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Abstract

miRNAs are a conserved class of approximately 22 nucleotide (nt) short non-coding RNAs that 

normally silence gene expression via translational repression and/or degradation of targeted 

mRNAs in plants and animals. Identifying the whereabouts of miRNAs potentially informs 

miRNA functions, some of which are perhaps specialized to specific cellular compartments. In 

this review, I discuss the significance of miRNA localizations in the cytoplasm, including those at 

RNA granules and endomembranes, and the export of miRNAs to extracellular space. I explore 

how miRNA localizations and functions are regulated by protein modifications on the core 

miRNA-binding protein Argonaute (AGO) during normal and stress conditions, and conclude by 

discussing new AGO partners, non-AGO miRNA-binding proteins, and the emergent 

understanding of miRNAs found in the nucleoplasm, nucleoli, and mitochondria.

miRNA: A Moving Target

In animals, most miRNA genes are transcribed by RNA polymerase II in the nucleus 

(reviewed in [1]). The primary miRNA transcript is processed by Drosha in the nucleus to 

become one or more precursor miRNAs (pre-miRNAs), which bear a hairpin structure with 

a 2-nt overhang at the 3′ end. The overhang structure is recognized by Exportin 5 for export 

to the cytoplasm, where pre-miRNAs are processed by Dicer to become an approximately 

22-nt duplex. The duplex is then loaded onto one of the AGO family members (e.g., AGO1–

4 in humans), which selectively retains one strand as the mature miRNA. Emergent data 

indicate that mature miRNAs then localize in subcellular compartments in the cytoplasm 

and, surprisingly, the nucleus (Figure 1, Key Figure). In this review, I discuss the potential 

functions of miRNAs in these compartments.

To effect gene silencing, miRNAs require AGOs and other silencing factors to form 

differently sized miRNA-induced silencing complexes (miRISC), ranging from 

approximately 100 kDa to 3 MDa [2–4]. Depending on the degree of sequence 

complementarity between miRNAs and their RNA targets, as well as the protein 

composition of miRISCs, the outcomes of miRNA binding are different. Perfect 

complementarity between miRNAs and RNA targets allows AGO2 (the only AGO that has 

slicer activity) to cleave RNA targets. Nearly all animal miRNAs identify RNA targets with 

perfect complementarity at the so-called ‘seed sequence’ (2ndn–7th nucleotide), where the 

recruitment of the AGO-binding protein GW182 forms a canonical miRISC to repress 
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translation and/or accelerate deadenylation and degradation of mRNAs. Thus, when 

considering the whereabouts of miRNA functions, it is important to consider the 

localizations of miRNAs, the core miRNA-binding AGO family members, and other 

miRISC components.

The Possible Roles of P-bodies in miRNA Silencing

Given that AGO is required for functional miRISCs, its localization has been used as the 

proxy for identifying sites of miRNA functions ([5,6]; reviewed in [7]). Fluorescent 

microscopy studies indicate that mammalian AGO members are localized prominently in 

cytoplasmic bodies known as P-bodies (PBs) [8], which are enriched with RNA decay 

factors, including deadenylases. Besides AGO, PBs are also enriched with GW182, which 

bridges AGO proteins with deadenylases. Importantly, both miRNAs and their targets are 

recruited to PBs [5]. Such localizations suggest that PBs are a major site for miRNA-

directed deadenylation and subsequent decay of mRNA targets. However, quantitation of the 

cytoplasmic localization of AGO2 indicates that, even though it has >tenfold higher 

concentration at PBs than the neighboring cytoplasmic space, <1% of cytoplasmic AGO2 is 

localized in PBs [9]. Moreover, cells depleted of microscopically visible PBs have normal 

miRNA-mediated translational repression and degradation of mRNAs [7,10]. Although PBs 

could be sites for decay of miRNA targets, these data argue that the major actions of 

miRNAs occur elsewhere in the cytoplasm, likely as submicroscopic complexes.

PBs are also proposed to be storage sites of miRNA-targeted mRNAs destined for future 

translation [11]. For example, a subpopulation of CAT-1 mRNAs repressed by miR-122 is 

localized at PBs, but upon amino acid starvation, these mRNAs are delocalized from PBs 

and translation of this transcript resumes [11]. Given that such starvation-induced translation 

occurs even with treatment of a transcriptional inhibitor, it is likely that formerly repressed 

CAT-1 mRNAs are relocated to polysomes for translation. A possible source of these 

repressed mRNAs is from PBs. Photokinetic experiments further indicate that a 

subpopulation of mRNAs is immobilized in PBs upon amino acid starvation, which is 

released upon the relief of the stress [12]. However, a dilemma for this model is that neither 

poly(A)+ mRNAs nor the poly(A)-binding protein are detected in PBs [8,12]; hence, it is 

difficult to envisage that those PB-localized miRNA-targeted mRNAs still have poly(A) 

tails, which are required for efficient translation. The role of PBs as an mRNA storage for 

future translation was first demonstrated in yeast studies using two reporter genes [13]. 

However, a recent yeast genome-wide survey indicated that such behavior is restricted to a 

subpopulation of genes and that mRNAs switching from translational silence to active 

translation also tend to have strong associations with poly(A)-binding protein and have long 

poly(A) tails [14]. Therefore, either these transcripts at PBs would have to be adenylated by 

a cytoplasmic poly(A) polymerase before translation or the observed starvation-induced 

translation is mainly due to the relocation of cytosolic, non-PB-localized transcripts to 

polysomes.

A potential clue of AGO function at PBs may come from its dynamic behavior there: AGO 

exhibits slow exchange kinetics between PBs and the cytoplasm, indicating that most AGO 

stays at PBs after entry [9,15,16]. Given that other protein components at PBs can rapidly 
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exchange with the neighboring cytoplasm, such slow kinetics specific to AGO indicate that 

this core miRNA-binding protein is somehow anchored to one or more immobile 

components within PBs. Such AGO anchorage can be altered upon physiological 

stimulation or disrupted by expression of pathological repeats of the Huntingtin (HTT) gene 

from Huntington’s disease [15,16], suggesting that the immobilization of AGO at PBs is a 

regulated process. Future photokinetic experiments coupled with a systematic knockdown or 

overexpression screen could identify the immobile components and delineate the mechanism 

of how AGOs anchor at PBs, which in turn may shed light on the possible roles of PBs in 

miRNA silencing.

The Underappreciated Roles of Endomembranes in miRNA Silencing

Should AGO localization represent all functional miRISCs, where do 99% of these reside in 

the cytoplasm if not in PBs? Biochemical experiments indicate that a portion of AGO and 

Dicer co-fractionates with endoplasmic reticulum (ER) and Golgi (reviewed in [17]). In fact, 

the first antibody to detect AGO in mammalian cells was derived by using intracellular 

membranes as antigens [18]. Genetic screens in plants and nematodes further identified the 

requirement of a lipid synthesis pathway component in RNA silencing [19,20], consistent 

with possible roles of endomembrane in miRNA silencing. Here, I discuss two particular 

fractions within the endomembrane system: ER and multivesicular bodies.

ER: A Possible Site of miRNA-Mediated Translational Repression

Three recent studies from human, plant, and fly cells indicated possible regulatory roles of 

ER in miRNA-mediated repression [21–23]. In Drosophila S2 cells, a class of polysome-

bound miRISC (P-miRISC) is formed upon serum starvation and some of these P-miRISCs 

associate and co-sediment with ER components [23]. Under serum starvation, P-miRISC is 

responsible for augmenting miRNA-mediated repression by five- to tenfold. Such repression 

occurs only at the translational level and is unaffected by the knockdown of the canonical 

miRISC component GW182. Consistent with these findings, P-miRISC lacks GW182, but 

AGO binds to another partner, Loqs-PB, instead. In humans, the homolog of Loqs-PB, TAR 

RNA binding protein (TRBP), is also identified in rough ER (i.e., ribosome-associated ER) 

[21]; TRBP is required for loading miRNAs to AGO and anchoring the resulting miRISCs 

to ER membranes [21]. In Arabidopsis, miRNA-mediated repression is regulated by an 

integral membrane protein ALTERED MERISTEM PROGRAM 1 (AMP1) on rough ER. 

As in the Drosophila case, the repression is mediated at the translational level only [22]. 

Given that AMP1 homologs have been identified in both mammals and nematodes, such a 

translation-specific miRNA-mediated repression is likely to be conserved.

A genome-wide survey indicated that ER-associated mRNAs encode both cytoplasmic and 

nuclear proteins, in addition to membrane-bound proteins, suggesting that ER is a regulatory 

hub for all types of transcript [24]. Given that the density of ribosomes on ER-associated 

transcripts is twofold higher than those transcripts bound by cytosolic ribosomes, such local 

enrichment of both ribosomes and miRISCs at rough ER potentially allows for higher 

efficiency to sample and silence translating mRNAs that have miRNA-binding sites [21–

24]. One way to examine the mechanism of how miRNAs regulate ER-bound transcripts is 

to use a modified ribosome profiling technique that targets only ER-bound ribosomes [25], 
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and specifically ask whether P-miRISCs cause a reduction in the density of ribosomes on 

mRNAs targeted by specific miRNAs. The ribosome occupancy patterns will signify 

whether ribosomes are paused at particular sites during initiation or elongation, or dropped 

off prematurely, potentially explaining mechanistically how miRNAs repress translation at 

ER.

Multivesicular Body-Bound miRNAs Trafficking Inside and Outside of Cells

Multivesicular bodies (MVBs) are membrane-bound compartments that represent the late 

stage of endosomes and are responsible for sorting molecules to lysosomes for degradation, 

either to the plasma membrane for secretion or back to the Golgi/ER for reuse. MVB 

formation requires the endosomal sorting complex required for transport (ESCRT) and 

depletion of certain ESCRT components inhibits miRNA silencing. Moreover, blocking the 

pathway for MVB turnover increases the amount of miRNA-loaded AGOs and stimulates 

miRNA silencing [26,27]. Taken together, these data suggest that MVBs act as centers for 

miRNA loading or recycling.

Regulated fusion of MVBs with plasma membrane results in the secretion of exosomes to 

the extracellular space. These exosomes encompass select miRNAs and miRISC 

components, including AGO2 and GW182 [28]. Notably, these exosomal AGO2/miRNAs 

can modulate the gene expression of recipient cells within the cancer microenvironment, 

between immune cells, and between neuronal synapses (e.g., [29–31]). The burning question 

is how miRISCs and specific miRNAs are sorted into exosomes for secretion. Recently, 

such exosomal sorting was found to be inversely correlated to the degree of miRISC 

association with polysomes in high cell density conditions when growth is restricted, where 

an increased association of miRISC with polysomes results in an impaired miRNA export 

via exosomes [32]. Such polysome sequestration results in an increased intracellular miRNA 

levels, but without an increase in miRNA repression. Although it is unclear whether the 

sequestration could be miRNA specific, these data suggest that the subcellular localizations 

of miRISCs are tied to one another and are differentially regulated based on growth 

conditions.

New AGO Partners and Non-AGO miRNA-Binding Proteins

Although AGO binds to GW182 and the binding is important for miRNA silencing [33], not 

all AGOs are bound to GW182. As illustrated earlier for P-miRISC in Drosophila, the 

binding of AGO to Loqs-PB and GW182 is mutually exclusive [34], suggesting that altered 

compositions of miRISCs result in distinct functional consequences [4,11,35,36]. For 

example, AGO was recently shown to bind to the human prion protein PrPC [37]; this is the 

protein that, when misfolded, causes neurological pathologies, including variant 

Creutzfeldt–Jakob disease. PrPC co-fractionates with miRISC components on endosomes, 

including MVBs [27], and its binding to AGO promotes the formation or stability of 

GW182-containing miRISC [37]. Alternatively, most AGO-bound miRNAs in adult tissues 

exist as low-molecular-weight complexes that are not associated with mRNA and GW182 

[2]; these miRNAs are not actively engaged in target repression, but may act as miRNA 

reservoirs instead [2]. However, these low-molecular-weight miRNA reservoirs can re-

incorporate back to a canonical GW182-containing miRISC upon physiological stimulation 
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(e.g., mitogenic responses for quiescent cells [38] or T cell activation [2]). It is currently 

unclear whether these miRNA reservoirs concentrate in particular cellular compartments.

Another conundrum recently observed is that the presence of miRNAs does not necessitate 

the presence of AGO. Rather than correlating with the absolute amount present in cells, the 

silencing potential of a miRNA is correlated with the degree of its binding to AGO [39] as 

well as its association with GW182 [2]. The correlation difference could be because only a 

small fraction (<10%) of miRNAs are AGO bound [21,39,40], and miRNAs may bind to 

mRNA targets independent of AGO binding [40]. Interestingly, certain miRNAs can bind 

directly to proteins, such as Heterogeneous nuclear ribonucleoprotein E2 (hnRNP E2; 

miR-328) [41], TAR DNA-binding protein 43 (TDP-43; miR-1, miR-206) [42], and the toll-

like receptor TLR7/8 (miR-21, miR29a) [43], or to the HIV Gag protein nonspecifically 

[44]. However, it is unclear how AGOs and miRNA can be stably present in cells without 

one another, because their stabilities are interdependent [45–48]. The physical presence of 

AGOs is critical for miRNA stability [46] where mature miRNAs are depleted in cells 

lacking AGOs [45]. Alternatively, unloaded AGOs are degraded in cells through the 

proteasome or lysosome [47,48]. Therefore, the degree and prevalence of such phenomena 

(miRNAs not binding to AGOs and/or miRNA binding to proteins other than AGO) remains 

unclear. To make the AGO–miRNA relation more complicated, recent crosslink 

immunoprecipitation (CLIP)-RNA seq data using four different antibodies suggest that 

AGO can bind to mRNA independent of miRNAs [49,50]. Notably, such miRNA-

independent binding can be lost during stress [50]. As a result of this newly discovered 

biology, the localization of miRNA-free AGO, AGO-free miRNA, GW182-free miRISC, 

and other noncanonical forms of miRISCs, should be explored more rigorously at the 

cellular and biochemical levels.

Localization and Assembly of miRISCs Regulated by Protein Modifications

How are these various miRISCs assembled and distributed in a regulatory manner? One 

possible mechanism is regulated through reversible post-translational modifications on 

AGO/miRISC complexes [51]. For example, phosphorylation at Ser-387 of AGO2 by 

mitogen-activated protein kinase (MAPK) or Akt3 is important for its localization to PBs 

and favors miRISC to repress translation [51,52]. AGO1–4 are increasingly poly(ADP-

ribosyl)ated upon various stressors when miRNA activities are reduced [53,54]. Under some 

stress conditions, a sizable fraction of AGOs and poly(ADP-ribosylation) polymerases 

relocalize to cytoplasmic structures called ‘stress granules’ [9,53], suggesting that these 

structures provide local sites for AGO modification to reduce miRNA activities. In addition, 

other protein modifications, including prolyl 4-hydroxylation [51,55], ubiquitination 

[47,51,56], and SUMOylation [57], regulate AGO stability, whereas phosphorylation at 

specific sites impairs miRNA binding or loading [51,58,59]. Given such indispensable roles 

in miRNA silencing, AGOs can globally alter miRNA activities in specific context [51], 

such as upon hypoxia [55,59] or immune stimulation [2,56]. Yet, selective regulation of a 

subset of miRNAs is possible, and recent reports showed that hypoxia-induced 

phosphorylation of AGO2 at Tyr-393 inhibits the maturation of pre-miRNAs with long 

loops, a subclass of miRNAs enriched for tumor-suppressive functions [59].
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Although diverse protein modifications of AGOs are increasingly identified, we are still at 

an early stage in the mapping of how the upstream signaling pathway regulates the assembly 

of miRISCs. Upon T cell activation, phosphoinositide 3-kinase (PI3K) –Akt–mammalian 

target of rapamycin (mTOR) signaling promotes the conversion of low-molecular-weight 

AGO-bound miRNA reservoirs to high-molecular-weight complexes that include target 

mRNAs and GW182 [2]. In Drosophila S2 cells, insulin inhibits the formation of 

membrane-associated Ago1/miRNA complexes, but not P-miRISC, while the protein kinase 

C chemical activator PMA inhibits the formation of both [23]. Systematic understanding of 

protein modifications on miRISC components and their upstream signaling will not only 

allow us to understand how the miRNA regulatory network responds to external stimuli, but 

may also open new avenues for therapy. For example, although some miRNAs could be 

increasingly expressed in malignant cells, overall miRNA levels are reduced in patients’ 

tumors [60]. Therefore, to alter the course of tumorigenesis due to global loss of miRNAs, 

one possible therapeutic avenue is to increase the activity of the remaining miRNAs in 

tumors by selectively blocking a specific AGO modification that impairs miRNA activities.

The Unexpected Localizations of miRNAs

Nucleus

Although the final processing step and the loading of mature miRNA onto AGO occur in the 

cytoplasm, localization of mature miRNA in the nucleus was noted early on, for example, 

20% of miR-21 was found in the nuclear extract, accounting for approximately 500 copies 

per cell [61]. Subsequently, miR-29b has been observed to be preferentially enriched in the 

nucleus with a hexanucleotide localization signal at the 3′ end, which is sufficient to direct 

the nuclear localization of an unrelated chemically synthesized 21-nt short interfering RNA 

(siRNA) [62]. Recent genome-wide studies have indicated that the phenomenon seems to be 

more widespread, in that most miRNAs are present in both nucleus and cytoplasm [63–67]. 

Some of these miRNAs, such as miR-21 and let-7, have been shown to cleave the RNA 

targets that have perfect sequence complementarity with the corresponding miRNAs in 

nuclear extracts, indicating that these miRNAs are bound with AGO2 [61,68]. Consistently, 

siRNAs can silence nuclear-localized RNAs, including 7SK, U6, Metastasis-associated lung 

adenocarcinoma transcript 1 (MALAT1), and Nuclear paraspeckle assembly transcript 1 

(NEAT1) [3,66,68], supporting the notion that short RNA-loaded AGO2 can be present in 

the nucleus. However, one caveat of these knockdown experiments is that they were 

performed in dividing cells, where cytoplasmic factors may have access to nuclear species 

during mitosis.

Using a method independent of biochemical fractionation, fluorescence correlation 

spectroscopy on GFP-tagged AGO2 stably expressed in human cells revealed that AGO2 

exists as a complex of 158 kDa in the nucleus in contrast to a large approximately 3 MDa 

complex in the cytoplasm [3]. This small nuclear complex was thought to comprise only 

AGO2 and a short RNA [3]. However, recent biochemical data argue for the nuclear 

presence of other proteins involved in biogenesis and the silencing of mature miRNAs, such 

as Dicer, TRBP, and GW182 [66]. Yet, unlike the cytoplasmic counterpart, these nuclear 

extracts lack the ability to load duplex short RNAs onto AGO2 [66], indicating that short 
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RNA-loaded AGO2 originates from the cytoplasm [3] where the nuclear import of AGO2 is 

partly mediated by importin 8 [69]. The nuclear retention of these loaded AGO2 is 

dependent on the mode of miRNA binding to RNA targets, where an miRNA remains in the 

nucleus longer if it binds to the target with a central bulge [3]. Several reports have indicated 

that some nuclear-localized miRNAs are involved in gene silencing and/or activation at 

promoters (reviewed in [67]); however, more experiments are needed to ascertain whether 

such effects are direct. For example, gene-editing technologies, such as Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) [70], can be used to test whether single 

point mutations on potential miRNA binding sites on DNA can abrogate the epigenetic 

regulation and whether the effect can be rescued by a miRNA with compensatory mutations.

Nucleolus

The nucleolus is the major subcompartment within the nucleus, which is responsible for 

ribosome biogenesis, cell cycle control, and cell signaling [71]. Using fluorescent in situ 

hybridization, miR-206 was first identified to be localized in the nucleolus in rat myoblast 

cells [72]. To date, there are approximately 40 miRNAs identified to be nucleolus associated 

in multiple cell lines [73–75]. These include miR-191, miR-484, miR-193b, miR-93, and 

miR-574, which have been identified in isolated nucleoli using Taqman assays, northern 

blots, and high-throughput sequencing [75,76]. Preliminary characterization indicates that 

these nucleolar miRNAs have several interesting properties in terms of their cytoplasmic 

transport and AGO association.

Treatment with Leptomycin B results in depletion of the cytoplasmic fraction of nucleolar-

localized miRNAs (e.g., miR-484, miR-21, and miR-31), suggesting these miRNAs are 

actively trafficking to the cytoplasm in a manner dependent on Exportin 1 [75,76]. Viral 

infection or transfection of exogenous nucleic acids into cells result in redistribution of 

miR-484 from the nucleolus to the nucleoplasm and then to the cytoplasm [75]. Whether 

Exportin 1 is involved in this redistribution in response to viral infection remains to be 

tested. Notably, Exportin 1 associates with AGO and is responsible for the shuttling of 

mature miR-16 and miR-29b between the nucleus and the cytoplasm [77]. Therefore, it will 

be of interest to test whether this Exportin 1-mediated transport of nuclear and/or nucleolar 

miRNAs is dependent on AGO binding, for example, using cells knocked out of all AGOs 

[45]. Intriguingly, compared with miR-20a, which is exclusively localized to the cytoplasm, 

miR-484 binds less to AGO2, suggesting that miR-484 localization in the nucleolus is 

independent of AGO2. It remains unclear whether this nucleolar miRNA can bind to other 

proteins or bind directly to its targets without AGO (as proposed by [40]). Interestingly, a 

fraction of spliced IGF2 mRNAs, which have predicted binding sites for miR-206 and four 

other nucleolus-localized miRNAs at the 3′ untranslated regions (UTR), were also found in 

the nucleolus [78]. Given that the protocol to isolate highly purified nucleoli from 

mammalian cells is well established, future experiments can rigorously test whether insulin 

growth factor 2 (IGF2) or other mRNA targets are specifically bound by AGO2 and/or 

miRNAs.
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Mitochondria

Mitochondria are cytoplasmic, double membrane-bound organelles responsible for cellular 

energy production; each mitochondrion contains its own circular DNA that encodes 13 

proteins, 22 tRNAs, and two rRNAs [79]. Several studies have identified, surprisingly, a 

broad range of miRNAs (up to hundreds) from mitochondria isolated from rat, mouse, and 

human cells and/or tissues [80–87]. The mitochondrial miRNA localizations were further 

supported by treatment with RNAases to remove cytosolic RNAs associated with outer 

mitochondrial membranes [80,82–84,87]. In terms of miRNA machinery, AGO2, but not 

Dicer and TRBP, is found in isolated mitochondria [80,85,87] and, intriguingly only AGO2, 

but not AGO1 and AGO3, was selectively imported to mitochondria [87]. It was estimated 

that 13% of the total AGO2 localizes in mitochondria in the undifferentiated myoblast cell 

line C2C12, and that the level increases to 33% after differentiation [87]. Taken together, 

these data suggest that a sizeable fraction of AGO2 and miRNAs is present in mitochondria.

As shown by both immunoprecipitation and CLIP, AGO2 is associated with mitochondrially 

encoded mRNA targets [85,87], but two reports suggest opposite roles of these miRNAs 

identified in mitochondria in regulating the expression of mitochondrial mRNAs. 

Overexpression of miR-181c in primary cultures and rat models results in reduced protein 

level of mitochondrially encoded cytochrome c oxidase subunit 1 (COX1), which contains a 

highly conserved binding site for the 3rd–8th nucleotide of miR-181c at the 3′ UTR [85,88]. 

Although miR-181c was shown to repress the expression of a luciferase reporter mRNA 

containing the COX1 3′ UTR that is expressed in the cytosol, the study did not definitively 

show that miR-181c represses COX1 mRNA in the mitochondria. Alternatively, miR-1 

increases the translation of COX1 and another mitochondrially encoded NADH 

dehydrogenase 1 (ND1) [87], contrary to the canonical repressive role of a miRNA. This 

translational activation is sensitive to the mitochondrial translation inhibitor 

chloramphenicol and is abrogated in AGO2-knockout cells. Upon adding back AGO2 to 

these knockout cells, miR-1 represses the expression of cytosolic miR-1 mRNA targets, but 

increases Cyclooxygenase 1 (COX1) and NADH-ubiquinone oxidoreductase chain 1 (ND1) 

expression. More significantly, adding back an AGO2 that is fused with a mitochondrial-

targeting signal peptide results in an increase in COX1 and ND1 expression but no change in 

the expression of cytosolic targets. Although the molecular mechanism of the translational 

activation remains unknown, the mitochondria do not have GW182 (the miRISC component 

required for miRNA-mediated repression) and GW182 knockdown does not affect COX1 

and ND1 expression. Furthermore, the activation is dependent on both the 5′ seed of miR-1 

and its 3′ end sequence. It will be of interest to examine which protein partners bound to 

AGO2 are required for translational activation in mitochondria and to test whether the 3′ end 

sequence could be a transferrable mitochondrial localization signal.

Concluding Remarks

Future characterization of these varied location-specific miRNA functions will benefit from 

deciphering the local composition of these individual miRISCs and the types of target they 

are associated with (see Outstanding Questions). Recent developments in molecular tools, 

such as the use of promiscuous biotinylation, should allow investigation of the organelle-
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specific proteomes and transcriptomes associated with miRNAs [25,89–91]. Special 

attention should be paid to the possible distinct functions of individual AGO members at 

specific organelles (e.g., AGO2 in mitochondria). Conversely, could there be proteins, other 

than hnRNP E2, TLR7/8, TDP-43, and HIV Gag proteins, associated with functionally 

active miRNAs independent of AGOs? Such biochemical understandings may shed light on 

noncanonical roles of miRNAs and miRNA-dependent translational activation as proposed 

in mitochondria. In vitro biochemical assays for miRNA functions should also be tailored to 

include nonprotein components, such as the type of lipids within the membranes, or to use 

highly purified, intact organelles. Although mature miRNA species are known to be the 

effectors of miRNA silencing, recent studies suggest that such roles could be expanded to 

pre-miRNAs [92], which originate from the nucleus [1] and could be identified in nucleoli 

and mitochondria [74,84]. Given that the miRNA-processing factors Drosha and its partner 

DiGeorge syndrome chromosomal region 8 (DGCR8) are enriched in the nucleolus [93,94], 

it will be of interest to see whether there are specific functions for pre-miRNAs locally made 

there.

Most importantly, a quantitative view of miRISC composition and miRNA–target 

interaction should be established to appreciate whether such localized function is of 

physiological significance. Considerable efforts have established strategies to determine the 

copy number of AGOs, miRNAs, and their targets required for global miRNA functions 

[39,40,95,96]. Such numbers will need to be re-evaluated in the context of local 

concentration within these varied subcompartments. As discussed above, the recent arrival 

of the gene-editing technique CRISPR opens the possibility to probe defined location-

specific miRNA–target interactions. It is now possible to introduce single-point mutations to 

test whether mammalian miRNAs in the nucleus can act like siRNAs in yeast or Piwi-

interacting (pi)RNAs in Drosophila in generating epigenetic chromatin marks [67]. 

Similarly, these gene-editing technologies can be applied to mitochondrial genomes to 

examine whether specific miRNA–mitochondrial mRNA target interaction is of 

physiological significance.

Lastly, it is paramount to delineate the mechanisms of how miRNAs and/or miRISCs are 

distributed in intracellular locations and exported from cells. The intracellular distribution is 

likely dependent on cell types; for example, heart muscle cells have at least 5000 

mitochondria per cell and mitochondrially localized miRNAs will likely have a larger role 

there in modulating the expression of proteins responsible for energy production. Other 

mechanisms in play are protein modifications on miRISC components and localization 

signals within miRNAs, particularly those at the 3′ end, similar to the signal identified for 

the nuclear miR-29b [62]. Just as a small-molecule drug can be used to target protein-

modification enzymes in modulating miRISC distribution, a defined nucleotide motif will be 

instrumental for designing next-generation siRNAs for location-specific miRNA targets. 

This new biological knowledge could then be applied in therapies when the location-specific 

miRNA functions become apparent. However, the key question remains; are these location-

specific miRNA functions physiologically relevant?
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Trends

Mature miRNAs localize in multiple subcellular locations in the cytoplasm, such as RNA 

granules, endomembranes, and mitochondria, and secrete outside cells via exosomes.

Recent studies have revealed that mature miRNAs can also localize to the nucleus, where 

they could function in epigenetic regulation.

The distributions of canonical and noncanonical forms of miRNA induced silencing 

complexes suggest that different subcellular locations are required for the processing and 

degradation of miRNA itself or for silencing or activation of miRNA targets.

These subcellular distributions are differentially regulated by post translational 

modifications as a function of cellular conditions, but one major question is whether such 

location specific miRNAs are physiologically relevant.
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Outstanding Questions

What is the regulatory mechanism accounting for the distribution of miRNAs in different 

intracellular locations and export outside cells?

What are the targeting signals for miRNAs and their associated proteins to distinct 

subcellular locations?

If AGO only binds 10% of miRNAs, what other non AGO proteins are bound by 

miRNAs? Alternatively, are they associated with their targets independent of protein 

binding? Do these complexes have specific functions?

Do individual AGOs have specific functions in different organelles?

How many copies of miRNAs are sufficient for their localized functions to have a 

physiological effect? Are these location specific miRNA functions physiologically 

relevant?
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Figure 1. Key Figure
Proposed Location Specific Functions of Mature miRNAs.
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