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ARTICLE INFO ABSTRACT

Keywords: Background: The spread of a novel severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) has affected
CovID19 both the public health and the global economy. The current study was aimed at analysing the genetic sequence of
G‘:‘l\‘;;\mc alignment this highly contagious corona virus from an evolutionary perspective, comparing the genetic variation features of
m

different geographic strains, and identifying the key miRNAs as well as their gene targets from the transcriptome
data of infected lung tissues.

Methods: A multilevel robust computational analysis was undertaken for viral genetic sequence alignment,
phylogram construction, genome-wide transcriptome data interpretation of virus-infected lung tissues, miRNA
mapping, and functional biology networking.

Results: Our findings show both genetic similarities as well as notable differences in the S protein length among
SARS-CoV-1, SARS-CoV-2 and MERS viruses. All SARS-CoV-2 strains showed a high genetic similarity with the
parent Wuhan strain, but Saudi Arabian, South African, USA, Russia and New Zealand strains carry 3 additional
genetic variations like P333L (RNA -dependant RNA polymerase), D614G (spike), and P4715L (ORFlab). The
infected lung tissues demonstrated the upregulation of 282 (56.51%) antiviral defensive response pathway genes
and downregulation of 217 (43.48%) genes involved in autophagy and lung repair pathways. By miRNA map-
ping, 4 key miRNAs (hsa-miR-342-5p, hsa-miR-432-5p, hsa-miR-98-5p and hsa-miR-17-5p), targeting multiple host
genes (MYC, IL6, ICAM1 and VEGFA) as well as SARS-CoV2 gene (ORF1ab) were identified.

Conclusion: Systems biology methods offer a new perspective in understanding the molecular basis for the faster
spread of SARS-CoV-2 infection. The antiviral miRNAs identified in this study may aid in the ongoing search for
novel personalized therapeutic avenues for COVID patients.

miRNA
Network

1. Introduction economy since early 2020 [1]. Taxonomic studies have confirmed that
SARS-CoV-2 has evolved from SARS-CoV-1 as a different strain. Phylo-

The spread of a novel coronavirus named severe acute respiratory genetic analysis has suggested that SARS-CoV-2 is different from
syndrome (SARS-CoV-2) has devastated the public health and global SARS-CoV-1 (similarity is 79%) and MERS-CoV (similarity is 50%), but
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shares the highest similarity with bat SARS-CoV1 (similarity is 96%).
Although, all three belong to f-coronavirus genus, SARS-CoV2 has
caused more global mortalities compared to SARS-CoV-1 or MERS [2].
Therefore, we compared the genetic sequences of these 3 viruses to
better understand their molecular differences determining the viral
transmission rate and pathogenicity.

SARS-CoV-2 virus has a single stranded RNA genome, whose size
ranges from 29.8 kb to 29.9 kb [3,4]. The genomic repertoire of
SARS-CoV-2 is as follows; 5-UTR, replication complex genes (ORFla
and ORF1b) encoding 16 non-structural proteins, structural protein
encoding genes like spike (S), envelope (E), membrane (M), and nucle-
ocapsid (N), few accessory protein encoding ORFs (ORF3a, ORF6,
ORF7a, ORF7b, ORF8 and ORF9), 3'-UTRs and a Poly Adenine Tail [5].
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Structural proteins facilitate the viral entry to host cells, its assembly and
maturation, whereas non-structural proteins are mostly involved in ge-
netic replication and transcription. The accessory proteins interfere with
the host defence mechanisms [6]. The receptor binding domain (RBD) of
the spike protein subunit S1, which directly interacts with host cellular
receptor (ACE2) is conserved across different globally prevalent corona
viruses, but recent reports indicate that genetic variations occurring in
this sequence determines the host range and infectivity [7,8]. Hence, we
carried out phylogenetic analysis of the RBD sequences across different
geographic SARS-CoV-2 strains to characterize their genetic features.
The lung is the primary human organ infected by SARS-CoV-2 and
most of the global fatalities have resulted mainly from pulmonary
complications. Several genes involved in lung physiology and function
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Fig. 1. Multilevel systems biology workflow showing SARS-CoV-2 genome analysis, genetic variations analysis and RNA seq analysis of lung tissues led identification

of key miRNAs and their target genes.
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show aberrant expression in viral infections [9]. However, the
SARS-CoV-2 mediated transcriptomic changes and subsequent impact
on inflammatory pathways are under intense investigation. Lung
epithelial cells besides acting as physical barrier, also modulates lung
leukocyte response and release microbicidal molecules including small
peptides, reactive oxygen species (ROS) and microRNAs (miRNAs) [10].
The miRNAs are a group of small non-coding RNA molecules (18-22
nucleotides), which regulates the expression of one third of human
genes including those involved in innate and adaptive immunity re-
sponses against viral infections [11-13]. The miRNAs specific to highly
expressed immune response genes in the lung are likely to protect
against the viral infection, conversely, their low expression confers
susceptibility to infection. Hence, investigating the role of miRNAs
involved in the host-SARS-CoV-2 interface is expected to provide valu-
able insights in identifying potential molecular therapeutic targets for
controlling SARS-CoV-2 pathogenesis.

Given the growing evidence of the crucial role of endogenous miR-
NAs in determining infection susceptibility and mounting antiviral
defensive mechanisms, this study used multiple bioinformatic resources
to predict the miRNAs against differentially expressed genes (DEGs) in
human lung epithelial cells infected with SARS-CoV-2. Additionally, this
study has tried to identify miRNAs with predicted binding sites in the
SARS-CoV-2 genome and compared them lung DEGs for interpreting
their role in mitigating susceptibility to viral infections. The autophagy
pathway is an essential component of host anti-viral defence mecha-
nisms. However, some viruses, can exploit the autophagy machinery to
support replication [14]. In this study, we also tried to explore the
expression status of autophagy-related genes (ATG) in human lung tis-
sues infected with SARS-CoV-2 to understand how the virus mitigates its
host autophagy mechanism and establish infection [15]. We used
multilevel computational and bioinformatic methods to analyse the
genomic and transcriptomic interaction data of SARS-CoV-2 infected
lung tissues.

2. Materials and methods
2.1. The retrieval of SARS-CoV2 genome sequence datasets

The summary of methods implemented in this study are shown in
Fig. 1. The genome sequences of different SARS-CoV-2 strains reported
from different countries like Wuhan, China (Accession No.:
NC_045512.2), Saudi Arabia (Accession No. MT630428.1), Italy
(Accession No. MT066156), USA (Accession No.: MT339041), India
(Accession No.: MT396248.2), New Zealand (Accession No.:
MT706050.1), South Africa (Accession No.: MT324062), Russia
(Accession No.:MT890462.1), Sri Lanka (Accession No.:MT371050.1),
in addition to SARS-COV1 (Accession No.: NC_004718.3) and MERS-
CoV (Accession No.: NC_019843) were collected from the NCBI data-
base (https://www.ncbi.nlm.nih.gov/genbank/sars-cov-2-seqs).

2.2. Evolutionary analysis of SARS-CoV-2 viruses and its subtyping

The Genome Detective Coronavirus Typing Tool (version 1.1.3) was
used to identify different types of SARS-CoV-2 strains. This tool uses
Basic local alignment (BLAST) method to detect genetic variations in
each queried viral genome. Open source, Multiple Sequence Alignment
Fast Fourier Transform Program (MAFFT) [16] was used to align and
characterize the genomic sequences of different novel corona viruses.
This tool’s intake is up to 2000 sequences. The molecular evolution of
geographical viral strains from parent Wuhan SARS-CoV-2 strain was
explored through phylogenetic analysis using Phylogeny.fr tool [17].

2.3. Identification of differentially expressed genes in human lung tissues
infected with SARS CoV-2

To understand the expression pattern of host genes upon SARS-CoV-2
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infection, we analysed the RNA sequencing dataset (accession number is
GSE147507 - Illumina NextSeq 500 Platform) [18,19] generated from
the SARS-CoV-2 infected lung tissues [https://www.ncbi.nlm.nih.
gov/geo/]. The full details of experimental protocol including the
samples, RNA extraction and sequence analysis are provided in the
original publication [20]. In brief, the study investigators have used the
transformed lung alveolar (A549) cells and primary human lung
epithelium cells (NHBE), which was then mock treated with
SARS-CoV-2. RNASeq data normalization to log? counts per million was
performed with EdgeR package [21]. The genes showing an expression
difference of |log2 fold change| > 0.5 with a false discovery rate of
<0.05, in addition to Benjamini and Hochberg with a p value of <0.05
were considered to be differentially expressed transcripts. These DEGs
were further explored in DAVID, an open source data mining tool, which
systemically combines functionally descriptive data from Reactome,
InterPRO, KEGG and Pfam databases [22]. This tool aids in gene dis-
covery through biochemical pathway mapping, functional classification,
and biological annotations [23].

2.4. Construction of a protein-protein interaction (PPI) network of lung
DEGs

Protein interaction networks provide deeper insights into physical
contacts holding the protein partners and determines the molecular
relationship between host and pathogen. In this study, we used lung
DEGs to construct protein-protein network using the STRING v.10.5
database [24]. We used Network Analyser, a plugin of Cytoscape v3.7.2,
to identify the hub genes, which shows highest degree of connectivity in
PPI network modules [25].

2.5. Identification of autophagy genes from SARS lung DEGs

We retrieved the autophagy-related genes (ATGs) from Human
Autophagy Modulatory Database (HAMDB), which hosts the data of 841
chemical molecules, 797 proteins, 132 miRNAs involved in the auto-
phagy pathway. The expression status of autophagy genes (ATGs) in
lung transcriptome data was mapped by automated comparison of ATGs
against DEG list.

Identification of miRNAs targeting differentially expressed genes.

The miRNA hits against lung DEGs were predicted using MicroRNA
Enrichment Turned Network (MIENTURNET; http://userver.bio.uniro
mal.it/apps/mienturnet/) [26]. With the input list of genes and
mature miRNAs, this open source webtool provides the statistical anal-
ysis for over representation of miRNA-target gene interactions by
fetching the computationally predicted and experimentally validated
data from miRTarBase, miRDB and TargetScan databases. We have also
created target gene-miRNA interaction co-expression network by using
Cytoscape 3.6.1 [27]. Furthermore, the functional enrichment analysis
of target genes and selected miRNAs using KEGG, REACTOME, WiKi
Pathways and Disease Ontology (human) was performed. The statisti-
cally most enriched GO terms were visualized in ggplot2 [28].

2.6. The miRNA prediction hits for COVID-19 proteins

Initially, the nucleotide and amino acid sequences of different SARS-
CoV2 strains sourced from NCBI were queried in the Virus Pathogen
Resource (ViPR) (https://www.viprbrc.org/) database. The default
search options like “human host” and “SARS-CoV2” were used to map
the viral coding genes [29]. ViPR database provides comprehensive viral
pathogen data (genetic and protein sequences), along with experimen-
tally determined immune epitope data and anti-viral host responses. In
the next steps, ViPR generated SARS-CoV2 genomic data were used to
predict miRNA hits (at 65% association cut-off value) against different
viral proteins using MirBase [30]. Thereafter, these anti-viral miRNAs
were further used to explore target human gene hits. MirBase enables
pre-miRNA and mature miRNA prediction workflows due to its default
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Konstanz Information Miner (KNIME) platform [31]. Furthermore, to
better understand host-pathogen interactions, host microRNA and viral
gene association network was generated using Cytoscape.

3. Results
3.1. Genomic comparison of SARS-CoV2 with SARS CoV1 and MERS

The nucleotide sequences of the 3 viral genomes revealed the higher
identity of SARS-CoV-2 with the genome of SARS-CoV-1 than MERS-
CoV. The SARS-CoV-2 shares 80% nucleotide sequence similarity with
SARS-CoV-1 genome, and nearly 84% of coding regions are identical in
both strains. The sequence length of 10 coding genes (S, E, M, N, 3a, p6,
7a, 7b, 9b and ORF14) of SARS-CoV-1 and CoV-2 were almost identical
with only a few minor insertions or deletions. The 39 amino acid long
ORF8a peptide was observed only in SARS-CoV-1, where it was found
absent in SARS-CoV-2. The length of ORF8b protein in CoV-2 is 121 aa,
which is 37 amino acids longer than the corresponding amino acid
sequence of CoV1 (84 aa). The ORF3b protein is 132 amino acids long in
CoV-2 (132 aa) compared to CoV-1 (154 aa). The genomic alignment of
SARS-CoV-2 with MERS-CoV showed that both share 50.2% sequence
and 69% coding region similarities. The major difference in sequence
identity between CoV-2 and MERS-CoV, is due to the five unique
accessory genes 3, 4a, 4b, 5, and 8b found in MERS-CoV. The striking
differences in MERS-CoV and CoV-2 genomes, is in the length of S
protein, which is 1353 aa in MERS-CoV 1273 aa in SARS-CoV-2. The
comparison of CoV-1 and CoV-2 genomes has revealed the evidence of
1349 variations in different genes, including nsp 1-16 (888), spike
protein (273), ORF14 (12), E (3), M (19), ORF7a (17), ORF7b (8),
ORF8b (49), ORF9b (26), N (35) and 6 (19). SARS-CoV-2 vs MERS-CoV
comparison showed 268 genetic variations in different genes like nsp
1-16 (125), spike protein (41), M (5), ORF7a (17), ORF7b (8), ORF8b
(22), ORF9b (26), N (5) and 6 (19).

3.2. Genomic comparison of SARS CoV2 geographic strains

The nucleotide sequences of different geographic SARS-CoV-2 viral
strains showed 99% sequence identity to Wuhan SARS-CoV-2 genome
(Fig. 2A). The phylogenetic analysis revealed that all nine SARS-CoV-2
strains are clustered together in a single clade compared to SARS-CoV-
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1 (Fig. 2B). The Saudi Arabian and Russian strains originated from
single clade and presented 99.5% similarities among them. The genetic
variation analysis of those SARS-CoV-2 viruses has revealed different
types of genetic variations in 9 genes (ORFlab, ORFla, ORF3ab, nsp2,
RNA dependant RNA polymerase, helicase, spike, envelope protein, and
Nucleocapsid proteins; Table 1). No genetic variations in other 18 genes
like nsp4, 3C-like proteinase, nsp6, nsp7, nsp8, nsp9, nspl0, 3'-to-5'
exonuclease, endoRNAse, 2'-O-ribose methyltransferase, leader protein,
nspll, M, ORF6, ORF7a, ORF7b, ORF8 and ORF10 were observed in 9
SARS-CoV2 strains analysed (Table S1). Interestingly, the viral strains
from Saudi Arabia, South Africa, USA, Russia and New Zealand have 3
genetic variations: P333L (RNA -dependant RNA polymerase), D614G
(spike), and P4715L (ORF1ab). We have also noticed few other shared
variations like R203K and G204R in nucleocapsid protein among the
viral strains from Saudi Arabia and Russia, and the S166A variation in
the viral strains from Saudi and India. The G251V variation was shared
by both Italian and Sri Lankan strains (Table S1, Table S2).

3.3. Identification of differentially expressed genes (DEGs) in SARS-CoV-
2 infected lungs and their functional enrichment analysis

SARS-CoV-2 infected lung epithelial cells showed 499 differentially
expressed genes (DEGs), of which 282 (56.51%) were up-regulated and
217 (43.48%) down-regulated with adjusted p < 0.05. These DEGs were
further explored by GO enrichment and KEGG pathway analyses to
understand their biological relevance in SARS-CoV2 infection
(Table S3). The GO enrichment results of lung tissue DEGs are shown in
Fig. 3, where up-regulated DEGs from BP category reveal the dysregu-
lation of genes involved in defensive response to viruses, regulation of
viral genome replication, immune response, inflammatory response,
interferon-gamma-mediated signalling pathway and cellular response to
lipopolysaccharide with adjusted p-value <4.06 E~% (Fig. 3A). The
pathway analysis of the up-regulated DEGs show their involvement in
influenza, TNF signalling pathway, NF-kappa beta signalling pathway,
hepatitis C and cytokine-cytokine receptor interaction (p-value <2.01
E~%). The pathways in cancer were shown to be significantly down-
regulated in response to SARS-CoV-2 infection (Fig. 3B). The enrich-
ment of down-regulated DEGs under BP category reveals the involve-
ment of genes related to cellular response to starvation, fibroblast
growth factor receptor signalling pathway, mitotic cytokinesis, positive
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® New Zealand
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Fig. 2. Phylogenetic analysis of SARS-CoV2 genomes from different geographical locations: (A) Genome Detective Coronavirus Subtyping Analysis (B) NJ bootstrap

tree for reference SARS-CoV2 genomes.
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Table 1
Genetic variations of SARS-CoV-2 proteins.
Protein SARS-CoV2/Saudi SARS-CoV2/ SARS-CoV2/India SARS-CoV2/ SARS-CoV2/ SARS-CoV2/ SARS-CoV2/Sri SARS-CoV2/
Arabia USA SARS-CoV2  SARS-CoV2 Italy SARS- South Africa Russia SARS-CoV2  Lanka SARS- New Zeland
CoV2 SARS-CoV2 CoV2 SARS-CoV2
Orflab P4715L T265I A4489V Nil P4715L P4715L Nil P4715L
(14408C>T) (1059C>T), (13730C>T), (14408C>T) (14408C>T) (14408C>T)
P4715L S5490A
(14408C>T) (16732T>G)

RNA- P323L P323L A97V A97V P323L P323L Nil P323L
dependent (14408C>T) (14408C>T) (13730C>T) (13730C>T) (14408C>T) (14408C>T) (14408C>T)
RNA
Polymerase

Helicase S166A Nil S166A - - - -

(16732T>G) (16732T>G)
S D614G D614G - - D614G D614G - D614G
(23403A>G) (23403A>G) (23403A>G) (23403A>G) (23403A>G)
E - V75F - - - - -
(26467G>T)
N R203K - P13L - - R203K -
(28881G>A (28311C>T) (28881G>A
28882G>A), 28882G>A),
G204R G204R
(28883G>C) (28883G>C)
Orf3ab - Q57H - G251V - - G251V
(25563G>T) (26144G>T) (26144G>T)
Nsp2 - T85I - - - - -
(1059C>T)
Orfla - T2651 - - - - -
(1059C>T)

regulation of Wnt signalling pathway, positive regulation of autophagy
(p-value <0.01) and lung development (Fig. 3C). The down-regulated
DEGs in lung were enriched in KEGG pathways including transcrip-
tional mis-regulation in cancer, AMPK signalling and Hippo signalling
(p-value <0.05) (Fig. 3D).

3.4. Construction of protein interaction network of DEGs

Using the STRING v.10.5 database, PPI networks of 499 DEGs were
built and analysed. The protein network consists of 460 nodes and 2539
edges with an average local clustering co-efficient value of 0.452 (PPI
enrichment p < 1.00° 1% Fig. 4A). PPI network analysis identified 10
hub genes (highly connected genes in the network) like IL6, TNF,
VEGFA, CXCL8, IL1B, STAT1, FN1, MYC, ICAM1 and IRF7, based on their
centrality scores (>56 score) (Table 2).

3.5. Mapping of host autophagy-related genes (ATG) in DEGs from
SARS-CoV2 infected lung tissues

The retrieved ATGs (in reference to HAMdb) against 499 lung DEGs,
revealed that 29 genes (4.97%; SOD2 SQSTM1 APOL6 TBC1D5 TPCN1
LETM1 NUPR1 FN1 TNF DRAM1 APOL1 TUFM S100A8 FOXO1 PDK4
ATGY9B IL6 EIF2AK2 FLCN BST2 HIVEP2 TPS3INP1 MCOLN3
TNFRSF10B HIF1A PKM MAP2K1 MMP10 and S100A9) are shared and
have functional role in the autophagy pathway (Fig. 4B). The regulatory
network of these 29 ATGs is shown in Fig. 4C. We further mapped the
expression status of ATGs in lung DEGs. Of these 10 hub genes (identi-
fied from 499 lung DEGs), 3 hubs, namely, IL6, TNF and FN1 are up-
regulated in SARS-CoV2 infected lungs and they are known to directly
target ORF3a and ORF8 genes of SARS-CoV-2 genome (Table 2).

3.6. Identification of miRNAs targeting lung DEGs and SARS CoV-2
genome

3.6.1. Prediction of miRNAs of DEGs and their major dysregulated
pathways in COVID infected lung tissues

MIENTURNET (MicroRNA ENrichment TURned NETwork) webtool
has predicted 494 miRNA hits against 38.67% of (193/499) lung DEGs,

of which 110 (60.10%) were down-regulated and 83 (45.35%) were up-
regulated (Table S5). The miRNA-mRNA network for up and down
regulation in DEGs is shown in Fig. 5A and Fig. 6A, respectively
(Table S6). The functional network of miRNA-up regulated DEGs hits
revealed top 10 miRNAs (hsa-miR-124-3p, hsa-miR-1-3p, hsa-miR-98-
5p, hsa-miR-30a-5p, hsa-miR-146a-5p, hsa-miR-9a-5p, hsa-miR-199a-
5p, hsa-miR-143-3p, hsa-miR-3605-5p and hsa-miR-223-3p) based on
their association scores (p < 0.05) (Fig. 5B, Table 3). Major dysregulated
pathways targeted by these 10 miRNAs include signalling of IL—17,
TNF, NOD-like receptor, NF—kappa Band MAPK genes and Fc gamma
R—mediated phagocytosis (Fig. 5C-D). The regulatory network between
down-regulated DEGs and miRNAs has revealed that the top miRNAs
(hsa-miR-17-5p, hsa-miR-192-5p, hsa-miR-155-5p, hsa-miR-19b-3p,
hsa-miR-21-5p, hsa-miR-132-3p, hsa-miR-146a-5p, hsa-miR-605-5p,
hsa-miR-4474-5p, hsa-miR-154-5p) regulates Interleukin—4 and 13,
cytokine signalling in immune system, and mitotic G1—G1/S phases,
while PPARA activates gene expression pathways in the SARS-CoV2
infected lung tissues (Fig. 6B-D).

3.7. Prediction of miRNAs against SARS-CoV2 genes

MirBase has predicted 24 potential human miRNAs (based on miR-
base Score >68) targeting ORFlab, S, ORF3a, M, ORF7a, ORF8, N, E and
ORF10 genes of the SARS CoV2 virus (Fig. 7A). The regulatory network
analysis showed that miRNAs namely hsa-miR-2052, hsa-miR-676-3p,
hsa-miR-432-5p, hsa-miR4693-3p, hsa-miR-6893-3p, hsa-miR-3127-5p,
hsa-miR-374a-3p, hsa-miR-548a-3p, hsa-miR-3927a-3p, hsa-miR-410-
5p, hsa-miR-6128, hsa-miR-6809 interacts with both ORFlab and spike
proteins of the virus (Fig. 7A). The data shown in the Table S7 highlights
the miRNA hits against several SARS-CoV2 viral genes primarily
responsible for entry, infection, viral biogenesis, entry and replication.

3.8. Mapping shared miRNA targets from SARS-CoV-2 genome and lung
DEGs

Of the 24 miRNAs targeting SARS-CoV-2 genes, 4 miRNAs (hsa-miR-
342-5p, hsa-miR-432-5p, hsa-miR-98-5p and hsa-miR-17-5p) were pre-
dicted to target lung DEGs (Fig. 7A and B). Of those miRNAs, the hsa-
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Table 2
Topological properties of top 10 hub genes.
S. No. Hub gene Degree Betweenness Centrality Closeness Centrality Clustering Coefficient Autophagy gene
1. IL6 124 0.107528 0.461998 0.150407 Yes
2. TNF 121 0.084793 0.458475 0.157576 Yes
3. VEGFA 101 0.085286 0.44637 0.155842 -
4. CXCL8 90 0.041332 0.435237 0.216479 -
5. IL1B 84 0.040898 0.43039 0.207975 -
6. STAT1 81 0.046246 0.423649 0.250617 -
7. FN1 80 0.077877 0.428345 0.179114 Yes
8. MYC 77 0.077608 0.43629 0.176692 -
9. ICAM1 56 0.015464 0.405547 0.32987 -
10. IRF7 56 0.014293 0.385602 0.335065 -
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miR-342-5p targets 7, hsa-miR-432-5p targets 5 DEGs (Fig. 7B), hsa-
miR-98-5p targets 58 DEGs and hsa-miR-17-5p targets 69 DEGs of the
SARS-CoV2 infected lung tissues (Table S6). Furthermore, the network
analysis of 4 miRNAs and 138 DEGs has revealed that hsa-miR-342-5p,
regulates 7 DEGs (GLARX, NAA10O, SPRY4, MICAL2, BMP2, HDGEF,
APOL6), hsa-miR-432-5p, regulates 5 DEGs (TUBB2A, ADAR, LIF, TUBB,
NUCB2), hsa-miR-98-5p regulates 4 DEGs (IL6, CXCL8, MYC and

ICAM1) and 1 viral gene (orflab), and hsa-miR-17-5p regulate 7,5,4 and
4 DEGs respectively. Two of those miRNAs, hsa-miR-98-5p and hsa-miR-
17-5p also regulate one viral protein ORFlab (Fig. 7C).

4. Discussion

Our bioinformatic analysis has confirmed the shared genetic
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similarities among SARS-CoV1, SARS-CoV-2 and MERS-CoV [32]. All
three use Spike structural protein to bind to host cell receptors and
cellular protease for its activation. The S protein consists of 2 subunits
(S1 and S2), of which S1 subunit (RBD) takes part in receptor binding
and S2 subunit primarily facilitates viral fusion to cell membrane and
genome entry to host cells [33]. Comparison of S gene sequences in
SARS-CoV-2 SARS-CoV1, and MERS-CoV has confirmed its variable
length among them [34]. Both SARS-CoV1 and SARS-CoV2 binds to
ACE2 receptor, but they show different binding affinities [35]. The
sequence similarity of spike protein, especially RBD of S2 subunit be-
tween both viruses is 73%-76%. MERS virus uses Dipeptidyl-peptidase 4
(DPP4) glycoprotein as the receptor [36]. Among the two receptors
ACE2 show wider tissue distribution compared to DPP4 [37]. The higher
transmissibility rate of SARS-CoV2 is attributed to furin-like cleavage
sites, which facilitate the S protein priming and its high reproductive
number (>3-5), which is relatively higher than SARS-CoV1 (1.6-1.9)
and MERS (<1). Additional known factors underlying the rapid spread
of CoV2 infection include the accumulation of single nucleotide varia-
tions, insertions, and deletions in S1 and S2 domains of the spike protein,
which enhances the binding with ACE2, and allows effective invasion
compared to both SARS-CoV1 and MERS.

The rapid global transmission of SARS-CoV-2 highlights the role of
genetic variation or recombination driven viral evolution and adapta-
tion in host systems. Therefore, we analysed genomic sequence of SARS-
CoV2 strains from different countries to understand the viral origin and
its evolution during the pandemic. In this study, we observed that SNP
occurrence is not random, but it is more common in the genes, which are
critical for virus [38]. In Saudi Arabian SARS-CoV2 strain (EPI -
ISL_678216), 16 variations were observed as compared to the
wuhan-hul SARS-CoV2 strain. These 16 variations include 6 synony-
mous, 7 missense, 2 downstream and 1 upstream variant. Majority of
these variants were seen in ORFlab that encodes 16 non-structural
proteins, which contributes to the transcription of viral genes, replica-
tion, proteolytic processing and suppression of host gene expression
connected to immune response. A recent large scale study on 3067
SARS-CoV-2 genomes collected from various geographical regions has
identified 782 variations, of which 65.98% were non-synonymous,
28.39% were synonymous, and 5.63% were distributed in intergenic
regions compared to the Wuhan-Hu-1/2019 reference sequence [39].

In this study, variant D614G (spike), localized to highly conserved B-
cell epitope is the most common clade identified in viral strains from
Saudi Arabia, South Africa, USA, Russia and New Zealand. The amino
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Table 3
Predicted miRNAs targeted by hub gene. Bold miRNAs are top signification
miRNA of upregulated and downregulated hub gene.

S. Hub Predicted top 10 miRNA

No. gene

1. 1L6 hsa-miR-202-3p, hsa-let-7c-3p, hsa-let-7b-5p, hsa-miR-34a-5p,
hsa-let-7a-5p and hsa-miR-98-5p

2. TNF hsa-miR-17-5p, hsa-miR-34a-5p and hsa-miR-203a-3p

3. VEGFA hsa-miR-17-5p hsa-miR-330-3p hsa-miR-200b-3p hsa-miR-20b-
5p hsa-miR-20a-5p hsa-miR-106a-5p hsa-miR-141-5p hsa-miR-
374b-5p hsa-miR-125a-3p hsa-miR-126-5p hsa-miR-378a-3p
hsa-miR-34a-5p hsa-miR-335-5p hsa-miR-203a-3p hsa-miR-
369-3p

4. CXCL8 hsa-miR-202-3p hsa-let-7b-5p hsa-let-7f-5p hsa-miR-335-5p
hsa-let-7d-5p hsa-let-7a-5p hsa-let-7c-5p hsa-miR-203a-3p hsa-
miR-98-5p hsa-let-7g-5p hsa-miR-106a-5p

5. IL1B hsa-miR-106a-5p

6. STAT1 hsa-miR-34a-5p hsa-miR-203a-3p

7. FN1 hsa-miR-200b-3p hsa-let-7g-5p

8. MYC sa-miR-34b-5p hsa-miR-17-5p hsa-miR-196a-5p hsa-let-7b-5p
hsa-miR-148a-3p hsa-miR-129-2-3p hsa-miR-98-5p hsa-let-7g-
5p hsa-miR-20a-5p hsa-miR-599 hsa-miR-449c¢-5p hsa-miR-
125a-3p hsa-miR-126-5p hsa-miR-378a-3p hsa-let-7f-5p hsa-
miR-34a-5p hsa-miR-335-5p hsa-let-7d-5p hsa-miR-320b hsa-
let-7a-5p hsa-let-7c¢-5p hsa-miR-33b-5p

9. ICAM1 hsa-miR-17-5p hsa-miR-335-5p hsa-miR-17-3p hsa-miR-98-5p

hsa-miR-141-5p

acids in this epitope are highly conserved and are likely to interfere with
the effectivity of vaccines [40]. Almost all viral strains with D614G, have
also accumulated other variants like P333L (RNA-dependent RNA po-
lymerase) and P4715L (ORF1ab) in proteins responsible for SARS-CoV-2
replication. It is noteworthy that spike protein, RNA-dependent RNA
polymerase and ORF1lab proteins are therapeutic targets for antiviral
drugs like Remdesivir [41] and Arbidol [42]. Hence, accumulations of
nucleotide variations in these genes could render SARS-CoV2 variants
resistant to treatment. The fast-evolving viral genetic architecture ne-
cessitates more caution while developing new antiviral drugs or vac-
cines against the SARS-CoV-2 strains. We also speculate from this study
that the existence of a country-specific genetic variation continuum may
also be able to explain the current situation in these countries, such as
disease incidence, epidemic control, degree and timing of exposure to a
symptomatic carrier, etc. The probability of genetic variation occur-
rence is more at transcriptional level than at translational level, as
evident from the existence of more codon variations than the actual
amino acid sequence changes in the candidate protein.

The genome wide gene expression data is a proven resource to
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identify biological pathways underlying human diseases [43,44],
including viral infections [45]. Few studies have reported gene expres-
sion changes in SARS-CoV-2 infected clinical samples using in vivo, in
vitro or ex vivo approaches [46,47]. However, these studies have not
been able to fully interpret the role of dysregulated genes at molecular
and network levels. In this study, we used a series of comprehensive
computational investigations to analyse the lung tissue response to
SARS-CoV2 infection. Our analysis revealed the enrichment of TNF and
NF-kappa beta signalling pathways in up-regulated genes, whose bio-
logical processes are connected to host defensive response, regulation of
viral genome viral replication, immune response, inflammatory
response and cellular response to lipopolysaccharide. These results
support the previous findings, where corona virus infection is seen to
activate innate immune response in the body by triggering the produc-
tion of anti-viral interferon-gamma cytokine molecules [48,49].
Macrophage produced TNF is known to damage pulmonary vascular
endothelial cells and cause pulmonary edema [50]. Inhibition of TNF-«
is shown to reduce the lung damage in viral infections. One of the
enriched pathways involves NF-kappa B signaling which has a critical
role in innate and adaptive immunity [51].

We have also noted the enrichment of AMPK and Wnt signalling
pathways in down-regulated genes, regulating cellular responses to
starvation, mitotic cytokinesis, positive regulation of autophagy and
lung development. Studies in transgenic mice models show the loss of
alveolar tissue repair capacity in the lungs due to blockage of FGFR
signalling caused by the viral infection [52]. Wnt signalling is essential
for the repair and regeneration of human lung epithelial cells when
infected with viruses [53]. Hence, it implies that SARS-CoV2 infection
may dysregulate cell signalling and impairs the epithelial cell regener-
ation and repair of lung tissues. Corona viruses are known to modulate
autophagy to enable their replication in host cells [54]. In this study, we
have identified 29 autophagy genes from the total 499 lung DEGs
involved in SARS-CoV2 infection. Protein interaction network analysis
of DEGs-ATGs has confirmed the up-regulation of 3 autophagy genes
(IL6, TNF and FN1), which are known to directly target ORF3a and ORF8
genes of SARS-CoV-2 genome. The SARS-CoV-2 spike protein is
demonstrated to promote IL6 trans-signaling and initiate hyper-
inflammatory response by activation of AT1 axis in epithelial cells [55].

The miRNAs are known to regulate the expression of host genetic
factors required for viral pathogenesis [56]. In this study, we observed
that 193 (38.67%) of the 499 lung DEGs are targeted by a range of host
miRNAs. Of these miRNAs, 83 (45.35%) can directly target IL-17, TNF,
NOD-like receptor, NF-kB, MAPK and IL-4 and -13 signaling pathways,
which are required for viral replication and disease pathogenesis. For

Fig. 7. (A) Host-pathogen interaction of
SARS-CoV-2 and host miRNA. Triangular red

B m i 3

l / [ nodes represent SARS-COV-2 proteins, while
] y.sn-:mim-gpi ‘.

circles (green) represent host miRNAs. (B)
Venn diagram shows the 2 common miRNAs
among up and down regulated DEGs related
miRNAs and human miRNA targeting virus.
(C) Regulatory network of hsa-miR-98-5p,
hsa-miR-17-5p and hub genes (IL6, CXCLS,
MYC, ICAM1, TNF, VEGFA) and orflab. The
hsa-miRNA-342-5p and hsa-miRNA-432-5p
are the common miRNAs targeting UP-
regulated DEGs related miRNAs and human
miRNA targeting virus.
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example, TNF-a levels are known to be elevated throughout the
SARS-CoV2 infection. In COVID19 patients, TNF-a induces the produc-
tion of HA-synthase-2 in lung alveolar epithelium, which further in-
creases fluid influx in lung alveoli and cause deoxygenation [57].
Similarly, IL-17 with IL-16 promotes the viral survival by countering the
T cell function and cellular apoptosis [58].

We also found 110 miRNAs targeting down-regulated genes con-
nected to pathways such as Interleukin—4 and 13 signaling and cytokine
signaling in Immune system and Mitotic G1—-G1/S phases involved in
suppressing viral entry and controlling adverse inflammatory reactions
in the lungs. Recent studies have suggested the involvement of host
miRNAs in targeting SARS-CoV2 genes involved in immune signaling
pathways [59,60]. However, there is dearth of information focusing on
the identification of shared miRNAs acting on both human and viral
genes. Therefore, in the present study, we performed the functional
enrichment analysis of host and viral genes against the predicted miR-
NAs. We found that 24 predicted miRNAs target several genes (ORF1ab,
S, ORF3a, M, ORF7a, ORF8, N, E and ORF10) that are primarily
responsible for entry, infection, viral biogenesis, entry and replication of
the SARS CoV2 virus.

Interestingly, 4 out of 24 anti-SARS-Cov2 miRNAs (hsa-miR-342-5p,
hsa-miR-432-5p, hsa-miR-98-5p and hsa-miR-17-5p) are predicted to
target many dysregulated genes in lung including MYC, IL6, ICAM1 and
VEGFA. Its noteworthy, that MYC controls adaptive immunity by
generating CD8" T cells upon viral infection [61]. By targeting the
2C-coding region of the viral genome, miR-342-5p inhibits the biosyn-
thesis of Coxsackievirus B3 (CVB3), an Enterovirus (EV71) [62]. Since
there is strong evidence that host cells can use cellular miRNAs to
combat viral infection, host miRNAs may be able to suppress
SARS-Cov-2 replication. However, the role of microRNAs in SARS-Cov-2
infection and replication is unknown. The hsa-miR-17-5p was identified
as another significant miRNA in our research. TNF expression in
leukaemia cells is inhibited by hsa-miR-17, which binds to TNF’s 3'-UTR
[63,64]. During the COVID-19 infection, hsa-miR-17-3p was found in
human alveolar basal epithelial cells (HBEpC) [64]. hsa-miR-98-5p was
discovered as a promising candidate, and it was mechanistically vali-
dated as a regulator of TMPRSS2 transcription in two human endothelial
cell types derived from the lung and the umbilical vein [63,64]. IL6
stimulates inflammatory reactions in mucosa during COVID infection
[65]. ICAM-1, a major cell adhesion molecule modulates the viral
replication by inducing the NF-kB protein expression [66]. VEGF, a
proangiogenic factor is known for its involvement in vascular leakiness
and inflammation in COVID infected lung tissues [67]. Our findings
confirm the recent miRNA studies in COVID patients [68-70]. The
effective targetability of both host and viral genes miRNAs presents
them as novel avenues to control the COVID pandemic.

This study confirms the genetic lineage between SARS CoV2 with
SARS CoV1 and MERS viruses. The genetic variation analysis of different
SARS-CoV2 strains proves that dynamic molecular divergences taking
place in orflab, orfla, Spike surface glycoprotein, Envelope protein,
Nucleocapsid protein and ORF8 genes, which offer advantage to sustain
the environmental pressures when the strain enters a new geographic
location. In this study, we confirm that infected lung tissues show
upregulation of 282 (56.51%) antiviral defensive response pathway
genes and downregulation of 217 (43.48%) genes involved in autophagy
and lung repair pathways. Future studies are required to study the
impact of SARS-CoV2 virus genetic variations on lung DEG dysregula-
tions to establish viral genotype and COVID patient phenotype con-
nections. The key miRNAs (hsa-miR-342-5p, hsa-miR-432-5p, hsa-miR-
98-5p and hsa-miR-17-5p) targeting multiple host genes as well as SARS-
CoV2 genes presents us a narrow window of novel therapeutic oppor-
tunity to target genes in COVID pathophysiology. However, in vitro, ex
vivo and in vivo studies are required to validate the actual role of anti-
SARS microRNAs in COVID patients.
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