Waals interactions were calculated by Lennard–Jones 
(LJ) potential with a cut-off of 0.10 nm. All MD simulation experiments 
were performed for 100 ns with a time interval of 10 ps. MD analysis of 
the different structural order parameters was performed using Gromacs 
utilities and python scripts with MDTraj [41]. 

2.5.1. Principal component analysis (PCA) and free-energy landscape 
(FEL) analysis 

The principal component analysis (PCA) is performed to extract the 
information on the motion of the molecules during MD simulation which 
is associated with biological function. The first top two principal com-
ponents (PC1and PC2) of PCA were investigated using the essential 
dynamics (ED) method by g_covar, g_anaeig modules. Next, PC1 and 
PC2 were selected as reaction coordinates for the calculation of free 
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energy, Gα using: 

Gα = − kT ln [(qα) Pmax(q) ]

where k is the Boltzmann constant, T is the simulation temperature. P 
(qα) represents the probability density function of reaction coordinates 
(PC1 and PC2). Pmax(q) represents the probability distribution of the 
most probable state. 

3. Results 

3.1. GSEA of genomic features associated with G3BP1 and G3BP2 

We have used the Enrichr bioinformatics platform [26] to identify 
human genes involved in regulatory cross-talks and modulating the 
expression level of G3BP1 and G3BP2 genes, thus potentially affecting 

SG formation and SARS-CoV-2 infection. 
Expression profiling of G3BP1/2 genes revealed ubiquitous patterns 

of expression across human tissues. G3BP1 is highly expressed in the 
lung as well as gastrointestinal and respiratory tract tissues. In contrast, 
G3BP2 is highly expressed in different regions of the brain (Supple-
mentary Fig. S1). G3BP1 showed very low expression in brain and whole 
blood tissues whereas G3BP2 showed very low expression in whole 
blood, heart, and liver. 

GSEA of the COVID-19 related gene sets revealed that both G3BP1 
and G3BP2 belong to SARS-CoV-2 N protein host PPI from the Gordon 
study [42]. The different GEO records revealed that G3BP2 is a member 
of SARS-CoV-2 downregulated genes in Vero E6 cells (GSE153940) and 
it is also downregulated in SARS-CoV infection of Vero E6 cells 
(GSE30589). G3BP1 is downregulated by cystine and theanine in the 
IAV-infected mouse spleen gene set (Supplementary Table S1). The virus 
perturbations data sets among GEO records of downregulated genes in 

Fig. 1. Effects of SARS-CoV-2 challenges on the expression of G3BP1 and G3BP2 genes. (A) GSEA of the virus perturbations from GEO focused on upregulated genes. 
Star in the figure represents the SARS-CoV-2 infection at 7 days for G3BP1/2 genes. GEO profiles of (B) G3BP1, and (C) G3BP2 expression in peripheral blood 
mononuclear cells (PBMCs) of patients with SARS. 
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Enrichr identified SARS-Bat SRBD 48Hour (GSE47960) and SARS-Bat 
SRBD 84Hour (GSE47962) as the most significantly enriched record 
(Fig. 1A), marked by the downregulation of G3BP1/2 genes in human 
airway epithelial cells. These findings were substantiated by the 
decreased expression of G3BP1/2 genes reported in the peripheral blood 
mononuclear cells (PBMCs) of patients with SARS infection (GSE1739) 
(Fig. 1B and C) [43]. 

GSEA identified lung injury as a common human disease perturba-
tion of an enriched record through the downregulation of these genes 
(Supplementary Fig. S2), consistent with the clinical observations of 
comorbidity associated with COVID-19. The other significant diseases 
associated with the downregulation of these genes were pulmonary 
hypertension, amyotrophic lateral sclerosis, schizophrenia, and rheu-
matoid arthritis. 

Gene Ontology (GO) analyses of G3BP1/2 revealed overlapping re-
cords of the biological process as small GTPase mediated signal trans-
duction (GO:0007264) and Ras protein signal transduction 
(GO:0007265). The common significantly enriched records for the mo-
lecular process are mRNA binding (GO:0003729) and RNA binding 
(GO:0003723), whereas the common significantly enriched record for 
Jensen compartments is the intracellular ribonucleoprotein complex 
(Supplementary Fig. S3). 

3.2. Identification of the transcription factor binding sites modulating the 
G3BP1/2 expression 

Transcription factors (TFs) control the gene dynamics and expression 
and we, therefore, looked for TFs regulating G3BP1/2. GSEA of the 
enriched records of TF binding sites (TFBs) using ChEA 2016 and 
ENCODE TF ChIP-seq 2015 databases revealed common human TFBs 
shared by G3BP1/2 genes are FOXA1, CREB1, and SMAD4 according to 
ChEA 2016 and TAF1, SIN3A, CREB1, and NFYB according to ENCODE 
TF ChIP-seq 2015 (Supplementary Fig. S4). The GSEA analysis reported 
the differential regulation of these TFs in the SARS-CoV-2 gene sets 
available in the Enrichr platform (Supplementary Table S1). FOXA1 is 
downregulated by SARS-CoV-2 infection in mouse lung (GSE19137) and 
in lung alveolar A549 cells (GSE147507) while upregulated by SARS- 
CoV in intestinal organoids (GSE149312). CREB1 has also been down-
regulated by SARS-CoV-2 in intestinal organoids (GSE149312). TAF1 is 
downregulated by SARS-CoV-2 infection in lung tissue (GSE147507) 
and in intestinal organoids (GSE149312). SIN3A has also been shown to 
be downregulated upon SARS-CoV-2 infection in intestinal organoid 
(GSE149312) and upregulated by SARS-CoV-2 in A549 cells transduced 
with ACE2 (GSE147507). In contrast, NFYB is upregulated by SARS- 
CoV-2 infection in A549 cells (GSE147507). Moreover, the GEO re-
cords of SARS infected human peripheral blood mononuclear cells 
(GSE1739) indicate the mixed responses of FOXA1 and CREB1 expres-
sion while the expression of TAF1 and NFYB largely decreased during 
SARS-CoV infection (Supplementary Table S2). 

We have also identified the TFBs in G3BP1/2 using the position 
weight matrices (PWMs) analysis from TRANSFAC and JASPAR. The 
common human binding motif site identified in the G3BP1/2 is the 
transcription factor, Yin Yang 1 (YY1) (Supplementary Fig. S5). YY1 is 
downregulated by SARS-CoV infection in bronchial epithelial 2B4 cells 
(GSE17400) and is upregulated by MERS-CoV infection in Calu-3 cells 
(GSE139516) (Supplemental Table S1). Interestingly, the expression of 
YY1 showed a mixed response in human PBMC samples infected with 
SARS-CoV (GSE1739) (Supplementary Table S2). 

Next, we looked at the GEO database to find out the effects of these 
TFs on the expression profile of G3BP1/2 genes. The GEO records 
indicate that FOXA1 overexpression in the human prostate cancer cell 
line (LNCaP) increased the expression of G3BP1/2 genes, suggesting the 
activation effects of FOXA1. The expression of G3BP2 decreased due to 
CREB depletion and heterozygous CREB increased the expression of both 
G3BP1and G3BP2 genes, suggesting the activator role of CREB (Sup-
plementary Table S2). SIN3A knockdown showed mixed response 

towards the expression of G3BP1, while SIN3A knockdown increased the 
expression of G3BP2 (Supplementary Table S2). Similarly, knockdown 
of transcription factor YY1 decreased the expression of G3BP2 in mouse 
skeletal muscle and HeLa cells (Supplementary Table S2), while YY1 
depletion leads to a mixed response in G3BP1 expression, suggesting its 
role as an activator of G3BP2 expression while both as an activator and 
repressor for G3BP1 expression. The summary of these observations is 
reported in Fig. 2A. 

3.3. Identification of TFs as putative modulators of the G3BP1/2 
expression 

The Enrichr results of the TF perturbations identified SRF (serum 
response factor) as potential repressors of G3BP1/2 expression and 
THRA/B mutants (thyroid hormone receptor A and B) as the potential 
activator. The Enrichr record showed that SRF knockout and THRA/B 
mutants upregulated the expression of G3BP1/2 genes, indicating their 
role as a repressor (Supplementary Fig. S6). These findings were further 
validated by analyzing the gene expression profiles reported in GEO 
records. Many GEO records showed that SRF depletion or null mutant 
increased the expression of G3BP1/2 in human prostate cancer cells, 
mouse liver, hematopoietic stem cells, and neonatal cardiomyocytes 
(Supplementary Table S2). Both THRA and THRB decreased G3BP1 
protein expression and assembly in stress granules after arsenite stim-
ulation [44]. Notably, THRA/B mutants increased the expression of 
G3BP1/2 expression in the human HepG3 cell line, suggesting the role of 
the THRA/B gene as possible inhibitors of G3BP1/2 (Supplementary 
Table S2). 

Moreover, SRF is a member of upregulated genes by SARS-CoV-2 
infection in Vero E6 cells (GSE153940) while THRA is a member of 
downregulated genes by SARS-COV-2 infection in Calu3 cells and A549 
cells (GSE147507) and is upregulated in intestinal organoids 
(GSE149312). In contrast, THRB is a member of upregulated gene sets in 
COVID-19 (Supplemental Table S1). Also, the GEO gene perturbations 
database focused on down-regulated genes identified ATM (Ataxia- 
Telangiectasia-Mutated) and E2F-1 (E2F transcription factor 1) as pu-
tative activators and repressor of G3BP1/2, respectively (Supplementary 
Fig. S7). This is further validated by investigating the different GEO 
records of G3BP1/2 genes. ATM knockdown decreased G3BP1 and 
G3BP2 expression in HEK293 cells. E2F-1 upregulated the expression of 
G3BP1/2 genes in mouse, while both knockdown and overexpression of 
E2F-1 decrease the expression of G3BP1/2 genes (Supplementary 
Table S2). The summary of these observations is reported in Fig. 2B. 

3.4. Identification of kinases as putative modulators of the G3BP1/2 
expression 

A recent study presents SARS-CoV-2 infection-induced global phos-
phorylation changes which lead to disruption of kinases and associated 
pathways [45]. Virus-host interactions could modulate the phosphory-
lation events by affecting the subcellular localization of host protein or 
by blocking access of kinases. The ARCHS4 kinases co-expression anal-
ysis indicates that kinases like MAPK6, PRKCI, EPHA1, LRRK1, CSNK2A, 
and NEK4 are co-expressed with both G3BP1 and G3BP2 genes (Sup-
plementary Fig. S8). The kinases including MAPK6, EPHA1, and LRRK1 
were found to be upregulated in SARS-CoV-2 infection, whereas 
CSNK2A and NEK4 were downregulated in SARS-CoV-2 infection. Next, 
the GSEA of the kinase perturbations from the GEO database focused on 
downregulated genes identified SYK (spleen tyrosine kinase) and 
TGFBR2 (TGF-beta receptor type II) as putative activators of the G3BP1/ 
2 expression (Supplementary Fig. S8). Also, the kinase perturbations 
from the GEO database focused on upregulated genes revealed AKT1 
(AKT serine/threonine kinase 1) as a potential repressor of G3BP1/2 
genes (Supplementary Fig. S8). Moreover, Enrichr analysis of COVID-19 
related gene sets indicates that SYK is a member of up-regulated genes 
by SARS-CoV-2 in pancreatic organoids. AKT1 is down-regulated in 
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COVID-19 infected bronchoalveolar lavage, whereas TGFBR2 is both up- 
regulated and down-regulated by SARS-CoV-2 in Vero E6 cells and lung 
tissue, respectively (Supplementary Table S1). 

The analysis of GEO records indicated that G3BP1/2 expression 
decreased in the presence of SYK deficient human breast epithelial cell 
line and the presence of SYK inhibitor in human B-cell lymphoma cell 
lines, indicating the activator role of SYK in G3BP1/2 expression. AKT 
repression increased the expression of G3BP1/2 genes in the human 
melanoma cell line and mouse heart, suggesting that it acts as a 
repressor. Also, TGFBR2 knockdown decreased the expression of 
G3BP1/2 genes in mouse embryonic palatal tissue and embryonic 
palatal mesenchymal cells, indicating the activator effect of G3BP1/2 
(Supplementary Table S2). A summary of the results is provided in 
Fig. 2C. 

3.5. GSEA identify imatinib and decitabine as potential drugs for 
mitigating SARS CoV-2 infection 

Enrichr analysis of the drug perturbations increasing the expression 
of G3BP1/2 from the GEO signatures of differentially expressed genes 
and from GEO 2014 records revealed imatinib and decitabine as the top 
significantly enriched candidates (Supplementary Fig. S9). The search in 
GEO data sets suggested that both imatinib and decitabine exert bio-
logical activities that would alleviate the SARS-CoV-2 infection. Imati-
nib seems to both upregulate and downregulate G3BP1 and G3BP2 
expression in different GEO records, while decitabine largely increased 
the expression of G3BP1/2 genes (Supplementary Table S2). Consistent 
with these findings, the investigation of GEO records indicated that 
imatinib appears to regulate different modulators of G3BP1/2 and thus 
affecting the SARS-CoV-2 infection. Imatinib appears to upregulate the 
TFs including FOXA1, CREB1, and YY1 in human K562 leukemia cell 
line, chronic myeloid leukemia (CML) cell lines, and in CML patients 
(Supplementary Table S2). Whereas, imatinib downregulated the 
expression of G3BP1/2 repressors, SRF, THRA/B, and AKT1 genes. 
Imatinib also decreased the expression of the repressor, SIN3A in CML 
patients and leukemia cell lines. The administration of imatinib also 
appears to increase the expression of ATM and E2F-1 and inhibit the 
expression of SRF and THRA/B. Moreover, imatinib increased the 
expression of SYK and TGFBR2 and inhibits AKT-1 in leukemia patients 
and cell lines (Supplementary Table S2). These results indicate the role 
of imatinib as a potential drug against COVID-19. 

Similar to imatinib, decitabine decreased the expression of activators 
like CREB1 and YY1, as well as the repressors like SRF, SYK, and THRA/ 
B in human B-lymphoma cell lines (Supplementary Table S2). 

Decitabine also increased the expression of other activators including 
ATM, E2F-1, SYK, and TGFBR2, and repressors including SIN3A and 
AKT-1 in B-lymphoma cell lines (Supplementary Table S2). 

Fig. 3 and Table 1 summarizes the overall effects of imatinib and 
decitabine on the G3BP1/2 gene and their putative modifiers. 

3.6. Drug-gene interactions network of imatinib and decitabine in SARS- 
CoV2-human interactome 

Many different SARS-CoV-2-host interactome studies have identified 
human proteins that could be considered as important drug targets to 
inhibit SARS-CoV-2 infection. The three excellent SARS-CoV-2-human 
interactome studies identified almost 809 high-confidence human pro-
teins interacting with the 27 SARS-CoV-2 proteins [11–13]. Assuming 
that the drugs which significantly alter these protein-protein in-
teractions will also inhibit the growth of the virus, we here investigated 
the drug-protein interactions. We found that out of the total 809 human 
proteins, imatinib interacts with a total of 14 (i.e., ~1.7%) proteins and 
potentially interacts with 18 of 27 (i.e., 66%) of SARS-CoV-2 proteins 
(Fig. 4A). These 14 proteins make at least 1–2 interactions with 18 
SARS-CoV-2 proteins, making a total of 28 interactions (Fig. 4B). 
However, decitabine interacts with 92 (i.e., ~11%) proteins and in-
teracts with 26 of 27 (i.e., 96%) SARS-CoV-2 proteins (Fig. 4C). These 92 
proteins make 156 interactions with 26 SARS-CoV-2 proteins with 
maximum interactions to NSP13 (15), ORF8 (13), ORF 6 (12), NSP6 
(11), NSP7, and NSP8 (10) protein (Fig. 4D). Thus, decitabine and 
imatinib manifest significant interference with the SARS-CoV-2-human 
interactome. Interestingly, a combination of both decitabine and ima-
tinib interacts with 106 of 809 (13%) human proteins prey of SARS-CoV- 
2, making a total of 184 interactions with all 27 SARS-CoV-2 proteins 
(Supplementary Fig. S10). 

3.7. Identification of potential miRNAs involved in the regulation of 
G3BP1 and G3BP2 

Micro-RNAs (miRNAs) are small non-coding RNAs that can bind to 
3'UTR of mRNA and inhibit translation or induce mRNAs degradation 
[46]. Many studies showed that host cellular miRNAs can target both the 
coding region and 3'UTR of the viral genome to induce an antiviral effect 
[47,48]. To identify potential miRNAs that can directly regulate G3BP1 
and G3BP2, TargetScan microRNA 2017 and miRTarBase 2017 from the 
Enrichr platform have been explored. The analysis revealed two com-
mon miRNAs, hsa-miR-3925-5p, and hsa-miR-486-5p against the 
G3BP1/2 genes (Supplementary Fig. S11). A recent study reported the 

Fig. 2. Identification of Upstream regulatory elements and their potential mechanisms of affecting the expression of G3BP1 and G3BP2 genes. (A) The summarized 
figure represents FOXA1, CREB1, and YY1 as potential activators and Sin3A as repressors for the expression of G3BP1/2 genes, (B) overall summary of the effect of 
TFs on the expression of G3BP1/2 genes. Two TFs, ATM and E2F-1 upregulate whereas, SRF and THRA/B downregulate the G3BP1/2 expression and (C) effect of co- 
expressed kinases on the regulation of G3BP1/2 expression. TGFBR2 and SYK-1 activate the expression while AKT-1 inhibits the expression of G3BP1/2 genes. 
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presence of hsa-miR-3925-5p in different COVID-19 isolates [49]. 
Another study identified hsa-miR-486-5p as a potential antiviral against 
the influenza A virus [50]. 

3.8. Molecular docking of imatinib and decitabine to G3BP1/2 and 
SARS-CoV-2 N protein 

Molecular docking studies are largely utilized to explore the binding 
modes of receptor and ligand molecules and are generally used in drug 
discovery. Through the molecular docking studies, we here determined 
the binding of imatinib and decitabine to G3BP1 and G3BP2 genes. The 
proposed modes of drug binding are presented in Figs. 5 and 6, and the 
docking results based on the binding affinity are represented in Table 2. 

As G3BP1 and G3BP2 interact directly with the SARS-CoV-2 N pro-
tein, we have utilized the HDock web server for protein-protein docking. 
Docking studies of G3BP1 and G3BP2 with N-protein results in the 
docking score of − 182.53 and − 202.03 respectively, indicating the 
stringent binding affinity with the N-protein (Supporting Fig. S12). 
Furthermore, the binding study of decitabine and imatinib with G3BP1/ 
2 and N-protein was also performed. To predict the binding pocket in the 
protein, a ligand-independent binding site identification was done using 
CASTp Server [51]. For the NTD (PDB ID:6M3M), a binding pocket 
having a solvent accessible surface area of 3364 Å2 and volume of 3192 
Å3 was identified with the residues Lys62-Pro81, Pro123-Ala139, and 
Pro163-Pro169. These residues are largely found in turn and coil re-
gions, and in β6 strand. The residues in these predicted binding pockets 
are largely involved in ribonucleotide binding and protein-protein 
interface. The binding pocket of G3BP1 (PDB ID: 4FCJ) has a solvent- 

accessible surface area of 145 Å2 and a volume of 104 Å3 which con-
sists of residues Ala84-Val90 in 310 helix. For G3BP2 (PDB ID: 5DRV), 
the binding pocket has a solvent-accessible surface area of 108 Å2 and a 
volume of 66 Å3 consists of Thr85-Gly89 (310 helix), Val113-Pro116 
(β-strand). 

After identification of the putative binding pockets, we performed 
the molecular docking of the decitabine and imatinib on these binding 
pockets. Imatinib displayed a binding affinity of − 7.2 kcal/mol and 
forms three hydrogen (H) bonds with NTD at positions Leu129, Pro130, 
and Lys131 along with five Vander Waals bonds (Fig. 5A). Decitabine 
binds loosely to NTD with a binding affinity of − 4.7 kcal/mol and forms 
four H-bonds at positions Leu123, Leu129, Phe133, and Ala135 along 
with six Vander Waal interactions (Fig. 5B). The results revealed that 
although both drugs bind strongly with the N-protein, imatinib showed a 
stronger affinity to the NTD compared to decitabine. 

Imatinib also showed strong binding to G3BP1 and G3BP2 with − 8.7 
kcal/mol and − 7.7 kcal/mol, respectively. Imatinib forms four H-bond 
interactions with G3BP1 at positions Asn90, Glu120, Tyr128, and 
His130, and also forms seven Vander Waals interactions (Fig. 6A). In 
contrast, imatinib formed two H-bonds at position Lys8 and Asn125, 
along with eight Vander Waals interactions with G3BP2 (Fig. 6B). 
However, decitabine binds weakly with G3BP1 and G3BP2 with binding 
affinities of − 4.9 kcal/mol and − 4.8 kcal/mol respectively. Interaction 
studies of decitabine with G3BP1 showed two H-bonds at positions 
Gln137 and Phe111, along with five Vander Waal interactions (Fig. 6C). 
With G3BP2, decitabine forms three H-bonds at positions Thr88, Leu89, 
and Asn131 and six Vander Waals interactions (Fig. 6D). The above 
results suggested that imatinib binds strongly with G3BP1 and G3BP2 
protein compared to decitabine. 

3.9. Molecular dynamics simulations analyses 

To investigate the conformational stability of the G3BP1-drug com-
plexes, we next performed MD simulation for 100 ns and computed root 
mean square deviation (RMSD) of the Cα atoms, the radius of gyration 
(Rg), root mean square fluctuations (RMSF), and solvent accessible 
surface area (SASA) of the protein. The Cα-RMSD provides a global 
picture of the conformational deviation in structure with respect to the 
initial structure during the simulation. As can be seen from Fig. 7A, the 
drug binding induces an increase in conformational stability in the 
protein with the decrease in Cα-RMSD. The other structural parameters, 
Rg and SASA were calculated to assess the structural integrity and 
compactness of G3BP1-drug complexes (Fig. 7B and C). The time 

Fig. 3. Overall summary of the effects of Imatinib and Decitabine on the G3BP1/2 and the potential modifiers of the G3BP1/2 genes.  

Table 1 
Summary of the regulators of G3BP1 and G3BP2 and the effect of drugs, Imatinib 
and Decitabine on the putative G3BP1/2 regulators.  

Regulators of G3BP1/2 Effect on G3BP1/2 Imatinib Decitabine 

FOXA1 Activator ↑↓  
CREB1 Activator ↑ ↓ 
SIN3A Repressor ↓ ↑↓ 
YY1 Activator/Repressor ↓↑ ↓ 
SRF Repressor ↓ ↓ 
THRA/B mutants Repressor ↓ ↓ 
ATM Activator ↑ ↑ 
E2F-1 Activator ↑ ↑ 
SYK Activator ↓↑ ↑ 
AKT-1 Repressor ↓ ↓ 
TGFBR2 Activator ↑ ↑  
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evolution of Rg showed that the imatinib bound G3BP1 complex has 
increased Rg and SASA values, suggesting the potential unfolding effect 
of imatinib on G3BP1. However, the decitabine bound G3BP1 complex 
becomes more compact with lesser Rg and SASA. Furthermore, RMSF 
showed the fluctuations of each residue in the unbound and bound 
G3BP1 (Fig. 7D). For the unbound G3BP1, high fluctuations were 
significantly found in the C-terminal β-strand. Compared to the unbound 
G3BP1, the G3BP1-imatinib drug complex increased the fluctuations 
throughout the protein except at the C-terminal β-strand. The maximum 
fluctuations were observed for β hairpin residues (85–90) near the 
predicted drug binding site. However, decitabine binding showed 
decreased RMSF, indicating significant stabilization of the G3BP1. 

3.9.1. Principal component analysis (PCA) and Free energy landscape 
(FEL) analysis 

The PCA was studied to determine the important motions of the 

protein bound to the ligand. The two-dimensional projection of PCA 
(PC1 and PC2) showed that the G3BP1-drug complexes cover a larger 
and different conformational subspace with high flexibility as compared 
to unbound G3BP1 (Fig. 8A). The unbound G3BP1 exhibited lesser 
stable clusters as compared to G3BP1-drug complexes, particularly to 
G3BP1-decitabine. G3BP1-decitabine complex showed a more stable 
cluster with the increased amount of the accessible subspace along PC2. 
Similarly, the G3BP1-imatinib complex occupied a more stable cluster 
and wider phase space along PC1. Thus, the G3BP1-imatinib complex 
has increased fluctuations and might affect the protein motions upon 
drug binding. These findings were further confirmed through investi-
gating the residue displacements along with PC1 and PC2 for the G3BP1- 
drug complexes (Fig. 8B and C). The average fluctuation for the G3BP1- 
decitabine complex was smaller as compared to the G3BP1-imatinib 
complex. 

To examine the effects of the drug on the conformational stability of 

Fig. 4. Effects of imatinib and decitabine on the gene-drug interactions network of SARS-CoV-2-human interactome. (A) Imatinib interacts with 14 (i.e. ~1.7%) 
proteins, making 28 interactions in total, thus potentially interfering with functions of 18 of 27 (i.e. 66%) of SARs-Cov2 viral protein in human cells. (B) Interaction 
network of imatinib and SARS-CoV-2 viral proteins. The total number of interactions shown was 28. The green color represents viral proteins and the blue color 
represents human proteins targets of SARS-CoV-2 interacting with imatinib. (C) Out of 809 SARS-CoV-2 human target proteins, decitabine interacts with 92 (i.e. 
~11%) proteins, making 156 interactions in total, thus potentially interfering 26 of 27 (i.e. 96%) of SARS-Cov2 viral protein in human cells. (D) Interaction network 
of the 92 decitabine target human proteins with 26 SARS-CoV-2 proteins. The total number of interactions shown was 156. The green color represents viral proteins 
and the red color represents decitabine targeted human genes. 
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G3BP1, FEL was evaluated as a function of the top two principal com-
ponents, PC1, and PC2. FEL has been utilized to successfully investigate 
the conformational redistributions induced by ligand binding [52–55]. 
Fig. 9 showed the relative conformational changes of G3BP1 systems 
where the lower energy conformational states are indicated by the 
deeper blue color. The FEL plots revealed ΔG values 0 to 15.9, 15.7, and 
13.7 kJ/mol (Fig. 9) for unbound G3BP1, G3BP1-decitabine, and 
G3BP1-imatinib complex, respectively. The FEL of unbound G3BP1 is 
populated by two different conformational subspaces linked by a low 
energy barrier (Fig. 9A). G3BP1-decitabine complex showed a signifi-
cant population shift towards a large, single, and wider energy basin 
consisting of a single metastable state (Fig. 9B). The G3BP1-imatinib 
complex is characterized by the presence of different energy basins 
and a reverse population shift relative to the unbound G3BP1 system 
(Fig. 9C). 

Further, the atomic density distribution analysed using densmap 
indicated that decitabine and imatinib binding increased the partial 
density area of G3BP1 from 1.97 nm− 3 to 3.21 nm− 3 and 2.27 nm− 3, 
respectively (Supplementary Fig. S13). The density maps thus revealed 
that binding of the drug especially imatinib induced a large conforma-
tion change to G3BP1. Overall, the MD results revealed that decitabine 
weakly modulates G3BP1 conformations whereas, imatinib binding 
significantly changes G3BP1 conformations and thus could significantly 
regulate the protein's function. 

4. Discussion and conclusion 

G3BP1 and G3BP2 bind strongly with the N protein of SARS-CoV-2 

and SARS-CoV than other human coronaviruses, and the binding to 
MERS-CoV N protein was the weakest [13]. Recently, SARS-CoV-2 N 
protein has been shown to undergo phase separation that enhances viral 
RNA replication and translation and mediates the packaging of viral 
genome in host cells. The N protein sequester the SG essential protein 
G3BP1/2 and attenuates SG formation [8]. G3BP1/2 are core compo-
nents of SGs and promote both the inflammatory and the IFN responses. 
G3BP1/2 thus could be considered as an important target for the in-
duction of antiviral activities, i.e., SG nucleation and immune regula-
tion. Importantly, we here suggest that targeting the transcriptional 
regulation of G3BP1/2 may be an attractive treatment approach for 
mitigating SARS-CoV-2 infection. Our data showed that through inhi-
bition or activation of TFs and kinases involved in G3BP1/2 regulation 
could be considered as a potential way to tackle SARS-CoV-2 infection. 

We here utilized multiple approaches to analyze the gene expression 
modulators of stress granule core genes, G3BP1 and G3BP2. The GSEA 
represents a threshold-free overrepresentation analysis strategy to 
identify the potential regulators of G3BP1/2. We here utilized GSEA to 
evaluate genome-wide expression profiles to determine whether the 
identified sets of regulators show statistically significant, collective 
changes in gene expression of G3BP1/2 that can be correlated with 
SARS-CoV-2 infection. The identified regulators act as activators and/or 
repressors of G3BP1 and G3BP2 and provide necessary information to 
build a model of genomic regulatory interactions observed during SARS- 
CoV-2 infection. A panel of existing drugs and ligands against these 
regulatory genes were then identified that could be considered for drug- 
repurposing to mitigate the outcomes of COVID-19. Two of the most 
promising candidate drugs, namely imatinib and decitabine alter the 

Fig. 5. Molecular docking interactions of imatinib and decitabine to SARS-CoV-2 NTD. (A) Two-dimensional (2D) representations of NTD-imatinib interactions using 
Ligplot+ are shown in the left panel. The information about the residues and interactions has been indicated in the figure. The potential binding poses in the 3-D 
structure of the protein are shown in the right panel. The intermolecular hydrogen bonds are shown as a black dotted line. (B) Similarly, 2D diagrams of NTD- 
decitabine interactions and binding poses in the 3-D structure are shown in the left and right panels, respectively. 
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Fig. 6. Molecular docking interactions of G3BP1 and G3BP2 genes to imatinib and decitabine. Two-dimensional (2D) diagrams and the binding pose of (A) G3BP1- 
imatinib, (B) G3BP2-imatinib, (C) G3BP1-decitabine, and (D) G3BP2-decitabine interactions using Ligplot+. The information about the residues and interactions has 
been indicated in the figure. The potential binding poses in the 3-D structure of the protein are shown in the right panel. 
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gene expression of these regulatory genes and thus could act as antiviral 
agents. Interestingly, a hypothetical bipartite combination (imatinib and 
decitabine) indicated more robust effects on the interactome of SARS- 
CoV-2 target human host genes compared to monotherapies. 

Imatinib is a tyrosine kinase inhibitor used to treat chronic myeloid 
leukemia (CML) and has been reported to inhibit SARS-CoV infection 
and MERS-CoV [56–58]. Mechanistic studies suggested that imatinib 
will be considered as a good therapeutic possibility in the COVID-19 for 
its demonstrated anti-inflammatory activity, SARS-CoV-2 entry inhibi-
tor, and kinase inhibitory activity. Imatinib has also been shown to 
induce eIF2α phosphorylation and thus induces SG formation and pro-
motes apoptosis [59]. Moreover, a recent study showed that the kinase 
inhibitor, nilotinib affects N protein phase separation with viral RNA 
and disrupts condensates formed by the N protein in mammalian cells 
[60]. Previous studies have also shown that nilotinib inhibited the 
proliferation of both SARS-CoV and SARS-CoV-2 [61–63]. Another study 
indicated imatinib as an important SARS-CoV-2 protease inhibitor using 
the Reframe library screen of clinical and near-clinical compounds [64]. 

Our results thus provide a rationale for evaluating imatinib as an anti-
viral agent against COVID-19. Interestingly, three potential randomized 
clinical trials are underway to study the therapeutic efficacy of imatinib 
against COVID-19, including NCT04357613 (France), NCT04394416 
(USA), and EudraCT2020-001236-10 (The Netherlands). In another 
study, Imatinib will be compared to hydroxychloroquine, Lopinavir/ri-
tonavir, and Baricitinib (NCT04346147). 

Decitabine falls under the nucleotide and nucleoside analogs which 
are broad-spectrum antiviral drugs that inhibit transcription and/or 
replication of different RNA and DNA viruses by inhibition of DNA 
methylation [65]. A recent study showed decitabine as the potent in-
hibitor of RNA-dependent RNA polymerase and thus could be regarded 
as a drug that would inhibit viral replication and growth [66]. Recently, 
a randomized double-blind placebo-controlled Phase 2 trial has been 
initiated to assess the efficacy of decitabine in the treatment of critically 
ill patients with COVID-ARDS (Clinical Trial ID: NCT04482621, 
IRB00247544). 

In conclusion, our results suggest that by targeting G3BP1/2 and 

Table 2 
Molecular docking results of imatinib and decitabine binding to SARS-CoV-2 NTD and G3BP1/2 genes. The binding affinity has been calculated from three different 
docking software.  

Protein-drug Binding energy (kcal/ 
mol) 

H-bond Vander Waal bond Other bonds 

NTD-imatinib  − 7.2 Leu129, Pro130, Lys131 Leu27, Leu123, Thr127, Thr128, Phe133 Pro29, Arg30, Ala135 
NTD-decitabine  − 4.7 Leu123, Leu129, Phe133, 

Ala135 
Gln122, Pro124, Gln125, Gly126, Thr127, Thr128 Tyr134 

G3BP1-imatinib  − 8.7 Asn90, Glu120, Tyr128, 
His130 

Gly38, Lys39, Thr88, Leu89, Val94, Pro119, 
Gly121 

Asn40, Val116, Ala118 

G3BP2-imatinib  − 7.7 Lys8, Asn125 Pro9, Ser10, Lys53, Ser90, Val93, Ala118, Gly121, 
His130 

Val5, Pro11, Val14, Asp91, Pro119, Pro124, 
Phe127 

G3BP1- 
decitabine  

− 4.9 Phe111, Gln137 Arg135, Asp138, Val140, Phe141, Gly142 Met98, Gly99, Arg110, Met112 

G3BP2- 
decitabine  

− 4.8 Thr88, Leu89, Asn131 Ser51, Gly52, Ser90, Gly92, Ala118, Met133 Val116, His130  

Fig. 7. MD simulation results of G3BP1-drug complexes for 100 ns at 300 K. (A) RMSD of the Cα backbone (B) Rg, (C) SASA, and (D) RMSF of residues. In all the 
panels the color code represents as: unbound G3BP1 (black), G3BP1-imatinib (green), and G3BP1-decitabine (red). 
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their regulators, the drugs imatinib and decitabine affect the SG for-
mation in host cells and thus could represent a viable approach in future 
studies of COVID-19. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2021.09.018. 
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