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Abstract

:

Rapid spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for coronavirus disease 2019 (COVID-19), has led to a global pandemic, failures of local health care systems, and global economic recession. MicroRNAs (miRNAs) have recently emerged as important regulators of viral pathogenesis, particularly among RNA viruses, but the impact of host miRNAs on SARS-CoV-2 infectivity remains unknown. In this study, we utilize the combination of powerful bioinformatic prediction algorithms and miRNA profiling to predict endogenous host miRNAs that may play important roles in regulating SARS-CoV-2 infectivity. We provide a collection of high-probability miRNA binding sites within the SARS-CoV-2 genome as well as within mRNA transcripts of critical viral entry proteins ACE2 and TMPRSS2 and their upstream modulators, the interferons (IFN). By utilizing miRNA profiling datasets of SARS-CoV-2-resistant and -susceptible cell lines, we verify the biological plausibility of the predicted miRNA–target RNA interactions. Finally, we utilize miRNA profiling of SARS-CoV-2-infected cells to identify predicted miRNAs that are differentially regulated in infected cells. In particular, we identify predicted miRNA binders to SARS-CoV-2 ORFs (miR-23a (1ab), miR-29a, -29c (1ab, N), miR-151a, -151b (S), miR-4707-3p (S), miR-298 (5′-UTR), miR-7851-3p (5′-UTR), miR-8075 (5′-UTR)), ACE2 3′-UTR (miR-9-5p, miR-218-5p), TMPRSS2 3′-UTR (let-7d-5p, -7e-5p, miR-494-3p, miR-382-3p, miR-181c-5p), and IFN-α 3′-UTR (miR-361-5p, miR-410-3p). Overall, this study provides insight into potential novel regulatory mechanisms of SARS-CoV-2 by host miRNAs and lays the foundation for future investigation of these miRNAs as potential therapeutic targets or biomarkers.






Keywords:


SARS-CoV-2; COVID-19; microRNA; ACE2; TMPRSS2












1. Introduction


Since December 2019, coronavirus disease 2019 (COVID-19) has rapidly spread from Wuhan, China across the globe, with nearly four million confirmed cases and two-hundred and fifty thousand deaths as of May, 2020, receiving designation as a global pandemic by the World Health Organization [1,2]. A novel betacoronavirus termed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been identified as the infectious agent responsible for COVID-19 [3]. Infection with SARS-CoV-2 may lead to a wide variety of clinical syndromes primarily involving the respiratory tract, ranging from asymptomatic infection to acute respiratory distress syndrome and death [4,5]. While many clinical trials are ongoing, there are currently minimal established therapies to prevent or treat COVID-19, highlighting the urgent need for further mechanistic insights into the cellular mechanisms underlying SARS-CoV-2 infection.



Much like other betacoronaviruses such as SARS-CoV and MERS-CoV, SARS-CoV-2 is a single-strand, positive-sense RNA virus that uses its viral spike glycoprotein (S protein) to bind to specific target-cell surface receptors and initiate viral entry [6]. Similar to SARS-CoV, SARS-CoV-2 binds specifically to host-cell angiotensin-converting enzyme 2 (ACE2), after which host serine protease TMPRSS2 cleaves the S protein to facilitate membrane fusion [7,8,9,10]. Several recent analyses of single-cell RNA sequencing datasets have demonstrated that co-expression of both ACE2 and TMPRSS2 occurs in only a minority of cells, primarily secretory epithelial cells in the upper respiratory tract [11,12,13], suggesting that cell type-specific mechanisms may be important for SARS-CoV-2 infection and propagation. Similarly, commonly used human cell lines have demonstrated varying degrees of infectivity with SARS-CoV-2 [14], although the mechanisms governing cell line-specific phenotypes remain unknown. Identifying host factors that influence ACE2 and TMPRSS2 expression may provide crucial insights into cellular mechanisms that might be therapeutically exploited against SARS-CoV-2 infection.



MicroRNAs (miRNAs) are well-conserved, short (20–22 nt) non-coding RNA molecules that regulate a broad array of cellular functions at the post-transcriptional level. Cellular miRNAs play an important role in the regulation of gene expression in eukaryotes. Canonical gene regulation by miRNAs involves the binding of miRNAs to the 3′ untranslated region (UTR) of target messenger RNA (mRNA) transcripts, promoting translational repression and mRNA degradation [15]. As a post-transcriptional gene expression regulatory molecule, miRNAs act as key effector molecules in the complicated interaction network between virus and host. Both virus and host can encode miRNAs [16]. Virus miRNAs can resist human cell antiviral immune defense systems by changing various host gene expression to control cell growth and development [17,18]. In contrast, cell-encoded miRNAs can directly affect viral entry and replication cycle [19]. In addition, miRNAs can affect viral infectivity indirectly by regulating host factors involved with viral pathogenesis [19]. Therefore, studies on host cell-derived miRNAs can contribute to the further understanding of mechanisms underlying the interactions between virus and host cells and provide a framework for the discovery of novel antiviral agents and strategies. For example, miRNAs have been shown to target and regulate viral gene expression by targeting different regions of the viral genome, including structural (membrane, envelope, nucleocapsid), non-structural proteins, or the non-coding (untranslated) regions [19]. However, the role of miRNAs in dictating SARS-CoV-2 pathogenesis is unknown.



To address these knowledge gaps, we investigated potential interactions between host miRNAs and SARS-CoV-2. The goals of our study were 2-fold: (1) identify host miRNAs that may directly bind to SARS-CoV-2 genomic RNA and thus affect viral infectivity; and (2) identify host miRNAs that may regulate ACE2 and TMPRSS2 expression, or their upstream interferon (IFN) regulators, and thus control the susceptibility of cells to infection by SARS-CoV-2. By utilizing bioinformatic prediction algorithms to predict miRNA binding to viral and host RNA transcripts in combination with RNA-sequencing data in cell lines with known resistance or susceptibility to SARS-CoV-2 infection, we provide an atlas of miRNAs that are predicted to bind to the SARS-CoV-2 genome directly and thus potentially affect genomic stability, translation, or replication. We also describe host miRNAs that may regulate ACE2, TMPRSS2, or IFN-α, -β, or -γ expression. Finally, we use miRNA profiling from SARS-CoV-2-infected cells to investigate changes in expression of predicted miRNAs following infection. These data establish a detailed framework for future mechanistic studies investigating the relationship of these important miRNA host cell–SARS-CoV-2 interactions and provide a foundation for potential new targets for therapy.




2. Materials and Methods


2.1. SARS-CoV-2 Genomic Analysis


National Center for Biotechnology Information (NCBI) Virus was queried for SARS-CoV-2 complete genomes deposited with NCBI through 19 April 2020. Five genomes were excluded due to poor sequence quality, resulting in 820 unique SARS-CoV-2 genomes used in further analyses. Viral genomic sequences were aligned using MUltiple Sequence Comparison by Log-Expectation (MUSCLE) [20], and a rooted phylogenetic tree was constructed by the unweighted pair group method with six base nucleotide k-mers [21] and visualized using iTOL [22]. NCBI Basic Local Alignment Search Tool (BLAST) [23] was used to investigate genomic sequence identity. SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank accession: MN908947.3) was used as a reference sequence similar to previous phylogenetic analyses [24,25].




2.2. MiRNA Binding Site Prediction


MiRNA binding sites within the SARS-CoV-2 genome were predicted using miRDB (http://mirdb.org/index.html) [26]. Similar to previous analyses [27], candidate miRNAs with a miRDB target score ≥70 were retained for further analysis. RNAhybrid (https://bio.tools/rnahybrid) [28] was used to verify miRDB-predicted miRNA–SARS-CoV-2 genomic binding. RNAhybrid queries specified seed region binding (specified as nucleotides 2–8 on candidate miRNAs), a minimum energy threshold of -18 Kcal/mol, and a maximum bulge and internal loop length of 1. The insertion of a polybasic amino acid sequence (12 nt) in the SARS-CoV-2 S protein has been implicated in the unique pathogenic properties of SARS-CoV-2 [25]. To maximize the sensitivity for potential miRNA binding sites, the stringency of the miRDB target score and RNAhybrid minimum energy thresholds were relaxed for a dedicated analysis of this genomic region. Candidate miRNAs meeting the above inclusion criteria of both miRDB and RNAhybrid databases were retained for expression analyses. RNA secondary structure predictions were performed using RNAfold http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) and presented as the predicted minimum free energy conformation [29]. MiRWalk 2.0 (http://mirwalk.umm.uni-heidelberg.de/) [30] was used to predict miRNA binding sites in the 3′ UTR of viral entry proteins ACE2 and TMPRSS2 as well as IFN-α, -β, and -γ as ACE2 has recently been shown to be an IFN-responsive gene [11].




2.3. MiRNA Expression in Human Tissue and Cell Lines


The expression of candidate miRNAs predicted to bind both the viral genome as well as mRNA transcripts of proteins of interest (ACE2, TMPRSS2, and IFNs) was analyzed in human tissue samples to verify the biologic plausibility of binding interactions. The Human MicroRNA Tissue Atlas (https://ccb-web.cs.uni-saarland.de/tissueatlas/) was used to investigate candidate miRNA expression in human tissue samples [31]. Tissues analyzed in the Human MicroRNA Tissue Atlas project originated from two male subjects. The first was from a 65-year-old male patient who died due to multiple myeloma. The body was stored at 4 °C after arrival at the anatomical institute and dissected 2 days post-mortem. The second was from a 59-year-old male individual, who died a natural death. The body was frozen at −20 °C after arrival at the anatomical institute and dissected after 3 weeks of storage. Autopsy showed no signs of cancer. Lung, liver, kidney, and lymph nodes were amongst the 37 types of tissues collected from both. MiRNA expression was also investigated in several commonly used cell lines. Cell lines were chosen based on proven infectivity with SARS-CoV-2 as determined by post-inoculation viral titers, copy number quantification, luciferase reporter assays, and their reported expression of ACE2 and TMPRSS2. Huh7 [8,14,32,33] and Calu3 [8,14,32,34] were evaluated as cell lines with high SARS-CoV-2 infectivity, and A549 [8,14,32,33] and primary human lung fibroblasts (LF) [12,13] were evaluated as cells with low infectivity. Changes in miRNA expression following SARS-CoV-2 infection were based on miRNA expression at 24 h post-inoculation with either SARS-CoV-2 or mock [35].




2.4. Statistical Analysis


Absolute miRNA expression in human lung tissue and cell lines was expressed in copies per million (CPM). MiRNA expression profiles of Huh7, Calu-3, A549 and human primary lung fibroblasts were downloaded from https://www.ncbi.nlm.nih.gov/geoprofiles/. MiRNA profiling of untreated Huh7 and A549 was performed as a part of the same experiment (GSE116179). We therefore directly compared miRNA profiles between these two cell lines with high and low SARS-CoV-2 infectivity, respectively [36]. Relative expression between Huh7 and A549 was expressed as log2-fold change in Huh7 relative to A549. Differential expression analyses were performed using DESeq2 R package [37]. MiRNA profiling of Calu-3 (GSE139516) [38] and LF (GSE125183) [39] was performed as a part of independent experiments, limiting direct statistical comparisons between these cell lines. However, miRNAs that play important roles in the susceptibility or resistance to SARS-CoV-2 infection will likely display similar relative expression across cell lines (i.e., miRNAs important to viral susceptibility will likely be more highly expressed relative to other miRNAs in both Huh7 and Calu-3 and lowly expressed in A549 and LF) [40]. We therefore conducted semi-quantitative analyses in which we divided miRNAs into terciles of relative expression within each cell line, allowing comparison across all four cell lines. Relative expression of RNAseq data from Calu-3 cells infected with SARS-CoV-2 was conducted using DESeq2 R package and calculated as log2-fold change in Calu-3 cells infected for 24 h with SARS-CoV-2 compared to mock-infected cells (GSE148729). Adjusted p values calculated from the DESeq2 R package were used in our analyses. Student t-test was used to determine statistical significance between groups. Two-tailed p < 0.05 was considered statistically significant. Statistical analysis and data visualization were performed in STATA/IC software version 15.1 (College Station, TX, USA), GraphPad Prism version 7.0a (La Jolla, CA), and R version 3.6.2 (Vienna, Austria).





3. Results


3.1. Globally Representative SARS-CoV-2 Genomes Demonstrate Minimal Variation in Nucleotide Sequence and Predicted miRNA Binding Sites


First, we sought to determine whether a single SARS-CoV-2 genome sequence (i.e., reference sequence MN908947.3) could be used to predict binding by potential hosts miRNAs to SARS-CoV-2 more broadly. Phylogenetic analysis of the 820 included SARS-CoV-2 genomes demonstrated detectable deviation from the SARS-CoV-2 reference sequence (Figure 1A). However, when compared to the SARS-CoV-2 reference sequence using BLAST, there was remarkably little sequence variation in all included sequences (mean percent sequence identity = 99.97%, standard deviation = 0.02%; Figure 1B). To investigate the impact of the small degree of genetic variation between SARS-CoV-2 genomes on potentially important miRNA binding sites, we selected three genomic regions—the 5′ UTR, S protein, and 3′ UTR—of the five sequences with the lowest sequence identity compared to the reference sequence (Table 1). These sites were selected based on previously described interactions between host miRNAs and 5′ and 3′ UTRs of RNA viral genomes [41,42,43] as well as the critical importance of the S protein for SARS-CoV-2 pathogenicity [7,9,10]. Overall, the genetic sequences were highly conserved compared to the reference sequence. Four of these samples originated in the United States, three of which were from Washington state. The fifth sample was from Punjab, Pakistan. The most common cause of sequence deviation from the reference sequence was short “N” repeats (indicating unknown nucleotides due to unreliable sequencing). Point mutations (C–>T) were identified in the 5′-UTRs of SARS-CoV-2 genomes from Washington (MT345855.1) and California (MT258382.1), USA, but overall sequence identity remained at 99.85% and 99.87%, respectively (Table 1). Additional point mutations (T–>W, either T or A; or A–>G) occurred in the S spike protein domain or (G–>R, either G or A; or C–>M, either C or A) in the 3′UTR of the SARS-CoV-2 genome from California (MT258382.1) Truncations to the 5′ UTR, 3′ UTR, or both were common among all five sequences sampled. Additionally, one United States sequence (MT293170.1) contained a 9 nt poly-A insertion within the poly-A tail of the 3′ UTR. Despite the minor detected differences in genomic sequence, there was very little change in predicted miRNA binding sites when the full SARS-CoV-2 genomes were queried in miRDB (Figure 1C). Based on these results, the SARS-CoV-2 reference sequence Wuhan-Hu-1 (GenBank accession: MN908947.3) was selected for use in further miRNA prediction analyses to maintain comparability with previously published studies.




3.2. Genomic Regions of SARS-CoV-2 Demonstrate Unique Predicted miRNA Binding Profiles


To predict miRNAs that may bind directly to the SARS-CoV-2 genome, we conducted individual miRDB queries for each open reading frame (ORF) of the SARS-CoV-2 genome as well as the 5′ and 3′ UTRs (1019 total miRNAs; Figure 2A,B). MiRNAs with a miRDB target score ≥70 (459 miRNAs) were then verified using RNAhybrid, resulting in a final collection of 288 miRNAs predicted to bind to the SARS-CoV-2 genome with high probability. Individual miRNAs and their predicted binding sites within the SARS-CoV-2 genome are schematically displayed in Figure 2C. ORF1ab contained the majority of predicted miRNA binding sites (221 of 288 total binding sites) in part due to its longer sequence. The S protein and nucleoprotein (N protein) ORFs contained 24 and 17 miRNA binding sites, respectively. Similarly, the other domains had a reduced number or no miRNA binding sites (5′-UTR (3 sites), ORF3a (7 sites), E (1 site), M (4 sites), ORF 6 (1 site), ORF 7 (8 sites), ORF 8 (2 sites), and ORF 10 (0 sites)). Notably, the 3′ UTR contained no binding sites meeting pre-specified miRDB and RNAhybrid cut offs. The interaction between miRNAs and viral nucleotide secondary structure has previously shown to play important roles in viral pathogenesis, particularly in the viral UTRs [41]. We therefore investigated the binding sites of the three miRNAs predicted to bind the 5′ UTR in the context of its predicted nucleotide secondary structure (Figure 2D). Interestingly, all three miRNAs are predicted to bind either within or adjacent to stem–loop (SL) structures that are highly conserved among other viruses, miR-298, miR-7851-3p, and miR-8075, in the Coronaviridae family and known to be important for viral function [44].




3.3. Expression of miRNAs in Lungs Predicted to Bind SARS-CoV-2


We further assessed the lung expression of miRNAs predicted to bind to the SARS-CoV-2 genome using the miRNA Tissue ATLAS database. Of the 288 miRNAs interrogated, 53 miRNAs were expressed in the lungs while the rest were undetectable (Figure 3A). The miR-6869-5p targeting ORF1ab showed the highest expression in the lungs. High expression was also observed for miR-16-5p, -15a-5p, -15b-5p, -195-5p and -497-5p targeting both the ORF1ab and gene encoding the S protein while miR-21-3p and 424-5p showed an average expression in the same regions. The miRNA family miR-29a, -29b, -29c (-3p), which are predicted to bind both ORF1ab and ORF9 encoding the non-structural proteins and nucleocapsid protein, respectively, were highly expressed in the lungs. More specifically, within ORF1ab, miR-29a-3p is predicted to bind to the region encoding Nsp14, and the miR-23a-3p binding site resides in the region encoding Nsp3. MiR-15a and -15b and miR-16 have 7, 8, and 6 binding sites within ORF1ab, respectively. The miRNAs miR-23a and -23b (-3p), predicted to bind the ORF1ab, and miR-1202, predicted to bind the ORF3a region, showed similarly high expression in human lungs. In contrast, relatively low lung expression was observed for miR-193a and -193b (-3p), which target the membrane (M) protein coding region, and for miR-148a and -148b (-3p), which target the ORF7a, b region of SARS-CoV-2. (Figure 3A).



One of the most important domains that defines specificity of the SARS-CoV-2 sequence is the acquisition in the spike (S) domain of a polybasic cleavage site (RRAR) with a leading proline (P), a finding absent in SARS-CoV and other bat and pangolin coronaviruses [45]. Using the same prediction algorithms, we found that miR-151a-5p, -151b (RNA hybrid MFE = −17.2 Kcal/mol) and miR-4707-3p (RNA hybrid MFE = −22 Kcal/mol) target this specific PRRA region of the S protein gene (Figure 3B). The nucleotide secondary structure of the PRRA region demonstrated that the miRNAs binding sites are accessibly located in an extended stem–loop structure of the S protein (Figure 3C) and the PRRA region is part of a stem loop in the nucleotide secondary structure of the SARS-CoV-2 S protein (Suppl. Figure S1B). The nucleotide secondary structure of the SARS-CoV genome, where PRRA region is absent, is depicted for comparison (Suppl. Figure S1A). We further assessed the three miRNAs expression in a database from primary lung fibroblasts (a cell type relatively resistant to SARS-CoV-2 infectivity) and observed high enrichment for miR-151a-5p and 151b, while miR-4707-3p was barely detectable (Suppl. Figure S1C). Interrogation of the miRNA issue ATLAS demonstrated similar enrichment of miR-151a-5p and -151b in the lungs compared to other organs, e.g., kidney, liver and lymph node, while miR-4707-3p showed similarly low expression in all organs (Suppl. Figure S1D). Collectively, these findings raise the possibility that miRNAs enriched in either SARS-CoV-2-resistant or -susceptible cell lines may provide further insights for miRNA-mediated control of SARS-CoV-2 infectivity.




3.4. Identification and Expression of Predicted miRNAs in SARS-CoV-2-Resistant and -Susceptible Cells


Here we identified several well-documented SARS-CoV-2-resistant and-susceptible cell types (Table 2) that were utilized to further investigate the expression of miRNAs predicted to bind to SARS-CoV-2 (from Figure 2) through in-silico approaches. In these cell types, ACE2/TMPRSS2 mRNA expression roughly correlates with SARS-CoV-2 infectivity. A total of 288 predicted miRNAs binding to the SARS-CoV-2 genome were overlaid on the miRNA expression profile sets of SARS-CoV-2 infection susceptible (Calu-3, Huh7) and resistant (A549, human primary lung fibroblast) cells. As a result, we identified 115 miRNAs binding to the 5′-UTR and ORF regions that were expressed in A549 (resistant) and Huh7 (susceptible) cell lines (Figure 4A,B and Suppl. Figure S2A). Specifically within the region of ORF1ab that encodes the replicase protein [46], miR-320a-3p and miR-320b are predicted to bind the Nsp8 gene, and miR-3149 is predicted to bind to the Nsp12 gene (Suppl. Figure S2B). MiRNA datasets for A549 and Huh7 cell lines were acquired from the same study, thereby minimizing any technical issues associated with extraction and processing. Following DESeq2 analyses of A549 and Huh7 raw datasets, 32 miRNAs were identified by differential expression analyses with an arbitrary fold change (FC) cut off of >1.9-fold and p < 0.05 (Figure 4C). MiR-23b-3p, miR-452-5p, and miR-181a-2-3p, the most differentially upregulated miRNAs, were enriched in the resistant A549 cells, whereas miR-624-5p, miR-1303 and miR-29c-3p were the most differentially downregulated miRNAs enriched in the susceptible Huh7 cell line (Figure 4C,D). In addition, miR-379-3p, miR-485-3p, and miR-409-3p were among the top miRNAs enriched to the resistant A549 cell line (Figure 4C). To further delineate expression of miRNAs in independent cell datasets, we extended our analyses to additional resistant (human primary lung fibroblasts) and susceptible (Calu-3) cell lines. Interestingly, 19 of the 29 miRNAs identified in A549 and Huh7 datasets were also expressed in both human primary lung fibroblasts (resistant) and Calu-3 (susceptible) cells (Figure 4E). MiR-23a-3p and miR-29a-3p were the most differentially upregulated miRNAs enriched in the resistant human lung fibroblasts, whereas miR-485-3p and miR-299-5p were amongst the top differentially downregulated miRNAs that were enriched in the resistant human lung fibroblasts (Figure 4F). Furthermore, we analyzed a recently deposited RNA-seq dataset of differentially expressed transcripts including miRNAs in Calu-3 cells after infection with SARS-CoV-2 [35]. In line with our findings in permissive and susceptible cell lines, miR-23a-3p and miR-23b-3p were significantly downregulated in Calu-3 cells infected for 24 h with SARS-CoV-2, in comparison to mock-infected cells (Table 3). Additionally, commonly enriched miRNAs between resistant and susceptible cell lines are shown in Table 4. The human tissue expression patterns of the most differentially regulated miRNAs are shown in Suppl. Figure S3.



Given the importance of viral entry in mediating infectivity and pathogenesis of SARS-CoV-2, we explored the predicted miRNAs that target mRNAs of host receptor proteins ACE2 and TMPRSS2. In addition, we also explored miRNAs that target IFN-α, -β, and -γ as ACE2 was recently identified to be an IFN-stimulated gene [11]. Using five miRNA prediction algorithms (miRWalk, MicroT4, miRMap, RNAhybrid, and TargetScan) we identified 43 miRNAs targeting ACE2, 107 for TMPRSS2, 20 for IFN-α, 29 for IFN-β, and 47 for IFN-γ in their respective 3′UTRs (Figure 5A). Utilizing the Human MicroRNA Tissue Atlas (https://ccb-web.cs.uni-saarland.de/tissueatlas/), which contained miRNA expression profiles of 18 individual human lung tissues, we quantified the expression of these predicted miRNAs in human lungs (Figure 5B). By using a cut off of >10 CPM, the list of predicted miRNAs was reduced by more than 4-fold. There were 7 predicted lung-enriched miRNAs (the top 5 miRNAs were miR-141-3p, miR-4270, miR-331-3p, miR-200a-3p, and miR-218-5p) that targeted the ACE2 mRNA 3′-UTR and 25 predicted lung-enriched miRNAs (the top 5 miRNAs were miR-4763-3p, let-7d-5p, miR-4530, let-7e-5p, and miR-181a-5p) that targeted the TMPRSS2 mRNA 3′-UTR (Figure 5B). In addition, the 3′-UTRs of IFN-α and IFN-β mRNAs contained two (miR-203a-3p and miR-361-5p) and one (miR-145-5p) predicted binding sites, respectively, for lung-enriched miRNAs, whereas IFN-γ harbored nine (miR-128-3p, miR-143-3p, miR-181b-5p, miR-181d-5p, miR-24-3p, miR-26a-5p, miR-26b-5p, miR-340-5p, and miR-664b-3p). Notably, miR-181b-5p, miR-181d-5p, and miR-664b-3p are the only miRNAs to share both target mRNAs (TMPRSS2 and IFN-γ) in human lung tissue.




3.5. Identification of Predicted miRNAs to ACE2 and TMPRSS2 in SARS-CoV-2-Resistant and -Susceptible Cells


The human lung is comprised of a plethora of cell types that vary in their ability to resist infectivity of SARS-CoV-2 (Table 1). Utilizing several miRNA expression profiles of 4 different cell types (2 resistant and 2 susceptible), we applied our predicted miRNAs to identify certain miRNAs that are expressed in cells resistant to SARS-CoV-2 infectivity (Figure 6A). Similar to the human lung tissue database, we set a criterion of >10 CPM for each cell type, followed by grouping miRNAs into terciles (highest third, middle third, and lowest third). The list of predicted miRNAs for ACE2 and TMPRSS2 vary slightly between cell types (Figure 6B,C). Similar to analyses of Huh7 and A549 miRNA profiles, we performed differential expression analysis on predicted miRNAs with certain criteria (p < 0.05 and >log2-fold change) to identify miRNAs more unique to a particular cell type. MiR-9-5p and miR-218-5p, predicted miRNAs binding to ACE2 mRNA, are expressed higher in resistant A549 cells, while miR-483-3p is expressed higher in susceptible Huh-7 cells (Figure 6D). MiRNAs predicted to bind TMPRSS2 mRNA including let-7d-5p, miR-494-3p, miR-382-3p, let-7e-5p, miR-181c-5p, and miR-452-5p are expressed higher in A549 cells, while only miR-1226-3p is expressed higher in Huh-7 cells. These miRNAs identified to be expressed higher in A549 cells would suggest a potentially important role in providing resistance to SARS-CoV-2 infectivity by reducing ACE2 and TMPRSS2 mRNA. Furthermore, we expanded our query by incorporating Calu-3 (susceptible) and human primary lung fibroblast (LF, resistant) to identify favorable miRNAs to ACE2 and TMPRSS2 (Figure 6E). Because the miRNA expression profiles were generated by different groups, we therefore limited our analysis to semi-quantitative expression comparisons between cell types. MiRNAs that are in the same tercile group between all four cell types were excluded from the analysis (i.e., miR-452-5p and let-7e-5p targeting TMPRSS2 mRNA). Here we confirm that miR-218-5p, let-7d-5p, miR-494-3p, miR-382-3p, and miR-181c-5p are favorably expressed in resistant cells. Furthermore, we also identified that miR-214-3p targeted TMPRSS2 mRNA predominantly in resistant cells. Finally, we conducted tissue expression analyses of miRNAs targeting ACE2 and TMPRSS2 mRNAs in various human tissues including lung, kidney, lymph node, and liver (Suppl. Figure S4A).




3.6. Identification of Predicted miRNAs to IFN Genes in SARS-CoV-2-Resistant and -Susceptible Cells


IFN-α and -γ are upstream drivers of ACE2 and TMPRSS2 expression [11], key proteins for SARS-CoV-2 viral entry. Similar to our efforts in finding candidate miRNAs for targeting ACE2 and TMPRSS2 mRNAs, we applied our workflow to identify miRNAs to target IFN mRNAs in resistant and susceptible cell lines (Figure 7A–C). Notably, predicted miRNAs targeting IFN-α and IFN-β mRNAs were found less in SARS-CoV-2 susceptible cells compared to resistant cell lines, suggesting there might be an overall greater amount of maintenance of these key mediators of ACE2 at the post-transcriptional level. Interestingly, when using differential expression analysis of Huh-7 and A549 cells, all the miRNAs identified are predominantly expressed in the resistant cells A549. Specifically, IFN-γ-targeting miRNAs included miR-655-3p, miR-31-3p, miR-656-3p, miR-495-3p, miR-9-3p, miR-143-3p, and miR-24-3p; IFN-β-targeting miRNAs included miR-138-5p, miR-323a-3p, and miR-9b-1-5p; and IFN-α-targeting miRNAs included miR-361-5p and miR-410-3p (Figure 7D). Furthermore, additional analysis with Calu3 (susceptible) and lung fibroblasts (resistant) cells also confirmed many of these captured miRNAs and revealed several new candidates (Figure 7E). Particularly, miR-1277-5p is shown to target both IFN-α and IFN-γ mRNAs, but was difficult to capture due to it being lowly expressed in Calu3, Huh-7, and A549 cells. Lastly, we highlight expression of IFN-α-targeting miRNAs miR-361-5p and miR-410-3p in different tissues (lung, kidney, lymph node, and liver) (Suppl. Figure S4B). Collectively, these findings highlight key miRNAs predicted to target ACE2, TMPRSS2, or IFN-α, -β, -γ mRNAs and enriched in SARS-CoV-2-resistant or -susceptible cell lines, potentially providing new insights for potentially modulating viral entry. Moreover, some of selected miRNAs targeting ACE2, TMPRSS2 and IFN mRNAs from the above analyses were dysregulated in the recent RNAseq data from lung cells infected with SARS-CoV-2. Specifically, differential expression analysis of SARS-CoV-2-infected Calu-3 cells showed upregulated expression of miR-483-3p (targeting ACE2 mRNA) and let-7d-5p (targeting TMPRSS2), while miR-450b-5p (targeting IFN-γ mRNA) expression was downregulated (Table 3).





4. Discussion


In this study, we report a collection of host miRNAs that may regulate SARS-CoV-2 infectivity in humans. We utilized validated prediction algorithms in combination with established miRNA profiling datasets to investigate potential miRNA binding to the SARS-CoV-2 RNA genome, mRNAs of viral entry proteins ACE2 and TMPRSS2, and IFN regulators implicated in driving ACE2 and TMPRSS2 expression (Figure 8). In addition, we examined differential expression of these predicted miRNAs in cells resistant or susceptible to SARS-CoV-2 infection to further deduce potential mechanisms through which cellular host miRNAs may affect SARS-CoV-2 infectivity.



4.1. MiRNAs Targeting the SARS-CoV-2 Viral Genome


Certain miRNAs are expressed ubiquitously, whereas others are expressed in a highly tissue-specific manner [31]. One such example is miR-122, specifically expressed in the liver, that regulates HCV replication and infectivity [50]. MiR-122 binds and stabilizes the 5′ UTR of the HCV genome, conferring resistance to enzymatic degradation and thereby contributing to increased protein production. Initial studies in different immortalized cell lines highlighted that miR-122 is highly expressed in cultured human Huh7 and mouse Hepa1-6 liver cells, but not in the human liver-derived HepG2 and cervical carcinoma-derived HeLa cells. In high correlation with miR-122 expression, HCV can only replicate in Huh7 cells, while HepG2 and HeLa are not permissive cell lines [50]. In our study, we have employed a similar approach. Previous studies established that SARS-CoV-2 exhibits varying degrees of infectivity in different commonly used cell lines [14]. To this end, we employed miRNA datasets including cell lines with documented susceptibility (Huh7 and Calu3) and resistance to SARS-CoV-2 infection (A549 and LF) in order to verify the biologic plausibility of these miRNA–target RNA interactions in vitro and predict which miRNAs may be important in regulating SARS-CoV-2 infectivity. In addition, we further analyzed available RNA-seq datasets to uncover miRNA profiling from Calu-3 cells directly infected with SARS-CoV-2 to explore whether infection resulted in altered expression profiles of the miRNAs of interest.



The single-stranded, positive-sense RNA composition of the SARS-CoV-2 genome makes it susceptible to binding and regulation by host miRNAs. Indeed, host miRNAs likely play key roles in the pathogenesis of coronaviruses across species [51]. Additionally, several miRNAs that directly target viral genomes have been described previously. For example, binding of miR-122 to HCV promotes protein translation by specifically stabilizing the secondary structure of the internal ribosomal entry site in the 5′ UTR of HCV [41]. Binding of miR-122 is necessary for viral propagation and has been successfully exploited therapeutically by the pharmaceutical miravirsen, an antisense oligonucleotide that sequesters and inhibits miR-122 to reduce HCV viral load [52,53]. Here, we have identified three miRNAs—miR-298, miR-7851-3p, and miR-8075—that are predicted to bind with high affinity to the 5′ UTR of the SARS-CoV-2 genome. Interestingly, the binding sites of all three miRNAs are within or in close proximity to stem–loop structures that are highly conserved within the Coronaviridae family (Figure 2D) [44]. However, it is difficult to predict in silico how endogenous miRNA binding might regulate viral genomes. For example, in contrast to miR-122 and HCV, miR-548g-3p binds to the 5′ UTR and inhibits the translation and replication of dengue virus, another positive-sense, single-strand RNA virus [42]. Similarly, other miRNAs have been shown to bind throughout the viral genome to inhibit the translation and/or promote the degradation of many other disease-causing RNA viruses including human immunodeficiency virus (HIV), hepatitis B virus, enterovirus, human T cell leukemia virus, and eastern equine encephalitis virus (EEEV) [43,54,55,56,57]. Future studies investigating the resulting changes to genomic secondary structure following miRNA binding may shed light on the potential regulation of SARS-CoV-2 by these miRNAs.



The polybasic cleavage site (RRAR) is a unique sequence in the S protein of SARS-CoV-2, at the junction of S1 and S2, the two subunits of the spike protein and absent in SARS-CoV and other bat and pangolin coronaviruses. A leading proline results in the addition of O-linked glycans to S673, T678 and S686, which flank the cleavage site (PRRA) (Figure 3B) [25,58]. As previously suggested, this allows effective cleavage by furin and other proteases and has a role in determining viral infectivity [59]. We show that miR-151a-5p, -151b and miR-4707-3p may target the novel PRRA region in the SARS-CoV-2 genome, and assessment of the secondary structure in this region supports accessibility for miRNAs binding. The enriched expression of miR-151-5p and 151b in the lungs and lung primary fibroblasts suggests a potential implication of these miRNAs in the spike protein stability and SARS-CoV-2 RNA stability. Additionally, Nsp7, Nsp8, and Nsp12 have also recently been identified as important proteins in viral replication and are targeted by the investigational therapeutic remdesivir [60,61]. Here, we also show that miRs-320a-3p, -320b and -3149 were predicted to bind to the Nsp8 and Nsp12 genomic regions of the replicase polyprotein 1ab (PP1ab), a region that is important in transcription and replication of viral RNAs [46]. MiR-320 family was implicated in a number of viral infections. MiR-320a-3p was shown to inhibit mink enteritis virus (MEV) replication [62], whereas miR-320b was significantly increased in human plasma samples following Ebola infection [63]. The relevance and applicability of these findings to SARS-CoV-2 infection needs to be further delineated.



RNA viruses can quickly mutate their genomes in response to evolutionary pressure due to the lack of proofreading activity from virally-encoded polymerases [64]. MiRNA binding sites, particularly the 6 to 8 nt seed regions, are therefore likely evolutionarily conserved due to strong positive selection. As noted previously, it is difficult to predict how miRNA binding may regulate viral translation or replication in vivo. Moreover, even miRNAs that negatively regulate genomic stability and limit viral replication may paradoxically result in increased viral infectivity at the organismal level due to cell type-specific miRNA expression. For example, miR-142-3p is exclusively expressed in hematopoietic cells and is necessary for proper hematopoietic cell differentiation [65,66]. Eastern Equine Encephalitis virus (EEEV), another single-strand, positive sense RNA virus, contains three highly-conserved miR-142-3p binding sites in its 3′ UTR, and viral replication is potently inhibited in cells expressing miR-142-3p [43]. Trobaugh et al. demonstrated that repression of EEEV replication in myeloid cells is alleviated upon deletion of miR-142-3p binding sites, and infected myeloid cells contribute to potent type I IFN response [43]. However, despite increased viral replication in myeloid cells and lymph nodes, disease severity was reduced in mice infected with EEEV containing deleted binding sites due in part to the limited capacity for activation of the innate immune system. In this way, there is a strong positive selective pressure for the maintenance of miR-142-3p binding sites in the 3′ UTR of EEEV due to cell-specific miRNA expression. Interestingly, in addition to miR-142-3p, miR-29a has also been identified as a critical regulator of hematopoietic cell differentiation, and loss of hematopoietic cell miR-29a expression has been associated with the development of myelodysplastic syndromes and leukemias [65,67,68]. We also predict that many other potential miRNAs target the 5′ UTR, coding regions, and intergenic non-coding regions of the SARS-CoV-2 genome (Figure 2), and cell-specific expression of these miRNAs may considerably impact the regulatory control over SARS-CoV-2 replication and infectivity on both the cellular and organismal level.



Several independent analyses of single-cell RNA-sequencing datasets demonstrated that ACE2 and TMPRSS2 are co-expressed in only a limited subset of cell types, primarily secretory cells of the upper and middle airways [11,12,13]. Because SARS-CoV-2 is an enveloped virus, it does not require host-cell lysis for viral release, leading to speculation that SARS-CoV-2 preferentially infects secretory cell types to promote the rapid release of viral particles. In this context, viral mechanisms that promote host-cell survival would likely be advantageous in enhancing viral replication and propagation. MiR-29 has recently emerged as an important regulator of cell survival and apoptosis by targeting several components of pathways critical to cell proliferation and survival including p53 inhibitors p85α and CDC42 as well as Bcl2, CCND2, and c-Myc [69,70,71]. Similarly, miR-15a -15b, and miR-16 have been shown to play critical roles in these processes by targeting a similar cassette of genes such as Bcl2, CCND1, CCNE, and Mcl1 [72,73,74], and miR-23b regulates lungs cells proliferation by targeting Cyclin G1 (CCNG1) [75]. Here, we show that miR-29a, -15a, b, -16, and -23a,b have several high-probability predicted binding sites throughout the SARS-CoV-2 genome and exhibited high expression in human lungs (Figure 2 and Figure 3). By binding these miRNAs at multiple high-affinity sites, SARS-CoV-2 may functionally sequester their cytosolic pool [76] and promote the survival of infected cells through the de-repression of cell cycle and apoptosis target genes. Data from SARS-CoV-2-infected Calu-3 cells may support this paradigm, demonstrating a decrease in miR-23a and miR-23b following SARS-CoV-2 infection (Table 3).



We also show that several miRNAs may directly play a role in regulating viral infectivity using established miRNA profiling datasets of both Huh7 (high SARS-CoV-2 infectivity) and A549 (low SARS-CoV-2 infectivity). Our correlative results suggest that several miRNAs may be of potential interest as therapeutic targets. For example, miR-23a, -23b, miR-29a, -29c (-3p) and -29b-1-5p are predicted to bind several regions of the SARS-CoV-2 genome, including the regions encoding ORF1ab (miR-23a and miR-29a, -29-c, -29b-1), the Nucleocapsid (miR-29a, -29c) proteins (Figure 2). At the same time, we observed that miR-29a, -29c and miR-23a, -23b are highly expressed in the cell lines that show low SARS-CoV-2 infectivity (A549 and primary lung fibroblasts), while showing much lower expression in cell lines with high SARS-CoV-2 infectivity (Calu-3 and Huh7; Figure 4). As previously observed, miRNA binding to different genomic regions that code for viral proteins can interfere with the viral replication, translation or infectivity [19]. Whether the increased expression of miR-23a and miR-29a, -29c in non-permissive cell lines may play a role in SARS-CoV-2 infectivity needs to be further assessed by miRNA loss- and gain-of function studies in respective cell lines. Moreover, the two miRNA families (-23 and -29) are highly expressed in healthy lungs (Figure 3). Future analysis of these miRNAs in the lung tissues or plasma of COVID-19 infected patients will be informative for their potential regulation and correlation with increasing severity of disease.



Our study builds upon previous computational analyses that predict interactions between host miRNAs and SARS-CoV-2. Similar to our analytic strategy, Fulzele et al. recently utilized miRDB (a cut off of target score ≥95) to predict miRNAs that bind to the SARS-CoV-2 genome [77]. Because miRNA target prediction algorithms are not specifically designed to predict miRNA-viral genome interactions, we utilized a more liberal cut off of target score ≥70 along with verification by a second prediction tool, RNAhybrid. Using this strategy, we identify many of the same miRNA targets such as miR-15a-5p and miR-15b-5p in addition to a host of other potentially pathogenically important host miRNAs. Chow and Salmena utilized RNA22 to predict miRNAs that may bind the SARS-CoV-2 genome and analyzed their expression in SARS-CoV-2-infected versus uninfected Calu3 cells [78]. By utilizing more robust miRNA-binding prediction methods through two independent prediction tools (miRDB and RNAhybrid), our analysis builds on that of Chow and Salmena and provides additional candidate miRNAs for future in vitro and in vivo investigation.



In addition to potential regulation by host miRNAs, SARS-CoV-2 may encode viral miRNAs or other non-coding RNA transcripts that impact its infectivity [79,80]. For example, SARS-CoV encodes several small viral RNAs 18–22 nt capable of silencing target mRNA expression through non-canonical miRNA regulatory pathways [81]. Treatment of SARS-CoV-infected mice with small viral RNA inhibitors resulted in reduced infection severity, lower levels of inflammation, and higher mRNA expression of antiviral proteins. To date, there have been no confirmed SARS-CoV-2-encoded miRNAs, although several studies predict the existence of such virally-encoded miRNAs [82,83]. It will be important to determine in future studies whether SARS-CoV-2 encodes miRNAs capable of altering viral infectivity and whether they are candidates for therapeutic intervention.




4.2. MiRNAs Targeting Viral Entry Proteins and IFNs


Ziegler et al. [11] recently established ACE2 as an IFN-stimulated gene (ISG), primarily in response to IFN-α stimulation [11]. We therefore investigated potential miRNA regulators of IFN-α, -β, and -γ that may play indirect roles in susceptibility to SARS-CoV-2 infection (Figure 5 and Figure 7). Strikingly, all miRNAs predicted to bind the 3′ UTR of IFN genes are more highly expressed in cell lines resistant to SARS-CoV-2 infection. We found three miRNAs that were co-expressed in both the SARS-CoV-2-resistant cell line A549 and human lung tissue: miR-361-5p targeting IFN-α mRNA and miR-24-3p and miR-143-3p targeting IFN-γ mRNA. In qualitative analyses including additional Calu3 and LF cell lines, miR-361-5p maintained a consistent pattern of high expression in those resistant to SARS-CoV-2 infection and low expression in those permissive to infection, making this an intriguing target for further study. Furthermore, miR-495-3p, which targets the ORF1ab region of the SARS-CoV-2 genome and is highly expressed the resistant cell lines A549 and human primary lung fibroblasts, is also predicted to target IFN-γ 3′-UTR. MiR-495-3p expression was significantly upregulated in mouse lungs infected with H5N2 virus [84] and in human serum following Hepatitis C infection [85]. Whether such upregulation is also valid in response to SARS-CoV-2 infection as a possible protective mechanism to inhibit ACE2 induction via IFN-γ remains to be determined in subsequent in vitro and in vivo studies.



Importantly, dedicated in vitro and in vivo studies demonstrated that ACE2 induction by IFN was considerably weaker in immortalized cell lines and absent in mouse primary tracheal epithelial cells, suggesting a substantial degree of cell and species specificity to this previously unrecognized regulation of SARS-CoV-2 entry factor ACE2 [11]. We have identified several candidate miRNAs that may offer an additional level of regulation of ACE2 with a similar degree of cell specificity. Using several established bioinformatic miRNA target prediction tools, we provide a collection of miRNAs that may target mRNAs of SARS-CoV-2 entry factors ACE2 and TMPRSS2 as well as upstream regulators IFNs with high-probability (Figure 5A). By evaluating the expression of these miRNAs in RNA-sequencing datasets of human lung tissue, we predict 7 miRNAs targeting ACE2 mRNA (e.g., the top 3 are miR-141-3p, miR-4270, miR-331-3p) and 25 miRNAs targeting TMPRSS2 mRNA (e.g., the top 9 are miR-4763-3p, let-7d-5p, miR-4530, let-7e-5p, miR-181a-5p, miR-762, miR-338-3p, miR-4505, miR-575) to be abundant in human lung tissue, establishing biologic plausibility for these miRNA–mRNA interactions (Figure 5B).



We found ten total miRNA—three targeting ACE2 mRNA (miR-9-5p, miR-218-5p, and miR-483-3p) and seven targeting TMPRSS2 mRNA (let-7d-5p, miR-494-3p, miR-382-3p, let-7e-5p, miR-181c-5p, miR-452-5p, and miR-1226-3p)—that demonstrated statistically significant differential expression favoring either resistance (i.e., higher expression in A549) or susceptibility to SARS-CoV-2 infection (i.e., higher expression in Huh7; Figure 6D). We also found that of these eight, miR-218-5p (targeting ACE2 mRNA), miR-382-3p, miR-494-3p, let-7d-5p, let-7e-5p, and miR-181c-5p (targeting TMPRSS2 mRNA) are also expressed in human lung tissue. Importantly, miR 382-3p and miR 494-3p also demonstrated higher expression in SARS-CoV-2-resistant LF cells. Additionally, both miR-218 and let-7d were previously shown to be expressed in bronchoalveolar stem cells, which are susceptible to SARS-CoV expression in part due to surface ACE2 expression [86,87]. Further dedicated miRNA profiling and target gene expression analyses will be insightful regarding the impact of these miRNAs on the relative susceptibility or resistance to infection in cells expressing these miRNAs.



Using RNAseq data from Calu-3 cells infected with SARS-CoV-2, we identified differentially expressed miRNAs targeting the genes involved in virus entry. Interestingly, several miRNAs targeting mRNAs of viral entry proteins were upregulated following infection such as miR-483-3p targeting ACE2 mRNA and miR-181c-5p and let-7d-5p targeting TMPRS2 mRNA. Although we found that miR-483-3p is expressed higher in cells susceptible to SARS-CoV-2 infection, its upregulation (4.46-fold) along with the upregulation of miR-181c-5p and let-7d-5p after infection in Calu-3 cells may represent compensatory responses of host cells to inhibit SARS-CoV-2 entry by targeting ACE2 and TMPRSS2 mRNA. Indeed, ACE2 expression levels were found downregulated in mouse lungs after SARS-CoV infection [88].





5. Conclusions


Overall, in this study, we establish a framework for future investigation of miRNAs regulating SARS-CoV-2 infectivity in human cells. Leveraging miRNA profiling from cells resistant or susceptible to SARS-CoV-2 infection, we provide a preliminary resource of high-probability miRNAs governing SARS-CoV-2 infectivity through two potential mechanisms: (1) the direct binding of host miRNAs to the SARS-CoV-2 genome, which have the potential to both promote and prevent SARS-CoV-2 infection; and (2) regulation of the mRNAs of viral entry proteins ACE2 and TMPRSS2 including regulation via their upstream IFN modulators. Further studies are needed to validate potential miRNA binding sites in both SARS-CoV-2 and mRNAs of entry proteins. Similar to other host miRNA–virus interactions, these miRNAs may represent targets for potential therapeutic intervention in COVID-19 patients.
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Figure 1. Phylogenetic analysis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genomes demonstrate minimal sequence variation. (A) Phylogenetic tree of 820 SARS-CoV-2 complete genomes deposited in the National Center for Biotechnology Information (NCBI) database through 19 April 2020. Highlighted sequences indicate those selected for further sequence analysis shown in Table 1. (B) Percent sequence identity of SARS-CoV-2 complete genomes compared with the reference sequence (MN908947.3). (C) Changes in miRDB-predicted microRNA binding sites predicted along the full SARS-CoV-2 genomic sequence for genomes with variable identity. 
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Figure 2. Bioinformatic analysis of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome reveals potential microRNA (miRNA) binding sites within distinct genomic regions. (A) Open reading frames (ORFs) from the SARS-CoV-2 reference genome (MN908947.3) were probed for potential binding sites of human miRNAs. MiRNAs with a target score ≥70 were validated using RNAhybrid. (B) Number of predicted miRNAs binding to individual SARS-CoV-2 genomic regions. Intergenic sequences are included in ORF following intergenic sequence. (C) Predicted miRNAs binding to indicated SARS-CoV-2 ORFs. (D) Highlighted miRNA binding sites within 5′ UTR. Evolutionarily conserved stem–loop (SL) structures are highlighted. 
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Figure 3. Expression in lungs of microRNAs (miRNAs) targeting the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome. (A) Expression in human healthy lungs of miRNAs predicted to target distinct genomic regions of SARS-CoV-2. (B) Amino acid sequence alignment of the spike protein and its phylogenic coronaviruses, and the miRNAs binding in the unique sequence representing the polybasic cleavage site (PRRA). (C) Secondary structures of genomic region encoding SARS-CoV and SARS-CoV-2 S proteins in a 200 nt region of the SARS-CoV-2-specific PRRA polybasic cleavage site and highlighted microRNA binding sites within the PRRA region. 
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Figure 4. In silico analysis of predicted candidate microRNAs (miRNAs) expressed in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-resistant and -susceptible cell lines. (A) Workflow of candidate miRNAs. (B) Venn diagram representing the number of differentially regulated miRNAs. (C,D) Log2-transformed fold changes of most differentially regulated miRNAs (D) and heat map showing the top 10 differentially regulated miRNAs in A549 (resistant) and Huh7 (susceptible) cell lines. (E) The most differentially regulated miRNAs grouped by high (1st tercile), medium (2nd tercile), and low expression (3rd tercile) (F) and heat map showing the top 10 differentially regulated miRNAs expressed as log2-transformed fold changes in human primary lung fibroblasts (LF) and Calu-3 (susceptible) cells. 
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Figure 5. Predicted candidate microRNAs (miRNAs) targeting ACE2, TMPRSS2, interferon (IFN)-α, IFN-β, and IFN-γ mRNAs. (A) List of miRNAs targeting the 3′UTRs of ACE2 (total 43), TMPRSS2 (total 107), IFN-α (total 20), IFN-β (total 29), and IFN-γ mRNAs (total 47). Highlighted orange are miRNAs expressed in human lung samples [31]. (B) Counts per million (CPM) value of miRNAs predicted to target ACE2, TMPRSS2, IFN-α, IFN-β, and IFN-γ mRNAs found in human lungs (n = 18). 
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Figure 6. Predicted ACE2 and TMPRSS2 mRNA-targeting microRNA (miRNA) expression from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-resistant and -susceptible cell lines. (A) Workflow. (B,C) List of miRNAs grouped by high (1st tercile), medium (2nd tercile), and low expression (3rd tercile) targeting ACE2 and TMPRSS2 mRNAs, respectively. (D) Differential expression from Huh7 and A549 cell lines (p < 0.05 and >log2FC). (E) Heatmap of shared miRNAs between four cell lines. * identifies miRNAs more favorable to resistant cell types. 
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Figure 7. Predicted interferon (IFN)-targeting microRNA (miRNA) expression from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-resistant and -susceptible cell lines. (A–C) List of miRNAs grouped by high (1st tercile), medium (2nd tercile), and low expression (3rd tercile) targeting IFN-α, IFN-β, and IFN-γ, respectively. (D) Differential expression from Huh7 and A549 cell lines with criteria of p < 0.05 and >log2FC. (E) Heatmap of shared miRNAs between 4 cell lines. * identifies miRNAs more favorable to resistant cell types. 
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Figure 8. Mechanisms by which microRNAs (miRNAs) may regulate severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infectivity. MiRNAs facilitate cellular resistance (left) or susceptibility (right) to infection. Potential regulatory mechanisms include the destabilization of viral genomic RNA; destabilization and degradation of host ACE2, TMPRSS2, and interferon (IFN) expression; or the stabilization of viral secondary structure. The specific ORFs within SARS-CoV-2 containing binding sites for miRNAs are listed in parentheses where 1ab denotes ORF1ab, N denotes nucleocapsid, and S denotes spike protein. Created using Biorender.com. 
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Table 1. Comparison of select genomic regions between severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) reference sequence and the five largest outliers found during BLAST sequence identity analysis.
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	Location
	Wuhan, China

(RefSeq)
	Washington, USA
	Washington, USA
	California, USA
	Washington, USA
	Punjab, Pakistan





	GenBank
	MN908947.3
	MT246485.1
	MT345855.1
	MT258382.1
	MT293170.1
	MT262993.1



	Overall
	
	
	
	
	
	



	Bases
	29,903
	29,775
	29,859
	29,885
	29,798
	29,836



	Sequence identity a
	-
	99.85% b
	99.85% b
	99.87% b
	99.88% b
	99.88%



	5′ UTR
	
	
	
	
	
	



	Bases
	265
	137
	234
	247
	151
	265



	Sequence identity a
	-
	82.5% b
	91.45% b
	99.60
	92.72% b
	100%



	Mutations
	-
	-
	C→T
	C→T
	-
	-



	S protein
	
	
	
	
	
	



	Bases
	3822
	3822
	3822
	3822
	3822
	3822



	Sequence identity a
	-
	100%
	100%
	99.95%
	100%
	100%



	Mutations
	-
	-
	-
	T→W (either T or A);

A→G
	-
	-



	3′ UTR
	
	
	
	
	
	



	Bases
	229
	229
	198
	229
	238
	198



	Sequence identity a
	-
	98.69%
	100%
	93.45% b
	97.38% b
	100%



	Mutations
	-
	TGAC → AAAA
	-
	G→R (either G or A);

C→M (either C or A)
	9 nt insertion in poly-A tail
	-







a Sequence identity was based on BLAST analyses with Wuhan-Hu-1 (GenBank accession: MN908947.3) as a reference sequence. b NCBI sequence contains short “N” repeat (unknown sequence) due to unreliable sequencing, accounting for a large proportion of sequence deviation from reference sequence.
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Table 2. ACE2 and TMPRSS2 expression and reported severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infectivity in various liver and lung cells.
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	Source
	ACE2/TMPRSS2

Expression
	SARS-CoV-2

Infectivity





	Huh7 [8,14,32,33]
	Liver
	High [47]
	Moderate



	A549 [8,14,32,33]
	Lung
	Variable [48]
	Low to Moderate



	Calu-3 [8,14,32,34]
	Lung
	High [49]
	High



	Primary human lung fibroblasts [12,13]
	Lung
	None
	Low







Predicted miRNAs that target host genes associated with the pathogenesis of SARS-CoV-2.
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Table 3. Differential expression of candidate microRNAs (miRNAs) in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected (24 h) vs. non-infected Calu-3 cells from Wyler et al. [35].
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	miRNA
	Log2-Fold Change
	p-value
	Favors a





	ORF1ab
	
	
	



	miR-139-5p
	0.945
	0.0305
	Resistant



	miR-664b-3p
	0.733
	0.0206
	-



	miR-23a-3p
	−0.761
	0.0015
	Resistant



	miR-548d-3p
	−0.807
	0.0517
	-



	miR-15b-5p
	−0.812
	0.0001
	-



	miR-23c
	−0.910
	0.0049
	-



	miR-23b-3p
	−0.991
	<0.0001
	Resistant



	miR-374b-3p
	−1.069
	0.0217
	-



	miR-374a-3p
	−1.582
	0.0001
	-



	Nucleocapsid
	
	
	



	miR-103a-3p
	0.904
	0.0005
	-



	miR-107
	1.040
	0.0003
	-



	ACE2
	
	
	



	miR-483-3p
	4.460
	<0.0001
	Susceptible



	miR-4463
	3.048
	<0.0001
	-



	TMPRSS2
	
	
	



	miR-181c-5p
	0.892
	0.0134
	Resistant



	miR-664b-3p
	0.733
	0.0206
	-



	miR-182-5p
	0.704
	0.0134
	Susceptible



	let-7d-5p
	0.464
	0.0053
	Resistant



	miR-181a-5p
	0.419
	0.0422
	-



	miR-15b-3p
	−0.810
	0.0008
	-



	miR-494-3p
	−0.961
	0.0326
	Resistant



	IFN-β
	
	
	



	miR-450b-5p
	−1.441
	0.0020
	Resistant



	IFN-γ
	
	
	



	miR-664b-3p
	0.733
	0.0206
	-



	miR-26b-5p
	−0.475
	0.0313
	-



	miR-374c-5p
	−1.228
	0.0096
	-







a Susceptible and resistant refers to cell line analyses as per Figures 4, 6, or 7.
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Table 4. Concordant microRNA expression between A549 and Huh7 cells.
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	log2FC
	padj





	miR-140-3p
	−0.007953398
	0.974817048



	miR-32-3p
	0.013920456
	0.974817048



	miR-374a-5p
	0.020538776
	0.945449302



	miR-196b-5p
	0.025080141
	0.946019864



	miR-339-5p
	0.029116789
	0.949059007



	miR-3158-3p
	0.029234925
	0.97722196



	miR-320c
	0.033177006
	0.970481801



	miR-423-3p
	0.039739622
	0.860137595



	miR-331-5p
	0.04015155
	0.957965014



	miR-1180-3p
	0.042520619
	0.897231993



	miR-1229-3p
	0.049456491
	0.979826711



	miR-6803-3p
	0.069110586
	0.956513365



	miR-339-3p
	0.075904611
	0.883114045



	miR-4326
	0.149533463
	0.815150225



	miR-16-2-3p
	0.157983774
	0.530911494



	miR-6087
	0.178211797
	0.945394126



	miR-25-5p
	0.181172206
	0.692047229



	miR-148b-3p
	0.20381122
	0.369688028



	miR-126-3p
	0.20432634
	0.517498738



	miR-760
	0.204547203
	0.876649033



	miR-200b-5p
	0.206829005
	0.813533675



	miR-1307-5p
	0.221466282
	0.90711043



	miR-454-3p
	0.226527458
	0.372951464



	miR-107
	0.232189082
	0.645482953



	miR-301a-3p
	0.234614774
	0.88095324



	miR-200b-3p
	0.241301831
	0.267692191



	miR-324-3p
	0.254720466
	0.852842736
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