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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the global pandemic, resulting in great fatalities around the world. Although the antiviral roles of RNA interference (RNAi) have been well studied in plants, nematodes and insects, the antiviral roles of RNAi in mammalians are still debating as RNAi effect is suspected to be suppressed by interferon (IFN) signaling pathways in most cell types. To determine the role of RNAi in mammalian resistance to SARS-CoV-2, we studied the profiling of host small RNAs and SARS-CoV-2 virus-derived small RNAs (vsRNAs) in the early infection stages of Vero cells, an IFN-deficient cell line. We found that host microRNAs (miRNAs) were dysregulated upon SARS-CoV-2 infection, resulting in downregulation of microRNAs playing antiviral functions and upregulation of microRNAs facilitating viral proliferations. Moreover, vsRNA peaked at 22 nt at negative strand but not the positive strand of SARS-CoV-2 and formed successive Dicer-spliced pattern at both strands. Similar characteristics of vsRNAs were observed in IFN-deficient cell lines infected with Sindbis and Zika viruses. Together, these findings indicate that host cell may deploy RNAi pathway to combat SARS-CoV-2 infection in IFN-deficient cells, informing the alternative antiviral strategies to be developed for patients or tissues with IFN deficiency.
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Introduction

The global pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused over 572,239,451 infections and 6,390,401 fatalities around the world since late 2019 (data collected from WHO website on July 25th, 2022). As an enveloped, positive sense, single-stranded RNA betacoronavirus, SARS-CoV-2 is a member of Coronavirvidae family, which consists of two other members, severe acute respiratory syndrome (SARS-CoV) emerged in 2002 and Middle East respiratory syndrome (MERS) in 2012 (1, 2). All these three coronaviruses are highly pathogenic and can cause severe respiratory diseases in human. However, different with SARS-CoV and MERS, which lead to 10% mortality for SARS-CoV and 37% for MERS, SARS-CoV-2 spreads more efficiently with a relatively lower level of mortality of 2%~3% (3, 4). SARS-CoV-2 shares the same receptor angiotensin-converting enzyme 2 (ACE2) with SARS-CoV, using spike (S) protein for ACE2 binding as well as host serine protease TMPRSS2 for S protein primming to achieve viral and cellular membrane fusion and finally cell entry (5). Symptoms accompanied as viral invasion are not limited to respiratory failure, but in multiple organ systems, including brain (6, 7), liver (8) and gastrointestinal tract (9). The cytokine storm stimulated by viral infection is one of the main death causes of SARS-CoV-2 (10). Besides, SARS-CoV-2 infection might induce the new-onset diabetes, suggesting the potential health risk exists upon viral infection (11).

Mammalian cells have evolved multiple antivirus mechanisms, among which the interferon (IFN) signaling-mediated innate immune responses are characterized as critical and effective pathway for antiviral defense. In these pathways, viral RNA is recognized by several receptors such as retinoic acid-inducible gene I (RIG-I) (12) and melanoma differentiation-associated gene 5 (MDA5) (13) and subsequently triggers the producing and secretion of type I IFNs (mainly IFN-α and IFN-β) (14), followed by activation of various interferon-stimulated genes (ISGs) against viral invasion (15, 16). RNA interference (RNAi) is another crucial antiviral mechanism in eukaryotes. It regulates gene expression through 20-30 nucleotide (nt) small RNAs (sRNAs) processed from double-stranded or base-paired RNA (17, 18). sRNAs can be classified into microRNAs (miRNAs), small interference RNAs (siRNAs) and piwi-interacting RNAs (piRNAs) based on their differences in biogenesis pathways (19). The accumulation of partial host miRNAs is significantly altered to modulate the interactions between hosts and viruses. Some viruses also encode miRNAs to facilitate their infections or proliferations (20, 21). RNAi plays major roles in plant resistance to viruses (22). Viral RNAs and DNAs in plants and invertebrates are targeted by vsRNAs to hinder the proliferations of viruses (18). However, the antiviral capacity of vsRNAs in mammalian remains much to debate (23, 24). Studies have demonstrated the antiviral ability of RNAi in undifferentiated cells such as oocytes, embryonic teratocarcinoma cell lines and mouse embryonic stem cells (mESCs) but not in highly differentiated somatic cells (25–27). This might be caused by the existence of IFN pathway that represses RNAi by inhibiting siRNA processing (28, 29). Prior studies suggest that suppression of IFN pathway is able to activate RNAi antivirus function in differentiated mouse cells (28, 30).

Recent studies found that SARS-CoV-2 genome encodes miRNAs and inhibit host immune response by targeting the IFN signaling pathway as well as metabolic pathways (31–33), which have been reported to be impaired in SARS-CoV-2 patients (34). However, most of the studies are performed in cell lines expressing interferon. The accumulation of SARS-CoV-2 vsRNAs and their possible regulatory roles in host-SARS-CoV-2 interaction when IFN crippled still remains unclear. To understand the function RNAi exerts in response to SARS-CoV-2 infection, we set out to construct the sRNA libraries and characterize the host miRNAs and viral sRNAs during the early stages of viral infection in Vero cells, which are uncapable of producing IFN-αand IFN-β (35). We found that the accumulation of host miRNAs related to pathological processes or antiviral defense is modulated upon the infection of SARS-CoV-2, indicating that host miRNAs may play important roles in host-SARS-CoV-2 interaction. We observed characteristics of Dicer processed vsRNAs at negative strand of SARS-CoV-2, including a predominant 22-nt peak, preference of uracil at 5’ terminal, and successive 22-nt reads. We then characterized the accumulation of viral sRNAs in other cell lines infected with distinct viruses. We found that these characteristics at negative strand of viral genome were also identified in IFN-deficient Vero cells infected with Sindbis virus (SINV) (36) as well as IFN-deficient neural stem cells infected with Zika virus (ZIKV) (37–39). Together, these results suggest that SARS-CoV-2 transcripts in Vero cells were likely to be processed into vsRNAs by Dicers and may play similar important antiviral roles as in plants and invertebrates. These observations will lead to development of alternative antiviral strategies against SARS-CoV-2 in patients with IFN-deficiency or tissues that lack IFN producing.



Results


Host sRNAs in Vero cells react to SARS-CoV-2

To get a comprehensive profiling of sRNAs in IFN-deficient cell lines, we sequenced and analyzed sRNAs in Vero cells infected with SARS-CoV-2 at a multiplicity of infection of 0.1 (MOI = 0.1). Control and SARS-CoV-2 infected Vero cells were harvested at 6 and 12 hours post infection (hpi). sRNA libraries of two biological replicates were constructed and sequenced from both control and SARS-CoV-2 infected Vero cells. After trimming adapters and filtering low-quality reads, ~20-32 million clean reads were obtained for each library (Table S1). We evaluated the reproducibility of libraries using 2,652 known miRNAs obtained from miRbase (http://www.mirbase.org). The correlation analysis showed that miRNA transcription of two biological replicates were highly correlated (R ≥ 0.99, P < 2.2e-16, Figure S1). We then processed clean reads with small noncoding RNA analysis pipeline from SPORTS1.1, using the human (hg38) and viral (NC_045512.2) genomes as references (Figure 1A and Table S1). In total, 59.8%-69.8% of sRNA reads were annotated as miRNA in each sample. The rest sRNAs were annotated as rRNA (2.3%-12.8%), tRNA (1.0-2.9%), unannotated RNA (17.7%-26.0%) and vsRNA (0-2.3%) (Table S1). SARS-CoV-2 infected Vero cells showed decreased abundance of miRNA (67.3% vs. 64.2% at 6 hpi and 67.0% vs. 59.9% at 12 hpi) while increased accumulation of tRNA (1.5% vs. 2.1% at 6 hpi and 1.1% vs. 2.8% at 12 hpi), unannotated RNA (17.7% vs. 22.3% at 6 hpi and 23.5% vs. 25.7% at 12 hpi) and vsRNA (0% vs. 0.3% at 6 hpi and 0% vs. 2.0% at 12 hpi) compared to control cells (Figure 1B and Table S1). These results indicate that SARS-CoV-2 infection altered sRNA populations of Vero cells.




Figure 1 | Overview of small RNAs in SARS-CoV-2-infected Vero cells. (A) The schematic workflow for small RNA analysis. (B) Fractions of small RNAs in control and virus-infected (6 hpi/12 hpi) Vero cells. (C) Size distribution of total sRNAs in control and virus-infected (6 hpi/12 hpi) Vero cells. Clean reads are aligned to the human reference. Mapped reads without matching to tRNA and rRNA are classified by length and are shown as read counts. Pie plots represent sRNAs initiated with A/U/C/G in control and virus-infected Vero cells.



sRNAs length distribution peaked at 23 nt with 58.8%-63.0% sRNAs 22-23 nt in length, which is different from 22-nt main peaks that were observed in other cell lines infected with SARS-CoV-2 (Figure 1C and Table S1) (31, 40). Further investigation identified that the prompt accumulation of miR-21, combining with 23-nt miR-21 isoforms, accounting for 18.8%-27.2% of clean reads mapped to human genome (Table S2) (41). After removing these two miR-21 isomiRs, sRNA length distribution peaked back at 22 nt (Figure S2A). Most of sRNAs (71.0%-77.0%) initiated with “U” (Figure 1C). Together, these results suggest that the majority of host sRNAs were generated by Dicers through the canonical miRNA processing pathway.



Host miRNAs react to SARS-CoV-2 infections in Vero cells

To identify host miRNAs that response to SARS-CoV-2 infection, we explored miRNA expression pattern in virus-infected cells compared to their non-infected controls. In total, 27.1 to 33.7 million miRNA reads were obtained from combined control and SARS-CoV-2 libraries (Table S1). Similar to the total sRNA distribution, miRNA reads were enriched in 22-23 nt and peaked at 23-nt due to the high abundance of miR-21 as well as its 23-nt isoform miR-21+C (Figure 2A and Table S2). miRNA distribution peaked at 22 nt after trimming off all these 22 and 23-nt miR-21 isoforms (Figure S2B).




Figure 2 | Identification of DE miRNAs in SARS-CoV-2 infected Vero cells. (A) Size distribution of miRNA reads in control and virus-infected (6 hpi/12 hpi) Vero cells. miRNA reads are classified by length and are shown as read counts. Pie plots represent miRNAs initiated with A/U/C/G in control and virus-infected Vero cells. (B) Volcano plot showing the differentially expressed miRNAs in Vero cells infected with SARS-CoV-2 6 hpi/12 hpi vs. controls (n=2). Red dots and blue dots respectively represent up-regulated and down-regulated miRNAs (fold change ≥ 1.5, adjusted P value ≤ 0.05). (C) Heatmap of human miRNA expression in control and virus-infected (6 hpi/12 hpi) Vero cells. Only miRNAs that are significantly changed are shown in heatmap.



We then analyzed differentially expressed (DE) miRNAs between SARS-CoV-2-infected Vero cells and control cells. A total of 32 DE miRNAs including 22 up-regulated and 10 down-regulated miRNAs were identified by comparing the infected and uninfected sRNA libraries (Figure 2B and Table S3A). Among them, 4 down-regulated miRNAs were identified at 6 hpi, while 22 up-regulated and 7 down-regulated miRNAs were identified at 12 hpi. Only 1 miRNA, miR-486-5p, was dysregulated at both 6 hpi and 12 hpi. However, we observed that miRNAs that were altered at 12 hpi showed similar tendency but subtle changes at 6 hpi, suggesting miRNA responded to SARS-CoV-2 infection as early as 6 hpi (Figure 2C). Moreover, several dysregulated miRNA including 4 down-regulated miRNAs (miR-486-5p, miR-451a, miR-206, and miR-142-5p) and 5 up-regulated miRNAs (miR-155-3p, miR-27a-5p, miR-20a-5p, miR-17-5p, and miR-107) were associated with pathophysiology in response to viral replication (42–49). Among them, miR-486-5p, miR-451a, miR-142-5p, miR-27a-5p, miR-20a-5p, miR-17-5p have been reported to be dysregulated in SARS-CoV-2-infected patients (50–53), while others such as miR-206, miR-155-3p and miR-107 have not been associated with SARS-CoV-2 viral infection, suggesting that host miRNAs reacting at early stage of SARS-CoV-2 infection might play important roles in host-SARS-CoV-2 interaction.



Viral infection-response pathways targeted by host DE miRNAs

To determine the potential roles of dysregulated host miRNAs during SARS-CoV-2 infection, we performed target gene prediction for dysregulated miRNAs and explored their functional implication in host-SARS-CoV-2 interaction. A total of 1,364 putative target genes were predicted with mirDIP (Table S3B). Of them 893 were modulated by up-regulated miRNAs, 629 were modulated by down-regulated miRNAs, and 158 target genes were modulated by both up-regulated and down-regulated miRNAs. GO and KEGG pathway enrichment analysis revealed 110 GO terms and 62 biological pathways impacted by dysregulated miRNAs during SARS-CoV-2 infection (Table S3C and Table S3D). In molecular function analysis of GO terms, an array of target genes was enriched in terms including “protein serine/threonine kinase activity”, “DNA-binding transcription activator activity”, “DNA-binding transcription factor activator activity, RNA polymerase II specific”, “SMAD binding”, “ubiquitin-protein (like) transferase activity” and “transcription coregulator activity”, indicating the transcription, degradation and catalytic activities altered by miRNA dysregulation (Figure 3A and Table S3C). To get a better reflection of the pathways that DE miRNA targets were involved in, we then performed KEGG analysis (Figure 3B and Table S3D). A variety of irritated genes were significantly enriched in phosphoinositol 3-kinase/serine-threonine kinase (PI3K-Akt) and mitogen-activated protein kinase (MAPK) signaling pathways, which are closely associated with cell cycle, stress response and cell proliferation (54–56). Besides, targeting genes are also enriched in Ras signaling pathway that is activated during hepatitis C virus (HCV) infection and promotes viral replication of HCV (Figure 3B) (57). Moreover, biological processes as endocytosis, senescence and tumorigenesis are also enriched in KEGG analysis.




Figure 3 | Analysis of DE miRNAs and their regulatory pathway. (A) The Gene Ontology (GO) analysis for the enriched functions of genes regulated by the host DE miRNAs induced by viral infection. The top 30 molecular function-related GO enrichment terms of target genes are shown. Terms with adjusted P ≤ 0.05 are recognized as significantly enriched GO terms. (B) The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of target genes significantly regulated by DE miRNAs in Vero cells infected with SARS-CoV-2 6 hpi/12 hpi vs. controls (n=2). (C) The regulatory network of both up-regulated and down-regulated human miRNA and their target genes enriched in KEGG pathways. The red triangle nodes represent the miRNAs. The red dots are genes specifically regulating PI3K-Akt signaling pathway, yellows are genes specifically regulating MAPK signaling pathway, greens are genes in both pathways, and genes in other pathways are presented in blue.



To get a comprehensive view of the relationship between host miRNAs and their potential target genes, the interaction network of DE miRNAs and their targets enriched in KEGG pathways were then built up (Figure 3C). Intriguingly, partial of the up-regulated miRNAs shared numbers of common targets, of which genes in PI3K-Akt and MAPK pathways promised a large proportion (Figure 3C and Table S3B). In contrast, the down-regulated miRNAs appeared to share few targets with each other (Figure 3C). Taken together, these results suggest that host miRNAs in Vero cells may contribute the host-SARS-CoV-2 interaction by modulating viral infection responses and transcriptional reprogramming of host.



22-nt SARS-CoV-2 vsRNAs accumulate in Vero cells

To determine the potential antiviral roles of RNAi in IFN-deficient Vero cells, we analyzed the accumulation of vsRNAs in the mock and SARS-CoV-2-infected sRNA libraries. Firstly, sRNAs that were specifically matched to positive or negative strand of viral genome were extracted. Both positive and negative-stranded sRNAs were distributed along viral genome (Figure S3A), which suited the key features of vsRNAs (27). These vsRNAs were particularly enriched at 3’ terminus of viral genome (Figure S3A). We then sorted those vsRNAs by their length and the size-distribution analysis were carried out on the basis of sRNA length. No dominant accumulating peaks were obtained for vsRNAs matched to the positive strand of SARS-CoV-2 genome, except for a 21-nt peak in one of the 6 hpi libraries after viral infection (Figure 4A). In contrast, a 22-nt accumulating peak was observed at negative strand of viral genome at both 6 hpi and 12 hpi (Figure 4A). The majority of negative-stranded 22-nt vsRNAs were more likely to initiate with “A” and “U”, together occupying a proportion of 65.7%-77.1%, which indicates the possibility that the 22-nt vsRNAs might be sorted into the Argonaute protein to take functions (Figure 4A and Table S4) (58).




Figure 4 | The inducement of RNAi in SARS-CoV-2 infected Vero cells. (A) Size distribution and abundance of SARS-CoV-2 vsRNAs sense and antisense reads from Vero cells at 6 and 12 hpi. Pie plots represent vsRNAs initiated with A/U/C/G in positive and negative strands. (B) Read sequences along the 3’-terminal sequence of SARS-CoV-2 viral genome. Read counts (in brackets), read length, non-sequenced reads and genomic position are indicated and mismatched bases are mentioned in red.



Characteristics of 22-nt vsRNAs at negative strand of viral genome suggest that SARS-CoV-2 transcripts might be processed by host RNAi machineries in the early infection stages of Vero cells. We analyzed the size distribution of vsRNAs to determine their dicing pattern. Namely, the 21 to 23-nt vsRNAs are derived from both strands of viral genome. We also found that the 22-nt vsRNAs were highly enriched at the 3’ end of the SARS-CoV-2 genome (Figure S3B), forming the 20-nt perfect base-paired duplex with 2-nt overhang at 3’ terminal (Figure 4B). Besides, these 21 to 23-nt duplexes formed successive complementary pairs along the viral genome, which underlies the processing of these vsRNAs from viral double-stranded RNA replicative intermediate by Dicer (59). These results indicate that the SARS-CoV-2 genomic RNAs in Vero cells may be processed by host Dicer enzyme into 22-nt vsRNAs.



22-nt vsRNAs are enriched in IFN-deficient cell lines

The processing of SARS-CoV-2 genomic RNAs in Vero cells by Dicer enzyme into 22-nt vsRNAs may be either a specialty of SARS-CoV-2 or a specialty of the Vero cell. To test whether the accumulation of 22-nt vsRNAs is a common effect caused by SARS-CoV-2 infection, we performed vsRNA analysis using published small RNA data from various kinds of SARS-CoV-2 infected cell lines (Figure S4 and Table 1) (31–33, 60, 61). The accumulations of SARS-CoV-2 vsRNAs in other cell lines, including Calu-3, A549-hACE2 and PC-9 were analyzed. No obvious dominant accumulation of 22-nt vsRNAs was observed in all cell examined, except that A549-hACE2 24 hpi, Calu-3 24 hpi (Figure S4A, S4C) cell lines exhibit abundant 22-nt vsRNA accumulation at negative strand. However, no signatures of 20-nt continuous complementary pairs or 2-nt 3’ overhang were observed in these libraries. These results argue against processing of SARS-CoV-2 genomic RNA into 21 to 23-nt vsRNAs, by Dicer in these cell lines.


Table 1 | The appears of 22-nt negative-strand peak of vsRNAs in different IFN-deficient or normally-expressed cell lines infected with different viruses.



Therefore, the accumulation of 22-nt vsRNAs may be a specialty for Vero cell. We thus set to analyze the size distribution of vsRNAs in Vero cell lines infected with other viruses in previous reports. Similarly, the most abundant 22-nt vsRNA accumulation at negative strands of viral genome also exist in SINV and ZIKV-infected Vero cells Table 1, S5) (36, 62). Moreover, SINV exhibit similar continuous complementary pairs with 20-nt perfect base-pair and 2-nt 3’ overhang (Figure S5), whereas no defined peaks at specific length for vsRNAs matched to the positive strands of SINV were observed (36). Combined with the former findings on specific stimulation of 22-nt vsRNAs at both strands upon ZIKV infection in human neural stem cells (NSCs) and human neural progenitor cells (NPCs) (Table 1, S5) (37, 39, 63), in which the IFN signaling pathway is restricted, the accumulation of 22-nt vsRNAs in IFN-deficient cells is more likely to be induced.




Discussion

This study aimed to reveal the coherently altered host miRNA and vsRNA profiles in innate immunity-deficient cell line upon early infection of SARS-CoV-2. We found that portion of host miRNA population varied along with SARS-CoV-2 proliferation. The targets of these miRNAs are enriched in transcription and catalytic activity, and viral infection responses. A predominant peak of 22-nt vsRNAs that match to the negative strand of SARS-CoV-2 genome was observed in Vero cells. We then observed similar distribution patterns of vsRNAs for several other viruses in other IFN-deficient cell lines.

Although no obvious increasement in miRNA proportion was observed after viral infection, the accumulations of some miRNAs were altered upon the infections of SARS-CoV-2. Among the down-regulated miRNAs, the only miRNA that was down-regulated at both 6 and 12 hpi is miR-486-5p. This miRNA has been reported to act as an oncogene in various cancers, promote proliferation, invasion and metastasis of multiple cancers (64, 65). Furthermore, a previous study has revealed the function miR-486-5p played in defense against influenza A virus (42). miR-451a was recently reported to inhibit hepatitis B virus replication through directly targeting activating transcription factor 2 gene (43), this miRNA was also down-regulated in our SARS-CoV-2 libraries. In agreement with our findings, miR-486-5p and miR-451a were also found significantly decreased in plasma samples of critical patients infected by SARS-CoV-2 (50). The down-regulation of miR-451a in cell-free circulating RNA of SARS-CoV-2 infected patients was also determined, which caused elevated accumulation of its downstream target, IL-6R, and probable cytokine storms (66). Except for miR-486-5p and miR-451a, other down-regulated miRNAs are also proven to take functions in viral infection. miR-206, for instance, elicits its anti-influenza A virus activity by targeting tankyrase 2 to restrict viral replication (44), and miR-142-5p, whose accumulation is significantly inhibited by ZIKV, acts as an antiviral factor during ZIKV infection (45). All these evidences have implied the strategy that viruses may adopt for better survival by down-regulating specific miRNAs, in order to repress the function of them in antivirus immunity.

On the other hand, SARS-CoV-2 may increase the expression of specific part of miRNAs to repress the antiviral immune response of host cells, benefiting viral infection and replication. Of the up-regulated miRNAs, one common miRNA, miR-155-3p, has been reported to participate in various pathological processes, including tumor formation, proliferation, progression as well as influenza A viral infection (46, 67, 68), and was also found significantly up-regulated in both SARS-CoV and SARS-CoV-2 infected Calu-3 cells in a previous study (60), implying a small partial of conserved miRNAs triggered by coronavirus infection. In addition, miR-27a-5p, miR-20a-5p, miR-17-5p and miR-107 are of the most abundant and intensively studied miRNAs. These miRNAs, however, tend to play inhibitory roles in antiviral immunity. miR-27a-5p accumulation is reported to be elevated in Porcine reproductive and respiratory syndrome virus-infected MARC-145 cells and enhances viral replication to a large extent (47). In addition, miR-20a-5p and miR17-5p are found to be up-regulated in influenza A virus-infected patients and extracellular vesicles of lung epithelial tissue, and miR17-5p is proven to promote influenza A virus replication (48, 69). Similarly, miR-107 is demonstrated to regulate negatively in response to both DNA and RNA viral infection (49). Therefore, the specifical alteration of miRNAs implicates that SARS-CoV-2 may manage to repress host antivirus immunity for its pathogenicity.

We then found that PI3K-Akt, MAPK and Ras signaling pathways are enriched in our KEGG analysis of miRNA target analysis (Figure 3B). PI3K-Akt and MAPK signaling pathway are key signaling pathways that participate in multiple fundamental cellular biological processes and has been demonstrated to enhance viral replication in multiple viruses, including MERS (70), enterovirus 71 (71) and ZIKV (72). Considering that the inhibition of PI3K/AKT/mTOR and MAPK/ERK pathway by kinase inhibitors suppresses MERS replication in vitro, and the fact that MERS and SARS-CoV-2 share great similarity in viral genome (73), the enrichment of DE miRNA targets in these two pathways also provides a new strategy as pharmacological targets in SARS-CoV-2 treatment (74). Activated during HCV infection, Ras signaling pathway promotes HCV replication (57). Our GO analysis showed that transcription and catalytic activity might be altered by miRNA dysregulation (Figure 3A). Since viral infection may cause the reprogramming of cellular physiological and biochemical processes, it makes sense that some of the target genes were also related to biological processes as endocytosis, senescence and tumorigenesis (Figure 3B). Intriguingly, no IFN signaling pathway genes showed any enrichment in both GO and KEGG analysis, nor did the downstream ISGs trigged by interferons, for the absence of IFN system of Vero cells would not give rise to stimulation of various ISGs.

Recent studies have proved the existence of virus-encoded miRNAs and their function in immune response. A miRNA-like sRNA encoded by SARS-CoV-2 ORF7a transcript, CoV2-miR-O7a, was discovered to target host ISG-Basic 11 Leucine Zipper ATF-Like Transcription Factor 2, subsequently attenuating its accumulation to suppress the interferon signaling pathway (33). Another study additionally verified the two isoforms of CoV2-miR-O7a.1 and CoV2-miR-O7a.2 to be produced by Dicer and then loaded into Argonaute proteins, and could act as host miRNAs and target the 3’UTR of ISGs, in order to restrain interferon-mediated innate immune response (32). Interestingly, the predominant isoform CoV2-miR-O7a.2 that mainly took functions was found in our libraries, suggesting that SARS-CoV-2-encoded miRNAs may exist and in part take effects in Vero cells.

Despite of the better understanding of host miRNA profile variation upon SARS-CoV-2 infection and SARS-CoV-2 encoded miRNAs, little is known about whether SARS-CoV-2 triggers vsRNA producing in mammalian cells. Past studies have also indicated the suppression of antiviral RNAi by IFN system (28), and the inhibition of IFN signaling pathway unveiled the presence of antiviral RNAi (30). Antiviral RNAi was detected in both mESCs infected with picornavirus encephalomyocarditis virus and suckling mice infected with VSR ablated Nodamura virus (27, 75), showing the underlying antiviral effect RNAi might take when IFN pathway was repressed. Our findings reveal the producing of SARS-CoV-2-derived 22-nt vsRNAs matched to the negative but not the positive strand of SARS-CoV-2 genome in Vero cells. Moreover, these SARS-CoV-2 vsRNAs formed successive complementary pairs along viral genome, which suggests the existence of antiviral RNAi that was thought to be abandoned by mammalian cells. Moreover, similar distribution patterns were obtained for SINV in Vero cell lines. The 22-nt in-length vsRNAs implicates the canonical cleavage by Dicer protein, however, the activation of RNAi needs to be experimentally confirmed.

Previous studies have demonstrated the presence of antiviral RNAi when IFN signaling pathway is inhibited (30). Therefore, the accumulation of SARS-CoV-2 vsRNAs in interferon-deficient Vero cells indicates that the malfunctions of IFN signaling pathways may lead the function of antiviral RNAi and the generation of 22-nt vsRNAs. To test this hypothesis, we subsequently summarized the accumulation mode of vsRNAs in other interferon-deficient cell lines that infected with distinct viruses in published sRNA libraries (Table 1) (36–39, 62, 63). The vsRNA profiling of ZIKV in IFN-deficient cell lines, including Vero cells, neural stem cells and human neural progenitor cells, displays similar accumulation mode of 22-nt vsRNAs at negative strand of ZIKV genome (Table 1) (37–39, 62, 63). Similarly, no dominant accumulating peaks were obtained for Zika vsRNAs matched to the positive strands of viral genome, except for ZIKV-infected human neural progenitor cells. Moreover, ZIKV also exhibits similar continuous complementary pairs with 20-nt perfect base-pair and 2-nt 3’ overhang both in cell culture as well as central neuron system where immune responses to viral infection are highly regulated (37, 62, 63). In a word, these evidences suggest that the 22-nt vsRNAs tend to be stimulated in IFN-deficient cells upon infection of multiple RNA viruses.

Intriguingly, vsRNAs with 22 nt in length appeared to be of the most abundant among those distributed along the antisense of SARS-CoV-2 viral genome in Calu-3 and A549-hACE2 cells, the IFN-competent cell lines, after 24 hours viral infection (Figure S4 and Table 1) (33, 60). This might be explained by former studies, which have demonstrated the inhibitory effects of SARS-CoV-2 on type I IFN production as well as downstream signaling pathway via its structural and nonstructural proteins, such as NSP13, NSP14 and ORF6 (76, 77). The antagonism of SARS-CoV-2 on type I IFN responses could in part cancel the inhibition of interferon on antiviral RNAi, making the generation of antiviral RNAi of mammalian cells possible to be observed. Moreover, positive strand RNA viruses like SINV and ZIKV also induce the generation of 22-nt vsRNAs in other IFN-competent cells and tissues. For example, vsRNA peaked at 22-nt at negative strand of SINV genome in another IFN-competent cell line-HEK293 cell line (36, 62), and 22-nt vsRNAs significantly accumulate at both strands of ZIKV genome in ZIKV-infected hindlimb muscle tissue of suckling mice (62). Both viruses were also reported to elicit antagonizing effect on IFN response through nonstructural proteins (78, 79), nsP2 for SINV and NS1 for ZIKV, that might account for the stimulation of suspected antiviral RNAi in IFN-competent cells and tissues.

Taken together, our study further supports the antiviral roles of RNAi in mammalian cells. However, the 22-nt vsRNAs stimulated by SARS-CoV-2 infection in Vero cells appeared to be in low amount (Figure 4), giving us a caution that to what extent these vsRNAs may function in antiviral RNAi. Besides, as our findings are limited to Vero cells which are isolated from kidney epithelial cells of African green monkey, whether similar pattern occurs in SARS-CoV-2 infected human cell lines needs to be elucidated. Recent study reported the life-threatening pneumonia caused by SARS-CoV-2 of an unvaccinated child with inborn ISG-IRF9-deficiency, which resulted from impaired type I and III interferon immunity (80). Our study reflects the antiviral response that may happen when the critical antiviral IFN pathway is in absence, this would provide considerable practical implications for the clinical treatment of SARS-CoV-2.



Materials and methods


Cell culture and virus infection

African green monkey kidney epithelial Vero (ATCC, CCL-81) were maintained at 37°C, 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with 10% fetal bovine serum (FBS, HyClone) and penicillin-streptomycin (GENOM). SARS-CoV-2, strain code IPBCAMS_BJ95 (https://ngdc.cncb.ac.cn/, accession No: GVHAORV01000000), was isolated from a pharyngeal swab from a COVID-19 patient. Virus titer was determined by using the plaque assay with Vero cells. For SARS-CoV-2 infection, the Vero cells were briefly washed with DMEM at 16 h after seeding, and incubated with SARS-CoV-2 for 1 h at a multiplicity of infection (MOI) of 0.1, then supplemented with DMEM maintenance medium containing 1% BSA and penicillin-streptomycin. Cells were cultured at 37°C in a 5% CO2 incubator for additional 6 and 12 hours. Cultured cells were washed twice with PBS before collection. All experiments involving live SARS-CoV-2 were performed in Biosafety Level 3 (BSL-3) facility.



RNA preparation for sRNA sequencing

Total RNA was isolated from non-infected and infected (6 hpi and 12 hpi) Vero cell according to the previous methods with mere modification. In brief, using TRIzol reagent (Thermo Fisher) in BSL-3 laboratory following the manufacturer’s instruction. In brief, 2.5 × 105 infected cells were lysed with 1 mL TRIzol reagent, mixed with 400 μL chloroform then vortexed for 1 min. After incubation on ice for 5 min, the mixture was centrifuged at 12,000 × g (at 4°C) for 20 min. The aqueous layer was extracted and mixed with 2.5 volume of ethanol for precipitation at −20°C overnight, followed by recovering through centrifugation, washing with 75% ethanol, air-drying and dissolving with DEPC-treated water.

After quality evaluation by Nanodrop spectrophotometer, the integrity of RNA concentration was subsequently examined on bioanalyzer. With the RNA integrity number (RIN) > 7.0, RNA concentration was utilized for sRNA library preparation. In general, 1 μg of total RNA was used for single library construction using NEBNext® Multiplex Small RNA Library Prep Set for Illumina (NEB) following the manufacturer’s instructions. All sRNA libraries were prepared in biological duplicates. The libraries were qualified by Agilent 2100 Bioanalyzer system and then sequenced on NextseqCN500 Illumina platform.



SRNA sequencing

Raw reads were trimmed of adapters by SPORTS1.1 (with the parameter sports.pl -i -p -g -m -r -t -w -o -k -L 50 -M 1 -e -f -a -y AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC) to remove low quality reads (81). Cleaned reads were mapped to human (Build version GRCh38, NCBI) reference genome with bowtie v0.12.7 with parameters allowing 1-bp mismatch (-v 1 -k 10 -S -t –p). Reads that did not align to human genome were mapped to SARS-CoV-2 (assembly Jul.2020/NC_045512.2, NCBI) reference genome using bowtie with parameters (-v 1 -k 10 -S -t –p). Mapped reads on sense and antisense strands were extracted to perform downstream analyses.



The differentially expressed miRNA analysis

The expression of miRNAs was measured using featureCounts v2.0.1 in subread with standard parameters (82) using annotations from miRbase (83). miRNA expression levels were normalized as counts per million (CPM) of total aligned miRNA reads. The CPM level was used to measure the expression level of each mature miRNA. DEseq2 v1.32.0 in R package was applied for identifying differentially expressed miRNAs (84). miRNAs with fold change ≥ 1.5, adjusted P value ≤ 0.05 were recognized as DE miRNAs.



Targets prediction of the DE miRNAs

We used mirDIP (http://ophid.utoronto.ca/mirDIP/) to predict human target genes of DE miRNAs based on the sequence matching and free energy assessment of miRNA-3’UTR binding (85). The prediction parameters were performed as follows, score class-Very High, integrated Score ≥ 0.6. The overlapped results from multiple databases were considered as DE miRNA targets.



Gene ontology and KEGG pathway analysis of target genes

For better understanding of the function miRNAs played through targeting human genome, Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of target genes were performed through the clusterProfiler v4.0.5 package in R with adjusted P value ≤ 0.05 as threshold for significance.



Size distribution

The size distribution of virus-derived sRNAs were performed using in-house python script. Reads mapping to human genome and viral genome of SARS-CoV-2 were extracted by SAMtools v1.9 (86) and computed with python script. For host small RNAs, mapped reads range from 18 nt to 28 nt were displayed in bar plot. For virus-derived sRNAs, mapped reads range from 18 nt to 35 nt were displayed in bar plot.
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Supplementary Figure 1 | Description of sRNA libraries in control and SARS-CoV-2-infected Vero cells. (A) Correlation of miRNA reads between two biological replicates in control and SARS-CoV-2-infected (6 hpi/12 hpi) Vero cells. (B) PCA plot of miRNA-seq libraries of control and virus-infected (6 hpi/12 hpi) Vero cells.

Supplementary Figure 2 | The major length of host small RNAs without miR-21 concentrates in 22 and 23 nt. (A) Size distribution of total small RNAs without 22 and 23-nt miR-21 isoforms in control and virus-infected (6 hpi/12 hpi) Vero cells. Clean reads are aligned to the human reference. Mapped reads without matching to tRNA and rRNA are analyzed to remove 22 and 23-nt miR-21 isoforms. The remaining sRNAs are classified by length and are shown as read counts. Pie plots represent sRNAs initiated with A/U/C/G in control and virus-infected Vero cells. (B) Size distribution of host miRNAs without 22 and 23-nt miR-21 isoforms in control and virus-infected (6 hpi/12 hpi) Vero cells. The population of miRNAs are classified by length and are shown as read counts. Pie plots represent miRNAs initiated with A/U/C/G in control and virus-infected Vero cells.

Supplementary Figure 3 | The accumulation of vsRNAs along SARS-CoV-2 genome in Vero cell line. (A) Distribution of 18-35 nt virus-derived sRNAs mapping to positive and negative strand of SARS-CoV-2 genome in control and virus-infected (6 hpi/12 hpi) Vero cells. The small RNA abundance is presented as reads counts along the viral genome (n=2). (B) Distribution of 22-nt virus-derived sRNAs mapping to positive and negative strand of SARS-CoV-2 genome in control and virus-infected (6 hpi/12 hpi) Vero cells. The 22-nt small RNA abundance is presented as reads counts along the viral genome. Arrows represent the locus where read sequences are analyzed (See Figure 4B) (n=2).

Supplementary Figure 4 | The size distribution of vsRNAs along viral genome in SARS-CoV-2 infected cell lines. (A) Size distribution and abundance of 18-35 nt vsRNAs in SARS-CoV-2 infected Calu-3, PC-9, A549-hACE2 cells at different post-infection time points from Pawlica et al., 2021. Pie plots represent vsRNAs initiated with A/U/C/G at positive and negative strands. (B) Size distribution and abundance of 18-35 nt vsRNAs in SARS-CoV-2 infected A549-hACE2 cells and Calu-3 cells at different post-infection time points from Singh et al., 2022 and Meng et al., 2021. Pie plots represent vsRNAs initiated with A/U/C/G at negative strand. (C) Size distribution and abundance of 18-35 nt vsRNAs in SARS-CoV-2 infected Calu-3 at 4, 12, 24 hpi from Wyler et al., 2021. Pie plots represent vsRNAs initiated with A/U/C/G at positive and negative strands. (D) Size distribution and abundance of 18-35 nt vsRNAs in SARS-CoV-2 infected Calu-3 at 24, 36 and 48 hpi from Kim et al., 2021. Pie plots represent vsRNAs initiated with A/U/C/G in positive and negative strands.

Supplementary Figure 5 | SINV forms continuous 20-nt perfect complementary base pairs with 2-nt 3’ overhang. Read sequences along the 5’-terminal 120 nt sequence of SINV genome. Read counts (in brackets), read length and genomic position are indicated and mismatched bases are mentioned in red.
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