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25Background: Mitochondria, essential to the cell homeostasis maintenance, are central to the intrinsic apoptotic
26pathway and their dysfunction is associated with multiple diseases. Recent research documents that microRNAs
27(miRNAs) regulate important signalling pathways in mitochondria, and many of these miRNAs are deregulated
28in various diseases including cancers.
29Scope of review: In this review, we summarise the role of miRNAs in the regulation of the mitochondrial
30bioenergetics/function, and discuss the role of miRNAs modulating the various metabolic pathways resulting
31in tumour suppression and their possible therapeutic applications.
32Major conclusions:MiRNAs have recently emerged as key regulators of metabolism and can affect mitochondria
33by modulating mitochondrial proteins coded by nuclear genes. They were also found in mitochondria.
34Reprogramming of the energy metabolism has been postulated as a major feature of cancer. Modulation of
35miRNAs levels may provide a new therapeutic approach for the treatment of mitochondria-related pathologies,
36including neoplastic diseases.
37General significance: The elucidation of the role ofmiRNAs in the regulation ofmitochondrial activity/bioenergetics
38will deepen our understanding of the molecular aspects of various aspects of cell biology associated with the
39genesis and progression of neoplastic diseases. Eventually, this knowledgemay promote the development of inno-
40vative pharmacological interventions. This article is part of a Special Issue entitled Frontiers of Mitochondrial
41Research.
42© 2013 Published by Elsevier B.V.
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471. Introduction

48MicroRNAs (miRNAs, MiRs) are endogenous 20–25 nucleotide-long
49non-coding RNAs that participate in numerous physiological and path-
50ological processes. They are genome-encoded and negatively regulate
51gene expression at a post-transcriptional level. Single miRNAs can
52have multiple target sites in the 3′ untranslated regions (UTRs) of
53particular mRNAs, therefore causing their repression. Furthermore,
54mRNAs are predicted to be targets of many distinct miRNAs, suggesting
55that different miRNAs might act in a concerted manner to regulate
56mRNA translation and turnover [1]. Certain miRNAs have also been
57shown to affect multiple targets in linear pathways or interconnected
58nodes in regulatory networks, thereby exerting a larger cumulative ef-
59fect [2]. MiRNAs have been found to substantially contribute to several
60type of regulatory circuits [3,4]: miRNAs can mediate or modulate sig-
61nals, as well as suppress or amplify signals by participating in negative
62or positive feedback loops, respectively. MiRNAs' functions under nor-
63mal physiological conditions might be integrated into multi-layered
64control circuits ensuring proper development and homeostasis; dys-
65regulation of miRNA expression or function in response to intrinsic fac-
66tors (genetic or epigenetic) or extrinsic factors (environmental cues or
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67 stress) may contribute to aberrant gene expression patterns underlying
68 abnormal developmental patterning.
69 MiRNAs have recently emerged as key regulators of metabolism [1]
70 and can affect mitochondria by modulating mitochondrial proteins
71 coded by nuclear genes. MiRNAs have been found in mitochondria
72 [5,6], and may contribute to the mitochondrial (dys)function [7]. Mito-
73 chondrial function is fundamental tometabolic homeostasis. In addition
74 to converting the incoming nutrients into energy in the formof ATP,mi-
75 tochondria generate intermediates for biosynthesis and reactive oxygen
76 species (ROS) that serve as a secondary messenger to mediate signal
77 transduction and metabolism. Alterations of mitochondrial function,
78 dynamics, and biogenesis have been observed in various metabolic dis-
79 orders, including aging, obesity, diabetes, and cancer.
80 Cancer is a disease where cells have lost their normal checks of cell
81 proliferation. Intrinsic and extrinsic molecular mechanisms converge
82 to alter cellular metabolism and provide support for rapid ATP genera-
83 tion tomaintain the energy status, increased biosynthesis of macromol-
84 ecules, and maintenance of the appropriate redox status [8]. The best
85 characterised metabolic phenotype that distinguishes cancer from nor-
86 mal cells is glycolysis (Warburg effect). Cancer cells metabolise glucose
87 to lactate under aerobic conditions, despite the fact that this metabolic
88 pathway ismuch less energy-efficient compared to oxidative phosphor-
89 ylation (OXPHOS). Alterations in oncogenes and tumour-suppressor
90 genes are involved in themetabolic switch of cancer cells to aerobic gly-
91 colysis, increased glutaminolysis, and fatty acid biosynthesis. The al-
92 tered metabolism of tumour cells may be a potential means to evade
93 programmed cell death in order to favour survival and growth. MiRNAs
94 mediate fine-tuning of genes involved directly or indirectly in cancer
95 metabolism. Therefore, themodulation of the level of miRNAsmay pro-
96 vide a new therapeutic approach to cancer treatment. In this reviewwe
97 discuss the regulatory role of miRNAs in controlling mitochondrial
98 signalling pathways. We also consider the role of metabolic-related
99 miRNA in tumour suppression and their therapeutic potential in cancer
100 treatment.

101 2. Biogenesis and function of MiRNAs

102 MiRNAs are a class of short non-coding RNAs with post-
103 transcriptional regulatory functions. They serve as ‘master regulators’
104 controlling the activity of multiple genes. Gene coding for MiRNAs are
105 scattered in all chromosomes in humans except for the Y chromosome.
106 Approximately 50% of knownmiRNAs are found in clusters 1, 3 and 26,
107 and they are transcribed as polycistronic primary transcripts [9]. The
108 miRNAs in a given cluster are often related to each other, suggesting
109 that the gene cluster is a result of gene duplication. A miRNA gene clus-
110 ter also often contains unrelated miRNAs. Most miRNA-coding genes
111 are located in intergenic regions, but they are also found within exonic
112 or intronic regions in either sense or antisense orientation [10].
113 The biogenesis of miRNAs is controlled by two RNase-dependent
114 processing steps that convert a long primary transcript into a mature
115 miRNA. First, primary miRNAs (pri-miRNAs) are processed by the
116 Drosha-containing complex, i.e. the RNase III-like enzyme and DGCR8
117 (DiGeorge syndrome critical region gene 8), to stem-loop pre-miRNAs
118 that are then further processed by the second RNase, Dicer, to short
119 double-strand duplexes. Eventually, one of the functional strands in
120 the resulting duplex is preserved, being integrated in the RNA-induced
121 silencing complex (RISC) of proteins, and acts as a ‘guide’ strand for spe-
122 cific recognition. A number of RNA-binding proteins, such as hnRNPs
123 (heterogeneous nuclear ribonucleoproteins) A1, Lin28, Smad proteins
124 and the KSRP protein (KH-type splicing regulatory protein) have been
125 shown to positively or negatively regulatemiRNAproduction [reviewed
126 in 11]. Drosha itself can regulate the level of the ‘microprocessor com-
127 plex’ by cleaving hairpins in the 3′-UTR and the coding region of the
128 DGCR8mRNA, whereby destabilising themature transcript and leading
129 to a decrease in the DGCR8 protein [12,13]. This suggests that a balance

130between the levels of the microprocessor and its regulator proteins is
131essential for the physiological homeostasis.
132An open question remains regarding miRNA biogenesis and its
133subcellular localisation and transport. Nucleocytoplasmic transport
134(especially export) is critical in the expression and functions of RNAs
135[14,15]. It is possible that this process is similar to that of mRNAs.
136Thus, pre-mRNAs are retained in the nucleus until splicing is successful-
137ly carried out, so that only correctly processed mRNAs can pass the
138‘quality control’ and become available for cytoplasmic translation
139[16,17]. Biogenesis of the uridylate-rich small nuclear RNAs (UsnRNAs)
140is also closely linked to the nucleocytoplasmic transport. The UsnRNAs,
141with the exception of U6 and U6atac, must first be exported to the
142cytoplasm where the assembly of small nuclear ribonucleic particles
143(snRNP) is initiated [18,19]. Followingmodifications and core assembly,
144the UsnRNAs are re-imported to the nucleus to complete snRNP assem-
145bly and to participate in pre-mRNA splicing [20,21]. Studies of the
146localisation and transport of miRNAs are likely to reveal important as-
147pects of miRNA expression and function.
148Mature miRNAs associate with Argonaute (AGO) proteins to form
149the core of the RISC, which is the basis for the subsequent RNA interfer-
150ence (RNAi). RNAi occurs upon pairing of one of the twomiRNA strands,
151associated with an AGO protein, with target sites in an mRNA, thereby
152affecting its stability/translation [22,23]. Mammalian cells contain four
153AGO proteins (AGO1–4), which have been shown to function in transla-
154tional repression [24], but only AGO2 can catalyse the cleavage of the
155target transcript [25]. Furthermore, knock-down and knock-out AGO2
156experiments in human cells and in mice, respectively, suggest that this
157protein has specific functions that may not be complemented by the
158other three AGO proteins. Initially, mature miRNAs and AGO2 were be-
159lieved to accumulate and function exclusively in the cytosol and/or in
160unstructured cytosolic foci, such as the P-bodies and stress granules
161[26,27]. However, more recent evidence shows that they can also local-
162ise to and function within different cellular compartments. To date,
163miRNAs and AGO2 have been found to localise to the nucleus [28–30]
164and to multi-vesicular bodies [31]. Interestingly, ~90% of extracellular
165MiRs are packagedwith (lipo)proteins (i.e. AGO2, high-density lipopro-
166tein, RNA-binding proteins) and ~10% are wrapped in small membra-
167nous particles (i.e. exosomes, microvesicles, and apoptotic bodies). It
168is believed that these extracellularmiRNAsmediate cell-to-cell commu-
169nications [32].
170MiRNAs are conserved among the species, expressed in different
171tissues and cell types and involved in almost every biological process,
172including cell cycle, growth, apoptosis, differentiation and stress re-
173sponse, and exerting a finely tuned regulation of gene expression by
174targeting multiple molecules. As a consequence of the widespread
175range of processes they are able to modulate, it is not surprising that
176miRNA deregulation is a hallmark of several pathological conditions,
177including cancer [33]. Recent studies have shown that miRNAs control
178different aspects of energy metabolism including insulin production
179and signalling, glucose transport and metabolism, or lipid homeostasis
180[1,34].Mitochondrial function is fundamental tometabolic homeostasis.
181Alterations of mitochondrial function are related to a variety of patho-
182logical process and diseases.

1833. MiRNAs in mitochondria

184The regulation of mitochondrial function is critically determined by
185proteins encoded by both nuclear andmitochondrial genomes. Replica-
186tion and transcription of mitochondrial (mt) DNA is initiated from a
187small non-coding region, the D-loop, and is regulated by nuclear-
188encoded proteins that are post-translationally imported into mitochon-
189dria. The transcription and translation of mtDNA as well as the process-
190ing of mitochondrial transcripts requires several types of non-coding
191RNAs, which can be either mitochondrially encoded or transcribed
192within the nucleus and subsequently localised to mitochondria. Recent
193studies have reported that certain miRNAs localise to and function in
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