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Research over the past two decades has confirmed that noncoding RNAs (ncRNAs), which are abundant in cells from yeast to vertebrates, are no longer “junk” transcripts but functional regulators that can mediate various cellular and physiological processes. The dysregulation of ncRNAs is closely related to the imbalance of cellular homeostasis and the occurrence and development of various diseases. In mammals, ncRNAs, such as long noncoding RNAs (lncRNAs) and microRNAs (miRNAs), have been shown to serve as biomarkers and intervention targets in growth, development, immunity, and disease progression. The regulatory functions of lncRNAs on gene expression are usually mediated by crosstalk with miRNAs. The most predominant mode of lncRNA-miRNA crosstalk is the lncRNA-miRNA-mRNA axis, in which lncRNAs act as competing endogenous RNAs (ceRNAs). Compared to mammals, little attention has been given to the role and mechanism of the lncRNA-miRNA-mRNA axis in teleost species. In this review, we provide current knowledge about the teleost lncRNA-miRNA-mRNA axis, focusing on its physiological and pathological regulation in growth and development, reproduction, skeletal muscle, immunity to bacterial and viral infections, and other stress-related immune responses. Herein, we also explored the potential application of the lncRNA-miRNA-mRNA axis in the aquaculture industry. These findings contribute to an enhanced understanding of ncRNA and ncRNA-ncRNA crosstalk in fish biology to improve aquaculture productivity, fish health and quality.
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1 Introduction

Over the past two decades, the primary function of RNA is no longer what was once thought to be a mere intermediate molecule of genetic information from DNA to protein because the RNA pool contains thousands of noncoding RNA (ncRNA) transcripts that have little or no ability to form proteins (1, 2). Although ncRNAs are not directly involved in gene coding and protein synthesis, they can act as regulators to regulate gene expression at the epigenetic, transcriptional, posttranscriptional, translational, and posttranslational levels (3, 4). Therefore, an increasing number of ncRNAs, especially microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), have been identified for their important roles in cellular physiology or pathological processes in various species, including teleost fish (5–7).

miRNAs, one of the most abundant and most studied natural single-stranded small ncRNAs, are 21 to 24 nucleotides in length and are generally highly conserved from yeast to vertebrates (8). miRNA can bind to the 3’- and 5′-untranslated region (UTR), promoter region and coding region of the messenger RNA (mRNA) target by base-pairing with complementary sites, thereby inhibiting the translation of mRNA into protein or inducing mRNA degradation (9, 10). In mammals, more than 60% of mRNAs have been predicted to be regulated by miRNAs, which are involved not only in various physiological processes but also in the pathophysiological processes of various diseases (11–13). In teleost fish, miRNAs were first discovered in zebrafish (Danio rerio, D. rerio) and were soon identified in various fish species, such as rainbow trout (Oncorhynchus mykiss, O. mykiss), bighead carp (Aristichthys nobilis, A. nobilis), silver carp (Hypophthalmichthys molitrix, H. molitrix), common carp (Cyprinus carpio, C. carpio), channel catfish (Ictalurus punctatus, I. punctatus), flounder (Paralichthys olivaceus, P. olivaceus) and large yellow croaker (Larimichtly crocea, L. crocea) (14–17). Similar to mammals, fish miRNAs have also been shown to be involved in fish development, nutrition, immune and inflammatory responses, and their roles and molecular mechanisms have gradually been revealed (15, 18–22).

lncRNA is another of the most widely studied ncRNAs with lengths generally more than 200 nt, which plays an important role in growth and development, and its dysregulation is associated with a variety of diseases (23, 24). Compared with miRNAs, most lncRNAs have lower sequence conservation across species, but they can regulate gene expression at almost all levels (25). In addition, probably because of their lower conservation, their expression patterns in cells or tissues are more specific than miRNAs or even mRNAs (19). lncRNAs act as molecular signaling activators, decoys, guides, or scaffolds that interact with a range of DNAs, RNAs, and proteins to influence their function, especially miRNAs (23, 26–29). At least four patterns of lncRNA-miRNA interactions have been identified in mammals as follows: 1) lncRNAs act as competing endogenous RNAs (ceRNA)/sponges or decoys to bind miRNAs and release their target mRNAs; 2) lncRNAs as precursors are one of the sources of miRNAs; 3) lncRNAs compete with miRNAs to bind directly to mRNAs; and 4) miRNAs induce the degradation of lncRNAs (19, 29–31). Among these RNAs, the first is the most predominant mode of interaction between lncRNAs and miRNAs, which is termed the lncRNA-miRNA-mRNA ceRNA network mode, as shown in Figure 1. Undoubtedly, most lncRNA functions are mediated by their ceRNA networks. In fish, similar to miRNAs, lncRNAs have also been found in a variety of fish and have been shown to be involved in fish liver metabolism (32, 33), growth and development (34–38), as well as immune responses to various stresses, such as netting and chasing (39), hypoxia (40), bacteria (40–43), and viruses (44, 45). However, compared with fish miRNAs, the identification, function and mechanisms of fish lncRNAs are still relatively poorly studied, including the signaling pathways associated with the lncRNA-miRNA-mRNA regulatory network.




Figure 1 | Biogenesis of the long noncoding RNA (lncRNA)-microRNA (miRNA)-messenger RNA (mRNA) axis. (lncRNA, left) Immature lncRNAs are transcribed from the intergene, exon or distal protein coding region of the genome and become stable immature lncRNAs after posttranscriptional processing. Then, most lncRNAs undergo alternative splicing and become mature lncRNAs. Mature lncRNAs can exist in the nucleus or be transported to the cytoplasm. (miRNA, middle) Primary miRNAs (pri-miRNAs) transcribed from the genome are converted into precursor miRNAs (pre-miRNAs) by Drosha cleavage. Then, the premiRNAs were transferred to the cytoplasm in an Exportin-5-dependent manner. Finally, mature miRNAs are produced from premiRNAs after Dicer1 cleavage. (mRNA, right) The initial transcription products of mRNAs are high molecular weight precursor RNAs (pre-mRNAs). Then, the premRNAs are transformed into mature mRNA after posttranscriptional processing, alternative splicing and RNA modification. Subsequently, the mRNAs are transported into the cytoplasm and translated. In the cytoplasm, lncRNA can interact with miRNA, acting mainly on miRNA as a competing endogenous RNA (ceRNA), thus regulating its target molecule mRNA and inducing its translation repression or decoy.



Herein, we provide a brief overview of recent advances in the regulatory roles of the lncRNA-miRNA-mRNA network in teleost fish physiological and pathological processes, mainly including teleost growth and development, reproduction, immune response to infection, and other immune-related biological processes. Furthermore, we explored the potential application of the lncRNA-miRNA-mRNA axis as a biomarker or intervention target in fish domestication, farming or disease treatment. This may help to elucidate the fish lifestyle related to the regulation of the lncRNA-miRNA-mRNA network and provide new ideas for ncRNA, targeting fish growth, breeding, or disease treatment strategies to improve the sustainable development of fisheries.



2 The regulatory roles of the lncRNA-miRNA-mRNA axis in teleost physiology and pathology

Similar to mammals, the regulatory functions of miRNA-related lncRNAs in fish are mediated mainly by the lncRNA-miRNA-mRNA axis. Different axes have been found in different tissues of different fish species, involving many lncRNAs and miRNAs, which may further suggest the specificity advantage of less conserved lncRNAs. The lncRNAs can be constitutively present in normal cells to maintain cellular homeostasis or regulated in specific stress responses and diseases to induce innate or specific immunity, as shown in Table 1 and Figure 2.


Table 1 | LncRNA-miRNA-mRNA axis regulation in teleost fish.






Figure 2 | Regulation of the lncRNA-miRNA-mRNA axis in teleost fish. The lncRNA-miRNA-mRNA axis is widely involved in the physiological and pathological processes of fish, including the development and function of immune organs, nutrient metabolism, brain growth and neurodevelopment, intermuscular bone growth, muscle growth and fillet quality, the maintenance and segregation of B chromosomes, gonad maturation, steroidogenesis, spermatogenesis, infertility, and pathogen immunity.




2.1 Regulation in growth and development


2.1.1 Brain and Nerves

Different expression profiles of mRNA, lncRNA and miRNA were identified in the brain of grass carp (Ctenopharyngodon Idella, C. Idella) at different growth rates by whole transcriptome sequencing (80). The hub mRNAs and hub ncRNAs in the brain with increased growth rates were associated with many biological processes, including immune, endocrine, and growth hormone signaling pathways, and processes such as amino acid and carbohydrate metabolism. In the lncRNA-miRNA-mRNA ceRNA networks of the brain based on hub mRNAs and hub ncRNAs, the MSTRG.6764-miR-27a-3p-lpxn (leupaxin) and MSTRG.50349-miR-206-axpm (abnormal spindle-like microcephaly associated) axes were identified. All lncRNAs and mRNAs in these two ceRNA networks were determined to be upregulated, while all miRNAs were downregulated. The expression levels of these lncRNAs and mRNAs were further confirmed to be positively correlated with the growth of C. Idella, while miR-27a-3p or miR-206 expression was negatively correlated with C. Idella growth (80). These data suggest that the difference in grass carp growth rate may be related to the development of the central nervous system of the brain regulated by the ceRNA network.

In addition, recent studies have found that lncRNAs can not only serve as miRNA precursors or ceRNAs but can also be silenced as miRNA targets in fish (46). Lee reported that miRNAs primarily targeted and silenced the 5’ caps and 3’ poly(A)-tails of lncRNAs in D. rerio at the posttranscriptional and translational levels. The mRNA-like lncRNA (containing a 5’ cap, 3’ poly(A)-tail, and canonical miRNA target sites) was inhibited by miRNA at both the RNA and ribosomal levels during the early developmental stages of D. rerio embryos, whereas the nonmRNA-like long noncoding RNA (containing miRNA target sites, but no 5’ cap and 3’ poly(A)-tail) was not strongly inhibited by miRNA and may act as a miRNA decoy (46, 59). Cyrano is a miRNA-regulated lncRNA whose expression and function are repressed by miR-7 (59). Cyrano was confirmed to be parentally inherited lncRNA in D. rerio and was proven to play an important role in the symmetric development of neuronal structures by interacting with miR-7 (59). In addition, knockdown of Cyrano without altering zygotic Cyrano resulted in changes in zebrafish brain morphology, suggesting that inherited Cyrano is critical for brain development (59). These data indicated that fish lncRNAs and miRNAs have a reciprocal regulatory relationship, which in turn affects the expression and function of growth- or development-related mRNAs.



2.1.2 Immune organs

Similarly, the expression and interaction of lncRNAs, miRNAs and mRNAs was explored in the hepatopancreas, gill, intestine, liver, kidney, and spleen in fish by using high-throughput sequencing technology (47, 80, 81). A total of 10,270 lncRNAs and 7720 mRNAs were identified in gill, intestine, liver and kidney tissues of P. olivaceus. The mRNA-miRNA interaction network confirmed that one-third of mRNAs were predicted to be targeted for regulation by more than one miRNA (47). In contrast, 975 lncRNAs and 163 mature miRNAs were found in the liver, kidney, and spleen of coho salmon (Oncorhynchus kisutch, O. kisutch). Among these RNAs, 1339 lncRNAs putatively interacted with 148 miRNAs, while 6 lncRNAs were identified as precursors of 16 miRNAs (81). These data support that ceRNAs are the most common mode of relationship between ncRNAs. The central ceRNA networks of the hepatopancreas are formed by 4 lncRNAs, 3 miRNAs and 7 mRNAs in grass carp (80). Fourteen hub lncRNAs and 28 hub miRNAs were both expressed in the liver and head kidney of coho salmon (81). This finding indicates that the two main immune organs of fish have relatively similar ncRNA expression patterns, supporting ncRNAs as biomarkers of tissue/organ-specific expression and developmental stages of organisms (48, 81). Moreover, the pathways of the target genes of these ncRNAs are concentrated in 12 pathways, such as the transforming growth factor-beta (TGF-β) signaling pathway, cytokine-cytokine receptor interaction, adherens junction, and nuclear transcription factor (NF)-κB signaling pathway (81), suggesting that ncRNAs and their interactions play important regulatory roles in the development or function of fish immune organs.



2.1.3 Skeletal muscles

Regarding skeletal muscle, different expression profiles of lncRNAs and mRNAs were identified in different developmental stages of Japanese flounder (62). These lncRNAs were then predicted to take part in skeletal muscle development via cis- or trans-acting mechanisms. In addition, coexpression networks of the lncRNA-miRNA-mRNA axis showed that most lncRNAs interact with one or two predicted miRNAs. Some lncRNAs can even interact with at least three target miRNAs, such as TCONS_00093971, TCONS_00096817, and TCONS_00032744 (62). Similarly, a total of 290 lncRNAs are differentially expressed in juvenile and adult fast skeletal muscle of gilthead sea bream (Sparus aurata, S. aurata), and the number of differential lncRNAs is greater in juveniles than in adults, indicating that most of the differential lncRNAs play a role in the muscle growth of juveniles (49). In addition, most of the differential lncRNAs (such as lncRNA20194) were more active in myoblast proliferation and were downregulated during the fusion process, which may play a promoting role in myoblast proliferation by acting as sponges for miR-133, miR-206 and miR-208 (49). Moreover, the different expression profiles of mRNAs and lncRNAs were identified in fish families with different phenotypes of rainbow trout (49, 82). In the constructed lncRNA-miRNA-mRNA network, 3 lncRNAs (Omy500041161, Omy400178299, and Omy500089619) were coexpressed with mRNAs known to be associated with whole body weight (WBW), muscle yield and fat content, such as lipoprotein lipase (LIPL) and TGF-β, to impact muscle quality traits. Moreover, 44 lncRNAs were able to interact with miRNAs as sponges to control mRNAs belonging to protein catabolic/anabolic pathways, affecting muscle mass characteristics and fast/effective growth rates (82). These data demonstrate the regulatory role of lncRNAs and their ceRNA networks in muscle growth and development and in the characteristics of muscle growth and fillet quality.



2.1.4 Intermuscular bone

Intermuscular bone (IB) is a small spicul-like bone present in the muscular septum of teleost fish that adversely affects the food and economic value of fish (83). The expression profiles of mRNAs and ncRNAs (lncRNAs and miRNAs) were different in blunt snout bream (Megalobrama amblycephala, M. amblycephala) at two intermuscular bone (IB) growth stages (1 and 3 years old) (50). The slow-growing IB-3 was found to possibly be due to the reduced osteoblast differentiation and Ca2+ deposition caused by ZIP1 downregulation. In addition, 14 ceRNA axes related to the growth of IBs were identified with 10 lncRNAs, 7 miRNAs, and 10 mRNAs (50). Among these RNAs, dre-miR-24b-3p and dre-miR-193b-3p were confirmed to be core miRNAs that could interact with 4 lncRNAs (LNC_007210, LNC_011298, LNC_001774, and LNC_017705) and 3 mRNAs (iron-regulated transporter (IRT)-like protein (ZIP), complement component 6 (C6), and M. amblycephala Gene 23275). In particular, the lnc017705-miR-24a-3p-ZIP1 axis is likely to regulate the development of IB (50), which suggests their regulatory roles in the growth of IB in M. amblycephala.



2.1.5 B chromosomes

B chromosomes (Bs) are predominantly found in karyotype species of eukaryotic taxa and are considered extra or redundant chromosomes (84). Recently, Bs in fish were found to also be able to generate lncRNAs, termed B chromosome long noncoding RNA (BncRNA) (67). BncRNA is transcribed from a transcriptionally active repetitive DNA (BncDNA) that is highly expressed on all B chromosomes in the cichlid fish (Astatotilapia latifasciata, A. latifasciata). In addition, BncRNA was predicted to be involved in the maintenance and segregation of the B chromosome during cell division by interacting with miRNAs on the B chromosome, including miR-129-3p, miR-9-5p, and miR-153a-5p (67), possibly leading to a new understanding of B chromosomes and lncRNA-miRNA regulatory networks in fish development.




2.2 Regulation in reproduction


2.2.1 Gonad maturation

ncRNAs, including lncRNAs, miRNAs, rRNAs, and piRNAs, have been found to show differential expression between mature and immature gonads of infemale sharpsnout seabream (Diplodus puntazzo, D. puntazzo) (51). The study found that 8 of the 10 lncRNAs that were identified in the National Center for Biotechnology Information (NCBI) basic local alignment search tool (BLAST) hit were highly expressed in immature fish, while 8 of the 10 identified miRNAs were highly expressed in mature fish (51). Furthermore, putative lncRNA-miRNA-mRNA hybridizations were constructed, which included 3 lncRNAs (DP-novel-07606, DP-novel-06984, and DP-novel-07767), 5 miRNAs (miR-122-1, miR-129, miR-125c, miR-7a, and ENSGACT00000282061), and 3 mRNAs (XR_003984576.1, XR_003429050.1, and XR_001814721.1) (51). Most miRNAs in these networks have been proven to be associated with a broad range of physiological processes, including gonad maturation. For example, miR-125c can inhibit the maturation of immature females by inhibiting the expression or proteolysis of vitellogenins and yolk proteins (68). In addition, follicle-stimulating hormone receptor (FSHR) is a target of miR-125c, which is a critical gene for the growth of the primary ovarian follicle (69), suggesting that lncRNAs highly expressed in immature gonads may promote gonad maturation by regulating the miRNA-mRNA pathway.



2.2.2 Steroidogenesis and Spermatogenesis

Similarly, ncRNAs also showed differential expression between gonads of different sexes in gynogenetic Japanese flounder. A total of 6772 differentially expressed mRNAs (3541 testis-biased and 3231 ovary-biased), 2284 lncRNAs (1870 testis-biased and 414 ovary-biased), and 244 miRNAs (146 testis-biased and 98 ovary-biased) were obtained between gynoenetic female ovaries and sex-reversed neomale testes (52). Clearly, the numbers of differentially expressed mRNAs and lncRNAs were significantly higher in the testis than in the ovaries, suggesting that ncRNAs function more actively in the neomale testis, especially lncRNAs. Furthermore, the lncRNA-miRNA-mRNA interaction network was constructed with 91 mRNAs, 64 lncRNAs, and 98 miRNAs. In this network, some hub miRNAs interact with many lncRNAs. For example, ovary-biased let-7 binds to 18 lncRNAs and targets dnah1, testis-biased miR-20a interacts with 14 DElncRNAs and targets dnah11, while the novel miRNA-82155_166 can cooperate with 57 lncRNAs to target most large mRNAs. These miRNA-associated regulatory axes involve numerous steroid biogenesis- and sperm motility-related genes and pathways, such as the cytoskeleton, microtubule cytoskeleton, cytoplasmic dynein complex, tubulin and actin binding (52). These data suggest the regulatory roles of the lncRNA-miRNA-mRNA network in steroidogenesis and sexual spermatogenesis in P. olivaceus.



2.2.3 Infertility

Moreover, the lncRNA-miRNA-mRNA ceRNA network was proven to be involved in the mechanism underlying infertility in fish. The liver is essential for fish fertility because it can synthesize vitelline and the precursor of vitelline, which is required for oocyte development and maturation (53, 85). Compared with fertile fish livers, sterile fish livers were found to have fewer vacuoles and significantly lower serum vitellogenin levels in P. olivaceus (86). Moreover, ncRNAs (mRNAs, lncRNAs, circular RNAs, and miRNAs) were differentially expressed in infertile and fertile individuals P. olivaceus). The lncRNA-miRNA-mRNA ceRNA network was constructed with 92 lncRNAs, 14 mRNAs, and 4 miRNAs, which included the identified potentially functional ncRNAs in steroid biosynthesis pathways, such as pol-miR-133-3p, pol-miR-221-3p, XLOC_008437, XLOC_015293, and XLOC_019323. Among the target genes, armadillo repeat-containing protein 6 (ARMC6), propionyl-CoA carboxylase alpha chain (PCCA), tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 2 (TANC2), transposable DNA element 5 (TNR5), and matrix metalloproteinase 28 (MMP28) were associated mainly with metabolism (fat and glycerophospholipid), signal transduction (complement and coagulation cascades), and immunity (RIG-I-like receptor signaling pathway) (86). These results indicate that fish infertility is related not only to histological structure, hormone secretion, and the steroid biosynthesis pathway but also to liver metabolism, immunity, and signal transduction, which may all be regulated by ncRNAs and their ceRNA network.




2.3 Regulation in bacterial infection

Infection is a life-and-death struggle between host and pathogen (54), in which host must mobilize its immune system to win (55). Similar to other vertebrates, the immune response of organisms to the invasion of foreign pathogens in teleost fish usually involves the regulation of ncRNAs, especially lncRNAs and miRNAs (19, 20). In fish infected by various types of bacteria or viruses, many immune-related lncRNA-miRNA-mRNA regulatory networks have been identified and play an antibacterial, antiviral or opposite role, as shown in Figure 3.




Figure 3 | Schematic presentation of the main lncRNA-miRNA-mRNA axes involved in the fish antipathogen immune response. (up) Main lncRNA-miRNA-mRNA axes related to the antibacterial immune response in fish. (down) Main lncRNA-miRNA-mRNA axes related to antiviral immune response in fish.




2.3.1 Aeromonas hydrophila (A. hydrophila)

lncRNA-WAS, lncRNA-C8807, lncRNA-SUMO3, lncRNA-HDMO13, lncRNA-ANAPC2 and lncRNA-NEFM were recently identified in grass carp (C. idella) and are constitutively expressed in all tested tissues, including the spleen, muscle, brain, heart, fin, and gill (66, 70, 87). However, their expression levels in grass carp kidney (CIK) cells after infection by A. hydrophila were found to increase during the initial infection but began to decline and even returned to normal levels later, suggesting their response to A. hydrophila infection in cells. Furthermore, overexpression of these lncRNAs was found to significantly promote the cell activity of NF-κB and inflammatory factors, including tumor necrosis factor (TNF)-α, IL-1β, IL-6, IL-8, IL-12, and TGF-β (66, 70, 87). Furthermore, lncRNA-WAS and lncRNA-C8807 were shown to interact with miR-142a-3p to regulate the expression of its targets tnfaip2 and glut3 (70). lncRNA-SUMO3 and lncRNA-HDMO13 may act as sponges to regulate miR-21 and miR-142a-3 to affect their target genes, c-Jun N-terminal kinase (jnk) and CC-chemokine receptor 7 (ccr7), glucosetranspoter isoform (glut3), and tumor necrosis factor alpha induced protein 2 (tnfaip2) (66). LncRNAANAPC2 and lncRNA-NEFM interact with miR-451 to target histone deacetylase 8 (hdac8) and natriuretic peptide receptor 2 (npr2) (87). These network targeting genes tnfaip2, jnk, cc7, glut3, npr2 and hdac8 were all proven to induce inflammatory responses associated with the NF-kB or MAPK pathway (56, 60, 61, 71, 88). These data suggest that the lncRNA-miRNA-mRNA networks mediated by lncRNA-WAS, lncRNA-C8807, lncRNA-SUMO3, lncRNA-HDMO13, lncRNAANAPC2 and lncRNA-NEFM play positive regulatory roles in the inflammatory response of grass carp to A. hydrophila challenge.



2.3.2 Aeromonas salmonicida (A. salmonicida)

Based on the identified lncRNAs, miRNAs, and mRNAs that were differentially expressed in gills of Atlantic salmon (Salmo salar, S. salar) infected with A. salmonicida, an immune-related lncRNA-miRNA-mRNA ceRNA network was constructed (72). This network includes 32 lncRNAs, 10 miRNAs, and 16 mRNAs, which are associated with many immune-related signaling pathways, such as p53, (Wnt)/β-chain protein (β-catenin), mammalian target of rapamycin (mTOR), Janus kinase (JAK)/signal transducer and activators of transcription (STAT), and Toll-like receptor (TLR). In addition, three typical lncRNA-miRNA-mRNA axes were found: TCONS_00079020- miR-155-5p- atm (ataxia telangiectasia-mutated gene), LOC106564649- miR-551-3p- tp53, and TCONS_00022856- miR-8157-3p- mdm4 (murine double minute 4), which were all included in the p53 signaling pathway (85). Meanwhile, 1091 lncRNA-miRNA-mRNA network axes were constructed in black rockfish (Sebastes schlegelii, S.schlegelii) spleen infected with A. salmonicida, which included 400 lncRNAs, 69 miRNAs, and 70 mRNAs (73). The main immune-related signaling pathways involved in the network axis were nutrient metabolism, cell adhesion molecules (CAMs), phagocytosis, and degradation. In the regulatory networks, NLRC3-like genes can be regulated by 17 lncRNAs but only one miRNA (novel_264) at the same time. The key ceRNA triple regulatory network was focused on the LNC_00116154-novel-264-NLRC3 pathway, which may play an important immune regulatory role in the resistance of black rockfish against A. salmonicida infection (73). These results indicate the regulatory roles of the lncRNA-miRNA-mRNA network in the immune response of teleost fish against A. salmonicida infection.



2.3.3 Edwardsiella tarda (E. tarda)

A total of 115 differentially expressed lncRNAs were identified in the intestine of olive flounder infected by E. tarda (89). Among these RNAs, 64 lncRNAs together with 31 miRNAs and 1,766 mRNAs constituted the lncRNA-miRNA-mRNA regulatory network. Many immune-related processes or signaling pathways are involved in the miRNA-mRNA regulatory network mediated by these lncRNAs, such as the signaling pathways of autophagy, peroxisome proliferator-activated receptor (PPAR), endocytosis, mitogen-activated protein kinase (MAPK), Notch, and phagosomes. In addition, two potential ceRNA regulatory networks were preliminarily identified: LNC_001979- novel_171- Potusc2 and LNC_001979- novel_171- Podad1 in the intestine of olive flounder, suggesting their roles in anticeRNA regulatory networks (89). Both tusc2 (tumor suppressor candidate 2) and dad1 (defender against cell death 1) could encode multifunctional proteins associated with cellular processes (57, 90), which suggests that Potusc2- and Podad1-tagged ceRNA regulatory networks may play an important role in regulating the antibacterial immune response against E. tarda in olive flounder.



2.3.4 Pseudomonas plecoglossicida (P. plecoglossicida)

In addition, the network of lncRNA-miRNA-mRNA relationships was also proven to be involved in the regulation of immune responses in the spleen of Epinephelus coioides (E. coioides) infected by P. plecoglossicida (63, 64, 91, 92). Compared with the wild-type strain of P. plecoglossicida, infection with the L321_RS19110-RNAi (RNA interference) strains, sigX-RNAi strains, L321_20267-RNAi strains, or L321_RS15240-RNAi strains resulted in a delayed onset time, a 20%-50% reduction in the mortality rate of E. coioides, and a reduction in symptoms in the spleen, suggesting that L321_RS19110, sigX, and L321_20267, and L321_RS15240 are important disease-causing genes for P. plecoglossicida (63, 64, 91, 92). Moreover, these RNAi strains had significant effects on immune-related genes in P. plecoglossicida-infected E. coli, which were associated with the expression of many lncRNAs. Many upregulated mRNAs are involved in important immune response processes in the spleen, including chemokine or cytokine signaling pathways, receptor-ligand interactions, and antigen processing and presentation (63, 64, 91, 92). For example, chymotrypsin-like elastase family member (cela) 1 was associated with 16 lncRNAs and 4 miRNAs, cela2 was associated with 20 lncRNAs and 5 miRNAs, chymotrypsin B (ctrb) was associated with 24 lncRNAs and 18 miRNAs, and trypsinogen (prss) was associated with 15 lncRNAs and 19 miRNAs (91). In addition, these immune genes are predicted to be regulated by miRNAs and lncRNAs in complex ways, including the formation of lncRNA-miRNA-mRNA ceRNA networks (63, 91, 92). These results suggest that upregulation of immune response-related regulatory lncRNA-miRNA-mRNA networks in P. plecoglossicida-infected E. coli may enhance the body’s antibacterial capacity.



2.3.5 Streptococcus agalactiae (S. agalactiae)

In S. agalactiae-challenged tilapia (Oreochromis niloticus, O. niloticus), 1281 lncRNAs were found to be differentially expressed during infection (65). Among the constructed lncRNA-miRNA-mRNA ceRNA networks, 4 lncRNA (MSTRG.2496.2, MSTRG.204071.1, MSTRG.61707.9, and MSTRG.129013.3)-mediated networks were highly correlated in the spleen and kidney, the main target organs of S. agalactiae. In addition, these four lncRNA-mediated ceRNA networks included 6 miRNAs (miR-265, miR-574, miR-466, miR-2305, miR-7082, and miR-4739) and 6 mRNAs (ON_73287, ON_86194, PB_14857, PB_1748, PB_10169, and EN_09656), which were involved in several key immune signaling pathways, such as the cytokine-cytokine receptor interaction pathway, Toll-like receptor signaling, endocytosis pathway, and lysosomal metabolic pathway (65). These data further illustrate the role of lncRNAs and their mediated ceRNA networks in innate immunity against bacterial infection in tilapia.



2.3.6 Vibrio anguillarum (V. anguillarum)

In Vibrio anguillarum (V. anguillarum)-infected Japanese flounder, 414 lncRNAs were identified that exhibited differential expression, of which 36 lncRNAs acted as competing endogenous RNAs (ceRNAs) interacting with 16 miRNAs and 37 mRNAs (93). Mainly 10 immune pathways were involved in the ceRNA regulatory networks, such as pathogen recognition and killing, NF-κB-regulated inflammation response, apoptosis, and adaptive immunity (93). This finding supports the relationship between the identified ceRNA networks and antibacterial immunity in V. anguillarum-treated flounder. Similarly, many lncRNAs were also identified in the spleen tissues of Miiuy croaker (Miichthys miiuy, M. miiuy) challeged with V. anguillarum (94). Interleukin-1 receptor-related kinase (IRAK)-4-related lncRNA (IRL) is one of the significantly upregulated lncRNAs induced by V. anguillarum. Knockdown of IRL significantly inhibited the expression levels of tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8, and IL-1β in miiuy croaker intestines cells (MICs) upon lipopolysaccharide (LPS) stimulation. In addition, IRL knockdown increased apoptosis but decreased the viability of LPS-treated MICs. Furthermore, IRL was found to act as a sponge for miR-27c-3p to enhance IRAK4 expression, which is a critical regulator involved in the TLR-dependent immune response, thus inhibiting the innate antibacterial response mediated by the production of inflammatory cytokines resulting from activation of the TLR-nuclear transcription factor (NF)-κB signaling pathway. Moreover, the IRL-miR-27c-3p-IRAK4 ceRNA network 4 was shown widely in other teleost fish, including Nibea diacanthus (N. diacanthus) and Larimichthys crocea (L. crocea), suggesting the relative conservation of the existence and function of this axis in fish species (94). These results indicate that IRL is a positive regulator of antibacterial responses in fish species by sponging miR-27c-3p.




2.4 Regulation of viral infection


2.4.1 Siniperca chuatsi rhabdovirus (SCRV)

The lncRNA-miRNA-mRNA regulation mechanism also exists in the innate antiviral responses of Miiuy croaker to SCRV. Xu reported that a total of 897 lncRNAs were differentially expressed in SCRV-infected spleen samples of miiuy croaker, including the newly identified upregulated lncRNAs antiviral-associated long noncoding RNA (AANCR), mitochondrial antiviral signaling protein (MAVS) antiviral-related lncRNA (MARL), nucleotide oligomerization domain 1 (NOD1) antibacterial and antiviral-related lncRNA (NARL), MIR2187HG and MIR122HG (58, 74, 95–97). Among these RNAs, AANCR, MARL and NARL were subsequently shown to function as positive regulators to counteract the enhancement of SCRV replication. Knockdown of AANCR, MARL, or NARL can promote SCRV replication in SCRV-treated MICs and reduce the expression levels of antiviral-related immune genes, including type I interferon (IFN-1), TNF-α, myxovirus resistance protein 1 (MX1), interferon-stimulated gene 15 (ISG15) and viperin. In addition, their silencing also inhibited cell proliferation in SCRV-treated MICs, whereas their overexpression significantly promoted cell proliferation (74, 95, 96). Mechanistically, AANCR, MARL and NARL were shown to act as ceRNAs by sponging miR-210, miR-122 or miR-217-5p, respectively, to relieve their repressive effects on antiviral gene expression of stimulator of interferon genes (MITA), MAVS or nucleotide oligomerization domain receptor 1 (NOD1), thereby maintaining the stability of the antiviral response of the body and ensuring an appropriate inflammatory response (74, 95, 96). In contrast, MIR2187HG and MIR122HG were proven to be negative regulators to counteract the enhancement of SCRV replication (58, 97). MIR2187HG was identified as a developmental reservoir or as premiR-2187 of miR-2187-3p to increase its expression in SCRV-treated miiuy croaker, thereby inhibiting intracellular TANK-binding kinase 1 (TBK1) expression and TBK1-mediated signaling of NF-κB and interferon regulatory Factor 3 (IRF3) (97). MIR122HG was found to decrease the transforming growth factor-β-activated kinase 1 (TAK1)-triggered NF-κB and IRF3 signaling pathways by acting as a precursor of miR-122-5p (58). These results suggest that the upregulated lncRNAs in miiuy croaker infected by SCRV can positively or negatively regulate the body’s antiviral immune response by interacting with miRNAs, which can not only maintain the stability of the response but also avoid an excessive response to maintain a stable and appropriate antiviral immune response.



2.4.2 Orthomyxovirus (POMV)

In POMV-infected Atlantic salmon, Samsing found that a total of 86 lncRNAs and 478 miRNAs were aberrantly expressed in the gill tissues of infected fish (75). Through the analysis of the ceRNA network constructed between miRNAs, lncRNAs and mRNAs, noncoding RNAs targeting mRNAs were found to be concentrated mainly on genes involved in the immune response process. Among them, the pathway consisting of lncRNA MSTRG.13941.1, miRNA-30e-3-3p and selenoprotein Ja (selja) attracted attention. MSTRG.13941.1 is one of the lncRNAs that rarely changes in fish in the late stage of virus infection. The predicted target genes of miRNA-30e-3-3p include not only fish genes but also virus genes, while the expression level of selja involved in selenium (Se) transport was significantly reduced in late-stage infected fish (75). Selenium is an essential micronutrient for a variety of organisms and has important physiological functions, such as promoting immunity and antioxidation (76), suggesting that the MSTRG.13941.1/miRNA-30e-3-3p/Selja pathway may be involved in virus clearance and homeostasis restoration by regulating selenium metabolism in fish, which requires further study.




2.5 Regulation in other stress responses

In an expression analysis of ncRNAs in Nile tilapia (Oreochromis niloticus, O. niloticus) under at least 15 different tissues and different stress conditions (e.g., hypoxia, cold, alkalinity, salinity, and Streptococcus agalactiae (S. agalactiae) infection), 1955 tissue-specific lncRNAs and 99 stress-related lncRNAs were identified (98). Ninety-nine stress-related lncRNAs were predicted to bind to 448 miRNAs, of which 10 lncRNAs contained a motif complementary to 17 mature miRNAs, including the TCONS_00151992-dre-miR-128-5p pair (98). Similarly, when rainbow trout were exposed to acute heat stress, a total of 2605 lncRNAs, 214 miRNAs and 5608 mRNAs were found to be differentially expressed in the head kidney (77). Then, a lncRNA-miRNA-mRNA ceRNA interaction network was constructed based on these differentially expressed lncRNAs, which were significantly enriched in the innate immune response. Immune-related ceRNAs may regulate the acute heat stress-induced response mainly by the MAPK signaling pathway (77). In addition, comparing the whole transcriptome of skin in wild-type rainbow trout, a total of 1630 lncRNAs, 50 miRNAs and 2448 mRNAs were differentially expressed in the skin of yellow mutant rainbow trout, which involved numerous key innate immune-related signaling pathways (78). In the immune-related lncRNA-mediated ceRNA network, the lncRNAs MSTRG.11484.2, MSTRG.32014.1 and MSTRG.29012.1 together with PC-5p-43254_34, PC-3p-28352_70 and bta-miR-11987_L-1R-1_1 ss8TA were identified to regulate at least 3 immune-related genes, interferon-induced helicase C domain-containing protein 1 (ifih1), DEXH (Asp-Glu-X-His) box polypeptide 58 (dhx58) and irf3 (78). These results suggest that the lncRNA-mediated ceRNA network is involved in the fish immune response to various stresses.




3 Potential application of the lncRNA-miRNA-mRNA axis in fish

Regarding the above description of lncRNA-miRNA-mRNA interactions in fish, we can speculate that this regulatory mode is highly conserved in biological genetic evolution, although the conservation of lncRNAs is considered to be much lower than the conservation of miRNAs, suggesting that similar to mammals, the lncRNA-miRNA-mRNA axis may also be a potential disease or nondisease biomarker in fish and also suggesting that strategies used in mammals to modulate lncRNAs or miRNAs as molecular targets (silencing or activation) may also be useful in the diagnosis and treatment of fish domestication or disease treatment. Even though lncRNAs are less conserved in fish, targeting the regulation of miRNAs targeted by lncRNA sponges is also a valuable tool for the development of novel therapeutics and high-value biotechnological products for fish. Currently, well-established biotechnologies for lncRNA or miRNA inhibition in mammals include the use of oligonucleotides, RNA interference or small molecule inhibitors, nucleic acid restriction, and clustered regularly interspersed short palindromic repeats (CRISPR)−Cas9 (79, 99–101). In contrast, biotechnologies targeting lncRNA or miRNA overexpression use mainly mimics or viral vector-based gene restoration, transcriptional upregulation, and therapeutic manipulation of ncRNA promoters (102, 103).

In addition, the expression profiles of lncRNAs and mRNAs were found to be altered in the intestine of rainbow trout fed a probiotic diet, suggesting that diet can alter the expression patterns of noncoding RNAs and genes in vivo (104). Furthermore, feeding shrimp with bacteria expressing shrimp miR-34 could significantly increase the expression level of miR-34 or mja-miR-35 in shrimp, thereby exerting an antiviral effect against white spot syndrome virus (WSSV) infection. These shrimp were then cooked and fed to a human tumor xenograft mouse model, and the lung metastatic ability of the tumor was significantly reduced in these mice (105, 106). Moreover, dietary miRNA absorption was confirmed to indeed occur in the stomach mediated by mammalian systemic RNA interference defective-1 (SID1) transmembrane family member 1 (SIDT1), which is a key transporter enriched in the stomach (105, 107). These results suggest that dietary or oral administration is an efficient way of delivering ncRNAs in vivo for the treatment of diseases such as viral infections or tumors. Using a simple and convenient dietary ncRNA approach to alter nutritional or reproductive strategies regulated by the lncRNA-miRNA-mRNA network would be an effective strategy to improve feeding/breeding efficiency and fishery production.



4 Conclusions and discussion

Over the past 20 years, ncRNA-related research has expanded dramatically, especially in the context of human disease. In fish, novel rearing/reproduction strategies targeted by noncoding RNAs have attracted attention to achieve the intriguing goal of optimizing fish growth while maintaining high nutritional value. In recent years, a variety of ncRNAs have been identified and molecules in fish, their functions and molecular mechanisms have gradually become clear, and several fish ncRNA databases have been established, such as FishDB (http://fishdb.ihb.ac.cn) (108). However, compared with the available information for mammals, the amount of information about teleost ncRNAs is still limited. The expression patterns, regulatory functions and molecular mechanisms of ncRNAs in fish need to be further studied. Here, we review the composition and role of the lncRNA-mediated miRNA-mRNA regulatory network in fish growth and development (brain, hepatopancreas, immune organs, skeletal muscles, intermuscular bone, B chromosomes), reproduction (gonad maturation, steroidogenesis, spermatogenesis and infertility), bacterial infection (A. salmonicida, V. anguillarum, E. tarda, A. hydrophila, S. agalactiae, and E. coioides), viral infection (SCRV and POMV), and other biological processes, as shown in Table 1. These data allow us to better understand the molecular regulatory mechanisms of lncRNA-miRNA-mRNA regulatory networks in fish responses to various environmental stress stimuli and provide new ideas for fish domestication, breeding and feeding, as well as the diagnosis, prevention and treatment of diseases. Interestingly, we found that the regulation of LNC RNA-miRNA-mRNA regulatory networks on the abovementioned fish physiological or pathological processes is basically related to immunity, which further indicates the importance of the fish immune system and immune response in fish growth and development.

However, many lncRNA-miRNA-mRNA axes are limited to the prediction of biological information, and their regulatory relationships, regulatory effects on fish processes and molecular mechanisms have yet to be verified. In addition, the regulatory role of lncRNAs mediated by miRNAs may also be involved in other biological processes, but the composition and molecular mechanism of the lncRNA-miRNA-mRNA axis need to be confirmed. For example, the differential expression of miRNAs and lncRNAs was also found in tiger pufferfish (Takifugu rubripes, T. rubripes) of different sexes (109). Compared with female gonads, 79 lncRNAs were upregulated and 51 were downregulated in male gonads, while 3 mature miRNAs were upregulated and 3 mature miRNAs were downregulated. Moreover, several lncRNAs and miRNAs were also predicted to regulate the expression of sex-related genes in T. rubripes gonads, such as lnc_000338, lnc_000690, lnc_000370, fru-miR-15b, novel-167, and novel-318 (109). In the central nervous system (CNS) of the weakly electric brown ghost knifefish (Apteronotus leptorhynchus, A. leptorhynchus), a broad variety of ncRNAs were identified, including lncRNAs, miRNAs, snRNAs, snoRNAs, and other ncRNA sequences (110). These ncRNAs appear to be involved in neurodevelopmental processes such as neurogenesis, neuroregeneration, neuronal differentiation and the neural basis of behavior (110, 112). In addition, in adult zebrafish fed a high-cholesterol diet, the ncRNA regulatory network was shown to be associated with nonalcoholic fatty liver disease (NAFLD) (113). Thirty-two hub lncRNAs, 5 hub miRNAs, and 8 hub mRNAs were identified to be associated with NAFLD-related regulation (113). These results suggest that the regulation of ncRNAs in fish sex determination and differentiation, CNS development, and liver metabolism in fish may be mediated by lncRNA-miRNA-mRNA ceRNA networks, which need to be studied further.

Overall, the available data on the lncRNA-miRNA-mRNA regulatory network in teleost fish, acting as a regulator in physiology and pathology, support its critical role in maintaining cellular homeostasis and functions. However, many regulatory axes are still limited to biological predictions, and more in vivo and in vitro studies are needed to confirm their composition and function. Additionally, there are still many obstacles that need to be overcome in the research process of noncoding regulatory genes in fish, such as novel ncRNA-based biotechnology tools, screening of core molecular markers, precise intervention strategies, and development of specific ncRNA-related modulators. Therefore, solving the above problems will be an important direction for future fish species research and will further promote the development of selective breeding and sustainable aquaculture.
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TLRs; Immunity

Actin cytoskeleton; Tight junction;
Focal adhesion

Myoblast proliferation

TGE-B;
Protein catabolism/anabolism;
Immunity

Osteoblast differentiation;
Ca2" deposition

Maintenance and segregation of B
chromosome

Gonad maturation

Steroidogenesis; Spermatogenesis

Steroid biosynthesis; Metabolism;
Immunity;
Signal transduction

P53; Wnt/p-catenin; mTOR;
Metabolism; Immunity; Phagocytosis;
TLRs; Degradation

Pathogen recognition and killing;
NF-kB;

Apoptosis;

Immunity

Autophagy; PPAR, Endocytosis;
MAPK, Notch; Phagosomes;
Immunity

NE-kB;
MAPK;
Immunity

Cytokines;

TIRs;

Endocytosis; Lysosomal metabolic;
Immunity

Immunity; Chemokine; Cytokine;
Antigen processing and presentation

Cell proliferation; NF-KB;
IRE3;
Immunity

Selenium transport

MAPK; Phagosome;
Immunity;
NOD-like receptor;
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