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A B S T R A C T   

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), is a highly transmissible virus causing the 
ongoing global pandemic, COVID-19. Evidence suggests that viral and host microRNAs play pivotal roles in 
progression of such infections. The decisive impact of viral miRNAs and their putative targets in modulating the 
transcriptomic profile of its host, however remains unexplored. We hypothesized that the SARS-CoV-2 derived 
miRNAs can potentially play a contributory role in its pathogenicity and aid in its survival. A series of 
computational tools predicted 34 SARS-CoV-2 encoded miRNAs and their putative targets in the host. Immune 
and apoptotic pathways were identified as most enriched pathways. Further investigation using a dataset of 
SARS-CoV-2 infected cells (available from public repository- GSE150392) revealed that 46 genes related to 
immune and apoptosis-related functions were deregulated. Of these 46 genes, 42 genes were identified to be 
significantly up-regulated and 4 genes were down-regulated. In silico analysis revealed all of the these signifi-
cantly down-regulated genes to be putative targets of 9 out of 34 of our predicted viral miRNAs. Overall, 123 out 
of 324 genes that are differentially regulated in SARS-CoV2 infected cells, and also identified as putative targets 
of viral miRNAs, were found to be significantly down-regulated. KEGG pathway analysis using these genes 
revealed p53 signaling as the most enriched pathway – a pathway that is known to influence immune responses. 
This study thus provides the theoretical foundation for the underlying molecular mechanisms involved in pro-
gression of viral pathogenesis.   

1. Introduction 

In late 2019, an unidentified strain of human novel beta coronavirus, 
later termed as SARS-CoV-2, emerged in Wuhan, Hubei province, China 
which led to a sudden formidable outbreak of the novel coronavirus 
disease (COVID-19). The disease is generally characterized by dry 
cough, fever and shortness of breath, although varied presentations 
ranging from asymptomatic cases to severely affected individuals with 
respiratory and cardiovascular complications is not uncommon. SARS- 
CoV-2 is an enveloped, positive single-stranded RNA virus of the Coro-
naviridae family with a genome spanning approximately 30 Kb in length 
and encoding 16 non-structural and four structural proteins typical of 
Coronavirus; Spike(S), Nucleocapsid(N), Membrane(M) and Envelope 
(E) [1]. It is a highly aggressive viral strain with moderate to low mor-
tality rate (2–3%) compared to other related human coronaviruses [2]. 
As of March 29, 2021, a total of 126,697,603 confirmed cases with 2, 

776,175 deaths globally were reported by the World Health Organiza-
tion [3]. As a rapidly evolving pandemic with frequent emergence of 
novel variants, COVID-19 has posed a serious threat to global health and 
world economy, peddling lives of millions in distress. Infection with this 
potentially lethal virus can lead to Acute Respiratory Distress Syndrome 
(ARDS), and the resulting lung pathogenesis, and associated severe 
respiratory complications may lead to death. Furthermore, reports have 
suggested that subclinical cases with mild or no symptoms could act as 
reservoirs, spreading the virus unknowingly across the population 
cohort and thus making the situation even worse. Evidences have sug-
gested that covert cases pose a serious threat in compliance of public 
health mitigation strategies, creating great difficulties in combating the 
disease [4]. Although 2019-nCoV patients show resemblance in symp-
toms to the MERS-CoV (Middle East respiratory syndrome-CoV) and 
SARS-CoV (Severe acute respiratory syndrome-CoV) infections, patho-
physiology of 2019-nCoV infection and exact molecular mechanism 
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behind the unusually high virulence and infectivity of SARS-CoV-2 is not 
clearly understood yet. Early studies have indicated towards an 
emerging role of immune cells in disease progression. It has been shown 
that a sudden storm of pro-inflammatory cytokines and chemokines 
might lead to inflammation-induced lung failure and ARDS which are 
the main cause of death in this disease [5]. Some early evidences also 
link cellular apoptosis to the COVID-19 severity [6]. Nevertheless, the 
exuberant mechanism of viral invasion, host adaptation, transmissibility 
and pathogenesis are remained largely unknown, attracting prime 
attention of the researchers to explore. 

MicroRNAs are small endogenous non-coding RNA molecules of 
approximately 22 nucleotides (NTs) in length. They are capable of 
regulating gene expression of a variety of biological processes including 
apoptosis, cellular division, growth and development via post- 
transcriptional mechanism, either by mRNA degradation or trans-
lational repression [7]. They are known to influence different cell 
signaling pathways and thereby get associated with various patho-
physiological conditions [8]. miRNAs regulate a wide variety of 
protein-coding genes in plants, animals and some viruses. Similar to 
plants and animals, some viruses are also reported to express viral 
miRNAs that are associated with host-pathogen interplay, controlling 
apoptosis and modulating host immune systems, which could ensure 
viral survival within infected cells, and propel viral pathogenesis [9,10]. 
There are several instances where viral miRNAs target host genes and 
play a decisive role in prolonging viral longevity within the infected 
cells. For example, miR-BART-5 regulates the pro-apoptotic gene PUMA 
in Epstein-Barr virus(EPV) [11]. The first viral miRNAs were discovered 
in Epstein-Barr Virus(EPV) in 2004 [12], and since then more than 20 
viruses(both DNA and RNA viruses), have been reported to express 
miRNAs which can target host as well as viral genes [11]. To date, more 
than 300 viral miRNAs have already been reported across different 
genera, contributing immense insights to the viral infection panorama 
and host defense machinery. In 2017, L Morales et al. reported the 
presence of small RNAs encoded by SARS-CoV which are linked to 
inflammation and lung pathogenesis [13]. However, role of viral miR-
NAs in 2019-nCoV disease progression and pathogenicity has remained 
largely unexplored and needs critical attention. 

With the rapid progress in bioinformatics and availability of 
computational tools, we have achieved a great feat in proteomics as well 
as transcriptomic studies. Recently, in silico methods have proven to be 
indispensable in deciphering pathophysiology of COVID-19 disease. 
Recent evidences from both experimental and in silico studies have 
suggested that miRNAs of viral origin might play an immensely impor-
tant role in progression of the disease by targeting host genes of various 
signaling pathways to evade host immune system. Thus, identifying viral 
miRNAs and their respective target genes within host genome is 
crucially important for understanding molecular mechanism and 
development of miRNA-targeted therapeutic strategies. In order to sur-
vive within host cells, the virus needs to replicate inside the host cells. 
Therefore, it needs to forge a way which could prolong the sustenance of 
infected cell, impeding host defense mechanisms and cellular apoptotic 
pathways. In this study, we have explored the intricate regulatory 
mechanism of SARS-CoV-2 encoded miRNAs that evade host defense 
mechanism and apoptotic machinery through down-regulation of 
important immune system-related and apoptotic genes to facilitate in-
vasion and sustenance of infected host cells, thus ensuring its own sur-
vival and disease progression. 

2. Methods and materials 

2.1. Extraction of pre-miRNA signatures in SARS-CoV-2 genome 

In this study, we have downloaded the complete genome sequence of 
SARS-CoV-2, Wuhan 1(GenBank accession no. NC_045512.2), as sub-
mitted on 17 January 2020, from National Centre for Biotechnology 
Information (NCBI). The VMir, a virus-encoded miRNA prediction 

programme (v2.3) [14], was used to predict pre-miRNA signatures in 
viral genome. The program screened for all possible pre-miRNA hairpin 
structures and predicted all potential candidates within viral genome. 
Stringent filters (minimum hairpin size of 60 nucleotides, maximum 
hairpin size of 120 nucleotides, minimum hairpin score of 160, and 
minimum window count of 20) were used to reduce ambiguity and 
predict miRNA precursors accurately. 

The Minimum Free Energy (MFE) of the filtered pre-miRNAs was 
calculated by using RNAFold programme of Vienna package [15]. 
Pre-miRNA hairpins with MFE > − 20 kCal/mol were excluded from our 
study due to poor stability. ImiRNA-PseDPC webserver [16] was used to 
discriminate the real pre-miRNA precursors from false ones(pseudo 
hairpins).Mature sequences of selected hairpins were predicted using 
MiRduplexSVM [17]based on sequential and structural information of 
miRNA precursors. Finally, RNAFold webserver [15] was used to predict 
the secondary structures of miRNA precursors by using default param-
eters (Fig. 1). 

2.2. Conserved miRNAs prediction among different coronavirus genera 

To identify the evolutionary conserved pre-miRNA precursors and 
mature miRNA sequences across different genera, we utilized the same 
pipeline of miRNA predictions in other coronaviruses. The complete 
genome sequence of Human coronavirus NL63 (HCoV-NL63), SARS-CoV 
and MERS with GenBank accession no.NC_005831.1, NC_004718.3 and 
NC_019843.3 respectively were retrieved from NCBI database. The 
predicted hairpins were compared against different genera of the family 
Coronaviridae. 

2.3. Target predictions of viral miRNA 

In order to identify putative gene targets of viral miRNAs which may 
provide selective advantage to the virus when inside the host cells, 
target predictions of mature miRNAs were performed using Diana (MR- 
microT software) [18] and miRDB (custom target prediction) [19]tools. 
For the custom prediction, miRDB uses the MirTarget algorithm which 
undertakes the target prediction process. MirTarget algorithm generates 
a probability score between 0 and 100 for the miRNA-target pairs. The 
pairs with a score of ≥50 delivered as the output were then selected for 
further study. In case of Diana (MR-microT software), author′s recom-
mendations were maintained to filter out the targets with scores less 
than 50. The overlapping gene transcripts between two prediction tools 
were extracted as reliable gene targets of mature viral miRNA to avoid 
false positives. 

2.4. Differential gene expression analysis and functional annotation 

In order to obtain the differentially expressed genes (DEGs) that are 
highly deregulated during viral infection, we performed differential 
gene expression analysis. RNA-seq data for mock and infected human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) 72 h 
post infection were downloaded from https://www.ncbi.nlm.nih. 
gov/GEO (Accession no. GSE150392) [20] and analyzed with DESeq2 
[21]. Low expressed genes were discarded. False discovery rate (FDR) <
0.05, adjusted pvalue< 0.05 and minimum score 1 for absolute log2fold 
change was kept according to author’s recommendation to obtain 
differentially expressed genes (DEGs).The lists of DEGs were then an-
notated in terms of their biological functions, cellular components and 
molecular functions using Gene Ontology Consortium (GO) of Database 
for Annotation, Visualization and Integrated Discovery (DAVID) [22]. 
Functional enrichment of signaling pathways was also evaluated using 
Kyoto Encyclopedia of Genes and Genomes (KEGG) of DAVID tool. The 
list of DEGs was matched with putative targets of vmiRNA in host 
genome to determine DEG targets predicted in the host genome. The 
overlapping DEGs were identified and functionally characterized using 
DAVID. 

M. Rahaman et al.                                                                                                                                                                                                                              

https://www.ncbi.nlm.nih.gov/GEO
https://www.ncbi.nlm.nih.gov/GEO


Computers in Biology and Medicine 136 (2021) 104669

3

We searched for “apoptosis” and “immune functions” related genes 
in KEGG database and extracted the genes related to apoptotic and 
immune functions along with their expression values in RNA-seq data. 
The selected differentially expressed immune and apoptosis-related 
genes were retrieved for heatmap construction using R packages. Viral 
miRNA with overlapping target genes were identified to establish reg-
ulatory relationship of viral miRNA with host genes which could give 
virus selective advantage and helps to pervade host defense system, thus 
ensuring survival. Cytoscape v 3.8.2 [23] was used to construct 
miRNA-mRNA-KEGG pathway networks to visualize the molecular dy-
namics of different genes regulated by predicted viral miRNAs. 

2.5. Construction of miRNA-miRNA functional synergistic network 
(MFSN) 

To uncover the functional synergistic relationships between viral 
miRNAs and their putative gene targets, we constructed the miRNA- 
miRNA functional synergistic network (MFSN) by using sequence- 
based target binding information. The miRNA synergism was 
computed based on: (1) significant overlap of target genes between each 
miRNA-miRNA pairs using hypergeometric distribution test(p < 0.05) 
(2) overlap of significantly enriched target genes between each miRNA- 
miRNA pairs in Gene Ontology(GO) terms of DAVID functional anno-
tation tool. In order to ascertain the role of synergistic regulatory 
network in progression of SARS-CoV-2 pathogenesis, we focused on 
studying the relationship between viral miRNAs and down-regulated 
host genes. The down-regulated genes with log fold change two or 
more and their corresponding viral miRNAs were selected to construct 
the miRNA synergistic network. R scripts used to make the synergistic 
networks are provided as supplementary data (Supplementary file 1). 

2.6. Hybridization between important host gene transcripts and mature 
SARS-CoV-2 encoded miRNA 

In order to ascertain the direct interactions between SARS-CoV-2 
encoded mature miRNAs and their putative gene transcript targets, we 
have employed the RNAhybrid tool [24]. RNAhybrid is a miRNA target 
prediction tool which could be utilized to find pairing energy or mini-
mum free energy (MFE) of RNA hybridization. Here, we have retrieved 

3′UTR sequence of significantly down-regulated genes from UTRdb [25] 
and hybridized with their corresponding mature miRNAs. We set − 15 
kcal/mol pairing energy as cut off value for effective hybridization. 

The overall workflow for studying the SARS-CoV-2 encoded miRNAs 
in viral pathogenesis is schematically represented in Fig. 2. 

2.7. Statistical analysis 

In this study, we have used R v3.6.3 (https://www.r-project.org/) 
and Bioconductor (https://www.bioconductor.org/) to perform differ-
ential expression analysis (DEA), enrichment analysis and visualization. 
DESeq2 package of Bioconductor was used for differential analysis. 
Wald test (DESeq2 package) was used for hypothesis testing in differ-
ential expression analysis. R scripts of the analysis are provided as 
supplementary material (Supplementary file 1). 

3. Results 

3.1. Computational prediction of SARS-CoV-2-encoded pre-miRNAs 

In order to obtain all possible miRNA precursors encoded by SARS- 
CoV-2, we applied computational method using VMir analyzer, an ab 
initio program which could precisely predict miRNA-like hairpins in 
2019-nCoV genome. Initially, a total of 1114 miRNA precursors were 
predicted which ultimately reduced to 48 (26 directly and 22 reversely 
oriented) after applying the filters specific for viral pre-miRNAs pre-
diction. Next, the pre-miRNAs were classified into real or pseudo by 
means of iMiRNA-PseDPC approach [16]. Forty-one out of 48 
pre-miRNAs were classified as real which were further analyzed using 
RNAfold software to calculate MFE and thus predict the secondary 
structure of hairpin loops. A total of 34 pre-miRNAs were obtained after 
removing candidates with MFE > -20kCal/mol. Finally, mature 
sequence and position respective to SARS-CoV-2 genome were obtained 
by using MiRduplexSVM algorithm (see Table 1). 

3.2. Common pre-miRNAs identified across different coronavirus genera 

Viral miRNAs seldom show conservation across different virus 
genera. SARS-CoV-2, as a RNA virus, shows high degree of genetic 

Fig. 1. Schematic representation of SARS-CoV-2 encoded miRNA prediction.  
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heterogeneity. However, as a member of Coronaviridae family, it shares 
high degree of genetic homology with MERS-CoV, SARS-CoV and CoV- 
NL63 [26]. Therefore, we intended to identify the common vmiRNAs 
that were present in these four related coronavirus genomes. We per-
formed same prediction analysis with other three viruses too (MERS, 
SARS and NL-63), resulting in a total of 154 for CoV-NL63, 78 for 
SARS-CoV and 139 for MERS-CoV pre-miRNA hairpins prediction. We 
have identified 44 pre-miRNAs that were common among three genera 
(MERS, SARS and NL-63) (Fig. 3). Interestingly, SARS-CoV-2 shared 
only two miRNAs (MD20 and MD22) with other genera (Supplemen-
tary file 2). 

3.3. Identification of potential target genes for the predicted SARS-CoV-2 
encoded miRNAs 

The interactions between viral miRNAs and host genes are extremely 
important to comprehend complex molecular dynamics of viral infec-
tion and pathogenicity. Identification of viral miRNA-target genes in-
teractions through experimental methods is costly and time-consuming. 
In silico methods have provided useful alternatives, leading to accurate 
predictions of target sites based on complete or partial binding with 
miRNAs. Researchers have developed several target prediction tools to 
investigate like TargetScan [27], PicTar [28], miRanda [29], miRnalyze 
[30], etc. For this study we used two independent prediction tools, 
miRDB [19] and Diana [18] to obtain robust gene targets. Candidate 
genes, predicted by both tools independently were extracted for further 
analysis. A total of 9,316 combined unique gene targets of 34 vmiRNAs 
were predicted by both tools (Supplementary file 3). 

3.4. Gene expression changes upon SARS-CoV-2 infection 

It is well-documented that viral miRNA can regulate gene expression 
upon infection [31]. To ascertain steady-state expression level of pre-
dicted mRNA targets upon SARS-CoV-2 infection, we have performed 
differential expression analysis (DEA) of bulk RNA-seq data, obtained 
from mock and infected hiPSC-CMs with GEO Accession no. GSE150392 
(Fig. 4). 

The number of differentially expressed genes was 876 for SARS-CoV2 
infected vs mock infected hiPSC-CMs (Supplementary file 4). We 
compared targets predicted by prediction tools with these DEGs. A total 
of 324 genes were identified to be common, suggesting paramount 
importance of viral miRNA in determining transcriptomic profiles after 
infection (Supplementary file 5). Among them, 123 genes were iden-
tified to be significantly(|logFC|>2 and adj P < 0.05) down-regulated. 

3.5. Functional enrichment analysis to ascertain biological roles and 
pathways regulated by predicted viral miRNAs 

To identify specific biological roles and pathways associated with 
common DEGs targeted by predicted viral miRNAs, we conducted 
functional enrichment analysis using the Database for Annotation, 
Visualization and Integrated Discovery (DAVID) tool [22]. Results 
revealed that the most enriched Biological Process (BP) was inflamma-
tory response (GO: 0006954), the most enriched Cellular Components 
(CC) was extracellular space (GO: 0005615) and the most enriched 
Molecular Function (MF) was cytokine activity (GO: 0005125) (Fig. 5). 

KEGG pathway analysis revealed significantly associated signaling 
pathways upon infection. Obtained results showed that majority of the 

Fig. 2. Flowchart depicting the methodological workflow for studying the SARS-CoV-2 encoded miRNAs in COVID-19 pathogenesis.  
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retrieved pathways are associated with apoptotic and immune response 
with “hsa04060: cytokine-cytokine receptor interaction” being the most 
significantly enriched (adjP<0.05) pathway which is followed by TNF 
signaling pathway (hsa04668) and Pertussis (hsa05133) (Fig. 6). 
Further, KEGG pathway analysis using only the down-regulated genes 
revealed that hsa04115: p53 signaling pathway as the most enriched 
pathway in infected human host. 

3.6. Viral miRNA-targeted genes related to immune response and 
apoptosis provide insights on aggressive virulence and prolonged 
sustenance of SARS-CoV-2 within host cells 

As viral miRNAs evade host defense mechanisms and prolong its own 

Table 1 
Predicted hairpin and mature sequences within SARS-CoV-2 genome. (Position relative to SARS-CoV-2 genome; MFE: minimum free energy in kcal/mol; Sequences are 
5’ mature sequence).   

Name 
Classification Position Score MFE 5′ mature Sequence 

1. MD20 Real 2107–2213 180.1 − 30.30 UAUGAAAAACUCAAACCCGUCC 
2. MD22 Real 2284–2403 123.7 − 34.50 UAAAUAAAUUUUUGGCUUUGUG 
3. MD52 Real 5317–5398 135 − 23.00 AAGUUUAAUCCACCUGCUCUAC 
4. MD64 Real 6134–6224 136.3 − 23.30 UGACUUAAAUGGUGAUGUGGUG 
5. MD83 Real 7961–8026 167.1 − 25.50 CAACCUAUACUGUUACUAGAUC 
6. MD85 Real 8144–8221 170.2 − 23.60 GACAAUGUCUUAUCUACUUUU 
7. MD135 Real 11234–11334 211.4 − 36.50 UGCGUAUUAUGACAUGGUUGGA 
8. MD198 Real 17386–17448 138.5 − 21.90 UUGAGUGUUGUCAAUGCCAGAUU 
9. MD210 Real 18702–18785 159.2 − 21.10 UGUUGGCAUCAUUCUAUUGGAU 
10. MD221 Real 19425–19492 164.8 − 29.10 UUAUGUACCACUAAAGUCUGC 
11. MD229 Real 20002–20081 159.3 − 21.50 AAGUAGACUUAUUUAGAAAUGCC 
12. MD241 Real 21131–21240 204.7 − 38.30 GGAGGUUCCGUGGCUAUAAAGA 
13. MD279 Real 24532–24607 130.1 − 20.10 UGAUAGGUUGAUCACAGGCA 
14. MD283 Real 24799–24860 140.1 − 20.50 UGCCAUUUGUCAUGAUGGAAAAGC 
15. MD288 Real 25217–25276 126.9 − 21.50 GGUUUUAUAGCUGGCUUGAU 
16. MD306 Real 26743–26861 188.9 − 39.10 AUUGGAUCACCGGUGGAAUUGC 
17. MD308 Real 26995–27113 169.1 − 36.20 UGCUACAUCACGAACGCUUUC 
18. MD312 Real 27666–27769 205.6 − 24.70 UUUUUCUUAUUGUUGCGGCAAUA 
19. MR3 Real 396–485 126.3 − 24.10 AACACAUAGGGCUGUUCAAGUU 
20. MR8 Real 756–823 144.5 − 24.20 CGAGUGUAUGCCCCUCCGUUAAG 
21. MR47 Real 4506–4577 133.8 − 20.20 GUGUGUUGAUAAGUGACGCUAC 
22. MR63 Real 6126–6231 191.8 − 22.90 UUCUUAAAAGAGGGUGUGUAGUG 
23. MR101 Real 9806–9908 127 − 22.90 UAAAGAGCUAAGUAUCUAUUAU 
24. MR103 Real 10010–10091 132.7 − 23.20 AUGCCAUUUUUCUAAAACCAC 
25. MR155 Real 14973–15081 183.9 − 27.30 UAUAGUAGGGAUGACAUUACGU 
26. MR162 Real 15799–15905 127.3 − 22.60 UGUUGAGAGCAAAAUUCAUGA 
27. MR165 Real 16284–16395 150.4 − 30.50 AGACUAAUUUAUGUGAUGUUGAU 
28. MR186 Real 18089–18189 152.7 − 33.00 AUGUCAACACAUAAACCUUCAG 
29. MR231 Real 22614–22679 143.9 − 23.90 AUGCGGAAUUAUAUAGGACAGAA 
30. MR252 Real 24680–24190 151.8 − 29.10 UCAUUUCAUCUGUGAGCAAAGG 
31. MR274 Real 26059–26138 174.1 − 25.00 GACAUGUUCUUCAGGCUCAUCA 
32. MR285 Real 27102–27180 142.8 − 24.80 AUUGUCACUGCUACUGGAAUGGU 
33. MR299 Real 28925–29007 145.5 − 23.10 UGUUGUUGGCCUUUACCAGACA 
34. MR304 Real 29532–29625 184.6 − 28.40 CACAAGAGUAGACUAUAUAUCG  

Fig. 3. Showing comparison study of predicted miRNAs of different 
coronaviruses. 

Fig. 4. MA plot showing differentially expressed genes (DEGs) in GSE150392. 
Genes with significant difference (adjusted p-value <0.05) are shown in red. 
Wald test were used for hypothesis testing (DESeq2 package). 
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survival by deregulating important immune and apoptotic genes, we 
searched for “immune response” and “apoptosis” related genes in KEGG 
database to better understand the progression of viral infection and high 
virulence. We obtained list of 119(46 unique genes) genes targeted by 
SARS-CoV-2 encoded miRNAs (Fig. 7) (Supplementary file 6). Among 
them, 42 genes were found to be up-regulated, and rest, 4 genes were 
down-regulated. We have identified these host genes to be the targets of 
26 predicted viral miRNAs. These genes and their corresponding miR-
NAs were further utilized to predict miRNA-mRNA-KEGG pathway 
network to delineate the molecular interrelations involved in viral 
pathogenesis. 

3.7. Construction of miRNA-mRNA-KEGG pathway network 

To comprehensively understand the interactions among different 
viral miRNAs and host genes involved in dynamics of host-pathogen 
interplay and thus, promote pathogenesis, we constructed the miRNA- 
mRNA-KEGG pathway network axis using yfiles layout and edge rout-
ing algorithm in Cytoscape v 3.8.2 [23] (Fig. 8). 

In miRNA-mRNA-KEGG pathway network, 26 predicted viral miR-
NAs and 46 genes related to immune and apoptotic functions were 

identified to be interlinked. In addition, 11 KEGG immune and apoptotic 
pathways were found to be part of the network. The network consists of 
83 nodes and 184 edges. All of these interactions together formed an 
intricate network which might promote pathogenesis in human host. To 
elucidate the molecular interactions involved during pathogenesis, we 
selected significantly down-regulated genes (|logFC|>2 and adj P <
0.05) and viral miRNAs which target them. 

3.8. Identification of miRNA pairs that synergistically down-regulate 
important host genes related to immune and apoptotic functions 

In order to obtain intricate network of viral miRNAs synergism that 
promote viral pathogenesis, we have constructed the miRNA-miRNA 
functional synergistic networks (MFSN) based on miRNA pairs regu-
lating at least one functional module. The MFSN is the objective repre-
sentation of all the synergistic actions of miRNAs and their putative 
targets. The synergistic regulatory network between viral miRNAs and 
down-regulated host target genes are shown in Fig. 9. The predicted 
network comprised of 19 nodes and 25 edges. We identified 5 viral 
miRNAs synergistically down-regulated 2 important host genes (BMP7 
and CD36) related to immune and apoptotic functions. 

Fig. 5. Gene Ontology (GO) analysis of differentially expressed common target genes using DAVID. Top 10 of significantly enriched (P < 0.05) components in terms 
of Biological process (Red), Cellular component (Green) and Molecular function (Blue) are shown. All the adjusted values were negative log transformed. 
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3.9. Effective hybridization of significantly down-regulated genes and 
their corresponding SARS-CoV-2 miRNAs 

In order to comprehend stability between viral miRNA and signifi-
cantly down-regulated putative target genes, we have calculated the 
pairing energy or minimum free energy of binding using RNAhybrid. We 
have observed effective partial binding of all of the 4 down-regulated 
gene transcripts with moderately negative pairing energy or MFE. Re-
sults with best pairing are shown in Fig. 10. 

4. Discussion 

The presence of numerous viral-encoded miRNAs has been reported 
to provide protection to virus against host immunity during infection. 
Viral-encoded miRNAs can mitigate cellular defense mechanism by 
down-regulating pivotal immune and apoptotic genes to sustain favor-
able intercellular milieu [32]. In 2017, Morales et al. confirmed the role 
of three small viral RNAs(svRNA) encoded by SARS-CoV genome, 
contributing in disease progression and lung pathology [13]. 
SARS-CoV-2 shares considerable amount of genetic homology with 
SARS-CoV, suggesting the possibilities of occurrence of similar svRNAs 
in SARS-CoV-2 genome too. Although extensive studies have already 
been carried out on SARS-CoV-2 pathogenesis, only few studies have 
been reported to enunciate the role of viral miRNA-mediated molecular 
regulation involved viral pathogenesis. In recent years, miRNAs have 

been reported to be important regulatory molecules which are involved 
in various biological processes and pathophysiological conditions [33]. 
Therefore, studying viral miRNA could provide invaluable opportunities 
to gain insights regarding detailed molecular regulation involved in 
host-pathogen interactions which could be utilized to develop novel 
therapeutic interventions [34]. Previously, it has been reported that host 
miRNAs could target various viral genes as an antiviral response [35]. 
Interestingly, research has also suggested that viral miRNAs target host 
immune genes to evade host immune response and thus, promote viral 
replication within host cells [36]. Another study has revealed that viral 
miRNA can down-regulate apoptosis-related host genes to ensure sus-
tenance within infected cells [37]. Therefore, we hypothesized that 
SARS-CoV-2 encoded miRNAs might achieve a selective advantage and 
protection against anti-viral response by down-regulating host immune 
and apoptosis-related genes. With this aim, we have used a viral miRNA 
prediction pipeline similar to previously applied workflow for miRNA 
prediction in Zika virus genome [38] to predict miRNAs encoded in 
SARS-CoV-2 genome to elucidate underlying molecular mechanism 
involved in pathophysiology and progression of COVID-19 disease. 
Stringent filters were used for viral pre-miRNA prediction. These filters 
are based on statistical analysis of nearly 6500 mammalian and viral 
pre-miRNA structures deposited in miRNA registry [39] and popularly 
used in SARS-CoV-2 encoded pre-miRNA prediction [40]. By performing 
series of bioinformatics analyses, we have predicted 34 viral miRNAs in 
SARS-CoV-2 genome which could effectively target human genes to 

Fig. 6. Results obtained from enriched pathway analysis using KEGG of DAVID tool are shown. All significant values are negative log transformed.  
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promote viral pathogenesis and survival within host. To get insights on 
how these miRNAs potentially regulate the transcriptomic profile of host 
cells upon infection, we have carried out differential expression analysis 
(DEA) of mock vs infected hiPSC-CM cells, using a GEO dataset with 
accession no. GSE150392, [20].Computational investigations have 
predicted deregulated genes in host cells as putative targets of our 
predicted viral miRNAs. In the same study, Sharma et al.(2020) have 
reported that human induced pluripotent stem cell-derived car-
diomyocytes (hiPSC-CMs) can be utilized as efficient in vitro platform to 
elucidate mechanism of viral invasion and pathogenesis [20]. Therefore, 
we have analyzed RNA-seq data obtained from the same study to gain 
insights about possible underlying molecular mechanism of the 
SARS-CoV-2 infection. 

Functional enrichment analysis revealed several physiological pro-
cesses which are significantly enriched during infection. We have found 
that various immune cell-mediated pathways such as Toll-like receptor 
signaling pathway, MAPK signaling pathway, NOD-like receptor 
signaling pathway and apoptotic pathways were mainly enriched 
following infection. Toll-like receptor signaling pathway plays a pivotal 
role in immune modulation and recognition of viral particles which 
leads to the secretion of pro-inflammatory cytokines such as type 1 
interferon, IL-6, tumor necrosis factor-α, etc. in SARS-CoV-2 infection 
[41].Similar studies have reported possible role of MAPK signaling 
pathway and NOD-like receptor signaling pathway in the SARS-CoV-2 
infected cells [42]. Another crucial pathway in viral infection pano-
rama is apoptotic pathway. Apoptosis is a complex cellular process 
which is characterized by regulated self-demolition of cells in response 
to aging or infection [43]. It can prevent viral pathogenesis by regulated 
destruction of infected cells, and thus, maintains cellular homeostasis. 
Functional enrichment analysis of only the down-regulated genes 
revealed p53 signaling pathway as the most enriched pathway in 

infected cells. Previous studies have reported the association of Tumor 
suppressor p53 genes with the innate immune response [44]. The p53 
gene is also reported to regulate apoptosis [45].Here, we have identified 
enrichment of immune response and apoptotic pathways and their 
corresponding target genes which were found to be deregulated by 
SARS-CoV-2 encoded miRNAs. This study provides strong indications 
that predicted SARS-CoV-2 miRNAs potentially target important im-
mune and apoptotic genes to confer survival against host immunity. 
Notably, 46 differentially expressed immune and apoptosis-related 
genes that were predicted as targets of 26 vmiRNAs, were identified to 
be significantly deregulated in the SARS-CoV2 infected hiPSC-CM cells, 
suggesting a pivotal role of viral miRNAs in disease progression and 
pathogenicity. The miRNA-mRNA-KEGG pathway networks revealed 4 
down-regulated genes (BMP7, CD36, GPR183 and SFRP2) that are tar-
geted by 9 vmiRNAs. RNAhybrid analysis revealed the stable in-
teractions of all of these down-regulated genes with their corresponding 
viral miRNAs. SARS-CoV-2 miRNAs are found to be hybridized with the 
3’ UTR of these gene transcripts with partial complementarity which 
suggests possible translational repression. These interactions possibly 
could provide important insights regarding the escape mechanism of 
SARS-CoV-2 from immune elimination in human host. Previous reports 
have suggested that multiple miRNAs may act synergistically to regulate 
target genes [46]. A study reported that viral miRNAs act in synergy 
with host miRNAs to escape immune elimination [47]. To best of our 
knowledge, no previous study has reported the involvement of viral 
miRNAs synergy in progression of SARS-CoV-2 infection. In this study, 
we were also interested to explore the relationships between viral 
miRNA clusters and COVID-19 pathogenesis. Five viral miRNAs were 
predicted to act in synergy to regulate 2 genes (BMP7 and CD36) out of 4 
significantly down-regulated genes related to immune and apoptotic 
functions. Previous studies reported that BMP-7 is associated with 

Fig. 7. Expression heatmap of differentially expressed immune and apoptotic genes in GSE150392 [20] which are potentially targeted by predicted SARS-CoV-2 
miRNAs. Heatmap was generated using R v3.6.3. Red= up-regulated genes, Blue= down-regulated genes. 
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Fig. 8. The interactions among viral miRNAs, host mRNAs and different KEGG pathways (related to immune and apoptotic functions) are shown. The diamond, 
elliptical and rectangular shapes denote viral miRNAs, host immune and apoptosis-related genes and KEGG pathways, respectively. Red = Up-regulation; Green =
Down-regulation. The arrows show interactions. 

Fig. 9. miRNA-miRNA functional synergistic network (MFSN). The figure is showing synergism among different viral miRNAs and their co-regulating functional 
networks. Non-directed dashed lines represent miRNA synergism and direct lines represent miRNA regulation. Yellow color = viral miRNA synergy; Green color =
down-regulated genes related to immune and apoptotic functions. 
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pathophysiology of several diseases [48]. Recent evidence suggested 
that antagonists of BMP signaling pathways may play critical role in the 
treatment of COVID-19 induced multi-organ failure [49]. Another study 
reported that CD-36 expression is reduced during viral infection [50]. A 
recent study finds the possible links between the CD-36 and SARS-CoV-2 
pathogenesis [51].In a similar study, Lee et al., 2020, have reported the 
role of GPR183 in regulation of severe inflammatory response in 
COVID-19 patients [52]. These evidences strengthen our hypothesis 
regarding the selective targeting of host immune and apoptotic path-
ways by SARS-CoV-2 encoded miRNAs in order to attain protective 
immunity and thereby ensure its own survival. 

5. Conclusion 

In summary, this in silico study envisages the possible role of viral- 
encoded miRNA in modulating the underlying molecular dynamics 
involved in host-pathogen interactions which could provide insights into 
viral miRNA-mediated regulatory network involved in promotion of 
SARS-CoV-2 pathogenicity. Interestingly, systemic analysis revealed 
that immune and apoptosis-related genes are among the top putative 
targets of SARS-CoV-2 encoded miRNAs. By silencing these genes, viral 
miRNAs could potentially ensure continued survival of infected cell, and 
thus, promote disease progression and viral pathogenesis. This study 
therefore paves the way for more in-depth experimental research to 
confirm the findings. Identification of miRNA-miRNA synergistic regu-
latory networks and their putative target genes such as, BMP7, CD36, 
SFRP2, etc., if confirmed experimentally, can be utilized to develop 
novel diagnostic and treatment strategies against ongoing COVID-19 
pandemic. 
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