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Abstract

:

Numerous lncRNAs exhibit circadian rhythms, sometimes with high amplitudes. Therefore, they are controlled by cellular circadian oscillators. However, they also seem to influence circadian clocks, as shown by the important core oscillator gene Per2, at which antiphasic rhythms of Per2 mRNA and its antisense lncRNA are generated. Circadian cycles have also been described for enhancer and super-enhancer lncRNAs. Various lncRNAs are involved in the generation of the rhythm in the pineal gland, which secretes the circadian regulator molecule, melatonin. This compound acts pleiotropically in presumably all tissues and nucleate cells. At least, some of its effects are mediated by sirtuin 1 (SIRT1). SIRT1 enhances circadian amplitudes as an accessory oscillator component and participates in numerous regulation mechanisms. The interrelated actions of circadian oscillators, melatonin and SIRT1 apparently control at least 30% of all coding genes, processes that involve numerous lncRNAs.
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1. Introduction


The importance of noncoding RNAs in the regulation of cellular processes has become one of the hottest topics of the last few years. Although countless publications have addressed the roles of microRNAs (miRNAs), the elucidation of functions of long noncoding RNAs (lncRNAs) is still an emerging field which receives rapidly increasing attention. In functional terms, lncRNAs are highly heterogeneous. Some of them control mRNA translation and turnover, either by direct interactions or by sponging miRNAs; others modulate protein degradation; participate in intracellular translocation; act as enhancer RNAs (eRNAs) with a presumed role in chromatin looping between enhancer and promoter; or are involved in signaling pathways [1]. Their origin is likewise divergent. Some of them are formed at or close to coding genes, others in intergenic regions. They may be transcribed from specific initiation points, either unidirectionally or bidirectionally, as known from the 2D type of eRNAs, or, in the case of antisense RNAs (asRNAs), in the reverse direction relative to hnRNA synthesis [2]. Differences have also been identified in histone H3 modification required for local nucleosome eviction. While lysine 4 is typically trimethylated (K4me3) at the transcription start of coding genes and several lncRNAs, too, monomethylation (K4me1) is typical for 2D eRNAs, whereas H3 acetylation (K56ac) is required for asRNAs and upstream-directed transcription of 2D eRNAs [2]. Presumably, the interest in these molecules will strongly rise because of the recent focus on super-enhancer lncRNAs (also known as super-lncRNAs) [3,4,5]. The numbers of different lncRNAs per cell is remarkable. In various tissues so far tested, between 2000 and over 4000 different lncRNAs are expressed [5]. Among them, over 20 to about 140 were classified as super-enhancer lncRNAs [5]. Importantly, these long RNAs are more highly transcribed and obviously more stable than shorter eRNAs (“normal” enhancer RNAs) [4]. Approximately 15% of the super-enhancer lncRNAs have been identified as antisense transcripts of protein-coding genes, but antisense sequences are also known for various other lncRNAs. In functional terms, the known super-enhancer lncRNAs are mainly seen as safeguards for the correct progressing of cell developmental programs [3,4]. Therefore, such molecules will likely be controlled by differentiation factors. However, this does not exclude the existence of super-enhancer lncRNAs with nondevelopmental functions, especially if a higher number of genes have to be jointly controlled, as discussed below. Super-enhancer lncRNAs are assumed to act, among other functions, as scaffolds for enhancer-binding proteins. Interestingly, the anchoring regions of these lncRNAs at the DNA were found to be distant to the binding sites of master transcription factors [5]. This may be in accordance with the formation of lncRNA:DNA:DNA triplex structures that are based on the presence of a triplex-forming repeat domain that interacts with DNA anchor sites. Classic transcription factors cannot be expected to interact with triplexes. Insofar, the majority of other lncRNAs, which do not target super-enhancers and do not form triplex structures, have to be distinguished.



These other lncRNAs, which do not primarily sustain a developmental cell program, but are rather involved in more flexible responses according to rapidly changing demands of regulation, can be assumed to be controlled by different mechanisms. Of course, these more flexibly operating molecules may be also associated with enhancer regions and may target a certain number of enhancers. However, differentiating judgments are required since lncRNAs serve numerous divergent functions. They may act as transcriptional guides, activators or repressors; interact with specific chromatin structures; sequester mRNAs; act as miRNA sponges; be processed to form other miRNAs; and be involved in the regulation of mRNA and miRNA editing, of splicing and of translational efficiency [6,7,8,9]. This diversity of functions is obviously associated with another diversity of control factors that give rise to their formation, decay and abundance. To squeeze this remarkable multitude of functions and regulators into a general scheme appears to be highly unpromising. Therefore, it seems more worthwhile to identify, in a first run, connections between lncRNAs and more globally acting factors and cellular machineries that orchestrate a high number of physiological and cell biological functions.




2. Orchestrating Regulators: Melatonin, Sirtuins and the Circadian Oscillator System


These possibilities shall be outlined on the basis of a few examples of molecules and mechanisms that are relevant to the majority of cells. Despite the high number of hormones and other humoral factors that exist in a mammalian body, only a minority target many different cell types. However, a cellular system exists that is present in, perhaps, all nucleate cells and which is connected to pleiotropically-acting hormones and omnipresent cellular regulators to fulfill the criterion of orchestrating machinery that impacts a high number of functions. This is the circadian system. As a whole, it is much more than just the circadian master clock in the hypothalamic suprachiasmatic nucleus (SCN). In fact, it is composed of countless oscillators present in, at least, the majority of cells, which vary in their degree of dependence on the SCN [10,11]. Additionally, the circadian system controls a hormone that acts on almost all cells, melatonin [12]. It also influences many other hormones, among them the glucocorticoids, which exhibit rhythms of high amplitude and also target various different cell types [13,14,15]. Moreover, melatonin upregulates, in nontumor cells, sirtuin 1 (SIRT1) [11,16], which is not only an aging suppressor and a contributor to metabolic sensing, but, importantly, an accessory oscillator component that enhances circadian amplitudes in central and peripheral oscillators [16,17,18].



According to actual estimations, at least 30% of all mammalian genes are under circadian control [19] and are additionally subjected to posttranscriptional regulation [20]. Taken together, the circadian multioscillator system including its pleiotropic hormonal regulators, melatonin and glucocorticoids, has a remarkably broad impact that exceeds, in systemic terms, that of most other master regulators. Notably, the circadian system, melatonin and SIRT1 share the property of jointly declining in the course of aging [16], which is indicative of their tight connections. This seems to comprise mediation of melatonin effects via SIRT1. Another aspect being worth being kept in mind is the dysregulation of the circadian system in cancer cells, which have to epigenetically silence some circadian oscillator genes because of their tumor suppressor properties [11,21]. Therefore, a systematic look at the ensemble of circadian oscillators, melatonin and SIRT1 may be of relevance in a pathological context. Moreover, this will be particularly promising in elucidating properties and actions of master regulators and will reveal actions beyond the primary signaling pathways of a hormone. With some likelihood, this may also be assumed for the contributions of lncRNAs. Pertinent actual knowledge is encouraging and is summarized here.




3. Cycling LncRNAs


Many publications on lncRNAs and other noncoding RNAs have been related to pathologies. However, it seems important to direct an investigators’ attention to the fact that many diseases are associated with deviations in the circadian system [10,22,23]. With regard to the necessity of suppressing circadian genes with antitumor activities, this is especially the case in tumor cells [11,21]. Therefore, circadian variations in lncRNAs should be of interest in the pathological context. Circadian rhythms in lncRNA expression have been repeatedly shown since 2012 and are of quantitative relevance. One of the first respective studies demonstrated day/night differences in 112 lncRNAs in the rat pineal gland [24], the organ that generates a rhythm of melatonin formation with an extremely high amplitude (minimum/maximum ratio often above 1:10). The amplitudes of the cycling lncRNAs varied substantially between these molecule species, but some of them attained amplitudes that were even larger than that of melatonin, e.g., in lncSN81 (1:36), lncSN012 (1:50), lncSN004 (1:178), and lncSN001 (1:267). It would be hard to believe that this strongly pronounced rhythmicity should not be of relevance for the rhythmic behavior of the gland and melatonin formation. In two cases, lncSN001 and lncSN016, the input from the SCN was decisive, since (i) their rhythms were abolished by surgically interrupting the neuronal pathway to the pineal and (ii) because their expression was enhanced by β-adrenergic stimulation, which corresponds to the final step of neuronal activation of pineal melatonin synthesis via postganglionic sympathetic fibers. Moreover, some of the pineal lncRNAs were shown to be downregulated by light at night [24]. Next, circadian rhythms of lncRNAs were described in murine liver [25] and retina [26], in either organ for 16 cycling lncRNAs from intergenic regions.



Another, very specific and, to some extent, unusual case was reported for the Prader-Willis locus SNORD116, whose transcript is spliced into several snoRNAs and the lncRNA 116HG. In murine brain regions, such as the cortex, forebrain, hindbrain, hypothalamus, hippocampus and cerebellum, 116HG was shown to form a subnuclear cloud that cycled in its size and was associated with large-scale chromatin decondensation [27]. Another relationship to the circadian system may be deduced from the finding that SNORD116-deleted mice were dysregulated in the expression of the circadian core oscillator genes Cry1, Per2, and Clock, perhaps because of the absence of 116HG [27].



A recent study on mouse livers revealed an astonishingly high number of cycling lncRNAs [28]. Among 8705 lncRNA clusters (a cluster comprising splice variants of the same transcript), 604 clusters were shown to be expressed in a circadian fashion. Notably, this number exceeded by far that of the protein-coding genes (2245) under circadian control. Additional information was presented for rat liver and nonhepatic murine tissues. Although the absolute expression levels of the circadian lncRNA genes was only in the range of 11% of protein-coding genes, the amplitudes of the lncRNA rhythms were typically much larger than those of the latter. Another important aspect that sheds light on the relationship between oscillators and circadian-controlled protein-coding genes concerns the fact that a high number of circadian lncRNAs, estimated to amount to 281, were expressed at enhancer regions. Notably, 50 of them were classified as being associated with super-enhancers. One case of a super-enhancer, lnc-Crot (=lnc_00179) was analyzed in detail and shown to be present in both the nucleus and the cytoplasm of neurons in the hippocampal CA3 region. Moreover, lnc-Crot was found to be more enriched in the nucleus than the transcript of the corresponding coding gene, Crot (carnitine O-octanoyltransferase). Another relationship between the enhancer-associated lncRNAs and circadian properties became evident by high frequencies of binding sites for two circadian oscillator components, BMAL1 and REV-ERBα [28], which bind to either the E-box or the RORE (ROR response element), respectively, in the promoters of two different types of core oscillator genes and circadian-controlled genes.



With high likelihood, the roles of circadian lncRNAs are not uniform. This is already evident from the fact that a certain fraction represent antisense RNAs. In the aforementioned study on murine liver [28], 23% of the lncRNAs were antisense, whereas only 7% were sense-overlapping and the majority (53%) intergenic. About 17% were bi-directional, as typically found in the category of 2D eRNAs [29]. A very specific case of interest concerns the antisense-lncRNA of the Per2 gene, i.e., one of the most important core oscillator genes, a finding that implies an additional regulation mechanism within the clock. This antisense RNA (asPer2) was first discovered in mouse liver [25]. The asPer2 was shown to oscillate in antiphase to Per2 mRNA (Figure 1), which was indicative of an inhibitory or suppressive role of the lncRNA. Two models have been recently proposed to explain this, either a pre-transcriptional mechanism, in which asPer2 prevents Per2 transcription by interacting with the gene, or a post-transcriptional mechanism, in which a sense-antisense RNA duplex prevents translation and is rapidly degraded [30]. To date, no decision between these possibilities has been possible. Generally, the silencing by an antisense RNA has also been observed in other cases beyond the circadian regulation [31]; however, the mechanisms remain to be studied. Nevertheless, the presence of an antisense-lncRNA may not be taken as a proof for silencing, since, in another case, that of the MACC1 (MET transcriptional regulator) gene, the antisense transcript was reported to indirectly upregulate MACC1 by enhancing mRNA stability via AMPK/Lin28 signaling [32]. A further example for the enhancement of gene expression by an antisense RNA was reported for Sirt1 mRNA, in which the asSirt1 eliminated a targeting microRNA, miR-34a [33]; a finding with relevance to the circadian system.




4. Functional Diversity of Cycling LncRNAs and Their Regulators


The importance of lncRNAs in the circadian system is certainly not restricted to the direct control of rhythmic gene expression by solely cellular oscillator mechanisms, because physiological regulators orchestrate the system on a humoral basis. Among them, two types of hormones are of particular relevance, melatonin and glucocorticoids, because both exhibit circadian rhythms of high amplitude. In either case, they were shown to influence the expression of lncRNAs. Concerning glucocorticoids, numerous publications have already addressed their relation to lncRNAs, however, mainly in the context of cancer and immunology, which would exceed the scope of this article, but not yet with reference to circadian rhythmicity. With regard to melatonin’s anti-inflammatory actions that comprise downregulation of various proinflammatory cytokines, a glucocorticoid-related study on TNFα shall be briefly mentioned [34]. TNFα was shown to regulate 54 lncRNAs transcribed from pseudogenes. One of these, Lethe, was upregulated by both glucocorticoids and proinflammatory cytokines via NF-κB and exerted a negative feedback to this transcription factor by preventing DNA binding of the NF-κB subunit RelA. Moreover, Lethe decreases in the course of aging [34], a finding of interest in correspondence to comparable declines in the circadian system, melatonin and SIRT1 levels [16]. This may be more than just a correlation, since NF-κB activation is known to be antagonized by melatonin [35,36,37] and also by its partial downstream factor SIRT1 [36,38,39].



The capability of melatonin in regulating the expression of lncRNAs should be regarded as an emerging field that requires future efforts. However, with regard to the pleiotropy of this orchestrating regulator, many more effects of this type have to be expected. The actual, still limited knowledge on melatonin effects via lncRNAs, has been recently summarized [40]. An lncRNA with functions different from those of the other molecules discussed here concerns the telomeric repeat RNA TERRA [41]. In other cases, melatonin was described to either down- or upregulate lncRNAs. In human aortic endothelial cells, melatonin was concluded to decrease the propyroptotic lncRNA MEG3, a molecule that is targeted by the antipyroptotic miR-223, which seems to mediate the melatonin effect [42]. In cardiac progenitor cells exposed to oxidative stress, melatonin prevented a decrease in the lncRNA H19 and its derivative miR-675. A protective effect was concluded to consist in the interaction of this microRNA with its target, ubiquitin-specific peptidase 10 (USP10) mRNA [43]. In hepatocellular carcinoma cells, melatonin was reported to increase, via FOXA2, the lncRNA CPS1 intronic transcript CPS1-IT1. This transcript reduced HIF-1α, an effect that was attributed to reductions in epithelial-mesenchymal transition, metastasis and tumor growth in vivo [44].




5. Sirtuin 1 as a Downstream Factor of Melatonin and a Circadian Regulator


While the direct effects of melatonin on lncRNAs do not yet provide a coherent picture, the emerging evidence for an, at least, partial mediation of melatonin’s actions by SIRT1 [16,45,46,47,48,49,50] opens new avenues for understanding the influence of the pineal hormone in the regulation of noncoding RNAs and also offers another nexus to the circadian system. Concerning the relationship between SIRT1 and lncRNAs, several publications have addressed this in the context of cancer, e.g., in connection with the metastasis-associated lncRNA MALAT1 or with SIRT1-antisense RNA. These findings may be of high interest to tumor biology. They seem to specifically reflect the situation in dysregulated oscillators, but not physiological signaling in nontumor cells. Therefore, these results will not be discussed here in all their details. Apart from the cancer-specific deviations in PER2 and SIRT1 expression [11,21], a further hint for circadian dysregulation at the oscillator level in tumor cells can be deduced from the interaction of MALAT1 and DBC1 (depleted in breast cancer 1) [51], an accessory oscillator component that regulates REV-ERBα and, therefore, affects BMAL1 expression [52,53]. The interaction with MALAT1 was shown to result in enhanced SIRT1 activity [51]. However, the increase should not be misinterpreted, because this reflects in cancer cells a rather unfavorable dysregulation of the circadian oscillator, not a favorable amplitude enhancement [11,21].



In nontumor cells, the relationship between SIRT1 and lncRNAs has been addressed a couple of times, though, in entirely different systems. Effects of lncRNAs on SIRT1 expression were shown in the case of Sirt1-antisense RNA, which increases Sirt1 mRNA availability [33]. This was also observed in the context of myogenic differentiation [54] and in endothelial progenitor cells [55]. In hepatocellular hepatoma, SIRT1 expression was increased by the lncRNA HULC [56]. The lncRNA HOTAIR was shown to downregulate Sirt1 expression in the liver [57]. In alveolar epithelial cells, decreases of the lncRNA SAL-RNA1 were associated with reduced SIRT1 expression [58]. Among the effects of SIRT1 on lncRNAs, a suppression of HIF1α-antisense RNA was reported [59].




6. Conclusions


In total, our knowledge on the relationship between lncRNAs and SIRT1 is still fragmentary, but certainly worth further exploration. Generally, downstream factors of SIRT1 have been mostly sought in the field of deacetylatable proteins and rarely among noncoding RNAs. While countless publications have described the targeting of Sirt1 mRNA by microRNAs, a microRNA as a mediator of SIRT1 signaling has only exceptionally been identified, e.g., in the case of miR-182 [60]. It would not be a surprise if many more downstream miRNAs and lncRNAs would exist too. In the future, investigators may not only seek for regulators of SIRT1 expression but also consider a reverse relationship. At least indirectly, SIRT1 should be assumed to modulate numerous lncRNAs and other noncoding RNAs by its effects on the circadian system, which generates numerous rhythms of lncRNAs [25,26,27,28]. As far as melatonin acts via SIRT1 or directly resets and modulates circadian rhythms (cf. Figure 1), additional actions on cycling lncRNAs should be expected. In any case, circadian oscillators represent orchestrating machineries that control a considerable fraction of genes whose expression has, almost inevitably, to be subject to modulation by the various types of lncRNAs.
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Figure 1. A schematic overview of the connections between circadian oscillators, melatonin, SIRT1 and downstream transcripts. Abbreviations: asPer2, antisense Per2 lncRNA; asRNAs, antisense RNAs; Bmal1, brain and muscle arylhydrocarbon receptor nuclear translocator-like protein mRNA; Per2, Period 2 gene; PGC-1α, poly ADP ribose polymerase-γ coactivator-1α; PVN, paraventricular nucleus; RORα, retinoic acid receptor-related orphan receptor-α; SCN, suprachiasmatic nucleus; SIRT1, sirtuin 1. 
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