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A B S T R A C T   

Chikungunya virus (CHIKV) that causes chikungunya fever, is an alphavirus that belongs to the Togaviridae 
family containing a single-stranded RNA genome. Mosquitoes of the Aedes species act as the vectors for this virus 
and can be found in the blood, which can be passed from an infected person to a mosquito through mosquito 
bites. CHIKV has drawn much attention recently because of its potential of causing an epidemic. As the detailed 
mechanism of its pathogenesis inside the host system is still lacking, in this in silico research we have hypoth
esized that CHIKV might create miRNAs, which would target the genes associated with host cellular regulatory 
pathways, thereby providing the virus with prolonged refuge. Using bioinformatics approaches we found several 
putative miRNAs produced by CHIKV. Then we predicted the genes of the host targeted by these miRNAs. 
Functional enrichment analysis of these targeted genes shows the involvement of several biological pathways 
regulating antiviral immune stimulation, cellular proliferation, and cell cycle, thereby provide themselves with 
prolonged refuge and facilitate their pathogenesis, which in turn may lead to disease conditions. Finally, we 
analyzed a publicly available microarray dataset (GSE49985) to determine the altered expression levels of the 
targeted genes and found genes associated with pathways such as cell differentiation, phagocytosis, T-cell 
activation, response to cytokine, autophagy, Toll-like receptor signaling, RIG-I like receptor signaling and 
apoptosis. Our finding presents novel miRNAs and their targeted genes, which upon experimental validation 
could facilitate in developing new therapeutics to combat CHIKV infection and minimize CHIKV mediated 
diseases.   

1. Introduction 

Chikungunya virus (CHIKV) is a single-stranded, positive-sense RNA 
virus (Rougeron et al., 2015) that causes a tropical disease called chi
kungunya fever which, in 1952, occurred first in Tanzania (Ross, 1956). 
It contains an icosahedral capsid, which is covered by a lipid layer 
(Thiberville et al., 2013). CHIKV is an alphavirus that belongs to the 
Togaviridae family (Thiberville et al., 2013) and mosquitoes of the Aedes 
species act as the vectors for this virus (Ross, 1956). CHIKV can be found 
in the blood and can pass from an infected person to a mosquito through 
mosquito bites during the first week of infection. Specific cell types that 
are particularly susceptible to infection include human epithelial and 
endothelial cells, monocyte-derived macrophages, and primary 

fibroblasts (Matusali et al., 2019). Following CHIKV infection, RNA and 
proteins of CHIKV have been found in synovial tissue and fluids, with 
synovial fibroblasts and macrophages susceptible to the infection 
(Couderc et al., 2008; Hoarau et al., 2010; Zhang et al., 2018). Infected 
macrophages are the preferred site for viral replication of CHIKV, 
contributing to viral persistence and chronic symptoms (Hoarau et al., 
2010). Despite several kinds of research on this virus, the pathogenesis 
of persistent manifestations after CHIKV infection is still unclear. Pro
teins of chikungunya virus have been detected in macrophages and 
muscle cells of patients with relapse of chronic pain, suggesting that low 
replicative viruses or non-replicative CHIKV debris may persist. in vitro 
infection of human cells has exhibited the susceptibility of microglial 
cells, neuroblastoma cells, and glial cells, such as astrocytes (Abere 
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et al., 2012; Dhanwani et al., 2012; Abraham et al., 2013). Yet, it is still 
unclear if the pathogenesis of the nervous system is directly connected 
with the infection of the neurons and glial cells or is circuitously con
nected triggering the immune-mediated effects. 

MicroRNAs (miRNAs) are novel ideal models in the field of the 
molecular regulation of gene expressions. It is turning into a magnificent 
research topic day by day for different researchers engaged with mo
lecular biology. miRNAs are ~22 nucleotide, brief, non-coding RNAs 
that are available in the vertebrates, invertebrates, plants, and in a wide 
range of viruses (Lim et al., 2003; Ding and Voinnet, 2007). The essential 
capacity of miRNAs is to regulate the expression of genes 
post-transcriptionally, through the base-pair formation with the 3′-un
translated region (3′-UTR) of distinct messenger RNAs (mRNA). miRNAs 
assume indispensable jobs in different biological processes, including 
the development of an organism, regulation of the immune system, cell 
proliferation, oncogenesis, customized cell passing or apoptosis, and so 
on (Wienholds et al., 2003; Manni et al., 2009; Lu and Liston, 2009; 
Wang and Lee, 2009; Cho, 2007). Previously, human miRNAs were 
accounted for quelling viral pathogenesis by targeting their genes 
(Hariharan et al., 2005). Additional examinations uncovered the possi
bility of viral miRNAs targeting their host genes (Ghosh et al., 2009; 
Grundhoff and Sullivan, 2011), assuming unobtrusive jobs in the 
endurance and proliferation of viral particles through host immune 
system evasion, building up microenvironment for viral replication, 
regulation of the innate immune system, differentiation of versatile 
immune cells (Stern-Ginossar et al., 2007; Skalsky and Cullen, 2010; 
Kincaid and Sullivan, 2012; Islam et al., 2019). Mishra et al. illuminated 
the potential roles of viral miRNAs in different DNA and RNA virus in
fections and pathogenesis through altering the host immune response 
(Mishra et al., 2020). Previously, miRNAs produced by RNA viruses such 
as HIV-1, H5N1 influenza virus, West Nile virus, and Ebola virus were 
reported (Li and Zou, 2019). More importantly, a mosquito-borne 
Dengue virus has also been reported to encode miRNA like small viral 
RNAs (Hussain and Asgari, 2014). In this context, to explore the 
mechanism of action of CHIKV mediated pathogenesis, we hypothesize 
that CHIKV-encoded miRNAs modulate host immune system and 
various physiological functions that provide the viruses selective ad
vantages for prolonged refuge and disease pathogenesis within the host. 

2. Materials and methods 

2.1. Prediction of pre-miRNAs & mature miRNAs 

From the National Center for Biotechnology Information (NCBI) 
(Pruitt and Maglott, 2001) we obtained the complete genome sequence 
of CHIKV (NCBI Reference Sequence: NC_004162.2). To predict the 
presence and positions of the pre-miRNAs in the genome sequence we 
used the miRNAFold (Tempel and Tahi (2012); Tav et al. (2016)) tool 
with default parameters. Stem-loop secondary structure is one crucial 
feature to distinguish between pri-miRNA & pre-miRNAs. We used the 
Triplet SVM Classifier (Xue et al., 2005) tool to find the true pre-miRNAs 
among a set of conserved stem-loops. The minimum bases for the 
stem-loop were set to 22 for the Triplet SVM Classifier (Xue et al., 2005) 
tool. In addition to this, using a fixed-order Markov model-based algo
rithm, FOMmir (Shen et al., 2012) and a SVM-based tool, iMiRNA-SSF 
(Chen et al., 2016), we identified the true precursor miRNAs from the 
initially predicted pre-miRNAs. We utilized the default parameters to 
predict these sequences. Furthermore, we checked the stable secondary 
structures within these pre-miRNAs using miRNAfold (Tav et al., 2016) 
tool. Then we took only those pre-miRNAs which satisfy all these 
filtering to reduce the false negative results. Finally, utilizing a Naive 
Bayes classifier, matureBayes (Gkirtzou et al., 2010), we predicted the 
mature miRNAs from the pre-miRNA sequences. 

2.2. Prediction of miRNA target genes 

Firstly, we obtained the 3’-UTR sequences of the human protein 
coding genes from Ensembl biomart (Kinsella et al., 2011). We utilized 
three different tools, namely RNAhybrid (Kruger and Rehmsmeier, 
2006) (with default parameters and targets were filtered using a cutoff 
of MFE ≤ -27 kcal/mol and p-value < 0.05), IntaRNA 2.0 (Mann et al., 
2017) (with parameters –mode=H –model = X, –outMode = C, ΔΔG ≤
− 10 kcal/mol, with seed 2–8 allowing G:U base pairs), and psRNA
Target (Dai et al., 2018) (with Schema V2 parameters) to obtain the 
genes targeted by the predicted miRNAs. We then took only those targets 
which were predicted by at least two of the three prediction tools in 
order to get the high confidence targets only. 

2.3. Functional enrichment analysis 

We employed the standalone functional enrichment analysis tool 
Gitools (Perez-Llamas and Lopez-Bigas, 2011) v1.8.4 using Gene 
Ontology Biological Process (GOBP) (Gene, 2015) module and Kyoto 
encyclopedia of genes and genomes (KEGG) (Kanehisa et al., 2016) to 
obtain the enriched biological processes and pathways involving the 
miRNA target genes. We adjusted the resulting p-values for multiple 
testing using the Benjamin and Hochberg’s method of False Discovery 
Rate (FDR) (Benjamini and Hochberg, 1995). A cut-off of adjusted 
p-value < 0.05 was utilized. 

2.4. Expression profile analysis 

Gene Expression Omnibus (GEO) (Barrett et al., 2013) is a public 
reservoir of microarray datasets. To obtain the expression level of each 
of the target genes the microarray dataset GSE49985 of CHIKV infected 
HEK293 T cells using the platform GPL15207 Affymetrix Human Gene 
Expression Array was used (Saxena et al., 2013). We utilized Limma 
(Ritchie et al., 2015) R package to find out the significant differentially 
expressed genes from this experiment. We performed the analysis 
assigning the replicates of uninfected cells (GSM1211129 and 
GSM1211130) as controls; and did the analysis twice, one for the rep
licates of 12 -h infected samples (GSM1211131 and GSM1211132) and 
another one for the 24 -h infected samples (GSM1211133 and 
GSM1211134). Processing the data showed the Log2 fold changes in the 
expression level of the total human genes and the expression levels of 
target genes were analyzed together with their significance levels 
(Adjusted p-value < 0.05 using Benjamini & Hochberg’s FDR (Benjamini 
and Hochberg, 1995). We called those genes to be significantly differ
entially expressed if a gene had Log2FC value of ±0.5 with an adjusted 
p-value < 0.05, while those with negative logFC values are termed as 
“Downregulated” and the genes with positive LogFC values are termed 
as “Upregulated”. 

We then performed another round of functional enrichment analysis 
for the downregulated target genes of the predicted miRNAs using 
Gitools (Perez-Llamas and Lopez-Bigas, 2011) software utilizing GOBP 
and KEGG pathway module. A schematic diagram depicting the com
plete methodological strategy of this study is provided in Fig. 1. 

3. Results 

3.1. Putative miRNAs produced by CHIKV 

To identify whether CHIKV produces any miRNAs, we used the tool 
miRNAFold that yielded 200 putative pre-miRNA candidates (data not 
shown). Triplet SVM Classifier predicted all of them to be truly positive. 
Using FOMmir, iMiRNA-SSF and RNAFold, we found a set of 7 true pre- 
miRNAs which can yield functional mature miRNAs. Finally, matur
ebayes tools predicted 14 putative mature miRNA sequences from the 
CHIKV genome (Supplementary File 1). 
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3.2. Genes targeted by putative CHIKV miRNAs 

After obtaining the putative miRNAs, we utilized three different 
target prediction tools, RNAhybrid tool provided a total of 239 genes, 
while IntaRNA and psRNATarget tools predicted 18,193 and 780 tar
gets, respectively. Among all these predicted targets, we took only 979 
targets which were predicted by at least two of the target prediction 
algorithms. We considered these 979 genes for further analyses. A table 
containing the putative target genes of the predicted CHIKV miRNAs is 
provided in the Supplementary File 2. 

3.3. Functional enrichment analysis 

To understand the functions of the genes targeted by the putative 
miRNAs produced by CHIKV we used the exhaustive functional 
enrichment analysis tool “Gitools” that provided us with the functionally 
enriched biological processes and pathways. Functional enrichment 
analysis revealed a myriad of important biological processes and path
ways associated with the regulation of immune signaling, cell cycle ar
rest, and cell proliferation (Fig. 2A, 2B). Pathways such as autophagy, T 
cell receptor signaling, B cell receptor signaling, phagocytosis, 
interferon-gamma-mediated signaling, Natural killer cell mediated 
signaling, RIG-I-like receptor signaling, Toll-like receptor signaling were 
observed enriched for the target genes (Fig. 2A, 2B). Dampening these 
host antiviral immune signaling pathways might provide the virus a 
competitive edge in the virus-host tug-of-war. 

3.4. Expression profile analysis 

To investigate the differential gene expression level of the targeted 
genes we used the microarray dataset GSE49985 of CHIKV infected 
HEK293 T cells. Fold change values of gene expression were calculated 
comparing the uninfected control replicates to the CHIKV infected rep
licates of HEK293 T cells. For the 12 -h infected samples, 8188 genes 
were found deregulated (3559 genes were downregulated and 4629 
genes were upregulated); and for the 24 -h infected samples. 7152 genes 
were found deregulated (4083 genes were downregulated and 3069 
genes were upregulated) (Supplementary file 3). While comparing the 

target genes with these downregulated genes obtained from analyzing 
this dataset, we observed that 104 of the initially predicted targets were 
deregulated in both 12 -h and 24 -h CHIKV infection models (Supple
mentary file 4). 

We then sought to elucidate the functional implications of these 
downregulated target genes of the predicted CHIKV miRNAs. We then 
performed another round of functional enrichment analysis using these 
104 downregulated target genes. From the enrichment analysis, we 
detected that the downregulated targets are involved in important bio
logical processes and pathways such as cellular growth and differenti
ation, phagocytosis, viral entry into host, T cell activation, response to 
cytokine, apoptosis, PI3K-Akt signaling (Fig. 2C, 2D). Furthermore, we 
constructed a gene-pathway network using Cytoscape (Kohl et al., 2011) 
software using the enriched pathways and associated target genes 
(Fig. 3, Supplementary Fig. 1) to illustrate the important pathways 
which the CHIKV might target using its encoded miRNAs. 

4. Discussion 

CHIKV has become a global health concern for its potential of 
causing epidemic and thus has drawn much attention recently. Though a 
lot of research has been done or currently ongoing, the detailed mech
anism of its pathogenesis inside the host system is still wanting. In this in 
silico research we have mainly focused on the possibility that CHIKV 
might create miRNAs, which would target the genes associated with host 
cellular regulatory pathways, thereby providing the virus with pro
longed refuge. 

It is known already that miRNAs produced by humans target viral 
genes so that they can prevent potential viral pathogenesis (Hariharan 
et al., 2005). A previous study on the Zika virus (ZIKV) was also per
formed by us based on similar strategy (Islam et al., 2019). By switching 
the disease-causing genes of a virus off the host system ensures its dis
ease suppression. Pathogenic viruses cause several diseases in human 
and human defense machinery to continuously encounter and remove 
these pathogenic viruses from the system. To evade these host defense 
molecules viruses might have further evolved to produce miRNAs to 
silence host genes. This silencing can provide them with various selec
tive advantages including host defense evasion, viral replication, and 

Fig. 1. Schematic diagram summarizing the study.  
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diminishing antiviral responses (Nukui et al., 2014). To accentuate this 
event whether CHIKV effectively targets and controls host genes we 
proceeded with several scientific works from different laboratories and 
gained insight into the role of CHIKV miRNAs in their pathogenesis. 

From the enrichment analysis, it was evident that the miRNAs might 
be associated with preventing cellular proliferation. From this obser
vation it can be inferred that miRNAs of CHIKV target those genes that 
are associated with regulating the cellular proliferation and cell cycle, 
thus ensuring their prolonged refuge while inside the host system. 
Additionally, some target genes function in the viral transcription and 
translation. Viral miRNAs might target these genes to facilitate their 
own replication, transcription, and/or translation. These findings sub
stantiate our hypothesis that CHIKV miRNAs may target the host genes 
associated with cell cycle regulation. 

Host pathways such as autophagy, apoptosis, interferon signaling, 
and cytokine signaling play immense antiviral roles in different viral 
infections (Ahmad et al., 2018; Barber, 2001; Mogensen and Paludan, 
2001), all of these were observed targeted by the putative CHIKV 
encoded miRNAs which could facilitate the immune escape of CHIKV. 
Host RIG-I signaling (Chan and Gack, 2015) and Toll-like receptor 
signaling (Lester and Li, 2014) can work to eliminate viral threats, so 
CHIKV might use its miRNAs in regulating this pathway to evade these 
responses. Moreover, MAPK signaling cascades (Mohanta et al., 2020), 

PI3K-Akt signaling (Wen-Tsai and Hung, 2008), and Natural killer cell 
mediated cytotoxicity (Brandstadter and Yang, 2011) pathways have 
roles in extinguishing the surge of viral propagation and pathogenesis, 
thus, CHIKV miRNAs might help the virus to hijack these pathways for 
the successful completion of its life cycle. Based on these findings we 
propose a mechanism of CHIKV pathogenesis through miRNA-mediated 
gene silencing (Fig. 4). 

Though this study suggested promising results in decoding the 
CHIKV pathogenesis from the context of small viral non-coding RNAs, 
taking cue from our results, a more targeted experimental design using 
patient-derived samples will be useful in elucidating more functional 
insights. 

5. Conclusion 

In this study, we propose a mechanism, which portrays that CHIKV 
may progress its pathogenesis through producing miRNAs that target 
and downregulate essential genes involved in regulating cellular pro
liferation and cell cycle. We predicted several novel miRNAs, which may 
be produced by CHIKV, and interestingly, the genes targeted by these 
miRNAs are associated with immune regulation, regulation of cell cycle 
as well as cellular proliferation. This study will serve as an important 
pathfinder for the researchers in identifying the pathogenic pathways 

Fig. 2. Functional enrichment analysis of the target genes of predicted CHIKV miRNAs. Color-coded heatmaps showing the enriched pathways of the target genes 
using A. GOBP and B. KEGG pathway modules. Color-coded heatmaps of the enriched pathways of the downregulated target genes using C. GOBP and D. KEGG 
pathway modules. FDR p-values are represented as a color-coded scale, color towards red meaning more significant while color towards grey means non-significant. 
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that this virus may employ. Further experimental analysis of these 
miRNAs would enhance our understanding to better combat this virus in 
the future through novel therapeutic interventions. 
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Fig. 3. Gene-pathway network showing the functionally enriched pathways and associated target genes of the predicted CHIKV miRNAs. Oval-shaped nodes indicate 
the target genes while the octagon-shaped nodes denote the enriched pathways. Green colored nodes indicate the target genes which were observed downregulated in 
the CHIKV infection model. 

Fig. 4. Schematic diagram illustrating the mechanism of CHIKV pathogenesis. 
After entering into the host cell CHIKV releases its genomic RNA, which is 
translated into necessary proteins. Some of the RNAs are converted to miRNAs 
that target specific host mRNAs, thereby alter the expression level of the genes 
as well as the pathways associated with them. This results in viral pathogenesis. 
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Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.compbiolchem.20 
21.107462. 
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