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Abstract

:

Mitochondria are organelles responsible for several functions involved in cellular balance, including energy generation and apoptosis. For decades now, it has been well-known that mitochondria have their own genetic material (mitochondrial DNA), which is different from nuclear DNA in many ways. More recently, studies indicated that, much like nuclear DNA, mitochondrial DNA is regulated by epigenetic factors, particularly DNA methylation and non-coding RNAs (ncRNAs). This field is now called mitoepigenetics. Additionally, it has also been established that nucleus and mitochondria are constantly communicating to each other to regulate different cellular pathways. However, little is known about the mechanisms underlying mitoepigenetics and nuclei–mitochondria communication, and also about the involvement of the ncRNAs in mitochondrial functions and related diseases. In this context, this review presents the state-of-the-art knowledge, focusing on ncRNAs as new players in mitoepigenetic regulation and discussing future perspectives of these fields.
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1. Introduction


Mitochondria are cytoplasmic organelles that play a central role in energy generation by oxidative phosphorylation (OXPHOS) and in several other mechanisms involved in cellular homeostasis [1]. These organelles are commonly called “powerhouses of the cell” because of their importance.



In the 1960s, Lynn Margulis (then Lynn Sagan) proposed that mitochondria were originated from free-living cells (called “protomitochondria”) that were ingested into the cytoplasm of anaerobes, establishing a mandatory endosymbiosis. This would be the first step to the origin of eukaryotes from prokaryotes in an aerobic environment [2]. Later on, it has been suggested that mitochondria originated from Alphaproteobacteria [3]. Further studies have supported these theories, but many efforts are still being made to understand this evolutionary process and to firmly place mitochondria in the phylogeny involved in it [4].



Due to their origin, mitochondria possess their own genome (mtGenome or mitogenome), which presents individual functions and communicates with nuclear genome. Recently, it has been shown that mitochondrial DNA (mtDNA), like nuclear DNA (nDNA), is regulated by epigenetic mechanisms. This regulation is called mitoepigenetics [5].



Whether by genetic variants or epigenetic control, alterations in the mtGenome leading to mitochondrial dysfunction may influence the development of different diseases. Thus, it is crucial to understand these mechanisms.



In this review, we discuss the complexity of mitochondrial genetics and epigenetics, highlighting the role of non-coding RNAs (ncRNAs) inside this organelle, mainly in mammals. We also discuss the possible impact of epigenetic regulation in human mitochondrial diseases and future perspectives in this scenario.




2. Mitochondrial Functions


As previously mentioned, mitochondria are responsible for many different functions in cellular homeostasis, but these organelles are mainly known for aerobic energy generation, especially by OXPHOS, that occurs in the mitochondrial cristae (inner membrane’s convolutions) through five protein complexes (I-V).



During OXPHOS, these complexes work along with electron carriers as an electron transport chain (ETC), also known as respiratory chain, receiving and donating electrons to the next complex until reaching complex V [6].



In brief, electrons may enter the ETC mainly via complex I (by oxidation of NADH and reduction of ubiquinone) or alternatively via complex II (by oxidation of succinate and reduction of ubiquinone); regardless, electrons are transferred to complex III by carrier ubiquinol and then to complex IV by carrier cytochrome c, which will transfer electrons to molecular oxygen [7,8]. It is noteworthy that, in different steps of this process, reactive oxygen species (ROS) are generated.



As these electrons are passed from one complex to the other (complexes I, III and IV only), protons are pumped out and back into the inner membrane, creating an electrochemical gradient that will be the energy source to complex V (or ATP synthase), which converts adenosine diphosphate (ADP) to adenosine triphosphate (ATP) by adding a phosphate group to it, completing OXPHOS [6].



Krebs cycle (also known as citric acid cycle or tricarboxylic acid cycle), another energy generation process, also takes place in mitochondria, but in the mitochondrial matrix. This mechanism results in 2 ATP, 6 NADH, 2 FADH2, 6 H+ and 4 CO2 molecules per glucose molecule, of which NADH and FADH2 will then supply ETC with electrons [7]. After all processes of the aerobic cellular respiration (glycolysis in the cytosol and Krebs cycle and OXPHOS in the mitochondria), one glucose molecule will have generated up to 38 ATP molecules, most of which are generated inside the mitochondria.



Mitochondria are also highlighted by their major roles in apoptosis, a type of Regulated Cell Death (RCD) class. In addition to providing energy for the whole mechanism, mitochondrial outer membrane permeabilization (MOMP) is a key step in the apoptotic intrinsic pathway (or mitochondrial pathway). MOMP is considered to be a “point of no return” in apoptosis [9]. A recent review by our research group has thoroughly discussed the mitochondrial role and interactions with nuclear proteins in the apoptotic process [10].



Taking into account the importance of this organelle, dysregulation of mitochondrial functions may lead to cellular imbalance and damage, which might culminate in different diseases, including cancers and neurodegenerative conditions [11,12,13,14,15]. Such dysregulation might be due to genetic, epigenetic or environmental factors. In this context, it is notable that genetic dysfunction of mitochondria could be dependent on alterations in both nuclear and mitochondrial genomes, due to nuclei–mitochondria communication.




3. Nuclei–Mitochondria Communication


An intense and constant crosstalk between mitochondria and nucleus is required for cellular homeostasis, in which nucleus controls mitochondrial gene expression and posttranslational modifications (anterograde signaling) and mitochondria control nuclear gene expression and protein activity through signal transport from mitochondria to cytosol (retrograde signaling). This nuclei–mitochondria communication is mediated by a range of proteins and ncRNAs [16,17].



There are several nuclear-encoded transcription factors working together in anterograde regulation, such as mitochondrial RNA polymerase (POLRMT), transcription and mtDNA maintenance factor (TFAM), transcription specificity factors (TFB1M and TFB2M) and transcription termination factor (mTERF) [18]. In addition, there are many nuclear receptors and cofactors connected in anterograde signaling. Among these, PGC-1α is an important cofactor to mitochondrial biogenesis, which in turn is one of the different ways anterograde signaling works to overcome stress and maintain mitochondrial balance [19,20].



According to Weinberg et al. [17], retrograde signaling has also been associated to several pathways, including induction of inflammation and immune response to pathogens through activation of different molecules (e.g., macrophages, T cells, IL-1B), activation of the transcription factor hypoxia inducible factor 1 (HIF-1) and metabolic adaptation through ROS production. In addition, ROS has been described as one of the main retrograde signals in response to environmental stress in plants [21].



Moreover, sirtuins (SIRT) are a protein family responsible for regulation of different metabolic pathways. In mammals, there are seven sirtuins (SIRT1-7), of which three (SIRT3-5) are located in mitochondria and participate in many of the mitochondrial functions (e.g., energy production and apoptosis). Thus, alterations or dysregulation in mitochondrial sirtuins would affect retrograde signaling [22].



As mentioned above, different non-coding RNAs are also involved in anterograde and retrograde signaling. See sections “Epigenetics” and “Non-coding RNAs in mitochondria” for a characterization of ncRNA classes and a more detailed explanation of their impact on mitochondrial function. For now, it is important to understand that ncRNAs (e.g., lncRNAs and miRNAs) take part in these regulatory processes. For instance, mitochondria-associated lncRNAs may be either mitochondria-encoded (retrograde signals) or nuclei-encoded and transported to mitochondria (anterograde signals), working in the modulation of mitochondrial metabolism and structure. Due to their importance to mitochondrial function, these lncRNAs have been suggested as potential biomarkers to diagnosis, prognosis, and treatment of different types of cancer [23].




4. Mitochondrial Genome


It is now well-established that the human mtDNA is a circular molecule of 16,569 bp, composed of 37 genes, of which 13 encode proteins, 22 tRNAs and two rRNAs [24] (Figure 1). It also presents non-coding regions, such as displacement loop (D-loop), responsible for controlling mtDNA replication and transcription [25].



It is notable that, in a cell, there are several mitochondria, each one with a great amount of mtDNA molecules, so that the proportion of a certain alteration may vary among these different copies [26]. The state in which different genotypes of a mutation coexist in the mitochondria of the same cell is called heteroplasmy, while the state of genotype equality is called homoplasmy. It is important to consider that heteroplasmy may affect all regions of the mtGenome and that the frequency of such heteroplasmic variants is heterogeneous between different tissues of the same individual [27]. In addition, it is also relevant that the proportion in which a mitochondrial mutation is present may influence the related phenotype and that this phenotype may only appear when a certain threshold level is exceeded, a phenomenon called mitochondrial threshold effect [28].



During mitochondrial evolution and the mandatory endosymbiosis process, some portions of the mtGenome were transferred to the nuclear genome of the host cells, so that current mtGenome is reduced in terms of gene count when compared to other Alphaproteobacteria (α-proteobacteria) [4]. For that reason, mtDNA and nDNA may work together in shared functions. For instance, in OXPHOS, complex II is encoded by the nuclear genome and the other complexes are encoded by both nuclear and mitochondrial genomes [11].



Even though there are similarities between nDNA and mtDNA, these molecules also differ greatly. First, probably due to mitochondrial origin in bacteria, mtDNA is circular and small in comparison to human nDNA (around 3.3 Gb and linear molecule) [29]. Mitochondrial genome is also 10–20 times more susceptible to molecular alterations in comparison to nuclear genome [30]. This is mainly due to the mitochondrial physical proximity to OXPHOS (because accumulation of ROS may lead to mtDNA damage) and less effective repair mechanisms, including the absence of histones [1,31,32]. Indeed, unlike nDNA, mtDNA is not associated with histones, but these molecules are not “naked”: they are present in areas called mt-nucleoids, associated with different proteins that contribute to mtDNA protection and stability. In fact, there are multiple nucleoids per mitochondrion and each nucleoid may present more than one mtDNA molecule [33].



Some other differences between mtDNA and nDNA were highlighted by van Gisbergen et al. (2015) [11]: (i) mtDNA has only maternal inheritance, rare examples of biparental inheritance have been recently suggested and are still a much-debated topic [34]; (ii) mtDNA is almost totally composed by coding sequences (more than 90%), their genes do not present introns and there is little or no non-coding bases between them; (iii) mtDNA replication occurs regardless of cell cycle (relaxed replication), so its restriction depends only on the availability of the necessary replication machinery; and (iv) transcription in the mtGenome starts in one of the two promoters and occurs in both strands.



Nevertheless, as previously mentioned, genetic alterations may influence mitochondrial functions and may occur in different proportions and regions of the mtGenome. However, it is also imperative to acknowledge that epigenetic features may play a great role in such functions. This matter will be discussed throughout this review.




5. Epigenetics


The term “epigenetics” was first used by Conrad H. Waddington in 1942 to refer to a whole complex of developmental processes connecting genotype to phenotype [35]. Currently, epigenetics can be defined as heritable changes in the genome resulting in altered gene expression pattern without affecting the DNA sequence [36].



The fine-tuned gene regulation made by epigenetic mechanisms is crucial to cellular identity and homeostasis, and is involved in vital cellular processes, including transcription, replication, and DNA repair [36,37]. These epigenetic mechanisms occur through three deeply associated layers: DNA methylation, histone modifications and non-coding RNAs [38].



DNA methylation and histone modifications are chemical events made by a plethora of “writer” enzymes responsible for adding chemical residues. Both mechanisms are chromatin-related processes that act synergistically to ensure or block the DNA accessibility to the transcription machinery [36,38].



DNA methylation is deposited and maintained by the DNA-methyltransferases family of enzymes (DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L). They catalyze the addition of a methyl group to position 5 of cytosines using S-adenosyl-l-methionine (SAM) as a methyl donor. Nuclear DNA cytosine methylation is related not only to transcriptional repression but also to chromosomal stability. In mammals, 5-methylcytosine (5mC) is mainly found in the context of nuclear cytosine- guanine dinucleotides (CpG sites) in promoter regions, leading to gene silencing [36,39].



Histone modifications represent a group of chemical modifications at the N-terminal tail of histones involved in switching between transcriptionally active and inactive chromatin, in DNA repair and in histone degradation. These changes take place at a post-translational level and include methylation, acetylation, phosphorylation, ubiquitination, sumoylation, ADP-ribosylation, and biotibylation. Histone modifications occur at specific aminoacids and in various combinations, resulting in a “histone code” able to silence or activate genes [37,38,39].



Non-coding RNAs (ncRNAs) are RNAs that have several regulatory and structural functions rather than serve as a protein template. In humans, they represent 70% of the genome, evidencing their abundance [40]. There are two main classes of ncRNAs: (i) one represented by structural ncRNAs, including transfer and ribosomal RNAs, which are not traditionally considered into the epigenetics context and (ii) one representing several types of regulatory RNAs, and most of them are epigenetic-related. Based on their length, the epigenetic-related regulatory ncRNAs can be grouped into long ncRNAs (>200 nt), which include the linear (lncRNAs) and the circular ones (circRNAs), and the small ncRNAs (<200 nt), which include microRNAs (miRNAs; 17–23 nt), short interfering RNAs (siRNAs; 20–30 nt) and piwi-interacting RNAs (piRNAs; 27–30 nt) [37].



Most of these epigenetic-related regulatory ncRNAs do not have their roles fully understood, but it has been shown that they can interact with DNA, other classes of RNAs and proteins by cis and trans-regulatory mechanisms, impacting in transcriptional, posttranscriptional and posttranslational control of gene expression [37,40]. Among them, miRNAs are probably the most studied, while circRNAs are the most unknown.




6. Mitochondrial Epigenetics


Mitochondrial epigenetics is a largely unexplored field, but some studies have demonstrated DNA methylation in mtDNA and the presence of ncRNAs inside mitochondria (Figure 2). Currently, mtDNA methylation is still very controversial; however, evidence suggests that this process is associated not only to transcriptional regulation but also to mtDNA copy number [41,42].



It is important to note that the production of universal methyl donor (SAM) for both nuclear and mitochondrial DNA methylation is regulated by mitochondria metabolism through synthesis of ATP and folate (Figure 2). Actually, most co-substrates required for histone phosphorylation, acetylation and deacetylation are generated through mitochondria [41,42,43]. Thus, these organelles are indirectly related to all DNA methylation and histone modifications events in a given cell.



As mentioned before, although lacking histone packing, mtDNA is not “naked”. In this case, DNA is clustered in TFAM-associated nucleoids (mitochromosome). TFAM is involved in mtDNA packing, replication, transcription and general maintenance of mtDNA. Interestingly, acetylation, phosphorylation, and ubiquitination have been reported for TFAM, but the consequences of these modifications are still unknown. Considering the histone context in nuclei as an epigenetics model of gene regulation, it is possible to assume that these modifications in TFAM alter mitochondrial gene expression [42,44].



It is worth mentioning that several histone family members, especially H2A and H2B, were found within mitochondria by a shotgun proteomics approach. These proteins were detected mainly in the mitochondrial membrane rather than directly bound to DNA and their function in the organelle is not clear [45].



Few studies have demonstrated the presence of ncRNAs inside mitochondria. In humans, this discovery was encouraged mainly by the first human mitochondrial transcriptome in 2011 [46]. Their origin and biological functions are discussed in more details in the next section, but they seem to be crucial to nuclei–mitochondria communication at both anterograde and retrograde signaling levels [41,42].




7. Non-Coding RNAs in Mitochondria


Given that mitochondria respond to changes in its membrane potential by alterations in gene expression, it is expected that mtGenome is regulated and expressed in a special manner. In fact, the recent advances in deep sequencing have revealed a complex network of regulation, expression and processing of the mitochondrial transcriptome [46]. In this context, ncRNAs represent one layer of mitochondrial gene regulation complexity.



Interestingly, there are two types of ncRNAs inside mitochondria. The first one is represented by the nuclear-encoded ncRNAs (nuclear-ncRNAs), involved in anterograde communication level and considered a contribution of nuclear RNAs to mitochondrial transcriptome. Studies in different species indicate that there may be several import pathways of these ncRNAs to mitochondria, being most of them ATP-dependent [47]. The second type is the mitochondria-encoded ncRNAs (mt-ncRNAs), which most of them are known as retrograde signals as they could report the mitochondrial activity and state to the host nucleus [23]. In the next subsections, we explore both of types by dividing them according to their classes, summarized in Table 1.



7.1. Linear Long Non-coding RNAs


LncRNAs constitute the largest proportion of the nuclear non-coding transcriptome in humans. Several functions have been described in association to them, including transcriptional regulation, protein scaffolding, miRNAs sponging and chromosome remodeling [82]. They are usually classified in six types based on their genomic organization or their relation to protein-coding genes: intronic, intergenic, sense, antisense, bidirectional and enhancer lncRNAs [83].



Overall, the findings suggest that mitochondria-encoded lncRNAs (mt-lncRNAs) have a notable difference in comparison to the nuclear-lncRNAs – some of which are chimeric, and, thus, derived from more than one gene that merge their transcripts as a post-transcriptional product by trans-splicing reactions [48]. It suggests that the mt-lncRNAs could be classified in a different manner from the nuclear ones in order to include their chimerism (e.g., simple mt-lncRNAs and chimeric mt-lncRNAs) [23]. The first evidence of human mitochondrial long ncRNAs was described in 2011 (Table 1). The authors observed that 15% of the mitochondrial transcriptome (after removing rRNA and tRNA) were represented by ncRNAs, including three simple lncRNAs produced by ND5, ND6 and Cyt b, and probably regulated by MRPP1, a protein that possesses different functions and is necessary for the accumulation of mitochondrial lncRNAs. Additionally, they found variation in the abundance of these three lncRNAs across 18 different human tissues, indicating their tissue-specificity [49].



In mice, there is a lncRNA that is composed by the 16S mitochondrial RNA plus an inverted repeat of 121 bp of the L strand transcript of the same gene. This mt-lncRNA presented a nuclear localization and was enriched in mice sperm, testis, liver, kidney, brain and spleen [48,50]. Similar results were obtained with human spermatogonia and its overexpression was found in several human proliferating cells, suggesting that this mt-lncRNA is correlated with cell proliferation [51,52].



Later, two similar antisense mitochondrial transcripts containing inverted repeat linked to the 5′ region of the antisense 16S mtRNA (ASncmtRNA-1 and ASncmtRNA-2) were found overexpressed in normal human proliferating cells but not in tumors of different types, suggesting that these transcripts are biomarkers able to distinguish normal from tumor cells [53]. It was shown that the knockdown of these two lncmtRNAs induced apoptosis in several human and mouse tumor cell lines, but not in normal cells, suggesting them as selective targets for a therapy approach against different types of cancer [54,55].



In normal human cells, both ASncmtRNA-1 and ASncmtRNA-2 were found outside mitochondria and especially located in nucleus, associated with heterochromatin and nucleoli, indicating their role in retrograde signaling [56]. In addition, ASncmtRNA-2 might be involved in aging and replicative senescence in endothelial cells, possibly functioning as a non-canonical precursor of miR-4485 and miR-1973 [57].



Human mitochondria also produce similar but sense transcripts that were called SncmtRNA-1 (815-nt inverted repeat) and SncmtRNA-2 (752-nt inverted repeat). The first one was related to cell proliferation in HeLa cells, indicating its potential therapeutic application in cervical cancer. The latter was found only outside mitochondrion and may be involved in the intense crosstalk between this organelle and the host cell. Interestingly, the expression of SncmtRNA-1, SncmtRNA-2, ASncmtRNA-1 and ASncmtRNA-2 is modulated by high risk HPV oncogenes [58]. Strikingly, Yang et al. (2014) found that mitochondrial-encoded lncRNAs constitute the majority of the total cardiac lncRNAs (71%, represented by nine lncRNAs). Their findings demonstrated that the expression of these mt-lncRNAs varies according to the cardiac disease state and it is negatively correlated to nuclear-encoded mitochondrial regulators. This supports the potential of the lncRNAs as biomarkers and indicates its regulation by nuclear factors [59].



There is only limited evidence of nuclear-encoded lncRNAs inside mitochondria. Among these, lncRNA RMRP was found associated with the HuR (human antigen R) and GRSF1 (G-rich RNA sequence-binding factor 1) for accumulation in mitochondrial matrix. This lncRNA is an RNA component of the RNA processing endoribonuclease (RNase MRP), which is responsible for generating primers for mitochondrial DNA replication [60,61].



The steroid receptor RNA activator (SRA) is a nuclear-encoded lncRNA involved in estrogen signaling. This lncRNA is a target of several RPBs including some that are predominantly mitochondrial proteins, such as SLIRP, but the transport mechanism of SRA and SLIRP from the nucleus to mitochondria is still unknown. These findings provided insights into estrogen transduction signaling pathways and offer new targets for therapeutical gain [16,62].



RNase P RNA is a lncRNA subunit of ribonuclease P, which is an enzyme involved in endonucleolytic cleavage of mitochondrial tRNA (mt-tRNA) sequences. Analysis of mitochondrial preparations strongly suggested that the enzyme is located within the organelles, and that the lncRNA is enriched in mitochondrial matrix [46,63]. RNase P RNA, as well as other RNA molecules, are imported into mitochondria by PNPASE (mammalian polynucleotide phosphorylase) [64].




7.2. Circular RNAs


Circular RNAs, as their name suggest, are a type of lncRNAs that present a closed circle structure resulted from a covalent bond between its 3′ and 5′ ends. More than 99% of the circRNAs described so far still have their functions unknown, but several roles have been described in association to them, including miRNAs and RBPs sponging, transcriptional regulation, protein templates, and immune system modulators [84,85,86].



In eukaryotes, nuclear-encoded circRNAs are mostly derived from protein-coding genes, being classified as exonic, intronic and exon-intron circRNAs, and from tRNA splicing reactions in a few cases. In prokaryotes, such as bacteria and archaea, circRNAs are derived from group I introns and tRNA and rRNA introns [84,87,88]. Findings about mitochondrial encoded circRNAs (mt-circRNAs) are still very sparse. The first evidence was in 1980–1983, which demonstrated that yeast mtGenome is able to naturally produce circRNAs. In these cases, mt-circRNAs are derived from mRNAs excised introns, but their functions remain unknown (Table 1) [65,66,67].



Later, a study demonstrated that introns of wheat mitochondrial genes produce circRNAs, suggesting the plasticity and tolerance of the splicing machinery in plants [68]. This was recently corroborated by evidence of mt-circRNAs in barley. In this case, exonic circRNAs are produced by mitochondrial genes involved in a wide range of metabolic pathways. Interestingly, these exonic circRNAs are present in barley leaves, grains and in grain transfer cells, and their expression varies in response to micronutrients [69].



In mammalians, there is only limited evidence of mt-circRNAs. Gao et al. (2018) found three mt-circRNAs by studying circRNAs expression in cattle testis, but their functions were not elucidated [70]. In mice, it was demonstrated that a nuclear circRNA called MFACR (mitochondrial fission and apoptosis-related circRNA) regulates mitochondrial fission and apoptosis in the heart by regulating miR-652-3p, suggesting that circRNAs are potential biomarkers of cardiovascular diseases [71].



In humans, a study evaluated the expression of circRNAs in subcellular localizations of HepG2 cells and found a wide distribution of circRNAs among nucleus, cytoplasm, ribosome, cytosol and exosome. They also found 118 mt-circRNAs with low abundance in mitochondria but didn’t provide more information and neither perform any further experimentation [72].



Considering that human mtGenome is smaller and lacks introns, human mitochondria machinery must use another mechanism for circRNAs biogenesis rather than intron lariats observed in yeast and plants. It is possible that a similar mechanism for chimeric lncRNAs production is applied to circRNAs in order to provide more plasticity to the non-canonical splicing events in human mitochondria.




7.3. miRNAs


Among the small ncRNAs subclasses, miRNAs are the most well-known. They are an important class of post-transcriptional regulators of gene expression by targeting mRNAs. In mammals, mature miRNAs associate with Argonaute proteins (Ago2) to form a ribonucleoprotein complex named RNA-induced silencing complex (RISC) and promote RNA interference (RNAi) [89].



The first comprehensive evidence of the presence of miRNAs in mitochondria was described in 2009 (Table 1). The authors found 15 nuclear-encoded miRNAs in mitochondria isolated from normal adult rat liver. Functional enrichment suggested the involvement of these miRNAs in apoptosis, cell death, and cell division. Interestingly, highly abundant miRNAs in liver, such as let-7a and miR-21, were absent in these isolated mitochondria, suggesting the existence of a specific population of miRNAs in the organelle [73].



In a similar experiment, Bian et al. (2010) found unique miRNAs enriched in mitochondria isolated from mouse liver in comparison to mouse liver tissue. The 20 miRNAs with the highest signals in mitochondria may be involved in the control of mitochondria gene expression and other general cellular processes such as apoptosis, proliferation and differentiation [74].



Later, it was found 57 differentially expressed miRNAs between mitochondria and cytosol in HeLa cells, suggesting that there is a subpopulation of miRNAs that are compartmentalized especially in mitochondria. Thirteen of these miRNAs were predicted as regulators of the mitochondrial genome and were termed as mitomiRs because they map to mitochondrial genes or to mitochondria-related nuclear genes and pseudogenes [75]. Therefore, the term mitomiR refers to miRNAs localized in mitochondria whether transcribed from the nuclear or from the mitochondrial genome [47].



The authors that firstly described the mitochondrial transcriptome also found 31 small ncRNAs (21 nt and 26 nt size classes) derived from 17 mitochondrial loci, being most of them produced from tRNA genes (86%), followed by protein-coding genes (12%) and rRNA genes (2%). These mt-ncRNAs presented a large and dynamic range of expression within different cell types, but their biological roles are still unknown [46].



In a similar study, Ro et al. (2013) identified thousands of small ncRNAs produced by the murine and human mtGenomes, being most of them derived from sense transcripts of the host mitochondrial genes. The authors also demonstrated the absence of RNAi machinery (Ago2 and Dicer) inside mitochondria and showed that Dicer inactivation did not abolish these miRNAs’ expression. These two findings suggested that there is an alternative RNAi-like machinery operating inside the organelle [76].



Interestingly, Barrey et al. (2011) searched in silico for miRNAs candidates in the mtDNA and found 33 human pre-miRNAs and 25 miRNAs. Three of them (pre-mir-302a, pre-let-7b and mir-365) were validated and described as located in mitochondria of human myoblasts. The authors also investigated the expression of 742 human miRNAs in mitochondria by RT-qPCR and found expression of 46 of them, which presented 80 predicted target sites in the mtGenome, suggesting their role in silencing of mitochondrial mRNAs [77].



In a different study, several miRNAs were found highly expressed in the mitochondrial fraction when compared to heart cells in rats. Among them, miR-181c (nuclear-ncRNA) was demonstrated to regulate COX1 by inhibiting its translation instead of degrading it, suggesting that this miRNA regulates mitochondrial functions [78].



Sripada et al. (2012) evaluated the global expression of small ncRNAs in mitochondria and found 428 already known and 196 putative novel miRNAs in HEK293, and 327 already known and 13 putative novel miRNAs in HeLa cells. Of these, only four aligned to mtGenome (hsa-miR-4461, hsa-miR-4463, hsa-miR-4484 and hsa-miR-4485). Overall, gene ontology analysis showed that these miRNAs are associated with RNA turnover, apoptosis, cell cycle and nucleotide metabolism [79].



Curiously, 78 miRNAs were found differentially expressed between two mitochondrial subpopulations after type 1 diabetic insult of rat heart tissues. This finding demonstrates that the miRNAs are differentially distributed in spatially distinct mitochondrial subpopulations of a tissue, evidencing their high grade of specificity. Among the 78 found miRNAs, miR-378 was shown to regulate the mitochondrial gene ATP6 and its overexpression is potentially involved in decreasing activity of ATP synthase [80].



As mentioned before, even though miRNAs were found in mitochondria, this organelle seems to lack the canonical miRNAs biogenesis machinery [76]. Nuclear-encoded miRNAs are translocated into the mitochondria after being processed in the cytosol by the conventional pathway using nuclear and cytosolic enzymes [78,80]. On the other hand, it was demonstrated that inactivation of mitochondria leads to a strong decrease of miRNA-mediated RNAi efficiency by causing delocalization of endogenous Ago2 from P-bodies and affecting an early step of RISC assembly. This means that mitochondria may serve as a reservoir of not only miRNAs but also of ATP for RISC assembly in the P-bodies. Therefore, it seems that mitochondria may have an amphoteric role in RNAi pathways, serving as both target and regulator [90,91].



It is important to mention that the relation between mitochondria and miRNAs is even wider. In addition to mitomiRs, there are several miRNAs that indirectly modulate the mitochondrial activities, including energy metabolism, mitochondrial dynamics (fusion and fission) and apoptosis; they have also been associated with mitochondrial-related diseases such as type 2 diabetes, Parkinson’s disease and cancer [10,47,92].




7.4. piRNAs


Piwi-interacting RNAs are a class of small ncRNAs still poorly understood, but they became known as genome guardians due to their protection of the genome by promoting transcriptional and post-transcriptional silencing of transposable elements via DNA methylation and RNAi, respectively. To execute their functions, piRNAs are associated with PIWI proteins (Ago3, piwi and Aub), which are a subfamily of Argonaute proteins as well as Ago2 [93,94].



Initially, silencing of transposable elements was thought to be restricted to germline cells, in which dysfunction of this mechanism would cause genomic instability that could be passed on to the following generations – a transgenerational inheritance. However, recent studies have also demonstrated this mechanism in somatic tissues, which has been described as a possible cause for some diseases, including cancer [94].



So far, only two studies evaluated the presence of piRNA transcripts in mitochondria. Sripada et al. (2012) were the first to describe it – they found a unique population of small ncRNAs in mitochondria, including miRNAs, piRNAs and other types of non-epigenetic small ncRNAs [79]. Kwon et al. (2014) analyzed human normal and cancer cell lines and found 29 piRNAs that formed perfect matches with mtDNA, being most of them derived from tRNAs genes. These results strongly suggest that processing of piRNA precursors into mature piRNAs occurs inside the organelle, although the mature isoform can also be found in cytoplasm and nucleus [81].



Additionally, it is important to emphasize that mitochondria have been described as essential to piRNAs biogenesis. In many species, piRNA biogenesis occurs near mitochondrial surface and involves mitochondrial membrane factors, such as MitoPLD in mammals and Zucchini (Zuc) in Drosophila (Figure 3). Some studies showed that mice and flies lacking MitoPLD/Zuc, respectively, have decreased piRNA biogenesis and maturation, leading to upregulation of retrotransposons [95,96,97]. Therefore, mitochondria seem to act as a scaffold for piRNA processing machinery, but the exact interplay of all involved factors is still poorly understood [98].





8. Non-coding RNAs and Mitochondrial Diseases


Mitochondrial diseases, such as MELAS (Mitochondrial Encephalopathy, Lactic Acidosis, and Stroke-like episodes) and MERRF (Myoclonic epilepsy with ragged- red fibers), are related to a maternal inheritance and are canonically caused by genomic mutations in mt-tRNAs. However, it has been shown that MELAS phenotype can also occur as a consequence of an abnormal regulation of miRNAs [99,100]. In MELAS, the canonical mt-tRNAs mutations prevent modifications of the anticodon wobble U34, affecting their function in translation [101]. These U34 modifications depend on the nuclear proteins GTPBP3, MTO1 and TRMU, which can be regulated by the expression of miR-9 and miR-9*. Abnormal expression of miR-9/* can lead to the downregulation of those proteins, contributing to a MELAS phenotype, even in the non-mutated mitochondria [99,100].



This is the only report associating ncRNAs to mitochondrial diseases per se. Other studies have shown the involvement of ncRNAs in various mitochondrial-related diseases, such as neurodegenerative diseases, diabetes and cancer. It is important to note that most of these studies focus on nuclear-ncRNAs regulating mitochondrial functions, and not on mt-ncRNAs [90].



It is widely accepted that cancer cells change their metabolic phenotype by enhancing glycolysis and reducing OXPHOS in a process referred to as Warburg effect. Under hypoxic conditions, this process is activated by HIF-1α and provide growth advantages for tumors. A previous report showed that lincRNA-p21, a nuclear-encoded long intergenic non-coding RNA (linc), is able to promote HIF-1α accumulation, leading to glycolysis under hypoxia. The feedback loop between HIF-1α and lincRNA-p21 was validated in mouse xenograft models, indicating this lincRNA as a therapeutic target for cancer [102]. This is just an example of how nuclear-ncRNAs are associated to mitochondrial-related diseases.



To date, only a few studies have raised the possibility of involvement of mt-ncRNAs in human diseases. Most of these studies were cited in the section “Non-coding RNAs in mitochondria” of this paper. For instance, SncmtRNA-1, SncmtRNA-2, ASncmtRNA-1 and ASncmtRNA-2 were associated with cancer [53,54,55,58], while some mt-lncRNAs and mt-circRNAs were reported in association to cardiovascular diseases [59,71].



Overall, the association between mt-ncRNAs and human diseases must be strong as they are crucial for cellular homeostasis and intracellular communication. Their involvement in these processes make them potential biomarkers for several diseases, evidencing the emergent need for functional and applied studies in mitochondrial epigenetics.




9. Perspectives


Epigenetic factors have been increasingly applied in the translational and clinical routine as therapy for many diseases. Currently, there are several epigenetic drugs commercially available and some in clinical trials, being all of them developed based on the nuclear epigenetics.



In this article, we provided enough information to evidence the wide importance of the mitochondria in the epigenetic field, indicating its therapeutic potential. However, the translation of mitochondrial epigenetics to clinical routine is still far from reality due to the lack of information and functional studies.



Our knowledge on the involvement of mitochondrial epigenetics in intrinsic functions of these organelles (such as OXPHOS and apoptosis) is still very limited, and it is even smaller when external and indirect cellular functions are considered. For instance, mitochondria have been related to ageing, which occurs, in part, in response to environmental factors, and mt-ncRNAs may be involved in this process. Hence, it is widely accepted that the epigenetic mechanisms respond to environmental factors, but the impact of these factors in mitochondrial epigenetics remains unknown. It is possible that, in response to external factors, an epigenetic imbalance in mitochondria may affect their communication to the nucleus, causing damages in the fine-tune cellular regulation.



Additionally, there are some points that have not yet been addressed, including the functional role of chemical modifications in TFAM, the presence of histones inside the mitochondria and mt-ncRNAs’ biogenesis and turnover.



Molecular mechanisms underlying trafficking of ncRNAs between nucleus and mitochondria are only now emerging. Mutations in these transport proteins (such as HuR and GRSF1) may cause damages in several cellular functions in which these ncRNAs are involved. The measurement of its impact is even more complicated considering the different grades of heteroplasmy that a cell may present and its threshold effect.



Furthermore, there is no data about the export of mt-ncRNAs to the extracellular environment into microvesicles and exosomes. This mechanism is important for the horizontal transfer of ncRNAs between cells and it is possible that both mt-ncRNAs and nuclear-ncRNAs may be involved in remote communication and activation of signaling pathways. Besides the clinical field, mitochondrial epigenetics may also be applied to evolutionary studies. In this regard, considering the inheritable features of the epigenetic mechanisms and that the environmentally induced phenotypes may persist for several generations (e.g., transgenerational inheritance), mitochondrial epigenetics might also explain many aspects of evolution, as well as being applied as marks in natural populations.




10. Conclusions


Mitochondria are essential for cellular homeostasis, being responsible for several biological processes, including OXPHOS and apoptosis. Surprisingly, if we consider the epigenetic scenario, mitochondria are even more important than previously thought to be and their influence goes far beyond the concept of “powerhouses of the cell”.



Mitochondria have a categorical involvement in cellular epigenetic mechanisms, functioning as both target and source of these processes. Indirectly, mitochondria participate of all DNA methylation and histones modification processes by producing the main chemical molecules used in these mechanisms and by participating of piRNAs’ biogenesis. Additionally, mitochondrial gene expression is regulated by mtDNA methylation and by intrinsic and extrinsic epigenetic factors (mt-ncRNAs and nuclear-ncRNAs, respectively).



Nucleus regulates mitochondrial functions not only by producing OXPHOS-related proteins but also at an epigenetic layer by RNAi pathways that manipulate mitochondrial proteome, evidencing that anterograde signals are crucial in all functional aspects. Disturbance of these signals seems to be severely related to some diseases and healthy conditions and it should be better understood.



The crosstalk between nucleus and mitochondria is deeply regulated by several synergistic factors and ncRNAs represent a novel layer in this intense regulation network. Overall, this article reinforced the importance of mitochondria in different aspects and evidenced that epigenetics is a brand new mitochondrial-related perspective that needs to be further explored.
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Abbreviations




	OXPHOS
	oxidative phosphorylation



	mtGenome
	mitochondrial genome



	mtDNA
	mitochondrial DNA



	nDNA
	nuclear DNA



	ncRNAs
	non-coding RNAs



	ETC
	electron transport chain



	ROS
	reactive oxygen species



	ADP
	adenosine diphosphate



	ATP
	adenosine triphosphate



	MOMP
	mitochondrial outer membrane permeabilization



	TFAM
	transcription and mtDNA maintenance factor



	HIF1
	hypoxia inducible factor 1



	SIRT
	sirtuins



	tRNAs
	transfer RNAs



	rRNAs
	ribosomal RNAs



	D-loop
	displacement loop



	DNMTs
	DNA-methyltransferases



	CpG sites
	cytosine-guanine dinucleotides



	lncRNAs
	linear long non-coding RNAs



	circRNAs
	circular RNAs



	miRNAs
	microRNA



	piRNAs
	piwi-interacting RNAs



	nuclear-ncRNAs
	nuclear-encoded non-coding RNAs



	mt-ncRNAs
	mitochondrial encoded non-coding RNAs



	HuR
	human anti-gen R



	GRSF1
	G-rich RNA sequence-binding factor 1



	RNase MRP
	RNA processing endoribonuclease



	SRA
	steroid receptor RNA



	RBP
	RNA binding protein



	Ago2
	Argonaute



	RISC
	RNA-induced silencing complex



	RNAi
	RNA interference



	Aub
	aubergine



	Zuc
	zucchini



	MELAS
	Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes



	MERRF
	myoclonic epilepsy with ragged-red fibers



	lincRNA
	long intergenic non-coding RNAs







References


	



Shaughnessy, D.T.; McAllister, K.; Worth, L.; Haugen, A.C.; Meyer, J.N.; Domann, F.E.; Van Houten, B.; Mostoslavsky, R.; Bultman, S.J.; Baccarelli, A.A.; et al. Mitochondria, Energetics, Epigenetics, and Cellular Responses to Stress. Environ. Health Perspect. 2014, 122, 1271–1278. [Google Scholar] [CrossRef]

	



Sagan, L. On the origin of mitosing cells. J. Theor. Biol. 1967, 14, 225–IN6. [Google Scholar] [CrossRef]

	



Yang, D.; Oyaizu, Y.; Oyaizu, H.; Olsen, G.J.; Woese, C.R. Mitochondrial origins. Proc. Natl. Acad. Sci. USA 1985, 82, 4443. [Google Scholar] [CrossRef] [PubMed]

	



Roger, A.J.; Munoz-Gomez, S.A.; Kamikawa, R. The origin and diversification of mitochondria. Curr. Biol. 2017, 27, R1177–R1192. [Google Scholar] [CrossRef] [PubMed]

	



Manev, H.; Dzitoyeva, S. Progress in mitochondrial epigenetics. Biomol Concepts 2013, 4, 381–389. [Google Scholar] [CrossRef]

	



Burke, P.J. Mitochondria, Bioenergetics and Apoptosis in Cancer. Trends Cancer 2017, 3, 857–870. [Google Scholar] [CrossRef]

	



Nelson, D.L.; Cox, M.M. Lehninger Principles of Biochemistry, 7th ed.; Freeman, W.H. & Company: New York, NY, USA, 2017. [Google Scholar]

	



Sousa, J.S.; D’Imprima, E.; Vonck, J. Mitochondrial respiratory chain complexes. In Membrane Protein Complexes: Structure and Function; Springer: Basel, Switzerland, 2018; pp. 167–227. [Google Scholar]

	



Chipuk, J.E.; Bouchier-Hayes, L.; Green, D.R. Mitochondrial outer membrane permeabilization during apoptosis: The innocent bystander scenario. Cell Death Differ. 2006, 13, 1396. [Google Scholar] [CrossRef]

	



Cavalcante, G.C.; Schaan, A.P.; Cabral, G.F.; Santana-da-Silva, M.N.; Pinto, P.; Vidal, A.F.; Ribeiro-dos-Santos, Â. A Cell’s Fate: An Overview of the Molecular Biology and Genetics of Apoptosis. Int. J. Mol. Sci. 2019, 20, 4133. [Google Scholar] [CrossRef]

	



Van Gisbergen, M.W.; Voets, A.M.; Starmans, M.H.W.; de Coo, I.F.M.; Yadak, R.; Hoffmann, R.F.; Boutros, P.C.; Smeets, H.J.M.; Dubois, L.; Lambin, P. How do changes in the mtDNA and mitochondrial dysfunction influence cancer and cancer therapy? Challenges, opportunities and models. Mutat. Res. /Rev. Mutat. Res. 2015, 764, 16–30. [Google Scholar] [CrossRef]

	



Enns, G.M. The contribution of mitochondria to common disorders. Mol. Genet. Metab. 2003, 80, 11–26. [Google Scholar] [CrossRef]

	



Bose, A.; Beal, M.F. Mitochondrial dysfunction in Parkinson’s disease. J. Neurochem. 2016, 139, 216–231. [Google Scholar] [CrossRef] [PubMed]

	



Oliver, D.; Reddy, P.H. Molecular Basis of Alzheimer’s Disease: Focus on Mitochondria. J. Alzheimer’s Dis. 2019, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Zhang, R.; Nakahira, K.; Gu, Z. Mitochondrial DNA Mutation, Diseases, and Nutrient-Regulated Mitophagy. Annu. Rev. Nutr. 2019, 39, 201–226. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Y.; Yoshitomi, T.; Hu, J.-F.; Cui, J. Long noncoding RNAs coordinate functions between mitochondria and the nucleus. Epigenetics Chromatin 2017, 10, 41. [Google Scholar] [CrossRef]

	



Weinberg, S.E.; Sena, L.A.; Chandel, N.S. Mitochondria in the regulation of innate and adaptive immunity. Immunity 2015, 42, 406–417. [Google Scholar] [CrossRef] [PubMed]

	



Scarpulla, R.C. Nuclear control of respiratory gene expression in mammalian cells. J. Cell. Biochem. 2006, 97, 673–683. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, M.T.; Hoogenraad, N.J. Mitochondrial-nuclear communications. Annu. Rev. Biochem. 2007, 76, 701–722. [Google Scholar] [CrossRef]

	



Vendramin, R.; Marine, J.; Leucci, E. Non-coding RNAs: The dark side of nuclear–mitochondrial communication. Embo J. 2017, 36, 1123–1133. [Google Scholar] [CrossRef]

	



De Souza, A.; Wang, J.-Z.; Dehesh, K. Retrograde signals: Integrators of interorganellar communication and orchestrators of plant development. Annu. Rev. Plant. Biol. 2017, 68, 85–108. [Google Scholar] [CrossRef]

	



Verdin, E.; Hirschey, M.D.; Finley, L.W.S.; Haigis, M.C. Sirtuin regulation of mitochondria: Energy production, apoptosis, and signaling. Trends Biochem. Sci. 2010, 35, 669–675. [Google Scholar] [CrossRef]

	



Zhao, Y.; Sun, L.; Wang, R.R.; Hu, J.-F.; Cui, J. The effects of mitochondria-associated long noncoding RNAs in cancer mitochondria: New players in an old arena. Crit. Rev. Oncol. /Hematol. 2018, 131, 76–82. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, R.W.; Turnbull, D.M. Mitochondrial DNA mutations in human disease. Nat. Rev. Genet. 2005, 6, 389–402. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.-H.; Kim, D.-K. Microsatellite Instability of Nuclear and Mitochondrial DNAs in Gastric Carcinogenesis. Asian Pac. J. Cancer Prev. 2014, 15, 8027–8034. [Google Scholar] [CrossRef]

	



Snustad, D.P.; Simmons, M.J. Principles of Genetics, Binder ready Version; John Wiley & Sons: Hoboken, NJ, USA, 2015. [Google Scholar]

	



He, Y.; Wu, J.; Dressman, D.C.; Iacobuzio-Donahue, C.; Markowitz, S.D.; Velculescu, V.E.; Diaz, L.A., Jr.; Kinzler, K.W.; Vogelstein, B.; Papadopoulos, N. Heteroplasmic mitochondrial DNA mutations in normal and tumour cells. Nature 2010, 464, 610–614. [Google Scholar] [CrossRef]

	



Rossignol, R.; Faustin, B.; Rocher, C.; Malgat, M.; Mazat, J.-P.; Letellier, T. Mitochondrial threshold effects. Biochem. J. 2003, 370, 751–762. [Google Scholar] [CrossRef]

	



Brown, T.A. The human genome. In Genomes, 2nd ed.; Wiley-Liss: Hoboken, NJ, USA, 2002. [Google Scholar]

	



Neiman, M.; Taylor, D.R. The causes of mutation accumulation in mitochondrial genomes. Proc. R. Soc. B: Biol. Sci. 2009, 276, 1201–1209. [Google Scholar] [CrossRef]

	



Lee, H.; Lee, J.-H.; Kim, D.-C.; Hwang, I.; Kang, Y.-N.; Gwon, G.-J.; Choi, I.-J.; Kim, S. Is Mitochondrial DNA Copy Number Associated with Clinical Characteristics and Prognosis in Gastric Cancer? Asian Pac. J. Cancer Prev. 2015, 16, 87–90. [Google Scholar] [CrossRef]

	



Weigl, S.; Paradiso, A.; Tommasi, S. Mitochondria and Familial Predisposition to Breast Cancer. Curr. Genom. 2013, 14, 195–203. [Google Scholar] [CrossRef]

	



Kolesnikov, A.A. The Mitochondrial Genome. The Nucleoid. Biochem. Mosc. 2016, 81, 1057–1065. [Google Scholar] [CrossRef]

	



Luo, S.; Valencia, C.A.; Zhang, J.; Lee, N.-C.; Slone, J.; Gui, B.; Wang, X.; Li, Z.; Dell, S.; Brown, J.; et al. Biparental Inheritance of Mitochondrial DNA in Humans. Proc. Natl. Acad. Sci. 2018, 115, 13039–13044. [Google Scholar] [CrossRef]

	



Waddington, C.H. The epigenotype. Int. J. Epidemiol. 2011, 41, 10–13. [Google Scholar] [CrossRef] [PubMed]

	



Biswas, S.; Rao, C.M. Epigenetic tools (The Writers, The Readers and The Erasers) and their implications in cancer therapy. Eur. J. Pharmacol. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; He, X. Integrating Epigenomics into the Understanding of Biomedical Insight. Bioinform Biol Insights 2016, 10, 267–289. [Google Scholar] [CrossRef] [PubMed]

	



Romani, M.; Pistillo, M.P.; Banelli, B. Environmental epigenetics: Crossroad between public health, lifestyle, and cancer prevention. Biomed. Res. Int. 2015, 2015. [Google Scholar] [CrossRef] [PubMed]

	



Hauser, A.-T.; Robaa, D.; Jung, M. Epigenetic small molecule modulators of histone and DNA methylation. Curr. Opin. Chem. Biol. 2018, 45, 73–85. [Google Scholar] [CrossRef]

	



Morris, K.V.; Mattick, J.S. The rise of regulatory RNA. Nat. Rev. Genet. 2014, 15, 423. [Google Scholar] [CrossRef]

	



D’Aquila, P.; Bellizzi, D.; Passarino, G. Mitochondria in health, aging and diseases: The epigenetic perspective. Biogerontology 2015, 16, 569–585. [Google Scholar] [CrossRef]

	



Iacobazzi, V.; Castegna, A.; Infantino, V.; Andria, G. Mitochondrial DNA methylation as a next-generation biomarker and diagnostic tool. Mol. Genet. Metab. 2013, 110, 25–34. [Google Scholar] [CrossRef]

	



Matilainen, O.; Quirós, P.M.; Auwerx, J. Mitochondria and Epigenetics - Crosstalk in Homeostasis and Stress. Trends Cell Biol. 2017, 27, 453–463. [Google Scholar] [CrossRef]

	



Mposhi, A.; Van der Wijst, M.; Faber, K.N.; Rots, M.G. Regulation of mitochondrial gene expression, the epigenetic enigma. Front. Biosci. (Landmark Ed.) 2017, 22, 1099–1113. [Google Scholar]

	



Choi, Y.-S.; Jeong, J.H.; Min, H.-K.; Jung, H.-J.; Hwang, D.; Lee, S.-W.; Pak, Y.K. Shot-gun proteomic analysis of mitochondrial D-loop DNA binding proteins: Identification of mitochondrial histones. Mol. Biosyst. 2011, 7, 1523–1536. [Google Scholar] [CrossRef] [PubMed]

	



Mercer, T.R.; Neph, S.; Dinger, M.E.; Crawford, J.; Smith, M.A.; Shearwood, A.-M.J.; Haugen, E.; Bracken, C.P.; Rackham, O.; Stamatoyannopoulos, J.A.; et al. The human mitochondrial transcriptome. Cell 2011, 146, 645–658. [Google Scholar] [CrossRef] [PubMed]

	



Duarte, F.; Palmeira, C.; Rolo, A. The role of microRNAs in mitochondria: Small players acting wide. Genes 2014, 5, 865–886. [Google Scholar] [CrossRef] [PubMed]

	



Villegas, J.; Zárraga, A.M.; Muller, I.; Montecinos, L.; Werner, E.; Brito, M.; Meneses, A.M.; Burzio, L.O. A novel chimeric mitochondrial RNA localized in the nucleus of mouse sperm. Dna Cell Biol. 2000, 19, 579–588. [Google Scholar] [CrossRef] [PubMed]

	



Rackham, O.; Shearwood, A.-M.J.; Mercer, T.R.; Davies, S.M.; Mattick, J.S.; Filipovska, A. Long noncoding RNAs are generated from the mitochondrial genome and regulated by nuclear-encoded proteins. Rna 2011, 17, 2085–2093. [Google Scholar] [CrossRef]

	



Villegas, J.; Müller, I.; Arredondo, J.; Pinto, R.; Burzio, L.O. A putative RNA editing from U to C in a mouse mitochondrial transcript. Nucleic Acids Res. 2002, 30, 1895–1901. [Google Scholar] [CrossRef]

	



Villegas, J.; Araya, P.; Bustos-Obregon, E.; Burzio, L.O. Localization of the 16S mitochondrial rRNA in the nucleus of mammalian spermatogenic cells. Mol. Hum. Reprod. 2002, 8, 977–983. [Google Scholar] [CrossRef]

	



Villegas, J.; Burzio, V.; Villota, C.; Landerer, E.; Martinez, R.; Santander, M.; Martinez, R.; Pinto, R.; Vera, M.I.; Boccardo, E.; et al. Expression of a novel non-coding mitochondrial RNA in human proliferating cells. Nucleic Acids Res. 2007, 35, 7336–7347. [Google Scholar] [CrossRef]

	



Burzio, V.A.; Villota, C.; Villegas, J.; Landerer, E.; Boccardo, E.; Villa, L.L.; Martínez, R.; Lopez, C.; Gaete, F.; Toro, V.; et al. Expression of a family of noncoding mitochondrial RNAs distinguishes normal from cancer cells. Proc. Natl. Acad. Sci. USA 2009, 106, 9430–9434. [Google Scholar] [CrossRef]

	



Borgna, V.; Villegas, J.; Burzio, V.A.; Belmar, S.; Araya, M.; Jeldes, E.; Lobos-González, L.; Silva, V.; Villota, C.; Oliveira-Cruz, L.; et al. Mitochondrial ASncmtRNA-1 and ASncmtRNA-2 as potent targets to inhibit tumor growth and metastasis in the RenCa murine renal adenocarcinoma model. Oncotarget 2017, 8, 43692–43708. [Google Scholar] [CrossRef]

	



Vidaurre, S.; Fitzpatrick, C.; Burzio, V.A.; Briones, M.; Villota, C.; Villegas, J.; Echenique, J.; Oliveira-Cruz, L.; Araya, M.; Borgna, V.; et al. Down-regulation of the antisense mitochondrial non-coding RNAs (ncRNAs) is a unique vulnerability of cancer cells and a potential target for cancer therapy. J. Biol. Chem. 2014, 289, 27182–27198. [Google Scholar] [CrossRef] [PubMed]

	



Landerer, E.; Villegas, J.; Burzio, V.A.; Oliveira, L.; Villota, C.; Lopez, C.; Restovic, F.; Martinez, R.; Castillo, O.; Burzio, L.O. Nuclear localization of the mitochondrial ncRNAs in normal and cancer cells. Cell. Oncol. 2011, 34, 297–305. [Google Scholar] [CrossRef] [PubMed]

	



Bianchessi, V.; Badi, I.; Bertolotti, M.; Nigro, P.; D’Alessandra, Y.; Capogrossi, M.C.; Zanobini, M.; Pompilio, G.; Raucci, A.; Lauri, A. The mitochondrial lncRNA ASncmtRNA-2 is induced in aging and replicative senescence in Endothelial Cells. J. Mol. Cell. Cardiol. 2015, 81, 62–70. [Google Scholar] [CrossRef] [PubMed]

	



Villota, C.; Campos, A.; Vidaurre, S.; Oliveira-Cruz, L.; Boccardo, E.; Burzio, V.A.; Varas, M.; Villegas, J.; Villa, L.L.; Valenzuela, P.D.; et al. Expression of mitochondrial non-coding RNAs (ncRNAs) is modulated by high risk human papillomavirus (HPV) oncogenes. J. Biol. Chem. 2012, 287, 21303–21315. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.-C.; Yamada, K.A.; Patel, A.Y.; Topkara, V.K.; George, I.; Cheema, F.H.; Ewald, G.A.; Mann, D.L.; Nerbonne, J.M. Deep RNA sequencing reveals dynamic regulation of myocardial noncoding RNAs in failing human heart and remodeling with mechanical circulatory support. Circulation 2014, 129, 1009–1021. [Google Scholar] [CrossRef]

	



Noh, J.H.; Kim, K.M.; Abdelmohsen, K.; Yoon, J.-H.; Panda, A.C.; Munk, R.; Kim, J.; Curtis, J.; Moad, C.A.; Wohler, C.M.; et al. HuR and GRSF1 modulate the nuclear export and mitochondrial localization of the lncRNA RMRP. Genes Dev. 2016, 30, 1224–1239. [Google Scholar]

	



Li, K.; Smagula, C.S.; Parsons, W.J.; Richardson, J.A.; Gonzalez, M.; Hagler, H.K.; Williams, R.S. Subcellular partitioning of MRP RNA assessed by ultrastructural and biochemical analysis. J. Cell Biol. 1994, 124, 871–882. [Google Scholar] [CrossRef]

	



Colley, S.M.; Iyer, K.R.; Leedman, P.J. The RNA coregulator SRA, its binding proteins and nuclear receptor signaling activity. Iubmb Life 2008, 60, 159–164. [Google Scholar] [CrossRef]

	



Doersen, C.-J.; Guerrier-Takada, C.; Altman, S.; Attardi, G. Characterization of an RNase P activity from HeLa cell mitochondria. Comparison with the cytosol RNase P activity. J. Biol. Chem. 1985, 260, 5942–5949. [Google Scholar]

	



Wang, G.; Chen, H.-W.; Oktay, Y.; Zhang, J.; Allen, E.L.; Smith, G.M.; Fan, K.C.; Hong, J.S.; French, S.W.; McCaffery, J.M.; et al. PNPASE regulates RNA import into mitochondria. Cell 2010, 142, 456–467. [Google Scholar] [CrossRef]

	



Halbreich, A.; Pajot, P.; Foucher, M.; Grandchamp, C.; Slonimski, P. A pathway of cytochrome b mRNA processing in yeast mitochondria: Specific splicing steps and an intron-derived circular RNA. Cell 1980, 19, 321–329. [Google Scholar] [CrossRef]

	



Arnberg, A.; Van Ommen, G.-J.; Grivell, L.; Van Bruggen, E.; Borst, P. Some yeast mitochondrial RNAs are circular. Cell 1980, 19, 313–319. [Google Scholar] [CrossRef]

	



Schroeder, R.; Breitenbach, M.; Schweyen, R.J. Mitochondria circular RN As are absent in sporulating cells of Saccharomyces cerevisiae. Nucleic Acids Res. 1983, 11, 1735–1746. [Google Scholar] [CrossRef] [PubMed]

	



Li-Pook-Than, J.; Bonen, L. Multiple physical forms of excised group II intron RNAs in wheat mitochondria. Nucleic Acids Res. 2006, 34, 2782–2790. [Google Scholar] [CrossRef]

	



Darbani, B.; Noeparvar, S.; Borg, S. Identification of circular RNAs from the parental genes involved in multiple aspects of cellular metabolism in barley. Front. Plant. Sci. 2016, 7, 776. [Google Scholar] [CrossRef]

	



Gao, Y.; Wu, M.; Fan, Y.; Li, S.; Lai, Z.; Huang, Y.; Lan, X.; Lei, C.; Chen, H.; Dang, R. Identification and characterization of circular RNAs in Qinchuan cattle testis. R. Soc. Open Sci. 2018, 5, 180413. [Google Scholar] [CrossRef]

	



Wang, K.; Gan, T.-Y.; Li, N.; Liu, C.-Y.; Zhou, L.-Y.; Gao, J.-N.; Chen, C.; Yan, K.-W.; Ponnusamy, M.; Zhang, Y.-H.; et al. Circular RNA mediates cardiomyocyte death via miRNA-dependent upregulation of MTP18 expression. Cell Death Differ. 2017, 24, 1111. [Google Scholar] [CrossRef]

	



Zhang, J.; Zhang, X.; Li, C.; Yue, L.; Ding, N.; Riordan, T.; Yang, L.; Li, Y.; Jen, C.; Lin, S.; et al. Circular RNA profiling provides insights into their subcellular distribution and molecular characteristics in HepG2 cells. Rna Biol. 2019, 16, 220–232. [Google Scholar] [CrossRef]

	



Kren, B.T.; Wong, P.Y.-P.; Sarver, A.; Zhang, X.; Zeng, Y.; Steer, C.J. MicroRNAs identified in highly purified liver-derived mitochondria may play a role in apoptosis. Rna Biol 2009, 6, 65–72. [Google Scholar] [CrossRef]

	



Bian, Z.; Li, L.-M.; Tang, R.; Hou, D.-X.; Chen, X.; Zhang, C.-Y.; Zen, K. Identification of mouse liver mitochondria-associated miRNAs and their potential biological functions. Cell Res. 2010, 20, 1076. [Google Scholar] [CrossRef]

	



Bandiera, S.; Rüberg, S.; Girard, M.; Cagnard, N.; Hanein, S.; Chrétien, D.; Munnich, A.; Lyonnet, S.; Henrion-Caude, A. Nuclear outsourcing of RNA interference components to human mitochondria. PLoS ONE 2011, 6, e20746. [Google Scholar] [CrossRef] [PubMed]

	



Ro, S.; Ma, H.-Y.; Park, C.; Ortogero, N.; Song, R.; Hennig, G.W.; Zheng, H.; Lin, Y.-M.; Moro, L.; Hsieh, J.-T.; et al. The mitochondrial genome encodes abundant small noncoding RNAs. Cell Res. 2013, 23, 759. [Google Scholar] [CrossRef] [PubMed]

	



Barrey, E.; Saint-Auret, G.; Bonnamy, B.; Damas, D.; Boyer, O.; Gidrol, X. Pre-microRNA and mature microRNA in human mitochondria. PLoS ONE 2011, 6, e20220. [Google Scholar] [CrossRef] [PubMed]

	



Das, S.; Ferlito, M.; Kent, O.A.; Fox-Talbot, K.; Wang, R.; Liu, D.; Raghavachari, N.; Yang, Y.; Wheelan, S.J.; Murphy, E.; et al. Nuclear miRNA regulates the mitochondrial genome in the heart. Circ. Res. 2012, 110, 1596–1603. [Google Scholar] [CrossRef]

	



Sripada, L.; Tomar, D.; Prajapati, P.; Singh, R.; Singh, A.K.; Singh, R. Systematic analysis of small RNAs associated with human mitochondria by deep sequencing: Detailed analysis of mitochondrial associated miRNA. PLoS ONE 2012, 7, e44873. [Google Scholar] [CrossRef]

	



Jagannathan, R.; Thapa, D.; Nichols, C.E.; Shepherd, D.L.; Stricker, J.C.; Croston, T.L.; Baseler, W.A.; Lewis, S.E.; Martinez, I.; Hollander, J.M. Translational regulation of the mitochondrial genome following redistribution of mitochondrial microRNA in the diabetic heart. Circ. Cardiovasc. Genet. 2015, 8, 785–802. [Google Scholar] [CrossRef]

	



Kwon, C.; Tak, H.; Rho, M.; Chang, H.R.; Kim, Y.H.; Kim, K.T.; Balch, C.; Lee, E.K.; Nam, S. Detection of PIWI and piRNAs in the mitochondria of mammalian cancer cells. Biochem. Biophys. Res. Commun. 2014, 446, 218–223. [Google Scholar] [CrossRef]

	



Richard, J.L.C.; Eichhorn, P.J.A. Deciphering the roles of lncRNAs in breast development and disease. Oncotarget 2018, 9, 20179. [Google Scholar] [CrossRef]

	



Wilusz, J.E.; Sunwoo, H.; Spector, D.L. Long noncoding RNAs: Functional surprises from the RNA world. Genes Dev. 2009, 23, 1494–1504. [Google Scholar] [CrossRef]

	



Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.; Gregersen, L.H.; Munschauer, M.; et al. Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 2013, 495, 333. [Google Scholar] [CrossRef]

	



Wilusz, J.E. A 360 view of circular RNAs: From biogenesis to functions. Wiley Interdiscip. Rev. Rna 2018, 9, e1478. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, A.F.; Sandoval, G.T.; Magalhães, L.; Santos, S.E.; Ribeiro-dos-Santos, Â. Circular RNAs as a new field in gene regulation and their implications in translational research. Epigenomics 2016, 8, 551–562. [Google Scholar] [CrossRef] [PubMed]

	



Danan, M.; Schwartz, S.; Edelheit, S.; Sorek, R. Transcriptome-wide discovery of circular RNAs in Archaea. Nucleic Acids Res. 2011, 40, 3131–3142. [Google Scholar] [CrossRef] [PubMed]

	



Nielsen, H.; Fiskaa, T.; Birgisdottir, A.B.; Haugen, P.; Einvik, C.; Johansen, S. The ability to form full-length intron RNA circles is a general property of nuclear group I introns. RNA 2003, 9, 1464–1475. [Google Scholar] [CrossRef]

	



Mohr, A.M.; Mott, J.L. Overview of MicroRNA Biology. In Seminars in liver disease; Thieme Medical Publishers: New York, NY, USA, 2015; Volume 35, pp. 3–11. [Google Scholar]

	



Huang, L.; Mollet, S.; Souquere, S.; Le Roy, F.; Ernoult-Lange, M.; Pierron, G.; Dautry, F.; Weil, D. Mitochondria associate with P-bodies and modulate microRNA-mediated RNA interference. J. Biol. Chem. 2011, 286, 24219–24230. [Google Scholar] [CrossRef]

	



Bandiera, S.; Hanein, S.; Lyonnet, S.; Henrion-Caude, A. Mitochondria as novel players of the cellular RNA interference. J. Biol. Chem. 2011, 286, 19. [Google Scholar] [CrossRef]

	



V Duarte, F.; A Amorim, J.; M Palmeira, C.; P Rolo, A. Regulation of mitochondrial function and its impact in metabolic stress. Curr. Med. Chem. 2015, 22, 2468–2479. [Google Scholar] [CrossRef]

	



Ozata, D.M.; Gainetdinov, I.; Zoch, A.; O’Carroll, D.; Zamore, P.D. PIWI-interacting RNAs: Small RNAs with big functions. Nat. Rev. Genet. 2018, 1, 89–108. [Google Scholar] [CrossRef]

	



Mani, S.R.; Juliano, C.E. Untangling the web: The diverse functions of the PIWI/piRNA pathway. Mol. Reprod. Dev. 2013, 80, 632–664. [Google Scholar] [CrossRef]

	



Huang, H.; Gao, Q.; Peng, X.; Choi, S.-Y.; Sarma, K.; Ren, H.; Morris, A.J.; Frohman, M.A. piRNA-associated germline nuage formation and spermatogenesis require MitoPLD profusogenic mitochondrial-surface lipid signaling. Dev. Cell 2011, 20, 376–387. [Google Scholar] [CrossRef]

	



Gao, Q.; Frohman, M.A. Roles for the lipid-signaling enzyme MitoPLD in mitochondrial dynamics, piRNA biogenesis, and spermatogenesis. Bmb Rep. 2012, 45, 7. [Google Scholar] [CrossRef] [PubMed]

	



Czech, B.; Hannon, G.J. One loop to rule them all: The ping-pong cycle and piRNA-guided silencing. Trends Biochem. Sci. 2016, 41, 324–337. [Google Scholar] [CrossRef] [PubMed]

	



Ding, D.; Liu, J.; Dong, K.; Melnick, A.F.; Latham, K.E.; Chen, C. Mitochondrial membrane-based initial separation of MIWI and MILI functions during pachytene piRNA biogenesis. Nucleic Acids Res. 2018, 47, 2594–2608. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, T.; Suzuki, T. A complete landscape of post-transcriptional modifications in mammalian mitochondrial tRNAs. Nucleic Acids Res. 2014, 42, 7346–7357. [Google Scholar] [CrossRef] [PubMed]

	



Meseguer, S.; Martínez-Zamora, A.; García-Arumí, E.; Andreu, A.L.; Armengod, M.-E. The ROS-sensitive microRNA-9/9* controls the expression of mitochondrial tRNA-modifying enzymes and is involved in the molecular mechanism of MELAS syndrome. Hum. Mol. Genet. 2014, 24, 167–184. [Google Scholar] [CrossRef] [PubMed]

	



Abbott, J.A.; Francklyn, C.S.; Robey-Bond, S.M. Transfer RNA and human disease. Front. Genet. 2014, 5, 158. [Google Scholar] [CrossRef] [PubMed]

	



Yang, F.; Zhang, H.; Mei, Y.; Wu, M. Reciprocal regulation of HIF-1α and lincRNA-p21 modulates the Warburg effect. Mol. Cell 2014, 53, 88–100. [Google Scholar] [CrossRef]








[image: Ijms 21 01838 g001 550] 





Figure 1. Mitochondrial genome. Map of the 16.6 kb, circular, double-stranded human mitochondrial DNA (mtDNA) molecule, showing the regulatory sequences (in yellow), 22 tRNAs (in green), two rRNAs (in red) and the 13 coding genes classified along the protein five complexes. 
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Figure 2. Mitochondrial epigenetics. Scheme showing the occurrence of DNA methylation in mtDNA and of non-coding RNAs (ncRNAs) inside mitochondria. These ncRNAs are encoded by both nucleus and mitochondrial genomes and participate of the nuclei–mitochondria communication. Mitochondrial metabolism is responsible for the production of the universal methyl donor (SAM), which is used in all DNA methylation events in a cell. 
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Figure 3. Mitochondria and non-coding RNAs. Scheme showing the complex communication between nucleus and mitochondria through ncRNAs. Nuclear-ncRNAs (miRNAs, for instance) regulate mitochondrial gene expression by anterograde signaling, while mt-ncRNAs (such as lncRNAs) regulate nuclear functions by retrograde signaling. Also, mitochondria produce its own piwi-interacting RNAs (piRNAs) and participate in nuclear-piRNAs’ biogenesis. 
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Table 1. Characterization of nuclear-ncRNAs and mt-ncRNAs and their related diseases and functions.
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ncRNAs in Mitochondria

	
Type

	
Genomic Origin

	
Probable Signaling

	
Function

	
Related Diseases

	
Organism

	
Reference






	
1 lncRNA

	
Chimeric

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Mus musculus

	
[48]




	
3 lncRNAs

	
Simple

	
Mitochondrial

	
Retrograde

	
NS

	
Cervical cancer

	
Homo sapiens

	
[49]




	
1 lncRNA

	
Chimeric

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Mus musculus

	
[50]




	
1 lncRNA

	
Chimeric

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Mus musculus and Homo sapiens

	
[51]




	
1 lncRNA

	
Chimeric

	
Mitochondrial

	
Retrograde

	
Cell proliferation

	
Multiple cancers

	
Homo sapiens

	
[52]




	
2 lncRNAs

	
Chimeric

	
Mitochondrial

	
Retrograde

	
Cell cycle regulation

	
Multiple cancers

	
Homo sapiens

	
[53]




	
2 lncRNAs

	
Chimeric

	
Mitochondrial

	
Retrograde

	
Cell survival

	
Renal cell carcinoma

	
Homo sapiens

	
[54]




	
2 lncRNAs

	
Chimeric

	
Mitochondrial

	
Retrograde

	
Apoptosis

	
Multiple cancers

	
Homo sapiens

	
[55]




	
2 lncRNAs

	
Chimeric

	
Mitochondrial

	
Retrograde

	
NS

	
Melanoma

	
Mus musculus and Homo sapiens

	
[56]




	
1 lncRNA

	
Chimeric

	
Mitochondrial

	
Retrograde

	
Cell cycle regulation

	
NA

	
Mus musculus and Homo sapiens

	
[57]




	
2 lncRNAs

	
Chimeric

	
Mitochondrial

	
Retrograde

	
Cell proliferation

	
HPV infection and cervical cancer

	
Homo sapiens

	
[58]




	
9 lncRNAs

	
NS

	
Mitochondrial

	
Retrograde

	
NS

	
Heart failure

	
Homo sapiens

	
[59]




	
1 lncRNAs

	
NA

	
Nuclear

	
Anterograde

	
Mitochondrial DNA replication

	
Cervical cancer

	
Homo sapiens

	
[60]




	
1 lncRNA

	
NA

	
Nuclear

	
Anterograde

	
NS

	
NA

	
Mus musculus

	
[61]




	
1 lncRNA

	
NA

	
Nuclear

	
Anterograde

	
Estrogen transduction signaling

	
Multiple cancers

	
Homo sapiens

	
[62]




	
1 lncRNA

	
NA

	
Nuclear

	
Anterograde

	
mt-tRNA maturation

	
Cervical cancer

	
Homo sapiens

	
[63]




	
1 lncRNA

	
NA

	
Nuclear

	
Anterograde

	
RNA transport

	
NA

	
Yeast and mammalian

	
[64]




	
1 circRNA

	
Intronic

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Saccharomyces cerevisiae

	
[65]




	
2 circRNAs

	
Intronic

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Saccharomyces cerevisiae

	
[66]




	
circRNAs*

	
Intronic

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Saccharomyces cerevisiae

	
[67]




	
circRNAs*

	
Intronic

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Triticum aestivum

	
[68]




	
62 circRNAs

	
Exonic

	
Mitochondrial

	
Retrograde

	
Micronutrient response

	
NA

	
Hordeum vulgare

	
[69]




	
3 circRNAs

	
NS

	
Mitochondrial

	
Retrograde

	
NS

	
NA

	
Bos taurus

	
[70]




	
1 circRNA

	
Exonic

	
Nuclear

	
Anterograde

	
Regulation of apoptosis and mitochondrial fission

	
Cardiovascular diseases

	
Mus musculus

	
[71]




	
118 circRNAs

	
NS

	
Mitochondrial

	
Retrograde

	
NS

	
Liver cancer

	
Homo sapiens

	
[72]




	
31 sncRNAs

	
NA

	
Mitochondrial

	
Retrograde

	
NS

	
Osteosarcoma

	
Homo sapiens

	
[46]




	
15 miRNAs

	
NA

	
Nuclear

	
Anterograde

	
Apoptosis, cell proliferation and differentiation

	
NA

	
Mus musculus

	
[73]




	
40 miRNAs

	
NA

	
Nuclear

	
Anterograde

	
Apoptosis, cell proliferation and differentiation

	
NA

	
Mus musculus

	
[74]




	
57 miRNAs

	
NA

	
54 nuclear

	
Anterograde

	
Cell cycle, ATP synthesis and mitochondrial translation

	
Cervical cancer

	
Homo sapiens

	
[75]




	
NA

	
3 mitochondrial

	
Retrograde




	
1499 sncRNAs

	
NA

	
Mitochondrial

	
Retrograde

	
Control of mitochondrial gene expression

	
NA

	
Mus musculus

	
[76]




	
2540 sncRNAs

	
NA

	
Retrograde

	
Homo sapiens




	
25 miRNAs

	
NA

	
Mitochondrial

	
Retrograde

	
Silencing of mitochondrial mRNAs

	
NA

	
Homo sapiens

	
[77]




	
46 miRNAs

	
NA

	
Nuclear

	
Anterograde




	
15 miRNAs

	
NA

	
Nuclear

	
Anterograde

	
Regulate mitochondrial functions

	
NA

	
Mus musculus

	
[78]




	
428 miRNAs (HEK293)

	
NA

	
Nuclear

	
Anterograde

	
Apoptosis, cell cycle and nucleotide metabolism

	
NA

	
Homo sapiens

	
[79]




	
327 miRNAs (HeLa)

	
NA

	
Nuclear

	
Anterograde

	
Cervical cancer




	
4 miRNAs (HEK293/HeLa)

	
NA

	
Mitochondrial

	
Retrograde

	
NA/Cervical cancer




	
piRNAs (HEK293/HeLa)*

	
NA

	
Mitochondrial

	
Retrograde

	
NS

	
NA/Cervical cancer




	
78 miRNAs

	
NA

	
Nuclear

	
Anterograde

	
Silencing of mitochondrial mRNAs

	
Type 1 Diabetes Mellitus

	
Mus musculus

	
[80]




	
29 piRNAs

	
NA

	
Mitochondrial

	
Retrograde

	
NS

	
Multiple cancers

	
Homo sapiens

	
[81]








NS: Not Studied; NA: Not Applicable; *: Unspecified number.
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