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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a lasting threat to public health. To minimize the viral spread, it is essential to develop more reliable approaches for early diagnosis of the infection and immediate suppression of the viral replication. Herein, through computational prediction of SARS-CoV-2 genome and screening analysis of specimens from covid-19 patients, we predicted 15 precursors for SARS-CoV-2-encoded miRNAs (CvmiRNAs) containing 20 mature CvmiRNAs, in which CvmiR-2 was successfully detected by quantitative analysis in both serum and nasal swab samples of patients. CvmiR-2 showed high specificity in distinguishing covid-19 patients from normal controls, and high conservation between SARS-CoV-2 and its mutants. A positive correlation was observed between the CvmiR-2 expression level and the severity of patients. The biogenesis and expression of CvmiR-2 were validated in the pre-CvmiR-2-transfected A549 cells, showing a dose-dependent pattern. The sequence of CvmiR-2 was validated by sequencing analysis of human cells infected by either SARS-CoV-2 or pre-CvmiR-2. Target gene prediction analysis suggested CvmiR-2 may be involved in the regulation of the immune response, muscle pain and/or neurological disorders in covid-19 patients. In conclusion, the current study identified a novel v-miRNA encoded by SARS-CoV-2 upon infection of human cells, which holds the potential to serve as a diagnostic biomarker or a therapeutic target in clinic.
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Introduction

Since the outbreak of coronavirus disease 2019 (covid-19) in early 2020, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has kept the epidemic going globally for three years through its cunning method of mutation. Up to the end of 2022, there have been 660 million confirmed cases, including 6.7 million deaths, across ~200 countries. The global economy suffered too much from the pandemic. It is essential to determine the pathological mechanisms and develop new conservative biomarkers for early diagnosis and immediate treatment after infection.

MicroRNAs (miRNAs), a class of small non-coding RNAs with approximately 18−25 nucleotides in length, are believed to regulate diverse biological processes and various human diseases by regulating gene expression through translational inhibition and/or epigenetic modification. Viruses cleverly use miRNA regulatory systems as a strategy to circumvent host defense mechanisms and regulate fundamental biological processes. Since the first report of virus-derived miRNAs (v-miRs) in the Epstein-Barr virus (EBV) infected cells (Pfeffer et al., 2004), evidence have demonstrated that viruses could encode v-miRs using either canonical or non-canonical miRNA biogenesis pathways (Tycowski et al., 2015). A number of RNA sequencing data have revealed a new non-canonical approach for v-miR biogenesis independent of nuclear microprocessors (Ruby et al., 2007; Babiarz et al., 2008). Cytoplasmic translocation of Drosha during viral infection may be a mechanism for the generation of v-miRs derived from RNA viruses (Shapiro et al., 2012). So far, around 1,300 mature v-miRs have been registered in the VIRmiRNA database (Qi et al., 2006; Qureshi et al., 2014). Although v-miRs derived from DNA viruses have been well described, RNA virus-encoded v-miR study remains at the beginning stage.

A few RNA viruses have been reported to encode v-miRs including West Nile virus (WNV) (Hussain et al., 2012), HIV retrovirus (Omoto and Fujii, 2005; Kaul et al., 2009), Ebola filovirus (Liang et al., 2014; Chen et al., 2016; Duy et al., 2018), and H5N1 influenza virus (Li et al., 2018). v-miRs may circumvent the immune response and extend the longevity of infected cells. For example, KUN-miR-1 encoded by WNV Kunjin was reported to reduce host resistance and promote viral infection, as was HIV1-miR-H1 encoded by HIV (Brennecke et al., 2005; Kaul et al., 2009; Hussain et al., 2012). In addition, circulating v-miRs have been successfully detected in serums of the infected patients, such as circulating vmiRNA-367 encoded by HIV-1 (Omoto et al., 2004) and circulating miR-VP-3p encoded by the Ebola virus (Chen et al., 2016).

v-miRs encoded by SARS-CoV-2 have been reported recently by literature (Arisan et al., 2020; Sacar Demirci and Adan, 2020) and our previous study (Zhao et al., 2022a). MR147-3p was primarily predicted from SARS-CoV-2 viral genome and further validated in the SARS-CoV-2-infected Vero E6 cells (Liu et al., 2021). Zheng et al. identified SARS-CoV-2-encoded miR-nsp3-3p in the serum of patients (Fu et al., 2021). Our previous work identified CvmiR-5-5p in the patients’ serums and sputum samples (Zhao et al., 2022a). The current study identified a novel v-miR, named CvmiR-2, in the nasal swab and serum samples of covid-19 patients, which was specifically encoded by SARS-CoV-2, and highly conserved between SARS-CoV-2 and its mutants. It showed higher levels in severe patients, compared to non-severe ones. Transfection of the CvmiR-2 precursor into human alveolar basal epithelial cell line A549 led to biogenesis of mature CvmiR-2. 1,248 human genes were predicted as targets of CvmiR-2. Pathway analysis suggested CvmiR-2 involvement in the regulation of the immune response, muscle pain, and/or neurological disorders in patients. The current study not only identified a novel v-miR encoded by SARS-CoV-2, but also provided a potential target for early diagnosis and/or gene therapeutic of covid-19 patients.





Materials and methods




Sample collection

Patient samples were collected by Shanghai Pudong Center for Disease Control & Prevention. Negative control samples were collected by Shanghai East Hospital. All the procedures were approved by the Institutional Review Board (IRB) of Shanghai East Hospital (2022-Yanshen-013). All patients were provided with a written informed consent form.





CvmiRNAs prediction

The genome sequence of the SARS-CoV-2 virus (MN908947.3) was used to predict vmiRNAs by using miRPara6.3 (Wu et al., 2011). SVM probability >0.99 was applied for parameter filtering of mature vmiRNAs (Zhao et al., 2022a). The website of mfold (http://www.unafold.org/) was employed to predict the secondary structure of pre-CvmiRNAs. Pre-CvmiR sequence we identified has been accepted in GenBank (GenBank ON124949 - ON124951). Pre-CvmiR-2 is available at https://www.ncbi.nlm.nih.gov/nuccore/ON124949.





Cells, vectors, and transfection

A549 cells were originally purchased from ATCC, and cultured in DMEM containing 10% FBS (Gibco, USA), penicillin (100 U/mL), and streptomycin (100 μg/mL). The sequence of pre-CvmiR-2: 5’ AUCAAACGUUCGGAUGCUCGAACUGCACCUCAUGGUCAUGUUAUGGUUGAGCUGGUAGCAGAACUCGAAGGCAUUCAGUACG 3’, which was synthesized by GeneScript (Nanjing, China), and cloned into pcDNA3.1 plasmid. An empty vector was used as a negative control. pcDNA3.1-pre-CvmiR-2/NC plasmid was transfected into A549 cells for 24 hours according to the manufacturer’s instructions of Lipofectamine 2000 (Invitrogen) with a final concentration of 0.25 μg/mL.





QRT-PCR analysis

Total RNA of patient samples was extracted using MagNA Pure 96 DNA and Viral NA Small Volume Kit (Roche, Mannheim, Germany) and MagNA Pure 96 Instrument (Roche, Mannheim, Germany) following the manufacturer’s instruction. Total RNA of A549 cells was extracted using Trizol reagent (Invitrogen, United States) according to standard procedure. Covid-19 Real-Time PCR Kit (BioGerm, Shanghai, China) was used for lab testing. CvmiRs were quantitatively analyzed as described in our previous publication (Zhao et al., 2022b). 50-200 ng of total RNA was first treated with DNase I (Promega, USA) and further used to prepare the first-strand cDNA of CvmiRs using the M&G miRNA Reverse Transcription Kit (miRGenes, China) according to the manufacturer’s instructions. The SYBR Green Master Mix (Applied Biosystem, United States) and QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystem, United States) were used for real-time PCR analysis. Then, 5s rRNA and hsa-miR-16 were used as internal controls for normalization. Forward primer sequences for CvmiR-2: 5′ GGUAGCAGAACUCGAAGGCA 3′; Ctrl1: 5′ TGGTCATGTTATGGTTG 3′; Ctrl2: 5′ ATCAAACGTTCGGAT 3′; 5s rRNA, 5′ AGTACTTGGATGGGAGACCG 3′; hsa-miR-16: 5′ TAGCAGCACGTAAATATTGGCG 3′. All primers were synthesized by GenScript (Nanjing, China).





MiRNA target prediction and pathway analysis

The software of miRanda was applied to predict human target genes of CvmiR-2. The online tool of WebGestalt (http://www.webgestalt.org/) was used to perform the pathway analysis. An online tool (http://www.bioinformatics.com.cn) was applied to generate the pathway color scale bar graph.





Public dataset

Datasets (GSE148729, GSE183280) of small RNA sequencing of SARS-CoV-2 virus-infected Calu-3 cells (Wyler et al., 2021) or A549-hACE2. Calu3 and PC-9 were used for CvmiR validation. An online tool (http://www.bioinformatics.com.cn) was applied to generate the sequence logo diagrams. Datasets (GSE176498, GSE166160) of small RNA sequencing of COVID-19 patients’ samples were applied to analyze the correlation between CvmiR-2 expression and severity of patients. An RNA-seq dataset of SARS-CoV-2-infected iPS-derived AT2s (iAT2s) was used to derive differentially expressed mRNAs (Hekman et al., 2020).





Statistical analysis

Data are presented as mean ± SEM unless otherwise stated. Standard two-tailed student’s t-test was applied for statistical analysis, in which p<0.05 was considered as significant.






Results




Prediction of SARS-CoV-2-encoded v-miRs

A total of 9,367 mature miRNA sequences in 55 precursor fragments were predicted by screening analysis of the SARS-CoV-2 viral genome using the miRPara6.3 tool as shown in Figure 1A and Supplemental Table S1. After a cut-off with an SVM probability score>0.99, twenty mature miRNA sequences (named CvmiRNAs) from the 15 precursors were considered as SARS-CoV-2-encoded v-miR candidates (Figure 1B). The location and sequence information of the 15 v-miR precursors were indicated in Figures 1B, C. The hairpin secondary structure of the 15 precursors was formed using the mFold program, and shown in Supplemental Figure S1, in which the mature sequences of CvmiRNAs at either 5’ and/or 3’ arms were highlighted. CvmiR-2 was selected for further analysis in the current study due to its sequence conservation in SARS-CoV-2 and mutants.




Figure 1 | Prediction of SARS-CoV-2-encoded v-miRs. (A) The flow chart for the v-miR analysis. (B) The sequence information of the 15 predicted v-miR precursors. 20 predicted mature v-miRs were highlighted in red. (C) Schematic indication of the 15 v-miR precursor locations in the genome of SARS-CoV-2.







Sequence conservation of CvmiR-2 in SARS-CoV-2 and its mutants

By applying a sequence blast analysis of 9 kinds of known coronaviruses, we found that the sequence of CvmiR-2 was specific to the SARS-CoV-2 family, highly conserved (100% conservation) between SARS-CoV-2 and its two known mutants including Delta strain and Omicron strain, while poorly conserved (80.9% conservation) between SARS-CoV-2 and SARS-CoV (Figure 2). There were no similar sequences detected in the other five coronaviruses, such as MERS_CoV, HCoV_HKU1, HCoV_OC43, HCoV_NL63, and HCoV_229E (Figure 2).




Figure 2 | Conservation of CvmiR-2 in SARS-CoV-2 and its mutants. Sequence alignment analysis between CvmiR-2 and SARS-CoV-2, SARS-CoV-2_Delta, SARS-CoV-2_Omicron, SARS_CoV, MERS_CoV, HCoV_HKU1, HCoV_OC43, HCoV_NL63, and HCoV_229E.







Detection of CvmiR-2 in covid-19 patients

In order to validate the expression of CvmiR-2 in SARS-CoV-2-infected patients, we performed quantitative analysis of CvmiR-2 in 10 nasal swab samples and 8 serum samples from covid-19 patients, and the same number of normal controls as well. Endogenous hsa-miR-16 was used as an internal control. As shown in Figures 3A–C and Supplemental Table S2-1, CvmiR-2 was amplified in all the 10 nasal swab samples with the absolute Ct (cycle threshold) values between 29 to 35 (Figures 3A, C, Supplemental Table S2-1), while undetectable in negative controls (Figures 3B, C, Supplemental Table S2-1). Similarly, we detected the expression of CvmiR-2 in 8 serum samples with absolute Ct values ~32-36 (Figure 3D, Supplemental Table S2-2), while it was undetectable in all negative controls (Figures 3E, F; Supplemental Table S2-2). If we set Ct value 35 as a positive signal cutoff, 9 of the 10 nasal swab samples and 4 of the 8 serum samples from patients showed positive, while all the normal control samples showed negative (Supplemental Table S2).




Figure 3 | Detection of CvmiR-2 in covid-19 patients. (A, B) Amplification curves of CvmiR-2 by QRT-PCR analysis in 10 nasal swab samples from covid-19 patients (A) and 10 nasal swab samples from normal controls (B). Hsa-miR-16 served as internal control. (C) Quantitative analysis of A and B. Absolute cycle threshold (Ct) values of both CvmiR-2 and hsa-miR-16 were shown. (D, E) Amplification curves of CvmiR-2 by QRT-PCR analysis in 8 serum samples from covid-19 patients (D) and 8 serum samples from normal controls (E). Circulating hsa-miR-16 served as internal control. (F) Quantitative analysis of D and E. (G) Comparison of the CvmiR-2 levels in 5 nasal swab samples and matched 5 serum samples from the same patients. (H) Higher levels of CvmiR-2 levels in severe patients than that in non-severe patients (n=17 in each group). Data were derived from a public dataset GSE176498. (I) Higher levels of CvmiR-2 levels in severe patients (n=50) than that in moderate patients (n=45). Data were derived from a public dataset GSE166160. *p<0.05.



We further applied a comparison of CvmiR-2 abundance between the nasal swabs and serum samples. In the 10 nasal swab samples and 8 serum samples above, 5 were matched and collected from the same patients (patient # 1-5). As shown in Figure 3G, the CvmiR-2 sensitivity between nasal swabs and serums did not indicate a stable pattern. Analysis of a larger number of samples will be required to come to a conclusion.

In order to identify the relationship between CvmiR-2 expression and the severity of covid-19 patients, a public dataset (GSE176498) of small RNA sequencing profiles in severe and non-severe covid-19 patients was applied. As a result, higher levels of CvmiR-2 were observed in severe covid-19 patients, compared to non-severe ones (Figure 3H; Supplemental Table S3). An additional dataset (GSE166160) of small RNA sequencing profiles in moderate and severe covid-19 patients further confirmed the positive correlation between the CvmiR-2 expression levels and the disease severity in patients with COVID-19 (Figure 3I; Supplemental Table S4).





Validation of CvmiR-2 biogenesis in human cells

In order to validate the biogenesis of CvmiR-2 from SARS-CoV-2 upon human infection, the precursor sequence of CvmiR-2 was synthesized and cloned into a pcDNA vector (Figures 4A, B), followed by transfection into human alveolar basal epithelial cell line A549. Quantitative PCR analysis demonstrated the biogenesis and exponential amplification of mature CvmiR-2 (Figures 4C, D; Supplemental Table S5). As expected, its expression exhibited a concentration-dependent pattern (Figure 4E).




Figure 4 | Validation of CvmiR-2 biogenesis in human cells. (A) Secondary structure of pre-CvmiR-2. Mature CvmiR-2 was highlighted. (B) Structure of the pcDNA 3.1 plasmid carrying pre-CvmiR-2. The sequence of predicted mature CvmiR-2 was highlighted in red. (C) QRT-PCR analysis of CvmiR-2 in A549 cells before and after transfection with pre-CvmiR-2. Hsa-miR-16 served as an internal control. Ctr1 and Ctrl2 primers matched to other regions of pre-CvmiR-2. (D) The expression of CvmiR-2 in A549 cells with or without transfection with pre-CvmiR-2. (E) Quantitative analysis of CvmiR-2 in A549 cells transfected with different concentrations of pre-CvmiR-2. (F) Representative sequencing results of CvmiR-2 in C. (G) The sequence alignment of CvmiR-2 from 30 clones indicating three isomiRs with 21nt, 25nt, and 28nt in length, respectively. (H) The sequence alignment of CvmiR-2 from 67 reads in a public dataset GSE148729 of small RNA sequencing profiles in SARS-CoV-2-infected Calu-3 cells. (I) The sequence alignment of CvmiR-2 from 30 reads in a public dataset GSE183280 of small RNA sequencing profiles in SARS-CoV-2-infected PC-9 cells. Data are presented as the mean ± SEM (n=3). **p<0.01.



In order to further validate the sequence of mature CvmiR-2, PCR products of CvmiR-2 in Figure 4C were further purified and cloned into TOPO-vector. Thirty clones were randomly selected for sequencing analysis. Figure 4F showed representative sequencing results. The sequence alignment demonstrated the enrichment of CvmiR-2 with 21nt in length, and the other two isomiRs with 25nt and 28nt in length, respectively (Figure 4G). To double validate the biogenesis and sequence of CvmiR-2 from the SARS-CoV-2 genome, a public dataset (GSE148729) of small RNA deep sequencing profiles in SARS-CoV-2 infected human cells yielded 67 reads, matching both software-predicted and A549-generated CvmiR-2 in sequence (Figure 4H; Supplemental Table S6). Another dataset (GSE183280) of small RNA sequencing profiles further confirmed the expression of CvmiR-2 in the SARS-CoV-2 infected human cells (Figure 4I; Supplemental Table S7).





Correlation between CvmiR-2 and the symptoms

In addition to the diagnostic value, CvmiR-2 may have the potential to be a therapeutic target in the treatment of covid-19 patients. Application of a miRNA target prediction tool (miRanda) predicted 6,678 human genes potentially targeted by CvmiR-2 upon infection. After overlapping with 3,713 DEGs (different expression genes) of RNA-seq data in the SARS-CoV-2-infected iAT2 cells, 1,248 genes were more likely to be the targets of CvmiR-2 in human cells (Figure 5A). Reactome pathway analysis of the 1,248 genes suggested regulation of the immune system, toll-like receptors, and neurons (Figure 5B, Supplemental Table S8-1), which were confirmed by Gene Ontology (GO) analysis (Figure 5C, Supplemental Table S8-2). In addition, smooth muscle cells showed regulation by CvmiR-2 (Figure 5C, Supplemental Table S8-2). In view of the common symptoms in covid-19 patients, such as fatigue, muscle pain, neurological disorders, et al, this information may indicate CvmiR-2 involvement in the pathology of the symptoms in covid-19 patients.




Figure 5 | Pathway analysis of the predicted target genes of CvmiR-2. (A) 1,248 human genes overlapped between the 6,678 predicted potential target genes of CvmiR-2 and 3,713 DEGs in SARS-CoV-2-infected human cells. (B, C) Pathway analyses of the 1,248 genes by Reactome (B) and GO (C).



Similarly, we applied the target prediction and pathway analysis to the other 19 predicted CvmiRs in Figure 1B to indicate their potential in the diagnosis, prognosis and/or treatment of patients with COVID-19 (Supplemental Table S9).






Discussion

Although small non-coding RNAs in mammals have been widely studied with the potential to serve as diagnostic biomarkers or therapeutic targets of diseases, our understanding of the virus-encoded small non-coding RNAs remains very limited, especially for RNA viruses which are not expected to encode small non-coding RNAs to avoid self-degradation. However, emerging evidence has revealed v-miRs derived from multiple types of RNA viruses including Ebola (Chen et al., 2016), H5N1 (Li et al., 2018),and HIV (Schopman et al., 2012).

Only a few studies about small non-coding RNAs encoded by SARS-CoV-2 were reported, in which computational prediction was primarily applied to scan the viral genome, followed by QRT-PCR validation and/or deep sequencing analysis using either serum samples from patients or human cell lines infected by SARS-CoV-2 (Khan et al., 2020; Aydemir et al., 2021; Fu et al., 2021; Li et al., 2021; Liu et al., 2021). MR147-3p and miR-nsp3-3p are the first two small non-coding RNAs identified in SARS-CoV-2-infected cells, holding diagnostic value to predict the risk of covid-19 patients (Fu et al., 2021; Liu et al., 2021). However, the biogenesis of v-miRs from the SARS-CoV-2 virus remains to be determined as yet. The canonical approach for miRNA biogenesis has been well demonstrated, through which pri-miRNAs are further processed to pre-miRNAs to form hairpin structures by the nuclear microprocessor Drosha (Krol et al., 2010; Nanbo et al., 2021). Pre-miRNAs are transported from the nucleolus to the cytoplasm by Exportin-5 and further cleaved by Dicer to form mature miRNAs (Krol et al., 2010). Since the replication of most RNA viruses is completed in the cytoplasm of host cells (Nanbo et al., 2021), the biogenesis of CvmiRs from SARS-CoV-2 may be different from the canonical approach, which is either independent of nuclear microprocessors (Ruby et al., 2007; Babiarz et al., 2008), or relying on the cytoplasmic translocation of Drosha, or through other novel approaches.

Our previous work identified CvmiR-5-5p in covid-19 patients with the potential to mediate the nervous disorder regulation in patients (Zhao et al., 2022a). In order to exclude the amplification of degraded viral fragments, we used a method of adding poly(A) tails to small RNAs, followed by reverse transcription and PCR using an artificial sequence of universal primer. During our CvmiR screening analysis, we tested 20 predicted mature vmiRs by RT-PCR, in which CvmiR-2 and CvmiR-5 showed exponential amplifications with stable signals in covid-19 patients. The current study focused on CvmiR-2 to demonstrate its potential to serve as a diagnostic biomarker or a therapeutic target in COVID-19.

Zheng et al. identified miR-VP-3p in the serum of Ebola virus-infected patients (Chen et al., 2016). A recent report from the same group identified miR-nsp3-3p in the serum of covid-19 patients and demonstrated its potential to distinguish severe patients from mild/moderate ones (Fu et al., 2021). It was thus suggested that virus-derived small non-coding RNAs can serve for earlier diagnosis and risk prediction. In this study, we detected CvmiR-2 expression in both nasal swabs and serum samples of patients. More importantly, it is highly conserved between SARS-CoV-2 and its mutants. A positive correlation between the CvmiR-2 level and patients’ severity was observed, supporting the risk prediction potential of CvmiR-2. Moreover, because of the sequence conservation of CvmiR-2, its biomarker potential may be viral mutants-independent. It is detectable in patients infected by either original SARS-CoV-2 or its variants Delta or Omicron.

We analyzed the potential target genes of CvmiR-2 in human cells. The immune system was identified as one of the main pathways probably regulated by CvmiR-2. In view of the immune response to viral infection, CvmiR-2 may be one of the virus-derived exogenous molecules to activate or suppress the immune response. In addition, regulations of smooth muscle cell migration and neuron death by CvmiR-2 were predicted, suggesting CvmiR-2 involvement in the symptoms in covid-19 patients, such as fatigue, muscle pain, and/or neurological disorders. However, experimental validation will be required before further consideration for translational application.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The studies involving human participants were reviewed and approved by The Institutional Review Board (IRB) of Shanghai East Hospital (2022-Yanshen-013). The patients/participants provided their written informed consent to participate in this study.





Author contributions

ZY, LH, and XZ designed the research and wrote the paper. QZ, JL, YG, and QW performed gene expression and cellular analyses. BZ and SY collected samples and did part of the analysis; QZ did data analysis. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by Start Funding to ZY from Shanghai East Hospital and grant PKJ2020-Y30 from the Shanghai Pudong Technology and Economic Commission.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1190870/full#supplementary-material




References

 Arisan, E. D., Dart, A., Grant, G. H., Arisan, S., Cuhadaroglu, S., Lange, S., et al. (2020). The prediction of miRNAs in SARS-CoV-2 genomes: hsa-miR databases identify 7 key miRs linked to host responses and virus pathogenicity-related KEGG pathways significant for comorbidities. Viruses 12 (6), 614. doi: 10.3390/v12060614

 Aydemir, M. N., Aydemir, H. B., Korkmaz, E. M., Budak, M., Cekin, N., and Pinarbasi, E., et al. (2021). Computationally predicted SARS-COV-2 encoded microRNAs target NFKB, JAK/STAT and TGFB signaling pathways. Gene Rep. 22, 101012. doi: 10.1016/j.genrep.2020.101012

 Babiarz, J. E., Ruby, J. G., Wang, Y., Bartel, D. P., and Blelloch, R. (2008). Mouse ES cells express endogenous shRNAs, siRNAs, and other microprocessor-independent, dicer-dependent small RNAs. Genes Dev. 22 (20), 2773–2785. doi: 10.1101/gad.1705308

 Brennecke, J., Stark, A., Russell, R. B., and Cohen, S. M. (2005). Principles of microRNA-target recognition. PloS Biol. 3, e85. doi: 10.1371/journal.pbio.0030085

 Chen, Z., Liang, H., Chen, X., Ke, Y., Zhou, Z., Yang, M., et al. (2016). An Ebola virus-encoded microRNA fragment serves as a biomarker for early diagnosis of Ebola virus disease. Cell Res. 26, 380–383. doi: 10.1038/cr.2016.21

 Duy, J., Honko, A. N., Altamura, L. A., Bixler, S. L., Wollen-Roberts, S., Wauquier, N., et al. (2018). Virus-encoded miRNAs in Ebola virus disease. Sci. Rep. 8, 6480. doi: 10.1038/s41598-018-23916-z

 Fu, Z., Wang, J., Wang, Z., Sun, Y., Wu, J., Zhang, Y., et al. (2021). A virus-derived microRNA small RNA serves as a serum biomarker to prioritize the COVID-19 patients at high risk of developing severe disease. Cell Discovery 7, 48. doi: 10.1038/s41421-021-00289-8

 Hekman, R. M., Hume, A. J., Goel, R. K., Abo, K. M., Huang, J., Blum, B. C., et al. (2020). Actionable cytopathogenic host responses of human alveolar type 2 cells to SARS-CoV-2. Mol. Cell 80, 1104–1122.e1109. doi: 10.1016/j.molcel.2020.11.028

 Hussain, M., Torres, S., Schnettler, E., Funk, A., Grundhoff, A., Pijlman, G. P., et al. (2012). West Nile Virus encodes a microRNA small RNA in the 3’ untranslated region which up-regulates GATA4 mRNA and facilitates virus replication in mosquito cells. Nucleic Acids Res. 40, 2210–2223. doi: 10.1093/nar/gkr848

 Kaul, D., Ahlawat, A., and Gupta, S. D. (2009). HIV-1 genome-encoded hiv1-mir-H1 impairs cellular responses to infection. Mol. Cell Biochem. 323, 143–148. doi: 10.1007/s11010-008-9973-4

 Khan, M. A., Sany, M. R. U., Islam, M. S., and Islam, A. (2020). Epigenetic regulator miRNA pattern differences among SARS-CoV, SARS-CoV-2, and SARS-CoV-2 world-wide isolates delineated the mystery behind the epic pathogenicity and distinct clinical characteristics of pandemic COVID-19. Front. Genet. 11. doi: 10.3389/fgene.2020.00765

 Krol, J., Loedige, I., and Filipowicz, W. (2010). The widespread regulation of microRNA biogenesis, function and decay. Nat. Rev. Genet. 11 (9), 597–610. doi: 10.1038/nrg2843

 Li, X., Fu, Z., Liang, H., Wang, Y., Qi, X., Ding, M., et al. (2018). H5N1 influenza virus-specific miRNA small RNA increases cytokine production and mouse mortality via targeting poly(rC)-binding protein 2. Cell Res. 28, 157–171. doi: 10.1038/cr.2018.3

 Li, C. X., Chen, J., Lv, S. K., Li, J. H., Li, L. L., and Hu, X. (2021). Whole-transcriptome RNA sequencing reveals significant differentially expressed mRNAs, miRNAs, and lncRNAs and related regulating biological pathways in the peripheral blood of COVID-19 patients. Mediators Inflammation 2021, 6635925. doi: 10.1155/2021/6635925

 Liang, H., Zhou, Z., Zhang, S., Zen, K., Chen, X., and Zhang, C. (2014). Identification of Ebola virus microRNAs and their putative pathological function. Sci. China Life Sci. 57, 973–981. doi: 10.1007/s11427-014-4759-2

 Liu, Z., Wang, J., Ge, Y., Xu, Y., Guo, M., Mi, K., et al. (2021). SARS-CoV-2 encoded microRNAs are involved in the process of virus infection and host immune response. J. BioMed. Res. 35, 216–227. doi: 10.7555/JBR.35.20200154

 Nanbo, A., Furuyama, W., and Lin, Z. (2021). RNA Virus-encoded miRNAs: current insights and future challenges. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.679210

 Omoto, S., Ito, M., Tsutsumi, Y., Ichikawa, Y., Okuyama, H., Brisibe, E. A., et al. (2004). HIV-1 nef suppression by virally encoded microRNA. Retrovirology 1, 44. doi: 10.1186/1742-4690-1-44

 Omoto, S., and Fujii, Y. R. (2005). Regulation of human immunodeficiency virus 1 transcription by nef microRNA. J. Gen. Virol. 86, 751–755. doi: 10.1099/vir.0.80449-0

 Pfeffer, S., Zavolan, M., Grässer, F. A., Chien, M., Russo, J. J., Ju, J., et al. (2004). Identification of virus-encoded microRNAs. Science 304 (5671), 734–736. doi: 10.1126/science.1096781

 Qi, P., Han, J. X., Lu, Y. Q., Wang, C., and Bu, F. F. (2006). Virus-encoded microRNAs: future therapeutic targets? Cell Mol. Immunol. 3, 411–419.

 Qureshi, A., Thakur, N., Monga, I., Thakur, A., and Kumar, M. (2014). VIRmiRNA: a comprehensive resource for experimentally validated viral miRNAs and their targets. Database 2014, bau103. doi: 10.1093/database/bau103

 Ruby, J. G., Jan, C. H., and Bartel, D. P. (2007). Intronic microRNA precursors that bypass drosha processing. Nature 448 (7149), 83–86. doi: 10.1038/nature05983

 Sacar Demirci, M. D., and Adan, A. (2020). Computational analysis of microRNA-mediated interactions in SARS-CoV-2 infection. PeerJ 8, e9369. doi: 10.7717/peerj.9369

 Schopman, N. C., Willemsen, M., Liu, Y. P., Bradley, T., van Kampen, A., Baas, F., et al. (2012). Deep sequencing of virus-infected cells reveals HIV-encoded small RNAs. Nucleic Acids Res. 40, 414–427. doi: 10.1093/nar/gkr719

 Shapiro, J. S., Langlois, R. A., Pham, A. M., and Tenoever, B. R. (2012). Evidence for a cytoplasmic microprocessor of pri-miRNAs. RNA 18 (7), 1338–1346. doi: 10.1261/rna.032268.112

 Tycowski, K. T., Guo, Y. E., Lee, N., Moss, W. N., Vallery, T. K., Xie, M., et al. (2015). Viral noncoding RNAs: more surprises. Genes Dev. 29, 567–584. doi: 10.1101/gad.259077.115

 Wu, Y., Wei, B., Liu, H., Li, T., and Rayner, S. (2011). MiRPara: a SVM-based software tool for prediction of most probable microRNA coding regions in genome scale sequences. BMC Bioinf. 12, 107. doi: 10.1186/1471-2105-12-107

 Wyler, E., Mösbauer, K., Franke, V., Diag, A., Gottula, L. T., Arsiè, R., et al. (2021). Transcriptomic profiling of SARS-CoV-2 infected human cell lines identifies HSP90 as target for COVID-19 therapy. iScience 24, 102151. doi: 10.1016/j.isci.2021.102151

 Zhao, Q., Wang, Q., Zhao, B., Wang, Y., Lü, J., Guo, Y., et al. (2022a). Identification of a SARS-CoV-2 virus-encoded small non-coding RNA in association with the neurological disorders in COVID-19 patients. Signal Transduct Target Ther. 7, 107. doi: 10.1038/s41392-022-00969-1

 Zhao, Q., Shen, L., Lü, J., Xie, H., Li, D., Shang, Y., et al. (2022b). A circulating miR-19b-based model in diagnosis of human breast cancer. Front. Mol. Biosci. 9. doi: 10.3389/fmolb.2022.980841




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Zhao, Lü, Zhao, Guo, Wang, Yu, Hao, Zhu and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-13-1190870-g004.jpg
bl

§-AUCAAACGUUCGGAUGCUCGAACUGCACCUCAUGGUCAUGUUAUGGUUGAGCUGGUAGCAGAACUCGAAGGCAUUCAGUACG-3'

Relative expression

merret M

precursor CvmiR-2

8
e

<.

a-y

:mu:m""

8

8
22s

°

T g

a—v

>

8

precursor of CvmiR-2

pcDNA3.1 pre-CvmiR-2

Amplifcation Plot

pcDNA3.1

pcDNA3.1 NC

Amplification Plot

9
a\ﬂ
9-u

a~c
J
3

® CvmiR-2-3p

w*

NC pre-CvmiR-2

Cycle
® cCtrl1 ® Ctrl2 ® miR-16

E o
o
50 o
40 o

20 *x

*x

Relative expression

C(ug/mL) 0 0.0625 0.125 0.25 05

[

Probability

I

Probability

Probability

2.0
1.5
1.0
0.5
0.05= + T T 3 =+
TGGTAGCAGAACTCGAAGGCATTCAGTA
21nt (15/30)
,——;25nt (8/30)
28nt (7/30)
sequencing dataset (GSE148729)
¢n=67
2 CvmiR-2
1.
14
0.5.
0.0
sequencing dataset (GSE183280)
¢n=30
20 CvmiR-2
1.5
1.0
0.5
0.0





OEBPS/Images/fcimb-13-1190870-g001.jpg
-

I OQRT-PCRand |

' '

I SVM probability > 0.99 | 1 RNAmfold 1 1 sequencing |

L - | SR — ————m—————

g e
1 H
H i H
SARS-CoV-2 Genome | 9367 mature miR fragments BN SVM score N 20 mature miR fragments Secondary BN Double
(MN908947) prediction in 55 pre-CvmiRNAS filtration in 15 pre-CvmiRNAs [ ] structure validation
Pre-CvmiRNA ID Region  Location CvmiRNA ID Pre-CvmiRNA sequence (5'-3', mature sequences were capitalized in red fond)
pre CymiR-1  ORFla-1 405-480 CvmiR-1  aagauggeacuuguggeUUagUagaaguUgaaaaaggegULUUGeCucaACUUGAACAGCCCUAUGUGUucaucaa
pre CvmiR-2  ORFla-2 476-557 CvmiR-2  aucasacquucggaugeUCgaACUGEaCEUCAUGGUCAUGUUAUGIUUGAgEUG GUAGCAGAACUCGAAGGCAULCagUacy
CvmiR-3-5p
preCvmiR-3  ORFia3 561-622 CvmiR 2.3y 9VCUGGUGAGACACUUGGUGUCEugUOCUCaIgUIRREgARAUACCAGUGGCUUACC G
pre CymR4  ORFla-4 1488-1574 g;::::gs gouguguguueuCUUAUGUUGGUUGCCAUAACAAGUgUgEeUauuggguuccaCGUGCUAGCGCUAACAUAGGUuguaaccauacag
pre CvmiR-5 ORF1a-5 21222197 2:;::23: UgUUUAUGAAAAACUCAAACCCGUCCUUGAUUggeuUgaagagaaguuuaAGGAAGGUGUAGAGUUUCUuagagac
CumiR-6-5p

preCvmiR6  ORF1a§ 23122380  (VTE'cD aauaaauuUGGCUUUGUGUGOUGACUCUAUCAWaULGIUGBAGCUANACUUAAAGCCULGAA UL
preCvmiR-7  ORFla-7 61426210  CvmiR-7  uuuccougacuuaaauggugaugugguggeaLugauvauaaacacUACACACCOUCUUUUAAGAAAGG
pre CvmiR-8  ORF1a-8 12112-12179 CvmiR-8  uucccuuccauCAUAUGCAGCUUUUGCUACUGEucaagaageubaugageagacuguugeuaaugaug
pre CymiR-9  ORF1b-1 17047-17120 CvmiR-9  aagguugguaugcasaaguauucuacacceagggaccaccugguacuggUAAGAG UCAUUUUGCUAUUggecy
pre CvmiR-10  ORF1b-2 19424-19492 CvmiR-10  auauagaUUAUGUACCACUAAAGUCUGEUSCgUGUAUSRCaCUUGCaaUULAgIUIIUICUgUCUGUa
pre CymiR-11  ORF1b-3 20001-20082 CvmiR-11  ugauggucaaguagacuUauuUagaaaugeecguaaUggUIULCUUALLACagAA GGUAGUGUUAAAGGUUUAGaaccaucu
pre CvmiR-12  ORF1b-4 21150-21214 g:::k::g:ggagguUCCGUGGCUAUAAAGAUAACAGAACAMucuuggaaugcugAucUUUAUAAGCUCALIGGGAc
pre CymiR-13 S-1 2270522777 CvmiR-13  agugucuccuacuaaauuaaaugaucucugeuuacuaaugucuaugeagaUl CAUUUGUAAUUAGAGGuUga
pre CymiR-14 S22 2521725277 CvmiR-14  ggUUUUAUAGCUGGCUUGAUUGCCauaguaauggugacaauaugeuugeuguaugacca
pre CymiR-15 M5 2702427091 CvmiR-15  aucacugUUGCUACAUCACGAACGCUULCUUaUUACaaaULGYgagEULCgCagguguageagguga

5

pre- ——
CvmiRs 12 3

4 5 B

25393 26220, 28274 29533






OEBPS/Images/fcimb-13-1190870-g002.jpg
1 5500 11000 16500 22000 273500

SARS_CoV_2 (MN908947.3) %

7/ N

SARS_CoV_2 Delta (B.1.617.2_0M202516) ,/ \_
SARS_CoV_2_Omicron (B.1.1.529_OM570262) \\m
SARS_CoV (NC_004718.3) ,,’ ,’*\—-—

MERS_CoV (NC_019843.3) , // KK \\ . % I S g S S S R
HCoV_HKU1 (NC_006577.2) /' P \—\—\—l—‘—l—_————'
HCoV_0OC43 (NC_006213.1) ,” // /I ,/ \\ \\\ % \\\ l— B I .
HCoV_NL63 (KF530105.1) ~~ A NN N BT T ———— .
HCoV_229E (NC_002645115 ,/ ,, I,/ \\ \\\ \\\ \\\ |———— . - =i |
,// ,'/ /I, Il \\\ \\\ \‘\ N Alignment Scores [lJ<40 [W40-50 [50-80 [@80-200 [M>=200
|—————- e R i Am———— N

AN \ N N ! e :
: SARS_CoV_2(524-552) : 5'GAGCTGGTAGCAGAACTCGAAGGCATTCA3' 1 *: point mutation
# ¥ NRRRARRRARANRRRARANARS o I': base deletion ( <10bp )
1

1 /7 N
SARS_COV_2 | ymigr-2(1-21):/ 5 TGGTAGCAGAACTCGAAGGCA3 "« s
B sl v el e Lans ains s S S R B B s e o e R \J\
/l / U \ L N
4 /7 \ N N
/ / Vi N N
’ y; ’ \ \ N
e Vol S et S e e B
: SARS,_'COV_IZ_Delta(520—548): 5’ GATCTGGTAGCAGAACTCGAAGGCATTCAYN :
SARS_CoV_2_Delta /I ’ I\IIIII\III\I\IIIII\I \ I
| CyhiR-2(1-21) : 57 TGGTAGCAGAACTCGAAGGCA3’ ¥, |
S ya== 7.’ __________________________ R e e e S PO |
’ / \ \\
/ / A \
I i i i S S S i S S e = S T 1
: SARE CoV_2 Omicron(470-498): 5’GAGCTGGTAGCAGRACTCGARGGCATTCA3’ :
SARS_CoV_2_Omicron ’ |IIII\IIIII\||I‘{I\III 1
I CfmiR-2(1-21): 5/ TGGTAGCAGAACTCGAAGGCA3' 1
I_.,. __________________________________ A ——— 1
Vi \
7 \

: SARS_CoV (523-551) : 5’ GAGCTGGTTGCAGAAATGGACGGCATTCA3’

1
1
SARS_CoV (R N N 1
I CvmiR-2(1-21): 5’ TGGTAGCAGAACTCGAAGGCA3’ :
j





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of a SARS-CoV-2 virus-derived vmiRNA in COVID-19 patients holding potential as a diagnostic biomarker

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Sample collection

          



          		

            CvmiRNAs prediction

          



          		

            Cells, vectors, and transfection

          



          		

            QRT-PCR analysis

          



          		

            MiRNA target prediction and pathway analysis

          



          		

            Public dataset

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Prediction of SARS-CoV-2-encoded v-miRs

          



          		

            Sequence conservation of CvmiR-2 in SARS-CoV-2 and its mutants

          



          		

            Detection of CvmiR-2 in covid-19 patients

          



          		

            Validation of CvmiR-2 biogenesis in human cells

          



          		

            Correlation between CvmiR-2 and the symptoms

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2023.1190870_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

Identification of a SARS-CoV-2 virus-
derived vmiRNA in COVID- 19 patients
holding potential as a diagnostic biomarker





OEBPS/Images/fcimb-13-1190870-g005.jpg
RNA-seq  Target prediction Glutamate Neurotransmitter Release Cycle]
3,713 DEGs 6,678 targets

Diseases of Immune System

Signaling by TGF-beta Receptor Complex

Lysosome Vesicle Biogenesis

Regulation of Glucokinase by Glucokinase Regulatory Protein
Defective B3GALTL causes Peters-plus syndrome (PpS)
1SG15 antiviral mechanism

Toll Like Receptor 3 (TLR3) Cascade

Signaling by NOTCH1 PEST Domain Mutants in Cancer

RNA Polymerase Il Transcription Elongation
Chromatin organization

SUMO E3 ligases SUMOylate target proteins
Toll Like Receptor TLR6:TLR2 Cascade
Regulation of TP53 Activity

Late Phase of HIV Life Cycle

negative regulation of MyD88-independent toll-like receptor signaling pathwa:

activation of JNKK activity

transcytosis

cellular pigment accumulation

regulation of viral-induced cytoplasmic pattern recognition receptor signaling pathway
lens morphogenesis in camera-type eye

negative regulation of telomere maintenance via telomere lengthening
regulation of cell migration involved in sprouting angiogenesis
regulation of smooth muscle cell migration|

negative regulation of MAPK cascade

nucleic acid transport

stem cell population maintenance

covalent chromatin modification

0.0

GO_BP
(TOP15)

28 60 75
Enrichment Ratio

Pathway_reactome
(TOP15)

1 2 3 4
Enrichment Ratio

-log1o(FDR)

10.0

-log:o(FDR)
16
12

0.8

04





OEBPS/Images/fcimb-13-1190870-g003.jpg
=10)
16

Nasal swab (n
miR-

CvmiR-2

.

T 9[qesiepun

negative

40—

13

#

12

#

#11

#9

Nasal swab samples from covid-19 patients

#2 #3

#1

#10

#5

#4

CvmiR-2

hsa-miR-16

sal swab samples from controls

Na

Covid-19 positive

Serum samples from covid-19 patients

=8)

Serum (n

B|qeatepun

CvmiR-2

©
-
o«
=

hsa

anjeA 19 8Injosqy

s from normal controls

Serum sample:

CvmiR-2

miR-16

hsa-

negative

Covid-19 positive

Moderate Severe

GSE166160
(n =45)

I b b o
o o o
X * x
© < o~
(91-dIW pue Sg yum pazijewou)
uoissaldxa aAleey

GSE176498
Non-severe Severe

) o
x X

o o
X x
o -

~ )

(94-tiw pue sg yim pozjewsou)
uoissaldxa aAneey

== Serum

5=== Nose swab

o [t =3 [ty

(10v-ve)zhol
Z-YIWAD Jo s0UBpUNGE SANE[Y

(n =50)

17)

(n

17)

(n

#5

#2 #3

#1





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





