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Abstract

:

Extreme environments are characterized by peculiar conditions, such as hypoxia/anoxia, freezing/heat temperatures, and desiccation. With climate change, more and more habitats are facing extreme conditions and living communities are finding ways to adapt in order to survive. In this study, we show several species which have been shown to adapt to marine extreme conditions also via miRNA-mediated responses. miRNAs are a class of small non-coding RNAs that mediate gene regulation via interactions with transcripts. Their action can directly or indirectly regulate pathways that can result in a response to a specific condition. Furthermore, the study of these miRNA-mediated responses could help in the biotechnological field for their application in the development of environmental biomarkers of stress conditions, or in the genetic engineering of algal species for the production of high-value compounds.
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1. Introduction


In an anthropocentric point of view, “extreme” is the furthest living condition with respect to our tolerance range. Therefore, we define “extreme” as an environment in which physical (temperature, pressure, radiation, etc.), geochemical (desiccation, salinity, redox potential, etc.), and biological (predation levels, population density levels, low nutrition, etc.) factors are at the limits of a normal range, taking into consideration typical model organisms like Escherichia coli or humans [1,2]. Examples of extreme environments are hydrothermal vents, deep sea, hot springs, anoxic environments, etc. In addition, climate changes play a key role in the creation of constantly changing habitats [3] that are challenging the inhabitant species, influencing their distribution and biodiversity, as well as abiotic conditions such as temperature, pH, salinity, oxygen levels, and many others [4,5].



These extreme environments are full of life, ruled by organisms called extremophiles. Firstly, it was thought they were only micro-organisms [6], but soon after, all domains of life were discovered to live under these conditions. For example, these organisms are referred to as thermophiles when living at high temperatures; psychrophiles when living under frozen ice; piezophiles when living under high pressures; or acidophiles when living in highly acidic habitats [7]. Historically, there was little knowledge about these organisms due to the inaccessibility of their habitats, but, nowadays, with the advent of new sampling technologies (e.g., Remotely Operated Vehicles, ROVs, for deep sea samplings) much more information is available. New research methodologies (e.g., metagenomics, high-throughput analyses, etc.) have been developed as well, in order to obtain higher- quality data starting from low-quantity sample materials. The study of extremophiles is very important in many scientific fields because these environments have persistent evolutive pressures that make living organisms continuously adapt and develop novel strategies to survive. For instance, extreme temperatures lead to the denaturation of biomolecules on one side, and the formation of ice crystals in the cell on the other. In order to overcome these conditions, organisms have evolved different strategies such as the production of thermostable enzymes, such as saccharifying amylolytic enzymes (active at ~90 °C) in Archaea [8], or the accumulation of glycerol as an antifreeze in Osmerus mordax [9]. Another limiting factor is pressure that challenges organisms by forcing volumes to change, compressing lipids, and resulting in the destabilization of the cell membranes [10]. Piezophiles overcome it via changing the structure of their biomolecules [11]. Additionally, one of the most extreme conditions is hypoxia, i.e., the absence or very low concentrations of oxygen. This feature characterizes many environments, from the deep sea to high-altitude regions, but it can also interest temporarily some habitats, such as lakes during eutrophication events or intertidal ponds during desiccation. Furthermore, when hypoxia is related to aquatic environments, it refers to the availability of dissolved oxygen, which is influenced by depth, pressure, temperature, and salinity of water [12]. Generally, organisms have adapted to hypoxia/anoxia conditions by changing their metabolic rates and requirements.



In this review, we aim to summarize how organisms have adapted to extreme environmental conditions in the ocean, via gene expression regulation, and, in particular, through RNA-mediated gene silencing by the use of fine-tuned modulators called microRNAs (miRNAs).



1.1. Organism Metabolic Adaptations


One of the main strategies to adapt to extreme conditions is to severely reduce metabolic rates, which is called hypometabolism [13]. Entering in a hypometabolic state means going through the following different criteria: (1) global metabolic rate depression; (2) strategies to handle endogenous pollution by the accumulation of end products; (3) synchronization of metabolic responses by all cells by signaling; (4) reorganization of ATP expenditure at the cellular level; (5) modulation of gene expression; and (6) stabilization of macromolecules [14]. The first point is achieved by organisms via a strong net repression of the metabolic rate, that can be nearly 100% in cryptobiotic systems. This mechanism can be facilitated by several ways: a decrease in body temperature to near ambient [15], reducing physiological activities (movement, predation, feeding, etc.), and a specific inhibition of metabolic pathways. Furthermore, in order to limit internal pollution (point 2), especially in anoxic environments, organisms have developed different strategies: preference for producing easily excretable compounds, minimizing acidosis from anaerobic products, and use of end products for useful purposes (such as urea accumulation during estivation in desiccation resistance) [16,17]. In order to achieve a global modulation of the metabolism, signal transduction is a key step. For instance, in anoxia-tolerant species, this mechanism is led by the products of ATP degradation (such as AMP and IMP + NH + 4) acting as neurotransmitters [18].



Additionally, another strategy to respond to stressful conditions is to modulate specific metabolic processes. The main regulated pathways are glycolysis, tricarboxylic acid cycle (TCA cycle), and mitochondrial respiration. Glycolysis can occur both in anaerobic or aerobic conditions; it differs in the end products of the process, being lactate in an anaerobic process and pyruvate in an aerobic one [19]. It is one of the major pathways for ATP production, and it is also important for its intermediates that are used in the synthesis of amino acids and fat [20]. Subsequently, pyruvate is the initial substrate for the TCA cycle, which will be converted into acetyl-CoA and finally into malate, producing reducing power [21]. In this pathway, there is the production of the great majority of intermediates which are used in many other processes (such as amino acid production, inflammatory response, and regulation of immune response [22]). Thus, at the end of the pathway for the production of ATP, there is the mitochondrial respiration, or mitochondrial electron transport process. All the reducing power produced in the previous metabolic pathways is used in the mitochondria for the synthesis of ATP. The potential energy generated is used to power ATP synthase via letting protons cross the mitochondrial membrane through the complex channel [21]. When an environmental condition becomes stressful, organisms can down-regulate these pathways in order to reduce the metabolic rate and the expense of energetic molecules, and to accumulate intermediates in order to use them in other mechanisms.



Furthermore, another strategy is to accumulate antioxidants during oxidative stress. Oxidative stress is produced under extreme conditions such as desiccation, high salinity levels, low not-freezing temperatures, high irradiances, and the presence of pathogens [23]. In addition, metabolic processes, especially oxygenic photosynthesis, can lead to the production of by-products called reactive oxygen species (ROS). These are a major threat to living organisms because they are a category of free radicals that include superoxide, hydroxyl radical, and singlet oxygen, which are highly reactive and can compromise cellular components [24]. Nonetheless, ROS have been reconsidered as signaling molecules for oxidative stress, that lead to the development of acclimatory responses [25]. One way by which organisms respond to the accumulation of ROS is the enhancement of the production of antioxidant molecules, and subsequently their accumulation in the cells. Commonly, an antioxidant is a molecule that significantly delays or suppresses the oxidation of a certain substrate [26]. For instance, the cyanobacteria Spirulina platensis enhances the production of lipophilic antioxidants (carotenoids and α-tocopherol) and hydrophilic ones (glutathione and ascorbic acid) under increasing H2O2 levels [27]. Since it has been observed that different conditions lead to the generation of ROS, it has been shown that stress-induced changes in ROS/REDOX homeostasis also enhance the production of flavonoids [28,29], which are ROS scavengers that inhibit and reduce ROS concentration, once formed [30,31]. Other important and most studied antioxidants are carotenoids, that are produced in plants, algae, and microbes [32,33]. They are a class of compounds that structurally derives from tetraterpene lycopene. Usually, they are synthesized as primary compounds for photosynthesis, as accessory pigments, and also as secondary storage metabolites [34], but in the presence of oxidative stress, they act both as ROS scavengers and radical quenchers [35]. Among all the carotenoids, there are several of industrial relevance, such as β-carotene, echinenone, lutein, or zeaxanthin [36].



In addition, an overproduction of lipids by the organisms during oxidative stress [37] has been observed. Interestingly, lipids are one of the main targets of ROS, and are oxidized to the maximum possible extent or to form lipid peroxides via lipid peroxidation [38]. However, the lipid action in the oxidative stress response still remains unclear.




1.2. Cellular Adaptations


Generally, the cell cycle is comprehensive of signaling and regulatory pathways that are called cell cycle checkpoints [39]. These checkpoints control the successful execution of events before going through the next cellular phase. Regulation factors can temporarily block the cell cycle in these points due to the presence of cellular damage, or of environmental/exogenous stress, or due to lack of essential growth factors, nutrients, or hormones [40]. If the damage or stress is not solved, there is the activation of pathways for programmed cell death, such as apoptosis.



In order to achieve cell cycle arrest and/or cell death, there is the activation of different signaling molecules. When stress conditions (such as hypoxia, oxidative stress, or DNA damage) are present, there can be the activation of p53 complex via phosphorylation and acetylation, and subsequently the activation of target genes, that express for cell-cycle arrest, DNA repair, apoptosis, or autophagy [41]. Another important signaling factor is a protein kinase called mechanistic target of rapamycin (mTOR), that is part of the catalytic subunit of two protein complexes called mTOR Complex 1 (mTORC1) and 2 (mTORC2). The first is known to control global metabolic pathways; moreover, according to exogenous conditions, it can balance anabolism and catabolism by repressing catabolic processes. Mainly, mTORC1 responds to environmental stress, such as hypoxia, DNA damage, and low ATP or nutrient levels [42]. On the other hand, mTORC2 promotes cell proliferation, growth, and survival by phosphorylating and activating the protein kinase B (Akt), a key effector of insulin/PI3K signaling [43]. In the end, if the cell fails to overcome the damage or stress, it goes through programmed cell death.





2. RNA-Mediated Gene Silencing: A Way to Adapt to the Environment


2.1. Gene Silencing: The Role of Non-Coding RNAs


Gene silencing is a regulatory mechanism that allows an organism, or a cell, to knockdown the expression of a certain gene [44]. Among all the organisms, there are different types of gene silencing, e.g., histone modification, transposon silencing, RNA interference (RNAi), etc., and they are grouped into transcriptional and post-transcriptional regulation, depending on if they interact with DNA or mRNA [45].



RNAi is an ancient mechanism conserved in all organisms, which was primordially evolved as a defense against exogenous nucleic acids [46]. It uses non-coding RNAs that bind nucleic acids and recall protein complexes in order to suppress the transcript. It may have originated during the period known as “RNA World”, where all the biological and genetic functions of archaic organisms were sustained by RNAs [47]. Its discovery occurred in the 1993, when in Caenorhabditis elegans was found the gene lin-4 to code for a small non-coding RNA (now known as microRNA), that knockdowns the gene lin-14 by interacting with its mRNA via RNA–RNA interaction [48]. Generally, the production of miRNAs begins with a pri-miRNA that undergoes different maturation processes, depending on the organism under analysis, obtaining a molecule that is long ~21 nt in plants and ~22–24 nt in animals [49]. All in all, miRNAs are emerging as an important tool to increase the knowledge of regulatory pathways, but also in ecological analysis to understand the adaptative responses of organisms to changing environments.




2.2. miRNA Biogenesis


miRNA biogenesis is a process that involves the action of several enzymes that process small precursors into mature molecules (Figure 1) [50]. miRNAs are endogenous molecules that are expressed by both intronic or exonic genes or can be organized in clusters. They are synthesized by RNA polymerase II in the form of a hairpin-shaped precursor, called pri-miRNA. From this point of their biogenesis, different processes and enzymes are known for animals, plants, and algae.



The pri-miRNA of animals (Figure 1a) is processed in the nucleus by a RNAse III enzyme called Drosha, with the help of two proteins Pasha and Ars2 [51], forming another precursor of ~70 nt called pre-miRNA. The complex of Drosha–Pasha cuts asymmetrically the pri-miRNA generating a 3′ protruding end, that facilitates the recognition by an exportin (Exp5) and by another RNAse III enzyme called Dicer [52]. At this point, the pre-miRNA molecule is exported into the cytoplasm by the Exp5 and here it is processed by Dicer, that cleaves the hairpin and generates a ~22 nt miRNA/miRNA* (where “*” stands for the miRNA strand that will be later released and degraded) duplex with 2 nt 3′ overhangs [49]. In the end, one of the two strands is loaded onto an Argonaute (AGO) protein, which will constitute the catalytic compartment of the RNA-induced silencing complex (RISC), and the other strand is later degraded [53].



On the other hand, in plants (Figure 1b), both the pri-miRNA and the pre-miRNA are processed by a Dicer homolog called Dicer-like 1 (DCL1), assisted by the Hyponastic Leaves 1 (HYL1/DRB1) and Serrate (SE), forming the miRNA/miRNA* duplex inside of the nucleus [54]. It is later exported into the cytoplasm by a transporter called HASTY [55]. Finally, one of the two strands is loaded onto an AGO protein, forming the RISC complex.



Regarding algae, there is less knowledge about the mechanisms of biogenesis. Taking into consideration the studies in Chlamydomonas reinhardtii (Figure 1c), for which much information is available compared to other microalgae, both the pri-miRNA and the pre-miRNA molecules are processed by Dicer-like 3 (CrDCL3) protein, associated with DUS16, as a component of the microprocessor complex, forming the miRNA/miRNA* duplex [56]. It is not known whether these processes occur both in the nucleus or there is the exportation of one of the two precursors into the cytoplasm. In the end, one of the two strands is loaded onto an AGO protein, forming the RISC complex.




2.3. miRNA Mode of Action


Once the RISC complex is formed, it is active and can modulate gene expression via the binding of a mRNA target. The core of this complex is made of an AGO protein and a single strand of miRNA. The Argonaute family is an evolutionarily very conserved group of proteins, that share two common structural features: a PAZ (Piwi-Argonaute-Zwille) domain and a PIWI (P-element Induced WImpy) domain [57]. The first contains the binding site for the miRNAs and the second showed extensive homology to RNase H [58]. The RISC complex is able to recognize a target by pairing its miRNA to a region of the mRNA, usually at the 3′ UTR. The specificity of miRNAs is not so strict; in fact, it has been reported that miRNAs can recognize hundreds of different targets, overlapping their functions [59]. The mode of action of miRNAs differs among the organisms. Here, we report the main processes in animals, plants, and algae (Figure 2).



In animals (Figure 2a), miRNAs can bind their mRNA targets via imperfect complementarity, where only the nucleotide 2–7 of the miRNA (called “seed” region) have to perfectly pair with the target binding site. Generally, mRNAs are folded into a circular molecule by several interacting proteins. The process begins with the binding of a complex of eukaryotic translation initiation factor (eIF) to the 5′-terminal cap structure of the mRNA. The eIF4G interacts with poly(A)-binding protein (PABP), that binds the poly(A) tail, and the circularization of the molecule begins [60]. When the RISC complex recognizes and pairs with the binding region on the mRNA target, two kinds of repression can occur: destabilization of the molecule or translational repression. When the RISC complex is formed by an AGO1 protein, it can interact with the P-body protein GW182 [61]. This interaction is needed to recruit the carbon catabolite repression–negative on TATA-less (CCR4-NOT) deadenylating complex, that starts to degrade the poly(A) tail of the mRNA [62]. Subsequently, there is the decapping of the target, resulting in the destabilization of the molecule, and later it will be degraded. The translational repression event can occur at two different steps of the process: preventing translation initiation or preventing translation elongation. The first is made by the interaction of the AGO2-Dicer-TRBP (TAR-RNA Binding Protein) with the 60S ribosomal subunit protein and eIF6 [63]. It has been shown that eIF6 is important in the synthesis process of the 60S subunit in the nucleus, and it also carries this subunit to the cytoplasm [64]. On the other hand, the elongation is decelerated and later repressed via the interaction, observed by the co-sedimentation of the miRNA-AGO with the polysomes (ribosomes already bound to the mRNA) [65], although, in both translational repression mechanisms, there is not much information, so it is still unclear how exactly the processes occur.



Alternatively, in plants (Figure 2b), miRNAs show a near-perfect complementarity with their targets. When the RISC complex binds the mRNA, the AGO2 protein is able to cut the molecule, that will be later degraded. The PIWI domain of AGO proteins has a tertiary structure belonging to the RNase H family of enzymes, making them able to cleave RNA [66]. Even though this feature is conserved among the AGO proteins family, only the AGO2 is able to show a slicing mechanism.



On the other hand, the C. reinhardtii (Figure 2c) microalga’s miRNAs behave more like the ones of animals. They show an imperfect complementarity with their targets, binding only a seed region of the miRNA. When the RISC complex is bound to the mRNA, it can repress it via both translational repression and mRNA cleavage [49,67].




2.4. miRNA Conservation


The miRNA regulatory mechanism is a very ancient defense against exogenous molecules, and it is well conserved among the species [46]. Generally, during evolution, not only have organisms conserved the protein machinery that participate in miRNA processes, but also many miRNA sequences are shared across organisms, such as the fact that more than 30% of miRNAs are conserved in all bilaterian animals [68]. Moreover, it has been observed that the knockout of essential miRNAs and their associated protein machinery is not tolerated by animals, highlighting the importance of miRNA-mediated gene silencing for the organism survival. For instance, the loss of Dicer in Danio rerio results in lethal abnormalities in gastrulation and brain development in larvae [69]; and the lack of miRNA-specific Argonautes alg-1 and alg-2 causes the arrest in the morphogenetic elongation during the embryo stages [70]. Furthermore, miRNAs across organisms tend to conserve mostly the seed region, that is the site of specificity, because parallel to the evolution of miRNAs, there has been the evolution of target genes [71]. However, many essential miRNAs are conserved mostly in their entirety. For instance, mir-9a, a central modulator in the embryonic neural development [72], is conserved identically in Drosophila, mouse, and human [73]; and let-7, regulator of the late larval development [74], has not accumulated mutations between humans and worms [75].





3. miRNA-Mediated Adaptations to Marine Extreme Conditions


3.1. Organisms Experiencing Extreme Conditions during Their Lifetime


In order to adapt to different environmental conditions, living organisms can modulate their gene expression through differential expression of miRNAs. In this paragraph, we are going to present the adaptation of marine organisms via miRNA-mediated silencing to different extreme conditions, such as: hypoxia/anoxia, freezing temperatures, high salinity, and high light intensity. In particular, we report examples regarding six species for which information in this perspective are available: Dosidicus gigas, Hemiscyllium ocellatum, Apostichopus japonicus, Littorina littorea, Trematomus bernacchii, and Dunaliella salina (Table 1).



Dosidicus gigas, the so-called jumbo squid, is a marine species that during night is present at the surface of the oceans in order to feed. During the day, in order to avoid predators, they descend into the deep sea, dealing with hypoxia, high pressure, and cold water [76]. During hypoxia, the entering of the animal into a hypometabolic state has been observed, and a change in the expression of the miRNAs in the brain, mantle muscle, and heart [77] (Table 1). For instance, there is an up-regulation of miR-133 in the brain of the organism, that could have a neuroprotective action by inhibiting programmed neuronal death, targeting death-associated protein kinase 2 (DAPK2) [78]. This is a serine/threonine kinase that directly inhibits mTORC1 by phosphorylation, inducing programmed cell death, such as autophagy [79]. Additionally, miR-33 is up-regulated in brain and down-regulated in mantle muscle during hypoxia. It is generally involved in various metabolic pathways, such as the inhibition of cholesterol transporters ATP binding cassette subfamily A member 1 and subfamily G member 1 (ABCA1 and ABCG1) [80], and the repression of the genes Crot, Cpt1a, Handhb, Ampkα, and Irs2, that are known to code key enzymes for fatty acid metabolism [81]. More specifically, miR-33, with the cooperation of sterol regulatory element-binding protein (SREBP), inhibits two key enzymes of the gluconeogenesis: phosphoenolpyruvate carboxykinase (PCK1) and glucose-6-phosphatase (G6PC) [82]. The reason why it is overexpressed in the squid brain could be related to the attempt of achieving a metabolic rate suppression. Furthermore, in the mantle muscle, miR-100-5p is up-regulated. This miRNA has an important role in reducing oxidative stress by targeting NADPH oxidase 4 (NOX4) mRNA, in order to decrease the release of H2O2 [83]. In the heart, there is an overexpression of miR-29-3p, that is a modulator of the cardiac hypertrophy, acting on the synthetic pathways of proteins involved in cardiac fibrosis, potentially inhibiting target mRNAs such as: fibrillin 1 (FBN1), collagen type I, alpha 1 and 2 (COL1A1 and COL1A2), and collagen type III, alpha 1 (COL3A1) [84,85].



Another species that adapted to hypoxic environments is Hemiscyllium ocellatum, known also as epaulette shark. This species has adapted not only to live in cycling hypoxic environments, but also to temporary anoxia (~2 h at 19 °C) [86]. In order to survive, it seems that it is able to enter into a hypometabolic state, based on the switching to anaerobic ATP production in the shark brain [87]. Interestingly, the differential expression of miRNAs has been observed in response to anoxia, with an up-regulation of specific miRNAs [88] (Table 1). As such, there is an overexpression of miR-92, which is a modulator of the hypoxia-inducible factor (HIF) pathway [89]. More specifically, HIF-1α (one of the two factors composing the heterodimer HIF1) can lead to hypoxia-induced apoptosis through two processes: it can bind and stabilize p53, that can mediate for apoptosis, or it can induce the expression of the gene for BCL2/adenovirus interacting protein 3 (BNIP3), a pro-apoptotic protein [90]. Thus, the action of miR-92 results in an anti-apoptotic and anti-proliferative response. Additionally, miR-146b is up-regulated during anoxia, which prevents damages against ischemia, and it also has anti-apoptotic activity [91]. This miRNA attenuates the activation of the nuclear factor-κB (NF-κB) signaling pathway, by directly targeting multiple elements, including the Toll-like receptor 4 (TLR4) and the key adaptor/signaling proteins myeloid differentiation primary response (MyD88), interleukin-1 receptor-associated kinase 1 (IRAK-1), and tumor necrosis factor receptor-associated factor 6 (TRAF6) [92,93]. NF-κB is known to regulate different pathways, including inflammation responses.



On the other hand, another species that is interested in seasonal hypoxia is the sea cucumber Apostichopus japonicus, that lives in the estuaries. The regulation of 26 differentially expressed miRNAs has been observed in the respiratory tree (an organ for oxygen extraction) of the species under hypoxia stress [94] (Table 1). For instance, there are up-regulated miR-31 and miR-153 that act antagonistically on the HIF pathway, the first by promoting it via the inhibition of HIF suppressors, while the second represses the HIF-1α translation by targeting its mRNA [95]. In addition, miR-184 and miR-375 are up-regulated during hypoxia, generally in order to reduce autophagy [87]. Nonetheless, they are also linked to high oxidative stress levels, and miR-375 is associated also with increased apoptosis [96,97].



Furthermore, an interesting example is Littorina littorea, a sea snail that inhabits the intertidal zone, in which there is the formation of continuously changing microenvironments. Thus, the differential expression of miRNAs has been observed during freezing temperatures (−6.7 °C to −7.5 °C), and anoxia in the foot muscle and hepatopancreas of the species [98] (Table 1). Interestingly, the levels of Dicer protein increased in the foot and in the hepatopancreas during freezing, suggesting an increased production of mature miRNAs during stress conditions. For example, there is an up-regulation of miR-210 in anoxic hepatopancreas, which may act as a repressor of mitochondrial respiration, and may be associated with the metabolic shift that the species undergoes during freezing and anoxia [99]. Indeed, this miRNA is able to regulate several targets, such as the repression of: the iron-sulfur cluster scaffold proteins (ISCU1 and ISCU2), which are involved in the TCA cycle and mitochondrial respiration; the NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4 (NDUFA4); the succinate dehydrogenase complex subunit D (SDHD); and the glycerol-3-phosphate dehydrogenase 1-like (GPD1-L) [100]. In addition, there is the up-regulation of miR-29b in freezing hepatopancreas and foot muscle, but also a down-regulation of it in anoxic hepatopancreas. This miRNA is known to act in the Akt/PI3K pathway via inhibiting the phosphatidylinositol-3 kinase (PI3K) directly targeting its subunit p58α [101], thus it could negatively regulate the pathway via the indirect modulation of mTOR, negatively affecting the protein synthesis [102,103]. However, miR-29b can also directly act on p53 [104], which promotes a shift to anaerobic metabolism under oxidative stress [105]. That may be the reason why miR-29b is down-regulated in anoxic hepatopancreas.



In addition, Trematomus bernacchii is an Antarctic fish species that lives in cold freezing waters (−18 °C). Generally, under heat stress (+4 °C), this fish modulates its immune and inflammatory response via miRNAs-mediated gene silencing [106] (Table 1). In particular, tbe-miR-146a during heat stress regulates two pathways: the toll-like receptor (TLR) and the FoxO signaling pathway. The first is negatively modulated via the inhibition of the genes TRAF6 and IRAK1, that express the production of pro-inflammatory cytokines [107]. Furthermore, the FoxO signaling pathway is up-regulated indirectly by the action of miR-146a during acute heat stress. This miRNA decreases the translation of forkhead transcription factor O subfamily member 3a (FOXO3a) inhibitors, promoting apoptotic signaling [106]. Additionally, the miR-21 family (tbe-miR-21, tbe-miR-21a, and tbe-miR-21b) is differentially expressed under heat stress. The targets of these miRNAs are the genes FOXO3a and FOXO3b, repressing the FoxO signaling pathway and resulting in an anti-apoptotic response [108], in contrast to the one showed by miR-146a. Moreover, miR-21 targets also the phospholipase C (PLC) and phosphatidylinositol 3-kinase (PIK3c) involved in the PIK3-AKT signaling pathway, that modulate positively cell proliferation and growth [109,110].



Finally, Dunaliella salina is a halophilic microalga, that can live in extreme environments characterized by high salt concentrations [111]. In response to specific stresses, such as light intensity and salinity, it can stock a high quantity of β-carotene [112]. In correspondence to the above-mentioned stresses, the differential expression of miRNAs has been observed [113] (Table 1). Among all these miRNAs, novel-m0533-3p is the one that may be involved in the accumulation of β-carotene. It can inhibit malate dehydrogenase, which plays a central role in the TCA cycle [114]. This repression may decrease the participation of acetyl-CoA in the TCA cycle, promoting its involvement in the synthesis of geranylgeranyl pyrophosphate (GGPP), which is a precursor of carotenoids [115].
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Table 1. Differential expressed (DE) miRNAs of marine species under different extreme conditions and relative adaptations.
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	Species
	Condition
	DE miRNAs
	Adaptations
	References





	Dosidicus gigas
	Hypoxia and freezing
	miR-1175;

miR-133, miR-33; miR-67; miR-29; miR-2a; miR-100; miR-12; miR-1985; miR-2001; miR-2722; miR-190; miR-34
	Hypometabolic state; anti-apoptotic responses; reduction of oxidative stress; modulation of cardiac hypertrophy
	[77]



	Hemiscyllium

ocellatum
	Hypoxia and

anoxia
	miR-92; miR181a; miR-146b;

miR-140;

miR-20a; miR-17; miR-138; miR-143
	Metabolic rate depression; anti-ischemic responses; modulation of HIF; anti-apoptotic responses
	[88]



	Apostichopus

japonicus
	Hypoxia
	Aja-miR-2008,;

Aja-miR-10-5p; Aja-miR-184; Aja-miR-71b; Aja-miR-125-5p; novel-miR-1;

Aja-let-7a-5p; Aja-miR-375-3p; Aja-miR-2013-3p; novel-miR-2;

Aja-miR-2835; Aja-miR-1;

Aja-miR-71-5p; Aja-miR-200-3p; Aja-miR-2011-3p; Aja-miR-2478a; Aja-miR-31-5p; Aja-miR-7977; Aja-miR-71a; Aja-miR-29b-3p; Aja-miR-2478b; Aja-miR-2008-5p; Aja-miR-1a-3p; novel-miR-3;

Aja-miR-153-3p; Aja-miR-153
	Negatively

regulate HIF pathway;

reduction of

cellular

autophagy;

induction of cell cycle arrest
	[94]



	Littorina littorea
	Anoxia and freezing
	miR-1a; miR-210; miR-34a; miR-133a; miR-125b; miR-29b; miR-2a
	Hypometabolic state; anti-

apoptotic

responses;

reduction of

protein synthesis; activation of

oxidative stress response

pathways
	[98]



	Trematomus

bernacchi
	Heat stress
	tbe-miR-22a; tbe-let-7; tbe-miR-21; tbe-let-7a; tbe-miR26a; tbe-miR30a; tbe-miR-146a; tbe-miR-203b; tbe-miR-200a; tbe-miR-725
	Regulation of: FoxO signaling cascade, TLR pathway, PI3KT-AKT signaling pathway.

Anti-apoptotic responses
	[106]



	Dunaliella salina
	High salinity and light intensity
	miR-482; miR-162; miR-3630; miR-166;

miR-858;

novel-m0038-5p; novel-m0783-5p; novel-m1007-3p; novel-m0533-3p
	Accumulation of antioxidants (β-carotene)
	[113]









3.2. Identification of miRNAs through Stress-Response Laboratory Experiments


In order to find and annotate novel miRNAs, organisms of interest are put under different stressful conditions and their miRNome (the complete set of miRNAs in an organism) is analyzed. Here, we show some examples reporting these kinds of experiments on marine species, such as: Branchiostoma belcheri, Strongylocentrotus purpuratus, Mytilus galloprovincialis, and Isochrysis galbana.



Firstly, the amphioxus Branchiostoma belcheri has been analyzed under chemical stress from the xenobiotic polycyclic aromatic hydrocarbon benzo(a)pyrene (BaP), which is a severe environmental carcinogen, mainly produced and released in the seawater by human activities [116]. Thus, the expression of 11 already known and 47 novel miRNAs has been detected, that were differentially expressed in the treated amphioxus with 0.1 mg/L of BaP [117]. Moreover, it has been found that a total of 16 miRNAs regulated different key xenobiotics and toxicant biodegradation-related signaling pathways. For example, bbe-miR-182b-5p is up-regulated and positively modulate the hypoxia-inducible factor 1α (HIF-1α). In addition, bbe-miR-281-3p was also up-regulated and interact with ornithine decarboxylase antizyme (ODA) [118]; this may promote BaP metabolism activation by ornithine decarboxylase, as already seen in experiments with rat lungs [119].



An interesting study has identified the miRNA expression during stress by zinc (Zn) in sea urchins [120], and more recently, in Strongylocentrotus purpuratus under abiotic stress from pH acidification (from pH 8.01 of the control to pH 7.88 of the stressed condition); a total of 682 conserved miRNAs and 17 new ones have been found [121]. Among these, spu-miR-92a, spu-miR-92c, and spu-miR-92e were down-regulated in the larvae exposed to acidified water. This family of miRNAs may activate the Wnt/β-catenin signaling pathways, that has a key role in the sea urchin skeletogenesis [122] and endomesoderm formation in S. purpuratus [123]. In addition, this miR-92 family and spu-miR-2002-3p are predicted to target the carbonic anhydrase transcript variant X1. The enzyme carbonic anhydrase catalyzes the reaction from CO2 to HCO3 [124], but also this enzyme has an important role in blocking the spicule formation in sea urchins [125]. Additionally, spu-miR-133 is up-regulated in the larvae in acidified water. This miRNA has been predicted to target the breast carcinoma amplified sequence (BCAS2). The BCAS2 regulates the β-catenin pre-RNA splicing [126], and so indirectly also the Wnt/β-catenin signaling pathways.



Additionally, another organism that has been put under chemical stress is the mussel Mytilus galloprovincialis, exposed to 5 µg/L and 50 µg/L of cadmium (Cd). Under these conditions, 107 known miRNAs have been validated and 32 novel ones have been identified [127], of which 66 known and 19 novel miRNAs were differentially expressed and up-regulated during the Cd treatment. For instance, miR-745a is up-regulated and may target the apoptosis-resistant E3 gene, which is a key player in the regulation of apoptosis [128]. Another up-regulated miRNA is miR-2a-3p-6, which has been predicted to target the calponin-like protein (Cap) gene, that repress the actomyosin ATPase activity in mussels [129]. The expression profile of these miRNAs suggests that Cd affects cell responses such as apoptosis, the stabilization of the cytoskeleton, and energy metabolism in mussels [127].



Finally, the microalga Isochrysis galbana has been put under abiotic stress, exposed to high temperatures (from 20 °C in the control to 35 °C in the stressed condition), in which nine conserved miRNAs and 149 novel ones have been identified [130]. Under heat stimuli, the miRNAs novel_152 and novel_190 were down-regulated, corresponding to an over-expression of their target genes histidine kinase and superoxide-generating NADPH oxidase, respectively. Related to this, the glutathione S-transferase (GST) gene also, a ROS scavenger related gene [130], was down-regulated by the expression of the miRNA novel_33. This regulation may carry out the accumulation of ROS, and the subsequent activation of downstream pathways through heat stress transcription factors (HSFs), altering the redox state of the cell [130,131]. Furthermore, the miRNA novel_64 was down-regulated, corresponding to the over-expression of its target gene E3 ubiquitin-protein ligase. The E3 ubiquitin-ligase with the help of heat-shock proteins (HSPs) might mediate the degradation of misfolded protein due to heat stress [132], implying that novel_64 could be involved in the protein ubiquitination, and thus in the thermotolerance of this microalga.





4. Discussion


In this review, we have summarized available information on how marine organisms can adapt to extreme environmental conditions by modifying gene expression through miRNA-mediated silencing. For instance, many species that faces hypoxia/anoxia can enter in a hypometabolic state via the expression of specific miRNAs that can slow the metabolic rates and activate pathways to protect cells from programmed death, or algal species facing high irradiance can activate pathways for the accumulation of antioxidants (e.g., carotenoids) via miRNA expression. We report available studies on miRNA identification and expression in different marine organisms living in extreme conditions. In addition, we also summarized how laboratory experiments mimicking extreme conditions, such as in terms of temperature, acidification, or pollutant exposure, can allow the identification of miRNA variations. However, our review shows that this field is still in its infancy and there is still a lack of knowledge on the differential expression of miRNAs, especially for marine plants and algae. Reaching a better comprehension of gene regulatory networks can help to shed light on marine organism adaptations to different habitats and enhance biotechnological applications. As such, it can help to enhance the production of high-value bioproducts, for instance, by engineering microalgae by the overexpression or inhibition of miRNAs. These techniques are already in use in the medical field, such as in the treatment of human diseases [133,134,135], and additional strategies are under evaluation in disease animal models [136,137,138]. On the other hand, in the case of the microalga Chlamydomonas reinhardtii, artificial miRNAs (amiRNAs) have been used that targeted Chlamydomonas phosphoenolpyruvate carboxylase isoform 1 and 2 (CrPEPC1 and CrPEPC2) genes to inhibit phosphoenolpyruvate carboxylase activity, obtaining an enhancement in fatty acid production [139]. A similar study was performed on the microalga Phaeodactylum tricornutum, where the endogenous phytoene synthase (PSY) gene has been targeted, with the use of amiRNAs, in order to reduce carotenoid levels [140].



Furthermore, miRNAs can be exploited as biomarkers of generic or specific environmental stresses. For instance, miR-166 is a very conserved miRNA in land plants, proposed as a biomarker for biotic and abiotic stresses in major crop plants, due to its regulatory activity during drought, salinity, temperature, and during biotic stress management [141]. Additionally, other miRNAs are found in plants to respond to abiotic stressors that can work as useful environmental biomarkers [142]. For marine species, there is still a lack of knowledge in the application of miRNAs as environmental biomarkers, although some efforts have been made to identify miRNAs deregulated in different stress conditions in marine organisms. Examples of these efforts are the works conducted on bivalve species. Bivalve mollusks are ubiquitous and abundant marine organisms, important for biological monitoring because of their abilities to adapt to different environments. Bivalve miRNAs have been reported to rapidly respond and to adjust the adaptation and physiological functions of bivalves during environmental stressors such as pollution, salinity and temperature changes, and desiccation [127,143]. Considering that nowadays climate change is one of the major environmental issues, the identification of miRNAs involved in adaptation mechanisms, the evaluation of their expression, and the identification of which related pathways are activated or switched off could be extremely beneficial to the monitoring and prediction strategies, as well as for the study of their possible biotechnological applications.
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Figure 1. Schematic representation of miRNA biogenesis in animals, plants, and algae. For algae, the example of Chlamydomonas reinhardtii has been taken into consideration, for which greater information is available on miRNA processes with respect to other algae. Elements that have the same color exert similar actions in the process, whereas the “?” symbol indicates unknown processes or factors, and the “*” symbol shows the miRNA strand that will be not maintained on the AGO protein, but later released and degraded. (a) In animals, miRNA genes code for miRNA precursor (pri-miRNA) that is processed in the nucleus by an RNAse III enzyme Drosha, and by the co-factors Pasha and Ars2. The processing of pri-miRNA forms another precursor (pre-miRNA) that is exported by Exportin 5 in the cytoplasm, where it is again processed by another RNAse III enzyme Dicer. The Dicer activity forms a duplex of miRNA/miRNA* that is loaded onto an Argonaute (AGO) protein. (b) In plants, the pri-miRNA is processed by the RNAse III enzyme Dicer-like 1 (DCL1), a homologue of Dicer, with the help of HYL1 and SERRATE. DCL1 processes both the pri-miRNA and pre-miRNA precursors forming a duplex of miRNA/miRNA* in the nucleus, which is exported in the cytoplasm by the HASTY protein. Here, it is loaded onto an AGO protein. (c) In Chlamydomonas reinhardtii, both the pri-miRNA and pre-miRNA are processed by the RNAse III enzyme CrDCL3, with the help of DUS16. This forms the duplex of miRNA/miRNA* that is loaded onto an AGO protein. In all species, animals, plants, and algae, the AGO protein shows affinity for only one of the two strands of the duplex miRNA/miRNA*, that will be retained and will constitute the core component of the RISC complex. 
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Figure 2. Schematic view of miRNA mode of action in animals, plants, and algae. For algae, the example of Chlamydomonas reinhardtii has been taken into consideration for which greater information is available on miRNA functions with respect to other algae. Regions of miRNAs colored in red are the ones that shows the perfect pairing between miRNA and mRNA, whereas the ones colored in black are those not paired. (a) In animals, the RISC complex is able to bind the target mRNA by an imperfect complementarity of the miRNA with its target site, pairing only the so-called “seed” region. The modes of target suppression are: the destabilization of the transcript by deadenylation of the poly(A) tail and decapping, or the translational repression by blocking translational initiation or elongation. (b) In plants, there is an almost-perfect complementarity between the miRNA and the target site. In addition, the mRNA cleavage is carried out by the splicing activity of the AGO protein present in the RISC complex. (c) In Chlamydomonas reinhardtii, there is an imperfect complementarity of the miRNA and its target site, pairing only the so-called “seed” region. The mRNA suppression can be obtained via mRNA cleavage or translational repression by blocking translational initiation or elongation. 
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