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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.



Author Contributions

JC proposed the theme and provided guidance. JO organized the paper frame and drafted the manuscript. BO read the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Key Technologies Research and Development, R&D program, 2017YFD0500403JC.



Acknowledgments

Thankful applause to Ms Janet for the kindheartedness towards the figures created with Biorender.



References

 Agliano, F., Rathinam, V. A., Medvedev, A. E., Vanaja, S. K., and Vella, A. T. (2019). Long Non-Coding RNAs in Host-Pathogen Interactions. Trends Immunol. 40, 492–510. doi: 10.1016/j.it.2019.04.001.Long

 Akay, A., Jordan, D., Navarro, I. C., Wrzesinski, T., Ponting, C. P., Miska, E. A., et al. (2019). Identification of Functional Long Non-Coding RNAs in C. Elegans. BMC Biol. 17, 1–14. doi: 10.1101/383919

 Amaral, M. S., Maciel, L. F., Silveira, G. O., Olberg, G. G. O., Leite, J. V. P., Imamura, L. K., et al. (2020). Long Non-Coding RNA Levels can be Modulated by 5-Azacytidine in Schistosoma Mansoni. Sci. Rep. 10, 1–17. doi: 10.1038/s41598-020-78669-5

 Amit-Avraham, I., Pozner, G., Eshar, S., Fastman, Y., Kolevzon, N., Yavin, E., et al. (2015). Antisense Long Noncoding RNAs Regulate Var Gene Activation in the Malaria Parasite Plasmodium Falciparum. Proc. Natl. Acad. Sci. U. S. A. 112, E982–E991. doi: 10.1073/pnas.1420855112

 Atkinson, S. R., Marguerat, S., Bitton, D. A., Rodríguez-López, M., Rallis, C., Lemay, J. F., et al. (2018). Long Noncoding RNA Repertoire and Targeting by Nuclear Exosome, Cytoplasmic Exonuclease, and RNAi in Fission Yeast. RNA 24, 1195–1213. doi: 10.1261/rna.065524.118

 Aune, T. M., and Spurlock, C. F. (2016). Long Non-Coding RNAs in Innate and Adaptive Immunity. Virus Res. 2, 146–160. doi: 10.1016/j.virusres.2015.07.003.Long

 Beermann, J., Piccoli, M. T., Viereck, J., and Thum, T. (2016). Non-Coding Rnas in Development and Disease: Background, Mechanisms, and Therapeutic Approaches. Physiol. Rev. 96, 1297–1325. doi: 10.1152/physrev.00041.2015

 Bensaoud, C., Hackenberg, M., and Kotsyfakis, M. (2019). Noncoding RNAs in Parasite–Vector–Host Interactions. Trends Parasitol. 35, 715–724. doi: 10.1016/j.pt.2019.06.012

 Broadbent, K. M., Broadbent, J. C., Ribacke, U., Wirth, D., Rinn, J. L., and Sabeti, P. C. (2015). Strand-Specific RNA Sequencing in Plasmodium Falciparum Malaria Identifies Developmentally Regulated Long Non-Coding RNA and Circular RNA. BMC Genomics 1603, 1–22. doi: 10.1186/s12864-015-1603-4

 Broadbent, K. M., Park, D., Wolf, A. R., Tyne, D.V., Sims, J. S., Ribacke, U., et al. (2011). A Global Transcriptional Analysis of Plasmodium Falciparum Malaria Reveals a Novel Family of Telomere-Associated lncRNAs. Genome Biol. 12, 15. doi: 10.1186/gb-2011-12-6-r56

 Cowell, A. N., and Winzeler, E. A. (2019). Advances in Omics-Based Methods to Identify Novel Targets for Malaria and Other Parasitic Protozoan Infections. Genome Med. 11, 1–17. doi: 10.1186/s13073-019-0673-3

 Cross, G. A. M. (1996). Antigenic Variation in Trypanosomes: Secrets Surface Slowly. BioEssays 18, 283–291. doi: 10.1002/bies.950180406

 Dhanoa, J. K., Sethi, R. S., Verma, R., Arora, J. S., and Mukhopadhyay, C. S. (2018). Long Non-Coding RNA: Its Evolutionary Relics and Biological Implications in Mammals: A Review. J. Anim. Sci. Technol. 60, 1–10. doi: 10.1186/s40781-018-0183-7

 Dragomir, M., Chen, B., and Calin, G. A. (2018). Exosomal lncRNAs as New Players in Cell-to-Cell Communication. Transl. Cancer Res. 7, S243–S252. doi: 10.21037/tcr.2017.10.46

 Dumas, C., Chow, C., Müller, M., and Papadopoulou, B. (2006). A Novel Class of Developmentally Regulated Noncoding RNAs in Leishmania. Eukaryot. Cell 5, 2033–2046. doi: 10.1128/EC.00147-06

 Epp, C., Li, F., Howitt, C. A., Chookajorn, T., and Deitsch, K. W. (2009). Chromatin Associated Sense and Antisense Noncoding RNAs Are Transcribed From the var Gene Family of Virulence Genes of the Malaria Parasite Plasmodium falciparum. RNA 15, 116–127. doi: 10.1261/rna.1080109.3

 Fan, X. C., Liu, T. L., Wang, Y., Wu, X. M., Wang, Y. X., Lai, P., et al. (2020). Genome − Wide Analysis of Differentially Expressed Profiles of mRNAs, lncRNAs and circRNAs in Chickens During Eimeria Necatrix Infection. Parasitol. Vectors 13, 1–18. doi: 10.1186/s13071-020-04047-9

 Filarsky, M., Fraschka, S. A., Niederwieser, I., Brancucci, N. M. B., Carrington, E., Carrió, E., et al. (2018). GDV1 Induces Sexual Commitment of Malaria Parasites by Antagonizing HP1-Dependent Gene Silencing. Science (80-.) 359, 1259–1263. doi: 10.1126/science.aan6042

 Frade, A. F., Laugier, L., Ferreira, L. R. P., Baron, M. A., Benvenuti, L. A., Teixeira, P. C., et al. (2016). Myocardial Infarction-Associated Transcript, a Long Noncoding RNA, Is Overexpressed During Dilated Cardiomyopathy Due to Chronic Chagas Disease. J. Infect. Dis. 214, 161–165. doi: 10.1093/infdis/jiw095

 Gómez-díaz, E., Yerbanga, R. S., Lefèvre, T., Cohuet, A., Rowley, M. J., Ouedraogo, J. B., et al. (2017). Epigenetic Regulation of Plasmodium Falciparum Clonally Variant Gene Expression During Development in Anopheles Gambiae. Sci. Rep. 7, 1–17. doi: 10.1038/srep40655

 Guidi, R., Wedeles, C. J., and Wilson, M. S. (2020). Ncrnas in Type-2 Immunity. Non-coding RNA 6, 1–32. doi: 10.3390/ncrna6010010

 Hassan, M. A., Melo, M. B., Haas, B., Jensen, K. D. C., and Saeij, J. P. J. (2012). De Novo Reconstruction of the Toxoplasma Gondii Transcriptome Improves on the Current Genome Annotation and Reveals Alternatively Spliced Transcripts and Putative Long Non-Coding RNAs. BMC Genomics 13, 1–13. doi: 10.1186/1471-2164-13-696

 Jarroux, J., Morillon, A., and Pinskaya, M. (2017). History, Discovery, and Classification of lncRNAs. Adv. Exp. Med. Biol. 1008, 1–46. doi: 10.1007/978-981-10-5203-3_1

 Jiang, L., Mu, J., Zhang, Q., Ni, T., Srinivasan, P., Rayavara, K., et al. (2013). PfSETvs Methylation of Histone H3K36 Represses Virulence Genes in Plasmodium Falciparum. Nature 499, 213–227. doi: 10.1038/nature12361.PfSETvs

 Jing, Q., Cao, L., Zhang, L., Cheng, X., Gilbert, N., Dai, X., et al. (2018). Plasmodium Falciparum Var Gene Is Activated by Its Antisense Long Noncoding RNA. Front. Microbiol. 9, 3117. doi: 10.3389/fmicb.2018.03117

 Kafsack, B. F. C., Rovira-Graells, N., Clark, T. G., Bancells, C., Crowley, V. M., Campino, S. G., et al. (2014). A Transcriptional Switch Underlies Commitment to Sexual Development in Malaria Parasites. Nature 507, 248–252. doi: 10.1038/nature12920

 Kim, H. C., Khalil, A. M., and Jolly, E. R. (2020). LncRNAs in Molluscan and Mammalian Stages of Parasitic Schistosomes are Developmentally-Regulated and Coordinately Expressed With Protein-Coding Genes. RNA Biol. 17, 805–815. doi: 10.1080/15476286.2020.1729594

 Kung, J. T. Y., Colognori, D., and Lee, J. T. (2013). Long Noncoding RNAs: Past, Present, and Future. Genetics 193, 651–669. doi: 10.1534/genetics.112.146704

 Leitão, A. L., Costa, M. C., Gabriel, A. F., and Enguita, F. J. (2020). Interspecies Communication in Holobionts by Non-Coding RNA Exchange. Int. J. Mol. Sci. 21, 1–22. doi: 10.3390/ijms21072333

 Liao, Q., Shen, J., Liu, J., Sun, X., and Zhao, G. (2014). Genome-Wide Identification and Functional Annotation of Plasmodium falciparum Long Noncoding RNAs from RNA-Seq Data. Parasitol. Res. 365, 1–13. doi: 10.1007/s00436-014-3765-4

 Liao, Q., Zhang, Y., Zhu, Y., Chen, J., Dong, C., Tao, Y., et al. (2018). Identi Fi Cation of Long Noncoding RNAs in Schistosoma Mansoni and Schistosoma Japonicum. Exp. Parasitol. 191, 82–87. doi: 10.1016/j.exppara.2018.07.001

 Li, Y., Baptista, R. P., and Kissinger, J. C. (2020). Noncoding RNAs in Apicomplexan Parasites: An Update. Trends Parasitol. 36, 835–849. doi: 10.1016/j.pt.2020.07.006

 Liu, T., Fan, X., Li, Y., Yuan, Y., Yin, Y., and Reiling, S. J. (2018a). Expression Profiles of mRNA and lncRNA in HCT-8 Cells Infected With Cryptosporidium Parvum IId Subtype. Front. Microbiol. 9, 1409. doi: 10.3389/fmicb.2018.01409

 Liu, W., Huang, L., Wei, Q., Zhang, Y., Zhang, S., Zhang, W., et al. (2018b). Microarray Analysis of Long Non-Coding RNA Expression Profiles Uncovers a Toxoplasma-Induced Negative Regulation of Host Immune Signaling. Parasites Vectors 11, 1–13. doi: 10.1186/s13071-018-2697-8

 Lopez-Rubio, J. J., Gontijo, A. M., Nunes, M. C., Issar, N., Hernandez Rivas, R., and Scherf, A. (2007). 5′ Flanking Region of Var Genes Nucleate Histone Modification Patterns Linked To Phenotypic Inheritance of Virulence Traits in Malaria Parasites. Mol. Microbiol. 66, 1296–1305. doi: 10.1111/j.1365-2958.2007.06009.x

 Loscalzo, D. E. H. R. C. J. (2014). Long Noncoding RNAs in Innate and Adaptive Immunity Katherine. Curr. Opin. Immunol. 23, 140–146. doi: 10.1016/j.coi.2013.12.001.Long

 Marchese, F. P., Raimondi, I., and Huarte, M. (2017). The Multidimensional Mechanisms of Long Noncoding RNA Function. Genome Biol. 18, 1–13. doi: 10.1186/s13059-017-1348-2

 Matrajt, M. (2008). Non-Coding RNA in Apicomplexan Parasites. Mol. Biochem. Parasitol. 174, 1–7. doi: 10.1038/jid.2014.371

 Menard, K. L., Bu, L., and Denkers, E. Y. (2021). Transcriptomics Analysis of Toxoplasma Gondii-Infected Mouse Macrophages Reveals Coding and Noncoding Signatures in the Presence and Absence of Myd88. BMC Genomics 22, 1–20. doi: 10.1186/s12864-021-07437-0

 Menard, K. L., Haskins, B. E., Colombo, A. P., and Denkers, E. Y. (2018). Toxoplasma Gondii Manipulates Expression of Host Long Noncoding RNA During Intracellular Infection. Sci. Rep. 8, 1–14. doi: 10.1038/s41598-018-33274-5

 Menard, K. L., Haskins, B. E., and Denkers, E. Y. (2019). Impact of Toxoplasma Gondii Infection on Host Non-Coding RNA Responses. Front. Cell. Infect. Microbiol. 9, 132. doi: 10.3389/fcimb.2019.00132

 Mercer, T. R., and Mattick, J. S. (2013). Structure and Function of Long Noncoding RNAs in Epigenetic Regulation. Nat. Struct. Mol. Biol. 20, 300–307. doi: 10.1038/nsmb.2480

 Michaeli, S., Doniger, T., Gupta, S. K., and Wurtzel, O. (2012). RNA-Seq Analysis of Small RNPs in Trypanosoma Brucei Reveals a Rich Repertoire of Non-Coding RNAs. Nucelic Acids Res. 40, 1282–1298. doi: 10.1093/nar/gkr786

 Misra, S., Tripathi, M. K., and Chaudhuri, G. (2005). Down-Regulation of 7SL RNA Expression and Impairment of Vesicular Protein Transport Pathways by Leishmania Infection of Macrophages. J. Biol. Chem. 280, 29364–29373. doi: 10.1074/jbc.M504162200

 Mongelli, A., Martelli, F., Farsetti, A., and Gaetano, C. (2019). The Dark That Matters: Long Noncoding RNAs as Master Regulators of Cellular Metabolism in Noncommunicable Diseases. Front. Physiol. 10, 369. doi: 10.3389/fphys.2019.00369

 Moreno, Y., Geary, T. G., and Tritten, L. (2021). When Secretomes Meet Anthelmintics: Lessons for Therapeutic Interventions. Trends Parasitol. 37, 468–475. doi: 10.1016/j.pt.2021.01.007

 Olajide, J. S., and Cai, J. (2020). Perils and Promises of Pathogenic Protozoan Extracellular Vesicles. Front. Cell. Infect. Microbiol. 10, 371. doi: 10.3389/fcimb.2020.00371

 Oliveira, V. F., Moares, L. A. G., Mota, E. A., Jannotti-passos, L. K., Coelho, P. M. Z., Mattos, A. C. A., et al. (2018). Identification of 170 New Long Noncoding RNAs in Schistosoma Mansoni. BioMed. Res. Int. 2018, 9. doi: 10.1155/2018/1264697

 Pawar, H., Pai, K., and Patole, M. S. (2017). A Novel Protein Coding Potential of Long Intergenic Non-Coding RNAs (lincRNAs) in the Kinetoplastid Protozoan Parasite Leishmania Major. Acta Trop. 167, 21–25. doi: 10.1016/j.actatropica.2016.12.012

 Pays, E., Vanhamme, L., and Pérez-Morga, D. (2004). Antigenic Variation in Trypanosoma Brucei: Facts, Challenges and Mysteries. Curr. Opin. Microbiol. 7, 369–374. doi: 10.1016/j.mib.2004.05.001

 Petrella, V., Aceto, S., Musacchia, F., Colonna, V., Robinson, M., Benes, V., et al. (2015). De Novo Assembly and Sex-Specific Transcriptome Profiling in the Sand Fly Phlebotomus Perniciosus (Diptera, Phlebotominae), a Major Old World Vector of Leishmania Infantum. BMC Genomics 16, 1–15. doi: 10.1186/s12864-015-2088-x

 Pircher, A., Gebetsberger, J., and Polacek, N. (2014). Ribosome-Associated ncRNAs: An Emerging Class of Translation Regulators. RNA Biol. 11, 1335–1339. doi: 10.1080/15476286.2014.996459

 Prucca, C. G., Slavin, I., Quiroga, R., Elías, E. V., Rivero, F. D., Saura, A., et al. (2008). Antigenic Variation in Giardia Lamblia is Regulated by RNA Interference. Nature 456, 750–754. doi: 10.1038/nature07585

 Ren, G., Fan, X., Liu, T., Wang, S., and Zhao, G. (2018). Genome-Wide Analysis of Differentially Expressed Profiles of mRNAs, lncRNAs and circRNAs During Cryptosporidium Baileyi Infection. BMC Genomics 19, 1–15. doi: 10.1186/s12864-018-4754-2

 Rinn, J. L., and Chang, H. Y. (2012). Genome Regulation by Long Noncoding RNAs. Annu. Rev. Biochem. 81, 145–166. doi: 10.1146/annurev-biochem-051410-092902

 Rochet, E., Appukuttan, B., Ma, Y., Ashander, L. M., and Smith, J. R. (2019). Expression of Long Non-Coding RNAs by Human Retinal Muller Glial Cells Infected With Clonal and Exotic Virulent Toxoplasma Gondii. Non-coding RNA  5, 1–15. doi: 10.3390/ncrna5040048

 Shields, E. J., Petracovici, A. F., and Bonasio, R. (2020). Lncredibly Versatile: Biochemical and Biological Functions of Long Noncoding RNAs. Biochem. J. 476, 1083–1104. doi: 10.1042/BCJ20180440.lncRedibly

 Sierra-miranda, M., María, D., Mancio-silva, L., Vargas, M., Villegas-sepulveda, N., Martínez-calvillo, S., et al. (2012). Two Long Non-Coding RNAs Generated From Subtelomeric Regions Accumulate in a Novel Perinuclear Compartment in Plasmodium Falciparum. Mol. Biochem. Parasitol. 185, 36–47. doi: 10.1016/j.molbiopara.2012.06.005

 Spurlock, C. F., Crooke, P. S., and Aune, T. M. (2016). Biogenesis and Transcriptional Regulation of Long Noncoding RNAs in the Human Immune System. J. Immunol. 197, 4509–4517. doi: 10.4049/jimmunol.1600970

 St.Laurent, G., Wahlestedt, C., and Kapranov, P. (2015). The Landscape of Long Noncoding RNA Classification. Trends Genet. 31, 239–251. doi: 10.1016/j.tig.2015.03.007

 Strauss-soukup, J. K., and Chen, X. (2019). Induction of a Long Non-Coding RNA Transcript, NR_045064, Promotes Defense Gene Transcription and Facilitates Intestinal Epithelial Cell Responses Against Cryptosporidium Infection. J. Immunol. 201, 3630–3640. doi: 10.4049/jimmunol.1800566.Induction

 Vasconcelos, E. J. R., Dasilva, L. F., Pires, D. S., Lavezzo, G. M., Pereira, A. S. A., Amaral, M. S., et al. (2017). The Schistosoma Mansoni Genome Encodes Thousands of Long Non-Coding RNAs Predicted to be Functional at Different Parasite Life-Cycle Stages. Sci. Rep. 7, 1–17. doi: 10.1038/s41598-017-10853-6

 Vasconcelos, E. J. R., Mesel, V. C., DaSilva, L. F., Pires, D. S., Lavezzo, G. M., Pereira, A. S. A., et al. (2018). Atlas of Schistosoma Mansoni Long Non-Coding RNAs and Their Expression Correlation to Protein-Coding Genes. Database 2018, 1–5. doi: 10.1093/database/bay068

 Wang, K. C., and Chang, H. Y. (2011). Molecular Mechanisms of Long Noncoding RNAs. Mol. Cell 43, 904–914. doi: 10.1016/j.molcel.2011.08.018

 Wang, P., Xue, Y., Han, Y., Lin, L., Wu, C., Xu, S., et al. (2014). The STAT3-Binding Long Noncoding RNA Inc-DC Controls Human Dendritic Cell Differentiation. Science 344, 310–313. doi: 10.1126/science.1251456

 Wei, S., Chen, H., Dzakah, E. E., Yu, B., Wang, X., Fu, T., et al. (2019). Systematic Evaluation of C. Elegans lincRNAs With CRISPR Knockout Mutants. Genome Biol. 20, 1–19. doi: 10.1186/s13059-018-1619-6

 Woehle, C., Kusdian, G., Radine, C., Graur, D., Landan, G., and Gould, S. B. (2014). The Parasite Trichomonas Vaginalis Expresses Thousands of Pseudogenes and Long Non-Coding RNAs Independently From Functional Neighbouring Genes. BMC Genomics 15, 1–12. doi: 10.1186/1471-2164-15-906

 Xia, T., Giri, B. R., Liu, J., Du, P., Li, X., Li, X., et al. (2020). RNA Sequencing Analysis of Altered Expression of Long Noncoding RNAs Associated With Schistosoma Japonicum Infection in the Murine Liver and Spleen. Parasites Vectors 13, 1–15. doi: 10.1186/s13071-020-04457-9

 Xu, J., Bai, J., Zhang, X., Lv, Y., Gong, Y., Liu, L., et al. (2017). A Comprehensive Overview of lncRNA Annotation Resources. Brief. Bioinform. 18, 236–249. doi: 10.1093/bib/bbw015

 Yu, A., Wang, Y., Yin, J., Zhang, J., Cao, S., Cao, J., et al. (2018). Microarray Analysis of Long Non-Coding RNA Expression Profiles in Monocytic Myeloid-Derived Suppressor Cells in Echinococcusgranulosus-Infected Mice. Parasites Vectors 18, 1–9. doi: 10.1186/s13071-018-2905-6

 Zhang, Y., and Cao, X. (2016). Long Noncoding RNAs in Innate Immunity. Cell. Mol. Immunol. 13, 138–147. doi: 10.1038/cmi.2015.68

 Zhang, Y., Tao, Y., and Liao, Q. (2018). Long Noncoding RNA: A Crosslink in Biological Regulatory Network. Brief. Bioinform. 19, 930–945. doi: 10.1093/bib/bbx042

 Zheng, W.B., Zou, Y., He, J. J., Elsheikha, H. M., Liu, G. H., Hu, M. H., et al. (2021). Global Profiling of lncRNAs-miRNAs-mRNAs Reveals Differential Expression of Coding Genes and Non-Coding RNAs in the Lung of Beagle Dogs at Different Stages of Toxocara Canis Infection. Int. J. Parasitol. 51, 49–61. doi: 10.1016/j.ijpara.2020.07.014

 Zhou, G., and Chen, X. (2019). Emerging Role of Extracellular microRNAs and lncRNAs. ExRNA 1, 4–9. doi: 10.1186/s41544-019-0012-2




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 © 2021 Olajide, Olopade and Cai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2021.751523_cover.jpg
, frontiers

in Cellular and Infection Microbiology

Functional Intricacy and Symmetry
of Long Non-Coding RNAs in
Parasitic Infections





OEBPS/Images/fcimb-11-751523-g002.jpg
Parasite-derived nfected host-derived

’ Infected Hosts
Parasite Colony \
\’s“#
EV-

Cytokine secretion

Virulence d Immune gene
Speciation encrypte regulation
Communication % ‘ ‘ 4, Premum’uqn
Developmental cues 'Y Inflammation
Antigenic variation ) Antimicrobial defense
Sexual differentiation | response

Cellular context Apoptosis |
Stress adaptation . Cell cycle alteration
Species interaction Parasites/Hosts

Biomarker for diagnosis
and prognosis

Epigenetic traits

Nuclear protein docking site
miRNA loading into EVs
Response signals





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        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

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-751523-g001.jpg
S. Japonicum-infected
murine liver/spleen

bidirectional, intergenic,

C. baileyi-infected
host trachea
long intergenic,

T. gondii-infected
antisense, cirRNA

MBMDM, HFF,

Muller cell
Intergenic, antisense,

exon-sense overlapping,

bidirectional, sense-intronic,

putative long intergenic

C. parvum-infected
HCT-8 cell
sense, anti-sense,

intergenic, divergent,
intronic

E. necatrix-infected
host tissues
intergenic, intronic,

antisense, sense,
overlapping, cirRNA

L. infantum;
L. major
sense, antisense;

long intergenic MIAT

exonic antisense, intronic
antisense, intronic sense

S. japonicum,
S. mansoni
sense, intronic,

intergenic, antisense
Schistosome-infected

mollusc

—» monoexonic
E. granulossus

protoscolesce-infected

cir-regulatory

T. vaginalis

pseudogene, divergent,
convergent, co- & anti-oriented

P, falciparum

sense, antisense,
subtelomeric, long
sense, intergenic,
cirRNA, TAREs

T. cruzi-infected

human





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





OEBPS/Images/fcimb-11-751523-g003.jpg
Helminth

O\

Exogenous
IncRNAs

Protozoag/s/

A ;ST1eOC|I§gS?eS NP‘ Z\ﬁm SE @ : 0. .:.o ’
Immune

cell

Susceptible
host cell

Gene-driven immune responses





OEBPS/Images/table1.jpg
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

IncRNASs, cirRNA

NONGGAT004163.2, TCONS_00018115,

NONGGAT001393.2
Long antisense ncRNA
INcRNA-TARE

var antisense INcRNA

IncRNAs

MIAT

NONMMUT021591

XLOC_030813, XLOC_510697,
XLOC_237221

putative INcRNAs

SmLincRNAs

NONMMUT014792.2,
NONMMUT061096.2,
NONMMUT057813.2,
NONMMUTO057813.2

Predicted/Potential Target(s)

UNC93B1 immune related genes

kinase ROP16
Csf2, Nos2, and Cxcl2

hedgehog, Wnt signaling
pathways, tight junction

Th1 and Th17

host gene for mir17 microRNA
cluster
?

ring finger protein 152 type |
interferon rec- eptor subunit 1
var genes PFF0845¢c PFD1005¢

parasite DNA replication

Parasite var genes

cis-regulation of retin- oblastoma
gene, Rb1

Regulation of ubgin1, inhibit sox4
expression IL-21 gene localization

sexual dimorphism and drug
sensitivity

parasite transition sex
differentiation

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
antimicrobial defense

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

Liuet al., 2018a

Menard et al.,
2018
Strauss-soukup
and Chen, 2019
Liu et al., 2018b

Rochet et al.,
2019

Menard et al.,
2021

Ren et al., 2018

Fan et al., 2020
Epp et al., 2009
Broadbent

etal, 2011
Jing et al., 2018

Liao et al., 2014

Frade et al.,
2016

Yuetal, 2018

Zheng et al.,
2021

Oliveira et al.,
2018

Vasconcelos
etal, 2017
Xia et al., 2020

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.





