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As an adaption to their complex lifecycles, helminth parasites garner a unique repertoire of genes at different developmental stages with subtle regulatory mechanisms. These parasitic worms release differential components such as microRNAs (miRNAs) and extracellular vesicles (EVs) as mediators which participate in the host-parasite interaction, immune regulation/evasion, and in governing processes associated with host infection. MiRNAs are small (~ 22-nucleotides) non-coding RNAs that regulate gene expression at the post-transcriptional level, and can exist in stable form in bodily fluids such as serum/plasma, urine, saliva and bile. In addition to reports focusing on the identification of miRNAs or in the probing of differentially expressed miRNA profiles in different development stages/sexes or in specific tissues, a number of studies have focused on the detection of helminth-derived miRNAs in the mammalian host circulatory system as diagnostic biomarkers. Extracellular vesicles (EVs), small membrane-surrounded structures secreted by a wide variety of cell types, contain rich cargos that are important in cell-cell communication. EVs have attracted wide attention due to their unique functional relevance in host-parasite interactions and for their potential value in translational applications such as biomarker discovery. In the current review, we discuss the status and potential of helminth parasite-derived circulating miRNAs and EV cargos as novel diagnostic tools.




Keywords: helminth, microRNA, extracellular vesicles, biomarker, diagnosis



Introduction

Parasitic helminths, comprising the Phylum Platyhelminthes and the Phylum Nematoda, are regarded as some of the most prevalent human infectious agents in developing countries (Hotez et al., 2008). The most common human helminthiases are caused by soil-transmitted helminths, schistosomes (causative agents of schistosomiasis) and filarial worms, which cause onchocerciasis and lymphatic filariasis (Hotez et al., 2008). Approximately 8 million DALYs are lost annually due to these infections (Molyneux et al., 2017). As a result of the high prevalence and significant morbidity they cause in both humans and livestock animals, parasitic helminths represent an important global health problem and the cause of significant economic burden (Charlier et al., 2014). Developing effective strategies such as vaccines and accurate diagnostic tools for the prevention and control of helminth infections will be paramount in reducing the overall disease burden due to these parasites (Lustigman et al., 2012).

Small non-coding RNAs (sncRNAs) are a class of non-coding RNAs (ncRNA), which have been identified in a wide range of organisms including helminths (Cai et al., 2016). sncRNAs include housekeeping ncRNAs, such as small nuclear RNAs (snRNAs), transfer RNAs (tRNAs), and tRNAs-derived small RNAs (tsRNAs); and regulatory ncRNAs, such as microRNAs (miRNAs), endogenous short interfering RNAs (siRNAs), and PIWI-interacting RNAs (piRNAs) (Zhang et al., 2019). Due to advances in helminth genomics (Ghedin et al., 2007; The Schistosoma japonicum Genome Sequencing and Functional Analysis Consortium, 2009; Zheng et al., 2013; International Helminth Genomes Consortium, 2019) and high-throughput deep sequencing, a considerable number of miRNAs have been identified in a range of parasitic helminths (Hao et al., 2010; Poole et al., 2010; Cucher et al., 2015). Furthermore, miRNA expression profiles of different developmental stages and/or in specific tissues or cell types have been determined in some key helminth taxa (Cai et al., 2011; Cucher et al., 2011; Cai et al., 2013; Bai et al., 2014). These studies provide a solid basis for further functional and translational investigations of helminth miRNAs. Accumulating evidence also reveals that sncRNAs present in the circulation may play an important role in disease diagnosis and prognosis (Drury et al., 2017), particularly for cancer (Lan et al., 2015). The presence of helminth-derived miRNAs in the serum/plasma of helminth-infected definitive hosts has stimulated considerable interest in evaluating the potential of utilizing worm-derived miRNAs as diagnostic biomarkers for helminthiases (Cai et al., 2016; Ghalehnoei et al., 2020; Cucher et al., 2021).

Extracellular vesicles (EVs) are small membrane-bounded secreted vesicles that were previously considered a general mechanism for waste disposal by living systems including helminths, but are now recognized to be important cell-cell communicators, as they are able to transmit a wealth of bioactive cargos, such as proteins, lipids, glycans, DNA, messenger RNAs (mRNAs), small RNAs, and DNAs between cells (Yáñez-Mó et al., 2015). EVs are found in all bodily fluids including blood, urine, saliva, cerebrospinal fluid, milk and pleural effusion (Karin-Kujundzic et al., 2019) and they possess several key properties which underpin their potential as biomarkers, including 1) structural stability, 2) high abundance in plasma, and 3) the ability to alter their concentration and constitution under diverse conditions (Wu et al., 2019).

The application of specific EV molecules as biomarkers for the diagnosis and prognosis of diseases, including but not limited to cancer, have been widely reported and reviewed (Lai et al., 2017; Kosaka et al., 2019; Logozzi et al., 2020; Pang et al., 2020). Studies on helminth-derived EVs have been carried out in the last decade, ranging from the determination of their molecular composition (Sotillo et al., 2016; Samoil et al., 2018; Sotillo et al., 2020) to dissecting their regulatory roles in the host immune system/immunopathology (Buck et al., 2014; Eichenberger et al., 2018b; Wang et al., 2020a). However, there is still much to be explored regarding the applications of helminth-derived EVs, such as their potential in diagnosis, as therapeutics (Siles-Lucas et al., 2015), and as vaccines (Mekonnen et al., 2018). Accumulating evidence shows that parasitic helminths, particularly those that are blood dwelling, can actively release EVs into the host circulatory system and other bodily fluids (Figure 1) (Meningher et al., 2017; Ricciardi et al., 2021). These advances have led to the speculation that components within helminth-derived EVs may represent a potential source of biomarkers for helminthic diseases (Zakeri et al., 2018).




Figure 1 | Diagrammatic representation of the secretion of helminth-derived non-vesicular extracellular miRNAs and/or EVs in the circulatory system and bile of the mammalian host. Figure 1 was created with BioRender.com.





Helminth-Derived miRNAs and EV Constituents in the Circulatory System as Potential Biomarkers


Trematodes

There is increased interest in determining the potential of trematode-derived miRNAs as biomarkers of infection and disease. A number of studies have targeted the human schistosome blood flukes, the causative agents of schistosomiasis that afflicts more than 250 million people worldwide (McManus et al., 2020). Cheng et al. (2013) were the first to report deep sequencing of small RNA populations in the plasma of Schistosoma japonicum-infected rabbits and identified five schistosome-specific miRNA signatures (sja-bantam, sja-miR-3479, sja-miR-10, sja-miR-3096 and sja-miR-8185). Four of these five miRNAs were also confirmed in the plasma of S. japonicum-infected mice by RT-PCR. This study, for the first time, indicated that helminth-derived miRNAs had potential as biomarkers of helminthiases. In a subsequent low dosage cercarial infection animal model, sja-miR-277 and sja-miR-3479-3p, but not sja-bantam, were reliably detected in the sera of S. japonicum-infected BALB/c and C57BL/6 mice by RT-PCR (Cai et al., 2015). In addition, the serum levels of sja-miR-277 and sja-miR-3479-3p showed a positive correlation with hepatic egg burdens as well as the severity of liver fibrosis (Cai et al., 2015).

In a subsequent study, six miRNA candidates were validated with serum samples from a human cohort in a schistosomiasis-endemic area of the Philippines, which showed that two parasite-derived miRNAs (sja-miR-2b-5p and sja-miR-2c-5p) could be detected in infected individuals with a moderate diagnostic performance (sensitivity/specificity values of 66%/68% and 55%/80%, respectively) (Mu et al., 2020). Duplex and multiplex assays were also developed for the detection of schistosomal miRNAs for which the diagnostic performance was also moderate (Mu et al., 2020). These rather moderate diagnostic outcomes may have been the result of the low intensity infections in the study cohort as the endemic area experienced regular mass drug administration (MDA) for schistosomiasis. For the detection of another schistosome species, S. mansoni, three parasite-derived miRNAs (sma-miR-277, sma-miR-3479-3p and sma-bantam) were identified in the sera of S. mansoni-infected mice and patients from endemic areas in Zimbabwe and Uganda (Hoy et al., 2014). Detection of these miRNAs in human sera resulted in specificity/sensitivity values of 89%/80% and 80%/90%, respectively.

Elsewhere, miRNAs of S. mansoni and S. haematobium (sub-Saharan Africa) and S. mekongi (Laos) have been detected in the sera of returning travelers with schistosomiasis (diagnosis confirmed by egg detection or serology); the level of sma-bantam was able to distinguish infected individuals from healthy controls with a sensitivity of 66% and a specificity of 85%, respectively and with an area under the curve (AUC) of 0.786 (Meningher et al., 2017). Circulating miRNAs were also identified in buffaloes infected with Fasciola gigantica, a tropical liver fluke and the cause of fascioliasis; four worm-specific miRNAs, fgi-miR-87, fgi-miR-71, fgi-miR-124 and, the novel miR-1, were identified in the sera of infected animals by deep sequencing (Guo and Guo, 2019).

A number of EV components, including miRNAs and proteins, have been identified in different trematode species (Fromm et al., 2015; Sotillo et al., 2016; Zhu et al., 2016; Fromm et al., 2017; Samoil et al., 2018; Mekonnen et al., 2020; Ovchinnikov et al., 2020), and these can provide additional biomarkers for the detection of fluke infections. Meningher et al. (2017) explored whether miRNAs of helminth origin in serum EVs could be biomarker candidates for the diagnosis of schistosome infection in returning travelers. The authors confirmed that four schistosomal miRNAs (Bantam, miR-2c-3p, miR-3488 and miR-2a-5p) in serum EVs showed diagnostic potential, with the three former miRNAs exhibiting an AUC > 0.91. Two of the EV-derived miRNAs, bantam and miR-2c-3p showed a sensitivity/specificity of 85.71%/94.12% and 85%/93.75%, respectively. Notably, a proteomic analysis of adult S. mansoni worm EVs (Sotillo et al., 2016) showed that some antigens were present in the schistosome vesicles, including the vaccine candidate antigen Sm-TSP-2 and the ortholog (the saposin containing protein, Smp_130100) of a previously described S. japonicum diagnostic candidate, SjSPA4 (Cai et al., 2017). A study on the EVs released by Fasciola hepatica, the major cause of human fascioliasis and an emerging zoonotic pathogen, revealed the presence of the diagnostic antigen cathepsin L1 (Marcilla et al., 2012; Cwiklinski et al., 2015; Sarkari and Khabisi, 2017). It has been suggested that liver flukes can secret EVs into host bile (Marcilla et al., 2012; Chaiyadet et al., 2015), raising the possibility that the molecular information within EVs could be utilized for the diagnosis of fascioliasis.



Cestodes

Tapeworm-derived miRNAs are stably detectable in the serum/plasma of mammalian hosts during infection even though these organisms do not reside in the blood vascular system. With Echinococcus multilocularis, which causes the very serious alveolar echinococcosis (AE) in humans, deep sequencing showed that seven parasite-specific miRNAs were detectable in the sera of mice infected with this tapeworm; two of the miRNAs, emu-miR-10 and emu-miR-227, were specifically amplified by RT-PCR, and thus may have potential as novel biomarkers for the diagnosis of AE (Guo and Zheng, 2017). In contrast, a more recent study exploring extracellular RNAs (ex-RNAs) produced by the metacestode stage of E. multilocularis found, using high throughput RNA-sequencing and RT-qPCR, that two miRNAs, miR-71-5p and miR-4989-3p, were secreted in vitro by the metacestode stage of E. multilocularis; however, although these two components were detectable in medium in which the parasites were cultured they were not found in the plasma/sera collected from a small number of patients with AE or cystic echinococcosis (CE) (due to E. granulosus) with hepatic location (Ancarola et al., 2020). Somewhat more encouraging, however, were results obtained by Alizadeh et al. (2020) who showed that the levels of two circulating worm-specific miRNAs (egr-miR-71 and egr-let-7) were detectable in the plasma of patients infected with E. granulosus, compared with uninfected individuals. Furthermore, the expression levels of both miRNAs declined substantially at three and six months post-cystectomy surgery to remove the echinococcal cysts, indicating that these miRNAs may represent promising novel biomarkers for the early diagnosis and monitoring of CE (Alizadeh et al., 2020).

The composition of EVs, such as small RNA and/or protein profiles is available for some cestode species (Wang et al., 2020b). In E. granulosus, studies were carried out on EVs isolated from hydatid cyst fluid (HCF) directly from hosts with CE (Siles-Lucas et al., 2017; Zhou et al., 2019) and cultured protoscoleces (Nicolao et al., 2019), leading to the identification of highly immunogenic antigens, such as antigen 5, Antigen B, P29 and endophilin-1. In E. multilocularis, Ding et al. (2019) identified 18 miRNAs from metacestode EVs, within which the top four expressed (emu-miR-71-5p, -let-7-5p, -miR-4989-5p and -miR-10-5p) and emu-miR-2c-3p also were detectable in the sera of parasite-infected mice. Notably, one of the threonine tRNA-derived small sequences positioned at the 5’ end has a dominant read count higher than that the sum of read counts of all 18 miRNAs, indicating that small RNAs, such as tsRNAs, may be better diagnostic biomarkers than miRNAs in EVs.

Another investigation confirmed EV production in different cestodes including Taenia crassiceps, Mesocestoides corti and E. multilocularis (Ancarola et al., 2017). However, unlike T. crassiceps and M. corti metacestodes, the in vitro culture of E. multilocularis metacestodes did not release EVs into the culture medium (Ancarola et al., 2017). This outcome conflicted with the observations of another group (Zheng et al., 2017) who were able to identify EVs in culture supernatants of E. multilocularis metacestodes. Ancarola et al. (2017) hypothesized that the laminated layer of larval cysts, which is a specialized extracellular matrix found only in members of the genus Echinococcus, acts as a barrier to EV release. However, there is still a possibility that metacestode EVs may be in contact with the host in the early stages of development, when the laminated layer is still not formed or is incipient, and/or when the laminated layer undergoes rupture due to metacestode ageing or chemotherapy treatment (Ancarola et al., 2017). Taken together, these studies provide a stepping-stone for the rational search of EV constituents for improved diagnosis of cestode infections.



Nematodes

A number of studies on several species including Loa loa, Dirofilaria immitis, Onchocerca ochengi and O. volvulus demonstrate that parasitic nematode-derived miRNAs are actively released into the host circulatory system (Tritten et al., 2014a; Tritten et al., 2014b; Quintana et al., 2015). In a further study evaluating the circulating miRNAs released by Angiostrongylus cantonensis (the cause of eosinophilic meningoencephalitis) as potential biomarkers of infection, Chen et al. (2014) found that the level of aca-miR-146a in serum was significantly higher in A. cantonensis-infected mice compared with uninfected control animals, having an area under the curve value of 0.90 determined by receiver operating characteristic curve analysis. The diagnostic performance of aca-miR-146a was further assessed with human serum samples and showed a sensitivity of 83% and a specificity of 86.7%, respectively in 30 patients with proven angiostrongyliasis compared with 30 healthy individuals. Two independent studies confirmed the presence of a panel of Onchocerca-derived miRNA signatures in the nodular fluid and the plasma from O. ochengi-infected bovines (Tritten et al., 2014b; Quintana et al., 2015). Nematode-derived miRNAs, including miR-100a/d, lin-4 and miR-71, have also been detected in the serum/plasma of O. volvulus-infected humans (Quintana et al., 2015). However, further studies have demonstrated that the levels of O. volvulus miRNAs in human blood are too low to be employed as biomarkers for the detection of infection or treatment monitoring, even using locked nucleic acids (LNA)-based RT-qPCR analysis (Lagatie et al., 2017; Macfarlane et al., 2020).

Some studies have analyzed the composition of nematode-derived EVs (Buck et al., 2014) that constitute the basis for developing novel EV-targeted diagnostic tools for blood-dwelling and blood-feeding nematodes. A recent study exploring the regulatory roles of the EVs released from Brugia malayi microfilariae on the host innate immune system, demonstrated the presence of 576 proteins and a unique miRNA profile in the EVs (Ricciardi et al., 2021); these EV components should be pursued further as they may include markers with diagnostic potential. Hookworms are gut dwelling, blood-feeding nematodes affecting approximately 600 million people globally. Proteomics and RNAseq analysis of EVs from the rodent parasite Nippostrongylus brasiliensis, a model for human hookworm infection, identified 81 proteins, including 27 sperm-coating protein-like extracellular proteins in addition to those frequently found in exosomes (like tetraspanin, enolase, 14-3-3 protein, and heat shock proteins) and 52 miRNAs (Eichenberger et al., 2018a); these again warrant further study as potential diagnostic markers.




Current Challenges and Future Perspectives

While there have been a number of recent studies utilizing circulating miRNAs for the diagnosis of helminthic infections, the results have been mixed and interpretation of results with miRNA raises some challenges/problems. 1) A low sample size was employed in most of the studies to date, which may lead to biased results. 2) Many promising reports involved data obtained in animal models, contrasting with the more challenging diagnostic application using human clinical samples, particularly those obtained in areas with low prevalence and infection intensity. When used for the detection of low intensity infections, the accuracy of detecting circulating miRNAs may be improved by using an optimized reverse transcription step, normalization methods (Deng et al., 2019; Cai et al., 2020) and/or more specific LNA primers. 3) The detection of helminth-derived miRNAs in circulation may be subject to the similar issues inherent to the detection of antigen and circulating cell-free DNA in the host that usually depends on an active infection. Indeed, the kinetics of decline in miRNA levels in the circulation after drug administration is still unclear, both in animal experiments and in humans after drug treatment. 4) No helminth-derived miRNA family member has emerged as a common biomarker for helminthic infections.

The recent identification of parasitic helminth-derived EV constituents (Sotillo et al., 2020) has provided new impetus for development novel EV-based diagnostic methods for helminthiasis, but the area is in its infancy due to the fact that researchers are presently confounded by the relative dearth of protocols for the isolation and enrichment of EVs released by parasitic helminths from those derived from their human and animal hosts. In this regard, a method has been developed for the rapid differentiation of host and parasite exosome vesicles using a microfluidic photonic crystal biosensor (Wang et al., 2018). Furthermore, it has been shown there is substantially increased enrichment of the ether lipid plasmalogen in parasite exosomes versus those derived from the mammalian host (Simbari et al., 2016), pointing the way for improved differentiation and purification of helminth parasite EVs. Different EV isolation methods may affect the outcome of the EV-based diagnostics; accordingly, strict methodological guidelines should be followed (Coumans et al., 2017; Thery et al., 2018). In addition, whereas the costs for developing diagnostic tools targeting circulating miRNA and EV components such as sncRNAs and proteins are high, expenditure could be reduced substantially if multiplex or high-through-put assays targeting multiple helminths and/or non-helminth pathogens are developed for simultaneous application (Sanprasert et al., 2019).



Concluding Remarks

Parasitic worm-derived miRNAs/EVs play key roles in the development, host-parasite interplay and parasitic establishment of helminths, but their presence in the host circulatory system means they could also provide novel targets for parasite diagnosis. Current evidence confirms their utility in helminth diagnosis based on the detection of circulating helminth miRNAs for some taxa in the serum/plasma of mammalian hosts, but optimization steps are still needed to improve the performance of these assays. Diagnostic tools such as qPCR, serology, mass spectrometry, and next-generation sequencing targeting the contents (e.g. proteins and small RNAs including miRNAs and tsRNAs) encapsulated in worm EVs, can be applied for the diagnosis of parasitic worms, especially for blood-borne helminths such as Schistosoma spp., B. malayi (microfilarial stage), L. loa, D. immitis and Onchocerca spp., and blood-deeding helminths such as hookworms, once suitable enrichment of helminth-derived EVs can be achieved. Taking all the information currently available, it should be feasible to develop novel supplementary methods that target parasitic worm-derived miRNAs and EVs for the diagnosis of a number of important helminth parasites.
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Zinc finger and BTB domain containing 1(Zbtb1) is a transcriptional suppressor protein, and a member of the mammalian Zbtb gene family. Previous studies have shown that Zbtb1 is essential for T-cell development. However, the role of Zbtb1 in T-cell lymphoma is undetermined. In this study, an EL4 cell line with Zbtb1 deletion was constructed using the CRISPR-Cas9 technique. The expression profiles of microRNA and circRNA produced by the control and gene deletion groups were determined by RNA-seq. In general, 24 differentially expressed microRNA and 16 differentially expressed circRNA were found between normal group and gene deletion group. Through further analysis of differentially expressed genes, GO term histogram and KEGG scatter plot were drawn, and three pairs of miRNA and circRNA regulatory relationships were found. This study describes the differentially expressed microRNA and circRNA in normal and Zbtb1-deficient EL4 cell lines, thus providing potential targets for drug development and clinical treatment of T-cell lymphoma.
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Introduction

Expression of Zbtb1 is necessary for normal lymphoid development. Zbtb1 maintains genomic integrity in immune progenitors during the process of replication and differentiation, while Zbtb1 deficiency increases DNA damage and p53-mediated apoptosis, mRNA encoding Zbtb1 is most highly expressed in hematopoietic stem cells, thymocytes and pre-B cells, In addition to its role in T cell development, it was also demonstrated to be involved in the differentiation of B cells and NK cells (Siggs et al., 2012; Punwani et al., 2012; Cao et al., 2016; Cao et al., 2018). In particular, it is very important for the development of NKp46+ ILC3 cells (Lu et al., 2017). Loss of Zbtb1 makes therapy-resistant T cell leukemia cells sensitive to L-asparaginase, revealing that Zbtb1 may be a key regulator of the nutritional stress response (Williams et al., 2020). Some studies have shown that Zbtb1 is a tumor suppressor in breast cancer cells. MiR-23b-3p inhibits breast cancer cell proliferation and tumor growth by targeting Zbtb1 to regulate aerobic glycolysis in tamoxifen-resistant cells (Kim et al., 2014).

MicroRNAs (miRNAs), a kind of endogenous noncoding RNA with regulatory function in eukaryotes, are approximately 20 to 25 nucleotides in length. Recent studies have shown that miRNA is involved in a variety of regulatory pathways, including development, viral defense, hematopoietic process, organogenesis, cell proliferation and apoptosis, fat metabolism and so on. In recent years, thousands of circular RNA molecules have been found in large numbers in vivo, enabling a new and in-depth understanding of this kind of “dark matter”. The primary functions of circular RNA molecules are (1) acts as miRNA sponge (ceRNA); (2) regulates gene transcription; (3) regulates RNA binding proteins; (4) participates in protein translation (Zhang P. et al., 2020). In addition, because cyclic RNA is insensitive to nuclease and is more stable than linear RNA, circRNA has the potential to become a new diagnostic marker. At present, the microRNA and circRNA related to zbtb1 protein in T lymphomas have not been studied.

CRISPR (clustered regularly interspaced short palindromic repeats) is an immune mechanism from bacteria that degrades invading viral DNA or other exogenous DNA. Cas9 first binds to crRNA and tracrRNA to form a complex and then binds to the adjacent motif (protospacer adjacent motifs, PAM) of the anterior interregion sequence and invades DNA to form a RNA-DNA complex structure that then cleaves the target DNA double strand to cause a DNA double strand break (Zhong et al., 2018). So far, the CRISPR/Cas9 system has been widely used in genomic modification of animals, plants and microorganisms.

Several studies show a contribution of these so-called competing-endogenous RNA networks in various cancer entities (Doudna and Charpentier, 2014). It is of great significance to study the expression of microRNA and circRNA in T-cell lymphomas and the relationship between mRNA and expression.



Materials and Methods


Cell Culture

EL4 cells were cultured in DMEM (Gibco) with 10% fetal bovine serum (Gemini) in a 37°C incubator providing 5% CO2.



Construction of an EL4 Cell Line With Zbtb1 Gene Knockout by the CRISPR-Cas9 Technique

PCR products were sequenced with EL4 cell genome as a template, and the sequencing results were compared to the target sequence on NCBI on Ape software. Within the normal range of Sanger sequencing. sgRNA is an important part of the CRISPR gene knockout system. It was previously found that guide RNA consists of two parts-tracRNA and crRNA, fusion expression, that is, sgRNA can also perform the function of guide and bind to the Cas9 protein, leading the Cas9 enzyme to target genomic DNA for splicing. First, the sgRNA was designed, and synthesis of the sgRNA scaffold was completed. Then, the corresponding cell groups of sgRNA with the highest editing efficiency were digested into single cells with trypsin and counted. Single cells were divided into 96-well plates and cultured in incubator for 3-5 days. Surviving monoclonal cells were observed under a microscope. The growing monoclonal cells were expanded and cultured, and the genomic DNA was extracted. After the target fragment was amplified and verified by Sanger sequencing, double-knock clones were identified (that is, the mutations of the two chromosomes were not multiples of 3).



Comparison of the Growth Rate of Subcutaneously Transplanted Tumors Derived From Different EL4 Cell Lines in C57BL/6 Mice

To evaluate differences in the growth rate of subcutaneously transplanted tumors, wild type EL4 cells and Zbtb1 gene knockout EL4 cells were grown in C57BL/6 mice with an intact immune system to evaluate the role of the Zbtb1 gene in the occurrence and development of T lymphocyte tumors. C57BL/6 mice were randomly divided into two groups with 8 mice in each group. Wild type EL4 cells and Zbtb1 knockout EL4 cells were inoculated with 1 × 106 cells per mouse, respectively. After cell inoculation, tumor volume and the body weight of mice were measured twice a week until the average volume of transplanted tumor in nude mice was greater than 2000 mm3. At the end of the formal experiment, mice were euthanized by carbon dioxide asphyxiation.



MicroRNA Bioinformatics Analysis

Known miRNAs were annotated by comparing the sequenced reads with known miRNAs in the miRBase v20 database. At the same time, the sequence was compared to the Rfam database to analyze ncRNA distribution in smallRNA. The sequence was compared to the whole genome sequence of the species, and the new miRNA was predicted using a folding model. The differential miRNA expression, clustering pattern analysis and target gene function prediction among different samples were analyzed.



MicroRNA and Its Target Gene Prediction

First, reads obtained by sequencing are aligned to the reference genome, regardless of the reads, for multiple sites. Then, miRDeep2 uses the alignment information of reads on the reference genome to calculate the secondary structure of each possible microRNA precursor and evaluate it. According to the structure and score of these precursors, new microRNA sequences can be predicted.



Differential microRNA Expression Analysis

Some microRNAs are distributed in clusters in the genome, and these microRNAs are transcribed synchronously. For samples with biological repetition, a microRNA difference analysis was performed using DESeq2 (V1.6.3) in the Bioconductor software package. In special cases, gene difference analysis was performed using edgeR (V3.4.6) in the Bioconductor software package. The software used in this analysis was DESeq2.



CircRNA Identification and Bioinformatics Analysis

The most important principle of predicting circRNA by high-throughput sequencing technology is to identify the reverse splicing sequence, namely, back-splicing reads. Based on the.sam file of the comparison result for each sample, CIRI (V2.0) software was used to predict the position information before and after the formation of circRNA. The CIRI software uses the CIGAR value in the SAM format to analyze and scan the PCC signal (paired chiastic clipping signals) from the.sam file. The experimental process of cyclic RNA sequencing includes annular RNA extraction, annular RNA sample quality detection, library construction, library purification, library detection, library quantification, generation of sequencing clusters and computer sequencing. The different libraries were mixed according to the effective concentration and the target amount of data from the machine and were then sequenced on the Illumina platform.



CircRNA Annotation and Its Expression Analysis

circBase is a database built by collecting and integrating published circRNA data. By comparing the location information of all predicted circRNAs with the known circRNA in the circBase database, the newly predicted novel circRNA and the known circRNA can be distinguished. At present, for the vast majority of circRNAs, the complete sequence cannot be obtained, so we can only use the junction reads at the back-splicing site of circRNA to calculate its expression, and SRPBM (spliced reads per billion mapping) was used to normalize reads.



Cluster Analysis of Differentially Expressed Genes

Cluster analysis was performed to calculate the similarity of the data and classify the data according to the similarity, so that the microRNA (circRNA) with the same function or close relationship can be clustered into classes to identify unknown functions or known unknown functions and infer whether they participate in the same metabolic process or cell pathway together. The TPM (Transcripts per million, TPM=RNA reads number x106/total reads) value of different microRNAs (circRNA) under different experimental conditions as the expression level was used to perform hierarchical clustering analysis. The primary feature of this method is its ease of use for generating trees.



GO Enrichment Analysis of Differentially Expressed Target Genes

This analysis first maps all differentially expressed microRNA target genes and circRNA source genes to each term in the Gene Ontology database, calculates the number of genes per term, and then uses hypergeometric tests to identify the GO items that are significantly enriched in differentially expressed microRNA target genes and circRNA source genes compared to the whole genome background. After the calculated p-value is corrected by Bonferroni, the threshold is corrected p-value ≤ 0.05. After being corrected by Bonferroni, the calculated p-value is used as a threshold. The GO term that meets this condition is defined as the GO term that is significantly enriched in the differentially expressed target genes.



KEGG Enrichment Analysis of Differentially Expressed Target Genes

In vivo, different genes coordinate with each other to exercise their biological functions, and the most important biochemical metabolic pathways and signal transduction pathways involved in differentially expressed microRNA (circRNA) target genes can be determined by analysis of significantly enriched pathways. KEGG (Kyoto Encyclopedia of Genes and Genomes) is the primary public database used to identify pathways. Significantly enriched pathway analysis was based on the KEGG pathways, and the hypergeometric test was used to determine whether each pathway was significantly enriched in differentially expressed microRNAs (circRNAs) compared with the whole genomic background.



Statistical Analysis

All results were expressed as the mean ± standard deviation (SD) of three independent experiments. Statistical analysis was performed using t-test. All statistical tests were indicated by two tails, P<0.05 was considered significant.




Results


Constructing EL4 Cells With Zbtb1 Gene Knockout


sgRNA Screening In Vitro

The target fragment of the EL4 cell genome was amplified by PCR (Zbfb1_survy_F: ACGACATCTACTTCCAAGCACACA; Zbfb1_survy_R: GGTAAGCTCTTGTCGTGTTTTGGT), and the length of the fragment was 664 bp (Figure 1A), the target sequence was consistent with the NCBI sequence and the alignment results (Figure 1B). Design of the sgRNA(small guide RNA) target sequence targeting the Zbtb1 gene was then performed (Figure 1C, X represents the designed sgRNA sequence). Cas9 protein and sgRNA were incubated with the target fragment at 37°C for 2-3 hours, and then analyzed by agarose gel electrophoresis. Results are shown in Figure 1D. All five sgRNAs correctly mediated cleavage of the target fragment by Cas9 protein, and gray band analysis showed that the gene editing ability of sgRNA1-5 was better than that of other sgRNAs. Therefore, sgRNA1-5 was selected for the follow-up experiment.




Figure 1 | (A) The target fragment of the EL4 cell genome was amplified by PCR; (B) The result of sequencing compared to the target sequence on NCBI. The highlighted part is the designed sgRNA sequence; (C) The design of 5 sgRNA sequences; (D) Zbtb1 sgRNA correctly mediates the cleavage function of Cas9 protein to the target fragment in vitro; (E) Zbtb1 KO-EL4 cell lines were sequenced; (F) Comparison of growth rate of subcutaneously transplanted tumor in C57BL/6 mice.





Culture and Screening of Monoclonal Cells

A total of 62 clones survived and were identified according to the speed of monoclonal growth. When the gene double-knock monoclonal identification was successful, the monoclonal screening and identification was stopped. Results of sequencing the knockout sites of monoclonal cells showed that monoclonal 1, monoclonal 2, monoclonal 6 and monoclonal 7 were monoclonal cells belonging to the allelic double knock and monoclonal 1 sequencing map analysis, such as (Figure 1E). The Zbtb1 KO-EL4 cell line sequencing analysis showed that a base T was inserted at the sgRNA cleavage site. The two alleles of monoclonal 1 were inserted into a base T, and the frameshift mutation resulted in knockout of the Zbtb1 gene. This monoclonal is a double knock cell line of the Zbtb1 gene.



Comparison of the Growth Rate of Subcutaneously Transplanted Tumor in C57BL/6 Mice With Different EL4 Cell Lines

The subcutaneous growth rate of EL4 cells with Zbtb1 knockout was significantly slower than wild type EL4 cells in C57BL/6 mice (Figure 1F).




Forecast of microRNA and Statistics of Annotated Results

MicroRNA predicted 643 new microRNAs (Supplementary Table 1). The experimental flow was obtained by SmallRNA (Figure 2A). Annotation results show that the annotated miRNA in the sample accounts for approximately 12%/18% of all known miRNAs of the species (Supplementary Table 2).




Figure 2 | (A) MicroRNA sequencing process; (B) Differential expression of microRNAs. Significantly different microRNAs with red dots are upregulated, and blue dots are downregulated. Abscissa represents multiple changes in microRNA expression in different samples, and ordinate represents statistically significant differences in microRNA expression; (C) Sample differences compare up- and downregulated microRNAs; (D) CircRNA analysis process; (E) SRPBM distribution map. Abscissa is log10 (SRPBM), and vertical coordinate is circRNA density; (F) SRPBM box chart. Abscissa is the name of the sample, and ordinate is the log10 (SRPBM). Box chart for each region of the five statistical quantities (top to bottom is the maximum, upper quartile, median, lower quartile and minimum); (G) In the differential circRNA expression map, the red dots represent upregulated circRNAs, and the blue dots represent downregulated circRNAs. Abscissa represents multiple changes in circRNA expression in different samples, and vertical coordinates represents the statistically significant differences in circRNA expression; (H) Sample differences compare up- and downregulated circRNAs.





Prediction of miRNA Target Genes and Differentially Expressed microRNA Target Genes

MiRanda software was used to predict possible target sites of the microRNA sequence and the genomic cDNA sequence of the corresponding species. There were 1,048,575 relationships between all miRNAs and their target genes, of which 1059 microRNA were differentially expressed (Supplementary Table 3) and of which 24 differentially expressed microRNA genes were predicted and 118,767 target genes were predicted for significantly differentially expressed microRNAs (Supplementary Table 4).



Screening of Differentially Expressed MicroRNAs

Results were screened according to the standard of significant difference (the expression of microRNA changed by more than 2-fold with a P-value < 0.05), and significant up- and downregulation of microRNA expression was monitored. The statistical results showed that the expression of 6 genes in the ck group was significantly higher than that in the ko group, while the expression of 18 genes in the ck group was significantly lower than that in the ko group (Figures 2B, C).

The gene IDs with significantly increased expression were as follows: mmu-miR-375-5p; NovelmiRNA-226; NovelmiRNA-362; mmu-miR-7689-5p; NovelmiRNA-288; and NovelmiRNA-239. There was no expression of NovelmiRNA-226; NovelmiRNA-362; NovelmiRNA-288; or NovelmiRNA-239 in the ck group. The ID of genes with significantly decreased expression were as follows: NovelmiRNA-505; mmu-miR-9-5p; mmu-miR-10a-5p; mmu-miR-196b-5p; mmu-miR-152-5p; mmu-miR-467e-5p; mmu-miR-582-5; mmu-miR-139-5p; mmu-miR-125a-5p; NovelmiRNA-403; NovelmiRNA-453; NovelmiRNA-615; NovelmiRNA-131; NovelmiRNA-581; mmu-miR-598-5p; mmu-miR-211-5p; mmu-miR-196a-5p; and mmu-miR-215-5p. Among them, 11 genes, NovelmiRNA-505; mmu-miR-467e-5p; mmu-miR-582-5p; mmu-miR-125a-5p; NovelmiRNA-403; NovelmiRNA-453; NovelmiRNA-615; NovelmiRNA-131; NovelmiRNA-581; mmu-miR-598-5p; and mmu-miR-196a-5p, were not expressed in the ko group.



CircRNA Statistics and Expression Results

CircRNA analysis process (Figure 2D). A total of 2724 circRNAs were predicted, of which the number of known circRNAs was 103. The statistical results of circRNA and its source genes were known (Supplementary Table 5). The number of newly discovered circRNAs was 2621, and the number of known circRNAs accounted for 3.78% of the total predicted circRNAs. According to the statistical results of the number of circRNAs in different expression level intervals, in circRNAs with lengths more than 100, the number in the ck group was more than in the ko group. In short circRNAs less than 100, the number in the ko group was more than in the ck group (Supplementary Table 6). The statistics of differentially expressed circRNAs (Supplementary Table 7) and the distribution map and box diagram of circRNA expression levels under different experimental conditions are shown in (Figures 2E, F).



Screening of Differentially Expressed circRNAs

The results of DESeq2 detection were screened according to the standard of significant difference (differentially expressed circRNAs changed by more than 2-fold with an FDR < 0.05), the significant up- and downregulation of circRNA expression was monitored. The statistical results showed that the expression of 6 genes in the ck group was significantly lower than that in the ko group, while the expression of 10 genes was significantly increased in the ck group compared with the ko group (Figure 2G, H).

The IDs of genes with significantly decreased expression are as follows: 1:170787346|170819432; 1:87778922|87881939; 2:93730158|93813964; 10:117694905|117702335; 6:112672124|112681676; and Y:90719917|90805587. The six genes were expressed only in the ko group, not in the ck group.

The gene IDs with significantly increased expression are as follows: 5:30204341|30204750; 11:6193154|6193476; 6:143180587|143186634; 9:72669952|72677531; 13:48932297|48934078; 15:12136396|12140652; 8:84996955|84998291; 7:44915841|44916470; 9:44200960|44281921; and 6:143041352|143061861. These 10 genes were only expressed in the ck group, not in the ko group.



Cluster Analysis of Differentially Expressed Genes

Cluster analysis calculates the similarity of the data and classifies the data according to the similarity, so that microRNAs (circRNA) with the same function or close relationship can be clustered into groups to identify the function of unknown microRNAs (circRNA) or the unknown function of known microRNAs (circRNA) to infer whether they participate in the same metabolic process or cell pathway together.

The results of tree clustering in the heat map showed significant differential expression of microRNAs (Figure 3A) and circRNAs (Figure 3B). Different color regions represent different clustering grouping information, and expression patterns in the same group were similar. The upregulated and downregulated genes had the same function or close relationship and were clustered in the same metabolic or cellular pathway. In addition, the upregulated and downregulated genes may have similar functions or participate in the same biological processes.




Figure 3 | Cluster map of differentially expressed microRNAs and circRNAs according to the log2SRPBM value. Red indicates high expression, and green indicates low expression. The color from green to red indicates higher expression. (A) Cluster map of differentially expressed microRNAs; (B) Cluster map of differentially expressed circRNAs; GO enrichment histogram. The ordinate is the enriched GO term, and the abscissa is the number of differentially expressed microRNA target genes and circRNA source genes corresponding to the term. Different colors are used to distinguish biological processes, cellular components and molecular functions. (C) GO enrichment histogram of differentially expressed microRNA target genes; (D) GO enrichment DAG diagram of differentially expressed circRNA source genes in columnar form.





Enrichment GO Term Histogram of Differentially Expressed MicroRNA Target Genes and Differentially Expressed CircRNA Source Genes

The GO enrichment bar chart directly reflects the biological process (BP), cellular component (CC) and molecular function (MF). The distribution of the number of differentially expressed microRNA target genes is shown for the enriched GO terms. We selected the 30 GO terms with the most significant enrichment to show in the diagram, and if there were less than 30, all of them were displayed.

Results showed that in the GO enrichment of microRNA target genes, we enriched the related items of BP, CC and MF. Among them, 30 GO items were concentrated in target genes (p<0.05), as shown in (Figure 3C). The items with the most significant activity in molecular biology were binding, catalytic activity and so on. At the same time, a large number of gene products were located in organelles or constituent cells, such as the enrichment of items like cell part, organelle, and membrane. Biological regulation, cellular process, and single-organism process were significantly enriched in biological processes, such as cell growth and maintenance and signal transduction. These results suggest that microRNAs may play an important role in the catalysis of cell metabolism, cell composition and biological regulation.

In the GO enrichment analysis of differentially expressed circRNA source genes, we examined the enrichment of GO terms related to BP, CC and MF. A total of 9 GO terms were significantly enriched (p<0.05), of which the concentrated items were primarily related to cell composition and biological processes (Figure 3D), such as macromolecular complex, cell part, membrane part, single-organism process, cellular process, cellular component organization or biogenesis, metabolic process, and localization. A DAG (directed acyclic graph) is the graphical display of the results of GO enrichment analysis of differentially expressed circRNA source genes. DAG diagrams were created for biological process, molecular function and cellular component (Supplementary Figure 1). It can be seen that the molecular function-related items enriched in differentially expressed circRNA source genes involve catalytic activity, including ENSMUSG00000027198 (exostosin, glycosyltransferase 2) and ENSMUSG00000030275 (ethanolamine kinase 1). Five genes were enriched in biological process, among which ENSMUSG00000030275 (ethanolamine kinase 1) and ENSMUSG00000020184 (transformed mouse 3T3 cell double minute 2) were enriched in primary metabolic process. Genes enriched in biological process included ENSMUSG00000052566 (hook microtubule tethering protein 2), ENSMUSG00000020184 (MDM2), and ENSMUSG00000030275 (ethanolamine kinase 1). These results suggest that circRNAs may play an important role in glycosylation, acetamide and cholinesterase activity; cytoskeleton composition; and cancer.



KEGG Enrichment and Scatter Plots of Differentially Expressed MicroRNA Target Genes and CircRNA Source Genes

Based on the KEGG database (http://www.genome.jp/kegg/pathway.html), KEGG annotation and pathway enrichment analysis were performed. In this diagram, the degree of KEGG enrichment was measured by the Rich factor, Q-value and number of genes enriched in a given pathway. The Rich factor refers to the ratio of the number of differentially expressed microRNA target genes located in a given pathway to the total number of annotated genes in that pathway. The larger the Rich factor, the greater the degree of enrichment is. We selected 30 pathway items with the most significant enrichment to display in the map(Qvalue<0.01), and all of them were displayed if the enriched pathway items were less than 30.

Results showed that there was a regulatory relationship between mRNA and microRNA in a total of 17,443 mRNAs. The KEGG classification of target genes showed that there were 7014 microRNA target genes involved in the enrichment of 115 pathways (Supplementary Table 8), 30 of which showed the most significant enrichment (Figure 4A). The KEGG enrichment results of circRNA(Supplementary Table 9) source genes show that there are 26 pathways that are significantly enriched (Figure 4B), and a total of 5 target genes were enriched in the pathways. Among them, pathways related to cancer, tumor and ubiquitin were significantly enriched, such as ubiquitin-mediated proteolysis, viral carcinogenesis, and transcriptional dysregulation in cancer. It also proves the regulatory function of the Zbtb1 gene in cancer, tumor and ubiquitin-related pathways.




Figure 4 | KEGG enrichment dot map. The vertical axis represents the pathway name and the horizontal axis indicates the size of the Rich factor. Dots indicate the number of differentially expressed genes in the pathway, and the color of the dots corresponds to different Q-values. (A) Dot plot of KEGG enrichment of differentially expressed microRNA target genes; (B) Dot plot of KEGG enrichment of differentially expressed circRNA source genes; (C) Regulatory relationship among microRNA, circrna and mRNA.



Among them, the signaling pathway of coenrichment of microRNA target gene and circRNA source gene is metabolism glioma, MAPK signaling pathway, glycerophospholipid, and endocytosis. It may indicate that these four pathways are regulated by differentially expressed microRNA target genes and circRNA source genes to a certain extent.



MiRNA-circRNA-mRNA Association Analysis

One of the important functions of circRNA in different species is that it can function as an miRNA sponge (ceRNA) that can competitively binds to miRNA to regulate the expression of target genes. For animal samples and plant samples, we used miRanda and psRobot software to predict the targeting relationship between circRNA、miRNA and mRNA, and we ultimately obtained results on the regulation of the following three pairs as shown in Figure 4C.




Discussion

In this experiment, we successfully constructed an EL4 cell line with Zbtb1 gene knockout by the CRISPR-Cas9 technique and screened out monoclonal cells. The results showed that the subcutaneous growth rate of EL4 cells with Zbtb1 gene knockout in C57BL/6 mice was significantly slower than that of wild type EL4 cells.

The results of microRNA expression analysis showed that the expression of 18 genes in the ck group was significantly lower than that in the ko group, while the expression of 6 genes was significantly increased in the ck group compared with the ko group. By analyzing the differential expression of circRNAs between the ck and ko groups, it was found that 6 genes were significantly decreased, and 10 genes were significantly increased in the ck group compared to the ko group. Through GO enrichment analysis of differentially expressed microRNA target genes and circRNA source genes and KEGG enrichment analysis, it is speculated that microRNA target genes play an important role in the catalysis of cell metabolism, cell composition and biological regulation. CircRNA-derived genes may play an important role in glycosylation, acetamide and cholinesterase activity; cytoskeleton composition; and cancer and participate in the regulation of cancer-, tumor- and ubiquitin-related pathways. Through correlation analysis, results of the regulation relationship between three pairs of microRNA and circRNA were obtained.

The key to studying the biological function and mechanism of microRNAs is to accurately identify target genes of the microRNA. By binding to RISC and acting on the 3’UTR of its target genes, microRNA degrades its target genes or inhibits the translation of its target genes, participating in a wide variety of biological processes, such as cell proliferation, differentiation, development and apoptosis, and has an important impact on a variety of diseases. MicroRNA is abnormally expressed in a variety of tumors, which has important reference values clinically (Stadthagen et al., 2013).

Of the 18 microRNAs decreased in the ck group compared to the ko group, 6 were not annotated. Among the 12 annotated genes, mmu-miR-9-5p was upregulated in mouse gastric cancer cells, lung cancer cells and head and neck squamous cell carcinoma and targets NF- kappa B and regulates the growth of gastric cancer cells; (Liu and Kohane, 2009; Wan et al., 2010; Yu et al., 2012; Christensen et al., 2014); mmu-mir-10a is highly expressed in a variety of tumor cells and can be used as an effective diagnostic marker for colorectal cancer (Hoesel and Schmid, 2013); mmu-miR-196b-5p promotes the growth of bladder tumor cells, glioma cells and chronic myeloid leukemia cells, inhibits the metastasis of breast cancer cells and inhibits the growth of liver cancer cells and colon cancer cells (Guan et al., 2010; Li Y. et al., 2010; Rebucci et al., 2015; Jiang et al., 2017; Zhu et al., 2017); mmu-miR-152-5p inhibits the growth of ovarian and gastric cancer cells and is downregulated in prostate cancer, neuroblastoma, melanoma cells and intestinal cancer cells, while mmu-miR-582-5p inhibits the proliferation of bladder cancer cells (Haflidadóttir et al., 2010; Song et al., 2011; Terrile et al., 2011; Spencer et al., 2012; Wang et al., 2016; Lin et al., 2018); microRNA-139-5p inhibits the proliferation of colorectal cancer and hepatocellular carcinoma cells and is downregulated in glioblastoma and breast cancer cells (Silber et al., 2008; Wong et al., 2011; Biagioni et al., 2012; Zhang et al., 2014); mmu-miR-196a-5p promotes breast tumor, esophageal cancer, glioma cells and colorectal cancer, and its expression is upregulated in gastrointestinal stromal tumor, breast cancer and pancreatic cancer tissues and cells (Luthra et al., 2008; Hoffman et al., 2009; Hui et al., 2009; Schimanski et al., 2009; Zhang et al., 2009; Niinuma et al., 2012); mmu-miR-125a inhibits the proliferation of hepatocellular carcinoma, laryngeal squamous cell carcinoma and endometrial cancer cells (Bi et al., 2012; (Liang et al., 2010); Jiang, 2011; Sun et al., 2017); miR-598 inhibits metastasis of colorectal cancer (Jia et al., 2017); mmu-miR-211-5p has inhibitory effects on colorectal cancer and melanoma (Peter et al., 2012); mmu-miR-215-5p inhibits the proliferation of colorectal tumor and epithelial ovarian cancer (Lin et al., 2017; Vychytilova-Faltejskova et al., 2017). Of the 6 microRNAs increased in the ck group compared to the ko group, 4 did not have available information. Expression of mmu-miR-375 is upregulated in prostate cancer and hepatocellular carcinoma and decreased in squamous cell carcinoma. It inhibits the proliferation of gastric cancer cells and inhibits the metastasis of colorectal cancer (Hui et al., 2010; Li L. et al., 2010; Tsukamoto et al., 2010; Selth et al., 2012; Xu et al., 2016). From a large number of research results, most of the differentially expressed microRNA between the ck and ko groups inhibit cancer cell proliferation and metastasis, which is consistent with the experimental results that the cell growth of the ko group was slower than the ck group.

Due to the large amount of microRNA production and extensive regulatory effects, the functional results of enrichment of microRNA target gene GO are very complex. There are many enrichment results in biological process, cellular component and molecular function, and 115 pathways were significantly enriched in KEGG enrichment analysis, in which micro target genes accounted for the largest proportion of regulation in indole alkaloid biosynthesis and D-arginine and D-ornithine metabolism. The largest number of target genes were enriched in MAPK signaling pathway, focal adhesion and endocytosis.

CircRNAs can cis-regulate the expression of parental genes. On the one hand, circRNAs can interact with RNA-binding proteins to affect the expression of parental gene mRNA; on the other hand, competitive complementary pairing between introns during the formation of cyclic RNAs can reach a balance with linear RNA, affecting mRNA expression and even protein translation. CircRNAs can also play the role of competitive endogenous RNA-ceRNA adsorption of microRNA. Due to the stability of cyclic RNA, the potential adsorption capacity of microRNA in the body is stronger than linear either mRNA or lncRNA. Recent studies have shown that some cytoplasmic circRNAs can be effectively translated into detectable peptides, highlighting the importance of circRNAs in cellular physiological functions. Cap-independent translation initiation mediated by internal ribosome entry sites (IRES) and N-methyladenosine (MA) is considered to be a potential mechanism of circRNA translation. So far, several translated circRNAs have been found to play a key role in human cancer (Lei et al., 2020; Wu et al., 2020).

The results of GO enrichment analysis of circRNA showed that the concentrated enrichment items were primarily related to cell composition and biological processes and may play an important role in glycosylation, acetamide and cholinesterase activity; cytoskeleton composition; and cancer. The results of KEGG pathway analysis of circRNA-derived genes showed that pathways related to cancer, tumor and ubiquitin were significant. Four pathways were enriched in both microRNA target genes and circRNA source genes.

In many gastrointestinal tumors, the regulation of circRNAs is disrupted and is related to metastasis and invasion. There are differences in the function and expression of some circRNAs in gastrointestinal tumors, such as gastric cancer, colorectal cancer, esophageal cancer, hepatocellular carcinoma, gallbladder cancer and pancreatic cancer, and they can be used as biomarkers. CircRNAs can be used as prognostic markers and targets for the development of new therapeutic methods (Petitdemange et al., 2019; Naeli et al., 2020). Some studies have shown the potential of targeting circRNAs as an important strategy for regulating TME, overcoming cancer drug resistance and improving treatment outcomes (Zhang Q. et al., 2020).

As research on circRNAs has only appeared in recent years, their regulatory role in the body is not understood in large part. Therefore, the study of circRNA still has a long way to go.
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Dengue virus (DENV) is the most widespread arbovirus, responsible for a wide range of clinical manifestations, varying from self-limited illness to severe hemorrhagic fever. Dengue severity is associated with host intense proinflammatory response and monocytes have been considered one of the key cell types involved in the early steps of DENV infection and immunopathogenesis. To better understand cellular mechanisms involved in monocyte infection by DENV, we analyzed the expression levels of 754 human microRNAs in DENV-infected THP-1 cells, a human monocytic cell line. Eleven human microRNAs showed differential expression after DENV infection and gene ontology and enrichment analysis revealed biological processes potentially affected by these molecules. Five downregulated microRNAs were significantly linked to cellular response to stress, four to cell death/apoptosis, two to innate immune responses and one upregulated to vesicle mediated, TGF-β signaling, phosphatidylinositol mediated signaling, lipid metabolism process and blood coagulation.
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Introduction

Dengue is an arthropod-borne viral disease that has rapidly spread around the world in the last decades and for which no antiviral treatment is currently available (Wilder-Smith et al., 2019). It is estimated that half of the world’s population live in areas of risk for dengue and that, annually, from 284 to 528 million new infections occur (Harapan et al., 2020). From these, only about 96 million cases are apparent cases, with symptoms including intense headache, retro-orbital pain, myalgia, arthralgia, high fever, and cutaneous hash, characterizing the mild form of the disease (Harapan et al., 2020). However, infected individuals may develop severe outcomes such as systemic plasma leakage, thrombocytopenia, and severe organ impairment which eventually progress to hypovolemic shock and death (Guzman and Harris, 2016).

Dengue severity is linked to a host intense inflammatory response that leads to increased endothelial permeability and associated hemorrhagic manifestations. Different immune cell types are known to participate in the cytokine storm induced by dengue virus (DENV), including monocytes, macrophages, and dendritic cells (Cerny et al., 2014; Hottz et al., 2014; Alayli and Scholle, 2016; Bhatt et al., 2021). Particularly, an increased number of activated monocytes have been found on blood samples from severe cases suggesting a key role for this cell type during DENV immunopathogenesis (Durbin et al., 2008). Monocytes play a central role in coordinating inflammation both by recruiting macrophages and dendritic cells and by inducing adaptive immunity (Jakubzick et al., 2017). Moreover, monocyte recruitment, activation, and differentiation at the dermis contributes to the establishment of DENV replication sites during early steps of DENV infection (Schmid and Harris, 2014). However, little is known about the mechanisms involved in monocyte responsiveness to DENV at the molecular level.

MicroRNAs are notable for their ability to regulate many different pathways. It is estimated that 60% of human genes expression are regulated by microRNAs. These include genes that play a role on immune response and inflammation (Friedman et al., 2009; Nejad et al., 2018). MicroRNAs have also been described to play a role in cellular strategies to overcome viruses and vice-versa (Trobaugh and Klimstra, 2017). To investigate whether DENV infection regulates microRNAs in monocytes, we assessed the expression pattern of 754-catalogued human microRNAs in the monocytic cell line THP-1 under DENV infection. Eleven cellular microRNAs were considered differentially expressed after infection. Associated pathways were identified by gene ontology analysis and the results suggest the involvement of human microRNAs in different cellular biological processes of known relevance in dengue pathogenesis, as well as others that have not yet been explored in the context of DENV biology. Together, our data suggest a role for human microRNAs during DENV infection in monocytes and highlight interesting candidates for further functional studies.



Methods


Virus Propagation

C6/36 mosquito cells (ATCC) were maintained at 28° C in L-15 medium (Gibco) supplemented with 2.95 g/L tryptose phosphate broth (Sigma Aldrich), 0.075% of sodium bicarbonate, 2 mM of glutamine and non-essential amino acids (Gibco), and 5% of inactivated fetal bovine serum (FBS) (ThermoFisher Scietific). C6/36 cells were infected at a multiplicity of infection (MOI) of 0.1 with DENV serotype 2 (DENV-2) (strain 16681). After 9 days of infection, the conditioned medium was harvested, centrifuged at 300 x g for 10 minutes and sterile-filtered through a 0.22 µM membrane (Millipore) to remove cells and cellular debris. Virus stocks were then stored at -80° C. All work involving infectious DENV was performed in a biosafety level (BSL)-3 containment laboratory.



Virus Titration

Virus titers were determined by plaque assay performed on BHK-21 cells seeded in 12-well plates (maintained at 37°C and 5% CO2). Ten-fold serial dilutions of virus stock samples were inoculated into confluent monolayers of BHK-21 cells. After 1 hour, inoculum was removed and semisolid medium (1% carboxymethylcellulose in alpha-MEM supplemented with 1% fetal bovine serum) was added. Cells were further incubated for 5 days prior to formaldehyde-fixation. Cells were stained with crystal violet dye solution for plaque visualization. Titers were expressed as plaque forming units (PFU) per milliliter.



THP-1 Infection

THP-1 cells (ATCC) were maintained in RPMI 1640 (ThermoFisher Scietific) supplemented with 10% of FBS at 37°C and 5% CO2. For infection on six independent experiments, cells were stimulated with phorbol-12-myristate-13-acetate (PMA - Sigma Aldrich) at 15 ηg/mL for 24 hours to induce monocytic activation as previously described (Daigneault et al., 2010). At the time of infection, PMA containing medium was removed and virus samples (DENV-2 16681) were inoculated with an MOI of 10 for 1 hour. Then, non-internalized viruses were removed by PBS washing, and cells were maintained in culture for 24 hours. Finally, cells were harvested to evaluate virus infectivity and microRNA expression.



Cellular Viability

Viability was evaluated through the capacity of live cells to metabolize resazurin dye (CellTiter Blue, Promega). THP-1 cells were seeded in 96 well plates at a density of 104 cells/well in the presence of PMA 15 ηg/mL for 24 hours. Cells were infected at different MOIs (0.1; 1; 10). Resazurin was added to cells 20- or 44-hours post-infection (for 24h or 48h experiments, respectively). Cellular viability was evaluated by fluorescence emission 4 hours after resazurin addition on a Victor Multilable Plate Reader (PerkinElmer).



Virus Infectivity

DENV-2 infection was monitored by immunofluorescence assay followed by flow cytometry analysis. Cells intended to flow cytometer analysis were fixed in paraformaldehyde solution (4%) for 15 minutes and permeabilized with triton solution (0.1%) for 20 minutes. Blocking was performed with donkey serum solution (5%) for 1 hour. Cells were incubated for 1 hour with the primary antibody 4G2 obtained from D1-4G2-4-15 hybridoma culture (ATCC). Following primary antibody incubation, cells were PBS washed and stained with the secondary antibody AlexaFluor anti-mouse 488 (Invitrogen) for 1 hour. The number of infected cells was monitored for all six biological replicates with the flow cytometer FACSCalibur (BD Bioscience).



MicroRNA Extraction, Quality Control and Retro Transcription

Cellular microRNAs were extracted through mirVana™ miRNA Isolation Kit (Thermo Fisher) following manufacturer‘s recommendations. RNA concentration and integrity were evaluated by Agilent RNA 6000 Nano Kit on BioAnalyzer (Agilent Technologies). Only samples with RNA Integrity Number (RIN) superior to nine were considered for further steps. Reverse transcription was performed by TaqMan® microRNA Reverse Transcription Kit (ThermoFisher Scietific) as specified by the manufacturer (with 100ηg of input RNA).



Large Scale RT-qPCR (OpenArray Platform)

MicroRNA profiles (array plates of 754 microRNAs) from each sample were obtained through RT-qPCR with TaqMan® OpenArray® MicroRNA Panels (ThermoFisher Scietific). Each panel plate holds up to three samples. A total of 6 replicates for each experimental group (mock and DENV-infected cells) were analyzed in study. Sample distribution into panel plates was done with the assistance of the automatic pipetting platform OpenArray® AccuFill™ System (ThermoFisher Scietific). Expression data is publicly available on https://github.com/atilarossi/THP-1_miRs_DENV.



Real-Time RT-PCR Expression Analysis

From routines created in R language for parsing raw data intensity foreground, background and fractional melting temperature exported from the commercial platform OpenArray® Real-Time PCR System (ThermoFisher Scietific), we made the background correction and the exploratory data analysis (fluorescence accumulation curve graphs of Rn intensity and HRM (High Resolution Melt) for each RT-PCR reaction in real time in different samples. For relative expression, the fluorescence accumulation data of real-time RT-qPCR reactions from each sample were used for fitting four parameter sigmoid curves to represent each amplification curve using the library qPCR for the R statistical package version 3.0.1. The cycle of quantification was determined for each amplification by the maximum of the second derivative of the fitted sigmoid curve. The efficiency of each amplification reaction was calculated as the ratio between the fluorescence of the cycle of quantification and the fluorescence of the cycle immediately preceding that. The estimated efficiency of each microRNA was obtained by the mean of the efficiencies calculated for each amplification reaction of that microRNA. Endogenous controls used in normalization between the different amplified samples were selected by the geNorm method. Normalization factors were calculated as the geometric mean of the expression value of the selected endogenous controls in each sample. The comparisons of means of normalized microRNA expression values between groups were performed by a nonparametric one-way ANOVA with 1,000 unrestricted permutations, followed by post-hoc pairwise comparisons with Bonferroni adjustment by a nonparametric t-test also with 1,000 permutations. Next, we conducted a Type I error adjustment for multiple comparisons by estimating the false positive ratio or false discovery rate (FDR). Results were represented in graphs displaying the microRNA expression levels mean ± standard error. Two-tailed levels of significance ≤ 0.01, 0.05 and 0.1 were considered as “highly significant”, “significant” and “suggestive”, respectively.



Gene Ontology and Enrichment Analysis

Enrichment analysis of target microRNA genes was performed using the online platform DIANA miRPath v.3 (http://snf-515788.vm.okeanos.grnet.gr). This software considers not only a Gene Ontology database of in silico evidence but also incorporates data from experimentally supported targets for tested microRNAs. The enrichment was assessed with a statistical score based on a Fisher’s Exact Test (hypergeometric distribution) adjusted by Benjamini-Hochberg’s False Discovery Rates (FDR) and applying the DAVID’s EASE score for a more conservative statistical analysis. Results that showed p-values ≤ 0.001 were considered significant.




Results


DENV Infects PMA-Stimulated THP-1 Cells With High Efficiency and Induces Changes in Cellular MicroRNA Expression Profile

Comparative gene expression studies during infection require a high percentage of infected cells. As activated monocytes are considered susceptible targets of DENV in blood and tissues, THP-1 monocytes were chemically activated through PMA treatment before DENV infection as described in Methods section. To set up the best conditions for high infection rates, activated THP-1 cells were infected at different MOIs, and DENV positive cells were evaluated 24 hours post-infection by immunofluorescence staining and flow cytometer analyses. The highest infection rates (up to 80%) were observed for DENV at the MOI 10 (Figures S1A, B). No significant differences in cell viability were observed when mock-infected cells were compared to infected cells at this MOI (Figure S1C), ensuring that cell death related pathways would not bias further steps.

Six independent experiments of activated THP-1 cells infected with DENV-2 (MOI 10) for 24 hours were then submitted to total RNA extraction followed by RT-qPCR expression analysis of 754 cellular microRNAs. microRNA profiles obtained were compared and, after clusterization, microRNA expression levels were sufficient to discriminate DENV-infected from mock-infected cells (Figure S2). DENV significantly induced up-regulation of two microRNAs (hsa-miR-30a-5p and hsa-miR-424-3p) and down-regulated seven microRNAs (hsa-miR-34c-5p, hsa-miR-455-5p, hsa-miR-455-3p, hsa-miR-548c-5p, hsa-miR-548d-5p, hsa-miR-652-3p and hsa-miR-99b-3p) (Figure 1). The microRNA hsa-miR-323a-3p was only detectable in infected cells while hsa-miR-489-3p was found exclusively in mock-infected cells (Figure S3). Thus, they were classified as upregulated (hsa-miR-323a-3p) and downregulated (hsa-miR-489-3p) by DENV-2.




Figure 1 | Differential expression of human microRNAs during DENV infection on THP-1 cells (six independent replicates for each experimental group). Expression profile of all infected and mock-infected samples for 9 microRNAs significantly modulated by DENV infection (A). The fold change levels (against mock-infected cells) of regulated microRNAs that showed statistically significant results (B). *p < 0.01 and **p < 0.05.





Gene Ontology and Enrichment Analysis of DENV-Regulated MicroRNAs Reveal Biological Processes Potentially Altered During Infection

To identify biological processes targeted by microRNAs modulated during DENV infection, a gene ontology and enrichment analysis (GO) was performed with the software DIANA-miRPath. GO analysis of these 11 microRNAs revealed 55 cellular pathways related to microRNAs up-regulated by DENV (Figure 2A) and other 51 pathways linked to microRNAs down-regulated by DENV (Figure 2B). Six microRNAs (hsa-miR-30a-5p, hsa-miR-652-3p, hsa-99b-3p, hsa-34c-5p, hsa-miR-548c-5p and hsa-548d-5p) were significantly linked to cellular response to stress, five (hsa-miR-30a-5p, hsa-99b-3p, hsa-34c-5p, hsa-miR-548c-5p and hsa-548d-5p) were linked to cell death/apoptosis, one (has-miR-30a) to vesicle mediated transport and two (hsa-miR-548c-5p and hsa-548d-5p) to innate immune responses. The upregulated hsa-miR-30a showed significant association to biological processes known to be relevant for DENV infection such as TGF-β signaling, phosphatidylinositol mediated signaling, lipid metabolism process and blood coagulation. Downregulated hsa-miR-652-3p, hsa-34c-5p and hsa-miR-548c-5p were also significantly linked to blood coagulation. Biological processes that were never or poorly explored in DENV biology appeared to be linked to DENV-regulated microRNAs, such as SRP-dependent cotranslational targeting membrane system (hsa-miR-652-3p), focal adhesion (hsa-miR-652-3p), Fc-epsilon receptor signaling (hsa-miR-30a-5p, hsa-miR-652-3p, hsa-miR-548c-5p and hsa-548d-5p), and protein N-linked glycosylation (hsa-miR-30a-5p). Interestingly, nine of the eleven regulated microRNAs showed significant GO statistics to cellular nitrogen compound metabolic processes (hsa-miR-30a-5p, hsa-miR-424-3p, hsa-miR-652-3p, hsa-455-3p, hsa-455-5p, hsa-99b-3p, hsa-34c-5p, hsa-miR-548c-5p and hsa-548d-5p), which might indicate the activation of an antiviral state.




Figure 2 | Gene ontology and enrichment analysis for biological processes associated to human microRNAs regulated by DENV infection in monocytes. Gene ontology for up-regulated (A) and down-regulated (B) microRNAs. Were considered significant results that showed p-values ≤ 0.001.






Discussion

The present study explores the expression levels of 754 microRNAs during active DENV infection in an activated monocyte cell model. MicroRNAs are considered a powerful source to unravel molecular pathways behind pathogenesis and promising prognostic biomarkers. Here, we report 11 cellular microRNAs whose expression levels were modulated in response to DENV-2 infection in THP-1 monocytes and in silico predicted target pathways for these molecules.

Among microRNAs found to be modulated by DENV herein, some belong to miR families that have already been explored in DENV replication. We describe downregulation of miR-548 family members (hsa-miR548c-5p and hsa-miR548d-5p), which have already been reported to inhibit DENV 1-4 replication (Wen et al., 2015). Authors have shown that endogenous miR-548g-3p suppresses DENV propagation, possibly by direct binding to the Stem Loop A (SLA) promoter in 5’UTR, hindering its interaction with NS5. Likewise, we found hsa-miR-34a-5p to be downregulated in response to DENV-2 infection. Interestingly, miR-34 family members display antiviral activity against flaviviruses, including DENV (Smith et al., 2017). Moreover, miR-34a microRNAs may act as potent activators of interferon (IFN) response due to downregulation of the WNT/β-catenin signaling members WNT2 and WNT3, thereby promoting an antiviral state (Smith et al., 2017). In addition, we found hsa-miR-30a to be up-regulated by DENV-2 infection in monocytes. A same-family microRNA, hsa-miR-30e-3p, is upregulated by DENV-2 infection in HeLa cells suppressing DENV replication by promoting NF-kB-dependent IFN production (Zhu et al., 2014), so it is possible that a similar mechanism takes place in monocytes during DENV infection by hsa-miR-30a, but this needs to be confirmed by further functional studies.

After GO analysis, two upregulated and seven downregulated microRNAs were linked to cellular nitrogen compound metabolic process. This biological process is related to nitrogen compound production and detoxification at the cellular level. Nitrogen compounds are largely involved in many aspects of cellular metabolism during viral infections since nitric oxide plays an important role in innate immunity during viral replication. Nitric oxide and nitric oxide synthase levels have been frequently found elevated during both in vitro (monocytes) DENV infections and in clinical samples from infected human subjects (Espina et al., 2003; Neves-Souza et al., 2005; Valero et al., 2013). Our data suggest an involvement of microRNAs in regulation of nitrogen compound metabolism in DENV-infected monocytes supported by a very low p-value on GO analysis.

Another key player in dengue pathogenesis are the Fc receptors, whose interaction with Fc regions of antibodies induces phagocytosis and/or cytokine release. Cytokine production triggered by Fc receptor signaling is mediated by spleen tyrosine kinase (Syk), which is highly active in monocytes during DENV infections via antibody-dependent enhancement (ADE) mechanisms (Cheung et al., 2011; Tsai et al., 2014; Callaway et al., 2015). Moreover, Fc receptors are deeply related to these mechanisms since they interact directly with cross-reactive non-neutralizing antibodies bound to viral particles promoting their internalization by a non-canonical mechanism (Boonnak et al., 2011). ADE is part of a well-accepted model to explain DENV immunopathogenesis (Wilder-Smith et al., 2019) and our data suggest that hsa-miR-30a-5p, hsa-miR-548c-5p, hsa-miR-548d-5p and hsa-miR-652-3p could act as Fc-receptor pathway regulators during DENV infection influencing ADE mechanisms.

Several TRKs signaling mechanisms can be involved in modulation of immune responses. For instance, Neurotrophin TRK receptor participates in inflammation and tissue-healing mechanisms by stimulating chemotactic response to CXCL12 by monocyte-derived macrophages (Samah et al., 2008). Activation of this receptor also increases expression of antigen presentation markers (such as HLA-DR and CD80) on human monocyte-derived dendritic cells (Bratke et al., 2007). During viral infection, TRK signaling can also be subverted to promote expression of cellular replication machinery components, enzymes involved in nucleotide synthesis, ribosomal biogenesis, and autophagy regulation, all of which will optimize conditions for viral replication (Hondermarck et al., 2020). In this context, it has been shown that inhibition of fibroblast growth factor receptor 4 (FGFR4) opposingly affects DENV replication and production of infectious virus particles (Cortese et al., 2019).

Hence, these receptors are targeted by viruses to improve their success of an infection, but they can also be pharmacological targets when their exact role is revealed. Although TRK receptors may affect DENV replication and related immune activation, to date, no data is available for their direct involvement in dengue pathogenesis. Our data, bring new insights in this unexplored issue and indicate that hsa-miR-30a-5p, hsa-miR-548c-5p and hsa-miR-548d-5p may act regulating TRK receptor signaling during DENV infection in monocytes.

Blood coagulation is a well-explored biological process in dengue literature since dengue hemorrhagic events are linked to disease severity and mortality rates (Hottz et al., 2018). Although the events that trigger hemorrhagic manifestations are not fully understood, the involvement of a cytokine storm during infection is well described (Guabiraba and Ryffel, 2014). Blood coagulation factors such as prothrombin/thrombin, thrombomodulin, protein C, protein S, fibrinogen/fibrin, and others, are known to be altered during DENV pathogenesis (Azeredo et al., 2015). Our data suggest that hsa-miR-30a-5p, hsa-miR-652-3p, hsa-34c-5p and hsa-miR-548c-5p may be part of this puzzle.

Intriguingly, the upregulated hsa-miR-30a-5p was significantly linked to several biological processes shown by GO analysis. Besides the pathways discussed above, TGF-β receptor signaling pathway appeared to be targeted by this microRNA. TGF-β was previously found at lower levels in dengue patients when compared to healthy donors (Agarwal et al., 1999). Moreover, platelet counts positively correlate with TGF-β levels in DENV infection and genetic polymorphisms in this gene have already been linked to disease severity (Chen et al., 2009; Perez et al., 2010; Malavige and Ogg, 2017). TGF- β is also present on platelet alpha-granules and can be secreted after platelet-monocyte activation and aggregation, frequently found during dengue hemorrhagic events (Singh et al., 2020). Interestingly, hsa-miR-30a-5p has already been found to impact on TGF- β mediated polarization of naïve T cells by reducing transcript levels of IL6R and then affecting Th17 cell differentiation (Schiavinato et al., 2017).

Phosphatidylinositol mediated signaling pathway was also found to be targeted by hsa-miR-30a-5p. Phosphatidylinositol kinases (PI3K) are enzymes with broad cellular signaling functions, including cellular growth, proliferation, differentiation, cell survival and trafficking. Consequently, subversion of PI3K pathways during viral infections are frequent (Hondermarck et al., 2020). Members of this kinase family were already described regulating apoptosis during early steps of flaviviruses’ infection (Lee et al., 2005; Liu et al., 2014), acting on coagulation on dengue pathogenesis (Yeh et al., 2013) and participating on ADE mechanism (Tsai et al., 2014). Here, our data suggest that hsa-miR-30a-5p could also regulate this pathway in monocytes during DENV infection.

Protein N-linked glycosylation was also significantly linked to hsa-miR-30a-5p in this study. N-linked glycosylation participates in virus infectivity and propagation (Mondotte et al., 2007) and the envelope protein harbors two N-glycosylated residues (N67 and N153) that are involved in DENV entry through the interaction with attachment factors on the host cell surface, namely DC-SIGN and mannose receptor (Cruz-Oliveira et al., 2015). NS1 – a non-structural DENV protein mainly involved in immune evasion and critical to DENV replication – has abundant N-glycosylation sites responsible for its secretion and interaction with the complement system (Somnuke et al., 2011; Fan et al., 2014). Although all these findings support the relevance of N-glycosylation in DENV infection, its regulatory mechanisms remain to be elucidated (Zhang et al., 2016). Here, hsa-miR-30a-5p showed up as a candidate regulator of this process.

Finally, downregulated hsa-miR652-3p was the only microRNA for which GO analysis supports a role on SRP-dependent cotranslation protein targeting. The former is a mechanism responsible for protein targeting and direction to the endoplasmic reticulum (ER). As well documented, flaviviruses have their replication sites closely related to the ER. During DENV replication, most of the proteins remain associated with the ER and reside on its lumen until budding via Golgi complex (Mukhopadhyay et al., 2005). Although ER targeting seems to be a crucial step for DENV polyprotein translation and viral genome replication, the molecular mechanisms that rely under its synthesis and subcellular organization is not fully understood (Reid et al., 2018). Our data provide evidence of an involvement of SRP-targeting system on DENV replication, where hsa-miR652-3p might play a role.

Taken together, the present data identify eleven human microRNAs whose expression patterns were altered due to DENV infection on a human monocyte cell model. We therefore suggest that these molecules potentially act on DENV replication and/or pathogenesis regulating cellular pathways and host-virus interactions The microRNAs unraveled here are promising candidates for future functional research and their impact on DENV biology and pathogenesis should be further explored.
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Background

Chlamydia trachomatis (Ct) is one of the most common bacterial sexually transmitted infection (STI) pathogens in the world, but the exact pathogenic mechanism still needs to be further elucidated. Long non-coding RNAs (lncRNAs) have become vital regulators in many biological processes. Their role in the interaction between Ct and host cells has not been reported.



Methods

Microarrays were used to study the expression profiles of lncRNAs and mRNAs in HeLa cells at 12, 24, and 40 h post-infection (hpi). Differentially expressed lncRNAs and mRNAs were verified by RT-qPCR. Coding-non-coding (CNC) network analysis showed co-expression molecules of selected lncRNA. Western blot, flow cytometry, and indirect immunofluorescence were used to detect the effect of lncRNA FGD5-AS1 on apoptosis during Ct infection.



Results

Compared with the uninfected group, the number of differential lncRNAs were 2,130, 1,081, and 1,101 at 12, 24, and 40 hpi, and the number of differential mRNAs was 1,998, 1,129, and 1,330, respectively. Ct induced differential expression of large amounts of lncRNAs and mRNAs in HeLa cells, indicating that lncRNAs may play roles in the pathogenesis of Ct. RT-qPCR verified six differential lncRNAs and six differential mRNAs, confirming the reliability of the microarray. Among these molecules, lncRNA FGD5-AS1 was found to be upregulated at 12 and 24 hpi. Coding-non-coding (CNC) network analysis showed that co-expressed differential molecules of FGD5-AS1 at 12 and 24 hpi were enriched in the DNA replication and Wnt signaling pathway. The downregulation of FGD5-AS1 decreased the expression of β-catenin and inhibited the translocation of β-catenin and the DNA replication, while it promoted apoptosis of the host cells.



Conclusions

DNA replication and apoptosis of host cells were affected by upregulating FGD5-AS1 via Wnt/β-catenin pathway during Ct infection. This study provides evidence that lncRNAs are involved in the coaction between Ct and hosts, and provides new insights into the study of lncRNAs that regulate chlamydial infection.
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Introduction

Chlamydia trachomatis (Ct) is an obligate intracellular Gram-negative microorganism. It is one of the leading clinical pathogens causing blindness and bacterial sexually transmitted infection (STI). Chlamydial infection of the reproductive tract causes serious complications, such as epididymitis and prostatitis in males, and cervicitis, pelvic inflammatory disease, fallopian tube inflammation, ectopic pregnancy, and infertility in females (WHO Alliance for the Global Elimination of Blinding Trachoma by the year 2020). Ct infection is closely associated with ovarian cancer and is an important risk factor of HPV-induced cervical cancer. However, the exact molecular mechanism of Ct is still unclear.

Ct has a unique development cycle, which is transformed between two different forms. The initiation of developmental cycle is the adhesion and entry of metabolically inactivated infectious elementary bodies (EBs) into the host cell. EBs rapidly differentiate into proliferative but non-infectious reticular bodies (RBs). After replication, RBs differentiate asynchronously into EBs. Re-differentiated EBs leave the host cell by lysis or extrusion to infect neighboring cells (Chen et al., 2019).

In order to maintain a stable subcellular environment to complete the development cycle, Ct develops a variety of mechanisms to interact with host cells, such as interfering with autophagy and escaping host cell immune response (Murray and McKay, 2021). It has been shown that Ct can influence host transcriptome and proteome profiles for regulating cell signaling pathways and inhibiting host cell death (Hayward et al., 2019). As one of the key strategies for intracellular survival, the regulation of Ct infection on apoptosis is intricate. Ct has obviously timeliness in regulating apoptosis: the host cell death is inhibited in the early stage of infection to protect the survival of host cells, while it is induced to promote EB spread in the late stage. If the host cell apoptosis is induced early, it will repress Ct propagation, and the mechanism of its resistance to apoptosis has not been fully elucidated.

The interaction between Ct and host is achieved by affecting the expression of key molecules in biological processes, and protein expression is usually regulated by non-coding RNAs (ncRNAs) including long non-coding RNAs (lncRNAs) (Wen et al., 2020a; Zhu et al., 2021). LncRNAs are the kind of ncRNAs with a length of more than 200 nucleotides, which regulate gene expression at multiple levels via various mechanisms, thus influencing development, differentiation, and metabolism (Batista and Chang, 2013; Fatica and Bozzoni, 2014). In recent years, the research on lncRNAs in bacterial infection have focused on intracellular microorganisms. For example, lncRNA MIR3954 HG-V1 and V2 were upregulated after Mycobacterium tuberculosis (Mtb) infection, which can be regarded as the candidate diagnostic markers for Mtb infection (Yang et al., 2016). Helicobacter pylori (Hp) activated SGK1/JunB signaling pathway by upregulating lnc-SGK1, inhibiting Th1 cell differentiation and promoting Hp infection and proliferation (Yao et al., 2016). Previous studies showed that the secreted plasmid protein pORF5 of Ct improved the survival of host cells by upregulating ZFAS1 via activation of MAPK/p38 pathway (Wen et al., 2020b). However, we still know little about the role of lncRNAs on the signaling pathway in response to the obligate intracellular bacterium during Ct pathogenesis.

In this study, we constructed a Ct infection model to analyze the role of host lncRNAs during Ct infection. Based on the previous studies, Ct showed a 16 h incubation period and then proliferated rapidly and reached its peak at 40 h (Belland et al., 2003). Therefore, we selected 12, 24, and 40 h to dynamically monitor the expression of host lncRNAs and mRNAs during the growth cycle of Ct. The flow of this experiment is shown in the Figure 1. At 12, 24, and 40 h, the number of host differential lncRNA was 2,130, 1,081, and 1,101, while the differentially expressed mRNA number was 1,998, 1,129, and 1,330, respectively. Ct induced the differential expression of lncRNAs and mRNAs in HeLa cells, among which the number of differential molecules was the most at 12 h. This is consistent with the state that Ct infection affects host physiological process and prepares for intracellular proliferation in the early stage (Elwell et al., 2016).




Figure 1 | The schematic flow of the experiment. Part of elements come from SMART (https://smart.servier.com).



It is worth noting that both previous research and our experimental results demonstrated that Ct could resist host cell apoptosis at 12 and 24 h, suggesting that apoptosis-related signaling pathways in these two time points were regulated by Ct. The expression of the differential lncRNA FYVE, RhoGEF, and PH domain containing five antisense RNA 1 (FGD5-AS1) was found to be upregulated at both two time points. The co-expressed differential mRNAs were enriched in DNA replication and Wnt signaling pathway. The downregulation of FGD5-AS1 reduced the expression of β-catenin, promoted the apoptosis, and inhibited the translocation of β-catenin and DNA replication of Ct-infected cells at 12 hpi. Our study has shown that Wnt/β-catenin pathway was activated by up-regulating FGD5-AS1 when Ct infection, which influenced DNA replication and apoptosis of host cells. This study provides an important basis for lncRNAs to participate in the interaction between Ct and host and provides a new insight for the study of the pathogenesis of Ct and screening of potential intervention targets.



Materials and Methods


Cell Culture and Chlamydia Infection

The human cervical cancer cell line HeLa was cultured in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Waltham, MA, USA). Cells were grown at 37°C, 5% CO2. When the cells grew to fusion of 90% in a culture flask, they were digested with trypsin (Hyclone) and transferred to a six-well plate and incubated overnight. The cells infected with Chlamydial organisms of Ct serovar E at a multiplicity of infection (MOI) of 0.5 diluted in DMEM supplemented with 10% FBS for 20 min after pretreated with DEAE-dextran (45 µg/ml) for 10 min. Then plates were centrifuged 60 min at 900 × g. Complete culture medium supplemented with 10% FBS, 1 µg/ml cycloheximide (Abcam, Cambridge), and 10 µg/ml gentamycin (Merk, Darmstadt, Germany) were added into infected cells and cultured at 37°C, 5% CO2 (Scidmore, 2005; Wen et al., 2020d).



RNA Extraction

Total RNAs from cells infected with Ct for 12, 24, and 40 hpi and uninfected cells were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA quantification and purity were measured by ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA). The absorbance ratios of A260/A280 and A260/A230 were measured by standard denaturing agarose gel electrophoresis to evaluate RNA integrity.



Marking and Hybridization

Sample labeling and array hybridization were performed according to the manufacturer’s protocol (Arraystar, Rockville, MD, USA). In short, total RNA was digested with RNase R (Epicentre, Madison, WI, USA) to remove linear RNA. Using an RNA labeling kit (Arraystar, Rockville, MD, USA), each sample was amplified and transcribed into fluorescent cRNA using a random primer method. The labeled cRNA was purified using RNeasy Mini Kit (Qiagen, Hilden, Germany). The concentration and specific activity of the labeled cRNA were measured by a NanoDrop spectrophotometer. One μg of labeled cRNA was lysed by the addition of 1 μl of 25× fragmentation buffer and 5 μl of 10× blocking reagent, then the mixture was heated at 60°C for 30 min, and finally 25 μl of 2×GE hybridization buffer was added to dilute the labeled cRNA. Fifty μl of the hybridization solution was dispensed into spacer slides and assembled on lncRNA expression microarray slides. Slides were incubated in a hybridization oven (Agilent, Santa Clara, CA, USA) at 65°C for 17 h. The hybridized array was washed, fixed, and scanned using Arraystar lncRNA microarray scanner (part number G2505C).



Microarray Data Analysis

Microarray data collection was performed by Kangchen Biotechnology (Shanghai, China) experimental workflow (GSE165628) (Shi and Shang, 2016). In the Ct-infected cells, lncRNAs with a fold change (FC) of expression ≥2.0 (P value <0.05) compared to control cells were selected for further analysis.



Transmission Electron Microscopy (TEM)

The cells at 12, 24, and 40 hpi were collected by trypsin and fixed by 2.5% glutaraldehyde for 2 h and were centrifuged at 1,200 rpm for 10 min to collect. The supernatant was replaced with 1% osmic acid. Then, samples were dehydrated by using increasing grades of ethanol (50, 70, and 100%) and acetone (90 and 100%) before embedding in a mixture of Spurr epoxide resin (EPON812, DDSA, MNA, and DMP30) and 100% acetone. Ultrathin sections (approximately 70 nm) were stained with uranyl lead citrate and acetate. Finally, inclusions in samples were examined by Tecnai G2 transmission electron microscope.



RT-qPCR

After treated with DNase without RNase, 2 μg of total RNA in a 20 μl reaction was used for the first-strand synthesis according to the instructions of the SuperScript™ RT-PCR first-strand synthesis system (Invitrogen, Carlsbad, CA, USA). The RT product (1 μl) was used as a template for RT-qPCR in the LightCycle 96 instrument (Roche, Basel, Switzerland) by using SYBR Green I (Tiangen, China). The reaction was performed during 30 cycles of 30 s denaturing at 95°C, 30 s annealing at 60°C, and 30 s extension at 72°C. The 18S rRNA was used as an internal control. Reactions were performed in triplicate at each time point. The data were normalized to the ratio of lncRNA or mRNA to 18S rRNA transcript. The relative expression levels were calculated by the delta-delta-Ct method and U-test, respectively. Sequences of the primers used are listed in Table S1.



Bioinformatics Analysis (GO, KEGG, and CNC)


Gene ontology (GO) analysis (www.geneontology.org) was used to study the biological function of differentially expressed coding genes (DGs). The analysis classified functions according to the following three aspects: biological processes (BP), cellular components (CC), and molecular functions (MF). Fisher’s exact test was used to classify GO categories. The P-value indicated the importance of GO term enrichment in DGs. The lower the P-value, the more meaningful the GO term (P-value <0.05).

According to the Kyoto Encyclopedia of Genes and Genomes (KEGG), Biocarta, and Reactome (http://www.genome.jp/kegg/), DGs were used for pathway analysis. The P-value (EASE score, Fisher-P value, or Hypergeometric-P value) indicated the importance of the pathway related to the condition. P-value <0.05 was considered statistically significant.

The coding-non-coding co-expression network (CNC) of lncRNA-mRNA was constructed by Co-Lnc software (http://bio-bigdata.hrbmu.edu.cn/Co-LncRNA/). The modified Pearson correlation coefficient (PCC) was used to cut off and to select the lncRNA-mRNA pair, whose PCC ≥0.7. Cytoscape 3.7.1 was used to visualize a CNC network.



Cell Transfection

To silence lncRNA FGD5-AS1, siRNA targeting lncRNA (si-FGD5-AS1) and NC siRNA were synthesized by RiboBio (Guangzhou, China). The sequence of si-FGD5-AS1 was as follows: 5’-TCACTAAGCTTCACAGATA-3’. Transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Twelve hours after transfection, the transfected cells were collected and used for further experiments.



Western Blot Analysis

Cells were lysed with lysis buffer containing protease and phosphatase inhibitors on ice for 10 min, and then centrifuged (12,000 × g) at 4°C for 10 min. Supernatants were denatured by loading buffer containing 5% β-mercaptoethano, followed by boiling at 100°C for 5 min. SDS-PAGE was performed and transferred to a polyvinylidene fluoride (PVDF) membrane (0.22 μm; Millipore, Bedford, MA, USA) using a semi-dry Trans-Blot SD device (BioRad). At room temperature, the membrane was blocked with blocking buffers (EpiZyme, China) for 15 min. The membrane was incubated with the anti-mouse antibodies to β-catenin and β-actin, and the anti-rabbit antibodies to Bcl-2 and Bax (Danvers, MA, USA), respectively, overnight at 4°C, then goat anti-mouse IgG and goat anti-rabbit IgG (Abcam, Cambridge, UK) conjugated with horseradish peroxidase (HRP) were incubated at 37°C for another 1 h. Protein bands were detected using the enhanced chemiluminescence Western blot system G:BOXChemi XXX9 (Syngene, Cambridge, UK), and analyzed by Quantity One.



Immunofluorescence Assay (IFA)

Infected HeLa cells grown on coverslips at different time points were fixed with 4% paraformaldehyde in PBS for 30 min, permeabilized with 0.3% (v/v) Triton X-100 in PBS for 10 min, and blocked by DMEM containing 10% FBS for 1 h. The samples were washed with PBS and incubated with specific primary antibodies at 37°C for 2 h. The specific primary anti-mouse antibody to chlamydial reference pORF5 protein was purified and stored as described according to published work (Li et al., 2008). Cy3-labeled goat anti-mouse IgG (Jackson Immuno Research Laboratories, West Grove, PA, USA) and 6-dim-2-phenylindole dihydrochloride (DAPI; Sigma -Aldrich, Munich, Germany) were visualized to β-catenin and nuclear DNA, respectively. After co-incubation for 1 h, the nuclear translocation of β-catenin was observed on a fluorescence microscope (Nikon in Tokyo, Japan).

Hoechst staining was used to detect apoptosis. After the TNF-α was treated for 6 h or other appropriate treatment, the cells were fixed and permeabilized. Then, the cells were incubated with Hoechst 33258 (Beyotime Biotech, Nanjing, China) for 30 min. Apoptotic cells were observed under a fluorescent microscope. The apoptosis rate was determined by the following formula: apoptosis rate = number of apoptotic cells in five arbitrary units/total number of cells in five arbitrary units × 100%.



Acridine Orange/Ethidium Bromide (AO/EB) Fluorescence Assay

At the appropriate time points, HeLa cells or Ct-infected cells cultured in 24-well plates were added with 10 μl of the dyes AO and EB (Bestbio Science, Shanghai, China). After 10 min, apoptotic cells were observed by using a fluorescence microscope. While red-stained cells suggested that the cell membrane was damaged, which means cell apoptosis, green-stained cells indicated that the cell membrane was intact and alive.



Flow Cytometry (FCM)

Apoptotic cells were measured using Annexin V-APC/PI apoptosis detection kit (Keygen, China). Briefly, cells were washed with PBS and resuspended in 500 µl of binding buffer, and then 5 µl of Annexin V-APC and 5 µl of propylene iodide (PI) were added. After incubating the cells at room temperature in the dark for 15 min, cells were analyzed by FCM. Cell cycle was detected using cell cycle and apoptosis analysis kit (US EVERBRIGHT® INC., Suzhou, China). Cells were digested with trypsin and washed with PBS. Subsequently, 250 μl of PBS was used to resuspend the cells, and 750 μl of absolute ethanol was used to fix the cells overnight. Before staining, the cells were centrifugated 5 min with 1,000 × g to remove the ethanol and were resuspended by 1 ml of cold PBS. Then 0.5 ml of PI was added to each sample. After incubating the cells at room temperature in the dark for 30 min, the stained cells were analyzed by FCM. FlowJo 7.6.1 software was used to analyze apoptotic rate and cell cycle.



Statistical Analysis

All results were expressed as the mean ± standard deviation (SD) of three independent experiments. Statistical analysis was performed using t-test. All statistical tests were performed using GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA). All statistical tests were indicated by two tails, and P<0.05 was considered significant.




Results


Establishment of Acute Infection Model of Ct Serovar E

In order to investigate the alternation of host lncRNA and mRNA induced by Ct, HeLa cells were infected with Ct serovar E organisms for 12, 24, and 40 h (MOI=0.5). To detect the infection of Ct at different time points, IFA and TEM were performed. Results are as shown in Figure 2; the inclusion size increased with the infection time. The ultrastructure of inclusions was observed under TEM. At 12 and 40 h, there were dense EB and loose RB, while only RB existed in inclusion at 24 h, which proved that the model of acute Ct infection was successfully constructed.




Figure 2 | Acute infection of Ct. HeLa cells were infected with Ct at 12, 24, and 40 hpi. The left panel exhibited the inclusions in cells that were mixed and detected by TEM. The symbol of # presents EBs, and & indicates RBs. Other panels exhibited that the infected cells were fixed at different time points. DNA (blue) was stained by Hoechst 33258, and inclusions (green) were stained by Cy2. Arrows denote inclusions.





Overview of Differentially Expressed lncRNAs and mRNAs

To explore the host lncRNAs associated with Ct infection, we examined the expression profiles of lncRNAs and mRNAs in HeLa cells at different time points by microarray analysis (Figure S1). Hierarchical clustering and volcano diagrams confirmed the expression patterns of lncRNAs and mRNAs. The changes in lncRNAs and mRNAs expressions were evaluated by volcano plots (Figure S2).

Compared with the uninfected group, 2,130 of lncRNAs (732 of upregulation and 1,398 of downregulation), 1,081 of lncRNAs (442 of upregulation and 639 of downregulation), and 1,101 of lncRNAs (465 of upregulation and 636 of downregulation) were differentially expressed at 12, 24, and 40 hpi, respectively (FC≥2 and P <0.05) (Figures S3A–C). Compared with the uninfected group, the top 30 of differentially expressed lncRNAs at each time point were listed in supplementary data (Tables S2). Venn diagram of differentially expressed lncRNAs showed that 245 of lncRNAs had the same change tendency, including 165 of upregulation and 80 of downregulation (Figure 3).




Figure 3 | Preliminary overview of DGs at different post-infected hours. (A, B) The distribution of differentially expressed lncRNAs (A) and differentially expressed mRNAs (B) at different post-infected hours shown by scatter plots. (C, D) Venn diagrams indicate the numbers of overlapping and non-overlapping upregulated lncRNAs (C) and downregulated lncRNAs (D). (E, F) Venn diagrams indicate the numbers of overlapping and non-overlapping up-regulated mRNAs (E) and downregulated mRNAs (F).



mRNA expression profile data showed that compared with the uninfected group, 1,998 of mRNAs (1441 of upregulation and 557 of downregulation), 1,129 of mRNAs (849 of upregulation and 280 of downregulation), and 1,330 of mRNAs (988 of upregulation and 342 of downregulation) were differentially expressed at 12, 24, and 40 hpi, respectively (FC≥2 and P<0.05) (Figures S3D–F). The top 30 of differentially expressed mRNAs are showed in Tables S3. Venn diagram of the differentially expressed mRNAs showed that there were 496 mRNAs with the same change trend at three time points, of which 459 were upregulated and 37 were downregulated (Figure 3).

FC of differentially expressed molecules was transformed with log2(FC)≥1 to analyze the DGs at different time points (Figures 3A, B). The results showed that the number of DGs was the largest at 12 hpi. To sum it up, molecular events (such as lncRNAs and mRNAs) in cells have altered after Ct infection.



GO, KEGG, and Protein-Protein Interaction Network (PPI) Analysis

To further explore the overall effect of Ct infection in HeLa cells, GO analysis was performed on DGs. The results showed that the upregulated differentially expressed mRNAs were mainly enriched in BP related to nucleic acid metabolism, such as “Nucleic acid metabolic process,” CC including “Intracellular organelle lumen,” and “Nucleic acid binding” in MF (Figures S4A, C, E). However, the downregulated mRNAs were quite distinct at different time points. The downregulated mRNAs at 12 hpi were mainly enriched in BP related to immunity such as “Innate immune response,” CC including “Membrane part,” as well as “Signal transducer activity” in MF (Figure S4B). Downregulated mRNAs at 24 hpi were enriched in BP such as “Terpenoid metabolic process,” CC including “Intrinsic component of membrane,” as well as MF associated with “Signaling receptor activity” and “Molecular transducer activity” (Figure S4D). Downregulated mRNAs at 40 hpi were primarily enriched in BP such as “Endocytosis,” and CC including “Cytoskeleton,” as well as MF correlated to “Ligand-gated ion channel activity” (Figure S4F). The above results suggest that Ct affects host signal transduction and cell metabolism during infection.

KEGG pathway analysis was used to study the biological pathways involved in differentially expressed mRNAs. KEGG results showed that the upregulated DGs were mostly enriched in “Spliceosome”, “RNA transport”, “Epstein-Barr virus infection”, “Cell cycle”, “NOD-like receptor signaling pathway”, and “DNA replication” and other channels (Figures S5A, C, E). However, downregulated DGs were enriched in various signaling pathways at different time points, such as “Calcium signaling pathway” and “cAMP signaling pathway” at 12 hpi; and “Hippo signaling pathway” at 24 and 40 hpi (Figures S5B, D, F).

Metascape software analyzed the DGs (Zhou et al., 2019). The results are shown in the Figure S6A. Ct-infected cells had a large number of overlapping genes at three time points. PPI networks were constructed for these overlapping genes (Figure S6B), and most of them had functional interactions. Figure S7C showed the top 50 of central genes that play an important role in these overlapping genes, many of which were concentrated in function and may be generally regulated by other transcripts. The MCODE software in Cytoscape screened the subnet in PPI by clustering analysis (Figure S7D), which provides valuable information for the molecular mechanism of Ct-related diseases.



Validation of Differentially Expressed Transcripts by RT-qPCR

To confirm the accuracy and repeatability of the microarray data, six of lncRNAs (HIF1A-AS1, AL354872.2, FGD5-AS1, LINC00707, ZFAS1, and LINC01433) in all samples were selected according to FC and literature. And six of mRNAs (SESN2, HERPUD1, GBP3, WIF1, FZD10, and DDIT3) were verified by RT-qPCR. The 18S rRNA was used as an internal reference. The results showed that compared with the uninfected group, lncRNA HIF1A-AS1 expression was upregulated (P<0.01), and lncRNA AL354872.2 (P<0.05), mRNA molecule SESN2 (P<0.01), and HERPUD1 (P<0.05) expressions were downregulated at 12 hpi. LncRNA FGD5-AS1 (P<0.01) and LINC00707 (P<0.01) expressions were upregulated, and mRNA WIF1 expression was downregulated at 24 hpi (P<0.01). At 40 hpi, the expressions of lncRNA ZFAS1 (P<0.05) and mRNA DDIT3 (P<0.05) were upregulated, while that of lncRNA LINC01433 (P<0.05) and mRNA FZD10 (P<0.01) were downregulated (Figure 4). These DGs’ transcription levels were consistent with the results of the microarray.




Figure 4 | RT-qPCR validation of host differentially expressed lncRNAs and mRNAs in Ct-infected HeLa cells and uninfected cells. The relative transcriptional levels of six differentially expressed lncRNAs (A) and six differentially expressed mRNAs (B) at different post-infected hours in Ct-infected HeLa cells and uninfected cells were detected using RT-qPCR. The results were normalized with the endogenous 18S rRNA control and measured the relative amount of target gene. Each sample was run in triplicate to ensure accurate fold change estimation, and the results were expressed as mean ± SD. *P<0.05; **P<0.01; NS, no significance.





Ct Infection Resists Host Cell Apoptosis

Chlamydia has been reported to resist host cell apoptosis and promote proliferation in the early stage and contribute to dissemination by inducing cell death in the late stage (Perfettini et al., 2003), which is one of the important mechanisms of Chlamydia for immune escape (Chen et al., 2019). In order to detect the anti-apoptosis effect of Ct infection, HeLa cells were infected with Ct for different time points and pretreated with 20 ng/ml TNF-α for 6 h, respectively. The results of AO/EB staining (Figure 5A) showed that compared with HeLa cells (27.36%), the apoptosis rates of Ct-infected cells at 12 and 24 h were 15.45 and 13.92% (P < 0.05), respectively, and that of Ct-infected cells at 40 h was 18.12% (P < 0.05). FCM results (Figure 5B) showed that compared with HeLa cells (29.63%), the apoptosis rates of cells at 12 and 24 hpi were 10.73 and 20.56% (P < 0.05), respectively, and that of 40 hpi was 23.34% (P < 0.05). As shown in the figure (Figure 5C), after inducing apoptosis, the apoptosis rates of cells at 12 and 24 hpi were 12.17 and 14.32%, both higher than uninfected cells (31.46%) (P < 0.01), and the apoptosis rate of cells infected with Ct for 40 h was 17.16% (P < 0.05). The Bcl-2/Bax ratio in control cells (0.486 ± 0.056) was lower than that of infected cells at 12 hpi (0.912 ± 0.107) and 24 hpi (0.988 ± 0.117), while having no significant difference at 40 hpi (0.617 ± 0.045) (Figure 5D). Ct-infected cells present anti-apoptotic effect at 12 and 24 hpi. With the extension of infection time, the anti-apoptotic ability of Ct decreased.




Figure 5 | The anti-apoptotic effect of chlamydial infection. (A) AO/EB staining (10 × 20), (B) FCM, and (C) Hoechst staining (10 × 20) for a Ct-infected cells at different points with TNF-α treatment. Right panel is the apoptosis rate calculated by corresponding experiment. *P < 0.05. NS, no significance. (D) The expression of Bcl2 and Bax was measured by western blot in HeLa cells and Ct-infected cells after the apoptosis induction. The upper panel is the ratio of Bcl2/Bax, and calculated by the corresponding gray value via Quantity One. Arrows in (A) denote apoptotic cells, and in (C) indicate apoptotic bodies.





Construction of Coding Non-Coding Co-Expression (CNC) Network

Ct needs to resist host cell apoptosis to achieve proliferation. Therefore, we further explored the anti-apoptosis mechanism of Ct. Among six of lncRNAs verified by RT-qPCR, HIF1A-AS1, FGD5-AS1, LINC00707, and LINC01433 were differentially expressed at 12 and 24 hpi. As HIF1A-AS1 and LINC01433 did not change the tendency at three time points of Ct infection (HIF1A-AS1 expression was upregulated at all three time points, while LINC01433 was downregulated), FGD5-AS1 and LINC00707 were chosen for further study. Co-expressed molecules of FGD5-AS1 and LINC00707 at 12 and 24 hpi were analyzed by calculation of PCC (PCC ≥ 0.7). Cytoscape 3.7.1 was used to create a CNC network. As shown in Figure 6, FGD5-AS1 was co-expressed with more differentially expressed molecules when compared to LINC00707. Co-Lnc software was used to analyze the pathway of FGD5-AS1 co-expressed molecules. The analysis results are shown in Table 1, among which Wnt signaling pathway is considered to be widely involved in the process of anti-apoptosis.




Figure 6 | LncRNA-mRNA co-expression network in Ct-infected HeLa cells at 12 and 24 post-infected hours. The network was based on the Pearson relation coefficient of a lncRNA targeting an mRNA. Light orange shapes correspond to lncRNAs. Squares and triangle correspond to mRNAs. Red means upregulation, and blue means downregulation.




Table 1 | Enrichment pathway of co-expression molecules of FGD5-AS1 at 12 and 24 hpi.





Wnt/β-catenin Signaling Is Involved in the Anti-Apoptotic Effect of Ct-Infected Cells

Combined with the results in Table 1, we preliminarily explored whether Wnt/β-catenin signaling pathway was related to the anti-apoptosis effect of Ct. The results are shown in Figure 7. After inhibiting Wnt/β-catenin signaling pathway by inhibitor IWP2 (Figure 7A), the Bcl2/Bax ratio in the inhibited cells decreased (P<0.05) upon Ct infection (Figure 7B). The FCM results illustrated that the apoptosis rate (14.13%) in the Ct-infected inhibited cells was higher than that in the Ct-infected non-inhibited cells (10.47%) (P<0.05) after TNF-α induction (Figure 7C). Hoechst staining (Figure 7D) indicated that in the Ct-infected cells, the apoptosis rate of the inhibited cells (16.69%) was higher than that of the non-inhibited cells (14.15%) (P<0.05) after TNF-α induction. Wnt/β-catenin signaling pathway is involved in the anti-apoptotic effect of Ct.




Figure 7 | Inhibition of Wnt signaling pathway suppresses the anti-apoptotic effect of Ct-infected cells. (A) The protein expression level of β-catenin was measured by western blot in HeLa cells and Ct-infected cells after the addition of Wnt signaling pathway inhibitor IWP2 (10 μM). The upper panel is the corresponding gray value of β-catenin calculated by Quantity One. (B) The expression of Bcl2 and Bax was measured by western blot in HeLa cells and Ct-infected cells after the inhibition of Wnt signaling pathway. The upper panel is the ratio of Bcl2/Bax and calculated by the corresponding gray value via Quantity One. (C, D) The apoptotic rate of Ct-infected cells and uninfected cells was detected by FCM (C) and Hoechst staining (D) after addition of IWP2 (10 μM). The left panel is the apoptosis rate calculated by corresponding experiment. Arrows in (C) denote apoptotic bodies. *P < 0.05; **P < 0.01; ***P < 0.001.





Upregulation of FGD5-AS1 Is Closely Associated With Apoptosis Resistance in Ct-Infected Cells

FGD5-AS1 participates in tumor invasion and migration through its anti-apoptotic effect (Fu et al., 2020; Wu et al., 2020; Li et al., 2021). Next, we investigated the effect of FGD5-AS1 on the anti-apoptotic effect of Ct. The results are shown in Figure 8. RT-qPCR detected the expression of FGD5-AS1 at 12 and 24 hpi, and the results were consistent with that in the microarray (Figure 8A). After inhibiting the expression of FGD5-AS1 (Figure 8B), the Bcl2/Bax ratio in the Ct-infected cells decreased compared with that in the non-interference group (P<0.05) (Figure 8C). The FCM results are shown in Figure 8D. After TNF-α induction, the apoptosis rate (15.05%) in the Ct-infected interfered cells was higher than that in the Ct-infected non-interfered cells (11.08%) (P<0.05). Hoechst staining (Figure 8E) showed that in the Ct-infected cells, the apoptosis rate of the interfered cells (17.70%) was higher than that of the non-interfered cells (11.12%) (P<0.05) after TNF-α induction. The above observations indicated that upregulation of FGD5-AS1 promoted apoptosis resistance during Ct infection.




Figure 8 | Interference of FGD5-AS1 inhibits the anti-apoptotic effect of Ct-infected cells. (A) RT-qPCR was used to detect the effect of acute infection on expression of FGD5-AS1 at 12 and 24 hpi. The 18S rRNA was used as internal control. (B) RT-qPCR was used to detect the effect of FGD5-AS1 interference by siRNA; 18S rRNA was used as internal control. (C) The expression of Bcl2 and Bax was measured by western blot in HeLa cells and Ct-infected cells after the interference of FGD5-AS1. The upper panel is the ratio of Bcl2/Bax and calculated by the corresponding gray value via Quantity One. (D, E) The apoptotic rate of Ct-infected cells and uninfected cells was detected by FCM (D) and Hoechst staining (E) after interference of FGD5-AS1. The right panel is the apoptosis rate calculated by corresponding experiment. Arrows in (E) denote apoptotic bodies. *P < 0.05; **P < 0.01; NS, no significance.





Ct Promotes the Activation of Wnt Signaling Pathway by Upregulating FGD5-AS1

Follow-up experiments explored whether FGD5-AS1 is related to the regulation of Wnt/β-catenin signaling pathway in the anti-apoptotic process of Ct infection. Ct increased the expression of β-catenin (P<0.05) and promoted its nuclear translocation (Figures 9A, B). After interfering with FGD5-AS1, the expression of β-catenin during Ct infection was higher than that in the uninfected group (P<0.05), but significantly lower than that in the Ct-infected cells (P<0.01) (Figure 9A), and β-catenin nuclear translocation was suppressed (Figure 9B). These results proved that FGD5-AS1 was involved in the activation of Wnt/β-catenin signaling pathway during Ct infection.




Figure 9 | Interference of lncRNA FGD5-AS1 inhibits Wnt/β-catenin signaling pathway during Ct infection. (A) The protein expression level of β-catenin was measured by western blot in HeLa cells and Ct-infected cells after the interference of FGD5-AS1. The left panel is the corresponding gray value calculated by Quantity One. (B) The nuclear translocation of β-catenin in HeLa cells and Ct-infected cells after the interference of FGD5-AS1. *P < 0.05; **P < 0.01; ***P < 0.001; NS, no significance.



It has been reported that Ct infection promotes host DNA damage and proliferation (Chumduri et al., 2013). As shown in Figure S5A, GO BP analysis showed that upregulated mRNAs were enriched in terms such as DNA replication at 12 hpi. The co-expressed molecules of FGD5-AS1 were the same as involved terms of differentially expressed mRNAs at 12 hpi (Table 1). To evaluate the effect of FGD5-AS1 on DNA replication and cell cycle, FCM analysis was used to detect the DNA content of FGD5-AS1-interfered cells. The results are shown in Figure 10. The percentages of cells in various cell cycle stages were different from control cells, and the interference of FGD5-AS1 and Ct infection aroused cell cycle change. After interference with the expression of FGD5-AS1, the percentage of cells in G1/G0 phase increased (45.1 vs 55.8%) (P<0.05), and that in S phase (20.2 vs 17.9%) (P<0.05) and G2/M (32.1 vs 20.5%) (P<0.01) decreased. Ct infection increased the percentage of cells in S phase (20.2 vs 25.9%) (P<0.01) and was accompanied by a decrease in G1/G0 phase (45.1 vs 42.2%) (P<0.05). Interestingly, FGD5-AS1-interfered cells presented a decrease in the percentage of cells in the G2/M phase (P<0.01), but Ct infection did not affect the percentage of cells in the G2/M phase (32.1 vs 30.9%) (P>0.05), indicating that FGD5-AS1 participated in the promotion of DNA replication during Ct infection. The MTT test detected the cell viability of infected cells. The results showed that cell viability increased (P<0.05) after Ct infection. Regardless of whether Ct was infected or not, interference with FGD5-AS1 reduced the cell viability of HeLa cells (P<0.01). The above results indicate that Ct infection can increase DNA replication and cell viability via FGD5-AS1 upregulation.




Figure 10 | Interference of lncRNA FGD5-AS1 promotes the DNA replication at 12 hpi. (A) FCM analysis was used to detect the DNA content of control cells and FGD5-AS1-interfered cells. The lower panel is the corresponding cell percentage. (B) MTT was used to detect the cell viability of infected cells. *P < 0.05; **P < 0.01; NS, no significance.






Discussion

Due to the characteristics of intracellular survival, Ct relies on host cells for replication, proliferation, and differentiation. Therefore, Ct needs to manipulate the host cell physiological process to complete growth and development. Recent studies have shown that a class of ncRNA called circular RNA (circRNA) in Ct-infected cells was dysregulated and participated in the interaction between Ct and host cells (Liu et al., 2019). Another type of ncRNAs, lncRNA, as an important class of gene expression regulatory elements, is a key regulator of genes in different physiological and pathological processes (Zhao et al., 2020). In recent years, the role of lncRNAs in pathogenic microbial infections has gradually attracted people’s attention. However, it is not clear whether lncRNA is involved in the pathogenesis of Chlamydia. We selected 12, 24, and 40 hpi as the representative time points during Ct infection and detected the differentially expressed lncRNAs at different time points. We determined that 165 of lncRNAs and 459 of mRNAs have been continuously upregulated, while 80 of lncRNAs and 37 of mRNAs have been continuously downregulated after Ct infection. By inhibiting the expression of candidate lncRNA FGD5-AS1, it was proved that it participates in the DNA replication and anti-apoptosis process during Ct infection. This provides new insights for the research that Ct regulates the host lncRNAs.

LncRNA and mRNA expression profiles have been widely used to explore the molecular mechanisms of disease pathogenesis (such as cancers, viral infections, and bacterial infections) (Bhan et al., 2017; Chen et al., 2018; Fathizadeh et al., 2020). The research of lncRNAs primarily focuses on facultative intracellular bacteria in bacterial infections. For instance, Mtb increased the expression of lnc-CD244, thereby recruiting EZH2 to mediate the trimethylation of H3K27 on IFN-γ/TNF-α locus, suppressing the expression of IFN-γ and TNF-α and evading the host immune response (Wang et al., 2015). Hp upregulated the expression of RING1/RAD51 by upregulating lncRNA SNHG17 as a ceRNA for miR-3909, changed the DNA repair system, and promoted the occurrence of gastric cancer. Therefore, as an intracellular pathogen, Ct may also be involved in the regulation of host signaling pathways such as apoptosis and autophagy by alternating the host lncRNA expression profile, so as to affect the survival and reproduction of Ct in host cells. Here, we confirmed that the differentially expressed lncRNAs in Ct-infected HeLa cells at 12, 24, and 40 hpi were 2,130, 1,081, and 1,101, respectively, demonstrating that Ct infection led to differential expression of host lncRNAs, and the host lncRNAs were widely changed at 12 hpi. Among these candidate lncRNAs, we randomly screened and verified the expressions of FGD5-AS1 and LINC00707. Both of them were upregulated at 12 and 24 hpi, but there was no significant difference in expression at 40 hpi, suggesting that these two lncRNAs may be involved in the biological process induced by Ct in these two time points.

The results of CNC analysis showed that the co-expression differential mRNAs of FGD5-AS1 were enriched in multiple signaling pathways including DNA replication and Wnt/β-catenin signaling pathway. Our follow-up studies confirmed that the inhibition of FGD5-AS1 affected the nuclear translocation of β-catenin. FGD5-AS1 has been reported to regulate signaling pathways by regulating different molecules in different cancer cells such as colorectal cancer cells, esophageal squamous cell carcinoma cells, and non-small-cell lung cancer cells, so as to promote the proliferation and migration of these cancer cells (Li et al., 2019; Fan et al., 2020; Gao et al., 2020). It is indicating that FGD5-AS1 plays an oncogene in different cell lines. Wu et al. reported that FGD5-AS1 activated Wnt signaling pathway by regulating miR-129-5p/HNRNPK axis and promoted glioblastoma progression (Wu et al., 2020). Chlamydia can cooperate with HPV to induce cervical cancer and activate Wnt signaling pathway in Ishikawa and Hec-1b cell lines, as well as fallopian tube tissue, suggesting that Ct upregulates FGD5-AS1 to inhibit apoptosis via Wnt signaling pathway, which may be the general mechanism of Ct pathogenesis (Kessler et al., 2012; Kintner et al., 2017). However, whether the effect of FGD5-AS1 on the Wnt/β-catenin signaling pathway is directly binding to mRNAs or competitive binding to certain miRNAs for gene expression regulation remains to be further studied.

We found that the expression patterns of lncRNAs and mRNAs were significantly different at 12 hpi, and there were many same DGs at 12 and 24 hpi. GO and KEGG pathway analysis helped us to further predict the potential function of differentially expressed mRNAs. The upregulated mRNAs at various stages were enriched in “Spliceosome,” “RNA transport,” “Ribosome biogenesis in eukaryotes,” confirming that the intracellular organism Ct needs to obtain nutrient from the host. In accordance with the intracellular survival characteristics, the upregulated DGs at various time points were also generally enriched in “NOD-like receptor signaling pathway,” “RIG-I-like receptor signaling pathway,” “Epstein-Barr virus infection,” etc. Terms related to intracellular recognition of receptors indicated that Ct could activate the host cell’s intracellular receptors during its intracellular survival. We also found that the downregulated mRNAs at all time points were enriched in the calcium pathway. During the Ct infection, the calcium in the cells was redistributed, resulting in local accumulation of calcium ions near Ct inclusion. We speculate that due to the decrease in cytosolic calcium ion concentration, the downstream calcium signaling pathway is inhibited (Majeed et al., 1999). Compared with 12 and 24 hpi, 40 hpi had more unique differentially expressed lncRNAs. This observation is consistent with the phenomenon that Ct evades host immunity in the early and middle stages for intracellular proliferation and induces cell death in the late stage to spread. For further research, we constructed a CNC network and predicted the enrichment pathway of co-expressed molecules. In this case, the enrichment analysis of FGD5-AS1 co-expressed mRNAs in 12 hpi revealed that these mRNAs were mainly enriched in the Wnt/β-catenin signaling pathway. Wnt signaling pathway plays a vital role in anti-apoptosis, primarily including classic Wnt pathway (Wnt/β-catenin pathway), Wnt/PCP (planar cell polarity) pathway, and Wnt/calcium ion (Wnt/Ca2+). Wnt/PCP plays a role by activating downstream to activate JNK, while Wnt/Ca2+ can activate protein kinase C (PKC) in the cAMP pathway to cause an increase in intracellular calcium ion concentration, and can antagonize the classic Wnt signaling pathway (MacDonald et al., 2009; De, 2011; VanderVorst et al., 2019). However, both the cAMP signaling pathway and the calcium signaling pathway were downregulated at 12 and 24 hpi (Figure S5), suggesting that Ct activated the classic Wnt/β-catenin signaling pathway but not the Wnt/Ca2+ signaling pathway, which was consistent with our results.

In addition, Ct infection is related to the occurrence of cervical cancer and ovarian cancer, but the exact mechanism has not been clarified. Previous studies have shown that Ct infection can increase the phosphorylation level of H2AX and H2k9me3 in cervical epithelial cells, which were the hallmarks of DNA double-strand breaks (DSBs) and senescence-associated heterochromatin foci (SAHF), respectively (Chumduri et al., 2013). Although DSBs were accompanied by apoptosis, the Ct-infected cells still proliferated because of SAHF and were prone to malignant transformation due to their unstable genome. This provides experimental evidence for the relationship between Ct infection and female reproductive system cancer. Consistent with the previous study, we found that upregulated mRNAs at 12 hpi were enriched in DNA replication according to KEGG analysis. And the DNA replication level of host cells was increased at 12 hpi. LncRNAs have been shown to regulate DNA methylation and histone modification to change chromatin status, thereby affecting transcription during bacterial infection (Wen et al., 2020a). Mycobacterium smegmatis upregulated the expression of MEG3 to inhibit promoter hypermethylation, repressing the expression of TGF-β by forming RNA-DNA triplex structure (Sharbati et al., 2019). Similar to Mycobacterium, Ct is an intracellular microbial pathogen. Whether Ct can change chromatin status by regulating lncRNAs to participate in immune escape and malignant transformation is one of the most potential research directions of interaction between Ct and host in the future.

Effective diagnosis of Ct infection is essential for the treatment and the control of Ct-related STI. In recent years, more and more evidence showed that lncRNA can be used as a molecular biomarker for disease diagnosis and post-diagnosis. For example, circulating lncRNA-HULC may be a candidate serum tumor marker for early diagnosis of gastric cancer and monitoring its progress and prognosis (Gao et al., 2015). Oncogenic HPV can promote the expression of lnc-GANCI-2, which may be one of the infection markers of high-risk HPV (Liu et al., 2021). However, there is no report on the utilization of lncRNAs as biomarkers for Ct infection. In our study, there are many significantly differentially expressed lncRNAs induced by Ct, which suggests that lncRNAs may become new biomarkers of Ct infection. The next research direction of our team will focus on the application of lncRNAs as potential diagnostic markers for Ct infection in the clinic.

In conclusion, our research showed that Ct extensively influences the expressions of lncRNAs and mRNAs during infection. DNA replication and apoptosis of host cells were affected by upregulating FGD5-AS1 via Wnt/β-catenin pathway during Ct infection. Screening these differentially expressed lncRNAs may help to clarify the pathogenic mechanism of Ct infection, but the key underlying molecular mechanism of the Ct-host interaction still needs deeper study. Further mechanism research of these multifunctional molecules is essential, which will broaden our understanding of the pathogenesis of Ct and provide new methods for the diagnosis and treatment of Ct infection.
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Supplementary Figure 1 | Hierarchical clustering analysis of gene expression levels between Ct-infected HeLa cells and uninfected HeLa cells. LncRNAs (A) and mRNAs (B) were significantly changed in response to Ct infection. The clustering analysis was performed by MeV 4.9.0 software. Red and green indicate upregulated and downregulated DE genes, respectively.

Supplementary Figure 2 | Volcano plots of DGs in Ct-infected HeLa cells and HeLa cells at different post-infected hours. Volcano plots exhibit the differentially expressed lncRNAs (A) and mRNAs (D) at 12 hpi, the differentially expressed lncRNAs (B) and mRNAs (E) at 24 hpi, and the differentially expressed lncRNAs (C) and mRNAs (F) at 40 hpi. Red and green indicate upregulated and downregulated DE genes, respectively.

Supplementary Figure 3 | Scatter plots of DGs in Ct-infected HeLa cells and HeLa cells at different post-infected hours. Scatter plots exhibit the differentially expressed lncRNAs (A) and mRNAs (D) at 12 hpi, the differentially expressed lncRNAs (B) and mRNAs (E) at 24 hpi, and the differentially expressed lncRNAs (C) and mRNAs (F) at 40 hpi. Red and green indicate upregulated and downregulated DGs, respectively.

Supplementary Figure 4 | Gene ontology analysis of DGs in Ct-infected HeLa cells and HeLa cells at different post-infected hours. The bar plot shows Fold Enrichment value of the significant enrichment terms and pathway analysis for upregulated mRNAs at 12 (A), 24 (C), and 40 (E) post-infected hours, and for downregulated mRNAs at 12 (B), 24 (D), and 40 (F) post-infected hours. Red bars indicate biological process, green bars represent cellular components, and blue bars means molecular function.

Supplementary Figure 5 | KEGG pathway analysis of DGs in Ct-infected HeLa cells and HeLa cells at different post-infected hours. The bar plot shows KEGG pathway analysis for upregulated mRNAs at 12 (A), 24 (C), and 40 (E) post-infected hours, and for downregulated mRNAs at 12 (B), 24 (D), and 40 (F) post-infected hours.

Supplementary Figure 6 | Protein-protein interaction (PPI) network of differentially expressed mRNAs. (A) Circos diagram shows the differentially expressed mRNAs at three time points. Red indicates all differential genes at 12 hpi, blue indicates all differential genes at 24 hpi, and green indicates all differential genes at 40 hpi. The light orange in the inner circle indicates the unique differential genes at that time point, the dark orange indicates the overlap of genes at different time points, the purple line indicates the overlap between genes, and the blue line indicates the related function between genes. (B) Differentially expressed mRNAs at three time points are used to construct a PPI network by Metascape software, and visualized by Cytoscape 3.7.1. (C) The top 50 hub mRNAs from PPI were included using Edgecount. The closer to red, the more central the gene is. The size of the circle represents the significance of a gene. (D) Sub-networks screened from PPI network by MCODE in Cytoscape. A kind of colors represents a cluster participate in the same biological process.
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RNAs are a class of molecules and the majority in eukaryotes are arbitrarily termed non- coding transcripts which are broadly classified as short and long non-coding RNAs. Recently, knowledge of the identification and functions of long non-coding RNAs have continued to accumulate and they are being recognized as important molecules that regulate parasite-host interface, parasite differentiation, host responses, and disease progression. Herein, we present and integrate the functions of host and parasite long non-coding RNAs during infections within the context of epigenetic re-programming and molecular crosstalk in the course of host-parasite interactions. Also, the modular range of parasite and host long non-coding RNAs in coordinated parasite developmental changes and host immune dynamic landscapes are discussed. We equally canvass the prospects of long non-coding RNAs in disease diagnosis and prognosis. Hindsight and suggestions are offered with the aim that it will bolster our understanding for future works on host and parasite long non-coding RNAs.
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Introduction

Genomic sequencing has continued to reveal an increasing number of transcripts termed non-coding RNAs (ncRNAs) due to the hypothesis that ncRNAs have no protein-coding potential. Meanwhile, advances in research are regularly giving evidence to show that some ncRNAs have protein-coding potentials (Matrajt, 2008; Vasconcelos et al., 2018; Fan et al., 2020), and the continuous identification and growing knowledge across large tracts of biological processes are beginning to uncover ncRNAs as important genomic transcripts (St.Laurent et al., 2015; Pawar et al., 2017). Eukaryotic ncRNAs are classified into short non-coding RNAs (sncRNAs) and long non-coding (lncRNAs) by the length of the nucleotide sequence as well as on the bases of their structures and functions (St.Laurent et al., 2015). As it is, lncRNAs form the largest group of RNAs with nucleotide lengths that span 200bp and100kb (Oliveira et al., 2018; Bensaoud et al., 2019). Essentially, unique features of lncRNAs include tissue-specific expression, poor sequence conservation (Liao et al., 2018), and low GC content (Petrella et al., 2015) with or without small open reading frames (Dhanoa et al., 2018; Mongelli et al., 2019). In addition, some lncRNAs are known to express functional micro-peptides that are no more than 100 amino acids (Rochet et al., 2019; Kim et al., 2020). The activities of lncRNAs are premised on their regulatory network as molecular decoys, scaffolds, guides, tethers to transcription factors, and sponges, especially in the cytoplasm. For a comprehensive description of lncRNA features as well as mechanisms of function and synthesis, reviews by Wang and Chang (2011); Beermann et al. (2016), and (Zhang et al., 2018) are important resources.

Moreover, lncRNAs may be functional during the development of organisms, cell proliferation, motility, inflammation, and gene regulation during host-pathogen interactions (Oliveira et al., 2018; Ren et al., 2018). These functional phenomena can occur through the binding of lncRNAs to RNAs and/or during transcription (Akay et al., 2019). Intrinsically, lncRNAs can form molecular complexes with DNA, mRNA, transcription factors, and heteronuclear proteins (Amit-Avraham et al., 2015; Menard et al., 2019) and could also affect mRNA stability or translation in the cytoplasm (Wang et al., 2014). lncRNAs can also influence gene regulation, chromatin modulation, and nuclear reconfiguration at various levels of biological processes (Li et al., 2020). Other functions of lncRNAs include imprinting, cell cycle regulation (Oliveira et al., 2018), and immune responses during infectious diseases (Rochet et al., 2019). Overall, however, functions of lncRNAs usually depend on cellular origin (Menard et al., 2018), species of organism, developmental stages, and correlated expression of genes (Vasconcelos et al., 2017; Vasconcelos et al., 2018).

Evidence has abounded to the point that lncRNAs are seen as significant supervisory molecules that intersperse regulatory mechanisms at various levels of physiological and pathological processes. Here, we discuss multiple layers of key regulatory functions of parasite and host lncRNAs in relation to infection of Apicomplexan (Plasmodium falciparum, Cryptosporidium, Eimeria necatrix, and Toxoplasma gondii), Kinetoplastida (Leishmania spp, Tryoanosoma cruzi), Parabasalia (Trichomonas vaginalis), and Helminth (Schistosoma spp, Echinococcus granulossus and Toxocara canis). This review seeks to expand and consolidate on the concept of RNAs in parasitism (Jarroux et al., 2017) by discussing the functions of lncRNAs in parasite developmental cycles, antigenic variation, epigenetic reprogramming, and parasite-host interactions. Equally, in respect of the hosts, predicted and functional immune regulatory functions of lncRNAs are discussed as well as their involvement in pathology and disease diagnosis. There are highlights on recent findings with the aim to unveil gaps in our understanding and to harness the growing knowledge for better insights into parasite biology and host responses.



LncRNAs: Diversity, Transcription, and Localization

Identification of new lncRNAs is daily adding to the number of non-coding transcripts and sub-types in parasites and hosts (Kung et al., 2013) which, like in other eukaryotes, are categorized relative to nucleotide length, secondary structure, cellular localization (St.Laurent et al., 2015), and interaction with other nuclear elements (Dhanoa et al., 2018). The array of lncRNAs that have been reported in parasites and/or infected hosts cells are shown in Figure 1 with their nominal classification and definitions. For further details on the structural classification of lncRNAs, reviews from Dhanoa et al. (2018); Zhang et al. (2018), and Marchese et al. (2017) are excellent resources. That said, lncRNAs are usually transcribed by the RNA polymerase II (Pol II)-dependent process which involves splicing, capping, and poly-adenylation (Bensaoud et al., 2019; Guidi et al., 2020) similarly to mRNA transcription (Marchese et al., 2017). Also, the transcription of lncRNAs is characteristically marked with sequence of initiation, elongation, and termination. However, unlike mRNA, lncRNA nucleotides have extensive translational stop codons (Aune and Spurlock, 2016), few exons, and lack an extended open reading frame (Pircher et al., 2014).




Figure 1 | Identified lncRNAs in parasites and infected hosts/cells. LncRNAs are a diverse but distinctly defined RNA subset on the bases of their relative position to adjacent protein coding genes (Spurlock et al., 2016; Guidi et al., 2020), RNA resemblance, transcript sequence and structural conservation, biological function and biochemical pathways (St.Laurent et al., 2015), and genomic location (Vasconcelos et al., 2017). Long intergenic/intervening ncRNAs (lincRNAs), circular RNAs (circRNAs), and natural antisense transcript (NAT), (Kung et al., 2013) are common broad categories. Usually, lncRNAs are tissues/organ specific but parasite/host may have substantial tissue-overlapping lncRNAs that are associated with mRNAs as observed in C. parvum-infected cells. Long telomere-associated lncRNAs can be synchronously expressed with DNA replication while intronic lncRNA may be fragments of pre-mRNAs or expunged introns for degradation (Menard et al., 2021), whereas circRNAs are sponges for microRNA (Fan et al., 2020). LncRNA that are associated with protein coding genes are classified as lincRNAs, non-overlapping, intronic, antisense, bidirectional, sense, transcribed pseudogene (Loscalzo, 2014; Zhang and Cao, 2016), sense-overlapping, and long telomere-associated RNAs (Broadbent et al., 2011; Fan et al., 2020). Nonetheless, the levels of expression of lincRNAs are often lower compared to protein coding genes ab initio (Hassan et al., 2012). TARE, Telomere-Associated Repetitive Element; M-MDSCs, mice-monocytic myeloid-derived suppressor cells; HCT-8, human adenocarcinoma.



Taking clues from parasites, the schizont and ring stages of P. falciparum have heterogeneous lncRNAs that are transcribed from telomeric and sub-telomeric regions by RNA pol II (Sierra-miranda et al., 2012). Correspondingly, L. infantum promastigote and amastigote express lncRNAs that are transcribed by RNA pol II within sub-telomeric region and processed by trans-plicing and poly-adenylation (Dumas et al., 2006). However, P. falciparum antisense lncRNA is non-polyadenylated, independent of Pol II transcription, and its activation is sequence-specific in parasite late stages (Amit-Avraham et al., 2015). Remarkably, artificial var antisense lncRNAs have been transcribed using T7 RNA polymerase in P. falciparum (Jing et al., 2018) but the alternative pathway of lncRNAs transcription by RNA polymerase III (Mercer and Mattick, 2013) has not been reported in parasites. More studies are required, especially in non-apicomplexan protozoa and helminths, for empirical evidence on the possibility that lncRNAs may be contiguously transcribed differently in parasite stages, clade, or along non-coding repeat regions of a genome.

Across life domains, lncRNAs have shown rapid evolution, cellular specificity, and nuclear enrichment (Vasconcelos et al., 2017). In the nucleus, lncRNAs are involved in the regulation of nuclear organization (St.Laurent et al., 2015) as well as components of nuclear paraspeckles and matrixes, whereas cytoplasmic lncRNAs have been found in mitochondrion (Jarroux et al., 2017), and in association with ribosome and poly-ribosomes (Pircher et al., 2014). Growing evidence has also shown that lncRNAs can be selectively shed in extracellular milieu or enclosed in membranous vesicles (Dragomir et al., 2018).

P. falciparum var antisense lncRNA (Jing et al., 2018) and L. major promastigote lincRNAs (Misra et al., 2005) are localized to the nucleus, while P. falciparum schizont TARE6 lncRNA resides in a distict nuclear subcompartment without co-localization with the subtelomeric DNA clusters. This is an implication that the transcription of TARE6 lncRNA occurs momentarily after which it is organized into a new nuclear compartment (Sierra-miranda et al., 2012). Although L. infantum ‘intermediate’ sense and antisense lncRNA are oppositely transcribed, they are localized within the cytoplasm in a complex interaction with ribonucleo-protein (Dumas et al., 2006). Parasite lncRNAs can also be found in nucleolus (Sierra-miranda et al., 2012) or co-sediment with a specific sequence to form functional RNAs as observed in T. vaginalis genomic lncRNAs (Woehle et al., 2014). It may be valid, therefore, to state that lncRNA localization and transcription can occur differently with respect to parasite species, stage of development, and genomic structure. In comparison with other eukaryotes, ribosome-associated lncRNA (Pircher et al., 2014) has not been reported in parasite, but if found, it may likely impact substantial gene expression and translation in response to environmental changes.



Roles of LNcRNAs in Parasite Development

Parasitic organisms have a multi-stage life history along which organismal complexity increases and the need for requisite adaptation in specific host (Kafsack et al., 2014). The abundance of lncRNA have some level of correlation with parasite development, cellular differentiation, and identity (Kim et al., 2020). First, lncRNAs are seen as key regulators of sexual development in protozoa and helminths. In a study of schistosome population, there were differentially regulated lncRNAs in paired (adult male and female), unpaired (female only), and ovaries of S. mansoni. This in effect demonstrated the possibility that lncRNAs could guide the process of sexual recognition, maturation, and reproduction in sexually dimorphic helminths (Amaral et al., 2020). In protozoa, lncRNA has also been associated with parasite sexual differentiation as long non-coding gdv1 antisense RNA negatively regulate P. falciparum gametocyte sexual commitment via gametocyte development protein 1 (GDV1) by interfering with transcription, stability, or translation of gdv1 mRNA (Filarsky et al., 2018). Further work is required to find out the extent to which lncRNA could synergize parasite sexual differentiation or gametocyte sorting (Figure 2). This may be an important process that can be explored to halt parasite development and disease progression.




Figure 2 | Functions of lncRNA in hosts and parasites. LncRNA expressions are usually induced during genetic and physiological stress (Atkinson et al., 2018). The functionalities of lncRNAs are inherently numerous including molecular signals, spatio-temporal transcription to integrate developmental cues, cellular context, and responses to diverse stimuli. LncRNAs that integrate contextual and environmental cues can be found during developmental stress and apoptosis. LncRNAs may similarly act as regulatory knobs in many transcriptional pathways (Wang and Chang, 2011). However, lncRNA may interact with the transcription factors to limit the expression of pro-apoptotic genes and thus enables cell-cycle arrest, which is suggestive of extensive roles of lncRNAs in cell development. Meanwhile, the exchange of lncRNAs through membranous vesicles circulating during infections could facilitate additional functions of lncRNAs in disease diagnosis and prognosis.



Furthermore, the expression of lncRNA might differ across developmental stages of a parasite (Michaeli et al., 2012) or it could be developmentally regulated. For example, S. mansoni sporocysts, adult male and female populations, and male-only adults express common and unique lncRNAs during development (Kim et al., 2020). Consequently, up-regulation of some lincRNAs in adult S. mansoni in comparison with schistosomula (free-living larvae) suggests lncRNAs might play crucial roles in the rapid transition and adaptation of adult S. mansoni to a parasitic mode of life in mammalian host (Kim et al., 2020; Figure 2). Also, bioinformatics analysis has shown that specific telomere-associated lncRNAs may play significant roles during the development of P. falciparum schizont to ring stage (Broadbent et al., 2011).

The expression and function of lncRNAs may traverse several developmental stages or be limited to a specific stage of the development in response to various environmental, adaptational, or biochemical cues. Along the P. falciparum life cycle, some lncRNAs in the schizont stage were missing in the trophozoite, indicating that the entire activation of these lncRNAs occured in the schizont and their disappearance in trophozoite may be linked to translational process (Sierra-miranda et al., 2012). As such, the predominance of some lncRNAs across developmental stages may have important roles in parasite developmental transitions or stage-specific roles. Also, the iterative rounds of parasite development in different (living) environments are likely to contribute to alterations, regulation, composition, and stability of lncRNA. For instance, L. infantum amastigote-specific regulatory expression of intermediate ncRNAs failed in episomal expression vector as well as in promastigotes (Dumas et al., 2006).

It is also likely that, as development progresses, organisms acquire more lncRNA genes and transcripts to guide developmental complexity (Aune and Spurlock, 2016). Unlike sense transcript, P. falciparum antisense lncRNA showed negligible expression in Anopheles gambiae during sporogonic phase but was highly expressed in gametocytes and during ring stage (Gómez-díaz et al., 2017). Further, antisense lncRNAs were detectable from late ring-stage to intra-erythrocytic stage of P. falciparum (Amit-Avraham et al., 2015) and, during P. falciparum developmental progression, the expression pattern of lncRNA-TARE-4L coincides with DNA replication and parasite schizogony (Broadbent et al., 2011). Among multi-cellular parasites exemplified by schistosomes, up-regulation of schistosomula lincRNA may well point to it as a regulator for worm body re-modeling and rapid adaptation (Vasconcelos et al., 2017). As development continues, some lncRNAs could become relatively stable, being under strict control for stage-specific expression or function (Wei et al., 2019). There can also be stably silent lncRNAs during parasite development in host (Rochet et al., 2019), such as the quiescent long non-coding transcripts that later assumed regulatory function when S. mansoni sporocysts were exposed to different environments (Kim et al., 2020) (Figure 2).

There are reports of similar and/or different expressions of lncRNA in parasite strains, stages, and species (Rochet et al., 2019; Kim et al., 2020). Among T. gondi strains, significant lncRNAs were found to be differentially expressed or modulated (Rochet et al., 2019). Such relative lncRNA expressions are extant intra/inter-species features (Leitão et al., 2020) that could be useful bio-systematic tools to define species relatedness as reported among S. mansoni, S. haematobium, and S. japonicum (Liao et al., 2018). In this way, lncRNAs can delineate related species/strains by considering the aptness of genomic lncRNA transcription, differential abundance, and activity of lncRNA promoter that activate or inactivate the same gene or corresponding gene (Jing et al., 2018) to give a characteristic lncRNA expression in parasite species. In essence, differences in activation of lncRNA gene promoter at the same locus could translate to different expression of lncRNAs in different species or strain. But given the variations in the level of parasite genomic compactness and/or species complexity, different parasites may employ varying measures of gene induction for lncRNA activation, and the factors that initiate gene induction are also important.

During T. gondi tachyzoite development in host, there were time-dependent up-regulation and down-regulation of lncRNAs all through the active replication and tachyzoite egress in human retinal Müller cells (Rochet et al., 2019). Similarly, myocardial infarction–associated long non-coding transcript (MIAT) was found to be differentially higher among human males than females with chronic cardiomyopathy due to chagas disease (Frade et al., 2016). Thus, lncRNAs could mediate parasite transition in the hosts by hijacking specific host process of cell differentiation, homeostasis, and gene expressions (Figure 2) but the underlining mechanism by which parasites preferentially up-regulate lncRNA expression in certain host sex as well as parasite replication in such hosts are still unclear. In addition, during parasite developmental changes, lncRNAs may unlock specific genes for adaptable changes, differentiation, gene silencing, and expression in Plasmodium, and possibly other multi-cellular parasites. More studies on lncRNA expression patterns between parasite life stages within and outside the host would increase our understanding of parasite propagation, transcriptomic regulation of sexual differentiation, and host permissiveness.



Parasite Epigenetic Regulations by LNcRNAs

The uniqueness of lncRNAs relies on their ability to bind proteins and nucleic acids through which their activities are reinforced (Table 1). By this molecular magnate, lncRNAs may mediate epigenetic events (i.e. chromatin modifications) to activate transcriptional reactions (Vasconcelos et al., 2017). Reports from studies have identified lncRNAs as vital molecules in epigenetic regulation/modulation (Amit-Avraham et al., 2015) by integrating feedback processes from intracellular trafficking and chromosomal transformation (Bensaoud et al., 2019; Broadbent et al., 2011) during transcription or post-transcription (Frade et al., 2016; Fan et al., 2020). Specifically, lncRNAs are an emerging paradigm in epigenetic remodeling of malaria parasite (Broadbent et al., 2011) that culminated in substantial expression of virulence genes (Sierra-miranda et al., 2012) involving histone modifications and nuclear re-organization in the parasite blood stages. Also, the expression of antisense lncRNA resulted in the activation of P. falciparum mRNA of an active gene (Gómez-díaz et al., 2017). It is suggestive, therefore, that lncRNAs, by conformational rearrangement, can influence epigenetic traits in parasite but the extent, aside gene activation, is not known. It is likely that such swift, re-programmed gene activation, or its intended phenotype, would influence successful establishment of parasite in host or show deleterious effects in the parasite.


Table 1 | Specific function of lncRNAs in host and parasite.



In response to C. parvum infection, Nos2 and Csf2 were transcriptionally controlled by NR_045064 in conjunction with methylation of histone and co-activation of other genes whose translational products regulate transcription and mediate disease development (Strauss-soukup and Chen, 2019; Table 1). For blood stage P. falciparum, lncRNA-TARE could edge chromatin synthesizing factors to modulate specific epigenetic process of adjoining sub-telomeres (Broadbent et al., 2011). Likewise, lncRNAs could substitute RNA genes and, in the process, coordinate genetic regulatory outputs (Rinn and Chang, 2012) with extremely diverse and substantial functional plasticity that rely on lncRNA nucleotide bases, structural conformity, and molecular interactions (Marchese et al., 2017). However, in this respect, antisense RNAs can also silent epigenetic mechanism and catalyze the formation of heterochromatin in P. falciparum (Broadbent et al., 2015).

Since epigenetic marks are histone-bound, H3K9 (Histone 3, lysine 9) trimethylation mark has been proposed as the basis for P. falciparum var gene repression outside coding region which was either greatly acetylated while active or massively trimethylated when silent (Lopez-Rubio et al., 2007). The genetic drive for lncRNA acetylation in parasite requires further evidence as it could either influence gene activation or confer epigenetic methylation during the formation of heterochromatin. An example of direct transcriptional activator for epigenetic mark is P. plasmodium DNA-binding protein, PfAP2-G, which is crucial for gametocyte formation. The pfap2-g locus shows epigenetic silencing of multi-gene families especially by H3K9me3 histone modulation that is typical of repressing chromatin structures in a reversible formation (Kafsack et al., 2014). This process of pfap2-g-mediated suppression of epigenetic regulation in P. plasmodium may likely involve lncRNA, but this assumption needs to be substantiated.

Another emerging mechanism, involving epigenetics alongside lncRNA regulations, implicates drug treatment or exogenous triggers that are capable of orchestrating changes in chromatin conformations and translational processes. Such treatment has been shown to impart higher growth rate in Plasmodium parasite expressing episomal antisense lncRNAs than un-transfected or mock-plasmid transfected parasites (Amit-Avraham et al., 2015). Similarly, lncRNAs were differentially regulated in 5−azacytidine-treeated S. mansoni populations, suggesting epigenetic regulation by drugs (Amaral et al., 2020), but the mechanisms presupposing these actions are not known. Nevertheless, studies on differences in lncRNAs expression and function could help to distinguish corresponding epigenetic changes in parasite and the heralding epigenetic factors. It would be important to find the degree to which external factors modulate the entire parasite transcriptome as well as lncRNA transcription/activation to render epigenetic traits (Table 1). Moreover, it is yet unknown if lncRNA-mediated epigenetic landscapes are reversible.



LNcRNAs as Chaperons for Antigenic Variation and Virulence

Antigenic variation is a complex process orchestrated by epigenetic elements and controlled by different factors, but not DNA rearrangement (Lopez-Rubio et al., 2007). Antigenic or phenotypic variation of surface-exposed antigens allows parasites to induce chronic and recurrent infections (Prucca et al., 2008) by switching the expression pattern to sustain infections. In contrast, virulence, at the least, is attributed to the ability of parasite to escape host defense systems by consistently varying antigenic conformations (Amit-Avraham et al., 2015; Table 1). In both cases, depending on parasite species, different mechanisms have been proposed and regulation of genes by lncRNAs is adding the molecular strata of parasite antigenic re-combination, immune escape, or virulence. The poor conservation of lncRNA across species (Rochet et al., 2019) is of great application in this regard, though the exact roles of lncRNAs as chaperons for virulence and antigenic variation have not been completely charted in many parasites.

The function of lncRNAs in antigenic variation is partly connected with their tendency to flank protein coding genes and thus transcriptionally influence rapid adaptation of parasites to diverse environments by consistently changing the surface antigens (Oliveira et al., 2018). In addition, multi-gene families located in the vicinity of sub-telomeres are pertinent to parasite antigenic variation (Matrajt, 2008). In malaria parasite, var genes, a cluster of multicopy gene, have been demonstrated with var-luciferase transgenic P. falciparum to be activated by steady transcriptional overexpression of specific antisense lncRNA (Amit-Avraham et al., 2015).

Also, the transcription of antisense lncRNA could synchronize with the activation of its analogous var gene and promoter. In this case, var genes encode P. falciparum erythrocyte membrane protein 1, a virulence factor, that was subjected to adaptable switches for variant antigen expression after the activation of antisense lncRNA (Jing et al., 2018). Consequently, the expression of var genes correlates with the transcription of corresponding antisense lncRNA after P. falciparum invasion, which accordingly points to the fact that lncRNA may influence switching of var genes and subsequent translation of antigenic proteins on P. falciparum-infected RBCs (Jiang et al., 2013). Also, var antisense lncRNA exerts an activatory function during the transcription of var gene to the point that the earlier activated and nascent var gene mRNAs co-exist in the same parasite (Jing et al., 2018) but sequential translational processes of both mRNAs were not reported.

Multiple var genes encode diverse antigenic proteins in Plasmodium, Trypanosomes, and Giardia. Some of these var genes may be expressed or remain silent simultaneously by mutually exclusive gene expression through DNA rearrangement and modification (Jing et al., 2018; Pays et al., 2004). Equally, genes that regulate parasite virulence (Cross, 1996) may overlay lncRNAs that cis- or trans-regulate gene switching for antigenic variation and, in such case, lncRNA could concurrently regulate antigenic variation and virulence. Conversely, exogenous antisense lncRNA could prompt the transcription of dormant var gene in Plasmodium to induce ‘competitive transcription’ which decreases the transcriptional dominance of already activated var gene. This dual transcription could modulate switching of var genes to enhance antigenic change (Jing et al., 2018). Also, the use of peptide nucleic acids as complement interference on antisense lncRNAs stimulated the suppression of an active gene, obliterated epigenetic memory, and induced the transcription and translation of inactive genes (Amit-Avraham et al., 2015). It is imperative, therefore, to determine the extent to which the nascent or co-expressed active genes confer virulence, antigenicity, drug susceptibility, or immune escape on parasites after stimulation by lncRNAs.

The surface expression of antigenic variation can in some cases be due to changes in heterochromatin structures or lack of expression by certain genes. P. falciparum variant-silencing SET gene (PfSETvs) knock-out enhanced the expression of antigenic proteins by histone H3 lysine 36 trimethylation (H3K36me3) of var genes. Jiang et al. further revealed that var gene in wild type P. falciparum had low levels of H3K36me3 and that silent var genes displayed high H3K36me3 methylation at the same exonic region to indicate a positive correlation between PfSETvs-dependent methylation and var lncRNA silencing (Jiang et al., 2013). Given lncRNA polymorphic sequence and binding tendencies to DNA, RNA, and proteins, the suggestion that antisense lncRNAs can activate the expression of var and non-var gene promoters is possible (Jiang et al., 2013) but lncRNA potential biding domains, preference, and affinity for nucleic acids and protein need further investigation with respect to parasite antigenic switches.

Furthermore, conservation of specific lncRNA expression across virulent and highly virulent T. vaginalis strains (Woehle et al., 2014) have been reported to demarcate the degree of inferred pathology in the host cell (Figure 1). Differentially abundant and regulated lncRNAs particular to T. gondi high-virulent strain have been observed in mice bone marrow-derived macrophage (BMDM) when infected with T. gondi high- and low-virulent strains (Menard et al., 2018) in which the virulent T. gondi strain was able to trigger higher expression of infection-related long noncoding transcripts than the less virulent strain (Menard et al., 2021). Additionally, lncRNA expressions during S. japonicum infection in mice may not be unconnected with parasite pathogenesis or virulence pathways (Xia et al., 2020)(Figure 2). Nevertheless, the expression of lncRNA during parasite infection may be of host particular responses, among other things, and as such, it could overtly depend on host infected tissues and species. The extent of lncRNA expression in host in response to parasite virulence must therefore be described in line with host genetics and transcriptomic signatures (e.g. outlier and allele-specific expressions) rather than parasite virulence sensus stricto.



Re-Definition of Host-Parasite Interactions

LncRNAs are being reported as functional molecules in host-pathogen interactions (Liu et al., 2018b). During such dialogue, host and parasite lncRNA genes are concomitantly expressed at  some point during the course of infection (Broadbent et al., 2011). However, host-derived lncRNA expressions and regulatory roles may change consistently during pathophysiological conditions (Rochet et al., 2019) so much that disease-associated and pathogen-induced lncRNAs become more abundant (Mongelli et al., 2019). These parasite-induced host lncRNAs (Figure 1) and corresponding genes could either be up- or down- modulated (Strauss-soukup and Chen, 2019) and the expression levels could vary with host cell type, parasite species/strains, and duration of infection.

NR_045064 was found up-regulated and finely controlled in C. parvum-infected mice intestinal epithelial cells (IECs, Table 1) as well as in the brain, heart, and lungs (Strauss-soukup and Chen, 2019) to signify that the parasite may co-opt the expression of specific host lncRNA in different tissues. On the contrary, during T. vaginalis infection in human and mice, the parasite lncRNA population had a considerable percentage of the total transcripts (Woehle et al., 2014). It is, then, not clear if overbearing of parasite lncRNAs, in host, is a sign of established infection or if identification of the same lncRNA in different tissues marks hyper-expression of such lncRNA in parasitic disease or its specificity to the parasite infection, knowing that lncRNAs are tissue-specific.

Apart from lncRNA specific tissue expression in pathophysiology, they are also vital indicators for cellular stress and senescence. Sensitivity to stress in host by S. mansoni is attributable to the expression of Sm-lncRNA5 and Sm-lncRNA12 which are in turn associated with ubiquitination, proteasome regulation, and cellular degradation (Oliveira et al., 2018). Also, secretion of T. gondi rhoptry kinase 16 regulates several putative host lncRNAs (Menard et al., 2018) during host cell invasion (Table 1). The majority of host cell lncRNAs were also down-regulated after infection of T. gondii with simultaneous synchronization of tachyzoite egress and cell death (Rochet et al., 2019). Incidentally, lncRNAs have been associated with parasite pathogenesis and apoptosis (Figure 2). It is likely that other forms of cell death (such as necroptosis and pyroptosis) that have not attracted research interest in parasitic infections may have some underlying mechanisms that involve lncRNAs.

Functional transfer of lncRNAs could be mediated by extracellular vesicles (EVs) as communication channels that vehiculate the transfer of ncRNAs during host-parasite interactions. There has been demonstration of inter-communication between Plasmodium and host cell that was facilitated by ncRNAs (Leitão et al., 2020). It is expected that selected lncRNAs in extracellular vesicles (EV) or secretome (SE) are involved in host-parasite interactions (Olajide and Cai, 2020; Moreno et al., 2021) (Figure 3). However, there is yet to be an explicit definition and identification of parasite lncRNAs in parasite-derived EVs and their possible inter-reactions with those of host origin. Also, helminths are known to possess an attachment organ which can equally serve as channels for secretomes (Moreno et al., 2021). It would benefit our understanding to know what sorts of lncRNAs are involved in such SEs during interaction with the host and, possibly, if molecular sorting/switching is equally possible to avoid being sloughed off or the death of the host cells (Figure 3).




Figure 3 | Activation and suppression of immune genes by lncRNAs. LncRNAs can act allosterically on gene regulatory domains and modify structural conformations to activate or suppress the function of related domains (Mercer and Mattick, 2013) for gene activation or chromatin conformation. A(i). During HCT-8 infection with C parvum, specific lncRNA could target RNF125 by regulating the expression of RNF125 and possibly cause the expression of several inflammatory cytokines. A(ii). Epigenetic histone modification by lncRNA-mediated transcription of host defense genes as observed during in vitro infection of C parvum with IECs. This chromatin remodeling of lncRNA via complex interaction with WDR5/MLL-p300 mediated the transcription of host cell defense genes where lncRNA over-expression enhanced expression of Csf2, Nos2, and Cxcl2. A(iii). In M-MDSC, IL-6 may act as a transcription factor for some lncRNAs during E granulosus infection to prime MAPK and vascular endothelial growth factors (VEGF). A(iv). Up-regulation of lncRNA leads to inhibited expression of sox4 which in turn cause reduction in the healing of parasite-induced wounds to allow parasite migration. Also, the binding of lncRNA to a specific locus may downplay the transcription of IL-21 in a time dependent manner for persistent infection. A(v). In human retinal Müller cell, NeST may induce IFN-γ transcription to enhance Th1 response during infection with T. gondii. (B) After T. gondii infection of human macrophage, lncRNA suppressed the expression of UNC93B1, an immune molecule, and decreased the secretion of inflammatory cytokines. During differentiation of human dendritic cells, lncRNAs may mediate activation of transcription signal transducer and activator of transcription 3 (STAT3) to promote its phosphorylation on tyrosine-705 by preventing STAT 3 binding or de-phosphorylation of SHP1 (Wang et al., 2014) but the molecular interaction of this manner has not been identified in parasite-infected cells. (Broken arrow; predictive function, unbroken arrow; validated function).





Activation of Host-Immune Genes

From experimental observations and computational arrays, lncRNAs are involved in innate and adaptive immune systems (Liu et al., 2018a; Menard et al., 2021) as regulatory nodes for activation and amplification of immune signals, transcriptional factors (Wang and Chang, 2011), as well as co-regulator of infection- and immune-related genes (Menard et al., 2018)(Figure 3). In these processes, lncRNAs may integrate pro-inflammatory and anti-inflammatory responses, immune cell differentiation, and cytokine secretion or inhibition (Menard et al., 2018) (Figure 3).

The functional induction of specific lncRNA has been shown to orchestrate the transcriptional regulation of IEC defense genes during infection with C. parvum (Table 1) (Figure 3). Similarly, the induction of NR_045064 enforced the transcriptional regulation of host cell defense genes after infection with C. parvum (Strauss-soukup and Chen, 2019) (Table 1) just as over-expression of a lncRNA negatively regulated the expression pattern of UNC93B1 and secretion of pro-inflammatory cytokines in T. gondii-infected cells (Liu et al., 2018a; Figure 3). There was also computational prediction that XLOC_001265 could be involved in pro-inflammatory reaction that is dependent on the regulation of ring finger protein (RNF) 125 in response to C. parvum infection (Liu et al., 2018b).

Co-expression network and correlation analysis have revealed mutual expression of lncRNAs and immune genes as well as protein during infection with T. gondii (Liu et al., 2018a; Table 1). In this manner, the differentially regulated lncRNAs during E. necatrix infection might down-regulate host defense genes through recruitment of toll-like receptor and/or induce phosphorylation to activate inflammatory reactions (Fan et al., 2020). The in silico concomitant reduction of IL-21 and XLOC_237221 in dogs infected with T. canis requires functional analysis to substantiate humoral immune response and production of antibodies (Zheng et al., 2021) (Figure 3). T. gondii and T. canis are respectively entrenched and emerging zoonotic species while E. necatrix is of great veterinary importance. Functional analysis of lncRNAs in relation to host defense against these parasites would reveal a new dimension of immunity and control.

Again, bioinformatics analysis has indicated an association of lncRNAs with macrophage differentiation, cytokine-receptor interaction, JAK-STAT, and p53 signaling pathways during T. gondii infection (Menard et al., 2018) (Figure 3). MAPK has been implicated in some parasitic infections and now lncRNAs are being seen as regulator of inflammatory process in mammalian leukocytes (Agliano et al., 2019). Also, NF-κB activation is reminiscent of lncRNA genes expression as essential components of transcriptional feedback to infection (Table 1). However, the potential transcriptional and translational components of NF-κB-mediated sequence need further elucidation (Strauss-soukup and Chen, 2019). Likewise, differentially expressed lncRNAs by different T. gondii strains may have cardinal roles in MyD88-dependent protection in mice (Menard et al., 2021). It is conceivable that host cells may express lncRNA to undermine pathogens and pathogens, as well, may also utilize host lncRNAs to foil induction of host gene expression (Loscalzo, 2014; Figure 3) but these, too, require further clarification.



Diagnostic and Therapeutic Prospects

Functional and genetic evidence are increasing in support of lncRNA anti-parasitic activity and involvement in disease diagnosis. It was earlier reported that increased expression of MIAT in chagas disease was associated with endothelial dysfunction in chronic cardiomyopathy, and it had a positive predictive value that signified putative correlation with T. cruzi parasitemia in mice (Frade et al., 2016). In addition, differential MIAT gene expressions in T. cruzi-infected subjects with chronic cardiomyopathy and non-infected subjects confirmed MIAT as biomarker for chagasic cardiomyopathy (Frade et al., 2016)(Table 1). Also, during T. gondii (PTG and RH strains) infection in myDD8 (wild type) and myDD8-/- (knock out) mice macrophages, siva1–205 and nfkb1–210 exhibited greater expression in myDD8 than Myd88-/- macrophages when infected with T. gondii RH (Menard et al., 2021). These lncRNAs can thus serve as biomarkers for toxoplasmosis in a strain-specific manner and with respect to infection of mice macrophage. So, specific lncRNAs could appear as disease determinants or important indicators of parasitic infection (Menard et al., 2021), and as such, can serve as loop for selectable markers in host for disease diagnoses.

The existence of lncRNAs in EVs also creates the possibility of exploring these molecules as biomarkers for diagnosing parasitic diseases. EVs that enclosed lncRNAs have shown the possibility of modulating the response of recipient cells to drugs through intercellular transfer of specific drug resistant lncARSR (Zhou and Chen, 2019). A similar report is yet unknown in parasitic infection. Nevertheless, the epigenomic regulations in parasites and hosts, continuous identification drug resistance genes (Cowell and Winzeler, 2019), lncRNA sorting in EV secretions (Figure 3), and translational products in hosts and parasites may soon culminate into identification of gene-conjugated lncRNAs that may serve as targets for therapeutic molecules and diagnosis. Such a breakthrough will enhance our understanding of gene expression patterns to optimize drug efficacy and diagnostic tools. Therefore, future works are encouraged to identify circulating lncRNAs as biomarkers and therapeutic targets during parasitic infections.



Hindsight and Perspectives

Significantly, adopted methods for assembling lncRNA algorithms play important roles in lncRNA expression, identification, and biochemical activity (Shields et al., 2020). In addition, lncRNA annotation resources could have unequal sensitivity to transcript abundance, uniqueness, functional complementarity, integrative characterization (Xu et al., 2017), and genomic features (Oliveira et al., 2018). Absence of (or partial) sequenced genomes, transcript assembling tools, and incomplete gene annotations are constraints to lncRNA annotation (Liao et al., 2018; Zheng et al., 2021). Continuous improvement on data assembling algorithms would enhance our capacity to detect new lncRNAs and their coding potentials (Hassan et al., 2012). However, identification of protein coding tendencies in time and space are still challenging. Also, the emergence of new putative linRNAs from existing genome annotation  is still unclear. Would such phenomenon be due to algorithmic impasses, spatio-temporal gene switching or alternative transcript splicing? Similarly, there are growing studies on qRT-PCR analyses for lncRNA regulations, but qRT-PCR up/down regulations or bioinformatics predictions lack clinical interpretation, and the choice of lncRNAs for qRT-PCR are sometimes subjective or may not correlate with the result of RNA sequence (Vasconcelos et al., 2017).

In parasitic disease, several roles of lncRNAs in apoptosis, cellular differentiation/response (Fan et al., 2020), parasite biology, therapeutic targets, and drug resistance (Oliveira et al., 2018) are still inconclusive (Akay et al., 2019; Menard et al., 2021) (Table 1) (Figure 2). RNA immunoprecipitation would be useful in determining lncRNA functions during gene regulation in direct association with chromatin and epigenetic control of virulence (Sierra-miranda et al., 2012; Table 1). Similarly, genome editing, RNA binding assays, and gene knockdown would reveal the regulatory role of lncRNAs (Broadbent et al., 2011; Broadbent et al., 2015). When and if applicable, the use of RNAi and genome editing may show an incompletely captured subtle phenotype mediated by lncRNAs. Also, an epitranscriptomic approach may uncover novel lncRNA and peptide translation (Kim et al., 2020). Though, individual or group deletion of lncRNA genes may have different (un)discernable phenotypes and getting to know which set of lncRNAs present a particular trait may also be puzzling (Akay et al., 2019).

Parasites, more often than not, are distantly related. Consonant with this, lncRNAs with 100% sequence similarity are likely to function in parasite-specific or host-specific mode. As well, lncRNA domains that are pertinent to its structures may be deciphered through the primary sequence but may not give a determinate range of its function in conjunction with other molecules. Also, lncRNA inherent features of regulatory plasticity are of considerable concern for experimental designs (Li et al., 2020) especially the dual role of simultaneous gene activation and suppression (Figure 2). The understanding of ‘when’ and ‘how’ such parallel functions come to play is germane for future studies. And by extension, most long non-coding transcripts have no known function yet (Menard et al., 2021).

The involvement of lncRNAs in gene regulation potentially makes them important trade tools in the search for new therapeutics or biomarkers for many diseases (Rochet et al., 2019). LncRNAs generally have low primary sequence conservation which is more likely to distinguish specific parasite and/or strain infection than can be inferred with protein-coding genes. Also, lncRNAs that are intertwined with chromatin markers could be selected for functional analysis in order to understand their function in such loci relative to protein coding genes whilst lncRNAs with definite patterns in the infective stages of parasites may be good selections for studying host cell invasion and sexual development (Amaral et al., 2020). Considerations may equally be given to differentially expressed lncRNAs after drug treatment to identify functions of lncRNAs in parasite drug resistance and susceptibility.

During parasite development and survival in hosts, there are offsetting processes against parasite invasion through the expression of immune-related lncRNAs, some of which can be beneficial or detrimental to host and/or parasites. Then, what are the factors that ‘pre-program’ lncRNA activation for beneficial/detrimental traits during parasite infection in host or developmental changes of parasite? It has been proposed that several lncRNAs could regulate a gene and several genes could be regulated by a single lncRNA (Xia et al., 2020) for definite phenotype. In addition, variations in amino acid sequence ensue antigenic variation for which lncRNAs are involved via gene activation, protein binding, and chromatin conformational changes (Amit-Avraham et al., 2015). Since some lncRNAs can code for small peptides, it is still unknown if lncRNAs confer selective pressures on DNA/mRNA and/or encode antigenic peptides.

Identifying parasite exosomal lncRNAs and their export pathways would clear the coast further on the complex host immune network of action (Dragomir et al., 2018) during host-parasite interface. LncRNAs are active regulatory elements for retrograde takeover of host cells and immune escape for parasites but mechanistic designs for lncRNA in immune-related functions are still sparse (Zhang and Cao, 2016; Rochet et al., 2019). To this end, lncRNA functional analyses, in parasitic infections, should be prioritized and guided in pertinence to parasite biology and clinical relevance.



Conclusion

The functional versatility of lncRNAs relies on their flexible conformational structures and wide-ranging tendencies to interact with diverse molecules. While certain lncRNAs exert their functions through interactions with hetero-nuclear chromatin complexes, others alter the stability or translation of mRNA in the cytoplasm. More importantly, lncRNA abundance, diversity, and dynamic expression across parasite stages set them as a potential one-stop-search to understand diverse processes in parasite development, host-parasite interactions, transcriptional regulation, and specific expression for determinate (genetic and phenotypic) traits. LncRNAs are activators/suppressors of host immune regulatory cascades and could be important tools for diagnosing parasitic diseases. Although there are existing gaps in our understanding of lncRNA functional threshold in parasitic infections, especially in helminths, it is in no doubt that these RNA molecules are paving the way for better understanding of parasite development and parasite-host crosstalk via modulation and fine-tuning of gene elements, as well as supervision of complex molecular interactions.
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The molecular epidemiology and biological characteristics of Escherichia coli associated with hemorrhagic pneumonia (HP) mink from five Chinese Provinces were determined. From 2017 to 2019, 85 E. coli strains were identified from 115 lung samples of mink suffering from HP. These samples were subjected to serotyping, antimicrobial susceptibility, detection of virulence genes, phylogenetic grouping, whole-genome sequencing, drug resistant gene, multilocus sequence typing (MLST) and biofilm-forming assays. E. coli strains were divided into 18 serotypes. Thirty-nine E. coli strains belonged to the O11 serotype. Eighty-five E. coli strains were classified into seven phylogenetic groups: E (45.9%, 39/85), A (27.1%, 23/85), B1 (14.1%, 12/85), B2 (3.7%, 3/85), D (3.7%, 3/85), F (2.4%, 2/85) and clade I (1.2%, 1/85). MLST showed that the main sequence types (STs) were ST457 (27/66), All E. coli strains had ≥4 virulence genes. The prevalence of virulence was 98.8% for yijp and fimC, 96.5% for iucD, 95.3% for ompA, 91.8% for cnf-Ⅰ, 89.4% for mat, 82.3% for hlyF, and 81.2% for ibeB. The prevalence of virulence genes iss, cva/cvi, aatA, ibeA, vat, hlyF, and STa was 3.5–57.6%. All E. coli strains were sensitive to sulfamethoxazole, but high resistance was shown to tetracycline (76.5%), chloramphenicol (71.8%), ciprofloxacin (63.5%) and florfenicol (52.9%), resistance to other antibiotics was 35.3–16.5%. The types and ratios of drug-resistance genes were tet(A), strA, strB, sul2, oqxA, blaTEM-1B, floR, and catA1 had the highest frequency from 34%-65%, which were consistent with our drug resistance phenotype tetracycline, florfenicol, quinolones, chloramphenicol, the bla-NDM-I and mcr-I were presented in ST457 strains. Out of 85 E. coli strains, six (7.1%) possessed a strong ability, 12 (14.1%) possessed a moderate ability, and 64 (75.3%) showed a weak ability to form biofilm. Our data will aid understanding of the epidemiological background and provide a clinical basis for HP treatment in mink caused by E. coli.
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Introduction

Escherichia coli is a Gram-negative opportunistic pathogen. It is a normal flora of the gastrointestinal tract of humans and warm-blooded animals (Abdollah et al., 2018). However, if the immune system is compromised, E. coli can cause various intestinal and extraintestinal diseases.

Pathogenic E. coli can be divided into enteropathogenic and extraintestinal types. Extraintestinal pathogenic E. coli can cause colisepticemia, urinary-tract infections, and meningitis (Devine et al., 1989; Tibbetts et al., 2003; Gaschignard et al., 2011; Derakhshandeh et al., 2018). Tibbetts and colleagues isolated 40 E. coli strains from the livers, spleens, and lungs of mink (Neogale species) suffering from colisepticemia (Tibbetts et al., 2003). In that study, E. coli was shown, for the first time, to be associated with hemorrhagic pneumonia (HP) in mink. In China, Zhang and colleagues isolated E. coli strains from the lungs of mink suffering from respiratory symptoms (Zhang et al., 2019). That study provided additional evidence of the correlation between E. coli and HP in mink.

HP in mink is almost exclusively seasonal (from September to early December) and is characterized by sudden death (Qi et al., 2014). HP caused by Pseudomonas aeruginosa was described in Denmark in 1953 (Knox, 1953). In 1985, Han and colleagues were the first to report HP outbreaks in mink each year in China (Han et al., 2014). Klebsiella pneumoniae is another pathogen causing HP in mink. Fifteen K. pneumoniae strains were isolated from mink experiencing respiratory distress in China, and most of isolates were identified as serotype K2 (Wang et al., 2017). In that study, the mink showed lung hemorrhage, liver hemorrhage/swelling, slight bleeding in the brain, and liver abscess. The histology lesions of mink with acute HP were found to be associated with infection with P. aeruginosa and E. coli in a study by Hammer et al. (2013). They discovered that P. aeruginosa was most often found surrounding blood vessels and in the alveolar lining, whereas E. coli showed a more diffuse distribution in lung tissue. Although the pathogenesis is different, HP in mink caused by E. coli merits attention, but little information is available.

We investigated the disease characteristics, serotyping, phylogenetic groups, multilocus sequence typing (MLST), whole-genome sequencing, drug-susceptibility, and detection of virulence factors on E. coli strains. Our study will aid understanding of the epidemiological background of HP and provide a clinical basis for its treatment in mink caused by E. coli.



Materials and Methods


Collection of Samples

Between March 2017 and February 2019, 115 minks who died of HP were collected from 21 farms in northern China (Jilin, Liaoning, Heilongjiang, Hebei, and Shandong Provinces) (Figure 1). The minks showed clinical pneumonia signs, including: high fever (>40°C), severe depression and anorexia, dyspnea, coughing, as well as hematemesis of the mouth and nose.The dead minks underwent dissection, and lung samples were used for bacterial isolation.




Figure 1 | Geographic distribution of E. coli isolates from minks in this study.





Histopathology

After necropsy, samples were fixed in 10% neutral-buffered formalin. Then, they were embedded in paraffin wax and stained with hematoxylin and eosin for histopathology following standard procedures (Bancroft and Stevens, 1990).



Isolation and Identification of E. coli

Isolation and identification of E. coli strains were undertaken according to standard procedures with some modifications (Qiu et al., 2019). Lung samples were inoculated onto MacConkey agar. Bacterial colonies were selected and cultured in Luria–Bertani (LB) broth at 37°C. These bacterial isolates were identified by classical biochemical methods and confirmed by 16S rRNA-sequencing. All E. coli strains were grown in LB broth at 37°C with aeration and stored at −80°C in 20% glycerol for further use.



DNA Extraction

The genomic DNA of E. coli isolates was extracted using the TIANamp Bacteria DNA Kit according to manufacturer's (Tiangen, Beijing, China) instructions.



Serotyping

Traditional agglutination test and O-genotyping PCR were used to identify the O serotypes of the E. coli isolates. Briefly, serotyping of E. coli isolates was done by agglutination test with specific serum against E. coli O antigens (Statens Serum Institut, Copenhagen, Denmark) according to the manufacturer’s guidelines. The O-genotyping PCR were carried out through the implication of O antigen biosynthesis genes as described previously (Iguchi et al., 2015).



Antimicrobial Susceptibility Testing

The minimal inhibitory concentration of 85 E. coli strains was determined according to the Performance Standards for Antimicrobial Susceptibility Testing of the Clinical Laboratory Standards Institute (CLSI; M100-S23). Each strain was evaluated for susceptibility to the cefotaxime, tetracycline, chloramphenicol, florfenicol, levofloxacin, ciprofloxacin, sulfamethoxazole, colistin, gentamicin, and spectinomycin. The susceptibility of E. coli isolates was interpreted referring to CLSI M100-S23. E. coli ATCC25922 were used as a quality-control strain in antimicrobial susceptibility testing.



Phylogenetic Group Analysis

E. coli strains were classified as eight phylogenetic groups using the rapid phylogenetic grouping PCR as described previously. Thus, the phylogenetic groups of E. coli isolates were determined via PCR detection of genes chuA, yjaA, TspE4.C2, arpA, and trpA according to Clermont protocol (Clermont et al., 2013) (Table 1).


Table 1 | Primers employed for detection of phylogenetic groups.





Distribution of Virulent Genes

All strains were tested for the presence of 24 virulence-associated genes by simplex PCR and multiplex PCR (Tibbetts et al., 2003; Meng et al., 2014): LT, STa, STb, SLT-Ⅰ, cnf-Ⅰ, cnf-Ⅱ, eae, K99, aatA, papC, tsh, fimC, mat, ibeB, vat, yijp, ibeA, ompA, neuC, cva/cvi, iss, fyuA, iucD and hlyF. The primers used for detection are listed in Table 2. PCRs were conducted under identical reaction conditions according to those described previously (Tibbetts et al., 2003; Meng et al., 2014).The amplification products were visualized by agarose gel (1%) electrophoresis.


Table 2 | Primers used for detection of virulent genes.





Whole-Genome Sequencing

Whole-genome sequencing (WGS) was used to characterize the resistome, MLST and evaluate genetic evolution in 66 representative strains. The whole genome was sequenced by Beijing Novogene Bioinformatics Technology (Beijing, China). The sequence of genomic DNA in cells was identified (PacBio Single Molecule, Real-Time Sequencing; Pacific Biosciences, Menlo Park, CA, USA). The neighbor-joining method (>5 samples) was employed to construct an evolutionary tree using TreeBeST Vision 1.9.2. Resistance genes were predicted by comparing the sequenced strains with a database on antiviral resistance genes (http://katholt.github.io/srst2/).



MLST

Sixty-six E. coli strains were underwent MLST by comparing of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) according to WGS results and aligned against the allele templates of E. coli retrieved from an online database (http://www.mlst.net/). A minimum spanning tree and clustering tree were generated using BioNumerics 7.6 (www.applied-maths.com/download/software/).



Quantification of Biofilm Formation

Biofilm-formation assays were undertaken, as described previously (Vogeleer et al., 2015) with some modifications. Briefly, E. coli strains were cultured in LB overnight at 37°C and diluted into LB at 1:100. A 200-μL aliquot of each dilution was dispensed into individual wells of a sterile 96-well microtiter plate and incubated for 36 h at 37°C. Wells with sterile LB medium served as negative controls. Then, the culture medium was discarded, and the wells were washed thrice with phosphate-buffered saline. After fixation with methanol for 15 min, biofilms were stained with 0.1% crystal violet for 5 min. The plates were washed five times to remove unbound dye and air-dried. Finally, the biofilms were quantified by measuring the optical density (OD) at 595 nm with a microplate reader(eppendorf, BioPhotomete) after dissolving in 33% glacial acetic acid for 30 min. The capability to form a biofilm was scored in accordance with criteria described previously (Stepanovic et al., 2000): OD< ODc, non-producer; ODc < OD < 2×ODc, weak producer; 2× ODc < OD < 4 × ODc, moderate producer; OD >4ODc, strong producer. “OD” denoted the OD at 595 nm of E. coli, whereas “ODc” denoted three standard deviations above the mean OD of the negative control. Tests were carried out thrice, and the results were averaged.




Results


Organ Symptoms and Hispathological Changes

The onsets of minks were breathing difficulties, blood-like exudates around the nostrils/mouths, and, in some cases, foaming around the mouth, The most common observation were edematous, extensive hemorrhage and pleural effusion. hyperemia or hemorrhagic spots and ecchymosis were observed in lung. Other symptoms were liver hemorrhage, renal hemorrhage, spleen enlargement, and black bleeding spots. The intestinal surface and inner wall were dark-red or pink, which indicated a small amount of bleeding. Swelling and bleeding of inguinal, submandibular, and mesenteric lymph nodes were also documented (Figure 2).




Figure 2 | Organs from minks after E. coli infection. (A1–G1) Organs of infected minks. (A–G) Organs of heathy minks. (A, A1) Lung. (B, B1) trachea. (C, C1) Heart. (D, D1) Liver. (E, E1). Spleen. (F, F1) Inner wall of the intestinal tract. (G, G1) Kidney. (H, H1) Renal hemorrhage.



The hispathological changes of organs were as follows, lung, severe pulmonary edema, a large number of eosinophilic serous exudation in alveolar cavity; tracheae, cell necrosis, nuclear fragmentation or dissolution in mucosal layer; heart and liver: lymphocytic infiltration around blood vessels; spleen, massive extramedullary hematopoietic foci and multinucleated giant cells; Intestine, no obvious inflammation; kidney, necrotic shedding of renal tubular epithelial cells (Figure 3).




Figure 3 | Hispathological changes of Organs from minks after E. coli infection. (A–G) Organs of infected minks. (A1–G1) Organs of heathy minks. (A, A1) Lung. (B, B1) trachea. (C, C1) Heart. (D, D1) Liver. (E, E1). Spleen. (F, F1) the intestinal tract. (G, G1) Kidney.





Isolation and Identification of E. coli Strains

A total of 115 lung samples from 21 mink farms were cultured. Eighty-five E. coli isolates were identified by conventional biochemical methods. 16S rRNA-sequencing indicated that these strains had features consistent with E. coli.



Serotyping

Serotyping showed that 87.1% (74/85) of E. coli isolates could be classified into the single-O type, whereas 11 isolates could not be classified into any serotype. Of these serotyped isolates, 18 O serotypes were identified (Figure 4). The most prevalent serotype were O11 (39/85), followed by O9 (6/85), O25 (6/85), O8 (3/85), O39(3/85), O69(3/85), O78(2/85), and O112ac (2/85). Only one strain belonged to O5, O7, O29, O33, O45, O88, O89, O105, O109, and O177 serotypes, respectively. These results indicated that O11, O9, and O25 were the predominant serotypes of extraintestinal pathogenic E. coli from mink in a particular population in northern China.




Figure 4 | The serotype distribution of 85 isolated E. coli strains.





Antimicrobial Susceptibility Testing

The results of the antimicrobial susceptibility test are shown in Table S1 of Supplementary Materials. Eighty-five E. coli strains were sensitive to sulfamethoxazole, but they showed high resistance to tetracycline (76.5%), chloramphenicol (71.8%), ciprofloxacin (63.5%), and florfenicol (52.9%). Resistance to colistin was noted in only 5.9% of E. coli strains. Resistance to the other antibiotics tested was 16.5%–35.3% (Figure 5). We analyzed the susceptibility of E. coli strains to 10 antibiotics, and found that 55 of 85 (64.7%) strains were resistant to ≥3 antibiotics.




Figure 5 | Results of antimicrobial susceptibility testing of 85 E. coli strains. TE, tetracycline; CIP, ciprofloxacin; LEV, levofloxacin; C, chloramphenicol; GEN, gentamicin; FFC, florfenicol; CTX, cefotaxime; SPE, spectinomycin; CT, colistin; SMZ, sulfamethoxazole.





Distribution of Virulence Genes

All 85 E. coli strains were screened for the presence of 24 virulence genes. yijp and fimiC were detected in 84 (98.8%) strains. iucD, ompA, cnf-Ⅰ, and fyuA were detected in 82 (96.5%), 81 (95.3%), 81 (95.3%), and 78 (91.8%) strains, respectively. mat, hlyF, and ibeB were present in 76 (89.4%), 70 (82.3%), and 69 (81.2%) of strains, respectively. iss and cav/cvi were detected in 49 (57.6%) and 40 (47.1%) of strains, respectively. aatA, ibeA, vat, and eae were detected in 13 (15.3%), 9 (10.6%), 5 (5.9%), and 4 (4.7%) strains, respectively. Moreover, three (3.7%) strains harbored STa and nueC. In general, all E. coli strains contained ≥4 virulence genes. However, LT, STb, SLT-Ⅰ, cnf-Ⅱ, K99, papC, and tsh were not detected (Figure 6).




Figure 6 | Distribution of virulence genes in 85 E. coli strains.





Phylogenetic Grouping

Phylogenetic typing showed that most of E. coli strains belonged to group E (45.9%, 39/85) and A (27.1%, 23/85). Only 3.5% of E. coli strains belonged to groups B2 and D, 2.4% to F, and 1.2% to clade I. However, two E. coli strains were not classified into any phylogenetic group (Figure 7). Thus, the E. coli strains that caused HP in mink were strongly associated with phylogenetic groups A and E.




Figure 7 | Phylogenetic classification of 85 E. coli strains.



Most virulence genes were associated with phylogenetic groups E and A. yijp, fimC, iucD, ompA, and fyuA showed a wide distribution among all groups (A, B1, B2, D, E, F, and clade I). cnf-Ⅰ, hlyF, iss, and cva/cvi were less prevalent in clade I. vat was associated with group B2 and clade I. STa was found only in groups A and E. nueC was associated only with groups A and group B2 (Table 3).


Table 3 | Relationship among phylogenetic groups and virulence genes.





Whole-Genome Sequencing

Whole-genome sequencing (WGS) was done on the genome data of the new strains in the present study. The complete genome MLST clustering tree showed that the E. coli strains from mink were far from the reference strains. The E. coli strains in mink showed regional aggregation and transmission. The homology of the E. coli strains from Weihai, Dalian, Shangzhi, Harbin, and Weihe reached 100%, respectively. However, the other strains were far from each other (Figure 8).




Figure 8 | Clustering tree of 66 E. coli strains using multilocus sequence typing by Whole-genome sequencing analysis. The red cube region represents the presence of a drug-resistance gene.



We predicted the types and ratios of drug-resistance genes in 66 strains of E. coli by whole-gene sequencing. tet(A), strA, strB, sul2, oqxA, blaTEM-1B, floR, and catA1 had the highest frequency at 50%, 65.8%, 64.5%, 64.5%, 53.9%, 48.7%, 40.8%, and 34.2%, respectively. The other drug-resistance genes were rangely from 1.3%∼29%, (Figure 9). the highest frequency antibiotic genes (ARGs) were resistant to tetracycline, florfenicol, quinolones, chloramphenicol, which were consistent with our drug resistance phenotype.




Figure 9 | Distribution of drug-resistant genes of 66 E. coli strains by Whole-genome sequencing analysis.





MLST

Sixty-six E. coli strains were classified into 28 sequence types (STs). The dominant types were ST457 (twenty-seven strains from six outbreaks), followed by ST127 (three strains from one outbreak), ST1485 (three strains from one outbreak), ST10005 (three strains from one outbreak), ST58 (two strains from two outbreaks), ST6730 (two strains from two outbreaks), ST93 (two strains from two outbreaks), ST2973 (two strains from two outbreaks), ST162 (two strains from two outbreaks), and ST156 (two strains from one outbreak). The only one strain of ST was ST23, ST58, ST189, ST1638, ST744, ST1140, ST131, ST165, ST4720, ST6831, ST345, ST224, ST48, ST46, ST770, ST7, ST5, and ST12 (Figure 10).




Figure 10 | Minimum spanning tree of 66 E. coli strains by Whole-genome sequencing analysis. Each circle represents one ST. The area of the circle corresponds to the number of strains. The color of the circle indicates the area to which the strain belongs.





Quantification of Biofilm Formation

Out of 85 E. coli strains, six (7.1%) possessed strong biofilm-forming ability, 12 (14.1%) possessed moderate biofilm-forming ability, and 64 (75.3%) showed weak biofilm-forming ability. Three E. coli strains could not form biofilms (Table S1 in Supplementary Materials).




Discussion

HP in mink was first discovered in China in 1983 (Han et al., 2014). P. aeruginosa and K. pneumoniae are the important agents of HP; they are the major causes of death and induce economic loss in the mink industry (Wang et al., 2017, Zhao et al., 2018).

We isolated 85 E. coli strains from 115 minks with HP. We assessed the serotype, phylogenetic group, and virulence genes of these E. coli strains. We undertook, whole-genome sequencing, MLST, antimicrobial susceptibility testing and quantification of biofilms to provide a theoretical basis for the prevention and treatment of HP in mink.

O11 was the predominant (45.9%) serotype of the 85 E. coli strains in the lung samples of mink with HP. Serotype O11 has been reported to be the most prevalent among isolates from pigs with postweaning diarrhea and birds with colibacillosis (Chen et al., 2004; Hussein et al., 2013). Our data are consistent with findings from Xu and colleagues showing that two out of five E. coli strains belonged to serotype O11 (Xu et al., 2018). The other serotypes we detected, including O9, O25, and O8, have been described to be most frequently related to urinary-tract infections, bacteremia, and diarrhea (Devine et al., 1989; Tibbetts et al., 2003; Wani et al., 2004). The serotypes of E. coli are not found commonly in other types of disease in mink (Tibbetts et al., 2003). This disparity may be the result of genetic variations and regional differences.

The distribution and frequencies of serotypes varied considerably from region to region (Table S1 in Supplementary Material). Serotype O11 was distributed in four Provinces (Liaoning, Heilongjiang, Shandong, Jilin and Hebei). The other dominant serotypes (O8, O9 and O25) were in Shandong Province. Serotypes O39, O69, O78, O112ac, O5, O7, O29, O33, O45, O88, O89, O105, O109, and O177 were less common.

Phylogenetic analyses have shown that 95% of E. coli strains fall into eight phylogenetic groups: A, B1, B2, C, D, E, F, and clade I (Clermont et al., 2013; Silva et al., 2017). Primary infection with E. coli leading to persistence or relapse of infection is associated with phylogenetic group B2, whereas primary infection with E. coli followed by cure or reinfection is associated with phylogenetic group D (Ejrns, 2011), respectively. We also found that E. coli strains isolated from infected mink belonged mainly to phylogenetic groups A and E, and other E. coli strains belonged to phylogenetic groups B1, B2, D, F, and clade I. This distribution of E. coli strains is different to that reported in bovine mastitis and broiler chickens (Hussein et al., 2013; Zhang et al., 2017), but is consistent with the distribution of human enteroinvasive E. coli (Da Silva et al., 2017). Our results provide helpful references of the ecological distribution and genetic evolution of E. coli in mink in northern China.

Virulence genes have important roles in pathogenic E. coli. Hence, we detected the distribution of extraintestinal virulence gene markers in E. coli strains from mink (Tenglin et al., 2018). The virulence genes mainly encoded genes related to invasion, toxins, adhesion, antiserum survival, and iron transport. yijp, fimC, iucD, ompA, cnf-Ⅰ, mat, hlyF, and ibeB had a high presence (98.8%, 98.8%, 96.5%, 95.3%, 91.8%, 89.4%, 82.3% and 81.2%, respectively) but some had prevalence <60% (iss, cva/cvi, aatA, ibeA, vat, and eae). The resluts proofed that E.coli strains isolated in this study were extra-intestinal strains. the profiles of virulent genes were the same as other extra-intestinal strains, Tibbetts found that 47.5% of the test strains had cnf-I gene,and 7.5% of the strains had eae gene in mink with colisepticaemia (Tibbetts et al., 2003). Paixão found that the frequency of avian E.coli virulence gene fimC, iucD, cva/cvi, iss was 92.91%, 65.35%, 55.12% and 33.07% (Paixão et al., 2016).

MLST is a bacterial-typing method based on determination of the sequence of nucleic acids. MLST has been used for epidemiological monitoring and evolutionary studies. In our study, 28 STs were found. The results are different from E. coli strains isolated from mink feces in Zhucheng (Qiu et al., 2019), These differences may suggest that, compared with E. coli isolated from mink feces, the genetic information and pathogenicity of E. coli isolated from mink lungs are different. In our study, the dominant type was ST457(27/66, 40.9%). which has the potential cause antimicrobial-resistant extraintestinal infection, almost certainly in dogs, wild animals and possibly in humans (Nicolas-Chanoine et al., 2014). ST457 in E. coli isolated from dog feces contains bla-CMY and bla-CTX-M-15, which are resistant to fluoroquinolone (Guo et al., 2015), ST457 in E. coli isolated from blood contains blaCTX-M-1 and mcr-1 (Kuo et al., 2016), ST457 in E. coli isolated from bovine mammary glands is associated with resistance to aminoglycoside and trimethoprim, respectively (Suzuki et al., 2016). The clustering tree showed that the resistance genes of ST457 in E. coli were similar (Figure 8). ST127 can cause intestinal infections in humans, dogs, and cats (Johnson et al., 2008), and it is a biological model of E. coli infection outside the intestine (Hochhut et al., 2006). ST1485 and ST131 in E. coli are related to human infection. ST131 in E. coli is an extraintestinal pathogen. Pitout and colleagues showed that invasion by ST131 is closely related to colonization, iron-absorption capacity, and the ability to form biofilms (Pitoust and Devinney, 2017).

According to the cgMLST clustering tree, HP outbreak in mink had the characteristics of regional aggregation and transmission. We suggest that farmers should pay attention to detection and isolation during the start of an HP outbreak in mink. We found that the main drug-resistance genes were tet(a), sul2, oqxa, flor, blatem-1b, cata1, stra, and strB, Profiles for antibiotic resistance and resistance genes for ST genotypes with different genetic relationships were documented. The distribution of drug-resistance genes was similar in the same ST type, as shown in Figure 5.

Use of antimicrobial drugs can lead to resistance to their effects (Mackenzie et al., 2014; Wang et al., 2017). A vaccine to prevent extraintestinal pathogenic E. coli in mink is not available. We analyzed the susceptibility of E. coli strains to 10 antibiotics. All E. coli strains were susceptible to sulfamethoxazole but showed high resistance to tetracycline (76.5%), chloramphenicol (71.8%), ciprofloxacin (63.5%), and florfenicol (52.9%). Resistance to multiple drugs was observed, with 55 of 85 (65.7%) isolates resistant to ≥3 antibiotics. Pedersen and colleagues also showed E. coli to be susceptible to sulfamethoxazole and resistant to tetracycline (54.7%) and spectinomycin (18.5%) (Pedersen et al., 2009). However, those findings were not in accordance with those of Tibbetts and coworkers, who reported that the E. coli strains from mink with colisepticemia were sensitive to ciprofloxacin but resistant to sulfamethoxazole (63%), gentamycin (20%), and chloramphenicol (8%) (Tibbetts et al., 2003). The reasons for these inconsistencies may be the different sources and regional differences of E. coli strains.

A biofilm is composed of surface-bound or sessile microbes enclosed in an amorphous extracellular matrix (Donlan and Costerton, 2002). Residence in a biofilm community offers bacteria an enhanced ability to cause disease (Wirth et al., 2006; Wang et al., 2011). We found that 75.3% of E. coli strains had a weak ability to form a biofilm. This weakness is obviously different for strains isolated from other species; toxin-producing strains usually possess a strong ability to form biofilms (Vogeleer et al., 2015). E. coli strains isolated from poultry often possess a moderate ability to form a biofilm (Wang et al., 2016). We found that strains that could form a strong biofilm were resistant to tetracycline, ciprofloxacin, and chloramphenicol.


Conclusions

The E. coli strains isolated from mink were extraintestinal pathogenic and the dominant serotype was O11. A and E were the predominant phylogenetic groups among E. coli strains in the parts of northern China we sampled. E. coli isolated from mink lungs had similar genes, and some strains had the characteristics of regional aggregation and transmission. Although these strains were resistant to multiple drugs, sulfonamides are first-line treatment for HP caused by E. coli in mink in China. Through the study of extraintestinal pathogenic E. coli in mink, we aim to develop a triple vaccine using P. aeruginosa, K. pneumoniae, and extraintestinal pathogenic E. coli against HP in mink.
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Synonymous codon usage bias is a universal characteristic of genomes across various organisms. Autophagy-related gene 13 (atg13) is one essential gene for autophagy initiation, yet the evolutionary trends of the atg13 gene at the usages of nucleotide and synonymous codon remains unexplored. According to phylogenetic analyses for the atg13 gene of 226 eukaryotic organisms at the nucleotide and amino acid levels, it is clear that their nucleotide usages exhibit more genetic information than their amino acid usages. Specifically, the overall nucleotide usage bias quantified by information entropy reflected that the usage biases at the first and second codon positions were stronger than those at the third position of the atg13 genes. Furthermore, the bias level of nucleotide ‘G’ usage is highest, while that of nucleotide ‘C’ usage is lowest in the atg13 genes. On top of that, genetic features represented by synonymous codon usage exhibits a species-specific pattern on the evolution of the atg13 genes to some extent. Interestingly, the codon usages of atg13 genes in the ancestor animals (Latimeria chalumnae, Petromyzon marinus, and Rhinatrema bivittatum) are strongly influenced by mutation pressure from nucleotide composition constraint. However, the distributions of nucleotide composition at different codon positions in the atg13 gene display that natural selection still dominates atg13 codon usages during organisms’ evolution.




Keywords: autophagy-related gene 13, phylogenetic analyses, nucleotide usage, synonymous codon usage, nucleotide composition distribution



Introduction

Autophagy (or macroautophagy) is an intracellular protein-degradation process that is conserved from yeast to mammalian cells. This self-degradation system, where lysosomes/vacuoles degrade unnecessary cytoplasmic components from nutrient starvation, was first discovered in mammalian cells in the 1960s (Ashford and Porter, 1962). With the ongoing studies on autophagy in yeasts, a series of autophagy-related genes (atg) encoding proteins that are involved in autophagy membranes biogenesis came into research attention (Tsukada and Ohsumi, 1993; Thumm et al., 1994; Harding et al., 1995). By investigating the molecular machinery of autophagy, 35 different atg genes have been identified in the morphologic and biochemical pathways from yeast genetic studies. Among these autophagy-related genes, atg1-10, atg12-14, atg16-18, atg29, and atg31 play important roles in shaping canonical autophagosomes (Nakatogawa et al., 2009). The identified atg genes are highly conserved across various eukaryotes. The findings of these proteins take the studies of autophagosome formation to the molecular level where the genetic characteristics of autophagy are further investigated in mammalian cells. While it has been believed that ATG proteins are mainly involved in autophagy, some of them were actually identified to display non-autophagic functions, such as antiviral responses, cell proliferation, and development assistance (Kroemer and Levine, 2008; Radoshevich et al., 2010; Fan et al., 2017; Ma et al., 2020). Such diverse dynamics of the ATG proteins attract deeper investigations at a genetic level.

ATG13 is a serine-rich protein that contains several phosphorylation sites and other critical genetic regions (Fujioka et al., 2014). For example, ATG13-17BR and ATG13-17LR, two important functional regions, are able to interact with ATG17 (another autophagy-related protein) to construct a complex with ATG29 and ATG31 (Fujioka et al., 2014; Yamamoto et al., 2016). In addition, ATG13, which is the direct substrate of the target of rapamycin complex 1 (TORC1), is hyper-phosphorylated under nutrient-rich conditions (Funakoshi et al., 1997; Kamada et al., 2000; Kamada et al., 2010). In addition, another functional domain of ATG13, the MIM domain, can bind to the protein kinase ATG1 (Fujioka et al., 2014). The MIM domain under phosphorylation weakens the interaction between ATG1 and ATG13, therefore, as in the case of ATG17, the interplay between ATG1 and ATG13 can be facilitated by starvation in a TORC1-dependent regulation manner (Kamada et al., 2000; Fujioka et al., 2014; Noda, 2017).

The degeneracy of the genetic code results in the synonymous codon where different codons would translate into the same amino acid. The genetic codes that define the amino acid sequence of a protein are able to mediate the efficiency and rate of translation (Brule and Grayhack, 2017). Synonymous codon usages are commonly regarded as a bridge between nucleotide usages and amino acid compositions (Novoa and Ribas De Pouplana, 2012). Interestingly, the homogenous gene among different species may prefer different sets of synonymous codon usage, and the overall codon usage pattern appears to be similar among closely related species but displays divergence among distantly related species (De Mandal et al., 2020; Ge et al., 2020; Liu et al., 2020; Gupta et al., 2021). The reasons behind the uneven usage frequencies of synonymous codons in protein-coding have been puzzling molecular evolutionary researchers for decades (Pedrotti and Guerra, 1989). In animals, studies of the population genomics mark the codon usage bias by the effects of translational selection and GC-biased gene conversion on population transcriptomics data (Galtier et al., 2018). Moreover, the overall codon usage bias and the interplay between nucleotide usages and synonymous codon usage patterns manifest the non-randomness in coding sequences, making it an important area of study for cellular genetic processes (Fedorov et al., 2002; Carlini, 2005; Nabiyouni et al., 2013). In addition, synonymous codon usage bias also has strong correlations with the formations of different folding structures of protein, resulting in altering biological functions of protein (Komar et al., 1999; Zhou et al., 2009; Saunders and Deane, 2010; Weygand-Durasevic and Ibba, 2010; Zhou et al., 2013b). Having a large intrinsically disordered region that can tether ATG17 molecules and lead to supramolecular ATG1 complex assembly, ATG13 works as an essential autophagy factor in mediating the supramolecular assembly for autophagy initiation (Yamamoto et al., 2016). While the existing sequencing technology has granted more accessibility to the studies on eukaryotic genome patterns, the knowledge about the conservation and evolution of atg genes across eukaryotes still remains unclear. Among the questions which have been raised is: do atg13 genes derived from different species display similar patterns in their genetic characterizations on synonymous codon usage or not? Here, in this study, we wanted to uncover more insights into how nucleotide, synonymous codon usage, and amino acid usages act on the atg13 gene evolutionary trend in eukaryotes by investigating the atg13 genes derived from 226 different eukaryotic organisms.



Materials and Methods


Phylogenetic Analyses for Different atg13 Genes at the Nucleotide and Amino Acid Levels

The different atg13 genes derived from 226 eukaryotic organisms were obtained from the National Center for Biotechnology (NCBI) Genome database (https://www.ncbi.nlm.nih.gov/) (Table S1). According to the whole coding sequences of 226 atg13 genes (Table S1), the two phylogenetic trees were constructed by Maximum Composite Likelihood model with UPGMA statistical method at the nucleotide and amino acid levels, respectively.



Nucleotide Usage Bias of the atg13 Genes

To quantify the degree of the bias at the overall nucleotide usage of every nucleotide position in a code, the information entropy formula was used for calculating the nucleotide usage bias of the atg13 gene per species.

	

	

where fi stands for the probability of the specific nucleotide (Fi), Fi means the number of occurrences of the specific nucleotide. The value for information entropy of nucleotide usage bias reflects how dispersed the contribution of the overall usage of the four nucleotide types is: the higher the value, the more uniform the usage between different nucleotides is; in contrast, a lower value reflects a more biased usage between different nucleotides (Ge et al., 2020).

In addition, to assess the usage distribution for each nucleotide across the three positions in a code of atg13 gene, we also implemented the strategy of information entropy to quantify the overall usage bias for each nucleotide.

	

	

where fn stands for the probability of the specific nucleotide type (‘n’ corresponding to A, T, C, or G), Fn means the number of occurrences of the specific nucleotide type. F(N1), F(N2), and F(N3) correspond to the nucleotide content at the 1st, 2nd, and 3rd codon positions, respectively.



Relative Synonymous Codon Usage Calculation

The relative synonymous codon usage value (RSCU) was used to quantify the synonymous codon usage bias for each atg13 gene in this study. In principle, three canonical stop codons (UAA, UAG, and UGA), AUG for Met, and UGG for Try are unavailable for RSCU analyses. According to the previous reports for estimating synonymous codon usage (Sharp and Li, 1986; Zhou et al., 2013a; Gun et al., 2018), the related standard was established that codons with RSCU values >1.6 would be regarded as overrepresented ones, while codons with RSCU values <0.6 were thought to be underrepresented. Therefore, a synonymous codon with an RSCU value <0.6 or >1.6 can be defined as a biased one.

To better quantify the dispersion of synonymous codon usages in atg13 genes across different eukaryotic species, we introduced the formula   into this study.

	

where {x1, x2, x3, …, xN} are the RSCU values of the given synonymous codon of atg13 gene derived from the specific eukaryotic organisms in this study;   means the average value of these RSCU values; and ‘N’ is the number of eukaryotic species in this study. Based on Vs values, the lower the Vs value is, the more stable the specific synonymous codon usage is.

Genetic divergence at synonymous codon and amino acid usages for atg13 gene:

To visualize the overall genetic divergence at synonymous codon or amino acid usages among the 226 atg13 genes, we implemented principal component analysis (PCA), a multivariate statistical pathway. Specifically, the 59 canonical synonymous codons were regarded as a multi-dimensional vector (each dimension corresponds to the RSCU value for each sense codon). Similarly, to estimate ATG13 protein evolution across these eukaryotic organisms, the 20 canonical amino acids were regarded as a 20-dimensional vector in regard to the different frequencies of the amino acid.



Analyses for the Overall Codon Usage Patterns of atg13 Gene Influenced by Selective Forces:

To quantify the absolute magnitude of bias at the overall codon usage for each atg13 gene, the effective number of codons (ENC) calculation was carried out, ranking the codon usage bias for atg13 gene per eukaryotic organism in this study. While ENC values can range from 20 to 61 (Wright, 1990), the lower the value is, the more biased the absolute codon usage is. It has been pointed out that one gene would have a significant codon bias when the ENC value is less than 35 (Comeron and Aguadé, 1998). To further evaluate the interplay between mutation pressure and natural selection forcing evolutionary trends of atg13 gene at codon usages, the parity rule 2 (PR2) plot analysis was performed for each sample in this study. In detail, the PR2 plot is constructed by the ordinate (AU-bias [A3/(A3+T3)] and the abscissa (the GC-bias [G3/(G3+C3)] (Butt et al., 2016). Here, A3, T3, G3, and C3 stand for frequencies of occurrence of the corresponding base at the third codon position of the four-codon amino acids of gene population). As for the plot represented by AU-bias vs. GC-bias, the center of the plot, where both coordinate are 0.5, is where base A equal to base U and base G equal to base C (PR2), with no bias between the influence of the mutation and selection rates (substitution rates) (Sueoka, 1995; Sueoka, 1999).



Estimating Effects of Nucleotide Compositional Distribution of Atg13 Gene on Its Protein Property

For a better understanding of the compositional distribution influenced by nucleotide usages in these atg13 genes, we implemented nucleotide skew variants. From the variants, we would be able to explore the previously hidden relationships between the overall nucleotide skew across coding sequence and nucleotide composition distribution in the specific position in a code. AT skew and GC skew were commonly used for displaying the compositional distribution of nucleotide usages (Tillier and Collins, 2000). Positive AT and GC skew values represent a higher proportion of A base over T and similarly, higher G over C and vice versa. The deviation of skew value from zero marks the disproportional usage of two bases in the gene. Based on the analysis strategy of GC and AT skews, we also calculated purine skew [(A-G)/(A+G)], pyrimidine skew [(T-C)/(T+C)], keto skew [(T-G)/(T+G)] and amino askew [(A-C)/(A+C)]. The bivariate correlation analyses were conducted between nucleotide skew data for the specific codon position and the corresponding overall nucleotide skew data from using the Pearson method with a two-tailed test.




Results


The Obvious Specific-Species Genetic Diversity for atg13 Genes

Serving as one conserved gene across eukaryotic species, the phylogenetic tree of the atg13 gene displays the obvious species-specific genetic divergences at the nucleotide level (Figure 1). As shown in Figure 1, the three Brachionus spp. (B. calyciflorus, B. plicatilis, and B. rotundiformis) have a significantly divergent evolutionary trend relative to those of other animals. Likewise, Locusta migratoria (a kind of insect) retains its specific evolutionary trend at the nucleotide level. As for the fish family in this study, it can be observed that there are three significantly different genetic branches. Specifically, the three divergent genetic populations do not correlate to geographic factors or living habits on the atg13 evolutionary trends of fishes. However, the species-specific nature still plays an important role in atg13 genes among different kinds of fishes. Turning to atg13 genes in the amphibian family in this study, Anura (Nanorana parkeri and Xenopus tropicalis) does not serve as a sister group with Apoda (Microcaecilia unicolor, Geotrypetes seraphini, or Rhinatrema bivittatum). Interestingly, Petromyzon marinus and Erpetoichthys calabaricus (two ancient animals) exhibit similar genetic niches of atg13 gene at nucleotide organization. Likewise, the species-specific evolutionary dynamic also acts on genetic divergence of atg13 genes between Mammals and Sauropsida animals (Figure 1).




Figure 1 | Phylogenetic analysis of atg13 genes of 226 eukaryotic organisms. This phylogenetic tree was constructed by the Maximum Composite Likelihood model with UPGMA statistical method at the nucleotide level. Branches leading to these groups of sequences were supported by 100% of bootstrap replications in all cases.



Next, from the phylogenetic tree, we found that at the amino acid level, atg13 genes display a species-specific dynamic in their evolutionary trends (Figure 2). Compared with the genetic diversity of atg13 genes with other eukaryotes (Figure 1), ATG13 proteins of both Brachionus spp. and L. migratoria still display distinct evolutionary trends in regard to their species, while the majority of the fish in this study has been classified into one genetic group. As for the genetic diversity of ATG13 proteins, we found that Anura and Apoda compose of a sister group. In addition, the four marsupials (Monodelphis domestica, Phascolarctos cinereus, Sarcophilus harrisii, and Vombatus ursinus) and Ornithorhynchus anatinus are found to have different genetic niches in comparison to the rest mammals in this study (Figure 2). Taken together, the evolutionary trend of the atg13 gene is strongly influenced by the species-specific selection at either nucleotide or amino acid l1vel to different degrees.




Figure 2 | Phylogenetic analysis of ATG13 protein sequences of 226 eukaryotic organisms. This phylogenetic tree was constructed by the Maximum Composite Likelihood model with UPGMA statistical method at the nucleotide level. Branches leading to these groups of sequences were supported by 100% of bootstrap replications in all cases.





Amino Acid Composition Constraint Influences Nucleotide Usages in the atg13 Gene

To quantify the magnitudes of nucleotide usage bias in different codon positions of these sequences, we used information entropy to estimate the differences of nucleotide usage bias in each position in comparison to the overall nucleotide usage bias for the whole coding sequence. Generally, the nucleotide usage biases in the first and second codon positions are significantly stronger than the overall usage bias (p value <0.001) (Figure 3), implying that nucleotide usage patterns for atg13 genes are subject to selective forces derived from nucleotide composition constraint and translation selection. Of note, despite significantly different biases between the overall nucleotide usage bias and that of the third codon position, the observation of the highly variant ranks of nucleotide usage biases are carried out at the third codon position of atg13 genes in some eukaryotic organisms (Figure 3). According to the data of nucleotide usage bias, the outliers are observed in columns ‘N’, ‘N2’, and ‘N3’. It can be found in Figure 3 that Brachionus calyciflorus is included in column ‘N’, Brachionus rotundiformis, Brachionus plicatilis, and Brachionus calyciflorus in column ‘N2’, and Gadus morhua, Oryzias latipes, Oryzias melastiqma, Brachionus calyciflrus, Petromyzon marinus, Fukomys damarensis, Nothobranchius furzeri, Poecilia reticulate, Poecilia Mexicana, Sarcophilus harrisii, and Fundulus heteroclitus in column ‘N3’. These outliers suggest the existence of stronger selective forces acting on nucleotide usage patterns at the specific codon position.




Figure 3 | The patterns of nucleotide usage bias for atg13 genes of 226 eukaryotic organisms are represented by information entropy. The ‘N’ means the overall nucleotide usage bias across the complete gene, The ‘N1’, ‘N2’, and ‘N3’ stand for the patterns of nucleotide usage bias at the first, second, and third codon positions, respectively. The red box with broken lines highlights the outliers which correspond to atg13 genes of the specific organisms. *** means p-value < 0.001.



According to nucleotide usage bias at the three codon positions (Figure 3), we further estimated the usage bias extent of each type of nucleotide across all positions in a code for the atg13 gene. The usage bias extent of nucleotide ‘G’ usage is highest, while that of nucleotide ‘C’ usage is lowest in atg13 gene (Figure 4). Moreover, the outliers are also observed at the four nucleotide types, namely Fundulus heteroclitus, Oryzias melastigma, Oryzias latipes, and Gadus morhua in the column ‘T’; Locusta migratoria and Brachionus calyciflorus in the column ‘C’; Oryzias latipes, Oryzias melastigma, and Fundulus heteroclitus in the column ‘A’; Brachionus plicatilis, Brachionus rotundiformis, and Brachionus calyciforus in the column ‘G’. These outliers further prove that nucleotide usage bias for the atg13 gene is more influenced by natural selection than by mutation pressure from the nucleotide composition constraint.




Figure 4 | The usage bias for the specific nucleotide (A, T, G, or C) in the atg13 genes of 226 eukaryotic organisms represented by information entropy. The red box with broken lines highlights the outliers which correspond to atg13 genes of the specific organisms. *** means p-value < 0.001.





Strong Selective Forces Acting On Synonymous Codon Usage Patterns of atg13 Gene

Given the strong bias at nucleotide usages of the atg13 gene (Figures 3 and 4), we subsequently calculated RSCU data for the atg13 gene per species (Table S2). Generally, different eukaryotic organisms exhibit their specific codon usage patterns. Moreover, despite the higher composition of GC than AT in most of the genomes in this study, synonymous codons with neither G/C ends nor A/T end display a uniform pattern. To estimate the roles of nucleotide composition constraint and natural selection in synonymous codon usages, we estimated the dispersion extent (Vs value) for each synonymous codon usage in atg13 genes across these eukaryotic species. Among the synonymous codon usages (Table 1), some display highly variant usage patterns, including CTA for Leu (Vs=0.718), TCG for Ser (Vs=0.966), CCG for Pro (Vs=0.903), GCG for Ala (Vs=1.093), and CGC for Arg (Vs=0.883). In the meantime, however, some exhibit strongly stable usage patterns, including TTT for Phe (Vs=0.158), GTG for Val (Vs=0.196), TCT for Ser (Vs=0.188), CCT for Pro (Vs=0.180), CAG for Gln (Vs=0.159), AAG for Lys (Vs=0.183), GAC for Asp (Vs=0.162), and GAG for Glu (Vs=0.197). These results prove the existence of the strong selective forces acting on synonymous codon usage patterns in the atg13 gene with the specific species.


Table 1 | The dispersion magnitude of synonymous codon usages for atg13 genes across all species in this study.



From the variant RSCU data for these atg13 genes (Table S2), 57 out of 59 synonymous codon usage patterns display a wide spectrum of RSCU values among different species. However, the synonymous codons (GCG for Ala and CTA for Leu) are suppressive selections (RSCU <1.0), except atg13 genes of Petromy marinus (RSCUGCG=1.04), Meleagris gallopavo (RSCUCTA=1.02), Numida meleagris (RSCU=CTA=1.07), and Cygnus atratus (RSCUCTA=1.26). Interestingly, some synonymous codons are absent from atg13 genes in some eukaryotic organisms, such as TTA, CTA & CTG for Leu; ATT & ATA for Ile; GTC & GTA for Val; TCG for Ser, CCG for Pro; ACG for Thr, GCG for Ala; TAT for Tyr; TGT & TGC for Cys, and CGC, CGA, CGG & AGA for Arg (Table 2), suggesting that not only do invertebrates with low rank (such as wheel animalcule) but also vertebrates with a high rank (such as Homo sapiens, Pan troglodytes and Macaca mulatta) would skip the synonymous codon selection. However, such a pattern has only been found in atg13 genes. Taken together, it can be proven that the synonymous codon usage bias of atg13 genes in different species is more prone to the natural selection power than to the nucleotide composition constraint.


Table 2 | Some synonymous codons are absent from atg13 genes from different species.





Codon Usages of atg13 Gene Strongly Influenced by Natural Selection

Based on the synonymous codon usage patterns of atg13 genes in different eukaryotic organisms (Table S2), we next estimated the magnitudes of the overall codon usage for transcript variants via ENC value vs. GC3 content. The plot of ENC value vs. GC3 content reveals that no eukaryotic organism owns significantly strong bias (ENC value < 35) at the overall codon usage for atg13 gene, and most eukaryotic organisms own atg13 genes with ENC values ranging from 50 to 55 (Figure 5). Specifically, these below-curve scattering dots prove that natural selection is stronger than the mutation pressure derived from nucleotide component constraint, especially atg13 genes in Brachionus calyciflorus, Gadus morhua, Oryzias melastigma, Oryzias latipes, and Fundulus heteroclitus. Interestingly, with one exception for Petromyzon marinus, the nucleotide composition constraint dominates the mutation pressure in the overall codon usage formation of the atg13 gene (Figure 5).




Figure 5 | The relationship between ENC and GC content at the third synonymous codon position (GC3) in atg13 genes of 226 eukaryotic organisms. The continuous curve line displays the expected codon usage if GC compositional constraints alone account for codon usage bias. The red broken lines highlight the distribution of agt13 genes in this plot of ENC vs. GC3 content. In addition, the red box with broken lines highlights the outliers which correspond to atg13 genes of the specific organisms.



Furthermore, to clarify whether the overall codon usage pattern of the atg13 gene was shaped solely by natural selection, mutation pressure, or both, PR2 plot analysis was performed to evaluate the relationships between the nucleotides A-T contents and the G-C contents in the fourfold degenerate codon families (Ala, Gly, Pro, Thr, and Val). Specifically for atg13 genes of these eukaryotic organisms, nucleotide C is selected more frequently than nucleotide G at the third codon position, except Latimeria chalumnae (GC bias=0.505) and Brachionus calyciflorus (GC bias=0.565) (Figure 6). Though there is a relatively big spectrum of AT bias for atg13 genes of different species in this study, 37 out of 226 species have strong trends to select nucleotide A at the third codon position rather than nucleotide T (Figure 6). This unequal selection of different kinds of nucleotide at the third codon position exhibits the interplay between mutation pressure and natural selection on the overall codon usage in atg13 genes for many eukaryotic organisms. In addition, the atg13 genes of Latimeria chalumnae, Petromyzon marinus, and Rhinatrema bivittatum displayed almost even nucleotide usage (AT bias=0.5 and GC bias=0.5), and Locusta migratoria, Brachionus plicatilis, Latalurus punctatus, Danio rerio, and Lepisosteus oculatus are the next closest to the center than the rest of spices (Figure 6). These interesting genetic phenomena indicate that the atg13 gene could store its evolutionary trace at altering synonymous codon usages during species evolutions.




Figure 6 | Parity rule 2 bias plot for atg13 genes of 226 eukaryotic organisms.





The Resembling Evolutionary Trends for atg13 Genes in Mammals at Synonymous Codon Usages

According to genetic characterizations reflected by synonymous codon usages (Table S2) and the overall codon usage bias (Figure 5), we next investigated the genetic diversity illustrated by 59 synonymous codon usages for these species in this study. Based on the classifications of mammals, Sauropsida animals, fishes, amphibians, and other organisms (the rest of the organisms in this study), the atg13 genes of mammals and Sauropsida animals generally form two evolutionary groups, while atg13 genes of amphibians appear to not form the resembling evolutionary trends (Figure 7). It can be clearly found that fish exhibit strong genetic dispersions at synonymous codon usages of the atg13 gene. Moreover, Brachionus calyciflorus, Brachionus plicatilis, and Brachionus rotundiformis display the analogous evolutionary trends at synonymous codon usages of atg13 gene, while Locusta migratoria exhibit its unique evolutionary trend relative to other species. The graphical representation of codon usage space for atg13 genes of different species further indicates that selective forces involved with specific-species evolutionary dynamic play important roles in the genetic development of the atg13 gene at the synonymous codon usage patterns.




Figure 7 | The plot for the overall codon usage visualized by PCA method for atg13 genes of 226 eukaryotic organisms. The red dots mean mammals, the blue dots stand for Sauropsida animals, the purple dots mean fishes, the green dots mean amphibians, and the black dots correspond to the rest eukaryotic organisms in this study.





Nucleotide Composition Distributions at Different Positions in Codon Acting in the atg13 Gene Context

Based on the selective forces acting on evolutionary trends of different atg13 genes at codon usages (Figures 5 and 6), we wanted to investigate the roles of nucleotide composition distribution at the specific codon position in the atg13 gene. It is unsurprising that conventional nucleotide composition distributions involved with GC3 and AT3 skews play more important roles than those of GC and AT skews at the first and second codon positions in influencing the selection of the GC and AT compositions in the atg13 gene (Table 3). However, variations of GC and AT skews do not completely uncover the genetic variations around the atg13 gene. Therefore, we evaluated the genetic effects on the distributions of purine (A & G) and pyrimidine (T & C) compositions at different codon positions on the atg13 gene. We found similar effects from the purine and pyrimidine composition distributions on nucleotide usage patterns at the first and second codon positions of the atg13 gene. However, distributions of purine composition and pyrimidine composition do not exhibit the same roles in nucleotide usages at the third codon position (Table 3). Meanwhile, we estimated the roles of keto (T & G) and amino (A & C) skews at different codon positions in the atg13 gene. Interestingly, both usage variations of nucleotides (T & G) and nucleotides (A & C) play more important roles at the third codon position than at the first and second codon positions of the atg13 gene. These results strongly indicate that while the transition caused by nucleotide substitutions mainly acts on the nucleotide usages at the first and second codon positions, transversion derived from nucleotide substitutions plays more important roles in the nucleotide usages at the third codon position of the atg13 gene.


Table 3 | The correlations between the overall nucleotide skew and the nucleotide skew at the specific codon position at the gene level.






Discussion

Synonymous codons are great representations of non-randomness in coding sequences, playing an important role in many different cellular processes. One of the most studied synonymous codon usages investigates the mRNA decay process and protein folding past translation. (Precup and Parker, 1987; Pop et al., 2014; Presnyak et al., 2015; Hia et al., 2019; Guimaraes et al., 2020). Autophagy, on the other hand, is one fundamental cellular process across eukaryotes, induced by various stimuli including environmental stressors which can be regarded as one selective force for cellular remodeling during organism development (Penaloza et al., 2006; Di Bartolomeo et al., 2010).

With the atg13 gene being one essential factor for the formation of autophagy, its species-specific nucleotide usage in eukaryotic species has attracted attention from researchers around the world. In this study, we selected 226 eukaryotic species from invertebrates to vertebrates to uncover evolutionary traces involved in the interplay between nucleotide and synonymous codon usages. To our knowledge, this is the first genome-wide investigation of atg13 genes across eukaryotic organisms at the nucleotide, synonymous codon, and amino acid levels. All the target genes were separated into groups and were observed to have explicit orthologous relationships at the nucleotide and amino acid levels (Figures 1 and 2), implying that the atg13 genes in either invertebrates or vertebrates share conserved functions from their common ancestors. Generally, nucleotide usages in the atg13 gene exhibit more genetic information on its evolutionary trend than amino acid usages, strongly suggesting that synonymous codon usages serve as a genetic bridge between nucleotide usage and amino acid usages store additional evolutionary traces for the atg13 gene.

After all, all proteins primarily derived from nucleotide organization are encoded by the corresponding transcript sequences. The previous studies reported that the atg genes owned different intron/exon organizations from lower organisms to higher ones (Ohsumi, 2014; Kang et al., 2018). Based on different strengths of compact genomic structures of atg13 genes of different organisms, synonymous codon usage patterns should store additional evolutionary scenarios for different eukaryotic species. The interplay between nucleotide usage pattern and amino acid composition is considered a central platform for biological processes and probably plays an important role in the evolutionary development of the protein-based life cycle (Nicholson et al., 2018).

Specific identification of autophagy-related structures participates in clarifying autophagic activity, and clarification of autophagy-related genes plays an important role in identifying the requirements of autophagy in different animals (Kuma et al., 2017). From what we have found, the bias extents of nucleotide usages at different codon positions show that the degrees of bias at the third codon position of the atg13 genes are more variant than those at other positions (Figure 3). While nucleotide usages at the third codon position reflect the existence of broad distributions of the fitness effect of synonymous mutations in the atg13 genes during their evolution, the first and second codon positions are influenced by the conserved functions of ATG13 protein which directly dominate amino acid usages. A similar pattern can also be found during mRNA splicing where the nucleotide usages at the third codon position can be influenced by translation-independent selective pressures (Wu and Hurst, 2015). Interestingly, nuclear STAT3 fine-tunes autophagy via the transcriptional regulation of several autophagy-related genes (You et al., 2015), strongly suggesting that some regulators involved in various cellular signaling pathways possibly interact with atg genes at the transcriptional level. Among the usage bias extents for each nucleotide in the atg13 genes (Figure 4), the nucleotide ‘C’ displays a relatively convergent evolution for most species, while nucleotide ‘A’ usage exhibits an obviously dispersed pattern. Although adenine is not the active component of protein-nucleotide binding, it serves as a ‘molecular handle’ which enhances binding specificity and affinity (Cai et al., 2009; Hong et al., 2009; Rogne et al., 2018). Based on the studies mentioned above, adenine is a potentially promising candidate for analyzing the evolutionary development of molecular recognition in proteins (Narunsky et al., 2020).

The strong selective forces acting on usage biases of different kinds of nucleotide contribute to synonymous codon usage bias for the atg13 genes. Despite the divergent evolutionary pathways of the atg13 genes across eukaryotes at synonymous codon usages (Table S2), some synonymous codons with conserved usage patterns retain in the atg13 genes (Table 1), strongly suggesting that these synonymous codons with the conserved usage patterns benefit the atg13 gene for sustaining the normal biological functions. Of note, the atg13 gene and the unc-51 like autophagy activating kinase 1 (Ulk1) are the crucial substrates of the target of rapamycin complex 1 (TORC1) in autophagy (Noda, 2017), suggesting that the atg13 gene requires one conserved sequence structure for sustaining its correct protein properties. These results also imply that synonymous codon usage patterns for the atg13 gene are most likely to fit in the species-specific evolutionary pathway with conserved biological functions and fine-tune translation selection. Moreover, synonymous codons are not uniformly represented in the transcriptome; the observed codon bias has coevolved with tRNA abundances under selection for translation accuracy and efficiency (Ikemura, 1981; Bulmer, 1991; Drummond and Wilke, 2008; Guimaraes et al., 2020). As a result, codon usage impacts gene expression on both translation efficiency and mRNA decay process (Presnyak et al., 2015; Hanson and Coller, 2018).

To provide a reference for the atg13 gene of Petromyzon marinus at the overall codon usage vs. GC3 content, we clarified the evolutionary dynamics derived from natural selection for driving the evolution of the atg13 genes (Figure 5). Furthermore, RP2 plot analyses prove that natural selection plays a key role in the evolutionary pathway of the atg13 gene, namely for the atg13 genes of Latimeria chalumnae, Petromyzon marinus, and Rhinatrema bivittatum at synonymous codon usage patterns for Ala, Gly, Pro, Thr, and Val (Figure 6). This is, to our knowledge, the first report of general codon usage for atg13 genes of different species affected by natural selection. We assume the overall codon usage pattern to be quite stable over the course of evolution since switching to a new codon usage pattern would impose a high genetic load by simultaneously modifying the selection coefficient at many synonymous positions. Since ATG13 protein plays an important role in the maintenance of cell viability under starvation conditions, atg13 mutations, along with other transcript variants of the atg13 gene, were defective in autophagy (Funakoshi et al., 1997; Stephan et al., 2009). Moreover, variations in synonymous codon usage are abundant across multiple levels of organization: between codons for one amino acid, between genes in a genome, and between genomes of different species (Labella et al., 2019). Here, the evolution of the atg13 genes in different eukaryotic species represents the species-specific model at synonymous codon usages (Figure 7), strongly suggesting that genetic changes of synonymous codon usage in the atg13 gene benefit the corresponding protein products with functional fit to perform the proper biological functions in specific species. Given that genetic changes in genes can alter phenotypes and even result in diseases, the synonymous codon usage bias has a strong correlation with protein biological functions (Chakraborty et al., 2017; Chakraborty et al., 2019; De Mandal et al., 2020; Malakar et al., 2020). With the ongoing analyses for the genetic signatures of atg genes, some members have been regarded as markers for predicting some diseases (such as cancers) (Baradaran Ghavami et al., 2019; Chen et al., 2020; Yang et al., 2020; Lai et al., 2020; Wang et al., 2020). Despite a weak pressure caused by translation selection, the selective force from natural selection plays an obvious role in GC-conservative codons in different organisms, leading to alterations of the gene structures (Carlini et al., 2001; Carlini and Stephan, 2003; Galtier et al., 2018). Based on the distributions of different nucleotide compositions with respect to the nucleotide context of the atg13 gene (Table 3), it can be found that selective forces from natural selection are more significant than mutation pressure from nucleotide composition in terms of affecting the synonymous codon usage. It is worth noting that adaptive evolution caused by nucleotide compositional distribution and protein property also plays an important role in genetic diversity among genomes (Foerstner et al., 2005; Reichenberger et al., 2015).

In conclusion, based on the strong evidence of nucleotide and synonymous codon usage biases, we find the imbalance between selective forces from natural selection and mutation pressure from nucleotide composition constraint on the evolution of atg13 genes of different species. During the formation of synonymous codon usages for the atg13 genes, nucleotide usage patterns at the first and second codon positions are influenced by amino acid composition constraint, while nucleotide usage patterns at the third codon position are affected by translation selection. Of note, natural selection is a significant determinant of codon usage patterns in atg13 genes across eukaryotic organisms, but mutation pressure still plays an important in the formation of codon usage of this gene in ancestry animals (such as Petromyzon marinus).
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Hepatocellular carcinoma (HCC) is a malignant tumor with the highest mortality rate in the world, and hepatitis B virus (HBV) plays an important role in its development. Long noncoding RNA (lncRNA) is highly related to the inactivation of tumor suppressor genes and the activation of oncogenes in HCC. Researchers have used high-throughput sequencing technology to identify many noncoding transcripts related to the development of HCC and have studied the interaction between these transcripts and DNA, RNA, or protein to determine the relevant mechanism in the development of HCC. In general, the research on lncRNA represents a new field of cancer research, and the imbalance in lncRNA plays an pivotal role in the occurrence of liver cancer. In this review, we summarize some of the dysfunctional lncRNAs in human HCC associated with HBV infection. Their regulatory pathways, functions, and potential molecular mechanisms in the occurrence and development of HCC are discussed.




Keywords: lncRNA, hepatocellular carcinoma, hepatitis B virus, HBx protein, microRNA



1 Introduction

Hepatitis B caused by the hepatitis B virus (HBV) is a major global public health problem (Parkin et al., 2005; Ghouri et al., 2017). According to the latest report from the World Health Organization, about 300 million people are infected with HBV (Parkin, 2006; Wang and Li, 2013; Bray et al., 2018). At the same time, hepatocellular carcinoma (HCC) represents the fourth leading and fastest rising cause of cancer death (841,000 new cases annually) and about 1 million people die from liver cirrhosis and HCC every year (Kennedy et al., 2018; Chen et al., 2019). More importantly, the occurrence of HCC is largely related to HBV infection and chronic hepatitis (Maule and Merletti, 2012; Fidler et al., 2017; Wang et al., 2019; Zhou et al., 2019; El-Khazragy et al., 2020). Therefore, it is very important to study the potential pathogenesis of HBV in hepatocarcinogenesis to provide accurate information for early screening, clinical diagnosis, targeted molecular therapy, and patient prognosis (Hoppe-Seyler and Hoppe-Seyler, 2011; Lichinchi et al., 2016; Li et al., 2016; Machida, 2020). In recent years, researches on long noncoding RNA (lncRNA) has been gradually increasing (Li et al., 2016; Qiu et al., 2017; Wong et al., 2018). While, LncRNA was usually defined as RNA with little capacity to code protein (Wang and Li, 2013). LncRNA is a non-protein-coding transcript widely involved in biological and physiological processes. It regulates gene expression at the epigenetic, transcriptional, and posttranscriptional levels. Using high-throughput sequencing analysis, researchers have identified a large number of noncoding transcripts and some regulation mechanisms of them. They have found that a variety of lncRNAs are involved in regulating the proliferation, migration, and invasion of HCC cells (Hu et al., 2019; TMK et al., 2019; Martínez-Barriocanal et al., 2020). There is evidence shows that lncRNA may be a competing and specific endogenous small RNA (ceRNA), which regulating the corresponding downstream targets, accompanying affecting the development of liver cancer cells (Jiang and Liu, 2018; Derderian et al., 2019; Zhou et al., 2019). Recently, with more studies have been launched,more evidences showing the crucial role of HBx in HBV-rlated HCC. The HBx also be called non-structural X protein, which encoded by one of the four overlapping open reading frames of the HBV gene. The statistics show that the present of HBx can regulate the expression of HCC-related lncRNAs, which has directly linked the HBV infection with HCC. In addition, lncRNA in the plasma of patients with liver cancer also has great potential to predict the occurrence of early liver cancer (Saus et al., 2016). Therefore, in this paper we describing a series of representative lncRNAs that have been thoroughly studied with regard to their mechanisms of action. Their mechanisms, mode of regulation, and regulatory paths were summarized in detail. This review provides a scientific basis for further study of the HCC-related pathogenesis of HBV-related liver cancer and the prognosis of patients with liver cancer and expands possibilities for the development of treatments for HBV-related liver cancer.

We have listed a series HCC-related lncRNAs reported by the latest studies, and dividing those lncRNAs into three parts by their biological functions. The first part mainly introduce the lncRNAs which can advance or inhibit the proliferation of HCC cells, and second part shown the lncRNAs play a crucial role in HCC migration and invasion;and the last part present the lncRNAs abnormal expressing in HCC patients’ serum. at the end of each parts we have given our own perspectives for those studies. And the logic of our classification has been shown in detail in Figure 1.




Figure 1 | LncRNAs listed in this paper has been divided into three parts by their biological functions. The first part mainly introduce the lncRNAs which can advance or inhibit the proliferation of HCC cells; and second part shown the lncRNAs play a crucial role in HCC migration and invasion; and the last part present the lncRNAs abnormal expressing in the serum of HCC patients.





2 LncRNAs Related to HCC Proliferation

LncRNA can regulate the biological behavior of liver cancer cells in a variety of ways, such as activating immune lymphocytes to trigger inflammatory response and targeting key miRNAs to affect the expression level of downstream genes. A lot of studies have shown that many of those lncRNAs can be regulated by the HBV-encoded X protein (HBX), it is that the interactions between HBX HCC-related lncRNAs cause various of biological behavior of the HCC cells like proliferation, invade, apoptosis and autophagy. Among them, various pathways related to the development of liver cancer are involved, especially the major pathways and cytokines related to the proliferation of liver cancer cells, among which the major pathways involved are p53, Cal, PI3K-Akt, TGF-β and MAPK pathways. The expression levels of a series of key genes in these pathways, such as TLR9, STAT3, p53, TGF-β, and EZH2, have been reported to be regulated by lncRNAs, thus further affecting the proliferation of HCC cells and promoting the development of HCC.


2.1 LncRNAs Promote HCC Proliferation


2.1.1 LncRNA FTX

FTX, a non-protein-coding gene on the human X chromosome, which has been characterized as a conserved transcript located at the inactivation center of the X chromosome. In addition to encoding two clusters of RNA tiny molecules, FTX encodes a highly conserved transcript consisting of 2356 nucleotides, lncRNA FTX, a recent study found that the expression of miR-545/374a clusters located in lncRNA FTX is positively regulated by HBV infection and may be induced by HBx expression (Zhao et al., 2014). The expression of miR-545/374a clusters was significantly upregulated in HBV-related HCC tissue, promoting the proliferation, migration, and invasion of HCC cells and being associated with a poor prognosis in HCC patients. The molecular mechanism of miR-545 and lncRNA FTX in HBV-associated cirrhosis has been explored (Liu et al., 2018). An important regulatory pathway has been discovered and confirmed in which lncRNA FTX/microRNA-545 regulates Tim-3 expression and affects the secretion of multiple inflammatory factors mainly by binding to ligand galactagglutinin-9 (galectin-9). This may inhibit CD8+ T-cell function in patients with chronic hepatitis B (CHB). Tim-3 is a potential target of miR-545, and miR-545 binding sites are located in the 3′-untranslated region (3′-UTR) of Tim-3 messenger RNA (mRNA). Liu et al. confirmed that lncRNA FTX mediates the regulation of Tim-3 gene transcription by negatively regulating microRNA-545 expression and affecting the secretion of monocytes to inflammatory cytokines, thus confirming that lncRNA FTX/microRNA-545/Tim-3 is involved in the inflammatory response process of hepatitis B cirrhosis. Furthermore, the expression of lncRNA FTX is upregulated in HCC tissue and is closely related to the degree of differentiation, metastasis, and envelope integrity of tumor tissue. The pathway of lncRNA FTX/microRNA-545 demonstrating a new perspective to study the relationship between lncRNA and HCC which has involved in galectin-9, a crucial protein in immune system, and also expound the mechanism that lncRNA FTX regulates the dysfunction of T-cell. Previous studies have presented a new perspective to research the relationship between lncRNAs and inflammatory.



2.1.2 SFMBT2

In YılmazSusluer’s study (Yılmaz Susluer et al., 2018), they analyzed 135 lncRNAs in plasma samples of inactive carriers and 82 patients with resolved chronic HBV within 12 months of diagnosis and treatment. They mainly investigated the effects of small interfering RNA (siRNA)-mediated lincRNA-SFMBT2 silencing. Their study has transfected chemically synthesized siRNA into HCC cell lines, and the HBV DNA in transfected cells were detected by real-time PCR and ELISA, respectively HBsAg and HBeAg. Changes in lncRNA expression were observed in all three HBV groups compared to a control group. In patients with chronic HBV,the resistance to the expression of lincRNA-SFMBT2 and Zfhx2as increased significantly, while, lncRNA-Y5 expression has decreased. Moreover, decreased Y5 expression and increased lincRNA-SFMBT2 expression were observed in inactive HBsAg carriers. siRNA mediated inhibition of lincRNA-SFMBT2 has reduce the level of HBV DNA in human hepatoma cells. Further studies are needed to confirm the prognostic and therapeutic roles of these lncRNAs in HBV patients.



2.1.3 HUR1

LncRNA HUR1 has been found significantly upregulated in HepG2-4D14 cells by using RNA deep sequencing to quantify the abundance of lncRNA in cells and HBV transgenic cells (Liu et al., 2018). In addition, experiments have shown that HBV-encoded X protein (HBX) enhances lnc-HUR1 transcription. Meanwhile, the overexpression of lnc-HUR1 can promotes cell proliferation has also been demonstrated. In contrast, knocking down the expression of lnc-HUR1 can inhibit cell growth. lnc-HUR1 interacts with p53 to inhibit transcriptional regulation of downstream genes such as p21 and B-cell lymphoma 2 related X proteins. Experiments showed that lnc-HUR1 levels in cells expressing HBx were significantly higher than those in cells transfected with pCMV FLAG-HBc or control plasmids, which means the presentation of HBx may promote the expression of HUR1. The lnc-HUR1 sequence was predicted by RNA Fold software. Since the researchers generated lnc-HUR1 promoter reporter genes, and as shown in the luciferase assay, HBx can significantly enhance lnc-HUR1 promoter activity. These results suggest that lnc-HUR1 is an HBV-related lncRNA and can be upregulated by HBx. HBV-upregulated lncRNA-HUR1 promotes cell proliferation and tumorigenesis by blocking p53 activity. LncRNA HUR1 may play an important role in HBV-related HCC and can be used as a therapeutic marker for HCC.



2.1.4 LINC01152

LINC01152, a newly discovered long intergenic lncRNA located on chromosome 17 q24.3, plays a very important role in the occurrence and development of HBV-associated HCC. Expression of LINC01152 in HBV-positive liver cancer tissue and cells is significantly increased and can be induced by HBx in vitro (Chen et al., 2019). The HBx could increase the expression of LINC01152 by upgrading the transcription of LINC01152. Elevated LINC01152 can bind to the promoter region of IL-23, promoting its transcriptional activity and upregulating the protein levels of Stat3 and p-Stat3. IL-23, a newly discovered proinflammatory cytokine, helps maintain and expand Th17 cells and has been proved that could promotes tumorigenesis and development in HCC. These findings highlight the important role of HBx-LINC01152/IL-23 axis signaling in the proliferation of liver cancer and clarify the mechanism through which HBx protein could promote the proliferation of hepatoma cells by inducing the HBx-LINC01152 axis which demonstrates the important role of HBx in LINC01152/IL-23 axis and a novel potential therapeutic target for the treatment of HBV-related HCC.



2.1.5 LNC-DC

The key role of lnc-DC in regulating the differentiation, growth, and apoptosis of dendritic cells (DCs) has been investigated (Zhuang et al., 2018). Lnc-DC is a specific group leader ncRNA in DCs. The researchers isolated peripheral blood mononuclear cells for culture and induced DCs, which they then cocultured with HepG2.2.15 cells secreting HBV to detect lnc-DC changes. The expression of TLR9, p-STAT3 and SOCS3 were detected with qPCR and Western blotting. They analyzed cell proliferation using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay and examined the cell cycle and apoptosis. lnc-DC knocked down pSTAT3, TLR9, and SOCS3 levels, demonstrating the involvement of TLR9/STAT3 signals. HBV DNA is regulated by lnc-DC and TLR9 signaling in DCs. This work elucidates the role of lnc-DC in the growth and immune response of DCs, potentially identify new mechanisms behind lnc-DC and immune responses in HBV infection.



2.1.6 DLEU2

DLEU2 is a lncRNA expressed in the liver and upregulated in human HCC. As reported HBx binding to the promoter of DLEU2, which has enhanced the transcription of DLEU2, and induced the accumulation of DLEU2 in hepatocytes (Salerno et al., 2020). The level of HBV replication depends on the total number of cccDNA molecules and the amount of HBV RNA transcribed from each cccDNA. The cccDNA transcription is regulated by epigenetic modifications of cccDNA-bound histones by viruses, cellular proteins, and inflammatory cytokines. LncRNA reshapes chromatin by directing chromatin modification complexes toward their target loci. EZH2, a major cell H3K27 methyltransferase, catalyzes the addition of methyl to lysine 27 of histone H3 (H3K27me3). Nuclear DLEU2 binds directly to the histone methyltransferase enhancer (EZH2). EZH2 is the catalytic active subunit of the PRC2 complex. The co-recruitment of HBx and DLEU2 on cccDNA replaces EZH2 on viral chromatin and promotes viral transcription and replication. DLEU2 HBx binding to the target host promoter inhibits EZH2 and activates EZH2/PRC2 target genes in HBV-infected cells and HBV-related HCC.



2.1.7 LncRNA H19

LncRNA H19 belongs to a highly conserved cluster of imprinted genes and is expressed in many diseases characterized by inflammation and organ fibrosis. LncRNA H19 has been significantly upregulated in HBV-related HCC tissues (Li et al., 2019). Its upregulation is associated with the progression of HCC, and the expression of lncRNA H19 is correlated with tumor stage, distant metastasis and poor prognosis of HBV-related HCC. The results of Western blot showed that knockdown the lncRNA H19 could significantly decreased the expressions of series proteins, such as N-cadherin, Vimentin, β-catenin and MMP-9 which are crucial in EMT pathway. This result indicated that lncRNA H19 might regulate HBV-related HCC via EMT pathway. In addition, microRNA-22 has been found regulated by lncRNA H19 in HBV-related liver cancer. The abnormal expression of microRNA-22 is closely related to the proliferation, invasion, and metastasis of various malignancies. The study found that microRNA-22 expression is downregulated in HCC tissue and HCC cells. The role and underlying molecular mechanisms of the H19/miR-675 axis in HBx-induced hepatocyte injury in vitro has been identified (Liu et al., 2019). The data suggested that the H19/miR-675 axis may be an effective therapeutic target to protect the liver from damage caused by HBV infection. miR-675 direct targets the PPARα mRNA 3′-UTR. PPARα is closely related to the regulation of immune response, inflammatory response and energy metabolism. The H19/miR-675/PPARα axis regulates HBx-induced hepatocyte injury and energy metabolism remodeling, which is related to Akt/mTOR pathway. PPARα knockdown partially reversed the downregulation of H19 or miR-675 inhibition (Ge et al., 2019). These results indicate that the H19/miR-675/PPARα axis is associated with the regulation of Akt/mTOR signals in HBx-induced cell damage. The regulation mechanism of lncRNA H19 has shown in the Figure 2.




Figure 2 | HBx overexpression upregulates expression of lncRNA H19 and miR-675, thus inhibiting expression of PPARα and further activating the Akt/mTOR signaling pathway. The H19/miR-675/PPARα/Akt/mTOR axis promotes HBx-induced hepatocyte injury, such as apoptosis, inflammation, oxidative stress, and energy metabolism remodeling.





2.1.8 Small Nucleoli RNA Host Gene 20 (SNHG20)

LncRNA SNHG20 acts as a tumor promoter in many cancers. LncRNA SNHG20 is upregulated in HBV-associated HCC cells (Tu et al., 2019). SNHG20 expression in hepatoma cells is positively correlated with HBx protein, and HBx-SNHG20 is involved in regulating the proliferation and apoptosis of hepatoma cells. In addition, SNHG20 interacts with PTEN to negatively regulate PTEN protein levels. A loss of PTEN leads to activation of the PI3K-Akt pathway or Jun-N kinase pathway, thus playing a key role in promoting carcinogenesis. PTEN protein is inhibited in HBV-positive HCC cells compared to HBV-negative ones; moreover, PTEN proteins promote HBx inhibition in positive HCC cells in a dose-dependent manner. In addition, HBx inhibits HCC apoptosis and promotes the proliferation of HCC cells by downregulating PTEN and reducing apoptosis in hepatoma cells. LncRNA SNHG20 is upregulated in the tumor tissue of HBV-positive HCC patients and HBV-positive cells, and HBx SNHG20 promotes the proliferation of HCC cells and reduces apoptosis in HCC cells by downregulating PTEN. This study demonstrates the interaction between SNHG20 and PTEN and the role of HBx/SNHG20/PTEN axic in HBV-related HCC. Potential targets are identified for the prevention and treatment HBV-related HCC.



2.1.9 SAMD12-AS1

A latest study showed that upregulation of SAMD12-AS1 in HCC cells reduces p53 stability through the NPM1-HDM2-p53 axis, thus affecting cell proliferation and apoptosis (Liu et al., 2019). Functional analyses showed that SAMD12-AS1 promotes cell proliferation and inhibits apoptosis. Furthermore, it interacts with NPM1, which plays an important role in regulating rDNA transcription, and interacts with HDM2 to control the stability of p53. The interaction between SAMD12-AS1 and NPM1 reduces its association with E3 ligase HDM2, thus enhancing the interaction between HDM2 and p53 and promoting ubiquitin-mediated p53 degradation. As p53 is a tumor suppressor that is deregulated in different types of tumors, the negative correlation between SAMD12-AS1 and p53 stability suggests that SAMD12-AS1 may be a prognostic marker for HCC and other types of tumors. HBx-upregulated SAMD12-AS1 interacts with NPM1 and competes with NPM1 interactions with E3 ligases, leading to reduced p53 stability, which promotes cell proliferation and tumor growth.

Referring the studies listed above, lncRNAs regulating the proliferation of HCC cells in various of ways,which may concluding control the stability of p53 to make it more easy to be denatured and interact with HBx to downregulate the expression of PTEN, or co-recruitment both HBx and DLEU2 on the HBV cccDNA to replaces EZH2 on viral chromatin and promotes viral transcription and replication which may enhance the proliferation of HCC cells. In addition, HCC-related lncRNAs also affects the proliferation of HCC cells by regulating the expression of a sires of key genes such as TLR9, PTEN and p-STAT3 or other downstream genes in the pathway. Furthermore, lncRNAs are frequently dysregulated in HBV-related HCC and HBV-expressing/HBx-expressing cells, so it is reasonable that the co-action of HBx and LncRNAs plays a crucial factors in the regulation of the HCC cells proliferation and also has present a new prospective to find new regulation mechanisms. Relevant cases are scarce, and the specific regulatory mechanism remains to be studied.




2.2 LncRNAs Inhibit HCC Proliferation


2.2.1 SEMA6A-AS1

SEMA6A-AS1 is a newly discovered antisense RNA of downregulated signaling protein 6 in L02/HBx cell lines. Yu et al. (2020) showed for the first time that a decrease in SEMA6A-AS1 expression is positively correlated with OS in HBV-related liver cancer. Decreased expression of SEMA6A-AS1 is associated with a poor prognosis in patients with HBV-related HCC. A number of antisense lncRNAs are often out of balance in liver cancer. By regulating its antisense protein-coding counterpart SEMA6A to promote liver cancer, SEMA6A-AS1 may be involved in the occurrence and development of HCC. SEMA6A is a transmembrane protein, originally described as a ligand, that mediates axonal orientation during the development of the central nervous system. As an inhibitor of tumor angiogenesis, SEMA6A regulates vascular development by regulating signal transduction of endothelial growth factor receptor (VEGFR)-2. In addition, SEMA6A expression is increased in renal cell lines, and recombinant soluble racemic cell domains inhibit basic fibroblast growth factor (bFGF/VEGF) and tumor cell-induced neovascularization. The SEMA6A-AS1 template sequence on human chromosome 5 consists of three exons of a total length of 967 nucleotides. SEMA6A-AS1 expression is decreased in HBV-related liver cancer. SEMA6A-AS1 may inhibit HBV-related liver cancer through RNA hybridization with SEMA6A mRNA and thus regulate SEMA6A expression.



2.2.2 F11-AS1

The decreased expression of lncRNA F11-AS1 caused by HBx proteins is suspected to be associated with a poor prognosis in patients with HBV-associated liver cancer. Deng et al. (2020) confirmed that lncRNA F11-AS1 upregulates expression of NR1I3 by combining with miR-211-5p. microRNA-211 (miR-211) is closely related to the progression and development of human cancer. Deng et al. (2020) found that lncRNA F11-AS1 may regulate downstream gene expression by binding to miR-211-5p. In addition, they confirmed that nuclear receptor subfamily 1I group 3(NR1I3; also known as CAR) is the target gene of miR-211-5p. This study provides a complete set of regulatory pathways that lncRNA F11-AS1 interacts with miR-211-5p to upregulate NR1I3, thus hindering the development of HBV-related HCC. However, HBV-encoded HBx protein inhibits F11-AS1 expression and weakens its ability to bind to miR-211-5p, which may reduce NR1I3 expression. This results in the proliferation of HBV-related HCC cells and enhanced migration and invasion (apoptosis is reduced). LncRNA F11-AS1 overexpression may enhance NR1I3 expression by acting as a miR-211-5p’s ceRNA, eventually hindering the development of HBV(+)HCC. NR1I3 plays a fundamental role in regulating liver homeostasis and tumorigenesis, related to exogenous stress. It has also been considered as an important regulator of drug metabolism and cancer development. The important role of HBx has been proved that down regulate the expression of lncRNA F11-AS1 which cause a poor prognosis in HBV-related HCC patients. Although the lncRNA F11-AS1/miR-211-5p/NR1I3 axis participates in the progression of HBV-associated HCC by interfering with the cellular physiology of HCC. However, the clinical efficacy and potential application of the lncRNA F11-AS1/miR-211-5p/NR1I3 axis in the treatment of HBV-related liver cancer deserve further study to improve the overall prognosis of HCC patients. The regulation mechanism of lncRNA F11-AS1 in detail has shown in the Figure 3.




Figure 3 | HBV-encoded HBx protein inhibits expression of lncRNA F11-AS1. lncRNA F11-AS1 upregulates NR1I3 by binding to miR-211-5p. The downregulation of lncRNA F11-AS1 caused by HBx protein weakens its ability to bind to miR-211-5p, thus reducing expression of NR1I3. As a result, the proliferation, migration, and invasion of HBV-related HCC cells are enhanced, but apoptosis is decreased. It is important to note that lncRNA F11-AS1 may enhance expression of NR1I3 by acting as the ceRNA of miR-211-5p, ultimately hindering the development of HBV(+) HCC.



In the existing studies, there are not so much studies focusing on lncRNAs that inhibit the proliferation of HCC cells by regulating HCC-related pathways. But we can still realize that the way of lncRNAs regulating the target gene is acting as a ceRNA and bind to miRNAs, which can regulate pthe expression of downstream genes. The lncRNAs listed above mainly inhibit the proliferation of HCC cells by inhibiting the expression of key genes in HCC-related pathways such as NR1I3 and VEGF or BFGF. As there are still many HCC-related abnormal expression genes functions hasn’t been characterized, a large scale of relative researches need to launch to find more potential lncRNAs which take those genes as their own targets. Above all those factors, the role of lncRNA in more HCC related pathways needs further study.





3 LncRNAs Associated With HCC Migration and Invasion

The invasion and metastasis of liver cancer is an important factor affecting the therapeutic effect of liver cancer. Most of the lncRNAs are believed to regulate the migration, invasion and metastasis of HCC cells. For example, WEE2-AS1, ATB, N335586, N346077, DREH are related to the invasion and metastasis of HCC. WEE2-AS1, overexpressed in HBV-HCC, targets member 3 of the Fermitin family (FERMT3) to accelerate the proliferation, migration, invasion and cell cycle progression of HCC cells. ATB, activated by transforming growth factor-β(TGF-β), is closely related to the invasion and metastasis of hepatocellular carcinoma. N335586, increased in HBV-positive HCC tissues and cells, promoted the expression of its host gene CKMT1A through competitive binding of miR-924, thereby promoting the migration and invasion of HCC cells. N346077, one of the most down-regulated lncRNA in expression profile of HBV-HCC, inhibits invasion and migration of hepatocellular carcinoma cells. DREH can bind to intermediate silk protein vimentin and inhibit its expression, thus inhibiting tumor metastasis of HBV-HCC. Previous studies have shown that PI3K/Akt signaling pathway, JNK signaling pathway, TGF-β signaling pathway and NF-κB signaling pathway are the main pathways that affect the invasion and migration of HCC cells. LncRNAs can influence HCC metastasis by regulating the expression of certain epithelial mesenchymal transformation markers and blood vessel formation.


3.1 LncRNAs Promote HCC Migration and Invasion


3.1.1 WEE2-AS1

HBx has been found to promote the progression of liver cancer by affecting lncRNA expression (Hu et al., 2019). LncRNA WEE2-AS1 is overexpressed in HBV-related HCC cells and tissue and is associated with a poor prognosis among HCC patients. Gain and loss of function experiments were performed to study the function of WEE2-AS1 in liver cancer. First, the researchers used 5′-RACE and 3′-RACE to obtain the full length of WEE2-AS1. Expression of lncRNA WEE2-AS1 in transfected hepatoma cell lines (HepG2, Huh7, SK-HEP-1, MHCC99H) was confirmed by immunofluorescence and real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR). The results showed that ectopic expression of WEE2-AS1 promotes proliferation, colony formation, migration, invasion, and cell cycle progression in HCC cells but inhibits apoptosis.

Second, it was found that WEE2-AS1 regulates expression of Fermi family member 3 (FERMT3) in HCC and activates the PI3K/AKT/GSK3b signaling pathway. FERMT3 is the downstream target of WEE2-AS1. FERMT3, also known as Kinlin-3, is a gene closely related to tumorigenesis and development that regulates integrin activation and is deficient in many malignant tumors, such as chronic myelogenous leukemia, glioblastoma, and breast cancer (Lu et al., 2017). Further experiments showed that FERMT3 is upregulated by WEE2-AS1 and HBx and is positively correlated with HBV infection in liver cancer tissue. In addition, clinicopathological and survival analyses showed that overexpression of WEE2-AS1 is associated with hepatic vascular invasion, poor tumor differentiation, and poor prognosis. These results demonstrated that there is a preliminary HBx-WEE2-AS1- FERMT3 pathway which may serve as a therapeutic target for HBV-associated HCC.



3.1.2 LncRNA-ATB

LncRNA-ATB, which is activated by transforming growth factor (TGF-β), is abnormally expressed in some tumors and is involved in tumor development (Tang et al., 2020). LncRNA-ATB is mainly distributed in the cytoplasm and the role of lncRNA-ATB in TGF-β signal transduction and HCC invasion and metastasis has been elucidated (Yuan et al., 2014). LncRNA-ATB, which is located on chromosome 14, plays an important role in regulating phenotypic transformation of human peritoneal mesothelial cells, HCC-related cirrhosis, and preeclampsia (Xiao et al., 2018). LncRNA-ATB upregulates ZEB1 and ZEB2 expression through competitive binding with the miR-200 family, thus inducing EMT and invasion. In addition, it induces IL-11 autocrine by binding to IL-11 mRNA and triggers STAT3 signaling, which promotes the histochemistry of metastatic tumor cells (Li and Kang, 2014). Overall, lncRNA-ATB promotes the invasion-transfer cascade reaction. These results indicate that lncRNA-ATB, a mediator of TGF-β signaling, may be a potential target for anti-HCC metastasis therapy. Zhang et al. (2020) investigated whether lncRNA-ATB is involved in HBx-mediated HCC. They detected expression of lncRNA-ATB in 26 HCC tissues and in a lentivirus-transfected HBx-HepG2 cell line. TGF-β activated expression of lncRNA-ATB, and expression of lncRNA-ATB and TGF-β increased and autophagy increased after HBx vector was transfected into HepG2 cells. Conversely, knocking out lncRNA-ATB or TGF-β inhibits this effect. Further regulatory mechanisms showed that lncRNA-ATB mainly performed its role by acting as a ceRNA to bind microRNAs like miR-200s. LncRNA-ATB could also regulate NF-κB, JAK/STAT3 and PI3K/AKT signaling pathways to perform its roles. In conclusion, HBx is closely related to carcinogenic lncRNA-ATB. HBx-induced autophagy upregulates expression of TGF-β and lncRNA-ATB. This may be a potential mechanism of HBV-induced HCC.



3.1.3 N335586

N335586 was found to be one of the highest upregulated lncrnas in HBV-related liver cancers by deep sequencing (Fan et al., 2018). N335586 is differentially expressed in HBV-related HCC tissueand length of its transcript is about 300 nt. The overexpression vector pcDNA3/lncRNA n335586 (N335586) and the knockout plasmids pshR1-n335586 and pshR2-n335586 was constructed to explore the role of lncRNA n335586 in the malignant behavior of liver cancer cells. Expression of n335586 in HBV-positive liver cancer tissue and cells was significantly increased and was induced by HBV in vitro. Further mechanistic studies have shown that lncRNA n335586 promotes expression of its host gene CKMT1A by competitively binding with miR-924, thereby promoting the migration and invasion of liver cancer cells. In summary, the n335586/miR-924/CKMT1A axis is involved in the migration and invasion of liver cancer cells, which may help to explain the pathogenesis of HBV-related liver cancer.

Currently, most studies on lncRNA in the field of liver cancer tend to explore the influence of a single pathway on the growth, invasion and metastasis of liver cancer. However, few studies have found that a single lncRNA is involved in multiple pathways to co-regulate the progression, invasion and metastasis of liver cancer. As mentioned above, lncRNAs including WEE2-AS1, ATB, and n335586, were reported to promote HCC progression by promoting the invasion and metastasis of HCC cells. WEE2-AS1 accelerated the proliferation, migration, invasion and cell cycle progression of HCC cells by targeting Fermitin family member 3 (FERMT3) and then activating the PI3K/AKT/GSK3b signaling pathway. ATB, HBx−associated long non−coding RNA, activated by TGF−β promotes cell invasion and migration by inducing autophagy in primary liver cancer. n335586 promoted HCC cells migration and invasion through facilitating the expression of its host gene CKMT1A by competitively binding miR-924.The role of more lncRNAs in HCC related pathways needs further study.




3.2 LncRNAs Inhibit HCC Migration and Invasion


3.2.1 N346077

The expression profiles of lncRNA in HBV-positive [HBV(+)HCC] and HBV-negative [HBV(–)HCC] liver cancer was studied (Fan et al., 2017). N346077 was found to be one of the most down-regulated lncRNA. High-throughput RNA sequencing technology (RNA-Seq), GO analysis, and KEGG pathway analysis were used to analyze cis- and trans-regulatory protein-coding genes to determine the lncRNAs involved in the progression of HBV-related HCC. N346077 encodes a 2609 bp transcript and it is located in the opposite strand of the mitochondrial ribosomal protein L23 (MRPL23) gene on chromosome 11. To investigate the role of this downregulated lncRNA in HCC cells, the researchers measured MTT, colony formation, cell migration, and invasiveness in HepG2 and QGY-7703 cells overexpressing n346077. The effectiveness of the n346077 overexpression plasmid was confirmed in the HepG2 and QGY-7703 cells. Transwell experiments showed that the migration and invasion ability of HepG2 and QGY-7703 cells was significantly inhibited after transfection with n346077, which indicates that n346077 inhibits the invasion and migration of liver cancer cells. However, the specific mechanism of n346077 inhibiting migration and invasion of HCC cells remains to be further studied.



3.2.2 DREH

DREH is a highly conserved lncRNA on mammalian chromosome 17. It has two exons and does not contain polyadenylic acid. LncRNA DREH was identified that inhibits cell migration and plays a tumor-suppressing role in HBx-mediated liver cancer (Lv et al., 2017). They found that expression of DREH was significantly downregulated in HBV-related liver cancer tissue compared to adjacent liver tissue and was negatively correlated with the expression of HBx mRNA in HBV-related liver cancer tissue.

Huang et al. (2013) detected the expression profile of lncRNA in the liver of HBx transgenic mice and wild-type mice using lncRNA ChIP assay and qRT-PCR. In HBx transgenic mice, some lncRNA was dysregulated, and its expression was related to HBx. The frequent downregulation of DREH in the liver of HBx transgenic mice suggests that DREH may play a role in the development of HBV-related liver cancer. The effects of reduced DREH expression on cell proliferation, apoptosis, migration, and invasion were studied in BNL-CL2 and Hepa1-6 mouse hepatocyte cell lines. Expression of DREH was inhibited by RNA interference. Compared to the negative control, inhibition of DREH not only enhanced the cell proliferation effect but also promoted the migration and invasion activity of liver cancer cells. DREH can inhibit the growth and metastasis of liver cancer in vivo and in vitro, and play a cancer suppressor role in the development of HBV-HCC. DREH can bind to intermediate filament protein vimentin and inhibit its expression, thus changing the normal cytoskeleton structure and inhibiting tumor metastasis.

The specific mechanism by which lncRNAs inhibit the invasion and metastasis of liver cancer still needs to be further explored, and a large number of related biological functions and molecular mechanisms also need to be discovered. As described above, n346077, one of the most down-regulated long non-coding RNAs in transcriptome analysis of hepatitis B virus-associated hepatocellular carcinoma, has been proved to inhibit migration and invasion of hepatocellular carcinoma cells, but the specific mechanism needs to be further studied. DREH, which plays a key role in hepatocellular carcinoma, inhibits vimentin expression by acting as a tumor suppressor and inhibits HCC growth and metastasis in vitro and in vivo. The invasion and metastasis of liver cancer is a complex process with the interaction of multiple factors. To screen specific lncRNAs related to liver cancer metastasis, study its biological function and molecular mechanism, and further explore the relationship between lncRNAs involved in multiple signaling pathways, will make a great contribution to further revealing the molecular mechanism in the process of invasion and metastasis of liver cancer.





4 Biomarkers for HBV and HCC Screening

In oncology, biomarkers have diagnostic value, prognostic value and predictive value. Sensitive and specific biomarkers are particularly necessary in clinical precision medicine. Biomarkers can also serve as potential targets for drug design. Integrating biomarker data through bioinformatics can also expand our understanding of disease-related biological pathways and regulatory mechanisms. A variety of RNAs have been used as tumor biomarkers, of which lncRNA is the most widely studied. In recent years, many important functional RNAs that do not encode proteins have been discovered, some of which are also used as biomarkers, for example, the types of long non-coding RNAs we reviewed above are mainly concentrated at the tissue and cellular levels as biomarkers for HBV-HCC. Meanwhile, a large number of studies have shown that lncRNA plays an important role in gene expression regulation, cell growth, proliferation, apoptosis and cell communication. Current studies have also found that lncRNA expression is dysregulated to varying degrees in a variety of tumors, and is closely related to biological processes such as tumor genesis, development, invasion and migration. Studies have found that lncRNA, due to its abnormal expression in HCC and its specific molecular functions, is found to be a molecular marker for the diagnosis of HCC or a prognostic indicator. Some lncRNAs have been found to be dysregulated in liver cancer and have been shown to have clinical potential as diagnostic biomarkers and therapeutic targets. Serum lncRNAs can also be used as a new potential biomarker for the diagnosis of HBV-positive hepatocellular carcinoma, such as AX800134, MEG3, lncRNA-UC003WBD/lncRNA-AF085935. Abnormal expression of these lncRNAs is significantly associated with carcinogenesis, metastasis or prognosis. AX800134, as serum long non-coding RNA, can be used to diagnose HBV-positive HCC. Overexpression of AX800134 is a carcinogen in HCC, and its upregulation is associated with viral product HBx and chronic inflammation. LncRNA-MEG3 has been proved to be a serum marker for the diagnosis of chronic hepatitis B (CHB), improving the efficacy of early diagnosis and treatment. LncRNA UC003WBD and AF085935 can be used to distinguish liver cancer from hepatitis B and healthy people by analyzing their diagnostic value by analyzing lncRNA specifically expressed in blood. These results indicate that the above lncRNAs have great diagnostic value. The detection of serological tumor markers is of great significance for the early diagnosis and curative effect observation of hepatocellular carcinoma.


4.1 AX800134

AX800134 is a lncRNA with a length of 627 nucleotides. The serum long non-coding RNA AX800134, were used to diagnose HBV-positive HCC. Wang et al. (2015) used lncRNA chips to detect differential expression of lncRNA in HBV-positive HCC tissue and corresponding paracancerous tissues and found that lncRNA AX800134 was upregulated in HBV-infected HCC patients. The logistic regression model was constructed using training queues and verified by independent queues. The accuracy of diagnosis was evaluated by the area under the recipient’s operating characteristic curve (AUC). The expression of AX800134 can accurately diagnose HBV-positive HCC(AUC value of training cohort was 0.9494 and AUG value of validation cohort was 0.9491). In this lncRNA microarray study, AX800134 was identified as a new potential biomarker for the diagnosis of HCC.

In the study of lncRNA microarrays above, AX800134 was identified as a potential new biomarker for the diagnosis of HCC, especially in patients with AFP ≤ 400 ng/mL. Another study further validated lncRNA AX800134 expression in hepatitis B virus-associated hepatocellular carcinoma and the association between AX800134 upregulation and HBV-induced HCC and revealed its specific mechanism of action. Zuo et al. (2018) studied the effects of AX800134 on the growth and survival of liver cancer cells, analyzing the relationship between its upregulation and HBV infection. The results showed that HBV viral protein HBx directly induces expression of AX800134 in HepG2 cells, and proinflammatory cytokine TNFα enhances expression of AX800134; these effects were reversed by the ROS scavenger PDTC (Pan et al., 2016). These findings indicate that NF-κB signaling is related to the induction of AX800134 by HBx and TNFα. In addition, using siRNA to interfere with silencing AX800134 can significantly inhibit the growth and invasion of HBx-expressing HepG2 cells. These results show that high expression of AX800134 is a carcinogen for liver cancer. The clinical significance of this study is that it clarifies the development of new biomarkers and treatment strategies for diagnosing HBV-related HCC.



4.2 LncRNA-MEG3

LncRNA-MEG3 is a tumor suppressor gene mainly regulated by epigenetics. It is located on human chromosome 14q32.2 and is widely expressed in normal tissue (Song et al., 2019). LncRNA-MEG3 has multiple biological functions in different diseases. For example, it competes with the ceRNA of miR-181a to regulate cell proliferation, migration, and infiltration in gastric cancer (Peng et al., 2015). Liu et al. (2016) found that expression of lncRNA-MEG3 was significantly higher in tissue infected with gallbladder cancer than in adjacent normal tissue. Ectopic overexpression of MEG3 effectively inhibits the growth of gallbladder cancer cells.

Recent studies have shown that lncRNA-MEG3 can play a diagnostic role as a serum biomarker in patients with hepatitis B complicated with liver fibrosis. Chen et al. (2019) studied whether lncRNA-MEG3 can be used as a serum biomarker for the diagnosis of CHB. First, qRT-PCR was used to detect serum lncRNA-MEG3 levels in CHB patients and healthy controls. Subsequently, CHB patients were divided into HBeAg-positive and HBeAg-negative groups according to HBV infection, and the relationship between lncRNA-MEG3 level and HBV was explored. Correlations between serum levels of lncRNA-MEG3 and liver fibrosis were also analyzed. The serum lncRNA-MEG3 level of CHB patients was lower than that of the healthy control group, which was negatively correlated with the degree of liver fibrosis. Survival analyses showed that the serum lncRNA-MEG3 level has important value for diagnosing the degree of liver fibrosis in patients with CHB. In addition, expression of α-SMA and COL1A1 gradually increased in a time-dependent manner, whereas expression of lncRNA-MEG3 mRNA was downregulated. In vitro experiments further confirmed that expression of lncRNA-MEG3 is related to the degree of liver fibrosis in patients with CHB. Serum lncRNA-MEG3 expression was low in patients with chronic hepatitis B, and was negatively correlated with the degree of liver fibrosis. Serum lncRNA-MEG3 may serve as a diagnostic biomarker for CHB and the specific mechanism needs to be further studied.



4.3 lncRNA-uc003wbd/lncRNA-AF085935

In a study by Lu et al. (2015), the expression profiles of two types of lncRNA (lncRNA-uc003wbd and lncRNA-AF085935) in serum of hepatocellular carcinoma and HBV patients and their potential clinical value for distinguishing HBV patients from healthy specimens were discussed. Serum lncRNA-uc003wbd and lncRNA-AF085935 levels were up-regulated in HBV-positive HCC patients and controls. The serum lncRNA-uc003wbd and lncRNA-AF085935 levels of patients with AC/CC genotype and AG/GG genotype were lower than those of patients with AA genotype. LncRNA levels in serum samples from HBV patients, HCC patients and healthy controls were detected by real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) and statistical analyses were performed with GraphPad. The three groups were distinguished according to their receiver operating characteristic (ROC) curves for each group. Levels of lncRNA-uc003wbd and lncRNA-AF085935 were significantly increased in the serum of HCC patients and HBV patients compared to the normal control group. These results show that both lncRNA-uc003wbd and lncRNA-AF085935 can be used as potential biomarkers for HCC and HBV screening. However, the specific mechanism of lncRNA-uc003wbd and lncRNA-AF085935 in hepatitis B virus-associated liver cancer has not been explored.




5 Conclusion and Prospects

In recent years, with the in-depth development of research, Evidences have show that lncRNAs can regulate gene expression at epigenetic, transcriptional and post-transcriptional levels, participate in a variety of important regulatory processes such as genomic imprinting, chromatin modification and transcriptional activation, and play a complex and precise regulatory role in development and gene expression. Studies have confirmed that lncRNAs are involved in tissue carcinogenesis, metastasis and cell proliferation, such as some lncRNAs are dysregulated in HBV-related HCC and HBV/HBx-expressing hepatocytes (Shi et al., 2016). These lncRNAs play a role in multiple tumor biological processes, such as regulating the proliferation, migration and invasion of liver cancer.We have summarized recent research on HBV-related lncRNAs and the role of HBV/HBx in regulating lncRNA expression and its mechanism of action as seen Table 1. For example, Some lncRNAs can promote the proliferation of liver cancer such as FTX, SFMBT2, HUR1, LINC01152, LNC-DC, DLEU2, H19, SNHG20, SAMD12-AS1. At the same time, some lncRNAs can inhibit the proliferation of liver cancer such as SEMA6A-AS1, F11-AS1. Some lncRNAs also play a role in the invasion and metastasis of HCC, promoting the invasion and metastasis of liver cancer such as WEE2-AS1, ATB, N335586 and inhibiting the invasion and metastasis of liver cancer such as N346077, DREH. AX800134, MEG3, lncRNA-uc003wbd and lncRNA-AF085935. The mechanisms by which these lncrnas function are also different. LncRNA can play a role as a ceRNA, and influence the proliferation and migration of liver cancer through competitive binding with miRNA. LncRNA FTX can mediate the transcriptional regulation of TIM-3 gene through negative regulation of microRNA-545 expression, and participates in the inflammatory response process of hepatitis B cirrhosis. LncRNA H19 can regulate microRNA-22 expression in HBV-associated liver cancer, which is closely related to tumor proliferation, invasion and metastasis. F11-AS1 enhances NR1I3 expression by competitively binding miR-211-5p, ultimately impeding the development of HBV-HCC. LncRNA ATB induces EMT and invasion by competitively binding with miR-200 family and up-regulating the expression of ZEB1 and ZEB2. LncRNA N335586 promotes the expression of its host gene CKMT1A through competitive binding with miR-924, thus promoting the migration and invasion of HCC cells.These findings may promote new methods of lncRNA-based cancer treatment, but more work needs to be done before such treatments can be used in clinical settings. In summary, HBV-related lncRNAs are of great significance for the study of physiopathological mechanisms of liver cancer. As research on the role of lncRNAs in liver diseases increases, HBV-related lncRNA will find a broader appeal in the diagnosis and treatment of liver cancer.


Table 1 | lncRNAs linked to HBV related HCC.



Although the strategy of diagnostic methods and treatment for hepatocellular carcinoma (HCC) is developing rapidly, such as new intervention chemotherapy, molecular targeted therapy and liver transplantation, but the liver cell cancer patients overall survival rates are still disappointing, urgent need to find new therapeutic targets and improved overall survival of HCC patients, hope for HCC patients. As lncRNAs are a new class of regulatory molecules, which regulate gene expression at the transcriptional, posttranscriptional or epigenetic levels, and affect the proliferation, apoptosis, invasion and metastasis of hepatocellular carcinoma cells, providing a new direction for the development and treatment of hepatocellular carcinoma. Although lncRNAs have attracted extensive attention as a research hotspot in recent years, many researchers have limited their exploration of the function of lncRNAs and their application in tumor diagnosis and treatment due to their biodegradability and instability of spatial structure. The role of lncRNA in HCC and the potential molecular mechanism still need to be further studied. Clarifying the relationship between lncRNA and the occurrence and development of HCC is particularly important for us to better understand the disease process and determine effective therapeutic targets and strategies.
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CircRNAs, a novel class of ncRNA family, are endogenous transcriptional products involved in various biological and physiological processes in plants and animals. However, almost no information is available for circRNAs of parasitic helminths. In the present study, the circRNAs repertoire was comprehensively explored in Haemonchus contortus, a blood-sucking parasitic nematode of ruminants. In total, 20073 circRNAs were identified and annotated from three key developmental stages/genders of H. contortus including the free-living infective third-stage larvae (L3, 18883), parasitic adult female (Af, 3491), and male worms (Am, 2550) via deep-sequencing technology and bioinformatic analysis. Among these identified circRNAs, 71% were derived from exonic regions of protein-coding genes. The number of circRNAs transcribed from the X chromosome (4704) was higher than that from Chromosome I-V (3143, 3273, 3041, 3030, 2882). The amount of highly expressed circRNAs in third-stage larvae was significantly more abundant than that in adult stage. 15948 and 16847 circRNAs were differentially expressed between Af and L3s and between Am and L3, respectively. Among them, 13409 circRNAs existed in both comparisons. Furthermore, 1119 circRNAs were differentially expressed between Af_and_Am. GO enrichment analysis indicated that source genes of circRNAs differentially expressed between Am and L3 as well as between Af and L3 were significantly enriched in many biological processes, primarily including signaling, signal transduction and cell communication terms. KEGG analysis revealed that parental genes of differentially expressed circRNAs were mainly related to metabolism (pyruvate metabolism, glycerophospholipid metabolism, and carbon metabolism), MAPK signaling pathway, and phosphatidylinositol signaling system. Moreover, many circRNAs contained one or more miRNA potential binding sites, suggesting that they could regulate gene expression at the post-transcriptional level. Furthermore, the correctness of head-to-tail back splicing site and alternative circularization events were verified by Sanger sequencing using both divergent and convergent primers. Finally, the reliability of RNA-Seq data and the resistance of circRNAs to RNase R digestion were confirmed by quantitative RT-PCR. Taken together, our findings provide a foundation for elucidating the regulatory mechanisms of circRNAs in H. contortus, which will advance the understanding of circRNAs in parasitic nematodes.
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Introduction

Circular RNAs (circRNAs), a novel class of endogenous non-coding RNAs with a covalently closed loop structure without 3′ end poly-adenylated tail and the 5′ end cap structure, have been widely discovered in the eukaryotic transcriptome. Although circRNAs with circular structure in eukaryotic cells were observed by electron microscopy more than four decades ago (Hsu and Coca-Prados, 1979), and have been reported sporadically thereafter (Grabowski et al., 1981; Capel et al., 1993), circRNAs were deemed to be functionless side-products of transcription or artifacts of aberrant RNA splicing. Owing to dramatic advances of high-throughput sequencing technology and specialized bioinformatic analysis pipelines, many circRNAs have been frequently recognized in diverse species, such as mammals (Guo et al., 2014), Drosophila (Westholm et al., 2014), Caenorhabditis elegans (Memczak et al., 2013), plants (Zhang et al., 2020) and Archaea (Danan et al., 2012). Characteristics analysis revealed that circRNAs could be generated from exonic, intronic, intergenic regions, and exonic-intronic regions through non-canonical splicing event called back-splicing (Li et al., 2018a; Kristensen et al., 2019), and the expression patterns were often cell, tissue, and developmental stage-specific (Salzman et al., 2013; Liang et al., 2017; Nicolet et al., 2018). The research on circRNAs has become one of the amazing hotspots in life science and the knowledge about circRNAs has been renovated uninterruptedly and fleetly.

More recently, the biological roles of circRNAs were continuously illuminated. Firstly, one of the prominent roles is that abundant circRNAs located in the cytoplasm and harbored miRNA binding sites can serve as miRNA sponges or decoys to regulate gene expression. For instance, in the mouse brain, ciRS-7/CDR1as was demonstrated to be a miR-7 sponge and to modulate miR-7’s biological activities and functions (Hansen et al., 2013). Secondly, some circRNAs can also act as protein sponges or decoys to indirectly regulate protein’s functions. For example, in mouse embryo fibroblast and cardiac fibroblast, circ-Foxo3 retarded cell cycle progression through interacting with p21 and CDK2 (Du et al., 2016). Thirdly, a novel subclass of circRNAs, ElciRNAs, have been demonstrated to promote the transcription of their parent genes by interacting with U1 snRNP and RNA Polymerase II in the promoter region (Li et al., 2015). Except for regulating gene transcription and protein expression, some circRNAs can be directly translated into detectable proteins. For example, in murine and human myoblast, circ-ZNF609 could be translated into a protein to control myoblast proliferation (Legnini et al., 2017). However, for most circRNAs, their functions remain unknown.

In contrast to vertebrate and plants, to date, the research on circRNAs in nematode is still limited. Only in the free-living nematode C. elegans, circRNAs have been identified from different developmental stages including sperm, oocytes, one/two-cell embryos (Memczak et al., 2013), the fourth-stage larvae (L4) (Cortes-Lopez et al., 2018), and adults (Ivanov et al., 2015). However, up to date, there is no information available for circRNAs of parasitic nematodes including the blood-sucking nematode Haemonchus contortus, which infects small ruminants and causes significant economic losses to the livestock industry around the world. This parasite has a direct and rapid life cycle (Laing et al., 2013; Schwarz et al., 2013). The adult worms live in the mucosa of host abomasum and females produce eggs that are excreted from host feces. The eggs hatch and develop to the infective third-stage larvae (L3) through first- and second-stage larvae in around seven days. The L3s are transmitted orally from contaminated herbage to the grazing host, exsheath, and develop to dioecious adults through L4 in two to three weeks. L4s and adult worms feed on blood from capillaries in the ruminant abomasum mucosa.

In order to study whether circRNAs play a key role in the development of gastrointestinal parasitic nematodes, it is necessary to analyze the expression and differences of circRNAs in different developmental stages/sexes. In the current study, circRNAs were sequenced from L3s, female and male worms of H. contortus. Their genomic feature, length distribution, and the number of exons coding for circRNAs were analyzed. Bioinformatic functional analyses of circRNAs were also conducted. In addition, Sanger sequencing was employed to validate the head-to-tail back-splicing site, and qRT-PCR was used to verify the differentially expressed circRNAs and the resistance of circRNAs to RNase R digestion. This is the first identification of circRNAs in parasitic nematodes, the data provide a basis for further studying the functions of circRNAs in H. contortus and other related nematode species.



Materials and Methods


Parasite Sample Collection

Haemonchus contortus L3s and adult worms were collected as described previously (He et al., 2019). Briefly, experimental goats (3 months of age) purchased from Hubei Academy of Agricultural Sciences were confirmed helminth-free by fecal examination and maintained under a parasite-free condition. The goats were orally inoculated with 8000 infective L3 of H. contortus (Haecon-5). Four weeks post-infection, fecal samples were harvested and incubated at 27°C for 1 week, then iL3s were collected by the Baermann funnel method. Adult female and male worms were collected from the abomasum after euthanasia and necropsy of infected goats according to their distinctive appearances. All samples were washed thoroughly in sterile phosphate-buffered saline and then transferred to liquid nitrogen for storage until use.



Extracting RNA, Strand-Specific Library Preparation, and Sequencing

Total RNA samples were extracted, respectively, from three independent experimental replicates of L3s (40,000 larvae per replicate), male adults (Am), and female adults (Af) (30 worms per replicate) of H. contortus using TranZol (Sigmen, China) with the manufacturer’s instructions. The total RNA yields and quality were evaluated on the Agilent 2100 Bioanalyzer (Agilent, USA). Then, approximately 5 μg of total RNA from each sample was treated to remove ribosomal RNA (rRNA) using Ribo-zero™ rRNA Removal Kit (Illumina, USA) following the manufacturer’s procedure, and further incubated with RNase R (Epicentre, USA) to digest linear RNAs. The remaining RNAs were used as templates for generating circRNA-seq libraries. Finally, all eligible libraries were sequenced using the Illumina HiSeq X Ten platform to generate 100 bp pair-end reads at BGI Technology Co. Ltd (Shenzhen, China). The samples were named as Af_1, Af_2, Af_3; Am_1, Am_2, Am_3; L3_1, L3_2, L3_3, respectively.



Identification of Differently Expressed circRNAs

Firstly, all the raw data were removed with low-quality reads, unknown bases and adaptors, and then FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to confirm the quality of reads. The Q20, Q30, and GC contents were also simultaneously calculated. Subsequently, Bowtie2 (Langmead et al., 2009) and BWA (Li and Durbin, 2009) were employed to map the clean reads to the publicly available H. contortus reference genomes, which was downloaded from WormBase Parasite website (https://parasite.wormbase.org/Haemonchus_contortus_prjeb506/). Lastly, find_circ (Memczak et al., 2013) and CIRI2 (Gao et al., 2018) tools with default parameters were performed to identify circRNAs. Only the candidate circRNAs were identified by both algorithm methods in all replicates for further calculation of expression level.

The expression level of circRNAs from each sample was quantified based on the read counts, normalized using transcripts per million (TPM) as previously described (Zhou et al., 2010) and calculated as the normalized expression level = (read count*1,000,000)/the sum of circRNAs read count. The differentially expressed circRNAs were identified by pairwise comparison between L3s, adult female and male worms using DESeq2 algorithm (Love et al., 2014), and the cut-off criterion was set as |log2FoldChange| ≥ 1 and padj < 0.05. Venn, Heat map clustering, circos, and volcano diagrams were drawn using correspondence R packages.



Bioinformatics Functional Analysis

Based on the Gene Ontology (GO) (Young et al., 2010) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2017) databases, the potential functional analysis of all the parental genes of differentially expressed circRNA was carried out. GO annotation was performed by BLAST (E-value < 10-5) using C. elegans orthologs, which was then assigned to terms using clusterProfiler R packages (Yu et al., 2012). The padj<0.05 denotes the threshold representing the significantly enriched GO terms. All enriched GO terms that possessed a padj < 0.05 were displayed. The KOBAS (http://kobas.cbi.pku.edu.cn/) was used to test the statistical enrichment of the circRNA-host genes in the KEGG pathways. The top 20 enriched pathways were selected based on the p-value and rich factor.



The Construction of circRNA-miRNA Network

To determine whether circRNAs in H. contortus could function as miRNA sponges to regulate their target mRNAs, 194 mature miRNA sequences of H. contortus were downloaded from miRbase 22 (https://mirbase.org/ftp.shtml). The miRNA targeting sites for circRNAs were identified by miRanda algorithm (Enright et al., 2003) with threshold parameters as follows: max free energy values <− 20 and a score of 150 or higher. Based on the predicted results, network of circRNA–miRNA was then constructed and visualized using Cytoscape 3.7.1 software (Shannon et al., 2003).



Validation of Back-Splicing Site of circRNAs

The total genomic DNA (gDNA) was extracted from H. contortus using the Blood/Cell/Tissue Genomic DNA Extraction Kit (Tiangen, China) with the manufacturer’s instructions. The total RNA was extracted from L3s, adult female or male worms of H. contortus, respectively and then cDNA was reverse transcribed using HiScript II Q RT SuperMix (Vazyme, China) following the manufacturer’s protocol.

CircRNAs were validated by PCR as previously described (Memczak et al., 2013). To do it, divergent and convergent primers were designed, respectively. Linear transcripts were detected by convergent primers, and the candidate circular templates were detected using divergent primers. If the band with expected size was amplified with convergent primers from both cDNA and gDNA templates, but only amplified with divergent primers from cDNA template, it would suggest the presence of the back-splicing junction. For each PCR amplification, cDNA or gDNA was used with 2×Taq Master Mix (Vazyme, China), and 40 cycles of PCR cycling condition were performed. PCR products were examined by 1% agarose gel electrophoresis, and those with expected bands and amplified with divergent primers only from cDNA templates were sent to TSING Ke Biotech Co., Ltd. (Wuhan, China) for Sanger sequencing. Both specific divergent and convergent primers were synthesized by TSING Ke Biotech Co., Ltd. (Wuhan, China), and the primer information was listed in Additional File 1: Table S1.



Quantification of circRNAs With Quantitative Real-Time PCR

To test accuracy of high-throughput sequencing, differentially expressed circRNAs with the junction site verified were selected in each comparison group to check by qRT-PCR assay. In addition, for confirmation of the resistance of circRNAs to the exoribonuclease RNase R, the qRT-PCR experiment was also performed using RNA samples with or without RNase R treatment. The total RNA was incubated with 4U/μg of RNase R (RNR07250, Epicentre) for 15 min at 37°C, 10 min at 70°C, and mock treatment was carried out in the same conditions without RNase R treatment. The qRT-PCR experiment was performed using 2× SYBR Green Master Mix (Takara, China), and the expression levels of circRNAs was determined with divergent primers using the ViiA™ 7 Real-Time PCR System (Applied Biosystems, USA). 2-△△Ct method was used to calculate the relative expression level of each target circRNA and the β-tubulin gene was an internal control. The qRT-PCR experiment was carried out with the following reaction system: 10 μL of the 2× SYBR Green, 0.4 μL dye, 8 μL of the cDNA template and RNase-free ddH2O, 0.8 μL of the forward and reverse primers, respectively. The divergent primers were synthesized by TSING Ke Biotech Co., Ltd. (Wuhan, China), and the primer information was listed in Additional File 1: Table S2.



Statistical Analysis

These works were created by GraphPad Prism 9.0 (GraphPad Company, USA). Student’s t-test was performed to compare the expression levels of target circRNAs in L3s, adult female and male worms and the analysis of the results was with the mean ± SEM. The results were statistically significant at *P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001; ns, no significant.




Results


General Properties of H. contortus circRNAs

In order to identify H. contortus circRNAs, nine libraries were constructed and sequenced from L3s, adult female (Af) and male worms (Am) of this parasite. Clean data were used in subsequent analysis after wiping off the adaptor and low-quality reads. Among the nine libraries, the proportion of clean reads mapped to the H. contortus genome ranged from 61.07% to 74.73% (Additional File 1: Table S3). A total of 20073 candidate circRNAs with more than two back-spliced junction reads were identified and annotated from L3s, Af and Am worms using find_circ and CIRI2 computational pipelines (Additional File 1: Table S4). Among these circRNAs, 3491, 2550, and 18883 were detected in Af, Am, and L3 stages, respectively, and only 1650 were prevailed in all three stages/sexes, suggesting that most circRNAs in H. contortus were stage-specific (Figure 1A).




Figure 1 | Characteristics of the identified circRNAs in H. contortus. (A) Venn diagram presenting the amount of circRNAs in third-stage larvae (L3), adult female worms (Af), and adult male worms (Am). (B) The numbers of circRNAs derived from exonic, intronic, and intergenic regions in L3, Af, and Am, respectively. (C) Circos plot showing the distribution of circRNAs on six H. contoruts chromosomes. Light pink bar represented circRNAs from plus strand; pale green bar from negative strand. Each track from the periphery to the core represents: chromosomes; L3; Af; Am. (D) Distribution of amount of circRNAs derived from different number of exons. (E) Length range distribution of the identified circRNAs. (F) The number of circRNAs per gene.



The subsequent analysis on genomic origin of circRNAs revealed that 14314 circRNAs (71.31%) were generated from exonic regions and 4476 circRNAs (22.30%) were generated from intergenic regions, but only 1283 circRNAs (6.39%) were stemmed from intronic regions (Figure 1B). In addition, the distribution of genome region coding for circRNAs on each chromosome was further examined using circlize R package. The mapping results showed that genome regions coding for these circRNAs were widely and unevenly distributed across the whole H. contortus chromosomes and were more abundant on the chromosome X than on other chromosomes. There is no correlation between the distribution of circRNAs and chromosome length (Figure 1C).

Next, the amount of exon-derived circRNAs were counted and showed that most of them typically encompass less than five exons. More than 94.18% of circRNAs were formed by multiple exons (up to 10 exons) (Figure 1D). Considering the length distribution, most circRNAs (83.48%) ranged from 200 bp to 600 bp (Figure 1E) and the average length of circRNAs was 354 bp, while the maximum length was 1875 bp. Moreover, the analysis on alternative circularization suggested that most genes yielded one or two circRNAs, some genes generated multiple distinguishing circularized products. 4937 genes encoded at least one circRNA, among them, 41.74% of genes only produced one circRNA, and 94.75% produced no more than 10 circRNAs (Figure 1F).



Expression Analysis of circRNAs

To analyze the expression pattern of circRNAs during H. contortus growth process, the expression level was quantified and differentially expressed circRNAs were screened by pairwise comparison between L3, adult female and male worms using DEGseq2. The hierarchical clustering presented the expression changes of circRNAs during three stages/sexes of H. contoruts. Overall, the abundance of most circRNAs decreased during development from L3 to adult stage (Figure 2A). 15948 circRNAs were identified differentially expressed between Af_vs_L3 group, shown in the volcano plot. Among them, 1707 were up-regulated and 14241 were down-regulated (Figure 2B). In the comparison between Am_vs_L3, 16847 circRNAs were identified as differentially expressed, including 1356 up-regulated and 15491 down-regulated (Figure 2C). Among the differentially expressed circRNAs, 13409 commonly existed in both Af_vs_L3 and Am_vs_L3 comparisons. In addition, comparison between Af_vs_Am revealed 1119 differentially expressed circRNAs. Among them, 637 were up-regulated and 482 were down-regulated (Figure 2D).




Figure 2 | Differential expression pattern of circRNAs in H. contortus. (A) Hierarchical clustering analysis of differentially expressed circRNAs across L3, Af, and Am samples. The expression values were represented in different colors. Red strip represented high relative expression and green strip indicated low relative expression. (B–D) The volcano plot for differentially expressed circRNAs in Af_vs_L3, Am_vs_L3, Af_vs_Am comparisons. The volcano plot was constructed using log2 (Fold Change) and padj. light blue points: up-regulated circRNAs; red points: down-regulated circRNAs; purple points: no difference. The cut-off criterion was set as Fold Change ≥ 2 and padj< 0.05.





Functional Annotation Analysis of Differentially Expressed circRNAs

Analysis of the function of parental genes could provide valuable clues about circRNA’s functions, thus, GO and KEGG annotation analyses were conducted. GO categories with padj less than 0.05 were assigned to the parental genes, and the significantly enriched genes of each GO term were statistically analyzed. In Af_vs_L3 group (Figure 3A), source genes of differentially expressed circRNAs were divided into thirty-two significant GO terms, nineteen of them were involved in the biological process category. The remarkably enriched GO terms include “signaling” (GO:0023052), “single organism signaling” (GO:0044700), and “signal transduction” (GO:0007165), “response to stimulus” (GO:0050896). Only three GO terms, “cell part” (GO:0044464), “cell” (GO:0005623), and “membrane” (GO:0016020), were annotated in cellular component subcategories. As for the molecular function, ten GO subcategories were enriched and mainly included “protein binding” (GO:0005515), “receptor activity” (GO:0004872), and “signal transducer activity” (GO:0004871). In Am_vs_L3 comparison group (Figure 3B), 14, two, and 11 terms were categorized into biological process, cellular component, and molecular function, respectively. The significant enrichment GO terms were like those of the Af_vs_L3 group and no significant enrichment GO terms were identified in the Af_vs_Am group.




Figure 3 | GO and KEGG enrichment analysis for differentially expressed circRNAs of H. contortus. (A, B) The most enriched GO terms in Af_vs_L3 and Am_vs_L3. Y-axis represented GO terms; X-axis represented the value of -log10 (padj). Different colors represented biological_process, cellular_component, and molecular_function, respectively. (C) The top 20 enriched KEGG pathways. Y-axis represents pathways; X-axis represents rich factor; The color and size of each bubble represent pvalue and the number of genes enriched in a pathway, respectively. Af_vs_L3, Am_vs_L3, and Af_vs_Am are represented from left to right.



Accordingly, the KEGG pathway analysis was further carried out to yield significantly enriched pathways. The top 20 enriched pathways are displayed in an enriched scatter diagram (Figure 3C). In Af_vs_L3 and Am_vs_L3 groups, the significantly represented pathways were pyruvate metabolism, MAPK signaling pathway, glycerophospholipid metabolism, and phosphatidylinositol signaling system, implying that source genes in H. contortus were mainly involved in signal processing and associated with the longevity of worm. However, the parent genes in Af_vs_Am comparison group were primarily related to metabolisms, such as pyruvate metabolism, propanoate metabolism, purine metabolism, fatty acid biosynthesis, and steroid biosynthesis.



Construction of Complete Endogenous (ceRNA) Network

Mounting researches reported that circRNAs might act as miRNAs sponges and likely modulate their activities (Yang et al., 2019; Tang et al., 2021; Xin et al., 2021). Meanwhile, miRNAs could be involved in multiple physiological processes during nematode development (Zhang et al., 2018; Mani et al., 2021). Information on the potential interaction between circRNA and miRNA will be helpful for understanding the function and regulatory mechanism of circRNA in H. contortus. However, the expression profiles of miRNAs were not available in the databases for different developmental stages of H. contortus (only 194 miRNAs available from L3 and mixed-sex adult worms), the potential miRNA targets can only be predicted based on sequence complementarity via miRanda algorithm. The predicted network consisted of 12015 interacting pairs and 8268 nodes, and the nodes included 8077 differentially expressed circRNAs and 191 miRNAs except for hco-miR-5892a, hco-miR-5892b, and hco-miR-5898-5p (Figure 4A and Additional File 1: Table S5). This indicated that a single miRNA could be targeted by different circRNAs, and that single circRNA could also sponge more than one miRNA. For example, hco-lin-4, hco-miR-1, and hco-miR-124 could be targeted by 36, 19, and 102 circRNAs, respectively. 55.89% of circRNAs contained more than one different miRNA-binding site, and hco_circ_00016196 harbored the greatest number (nine) of different miRNA binding sites (Figure 4B). The vast majority of circRNAs had one or two binding sites for one particular miRNA, only hco_circ_00015227 had 10 binding sites for one miRNA (hco-miR-307) (Additional File 1:Table S6).




Figure 4 | (A) The interaction network of differentially expressed circRNAs and miRNAs for H. contortus. Red squares represent miRNAs, and blue nodes represent circRNAs. (B) The circRNA, hco_circ_00016196, and nine miRNAs interaction network. Red nodes represent circRNAs, and light blue squares represent miRNAs.





Validation of circRNAs by Sanger Sequencing

For validating individual circRNA’s back-splicing junction site predicted from the analysis pipeline, divergent and convergent primers were designed for candidate circRNAs and used in PCR amplification with cDNA and gDNA as templates, respectively. From cDNA template, PCR products with expected sizes were amplified with both convergent primers (black opposing triangle pairs) and divergent primers (black back-to-back triangle pairs). However, from gDNA, PCR products with expected sizes were only exclusively amplified with convergent primers. The amplified products were then sequenced and the correctness of head-to-tail back splicing site was confirmed. In total, twenty-four circRNAs were verified. The original sequences of parental genes of 10 selected circRNAs and the sequencing chromatogram of PCR products amplified from cDNA or gDNA were shown (Figure 5 and Additional File 1: Figure S1).




Figure 5 | Experimental validation of back-spliced junction sites of candidate circRNAs. Linear RNAs were successfully amplified by convergent primers from both cDNA and gDNA. CircRNAs were successfully amplified by divergent primers from cDNA but failed to be amplified from gDNA. PCR products were detected by 1% agarose electrophoresis. The head-to-tail back-splicing site was further confirmed by Sanger sequencing. Black inverted triangles represented the back-spliced junction loci, and β-tubulin gene was used for the control group. Marker: 2000 bp ladder DNA marker.





Validation of circRNA Quantification and RNase R Digestion

To verify the reliability of high throughput sequencing data, differentially expressed circRNAs with the back-splicing junction sites validated were selected in each comparison group to assess the differential expression level by qRT-PCR (Figure 6A). In Af_vs_L3 group (three up-regulated and two down-regulated in adult female worms) and Am_vs_L3 group (two up-regulated and three down-regulated in adult male worms), the expression patterns of the selected circRNA detected by qRT-PCR were consistent with those from high-throughput sequencing results. In Af_vs_Am group (three up-regulated and two down-regulated circRNAs in adult female worms), qRT-PCR results also indicated a similar expression tendency with high-throughput sequencing results except for hco_circ_00058255 for which no difference was detected by qRT-PCR. In general, the correlation between qRT-PCR results and RNA-Seq is 0.85, suggesting that the high throughput sequencing results were dependable.




Figure 6 | Reliability verification of RNA-Seq and the resistance of circRNAs to RNase R digestion. (A) The validation of differentially expressed circRNAs in all three comparisons. All experiments were conducted in three independent biological replicates and presented as means ± SEM. The expression levels among different groups were compared by Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001. ns, no significant. (B) The results indicated that circRNAs were detected in both RNase R treated and control RNA samples, whereas the linear control β-tubulin gene wasn’t detected in RNase R treated sample. All experiments were conducted in two independent biological replicates and presented as means ± SEM.



RNase R, a 3’ to 5’ exoribonuclease from the E. coli RNR superfamily, can digest almost all linear RNAs but not circRNAs. To assess the resistance of H. contortus circRNAs to RNase R digestion, total RNA was treated with RNase R and then used for cDNA synthesis followed by qRT-PCR detection. The transcription level of linear RNA control (β-tubulin) was significantly reduced after RNase R treatment, nevertheless, the transcription of circRNAs was only slightly decreased or increased (Figure 6B). This result confirmed that H. contortus circRNAs were endowed with a strong resistance to RNase R treatment.



Alternative Circularization of circRNAs

Different circRNAs can be generated from the same source gene consisting of different exons and/or introns. To do alternative splicing analysis, two-parent genes (HCON_00020120 and HCON_00002920) each generating two circRNA forms were selected. HCON_00020120 generated both hco_circ_00007037 and hco_circ_00007039, which had different acceptors but shared the same donor. In contrast, HCON_00002920 produced both co_circ_00001063 and hco_circ_00001064, which had different donors but shared the same acceptor. Divergent primers for these four circRNAs were designed as illustrated in Figure 7A. The PCR products were amplified using divergent primers from cDNA and then sequenced to validate the predicted back-splicing site. Primer-1 and primer-4 only amplified hco_circ_00007037 and hco_circ_00001064, respectively, but primer-2 and primer-3 each amplified two circRNAs (hco_circ_00007037 and hco_circ_00007039 by primer-2) and (hco_circ_00001063 and hco_circ_00001064 by primer-3), respectively (Figure 7B). The sizes of PCR products and sequences in the back-splicing site of each PCR product were confirmed by agarose gel electrophoresis and Sanger sequencing, respectively (Figures 7B–D). Primer sequence and length of PCR products were listed in Additional File 1: Table S7.




Figure 7 | Visualization and validation of two alternative back-splicing circularization events. (A) A schematic diagram of the divergent primers designed for alternative splicing event. (B) Representative PCR products amplified with primers presented in (A) were examined by 3% agarose electrophoresis. M: 500 bp ladder DNA marker. (C, D) Sanger sequencing to validate the backsplice sites. Vertical Bar represents the backsplice junction site.






Discussion

With the advances of sequencing technology, abundant resources of genomics and transcriptome have been accumulated for nematodes, while the research on the regulation of gene expression mediated by non-coding RNA in parasitic nematodes is still very scarce. High-throughput sequencing technology and bioinformatics methods make it possible to identify novel types of transcripts, even those often with low expression levels. Previous studies have identified the mRNA and miRNA expression profiles for key growth stages/sexes of H. contortus (Winter et al., 2012; Laing et al., 2013; Ma et al., 2018; Marks et al., 2019). Nevertheless, circRNAs, a recently discovered novel class of non-coding RNA from various animals and plants, have yet been studied in any parasitic nematodes including H. contortus. How circRNAs are transcribed in H. contortus and whether their expressions participate in the regulation of developmental processes of this parasite remain totally unknown. The present study represents the first one to perform genome-wide identification and potential function analysis of circRNAs in parasitic nematodes.

In the present study, from L3s, adult female and male worms of H. contortus, a total of 20073 circRNA were identified, the number of which is notably much higher than those from C. elegans (1166) (Cortes-Lopez et al., 2018) and Plasmodium falciparum (1381) (Broadbent et al., 2015). One of the reasons causing this was likely that our study performed an experimental strategy of ribo-depleted RNA-Seq coupled with RNase R enrichment. A previous study showed that from RNase R treated samples, indeed more candidate circRNAs were identified with approximately equal sequencing depth and prediction tools (Zeng et al., 2017). In our study, 2550, 3491, and 18883 circRNAs were detected in adult male, adult female, and L3 stages, respectively, and only 1650 circRNAs existed in all developmental stages/sexes, indicating that most circRNAs are stage-specific. However, what remains unclear is why the amount of circRNAs in L3 was significantly higher than those in the adult worms. We have checked out the analyses many times and ruled out the possibility of contamination. The reasons causing the significant difference in the number of circRNAs between L3 and adult worms hopefully can be discovered in the future when more circRNAs are identified from a wide range of parasitic nematode species.

Notoriously, based on the derivation of circRNAs in the genome, they can be divided into exonic, intronic, and intergenic ones (Kristensen et al., 2019). Among the identified 20073 circRNAs, the exon-derived were predominant (71.31%), consistent with the results from other species, such as Arabidopsis thaliana (Chen et al., 2017), C. elegans (Cortes-Lopez et al., 2018), zebrafish (Liu et al., 2019), and human (Xu et al., 2017). However, in wheat (Wang et al., 2016) and kiwifruit (Wang et al., 2016; Wang et al., 2017), intergenic circRNAs were in the majority, suggesting that the way that these genomes encode circRNAs occurs in a species-specific manner and the molecular basis of circRNA biogenesis is highly different among different species. In addition, a single gene locus could selectively generate multiple circRNAs through alternative back-splicing, and the events of alternative circularization phenomenon have been experimentally validated in human (Feng et al., 2019), fruit fly (Gao et al., 2016), and rice (Lu et al., 2015). Here, the alternative splicing events were analyzed and experimentally verified, indicating that such splicing mechanisms were conserved in parasitic nematodes.

CircRNAs were usually produced from protein-coding genes so that they may function in the same pathway as the source genes (Wilusz, 2017). The comparative analyses between adult worms and L3 revealed that significantly enriched GO terms for source genes were related to signaling, signal transduction, and response to stimulus, indicating that circRNAs could play roles in parasite’s response to environmental signals (e.g., temperature, humidity) during its transition from the free-living stage to the parasitic stage in order to adapt to the host abomasum environment. The KEGG pathway analysis identified several important pathways which are mainly involved in H. contortus growth, including MAPK signaling pathway, phosphatidylinositol signaling system, FoxO signaling pathway. In addition, interestingly, an identified exonic circRNA (hco_circ_00047001) was generated from the serine/threonine-specific protein kinase encoding gene, akt, which was known to associate with larval development (Di et al., 2020), suggesting that this circRNA may also play a role in larval development. Furthermore, hco_circ_00006206 was transcribed from HCON_00017820 (Hc-aap-1, Li et al., 2014), and four circRNAs (hco_circ_00012209, hco_circ_00012210, hco_circ_00012216, and hco_circ_00012219) derived from HCON_00034230 (Hc-age-1, Li et al., 2014). Hc-aap-1 and Hc-age-1 are important genes in the insulin-like signaling pathway of H. contortus, which play significant roles in the development of this parasite, especially during its transitional change from the environment to the host abomasum (Li et al., 2014; Li et al., 2016; Ma et al., 2018; Di et al., 2020). These results suggested that circRNAs could have important biological functions in the development and environmental information processing of H. contortus.

Numerous researches have indicated that circRNAs containing miRNA binding sites act as miRNA decoys or sponges to competitively suppress miRNA activity on their targets (Hansen et al., 2013; Memczak et al., 2013). In the present study, a big number of differentially expressed circRNAs contained one or more potential miRNA binding sites, suggesting that these circRNAs may function as miRNA sponges in H. contortus. In C. elegans, cel-let-7 was reported to regulate several transcription factors during the developmental transition from larvae to adult worms (Grosshans et al., 2005). Based on the homologous relationship between hco-miR-5991 and cel-let-7 (Winter et al., 2012), and our analytic result that hco-miR-5991 could interact with 167 circRNAs, we speculate that some circRNAs might participate in H. contortus larval development via the let-7 pathway. In addition, the up-regulation of C. elegans miRNA lin-4 reduced the activity of its target, the transcription factor lin-14, which then significantly extended the lifespan of this nematode (Boehm and Slack, 2005). The lin-4-lin-14 pair conferred life span extension through the insulin/insulin-like growth factor-1 pathway (Boehm and Slack, 2005). The mature sequence of cel-lin-4 has high homology with hco-lin-4, which was predicted to be bound by 36 circRNAs, suggesting that some circRNAs could also affect nematode developmental processes through this pathway in H. contortus. Also in this parasite, a previous study reported that hco-miR-228 and hco-miR-235 were enriched in L3 (Marks et al., 2019) and our analysis found that hco-miR-228 and hco-miR-235 combined with 78 and 55 circRNAs, respectively, suggesting that some circRNAs may be involved in L3’s development.

Except for being involved in the developmental regulation of nematodes, miRNAs could play roles in drug resistance. The C. elegans cel-miR-1 negatively regulated the expression of two nicotinic acetylcholine receptor (nAChR) subunits, UNC-29 and UNC-63, which are targets of levamisole (Simon et al., 2008). Intriguingly, the expression levels of both subunits were increased in C. elegans miR-1 mutant strains, whereas the muscle sensitivity to acetylcholine and levamisole was decreased. As hco-miR-1 was homologous to cel-miR-1 and could bind to 19 circRNAs, we surmise that circRNAs may also play functions in drug resistance in H. contortus.

Although whether circRNAs can act as miRNA sponges has not been experimentally verified in H. contortus, there should be a high probability that this mechanism exists in nematodes, like miRNA sponges in animals that regulate gene expression at the epigenetic level (Luo et al., 2021; Zhou et al., 2021). Certainly, the potential interplay between circRNA and miRNA in parasitic nematodes needs to be further studied in defined biological validation experiments in the future (Li et al., 2018b). Due to the lack of transgenic methods and the restriction of parasitic nematode culture conditions in vitro, cross-linking immunoprecipitation (CLIP) approaches can be applied to recognize circRNA-miRNA interactions using the antibody to the Argonaute (AGO) protein. Certainly, functions of more and more circRNAs will be elucidated in the future with the advances of new technologies.



Conclusion

In summary, the general features and expression profiles of circRNAs at critical stages of H. contortus were characterized and bioinformatic analysis revealed that circRNAs could have multiple biological functions during larval developmental processes. Abundant circRNAs contained one or more miRNA potential binding sites, suggesting that they may act as new post-transcriptional regulators involved in the development of H. contortus. Therefore, this study provided a basis for elucidating the dynamic regulation of circRNAs in H. contortus developmental processes. In addition, parasitic worms had relatively complex gene expression regulation system, so it was of great significance to study non-coding RNAs for revealing the physiological mechanism of parasites and the molecular mechanism of parasitic diseases.
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In previous experiments, we identified the effect of deletion of the Zbtb1 gene on circRNAs and microRNAs. In this study, we examined the expression profiles of lncRNAs and mRNAs using the RNA-seq method for Zbtb1-deficient EL4 cells and performed a clustering analysis of differentially expressed lncRNAs and mRNAs. GO term histograms and KEGG scatter plots were drawn. For the experimental results, a joint analysis was performed, which predicted the regulatory relationships among lncRNAs, mRNAs, microRNAs and circRNAs. For the regulatory relationship between lncRNAs and target genes, the chromatin structure and the degree of openness were verified for the possible target gene locations regulated by lncRNA using experimental methods such as Hi-C and ATAC-seq. Ultimately, the possible differential regulation of the Brcal and Dennd5d genes by lncRNAs and the differential changes in transcription factor binding sites in the promoter region were identified. For neRNA-regulated target genes with significantly differentially expressed mRNAs, a combined screen was performed, and the final obtained candidate target genes were subjected to GO and KEGG term enrichment analyses. Our results illustrate that the Zbtb1 gene can not only function as a regulatory factor but also regulate EL4 cells from multiple perspectives based on ceRNA theory.
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Introduction

The Zbtb1 family consists of a different set of transcription factors, and Zbtb1 plays an important role in lymphocyte development (Zhu et al., 2018). The Zbtb protein family also plays an important role in cancer, such as in the relationship between Zbtb7 and endometrial cancer cells and bladder cancer cells (Guo et al., 2017; Geng et al., 2020).

RNA is a single strand formed by transcription of a single DNA strand using the principle of base complementary pairing. RNA is classified as mRNA, miRNA, tRNA, rRNA, ncRNA, etc. Long noncoding RNAs (lncRNAs) are a heterogeneous class of noncoding RNAs that play an important role in gene regulation and are associated with a variety of genetic diseases and cancers (Dangelmaier and Lal, 2020; Ramakrishnaiah et al., 2020). LncRNAs play important functions in many fields, mainly divided into epigenetic regulation, transcriptional regulation and posttranscriptional regulation, can transcriptionally regulate mRNA expression in cis or in trans, and can also bind to microRNAs as ceRNAs to regulate mRNA expression (Yang et al., 2021). Over the past decade, there has been growing evidence that the genomes of many species are commonly transcribed, resulting in numerous LNcRNAs. At the same time, it is now recognized that many types of DNA regulatory elements, such as enhancers and promoters, regularly initiate bidirectional transcription (Serebreni and Stark, 2021). Therefore, the discovery of functional noncoding transcripts from a large transcriptome is a top priority and challenge for the LNCRNA field (Kopp and Mendell, 2018).

The transcriptome refers to the collection of all transcription products in a given cell in a given state, including mRNA and noncoding RNA; research on noncoding RNA has focused on small RNA, lncRNA and circRNA, which have regulatory roles (Luo et al., 2020). Whole-transcriptome sequencing study based on second-generation sequencing technology can analyze mRNA, lncRNA, circRNA, small RNA in the same sample at the same time and explore the transcriptional regulation behind life phenomena in greater depth (Ning et al., 2021). By studying the interaction of coding and noncoding RNAs, scientific questions can be addressed more comprehensively, and the findings can be refined.



Materials and Methods


Sample Preparation

EL4 Cell Line With Zbtb1 Gene Knockout were constructed and cultured in a previous experiment (Wang et al., 2021).



Experimental Procedure

The experimental procedure includes RNA extraction, RNA sample quality testing, library construction, library purification, library detection, library quantification, generation of sequencing clusters, and up-sequencing.



Analytical Process

Transcriptome sequencing is based on the Illumina HiSeq sequencing platform to study all mRNAs transcribed from a specific tissue or cell at a given time and is the sum of all RNAs that can be transcribed from a specific cell in a given functional state, including coding mRNAs and noncoding RNAs.



Data Filtering and Transcript Assembly Analysis

During sequencing, low-quality data need to be filtered to remove contaminations and splice sequences. The reads sequenced were assembled using the assembly software StringTie (v1.0.4), and then the corresponding assembly results for each sample were combined as the final transcript results. Based on the gene structure annotation files, the transcript sequences of each sample were assembled using StringTie software. During the assembly process, paired reads of the reference gene region were assembled preferentially, while new transcripts were constructed for the reads that did not match in pairs. For the assembly results, we used the corresponding statistical software for statistical analysis, and then, based on the existing gene structure annotation reference files of the species, we used Cuffmerge software to merge, deduplicate and optimize the transcript structure information obtained from the assembly of each sample to obtain the final reference transcript structure file. Meanwhile, the sequence information corresponding to these transcripts was extracted using gffread software and the reference genome information of the species.



LncRNA Identification and Prediction

(1) For other kinds of RNA data, transcripts that overlap with known protein-coding, miRNA, tRNA, snoRNA, rRNA and pseudogene annotation regions in the transcriptome were filtered out using the latest genome annotation information provided by UCSC, Ensembl and GENCODE. (2) Filtering for lncRNA features was based on the GENCODE v7 database statistics of available lncRNA features, filtering transcripts containing only one exon, filtering transcripts below 200 bp in length, and filtering transcripts with less than 3 reads. (3) Transcripts containing protein structural domains were filtered. (4) Transcripts with protein-coding potential were filtered.



LncRNA Statistics

For the annotation of known lncRNAs, lncRNA information from authoritative databases such as the Ensembl, Gencode, and UCSC databases were first integrated for annotation. Similarly, we used Cuffcompare software for annotation. The lengths of the obtained lncRNAs and the numbers of exons contained were counted using the program, and the information on the position of lncRNAs on the reference genome was also used to classify the obtained lncRNAs into the following three categories: intergenic lncRNA, intronic lncRNA, and antisense lncRNA. The number of individuals was also counted.



Prediction of LncRNA Target Genes

Cis-regulation is usually a mode of action in which DNA sequences on the same chromosome directly regulate the expression of other neighboring genes. We used the genomic annotation information of the predicted obtained lncRNAs and the species, with reference to genomic information, for the identification of possible cis-acting target genes of lncRNAs. Generally, lncRNAs that are transcribed in the promoter region of a gene in the same direction as the target gene usually promote expression to the target gene and transcription in the reverse direction as repression of target gene expression. In determining the promoter region of a gene, we selected a region within 3000 bp upstream of the gene to act as the promoter region of that gene. The Bedtools intersect method was used for this analysis. Transregulatory action is another method by which lncRNAs regulate gene actions, in which lncRNAs and target genes recognize each other directly by base pairing without considering positional relationships. Here, we used Blast (V2.3.0+) software to identify the possible trans target genes of lncRNAs.



Gene Expression Analysis

A direct reflection of a gene’s expression level is the gene’s abundance; the higher the degree of gene abundance, the higher the level of gene expression. Both lncRNA and mRNA gene expression calculations were performed using Rsem software (V1.2.6), which uses the FPKM (fragments per kilobase per million reads) (Marioni et al., 2008) method to calculate gene expression. The input data for differential gene expression are the read count data obtained from the gene expression level analysis. For samples with biological replicates, gene differential analysis was performed using DESeq2 (V1.6.3) in the Bioconductor software package.



Clustering Analysis of Differentially Expressed Genes

Clustering analysis is a hierarchical clustering analysis using the FPKM values of differentially expressed genes under different experimental conditions as indicators of the expression levels. The different-colored areas represent different clustering information, and the genes within the same group have similar expression patterns and may have similar functions or participate in the same biological processes.



Effect of lncRNAs on the Up- and Downregulation of Differentially Expressed Genes

LncRNAs have different modes of action on target genes, resulting in different regulatory effects on target genes (including positive and negative). Combined with the specific up- and downregulation information of differential lncRNAs between samples, the specific up- and downregulation information of target genes corresponding to differentially expressed lncRNAs was analyzed by the following rules. The lncRNA was upregulated when there was positive action on the corresponding target gene, and the target gene was ultimately marked as upregulated; the lncRNA was upregulated when there was negative action on the corresponding target gene, and the target gene was ultimately marked as downregulated; the lncRNA was downregulated when there was positive action on the corresponding target gene, and the lncRNA was downregulated when there was negative action on the corresponding target gene, and the target gene is ultimately marked as upregulated.



GO Enrichment Analysis of Differentially Expressed Genes

All differentially expressed genes were first mapped to each term of the Gene Ontology database, the number of genes per term was calculated, and then a hypergeometric test was applied to identify GO entries that were significantly enriched in differentially expressed genes compared to the whole genomic background. The calculated p values were corrected by the Bonferroni method with a threshold of corrected p value ≤ 0.05, and GO terms that met this condition were defined as GO terms that were significantly enriched in differentially expressed genes. The GO functionally significant enrichment analysis enabled the identification of the major biological functions exercised by differentially expressed genes.



KEGG Enrichment Analysis of Differentially Expressed Genes

In organisms, different genes coordinate their biological functions with each other, and significant pathway enrichment can identify the most important biochemical metabolic pathways and signal transduction pathways in which differentially expressed genes are involved. KEGG is the main public database for pathway information (Mortazavi et al., 2008). Pathway significant enrichment analysis uses KEGG pathways as units and applies hypergeometric tests that identify pathways that are significantly enriched in differentially expressed genes compared to the whole genomic background.



Transcriptome-Wide Association Analysis

miRNAs have the ability to inhibit the transcription and translation of target mRNAs or to shear target mRNAs and promote their degradation. Both lncRNAs and circRNAs can act as ceRNAs to bind to microRNAs to regulate mRNA expression. lncRNAs can transcriptionally regulate mRNA expression in cis or in trans and can also act as miRNA sponges to competitively bind miRNAs in posttranscriptional regulation, inhibiting the miRNA regulation of target genes. The source genes of circRNAs can also be transcribed to form linear mRNAs, and changes in circRNA expression levels may affect changes in the expression levels of the mRNAs of their source genes. Based on ceRNA theory, lncRNA-mRNAs that share the same miRNA-binding site were searched for, and lncRNA-miRNA-mRNA combinations were screened. Based on lncRNA-miRNA-mRNA combinations and circRNA-miRNA-mRNA combinations, taking miRNAs as intersection nodes, potential miRNAs that are coregulated by both lncRNAs and circRNAs can be identified. For lncRNAs that regulate mRNAs, including epigenetic regulation, transcriptional regulation and posttranscriptional regulation, we analyzed Hi-C and ATAC-seq data.



Candidate Target Gene Analysis

Candidate target genes obtained by taking intersections of differentially expressed mRNAs as well as target genes that may be regulated by ceRNAs in the results of the association analysis were subjected to gene clustering, GO enrichment, and KEGG enrichment analyses.



Statistical Analysis

All results are expressed as the mean ± standard deviation (SD) of three independent experiments. Statistical analysis was performed using the t test. All statistical tests were two-tailed, and P<0.05 was considered significant.




Results


LncRNAs Expression Analysis

LncRNAs and their target genes prediction step (Supplementary Figure 1A), resulting in structure and sequence information statistics for all lncRNAs, for both known and unknown lncRNA statisticswe can see that unknown lncRNAs account for approximately 80% of the total lncRNAs, while the known lncRNAs account for only 20% of the total lncRNAs (Supplementary Figure 1B). The distribution of length of the lncRNA sequences is primarily greater than 2000 (Supplementary Figure 1C). Approximately 65% of the lncRNAs contained 2 exons and the rest contained 3 or more exons (Supplementary Figure 1D). The results of the lncRNA species distribution show that intergenic lncRNAs account for approximately 46% and antisense lncRNAs account for approximately 44%, but intronic lncRNAs account for only approximately 10% (Supplementary Figure 1E). A total of 3543 cis-acting model target genes (Supplementary Table 1) and 2682 trans-acting model target genes were found (Supplementary Table 2). By comparing the lncRNA gene expression levels under different experimental conditions, the FPKM distribution map (Supplementary Figure 1F) and the box map (Supplementary Figure 1G) were obtained.



Expression Analysis of Differential LncRNAs

The statistics of the upregulated and downregulated expression of the lncRNA genes showed that 49 genes were upregulated and 93 genes were downregulated in the KO group compared with the CK group (Supplementary Table 3). A map of differentially expressed genes (Figure 1A) and a volcano map of differentially expressed genes (Figure 1B) were drawn. Through a cluster analysis of the differentially expressed lncRNA genes indicates that the upregulated and downregulated genes may have similar functions or participate in the same biological process (Figure 1C).




Figure 1 | (A) Sample difference comparing the upregulation and downregulation of lncRNA gene expression. (B) Volcano map of differential lncRNA genes. Red dots indicate significantly upregulated genes, and blue dots indicate downregulated expression. The abscissa represents multiple changes in gene expression in different samples; the ordinate represents statistically significant changes in gene expression. (C) Differential lncRNA gene cluster map clustered by log10 (FPKM+1) values; red indicates highly expressed genes, and green represents genes with low expression. As the color shifts from red to blue, a higher gene expression is indicated. (D) The differential lncRNA target gene GO enrichment histogram and the ordinate enrichment GO term. The abscissa is the number of differential genes in the term. Different colors are used to distinguish biological processes, cellular components and molecular functions. (E) KEGG enrichment and scatter map of differential lncRNA target genes. The vertical axis represents the pathway name, the horizontal axis indicates the size of the rich factor, the dot indicates the number of differentially expressed genes in this pathway, and the color of the dot corresponds to different Q value ranges.





GO Enrichment and KEGG Enrichment of LncRNA Target Genes

A GO analysis of the lncRNA target genes revealed 69 enriched GO terms (Figure 1D), the cell biology processes that were significantly enriched were biological regulation, cellular processes, and single-organism processes. These results suggest that lncRNAs may play an important role in the catalysis of cell metabolism, cell composition and biological regulation. KEGG enrichment analysis of the differentially expressed lncRNA target genes showed that 30166 lncRNA target genes (Supplementary Table 4) were enriched in 38 pathways (Supplementary Table 5). We selected the 20 pathways with the most significant enrichment for display in the KEGG enrichment scatter map (Figure 1E). It can be seen that for biological systems, specifically in types of diseases, metabolism and other related signal pathways, the two pathways of RNA degradation and biosynthesis of unsaturated fatty acids were significantly enriched. The correct handling, quality control and updating of RNA degradation and cellular RNA molecules are very important for the expression of genetic information.



Expression Analysis of Differential mRNAs

The mRNA gene expression levels under different experimental conditions were compared by an FPKM distribution map (Supplementary Figure 1H) and a box diagram (Supplementary Figure 1I). The structure of mRNA was compared with that of lncRNA, the length of mRNA and lncRNA was observed (Supplementary Figure 1J), and the number of exons was compared (Supplementary Figure 1K). A total of 103639 mRNAs (Supplementary Table 6) were enriched, among which 1862 genes (Supplementary Table 7) were significantly differentially expressed. A gene map (Figure 2A) and a volcano map (Figure 2B) of the differentially expressed genes were drawn, and the gene cluster analysis results of the differentially expressed mRNA showed that upregulated and downregulated genes may have similar functions or participate in the same biological process (Figure 2C).




Figure 2 | (A) Sample difference comparing the upregulation and downregulation of mRNA gene expression. (B) Volcano map of differentially expressed mRNAs. Red dots indicate significantly upregulated genes, and blue dots indicate downregulated genes. The abscissa represents multiple changes in gene expression in different samples; the ordinate represents statistically significant differences in gene expression. (C) Differential mRNA gene cluster map clustered by log10 (FPKM+1) values; red indicates highly expressed genes, and green represents genes with low expression. As the color shifts from red to blue, higher gene expression is indicated. (D) The differential mRNA target gene GO enrichment histogram and the ordinate enrichment GO term. The abscissa is the number of differential genes in the term. Different colors are used to distinguish biological processes, cellular components and molecular functions. (E) Differential gene KEGG enrichment and scatter map. The vertical axis represents the pathway name, the horizontal axis indicates the size of the rich factor, the dot indicates the number of differentially expressed genes in this pathway, and the color of the dot corresponds to different P value ranges.





GO Enrichment and KEGG Enrichment of mRNAs

The GO enrichment histogram of the mRNAs of the differentially expressed genes suggests that mRNAs may play an important role in the catalysis of cell metabolism, cell composition and biological regulation (Figure 2D). A total of 31676 differentially expressed mRNAs showed KEGG enrichment (Supplementary Table 8), and 30 pathways with significant enrichment were selected to draw a KEGG enrichment scatter map (Figure 2E), which showed that these genes were significantly enriched in biological systems, specific disease, environmental information processing, cancer and other signaling pathways and were highly enriched in terpenoid backbone biosynthesis, RNA polymerase, biotin metabolism, benzoate degradation and other pathways.



Results of the Association Analysis

Twenty-four differentially expressed microRNAs had possible regulatory relationships with 1096 differentially expressed mRNAs (Supplementary Table 9). Differentially expressed lncRNAs had possible regulatory relationships with 120 target genes (Supplementary Table 10); 72 lncRNAs could upregulate 76 of their target genes, and 39 lncRNAs could downregulate 44 of their target genes. The intersection of differential circRNA source genes and differentially expressed mRNAs was taken, and the differential expression of circRNAs between samples was found to reflect changes in the expression levels of the corresponding mRNAs of the source genes (Figure 3A). The results of the lncRNA-miRNA-mRNA association analysis are shown in Figure 3B (Supplementary Table 11).




Figure 3 | (A) The intersection of differentially circRNA-derived genes and differentially expressed mRNAs. (B) The sankey diagram used for data association analysis, from left to right data categories are lncRNA, miRNA, mRNA, different color blocks in each column are different components in the corresponding category, and the connecting lines between components indicate the association between groups. (C) Comparison of pictures of the region of the Brca1 gene on the chromosome between the CK and KO groups. 0.5M upstream and downstream of selected genes for display. Under the folder are multi-omics joint display images of two genes. The first layer is a heat map of the regional interactions of EL4WT. The second layer is the visualization of the insulation score of EL4WT. Layers 3-6 show the signal values of ATAC and RNA for the two samples in the corresponding regions. Layer seven is the visualization of the insulation score of EL4zbtb1. Layer 8 is the regional interaction heat map of EL4zbtb1. (D) Comparison of pictures of the region of the Dennd5b gene on the chromosome between the CK and KO groups.





Analysis of mRNAs Directly Regulated by lncRNAs

The predicted results of target gene mRNAs of differentially expressed lncRNAs and the actual expression of mRNAs were taken as intersections, and regulatory interference between circRNA, microRNA and mRNA was excluded. Twelve lncRNAs were eventually identified that may have a role in regulating the expression of mRNAs (Supplementary Table 12), of which six lncRNAs can upregulate the expression of target genes through cis activity and six lncRNAs can downregulate the expression of target genes through trans activity. Unfortunately, the differential expression of genes downregulated by lncRNA action was not significant, and the significantly differentially expressed genes upregulated by lncRNA action included Brca1 and Dennd5b. By joint Hi-C and ATAC-seq correlation data analysis, we showed that the spatial structure and chromatin opening of the gene location expressing Brcal did not differ significantly when comparing the CK and KO groups (Figure 3C) and thus may be posttranscriptionally regulated by lncRNAs, while the TAD boundary at the location of the Dennd5b gene is altered and chromatin opening is enhanced (Figure 3D), reminiscent of epigenetic regulation by lncRNAs. We also obtained the binding sites (motifs) of transcription factors and other DNA sequences in differential open regions, identified and annotated motifs in open regions specific to the groups, and found that although there were more motifs in the promoter regions of the Brcal and Dennd5d genes (Figure 4A and showing the top 20), the open regions in the control specific motifs were not found in the results (Supplementary Figure 2). Most of the lncRNA-regulated mRNAs shown in our results are currently involved in only some GO pathways, but their specific functions and the roles they play in the pathway remain to be demonstrated.




Figure 4 | (A) Motif statistical analysis of the promoter regions of the Brca1 and Dennd5b genes. (B) Candidate target genes cluster map clustered by log10 (FPKM+1) values; red indicates highly expressed genes, and green represents genes with low expression. As the color shifts from red to blue, higher gene expression is indicated. (C) Candidate target genes GO enrichment histogram and the ordinate enrichment GO term. The abscissa is the number of differential genes in the term. Different colors are used to distinguish biological processes, cellular components and molecular functions. (D) Candidate target genes KEGG enrichment and scatter map. The vertical axis represents the pathway name, the horizontal axis indicates the size of the rich factor, the dot indicates the number of differentially expressed genes in this pathway, and the color of the dot corresponds to different P value ranges.





Candidate Target Gene Analysis

The results of target genes predicted to be regulated by ceRNAs and mRNAs that actually underwent significant differential expression were intersected to obtain 228 candidate target genes (Supplementary Table 13), subject to clustering analysis of the screened candidate target genes (Figure 4B), and the results of the GO enrichment analysis for the candidate target genes with significant differential expression were not much different from the GO enrichment results for differentially expressed mRNAs (Figure 4C). KEGG enrichment analysis was performed for the differentially expressed candidate target genes, and the results revealed that the candidate target genes were not enriched in pathways and mostly functioned as single genes. Significantly enriched pathways were pathways such as African trypanosomiasis and mitophagy-yeast (Figure 4D).




Discussion

Zbtb1 not only plays an important role in lymphocyte development but has also been associated with cancer and DNA damage repair (Siggs et al., 2012; Kim et al., 2014). Our previous studies identified differential expression of Zbtb1 in pancreatic cancer (Cheng et al., 2021a); a reciprocal inhibitory role between IL-7Rα signalling (Cao et al., 2018); protection of genomic integrity and prevention of p53-mediated apoptosis in proliferating lymphoid progenitor cells (Cao et al., 2016); and differential expression of microRNA and circRNA in Zbtb1 knockdown monoclonal EL4 cells (Wang et al., 2021). Recent studies have shown that the ZBTB gene family is a key regulator of T cell development, differentiation and effector functions (Cheng et al., 2021b). As people continue to study the ZBTB gene family, an increasing number of mechanisms of action and regulatory functions are being revealed.

The understanding of lncRNAs is still in its infancy. lncRNAs were initially considered “noise” of genomic transcription, a byproduct of RNA polymerase II transcription, and had no biological function (Yang and Meng, 2019). However, it was found that some long noncoding RNAs are only expressed at specific stages of eukaryotic development and are closely related to the occurrence of human diseases, including cancer and degenerative neurological diseases, which are serious human health hazards manifested by certain abnormal sequences and spatial structures of long noncoding RNAs, abnormal expression levels, and abnormal interactions with binding proteins (Li et al., 2021; Ma et al., 2021). For lncRNAs, recent studies have shown that lncRNA function depends on their binding to various regulatory elements (Zhang G. et al., 2019).

The differentially expressed genes Brca1 and Dennd5d in this study may be regulated by lncRNA, and Brca1 has multiple functions, including double-stranded DNA break repair, involvement in genomic surveillance, transcription-coupled DNA repair, transcriptional regulation, chromatin remodeling, and ubiquitin ligation and cell cycle checkpoint blockade. In cells, loss of Brca1 function results in spontaneous chromosome breaks and susceptibility to DNA damage (Wang et al., 2021). As a gene directly related to hereditary breast cancer, the possibility of a regulatory relationship between Brca1 and lncRNA is high and may be a potential biomarker for breast cancer and a therapeutic target (Wang et al., 2019). Dennd5b was identified as a prognostic biomarker in colorectal cancer (Zhang Z. et al., 2019) and is involved in the regulation of intestinal triglyceride absorption and body weight (Gordon et al., 2019). Our studies of chromosomal structural changes and open region changes in the Brca1 and Dennd5d genes revealed that Brca1 may be posttranscriptionally regulated by lncRNAs, while Dennd5b is more likely epigenetically regulated by lncRNAs.

We analyzed the whole transcriptome (transcriptome) products of Zbtb1 knockdown EL4 cell lines by combining the differentially expressed mRNAs, lncRNAs, circRNAs, and small RNAs in KO and CK group samples and finally constructed a lncRNA-mediated ceRNA network.

In future studies, it will be necessary to identify the specific regulatory mechanisms of lncRNAs for these two target genes (Brca1 and Dennd5d), especially Brca1, which might identify potential biomarkers and therapeutic targets for breast cancer.
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Supplementary Figure 1 | (A) Flow chart for lncRNA identification and prediction. (B) The known and unknown lncRNA information contained in the sample. (C) The statistical distribution of the lengths of lncRNAs contained in the sample. (D) The statistical distribution of the number of exons in the lncRNAs contained in the sample. (E) The distribution of different lncRNA species in the sample. (F) The lncRNA gene expression level was compared with the FPKM distribution map under different experimental conditions. The abscissa was the log10 (FPKM), and the ordinate and gene density are shown. (G) Under different experimental conditions, the lncRNA gene expression level was compared with the FPKM box map, the abscissa is the sample name, and the ordinate is the box map of each region of log10 (FPKM) with the five-number summary (from top to bottom are the maximum, the upper quartile, the median, the lower quartile and the minimum). (H) Under different experimental conditions, the mRNA gene expression level was compared to the FPKM distribution map, and the abscissa is the log10 (FPKM), and the ordinate is the gene density. (I) Under different experimental conditions, the mRNA gene expression level was compared to the FPKM box map, the abscissa is the sample name, and the ordinate is the box map of each region of log10 (FPKM) with the five-number summary (from top to bottom are the maximum, the upper quartile, the median, the lower quartile and the minimum). (J) The statistical distribution of the length of transcripts of different types contained in all samples, where green indicates mRNA, red indicates lncRNA, and blue indicates novel RNA. (K) The statistical distribution of the number of exons contained in different types of transcripts in all samples, where green indicates mRNA, red indicates lncRNA, and blue indicates novel RNA.

Supplementary Figure 2 | Summary plot of motifs specific to differentially open regions of the CK group

Supplementary Table 1 | (1) LncRNA_geneID: LncRNA gene ID; (2) LncRNA_ID: LncRNA ID; (3) TargetGeneID: target gene ID; (4) the number of overlapping bases between NumberBasesMapped and the target gene promoter; (5) the regulation of effects on the target gene.

Supplementary Table 2 | (1) ID of LncName: LncRNA; (2) Transcript name of TargetTranscriptID: action; (3) Regulation of effects on target genes.

Supplementary Table 3 | Statistics for the significant differential expression of lncRNA genes that are upregulated and downregulated.

Supplementary Table 4 | Specific effects of differentially expressed lncRNAs on target gene statistics.

Supplementary Table 5 | KEGG enrichment list of differentially expressed lncRNA target genes (1) PathwayID: pathway ID; (2) Pathway: pathway name; (3) DEGs with pathway annotation: the number of genes in the differential analysis comparison group; (4) All genes with pathway annotation: the number of genes in the genetic background; (5) P value: this pathway enriches the P value; (6) Q value: this pathway enriches the Q value; (7) Genelist: this pathway enriches the list of differential genes; (8) KOlist: this pathway enriches the KO list of differential genes.

Supplementary Table 6 | Statistics for the lncRNA target gene enrichment pathways.

Supplementary Table 7 | Enrichment in the statistics of total differentially expressed mRNA genes: (1) the average normalization of the number of IDs; (2) baseMean: fragments of Id: genes and the average value under two conditions; (3) log2FoldChange: takes log; (4) lfcSE: to estimate the standard error of log2FoldChange based on 2; (5) stat: the Wald test; (6) significant statistical differences in the p value; (7) padj: FDR correction P value.

Supplementary Table 8 | 31676 differentially expressed mRNAs showed KEGG enrichment.

Supplementary Table 9 | Differentially expressed miRNA and its differentially expressed target mRNA statistics: (1) the up-down relationship of ID; (2) miRNA_up/down: miRNA of miRNA_ID: miRNA; (3) the up-down relationship of ID; (4) mRNA_up/down: mRNA of mRNA_ID: miRNA target mRNA.

Supplementary Table 10 | lncRNAs transcribed the expression of mRNA (up- and downregulated by 1) lncRNA: lncRNA ID; (2) Target: mRNA ID.

Supplementary Table 11 | The results of lncRNA-miRNA-mRNA association analysis.

Supplementary Table 12 | The 12 lncNRAs obtained by screening may play a regulatory role in regulating the expression of mrna.

Supplementary Table 13 | Statistical table of 228 candidate target genes.
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Despite being vaccine preventable, rabies (lyssavirus) still has a significant impact on global mortality, disproportionally affecting children under 15 years of age. This neurotropic virus is deft at avoiding the immune system while travelling through neurons to the brain. Until recently, research efforts into the role of non-coding RNAs in rabies pathogenicity and detection have been hampered by a lack of human in vitro neuronal models. Here, we utilized our previously described human stem cell-derived neural model to investigate the effect of lyssavirus infection on microRNA (miRNA) expression in human neural cells and their secreted exosomes. Conventional differential expression analysis identified 25 cellular and 16 exosomal miRNAs that were significantly altered (FDR adjusted P-value <0.05) in response to different lyssavirus strains. Supervised machine learning algorithms determined 6 cellular miRNAs (miR-99b-5p, miR-346, miR-5701, miR-138-2-3p, miR-651-5p, and miR-7977) were indicative of lyssavirus infection (100% accuracy), with the first four miRNAs having previously established roles in neuronal function, or panic and impulsivity-related behaviors. Another 4-miRNA signatures in exosomes (miR-25-3p, miR-26b-5p, miR-218-5p, miR-598-3p) can independently predict lyssavirus infected cells with >99% accuracy. Identification of these robust lyssavirus miRNA signatures offers further insight into neural lineage responses to infection and provides a foundation for utilizing exosome miRNAs in the development of next-generation molecular diagnostics for rabies.
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Introduction

Rabies virus (Family Rhabdoviridae, genus Lyssavirus) is among the most lethal viruses that invade and infect the central nervous system (CNS), leading to an estimated 59,000 deaths annually worldwide (Knobel et al., 2005; Schnell et al., 2010; Hampson et al., 2015; Olugasa et al., 2020; Abdulmoghni et al., 2021). As rabies is a neglected tropical disease that predominantly impacts economically poor and non-industrialized countries, the actual burden of this disease is likely to be significantly under-reported (Taylor et al., 2017; WHO, 2018). Classical rabies virus is the most commonly known member of Lyssavirus genus (Troupin et al., 2016), however there are 15 other genetically related viruses within the genus, most of which have been isolated from bats (Delmas et al., 2008; Rupprecht et al., 2017; Shipley et al., 2019).

Transmission of the virus occurs following intramuscular exposure, usually through an animal bite. From the wound site, the virus migrates to the brain via the peripheral nervous system in an asymptomatic pre-clinical phase, typically taking between two weeks and three months to occur (Schnell et al., 2010). Once resident in the CNS, the virus causes encephalomyelitis and manifests in neurological symptoms including, seizures, confusion, aggression, muscle weakness, paralysis, and ultimately culminates in death. Treatment of patients presenting with clinical signs is limited to palliative care, or in rare cases, implementation of the “Milwaukee protocol” is used to induce a therapeutic coma and an anti-excitotoxic strategy while the native immune response matures (Willoughby et al., 2005; Ledesma et al., 2020). However, more contemporary review of these methods has cast doubt on scientifically proven validity of this approach (Wilde and Hemachudha, 2015; Zeiler and Jackson, 2016).

Administration of a rabies vaccine and/or post-exposure prophylaxis treatment (PEP) has proven efficacy in combatting the infection in the pre-clinical phase (Sreenivasan et al., 2019). Whilst this is easily accessed throughout wealthy countries, in developing countries access to vaccination and PEP is limited and often very expensive. Many people in these resource-poor situations are left to lives with the progression and outcome of the disease.

An absence of diagnostic tests for pre-clinical rabies infection further compounds the difficulty treating and managing the risk of clinical disease onset. The virus can efficiently evade antigen presentation to the immune system during replication and transit between neurons (Ito et al., 2016), so traditional serological and molecular diagnostics are often unable to detect pre-clinical viral infection and sensitivity to serological tests is as low as 20% in unvaccinated patients (Mahadevan et al., 2016). The current gold standard diagnostic test for rabies utilizes post-mortem brain smears to fluorescently detect viral antigens, and is, for obvious reasons, of little help outside disease surveillance and reporting. Additionally, other etiologies (both infectious and non-infectious) may result in a similar clinical presentation, which can result in misdiagnosis, especially in regions where human rabies is less common (Fooks et al., 2017). Therefore, the development of diagnostic or testing protocols for detection of rabies virus infection needs to circumvent the pitfalls of “traditional” approaches and instead consider a more novel approach to understanding and detecting this evasive virus.

MicroRNAs (miRNAs) are central players in cellular development and function. They have established roles in brain development and neuronal communication and are important in the development of neurodegenerative disorders (Thomas et al., 2018; Cho et al., 2019; Garcia-Fonseca et al., 2021). These small (20-22nt) non-coding RNAs regulate endogenous gene expression and display rapid changes in response to viral infection (within 3 hours in vitro and 24 hours in vivo when challenged with Hendra virus) (Stewart et al., 2013). By examining the changes in miRNA expression during viral infection, we can gain insights into the molecular pathways of viral pathogenesis and further explore potential pro- and anti-viral targets (Foo et al., 2016; Trobaugh and Klimstra, 2017).

Recent studies have highlighted miRNAs as potential biomarkers for a wide range of infectious diseases, including viral infection (Cowled et al., 2017; Biswas et al., 2019; Tribolet et al., 2020). MicroRNAs are present in all reported biofluids, including plasma/serum, urine, milk, and saliva, which allows minimally invasive sampling for the detection of localized disease. MicroRNAs are also resistant to degradation by endonucleases, temperature, and pH, thus providing a robust and promising biomarker for diagnostic applications (Chen et al., 2008; Tribolet et al., 2020).

Furthermore, miRNAs are often packaged into exosomes (extracellular vesicles 30-100 nm in size) and their abundance changes in a wide range of disease states, including neurodegenerative and infectious diseases (Bellingham et al., 2012; Baluni et al., 2018; Lyu et al., 2019; Wang et al., 2019; Hornung et al., 2020). As exosomes are also found in a range of biological fluids (including blood, urine, saliva, cerebrospinal fluid and synovial fluid), there is a growing interest in exploring exosomes and their contents as non-invasive biomarkers for the early detection and prognosis of diseases (Zhang and Yang, 2018). Interestingly, an increase in exosome production has been reported to correlate with rabies infection (Wang et al., 2019), however an examination of their miRNA cargo has not been performed.

MicroRNA expression profiling has been documented in mouse brain tissue following infection with rabies virus (Zhao et al., 2012a; Zhao et al., 2012b; Shi et al., 2014), although analysis of lyssavirus-induced miRNA changes in human neurons has not been explored due to limitations in experimental platforms available. Previously, we have generated and characterized human stem cell-derived neural models for the investigation of rabies pathogenesis (Sundaramoorthy et al., 2020a). This approach allows ethical, reproducible, high-throughput, and relevant investigations of lyssavirus infections directly on a human cell system.

In this study we have utilized one of these models to investigate the lyssavirus-induced changes in neural miRNAs, providing insights into the molecular mechanisms of pathogenesis of this deadly neurotropic virus. Using this model, we have also examined virus-mediated miRNAs released in exosomes as a putative source of disease biomarkers for future diagnostic applications. Implementation of bioinformatics and advanced machine learning (ML) techniques in this study have aided the discovery, refinement, and validation of these host biomarkers, and allowed a direct comparison to the conventional differential expression (DE) analysis of miRNA signatures. Together, these novel cell culture and computational platforms have provided a new way of assessing the host-virus response of lyssavirus infection in human neurons and provides a modern appraisal on the validity of miRNA signatures as biomarkers of lyssavirus infection.



Methods


Ethics Statement

Human ethics: All work using human pluripotent-derived neural stem and progenitor cells (hNPCs) was carried out in accordance with Australia’s National Health and Medical Research Council (NHMRC) ‘National Statement on Ethical Conduct in Human Research’ (2007, updated 2018), the ‘Australian Code for the Responsible Conduct of Research’ (2007, updated 2018), and with approval from the Commonwealth Scientific and Industrial Research Organization (CSIRO) Health and Medical Research Ethics Committee (LR 16/2017 29/11/2017).



Cell Culture and Lyssavirus Infection

HDF51i-509 neural progenitor cells (NPCs) were maintained in culture and terminally differentiated as previously described for at least 25 days (Sundaramoorthy et al., 2020a). Lyssavirus culture and infections were also performed as previously described (Sundaramoorthy et al., 2020a). To investigate the host molecular response to lyssavirus infection we utilized several different strains, including a laboratory-adapted CVS-11 strain, an Australian bat lyssavirus strain isolated from an infected horse (H.ABLV), and two rabies viruses, one from a Canadian silver-haired bat (SHBRV), and the other from a Zimbabwean dog (Z.Dog). Briefly, infections were conducted using human stem cell-derived neural cultures differentiated in a 24-well plate for 25-32 days with an MOI of 1 (based on the viral titre determined in BHK-1 cells). Uninfected “mock” controls had an equal volume of cell culture media added. Viral adsorption was left for 16 hours, then the inoculum was removed, the cells were washed, and fresh media added. Infections were left for a further 3 days before samples were taken. Four lyssavirus strains were utilized in this study: CVS-11, a laboratory adapted strain, and 3 field isolates (Sundaramoorthy et al., 2020a). The field isolates included Australian bat lyssavirus isolated from a horse (H.ABLV), and rabies viruses isolated from a Canadian silver-haired bat (SHBRV) and a Zimbabwean dog (Z.Dog). Three separate differentiation and infection experiments were conducted per lyssavirus strain, each with three technical replicates. Sequencing analyses were performed from 1-3 technical replicates in each of the three biological replicates.



Immunoblotting

Immunoblotting was carried out using the BOLT pre-cast electrophoresis system (Invitrogen), where 20 µl of protein lysate was separated on 4-12% pre-cast NuPAGE Bis-Tris Midi Gels (Life Technologies) and transferred to PVDF (in full) membrane (ThermoFisher Scientific). Immunoblots were blocked with 3% w/v BSA in DPBS and incubated with primary antibodies for 1 hr, before detection with HRP-conjugated secondary antibodies (1:5000; BIO-RAD), and an ECL detection kit (Pierce). Primary antibodies: rabbit anti-rabies nucleoprotein (1:3000, in-house (Rahmadane et al., 2017); chicken anti-MAP2 (1:1000, ABCAM, cat#ab4674); rabbit anti-GFAP (1:1000, DAKO cat#Z0334); mouse anti-tubulin (1:500, Sigma cat#T8535).



Exosome Isolation and RNA Extraction

Tissue culture supernatant was carefully removed from the neural cell cultures, then centrifuged at 300 x g for 10 min to pellet any cells or cell debris. Exosomes were isolated from 1 ml cell-free culture supernatant using Total Exosome Isolation Reagent (Invitrogen) as per the manufacturer’s protocol. Briefly, 500 µl of exosome isolation reagent was thoroughly mixed with 1 ml of cell-free supernatant and then incubated for 16 hr at 4°C. The reagent-supernatant mix was then centrifuged at 10,000 x g for 1 hr to pellet the exosomes. This method results the concentration of exosomes, however a small amount of other non-exosomal contaminants and protein aggregates may also be present (Zeringer et al., 2013; Li et al., 2017), the latter of which is removed during the RNA isolation process. The supernatant was discarded and exosomal RNA immediately extracted by adding the lysis buffer directly to the exosome pellet.



RNA Extraction and Sequencing

Total RNA from human stem cell-derived neural cells and exosomes was isolated using the miRCURY RNA Isolation Kit-Cell and Plant (Exiqon, Copenhagen, Denmark) following the manufacturer’s protocol. RNA was quantitated using a spectrophotometer. cDNA libraries were constructed using the QIAseq miRNA Library Kit and QIAseq miRNA NGS 48 Index IL (Qiagen) as per the manufacturer’s protocol. For cell samples, 200 ng of total input RNA was used as the template with 16 cycles of library amplification. For exosome samples, 5 µl of eluted total RNA was used as the template with 22 cycles of library amplification. All libraries went through pre-sequencing quality control using the High Sensitivity DNA kit on the Bioanalyzer 2100 (Agilent) to ensure appropriate amplicon insert and minimal adapter carryover. Libraries were analyzed at the Australian Genome Research Facility (AGRF) for 100 bp single-end sequencing using the HiSeq 2500 (Illumina).



Data Pre-Processing, Differential Expression, and Machine Learning Analysis

Pre-processing and downstream analysis was conducted as previously described (Farr et al., 2021). Briefly, adapters were trimmed [cutadapt (Martin, 2011)], reads underwent QC (FastQC, Babraham Bioinformatics), then were mapped and quantified [miRDeep2 (Friedlander et al., 2012)] against the miRBase human reference (version 22) (Kozomara et al., 2019). Read normalization and differential expression analysis was completed using DESeq2 (Love et al., 2014). FDR adjusted p-values < 0.05 were considered significant. Machine learning (ML) analysis was conducted using the scikit-learn (Pedregosa et al., 2011) module in Python. Highly correlated miRNAs (Pearson R of >0.8 or <-0.8) were removed, then the data was scaled using a robust scaling method (the median was removed, and the data scaled according to the interquartile range). Feature (miRNA) selection was performed using recursive feature elimination (RFE) based on a logistic regression classification model. The model was optimized then assessed by splitting the data up randomly into 70% labelled training data and 30% unlabelled test data, and the predicted classes of the test data samples were compared to the true classes. This process was repeated 1,000 times to ensure confidence in the classification performance. The logistic regression models were assessed for their accuracy (how many of the predictions were correct), precision (how many of the predicted positives were true positives), recall (how many of the true positives were found by the model), and receiver operating characteristic area under the curve (ROC AUC), which is a succinct metric to describe a binary classification model (Tribolet et al., 2020). All ML analysis was conducted by comparing uninfected mock samples with lyssavirus infected samples (all strains grouped together).



RT-qPCR

Lyssavirus N protein RNA and 18S rRNA was quantified as previously described (Sundaramoorthy et al., 2020a). Briefly, 30 ng of total input RNA was converted to cDNA and amplified using the AgPath-ID One-Step RT-PCR kit (Applied Biosystems) as per the manufacturer’s instructions. RABVD1 primers and FAM probe (Nadin-Davis et al., 2009) were utilized to quantify CVS-11, SHBRV and Z.Dog strains, and the insectivorous ABLV primers and FAM probe (Foord et al., 2006) were utilized to quantify H.ABLV (both primer and probe sets were synthesized by Integrated DNA Technologies). Eukaryotic 18S rRNA Endogenous Control (VIC™/MGB probe, primer limited) primer/probe mix (Applied Biosystems) was used to measure 18S rRNA. Quantitative PCR was completed using the QuantStudio™ 6 Flex Real-Time PCR instrument (Applied Biosystems). Cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The threshold for all reactions was set to 0.1. Lyssavirus nucleoprotein RNA levels were normalized to 18S rRNA. Undetectable results were reported with Ct of 40.



Statistical Analysis

Statistical analyses were completed using the SciPy v1.6.0 (Virtanen et al., 2020) and scikit-posthocs v0.6.7 (Terpilowski, 2019) packages. All measurements were taken from distinct samples. Differences in lyssavirus N protein RNA expression were compared using Kruskal-Wallis H test with post-hoc Dunn’s multiple comparison test.




Results


MicroRNA Expression in a Neural Lyssavirus Infection Model

In line with previous observations (Sundaramoorthy et al., 2020a), this neural culture displayed higher levels of neuronal marker MAP2, compared with glial marker GFAP, and can be infected all lyssavirus strains, with high levels of viral RNA and protein detectable 72 hours post-infection (h.p.i, Figures 1A, B). Despite an identical MOI for all infections, we observed significant differences in the detectable viral gene expression at 72 h.p.i (Figure 1), suggesting that some lyssavirus strains may replicate more efficiently than others in this cell model.




Figure 1 | Lyssavirus infection of human stem cell derived neural cultures. (A) Boxplot of lyssavirus N protein RNA expression in CVS-11 (orange, n = 11), H.ABLV (green, n = 12), SHBRV (red, n = 10), and Z.Dog (purple, n = 12) infected HDF51i-509 neural cell cultures following 25-32 days in vitro differentiation. All sample numbers are technical replicates obtained from three separate biological experiments. Boxes are the 25th - 75th percentile, line is the median, and whiskers are 1.5x IQR. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001. (B) Immunoblot of lyssavirus infection (RABV N protein) in HDF51i-509 stem cell-derived neural cultures expressing glial (GFAP), and neuronal (MAP2) markers.



Small RNA NGS resulted in 13-19 million (average 16 million) raw reads for the cellular samples, and 15-33 million (average 18 million) raw reads for their corresponding exosome samples (submitted to the NCBI short read archive, BioProject PRJNA765814). Adapters were removed from the raw reads, and then the reads were subject to filtering based on length and quality, leaving 7-13 million cellular reads (average 9 million), and 3-14 million exosomal reads (average 8 million) for further analysis. A total of 832 mature cellular and 556 mature exosomal miRNAs were identified using miRDeep2 (Figure 2A), and their normalized reads were utilized for downstream analysis. Despite significant differences in viral gene expression, no cellular or exosomal miRNA displayed meaningful correlation with changes in viral RNA (Pearson R2 > 0.5), indicating that the degree of viral replication does not have a direct relationship with host miRNA expression. Predictably, there was considerable overlap between the miRNAs detected in the cellular and exosomal fractions, however 31 miRNAs were only found in secreted exosomes (Figure 2B). The most abundant cellular miRNA was miR-9-5p, followed by miR-125b-5p and let-7a-5p (Figure 2C). The most abundant exosomal miRNA was let-7c-5p, followed by miR-125b-5p and miR-9-5p (Figure 2D). Again, we saw overlap of highly expressed miRNAs (each with >2% of the total reads) between cell and exosome samples, except for two miRNAs in cellular samples (miR-7-5p and miR-9-3p), and two miRNAs in exosome samples (let-7b-5p and miR-1246).




Figure 2 | Overview of neuronal cellular and exosomal miRNAs. (A) Barplot of the number of mature miRNAs detected in cells or exosomes from each condition – Mock infection (blue, n = 6 cell, 9 exosome), CVS-11 (orange, n = 8 cell, 9 exosome), H.ABLV (green, n = 5 cell, 9 exosome), SHBRV (red, n = 5 cell, 9 exosome), and Z.Dog (purple, n = 6 cell, 9 exosome). All sample numbers are technical replicates obtained from three separate biological experiments. Error bars are 95% CI. (B) Venn diagram of the mature miRNAs detected in the neural cultures, exosomes or both. (C, D) Treemap plots displaying the most abundant miRNAs (each miRNA has > 2% of the total reads) in the neural (C) cells and (D) exosomes.





Lyssavirus Infection Induces Host miRNA Responses

After DESeq2 normalization, a subset of 25 differentially expressed (DE) cellular miRNAs were found (false-discovery rate, FDR<0.05) after infection with at least one lyssavirus strain compared to uninfected mock controls (Supplementary Table 1). CVS-11 infection had a more widespread effect on miRNA expression than the field lyssavirus strains (21 differentially expressed miRNAs compared to 8-9 miRNAs in the field isolates), with 14 miRNAs changing only in response to this lab-adapted virus (Supplementary Table 1). Five miRNAs (miR-619-5p, -10395-3p, -345-3p, -3609, and -5701) decreased in response to all lyssavirus strains tested (Figure 3A). Supervised linear discriminant analysis (LDA) shows moderate separation between mock infection and lyssavirus samples using the 5 common DE miRNAs, however one mock sample clustered with lyssavirus samples (Figure 3B). Machine learning (ML) was then used as a multivariate analysis tool to identify miRNAs whose combined change in expression allowed lyssavirus infected cells to be distinguished from uninfected mock controls. ML identified 6 miRNAs (miR-5701, miR-138-2-3p, miR-346, miR-99b-5p, miR-651-5p, and miR-7977) (Figure 3C) that could distinguish lyssavirus infected neural cells with 100% accuracy, precision, recall, and ROC AUC (Figure 3D). Of these, only miR-5701 was also identified through DE analysis. These 6 ML miRNAs allow greater separation between the groups, and deliver a classification model with high confidence, as seen in the decision boundary graph (Figure 3E). Interestingly, ML analysis highlighted more miRNAs associated with neuronal cell function or altered behavior than DE analysis (4 and 2, respectively) (Figure 3F).




Figure 3 | Lyssavirus infection results in cellular miRNA changes. (A) Fold change barplot of differentially expressed HDF51i-509 neural miRNAs (adjusted p-value < 0.05) common to CVS-11 (orange, n = 8), H.ABLV (green, n = 5), SHBRV (red, n = 5), and Z.Dog (purple, n = 6) compared with Mock infection (n = 6). All sample numbers are technical replicates obtained from three separate biological experiments. (B) Linear discriminant analysis (LDA) scatterplot using the 5 common DE miRNAs. Groups are Mock infection (blue), CVS-11 (orange), H.ABLV (green), SHBRV (red), and Z.Dog (purple). (C) Feature (miRNA) selection line plot showing the impact of increasing numbers of miRNAs on the performance of a logistic regression model. MicroRNAs were selected using recursive feature elimination to identify the most important miRNAs. Each combination of miRNAs was randomly assessed 1,000 times. Shaded areas are the 95% CI, and the dotted line is a perfect (100%) score. (D) Barplot showing the average performance metrics of the 6-miRNA ML signature in classifying mock infected and lyssavirus-infected neural cell culture. Error bars are the 95% CI after 1,000 random iterative assessments. Dotted line is 100%. (E) Decision boundary graph showing the logistic regression decision point (solid black line) and the probability neural cells are infected with lyssavirus (blue to red shading). Datapoints are mock infection (circles), CVS-11 (crosses), H.ABLV (squares), SHBRV (plusses), and Z.Dog (diamonds) neuronal cell samples. (F) Table listing miRNAs highlighted by differential expression (DE) and machine learning (ML) analysis. MicroRNAs highlighted in green have been previously associated with neuronal cell function, altered behavior, or both.





Four Exosomal miRNAs Can Accurately Predict Neuronal Lyssavirus Infection

To investigate the use of cell-free miRNAs as biomarkers of lyssavirus infection, we profiled the changes in exosomal miRNAs released from this stem cell-derived neural model. Mirroring the cellular miRNA results, CVS-11 triggered the most diverse changes, with the abundance of 12 miRNAs (6 up, 6 down) significantly altered (Figure 4A). Surprisingly, SHBRV did not result in any DE miRNAs being detected, while only 2 DE miRNAs (both downregulated) were found in exosomes from Z.Dog infected neurons (Figure 4A and Supplementary Table 2). As there were no common DE miRNAs, the abundance of all 16 identified DE miRNAs was used in the supervised LDA analysis, which resulted in moderate separation between the uninfected mock and lyssavirus infected groups (Figure 4B). ML was then employed to identify a minimal exosomal miRNA signature that could be used to predict lyssavirus infection in the neural cells. The data was randomly split into discovery and validation sets, a logistic regression classification model was trained and tested, then this process was repeated 1,000 times to determine reproducibility. The most predictive miRNAs were selected using recursive feature elimination (Figure 4C). Four miRNAs (miR-25-3p, miR-26b-5p, miR-218-5p, miR-598-3p) were identified to be the optimal signature, resulting in 99.2% accuracy, 99.8% precision, 99.2% recall and 100% ROC AUC (Figure 4D). Interestingly, only miR-25-3p and miR-218-5p were identified using DE analysis; if using only these two DE miRNAs the accuracy of the ML model drops to 86.1%. Adding additional miRNAs into the signature did not improve performance, and more than 12 miRNAs resulted in the accuracy of the model falling significantly (Figure 4C). A decision boundary graph shows a clear separation between the uninfected mock samples and the lyssavirus groups (Figure 4E).




Figure 4 | Exosomal miRNA composition changes during neuronal lyssavirus infection. (A) Stacked barplot showing the number of DE HDF51i-509 neural exosomal miRNAs (upregulated – grey, downregulated – black) identified in response to each lyssavirus strain compared to a mock infection. (B) Linear discriminant analysis (LDA) scatterplot using all 16 DE miRNAs identified in at least one lyssavirus strain. Groups are Mock infection (blue), CVS-11 (orange), H.ABLV (green), SHBRV (red), and Z.Dog (purple). N = 9 technical replicates in each group obtained from three separate biological experiments. (C) Feature (miRNA) selection lineplot showing the impact of increasing numbers of miRNAs on the performance of a logistic regression model. MicroRNAs were selected using recursive feature elimination to identify the most important miRNAs. Each combination of miRNAs was randomly assessed 1,000 times. Shaded areas are the 95% CI, and the dotted line is a perfect (100%) score. (D) Barplot showing the average performance metrics of the 6-miRNA ML signature in classifying mock infection and lyssavirus-infected neural cell culture. Error bars are the 95% CI after 1,000 random iterative assessments. Dotted line is 100%. (E) Decision boundary graph showing the logistic regression decision point (solid black line) and the probability neural cells are infected with lyssavirus based on the exosomal miRNA signature (blue to red shading). Datapoints are mock infection (circles), CVS-11 (crosses), H.ABLV (squares), SHBRV (plusses), and Z.Dog (diamonds) neural cell samples.






Discussion

Evasion of the host immune response is a key feature of rabies pathogenesis, which has not only hindered the development of diagnostic tests for pre-clinical infection but has limited our understanding of the host-cell response at a cellular and molecular level. In concert, a lack of appropriate ex-vivo models for studying rabies infection in human neurons has contributed to the critical knowledge gap around the clinical pathogenesis of the virus. Here, we have utilized a previously described human stem cell-derived neural model (Sundaramoorthy et al., 2020a) to better explore host-cell and exosome associated miRNA expression during human rabies infection, and ascertain the use of miRNA expression as a reliable predictive biomarker of infection.

Several studies have previously examined lyssavirus-mediated miRNA changes in brain homogenates of infected mouse models (Han et al., 2011, Zhao et al., 2012a; Zhao et al., 2012b, Shi et al., 2014). However, despite recent advances in modelling neurotropic viruses in human neural stem cell systems (Tabari et al., 2020), the application of in vitro or human neural stem cell model systems has not been employed for improved differentiation between cellular or non-cellular (exosomal) miRNAs for lyssaviruses.

In this study, we also took the opportunity to compare differing bioinformatics approaches: conventional differential expression (DE) and machine learning (ML) analysis. DE is performed by comparing the expression levels of each miRNA between groups and using a statistical test to assess the probability of any difference happening by random chance. As there is usually a large number of comparisons (832 in the cell samples), stringent p-value corrections are often applied to control false positives. This approach effectively identifies large scale changes but can result in false negatives due to overly harsh p-value corrections. This potentially explains why no DE exosomal miRNAs were identified in human neural cultures infected with SHBRV (Figure 4A). DE also only looks at individual miRNA changes, with no regard for the complex molecular interplay which occurs in biological systems.

ML, on the other hand, attempts to build a model that results in the best classification prediction (in this case testing mock infection or infected status of cell cultures), usually in terms of accuracy, precision, recall or ROC AUC. Although a ML model can be constructed using a single miRNA, it is more often built using multiple miRNAs, utilizing their combined expression pattern, rather than looking at them individually. This will better take into consideration the complexity of the larger system and enable accurate predictive analysis. Unfortunately, ML can be challenging to implement, and its performance is often dependent on the amount of data available (more samples generally result in a stronger model). ML is yet to be become a default methodology within the biological sciences, although it is likely to become more widespread. Indeed, some miRNA studies have already implemented this approach (Duy et al., 2016; Farr et al., 2021; Wong et al., 2021).

By applying a multivariate, machine learning (ML) data analysis methodology, we have identified unique cellular and exosomal miRNA signatures of lyssavirus pathology that predict infection with 100% and 99.2% accuracy respectively (Figures 3D, 4D). These signatures result in more distinct separation of uninfected and lyssavirus infected samples (Figures 3B, 4B) and identified more miRNAs involved in neuronal cell fate and behavioral traits (Figure 3F), when compared to miRNAs highlighted through DE analysis.

Understanding the roles of these newly identified miRNAs in the host-cell infection response holds the potential to significantly improve our knowledge of the pathology and pathogenesis of viral disease. Here, ML analysis has highlighted both cell-associated and exosomal miRNAs associated with virus infection in neurons, that were not all detected using DE analysis. MicroRNA-5701 (found in both DE and ML analysis) regulates neuronal cell death through mitochondrial-lysosomal cross talk (Prajapati et al., 2018), but taken alone provides little insight into the pathogenic mechanism of the virus. However, when we start to consider other miRNAs identified in the associated ML signature (miR-99b-5p, miR-346, miR-5701, miR-138-2-3p, miR-651-5p, and miR-7977), we can begin to hypothesize on the molecular mechanisms underpinning viral pathogenesis in the neurons.

For example, many of the cellular and exosomal miRNAs identified through ML analysis have been previously associated with neuronal cell death and neurodegenerative disorders. MicroRNA-99b-5p and miR-5701 (ML cell signature) have established roles in neuronal cell death (Ye et al., 2015; Prajapati et al., 2018), neuroprotection (Altintas et al., 2016) and neuroregeneration (Cao et al., 2017), while miR-25-3p and miR-218-5p (exosome ML signature) have been shown to have neuroprotective effects in models of stroke (Kuang et al., 2020), epilepsy (Li et al., 2020) and Parkinson’s disease (Ma et al., 2021).

Whilst lyssavirus does not induce apoptosis in infected neurons, it has been shown that neurons activate a selective and compartmentalized SARM-1-mediated degeneration of their axons and dendrites in response to infection with different field strains of lyssavirus (Sundaramoorthy et al., 2020b). This response may act as a putative neuroprotective mechanism against the transport of the pathogen through the peripheral and central nervous system. A similar axonal destruction mechanism, called Wallerian degeneration, has also been reported in Amyotrophic lateral sclerosis (ALS) and Parkinson’s disease (White et al., 2019). Deletion of Dicer (a key protein in miRNA biogenesis) results in progressive axonal degeneration in the peripheral nervous system of mice (Li et al., 2018), indicating a role for miRNAs in regulating this cellular response. More research is needed to confirm the role of ML miRNA candidates such as miR-99b-5p, miR-5701, miR-25-3p and miR-218-5p in regulating neuronal degeneration during lyssavirus infection, however they are compelling candidates in this pathogenesis pathway and warrant further investigation.

Another sub-set of miRNAs identified by ML correlate to behavioral regulation by the brain. For instance, miR-138-2 (ML cell signature) is associated with panic disorder and directly targets the gamma-aminobutyric acid receptor GABRA6, a gene implicated in the etiology of anxiety disorders (Muinos-Gimeno et al., 2011). Overexpression of this miRNA in C57BL/6J mice lead to impaired learning and memory, and increased anxiety (Boscher et al., 2020). MicroRNA-598-3p (exosome ML signature) was also shown to change during hearing loss-related cognitive impairment (Mun et al., 2021). Circulating miR-26b-5p was altered in Alzheimer’s disease and the behavioral variant of Frontotemporal dementia, a condition that leads to behavioral disinhibition, impulsivity, and deficits in complex thinking (Denk et al., 2018). Finally, although not significantly correlated with impulsive traits, miR-346 (exosome ML signature) is located within Neuroregulin-3, a gene that has been shown to regulate impulsivity in mice (Loos et al., 2014; Pietrzykowski and Spijker, 2014) and promotes synapse formation in excitatory neurons (Muller et al., 2018). This miRNA was also reduced in extracellular vesicles in the forebrain of mice with chronic temporal lobe epilepsy (Gitai et al., 2020). Together, this cluster of miRNAs generated from the ML algorithm may point to a role of miRNAs in the behavioral alterations, confusion, and anxiety that is often seen in clinical rabies infections. Again, this would warrant a much deeper analysis, but provides a basis for furthering our understanding of the molecular mechanisms underpinning clinical signs and symptoms of the disease.

Interestingly, linear discriminant analysis (LDA) of the 16 exosome miRNAs obtained from DE analysis was able to highlight strain-specific miRNA changes, especially when comparing the lab-adapted CVS-11 strain and the field isolates. CVS-11 infection affected the expression of more distinct miRNAs than the field isolates, both within neural cell cultures and the exosomes they secrete (Supplementary Tables 1, 2). This has important implications for studies exclusively employing lab-adapted strains for rabies disease modelling as these strains may not offer a realistic insight into rabies pathogenesis of field isolates. Indeed, attenuated lyssaviruses have been shown to activate the host immune response, rather than evade it (Wang et al., 2005), and CVS-11 specific miRNA responses may play a role in this divergent host-pathogen interaction, although further work is warranted to confirm this relationship.

Finally, exosome miRNA signatures have the potential to be explored as biomarkers for novel diagnostic tests against pre-clinical rabies infection. As previously mentioned, Rabies has an unusually long asymptomatic incubation period with little to no early immune activation, which has led to a gap in effective ante-mortem diagnostic testing protocols. Prophylactic treatment is effective but costly, and sometimes inaccessible. A tool to stratify infected patients and justify the cost versus benefit of therapeutic intervention would enable more efficient implementation, particularly throughout the developing world.

Prior to this study, only one paper has investigated the release of miRNAs into circulation following rabies infection (Han et al., 2011). Seven serum miRNAs were found to be DE in the study by (Han et al., 2011), none of which were identified by our analysis. Several reasons may have contributed to this discrepancy, including the use of an in vivo murine model of infection as opposed to/compared to our in vitro human neural culture system; serum versus cell culture supernatant sampling of putative miRNAs; low sampling numbers from the animal model which displayed extensive heterogeneity in viral RNA and protein expression in infected groups; and the timing of sampling – 1 week versus 72 hours post-inoculation. On this last point it is interesting to note that (Han et al., 2011) do state that the expression of the seven miRNAs identified was specific to the infected mice, regardless of infection stage between 1-3 weeks. However, from this study it is not known if the miRNA expression profile would be different at a time point earlier than 1 week post-inoculation.

From our study, the four exosomal miRNAs (miR-25-3p, miR-26b-5p, miR-218-5p, miR-598-3p) that were identified could be used to predict lyssavirus infection in the neural cells with >99% accuracy. Whilst this is promising foundational data upon which to develop a novel circulating biomarker, further work is still needed to ensure these miRNAs are detectable in vivo at clinically relevant time points. It would also be prudent to more accurately determine the level of expression of miRNAs in different nerve populations, such as the sensory and motor neurons of the peripheral nervous system and the differing classes of neurotransmitter-responsive nerves in the central nervous system. Given the supporting role of glial cells (astrocytes, oligodendrocytes and Schwann cells) in nerve function, damage and repair responses, the contribution of glial miRNAs to viral pathogenesis and neural system damage also warrants a more detailed investigation. Finding these signatures in accessible body fluids is also an essential step toward the establishment of this miRNA infection signature as a biomarker for in vitro diagnostics.

None-the-less, whilst optimization of novel biomarker signatures for viral diseases like rabies matures, new technologies are emerging in parallel that enable rapid, cost-effective exosome capture and miRNA detection (Tribolet et al., 2020; Mohammadi et al., 2021). Ideally, coupling these modern diagnostic platform technologies with a validated biomarker signature would eventually enable the use of miRNA biomarkers for rabies virus to become a reality.

In conclusion, this study has brought together protocols and experimental techniques across a range of specialisms (including stem cell biology, virology, bioinformatics and machine learning) to gain further insight into the neural response to rabies infection. We show that applying a machine learning approach to conventional bioinformatic assessment can improve the accuracy and detail of our datasets. In addition, information obtained from DE and ML analysis provides interesting insights into the molecular role and relationship of miRNA clusters during viral infection. It would be interesting, and pertinent, to examine these miRNA changes in other neurotropic infections to assess their specificity to rabies and their role in wider diseases states. Lastly, we have identified a novel exosomal miRNA signature can independently predict lyssavirus infected cells with >99% accuracy and provides a foundation for utilizing exosome miRNAs in the development of next-generation molecular diagnostics for rabies. Although still in the early discovery stage as an “ideal” biomarker for rabies, further research of this signature, or the methodologies used to find it, may eventually become the foundation upon which diagnostics, improved pre-clinical management and potentially new treatments are identified for the disease.
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Clonorchiasis is recognized as an important zoonotic parasitic disease worldwide. However, the roles of host long non-coding RNAs (lncRNAs) and messenger RNAs (mRNAs) in the response to Clonorchis sinensis (C. sinensis) infection remain unknown. Here we compared the expression of lncRNAs and mRNAs in the liver tissue of mice infected with C. sinensis, in order to further understand the molecular mechanisms of clonorchiasis. A total of 388 lncRNAs and 1,172 mRNAs were found to be differentially expressed with absolute value of fold change (FC) ≥ 2.0 and p < 0.05 by microarray. Compared with controls, Gm6135 and 4930581F22Rik were the most over- and under-expressed lncRNAs; flavin-containing monooxygenase 3 (Fmo3) and deleted in malignant brain tumors 1 (Dmbt1) were the most over- and under-expressed mRNAs. Moreover, functional annotation showed that the significantly different mRNAs were related with “FOXO signaling pathway”, “Wnt signaling pathway”, and “AMPK signaling pathway”. Remarkably, lncRNA Gm8801 were significantly correlated with mRNA glycerol-3-phosphate acyltransferase mitochondrial (Gpam), insulin receptor substrate 2 (Irs2), and tumor necrosis factor receptor superfamily member 19 (Tnfrsf19) in ceRNA networks. These results showed that the expression profiles of lncRNAs and mRNAs in the liver changed after C. sinensis infection. Our results provided valuable insights into the lncRNAs and mRNAs involved in clonorchiasis pathogenesis, which may be useful for future control strategies.
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Introduction

Clonorchiasis, caused by Clonorchis sinensis (C. sinensis), is an emerging zoonotic parasitic disease worldwide, distributed mainly in China, Korea, and northern Vietnam (Han et al., 2012; Lai et al., 2016). C. sinensis, belonging to family Opisthorchiidae (Ovchinnikov et al., 2015), has been classified by the International Agency for Research on Cancer (IARC) as a group 1 biocarcinogen in humans in 2009 (Bouvard et al., 2009). Humans become infected by eating freshwater fish with C. sinensis metacercariae. Metacercariae exist in the small intestine and then migrate via the ampulla of Vater to the biliary ducts (Lun et al., 2005). The adult fluke inhabits the biliary passages of humans and mammals and could cause epithelial hyperplasia of the biliary mucosa and even periductal fibrosis (Chung et al., 2004). Clinical manifestations of clonorchiasis vary from asymptomatic infections to severe morbidity and mortality, including epithelial hyperplasia, cholecystitis, periductal fibrosis, hepatic fibrosis, and cholangiocarcinoma (Keiser and Utzinger, 2005). Previously, we found that hepatic apoptosis and iron overload were involved in clonorchiasis (Han et al., 2017). In addition, an aberrant expression of hepatic microRNA has been associated with clonorchiasis (Han et al., 2016). However, the mechanism of liver/biliary injury, and whether other regulatory mechanisms or other small molecules are involved, remains unclear. Therefore, exploring the molecular mechanisms underlying clonorchiasis may contribute to the development of prevention measures and targeted drugs.

The majority of long non-coding RNAs (lncRNAs) are transcribed by RNA polymerase II as the product of alternative cleavage and splicing, with sizes greater than 200 nt in length (Quinn and Chang, 2016; Yamamura et al., 2018). LncRNAs are broadly classified into those that regulate gene expression in cis and in trans (Kopp and Mendell, 2018). Recently, lncRNAs are identified to bind with proteins, RNA, DNA, or their combination to play their functions (Fasolo et al., 2019; Hu et al., 2019). Acting as miRNA sponge, decoys, scaffolds, guides, and posttranslation regulators, lncRNAs could participate in various biological processes (Rinn and Chang, 2012; Mumtaz et al., 2017; Fernandes et al., 2019). Accumulating studies showed that lncRNAs were involved in inflammation, cancer, and autoimmunity (Fitzgerald and Caffrey, 2014; Marques-Rocha et al., 2015; Renganathan and Felley-Bosco, 2017).

Recent studies found that parasite infection changed the expression profiles of lncRNAs in the host. For example, numerous lncRNAs were differentially expressed in S. japonicum-infected liver and spleen compared to control (Xia et al., 2020). Furthermore, differentially expressed lncRNAs and their predicted target mRNAs were found associated with immunology and liver pathology (Xia et al., 2020). Besides, lncRNA WNT5b and H19 were found downregulated to regulate the metabolic reprogramming and differentiation of adipocytes in the protoscoleces of Echinococcus granulosus-infected mice (Lu et al., 2020). LncRNAs were also identified as important regulatory factors in regulating immunological stress during cystic echinococcosis (Yu et al., 2018). However, knowledge of lncRNAs and their biological functions in clonorchiasis remains limited.

This study used microarray analysis to assess the expression of lncRNAs and mRNAs in the liver tissue of mice infected with C. sinensis. Next, we analyzed the possible biological processes and pathways associated with C. sinensis infections. Our findings support this powerful new approach for the elucidation of the molecular mechanisms of clonorchiasis.



Methods


Mice, Parasites, and Infection

C. sinensis metacercariae were harvested from the cyprinid Pseudorasbora parva captured in Songhuajiang River, an endemic area of C. sinensis infection in China. Metacercariae were collected as described previously (Han et al., 2017). In brief, the fish were digested with a pepsin-HCl (0.6%) artificial gastric juice at 37°C for 12 h with vigorous shaking. With mesh sizes of 1,000 μm, 300 μm, and 106 μm, the digested mixture was collected and added to the conical-shaped glass and kept standing for 30 min. After discarding the supernatant, the precipitate was transferred to a glass dish and then the metacercariae were collected using a capillary pipette under a dissection microscope.

Male BALB/c mice (aged 8 weeks, 20 g) were obtained from the Harbin Medical University Laboratory Animal Center (Harbin, China). All the animals were housed in an air-conditioned room at 24°C under a 12-h dark/light cycle with free access to standard laboratory food and water. Mice were divided into two groups randomly with three mice per group, and each mice in the infected group was orally infected with 100 metacercariae, while the control group was given the same volume of 0.9% NaCl. The detection of eggs in feces indicates the successful establishment of an animal model of C. sinensis infection (Hong et al., 2003). Thus, feces were collected every day and microscopically examined by the Kato–Katz method (Hong et al., 2003).

C. sinensis undergoes rapid development, and the adults develop matured at 4 week postinfection (wpi) after being infected by metacercariae (Lun et al., 2005). Our previous study also found hepatocyte apoptosis and iron overload in C. sinensis-infected rats at 4 wpi (Zhang et al., 2008; Han et al., 2017). Therefore, the mice in both infected and control groups were sacrificed under ether anesthesia by cervical dislocation at 4 wpi. Then, livers were removed and immediately stored at -80°C after being washed by nuclease-free PBS. All animal care and experimental procedures were conducted according to the guidelines for animal use in toxicology. The study protocol was approved by the Animal Care and Use Committee of the Harbin Medical University.



RNA Extraction

Total RNA was extracted from 100 mg of tissue using TRIzol Reagent (Life Technologies, Carlsbad, CA, USA) following the manufacturer’s instructions. RNA quantity was measured using a SmartSpec Plus spectrophotometer (Bio-Rad, Hercules, CA, USA). RNA purity was evaluated by the A260/A280 ratio. Total RNA was quantified using a NanoDrop ND-2000 (Thermo Scientific, Waltham, MA, USA), and RNA integrity was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).



Microarray Analysis

Three pairs of liver samples were selected for lncRNA microarray analysis using an Agilent Mouse Gene Expression Array (8*60K, design ID: 028005). The microarray contains 55,681 probes for 39,430 mouse mRNA and 16,251 mouse lncRNAs, which are derived from RefSeq Build 37, Ensemble Release 55, Unigene Build 176, GenBank (Apr 2009), and RIKEN 3. Sample preparation, microarray hybridization, and washing were performed based on the manufacturer’s standard protocols with minor modifications. After that, the arrays were scanned using an Agilent Scanner G2505C microarray scanner (Agilent Technologies). Raw data were extracted using Feature Extraction (version 10.7.1.1; Agilent Technologies). The microarray profiling was conducted in the laboratory of the OE Biotechnology Company in Shanghai, People’s Republic of China.



Bioinformatics Analysis

Firstly, quantile normalization and subsequent data processing were done through GeneSpring software (version 12.0; Agilent Technologies). Differentially expressed genes (mRNAs and lncRNAs) were identified by the absolute value of (FC) > 2 and p value < 0.05 (Student’s t test). Gene ontology (GO) analysis was used to identify the potential biological functions of the differentially expressed mRNAs (www.geneontology.org). Biological process (BP), cellular component (CC), and molecular function (MF) were involved in the GO terms. Fisher’s exact test was applied to classify the GO categories. Enrichment scores were calculated based on log10 (p-value). The lower the p-value, the more significant the GO term (p < 0.05 is required). Furthermore, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (http://www.kegg.jp) was applied to predict the possible pathways. Hierarchical clustering was used to display the distinguishable genes’ expression pattern among six liver tissue samples (Cluster 3.0 and TreeView 2.0).

In order to further predict the potential regulatory relationship between mRNA and lncRNA, a ceRNA network was constructed by combining our previous miRNA expression profiling date (Additional File: Table S1). The processing of construction was as follows: i) Pearson’s correlation coefficients were used for analyzing lncRNAs and their associated mRNAs, based on correlation coefficients ≥0.90 and p < 0.01 considered statistically significant (Additional File: Table S4). ii) mRNA and lncRNA shared at least 4 miRNAs. iii) p ≤ 0.05. Cytoscape software 3.1.1 (US National Institute of General Medical Sciences) was used for constructing the ceRNA network.



Quantitative Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from the liver, and the integrity was evaluated using agarose gel electrophoresis stained with ethidium bromide. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed on six differentially expressed mRNAs and five lncRNAs to confirm the results of the microarray analysis. Based on the protocols provided by the manufacturers, a SYBR Green RT-PCR Kit (TransStart Top Green qPCR SuperMix, TransGen Biotech Co., Ltd., Beijing, China) on a Light Cycler 96 system (Roche, Indianapolis, Indiana) was used for qRT-PCR. Primers for the lncRNAs and mRNAs are shown in Table 1. Threshold cycle (Ct) values were used to quantify the expression levels of lncRNAs and mRNAs. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control for measurement of lncRNAs and mRNAs using the 2-ΔΔCt method. Three biological replicates were conducted for each sample.


Table 1 | Primers used in qPCR detection of selected mRNAs and lncRNAs.





Statistical Analysis

PRISM version 8.0 software (GraphPad, San Diego, CA, USA) was used for data analysis. All data are expressed as mean ± standard deviation (SD). Student’s t-tests were employed to analyze qRT-PCR data. p < 0.05 was considered statistically significant.




Results


Differentially Expressed lncRNAs and mRNAs

In order to explore the lncRNA and mRNA expression profiles in the liver in response to C. sinensis infection, microarray analysis was employed to compare expressions in uninfected and C. sinensis-infected liver tissues. A total of 388 lncRNAs (115 up and 273 down, Additional File: Table S2) and 1,172 mRNAs (687 up and 485 down, Additional File: Table S3) were found to be differentially expressed with absolute value of FC ≥ 2.0 and p < 0.05 by microarray. The differences in lncRNA and mRNA expression profiles between the two groups are shown in Figure 1. Compared with the control group, 4930581F22Rik (absolute value of FC = 140.37) was the most downregulated lncRNA, and Gm6135 (absolute value of FC = 44.27) was the most upregulated lncRNA in the infected group. Furthermore, Dmbt1 (absolute value of FC = 294.36) was the most downregulated mRNA, encoding DMBT1 protein, whereas Fmo3 (absolute value of FC = 703.50) was the most upregulated mRNA, encoding FMO3 protein. In order to further understand the similarities at the transcriptomic level, cluster analysis was performed on all the differentially expressed genes. The infected group and the control group clustered separately in the heat map (Figure 2). These results indicated that altered expressions of lncRNAs and mRNAs may play an important role in clonorchiasis.




Figure 1 | Bioinformatics analysis of differentially expressed mRNAs (A) and lncRNAs (B) in liver tissue infected with C. sinensis. The vertical axis corresponds to the negative logarithm of p value with base 10 (-log10(p value)), and the horizontal axis represents the logarithm of fold change with base 2 (log2(fold change)). The significantly up- and downregulated RNAs are presented as red or blue squares, respectively.






Figure 2 | Hierarchical clustering of differentially expressed mRNAs (A) and lncRNAs (B) in the liver with C. sinensis infection. Blue indicates decreased relative expression, and red indicates increased relative expression.





The qRT-PCR Validation

To evaluate the reliability of microarray results, six mRNAs (Pax2, Btg2, Dmbt1, Irs2, Tnfrsf19, and Gpam) and five lncRNAs (Fate1, Meg3, Snhg3, Gm6135, and Gm8801) were selected for qRT-PCR. Dmbt1 was the most downregulated mRNA, whereas GM6135 was the most upregulated lncRNA. The lncRNA Gm8801 was chosen because it was strongly correlated with mRNA Gapm, Irs2, and Tnfrsf19 in our ceRNA network. Beside, two mRNAs (Pax2 and Btg2) and three lncRNAs (Fate1, Meg3, and Snhg3) were randomly chosen. The qRT-PCR results were consistent with the results of the microarray (Figure 3).




Figure 3 | Validation for the expression of 6 differentially expressed mRNAs (A) and 5 lncRNAs (B) by qRT-PCR. Three biological repeats were included in each gene. *p < 0.05.





GO and KEGG Enrichment Analyses

GO analysis and KEGG enrichment analysis were applied to assess the function roles of differentially expressed mRNAs. Figure 4 shows the top 20 terms in the gene enrichment and pathway analyses of differentially expressed mRNAs induced by C. sinensis infection. For instance, differentially expressed mRNAs were mainly involved in “response to glucose”, “regulation of lipid metabolic process”, “negative regulation of fatty acid oxidation”, “negative regulation of toll-like receptor 4 (TLR4) signaling pathway”, and “positive regulation of Wnt signaling pathway, planar cell polarity pathway” (Figure 4A). The cellular components included “protein phosphatase type 2A complex” and “RNA polymerase II transcription factor complex”, while molecular functions were associated with “biotin carboxylase activity” and “ATPase activity, coupled”. KEGG pathway enrichment analysis was used to further understand the predicted biological functions of the mRNAs. The enriched pathways included “FoxO signaling pathway”, “AMPK signaling pathway”, “Wnt signaling pathway”, “Glucagon signaling pathway”, and “Insulin signaling pathway”. These results showed the disorder of lipid metabolism and glucose metabolism in clonorchiasis.




Figure 4 | Top 20 terms in the gene enrichment and pathway analysis of differentially expressed mRNAs induced by C. sinensis infection. (A) Biological process. (B) Cellular component. (C) Molecular function. (D) The most significant KEGG pathway for the differentially expressed mRNAs.





Co-Expression Networks of lncRNAs and mRNAs

In order to analyze correlations among the differentially expressed lncRNAs and mRNAs and reveal their underlying mechanisms, a ceRNA was constructed (Figure 5 and Table S5). In these networks, each lncRNA can be related to one or more mRNAs, and each mRNA can also be associated with one or more lncRNAs. For example, mRNA Gpam was upregulated and associated with GM8801 (A_55_P2114498), A_30_P01020438, A_30_P01029457, and 10 other lncRNAs. Both mRNA Irs2 (downregulated) and Tnfrsf19 (upregulated) were found sharing 13 lncRNAs including Gm8801, A_30_P01020438, and A_30_P01029457. in the network. Additionally, the scatter plots with correlation of selected lncRNA Gm8801 and mRNA Gpam, Tnfrsf19, and Irs2 in the co-expression network are shown in Figure S1, respectively. LncRNA Gm8801 was found negatively correlated with mRNA Gpam (R2 = 0.9301) and Tnfrsf19 (R2 = 0.8745), while it was positively correlated with mRNA Irs2 (R2 = 0.8252), respectively. The lncRNAs and mRNAs with the highest correlation degrees are listed in Figure 6, respectively. Among the upregulated lncRNAs, A_50_P01032756 was the one with the highest mRNA correlation degree, while lncRNA Gm8801 was the top one regarding the mRNA correlation degree. As for the mRNAs, up-regulated Adamts13 was correlated with the most lncRNAs, while and down-regulated  Cpne5 was the top one regarding the lncRNAs correlation degree.




Figure 5 | CeRNA network of the differentially expressed lncRNAs with their associate mRNAs. Co-expression lncRNA–mRNA pairs were identified using strict screening criteria (correlation coefficient ≥ 0.90 and p ≤ 0.01). Different colors were used to show different genes, with green for lncRNAs and red for mRNAs.






Figure 6 | The top correlated lncRNA-mRNA pairs. (A) Up-regulated and (B) down-regulated lncRNAs with correlation degrees > 10. (C) Up-regulated and (D) down-regulated mRNAs with correlation degrees > 10. Correlation levels of 38 lncRNAs and 37 mRNAs were evaluated by correlation degrees in the network. The degree is equal to counts of significantly correlated lncRNA-mRNA pairs (P < 0.01) involving the corresponding lncRNA or mRNA.





Verification of the Correlation Between lncRNA Gm8801 and mRNAs

To verify the reliability of the correlation network, we selected lncRNA Gm8801 (downregulated), which was the only annotated lncRNA in the network, as the central lncRNA to build a subnetwork of the lncRNA–mRNA correlation. In this subnetwork, 13 mRNAs positively correlated with lncRNA Gm8801 expression were downregulated, while 14 mRNAs negatively correlated with Gm8801 expression were upregulated (Figure 7A). Subsequently, among the mRNAs correlated with Gm8801 lncRNA, mRNAs Gpam, Tnfrsf19, and Irs2 were selected to be preliminarily verified by qPCR. As shown in Figure 7B, mRNA Irs2 was decreased, while mRNA Gpam and Tnfrsf19 were increased at the same time point coinciding with the decrease of lncRNA Gm8801 in the C. sinensis-infected group. These results indicated that mRNA Irs2 was positively correlated with lncRNA Gm8801, while mRNA Gpam and Tnfrsf19 were negatively correlated with Gm8801, which is consistent with the prediction.




Figure 7 | The correlation between mRNAs and lncRNA Gm8801. (A) The mRNAs correlated with Gm 8801 lncRNA. The red color indicates upregulation, while the blue color indicates downregulation. The solid lines mean positive correlation, and the dashed line means negative correlation. (B) The levels of mRNA Irs2, Gpam, Tnfrsf19, and lncRNA Gm8801. *p < 0.05.






Discussion

Previous studies on the interactions between parasites and their hosts have focused mainly on protein-coding genes (Melo et al., 2013; He et al., 2016). Recently, it was reported that lncRNAs play important roles in gene imprinting, cell differentiation, and tumorigenesis and are also involved in host–pathogen interactions (Jathar et al., 2017). For instance, RNA-Seq revealed that differentially expressed lncRNAs of Schistosoma mansoni were mainly involved in RNA-dependent DNA replication and G-protein coupled receptor (GPCR) signaling pathway/GPCR activity (Vasconcelos et al., 2017). However, the expression profiles of lncRNAs specific to C. sinensis infection were unclear. In this study, the expression profiles of lncRNAs and mRNAs in the liver of C. sinensis-infected mice at 4 wpi were fully explored using microarray analysis.

In this study, a total of 388 lncRNAs and 1,172 mRNAs were dysregulated in C. sinensis-infected group. As the most upregulated lncRNA, Gm6135 is primarily localized to the cytoplasm and participates in posttranslational modification (Rashid et al., 2016; Ji et al., 2019). LncRNA Gm6135 could increase the expression of toll-like receptor 4 (TLR4), by competitive binding to miR-203-3p, further activating the secretion of pro-inflammatory cytokines in mice (Ji et al., 2019; Loganathan et al., 2020). A previous study showed that TLR4 was upregulated in activated hematopoietic stem cells (HSCs) and myofibroblasts infected with C. sinensis (Yan et al., 2015). Thus, differentially expressed lncRNA Gm6135 may regulate the expression of TLR4 to induce inflammatory response in clonorchiasis. However, the role of 4930581F22Rik (the most downregulated lncRNA) has not been described clearly. The FMO3 protein encoded by Fmo3 (the most upregulated mRNA) is found associated with gallstone formation in mice (Chen et al., 2019). FMO3 protein and its metabolite (TMAO) participate in the TAF–FMO3–TMAO pathway, which could regulate lipid metabolism (Schugar and Brown, 2015; Warrier et al., 2015), while the downregulated mRNA Dmbt1 could encode the DMBT1 protein, which is related to liver injury and repair mechanisms in liver diseases (Bisgaard et al., 2002; Deng et al., 2012). Therefore, we speculate that mRNA Fmo3 and Dmbt1 might contribute to lipid metabolism and liver injury in clonorchiasis.

KEGG enrichment analysis showed that the top 20 predicted pathways mainly participated in “FOXO signaling pathway”, “Wnt signaling pathway”, and “AMPK signaling pathway”. For instance, mRNA Irs2 and Crebbp were rich in “FOXO signaling pathway”, which was involved in cellular differentiation, apoptosis, cell proliferation, DNA damage and repair, and oxidative stress (Gomes et al., 2008; Vurusaner et al., 2012). Nk1d1 and Crebbp mRNA were rich in “Wnt signaling pathway”, which played critical roles in precancerous lesions, malignant transformation of liver cells, and malignant expansion of cancer cells (Zhang et al., 2017). Nr1d1 mRNA was also involved in “negative regulation of TLR4 signaling pathway” in biological processes. TLR contributes to host defense by regulating host innate and adaptive immune responses (Iwasaki and Medzhitov, 2004). TLR4 was involved in immune responses, including increased levels of tumor necrosis factor alpha and interferon gamma during clonorchiasis (Yan et al., 2015). Interestingly, we also found that Irs2 and Gpam mRNA participated in “response to glucose” in biological processes. Moreover, “regulation of lipid metabolic process”, “negative regulation of fatty acid oxidation”, “Glucagon signaling pathway”, and “Fatty acid biosynthesis” demonstrated to be involved in C. sinensis infection. Therefore, we speculated that C. sinensis infection affected the cell function as well as lipid and glucose metabolism of the host.

Based on our previous miRNA expression profiling data (Additional File: Table S1) and differentially expressed lncRNAs and mRNAs, a ceRNA network was constructed, in order to explore the functions of lncRNAs. In ceRNA networks, mRNA Gpam and Tnfrsf19 were negatively correlated with lncRNA Gm8801 and A_30_P01020438, indicating an upregulation of Gpam and Tnfrsf19 mRNA in the C. sinensis-infected group. Gpam mRNA is correlated with T lymphocyte proliferation, lipid metabolism, defense against viruses, and IL-2 secretion (Brockmoller et al., 2012; Warrier et al., 2015). In addition, Tnfrsf19 mRNA belongs to the tumor necrosis factor receptor superfamily, which commonly transduces cytokine signals and is associated with poor prognosis in various types of cancer (Spanjaard et al., 2007; Fafilek et al., 2013; Loftus et al., 2013; Schon et al., 2014). Otherwise, Irs2 mRNA was positively correlated with Gm8801 and A_30_P01020438 lncRNA, indicating a downregulation of Irs2 in the C. sinensis-infected group. Irs2 plays requisite roles in cell proliferation, apoptosis, migration, and tumor invasion (Lea et al., 2014; Zhao et al., 2014). Moreover, Irs2 mRNA is also important in hepatic nutrient homeostasis, as it mediates the anabolic effects of insulin through the PI3K-Akt cascade (Rother et al., 1998; Andersson et al., 2004) and suppresses gluconeogenesis (Valverde et al., 2003). Therefore, we hypothesized that lncRNA Gm8801 and A_30_P01020438 might play important roles in host metabolism and liver injury in clonorchiasis by regulating its co-expressed mRNA.

In this study, a microarray approach was used to explore the differential expression profiles of lncRNAs and mRNAs in clonorchiasis for the first time. However, there were some limitations that should be addressed. We only analyzed the expression profiles of lncRNAs and mRNAs at 4 weeks after being infected with C. sinensis, which corresponds to the early stage. However, C. sinensis infection is a dynamic process; the expression profiles of lncRNAs and mRNAs are also needed for detection at the late stages of infection. Moreover, the potential interaction between LncRNA and mRNA is needed to validate in the future.



Conclusions

In this study, we investigated the differential expression profiles of lncRNAs (388) and mRNAs (1,172) in the livers of mice infected with C. sinensis. Our results provided valuable insights into the lncRNAs and mRNAs involved in clonorchiasis, which may be useful for future control strategies. In the future, the functions of the differentially expressed lncRNAs and mRNAs in the pathogenesis of C. sinensis infection need to be further verified.
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MicroRNAs (miRNAs) are important post-transcriptional regulators of gene expression being involved in many different biological processes and play a key role in developmental timing. Additionally, recent studies have shown that miRNAs released from parasites are capable of regulating the expression of host genes. In the present work, we studied the expression patterns of ncRNAs of various intra-mammalian life-cycle stages of the liver fluke, Fasciola hepatica, as well as those packaged into extracellular vesicles and shed by the adult fluke. The miRNA expression profile of the intra-mammalian stages shows important variations, despite a set of predominant miRNAs that are highly expressed across all stages. No substantial variations in miRNA expression between dormant and activated metacercariae were detected, suggesting that they might not be central players in regulating fluke gene expression during this crucial step in the invasion of the definitive host. We generated a curated pipeline for the prediction of putative target genes that reports only sites conserved between three different prediction approaches. This pipeline was tested against an iso-seq curated database of the 3’ UTR regions of F. hepatica genes to detect miRNA regulation networks within liver fluke. Several functions related to the host immune response or modulation were enriched among the targets of the most highly expressed parasite miRNAs, stressing that they might be key players during the establishment and maintenance of infection. Additionally, we detected fragments derived from the processing of tRNAs, in all developmental stages analyzed, and documented the presence of novel long tRNA fragments enriched in vesicles. We confirmed the presence of at least 5 putative vault RNAs (vtRNAs), that are expressed across different stages and enriched in vesicles. The presence of tRNA fragments and vtRNAs in vesicles raise the possibility that they could be involved in the host-parasite interaction.




Keywords: Fasciola hepatica, micro RNA (miRNA), development, tRNA, vault RNA (vtRNA), Extracellular vesicles (EVs), host-parasite



Introduction

Fasciolosis, or liver fluke disease, is caused by infection with two major liver fluke species: Fasciola hepatica in temperate regions of all continents and Fasciola gigantica, which is more restricted to tropical regions. Fasciolosis in ruminants is widespread and is responsible for massive economic losses to the livestock industry, estimated globally to be US$3.2 billion annually due to reduced production yields and associated treatment costs (Zerna et al., 2021). It is now also recognized as a neglected tropical disease of humans by the World Health Organization (WHO) (World Health Organization, 2007) with 17 million people being infected and another 180 million people at risk of acquiring the infection predominantly in developing countries. However, the actual numbers of infections in humans and animals are likely underestimated due to the lack of comprehensive or coordinated investigations, and limited availability of diagnostic tools in some developing countries (Harrington et al., 2017).

Liver flukes have complex life cycles. The definitive hosts, (either livestock or humans) acquire the infection by consuming water or plants (e.g., watercress) contaminated with parasite cysts (metacercariae). Gastric and duodenal contents promote excystation, and the newly excysted juveniles (NEJs) actively migrate across the intestinal wall into the peritoneal cavity, and then into the liver parenchyma. The final destination are the biliary ducts within the liver where they reach maturity, producing thousands of eggs that are released to the environment in the stool (Keiser and Utzinger, 2009).

Clinically, the acute phase of F. hepatica infection is characterized by marked eosinophilia, abdominal pain and fever. Beyond this acute form of the disease, a chronic stage once the parasite is established is characterized by intermittent obstruction of bile ducts, causing symptoms that resemble biliary colic and cholecystitis (Garcia et al., 2007). Like most helminths, Fasciola spp. have developed strategies to modulate the host immune response to promote their survival and reproduction. These play an essential role in the establishment of infection and are mediated by molecules secreted by the parasite and those of the host that activate repair mechanisms (Dalton et al., 2013).

While initial studies have focused largely on proteins as possible immunomodulators, the discovery of microRNAs that are secreted by the parasite revealed new mediators in the host-parasite interaction. MicroRNAs (miRNAs) are single-stranded non-coding 21 to 25 nucleotide long sequences, that negatively regulate the translation of messenger RNAs (mRNAs) by blockage of translation and/or mRNA destabilization (Bartel, 2009). MiRNAs were first described in the roundworm Caenorhabditis elegans with roles in the regulation of development (Lee et al., 1993; Reinhart et al., 2000). Since then, miRNAs have been described in all eukaryotes (Wheeler et al., 2009; Tarver et al., 2013) and perform varied functional roles including cellular differentiation, apoptosis, metabolism and silencing of transposable elements (Bushati and Cohen, 2007; Tristán-Ramos et al., 2020). MiRNAs have also been described in several platyhelminths (Palakodeti et al., 2006; Basika et al., 2016; Cai et al., 2016; Stroehlein et al., 2018), including the NEJ and adult stages of F. hepatica (Xu et al., 2012; Fontenla et al., 2015; Fromm et al., 2015) and more recently in eight stages of the life cycle of F. gigantica (Hu et al., 2021).

The secretion of EVs was initially described as a means of eliminating unneeded compounds from the cell (Johnstone et al., 1987) but later works reported the mRNA and miRNA cargo within the EVs of mammalian cells suggesting that they have roles in regulation of gene expression (Valadi et al., 2007; Mitchell et al., 2008). In helminths, miRNAs contained in EVs was first reported in the trematode Dicrocoelium dendrticum, soon followed by reports in the clade V nematode Heligmosomoides polygyrus (Bernal et al., 2014; Buck et al., 2014), and later by similar findings in several other nematode, trematode and cestode species (Fromm et al., 2015; Nowacki et al., 2015; Sotillo et al., 2020; Avni and Avni, 2021; Cucher et al., 2021).

Parasite-specific miRNAs have been detected in the blood of hosts infected with several nematodes including Onchocerca ochengi and O. volvulus (Quintana et al., 2015), Loa (Tritten et al., 2014b), Dirofilaria immitis (Tritten et al., 2014a), Litomosoides sigmodontis (Buck et al., 2014; Quintana et al., 2019) and trematodes such as schistosomes (Cheng et al., 2013; Hoy et al., 2014; Cai et al., 2015; Nowacki et al., 2015; Meningher et al., 2017; Mu et al., 2020) and F. gigantica (Guo and Guo, 2019). These findings have stimulated interest in the possible value of worm-derived miRNAs as diagnostic biomarkers for helminthiases [reviewed by Mu et al., (2021)].

Alongside this diagnostic interest, recent efforts have focused on investigating the immunomodulatory potential of secreted helminth miRNAs (Arora et al., 2017). For example, H. polygyrus EV miRNAs can be internalized by the mouse epithelial cell line Mode K, and inhibit host type 2 innate immunity (Buck et al., 2014). In line with this, miR-10 contained in Schistosoma mansoni EVs, internalized by T helper cells, inhibits NF-κB activity essential for Th2 differentiation (Meningher et al., 2020). Several miRNAs of S. japonicum were reported to be involved in the regulation of host macrophages by inducing TNF-α production and monocyte proliferation (Liu et al., 2019). In another case, a particular S. japonicum miRNA (miR-3096) showed antitumor effects both in vivo and in vitro (Lin et al., 2019).

Numerous miRNAs have been identified within the EVs secreted by F. hepatica (Fromm et al., 2015). Moreover, F. hepatica EVs can be internalized by host macrophages (de la Torre-Escudero et al., 2019) and their miRNAs have been detected in macrophages of infected animals (Tran et al., 2021), indicating that F. hepatica secreted miRNAs, either in vesicles or free, could also be regulating host genes. However, miRNAs are not the only small RNA class with potential regulatory roles detected in the EVs of helminths (Cucher et al., 2021). To further characterize possible liver fluke regulatory RNAs, we compiled and analyzed the repertoire and expression of diverse small non-coding RNAs (sncRNA) in the key stages in the invasion and establishment of F. hepatica infection in the definitive host. Additionally, we studied the profile of sncRNAs contained in EVs released by the adult stage. Diverse miRNAs show expression differences across the life stages analyzed, and by miRNA target prediction both on the parasite and hosts genes, we attempted to gain insights in the regulation of the internal homeostasis of the parasite and its interaction with the host. Beside these, we found a restricted set of tRNA fragments (tRFs) that are abundant in all samples analyzed. Interestingly, those enriched in EVs can form homodimer structures that are, potentially, more stable and resistant to degradation by nucleases. Furthermore, we identified a new class of ncRNA previously unreported in trematodes, vault RNAs (vtRNAs), that are abundant in EVs.



Methods


Data Generation and Sequencing

Analyzed samples corresponding to diverse life stages (including dormant (MD) and in vitro activated metacercariae (MA), and adult worms (AD1; AD2) were generated by us and sequenced at The Genome Center at Washington University in St. Louis, Missouri, USA (WUGSC) within the frame of F. hepatica genome project (study SRP040521), (McNulty et al., 2017). Briefly, total RNA was extracted using mirVana Total Isolation kit (Thermo Fisher) in large (>200 bp) and small (<200 bp) fractions. Small RNA sequencing libraries were constructed using the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Biolabs, Beverly, MA) according to the manufacturer’s instructions, and sequenced on the Illumina platform. Sequencing data is publicly available under accession numbers: SRR3584125 [MD], SRR3584124 [MA], SRR3584126 [AD1], SRR3584122 [AD2]. Newly excysted juveniles (NEJ [SRS862512]) data have been generated and analyzed by us previously (Fontenla et al., 2015).

EV samples were obtained from 50 adult worms recovered from a naturally-infected cow at a local abattoir in Dungannon, Northern Ireland. Briefly the flukes were thoroughly washed with PBS (3 x 200ml) to void their gut contents and then maintained in RPMI 1640 culture medium containing 0.1% glucose, 100 U penicillin and 100 mg/ml streptomycin (Sigma), at 2 worms/ml for 5 h at 37°C. EVs were isolated from the culture media by differential centrifugation as described by Cwiklinski et al. (2015) and treated with RNAase (Qiagen) to remove extracellular RNA not packaged within the EV. Total RNA was isolated from EV pellets using TRizol (Life Technologies) according to the manufacturer’s instructions. Small RNAs were subsequently isolated from the F. hepatica EV RNA preparations using the SeraMir kit (SystemBio). Libraries were generated with the TailorMix Micro RNA Sample Preparation version 2 protocol (SeqMatic LLC, Fremont, USA), amplified and Illumina sequenced. EV library construction and next generation sequencing was performed by System Biosciences, US. Sequencing data was deposited at the SRA repository with the accession number PRJNA782636.

All the data are freely available from SRA repository (https://www.ncbi.nlm.nih.gov/sra) with the given accession numbers. Quality and consistency of samples were evaluated by multidimensional scaling (MDS) (Mead, 1992) showing that they were comparable, despite being obtained from field isolates since lab pure lines or strains are still unavailable for F. hepatica.



Quality Control and Genome Mapping

Trim galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to trim adapters and to remove reads shorter than 18 bp or with a phred score lower than 20. The remining reads were mapped to PRJEB25283 F. hepatica genome (https://parasite.wormbase.org) with Bowtie (Langmead et al., 2009), allowing a maximum of 2 mismatches (option -v 2). The coordinates corresponding to mRNAs, tRNAs, rRNAs, snRNAs and repetitive regions of the genome (i.e. transposons, low complexity regions or tandem repeats) were parsed out from the genome annotation, and the sequences obtained with bedtools getfasta with option -s (Quinlan and Hall, 2010). Next, Bowtie was used to classify reads by subsequently mapping to each dataset. Remaining reads were used to detect novel and conserved miRNAs.

Additionally, the presence of host-derived sequences was assessed by re-mapping the reads that failed to map to the genome of F. hepatica, to the genome of Bos taurus (downloaded from https://www.ensembl.org/Bos_taurus/Info/Index) with Bowtie (option -v 2) (Table S1).

A pipeline with the commands and scripts used in the analysis is available at GitHub repository (https://github.com/santifo/miRNA_analysis/blob/main/Pipeline).

Since MDS did not show significant differences in small RNA species and quantities between duplicated samples, and also between dormant and activated metacercariae (Figure S1), samples were considered as duplicates, pooled and averaged by stage: metacercariae (MC), adult (AD) and extracellular vesicles (EV), for further analysis.



Classification and Identification of Known and Novel miRNAs

Reads not mapped to functional RNAs were collapsed and remapped to the genome with Bowtie with identical options as before. SAM output files were converted to arf format with bwa_sam_converter.pl. MiRDeep2 pipeline (Friedländer et al., 2012). was used to identify and quantify conserved and novel miRNAs, with a “known” dataset consisting of miRNAs deposited in miRBase v22.1 (Kozomara and Griffiths-Jones, 2014) and other F. hepatica miRNAs identified previously, but not deposited in miRBase (Ricafrente et al., 2021). Putative novel miRNAs were manually inspected, removing those with a score ≤ 5 and/or that showed drifting in the read stacking and/or had poor folding. Furthermore, BLAST and SSEARCH tools available at miRBase were used to confirm that novel miRNAs were not detected previously in other species. Additionally, MAFFT with local alignment parameters (Katoh and Standley, 2013), was used to align novel F. hepatica miRNAs to all Lophotrochozoan miRNAs deposited in miRBase, to search for identical ‘seed’ homology. Furthermore, a BLASTn (e-value 1e-4) was implemented to inspect if the novel precursors detected in F. hepatica could be conserved in any of the other platyhelminthes genomes deposited in WormBase Parasite (https://parasite.wormbase.org). No homologies were found except in the sister species F. gigantica (Table S2).



Statistical Analysis of miRNA Expression

Statistical analysis of miRNA expression was performed with DEGUST v4.1.1 (https://degust.erc.monash.edu/). Samples were grouped by stage; and analyzed with Voom/Limma method, with count per million (CPM) normalization. Differentially expressed miRNAs were defined from pairwise comparisons of the log2-transformed expression estimates, establishing a minimum fold change of 2 and a false discovery rate (FDR) corrected P-values lower or equal to 0.01. MiRNAs with a total count below 10 reads were removed from the analysis. A hierarchical clustering with hclust function, was applied to differentially expressed miRNA between metacercariae, NEJ and adult.



MiRNA Target Prediction and Functional Enrichment of F. hepatica Gene Targets

F. hepatica conserved and novel miRNAs were used to predict targets in an iso-seq curated database of F. hepatica genes (FHISCDB). This database consisted of 7626 3’ untranslated regions (3’UTRs) annotated in PRJEB25283 assembly, and 1612 3’UTRs of novel transcripts obtained from a prediction based on remapping all RNA-seq data available in repositories, and iso-seq sequencing reads from intra snail stages of F. hepatica (Langleib et al. in preparation). Transdecoder (available at https://github.com/TransDecoder/TransDecoder/) was used to predict the open reading frame (ORFs) and 3’UTR on novel transcripts.

Three prediction algorithms were used: miRanda (Betel et al., 2010), PITA (Kertesz et al., 2007) and TargetScan v7.0 (Agarwal et al., 2015), with default options. Given that each algorithm implements different mechanisms to predict target sites [reviewed by (Peterson et al., 2014)], they usually differ in a few bases since they include different lengths outside the seed region. Therefore, to provide a consistent matching position of each target, we have reported the position on the 3’UTR matching the first base (start) of the “seed region” of the miRNA in column D of Table S4.

Genes defined in the FHISCDB were functionally reannotated with eggNOG-mapper (Huerta-Cepas et al., 2019). TopGO (Alexa and Rahnenfuhrer, 2019) (with option: statistic = “fisher”) was used to identify enriched gene ontology (GO) terms between the gene targets of differentially expressed miRNAs, GO terms with a P-values lower or equal to 0.01 were considered significantly enriched.



miRNA Target Prediction in Mammals and Identification of Regulated Functions

The conserved and novel miRNAs of F. hepatica were used to predict complementary target sites in host species genes. 3’UTRs from sheep, cattle and human were downloaded from TargetScan database (http://www.targetscan.org/cgi-bin/targetscan/data_download.vert72.cgi). Although the initial idea was to use a 3 by 3 strategy, retaining only the targeted positions within the 3’UTR predicted by the three algorithms (miRanda, PITA and TargetScan v7.0) conserved in the three host species, the low quality of 3’ annotation in the sheep and cattle datasets resulted in many sites conserved only in human and one of the ruminant species. Consequently, we decided to retain all those targets identified by the three algorithms in the human dataset. As described previously, predictions were run with defaults options. DAVID database (Huang et al., 2009) was used to identify regulated functions in targeted genes, considering only the pathways regulated by two or more miRNAs. Furthermore, InnateDB (Breuer et al., 2013) was used to identify the genes related to immunity under regulation.



Quantification and Folding of tRNA Derived Fragments

The reads that mapped to the tRNA database were quantified and classified using in-house scripts. Reads containing a terminal CCA-3’ anchor were subsequently quantified using a similar processing, except that the tRNAs of reference were modified by adding a ‘CCA’ trinucleotide anchor to their 3’ end. The output files were analyzed to obtain the information on alignment positions from first to end base found in the tRNA precursor. These positions were used to categorize the tRNAs fragments. The fragments resulting from the cleavage at the anticodon loop were named 5’ tRNA half fragment (5’tHF) and 3’ tRNA half fragment (3’tHF); if the fragment was contained but shorter than the 5’ or 3’ halves they were named 5’ fragments (5’tRF) and 3’ fragments (3’tRFs). The fragments that started at the 5’ or 3’ ends and were longer than the 5’tHF or 3’tHF were classified as 5’ tRNA long fragments (5’tLF) or 3’ tRNA long fragments (3’tLF). The fragments that were not contained within these categories or that corresponded to full tRNAs were poorly represented and were not further classified. For each tRNA fragment, the sequence with the highest count was used as input for in-silico, folding and dimerization prediction using the ‘Fold RNA Biomolecular’ tool of RNAstructure6.3 package (Bellaousov et al., 2013).



Detection of Vault RNAs

Vault RNAs are short (80 to 150 nt) polymerase III transcripts, that show no sequence conservation except in two short regions, box A and box B, that correspond to internal polymerase III promoter elements. Since finding them by traditional homology methods is unpractical, we followed a modified version of the approach described by Stadler et al. (Stadler et al., 2009). We used the most conserved region, the box A, plus the 3’ flanking ‘TTACTTCG’ of L. gigantea and H. robusta obtained from Rfam database (RF00006 (https://rfam.xfam.org/).) to perform a relaxed BLASTn search in the genome of F. hepatica. Typical polymerase III-terminator motifs (consisting mainly of a run of T’s) were sought in the 150 pb region downstream of the blast HSPs hits.

Putative vtRNAs were further inspected with MEME suite (Bailey et al., 2009) to confirm the conservation of relevant motifs, and RNAfold (Lorenz et al., 2011) to evaluate the presence of the characteristic panhandle-like secondary structure. Next, we used fragrep2 (Mosig et al., 2006) pipeline to align and generate a F. hepatica specific pattern of vtRNAs with the conserved motifs. Fragrep2 tool implements an algorithm for detecting the pattern fragments that occur in a given order but are interrupted by non-conserved sequences of highly variable length. The pattern was used to re-search the genome. Additional putative vtRNAs detected were also evaluated as described. The genomic locations of all vtRNAs were inspected to confirm that no other features were annotated and that the vtRNAs genes were being expressed.




Results


Small Non-Coding RNAs Are Present in All Stages, and Also in Secreted Vesicles

Small RNAs produced by metacercariae, newly excysted juveniles (NEJ) and adults of F. hepatica were analyzed and compared with novel data generated from the sequencing of small RNAs present in extracellular vesicles (EV) released by the adult stage.

Sequencing data samples were analyzed in parallel as described in the methods section. Despite differences in the initial number of raw reads, roughly 77% passed the quality filtering and trimming stages (Table S1). More than 80% of these high-quality reads mapped to the genome of F. hepatica (PRJEB25283), except for NEJ where the mapping values were lower at 66% (Table S1). The length distribution of the reads that mapped to the genome showed a prominent peak at 21-22 nt in all samples, consistent with the presence of miRNAs, and a secondary less prominent peak at 31-33 nt that is consistent with our previous analysis (Fontenla et al., 2015) and that corresponded to sequences that mapped to tRNAs (see below) (Figure S2). Reads that mapped to the genome were subsequently classified by mapping to different datasets (see Methods). While the majority of the reads mapped to coding RNA and repeated regions, a small but significant fraction corresponded to putative functional non-coding RNA. On average, 13.7% of the reads corresponded to the category of functional ncRNAs that grouped: miRNAs, tRNAs, rRNAs and vtRNAs (described here for the first time in trematodes). In all samples, miRNAs were the most abundant ncRNA followed by tRNA-derived fragments (Figure 1).




Figure 1 | Mapping of small RNA sequences from different stages of Fasciola hepatica to the genome. Samples were obtained from metacercaria (MC), newly excysted juvenile (NEJ) adult worms (AD), and adult-released extracellular vesicles (EVs). Mapping reads were classified in three main categories: functional non-coding (nc)RNA (rRNA, tRNA, small nuclear (sn)RNA, vault (vt)RNA and miRNA), coding RNAs (mRNA) and those associated to repeat and unassigned regions (mobile elements (e.g., transposons), regions with repeated sequences or regions that remain unannotated).





MiRNA Profiles Vary Greatly Between Different Stages

Compiling all the data published so far on Fasciola hepatica miRNAs (Table S2), we observe that F. hepatica’s miRNome is still reduced with respect to other Lophotrochozoans or even free-living flatworms [flatworms are expected to share at least 46 miRNA families (Tarver et al., 2013)]. As described previously by us and others (Fromm et al., 2013; Fontenla et al., 2015), neodermatans are characterized by a reduction in the conserved miRNA families. At present the miRNome of F. hepatica is composed of 34 conserved families (13 of them with more than one miRNA within the family). An almost identical complement of miRNAs was recently reported in F. gigantica (Hu et al., 2021) and previously in S. mansoni (Ovchinnikov et al., 2020) (summarized in Figure 2A), indicating that these losses could have been in the origin of the adaptation to parasitism of the clade. In addition, to the conserved miRNA, 15 novel F. hepatica exclusive miRNAs have been described previously (Ricafrente et al., 2021), four of which were also confirmed in the miRNA complement of F. gigantica (Hu et al., 2021). Here, we further extended the Fasciola specific miRNome by adding nine new well supported miRNAs (fhe-miR-NEW-1 to 9 in Figure 2 and Figure S3), with seven of them, also predicted to be conserved in the F. gigantica genome (Table S2).




Figure 2 | MiRNA complement and relative abundance across species and stages. (A) Updated miRNA complements in F. hepatica, F. gigantica and S. mansoni. individual miRNAs belonging to the same miRNA family have the same id plus an individual precursor number. Shaded blocks indicate evolutive conservation across: Metazoan (light blue), Bilateria (yellow), Protostomia (green), Lophotrochozoa (orange), flatworms (purple) or Fasciola species (pink). Empty (white) blocks indicate that the miRNA has not been detected in the species (B) Heatmap depicting the comparative abundance of individual miRNAs between MC, NEJ, AD stages, and the adult EV fraction. Read counts were normalized to count per million (CPM) and color scale was applied. White shaded blocks indicate lower expression, darker colors indicate high abundance. (*) Indicates significant variations between cellular fractions of MC, NEJ, and AD (FDR ≤ 0.01 & Log2FC ≥ 2). (^) Indicates significantly upregulated in the EV fraction respect to the somatic fraction of AD (FDR ≤ 0.01 & Log2FC ≥ 2). A histogram with the average expression of each miRNA shows that only a reduced set are always upregulated.



When the normalized expression of miRNAs was compared across the intra-mammalian stages, we observed that a reduced set of evolutionary conserved families are very predominant (Figure 2B and Table S3). The metazoan conserved fhe-miR-10-P2a (named fhe-miR-125b in miRBase) was the most highly expressed miRNA across all stages and in the EV fraction of the adult stage, despite variations in the proportional representation. Other conserved miRNAs highly expressed across stages and EVs were fhe-miR-71-P1b found in all bilaterians, and bantam, a miRNA characteristic of protostomes (Figure S4).

Interestingly, 13 of the 28 miRNAs conserved between Bilaterians were significantly more expressed in MC respect to the other stages [(*) in Figure 2B], while more than a third of the protostomian specific miRNAs showed higher abundance in NEJ (Figure 2B). miRNAs conserved across Lophotrochozoans and Flatworms showed low expression in all samples, despite significant variations for fhe-miR-1992, fhe-miR-1989 and fhe-miR-3479. However, when we compared our results with those described in the sister species F. gigantica (Hu et al., 2021), we noticed that several lophotrochozoan and flatworm conserved miRNAs (e.g. miR-1992, miR-1989, miR-2160-P1 & -P2, and miR-11584), showed higher expression in egg and the intra-snail stages (Figure S5). Significant variations were also detected for several Fasciola specific miRNAs across diverse stages.



MiRNAs as Regulators of Development and Metabolism in F. hepatica

To analyze the role of miRNAs in the regulation of the homeostasis of F. hepatica, we classified the differentially expressed mature and two co-mature star miRNAs into five expression clusters (Figure 3A). Target sites in the transcripts of F. hepatica were predicted for the five clusters (Table S4). We found 8851 targeted positions in 3369 transcripts predicted by the three algorithms used, including 423 transcripts corresponding to novel genes predicted by us (see Methods section, Langleib et al. in preparation). GO enrichment analysis of the targeted genes by each cluster of miRNA suggests that they might be regulating functions related to development, signaling pathways and transport, among others (Figures 3B–F and Figures S6A–E).




Figure 3 | GO terms enrichment of differentially expressed miRNAs between metacercariae, NEJ and adult stages. (A) Heatmap of the differences in the expression between stages. MiRNAs were grouped into 5 clusters based on their expression profiles: cluster 1 (green), cluster 2 (blue), cluster 3 (purple), cluster 4 (yellow) and cluster 5 (pink). A gradual change in color ranging from blue to red indicates the low-to-high expression, additionally light-blue line reflects the variation in the Log2FC. (B–F) Top 5 biological process (BP), molecular function (MF) and cellular component (CC) terms ordered by p-value, enriched in the predicted targeted genes of clusters 1-5, respectively (a color code like in A was applied). Enrichment score was calculated as -Log of p-value, terms with a score ≥ 2 (p-value = 0.01, dashed line) were considered significant.



Cluster 1 represents a set of miRNAs highly expressed in MC while lowly expressed in NEJs, probably highlighting the regulation of relevant genes in the first interaction with the host and in the invasion process. Interestingly the genes targeted by cluster 1 miRNAs are enriched in function and processes associated with vesicle organization and transport, and membrane fusion (Figure 3B and Figure S6A).

MiRNAs strongly downregulated in MC while upregulated in NEJ and adults are grouped in cluster 2 (Figure 3A). Genes related to the Golgi are enriched within cluster 2 targets, suggestive of a role in vesicular cargo maturation and trafficking. Since some of the enriched targets to Cluster 2 miRNAs are genes involved in positive regulation of IL-12 signaling, the upregulation of these miRNAs in NEJ and adults might have a role dealing with the IL-12 mediated responses generated by the host macrophages and dendritic cells (Figure 3C). Other functions highlighted in the top 20 processes enriched like “response to inorganic substances” and “response to temperature stimuli” (Figure S6B) could be related to sensing stimuli relevant for excystment and development.

Cluster 3 includes miRNAs highly expressed in adults, and enrichment terms on targeted genes include: cell differentiation and tissue morphogenesis of epithelial cells and cell to cell contact. These processes are very relevant in the maturation of juvenile forms, during the formation of the syncytial tegument (Figure 3D and Figure S6C).

On the other hand, Cluster 4 contains miRNAs highly expressed in NEJ but strongly downregulated in adults. Here we found functions associated with nervous development, transcription regulation and interestingly some terms related to germinal functions, that might be associated with the production of eggs in the adult stage (Figure 3E and Figure S6D).

Cluster 5 represents miRNAs strongly downregulated in adults but expressed in MC and NEJ, and here enriched terms are related to signal transduction particularly those associated with vacuolar proton transport ATPases. These enzymes are associated with the acidification of vacuoles, a requisite for the function of several proteases relevant in feeding and the interaction with the host (Figure 3F and Figure S6E).



A Reduced Set of miRNAs Are Highly Represented in the EVs of Trematodes

The analysis of miRNAs cargo in EVs showed a sharply reduced set of miRNAs with a highly biased enrichment of particular miRNA signatures, e.g., the top 10 abundant miRNAs corresponding to 87.9% of the miRNA population. Additionally, 16 miRNAs were significantly upregulated in EVs with respect to the adult stage (Figure 2B), most prominently fhe-let-7-P1, -P2, -P3 and fhe-miR-279 that were among the most highly expressed miRNAs in the EV data but were significantly less dominant in the cellular fraction of the adult stage (Figure S4).

When we compared our F. hepatica EV miRNA profile with those previously reported for F. hepatica and S. mansoni (Ovchinnikov et al., 2020), we observed that the same reduced set of miRNA families were overrepresented but with differences in ranking between species and studies (Figure 4). For example, miR-10-P2a and miR-71-P1b were in the top 10 of the three experiments (Figure 4A), with the former being the most abundant both in the cellular and EV fractions in our samples of F. hepatica’s and in the S. mansoni study (Ovchinnikov et al., 2020) (Figure 4B). Interestingly, we observed more similarities between the profiles we obtained and those reported for S. mansoni than with the other F. hepatica experiment (Figure 4A). If we extend the analysis to all the adult EV miRNAs detected in trematodes (reviewed by Sotillo et al., 2020; Avni and Avni, 2021), we consistently observed that the top 10 abundant miRNAs accounted for more than 80% of the total miRNA population. These highly expressed miRNAs correspond to ancient metazoan miRNA families, including miR-10, let-7, miR-71 and the lophotrochozoan specific families: bantam, miR-2, miR-279 and miR-277, among others (Table S5).




Figure 4 | (A) Venn diagram of the top 10 abundant miRNAs in the EVs of two F. hepatica experiments and S. mansoni. (B) Bar plot shows the percentage of the total represented by the most abundant orthologous miRNAs. (*) Data generated by (Ovchinnikov et al., 2020).





Analysis of Putative Host Genes Targeted by Parasite EV-Derived miRNAs Highlights Relevant Regulatory Functions

We predicted complementary binding position in the 3’ UTR of host genes for the most abundant F. hepatica miRNAs detected in both EVs studies (indicated in Figure 4B). We found 7105 targeted sites, with identical coordinates between the algorithms used, in 3385 different genes (Table S6). Next, we used DAVID database (https://david.ncifcrf.gov/tools.jsp) to identify enriched pathways only retaining those that were regulated by more than one miRNA. Several fundamental signaling pathways such as Ras, MAPK, PI3K-Akt, ErgB and Wnt emerged as putative enriched targets (Figure 5). Additionally, pathways specifically related to immune response such as TNF signaling, Platelet activation, T cell receptor signaling, B cell receptor signaling and leukocyte transendothelial migration were also found under regulation. Therefore, we consulted InnateDB (https://www.innatedb.com/), to better identify the genes related to immunity under regulation by the miRNAs contained in the EVs of F. hepatica. From the initial gene set identified, we only retained 77 genes that were targeted in two or more positions, as they may be under a more rigorous regulation by the miRNAs of F. hepatica (Table S7). Interestingly, the miRNAs with most targets among these genes (fhe-let-7-P1 & -P2, fhe-miR-10-P2a & -P2b, fhe-miR-1 and fhe-miR-277-P1 & -P2) were also among the most abundant miRNAs both in our data and in the previous F. hepatica EVs study (Ovchinnikov et al., 2020).




Figure 5 | Heatmap showing the significant pathways regulated by the miRNAs contained in the EVs of F. hepatica. DAVID database was used to calculate enriched pathways. Counts of genes targeted within each pathway are indicated by a color scale. The list of targeted transcripts is reported in Table S6 and those related to immunity are presented in Table S7.





TRNAs-Derived Fragments Were Detected in EVs and in All Somatic Samples

Similar to what we have previously reported in NEJ only (Fontenla et al., 2015), reads mapping to tRNAs corresponded to a longer class of small RNA sequences (31-35 nucleotides in length, with a prominent peak at nucleotide 32) (Figure S7). These reads corresponded predominantly to diverse fragments generated from cleavage of a restricted set of tRNAs. By inspecting read alignments, we detected diverse cleavage points over the mature tRNAs resulting in distinct type of fragments (classified and described in Methods, Figure 6A). Overall, the most abundant class across all samples were the 5’halves of tRNAs (5’tHF) generated by cleavage in the anticodon loop, but also other fragments were detected. Shorter 5’ tRF were frequently detected in metacercarial samples and were the product of cleavage before the anticodon loop or in the D loop of the precursor tRNA, while short 3’fragments were abundant in adult samples and were produced by cleavage at the T loop. Longer 5’ fragments (5’tLF) generated by cleavage at the T loop were observed in EVs (Figure 6B and Figure S7). Full length tRNAs were only found in EVs, representing less than 5% of the tRNA mapping reads, although 65% of them correspond to the Selenocysteine tRNASec_TCA (Table S8).




Figure 6 | Expression profiles across samples and folding of tRNAs-derived fragments. (A) Depiction of tRNA fragments detected in the study, a color code was used for each class. (B) Bar charts grouped by sample showing the percentage of each tRNA fragment class detected and proportion of individual fragments related to the tRNA of origin and the sequence of the anticodon.



Similarly, a marked skew in representation of tRNA precursors was observed in all fragment classes. Within 5’tHFs, five precursors corresponding to tRNAGly_GCC, tRNALys_TTT, tRNACys_GCA, tRNAMet_CAT and tRNAAsp_GTC were preferentially retained in all the samples, although in different proportions (Figure 6B). 5’tRFs were particularly abundant in the MC stage, with tRNAGly_GCC, tRNATyr_GTA, tRNAGly_CCC representing more than half of them. These same 5’tRF species were also enriched in other stages and EVs although they were proportionally less significant. In adult samples, 3’tRF were abundant, enriched particularly in tRNAVal_CAC, generated by cleavage at the T-loop (in 99.4% of the cases), and to a lesser extent in the 3’tRF derived from tRNAMet_CAT. Within EVs, a substantial fraction (26%) of tRNA derived molecules were 5’tLFs, (corresponding to the prominent peak at nucleotide 53 in Figure S7), but again with a very skewed representation, with tRNAGln_CTG derived molecules representing more than 75% of their class.

Since it has been proposed that homo and heterodimerization can stabilize tRNA fragments, preventing their degradation in the extracellular medium (Tosar et al., 2018), we analyzed the preferred cleavage site of the tRNAs packed in EVs, and used the resulting fragments to predict if homodimer structures were possible (Figure 7). Interestingly, 5’tHF-tRNAGly_GCC, 5’tLF-tRNAGln_CTG and 5’tHF-RNACys_GCA, the most abundant in EVs, formed homodimeric structures that hid the 3’ ends in a similar way to what was described for the 5’ tRNAGly_GCC tHFs of humans (see Figures 7A–D). Despite similarities, the F. hepatica Gly-GCC homodimer is maintained by an uninterrupted 8 nt-long stretch of Watson and Crick or G:U pairing, while there are 12 base pairings in the human counterpart (Figures 7A, B). Additionally, we observed the formation of a stable homodimer from a 5’tLF, generated by cleavage at the T-arm of tRNAGln_CTG (Figure 7C, blue arrows), around the pseudouridine, instead of the anticodon loop. This GlnCTG/GlnCTG homodimer tRDFs is bonded by the interaction of 10 nt, with an uninterrupted stretch of 6 nt.




Figure 7 | Folding of tRNAs-derived fragments. Full length tRNA secondary structures were predicted with tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/), position and frequency of the most frequent cleavage sites in EVs are indicated (blue arrows). Homodimer structures and energy in kcal/mol for: (A) Hsa_GlyGCC, (B) Fhe_GlyGCC, (C) Fhe_GlnCTG and (D) Fhe_CysGCA as predicted by RNAstructure6.3 for the most abundant fragment.



While the 5’tHF-RNAMet_CAT generates homodimers with hidden 3’ ends, only 4 bp bonded the monomers, suggesting it might be more prone to dissociation (Figure S8A). In contrast, the homodimers predicted with other frequent tRNA fragments as 5’tHF-RNALys_TTT, 5’tHF-RNAAsp_GTC or 5’tLF-RNAGly_TCC generated structures with free 3’ends that are probably more susceptible to degradation by exonucleases (Figures S8B–D). No stable heterodimers were predicted for any of the tRNA fragments analyzed.



Vault (vt)RNAs Are Present in All Stages but Enriched in EVs

Besides the well-known presence of miRNA and tRNA fragments in EVs, the detection of the major vault proteins (MVP) as part of the EVs cargo (Cwiklinski et al., 2015) raised the question if the corresponding vtRNAs were also present. Vault particles are short polymerase III transcripts with lengths varying between 80 and 150 nucleotides, with sequence conservation restricted to two short regions, box A and box B, that correspond to internal polymerase III promoter elements (Figure 8A).




Figure 8 | Structure and expression of vtRNAs detected in the genome of F. hepatica. (A) F. hepatica vtRNAs were compared with vtRNAs detected in other species; chordata: Petromyzon marinus, Branchiostoma floridae, Ciona intestinalis and C. savigni; hemichordate: Saccoglosus; Echinodermata, Strongilocentrotus purpuratus and Allocentrotus; Annelida: Helobdella robusta; Mollusca: Lottia gigantea; Platyhelminthes: Macrostomum lignano. Motifs 1 and 3 were detected with MEME suite, motif 2 was inferred from the sequence alignment. Motif 1 and motif 2 contain the internal promoter sites of RNA polymerase III [indicated as BOX A (highlighted in purple) and BOX B (highlighted in light blue)]. The sequence range in the variable region between the motifs are indicated. (B) Fhe-vtRNAs panhandle-like secondary structure, Box A is highlighted. (C) Bar chart with the expression profile of fhe vtRNAs in the stages analyzed. Reads were averaged between samples, normalized to count per million and a logarithmic scale was applied to improve data visualization.



For the detection of vtRNAs, we applied a combination of relaxed homology and pattern searches, motif detection, structural prediction and manual curation (described in detail in ‘Methods’). We detected 5 putative vtRNAs that passed the filtration process. By using MEME suite, we found two common motifs between the putative F. hepatica’s vtRNAs and recognized animal vtRNAs sequences (motifs 1 and 3 in Figure 8A). While the conserved box A was included in motif 1, the box B included in motif 2 was not detected by MEME suite and was inferred from the sequence alignment. The sequence conservation of box B was very low being limited mostly to the sequence ‘GTTC’ or one nucleotide variations of it (Figure 8A). The folding prediction of the putative vtRNAs produced panhandle-like secondary structures with an extended stem-loop connecting 5’ and 3’ ends similar to those characterized in other animals (Figure 8B) (Stadler et al., 2009).

Interestingly four of the five putative vtRNAs detected were clustered in a 133.3 Kb region on the scaffold 1448, with the remaining structure (vtRNA4) in another scaffold (scaffold 1781, Table S9). While all of them were expressed in all stages analyzed, vtRNA3 was predominant in all samples, and particularly enriched in EVs (more than 20-fold in relation to the corresponding adult stage) (Figure 8C).

When we inspected the genomic regions predicted to contain vtRNA in the wormbase parasite database, we found good RNA-seq reads coverage in samples from different stages and diverse experiments, confirming their expression. Once again, vtRNA3 was the most expressed overall (Figure S9).




Discussion

In this study we analyzed the presence of diverse small RNA populations across distinct life stages of F. hepatica, and those present in vesicles secreted by the adult stage. Although samples were obtained and sequenced at different times, those from similar stages tend to cluster in multidimensional analysis, suggesting they represent the population consistently found at these stages (Figure S1). Furthermore, read data were normalized to account for differences in sequencing depth. A complex set of different small RNAs was identified in all samples analyzed, composed by miRNAs, tRNA fragments and the longer vtRNAs.


MiRNAs Are Associated With Host Invasion and Development of F. hepatica

Our analysis of the miRNome of the main stages of F. hepatica associated with the definitive host, adds nine novel miRNAs to those already described and recompiled recently (Ricafrente et al., 2021). The comparison with a recent study in the sister species F. gigantica (Hu et al., 2021), confirms the presence of 34 conserved families and a growing set of miRNAs described so far only in Fasciolidae.

Additionally, we in-silico correlated the differentially expressed miRNAs with the putative biological processes under regulation, with results suggestive of relevant roles in the normal development of the parasite and possible roles in the invasion process. Even though, our results await further experimental validation, the regulatory roles of miRNAs are well known (Bushati and Cohen, 2007). Studies in the model animals C. elegans and Drosophila, show that the most conserved animal miRNAs are abundant and usually involved in core developmental process, while scarce miRNAs are usually related to specific functions, and sometimes expressed in very restricted groups of cells or tissues (Alberti and Cochella, 2017). In this sense, in planarians, particular miRNA families (also conserved in F. hepatica), were found to show preferential expression in neoblasts or to be upregulated in the regenerating tissue (González-Estévez et al., 2009; Sasidharan et al., 2013; Cao et al., 2020). It is possible that similar cell type-miRNA preference occurs in F. hepatica, however, additional experiments are needed to corroborate this hypothesis. In parasitic neodermatans, the role of miRNAs in the regulation of cellular processes, up until now, was mainly restricted to descriptions in Schistosomes (Sun et al., 2014; Zhu et al., 2016; Protasio et al., 2017; Yu et al., 2019), Echinococcus spp. (Guo et al., 2017; Macchiaroli et al., 2017; Pérez et al., 2019; Bai et al., 2020; Macchiaroli et al., 2021) and more recently F. gigantica (Hu et al., 2021). Orthologous miRNAs of those described in these studies are present in F. hepatica, suggestive of common regulatory pathways. Interestingly, our enrichment study highlighted different clusters of miRNA expression, that in turn might regulate diverse processes. Is interesting that several of the miRNAs (fhe-miR-71-P1b, fhe-miR-71-P2, fhe-miR-1-P1, fhe-miR-1-P2, fhe-miR-96 and fhe-miR-7-P1) might be regulating the formation and release of vesicles. A recent characterization of EVs in different developmental stages of F. hepatica has reported the secretion of large amounts of different types of vesicles in NEJ. These vesicles were found to be pre-formed in the metacercariae (Sánchez-López et al., 2020). Furthermore, secretory vesicles with distinct morphologies were observed in the tegument of F. gigantica NEJs before and after penetration of the host intestine indicating that secretion by this life-cycle stage requires a fine level of control (Hanna et al., 2019). Therefore, the change in the expression of the miRNAs of cluster 1 (Figure 3A) could be, at least in part, regulating the release of the preformed vesicles until appropriate signals from the host trigger their release from the apical plasma membrane.



MiRNAs Contained in F. hepatica EVs May Target Immune-Related Host Genes

During the establishment of the infection the strategy adopted by helminth parasites is to manipulate and modulate immunity in order to defuse immune defenses. Multiple mediators (i.e. proteins, glycans, lipids and nucleic acids) intervene in this process (Coakley et al., 2016). The presence of miRNAs and other small RNAs packed in EVs suggests that they might also be involved in this regulation.

Reasoning in a dose-effect manner, we studied the possible effects of the most abundant EV miRNAs, by predicting targeted sites in the 3’ UTR of host genes. Several essential pathways like TGF-β, MAPK, PI3K/AKT, Wnt signaling and particular pathways related to the establishment of an immune response were highlighted as putative enriched targets (Figure 5), suggesting a possible role in modulating host’s responses. These results are consistent with previous reports in helminths (reviewed by (Arora et al., 2017)) and with more recent publications that highlight several signaling pathways (Wnt, MAPK, TNF and NOD-like) as potential targets of F. hepatica’s miRNAs (Ovchinnikov et al., 2020; Tran et al., 2021). In this sense, fhe-miR-125b (named miR-10-P2a here) was found as the most abundant parasitic miRNA within peritoneal macrophages of infected mice (Tran et al., 2021). Similarly, parasite-derived sma-miR-10 and sma-bantam were found in cells isolated from Peyers patches and mesenteric lymph nodes of S. mansoni infected mice (Meningher et al., 2020). A reduction of MAP3K7 expression and reduced NF-κB activity by sma-miR-10 was observed in vitro, suggesting a mechanism for the downregulation of the Th2 response. Additionally, sja-bantam and sja-miR-125b were found to induce Th2 key mediator, TNF-α in macrophages in vitro and in vivo, facilitating parasite development and egg deposition (Liu et al., 2019). Furthermore, parasite-derived let-7 has been predicted to regulate the Wnt signaling pathway and T/B cell activation in mouse genes, and to induce a Th2 immune response in macrophages treated with miRNA mimics in cestodes (Ancarola et al., 2017; Wang et al., 2021). Th2 modulation is a common theme in parasite immune-evasion (Coakley et al., 2016). Interestingly, the miR-10, bantam and let-7 family members are consistently amongst the most abundant miRNA signatures in EVs secreted by adult trematodes (Table S5), suggesting that their enrichment is not produced by chance, therefore, constituting central players in modulating host responses to the parasite.



EVs Pack Homodimeric tRDFs That Could Resist Exonuclease Degradation

From early on, tRNA-derived fragments (tRDF) have been claimed to be involved in the regulation of cellular stress, since their emergence was upregulated in cells exposed to different types of stress stimuli. These tRDFs have been linked to diverse processes including translational regulation, proliferation, apoptosis, stress-granule formation, mRNA stabilization, transposon expression, ribosome biogenesis and the inheritance of acquired traits (Tosar and Cayota, 2020).

Our analysis highlighted that a diverse set of fragments derived from a restricted set of tRNAs were present in different stages related to the mammalian invasion, and in the extracellular vesicles of the adult worm. While 5’ HF from almost every tRNA precursor can be found, their abundance is skewed with those derived from tRNAGly_GCC as the prominent in all the stages analyzed, and only four others (namely Lys_TTT, Cys_GCA, Asp_GTC, and Met_CAT) highly represented in somatic or EVs samples (Figure 6B). Similarly, shorter tRNA fragments detected showed a marked skew in representation, with those derived of tRNAGly_GCC again as one of the predominant classes. Interestingly, we detected the presence of a novel type of fragment generated by preferential cleavage at the T loop of the precursor, derived mainly from tRNA Gln_CTG that were highly abundant in EVs. Moreover, most of the tRNA precursors highlighted here were also abundant along the life cycle of F. gigantica (Hu et al., 2021) or in the EVs of S. mansoni (Nowacki et al., 2015). A marked skew in the representativity of the tRNA derived molecules contained in EVs have also been reported in several species of nematodes, trematodes and cestodes was also evident (Nowacki et al., 2015; Quintana et al., 2019; Wang et al., 2020; Cucher et al., 2021). This could be a consequence of sub-representation due to the difficulties imposed by modified bases in the amplification/sequencing process (Potapov et al., 2018). Novel methods relying on different enzymes and adapters are being developed to overcome this technical restriction, allowing the capture and sequencing of RNAs containing modified bases (Qin et al., 2016; Xu et al., 2019; Shi et al., 2021; Tosar et al., 2021). Surely these methods would provide in the future a more complex picture of the tRNA derived fragments. But so far, we could analyze and compare those detected by the more traditional small RNA sequencing methodologies in different species. On the other hand, the repeated enrichment of certain fragments across stages and species might correspond to their increased resistance to degradation. It has been reported that human tRNA fragments form homodimers and heterodimers that hide the 3’ends and show resistance to degradation by exonucleases (Tosar et al., 2018). We show that the three abundant tRNA fragments found in F. hepatica could form homodimers with hidden 3’ ends, similar to those described in humans. While in humans the tRDFs with dimerization capacity were found to be more abundant in the extracellular space, not associated to the EV fraction (Tosar et al., 2018), we found them in EVs, but we did not investigate so far their presence as free circulating tRDFs.

The roles of tRDFs are still poorly understood in platyhelminthes, however it was recently reported that they may be involved in the regeneration of planaria (Cao et al., 2020). Interestingly, in these organisms, Piwi proteins and Ago1, but not Dicer or Ago2, were associated with the generation and/or function of 5’tHFs and 5’tRFs, respectively (Lakshmanan et al., 2021). However, the absence of Piwi genes in all Neodermatans implies that, at least the biogenesis of 5’tHFs could be different in trematodes and cestodes (Fontenla et al., 2017; Fontenla et al., 2021) to those described in free-living flatworms. In any case, many questions related to the mechanisms of generation and the possible roles of tRDFs remain open.



VtRNAs Are Enriched in the Secreted Fraction

Vault ribonucleoproteins are large hollow barrel-like shape particles in the cytoplasm of many eukaryotic cells. Although little is known yet on their function, they have been involved in key regulatory roles including autophagy, apoptosis and modulation of gene expression [reviewed by Frascotti et al., (2021)]. Even more, recent evidence has shown that human vtRNA1-1 could guide sequence-specific cleavage of a complementary target RNA (Frascotti et al., 2021).

Within flatworms vtRNAs have only been identified previously in Macrostomum lignano (https://rfam.xfam.org/), and although they were expected to be present in S. mansoni since a homolog of the Major Vault Protein (MVP) is coded in its genome, no clear sequences were identified (Copeland et al., 2009). Proteomic analysis of F. hepatica EVs detected the presence of MVPs, raising the question if the corresponding vtRNAs were also present. Our approach based on a relaxed homology search with a short but most conserved region of phylogenetically proximal lophotrochozoan vtRNAs, followed by a thorough manual curation was key to detect 5 putative vtRNAs in F. hepatica. The identified sequences have short, conserved regions similar to other vtRNAs and can be folded producing similar structures, suggesting they are bona-fide vtRNAs. Furthermore, a rapid analysis of available transcriptomic data provided evidence of their expression in diverse samples and stages. Taken together, these results suggest that a similar approach can now be followed to seek their presence in other trematodes. Although the functional role of vtRNAs from F. hepatica is unknown, their selective packaging into fluke EVs suggests that they could participate in host-parasite interactions.




Conclusions

We have analyzed the profiles of expression of the small RNAs complement in three intra-mammalian stages of the life cycle of F. hepatica. We consistently detected the presence of miRNAs, tRNA derived molecules and vtRNAs in all the samples. This is the first description of the still little known vtRNAs in trematodes. Interestingly the same three types of RNAs were present in EVs generated by the adult worms, stressing their putative role in crosstalk to the host.

Within miRNAs, those more abundant in EVs correspond to conserved families predicted to target several host signaling pathways. Interestingly, this seems to be a common theme in helminths, with increasing reports of uptake of parasite-derived miRNAs by host cells, and in vitro evidence of downregulation of host genes associated with the immune response (Arora et al., 2017). Additionally, a skewed population of tRNA fragments were detected in all the stages analyzed. We described here a new class of tRNA fragment, produced by the cleavage at the T-loop particularly abundant in the EV fraction. The most abundant tRNA fragments of the EV fraction can form stable homodimeric structures that might explain their increased stability. The roles of these tRNA fragments in regulation of F. hepatica and/or in the interaction with the host are speculative and await further validation.

Indeed, further experimental approaches are needed to understand the roles of all these small RNA classes; their combined presence in EVs suggests a concerted action in the interaction and modulation of the host responses, that deserves to be investigated.
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Coxsackie virus B3 (CVB3), an enterovirus, is the main pathogen causing viral myocarditis, pericarditis, hepatitis and other inflammation-related diseases. Non-coding RNAs with a closed loop molecular structure, called circular RNAs (circRNAs), have been shown to be involved in multiple virus-related processes, but roles and mechanisms in CVB3 infection have not been systematically studied. In this study, when HeLa cells were infected with CVB3, the expression of hsa_circ_0000367 (circSIAE) was significantly decreased as demonstrated by real-time quantitative PCR assays. We found that circSIAE downregulated the expression of miR-331-3p through direct binding and inhibited the replication of CVB3 in HeLa and 293T cells. The analysis of signals downstream of miR-331-3p suggested that miR-331-3p promotes CVB3 replication, viral plaque formation and fluorescent virus cell production through interactions with the gene coding for thousand and one amino-acid kinase 2 (TAOK2). In conclusion, this study found that circSIAE can target TAOK2 through sponge adsorption of miR-331-3p to inhibit the replication and proliferation of CVB3 virus, providing an early molecular target for the diagnosis of CVB3 infection.
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Introduction

Coxsackievirus B3 (CVB3) is a member of the Picornaviridae family in the genus Enterovirus. It causes viral myocarditis, pancreatitis, and hand, foot and mouth diseases (Li et al., 2015). CVB3 uses its encoded protease to take over the translation machinery of the host cell and to direct ribosomes to the viral mRNA (Qiu et al., 2017). Therefore, CVB3 infection causes abnormal expression of multiple proteins and non-coding RNAs (He et al., 2013; Ursu et al., 2019). Conversely, host factors also exert an influence on CVB3 replication (Zell et al., 1995).

Non-coding RNAs (ncRNAs), including long non-coding RNA (lncRNA), microRNA(miRNA) and circular RNA (circRNA), play vital roles in many diseases. In CVB3 infection, in particular the virus can induce abnormal expression of several lncRNAs (Tong et al., 2019). In addition, host lncRNA has also been shown to affect viral replication and infection; for example, the lncRNA hypoxia-inducible factor 1-α-antisense 1 has been associated with pro-apoptotic and pro-inflammatory effects in CVB3-induced myocarditis through its targeting of miR-138 (Cao et al., 2020). Similarly, lncRNA AK085865 was shown to promote CVB3 to induce macrophage M2 polarization in patients with viral meningitis by regulating the formation of a complex between interleukin enhancer binding factors 2 and 3 that mediates miR-192 biogenesis (Zhang et al., 2020).

Another class of small non-coding RNAs, miRNA, is widely expressed and regulates the replication and pathogenesis of RNA viruses (Trobaugh and Klimstra, 2017). Regulation of miRNA expression has been used to study the effects of CVB3 infection on cell differentiation and development, and such studies have impacted the treatment of CVB3 infections (Yao et al., 2019). According to previous reports, one type of miRNA, miR-30a, modulates type I interferon responses to facilitate CVB3 replication via targeting of tripartite motif protein 25 (Li et al., 2020b). Another miRNA, miR-126, promotes coxsackievirus replication by mediating cross-talk of ERK1/2 and Wnt/β-catenin signal pathways (Ye et al., 2013). On the other hand, miR-21 has been shown to serve a protective role against CVB3 infection through targeting the MAP2K3/p38 MAPK signaling pathway (He et al., 2019).

Recently, multiple circRNAs have been shown to have increasingly complex biological functions that overlap with pathogenic viral mechanisms (Li et al., 2017). For example, it has been reported that both host and virus-derived circRNAs interact with antiviral proteins bound to double-stranded RNA (dsRNA) and to modulate the immune response during host-virus interactions (Awan et al., 2021). Similarly, the circRNA circ_0000479 has been shown to indirectly regulate expression of retinoic acid-inducible gene I through sponging of miR-149-5p, thus blocking viral replication (Lu et al., 2020). In general, many circRNAs influence the pathogenesis of infectious diseases (Zhang et al., 2019b; Zhao et al., 2019) and confer protection against viral infection by regulating gene expression in host cells (Liu et al., 2019; Yan and Chen, 2020). However, the mechanisms of action of circRNAs in CVB3 infection and replication remain unclear.

CircSIAE (hsa_circ_0000367) is a circRNA formed by reverse splitting of linear SIAE gene at the position chr11:124517260-124518071 on chromosome, consisting of 244 nucleotides. It is derived from a spline of SIAE mRNA associated with immune diseases and reported as a novel potential biomarker for emerging rheumatoid arthritis (Luo et al., 2020; Zhou et al., 2020). In this study, we used cultured cell systems to study the effect of CVB3 infection on expression levels of circRNAs and to investigate potential downstream mechanisms of their involvement in viral processes. When HeLa cells were infected with CVB3, we found that the expression level of circSIAE was significantly decreased. Moreover, we investigated the effects of an axis involving circSIAE, miR-331-3p, and thousand and one amino-acid kinase 2 (TAOK2) on CVB3 replication, and we thus revealed a mechanism by which circSIAE regulates CVB3 replication and proliferation by acting as a competitive endogenous RNA (ceRNA).



Materials and Methods


Cell Culture and Transfection

Human cervical cancer cells (HeLa) and 293T cells (a gift from Dr. Huaiqi Jing, Chinese Center for Disease Control and Prevention, Beijing, China) were cultured in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific Inc., Waltham, MA, USA) containing 10% fetal bovine serum (Thermo Fisher Scientific Inc., Waltham, MA, USA). All cells were incubated at 37 °C with 5% CO2. The Nancy strain of CVB3 was donated by Professor Chen Ruizhen, Zhongshan Hospital, Fudan University, China. A plasmid containing the CVB3 complete gene complementary sequence, capable of expressing enhanced green fluorescent protein (CVB3-eGFP) was a gift from Professor Zhaohua Zhong, Harbin Medical University, China. Circular RNA molecules were transfected with small interfering RNAs, including si-circSIAE-1, si-circSIAE-2 and negative control (si-NC), or overexpressed as plasmids, including pcicR-circSIAE and no-load pcicR-3.0, miR-331-3p mimics, miR-331-3p inhibitor, miRNA negative control (miR-NC and in-miR-NC) (Jima, Suzhou, China), si-TAOK2-2804, si-TAOK2-1065 or siRNA negative control (si-NC). Oligonucleotides (50 nM) were transfected into cells using Lipofectamine 3000 Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Oligonucleotide sequences are provided in Table S1.



Cytoplasmic Nucleus Separation

Nuclear plasma was extracted with cytoplasmic nucleus extraction kit (Thermo Fisher, USA) according to the manufacturer’s instructions. Briefly, HeLa cells were harvested and washed in PBS. Then, cells were suspended in 100–500 μL ice-cold Cell Fractionation Buffer and incubated on ice for 5–10 min. After centrifugation, the supernatant was the cytoplasmic fraction and the precipitation was the nuclear pellet. The nuclear pellet was suspended in Cell Disruption Buffer. 2× Lysis/Binding Solution was added to the cytoplasmic fraction and the nuclear pellet. Finally, the cytoplasmic and nuclear fractions were washed in Wash Solution, eluted with Elution Solution and stored at –80°C.



Quantitative Real-Time PCR

The total RNA was extracted from HeLa cells using Trizol (Sigma-Aldrich, Saint Louis, MO, USA) and reversed transcribed into cDNA using an RNA reverse transcription kit (TaKaRa Bio Inc., Shiga, Japan). The transcripts were quantified according to the manufacturer’s instructions (TaKaRa Bio Inc., Shiga, Japan).



Western Blot Analyses

Total protein was extracted from HeLa cells using RIPA lysis buffer (Thermo Fisher, USA). Proteins were separated using SDS-PAGE and then transferred to polyvinylidene fluoride membranes, which were blocked with 0.5% skimmed milk and then incubated with primary and secondary antibodies. The antibodies used in this study included antibodies against nuclear factor (NF)-κB (Cell Signaling Technology (CST), Danvers, MA, USA), phosphorylated NF-κB (p-NF-κB) (CST, Danvers, MA, USA), extracellular signal-regulated kinase (ERK)1/2 (CST, Danvers, MA, USA), p-ERK1/2 (CST, Danvers, MA, USA), and anti-GAPDH (Abcam, Cambridge, UK). The secondary antibodies were anti-rabbit IgG (Jackson ImmunoResearch, Inc., PA, USA) antibodies. VP-1, used at a dilution of 1:2000, is a goat polyclonal secondary antibody to mouse IgG (Sino Biological). Protein signals were detected using a BeyoECL detection instrument and an ECL chemiluminescence kit (BeyoTime, China), and protein bands were ultimately scanned with ImageJ software in grayscale mode.



Dual-Luciferase Reporter Assay

The circSIAE and miR-331-3p fragments containing the target binding site (wild-type, WT) or mutated binding site (mutated, MUT) were cloned into the pmirGLO vector (Suzhou Jimar, China). These plasmids as well as miR-331-3p mimics and inhibitors were transfected into 293T cells using Lipofectamine 3000 (Invitrogen, Shanghai, China). After 48 h, dual luciferase activity in 293T cells was examined with a dual luciferase reporter assay system (Vazyme, Nanjing, China).



Virus Plaques

Virus plaques assay was performed as described previously (Liu et al., 2021). Briefly, HeLa cells were inoculated in 12 well plates at a density 1.5 × 105/well. After culturing overnight, virus-containing samples serially diluent was added. The cells were incubated at 37°C for 1 h and the virus solution was aspirated. Then the cells were overlaid with low melting point agarose (0.75%), cultured at 37°C for 72 h, and were fixed with fixative for 30 min. Finally, cells were stained with crystal violet (1%) for 30min and washed with PBS for three times. The stained cells were observed and recorded with visible microscopy.



Statistical Analysis

In each experiment, all determinations were performed at least in triplicate. Statistical analysis was performed using the GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). All data are expressed as the mean ± standard deviation (X ± SD), and the significance of difference was detected using t test or one-way analysis of variance (ANOVA), with p<0.05 considered significant difference.



Bioinformatics Analysis

Three databases, CircBank (http://www.circbank.cn/), the Cancer Specific CircRNA Database (CSCD, http://gb.whu.edu.cn/CSCD/) and Circinteractome (https://circinteractome.nia.nih.gov/), were used to investigate downstream target miRNAs of circSIAE. The databases miRPathDB (https://mpd.bioinf.uni-sb.de/), TargetScan (http://www.targetscan.org/vert_72/) and Starbase (https://starbase.sysu.edu.cn/agoClipRNA.php?source=mRNA) were used to predict downstream target genes of miR-331-3p. Gene Ontology (GO) analysis was carried out to investigate biological process, molecular function, and cellular component.




Results


The circRNA circSIAE Exhibits a Cyclic Structure and Inhibits CVB3 Replication

Total RNA of HeLa cells infected with CVB3 at a multiplicity of infection of 5 was extracted at 2 h, 4 h, 6 h and 8 h post-infection to identify differential expression of circSIAE. Uninfected HeLa cells were used as a control. Quantification of RNA expression by qRT-PCR showed that circSIAE expression decreased with CVB3 infection time, and the effect was most obvious at 6 h (Figures 1A, B).




Figure 1 | Genomic structure and location of circSIAE. (A, B) Total RNA was extracted at 2, 4, 6 and 8 h post-infection with CVB3, and the expression levels of circSIAE and VP-1 at mRNA level were analyzed by qRT-PCR. (C). The splice sites of circSIAE were detected by sequencing. (D). The circSIAE genome is formed by reverse splicing of exons 6 and 7 of linear SIAE. (E, F) Total RNA was isolated from HeLa cell cytoplasm and nucleus, via a nucleoplasmic separation kit. GAPDH and U6 were used as cytoplasmic and nuclear markers. The expression level of circSIAE in the cytoplasm was verified by agarose electrophoresis (E) and qRT-PCR (F). *p < 0.05, **p < 0.01, ***p < 0.001.



To investigate the structure of the circSIAE molecule, we explored the cleavage sites leading to the formation of this circRNA with the sequencing technology (Figure 1C). As shown in Figure 1D, analysis of the cleavage sites is consistent with the formation of the mature circSIAE molecule by reverse splicing of exons 6 and 7 of linear SIAE (Figure 1D).

The function of the circSIAE molecule depends in part on the subcellular localization of the molecule. Therefore, the cytoplasm and nucleus were separated with a nucleoplasmic separation kit, and agarose gel electrophoresis and qRT-PCR were used to analyze the distribution of the molecule in the nucleus and cytoplasm, with the U6 small nuclear RNA serving as a marker of the nucleus and the GAPDH serving as a marker of the cytoplasm. Here, circSIAE was found to be mainly distributed in cytoplasm, accounting for 79% of the total circSIAE (Figures 1E, F).

In order to investigate possible impacts of the decreased expression of circSIAE, several constructs were transfected into HeLa cells to induce overexpression or silencing of the circRNA. First, to confirm ectopic expression, total RNA was extracted from HeLa cells that were transfected with pcicR-circSIAE overexpression vector, with empty pcicR-3.0 as a control, at 48 h post-transfection, and circSIAE overexpression was verified by qRT-PCR (Figure 2A). Moreover, circSIAE expression was suppressed with small interfering RNAs, si-circSIAE-1 and si-circSIAE-2. When these constructs were transfected into HeLa cells and qRT-PCR analysis of total RNA was performed, it was found that si-circSIAE-2 exhibited a relatively high knockdown efficiency as compared to the NC (Figure 2F). Furthermore, the si-circSIAE-2 and the pcicR-circSIAE were only influenced by the circSIAE but not by the linear SIAE (Supplementary Figure 2). Then, when circSIAE was overexpressed or silenced, HeLa cells were infected with CVB3, and the virus supernatant was collected and total cell protein was extracted at 6 and 8 h post-infection.




Figure 2 | The effect of circSIAE on CVB3 replication. (A) After transfection of no-load pcicR-3.0 and overexpression of pcicR-circSIAE in HeLa, total RNA was extracted 36 h post-transfection, and the success of overexpression of circSIAE was verified by qRT-PCR. (B) After 36 hours post-transfection with pcicR-3.0 and pcicR-circSIAE, HeLa cells were infected with CVB3 (multiplicity of infection = 5), and total protein was extracted at 6 and 8 h post-infection. The expression of VP-1was detected by Western blot. (C, H) Protein levels of VP-1 were quantified by densitometric analysis using ImageJ, normalized to GAPDH and presented as fold changes compared to the control group. (D) After 36 hours post-transfection with pcicR-3.0 and pcicR-circSIAE, HeLa cells were infected with CVB3 and total RNA was extracted at 2, 4, 6 and 8 h post-infection. The expression of VP-1 was detected by qRT-PCR. (E, J) To verify the effect of circSIAE on CVB3 proliferation, cells were infected with CVB3 36 hours post-transfection with no-load pcicR-3.0 and circSIAE (NC, si-circSIAE-2), and viral supernatant was collected at 6 hours post-infection for viral plaque tests. (F) The knockdown efficiency of circSIAE was verified by qRT-PCR. (G) Cells were transfected with empty vector (NC) and si-circSIAE-2 and then infected withCVB3. Total protein was isolated at 6 and 8 h post-infection. Western blotting was used to analyze virus replication. (I) Cells were transfected with empty vector (NC) and si-circSIAE-2 and then infected withCVB3. Total RNA was isolated at 2, 4, 6 and 8 h post-infection. The expression of VP-1 was detected by qRT-PCR. (K, L) After 293T cells were co-transfected with CVB3-eGFP, pcicR-3.0/pcicR-circSIAE and NC/si-circSIAE-2, the fluorescence of infected cells was observed by fluorescence microscopy, and the effect of circSIAE on CVB3 replication was analyzed. **p < 0.01, ***p < 0.001.



Subsequent, Western blotting analyses demonstrated that overexpression of circSIAE inhibited the expression of a major viral capsid protein, VP-1 (Figures 2B, C), while knockdown of circSIAE promoted the expression of VP-1 (Figures 2G, H). To confirm the function of circSIAE on CVB3 proliferation, viral plaque analysis was performed. The results showed that, as compared with the control group, overexpression of circSIAE decreased the number of viral plaques, while the number of viral plaques from supernatants of HeLa cells with knocked down circSIAE increased, suggesting that circSIAE can inhibit the proliferation and/or release of CVB3 (Figures 2E, J).

Furthermore, to confirm the function of circSIAE on CVB3 proliferation curve, the expression of VP-1 by qRT-PCR was performed. CircSIAE was overexpressed or silenced, HeLa cells were infected with CVB3 at 2, 4, 6 and 8 h. As shown in Figure 2D, the expression of VP-1 was decreased in the overexpression cells in contrast to the control cells. Meanwhile, circSIAE knockdown significantly increased the expression of VP-1(Figure 2I).

In order to directly observe the influence of circSIAE on CVB3 replication in a time-dependent manner, CVB3 that expressed eGFP was infected into 293T cells at a multiplicity of infection of 0.1, and the impacts of circSIAE overexpression and knockdown were determined. After 48 to 72 h post-infection, the number of fluorescent cells was observed by fluorescence microscopy. The fluorescence intensity of circSIAE-overexpressing cells was lower than that of the control group, while the fluorescence intensity of the circSIAE knockdown group was higher than that of the control group (Figures 2K, L).

Taken together, then, the results of VP-1 expression, viral particle production, and CVB3-eGFP infection demonstrated that circSIAE inhibits the replication and proliferation of CVB3.



miR-331-3p Is a Sponge for circSIAE and Promotes CVB3 Replication

Using CircBank, CSCD and Circinteractome databases, miR-331-3p was found to be a potential downstream target of circSIAE (Figure 3A). A double luciferase assay was used to test for the existence of binding sites that mediate an interaction between miR-331-3p and circSIAE (Figure 3B). The results showed that the expression of wild-type circSIAE was decreased when a miR-331-3p mimic was expressed. Similarly, the expression of wild-type circSIAE increased when an miR-331-3p inhibitor was present (Figures 3C, D).




Figure 3 | The search for downstream target miRNAs of circSIAE. (A) Potential downstream target miRNAs of circSIAE were searched for in bioinformatics databases. (B) Wild-type and mutant sequences of circSIAE. (C, D) After 293T cells were transfected with NC/mimics/inhibitor of miR-331-3p and wild type, and circSIAE was knocked down for 24 h, the ratio of firefly luciferase to Renilla luciferase was measured with a dual luciferase kit. (E, F) Total RNA was extracted from HeLa cells after transfection with pcicR-circSIAE/si-circSIAE for 36 h, and the expression level of miR-331-3p was detected by qRT-PCR. (G) qRT-PCR was used to verify the relationship between miR-331-3p and CVB3. *p < 0.05, **p < 0.01.



To further verify the downstream target miRNA of circSIAE, total RNA was extracted after overexpression or knockdown of circSIAE. Quantification of miR-331-3p expression by qRT-PCR showed that overexpression of circSIAE resulted in reduced expression of miR-331-3p, while knockdown of circSIAE increased miR-331-3p expression (Figures 3E, F). In addition, total RNA was extracted 6 to 8h after CVB3 infection, and qRT-PCR demonstrated that miR-331-3p increased with CVB3 infection time (Figure 3G). Because CVB3 infection correlates with decreased circSIAE expression (Figure 1), increases in miR-331-3p with CVB3 expression are consistent with a targeting of miR-331-3p by circSIAE.

In order to further test the effect of miR-331-3p on CVB3, miR-331-3p mimics and inhibitors were transfected into HeLa cells. Uninfected HeLa cells were used as controls. Western blot analyses and viral plaque assays showed that miR-331-3p mimics promoted the expression of VP-1 and correlated with increased numbers of viral plaques compared with the control group. Expression of an miR-331-3p inhibitor inhibited VP-1 expression and decreased viral plaque production (Figures 4A–C, E–G).




Figure 4 | The effect of miR-331-3p on the replication and proliferation of CVB3. (A, E) After transfection with miR-331-3p mimics/inhibitor for 36 h, cells were infected with CVB3 for 6 or 8 h, and total protein was extracted, and the effect of miR-331-3p on CVB3 replication was investigated by Western blot. (B, C, F, G) HeLa cells were infected with CVB3 36 h after transfection with miR-331-3p mimics/inhibitor. The viral supernatant after 6 h of infection was collected and used to infect HeLa cells for 1 h. The cells were solidified with low melting point agarose for 2 hours and fixed with 75% glacial acetic acid for 48 hours. (D, H) 293T cells co-transfected with CVB3-eGFP and miR-331-3p mimics/inhibitor were observed by fluorescence microscopy.  *p < 0.05, **p < 0.01.



Similarly, 293T cells were co-transfected with CVB3-eGFP and miR-331-3p mimics or inhibitors, and the numbers of fluorescent cells were measured by fluorescence microscopy. Expression of miR-331-3p mimics increased the number of fluorescent cells (Figure 4D), while expression of miR-331-3p inhibitors was found to decrease the number of fluorescent cells (Figure 4H). In summary, analyses of VP-1 protein expression and production of viral particles in HeLa cells and viral activity in 293T cells confirmed that miR-331-3p promotes the replication and proliferation of CVB3, and a double luciferase assay confirmed that miR-331-3p is a downstream target miRNA of circSIAE.



TAOK2 Is a Downstream Target Gene of miR-331-3p and Suppresses CVB3 Replication

Four databases, including miRDB, miRTarBase, miRPathDB and TargetScan, were used to predict downstream target genes of miR-331-3p, and the gene encoding TAOK2 was identified as a prominent hit (Figure 5A). The relationship between TAOK2 and miR-331-3p that was predicted via bioinformatics analyses was tested by analysis of expression of TAOK2 mRNA by qRT-PCR. Here, the results showed that, as compared with the control group, the expression of TAOK2 mRNA was decreased upon transfection of miR-331-3p mimics, while the expression of TAOK2 mRNA was increased upon transfection of miR-331-3p inhibitors (Figure 5B).




Figure 5 | Searching for downstream target genes of miR-331-3p. (A) Downstream target genes of miR-331-3p were identified by database screening. (B) Total RNA was extracted after transfection with miR-331-3p mimics/inhibitor for 36 h, and the expression level of TAOK2 was verified by qRT-PCR. (C, E, G, I) After circSIAE and miR331-3p were overexpressed/knocked down in HeLa cells, the relationship between circSIAE/miR-331-3p and TAOK2 was verified by Western blotting and qRT-PCR analysis. (D, F, H, J) The protein levels were quantified by densitometric analysis using ImageJ. (G, K) Total protein of HeLa cells was extracted after co-transfection of pcicR-3.0-circSIAE and miR-331-3p mimics, and cells were then infected with CVB3 for 8 h, and protein changes of TAOK2 and VP-1 were determined by Western blot. (L, M) The protein levels of figures of (J, K) were quantified by densitometric analysis using Image J. *p < 0.05, **p < 0.01, ***p < 0.001.



The relationship was also tested in the context of CVB3 infection. After transfection of individual constructs directing the overexpression or knockdown of circSIAE or with constructs expressing miR-331-3p mimics or inhibitors in HeLa cells, the cells were infected with CVB3. Proteins were extracted after CVB3 infection at 6 h and 8h, and the relationship between TAOK2 protein expression and the status of circSIAE and miR-331-3p was determined by Western blotting. As shown in Figures 5C–J, the transfection of an miR-331-3p mimic or knockdown of circSIAE inhibited the expression of TAOK2, while transfection of an miR-331-3p inhibitor or overexpression of circSIAE promoted the expression of TAOK2.

These relationships were also tested by co-transfection of the circSIAE-related constructs with those affecting miR-331-3p activity in a similar manner. Western blotting demonstrated the combined effects of circSIAE and miR-331-3p on TAOK2, as shown in Figure 5K. These results confirmed that expression of the TAOK2 gene was positively correlated with expression of circSIAE and negatively correlated with activity of miR-331-3p (Figure 5K).

As CVB3 infection correlates with decreased expression of cellular circSIAE, it was predicted that CVB3 infection would also correlate with decreased expression of the gene encoding TAOK2. HeLa cells were infected with CVB3, and the proteins and total RNA of infected and uninfected cells were collected at 6 and 8 h post-infection. Western blot (Figure 6A) and qRT-PCR (Figures 6B, C) were performed to test the impact of CVB3 on TAOK2 protein and mRNA. As predicted, CVB3 infection correlated with reduced expression in a time-dependent manner (Figures 6A–C).




Figure 6 | The effect of TAOK2 on CVB3 replication. (A) Total RNA was extracted from HeLa cells infected with CVB3 for 6 and 8 h, and the relationship between TAOK2 and CVB3 was investigated by qRT-PCR. (B) Total protein was extracted from HeLa cells 6 and 8 hours post-infection with CVB3. Western blotting was used to verify the relationship between TAOK2 and CVB3. (C, E, G, H) Same as Figures 2C, H. (D) Total protein of si-TAOK2-transfected cells infected with CVB3 at 6 and 8 h was extracted, and the relationship between TAOK2 and VP-1 was verified by Western blotting. (F) Total protein was extracted from si-TAOK2 transfected HeLa cells following for 6 and 8 h of infection with CVB3. The levels of p-ERK1/2, ERK1/2, p-NF-κB and NF-κB were detected by Western blot. *p < 0.05, **p < 0.01, ***p < 0.001.



The impact of expression of TAOK2 protein on CVB3 activity was further investigated by knocking down expression of TAOK2 with siRNA technology. Two siRNA constructs, si-TAOK2-2804 and si-TAOK2-1065, were created and transfected into HeLa cells. Subsequent Western blotting analysis demonstrated that si-TAOK2-2804 was effective at knocking down expression of TAOK2 (Supplementary Figure 1). Therefore, si-TAOK2-2804 was transfected into HeLa cells prior to infection with CVB3, and total protein was extracted 6 and 8 h after infection. Western blot results showed that VP-1 expression increased after TAOK2 was knocked down, suggesting that TAOK2 inhibited CVB3 replication (Figures 6D, E). To verify the relationship of TAOK2 with several virus-associated signaling pathways, the levels of p-ERK1/2, ERK1/2, p-NF-κB and NF-κB were detected by Western blot. As shown in Figure 6F–H, transfection with si-TAOK2 promoted the phosphorylation of ERK1/2 and NF-κB, consistent with a model in which TAOK2 downregulates signaling through ERK1/2 and NF-κB.



Inhibition of CVB3-Induced Inflammation by the circSIAE/miR-331-3p/TAOK2 Axis

To test the impact of these molecules on CVB3 activity, transcripts directing the overexpression or knockdown of circSIAE and miR-331-3p mimics or inhibitors were transfected individually into HeLa cells for 36 h, and the cells were then infected with CVB3. At 6 and 8 h post-infection, total cell proteins were extracted. Western blot analysis showed that knockdown of circSIAE and expression of an miR-331-3p mimic promoted the replication of CVB3; in addition, levels of p-NF-κB and p-ERK1/2 tended to increase compared with the control group (Figures 7B, C). Conversely, compared with the control group, circSIAE overexpression and expression of an miR-331-3p inhibitor inhibited CVB3 replication and correlated with decreased p-NF-κB and p-ERK1/2 (Figures 7A, D).




Figure 7 | The effect of the circSIAE/miR331-3p/TAOK2 axis on the ERK/NF-κB inflammation pathway. (A–D) After transfection with pcicR-circSIAE/si-circSIAE/miR-331-3p mimics/miR-331-3p inhibitor and its control for 36 h, total protein of cells infected with CVB3 for 6 h and 8 h were extracted. The levels of p-ERK1/2, ERK1/2, p-NF -κB and NF-κB were detected by Western blot. The histograms on the right showed the levels of protein as quantified by densitometric analysis using ImageJ. (E) Total protein of cells transfected with pcicR-3.0-circSIAE and miR-331-3p were extracted following 8 h of infection with CVB3. The relationship between ERK1/2 and NF-κB protein was verified by Western blot. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no statistically significance..



Co-transfection of the circSIAE and miR-331-3p constructs was also performed. The resulting expression analyses showed that phosphorylation of NF-κB and ERK1/2 increased in cells transfected with miR-331-3p mimics group relative to control. The levels of p-NF-κB and p-ERK1/2 were also higher upon overexpression of circSIAE with miR-331-3p mimics. The levels of p-NF-κB and p-ERK1/2 were decreased upon overexpression of circSIAE alone. The levels of p-NF-κB and p-ERK1/2 decreased upon overexpression of circSIAE with miR-331-3p mimics relative to cells in which miR-331-3p mimics were expressed without overexpression of circSIAE (Figure 7E).

Together, these results indicate that overexpression of circSIAE inhibits the expression of TAOK2 by targeting miR-33-3p and that this activity inhibits pathways leading to inflammation, while knockdown of circSIAE promotes the expression of TAOK2 by targeting miR-33-3p and thus activates pathways leading to inflammation. Thus, circSIAE inhibits the replication and proliferation of CVB3 and influences an inflammatory response pathway by targeting miR-331-3p/TAOK2.




Discussion

Several roles played by circRNAs in human cancers have been elucidated. These roles include acting as miRNA sponges (Zhang et al., 2019a; Han et al., 2020; Li S. et al., 2020) and encoding proteins (Zheng et al., 2019; Li et al., 2020a; Pan et al., 2020), and these functions tend to promote tumor progression. As these functions have become more established, our understanding of mechanisms of cancer progression have evolved, as well. However, studies of the functions of circRNAs in host-virus interactions are still in their preliminary stages.

The involvement of circRNAs in various viral infections has been established. Recently, for example, it was reported that after infection with hepatitis C virus, circEXOSC and circTIAL are up-regulated and promote viral infection. Another circRNA, circPSD3, has been shown to affecte RNA amplification at a post-translational step (Chen et al., 2020). In addition, multiple circRNAs were found to be differentially expressed in mice with acute respiratory distress syndrome induced by infection with influenza A virus as compared to control (Zhu et al., 2020). In particular, the expression of circRNA Slco3a1 was significantly increased and circRNA Wdr33 was markedly reduced in patients with acute respiratory distress syndrome (Wang et al., 2021). Zhu et al. showed that in hepatitis B virus-related hepatocellular carcinoma (HCC), the level of plasma circ_0027089 expression was decreased in comparison with cirrhosis patients and healthy participants (Zhu et al., 2020). Despite the connection of circRNA expression to viral infection, few studies focus on the function of circRNAs in virus replication. Here, our research elucidated the relationship between circSIAE and the replication of CVB3, and further identified circSIAE to play an important role as a miRNA sponge.

In this study, we found that the expression of circSIAE was decreased in HeLa cells infected with CVB3 and could inhibit the replication and proliferation of CVB3 in human cells. These functions were demonstrated by both virus plaque assays in HeLa cells and a CVB3-eGFP infection assay in 293T cells. Because previous research has demonstrated circRNA-miRNA-mRNA networks linking Hantaan virus and host cells as well as a sponging effect of circ_000479 on miR-149-5p in the regulation of viral replication (Lu et al., 2020), we predicted that the mechanism by which circRNA inhibited the replication of CVB3 could involve action as an miRNA sponge. According to CircBank, CSCD and Circinteractome databases, miR-331-3p was identified as a downstream target of circSIAE, and a dual luciferase assay supported the existence of sites of binding between miR-331-3p and circSIAE.

Interestingly, miR-331-3p has been shown to regulate the expression of amyloid β peptide (Aβ)1–40 (Liu and Lei, 2021) and inflammatory responses by regulating the expression of NLR family pyrin domain containing 6 (Nie et al., 2020). Importantly, miR-331-3p can inhibit replication of porcine reproductive and respiratory syndrome virus via targeting of ORF1b (You et al., 2020). Therefore, the effect of miR-331-3p on CVB3 replication was examined further.

It was found through virus plaque assays, Western blotting and a CVB3-eGFP infection assay, that down-regulation of miR-331-3p was able to decrease infectious viral particle formation, VP-1 protein synthesis, and the number of infected cells in comparison with the control. In contrast, these quantities were increased upon overexpression of miR-331-3p in cells, as compared with the control. Further functional studies showed that TAOK2 was the downstream target gene of miR-331-3p. TAOK2 is one of the genes at locus 16p11.2, and it encodes a serine/threonine kinase. Expression of TAOK2 not only promotes the differentiation of mitotic cells, spindle localization and long-term disruption of intercortical neurons (Garg et al., 2020), but it also participates in infections by Listeria monocytogenes and several viruses (Quereda et al., 2020).

In order to further verify the involvement of the axis consisting of circSIAE/miR-331-3p/TAOK2, the production of TAOK2 protein was analyzed by Western blot in HeLa cells transfected with an miR-331-3p inhibitor or miR-331-3p mimics and by overexpressing or knocking down circSIAE. The results showed that transfection of miR-331-3p mimics and knockdown of circSIAE could inhibit the expression of TAOK2 protein, while transfection of miR-331-3p inhibitor and overexpression of circSIAE could promote the expression of TAOK2. Then, VP-1 and TAOK2 were measured by Western blotting in HeLa cells co-transfected with pcicR-circSIAE and miR-331-3p mimics, and the results showed that circSIAE and miR-331-3p were negatively correlated with TAOK2 expression and had a positive correlation with VP-1. In general, TAOK2 was negatively correlated with the expression of miR-331-3p and positively correlated with circSIAE. On the contrary, the expression of TAOK2 was decreased after transfection with miR-331-3p mimics, and it was found that circSIAE could positively regulate the expression of TAOK2, which further supported the hypothesis that circSIAE inhibited the replication of CVB3 through miR-331-3p/TAOK2. Finally, the results of investigations into inflammatory pathways showed that circSIAE inhibited the phosphorylation of NF-κB and ERK1/2 proteins.

In summary, our research shows that circSIAE can act as a sponge for miR-331-3p, inhibiting the progress of CVB3 virus replication by up-regulating TAOK2. Our research suggests a new mechanism for circSIAE to mediate the progress of CVB3 replication, and provides a theoretical basis for the study of circSIAE in CVB3 replication.
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Previous studies have demonstrated miRNAs derived from plants and parasites can modulate mammalian gene expression and cell phenotype in a cross-kingdom manner, leading to occurrence of diseases or strengthening resistance of host to diseases such as cancer. In this study, we identified a schistosome miRNA (named Sja-miR-71a) through screening of 57 Schistosoma japonicum miRNAs that exerts antitumor activity in vitro and in vivo models. We demonstrated presence of this parasite miRNA in liver cells during infection. We showed that Sja-miR-71a arrested cell cycle at G0/G1 phase of hepatoma cell lines and inhibited cell proliferation in vitro. The HepG2 transfected with Sja-miR-71a mimics displayed significant reduction of migration and colony formation. Further, growth of the tumor cells transfected with the Sja-miR-71a mimics was obviously suppressed in a xenograft mouse model. Mechanically, we found the antitumor activity of Sja-miR-71a was through targeting a host gene encoding Frizzled Class Receptor 4 (FZD4), as FZD4 small interfering RNAs (siRNAs) generated a similar inhibitory effect on the tumor. These data indicated that Sja-miR-71a is a tumor suppressor miRNA and suggested this parasite-derived miRNA as a potential therapeutic target for cancer.




Keywords: schistosomiasis, microRNA, hepatoma cell, cross-species regulation, FZD4



Introduction

The genus Schistosoma is the causative agent of schistosomiasis. The adult female parasite of Schistosoma japonicum (S. japonicum) in the mesenteric veins of hosts lays numerous eggs which are subsequently trapped in the liver and intestine. In previous studies, we first reported five conserved microRNAs within the parasite adults (Xue et al., 2008) and later we and the others applied deep sequencing to have identified large number of miRNAs, namely, those specific to Schistosoma and conserved miRNAs within the eggs and the other parasite stages (Huang et al., 2009; Wang et al., 2010). Further, schistosome miRNAs were also identified from the extracellular vesicles (EVs) released by both adult worms and eggs of S. japonicum (Wang et al., 2015; Zhu et al., 2016). Furthermore, studies on Litomosoides sigmodontis, Heligmosomoides polygyrus (Coakley et al., 2017; Cai et al., 2019), Ascaris suum (Hansen et al., 2019), Schistosoma mansoni and Fasciola hepatica (Ovchinnikov et al., 2020), also suggested that RNAs derived from the secretion products of diverse helminths are expected to be absorbed by host cells through transport in extracellular vesicles.

MicroRNAs (miRNAs) are a large group of naturally occurring small noncoding RNAs that regulate post-transcriptional expression of genes via binding to the 3ʹ-untranslated regions (3ʹ-UTR) of target mRNAs, which leads to either mRNA degradation or translational pausing (Gramantieri et al., 2008). Accumulated data indicated miRNAs play important roles not only in biological process such as cell proliferation, development or differentiation, but also in progression of many human diseases (Masaki, 2009; Ang et al., 2011). Numerous studies have demonstrated that miRNAs play crucial roles in cancer acting as oncogenes to promote carcinoma development or as anti-oncogenes to suppress tumor growth. For example, microRNA-155-5p promotes hepatocellular carcinoma (HCC) progression (Fu et al., 2017), while miRNA-7 inhibits HCC growth and metastasis (Fang et al., 2012). Therefore, targeting the miRNAs that regulate tumor-relevant genes could be potential therapeutics for cancer.

Recent studies revealed that exogenous miRNAs derived from plants or parasites can regulate target genes expression of recipient cells in a cross-species manner. A plant-derived miR-159 inhibited breast cancer growth by downregulation of TCF7 expression and affected Wnt pathway (Chin et al., 2016). The schistosome-derived Sja-miR-2162 was delivered to hepatic stellate cells of mice infected with S. japonicum and promoted hepatic fibrosis through cross-species regulation of target gene, the host Tgfbr3 gene (He et al., 2020). While several other schistosome-derived miRNAs, such as Sja-miR-3096 and Sja-miR-7-5p, exert antitumor activity through modulation of tumor-related genes. For example, the Sja-miR-3096 inhibited cell proliferation and migration of human hepatoma cells by targeting phosphoinositide 3-kinase class II alpha (PIK3C2A) (Lin et al., 2019). Therefore, discovery of such exogenous miRNAs, such as schistosome microRNAs, should be particularly interesting for development of novel tumor intervention. In this study, we further screened and identified the S. japonicum-derived miRNAs that have antitumor activity. We found that Sja-miR-71a, an S. japonicum miRNA, can arrest hepatoma cell cycle at G0/G1 phase and inhibited migration of tumor cells by targeting the FZD4 gene.



Materials and Methods


Cell Lines and Culture

The HepG2, SMMC-7721 and hepa1-6 cell lines were purchased from the Shanghai Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). The HepG2 and hepa1-6 was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% Penicillin–Streptomycin (Gibco), while SMMC-7721 was cultured in RPMI-1640 supplemented with 10% FBS and 1% Penicillin–Streptomycin. All the cell lines were cultured in a humidified atmosphere containing 5% CO2 at 37°C.



Synthesis of miRNA Mimics and siRNA

The total of 57 miRNAs sequences were obtained from the reference (Huang et al., 2009). The FZD4 siRNA sequences designed by the RNAi Designer website (Thermo Fisher) and negative control (NC) mimic were chemically synthesized and purified by Genepharma (Shanghai, China). The sequence of the miRNAs is provided in Table S1. All these unmodified mimics and siRNAs were purified by High Performance Liquid Chromatography (HPLC).



Cell Transfection

HepG2, SMMC-7721 or hepa1-6 was seeded into 24-well plates, ensured 70% confluence at the time of transfection. Transfection was performed using Lipofectamine 3000 (Invitrogen) method following the manufacturer’s protocol. MiRNA mimics and negative controls were used at a final concentration of 40 nM, while siRNA were at the final concentration of 120 nM. At 48 h post-transfection, cells were collected for detection.



RNA Isolation and Quantitative RT-PCR

Total RNA was extracted from the cultured cells or tissues using TRIzol Reagent (Invitrogen, USA) according to the manufacturer’s instructions. Assays to quantify Sja-miRNA-71a or mRNA were performed using ChamQ™Universal SYBR® qPCR master mix (Vazyme, Nanjing, China) on 7500 real-time PCR system (Applied Biosystems). Briefly, 500 ng of total RNA was reverse-transcribed to cDNA using M-MLV reverse transcriptase (TaKaRa, Dalian, China) and a stem-loop RT primer. Since U6 small nuclear and GAPDH have been used as the internal control for miRNA and mRNA (Meng et al., 2007), miRNA and mRNA expression were normalized to their corresponding internal control genes and the relative change was calculated using the 2−ΔCt and 2−ΔΔCt method (Livak and Schmittgen, 2001), respectively. All PCR experiments were done in triplicate. All the primers are listed in Table S2.



Cell Cycle Measurement

HepG2, SMMC-7721 or hepa1-6 cells were transfected with miRNA or NC mimics respectively, three replicates per group. Cells were collected after 48 h and stained with propidium iodide (PI, Beyotime, China) for cell cycle analysis with FACS (BD, USA). Data were collected and analyzed with the FlowJo software.



Cell Proliferation Assay

Cells were transfected with miRNAs, siRNAs or NC mimics respectively with four replicates per group. At 24 h post-transfection, cells (1.5 × 103 cells) were collected and plated into 96-well plate for 24, 48, 72, and 96 h. At each indicated time, 10 µl Cell Counting Kit-8 reagents (Dojindo, Kumamoto, Japan) was added to each well and cells were incubated for 1 h at 37°C, then using the Microplate reader (Bio-Tek, USA) to measure the absorbance at 450 nm.



Transwell Migration Assay

The migration ability of HepG2 and SMMC-7721 cells transfected with Sja-miR-71a or FZD4 siRNAs and hepa1-6 cells treated with Sja-miR-71a was tested in a Corning Transwell Chamber (8-µm pore filter, 24-well cell cluster). The cells were harvested 24 h after transfection, suspended in FBS-free DMEM culture medium and added 100 µl to the upper chamber (1 × 104 cells/well). At the same time, 700 µl of DMEM with 10% FBS was added to the lower compartment, and the Transwell containing plates were incubated for 24 h in a 5% CO2 atmosphere that was saturated with H2O. After incubation, cells that had entered the lower surface of the filter membrane were fixed with 4% paraformaldehyde for 25 min at room temperature, washed 3 times with distilled water and stained with 0.1% crystal violet in 0.1 M borate and 2% ethanol for 15 min at room temperature. Cells remaining on the upper surface of the filter membrane (non-migrant) were scraped off gently with a cotton swab. The lower surfaces (with migrant cells) were imaged using a photomicroscope (5 fields per chamber), and the cells were counted blindly. Three replicates per group.



Colony Formation Assays

For the colony formation assay, cells were digested and counted after transfected with miRNA, siRNA or NC mimics at 24 h post-transfection, and then 200 cells were placed in each well of a 24-well plate and incubated at 37°C for 2 weeks, with three replicates per group. Clones were fixed and stained in a dye solution containing 0.1% crystal violet and 20% methanol, and the number of clones was counted.



Plasmid Construction and Luciferase Reporter Assay

The sequences of Sja-miR-71a targets in human genes were predicted by software miRDB (Wong and Wang, 2015) and RNAhybrid (Kruger and Rehmsmeier, 2006). The predicted target genes were listed in Table S3. A dual luciferase reporter assay was carried out to determine if FZD4 was the target gene of Sja-miR-71a. Briefly, a 500 bp sequence of the 3ʹ-UTR of FZD4 gene, which contains either wild-type or its mutant at the binding site to Sja-miR-71a sequence were amplified by PCR or over-lap PCR with KOD plus neo (TOYOBO Life Science, Japan), and inserted into a pmirGLO luciferase reporter vector through SacI and XbaI restriction sites (Promega, USA). The primers are listed in Table S2. These two plasmids were designated as FZD4-WT or FZD4-MT, respectively. For the luciferase reporter assay, both HepG2 and SMMC-7721 cells were seeded into 48-well plates (3 × 103 cells/well) and cultured in complete DMEM supplemented with 10% FBS at 37 ˚C and co-transfected with Sja-miR-71a mimics or NC mimics, the plasmid by Lipofectamine 3000, respectively. At 24 h post-transfection, cells were collected, Renilla and firefly luciferase activities were measured using a Dual Luciferase Assay system (Promega Corporation, USA). The activity was normalized to that of Renilla luciferase.



Protein Extraction and Western Blotting

At 48 h post-transfection, the cells were washed with PBS (pH 7.4) and lysed using RIPA Lysis buffer (Beyotime, China) supplemented with a Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific 78440) on ice for 30 min. The supernatants of cell lysates were collected, and measured for the protein concentration using a BCA protein assay kit (Beyotime, China). Western blotting was performed with the corresponding antibodies to analyze the protein. The antibodies were purchased from the following sources: anti-FZD4 (1:1,000 dilution, A02191-1, BOSTER, China); anti-β-ACTIN (1:1,000 dilution, Beyotime, China).



S. japonicum Infection and Isolation of Hepatocytes

Animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, and approved by the Internal Review Board of Tongji University School of Medicine (permit number: TJLAC-015-028). Cercariae of S. japonicum were provided by the National Institute of Parasitic Disease, Chinese Center for Disease Control and Prevention (CDC). All the procedures were described as previously (He et al., 2016; He et al., 2018).



Tumor Xenograft Animal Model

Male athymic nude mice (n = 6) were housed and manipulated according to the protocols approved by the Shanghai Medical Experimental Animal Care Commission. The hepatoma cells were transfected with Sja-miR-71a and NC mimics, respectively and cultured for 24 h. The 1.5 × 106 cells transfected with Sja-miR-71a were inoculated to the right scapula of mice, while the cells with NC mimics to the left scapula, respectively. Tumor volume was measured at days 2, 4, 6 and 8, respectively. The mice were sacrificed at day 8 for measurement of tumor weight and tumor volume using the formula: 1/2 × L × S2, where L is the longest diameter of tumor and S is the shortest diameter of tumor. The abundance of Sja-miR-71a was detected by qPCR, and expression of Ki67 and CD34 were examined by Immunohistochemistry (IHC) as described previously (Wang et al., 2013). The antibody against Ki67 and CD34 was used (1:50 dilution).



Statistical Analysis

The data that are shown are the mean ± SD of at least three independent experiments. The differences were considered statistically significant at p <0.05 using one-way ANOVA, analyzed by GraphPad Prism 9.0 software.




Results


Identification of sja-miRNAs That Suppressed Tumor Cell Growth

We previously performed screening of a batch of schistosome miRNAs and have identified several Sja-miRNAs with antitumor activity such as Sja-miR-3096 (Lin et al., 2019) and Sja-miR-7-5p (Hu et al., 2019). Here, we performed further screening of additional 57 synthetic Sja-miRNAs mimics using human hepatoma cell line HepG2. Each sja-miRNA mimic was transfected into the tumor cell and cell cycles of the transfected cells were evaluated by FACS at 48 h post-transfection. We found four of the Sja-miRNAs including Sja-miR-71a, Sja-miR-3005, Sja-miR-3006, and Sja-miR-3044 that displayed significant arrest of cell cycle at G0/G1 phase (Figure S1). We selected Sja-miR-71a for further investigation as it is highly expressed at a variety of developmental stages of the parasite (Xue et al., 2008) and also present in the EVs of the S. japonicum eggs (Zhu et al., 2016), and showed the strongest inhibitory effect on cell cycle of the tumor cell among the four sja-miRNAs as well.



Inhibitory Effect of Sja-miR-71a on Tumor Cell Proliferation In Vitro

To further determinate the effect of Sja-miR-71a on hepatoma cell in vitro, we chose two human hepatoma cell lines, HepG2 and SMMC-7721 (Chang et al., 2010), and used hsa-miR-124 as a positive control because of its antitumor activity (Silber et al., 2013; Cai et al., 2018; Xu et al., 2020). FACS analyses showed that transfection of Sja-miR-71a mimics significantly arrested cell cycle at G0/G1 phase of both tumor cell lines compared with the NC or blk (transfection reagents only) cohorts (Figures 1A, B). CCK-8 assays showed that Sja-miR-71a obviously inhibited cell proliferation of both HepG2 and SMMC-7721 in a time-dependent manner (Figure 1C). A similar inhibitory effect on the tumor cell growth was observed in a murine tumor cell line of hepa1-6 transfected with Sja-miR-71a mimics (Figure S2A). These data indicated that the Sja-miR-71a suppressed the growth of various tumor cell lines such as HepG2, SMMC-7721, and hepa1-6.




Figure 1 | Inhibitory effect of sja-miR-71a on tumor cell in vitro. The human HepG2 and SMMC-7721 tumor cell lines were transfected with sja-miR-71a, hsa-miR-124 or NC mimics, respectively, and collected at 48 h post-transfection for analyses of cell cycle by FACS in HepG2 (A) and SMMC-7721 (B), and proliferation by CCK8 assays (C). The hsa-miR-124 was used as positive control. *p <0.05, **p <0.01, ***p <0.001, ##p < 0.01, positive control compared to NC.





Sja-miR-71a-Mediated Inhibition of Tumor Cell Migration

To investigate if Sja-miR-71a exert inhibitory effect on cell migration, we performed Transwell assays using the Transwell inserts without Matrigel coating and showed that HepG2 transfected with Sja-miR-71a mimic displayed significant reduction of migration to the low chamber compared with the NC or blk cohorts (Figure 2A), but Sja-miR-71a has no effect on migration of SMMC-7721 cell and also on the hepa1-6 (Figure S2B). We further evaluated effect of Sja-miR-71a on colony formation of both HepG2 or SMMC-7721 cells. The results showed that HepG2 transfected with Sja-miR-71a mimics displayed significant decrease in the colony formation compared with the controls (Figure 2B) and similar outcome was observed in both SMMC-7721 (Figure 2B) and hepa1-6 cell (Figure S2C). These results indicated that Sja-miR-71a can suppress tumor cell migration and colony formation.




Figure 2 | Sja-miR-71a-mediated inhibition of tumor cell migration and colony formation. (A) The HepG2 cell transfected with sja-miR-71a, hsa-miR-124 or NC mimics, respectively, was evaluated by Transwell assays using the Transwell inserts without Matrigel coating and cell counts were presented on the histogram. (B) Both transfected HepG2 and SMMC-7721 were evaluated for colony formation by Colony formation assay. *p <0.05, **p <0.01, ***p <0.001, compared to NC group.





Sja-miR-71a is Present in the Infected Hepatocytes

We next investigated if the Sja-miR-71a is present in the host hepatocytes during S. japonicum infection, we separated hepatocytes from liver of infected mice as previously described (He et al., 2015). Total RNA of the hepatocytes was extracted for PCR or qPCR analyses. We excluded potential contamination with the parasite RNA by PCR detection of the parasite gene (NADH) in the samples and was not detected (Figure 3A). We then performed detection of Sja-miR-71a in the hepatocyte samples at different time-points by qPCR, and showed that Sja-miR-71a was detectable at days 7, 9, 14, and 42 post infection (Figure 3B). The presence of the Sja-miR-71a was also validated by PAGE electrophoresis of PCR products showing the product bands in the infected sample but not in the control sample (Figure 3C). Furthermore, sequencing of the PCR products showed identical to the sequence of Sja-miR-71a (Figure 3D).




Figure 3 | Presence of Sja-miR-71a in the infected hepatocytes. (A) PCR analyses of parasite NADH gene excludes contamination with parasite RNA. Lane 1: sample of parasite positive control; Lanes 2 and 3: samples of hepatocyte of mice infected with S. japonicum (infected); Lanes 4 and 5: samples of hepatocytes of normal mice (uninfected); (B) qPCR analyses of sja-miR-71a in the hepatocytes of mice during the parasite infection. (C) The PAGE electrophoresis of PCR products from the samples of S. japonicum infected (Lanes 2 and 3) or normal mice (Lanes 4 and 5) hepatocytes. Sja-miR-71a mimic were used as positive control (Lane 1). (D) The sequence alignment of reference sja-miR-71a and PCR products of infected hepatocytes.





Identification of Target Genes of Sja-miR-71a

To identify the target genes of Sja-miR-71a, we used two publicly available websites miRDB (Wong and Wang, 2015) and RNAhybrid (Kruger and Rehmsmeier, 2006) to predict the potential target genes of Sja-miR-71a. A total of 413 human target genes were predicted (Table S3). We further used DAVID (Huang Da et al., 2009b; Huang Da et al., 2009a) to search for those genes from the predicted target genes that are related to tumor, and found the target genes of LYN, RASAL2, FZD4, and GNG2 for further study (Choi et al., 2010; Yajima et al., 2012; Ma et al., 2017; Pan et al., 2018). We detected expression level of the four genes in HepG2 transfected with Sja-miR-71a or NC mimics at 48 h post-transfection. As shown in Figure 4A, comparing with NC or blk group, expressions of the four genes were significantly reduced. As FZD4 is a key receptor of Wnt signaling pathway and its potential function in carcinoma, we then focused on this gene for further investigation. Sequence analyses showed a binding site at the 3ʹ-UTR of FZD4 (Figure 4B). The qPCR analyses confirmed that transfection of both HepG2 and SMMC-7721 with Sja-miR-71a dramatically decreased mRNA expression level of FZD4 (Figure 4C), while Western blot analyses showed significant reduction at protein level of the FZD4 in HepG2 (Figure 4D). To verify the FZD4 gene as the target of Sja-miR-71a, we constructed several plasmids that expressing the luciferase reporter, in which the firefly luciferase gene is fused to the 3ʹ-UTR of FZD4 gene (FZD4-WT), and also the mutants (FZD4-MT) where the binding site were mutated. Both HepG2 and SMMC-7721 cells were simultaneously transfected with the relevant plasmids and Sja-miR-71a mimics or NC mimics. As shown in Figure 4E, a significant reduction of the luciferase activity was detected in both of cells transfected with the FZD4-WT but not with the FZD4-MT.




Figure 4 | FZD4 is a target gene of sja-miR-71a. (A) qPCR validation of 4 target gene candidates in the HepG2 human tumor cell line transfected with sja-miR-71a or NC mimics at 48 h post-transfection. (B) The schematic diagram of binding site sequence between wild-type or its mutant of FZD4 3’UTR and seed region of sja-miR-71a. (C) The down-regulation of FZD4 expression in both HepG2 and SMMC-7721 cell lines transfected sja-miR-71a at mRNA level (C) and at protein level in HepG2 (D). (E) Dual-luciferase reporter assays was performed to measure activity of the luciferase reporter gene. *p <0.05, **p <0.01, compared to NC group.



To determine if Sja-miR-71a-mediated antitumor effect is through FZD4, we designed FZD4 small interfering RNAs (siRNAs), named siRNA-737 and siRNA-1584. The qPCR detection indicated both siRNA-737 and siRNA-1584 significantly reduced FZD4 expression in the tumor cell lines (Figure 5A). As the siRNA-1584 revealed high inhibition, we chose this siRNA for further studies. As expected, transfection of both HepG2 and SMMC-7721 cells with the siRNA-1584 led to cell cycle arrest at G0/G1 phase (Figures 5B, C). The cck-8 assays revealed the siRNA-1584 significantly inhibited the tumor cell proliferation compared to the siRNA-NC or blk (Figure 5D). In addition, Transwell (Figure 5E) and Colony formation assays (Figure 5F) demonstrated transfection with the siRNA-1584 significantly blocked cell migration and colony formation of both HepG2 and SMMC-7721. The phenotypes of the cells treated with FZD4 siRNAs were similar to those of Sja-miR-71a mimics-treated cells, suggesting that the FZD4 be the target gene of Sja-miR-71a and mediated anti-tumor effects.




Figure 5 | SiRNA-mediated knockdown of FZD4 expression inhibits hepatoma cell proliferation and migration. (A) Both HepG2 and SMMC-7721 cells were transfected with siRNA-FZD4 737 and siRNA-FZD4 1584, respectively. The mRNA level of FZD4 gene was detected by qPCR. (B) The hepatoma cells were transfected with siRNA-FZD4 1584 and analyzed for the cell cycle (B, C) and also for cell proliferation by cck8 assays (D). Transfection of both HepG2 and SMMC-7721 cells with siRNA-FZD4 1584 were performed for analyses of the cell migration (E) and colony formation (F). The cell count and the number of clones were shown in histogram, respectively. *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001.





Sja-miR-71a Suppressed Tumor Growth In Vivo

To further explore if the antitumor effect of Sja-miR-71a on the tumor cells in vivo, the HepG2 cells were transfected with Sja-miR-71a or NC mimics and then inoculated subcutaneously into the right and the left scapula of BALB/c nude mice, respectively. The results showed growth of the tumor cells transfected with the Sja-miR-71a mimics was obviously slower than that with NC mimics (Figure 6A). In addition, both tumor weight and volume were decreased in mice inoculated with tumor cells transfected with Sja-miR-71a compared with the control mice (Figures 6B, C). As shown in Figure 6D, the Sja-miR-71a was detectable in the tumors of mice transfected with this miRNA at day 8 after injection. Meanwhile, we detected the expression levels of both Ki67 and CD34 using immunohistochemistry (IHC) and showed that the protein level of Ki67 and CD34 were significantly decreased in tumor cells transfected with Sja-miR-71a compared with that in the NC control (Figure 6E). These data indicated that Sja-miR-71a suppressed hepatoma cell growth in vivo.




Figure 6 | Sja-miR-71a suppressed tumor growth in vivo. The HepG2 cells were transfected with Sja-miR-71a mimics in vitro. The cells were collected after 24 h cultivation, and subcutaneously inoculated to nude BALB/c nice. The tumor growth curve (A), and tumor weight (B) and volume (C) on day 8 post-inoculation were presented respectively. Besides, abundance of Sja-miR-71a in tumor at day 0 and 8 post-inoculation was detected (D). Both Ki67 and CD34 expression in tumor tissue were detected by IHC (E). *p <0.05, **p <0.01.






Discussion

Human schistosomiasis is caused by several species of schistosome worms, including S. mansoni, S. japonicum and S. haematobium (Colley et al., 2014). Although infection with S. haematobium is associated with bladder cancer (Hashem et al., 1961; Mostafa et al., 1999; Zaghloul, 2012), it is less evident and controversial that infection with S. japonicum is associated with hepatocellular carcinoma (HCC). The case–control studies conducted in an endemic area of schistosomiasis japonica suggested that infection with S. japonicum had no directive relationship with HCC (Tokoro and Koganezawa, 1976; Inaba et al., 1984; Guo and Lu, 1987). Chronic infection of S. japonicum can lead to liver fibrosis, and eventually to liver cirrhosis, which could be high risk factors for HCC, but it does not seem to be the case in S. japonicum schistosomiasis. Thus, we speculated that some factors such as miRNAs and proteins derived from S. japonicum infection could be beneficial to host to strengthen resistance to certain host disease such as cancer.

Accumulated evidence displayed that miRNAs as oncogenes were involved in occurrence and development of various cancers (Hayes et al., 2014; Cao et al., 2018; Valencia et al., 2020). However, there were also many miRNAs identified in the past decade that exerted anti-tumor activity and revealed therapeutic effect on a variety of tumors (Xu et al., 2012; Jiang et al., 2016; Ishii et al., 2018). Moreover, recent studies suggested exogenous miRNAs derived from plants and parasites can be delivered to recipient cells and regulated tumor-related genes to exert antitumor effects. In the present study, we demonstrated that a specific S. japonicum miRNA, Sja-miR-71a, which exists in host liver cells during infection, has anti-tumor effect on hepatoma cells through suppression of growth and migration of tumor cell by cross-species regulation of FZD4 gene. The Sja-miR-71a arrested cell cycle of both HepG2 and SMMC-7721 tumor cell lines at G0/G1 phase. Importantly, Sja-miR-71a-mediated suppression of the tumor growth was also observed in the xenograft nude mouse model. Further investigation of the mechanisms underlying this antitumor activity revealed that Sja-miR-71a exerts its function by targeting FZD4 gene that is a receptor of Wnt pathway and associated with cancer cell viability and migration (Gupta et al., 2010). Therefore, our data suggested Sja-miR-71a is a tumor suppressor miRNA that might acts as a potential therapeutic target for cancer.

Based on bioinformatics analysis, Sja-miR-71a ortholog is also present in other schistosome species such as S. mansoni. In this study, we consider Sja-miR-71a as a schistosome-specific miRNA because there is no Sja-miR-71a ortholog in the hosts such as human and mouse. In addition, we mainly focused, in the present study, on the role of Sja-miR-71a in the regulation of host cellular functions rather than that in the parasite. Thus, further study should be considered to demonstrate its target genes in the parasite and illustrate potential role of Sja-miR-71a in the worm development and parasitism.

The human Frizzled-4 (FZD4) is the member of FZD family which encodes a 7-comparment trans-membrane type receptor FZD4 (Gupta et al., 2010). The aberrantly upregulated expression of the gene was observed in various human cancers, such as prostate cancer and bladder cancer (Ueno et al., 2012; Formosa et al., 2014).The upregulation of FZD4 expression was associated with tumor proliferation, migration and invasion, which was mediated by Wnt/β-catenin pathway (Yang et al., 2018; Chen et al., 2019). However, FZD4 expression in HCC has not been characterized yet. In this study, we demonstrated that downregulation of FZD4 in hepatoma cell by the FZD4 siRNA inhibited the cell growth and migration, similar to the Sja-miR-71a-mediated antitumor activity. These data suggested that Sja-miR-71a exerted anti-tumor effects on hepatoma cells through downregulation of FZD4 gene expression. It is interesting to note that Sja-miR-71a-mediated inhibitions of the migration of HepG2, SMMC-7721 and hepa1–6 generated different phenotypes. The mechanism behind this phenomenon is not clear. We speculated that it might be related to the migration ability and the endogenous expression levels of the target gene of those cell lines. In addition, MIR-71 has been identified in Ascaris, F. hepatica, Opisthorchis and many other parasites, but was lost in gnathostomes. The natural role of Sja-miR-71a in the biology of parasite and its host interaction has not been elucidated yet. It should be noted that the data on the Sja-miR-71a-mediated antitumor activity in this study was obtained based on transfection of Sja-miR-71a mimics to the cells in vitro, which should led to much higher levels of the transfected Sja-miR-71a than that of the endogenously expressed miRNA in the cells. Further studies would be considered to use alternative approach to tightly regulate expression of this miRNA within cell using regulatory vector to determine various levels of Sja-miR-71a on its antitumor activity.

In summary, we identified a schistosome miRNA, the Sja-miR-71a, that is present in host hepatocytes during the parasite infection. The schistosome-derived miRNA exerts an antitumor effect on hepatoma cell through arresting cell cycle at G0/G1 phase and suppression of tumor cell migration. The Sja-miR-71a-mediated suppression of tumor growth in vivo suggested that application of these exogenous miRNAs potentially provide a novel approach for cancer therapy.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, the Internal Review Board of Tongji University School of Medicine.



Author Contributions

PJ and WP conceived and designed the study. PJ, JW, and SZ performed the experiments. CH, YL, and WP analyzed the data. PJ and WP wrote the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This study was supported by the National Natural Science Foundation of China (81972985).



Acknowledgments

We thank the staff of the National Institute of Parasitic Disease, Chinese Centre for Disease Control and Prevention for their help with parasite infections.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.786543/full#supplementary-material



References

 Ang, C., O'reilly, E. M., and Abou-Alfa, G. K. (2011). MicroRNA, Hypoxic Stress and Hepatocellular Carcinoma: Future Directions. J. Gastroenterol. Hepatol. 26, 1586–1588. doi: 10.1111/j.1440-1746.2011.06903.x

 Cai, Q., He, B., Weiberg, A., Buck, A. H., and Jin, H. (2019). Small RNAs and Extracellular Vesicles: New Mechanisms of Cross-Species Communication and Innovative Tools for Disease Control. PloS Pathog. 15, e1008090. doi: 10.1371/journal.ppat.1008090

 Cai, W. L., Huang, W. D., Li, B., Chen, T. R., Li, Z. X., Zhao, C. L., et al. (2018). microRNA-124 Inhibits Bone Metastasis of Breast Cancer by Repressing Interleukin-11. Mol. Cancer 17, 9. doi: 10.1186/s12943-017-0746-0

 Cao, M. Q., You, A. B., Zhu, X. D., Zhang, W., Zhang, Y. Y., Zhang, S. Z., et al. (2018). miR-182-5p Promotes Hepatocellular Carcinoma Progression by Repressing FOXO3a. J. Hematol. Oncol. 11, 12. doi: 10.1186/s13045-018-0555-y

 Chang, J., Liu, Y., Zhang, D. D., Zhang, D. J., Wu, C. T., Wang, L. S., et al. (2010). Hepatopoietin Cn Suppresses Apoptosis of Human Hepatocellular Carcinoma Cells by Up-Regulating Myeloid Cell Leukemia-1. World J. Gastroenterol. 16, 193–200. doi: 10.3748/wjg.v16.i2.193

 Chen, L., Long, Y., Han, Z., Yuan, Z., Liu, W., Yang, F., et al. (2019). MicroRNA-101 Inhibits Cell Migration and Invasion in Bladder Cancer via Targeting FZD4. Exp. Ther. Med. 17, 1476–1485. doi: 10.3892/etm.2018.7084

 Chin, A. R., Fong, M. Y., Somlo, G., Wu, J., Swiderski, P., Wu, X., et al. (2016). Cross-Kingdom Inhibition of Breast Cancer Growth by Plant Mir159. Cell Res. 26, 217–228. doi: 10.1038/cr.2016.13

 Choi, Y. L., Bocanegra, M., Kwon, M. J., Shin, Y. K., Nam, S. J., Yang, J. H., et al. (2010). LYN is a Mediator of Epithelial-Mesenchymal Transition and a Target of Dasatinib in Breast Cancer. Cancer Res. 70, 2296–2306. doi: 10.1158/0008-5472.CAN-09-3141

 Coakley, G., Mccaskill, J. L., Borger, J. G., Simbari, F., Robertson, E., Millar, M., et al. (2017). Extracellular Vesicles From a Helminth Parasite Suppress Macrophage Activation and Constitute an Effective Vaccine for Protective Immunity. Cell Rep. 19, 1545–1557. doi: 10.1016/j.celrep.2017.05.001

 Colley, D. G., Bustinduy, A. L., Secor, W. E., and King, C. H. (2014). Human Schistosomiasis. Lancet 383, 2253–2264. doi: 10.1016/S0140-6736(13)61949-2

 Fang, Y., Xue, J. L., Shen, Q., Chen, J., and Tian, L. (2012). MicroRNA-7 Inhibits Tumor Growth and Metastasis by Targeting the Phosphoinositide 3-Kinase/Akt Pathway in Hepatocellular Carcinoma. Hepatology 55, 1852–1862. doi: 10.1002/hep.25576

 Formosa, A., Markert, E. K., Lena, A. M., Italiano, D., Finazzi-Agro, E., Levine, A. J., et al. (2014). MicroRNAs, miR-154, miR-299-5p, miR-376a, miR-376c, miR-377, miR-381, miR-487b, miR-485-3p, miR-495 and miR-654-3p, Mapped to the 14q32.31 Locus, Regulate Proliferation, Apoptosis, Migration and Invasion in Metastatic Prostate Cancer Cells. Oncogene 33, 5173–5182. doi: 10.1038/onc.2013.451

 Fu, X., Wen, H., Jing, L., Yang, Y., Wang, W., Liang, X., et al. (2017). MicroRNA-155-5p Promotes Hepatocellular Carcinoma Progression by Suppressing PTEN Through the PI3K/Akt Pathway. Cancer Sci. 108, 620–631. doi: 10.1111/cas.13177

 Gramantieri, L., Fornari, F., Callegari, E., Sabbioni, S., Lanza, G., Croce, C. M., et al. (2008). MicroRNA Involvement in Hepatocellular Carcinoma. J. Cell Mol. Med. 12, 2189–2204. doi: 10.1111/j.1582-4934.2008.00533.x

 Guo, Z. R., and Lu, Q. X. (1987). A Case-Control Study on the Relationship Between Schistosomiasis Japonica and Liver Cancer. Zhongguo Ji Sheng Chong Xue Yu Ji Sheng Chong Bing Za Zhi 5, 220–223.

 Gupta, S., Iljin, K., Sara, H., Mpindi, J. P., Mirtti, T., Vainio, P., et al. (2010). FZD4 as a Mediator of ERG Oncogene-Induced WNT Signaling and Epithelial-to-Mesenchymal Transition in Human Prostate Cancer Cells. Cancer Res. 70, 6735–6745. doi: 10.1158/0008-5472.CAN-10-0244

 Hansen, E. P., Fromm, B., Andersen, S. D., Marcilla, A., Andersen, K. L., Borup, A., et al. (2019). Exploration of Extracellular Vesicles From Ascaris Suum Provides Evidence of Parasite-Host Cross Talk. J. Extracell. Vesicles 8, 1578116. doi: 10.1080/20013078.2019.1578116

 Hashem, M., Zaki, S. A., and Hussein, M. (1961). The Bilharzial Bladder Cancer and its Relation to Schistosomiasis. A Statistical Stud. J. Egypt. Med. Assoc. 44, 579–597.

 Hayes, J., Peruzzi, P. P., and Lawler, S. (2014). MicroRNAs in Cancer: Biomarkers, Functions and Therapy. Trends Mol. Med. 20, 460–469. doi: 10.1016/j.molmed.2014.06.005

 He, X., Sun, Y., Lei, N., Fan, X., Zhang, C., Wang, Y., et al. (2018). MicroRNA-351 Promotes Schistosomiasis-Induced Hepatic Fibrosis by Targeting the Vitamin D Receptor. Proc. Natl. Acad. Sci 115 (1), 180–185. doi: 10.1073/pnas.1715965115

 He, X., Tang, R., Sun, Y., Wang, Y. G., Zhen, K. Y., Zhang, D. M., et al. (2016). MicroR-146 Blocks the Activation of M1 Macrophage by Targeting Signal Transducer and Activator of Transcription 1 in Hepatic Schistosomiasis. EBioMedicine 13, 339–347. doi: 10.1016/j.ebiom.2016.10.024

 He, X., Wang, Y., Fan, X., Lei, N., Tian, Y., Zhang, D., et al. (2020). A Schistosome miRNA Promotes Host Hepatic Fibrosis by Targeting Transforming Growth Factor Beta Receptor III. J. Hepatol. 72, 519–527. doi: 10.1016/j.jhep.2019.10.029

 He, X., Xie, J., Zhang, D., Su, Q., Sai, X., Bai, R., et al. (2015). Recombinant Adeno-Associated Virus-Mediated Inhibition of microRNA-21 Protects Mice Against the Lethal Schistosome Infection by Repressing Both IL-13 and Transforming Growth Factor Beta 1 Pathways. Hepatology 61, 2008–2017. doi: 10.1002/hep.27671

 Huang Da, W., Sherman, B. T., and Lempicki, R. A. (2009a). Bioinformatics Enrichment Tools: Paths Toward the Comprehensive Functional Analysis of Large Gene Lists. Nucleic Acids Res. 37, 1–13. doi: 10.1093/nar/gkn923

 Huang Da, W., Sherman, B. T.s, and Lempicki, R. A. (2009b). Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics Resources. Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

 Huang, J., Hao, P., Chen, H., Hu, W., Yan, Q., Liu, F., et al. (2009). Genome-Wide Identification of Schistosoma Japonicum microRNAs Using a Deep-Sequencing Approach. PloS One 4, e8206. doi: 10.1371/journal.pone.0008206

 Hu, C., Zhu, S., Wang, J., Lin, Y., Ma, L., Zhu, L., et al. (2019). Schistosoma Japonicum MiRNA-7-5p Inhibits the Growth and Migration of Hepatoma Cells via Cross-Species Regulation of S-Phase Kinase-Associated Protein 2. Front. Oncol. 9, 175. doi: 10.3389/fonc.2019.00175

 Inaba, Y., Maruchi, N., Matsuda, M., Yoshihara, N., and Yamamoto, S. (1984). A Case-Control Study on Liver Cancer With Special Emphasis on the Possible Aetiological Role of Schistosomiasis. Int. J. Epidemiol. 13, 408–412. doi: 10.1093/ije/13.4.408

 Ishii, H., Vodnala, S. K., Achyut, B. R., So, J. Y., Hollander, M. C., Greten, T. F., et al. (2018). miR-130a and miR-145 Reprogram Gr-1(+)CD11b(+) Myeloid Cells and Inhibit Tumor Metastasis Through Improved Host Immunity. Nat. Commun. 9, 2611. doi: 10.1038/s41467-018-05023-9

 Jiang, X., Hu, C., Arnovitz, S., Bugno, J., Yu, M., Zuo, Z., et al. (2016). miR-22 has a Potent Anti-Tumour Role With Therapeutic Potential in Acute Myeloid Leukaemia. Nat. Commun. 7, 11452. doi: 10.1038/ncomms11452

 Kruger, J., and Rehmsmeier, M. (2006). RNAhybrid: microRNA Target Prediction Easy, Fast and Flexible. Nucleic Acids Res. 34, W451–W454. doi: 10.1093/nar/gkl243

 Lin, Y., Zhu, S., Hu, C., Wang, J., Jiang, P., Zhu, L., et al. (2019). Cross-Species Suppression of Hepatoma Cell Growth and Migration by a Schistosoma Japonicum MicroRNA. Mol. Ther. Nucleic Acids 18, 400–412. doi: 10.1016/j.omtn.2019.09.006

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Masaki, T. (2009). MicroRNA and Hepatocellular Carcinoma. Hepatol. Res. 39, 751–752. doi: 10.1111/j.1872-034X.2009.00572.x

 Ma, C., Xu, B., Husaiyin, S., Wang, L., Wusainahong, K., Ma, J., et al. (2017). MicroRNA-505 Predicts Prognosis and Acts as Tumor Inhibitor in Cervical Carcinoma With Inverse Association With FZD4. BioMed. Pharmacother. 92, 586–594. doi: 10.1016/j.biopha.2017.04.028

 Meng, F., Henson, R., Wehbe-Janek, H., Ghoshal, K., Jacob, S. T., and Patel, T. (2007). MicroRNA-21 Regulates Expression of the PTEN Tumor Suppressor Gene in Human Hepatocellular Cancer. Gastroenterology 133, 647–658. doi: 10.1053/j.gastro.2007.05.022

 Mostafa, M. H., Sheweita, S. A., and O'connor, P. J. (1999). Relationship Between Schistosomiasis and Bladder Cancer. Clin. Microbiol. Rev. 12, 97–111. doi: 10.1128/CMR.12.1.97

 Ovchinnikov, V. Y., Kashina, E. V., Mordvinov, V. A., and Fromm, B. (2020). EV-Transported microRNAs of Schistosoma Mansoni and Fasciola Hepatica: Potential Targets in Definitive Hosts. Infect. Genet. Evol. 85, 104528. doi: 10.1016/j.meegid.2020.104528

 Pan, Y., Tong, J. H. M., Lung, R. W. M., Kang, W., Kwan, J. S. H., Chak, W. P., et al. (2018). RASAL2 Promotes Tumor Progression Through LATS2/YAP1 Axis of Hippo Signaling Pathway in Colorectal Cancer. Mol. Cancer 17, 102. doi: 10.1186/s12943-018-0853-6

 Silber, J., Hashizume, R., Felix, T., Hariono, S., Yu, M., Berger, M. S., et al. (2013). Expression of miR-124 Inhibits Growth of Medulloblastoma Cells. Neuro Oncol. 15, 83–90. doi: 10.1093/neuonc/nos281

 Tokoro, Y., and Koganezawa, S. (1976). Metrical and Histopathological Studies on Japanese Schistosomiasis of the Colon Associated With Cancer. Nihon Shokakibyo Gakkai Zasshi 73, 972–985.

 Ueno, K., Hirata, H., Majid, S., Yamamura, S., Shahryari, V., Tabatabai, Z. L., et al. (2012). Tumor Suppressor microRNA-493 Decreases Cell Motility and Migration Ability in Human Bladder Cancer Cells by Downregulating RhoC and FZD4. Mol. Cancer Ther. 11, 244–253. doi: 10.1158/1535-7163.MCT-11-0592

 Valencia, K., Erice, O., Kostyrko, K., Hausmann, S., Guruceaga, E., Tathireddy, A., et al. (2020). The Mir181ab1 Cluster Promotes KRAS-Driven Oncogenesis and Progression in Lung and Pancreas. J. Clin. Invest. 130, 1879–1895. doi: 10.1172/JCI129012

 Wang, L., Li, Z., Shen, J., Liu, Z., Liang, J., Wu, X., et al. (2015). Exosome-Like Vesicles Derived by Schistosoma Japonicum Adult Worms Mediates M1 Type Immune- Activity of Macrophage. Parasitol. Res. 114, 1865–1873. doi: 10.1007/s00436-015-4373-7

 Wang, Z., Xue, X., Sun, J., Luo, R., Xu, X., Jiang, Y., et al. (2010). An "in-Depth" Description of the Small Non-Coding RNA Population of Schistosoma Japonicum Schistosomulum. PloS Negl. Trop. Dis. 4, e596. doi: 10.1371/journal.pntd.0000596

 Wang, R., Zhao, N., Li, S., Fang, J. H., Chen, M. X., Yang, J., et al. (2013). MicroRNA-195 Suppresses Angiogenesis and Metastasis of Hepatocellular Carcinoma by Inhibiting the Expression of VEGF, VAV2, and CDC42. Hepatology 58, 642–653. doi: 10.1002/hep.26373

 Wong, N., and Wang, X. (2015). miRDB: An Online Resource for microRNA Target Prediction and Functional Annotations. Nucleic Acids Res. 43, D146–D152. doi: 10.1093/nar/gku1104

 Xue, X., Sun, J., Zhang, Q., Wang, Z., Huang, Y., and Pan, W. (2008). Identification and Characterization of Novel microRNAs From Schistosoma Japonicum. PloS One 3, e4034. doi: 10.1371/journal.pone.0004034

 Xu, Q., Liu, L. Z., Qian, X., Chen, Q., Jiang, Y., Li, D., et al. (2012). MiR-145 Directly Targets P70s6k1 in Cancer Cells to Inhibit Tumor Growth and Angiogenesis. Nucleic Acids Res. 40, 761–774. doi: 10.1093/nar/gkr730

 Xu, Y., Liu, N., Wei, Y., Zhou, D., Lin, R., Wang, X., et al. (2020). Anticancer Effects of miR-124 Delivered by BM-MSC Derived Exosomes on Cell Proliferation, Epithelial Mesenchymal Transition, and Chemotherapy Sensitivity of Pancreatic Cancer Cells. Aging (Albany NY) 12, 19660–19676. doi: 10.18632/aging.103997

 Yajima, I., Kumasaka, M. Y., Naito, Y., Yoshikawa, T., Takahashi, H., Funasaka, Y., et al. (2012). Reduced GNG2 Expression Levels in Mouse Malignant Melanomas and Human Melanoma Cell Lines. Am. J. Cancer Res. 2, 322–329.

 Yang, Y., Sun, Y., Wu, Y., Tang, D., Ding, X., Xu, W., et al. (2018). Downregulation of miR-3127-5p Promotes Epithelial-Mesenchymal Transition via FZD4 Regulation of Wnt/beta-Catenin Signaling in Non-Small-Cell Lung Cancer. Mol. Carcinog. 57, 842–853. doi: 10.1002/mc.22805

 Zaghloul, M. S. (2012). Bladder Cancer and Schistosomiasis. J. Egypt. Natl. Canc. Inst. 24, 151–159. doi: 10.1016/j.jnci.2012.08.002

 Zhu, S., Wang, S., Lin, Y., Jiang, P., Cui, X., Wang, X., et al. (2016). Release of Extracellular Vesicles Containing Small RNAs From the Eggs of Schistosoma Japonicum. Parasit. Vectors 9, 574. doi: 10.1186/s13071-016-1845-2




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.


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 © 2022 Jiang, Wang, Zhu, Hu, Lin and Pan. 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.




ORIGINAL RESEARCH

published: 10 February 2022

doi: 10.3389/fcimb.2022.811123

[image: image2]


Developmental Regulation and Functional Prediction of microRNAs in an Expanded Fasciola hepatica miRNome


Caoimhe M. Herron, Anna O’Connor, Emily Robb, Erin McCammick, Claire Hill, Nikki J. Marks, Mark W. Robinson, Aaron G. Maule and Paul McVeigh*


School of Biological Sciences, Queen’s University Belfast, Belfast, United Kingdom




Edited by: 

Pengfei Cai, QIMR Berghofer Medical Research Institute, Australia

Reviewed by: 

Bahador Sarkari (Shahriari), Shiraz University of Medical Sciences, Iran

Fernanda Janku Cabral, State University of Campinas, Brazil

*Correspondence: 

Paul McVeigh
 paul.mcveigh@qub.ac.uk

Specialty section: 
 This article was submitted to Parasite and Host, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 08 November 2021

Accepted: 14 January 2022

Published: 10 February 2022

Citation:
Herron CM, O’Connor A, Robb E, McCammick E, Hill C, Marks NJ, Robinson MW, Maule AG and McVeigh P (2022) Developmental Regulation and Functional Prediction of microRNAs in an Expanded Fasciola hepatica miRNome. Front. Cell. Infect. Microbiol. 12:811123. doi: 10.3389/fcimb.2022.811123



The liver fluke, Fasciola hepatica, is a global burden on the wellbeing and productivity of farmed ruminants, and a zoonotic threat to human health. Despite the clear need for accelerated discovery of new drug and vaccine treatments for this pathogen, we still have a relatively limited understanding of liver fluke biology and host interactions. Noncoding RNAs, including micro (mi)RNAs, are key to transcriptional regulation in all eukaryotes, such that an understanding of miRNA biology can shed light on organismal function at a systems level. Four previous publications have reported up to 89 mature miRNA sequences from F. hepatica, but our data show that this does not represent a full account of this species miRNome. We have expanded on previous studies by sequencing, for the first time, miRNAs from multiple life stages (adult, newly excysted juvenile (NEJ), metacercariae and adult-derived extracellular vesicles (EVs)). These experiments detected an additional 61 high-confidence miRNAs, most of which have not been described in any other species, expanding the F. hepatica miRNome to 150 mature sequences. We used quantitative (q)PCR assays to provide the first developmental profile of miRNA expression across metacercariae, NEJ, adult and adult-derived Evs. The majority of miRNAs were expressed most highly in metacercariae, with at least six distinct expression clusters apparent across life stages. Intracellular miRNAs were functionally analyzed to identify target mRNAs with inversely correlated expression in F. hepatica tissue transcriptomes, highlighting regulatory interactions with key virulence transcripts including cathepsin proteases, and neuromuscular genes that control parasite growth, development and motility. We also linked 28 adult-derived EV miRNAs with downregulation of 397 host genes in F. hepatica-infected transcriptomes from ruminant lymph node, peripheral blood mononuclear cell (PBMC) and liver tissue transcriptomes. These included genes involved in signal transduction, immune and metabolic pathways, adding to the evidence for miRNA-based immunosuppression during fasciolosis. These data expand our understanding of the F. hepatica miRNome, provide the first data on developmental miRNA regulation in this species, and provide a set of testable hypotheses for functional genomics interrogations of liver fluke miRNA biology.
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Introduction

Fasciola spp. liver fluke are important flatworm parasites of ruminants, impacting agricultural productivity and animal welfare worldwide, with F. hepatica and F. gigantica found predominantly in temperate and tropical regions respectively. Efforts to control these parasites rely almost entirely on blanket application of flukicidal anthelmintic drugs to ruminant herds, an approach which has resulted in a selective pressure favouring parasite populations carrying resistance alleles for most of the currently available flukicides (Kelley et al., 2016; Fairweather et al., 2020). Given the absence of a vaccine, new control options are urgently needed.

Understanding parasite biology and their host interactions is key to identifying new molecular targets for anthelmintic drugs, vaccines and non-chemical control options, and new biomarkers for improved diagnostics. Expanded availability of omics datasets have accelerated this process for F. hepatica (Cwiklinski and Dalton, 2018; McVeigh et al., 2018; McVeigh, 2020), but this species arguably still lags other parasites in the exploitation of these datasets for parasite control. One area where we fall short is the understanding of non-coding RNAs and post-transcriptional regulation of gene expression. Micro (mi)RNAs are non-coding RNAs responsible for the modulation of gene expression through RNA interference (RNAi) pathways. Most miRNAs bind to 3-prime untranslated region (3’ UTR) of their target transcripts, reducing mRNA stability and leading to downregulation of protein expression (O’Brien et al., 2018). This fundamental process occurs throughout eukaryotes, but our ability to probe and understand it in liver fluke specifically has been hindered by the lack of appropriate functional genomic protocols and an incomplete understanding of the miRNome. To date, 89 F. hepatica miRNAs have been reported in adult and newly excysted juvenile (NEJ) parasites (Xu et al., 2012; Fontenla et al., 2015; Fromm et al., 2015; Ovchinnikov et al., 2020; Ricafrente et al., 2020). Given that miRBase (release 22.1) reports more than 100 miRNAs in other flatworm species, this is probably not the full extent of the F. hepatica miRNome. In addition, there are no published quantitative data on the developmental regulation of miRNA expression across F. hepatica life stages, insights which are essential in attaching function to these sequences. A recent study on F. gigantica (Hu et al., 2021) measured miRNA expression across intra-mammalian and intra-molluscan life stages, linking these sequences with regulation of metabolism, transport, growth and development. Given the miRNA homology shared between F. hepatica and F. gigantica (Hu et al., 2021) this dataset is a useful comparative tool that could yield insights for F. hepatica as well.

F. hepatica secretes miRNAs, which are of interest given their potential role in host-parasite interactions and as diagnostic biomarkers. Following the first report of extracellular vesicle (EV) release from F. hepatica (Marcilla et al., 2012), miRNAs were soon observed amongst the cargo molecules of these membrane bound carriers (Fromm et al., 2015). These miRNAs have been analyzed in terms of their potential to target immune transcripts of host organisms (Fromm et al., 2015; Fromm et al., 2017; Ovchinnikov et al., 2020; Ricafrente et al., 2020), with data now showing that fhe-mir-125b can enter host immune cells and attach to host argonaut protein, forming a potentially functional silencing unit (Tran et al., 2021). Additional functional insight has come from using miRNA target prediction algorithms to identify the host mRNAs that are targeted for silencing by fluke secreted miRNAs. Ovchinnikov et al. focused on adult EV miRNAs, uding PITA and TargetSCAN to link 24 miRNAs to 321 cow and human mRNAs, including targets within the Wnt signalling pathway and the immune system (Ovchinnikov et al., 2020). Similarly, (Ricafrente et al., 2020) used miRTarget to link 38 NEJ expressed miRNAs (Fontenla et al., 2015) with 26 target genes expressed in innate immune cells.

Our work builds on previous studies to catalogue new miRNAs within an expanded F. hepatica miRNome, alongside a developmental expression profile of these in multiple intra-mammalian life stages. We provide functional insight through rigorous miRNA target prediction analysis against both endogenous fluke tissue transcriptomes, and transcriptomes from sheep/cow tissues from fasciolosis infections. Network and co-expression analyses are used to categorize functions for both cellular and secreted miRNAs. This work significantly expands our understanding of the F. hepatica miRNome and provides a foundation for future functional genomics investigations into liver fluke miRNA biology.



Materials and Methods


Parasite Handling and Sample Preparation

Italian strain F. hepatica metacercariae were obtained from Ridgeway Research Ltd. These were either used directly for RNA extraction, or excysted to newly excysted juveniles (NEJs) as described previously (McVeigh et al., 2014). For generation of small RNA-Seq libraries, NEJs were maintained in vitro for 7 days either in RPMI 1640 (non-growing NEJs) or in RPMI 1640 supplemented with 20% Foetal Bovine Serum (FBS) (growing NEJs). In later experiments for quantitative (q)PCR-based detection of miRNAs, NEJs were processed for RNA extraction within 3 hours of excystment. Comparisons between growing and non-growing samples were not performed by qPCR due to low availability of metacercariae at the time of experimentation. Adult parasites were recovered from sheep at abattoir (ABP Meats, Lurgan, Co Armagh, Northern Ireland) and snap frozen within 4h of collection. EVs were collected following incubation of adult parasites (5h, two flukes per ml), or NEJs (24h, 200 parasites per 500ul) in RPMI 1640, using ultracentrifugation as described previously (Cwiklinski et al., 2015b).



Small RNA Sequencing and Bioinformatics

In all cases, total RNA was extracted using Trizol Reagent (Thermo Fisher Scientific). For RNA-Seq experiments, RNA was extracted from 2000 metacercariae or newly excysted juvenile (NEJ) worms, from a single adult parasite, or from EV samples prepared as described above. RNA-Seq libraries were prepared using a TruSeq Small RNA Library Preparation Kit (Illumina), and sequenced, by Genome Quebec (McGill University Genome Quebec Innovation Centre, Montreal, Canada), on an Illumina Hi-Seq platform. Sequencing reads were adaptor trimmed with Cutdapt 2.5, and then processed for miRNA prediction using miRDeep2 (Friedlander et al., 2012). Reads were mapped against the WBPS13 version of the F. hepatica genome (PRJEB25283) (Cwiklinski et al., 2015a) using miRDeep2’s “mapper” function with default parameters. We supplied miRDeep2 with a non-redundant fasta file of the 89 F. hepatica miRNAs known prior to this study, gathered from published reports (Xu et al., 2012; Fontenla et al., 2015; Fromm et al., 2015; Ovchinnikov et al., 2020). We ran miRDeep2 on all libraries individually, then combined the six library datasets for miRNA calling. Within this combined dataset, we accepted miRNAs that met all of the following criteria: (i) ≥10 reads mapping to the mature sequence; (ii) ≥1 read mapping to a star/passenger sequence; (iii) A precursor predicted to fold into a stable hairpin, supported by a significant randfold p-value. Some partner sequences were retained without passing all these filters, because their opposite strand partner miRNA did pass muster. We classified 5p and 3p variants according to their relative locations on the precursor RNA.



Developmental Expression qPCR

Following RNA extraction from three biological replicates of each sample type, comprising 200 metacercariae, 200 NEJs, single adult parasites, or EV batches collected as described above, 5 ng of each RNA was reverse transcribed to cDNA using the miRCURY reverse transcription kit (Qiagen). Qiagen’s miRCURY Locked Nucleic Acid (LNA) assays were designed for every miRNA in our version of the F. hepatica miRNome (LNA oligo sequences are described in Supplementary Table 3). These assays were run against cDNA replicates with the miRCURY SYBR Green Mastermix (Qiagen) on a Qiagen RotorGene Q qPCR instrument. For data analysis, Ct data were extracted using the RotorGene software suite. Targets were considered “expressed” where they were amplified in at least two of the three replicates. Some LNA assays exhibited repeated unresolvable non-specific amplification in negative controls, these were omitted from the dataset.

Differential expression analysis used the ΔΔCt method (Pfaffl, 2001). For each miRNA, we used the dataset mean Ct of the other 75 expressed miRNAs (30.23±1.57) as the reference value for these calculations, as described by (Mestdagh et al., 2009). Negative controls replaced cDNA with water. Expression ratios (ΔΔCt) were converted to fold change values (where values less than 1 were converted to their negative reciprocal). Statistical analysis employed non-parametric, two-tailed t-tests, comparing fold change replicates from each miRNA with their corresponding dataset mean.



miRNA Target Prediction, Correlation, Functional and Network Analysis

To identify potential mRNA targets for F. hepatica miRNAs we adapted a consensus prediction method as described by (Gillan et al., 2017). After gathering 3’UTR sequences from Bos taurus [Ensembl version 104 (Howe et al., 2021)] and F. hepatica (WormBase ParaSite project PRJEB25283 version WBPS16 [Cwiklinski et al., 2015a; Bolt et al., 2018)], we used three miRNA target prediction algorithms [miRANDA (Enright et al., 2003), PITA (Kertesz et al., 2007) and RNAhybrid (Rehmsmeier et al., 2004)] to match all F. hepatica miRNAs with F. hepatica UTRs, and adult EV miRNAs with B. taurus UTRs. In both cases we took a consensus approach, using a custom Python script to identify and retain only those mRNA:miRNA pairs that were identified by all three algorithms. Within each tool, we used the same thresholds as (Gillan et al., 2017): miRanda, total score >145, energy < -10; RNAhybrid, p<0.1, energy < -22; PITA, seed sequence of 8 bases with ΔΔG < -10.

For endogenous miRNA targets in F. hepatica, we gathered TPM expression data for target transcripts from the F. hepatica transcriptome [hosted on WormBase ParaSite (Cwiklinski et al., 2018; Cwiklinski et al., 2021)], and generated correlation coefficients (CC) for each miRNA (qPCR Ct) and mRNA (RNA-Seq TPM) pair, using Excel’s “CORREL” function. We accepted only those pairs with CC>0.950 for further analysis. Each mRNA was manually annotated by BLASTx against the ncbi nr dataset using DIAMOND BLASTx (Buchfink et al., 2015), where the top hit scoring e<0.001 was accepted. For miRNA targets in ruminant hosts, hit pairs were filtered against matching transcripts shown to be down-regulated in lymph node (Naranjo-Lucena et al., 2021), peripheral blood mononuclear cell (PBMC) (Alvarez Rojas et al., 2016; Fu et al., 2016; Garcia-Campos et al., 2019) or liver tissue transcriptomes (Alvarez Rojas et al., 2015), during sheep or cow F. hepatica infections. Remaining mRNAs were converted to a list of human gene names via UniProt (UniProt, 2021), and then searched for pathway analysis using Reactome (Jassal et al., 2020). Networks were generated in Cytoscape (Shannon et al., 2003), with editing for color, image size and text clarity in Inkscape (https://inkscape.org/).




Results


Redundancy and Diversity Within Published F. hepatica miRNA Datasets

An initial manual analysis of all published F. hepatica miRNAs (including the eight F. gigantica miRNAs reported by (Xu et al., 2012) yielded a redundant total of 186 mature miRNA sequences across four publications (Supplementary Table 1) (Xu et al., 2012; Fontenla et al., 2015; Fromm et al., 2015; Ovchinnikov et al., 2020). Naming of miRNA sequences was inconsistent between individual papers and with the originally described miRBase naming system (Ambros et al., 2003), necessitating manual analysis and clustering to generate a non-redundant list before beginning our analysis. Where sequence variants of different lengths had been reported, we retained the longest version in our non-redundant list. We established the previously published miRNome at 89 non-redundant mature F. hepatica miRNA sequences, plus eight F. gigantica miRNAs which we retained for qPCR analysis (see section 4.4 and Supplementary Table 1). Sequence variants of individual miRNAs were visible between publications but for the most part, variation was at the miRNA 3’ end, with seed regions remaining intact and consistent. Each non-redundant miRNA (Supplementary Table 1) was given a consensus name according to sequence similarity with known miRNAs, for ease of notation throughout this paper (Supplementary Table 1 also notes the original author designated names for comparison). Previously published F. hepatica-specific miRNAs were named “fhe-pubnovel-n” and arbitrarily numbered. Note that the total of 89 sequences considers 5p and 3p sequences [current standard nomenclature for differentiating miRNAs originating from 5’ (5p) or 3’ (3p) halves of the precursor hairpin (Griffiths-Jones et al., 2006)] from the same hairpin as separate mature sequences. Note that after we completed this part of the study in 2020, a similar analysis was published by other authors (Ricafrente et al., 2020).



Discovery of miRNAs Across F. hepatica Developmental Stages

For de novo discovery of expressed miRNAs we performed small RNA sequencing of multiple F. hepatica life stage libraries (metacercariae, non-growing NEJ, growing NEJ, adult, and EVs from both non-growing NEJ and adult). These datasets were combined and then qualitatively analyzed for miRNAs using miRDeep2. This approach yielded 91 mature miRNA sequences, 29 of which had been previously reported in F. hepatica (Supplementary Table 2). Most sequences (61) were newly described miRNAs that lacked matches in miRBase or miRGeneDB searches, and therefore appear to be unique to F. hepatica. These data expand the known miRNA complement of F. hepatica by 40%, extending the F. hepatica miRNome to 150 sequences. Supplementary Datasheet 1 details this updated version of the F. hepatica miRNome. The absence of biological replicates prevented RNA-Seq based differential expression analysis across our datasets. However, presence/absence analysis did highlight differences in miRNA complements between libraries. Figure 1 shows that of the 91 miRNA orthologues detected, all apart from six were found in multiple libraries, with four (fhe-mir-125a-5p, fhe-mir-1989-5p, fhe-mir-277-3p and fhe-mir-71b-5p) present in all six libraries. Each library contained 27 miRNA orthologues apart from NEJ EVs, which contained 12. Library-specific miRNAs were seen in metacercariae (fhe-mir-2b-2-5p), NEJ (fhe-mir-31-5p, fhe-pubnovelmir-4-3p), adult (fhe-pubnovelmir-23-5p, fhe-pubnovelmir-4-5p) and NEJ_EV (fhe-mir-125b-5p, fhe-mir-2c-5p) samples. All miRNAs were subsequently assayed using qPCR, as described in section 4.4.




Figure 1 | Presence/absence of novel micro (mi)RNAs across Fasciola hepatica RNA-Seq libraries. Presence of miRNA is indicated by a bubble, with bubble diameter representative of mature miRNA read coverage normalized per million reads mapped to the F. hepatica genome (see scale). (A) describes previously published miRNAs, (B) shows novel miRNAs. Libraries are metacercariae (Met), newly excysted juvenile (NEJ), NEJ growing in presence of serum (NEJg), adult ex-vivo parasites (Adult), extracellular vesicles (EV) from NEJ (NEJ EV) and EV from adult (Adult EV). All datapoints represent one biological replicate. Names are consensus titles, see Supplementary Table 1 for previously used naming; see Supplementary Table 2 for complete data. References: 1, (Xu et al., 2012); 2, (Fontenla et al., 2015); 3, (Fromm et al., 2015); 4, (Ovchinnikov et al., 2020).



Our sequencing yielded the first opposite strand versions of seven previously reported miRNAs (fhe-mir-10, fhe-mir-125b, fhe-mir-2a, fhe-mir-2162, fhe-mir-31, fhe-mir-71a, fhe-mir-745, fhe-pubnovelmir-4; Figures 1, 2), and both 5p and 3p variants of the previously unreported fhe-mir-46. Our dataset also confirmed the previously reported F. hepatica-specific miRNAs fhe-pubnovelmir-4, -22 and -23 (Fromm et al., 2015). These data provide further confirmation of these sequences as being bona fide miRNAs, and suggests that miRNA 5p and 3p variants may be differentially regulated across fluke life cycle transitions.




Figure 2 | Differential expression of micro (mi)RNAs across Fasciola hepatica life stage transitions. Heatmap displays mean fold change in miRNA expression, as detected by quantitative (q)PCR, between the indicated life stage libraries. Blue indicates downregulation, red indicates upregulation, white indicates no change. Stars indicate statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.





Novel F. hepatica miRNAs

In addition to the previously reported miRNAs described above, our sequencing also yielded 52 previously unrecognized and currently F. hepatica specific miRNAs (fhe-novelmir-1 through -45; Supplementary Table 2). These novel sequences were much less abundant across libraries (mean 80 RPMM) than the previously reported sequences (mean 593 RPMM). Further, novel miRNAs were more variable in presence/absence than known miRNAs (Figure 1), with thirteen in the metacercaria library, around 30 in NEJ, seven in adult, 14 in adult EV, and none in NEJ EV. Stage-specific miRNAs were found in metacercariae (fhe-novelmir-2-3p, fhe-novelmir-22-3p), non-growing NEJ (fhe-novelmir-4-5p, fhe-novelmir-6-5p, fhe-novelmir-15-5p, fhe-novelmir-25-3p, fhe-novelmir-28-3p, fhe-novelmir-35-5p, fhe-novelmir-39-5p, fhe-novelmir-42-5p), growing NEJ (fhe-novelmir-3-3p, fhe-novelmir-13-3p, fhe-novelmir-14-3p, fhe-novelmir-21-3p, fhe-novelmir-24-5p, fhe-novelmir-40-5p) adult (fhe-novelmir-16-3p, fhe-novelmir-38) and adult EV (fhe-novelmir-10-5p, fhe-novelmir-29-3p, fhe-novelmir-31-3p).



Profiling miRNA Developmental Expression Across Life Stage Transitions

To quantify the regulation of miRNA expression across life stage transitions, we purchased LNA-based qPCR assays for each of the 150 miRNAs in our version of the F. hepatica miRNome, plus the F. gigantica miRNAs reported by (Xu et al., 2012) (Supplementary Datasheet 1). In assays covering three biological replicates each of met, NEJ, adult, and adult EV libraries, 76 miRNAs were detected in at least one sample type (Supplementary Table 3). Twenty miRNAs were detected in a single life stage, with 18 miRNAs detected in all four libraries. Differential expression analysis identified up to six distinct expression profiles (Figure 2), demonstrating that the majority of miRNAs were expressed most highly in metacercariae, showing downregulation during transition to NEJ, and then upregulated during transition from NEJ to adult. In addition to tissue samples, we also analyzed adult derived EVs, in which 28 miRNAs were detected. Following normalization, most of these were less abundant than in adult tissue, but two were relatively more abundant in EV than tissue samples (fhe-pubnovelmir-19, 179 fold upregulated; fhe-miRNA-novel-06-3p, 549 fold upregulated). The latter miRNA is of F. gigantica origin (Xu et al., 2012); we also amplified an additional three F. gigantica miRNAs (fhe-miRNA-novel-03-3p, fhe-miRNA-novel-05-3p, fhe-miRNA-novel-09-3p), suggesting that orthologues of these are expressed by F. hepatica. NEJ-derived EVs were generated and assayed for miRNA expression, but these proved challenging to detect by qPCR; these data have not been included here.



Predicting mRNA Targets for Cellular and Secreted miRNAs

F. hepatica EVs can be internalized by host cells ( (Marcilla et al., 2012; de la Torre-Escudero et al., 2019) and seemingly release miRNA cargo with potential to regulate host mRNA expression (Tran et al., 2021). To explore miRNA:mRNA regulatory networks, we first used target prediction algorithms to identify interactions between the 28 miRNAs detected by qPCR in adult EVs (Figure 2) and host (bovine) mRNA 3’UTRs. All 28 adult EV miRNAs matched with one or more of 2281 cow mRNAs. Given that one of the primary effects of miRNA binding is to reduce stability and expression of target mRNAs, we then filtered these target genes to identify which were downregulated during F. hepatica infection. We achieved this by mining of published transcriptomes from sheep lymph node (Naranjo-Lucena et al., 2021), sheep and cow PBMCs from both acute and chronic fasciolosis scenarios (Alvarez Rojas et al., 2016; Fu et al., 2016; Garcia-Campos et al., 2019) and sheep liver tissue (Alvarez Rojas et al., 2015), all recovered from experimental F. hepatica infections in comparison with time matched uninfected controls. These comparisons identified 298 miRNA-targeted downregulated transcripts in lymph node, 57 targets from acute infection PBMCs from sheep, 20 targets from chronic infection PBMCs from sheep, 78 targets from chronic infection PBMCs from cow, and three targets from sheep liver. No matches were detected with transcripts downregulated in PBMCs from cow acute infections. Of the 397 total target mRNAs, Reactome analysis identified 124 pathways within 23 top-level pathway families (Figure 3). Amongst the latter, the largest proportion of transcripts (23%) mapped to Signal Transduction, with Immune System (16%), Metabolism (11%), Metabolism of Proteins (7%), Transport of Small Molecules (7%), Gene Expression (Transcription) (6%) and Extracellular Matrix Organisation (4%) also represented in the top 75% of target transcripts. The remaining 25% incorporated an additional 16 top level pathways, detailed in Figure 3 and Supplementary Table 4. Overrepresentation analysis identified 68 pathways scoring p<0.05, with the most statistically significant target pathways being FOXO-mediated transcription of cell cycle genes (p=1.24E-04), and Interleukin-4 and Interleukin-13 signalling (p=3.96E-04) (Supplementary Table 5). Of the secreted F. hepatica miRNAs, fhe-mir-745b-3p matched the largest number of bovine mRNAs (365), followed by fhe-miRNA-novel-03-5p (361), fhe-pubnovelmir-7 (306) and fhe-pubnovelmir-17 (210).




Figure 3 | Network analysis of bovine (Bos taurus) mRNAs downregulated in fasciolosis and targeted by micro (mi)RNAs secreted in Extracellular Vesicles of adult Fasciola hepatica. (A) Nodes represent miRNAs (black rectangles) or bovine mRNA targets (ovals, colored according to Reactome pathway as detailed in Key). (B) Reactome pathway membership of downregulated bovine transcripts classified by top level Reactome pathway. For full analysis data, see Supplementary Tables 4, 5. Sheep/cow transcriptome data from Alvarez Rojas et al. (2015), Alvarez Rojas et al. (2016), Fu et al. (2016), Garcia-Campos et al. (2019), Naranjo-Lucena et al. (2021).



To uncover possible regulators of fluke gene expression during intra-mammalian development, we next investigated interactions between the tissue-expressed miRNome and the endogenous F. hepatica mRNA transcriptome (Cwiklinski et al., 2018; Cwiklinski et al., 2021), identifying 3837 miRNA:mRNA pairs, within which 155 miRNAs matched 2307 mRNA 3’UTR targets. These target transcripts contained a wide range of biological targets and functions. We filtered this large number of pairs using expression correlation analysis of each of the 78 miRNAs detected in met, NEJ or adult tissue by qPCR (Ct number), with their matching mRNAs (RNA_Seq TPM) across met, NEJ and adult tissues. This highlighted 296 inversely correlated miRNA:mRNA pairs with a correlation coefficient (CC) >0.950 (Supplementary Table 6 and Figure 4). The largest proportion of these targets (n=97; 24%) were transcripts encoding hypothetical or unannotated proteins with unknown homology or function, which therefore evaded functional annotation. The remainder included transcripts related to transcriptional and translational control, metabolic enzymes, structural and cytoskeletal components, signal transduction and proteolysis. Of particular interest was the identification of putative miRNA interactions with key targets that have been noted in Fasciola literature as biologically important, and/or appealing targets for control. These included neuromuscular transcripts (voltage/ligand gated ion channels, transient receptor potential channels, G protein-coupled receptors, signal peptidase components, neuropeptide receptors, heterotrimeric G protein components, calmodulins), secreted metabolic modulators and nutrient scavengers (fatty acid binding protein, ferritin, glutathione transferase) secreted proteases (cathepsin L, legumain, cercarial protease), and individual components of exosome and glycan biosynthesis.




Figure 4 | Network analysis of predicted endogenous Fasciola hepatica mRNA:miRNA interactions. Nodes represent miRNAs (black ovals) or mRNA targets (blue rectangles). Target transcripts encoding hypothetical proteins or proteins lacking database homology have been omitted. For full analysis data, see Supplementary Table 6.






Discussion

F. hepatica remains an under-studied pathogen, at least relative to other flatworm parasites such as Schistosoma spp. blood fluke. Ongoing difficulties with parasite control necessitate new control approaches; a clear way to address this need is through improved understanding of fundamental parasite biology and host-parasite interactions. This improved knowledge can lead to identification of new diagnostic and control opportunities (Cwiklinski and Dalton, 2018; McVeigh et al., 2018). This study contributes to understanding of the F. hepatica miRNome, which prior to this work was represented by six studies that have identified and begun functional classification of liver fluke miRNAs (Xu et al., 2012; Fontenla et al., 2015; Fromm et al., 2015; Ovchinnikov et al., 2020; Ricafrente et al., 2020; Tran et al., 2021). The data presented in this paper have extended the known F. hepatica miRNome to 150 mature miRNAs, provided the first developmental profile of miRNAs in intra-mammalian F. hepatica life stages, and attached comprehensive computational predictions of miRNA-mRNA functional regulatory networks for both cellular and secreted miRNAs.

Prior to data collection, this project began with a manual analysis of all published F. hepatica miRNAs, yielding 186 mature miRNA sequences reported across four publications (Supplementary Table 1) (Xu et al., 2012; Fontenla et al., 2015; Fromm et al., 2015; Ovchinnikov et al., 2020). Many sequences were replicated or named differently between papers, or named in a fashion that was inconsistent with sequence orthology, and/or with the seminal miRBase naming system (Ambros et al., 2003). This is a confusing situation for researchers attempting to understand the F. hepatica miRNome. Recently, other authors have recognized this issue, addressing it with updated (but non-miRBase) naming terminology (Ovchinnikov et al., 2020) and re-analysing the miRNome in toto (Ricafrente et al., 2020). As part of our re-analysis, we assigned consensus names to all published miRNAs in line with the miRBase naming system (Ambros et al., 2003). Our primary goal in this was to generate a consensus dataset for our own reference, but we present it in Supplementary Table 1 as a dataset that may be useful for others. Our manual clustering of the published F. hepatica miRNA complement yielded 89 distinct mature miRNA sequences (Supplementary Table 1). This is a greater number than the 77 reported by (Ricafrente et al., 2020), who omitted deemed some miRNAs from their final total, deeming them invalid. We retained all previously reported sequences in our non-redundant list, since one of our goals was to test the existence of these sequences with qPCR assays.

Our initial miRNA sequencing analyses yielded qualitative identification of 91 miRNAs across multiple F. hepatica life stages, representing the largest single miRNA dataset reported for F. hepatica. This total comprised 29 previously reported miRNAs and 61 novel, and apparently Fasciola-specific miRNAs (we consider these sequences novel since they did not match any held by miRBase or miRGeneDB, and were not found within supplementary data files of previously published flatworm miRNA papers). These therefore can currently be considered F. hepatica-specific miRNAs. Discovery of so many new sequences in one dataset is not unprecedented (Winter et al., 2012), and may suggest the rapid evolutionary rates of miRNA genes (Britton et al., 2020) within Fasciolidae. This hypothesis could be confirmed by discovery of orthologues of our 61 novel sequences in F. gigantica and other closely related flukes.

The single RNA-Seq biological replicates generated here were used only for qualitative miRNA discovery; the absence of biological replicates made them inappropriate for quantitative analyses and therefore did not permit differential expression analysis across our datasets. We addressed this by instead using qPCR to separately measure expression of miRNome components across life stages. Seventy-six miRNAs [including four orthologues of presumed F. gigantica-specific miRNAs (Xu et al., 2012)] were detected in at least one life stage. Ten miRNAs were detected only in metacercariae, and ten only in adults, perhaps suggesting specific biological functions in these life stages. Overall, the majority of miRNAs were expressed most highly in metacercariae. This may be related to the induction of stasis in this life stage, where miRNAs could be involved in pausing transcription from pre-transcribed mRNAs until a host is encountered. Previous studies have shown that metacercariae do harbor abundant transcripts (Cwiklinski et al., 2015a; Cwiklinski et al., 2018), but it has not yet been proven whether these are transcribed prior to, or during, dormancy. Further work will be required to test this hypothesis.

To identify potential functions of liver fluke miRNAs, we performed computational predictions of miRNA:mRNA interactions, based on consensus matches across three different prediction algorithms. Twenty-eight miRNAs were detected in adult derived EVs. While all of these were also found in other libraries, their presence in EVs suggests their secretion by adult parasites and suggests that they may have functions in host-parasite interactions. We used three miRNA target prediction algorithms to identify mRNA 3’UTR targets from the bovine transcriptome with which secreted miRNAs could bind. To improve confidence in our predictions, we purposely selected three tools that each rely on distinct analytical methods (Peterson et al., 2014), and took a consensus approach, in which we accepted only those hits that were identified by all three tools. Resulting hits were then filtered against transcriptomes from sheep/cattle tissues to identify target transcripts downregulated during fasciolosis (since downregulation could indicate the targeting and transcriptional destruction of these transcripts by secreted fluke miRNAs associated with Argonaut complexes). These comparisons identified 298 miRNA-targeted, significantly downregulated transcripts across fasciolosis transcriptomes from lymph node, PBMCs and liver from sheep and/or cattle. That these matches were seen across these distinct tissues, and from both acute and chronic infections in sheep, suggests the wide-ranging and systemic importance that fluke secreted miRNAs might have for fasciolosis pathology and virulence. While these correlations do not prove in vivo interactions, they do provide a set of hypotheses for future testing. Network visualisation of these interactions (Figure 4) showed striking differentiation between miRNAs forming hub nodes, each targeting multiple host mRNAs, and nine miRNAs which formed isolated nodes, which targeted only a handful of specific mRNAs and were not part of the wider network. Functional genomics experiments will be required to test and validate the functional implications of these predictions for host-parasite interactions. Reactome pathway analysis of bovine mRNA targets showed that the majority were implicated in signal transduction or gene expression pathways, and as such could conceivably be involved in fluke-mediated immunosuppression or cellular pathology. Previous publications have also suggested roles for fluke secreted miRNAs in immunoregulation of the host (Fromm et al., 2015; Fromm et al., 2017; Ovchinnikov et al., 2020), and used miRNA target prediction algorithms to annotate host mRNAs potentially targeted by fluke secreted miRNAs. (Ovchinnikov et al., 2020) focused on 24 F. hepatica adult and EV derived miRNAs (alongside 22 S. mansoni miRNAs), using PITA and TargetSCAN to identify 321 targeted mRNAs, each of which was predicted by both algorithms and conserved in both bovine and human hosts. These included 11 targets within WNT signalling pathways, and 23 immune system mRNAs. (Ricafrente et al., 2020) analyzed interactions between 38 F. hepatica NEJ miRNAs (Fontenla et al., 2015) and innate immune cell transcripts using a single algorithm (miRDB’s MirTarget tool). This identified 26 target genes expressed in eosinophils, dendritic cells and neutrophils. Both of these studies employed distinct methods to each other, and to our study, and all three studies have focused on distinct but overlapping miRNA datasets. Our approach is unique because our predictions focus on mRNA targets that are demonstrably downregulated during fasciolosis. Our data suggest that these correlations are the result of modulation of the host transcriptome by secreted fluke miRNAs and experimental verification of these molecular interactions could provide new insights into parasite-to-host communication.

Amongst the fluke miRNAs within our dataset was fhe-mir-125b-5p, which is notable for being the first helminth secreted miRNA to have an associated host-interacting function. Human hsa-mir-125b controls macrophage activation (Duroux-Richard et al., 2016). In a compelling example of convergent evolution, Schistosoma spp mir-125b-5p similarly triggers a pro-inflammatory phenotype in mouse macrophages (Liu et al., 2019); F. hepatica mir-125b-5p is expressed in NEJ parasites (Fontenla et al., 2015), can be found associated with mammalian argonaut (Ago-2) within the peritoneal macrophages of infected mice, and is predicted to target innate immune components (Tran et al., 2021). Our analysis showed that fhe-mir-125b-5p was also expressed in metacercariae and adult parasites, and secreted in adult EVs. Reflecting this wider expression profile, our analysis of fhe-mir-125b-5p targets in host transcriptomes identified 18 genes, within reactome pathways including signaling by interleukins, receptor tyrosine kinases and NTRK3, and O-linked glycosylation of mucins (Supplementary Table 4). TRAF6, the target of fhe-mir-125b identified by (Tran et al., 2021), was not amongst our targets.

Our next goal was to investigate intracellular interactions between F. hepatica miRNAs and endogenous cellular fluke transcripts. We exploited publicly available transcriptomes from metacercariae, NEJ and adult fluke (Cwiklinski et al., 2018), with which we matched our qPCR expression data for 76 miRNAs detected in these same life stages. Interacting miRNA:mRNA pairs predicted by the same consensus approach as detailed above, were filtered to include only those with highly correlated inverse expression (CC>0.950). Our hypothesis was that the resulting 397 pairs of computationally matched, co-expressed miRNA:mRNA pairs would be those most likely to have a biologically relevant interaction in vivo. The resulting analyses (Figure 4, Supplementary Table 6) highlighted miRNAs correlated with, and potentially controlling expression of, a wide range of protein coding transcripts, across a range of key biological functions. Of note were links with transcripts encoding proteins of key interest for fluke control (cathepsin, glutathione transferase, nerve/muscle transcripts). Knowledge of the regulatory mechanisms controlling expression of these key targets across fluke development could open new avenues to probing and therapeutically inhibiting their functions. For example, miRNA mimics or inhibitors could be used to manipulate transcript expression alongside or in place of RNA interference (RNAi) methods. These new approaches could be useful for laboratory-based functional genomics, or even as new avenues for control [miRNAs have been suggested as therapeutic targets in various human diseases (Marracino et al., 2021; Shi et al., 2021; Smit-McBride and Morse, 2021)]. Furthermore, inhibiting EV release from helminths would conceivably prevent delivery of miRNAs (and other bioactive molecules) to host immune cells. Recently, (Bennett et al., 2020) showed that a chemical inhibitor of EV biogenesis blocked the secretion of EVs from F. hepatica in vitro as initial proof-of-concept for such an approach.

One of the major foci for parasite derived miRNAs has been their potential use as diagnostic biomarkers (Mu et al., 2021) We have identified at least 28 EV-derived secreted miRNAs from adult parasites, which could potentially represent PCR detectable indicators of mature fluke infections. However, further experiments are needed to determine if these markers are detectable in blood or other biofluids from infected animals. At the present time this has not been demonstrated for F. hepatica, although small RNA sequencing has been used to detect four F. gigantica miRNAs in sera from infected buffalo (Guo and Guo, 2019), which provides encouraging support for the technical feasibility of this approach for F. hepatica.

This work has considerably expanded the known extent of the F. hepatica miRNome, profiled the developmental expression of miRNAs across intra-mammalian life stages, and attached functional annotations to cellular miRNAs relative to endogenous F. hepatica transcripts, and to EV miRNAs relative to host transcripts. These data provide new perspectives on F. hepatica miRNA biology and a set of testable hypotheses for future research. This dataset therefore represents an important contribution to our understanding of miRNA functions in F. hepatica biology, virulence and pathogenicity, and provides potential new avenues towards fasciolosis control and diagnostics.
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Schistosoma is a genus of parasitic trematodes that undergoes complex migration in final hosts, finally developing into adult worms, which are responsible for egg production and disease dissemination. Recent studies documented the importance of extracellular vesicles (EVs) in the regulation of host-parasite interactions. Herein, we investigated the microRNA (miRNA) profiles of EVs isolated from host plasma at different stages of Schistosoma japonicum infection (lung stage: 3 days post-infection (dpi), and liver stages: 14 and 21 dpi) to identify miRNA cargo potentially involved in the pathogenesis and immune regulation of schistosomiasis. Characterization of the isolated plasma EVs revealed their diameter to be approximately 100 nm, containing typical EV markers such as Hsp70 and Tsg101. Deep sequencing analysis indicated the presence of 811 known and 15 novel miRNAs with an increasing number of differential miRNAs from the lung stage (27 miRNAs) to the liver stages (58 and 96 miRNAs at 14 and 21 dpi, respectively) in the plasma EVs of infected mice compared to EVs isolated from the uninfected control. In total, 324 plasma EV miRNAs were shown to be co-detected among different stages of infection and the validation of selected miRNAs showed trends of abundance similar to deep sequencing analysis. For example, miR-1a-3p and miR-122-5p showed higher abundance, whereas miR-150-3p and miR-126a showed lower abundance in the plasma EVs of infected mice at 3, 14, and 21 dpi as compared to those of uninfected mice. In addition, bioinformatic analysis combined with PCR validation of the miRNA targets, particularly those associated with the immune system and parasitic infectious disease, indicated a significant increase in the expression of Gbp7and Ccr5 in contrast to the decreased expression of Fermt3, Akt1, and IL-12a. Our results suggested that the abundance of miRNA cargo of the host plasma EVs was related to the stages of Schistosoma japonicum infection. Further studies on the roles of these miRNAs may reveal the regulatory mechanism of the host-parasite interaction. Moreover, the differentially abundant miRNA cargo in host EVs associated with S. japonicum infection may also provide valuable clues for identifying novel biomarkers for schistosomiasis diagnosis.
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Introduction

Schistosomiasis, caused by parasitic flatworms of the genus Schistosoma, affects more than 230 million people in 78 tropical and subtropical countries (Weerakoon et al., 2015; McManus et al., 2020). It reportedly contributes to ~200,000 deaths annually and is considered a major health problem in Africa, the Middle East, Southeast Asia and South America (Colley et al., 2014). Schistosomes have a complex life cycle that require snails and mammalian hosts. After being released from snails, cercariae swim, and upon contact, penetrate the skin of the definitive host, and then transform into schistosomula. This transformation is associated with significant biochemical and physiological changes linked with the migration among several organs in the definitive host (Gobert et al., 2010). Firstly, schistosomula travel through the blood or lymphatic vessels of the pulmonary circulation to reach the lungs of final hosts. In mouse models of Schistosoma mansoni infection, schistosomula arrive at the lungs as early as 2 or 3 days of post-infection (dpi) and peak at 7 dpi (Miller and Wilson, 1978; Wheater and Wilson, 1979). However, S. japonicum could be recovered from the lung tissue at 2 dpi, whereas the number of these worms peak at 3 dpi (Sadun et al., 1958; Gui et al., 1995). Next, schistosomula can reach the liver either directly via the hepatic portal artery or by passing through the stomach, small intestine, spleen, or pancreas to the hepatic portal vein (Nation et al., 2020).

Intercellular communication is essential for multicellular organisms and is mediated via the transfer of secreted vesicles known as extracellular vesicles (EVs) (Thery et al., 2009; Liu et al., 2019). EVs are secreted by almost all types of cells, and contents of EVs include proteins, lipids, polysaccharides, and other molecules such as nucleic acids (O'Brien et al., 2020). Schistosome EV microRNAs (miRNAs) cargo had been shown to modulate the host immune response (Liu et al., 2019; Bischofsberger et al., 2020; Meningher et al., 2020). Moreover, the contents of the EVs released within an infected host can serve as promising biomarkers for the disease diagnosis and help in understanding the infection-induced host pathology (Meningher et al., 2017; Cai et al., 2020). Investigation of EVs isolated from sera of S. mansoni-infected individuals indicated that bantam and miR-2c-3p have promising potential for detecting the parasite infection, with a sensitivity of 80–86% and specificity of 84–94% (Meningher et al., 2017). Furthermore, exosomal miRNAs (miR-92a-3p, miR-146a-5p, and miR-532-5p) from human serum have been shown to distinguish patients with grade I–III fibrosis from patients without fibrosis, whereas only miR-146a-5p can differentiate subjects with mild (grade 0–I) and severe fibrosis (grade II–III) during S. japonicum infection (Cai et al., 2020).

In this study, we profiled miRNA cargo of EVs isolated from plasma of uninfected mice and infected mice (3 dpi for the lung stage; 14 and 21 dpi for the liver stage) at different stages. Next, several differentially abundant miRNAs were selected for RT-qPCR verification and several miRNA targets expression were analysed by RT-qPCR during S. japonicum infection.



Materials and Methods


Animals, S. japonicum Culture, and EV Isolation From Plasma

Male C57BL/6J mice (6–8 weeks old) were purchased from Shanghai SLAC Laboratory of Animal Co., Ltd, Shanghai (P.R. China). Animal experiments were carried out according to the recommendations in the Guide for the Care and Use of Laboratory Animals from the Ministry of Science and Technology of the People’s Republic of China. All animal procedures were approved by the Institutional Animal Care and Use Committee of Shanghai Veterinary Research Institute, Chinese Academy of Agriculture Sciences, P. R. China (Permit No. SHVRI-SZ-20200622-03).

The S. japonicum cercariae were provided from National Institute of Parasitic Diseases, Chinese Center for Disease Control and Prevention. Each mouse was challenged with 50 ± 2 S. japonicum cercariae via abdominal skin penetration. Five mice were randomly selected that were considered as a biological replicate. A total of 3 biological replicates were used for each experiment (n = 15/group). At 3, 14 and 21 dpi, blood samples were collected into K2 EDTA tubes, and then transferred into fresh tubes. The samples were centrifuged at 2000 × g for 30 min at 4°C. The supernatant was collected, transferred into a new tube, and then centrifuged at 12000 × g for 30 min. The EVs were isolated using the Exosupur Kit (Echo9101A, ECHO Biotech Co. Ltd., Beijing, P. R. China) and combined with ultracentrifugation. Briefly, plasma samples were diluted with phosphate buffered saline (PBS), then passed through 0.22 µm membrane filters and loaded onto the column. After washing the column, the EV-containing fractions were collected and pooled, followed by ultracentrifugation at 100,000 × g for 90 min at 4°C in a Beckman Coulter’s ultracentrifuge (Optima XPN-100, Beckman Coulter Inc., CA, USA). After removing the supernatant, the plasma EV pellet was resuspended in sterile PBS, and centrifuged at 100,000 × g for 90 min at 4°C. The supernatant was carefully removed, and the plasma EV was resuspended in an appropriate volume of PBS.



Electron Microscopy and Nanosight Analysis

EV suspensions were adsorbed onto 200 mesh formvar-coated grids (Agar Scientific, Essex, UK) for 2 min at room temperature (25°C). The grids were then stained with 2% phosphotungstic acid for 2 min and examined under a transmission electron microscope (JEM1400, JEOL Ltd., Tokyo, Japan). The size distributions of EVs were determined by nanoparticle tracking analysis (NTA) using the NanoSight system (NanoSight, Malvern, UK).



Western Blot

Mouse peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density centrifugation with 1.084 ficoll plaque. Plasma EVs and PBMCs from the hosts were homogenized in RIPA lysis buffer (Beyotime Biotechnology., Beijing, P. R. China) containing protease and phosphatase inhibitors (Thermo Fisher Scientific Corp., MA, USA). Proteins in the lysates were separated by sodium dodecyl sulphate 12% polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% skim milk dissolved in Tris-buffered saline supplemented 0.1% of Tween 20 (TBST) for 1 h at room temperature and then incubated with anti-TSG101, anti-Hsp70, anti-Calnexin (1:1000 dilution, Abcam, Cambridge, UK) overnight at 4°C. Each membrane was washed in TBST thrice for 10 min each time and incubated with a horseradish peroxidase–conjugated goat anti-rabbit IgG secondary antibody (Thermo Fisher Scientific Corp, 1:5000 dilution), labeled with chemiluminescent HRP substrates (Merck, Darmstadt, Germany) and visualized with a ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories). Images of the blot were acquired with Image Lab Software version 5.2.1 (Bio-Rad).



Small-RNA Sequencing and Data Analyses

Total RNA was isolated from the EVs and subjected to library preparation. The RNA library was prepared from the 18–30 nt fraction extracted from a denaturing 15% polyacrylamide gel using the TruSeq Small RNA Library Preparation Kit (Illumina, CA, USA). The small-RNA libraries were subjected to Illumina 50 bp single end sequencing on the Illumina HiSeq 2500 platform. Raw reads in fastq format were pre-processed by in-house Perl scripts. Briefly, the sequences were cleaned by removing adapter sequences, reads containing poly-N, low-quality reads, and oligonucleotides with length >32 or <18 nt. The Bowtie tool was used to align and compare the clean reads with sequences in the Silva, GtRNAdb, Rfam, and Repbase databases (Langmead et al., 2009). Unannotated reads containing miRNAs were obtained by filtering out ribosomal-RNA sequences as well as transfer-RNA, small-nuclear-RNA, small-nucleolar-RNA, and repeated sequences. After filtering, the remaining reads were used to detect known miRNAs by comparison with the known miRNAs from miRBase v.22. Randfold tools were used for novel miRNA secondary structure prediction. Target gene functions were predicted according to the following databases: NCBI nr (non-redundant protein sequences), Pfam (Protein family), KOG/COG (Clusters of Orthologous Groups of proteins), Swiss-Prot, KEGG (KEGG Ortholog database), and GO (Gene Ontology). Quantification of miRNA abundance was estimated as follows: 1) Small RNAs were mapped back onto the precursor sequence; 2) Read count for each miRNA was obtained from the mapping results; and 3) Reads with the same unique molecular identifier (UMI) were normalized to 1. Differential abundance analysis between two groups was performed using the edgeR R package (3.12.1) (Robinson et al., 2010; McCarthy et al., 2012). The resulting P values were adjusted by the Benjamini Hochberg approach for controlling the false discovery rate (Benjamini and Hochberg, 1995).



Prediction of MiRNA Targets and miRNA-Target Network

RNAhybrid (Kruger and Rehmsmeier, 2006), miRanda (Miranda et al., 2006), and TargetScan (Agarwal et al., 2015) were used to predict the targets of miRNAs, and the targets consistently predicted by at least two algorithms were considered miRNA target genes. For mouse miRNA target identification and target network construction, we used online tool miRTargetLink 2.0 (https://www.ccb.uni-saarland.de/mirtargetlink2) (Kern et al., 2021). Two highly differentially abundant (miR-122-5p and miR-126a-5p) were selected for network analysis, we only included the strongly validated targets with a pathway to build and visualize the network.



RNA Extraction and Reverse-Transcription Quantitative Polymerase Chain Reaction

Total RNAs were extracted from EVs and PBMCs using TRIzol according to the manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific Corp.), respectively. The isolated RNA was reverse-transcribed with the miScript II RT Kit (QIAGEN, Hilden, Germany). The abundance of miRNAs was determined using the miScript SYBR Green PCR Kit (QIAGEN), and cel-miR-39-3p was used as a spike-in control (QIAGEN). To quantify target gene expression level, real-time quantitative PCR was performed via the following thermal-cycling programme: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 57°C for 20 s, and 72°C for 36 s. For evaluating the expression of target genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as an internal control. The fold change was calculated by the 2−ΔCT method (Livak and Schmittgen, 2001). All the primer sequences are provided in Supplementary Tables 1, 
2.



Statistical Analysis

Data were analysed and plotted in GraphPad Prism version 8.0.0 and shown as the mean ± standard error mean. Significance of differences between different groups were analysed by the unpaired two-sample t test. P ≤ 0.05 was considered statistically significant.




Results


Characterization of Mouse Plasma EVs

Transmission electron microscopy analysis of the isolated EVs showed a typical ‘cup shape’ (Figure 1A). The EV size analysis indicated that the particle diameter was ~100 nm (Figure 1B). Western blot analysis indicated that the EV proteins were able to recognized by anti-Hsp70 and anti-Tsg101 antibodies but not by anti-Calnexin antibody (Figure 1C). Because Hsp70 and Tsg101 are considered as representative markers of EVs, our results suggested that the isolated EVs were suitable for further analysis.




Figure 1 | Characterization of mouse plasma derived EVs. (A) Electron microscopical analysis of EVs isolated from mouse plasma (B) Particle size distribution and concentrations of representative EVs were determined by nanoparticle tracking analysis of the EVs (isolated from uninfected-mouse plasma) (C) Immunoblots analysis of isolated EVs including typical EV markers such as Tsg101and Hsp70 and of non-exosomal marker Calnexin.





MiRNA Cargo of EVs Isolated From the Plasma of Uninfected and S. japonicum-Infected Mice

To assess variations among the different samples, all samples were subjected to principal component analysis. The results indicated that EV miRNAs isolated from the plasma of uninfected and infected mice at 3 dpi were closer, while difference was shown between the EVs at 14 and 21 dpi (Figure 2A). High-quality clean reads of 12 libraries, detailed read counts, GC%, and Q30% were listed after the removal of low-quality reads and adapter sequences (Supplementary Data 1, 
2). To identify EV miRNA cargo, small RNAs were analysed by filtering out ribosomal RNAs, small conditional RNAs, small nucleolar RNAs, small nuclear RNAs, and transfer RNAs. The remaining sequences were aligned to miRNA databases (miRBase v.22). In total, 826 miRNAs were identified in the 12 libraries containing 811 known and 15 novel miRNAs (Supplementary Data 3). MiRNA abundance heatmap showed that miRNAs from 3 dpi EVs were relatively similar to that from control EVs (Supplementary Figure 1A). Raw data were deposited in the CNGB Sequence Archive of China National GeneBank DataBase under the accession number CNP0002518 (Chen et al., 2020; Guo et al., 2020).




Figure 2 | Comparative analysis of miRNA cargo from host plasma EVs during S. japonicum infection at different stages. (A) Principal component analysis plots for RNA seq data from each plasma EV. (B) Venn diagram of the identified miRNAs between plasma EVs isolated from different stages of S. japonicum infection and uninfected controls. (C) Hierarchical clustering analysis of differentially abundant miRNAs in plasma EVs from uninfected and S. japonicum-infected mice at different stages of infection. (D) Volcano plot of differentially abundant miRNAs in the EVs isolated from uninfected vs infected mice at 3, 14 or 21 dpi, respectively. Significantly higher abundance of EV-derived miRNAs is presented as red dots, whereas significantly lower abundance EV-derived miRNAs are indicated as blue dots. Several miRNAs with differentially highly increased or decreased abundance are marked in the plot, whereas normal miRNAs detected at all stages are marked with grey dots.





Abundance of miRNAs in the EVs Isolated From Host Plasma at Different Stages during S. japonicum Infection

To determine the abundance of EV miRNA cargo during S. japonicum infection, we compared these data to the miRNA profile of EVs isolated from the plasma of uninfected mice. The results indicated that 324 miRNAs were shown to be co-detected among all the groups (Figure 2B). Subsequent hierarchical clustering of differentially abundant miRNAs yielded two clusters where uninfected and infected mice at 3 dpi shared a cluster, and those infected at 14 and 21 dpi shared another cluster (Figure 2C). Volcano plot analyses were also used to visualise the differentially abundant miRNAs in different S. japonicum-infected groups as compared to the uninfected control (Figure 2D). We retained only the miRNAs with average abundance (in transcripts per million) higher than 10 as the final abundant miRNAs to build the volcano plots. The results indicated a sharp increase in the number of differentially abundant miRNAs in host plasma-derived EVs from the lung stage (infected mice vs uninfected mice, 3 dpi: 27 miRNAs in total; 17 with higher and 10 lower abundance levels in infected mice) to the liver stages (infected vs uninfected mice, 14 dpi: 58 miRNAs in total; 21 with higher and 37 with lower abundance levels in infected mice; 21 dpi: 96 miRNAs in total; 39 with higher and 57 with lower abundance levels; log2[fold change] ≥ 0.584; P ≤ 0.05) (Figure 2D). Notable differences were also revealed between the following two comparisons: 1) infected mice at the 3 dpi lung stage vs infected mice at the 14 dpi liver stage (total: 68 co-detected miRNAs; 30 with higher and 38 with lower abundance levels at 14 dpi); 2) 3 dpi vs infected mice at the 21 dpi liver stage (total: 97 co-detected miRNAs; 35 with higher and 62 with lower abundance levels at 21 dpi). The differential abundance of miRNAs was also noted between the liver stages of 14 and 21 dpi (total: 53 co-detected miRNAs; 35 with higher and 18 with lower abundance levels at 21 dpi) (Supplementary Figure 1B). Based on the abundance of miRNAs at various stages, we performed K-means clustering analysis, which identified eight clusters with distinct abundance patterns. Cluster 1 (21 miRNAs) and cluster 8 (27 miRNAs) showed a pattern of increased abundance, whereas cluster 7 (27 miRNAs) manifested decreased abundance as compared to the uninfected control (Supplementary Figure 2A).



RT-qPCR Verification of the Differentially Abundant miRNAs From the EVs Isolated from S. japonicum-Infected mice

To verify the RNA-seq results, several miRNAs were selected and quantified their abundance in EVs by RT-qPCR. The results revealed higher abundance of miRNAs such as miR-192-5p, miR-122-5p, let-7d-5p, and miR-29a-3p in the plasma EVs from S. japonicum-infected mice than those from uninfected mice, which was consistent with the RNA-seq results (Figure 3A). Similarly, relative abundance of miR-382-5p, miR-503-3p, miR-351-5p, miR-434-3p, miR-30c-5p, miR-126a-5p and miR-126a-3p in plasma EVs from infected mice was found to be lower as compared to these from uninfected mice as determined by RT-qPCR (Figure 3B). Overall, the RT-qPCR results of these altered abundance of EV miRNAs were consistent with the RNA-seq results. Interestingly, the RNA-seq results also noted that several S. japonicum miRNAs including Sja-miR-71a, Sja-miR-71b, Sja-miR-190-5p, Sja-let-7 and Sja-miR-36a were also detected in the plasma EVs of infected mice at 21dpi. RT-qPCR also confirmed the abundance of some of these S. japonicum miRNAs in the plasma EVs from infected mice at 21 dpi (Figure 3C).




Figure 3 | Validation of the abundance of miRNA cargo from host plasma EV by RT-qPCR. (A) Highly abundant miRNAs including miR-192-5p, miR-122-5p, let-7d-5p and miR-29a-3p showing significantly increased abundance in plasma EVs upon S. japonicum infection. (B) MiR-382-5p, miR-503-3p, miR-351-5p, miR-434-3p, miR-30c-5p, miR-126a-3p and miR-126a-5p showing decreased abundance in host plasma EVs upon S. japonicum infection. (C) S. japonicum-specific miRNAs showed relative abundance in plasma EVs isolated mice at 21 dpi as determined by RT-qPCR. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs the uninfected group.





Prediction and Analysis of Targets of Differentially Abundant miRNAs at Different Stages of S. japonicum Infection

Target prediction identified 8636 and 177 potential targets for 533 out of the 811 known miRNAs and for 10 out of the 15 novel miRNAs (Supplementary Data 4). We noted that there were 167 miRNAs being differentially abundant in the plasma EVs of infected mice as compared to those in uninfected mice (Supplementary Data 5). GO analysis of the target of altered abundance of miRNAs suggested that these miRNA targets are involved in cellular processes, single organism processes, biological regulation, and metabolic processes in biological processes (Supplementary Figure 2B) and are associated with growth, reproductive process, extracellular matrix, collagen trimer, nucleic acid binding transcription factor activity, transporter activity, receptor regulator activity, and guanyl-nucleotide exchange factor activity (Supplementary Figure 2C–E). In addition, we selected some differential miRNAs in the plasma EVs of infected mice at 3, 14 and 21 dpi as compared to those of uninfected mice (Supplementary Data 6) for KEGG pathway analysis which suggested these miRNA target genes are putatively involved in signal transduction, cancer (overview), endocrine system, infectious disease (viral, bacterial, parasitic) and immune system (Figure 4A).




Figure 4 | RT-qPCR verified the expression of selected target genes in PBMCs and KEGG and network analysis of selected target genes/miRNAs identified from host plasma EVs. (A) Target genes of differentially high- and low-abundance miRNAs as determined by KEGG pathway analysis. (B) The expression of selected target genes associated with the immune system were verified by RT-qPCR in PBMCs. The results showed decreased expression of Fermt3 and partially increased expression of Pros1 and Gbp7. (C) Likewise, target genes (of differentially high- and low-abundance miRNAs) associated with parasitosis were analyzed. The results indicated decreased expression of Akt1, and IL-12a, and increased expression of Ccr5. (D, E) The miRNA-mRNA target pathway network associated with other top differentially abundant miRNAs (miR-122-5p and miR-126a-5p) in EVs derived from the plasma of infected mice. The target pathway network showed their associations with several viral infections and immune response related functions such as antigen processing and presentation, also associated with plasma membrane, cell adhesion molecules, endocytosis and other terms. * P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs the uninfected group.





RT-qPCR Analysis of Expression of Selected Targets of Several miRNAs at Different Stages of S. japonicum Infection

To determine the potential regulatory role of EV miRNAs, we isolated PBMCs from S. japonicum-infected mice at 3, 14 and 21 dpi and then investigated the expression of several selected miRNA targets, which were predicted to be associated with the immune system and parasite-caused infectious diseases, by RT-qPCR (Supplementary Data 7). The results indicated that fermitin family member 3 (Fermt3, a target of miR-122-5p) was down-regulated, whereas protein S (Pros1, target of miR-181b/d-5p) and guanylate binding protein 7 (Gbp7, target of miR-27a-3p) was significantly up-regulated in the PBMCs isolated from infected mice at the late liver stage (21 dpi) as compared to those from uninfected mice (Figure 4B). Furthermore, thymoma viral proto-oncogene 1 (Akt1, a target of miR-378a-3p) and IL-12a (a target of let-7d-5p) were shown to be significantly decreased expression; chemokine (C-C motif) receptor 5 (Ccr5), which are targets of miR-140-5p/3p showed increased in PBMCs in infected mice as compared to those from uninfected controls (Figure 4C). Furthermore, the network analysis of two highly differentially abundant miRNAs (miR-122-5p and miR-126a-5p) indicated that these miRNAs are putatively associated with diverse functions: from infection to immune responses. For instance, miR-122-5p may be associated with external side of plasma membrane, cell surface, antigen processing and presentation, amino acid metabolism, virus infection, and other terms (Figure 4D). Similarly, differentially lower-abundance miR-126a was shown to be associated with different viral infections, endocytosis, cellular component, plasma membrane, and other terms (Figure 4E).




Discussion

The discovery of miRNAs in EV cargo had demonstrated their important regulatory roles between cells and tissues. Additionally, these EV miRNAs are also considered to be a novel type of non-invasive biomarkers for diagnosing some diseases (Terlecki-Zaniewicz et al., 2019). To the best of our knowledge, no studies have characterized miRNA cargo in host plasma EVs at different stages of S. japonicum infection. Here, miRNA cargo in EVs isolated from the plasma of infected mice were characterized at different stages of S. japonicum infection including lung and liver stages.

Given that miRNAs play a critical role in the transmission of EV-mediated signals, we mainly focused on miRNA cargo in host plasma EV at different stages of S. japonicum infection. Specifically, we observed higher abundance of let-7 and miR-29 in plasma EVs from infected mice; these miRNAs are putatively involved in several key functions of the T-cell immune response. For instance, let-7i reportedly promotes the T helper 1 (Th1) immune response by aiding maturation of precursors to dendritic cells via inhibition of suppressor of cytokine signalling 1 and prevention of dendritic-cell-promoted expansion of regulatory T cells (Zhang et al., 2011). In contrast, miR-29 can inhibit the Th1 immune response by directly targeting Eomes and T-bet, which are key transcriptional-regulator and effector molecules of Th1 responses, respectively (Steiner et al., 2011).

Our study also revealed several miRNAs with relative lower abundance in the EVs from the plasma of infected mice, for example miR-126a, miR-382, miR-503, miR-351, miR-434, and miR-30c. Among them, miR-126a has been shown to promote Th2 polarization in mice by targeting POU domain-class 2-transcription factor 3, and miR-126a inhibition leads to a reduced Th2 response (Mattes et al., 2009). Likewise, miR-30 is associated with the development of other T cells (Podshivalova and Salomon, 2013). Furthermore, miR-382-5p supresses M1 macrophage activation and inflammatory responses by inhibiting CDK8 (Lv et al., 2021).

The expression of targets of several miRNAs was also analysed at different time points of infection (3, 14 and 21 dpi). We observed decreased expression of IL-12a in infected-mouse PBMCs as compared to the uninfected control. Since IL-12 production is regulated by P38 MAPK and hence is involved in the induction of the Th1 response (Romagnani, 2006). This results suggested that S. japonicum infection may affect the macrophage activity and associated immune response as reported previously (Xu et al., 2014). In addition, IL-6 is essential for the Th1 immune response and is reported to participate in the up-regulation of TNF-α production and regulation of Ccr5 expression. Remarkably, our data also suggested a significantly increased expression of Ccr5 in PBMCs isolated from S. japonicum–infected mice, consistently with data on chronic helminth infections, which show a similar trend of expression characterized by a higher level of Ccr5 and a lower level of IL-12 as compared to control conditions (Rodriguez-Sosa et al., 2002). During the lung stage of infection, schistosomula remain in vasculature by suppressing immune activation of lung endothelial cells via targeting of integrins, E-selectin, and Vcam1 (Trottein et al., 1999). High levels of TNF-α have been detected during S. japonicum infection and the concomitant increased expression of Vcam1 (a miR-126a-3p target) supports the previous findings of their role in leukocyte recruitment during inflammation (Kong et al., 2018).

In the present study, our results revealed that miR-122-5p, miR-184-3p, and miR-192-5p have differentially higher abundance in plasma EVs from S. japonicum–infected mice at 14 and 21 dpi as compared to uninfected mice. Normally, miR-122 is highly expressed in the liver, where it constitutes 70% of the total miRNA pool (Jopling, 2012), and plays a pivotal role in liver biology and disease (Bandiera et al., 2015). The result suggests that S. japonicum infection may be associated with significantly altered functions of host livers (Hu et al., 2020), whereas S. haematobium infection reduces the levels of cholesterol-rich lipoprotein species in overweight infected individuals and lower the risk of cardiometabolic diseases (Zinsou et al., 2020).

Additionally, miR-122 has been suggested as a diagnostic marker of liver disease, but inconsistent levels of miR-122 limit its potential as a diagnostic biomarker during S. japonicum infection (Cai et al., 2015). The differentially increased abundance of miR-122 in plasma EVs at the liver stages, as observed in the present study, may be due to the S. japonicum infection–induced liver damage. The observed differentially higher abundance of miR-122 in S. japonicum-infected host EVs is in agreement with a recent study that indicates its participation in hepatocyte innate immunity (Xu et al., 2019). Fermt3, also known as kindlin-3 (its mRNA is a target of miR-122-5p), binds and activates β-subunits of integrin and in turn results in the binding of integrin to many different ligands on a target molecule (Moser et al., 2008). Thus, both proteins participate in phagocytosis by promoting adhesion to opsonized particles (van Spriel et al., 2001). In the current study, we observed Fermt3 down-regulation, which may be due to the regulation of a macrophage-mediated host immune response by worm-secreted EVs, as reported previously (Liu et al., 2019). MiR-192-5p is a conserved miRNA that is abundant in the liver and plays critical roles in several hepatic disorders, including chronic hepatitis B (Nielsen et al., 2018). Interestingly, increasing evidence suggests that miR-192-5p is closely related to various physiological and pathological processes (Ren et al., 2021). Moreover, exosomal miRNAs in serum have been proposed as potential markers for grading hepatic fibrosis in S. japonicum infected patients (Cai et al., 2020).

Interestingly, our results revealed the presence of five S. japonicum-specific miRNAs in the EVs isolated from host plasma at 21 dpi. Among them, Sja-let-7 was highly enriched in all three biological replicates (average transcripts per million: 688888.86). Also, a number of studies have identified helminth-derived miRNAs in host biofluids, these RNAs may represent novel biomarkers and exert regulatory actions in a cross-species manner (Cheng et al., 2013; Hoy et al., 2014; Tritten et al., 2014; Hansen et al., 2016; Meningher et al., 2017; Lin et al., 2019; Liu et al., 2019). However, it remains to be investigated whether these schistosome-specific miRNAs can be actively taken up by host plasma EVs. Additionally, it is also possible that these Schistosoma specific miRNAs that secreted from parasite EVs released into host plasma, which were obtained when the host plasma EVs were collected. It is also necessary to take in consideration the possibility that the strain of animals selected for study may also affect the pathological outcomes and levels of circulating miRNAs.

In summary, our study indicated considerable differences in miRNA abundance profiles of host plasma EVs among different stages of S. japonicum infection. These differences in the abundance of infection stage-specific EV miRNAs indicate a potential regulatory role of several immune response related genes in PBMCs. Our findings improve the understanding of the host EV miRNA cargos isolated from plasma at lung and liver stages of S. japonicum infection. Further in-depth investigation on the functions of miRNAs reported in this study will significantly elucidate stage-specific schistosome-host interactions.
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microRNAs (miRNAs), non-coding RNAs about 22 nt long, regulate the post-transcription expression of genes to influence many cellular processes. The expression of host miRNAs is affected by virus invasion, which also affects virus replication. Increasing evidence has demonstrated that miRNA influences RNA virus multiplication by binding directly to the RNA virus genome. Here, the knowledge relating to miRNAs’ relationships between host miRNAs and RNA viruses are discussed.




Keywords: miRNA, RNA virus, RISC complex, argonaute2, flavivirus



Introduction

The discovery of microRNA (miRNA) began with Caenorhabditis elegans in the 1990s, in which lin-4, a small non-coding RNA (ncRNA), was discovered (Wightman et al., 1993; Moss et al., 1997). Later, scientists found that lin-14 and let-7 from C. elegans were able to bind to the 3' untranslated region (3’UTR) of post-transcriptional products, thus regulating gene expression in order to control the development of C. elegans (Hong et al., 2000; Reinhart et al., 2000). Since then, scientists have located miRNA in a variety of organisms, ranging from plants to animals, and most of the miRNAs were evolutionarily conserved. After miRbase (http://www.mirbase.org/) had been established, it became possible to search the database for miRNA sequences from different species.

In eukaryotic organisms, miRNAs regulate the post-transcriptional expression of host and virus genes by degrading mRNA and inhibiting protein translation. Some scholars suggest that this mechanism may have originally evolved from a small RNA-mediated antiviral defense system that now coordinates various developmental processes and is strongly linked to cellular homeostasis (Aguado and TenOever, 2018). Because of this, miRNA expression is also susceptible to disease occurrence via virus invasion and other mechanisms. Furthermore, the expression of miRNAs in the organism changes following viral infection, suggesting that they may be involved in the virus infection process itself or in the innate immunity of the organism as modulators of cellular gene post-transcriptional expression (Zhang et al., 2016; Pu et al., 2019; Diallo et al., 2021). In addition to regulating the expression of intracellular host genes, miRNA can also influence the replication and pathogenesis of RNA viruses by binding directly to the RNA virus genome (Chen et al., 2011; Trobaugh et al., 2014; Trobaugh and Klimstra, 2017). Moreover, some special host miRNAs bind to RNA within RNA viruses and affect the spatial structure of this RNA to influence viral replication (Li et al., 2013). The role of miRNAs on RNA virus genomes has the potential to treat viruses; therefore, the roles of miRNAs on RNA viral genomes are both summarized and discussed.



Interactions Between miRNAs and Viruses

In plants, worms, and insects, RNA interference (RNAi) is an ancient, dominating, and strong antiviral defense mechanism, whereas RNAi plays an antiviral role only in undifferentiated embryonic stem cells in vertebrates (Maillard et al., 2019). The antiviral effects in vertebrates depends heavily on interferon (IFN)-mediated antiviral responses, such as type I IFN and the IFN-stimulated genes (ISGs) (Mazewski et al., 2020). Even so, the vertebrate RNAi system is still vital for the body, mainly relying on tissue- and cell-specific miRNAs to bind mRNA, thus inhibiting its translation or reducing its stability relating to the regulation of cellular protein expression during the growth, development, reproduction, and death of organisms (Maillard et al., 2013). Furthermore, the expression of miRNAs is susceptible to transcriptional efficiency, epigenetic, intracellular homeostasis, and extracellular environmental influences, leading to time-specific and tissue-specific miRNA expression (Catalanotto et al., 2016). There is evidence that the invasion of microorganisms, such as bacteria and viruses, can lead to the variable miRNA expression profiles observed in cells (Trobaugh and Klimstra, 2017).

As for the virus, we know that many experimental results have shown that a virus infection can alter the miRNA expression profiles of host cells (Skalsky and Cullen, 2010; Fu et al., 2019; Seong et al., 2020). Due to the fact that differing changes with an intracellular miRNA expression profile are caused by different viruses, we can use the specific expression of some specific miRNAs in cells as specific biomarkers of viral infection (Atherton et al., 2019; Biswas et al., 2019). Understanding these changes following virus pathogenesis helps us to learn more about the characteristics of virus infection in different hosts or tissues and to seek meaningful miRNAs within the changing miRNA expression profiles (Ninomiya et al., 2016). These changes in miRNA expression profiles could be a strategy used by RNA viruses when escaping from the host cell immune system through the fine-tuning of miRNA on intracellular protein expression, or it could be an immune reaction, meaning that the body perceives the invasion of RNA viruses and fine-tunes immune-related genes through the miRNA system to coordinate the whole immune response. Since miRNA can bind to mRNA and regulate its translation, it is reasonable to suggest that the positive RNA from RNA viruses, which carry translatable genetic information, could be targeted and regulated by the host miRNAs (Zheng et al., 2018; Li et al., 2019; Chen et al., 2021). Up until now, there have been numerous experiments conducted to try and confirm this hypothesis. In addition, studies have found that some viruses actually produce miRNAs during an infection in order to manipulate host genes or RNA genes, thus helping self-replication, mostly noted in DNA viruses. For example, as a herpesvirus, Epstein-Barr Virus (EBV) was found to encode miRNA (Cai et al., 2006; Amoroso et al., 2011). Most herpesviruses are believed to encode miRNAs based on their genome size and the number of proteins they encode (Amoroso et al., 2011; Grundhoff and Sullivan, 2011). To date, the role of miRNAs encoded by RNA viruses, as opposed to those encoded by DNA viruses with distinct characteristics, remains controversial. So far, miRNAs have been identified in several RNA virus families, including Retroviridae, Orthomyxoviridae, Flaviviridae, Filoviridae, and Coronaviridae (Grundhoff and Sullivan, 2011; Nanbo et al., 2021). In summary, both the virus and the host can regulate the viral or host genes and thus control the virus proliferation process by encoding miRNAs.



The Process of miRNA Biogenesis

As shown in Figure 1, the miRNA genes are transcribed for primary miRNA (pri-miRNA). This occurs mainly via polymerase II and partly by polymerase III, which includes thousands of nucleotides and contains at least a hairpin structure (Ha and Kim, 2014). MiRNAs can be transcribed for the intron clusters of pre-mRNA, independent gene units, or long noncoding RNA (Stavast and Erkeland, 2019). Next, a “microprocessor” complex, mainly composed of the RNase III enzyme Drosha and DiGeorge critical region 8 (DGCR8) (named DGCR8 in mammals and Pasha in other animals), cuts the pri-miRNA to form stem-loop (S-L) precursor miRNAs (pre-miRNA) 60–90 nt long in the nucleus (Lee et al., 2003); then, the pre-miRNA is transferred into the cytoplasm using the export receptor, exportin-5 (Ohrt et al., 2006). The complex composed of Dicer (which belongs to the RNase III family) and transactivation-responsive RNA-binding protein (TRBP) cleaves the pre-miRNA apical loop within the cytoplasm to form double-stranded miRNAs about 22 nt in length (Bennasser et al., 2011; Kim et al., 2016). After the miRNA duplex has been transferred to the RNA-induced silencing complex, loading complex (RLC), which is mainly constituted by Argonaute (AGO) protein, and other proteins (involving translin-associated factor X, TRANSLIN and heat shock protein 90 in addition to others), the RNA duplex structure is unwound, and the passenger strand is ejected (Ye et al., 2011; Sahu et al., 2014). Different AGO proteins have distinct functions and cleavage activities that are probably determined by the PIWI domain of the AGO protein (Tang, 2005), and based on the cleavage activity of AGO, RNA-induced silencing complex (RISC) is divided into non-cleaving RISC and cleaving RISC. Subsequently, the miRNA-RISC (miRISC) complex recruits downstream factors, such as glycine–tryptophan protein of 182 kDa (GW182), including the trinucleotide repeat-containing gene 6A–6C (TNRC6A–TNRC6C), to mediate gene silencing associated with RNAi (Ding and Han, 2007; Fabian and Sonenberg, 2012).




Figure 1 | The process of miRNA formation. The miRNA genes are transcribed for pri-miRNA by polymerase II or polymerase III; then, Drosha and DGCR8 split the pri-miRNA to form SL pre-miRNA, transferred to the cytoplasm by the export receptor, exportin-5. Next, the TL element of pre-miRNA is cut off by Dicer and TRBP to produce miRNA duplex. The miRNA duplex is transferred to RLC constituted by AGO, Dicer, TRBP, and so on and is then unfastened twice. The end, mature single-stranded miRNA enters RISC, and AGO of RISC recruits downstream factors to perform RNA interference.





miRNAs Regulate Gene Expression

In general, the seed sequence (the 2-7 nucleotide sequences of the 5’ end of mature single-stranded miRNA) helps the RISC complex target transcripts through the principle of base complementation (Chendrimada et al., 2007; Eichhorn et al., 2014). But, in fact, the other bases on some miRNAs can also help the RISC complex to locate mRNA (Lim et al., 2005; Zheng et al., 2013; Agarwal et al., 2015; Zhang Y. et al., 2017; Jiang et al., 2020). After the formation of miRNA into miRISC complexes, the methodologies of the miRNAs mainly depend on the AGO proteins of the miRISC and the degree of complementarity between the targeted mRNA sequence and the core sequence of miRNA (Figure 2) (Tang, 2005; Loeb et al., 2012). When the transcript target and core sequence of the miRNA are perfectly complementary for cleaving miRISC, miRISC performs the slicing of the mRNA and efficiently degrades the mRNA (Tang, 2005; Ipsaro and Joshua-Tor, 2015). But, in animals, the transcript targets rarely provide complete complementary sequences to the core sequence of the miRNA, and AGO proteins do not all have cleavage activity, which precludes mRNA cleavage by AGO proteins (Ipsaro and Joshua-Tor, 2015). Owing to the fact that AGO proteins are insufficient alone to mediate silencing, miRISC uses the GW182 protein as a platform to recruit other proteins (Takimoto et al., 2009; Kobayashi and Tomari, 2016; Sheu-Gruttadauria and MacRae, 2018). The GW182 proteins have two special structures: an amino-terminal AGO-binding domain (ABD), which binds to AGO, and a silencing domain (SD), which interacts with silencing effectors such as cytoplasmic poly(A)-binding protein (PABP), the cytoplasmic deadenylase complexes PAN2-PAN3, and CCR4 NOT (Guo et al., 2010; Braun et al., 2013). Some scholars hold the view that the interaction of these proteins with GW182 proteins interferes with the PABPC1-eIF4G interaction, which results in a decline in translational efficiency and distorts the conformation of transfer RNAs, making the 5’ cap and poly(A) tail of mRNA more readily available to utilize to degrade mRNA (Elkayam et al., 2017; Niaz and Hussain, 2018). In contrast, there is another view that the interactions between PABPC and GW182 catalyze the miRNA-mediated deadenylation of target transcripts (Meijer et al., 2013; Niaz and Hussain, 2018).




Figure 2 | A molecular understanding of miRNA-mediated gene silencing. When the miRNA sequences are partly complementary to the targeted RNA sequences, the AGO protein binds to GW182; then, the complex recruits PABP, CCR4 NOT, and PAN2-PAN3 to interferences’ ribosome movement on the mRNA/viral RNA (vRNA) or prevents the binding of ribosomal large and small subunits to inhibit translation. When the miRNA sequences are perfect complementary to the targeted RNA sequences, cleaving-miRISC composed of miRNA and AGO protein cuts and degrades the targeted transfer RNA to inhibit translation.



Accumulating evidence demonstrates that host miRNAs participate in the replication and pathogenesis of the viruses by binding directly to the RNA of many RNA viruses. During RNA virus infection, miRNA can then target RNA virus genes in a manner similar to the way they target host genes (Teterina et al., 2014; Bakre et al., 2017). In general, the 5’UTR and 3’UTR of the RNA virus gene have the most natural binding sites to miRNA, but evidence accumulated toward proving the presence of miRNA-binding sites in the RNA virus protein open reading frame (ORF). A positive-strand RNA virus genome can bind directly to the host’s miRNAs in the same way as host mRNA binding, while the positive-strand intermediate of dsRNA and negative RNA virus work in a similar fashion. The direct targeting of RNA viruses by miRNA encompasses two methods of modulating virus replication (Figure 3): (1) the inhibition of viral RNA translation reduces viral replication, and (2) changes in the stability of the viral RNA secondary structure; both methods are discussed in detail below.




Figure 3 | The process of miRNA directly binding to viral RNA.




Translation Inhibition by the Host miRNA Binding to the RNA Within the RNA Virus

Many relevant examples have proved that miRNA inhibits viral proliferation and replication by targeting viral RNA and gene silencing. For example, the infectious bursal disease virus (IBDV), a member of the family Birnaviridae, is targeted by gga-miR-21 that downregulates the expression of IBDV VP1 at the translational level rather than the mRNA level, which therefore represses IBDV replication (Wang et al., 2013). Similarly, the virulent newcastle disease virus (NDV) is a negative-strand RNA virus and is translated into viral protein after NDV has been transcribed for a positive-sense RNA upon entry into host cells. gga-miR-1603 and gga-miR-1794 (gga, chicken) were confirmed to target two highly conserved regions of the L gene of NDV, to inhibit the expression of the L protein at both the protein and RNA levels, thus suppressing NDV replication (Chen et al., 2021). Both of these examples are based on the RNA-silencing effects of miRNA in inhibiting protein translation within RNA viruses, and some more interesting examples of miRNA and RNA viruses are mentioned below.

Previously, only the single regulation of host miRNA on the host genes or viral genes was focused on. With further research, miRNA was later found to be able to simultaneously target both the host and virus gene to limit virus proliferation. A few examples to reference this procedure is described below. Studies have shown that gga-miR-130b in DF-1 cells can simultaneously inhibit viral replication by targeting the IBDV segment A and enhance the expression of type interferon by targeting the intracellular cytokine signal suppressor 5 (SOCS5) (Fu et al., 2017). The genomic segment B of IBDV binds to the gga-miR-454 of DF-1 to inhibit virus replication, while cellular cytokine signal suppressor 6 (SOCS6) is inhibited by gga-miR-454 to boost the immune response (Fu et al., 2018). The miR-324-5p directly targets the H5N1 virus PB1 gene and the cellular CUEDC2 gene, the negative regulator of the interferon pathway, to inhibit the gene expression of both genes, thus enhancing innate immunity (Kumar et al., 2018). In these cases, on the one hand, the host miRNA directly blocks the expression of the viral proteins by targeting viral genes, and on the other hand, increases the host immune response by inhibiting the expression of negative immune regulators in the host, in order to concomitantly limit viral proliferation in vivo. Another example is the porcine epidemic diarrhea virus (PEDV), which belongs to the genus Alphacoronavirus of the Coronavirus family, a single-stranded, positive-sense RNA virus. It was confirmed that miR-221-5p acted as a dose-dependent inhibitor for PEDV, by directly targeting the 3’UTR of the PEDV genomic RNA, and stimulating NF-κB signaling via p65 nuclear translocation, to upregulate IFN-β and related ISGs (Zheng et al., 2018). Due to the mechanism used by miRNAs when binding to the RNA described, and the examples above, miRNAs can simultaneously target both viral and host genes, cocreating an environment that affects viral replication.

In the course of a previously published study, it was found that mutations in miRNA targets within some RNA viruses could render the functions of miRNAs targeting RNA viruses ineffective. These phenomena probably occur because RNA polymerases lack the same collation activity as DNA polymerases and miRNA sequences are highly conserved, thus allowing RNA viruses to mutate and fleetly escape from the host’s miRNA inhibition. For instance, as a member of the Orthomyxoviridae family, the influenza A virus (IAV) is a negative single-stranded RNA virus and has multiple subtype strains. A study verified that hsa-miR- 1307-3p, as a novel potent suppressor, could bind directly to the NS1 RNA of IAV to suppress NS1 expression and influenza virus replication, but a new mutation has been identified in the NS1 gene, which is targeted by hsa-miR- 1307-3p, of more than 100 strain types represented by A(H1N1)pdm09 (a subtype strain of IAV), which invalidated the inhibition of miRNA (Bavagnoli et al., 2019). Analogously, ssc-miR-204 and ssc-miR-4331 only exhibited an inhibitory effect on SIV-H1N1/2009 (a subtype strain of IAV) replication due to mutations in the peer sequences of other strains (Zhang S. et al., 2017). Many similar examples have led to the viewpoint that mutations may represent a means by which RNA viruses evade the direct binding inhibition effects of the host miRNAs. To avoid the influence of gene mutation on the RNA virus protein expression is critical as such mutations are synonymous in many similar findings under natural conditions. Another example, enterovirus 71 (EV71) of the family Picornaviridae, a single-strand positive-sense RNA virus, could have its VP1 and VP3 protein levels regulated by hsa-miR-296-5p to inhibit virus infection (Zheng et al., 2013). Whereas, by aligning the sequences of hsa-miR-296-5p binding to the genome in each EV71 subtype, some strains were found to have synonymous mutations in the same location, research confirmed that these viruses could escape the suppression of hsa-miR-296-5p (Zheng et al., 2013). However, many RNA viruses are still inhibited by the host miRNA. The randomness and uncertainty of mutations may make correct mutations less efficient. Moreover, the short-term inhibition of miRNAs on virus replication may not hurt or hinder the entire process of virus proliferation, so not all RNA viruses need to escape the effects of miRNAs. Naturally, miRNA-binding sites in RNA viruses that create no positive effects on viral replication are more likely to have been deleted in vivo than miRNA-binding sites that have positive effects on viral replication.

Given the evidence pointing toward the importance of binding sites, scholars studied the highly conserved miRNA-binding sites in RNA viruses. It was found that the antiviral activities of miRNAs caused by direct targeting RNA viruses may be used by the virus to evade immunity, prolong incubation periods, or even increase the virulence of the virus during evolution. Under some conditions, the downregulation of virus replication induced by miRNA may in fact be necessary for the persistence of viral infection (Mahajan et al., 2009). Studies have shown that the eastern equine encephalitis virus (EEEV) utilized the inhibitory effect of miRNAs to prevent the virus from being detected by the immune system prematurely, resulting in the enhanced neurovirulence of the virus. EEEV, a single-stranded positive-sense RNA mosquito-borne alphavirus, encodes four strongly conserved miRNA-binding sites for has-miR-142-3p in myeloid-lineage cells (Trobaugh et al., 2014). The hematopoietic cell-specific miR-142-3p restricts EEEV replication to determine virus tropism and to suppress innate immune responses in the myeloid cell, which is conducive to microbial infection and exacerbates EEEV neurovirulence (Trobaugh et al., 2014). The presence of the miRNA-binding sequences is necessary for efficient EEEV replication in mosquitoes, so it is legitimate to assume that these sites are essential for virus transmission (Trobaugh et al., 2019a). For EEEV, the number of miR-142-3p-binding sites is dominant in the suppression of EEEV replication. Even though the miRNA inhibits EEEV expression, the inhibitory effect of miRNA on EEEV is very important for both prolonging the incubation period and increasing virulence during the whole virus proliferation process in vivo. Besides this, after human immunodeficiency virus type 1 (HIV-1)- infected resting primary CD4+ T cells, the significantly enriched miRNAs including, miR-28, miR-150, miR-223, and miR-382 potently inhibited HIV-1 production by targeting the 3’UTR of the HIV-1 RNA and related host proteins (Huang et al., 2007). The inhibition of related host proteins including Tat and Rev, which are key factors for transcription and translation in viral RNA, could further strengthen the viral incubation period to help the virus multiply (Huang et al., 2007). Additionally, studies have shown that miR-326, miR-196b, and miR-1290 have similar effects (Houzet et al., 2012; Wang et al., 2015). The chikungunya virus (CHIKV) is a positive-sense single-stranded RNA virus in the Alphavirus genus, transmitted by Aedes aegypti (Ae. aegypti) mosquitoes. Ae. aegypti miR-2944b-5p can bind to the 3’UTR of CHIKV and reduce CHIKV replication, meanwhile regulating the cellular target, vps-13 (vacuolar protein sorting) (Dubey et al., 2019). CHIKV may be using miR-2944b-5p, alongside its target vps-13, to maintain the cellular integrity of the mitochondrial membrane potential, therefore helping the CHIKV survive in mosquito cells (Dubey et al., 2019). This miRNA can inhibit excessive proliferation of CHIKV in the intermediate host, and maintain the titer of the virus in the intermediate host together with the genes of the intermediate host in vivo, which also contributes toward the transmission of the virus. In general, the highly conserved miRNA-binding sites in RNA viruses have positive implications for virus survival.



miRNA Influence Upon the Spatial Structure of Viral RNA

It is already known that RNA has a certain spatial structure under natural conditions. This did lead to the question as to whether the binding of host miRNA to viral RNA could alter viral RNA to enable interactions with other proteins by changing the spatial structure of viral RNA once the RNA virus enters the host cell to begin replication or translation. There have been some specific examples that have helped elucidate this matter. The hepatitis C virus (HCV), a single-stranded RNA virus with the Flaviviridae family, only has an ORF and requires liver-specific miR-122 interactions with the sequences from the HCV RNA 5’UTR to maintain a high viral RNA abundance in the liver (Jopling, 2008). The 5’UTR and 3’UTR of the HCV RNA have four and three SL structures, respectively, and the ORF region encodes four structural proteins and six non-structural proteins (Jopling, 2008). Two miR-122-binding sites in the 5’UTR, which are separated by a highly conserved 14-nucleotide sequence, are occupied by miR-122 to synergistically give HCV RNA higher stability rather than inhibiting viral replication through RNAi-related functions (Jopling, 2008). Some studies have suggested that efficient HCV replication require the annealing binding of miR-122 to these two sites, which then forms a trimolecular RNA structure that is essential for efficient virus proliferation (Amador-Cañizares et al., 2018; Chahal et al., 2019). However, some scholars believe that any small RNA binding to the miR-122-binding sites on the HCV 5’UTR can promote the HCV life cycle (Kunden et al., 2020). Furthermore, some researchers have found that the insertion of the viral miR-122-binding site into the 3’NCR of a reporter mRNA leads to the downregulation of mRNA expression, which implies that the location of the miRNA-binding site may dictate its effects on gene regulation (Jopling, 2008; Jopling et al., 2008). Further research has shown that miR-122 binds to the 5’NTR of the HCV gene, to protect uncapped HCV RNA genes by defending the degradation caused by 5’ exonuclease Xrn1 and Xrn2, whereas miR-122 negatively regulates the expression of the reporter mRNA by binding to the 3’NCR of the mRNA in a general manner (Li et al., 2013; Sedano and Sarnow, 2014). This interaction promotes HCV RNA accumulation by stabilizing viral RNA, leading to changes in the secondary structure of the viral genome, stimulating the generation of the canonical HCV IRES RNA structure (Schult et al., 2018; Chahal et al., 2019; Kunden et al., 2020). The multiple effects of miR-122 on HCV proliferation are based on the changes observed to the HCV secondary structure after miRNA has bound to viral RNA. Some similar examples are also described in other systems. When the dengue virus (DENV) infects human cells in vitro, endogenous miR-548g-3p can bind to the conserved stem-loop promoter (SLA) (a promoter for DENV RNA transcription) in the 5’NTR of the DENV genome to suppress DENV intracellular replication (Wen et al., 2015). Based on this study, it can be inferred that the combination of miR-548g-3p and the targeted site of DENV, the natural SL structure of the promoter element needed to regulate the binding efficiency of DENV promoter and RNA-dependent viral RNA polymerase may be destroyed (Yu et al., 2008; Wen et al., 2015). Besides this example, the bovine viral diarrhea virus is also targeted by miR-17 and let-7 through binding to S2 and S1 present in the virus genome 3’-NTR, respectively (Scheel et al., 2016; Kokkonos et al., 2020). AGO2 and miR-17 binding were essential for viral replication, whereas let-7 binding increased virus translation.

These examples indicate the importance of the miRNA binding site location for targeting the virus RNA. If the binding site is located in the folding of the secondary structure of RNA, SL structure, or the binding site of some proteins, the corresponding miRNA may have an important influence on the expression or function of this genome (Gerresheim et al., 2017). Interestingly, the unconventional relationship between miRNA and viral RNA has also been found in some other RNA viruses, which most or all enhancing the stability of the viral RNA to positively regulate RNA virus replication.




Conclusions

Eukaryotic miRNAs participate in the regulation of most physiological activities within cells, including RNA virus infection. RNA viruses use RNA as a gene carrier, and miRNAs bind to RNA in a base complementary way, which allows some miRNAs to directly target the RNA within RNA viruses. Most of this binding occurs in the ORF or 3’UTR of the RNA virus RNA, whereas miRNA works with RNA-binding proteins to inhibit RNA viral replication. In addition, some cellular miRNAs are able to bind to RNA viral RNA to avoid the cleavage of the related enzymes or to stabilize the spatial structure of the RNA to positively regulate RNA virus replication. However, as there is a lack of any proofreading function, RNA viruses can escape from miRNA through gene mutation in the face of the miRNA’s direct targeted inhibition. From the above-cited publications, which include many examples, on the one hand, RNA viruses utilize some specific cellular miRNAs to create an intracellular environment conducive to the transmission of viral infection. Yet, on the other hand, it is commonplace that most miRNAs that directly or indirectly strongly inhibit RNA virus replication are manipulated by the RNA virus to reduce expression, or are shunned by RNA viruses with genetic mutations. Moreover, miRNAs in eukaryotes are highly conserved and are not easily mutated, which makes it difficult for miRNAs to be dominant antiviral factors against RNA viruses in nature.

Research has shown that it is feasible for researchers to insert the binding sequences of intracellular specific miRNA into the RNA virus genes in order to prepare miRNA vaccines according to the inhibition of targeted RNAs by some miRNAs (Tsetsarkin et al., 2015). The insertion of single or multiple copies of the brain-expressed miRNA target sequence in the 3’NTR of the genome of the neurotropic chimeric tick-borne encephalitis virus/dengue virus 4 (TBEV/DEN4) flavivirus could reduce the neurotoxicity of the virus (Heiss et al., 2012). However, the artificial RNA virus can also escape from miRNA to regain its neurotoxicity by accumulating gene mutations or via deletion (Heiss et al., 2012). This phenomenon can be alleviated by increasing the copy number of inserted sequences and setting appropriate spacing. Similarly, the deletion of the miR-142-3p-binding sites in the EEEV 3’ UTR can lead to efficient EEEV infection of myeloid cells, resulting in a decrease in the virulence of the virus, but the accumulation of genetic mutations may restore virus virulence during serial passages of the virus (Trobaugh et al., 2019b). How to stabilize the artificial sequence while also inhibiting the virulence of the virus needs further research. Host miRNA is hijacked by invading RNA viruses and participates in the pathogenic process of viruses, or miRNAs inhibit RNA virus replication by targeting their RNA, which makes it reasonable for miRNA to be a potential new therapeutic target for RNA viral therapy. There have been attempts to develop antiviral drugs based on miRNA studies. In the laboratory, artificial miRNAs are designed to target the conserved genomic regions of the West Nile virus NS5 and NS2A or consensus sequence of 3’NTR of JEV, and all show effective suppression of the virus in vitro (Sharma et al., 2018; Karothia et al., 2020). Scientists have tried to use similar RNAi technology to treat some viral diseases in clinical trials, such as the inhibition of HBV replication in chronic HBV infection (Wooddell et al., 2017; van den Berg et al., 2020), treating Ebola virus patients to improve survival and recovery rates (Thi et al., 2015) and targeting HIV-1 replication for cell transplant therapy (Scarborough and Gatignol, 2017). It is not only miRNAs in animals that can limit the influence of RNA viruses, as miRNAs in plants have also been found to inhibit the replication of certain viruses. MiR-2911 from honeysuckle (a traditional Chinese medicine) can suppress IAVs with a broad spectrum by directly targeting the IAV RNA, and the let-7a from this plant can inhibit the replication of DENV by targeting its NS1 sequence (Zhou et al., 2015; Lee et al., 2017).

Intracellular miRNA, as a link of the intracellular regulatory network, can simultaneously target multiple cellular mRNAs and the RNA of the invading RNA virus. Cellular miRNAs, the host mRNA, and RNA viruses are closely related and interact with each other, affecting the whole body. This connection makes miRNAs a potential breakthrough in the future to tackle the current ravages of many RNA viruses. However, in order to be an antiviral drug, miRNA requires comprehensive consideration for the variable of cell homeostasis and other physiological conditions caused by changes in the miRNA. Moreover, a large number of convenient, cheap, and accurate synthesis methods of artificial miRNA still need further study. At present, miRNA as a new approach against RNA viruses is still far from being realized, and a breakthrough in the field is expected.
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Background and Aims

With current standard of care a functional cure for Chronic Hepatitis B (CHB) is only achieved in 1-3% of patients and therefore novel therapies are needed. Disease activity during CHB can be determined by a broad range of virological biomarkers, however these biomarkers are also targets for novel treatment strategies. The aim of this study was to identify novel miRNAs that are differentially expressed in plasma and liver in CHB, and determine whether these miRNAs may serve as biomarkers of disease stage or treatment outcome.



Methods

miRNA Next-Generation-Sequencing of plasma and liver samples from CHB patient and controls was performed to identify differentially expressed miRNAs. The identified candidate miRNAs were validated by qPCR in additional plasma and liver samples from two CHB cohorts.



Results

Several miRNAs in plasma and liver were found to be differentially expressed between CHB patients and controls. Of the identified miRNAs expression levels of miR-122-5p in plasma were associated with plasma HBsAg, and plasma and liver HBV-DNA levels. Expression levels of miR-223-3p, miR-144-5p and miR-133a-3p in liver were associated with plasma alanine aminotransferase levels. No correlation was observed between miRNA expression levels at baseline and treatment outcome.



Conclusions

Limited overlap between plasma and liver miRNAs was found, indicating that plasma miRNAs could be useful as biomarkers for treatment outcome or viral activity during treatment. Whereas liver miRNAs are more likely to be regulated by HBV and could be potential therapeutic targets to control viral activity in liver.





Keywords: biomarkers, next generation sequencing, novel therapy targets, microRNAs, hepatitis B virus



Introduction

Around one third of the global population has been infected with HBV. Worldwide around 290 million people are suffering from chronic hepatitis B (CHB), with a yearly mortality rate of 887,000 due to liver cirrhosis, liver failure and HCC. CHB can be broadly classified into two disease states which are based on the presence of either Hepatitis B e antigen (HBeAg) or hepatitis B e (HBe) antibodies in blood. HBeAg is a viral protein which is not necessary for viral replication, however it is believed that it served as an immune modulated as HBeAg presence in blood is associated with a more fulminant disease stage. Moreover patients that clear HBeAg by producing HBe antibodies have a low viral load (Tsai and Ou, 2021).

At present, only nucleos(t)ide analogues (NAs) and pegylated interferon-alpha (PEG-IFN) are registered for the treatment of CHB. NAs effectively inhibit HBV-DNA formation by blocking the conversion of the pregenomic RNA into relaxed circular DNA and therefore repressing viral replication. However, NAs do not interfere with protein production from the viral covalently closed circular (ccc)DNA, leading to ongoing production of HBsAg and HBV-RNA which can lead to the persistence of a dysfunctional HBV specific immune response. Therefore treatment with NAs rarely leads to a functional cure, defined as HBsAg loss with or without anti-HBs seroconversion plus undetectable HBV-DNA after completing a course of treatment (Cornberg et al., 2020). PEG-IFN activates innate immune pathways that interfere with viral replication, however PEG-IFN is only prescribed for a finite course of maximal 48 weeks because of severe side effects. Unfortunately, the use of PEG-IFN leads to a functional cure in around 3% of the patients (Marcellin et al., 2004) and up to 9% when used in combination with NA therapy (Takkenberg et al., 2013; Marcellin et al., 2016). However, the latter form of treatment is not standard of care.

New therapeutic options to increase the rate of functional cure are currently under development, which can be separated into two major therapeutic classes. One class consists of agents acting as immune modulators such as stimulation of RNA sensors Toll-like receptor 8 or retinoic acid-inducible gene-I (Sato et al., 2015; Amin et al., 2020). Other compounds target viral replication by degradation of HBV cccDNA reservoir using clustered regularly interspaced short palindromic repeats constructs (Schiwon et al., 2018), or target the viral mRNA transcription using RNA interference (Yuen et al., 2020). Despite all these upcoming treatment options, it is believed that complete HBV cure will be likely achieved by combining various agents with a different mechanism targeting HBV replication. Consequently, new plasma biomarkers are essential to determine hepatic HBV replication when classical virological biomarkers are no longer detectable (i.e. plasma HBsAg or HBV-DNA levels).

Several studies investigated the use of microRNAs (miRNAs) as biomarkers and targets for therapeutic interventions in various diseases, including viral hepatitis (Akamatsu et al., 2015; Tan et al., 2015; van der Ree et al., 2017). Previously, we identified plasma miRNAs that were associated with disease activity and treatment outcome in CHB patients with high viral activity (van der Ree et al., 2017). In this study we focused on identifying novel plasma and liver miRNAs that could be involved in HBV replication or could serve as important biomarkers in chronically infected patients with low viral activity.  



Materials and Methods


Study Population

This study was performed in pretreatment samples of CHB patients who participated in two independent investigator-initiated studies, which were described in detail previously (Takkenberg et al., 2013; de Niet et al., 2017). From the first cohort, consisting of HBeAg-negative CHB patients with HBV-DNA levels below 20,000 IU/mL, 150 plasma and 97 liver samples were available for analysis. From the second cohort, consisting of HBeAg-positive or -negative patients with HBV DNA levels >17,182 IU/mL, a total of 32 liver samples were available for analysis. Control liver tissue was obtained from 13 HBV negative patients undergoing surgical liver resection and from the resected liver tissue of the non-affected, tumor free margin surrounding the pathology was stored in RNAlater stabilizing solution (Thermo Fisher Scientific, Waltham, MA, United States) (Stelma et al., 2017). Control plasma samples were obtained from 10 healthy volunteers. Baseline characteristics of all cohorts are shown in Table 1.


Table 1 | Baseline characteristics of the first CHB patient cohort (n=150), second CHB patient cohort (n=32) and liver controls (n=13).





Cell Lines

HepG2.2.15 cells were cultured in William’s E medium (Lonza, Switzerland) supplemented with 10% (v/v) heat-inactivated Fetal Calf Serum (FCS), 2 mM L-Glutamine, 5mM Dexamethasone, penicillin (100 U/mL) and streptomycin (100 µg/mL) at 37°C and 5% CO2. HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium without Hepes (DMEM) (Lonza, Basel, Switzerland) supplemented with 10% (v/v) inactivated FCS, penicillin (100 U/ml) and streptomycin (100 mg/ml), and maintained in a humidified 10% CO2 incubator at 37°C. HepAD38 cells were cultured in Dulbecco’s Modified Eagle Medium with F-12 without Hepes (DMEM/F-12) supplemented with 10% (v/v) inactivated FCS, penicillin (100 U/ml), streptomycin (100 mg/ml) and tetracyclin (3mg/mL), and maintained in a humidified 10% CO2 incubator at 37°C.



miRNA NGS

NGS of miRNAs was conducted at Exiqon Services, Denmark. Total RNA was isolated from 500μl plasma with proprietary RNA isolation protocol optimized for serum/plasma (no carrier added) (Exiqon Services, Denmark). Total RNA was eluted in ultra-low volume. A total of 5ul total RNA was converted into microRNA NGS libraries using the QIAseq miRNA Library Kit (Qiagen, Venlo, Netherlands). For liver samples, total RNA was isolated using the miRNeasy Micro Kit (Qiagen) and subsequently 100ng of total RNA was converted into microRNA NGS libraries. Adapters containing UMIs were ligated to the RNA and the RNA was converted to cDNA. The cDNA was amplified using PCR (22 cycles for plasma samples and 14 for liver samples) and during the PCR indices were added. The PCR samples were purified and library preparation QC was performed using either Bioanalyzer 2100 (Agilent) or TapeStation 4200 (Agilent). Based on quality of the inserts and the concentration measurements the libraries were pooled in equimolar ratios. The library pool(s) were quantified using the qPCR ExiSEQ LNA™ Quant kit (Exiqon, Denmark). The library pool was sequenced using the Illumina NextSeq500 (Illumina, San Diego, CA, United States) sequencing instrument according to the manufacturer instructions. Raw data was de-multiplexed and FASTQ files for each sample were generated using the bcl2fastq software (Illumina). FASTQ data were checked using the FastQC tool (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Cutadapt (1.11) was used to extract information of adapter and UMI in raw reads, and output from cutadapt was used to remove adapter sequences and to collapse reads by UMI with in-house script. The reads were mapped to the reference genomes miRBase 20 and GRCh37 using Bowtie2 (2.2.2). The mapping criteria for aligning reads to abundant sequence and miRBase were that the reads have to have perfect match to the reference sequences. For mapping of the reads to the human genome one mismatch was allowed in the first 32 bases of the read. No indels were allowed in mapping. NGS data is available at the NCBI’s Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo/, GSE162149).



miRNA Isolation and RT qPCR

Total RNA was isolated from 200µl of plasma using the miRCURY RNA isolation kit (Exiqon, Denmark) according to the manufacturer’s protocol. Liver tissue (up to 5mg) was disrupted and homogenized for 4 x 1 minute at 30Hz using the TissueLyser II (Qiagen) and two 5mm stainless steel beads (Qiagen). Total RNA from liver samples was isolated using the miRNeasy Micro Kit, according to the manufacturer’s protocol. The RNA concentration was measured using the Nanodrop 1000 (Isogen Life Sciences, Netherlands). RNA was first polyadenylated using the E. coli Poly(A) Polymerase (M0276S, New England Biolabs, Ipswich, MA, USA) kit according to the provided protocol. The polyadenylated miRNA was reverse transcribed into cDNA using the M-MLV Reverse Transcriptase kit (Promega, Madison, WI, United States) using an Oligo-dT adapter primer (Sup. able 1), according to the protocol of the manufacturer. Individual miRNA RT-qPCR were performed using the GoTaq® qPCR and RT-qPCR Systems Kit (Promega) and were run on the LightCycler® 480 Instrument (Roche diagnostics, Almere, The Netherlands) using specific miRNA forward primers and an universal reverse primer (Supplementary Table 4). The qPCR was performed using the following program on the LightCycler: pre-incubation steps 10 min 95°C, amplification steps: 50 cycles of 10s 95°C, 20 s 58°C, 30s 72°C and a melting curve was done to confirm the purity of the PCR product and the specify of the primer.



Production of miR-144-5p and miR-375 Overexpression Lentiviral Vectors

miR-144-5p and miR-375 sequences flanked by 100 base pair up- and downstream were cloned into a lentiviral vector in which expression is driven by the Cytomegalovirus promotor using the In-Fusion® HD Cloning Kit (Takara Bio, Kusatsu, Shiga, Japan). Infectious lentiviral vector particles were produced by co-transfection of the lentiviral vector construct containing the miR-144-5p or miR-375 sequences or a GFP control (22.6 µg per construct) together with pCMV-VSV-G (8 µg), pMDLgp (14.6 µg), pRSV-Rev (5.6 µg) in HEK293T cells using calcium phosphate as previously described (Dull et al., 1998). In brief, plasmid DNA was diluted in 0.042M HEPES containing 0.15M CaCl2, subsequently mixed with an equal volume of 2× HEPES buffered saline pH 7.2, incubated at room temperature for 15 min and added to the culture medium. After 24h incubation in a humidified 3% CO2 incubator at 37°C, the culture medium was replaced and cultures were continued at 10% CO2 at 37°C. Virus was harvested at 48 and 72h after transfection and passed through a 0.22 μm filter.



miR-144-5p and miR-375 Overexpression in HepG2.2.15 and HepAD38 Cells

HepG2.2.15 and HepAD38 cells were seeded in a 96 wells plate at a concentration of 2,000 cells per well and were transduced with either miR-144-5p, miR-375 overexpression vector, or a GFP control. Forty-eight hours after transduction the medium was replaced and HepAD38 cells were cultured in tetracyclin free medium to induce HBV replication. After six and 14 days for respectfully HepG2.2.15 and HepAD38 cells supernatant was harvested and HBV replication was analyzed by an in-house HBV-DNA PCR. In parallel, the cells viability was analyzed by a MTT assay (Sigma-Aldrich, St. Louis, Missouri, United States).



HBV-DNA qPCR

To isolate HBV-DNA from supernatant of HepG2.2.15 and HepAD38 cells, 20 μL of supernatant was incubating with 5 μL DNase 0.05 U/μL (Promega) for 30 minutes at 37°C and subsequently the DNase was heat-inactivated for 10 minutes at 65°C. Thereafter, the supernatant was treated with 5 μL proteinase K 1 μg/mL (Sigma-Aldrich) for 30 minutes at 37°C and hereafter proteinase K was heat-inactivated for 10 minutes at 95°C. The quantification of HBV DNA was performed by GoTaq® qPCR and RT-qPCR Systems Kit and were run on the LightCycler® 480 Instrument using primers (PG3-forward: 5’-CAA GCC TCC AAG CTG TGC CTT G-3’, nt 1865-1886, BC1-reverse: 3’-GGA AAG AAG TCA GAA GGC AAA AAC G-5’, nt 1974-1950).



Statistical Analyses


miRNA NGS

A heatmap of expression profiles was generated and a two-way hierarchical clustering analysis was performed with RStudio using trimmed mean of M-values (TMM) normalized quantifications from defined collections of samples as input. Differential expression analysis between CHB patients and controls was performed using the EdgeR statistical software package (Bioconductor, http://bioconductor.org/) in RStudio. For normalization, the TMM method based on log-fold and absolute gene-wise changes in expression levels between samples was used. Falls discovery rate (FDR) corrected p-values were calculated using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995).



Functional Enrichment Analysis

Target-based pathway enrichment analysis of miRNAs was performed using miRWalk 3.0 (http://mirwalk.umm.uni-heidelberg.de/) with the Mirtarbase database and the 3UTR position parameters (Sticht et al., 2018). Furthermore, the targeted genes of the miRNAs were exported to DAVID (https://david.ncifcrf.gov/summary.jsp) and the functional annotation was run using only the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway parameter (Huang da et al., 2009a; Huang da et al., 2009b).



qPCR Candidate miRNAs

The expression of the candidate miRNAs was normalized using the 2^-ΔCt method (= 2^- (Ct miRNA of interest – arithmetic mean Ct of the two housekeeping miRNAs)). The expression level of housekeeping miRNAs was used for normalization between the input of different patients or controls of the plasma and liver samples for qPCR. The housekeeping miRNAs were selected based on the lowest stability/average TPM expression index throughout all the plasma and liver samples used for the miRNA NGS as identified by NormFinder (Andersen et al., 2004). For plasma the selected miRNAs were miR-123-3p and miR-423-3p and for liver miR-25-3p and miR-191-5p. Levels of the different miRNAs between controls and CHB patients were compared using a Mann-Whitney U test. A Benjamini-Hochberg procedure was performed in order to correct for multiple testing.



Baseline Characteristics

The baseline characteristics between the first CHB cohort, the second CHB cohort and liver controls were compared using either an ANOVA with Tukey’s multiple comparisons test, a Kruskal-Wallis test with Dunn’s multiple comparisons test or a chi-square test were applicable.



Associations with Biochemical and Virological Cohort Data

The association between miRNA expression levels and available biochemical (alanine aminotransferase (ALT)), virological (HBsAg, plasma and liver HBV-DNA and % HBsAg positive in liver), liver fibrosis or steatosis grade (Fibroscan, Ishak score, modified histology activity index (HAI) grading) analysis at baseline or therapy effect was analyzed using either Spearman correlation test or logistic regression. Before performing logistic regressions, the expression levels of miRNAs were normalized by log transformation. A Benjamini-Hochberg procedure was performed in order to correct for multiple testing. Therapy effect was defined as an absolute difference of HBsAg levels in plasma between baseline and 48 (T48) or 72 (T72) weeks or HBsAg decline of > 0.5 log between baseline and T72. Data was analyzed using Graph Pad software (version 8), RStudio (version 1.2.1335) and SPSS (version 25).





Results


Study Design

The current study was performed in pretreatment plasma and liver tissue samples obtained from two independent CHB cohorts (Cohort 1: HBeAg-negative CHB patients with HBV DNA levels <20,000 IU/mL (de Niet et al., 2017); Cohort 2: HBeAg-positive or -negative CHB patients with HBV DNA levels >17,182 IU/mL (Takkenberg et al., 2013), and comprised two steps (Figure 1): the identification and the validation step. In the identification step, HBV associated miRNAs were identified in matching plasma and liver tissue samples of an identification cohort consisting of 10 CHB patients and 10 control samples by miRNA/small RNA NGS which were selected from the first CHB cohort. We selected 5 male and 5 female CHB patients of whom 5 patients were infected with HBV genotype A virus and 5 patients with HBV genotype D virus. In the validation step, candidate miRNAs were validated in two confirmation cohorts that consisted of the remaining plasma and liver samples of the patients of the first cohort and 32 liver samples of the second cohort by qPCR. The expression of candidate miRNAs was compared to the 10 control plasma samples and 13 control liver tissue samples.




Figure 1 | The design of the study. The current study was performed in pretreatment plasma and liver tissue samples obtained from CHB patients participating in two independent CHB cohorts (Cohort 1: HBeAg-negative CHB patients with HBV DNA levels <20,000 IU/mL; Cohort 2: HBeAg-positive or -negative CHB patients with HBV DNA levels >17,182 IU/mL) and comprised two steps: the identification and the validation step. In the identification step, HBV associated miRNAs were identified in matching plasma and liver tissue samples of an identification cohort consisting of 10 CHB patients (selected from the first CHB cohort) and 10 control samples by miRNA/small RNA NGS. In the validation step, candidate miRNAs were validated by qPCR in two confirmation cohorts that consisted of the remaining plasma (n=141) and liver samples (n=87) of the patients of the first cohort, liver samples of the second cohort (n=32), and control plasma (n=10) and liver tissue samples (n=13).





Identification of miRNAs Differentially Expressed in Liver and Plasma of CHB Patients Using miRNA/Small RNA NGS

miRNA/small RNA NGS was performed using total RNA isolated from matching plasma and liver biopsies of the identification cohort. On average 25 million raw reads were obtained for each plasma sample, of which 4.3 million reads remained after correction for length and quality. The average mapping rate to the miRNA reference database was 65.7%. For liver samples, on average 21 million raw reads were obtained for each sample, of which 12.7 million reads remained after correction for length and quality. The average mapping rate to the miRNA reference database was 47.1%. After mapping, all miRNAs with less than 5 counts per million per group were excluded from further analysis. The heterogeneity between groups was assessed, and based on the hierarchical cluster plot and low read counts (<500,000 reads) one CHB plasma sample (nr 13), 3 control plasma samples (nr 1, 4, and 6), and 3 CHB liver sample (nr 15, 16 and 19) were excluded from further analysis (Figures 2A, B). Candidate miRNAs were selected using a cutoff falls discovery rate corrected p-value of 0.05, a fold change of 1.5 for liver and 1.8 for plasma samples. A total of 45 and 30 miRNAs were found to be differentially expressed between CHB patients and controls in plasma and liver, respectively (Figures 2C, D). For further selection of miRNAs to be validated we applied a filter of a minimal TPM of 50. This resulted in 23 miRNAs for the plasma samples of which 12 were upregulated and 11 downregulated, and a total of 18 miRNA in the liver samples, of which 3 were upregulated and 15 downregulated (Tables 2, 3). Furthermore, 5 of these miRNAs (miR-451a, miR-182-5p, miR-144-3p, miR-144-5p and miR-206) were differentially expressed in both plasma and liver samples.




Figure 2 | Two-way hierarchical clustering analysis and volcano plot of identified plasma and liver tissue miRNA. miRNA/small RNA NGS was performed using total RNA isolated from matching plasma (n=10) and liver biopsies(n=10) of the identification cohort. A heatmap of plasma (A) or liver (B) expression profiles was generated and a two-way hierarchical clustering analysis was performed using TMM normalized quantifications from defined collections of samples as input. Red represents an expression level above the mean and green below the mean. Volcano plot of differentially expressed miRNAs between CHB patients and controls in plasma (C) and liver tissue (D) samples. miRNAs that pass the cut-off criteria (FDR ≤ 0.05 and FC ± 1.8 for plasma or FC ± 1.5 for liver) are shown in blue.




Table 2 | Differentially expressed miRNAs between CHB patients and controls in plasma.




Table 3 | Differentially expressed miRNAs between CHB patients and controls in liver.





Target-Based Pathway Enrichment Analysis

The differentially expressed plasma and liver miRNAs were subjected to target-based pathway enrichment analysis using miRWalk 3.0 and DAVID. Several different KEGG pathways were identified when correction for FDR was performed (Supplementary Tables 2–5). One of the most significant pathways were related to HBV infection. Next to infectious diseases, a substantial amount of these pathways were related to oncogenic diseases like pancreatic cancer or colorectal cancer. Moreover, several miRNAs targeted genes involved in the hepatocellular carcinoma pathway.



Validation of the Identified Differentially Expressed of miRNAs in Liver and Plasma of CHB Patients in the First Conformation Cohort

Next, these miRNAs were validated in the remaining pre-treatment 141 plasma and 87 liver samples of CHB patients by performing RT-qPCRs. Seven out of 23 miRNAs were found to be differentially expressed between CHB patients and controls in plasma. miRNAs let-7e, miR-625-3p, miR-4433b-3p, miR-584-5p and miR-320a were found to be downregulated, and miR-122-5p and miR-335-5p were upregulated in plasma of CHB patients (Figure 3A). The specific detection of nine miRNAs failed due to low expression levels or primer aspecificity as was observed by melting curve analysis (miR-7-5p, miR-144-3p, miR-182-5p, miR-183-5p, miR-190a-5p, mir-206, miR-215-5p, miR-224-5p, miR-454-3p). For liver, seven out of the 18 miRNAs were found to be differentially expressed between CHB patients and controls. miRNAs miR-21-3p, miR-133a-3p, miR-144-5p and miR-375 were upregulated and miR-223-3p, miR-141-3p, miR-199b-5p were downregulated in CHB patients (Figure 3B). For three miRNAs the specific detection using qPCR failed due to low expression levels or primer aspecificity as was observed by analyses of the melting curves (miR-9-5p, miR-206 and miR-145-3p).




Figure 3 | Validation of identified miRNAs in plasma and liver tissue samples. miRNA expression in plasma and liver tissue was determined by RT qPCR and was compared between the CHB patients and controls. The fold change in normalized miRNA expression levels in plasma samples (n=141) of the first conformation cohort (A), liver tissue samples of the first (n=87) (B) or second (n=32) (C) conformation cohort as compared to controls (plasma n=10, liver n=13) are shown. (D) The fold change of normalized miRNA expression levels in liver tissue from HBeAg positive (black bars) and HBeAg negative (open bars) patients from the second cohort as compared to controls are shown. (E) Differential expression of confirmed CHB associated liver miRNAs in plasma. Open bars represent the control and black bars the CHB patients. Data is presented as median and interquartile range. Differences between the groups were determined by Mann Whitney U test and only significant differently expressed miRNAs are shown. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. For panel (A–C) †represents p<0.05 after correction for multiple testing.





Validation of Candidate miRNA in Liver of the Second Conformation Cohort

The identified miRNAs in liver were also validated in a second cohort consisting of 32 pre-treatment liver tissue samples from CHB patients. Nine out of the 18 miRNAs were found to be differentially expressed between CHB patients and controls. miRNAs miR-331-3p, miR-144-5p and miR-375 were upregulated and miR-143-3p, miR-223-3p, miR-10b-5p, miR-182-5p, miR-143-5p and miR-338-3p were downregulated (Figure 3C). For six miRNAs the specific detection using qPCR failed due to low expression levels or primer aspecificity as was observed by melting curve analysis (miR-451a, miR-199b-5p, miR-141-3p, miR-9-5p, miR-206 and miR-145-3p). The cohort consisted of both HBeAg positive and HBeAg negative patients. When analyzing these groups separately we observed that miR-144-5p and miR-375 were upregulated, and miR-143-3p, miR-223-3p, miR-10b-5p, miR-182-5p and miR-143-5p were downregulated in both the HBeAg negative and positive groups compared to controls. Upregulation of miR-331-3p was only observed in the HBeAg negative group and miR-338-3p was only downregulated in the HBeAg positive group compared to control (Figure 3D).



Validation of Liver miRNAs Expression in Plasma

None of the validated differentially expressed miRNA in liver were also identified in plasma and vice versa. To determine whether the differentially expressed liver miRNAs could serve as biomarkers in plasma, we measured the expression levels of validated liver miRNA in plasma. We found that miR-143-3p was downregulated and miR-223-3p was upregulated in plasma of CHB patients (Figure 3E).



Association of Plasma or Liver miRNA Levels and Baseline Characteristics of CHB Patients

To determine whether the expression levels of the validated miRNAs were associated with various baseline characteristics in our cohorts, correlation analyses were performed. For both cohorts, baseline characteristic included liver damage (plasma ALT levels, degree of fibrosis and/or steatosis in the liver biopsy) and viral replication markers (plasma levels of HBsAg or plasma and liver HBV-DNA levels, or percentage of HBsAg positively stained cells in the liver biopsy). For the miRNAs identified in plasma, we found that the expression of miR-122-5p was positively associated with plasma HBsAg levels and with plasma and liver HBV-DNA levels. For miR-320a and miR-625-3p, a positively association was observed with plasma HBV-DNA levels. In liver samples from the first cohort, we found that miR-223-3p, miR-144-5p and miR-133a-3p were negatively associated with ALT levels (Table 4). In the liver samples from the second cohort no correlations were observed.


Table 4 | The association of plasma and liver miRNAs levels with biomarkers of HBV replication and liver disease.





Associations Between miRNA Levels in Plasma and the Effect of peg-IFN and NAs Therapy in the First Cohort

Next we assessed whether miRNAs expression levels in plasma at baseline of the first cohort were associated with the effect of treatment (48 weeks of peg-IFN and either adefovir or tenofovir) as determined by either the decline of absolute HBsAg levels or HBsAg decline of > 0.5 log between baseline and 48 weeks or 72 weeks. These parameters were chosen as in this cohort functional cure was only found in approximately 4% of the patients. No correlation between the expression levels of the different miRNAs and absolute HBsAg levels decline in plasma (Table 5). However, a relationship between the expression levels of miR-122-5p and HBsAg decline of > 0.5 log between baseline and 72 weeks using univariate logistic regression (odds ratio 0.446, p = 0.025) was observed, although this association was lost after correction for multiple testing (p = 0.175).


Table 5 | The association between baseline plasma miRNAs levels and HBV-DNA decline after 48 and 72 weeks in treated and non-treated CHB.





The Effect of miR-144-5p and miR-375 on HBV Replication

As miR-144-5p and miR-375 were both upregulated in the liver of CHB patients, the effect of overexpression of these miRNAs on HBV replication was investigated in HepG2.2.15 and HepAD38 cells using a lentiviral overexpression vector. In both cell lines HBV DNA levels were increased as compared to control in the supernatant after miR-144-5p and miR-375 overexpression (Figure 4).




Figure 4 | Effect of miR-144-5p and miR-375 overexpression on HBV replication in vitro. miR-144-5p and miR-375 were overexpressed using a lentiviral vector in HepG2.2.15 (A) and HepAD38 (B) cells. HBV-DNA levels were measured in the supernatant. HBV-DNA levels shown were corrected for cell viability analysed by MTT assay. (C) Overexpression of miR-144-5p and miR-375 by lentiviral transduction in HepG2.2.15 cells was determined by qPCR and is expressed as fold increase as compared to the GFP control. Data is presented as median and interquartile range. Differences between the groups were determined by Mann Whitney U test. *: p<0.05, ***: p<0.001, ****: p<0.0001.






Discussion

After performing the initial NGS identification screen, a targeted gene pathway enrichment analysis identified several pathways involving candidate miRNAs from both plasma and liver. One of the most significant targeted gene enrichment pathways was related to HBV infection, which is an indicator that the identified miRNAs could be involved in HBV replication. Next to infectious diseases a substantial amount of the identified pathways were related to oncogenic diseases, including hepatocellular carcinoma. As CHB is strongly associated with the development of hepatocellular carcinoma, this supports the suggestion that these miRNAs are involved in HBV replication. Interestingly, our miRNA screen showed only limited overlap of differentially expressed miRNAs in both plasma and liver samples of CHB patients. This indicates that liver and plasma miRNAs in CHB are representative of different entities. Differential expression of miRNA in liver might be caused by ongoing local inflammation and immune responses as well as the regulation of miRNA expression by the virus itself. Plasma miRNAs originate from various cellular and tissue sources. Differential secretion of miRNAs for instance by activated immune cells or infected hepatocytes may be reflected in plasma whereas this may not be detectable in liver tissue.

After validation, we found that miRNAs let-7e, miR-625-3p, miR-4433b-3p, miR-584-5p and miR-320a were downregulated, and miR-122-5p and miR-335-5p were upregulated in plasma of untreated CHB patients. Since CHB patients with a low viral load currently do not receive therapy, we subsequently investigated whether baseline miRNA expression levels in plasma could be used as biomarkers to identify a subset of patients that potentially could benefit from therapy. We found that the expression of miR-122-5p was positively associated with baseline HBsAg and plasma and liver HBV-DNA levels. However, no correlation of miR-122-5p with either HBsAg or HBsAg decline after treatment with peg-IFN and either adefovir or tenofovir was observed. As miR-122-5p is the most commonly expressed miRNA in the liver, the observed association at baseline could be the result of liver damage cause by immune mediated kill of HBV infected hepatocytes. In addition, we noticed a trend between the expression levels miR-122-5p and ALT levels which strengthen this hypothesis. In contrast to the current study, it was previously shown that plasma miR-122-5p expression levels were associated with a virological response in CHB after NA treatment (Wu et al., 2019). However, this study lacked an essential untreated control group, as another study showed that plasma miR-122-5p is an independent predictor of HBsAg seroclearance in patients who had not received therapy (Akuta et al., 2018). For miR-320a and miR-625-3p a positive association with baseline plasma HBV-DNA levels was observed, however no direct relationship between these miRNAs and HBV has been described. miR-335-5p was previously associated with CHB, and the expression levels of miR-335-5p were found to be predictive for HBsAg clearance in patients having a low viral load treated with PEG-IFN (Yang et al., 2018). However, we could not confirm this observation in our present study. For the other identified plasma miRNAs no association with CHB has previously been described.

In liver samples from both cohorts, miR-144-5p and miR-375 are upregulated and miR-223-3p is downregulated in CHB patients. Overexpression of both miR-144-5p and miR-375 in HepG2.2.15 and HepAD38 resulted in increased levels of HBV-DNA in the supernatant. This indicates that upregulation of miR-144-5p and miR-375 in liver can support HBV replication and persistence in CHB, making these miRNAs interesting therapeutic targets.

In the first cohort liver expression of miR-21-3p and miR-133a-3p was upregulated whereas miR-141-3p and miR-199b-5p were downregulated. However, this could not be confirmed in liver tissue obtained from the second cohort. Where miR-331-3p was upregulated and miR-143-3p, miR-10b-5p, miR-182-5p, miR-143-5p and miR-338-3p were downregulated. This discrepancy may be explained by the patient selection in our cohorts, while the first cohort consists of HBeAg negative patients with low viral load, the second cohort included HBeAg positive and negative patients with high viral load and more liver damage. Therefore, we believe that these miRNAs are not reflecting HBV infection itself, but are related to variation between the CHB patient groups like the level of inflammation and immune responses related to HBV activity or liver damage.

Of the identified liver miRNAs only miR-141-3p was described to be involved in HBV replication. In vitro studies show that miR-141-3p inhibited HBV replication by either targeting peroxisome proliferator-activated receptor (PPAR)-alpha resulting in reduced HBV promoter activity, or downregulate Sirtuin 1 and subsequently autophagy-mediated HBV inhibition (Hu et al., 2012; Yang et al., 2017).

The second CHB cohort consisted of both HBeAg negative and positive patients, and this allowed us to analyze the HBeAg positive and HBeAg negative groups separately. Discrepancies between the HBeAg positive and negative groups were only observed for miR-331-3p and miR-338-3p. Upregulation of miR-331-3p was observed in the HBeAg negative group when compared to the controls, but no significant upregulation of this miRNA was observed in the first cohort with only HBeAg negative patients with low viral load.

The five differentially expressed miRNAs in both plasma and liver tissue of the identification cohort could not be validated in the validation cohorts. However when the expression of the identified liver miRNAs were analyzed in plasma samples, we found that the expression levels of miR-223-3p and miR-143-3p differed between CHB patients and controls in both plasma and liver. Surprisingly, miR-223-3p was upregulated in plasma of CHB patients whereas it was downregulated in both liver samples cohorts. Increased levels of miR-223-3p in serum of CHB patients has previously been reported (Xu et al., 2011; Bao et al., 2017), conforming our results in plasma. Although the low expression of miR-223-3p in liver of CHB patients could be explained by the downregulation of miR-223-3p by HBx (Yu et al., 2016), the observed increased levels of miR-223-3p in plasma may result from active shuttling of this miRNAs from the liver by for instance packaging into HBsAg particles as suggested previously (Novellino et al., 2012). Moreover, miR-223 has immune modulatory functions and has been shown to be involved in a variety of immune modulated diseases by the regulation of the NFκB pathway or the NLRP3 inflammasome, making this miRNA an interesting target for further investigation in CHB (Valmiki et al., 2019; Xu et al., 2020). Indeed, the expression levels of miR-143-3p in peripheral blood mononuclear was identified as a biomarker in patients with hepatitis B-related acute-on-chronic liver failure (Ding et al., 2015).

Previously, several other studies have been performed to identify the miRNAs expression profile of plasma samples (Akamatsu et al., 2015; van der Ree et al., 2017) or liver (Liu et al., 2009; Nielsen et al., 2018; Singh et al., 2018) in CHB patients. However, hardly any overlap between plasma and liver miRNAs identified in the various studies was observed. Only the expression of miR-122-5p was found to be upregulated in plasma of CHB patients and was confirmed in an additional study (Ma et al., 2020). The discrepancy for the other miRNAs could be explained by several reasons. First, in our study we used miRNA NGS while previous studies mostly used universal RT microRNA PCR or a miRNA microarray techniques to identify the miRNAs. Secondly, patients included in the studies differed in their CHB disease stages, making a direct comparison to our current study difficult. Of the studies performed in liver, one study focused on differential expression of miRNAs in relation to the different stages of infection and liver fibrosis (Singh et al., 2018), whereas the remaining other two studies analyzed miRNA expression in in vitro infection models using HepG2 and the HepG2.2.15 cell lines (Liu et al., 2009; Nielsen et al., 2018).

In conclusion, in this study several novel miRNAs were identified that were differentially expressed in either plasma or liver samples of CHB patients. Of which overexpression of miR-144-5p and miR-375 in vitro (HepG2.2.15 and HepAD38) resulted in an increase in HBV. The expression of miR-122-5p in plasma was positively associated with baseline HBsAg in plasma and HBV-DNA in plasma and liver. Baseline expression levels of plasma miR-320a and miR-625-3p were associated with baseline plasma HBV-DNA levels. Liver baseline expression levels of miR-223-3p, miR-144-5p and miR-133a-3p were associated with plasma ALT levels which could be an indication that these miRNAs are involved in liver injury. In our study we found limited overlap between the identified plasma and liver miRNAs, indicating that plasma miRNAs could be useful as biomarkers for treatment outcome or viral activity during treatment especially in the context of novel treatment regimens which target viral transcription or viral proteins. Whereas, liver miRNAs may regulated HBV replication and could be potential therapeutic targets to control viral replication in the liver. 
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Gene name Forward primer Reverse primer
mRNAs Pax2 ACGAGACTGGCAGCATCAA CGGGTTCTGTCGCTTGTATT
Btg2 ATGAGCCACGGGAAGGGAA TTGGACGGCTTTTCGGGAA
Dmbt1 CCCTGGACGATGTAGAGTGC GGACGGGTGATGTTGAGAAA
Irs2 ACCGACTTGGTCAGCGAAG CACGAGCCCGTAGTTGTCAT
Tnfrsf19 ATGGCTCTGAGCTGTCATGC GCCAGGCATCAGAAAACTCCG
Gpam CCGCTCGAGGGCCTTGTGAGCAGAAAATC ATTTGCGGCCGCTACAAATGCAAGCTCCTTGG
GAPDH GAGAGACCCTCACTGCTG GATGGTACATGACAAGGTGC
INcRNAs Fatel GATGGAGCTATCCCCTCCTC CCTAGCCTTCCAGCAGCTAA
Meg3 CTGCCCATCTACACCTCACG CTCTCCGCCGTCTGCGCTAGGGGCT
Snhg3 TTCAAGCGATTCTCGTGCC AAGATTGTCAAACCCTCCCTGT
Gm6135 CATGGGATGTGAGCAGTCTT TGAGGATTCAGGCTGGAGTG
Gm8801 CCCCAAACCCTTTCCAGTAT GTGCAGTGCAGTGGGATAGA

Pax2, paired box 2; Btg2, B cell translocation gene 2, anti-proliferative; Dmbt1, deleted in malignant brain tumors 1; Irs2, insulin receptor substrate 2; Tnifrsf19, tumor necrosis factor
receptor superfamily, member 19; Gpam, glycerol-3-phosphate acyltransferase, mitochondirial; Fate1, fetal and adult testis expressed 1; Meg3, maternally expressed 3; Snhg3, small
nucleolar RNA host gene 3; Gm6135, prediticted gene 6135; Gm8801, protein phosphatase 1, requlatory subunit 10 pseudogene; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.





OPS/images/fcimb.2021.812141/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		ROLES OF NON-CODING RNAs IN INFECTIOUS DISEASES



		Parasitic Helminth-Derived microRNAs and Extracellular Vesicle Cargos as Biomarkers for Helminthic Infections



		Introduction



		Helminth-Derived miRNAs and EV Constituents in the Circulatory System as Potential Biomarkers



		Trematodes



		Cestodes



		Nematodes









		Current Challenges and Future Perspectives



		Concluding Remarks



		Author Contributions



		Funding



		References









		MicroRNA and circRNA Expression Analysis in a Zbtb1 Gene Knockout Monoclonal EL4 Cell Line



		Introduction



		Materials and Methods



		Cell Culture



		Construction of an EL4 Cell Line With Zbtb1 Gene Knockout by the CRISPR-Cas9 Technique



		Comparison of the Growth Rate of Subcutaneously Transplanted Tumors Derived From Different EL4 Cell Lines in C57BL/6 Mice



		MicroRNA Bioinformatics Analysis



		MicroRNA and Its Target Gene Prediction



		Differential microRNA Expression Analysis



		CircRNA Identification and Bioinformatics Analysis



		CircRNA Annotation and Its Expression Analysis



		Cluster Analysis of Differentially Expressed Genes



		GO Enrichment Analysis of Differentially Expressed Target Genes



		KEGG Enrichment Analysis of Differentially Expressed Target Genes



		Statistical Analysis









		Results



		Constructing EL4 Cells With Zbtb1 Gene Knockout



		sgRNA Screening In Vitro



		Culture and Screening of Monoclonal Cells



		Comparison of the Growth Rate of Subcutaneously Transplanted Tumor in C57BL/6 Mice With Different EL4 Cell Lines









		Forecast of microRNA and Statistics of Annotated Results



		Prediction of miRNA Target Genes and Differentially Expressed microRNA Target Genes



		Screening of Differentially Expressed MicroRNAs



		CircRNA Statistics and Expression Results



		Screening of Differentially Expressed circRNAs



		Cluster Analysis of Differentially Expressed Genes



		Enrichment GO Term Histogram of Differentially Expressed MicroRNA Target Genes and Differentially Expressed CircRNA Source Genes



		KEGG Enrichment and Scatter Plots of Differentially Expressed MicroRNA Target Genes and CircRNA Source Genes



		MiRNA-circRNA-mRNA Association Analysis









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Differential Expression of Human MicroRNAs During Dengue Virus Infection in THP-1 Monocytes



		Introduction



		Methods



		Virus Propagation



		Virus Titration



		THP-1 Infection



		Cellular Viability



		Virus Infectivity



		MicroRNA Extraction, Quality Control and Retro Transcription



		Large Scale RT-qPCR (OpenArray Platform)



		Real-Time RT-PCR Expression Analysis



		Gene Ontology and Enrichment Analysis









		Results



		DENV Infects PMA-Stimulated THP-1 Cells With High Efficiency and Induces Changes in Cellular MicroRNA Expression Profile



		Gene Ontology and Enrichment Analysis of DENV-Regulated MicroRNAs Reveal Biological Processes Potentially Altered During Infection









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Long Non-Coding RNA FGD5-AS1 Induced by Chlamydia trachomatis Infection Inhibits Apoptosis via Wnt/β-Catenin Signaling Pathway



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Cell Culture and Chlamydia Infection



		RNA Extraction



		Marking and Hybridization



		Microarray Data Analysis



		Transmission Electron Microscopy (TEM)



		RT-qPCR



		Bioinformatics Analysis (GO, KEGG, and CNC)



		Cell Transfection



		Western Blot Analysis



		Immunofluorescence Assay (IFA)



		Acridine Orange/Ethidium Bromide (AO/EB) Fluorescence Assay



		Flow Cytometry (FCM)



		Statistical Analysis









		Results



		Establishment of Acute Infection Model of Ct Serovar E



		Overview of Differentially Expressed lncRNAs and mRNAs



		GO, KEGG, and Protein-Protein Interaction Network (PPI) Analysis



		Validation of Differentially Expressed Transcripts by RT-qPCR



		Ct Infection Resists Host Cell Apoptosis



		Construction of Coding Non-Coding Co-Expression (CNC) Network



		Wnt/β-catenin Signaling Is Involved in the Anti-Apoptotic Effect of Ct-Infected Cells



		Upregulation of FGD5-AS1 Is Closely Associated With Apoptosis Resistance in Ct-Infected Cells



		Ct Promotes the Activation of Wnt Signaling Pathway by Upregulating FGD5-AS1









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Functional Intricacy and Symmetry of Long Non-Coding RNAs in Parasitic Infections



		Introduction



		LncRNAs: Diversity, Transcription, and Localization



		Roles of LNcRNAs in Parasite Development



		Parasite Epigenetic Regulations by LNcRNAs



		LNcRNAs as Chaperons for Antigenic Variation and Virulence



		Re-Definition of Host-Parasite Interactions



		Activation of Host-Immune Genes



		Diagnostic and Therapeutic Prospects



		Hindsight and Perspectives



		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References









		Molecular Epidemiology of Extraintestinal Pathogenic Escherichia coli Causing Hemorrhagic Pneumonia in Mink in Northern China



		Introduction



		Materials and Methods



		Collection of Samples



		Histopathology



		Isolation and Identification of E. coli



		DNA Extraction



		Serotyping



		Antimicrobial Susceptibility Testing



		Phylogenetic Group Analysis



		Distribution of Virulent Genes



		Whole-Genome Sequencing



		MLST



		Quantification of Biofilm Formation









		Results



		Organ Symptoms and Hispathological Changes



		Isolation and Identification of E. coli Strains



		Serotyping



		Antimicrobial Susceptibility Testing



		Distribution of Virulence Genes



		Phylogenetic Grouping



		Whole-Genome Sequencing



		MLST



		Quantification of Biofilm Formation









		Discussion



		Conclusions









		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Codon Usage Bias in Autophagy-Related Gene 13 in Eukaryotes: Uncovering the Genetic Divergence by the Interplay Between Nucleotides and Codon Usages



		Introduction



		Materials and Methods



		Phylogenetic Analyses for Different atg13 Genes at the Nucleotide and Amino Acid Levels



		Nucleotide Usage Bias of the atg13 Genes



		Relative Synonymous Codon Usage Calculation



		Analyses for the Overall Codon Usage Patterns of atg13 Gene Influenced by Selective Forces:



		Estimating Effects of Nucleotide Compositional Distribution of Atg13 Gene on Its Protein Property









		Results



		The Obvious Specific-Species Genetic Diversity for atg13 Genes



		Amino Acid Composition Constraint Influences Nucleotide Usages in the atg13 Gene



		Strong Selective Forces Acting On Synonymous Codon Usage Patterns of atg13 Gene



		Codon Usages of atg13 Gene Strongly Influenced by Natural Selection



		The Resembling Evolutionary Trends for atg13 Genes in Mammals at Synonymous Codon Usages



		Nucleotide Composition Distributions at Different Positions in Codon Acting in the atg13 Gene Context









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Current State and Progress of Research on the Role of lncRNA in HBV-Related Liver Cancer



		1 Introduction



		2 LncRNAs Related to HCC Proliferation



		2.1 LncRNAs Promote HCC Proliferation



		2.1.1 LncRNA FTX



		2.1.2 SFMBT2



		2.1.3 HUR1



		2.1.4 LINC01152



		2.1.5 LNC-DC



		2.1.6 DLEU2



		2.1.7 LncRNA H19



		2.1.8 Small Nucleoli RNA Host Gene 20 (SNHG20)



		2.1.9 SAMD12-AS1









		2.2 LncRNAs Inhibit HCC Proliferation



		2.2.1 SEMA6A-AS1



		2.2.2 F11-AS1















		3 LncRNAs Associated With HCC Migration and Invasion



		3.1 LncRNAs Promote HCC Migration and Invasion



		3.1.1 WEE2-AS1



		3.1.2 LncRNA-ATB



		3.1.3 N335586









		3.2 LncRNAs Inhibit HCC Migration and Invasion



		3.2.1 N346077



		3.2.2 DREH















		4 Biomarkers for HBV and HCC Screening



		4.1 AX800134



		4.2 LncRNA-MEG3



		4.3 lncRNA-uc003wbd/lncRNA-AF085935









		5 Conclusion and Prospects



		Author Contributions



		Funding



		Acknowledgments



		References









		Genome-Wide Identification of CircRNAs of Infective Larvae and Adult Worms of Parasitic Nematode, Haemonchus contortus



		Introduction



		Materials and Methods



		Parasite Sample Collection



		Extracting RNA, Strand-Specific Library Preparation, and Sequencing



		Identification of Differently Expressed circRNAs



		Bioinformatics Functional Analysis



		The Construction of circRNA-miRNA Network



		Validation of Back-Splicing Site of circRNAs



		Quantification of circRNAs With Quantitative Real-Time PCR



		Statistical Analysis









		Results



		General Properties of H. contortus circRNAs



		Expression Analysis of circRNAs



		Functional Annotation Analysis of Differentially Expressed circRNAs



		Construction of Complete Endogenous (ceRNA) Network



		Validation of circRNAs by Sanger Sequencing



		Validation of circRNA Quantification and RNase R Digestion



		Alternative Circularization of circRNAs









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Analysis of lncRNAs and mRNA Expression in the ZBTB1 Knockout Monoclonal EL4 Cell Line and Combined Analysis With miRNAs and circRNAs



		Introduction



		Materials and Methods



		Sample Preparation



		Experimental Procedure



		Analytical Process



		Data Filtering and Transcript Assembly Analysis



		LncRNA Identification and Prediction



		LncRNA Statistics



		Prediction of LncRNA Target Genes



		Gene Expression Analysis



		Clustering Analysis of Differentially Expressed Genes



		Effect of lncRNAs on the Up- and Downregulation of Differentially Expressed Genes



		GO Enrichment Analysis of Differentially Expressed Genes



		KEGG Enrichment Analysis of Differentially Expressed Genes



		Transcriptome-Wide Association Analysis



		Candidate Target Gene Analysis



		Statistical Analysis









		Results



		LncRNAs Expression Analysis



		Expression Analysis of Differential LncRNAs



		GO Enrichment and KEGG Enrichment of LncRNA Target Genes



		Expression Analysis of Differential mRNAs



		GO Enrichment and KEGG Enrichment of mRNAs



		Results of the Association Analysis



		Analysis of mRNAs Directly Regulated by lncRNAs



		Candidate Target Gene Analysis









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Machine Learning Identifies Cellular and Exosomal MicroRNA Signatures of Lyssavirus Infection in Human Stem Cell-Derived Neurons



		Introduction



		Methods



		Ethics Statement



		Cell Culture and Lyssavirus Infection



		Immunoblotting



		Exosome Isolation and RNA Extraction



		RNA Extraction and Sequencing



		Data Pre-Processing, Differential Expression, and Machine Learning Analysis



		RT-qPCR



		Statistical Analysis









		Results



		MicroRNA Expression in a Neural Lyssavirus Infection Model



		Lyssavirus Infection Induces Host miRNA Responses



		Four Exosomal miRNAs Can Accurately Predict Neuronal Lyssavirus Infection









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Long Non-Coding RNA and mRNA Expression Analysis in Liver of Mice With Clonorchis sinensis Infection



		Introduction



		Methods



		Mice, Parasites, and Infection



		RNA Extraction



		Microarray Analysis



		Bioinformatics Analysis



		Quantitative Reverse Transcription-Polymerase Chain Reaction



		Statistical Analysis









		Results



		Differentially Expressed lncRNAs and mRNAs



		The qRT-PCR Validation



		GO and KEGG Enrichment Analyses



		Co-Expression Networks of lncRNAs and mRNAs



		Verification of the Correlation Between lncRNA Gm8801 and mRNAs









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Role of Fasciola hepatica Small RNAs in the Interaction With the Mammalian Host



		Introduction



		Methods



		Data Generation and Sequencing



		Quality Control and Genome Mapping



		Classification and Identification of Known and Novel miRNAs



		Statistical Analysis of miRNA Expression



		MiRNA Target Prediction and Functional Enrichment of F. hepatica Gene Targets



		miRNA Target Prediction in Mammals and Identification of Regulated Functions



		Quantification and Folding of tRNA Derived Fragments



		Detection of Vault RNAs









		Results



		Small Non-Coding RNAs Are Present in All Stages, and Also in Secreted Vesicles



		MiRNA Profiles Vary Greatly Between Different Stages



		MiRNAs as Regulators of Development and Metabolism in F. hepatica



		A Reduced Set of miRNAs Are Highly Represented in the EVs of Trematodes



		Analysis of Putative Host Genes Targeted by Parasite EV-Derived miRNAs Highlights Relevant Regulatory Functions



		TRNAs-Derived Fragments Were Detected in EVs and in All Somatic Samples



		Vault (vt)RNAs Are Present in All Stages but Enriched in EVs









		Discussion



		MiRNAs Are Associated With Host Invasion and Development of F. hepatica



		MiRNAs Contained in F. hepatica EVs May Target Immune-Related Host Genes



		EVs Pack Homodimeric tRDFs That Could Resist Exonuclease Degradation



		VtRNAs Are Enriched in the Secreted Fraction









		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		The circRNA circSIAE Inhibits Replication of Coxsackie Virus B3 by Targeting miR-331-3p and Thousand and One Amino-Acid Kinase 2



		Introduction



		Materials and Methods



		Cell Culture and Transfection



		Cytoplasmic Nucleus Separation



		Quantitative Real-Time PCR



		Western Blot Analyses



		Dual-Luciferase Reporter Assay



		Virus Plaques



		Statistical Analysis



		Bioinformatics Analysis









		Results



		The circRNA circSIAE Exhibits a Cyclic Structure and Inhibits CVB3 Replication



		miR-331-3p Is a Sponge for circSIAE and Promotes CVB3 Replication



		TAOK2 Is a Downstream Target Gene of miR-331-3p and Suppresses CVB3 Replication



		Inhibition of CVB3-Induced Inflammation by the circSIAE/miR-331-3p/TAOK2 Axis









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Identification of a Schistosoma japonicum MicroRNA That Suppresses Hepatoma Cell Growth and Migration by Targeting Host FZD4 Gene



		Introduction



		Materials and Methods



		Cell Lines and Culture



		Synthesis of miRNA Mimics and siRNA



		Cell Transfection



		RNA Isolation and Quantitative RT-PCR



		Cell Cycle Measurement



		Cell Proliferation Assay



		Transwell Migration Assay



		Colony Formation Assays



		Plasmid Construction and Luciferase Reporter Assay



		Protein Extraction and Western Blotting



		S. japonicum Infection and Isolation of Hepatocytes



		Tumor Xenograft Animal Model



		Statistical Analysis









		Results



		Identification of sja-miRNAs That Suppressed Tumor Cell Growth



		Inhibitory Effect of Sja-miR-71a on Tumor Cell Proliferation In Vitro



		Sja-miR-71a-Mediated Inhibition of Tumor Cell Migration



		Sja-miR-71a is Present in the Infected Hepatocytes



		Identification of Target Genes of Sja-miR-71a



		Sja-miR-71a Suppressed Tumor Growth In Vivo









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Developmental Regulation and Functional Prediction of microRNAs in an Expanded Fasciola hepatica miRNome



		Introduction



		Materials and Methods



		Parasite Handling and Sample Preparation



		Small RNA Sequencing and Bioinformatics



		Developmental Expression qPCR



		miRNA Target Prediction, Correlation, Functional and Network Analysis









		Results



		Redundancy and Diversity Within Published F. hepatica miRNA Datasets



		Discovery of miRNAs Across F. hepatica Developmental Stages



		Novel F. hepatica miRNAs



		Profiling miRNA Developmental Expression Across Life Stage Transitions



		Predicting mRNA Targets for Cellular and Secreted miRNAs









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Characterization of MicroRNA Cargo of Extracellular Vesicles Isolated From the Plasma of Schistosoma japonicum-Infected Mice



		Introduction



		Materials and Methods



		Animals, S. japonicum Culture, and EV Isolation From Plasma



		Electron Microscopy and Nanosight Analysis



		Western Blot



		Small-RNA Sequencing and Data Analyses



		Prediction of MiRNA Targets and miRNA-Target Network



		RNA Extraction and Reverse-Transcription Quantitative Polymerase Chain Reaction



		Statistical Analysis









		Results



		Characterization of Mouse Plasma EVs



		MiRNA Cargo of EVs Isolated From the Plasma of Uninfected and S. japonicum-Infected Mice



		Abundance of miRNAs in the EVs Isolated From Host Plasma at Different Stages during S. japonicum Infection



		RT-qPCR Verification of the Differentially Abundant miRNAs From the EVs Isolated from S. japonicum-Infected mice



		Prediction and Analysis of Targets of Differentially Abundant miRNAs at Different Stages of S. japonicum Infection



		RT-qPCR Analysis of Expression of Selected Targets of Several miRNAs at Different Stages of S. japonicum Infection









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		The Influence of Host miRNA Binding to RNA Within RNA Viruses on Virus Multiplication



		Introduction



		Interactions Between miRNAs and Viruses



		The Process of miRNA Biogenesis



		miRNAs Regulate Gene Expression



		Translation Inhibition by the Host miRNA Binding to the RNA Within the RNA Virus



		miRNA Influence Upon the Spatial Structure of Viral RNA









		Conclusions



		Author Contributions



		Funding



		Acknowledgments



		References









		Identification of Liver and Plasma microRNAs in Chronic Hepatitis B Virus infection



		Background and Aims



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Study Population



		Cell Lines



		miRNA NGS



		miRNA Isolation and RT qPCR



		Production of miR-144-5p and miR-375 Overexpression Lentiviral Vectors



		miR-144-5p and miR-375 Overexpression in HepG2.2.15 and HepAD38 Cells



		HBV-DNA qPCR



		Statistical Analyses



		miRNA NGS



		Functional Enrichment Analysis



		qPCR Candidate miRNAs



		Baseline Characteristics



		Associations with Biochemical and Virological Cohort Data















		Results



		Study Design



		Identification of miRNAs Differentially Expressed in Liver and Plasma of CHB Patients Using miRNA/Small RNA NGS



		Target-Based Pathway Enrichment Analysis



		Validation of the Identified Differentially Expressed of miRNAs in Liver and Plasma of CHB Patients in the First Conformation Cohort



		Validation of Candidate miRNA in Liver of the Second Conformation Cohort



		Validation of Liver miRNAs Expression in Plasma



		Association of Plasma or Liver miRNA Levels and Baseline Characteristics of CHB Patients



		Associations Between miRNA Levels in Plasma and the Effect of peg-IFN and NAs Therapy in the First Cohort



		The Effect of miR-144-5p and miR-375 on HBV Replication









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References























OPS/images/fcimb.2021.706919/fcimb-11-706919-g001.jpg
HHIE]
T

Eu

- Bk
- Bax0

N

Day after injection of EL4 cell





OPS/images/fcimb.2021.764089/fcimb-11-764089-g003.jpg
Signating.
Stngie organism signating

Sinal transduction

Cell communtcation

Regutution of biological procew

Reguiatlon of cllutar process

Biotogical regulation

Cellutar response (o stimulus

‘Remponne to simutun

Simle—organim cellular process

Intracellular signal transduction
Single—organism process

Cell surface receptor signaling pathway

Small GTTPase mediated sgnal transduction
Locatization

G-protein coupled receptor signating pathway
Response to chemical stimulus

Transpore

Fatablishment of localizaion

Cettpart

Stgnating receptor activity
G-protein coupied receptor activity
Iransmemibran signaling receptor activity
Sterold Hormonc receptor activity
Nuclenside-triphosphatase regulator activity

Cc

Statistics of Pathway Enrichment (A_s_L3)

The Most Enriched GO Terms (Af_vs_L3)

B Celtutar_component
B Motecutar_function

pcnan] @

Propusest metabolisn Y
Poshaiy et e e °
e ——
[T ——
——

RSTAT satiog by
Hedgrhog sgnalog pathnny .

B
.
® [ ]
.
- °
[y
[T °
o D)
o %
e

Simle organism signaling
Signal transduction
Signating
Cott communication
Regutation of blologicat process
Regulation of cellular process
Miotogicat regutation
Respouse (o stimutus
Celtutar response to si
Stngle—organism cellular process
Call surface receptor signaling pathway
Htraceliular signal tensduction
Simple—oranism process
G-protein coupled receptor signaling pathway
can
et part
Protein binding.
cular trumsducer activi
Shnat transaucer actsi
Receptor activity
Signaling receptor activi
G-protein coupled receptor aci
Binding
Sterold normone receptor actisity
GTPase regulator act
Teansmembeans signuling receptor activity
Nuclconide-triphsphatase regutator actsi

T [ I3
[es—
Statstesof Puway Encichment (Am_vs_L3) Statstesof Puthway Encichmen (AT_vs_Am)
[— SR B
o proiog i bl b [T .
[—— . st it | @
S — © [ ®
10 gt sy ° Pratue Tyt metbtin @)
Y s [—Y
FRT—— ) 010 et st °
JokSTAT gt ptey | . 005 Py st .
[—— . [ .
Cherphopetid o ° kvt ptenr | @)
pantpt . [ g™
1o s by Y Lpinigranion | @
[ . e .
P = o0 stgmiagpvens | @
[EU—— ° [EN— .
o] @ PR
Gl ke T e ° Chnteode e @
Cuton st { (@) Arsini an peti wetatedon | @)
pr—— ° ARG et .
JUIT— . O b et {
I ) YR S—
il a2l





OPS/images/fcimb.2021.706919/fcimb-11-706919-g002.jpg
e

o = o
-t
o
o Elon etandisnen.
I
-






OPS/images/fcimb.2021.764089/fcimb-11-764089-g004.jpg
A
@ circRNA






OPS/images/fcimb.2021.708952/fcimb-11-708952-g001.jpg
Extracellular Vesicles (EV)






OPS/images/fcimb.2021.706919/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2021.714088/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2021.714895/table1.jpg
LncRNA

FTX

SFMBT2

HUR1

LINCO1152

LNC-DC

DLEU2

H19

SNHG20

SAMD12-
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SEMAGA-
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F11-AS1
AX8000134
WEE2-AS1

ATB

n335586

n346077
DREH

Target

Tim-3 mRNA 3"
UTR
LncRNA-Y5

P53

IL-23

STAT3

PRC2

microRNA-22

protein PTEN
NPM1, P53
SEMABAMRNA
miR-211-5p
Unknown

FERMT3

MIR-200

MIR-924

MRPL23
vimentin protein

Functions

Promote the proliferation and metastasis of
HCC cells
Promote the proliferation of HCC cells

Promote the proliferation of HCC cells

Promote the proliferation of HCC cells

Promote the proliferation of HCC cells
Promote HBV replication

Promote the proliferation of HCC cells

Promote the proliferation of HCC cells and
reduce the apoptosis of HCC cells

Promote the proliferation of liver cancer cells
and tumor growth

Inhibit the emergence of HCC

Inhibit the emergence of HCC

Enhance the growth and invasion

ceelerate the proliferation, migration, invasion
and cell cycle progression of HCC cells.
LncRNA-miRNA/protein interaction,promote
metastasis

promote HCC cells migration, invasion and
EMT

suppress HCC cells invasion and migration
inhibit HCC growth and metastasis

Pathway

regulating tim-3 expression and affects the
secretion of various inflammatory factors
inhibiting the expression of LncRNA-Y5

Interacts with p53 to inhibit its
transcriptional regulation of downstream
genes

The hbX-UCA1/EZH2-P27KIp1 axis
combined with the promoter of IL-23 to
up-regulate IL-23

signal TLR9/STAT3

DLEU2 binds directly to HBx and Zust
homologue EZH2

The EMT pathway regulates the microrNa-
22/H19/Mir-675/PPAR axis

Activates the PI3K-Akt pathway or the
Jun-N-terminal kinase pathway

The stability of p53 was reduced by the
NPM1-HDM2-p53 axis

With SEMAGAMRNA hybrid

IncRNA F11-AS1/miR-211-5p/NR113 axis
unclear

unclear

unclear

unclear

unclear
unclear

Expression Refs
in HCC cells
promoting (Zhao et al., 2014; Liu
etal., 2018)
promoting (Yiimaz Susluer et al.,
2018)
promoting (Liu et al., 2018)
promoting (Chen et al., 2019)
promoting (Zhuang et al., 2018)
promoting (Salerno et al., 2020)
promoting (Li et al., 2019; Liu
etal, 2019; Geet al.,
2019)
promoting (Tu et al,, 2019)
promoting (Liu et al., 2019)
inhibiting (Yu et al., 2020)
inhibiting (Deng et al., 2020)
promoting
promoting (Hu et al., 2019)
promoting (Yuan et al.,, 2014; Xiao
etal., 2018; Tang et al.,
2020)
promoting (Fan et al., 2018)
inhibiting (Fan et al., 2017)
inhibiting (Huang et al., 2013)
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miRNA Decline HBsAg T48" Decline HBsAg T72*

Treatment No Treatment Treatment No Treatment
let-7e-5p -0.020 0.169 0.012 0.088
miR-122-5p 0.199 -0.375 0.241 0.000
miR-320a 0.244 0.164 0.064 0.362
miR-335-5p 0.087 -0.218 0.086 0.056
miR-584-5p 0.034 -0.133 -0.087 0.055
miR-625-3p -0.043 0.067 -0.141 0.133
miR-4433b-3p 0.192 0.125 0.122 -0.022

*Spearman correlation coefficient. HBsAg, hepatitis B surface antigen. T48, 48 weeks post treatment: T72, 72 weeks post treatment.
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HBV replication” Liver disease”

ALT HBsAg Plasma Liver HBV- Liver Modified HAI Steatosis % HBsAg Ishak fibrosis
HBV-DNA DNA Stifiness Grading grade staining score
Plasma
let-7e-5p 0.169 -0.124 0.131 0.114 0.057 -0.017 0.191 0.093 0.205
miR-122-5p 0.222 0.343 **** 0.244* 0.396 * 0.184 0.072 0.108 0.188 0.219
miR-320a 0.072 -0.081 0.258 * -0.061 0.055 0.041 0.025 -0.144 0.147
miR-335-5p -0.026 0.028 0.102 0.149 0.041 0.256 0.114 -0.048 0.151
miR-584-5p -0.039 -0.026 0.042 -0.042 -0.038 0.052 -0.023 -0.129 0.080
miR-625-3p 0.110 -0.028 0.264 * -0.062 0.007 -0.007 0.105 -0.062 0.068
miR-4433b-3p -0.035 0.065 0.136 0.183 0.148 -0.213 0.042 -0.029 0.120
Liver
miR-223-3p -0.252* 0.140 -0.217 0.087 -0.039 -0.106 0.006 0.041 0.079
miR-144-5p -0.253 * 0.027 -0.186 0.163 -0.125 -0.207 -0.113 0.037 -0.070
miR-199b-6p -0.075 -0.006 -0.186 0.251 0.151 -0.155 0.025 0.150 0.222
miR-375 -0.102 0.002 0.004 0.039 -0.096 -0.093 0.120 -0.058 0.053
miR-141-3p 0.021 0.254 -0.193 -0.073 0.254 0.0381 0.258 -0.195 0.204
miR-21-3p -0.137 0.177 -0.021 0.025 -0.042 0.032 0.151 0.047 -0.010
miR-133a-3p -0.337 ™ 0.043 -0.118 0.063 -0.072 -0.230 -0.032 -0.012 0.032

* Spearman correlation coefficient. *: p<0.05, **: p<0.01, ***: p<0.0001. HBsAg, hepatitis B surface antigen; ALT, alanine transaminase; HAI, Histology Activity Index.
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Names log FC log CPM p value FDR

hsa-miR-199b-5p -2.6078 7.507131 4.85E-17 1.51E-14
hsa-miR-21-3p -2.06604 6.510362 7.89E-15 1.23E-12
hsa-miR-223-3p -2.7658 11.77646 1.30E-14 1.35E-12
hsa-miR-10b-5p -2.83762 5.458021 2.67E-10 1.67E-08
hsa-miR-206 7.019629 5.6105 6.53E-07 2.91E-05
hsa-miR-338-3p -1.19515 6.762663 9.37E-06 0.000325
hsa-miR-182-5p -1.09799 5.311133 2.52E-05 0.000716
hsa-miR-9-5p -1.48441 5.339281 8.55E-05 0.002224
hsa-miR-143-3p -1.03774 13.90181 0.000112 0.002499
hsa-miR-451a -1.1396 9.089024 0.000599 0.010381
hsa-miR-143-5p -0.83687 6.976719 0.001237 0.019294
hsa-miR-144-5p -1.0745 7.712035 0.001758 0.024926
hsa-miR-133a-3p 3.375883 6.370239 0.001721 0.024926
hsa-miR-331-3p 0.730901 5.750636 0.002112 0.026357
hsa-miR-375 -1.06235 6.937652 0.002379 0.028551
hsa-miR-141-3p -1.38884 6.432368 0.0029 0.032311
hsa-miR-145-3p -0.81099 5.944412 0.003285 0.03534
hsa-miR-144-3p -0.94376 7.88644 0.003612 0.08757

FC, fold change; CPM, counts per million; FDR, false discovery rate corrected p-value.
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Names log FC log CPM p value FDR
hsa-miR-122-5p 2799267713 14.42359219 1.36E-11 2.40E-09
hsa-miR-144-5p -2.085790977 7.390978459 3.52E-10 3.10E-08
hsa-miR-7-5p -1.164231562 8.604354064 1.05E-07 7.42E-06
hsa-miR-190a-5p -1.250280028 8.467641072 8.28E-07 4.87E-05
hsa-miR-182-5p -1.399547709 9.5656505395 5.14E-06 0.000259043
hsa-miR-454-3p -0.954149239 9.589666605 1.01E-05 0.000417074
hsa-miR-144-3p -1.757703758 8.998973012 1.13E-05 0.000417074
hsa-miR-4433b-3p 1.427556917 5.934071689 2.30E-05 0.00073653
hsa-miR-423-5p 1.310898419 12.36965441 3.35E-05 0.000844194
hsa-miR-125a-5p -0.90941848 11.36467465 3.93E-05 0.000923984
hsa-miR-99b-5p -1.26565281 8.872803688 4.97E-05 0.001031627
hsa-miR-206 2.489188961 5.745344907 0.000194778 0.003274126
hsa-miR-183-5p -1.385567083 7.794076129 0.000244106 0.003909345
hsa-miR-146a-5p 0.902914756 15.11570602 0.000489973 0.006888997
hsa-let-7e-5p -1.1656237237 10.78400728 0.000645259 0.007953655
hsa-miR-451a -1.362727954 12.13869939 0.000768813 0.009046365
hsa-miR-483-5p 1.451908189 5.881725394 0.000888296 0.009881216
0.958539865 10.71012277 0.001180799 0.011265459
0.896577295 11.29900783 0.001261937 0.011722734
hsa-miR-335-5p 0.862608153 10.28986294 0.00170718 0.013100749
hsa-miR-224-5p 1.112302319 6.767858863 0.002486796 0.017556781
hsa-miR-625-3p 1.052592088 9.183494765 0.00276667 0.019149696
hsa-miR-215-5p 1.175501944 5.965196141 0.006478616 0.036300816

FC, fold change; CPM, counts per million; FDR, false discovery rate corrected p-value.
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Patient characteristics First CHB cohort  Second CHB cohort Control liver cohort  First cohort vs. second  First cohort vs.  Second cohort vs.

(n=150) (n=32) (n=13) cohort control control
Male, n (%) 86 (57.3) 23 (71.9) 5 (39) p=0.1852 p =0.3062 p =0.0790
Age, Years, mean (SD) 43.0 (11.1) 40.1 (9.1) 59 (16) p = 0.607 p<0.0001 p<0.0001
Region of origin:
Caucasian, n (%) 42 (28) 11 (34.4) 10(77) p=06126 p =0.0009 p =0.0236
North African, n (%) 8(5.3) 3(9.4) p=06438
Central African, n (%) 37 (24.7) 6(18.8) p = 0.6269
Central Asian, n (%) 6 (4) 3(9.4 p = 0.4099
Southeast Asian, n (%) 19 (12.7) 9(28.1) p=00536
South American, n (%) 22 (14.7) 3(23) p =0.6847
ALT, U/L, median (IQR) 27 (21- 37) 1083 (48-194) 30 (24-40) p<0.0001 p>0.999 p =0.001
Viral characteristics
HbeAg positive patients, n 0(0) 13 (40.6)
(%)
HBsAg, log10 IU/mL, 3.20 (0.87) 3.79 (0.94) p = 0.0003
mean (SD)
HBV-DNA, log10 IU/mL, 2.74 (1.10) 6.61 (1.71) p<0.0001
mean (SD)
HBV Genotype, n (%):
A 29 (19.3) 11 (34.4) p=0.1030
B 11(7.3) 7219 p=00296
c 6(4) 2(6.3) p=09293
D 38 (25.3) 11 3.1) p=0.4080
E 28 (18.7) 1@3.1) p=0.0555
G 1(0.7)
Undeterminable 37 (24.7)
Liver Fibroscan and biopsy:
Fibroscan value (kPa), 5.4 (1.9
mean (SD)
Fibroscan IQR range, 0.93 (0.88)
mean (SD)
Ishak fibrosis score, 1(1-1) 1(1-3) p = 0.062
median (IQR)
Modified HAI score, 2(2-3) 5(3-9) p<0.0001
median (IQR)
Knodell score 6 (6-10)
Steatosis grade, median 0(0-1)
(QR)
cccDNA copies per 1(0.33-4.42)
hepatocyte
% HBsAg staining, 15 (5-40) 30 (10-80) p =0.002
median (IQR)
% HbcAg staining, median 0(0-0) 1(1-10) p<0,0001
(IQR)
Liver Pathology after resection:
Colorectal liver metastasis, 4
n
Hepatic adenocarcinoma, 2
n
Cholangiocarcinoma, n 2
Hepatocellular carcinoma, 2
n
Hepatolithiasis, n 2
Hepatic Cystadenoma, n 1

SD, standard deviation; IQR, interquartile range; ALT, alanine transaminase; cccDNA, covalently closed circular DNA; HBcAg, hepatitis B core antigen; HBsAg, hepatitis B surface antigen;
HAI, Histology Activity Index.
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Primer Sequence (5'-3') Product size/bp Reference
LT-F TATCCTCTCTATATGCACAG 480 Tibbetts et al., 2003
LT-R CTGTAGTGGAAGCTGTTATA

STa-F GCCTATGCATCTACACAATC 244 Tibbetts et al., 2003
STa-R ATAACATCCAGCACAGGCAG

STb-F GCTATGCATCTACACAATC 278 Tibbetts et al., 2003
STb-R TGAGAAATGGACAATGTCCG

SLT-F ACACTGGATGATCTCAGTGG 600 Tibbetts et al., 2003
SLT-R CTGAATCCCCCTCCATTATG

cnf-I-F GAACTTATTAAGGATAGT 543 Tibbetts et al., 2003
cnf-I-R CATTATTTATAACGCTG

cnf-ll-F AATCTAATTAAAGAGAAC 543 Tibbetts et al., 2003
cnf-Il-R CATGCTTTGTATATCTA

eae-F GTGGCGAATACTGGCGAGAC 890 Tibbetts et al., 2003
eae-R CCCCATTCTTTTTCACCGTCG

K99-F TGGGACTACCAATGCTTCTG 450 Tibbetts et al., 2003
K99-R TATCCACCATTAGACGGAGC

aatA-F CATAGGCGTTTCTCTTTCCGAT 1226 Meng et al., 2014
aatA-R CCTGTCGTTCATACAGATTCGTT

papC-F GCTGATATCACGCAGTCAGT 768 Meng et al., 2014
papC-R GTCAACAAGAAGACGTGTTCC

tsh-F GTCTGTCAGACGTCTGTGTTTC 598 Meng et al., 2014
tsh-R ATAGGATGACAGGCTACCGAC

fimC-F GCCGATGGTGTAAAGGATGG 475 Meng et al., 2014
fimC-R GGGTAAGTGCGCCATAATCA

mat-F CGACCTGGTCAGCAACAGCC 238 Meng et al., 2014
mat-R TCCACGCCCACATTCAGTGT

ibeB-F GTTCTCACTCAGCCAGAACG 172 Meng et al., 2014
ibeB-R CATCCAGCACTTCCAGATAAC

vat-F TCCATGCTTCAACGTCTCAGAG 939 Meng et al., 2014
vat-R CTGTTGTCAGTGTCGTGAACG

yilp-F TGGCTTGATTCTGCATCCGAT 517 Meng et al., 2014
yip-R CATCGTCTGCTGGTTGGTGAT

ibeA-F GTATGACGGTGGGAACAAGAG 321 Meng et al., 2014
ibeA-R TGGCAATAGCAGCGGCAGTC

ompA-F AGCTATCGCGATTGCAGTG 919 Meng et al., 2014
ompA-R GGTGTTGCCAGTAACCGG

neuC-F GGTGGTACATTCCGGGATGTC 792 Meng et al., 2014
neuC-R CATGGTGGTGAAAAGACATTAGC

cva/cvi-F TCCAAGCGGACCCCTTATAG 598 Meng et al., 2014
cva/cvi-R CGCAGCATAGTTCCATGCT

iss-F ATCACATAGGATTCTGCCG 309 Meng et al., 2014
iss-R CAGCGGAGTATAGATGCCA

fYuA-F ACACGGTTTATCCTCTGGC 953 Meng et al., 2014
fruA-R GGCATATTGACGATTAACGAA

iucD-F ACAAAAAGTTCTATCGCTTCC 714 Meng et al., 2014
iucD-R CCTGATCCAGATGATGCTC

hlyF-F GGCCACAGTCGTTTAGGGTGCTTACC 450 Meng et al., 2014

hyF-R

GGCGGTTTAGGCATTCCGATACTCAG
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Vs value
Vs value 0237
AAA(K) 0.183
Vs value 0.180 AAG(K) 0227
CCT(P) 0.234 GAT(D) 0.162
0.158 CCC(P) 0.290 GAC(D) 0220
TTT(F) 0.430 CCAP) 0.903 GAAE) 0.197
TTC(F) 0.480 CCG(P) 0.250 GAG(E) 0.249
TTAL) 0.339 ACT(T) 0223 TGT(O) 0544
TTG(L) 0.265 ACC(T) 0.339 TGC(C) 0.300
CTT(L) 0.267 ACA[M) 0.574 CGT(R) 0.883
CTC(L) 0.718 ACGM 0.203 CGC(R) 0.496
CTA(L) 0.242 GCT(A) 0.245 CGAR) 0571
CTG(L) 0275 GCC(A) 0.337 CGG(R) 0.351
ATT() 0.304 GCAA) 1.093 AGAR) 0.264
ATC() 0.368 GCG(A) 0.306 AGG(R) 0370
ATA()) 0.244 TAT(Y) 0.222 GGT(G) 0.206
GTT(V) 0.274 TAC(Y) 0.296 GGC(G) 0.303
GTC(vV) 0.496 CAT(H) 0.287 GGA@G) 0.286
GTAV) 0.196 CAC(H) 0473 GGG(G)
GTG(V) 0.188 CAAQ) 0.159
TCT(S) 0.215 CAG(Q) 0.266
TCC(S) 0.293 AAT(N) 0.244
TCAS) 0.966 AAC(N)
TCG(S) 0.428
AGT(S) 0.206
AGC(S)
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codon/Amino
acid
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Species

Callorhinchus milii and Chelonia mydas

Astatotilapia calliptera, Callithrix jacchus, Castor Canadensis, Cercocebus atys, Chlorocebus sabaeus, Colobus angolensis palliates, Cricetulus griseus,
Elephantulus edwardii, Fundulus heteroclitus, Gadus morhua, Gorilla gorilla, Grammomys surdaster, Homo sapiens, Hylobates moloch, Macaca
fascicularis, Macaca mulatta, Macaca nemestrina, Mandrillus leucophaeus, Mesocricetus auratus, Mus caroli, Mus musculus, Nomascus leucogenys,
Oreochromis niloticus, Pan paniscus, Pan troglodytes, Papio Anubis, Peromyscus leucopus, Piliocolobus tephrosceles, Pongo abelii, Rattus norvegicus,
Rattus rattus, Rhinopithecus bieti, Rhinopithecus roxellana and Theropithecus gelada

Brachionus calyciflorus

Nothobranchius furzeri

Petromyzon marinus

Locusta migratoria

Oryzias latipes

Alligator mississippiensis, Alligator sinensis, Callithrix jacchus, Calypte anna, Castor canadensis, Cercocebus atys, Chlorocebus sabaeus, Colobus
angolensis palliates, Crocodylus porosus, Dipodomys ordii, Elephantulus edwardii, Felis catus, Galeopterus variegates, Gavialis gangeticus, Gorilla
gorilla, Homo sapiens, Hylobates moloch, Lctalurus punctatus, Macaca fascicularis, Macaca mulatta, Macaca nemestrina, Mandillus leucophaeus,
Monopterus albus, Mus musculus, Nomascus leucogenys, Notechis scutatus, Pan paniscus, Pan troglodytes, Pantherophis guttatus, Papio Anubis,
Piliocolobus tephrosceles, Pongo abelii, Pseudonaja textilis, Python bivittatus, Rattus norvegicus, Rhincodon typus, Rhinopithecus bieti, Rhinopithecus
roxellana, Thamnophis elegans and Theropithecus gelada

Alligator mississiopiensis, Alligator sinensis, Amblyraja radiiate, Anolis carolinensis, Aquila chrysaetos chrysaetos, Calypte anna, Cariito syrichta, Castor
Canadensis, Columba livia, Corvus brachyrhynchos, Corvus comix cornix, Crocodylus porosus, Dipodomys ordii, Dromaius, Egretta garzetta, Falco
peregrinus, Gavialis gangeticus, Geospiza fortis, Haliaeetus albicilla, Meleagris gallopavo, Melopsittacus undulates, Myotis lucifugus, Numida meleagris,
Opisthocomus hoazin, Parus major, Pelodiscus sinensis, Phasianus colchicus, Pogona vitticeps, Python bivittatus, Rhincodon typus, Serinus canaria,
Strigops habroptila, Sturnus vulgaris, Trichechus manatus latirostris, Tyto alba and Zootoca vivipara

Danio rerio, Microcaecilia unicolor, Monopterus albus, Pantherophis guttatus, Protobothrops mucrosquamatus, Pseudonaja textilis, Python bivittatus
and Xenopus tropicalis

Ailuropoda melanoleuca, Aptenodytes forsteri, Calypte anna, Canis lupus dingo, Canis lupus familiaris, Capra hircus, Carlito syrichta, Castor
canadensis, Chaetura pelagica, Chelonia mydas, Chelonoidis abingdonii, Chrysemys picta belli, Colobus angolensis palliates, Corvus brachyrhynchos,
Corvus cornix cornix, Dasypus novemcinctus, Delphinapterus leucas, Dromaius, Eumetopias jubatus, Falco peregrinus, Galeopterus variegates, Gallus
gallus, Geospiza fortis, Gopherus evgoodei, Gorilla gorilla, Jaculus jaculus, Miniopterus natalensis, Monodelphis domestica, Myotis brandtii, Myotis
davidii, Myotis lucifugus, Nannospalax galili, Nipponia Nippon, Notechis scutatus, Odobenus rosmarus, Opisthocomus hoazin, Pantherophis guttatus,
Parus major, Pelecanus crispus, Phasianus colchicus, Podarcis muralis, Pogona vitticeps, Pseudonaja textilis, Pteropus alecto, Pteropus vampyrus,
Python bivittatus, Rhincodon typus, Rousettus aegyptiacus, Serinus canaria, Sturnus vulgaris, Sus scrofa, Terrapene carolina triunguis, Thamnophis
elegans, Trachemys scripta elegans, Trichechus manatus latirostris, Tupaia chinensis, Ursus arctos horribilis, Ursus maritimus, Zalophus californianus
and Zootoca vivipara

Chelonia mydas and Oryzias latipes

Protobothrops mucrosquamatus

Halichoerus grypus, Hipposideros armiger, Mirounga leonina, Rhincodon typus and Rhinolophus ferrumequinum

Alligator mississippiensis, Alligator sinensis, Amblyraja radiate, Anas platyrhynchos, Anolis carolinensis, Aptenodytes forsteri, Aythya fuligula, Bos Taurus,
Calypte anna, Chaetura pelagica, Columba livia, Cygnus atratus, Dromaius, Egretta garzetta, Fulmarus glacialis, Gavia stellata, Geotrypetes seraphini,
Haliaeetus albicilla, Latimeria chalumnae, Locusta migratoria, Manis javanica, Melopsittacus undulates, Microcaecilia unicolor, Nipponia Nippon, Oxyura
Jjamaicensis, Paramormyrops kingsleyae, Pelecanus crispus, Podarcis muralis, Pogona vitticeps, Protobothrops mucrosquamatus, Pygoscelis adeliae,
Rattus norvegicus, Rhinatrema bivittatum, Rhincodon typus, Strigops habroptila, Struthio camelus australis, Sturnus vulgaris, Tyto alba and Zootoca
vivipara

Fundulus heterociitus, Gorilla gorilla, Loxodonta africana, Notothenia coriiceps, Omithorhynchus anatinus, Pogona vitticeps and Sparus aurata

Gekko japonicus, Lates calcarifer, Lepisosteus oculatus, Oncorhynchus kisutch, Oncorhynchus mykiss, Oncorhynchus nerka, Paralichthys olivaceus,
Protobothrops mucrosquamatus, Rhinatrema bivittatum, Salmo salar, Salmo trutta and Salvelinus alpinus

Protobothrops mucrosquamatus
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GC1 skew GC2 skew GC3 skew

GC skew r=0.398""* r=0.448""* r=0.606""*

AT1 skew AT2 skew AT3 skew

AT skew r=0.071N¢ r=0.587"** r=0.888""*
Purine1 skew Purine2 skew Purine3 skew

Purine skew r=0.862"*" 638" r=0.939"**

Pyrimidine1 skew Pyrimidine2 skew Pyrimidine3 skew
Pyrimidine skew r=0.859"* r=0.681"** r=-0.293"*
Keto1 skew Keto2 skew Keto3 skew

Keto skew r=0.669""* r=0.618""* r=0.956""*
Amino1 skew Amino2 skew Amino3 skew

Amino skew r=0.834""* r=0.659""* r=0.971"*

‘0 < 0.001, ¥p > 0.05. NS, non-significance.
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Parasite Spp Parasite- or
Host-derived

Protozoa

T. gondii Host fibroblast
fore skin

T. gondii Mouse BMDM

C. parvum Murine IEC4.1

C. parvum HCT-8 cell line

lld subtype

T. gondi tachyzoite  Human Retinal
Muiller Cells

T.gondii RH Mice BMDM

C. baileyi Host trachea
tissue

E. necatrix Chicken intestine

P. falciparum parasite

trophozoite schizont

merozoite

P. falciparum parasiteblood
stage

P. falciparum parasite asexual
blood stage

P. falciparum Parasite red
blood cell stage

T. cruzi heart ventricular
tissue

Helminths

E. granulosus Mice splenic M-
MDSCs

Toxocara canis Dog lungs

S. mansoni adult worm

S. mansoni cercariae
schistosomula

S. japonicum Mice liver,
spleen

IncRNA

NONSHAT022487

Csf1-Inc and Socs2-Inc

NR_045064

sense, antisense, intergenic, divergent and

intronic
NeST, MEG3, MIR17HG, Inc-SGK
mir17hg
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NONGGAT004163.2, TCONS_00018115,

NONGGAT001393.2
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MIAT
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SmLincRNAs

NONMMUT014792.2,
NONMMUT061096.2,
NONMMUT057813.2,
NONMMUTO057813.2

Predicted/Potential Target(s)

UNC93B1 immune related genes

kinase ROP16
Csf2, Nos2, and Cxcl2
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pathways, tight junction

Th1 and Th17

host gene for mir17 microRNA
cluster
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ring finger protein 152 type |
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Regulation of ubgin1, inhibit sox4
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sexual dimorphism and drug
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parasite transition sex
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TGFB-1, JAK3, STAT1 regulation
chemokine C motif receptor 1,
VCAM1

Function

mediates secretion of IL-
12, TNF-a, IL-1 and IFN-
v by negative expression
of UNC93B1
Up-regulation of INcRNAs
Csf1-Inc and Socs2-Inc,
promote epithelial
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P maintenance of intestinal
epithelium integrity

P immune responses
P apoptosis

Peytokine-cytokine
interaction cell cycle, IgA
production metabolism,
tight junction

P apoptosis host defense
against foreign pathogens
gene regulation

parasite blood stage
development

induce var gene
transcription activation,
and promoter activity

P Host interaction,
proteolysis, cell adhesion,
locomotion, pathogenesis,
metabolism

chronic cardiomyopathy
due to chagas disease

P abnormal M-MDSCs
differentiation

P immune- or
inflammation- related
function

P metabolism, transport
biosynthesis, nucleotide
binding drug sensitivity,
catalytic activity

P parasite development

P liver pathogenesis

Reference
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and Chen, 2019
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Ren et al., 2018
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Broadbent

etal, 2011
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M-MDSCs, mice-monocytic myeloid-derived suppressor cells; TARE, telomere-associated repetitive element transcripts; VCAM1, vascular cell adhesion molecule 1; XCR1, chemokine C
motif receptor 1; Pprediction by functional annotation/correlation network analysis.
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Accession Name # Genes # CEGs # Overlap ePvalue BH corr.

hsa03040 Spliceosome 128 394 8 0 0.005
hsa03030 Dna Replication 36 394 4 0 0.005
hsa04720 Long-Term Potentiation 70 394 5 0 0.008
hsa00563 Glycosylphosphatidylinositol Gpi Anchor Biosynthesis 25 394 3 0 0.008
hsa04114 Oocyte Meiosis 114 394 6 0.001 0.015
hsa04062 Chemokine Signaling Pathway 190 394 7 0.003 0.044
hsa04310 Whnt Signaling Pathway 151 394 6 0.003 0.044
hsa04672 Intestinal Immune Network for Iga Production 48 394 3 0.003 0.044
hsa04350 Tgf Beta Signaling Pathway 86 394 4 0.004 0.055
hsa04210 Apoptosis 88 394 4 0.005 0.055
hsa00590 Arachidonic Acid Metabolism 58 394 3 0.006 0.056
hsa03018 RNA Degradation 59 394 3 0.006 0.056
hsa04910 Insulin Signaling Pathway 137 394 5 0.008 0.056
hsa00830 Retinol Metabolism 64 394 3 0.008 0.056
hsa04620 Toll-Like Receptor Signaling Pathway 102 394 4 0.009 0.056
hsa04916 Melanogenesis 102 394 4 0.009 0.056
hsa04660 T Cell Receptor Signaling Pathway 108 394 4 0.012 0.064
hsa00982 Drug Metabolism Cytochrome P450 72 394 3 0.013 0.064
hsa05140 Leishmania Infection 72 394 3 0.013 0.064
hsa04662 B Cell Receptor Signaling Pathway 75 394 3 0.014 0.064
hsa04270 Vascular Smooth Muscle Contraction 1156 394 4 0.015 0.064
hsa04010 Mapk Signaling Pathway 267 394 7 0.02 0.068
hsa04722 Neurotrophin Signaling Pathway 126 394 4 0.021 0.071
hsa04012 Erbb Signaling Pathway 87 394 3 0.024 0.077
hsa03010 Ribosome 88 394 3 0.025 0.077
hsa04020 Calcium Signaling Pathway 178 394 5 0.025 0.077
hsa04540 Gap Junction 90 394 3 0.026 0.08
hsa04144 Endocytosis 183 394 5 0.028 0.081
hsa04912 Gnrh Signaling Pathway 101 394 3 0.038 0.095
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PCR type

Quadruplex

Group E
Group C

Internal control

Primer ID

chuA.1b
chuA.2
yjaA.1b
yiaA.2b
TspE4C2.1b
TspE4C2.2b
AceK.f
ArpAl.r
ArpAgpE.f
ArpAGPE.r
trpAgpC.1
trpAgpC.2
trpBA.f
trpBA.r

Target
chuA
YiaA
TspE4.C2
arpA
arpA
trpA

trpA

Primer sequence (5'-3')

ATGGTACCGGACGAACCAAC
TGCCGCCAGTACCAAAGACA
CAAACGTGAAGTGTCAGGAG
AATGCGTTCCTCAACCTGTG
CACTATTCGTAAGGTCATCC
AGTTTATCGCTGCGGGTCGC
AACGCTATTCGCCAGCTTGC
TCTCCCCATACCGTACGCTA
GATTCCATCTTGTCAAAATATGCC
GAAAAGAAAAAGAATTCCCAAGAG
AGTTTTATGCCCAGTGCGAG
TCTGCGCCGGTCACGCCC
CGGCGATAAAGACATCTTCAC
GCAACGCGGCCTGGCGGAAG

PCR product (bp)
288
211
152
400
301
219

489
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