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RNA is a vital biomolecule, the function of which is tightly spatiotemporally regulated. RNA organelles are biological structures that either membrane-less or surrounded by membrane. They are produced by the all the cells and indulge in vital cellular mechanisms. They include the intracellular RNA granules and the extracellular exosomes. RNA granules play an essential role in intracellular regulation of RNA localization, stability and translation. Aberrant regulation of RNA is connected to disease development. For example, in microsatellite diseases such as CXG repeat expansion disorders, the mutant CXG repeat RNA’s localization and function are affected. RNA is not only transported intracellularly but can also be transported between cells via exosomes. The loading of the exosomes is regulated by RNA-protein complexes, and recent studies show that cytosolic RNA granules and exosomes share common content. Intracellular RNA granules and exosome loading may therefore be related. Exosomes can also transfer pathogenic molecules of CXG diseases from cell to cell, thereby driving disease progression. Both intracellular RNA granules and extracellular RNA vesicles may serve as a source for diagnostic and treatment strategies. In therapeutic approaches, pharmaceutical agents may be loaded into exosomes which then transport them to the desired cells/tissues. This is a promising target specific treatment strategy with few side effects. With respect to diagnostics, disease-specific content of exosomes, e.g., RNA-signatures, can serve as attractive biomarker of central nervous system diseases detecting early physiological disturbances, even before symptoms of neurodegeneration appear and irreparable damage to the nervous system occurs. In this review, we summarize the known function of cytoplasmic RNA granules and extracellular vesicles, as well as their role and dysfunction in CXG repeat expansion disorders. We also provide a summary of established protocols for the isolation and characterization of both cytoplasmic and extracellular RNA organelles.
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1 INTRODUCTION
RNA-protein interactions are of prime importance in many cellular processes, both in healthy as well as disease conditions. Proteins recognize specific structural elements of RNA with RNA-hairpin structures being an important example. Abnormal hairpin structures aberrantly recruit cellular proteins, for example in monogenic diseases caused by expanded CXG repeat hairpin-motifs. CXG repeat diseases are a group of neurodegenerative diseases caused by a pathogenic expansion of a CXG repeat in the disease-causing genes (reviewed in (Orr and Zoghbi, 2007)) (Table 1). They include, for example, myotonic dystrophy type 1 (DM1), Huntington’s disease (HD), fragile X syndrome (FXS), and several of the spinocerebellar ataxias (SCAs). In CXG repeat diseases, the mutant repeat can be located either in the coding or in the non-coding region of the respective gene (Table 1). If the repeat lies within the coding region, a protein is translated that contains an expanded stretch of the repeat-encoded amino acid. For example, pathogenic CAG repeats translate into a poly-glutamine stretch, or CGG repeats encode a poly-arginine stretch. The resulting mutant proteins may act toxic to cells by a pathogenic gain of function and often tend to aggregate. A prominent example is the mutant Huntingtin (HTT) protein, which is aggregation -prone and has been linked to neurotoxicity in HD. The general mode of abnormal function of mutant proteins like HTT is linked to aberrant binding and sequestration of diverse proteins into aggregates, which affects their physiological function (reviewed in (Arrasate and Finkbeiner, 2012)). Besides this, RNA-dependent toxicity is also relevant. In contrast to physiological RNAs with short CXG repeats, the expanded CXG repeats within mutant RNAs fold into characteristic hairpin structures (reviewed in (Thornton, 2006)). These pathogenic hairpins trap various proteins, thereby impeding their function (reviewed in (Nalavade et al., 2013; Griesche et al., 2016; Schilling et al., 2019; Heinz et al., 2021a; Heinz et al., 2021b; Heinz et al., 2021c). For example, several of these proteins belong to the splicing machinery. Consequently, splicing is affected (Paul et al., 2011; Sathasivam et al., 2013; Schilling et al., 2019). The importance of RNA-mediated toxicity is highlighted by the fact that a neurodegenerative phenotype develops, even if the CXG repeat lies in the untranslated region. To date, there is no cure for CXG repeat expansion diseases and the available treatments are of palliative nature only. This indicates the need for a better understanding of molecular pathomechanisms and, based on this, the development of innovative therapeutic approaches.
TABLE 1 | CXG repeat diseases.
[image: Table 1]Recent studies suggest that the subcellular localisation of mutant RNA is an essential aspect of disease development. From the moment an RNA is transcribed, a complex cascade of associations with various RNA-binding proteins to form ribonucleoprotein complexes that accomplish precise regulatory function, is initiated. RNA-binding proteins determine the functional fate of RNA (reviewed in (Schoenberg and Maquat, 2012)). Often, these ribonucleoprotein complexes cluster to form spherical, microscopically visible, large membrane-less compartments called RNA granules (reviewed in (Anderson and Kedersha, 2006; Anderson and Kedersha, 2009; Buchan and Parker, 2009; Fan and Leung, 2016; An et al., 2021)). RNA granules control various steps of RNA metabolism, including translation, mRNA trafficking, splicing, silencing and RNA decay (reviewed in (Decker and Parker, 2012)). They are exceptionally dynamic and demonstrate functional plasticity. While each kind of RNA granule has its own signature of proteins and transcripts, different types of granules also share a subset of proteins and RNAs, which helps forming a cross-linked collaborative system of RNA granules. This network basically adjusts the destination of a particular biomolecule to facilitate and support various cellular functions, be it stress, transport, development, or decay (reviewed in (An et al., 2021)). Due to this extensive cross-talk, there is a frequent exchange of macromolecules between granules when in close proximity (reviewed in (Decker and Parker, 2012)). Moreover, the lack of a membrane barrier eases this exchange of biomolecules from one granule to another or their neighbouring cellular components and vice versa (reviewed in (KD, 2017)). Therefore, one can understand RNA granules better as a network and not as independent entities.
Intracellular RNA granules differ with respect to their localization, composition, and size. Based on their localization, they are mainly divided into two groups: Nuclear and cytoplasmic (Figure 1). Nuclear granules include nucleoli, splicing speckles, paraspeckles, promyelocytic leukaemia bodies, nuclear stress bodies, Cajal bodies and Gems (Gemini of the Cajal bodies) (reviewed in (An et al., 2021; Biamonti and Vourc’h, 2010; Fox and Lamond, 2010; LL, 2019; Decker et al., 2022) (Moujaber and Stochaj, 2018)).
[image: Figure 1]FIGURE 1 | Schematic overview of different types of intracellular RNA granules in neuronal cell. Promyelocytic leukemia bodies belong to the nuclear granules. Nuclear granules (nucleus dark purple) include nuclear stress bodies (beige, sites of reprogramming of gene expression), Cajal bodies (orange, sites of RNA-processing), Gems (blue, Cajal body assistance), splicing speckles (green, sites of splicing factor modification and storage), paraspeckles (purple, sites of RNA-retention) and the nucleolus (dark grey, site of ribosomal synthesis). Cytoplasmic granules include stress granules (red, sites of translational block), neuronal RNA transport granules (brown, sites of neuronal RNA-transport), and processing bodies (light green, sites of RNA-storage and -decay). Created with BioRender.com.
Nuclear granules are integral for regulating cell growth, proliferation, gene expression, splicing, and survival. The nucleoli help in ribosomal assembly, contribute to DNA repair, modulate stress-response, apoptosis, and senescence (reviewed in (Tsekrekou et al., 2017)). Cajal bodies play an important role in ribosome and telomerase biogenesis, recycling of the components involved in splicing, and assembly of snRNPs (reviewed in (DS, 2017)). The large irregular speckles are the storerooms for splicing factors and their modification. They attach to regulatory epigenetic proteins and help in chromatin organization, DNA repair, and RNA modification (reviewed in (Tripathi et al., 2010; Galganski et al., 2017)). While the paraspeckles modulate the processing of pri-miRNA and regulate gene expression by retaining transcription factors, the promyelocytic leukaemia bodies are involved in DNA replication and damage repair, quality control of nuclear proteins, oxidative stress response and telomere lengthening (reviewed in (Fox et al., 2018; Lallemand-Breitenbach and de Thé, 2018)). Nuclear stress bodies form in response to heat shock and are the place for phosphorylation of splicing factors (reviewed in (20)). Although separated by a nuclear envelope, RNA granules of the nucleus and the cytoplasm exchange proteins and communicate regularly (Khanna et al., 2014; Mahboubi and Stochaj, 2014). Nuclear granules have been extensively reviewed elsewhere (An et al., 2021; Biamonti and Vourc’h, 2010; Fox and Lamond, 2010; LL, 2019; Decker et al., 2022). Cytoplasmic RNA granules are categorized into stress granules (SGs), processing bodies (p-bodies, PBs), and neuronal RNA transport granules. The distribution of the cytoplasmic granules is dependent on their interaction with the cytoskeleton. They often associate with microtubules to promote their disassembly, mobilization, fusion and exchange of biomolecules (reviewed in (Moujaber and Stochaj, 2018)). Thus, cytoplasmic RNA granules play an important role in intracellular RNA transport and signalling.
Besides the intracellular RNA transport that is crucial to fulfil tightly spatiotemporally regulated RNA-function, RNA can also be transported intercellularly, thus contributing to cell-cell communication. For this intercellular transport, extracellular vesicles (EVs) play an essential role.
In this review, our focus will be on function and dysfunction of cytoplasmic and extracellular RNA organelles in CXG repeat expansion diseases.
2 CYTOPLASMIC RNA GRANULES
2.1 Stress granules
SGs are one type of RNA granules that can assemble in the cytosol. SGs are approximately 100–200 nm in size (reviewed in (SDL, 2006; Moujaber and Stochaj, 2018; An et al., 2021)). Environmental stresses such as viral infections, oxidative stress, ultraviolet (UV) radiation, and hypoxia are causative for the formation of SGs, as is heat, which led to the first description of SGs in cells (reviewed in (Anderson and Kedersha, 2009)). Immunostaining analyses identified a large number of proteins and RNAs as SG components. Many of them are preinitiation and translation-related factors, suggesting that SGs regulate translation induction (reviewed in (Anderson and Kedersha, 2009)). Translation induction is controlled by the mTOR (Mechanistic Target Of Rapamycin) signaling cascade (Figure 2). In this pathway, mTOR phosphorylates its two target proteins 4E-BP1 (eukaryotic translation initiation factor 4E-binding protein 1) and S6K (p70S6 kinase). One hand, the negative translation regulator 4E-BP1, that silences translation when attached to the 5′ end of an mRNA, is inactivated by phosphorylation via mTOR. As a result, 4E-BP1 unleashes the RNA and loses binding to elF4E (eukaryotic translation initiation factor 4E). ElF4E can then bind to elF4G and eIF4A, and the resulting complex binds to the preinitiation complex and the 5′UTR of the RNA. On the other hand, phospho-activated S6K phosphorylates and activates the ribosomal subunit S6. The preinitiation complex includes the small ribosomal subunit, the methionine-loaded start tRNA, the initiation factor eIF2, and GTP (guanosine triphosphate). GTP hydrolysis then releases eIF2 so that the large and small ribosomal subunits can complete forming the 80S ribosome.
[image: Figure 2]FIGURE 2 | Schematic representation of translational induction and translational block via SG-formation. The kinase mTOR (gray) controls the phospho-dependent activity of S6K (purple) and 4E-BP1 (yellow). 4E-BP1 is a negative regulator of translation that represses translation when attached to the 5′ end of an mRNA. Its phosphorylation by mTOR leads to its detachment from the RNA and the release of this translational block. Simultaneously, S6K is phospho-activated by mTOR. Activated S6K phosphorylates its target S6 (purple), a ribosomal subunit. These two mTOR-dependent phosphorylation events promote assembly of the ribosome at the RNA and thus translation. Hydrolysis of GTP to GDP at the protein elF2 (light blue) releases the binding of elF2 to the 40S subunit of the ribosome, allowing the ribosome to assemble and subsequently polysome formation. Upon cell stress (indicated by an orange flash), elF2 is phosphorylated, thus cannot detach from the 40S unit, thereby blocking translation and inducing polysome disassembly. Furthermore, 4E-BP1 is dephosphorylated and thus sticks to the 5′end of the mRNA also inhibiting translation. In addition, proteins such as FMRP (brown), ATXN2L (green) and G3BP1 (dark blue) organize the stalled RNA into SGs. Created with BioRender.com.
Different types of environmental stresses activate different kinases that phosphorylate eIF2. Phosphorylation of eIF2a reduces the formation of the ternary complex and thus prevents the assembly of the preinitiation complex. This inhibits translation induction, which in turn leads to polysome degradation. Transcripts that are no longer polysome-bound, are then actively organised into SGs through RNA-binding proteins), which oligomerize RNA (Figure 2). Examples of such RNA-binding proteins are TIA-1/TIAR (TIA1 Cytotoxic Granule Associated RNA Binding Protein), FMRP (Fragile X Mental Retardation Protein), G3BP (ras-gap SH3-binding protein), CPEB (cytoplasmic polyadenylation binding protein), SMN (Survival of Motor Neurons protein), smaug, and TTP (tristetraprolin). Overexpression of any of these proteins trigger SG assembly even in the absence of stress. TIA-1 and CPEB have prion-like aggregation properties, while G3BP has an oligomerisation domain that is regulated by phosphorylation. Self-aggregation of SMN appears to be mediated by its YG-box domain, while aggregation of FMRP family members sems to rely on the coiled-coil domain. The redundancy of these RNA-protein interactions suggests that the formation of SGs can occur under different conditions through different interactions. For example, during oxidative stress in mammalian cells, the G3BP1 and G3BP2 paralogues play important roles in the formation of SGs through both self-interaction (Souquere et al., 2009) and interaction with the RNA-binding protein CAPRIN (Cytoplasmic Activation- And Proliferation-Associated Protein) (Jain et al., 2016). However, G3BP1/2 and CAPRIN are not required for SG assembly in response to osmotic stress (Tourrière et al., 2003). During glucose stress in yeast, Gtr1, Rps1b, and Hgh1 promote SG formation but suppress it during heat shock. Therefore, the mechanism of SG formation may be stress-specific (Solomon et al., 2007). This suggests that SGs may assemble differently in response to specific cellular conditions and have different functions in different stress situations.
However, in some health-relevant situations, the SG formation is changed. For example, during viral infections, viral proteins, such as the influenza A virus protein NS1 (non-structural protein 1), inhibit the formation of SGs. Encephalomyocarditis virus (EMCV) proteins, as well as poliovirus proteins also inhibit SG formation via G3BP cleavage (White et al., 2007). One reason for this viral mechanism may be that SGs link cellular stress responses to immune system activation. G3BP-induced SGs recruit and activate numerous antiviral proteins like PKR (RNA-dependent protein kinase). PKR induces the transcription factor NF-κB (nuclear factor kappa B), thereby triggering an immune response via interferons (IFN). In addition, viral RNA and antiviral proteins such as retinoic acid-inducible gene I-like receptors (RLRs) can localize into SGs, thereby changing the normal SG composition. RLRs detect cytoplasmic viral RNA and trigger the production of IFNs (Onomoto et al., 2012; Yang et al., 2014; Kedersha et al., 2016). These data provide solid evidence for a close link between antiviral response by the immune system and SG formation and also highlights the importance of SGs in biological cell responses.
Another way in which SGs can influence cellular processes is by sequestering and thereby limiting the access to cytosolic proteins. SGs modulate signaling cascades, for example, by recruiting components of the mTOR, RACK1 (Receptor For Activated C Kinase 1) or TRAF2 (TNF Receptor Associated Factor 2) signaling pathways (Reineke et al., 2015; Reineke and Lloyd, 2015). Since SGs additionally sequester numerous proteins involved in RNA physiology and metabolism, the formation of SGs likely has far-reaching effects on cell physiology. However, it is not yet fully understood how SG formation affects cell regulation and function, and future studies are needed to address this.
2.2 Processing bodies
Another group of cytoplasmic RNA granule is the PBs which are approximately ≥100 nm in size (reviewed in (24)). PBs consist mainly of mRNAs in conjunction with proteins responsible for translational repression and 5′-to-3′-mRNA decay (reviewed in (Arimoto et al., 2008; Takahara and Maeda, 2012). They were first discovered in 1997 when XRN1, a cytoplasmic 5′→3′ exoribonuclease, was observed in eukaryotic cells in granular structures (reviewed in (Parker and Sheth, 2007)). Subsequent studies from 2002 onwards addressed their possible modes of function (reviewed in (Decker and Parker, 2012)). PBs share similarities with other RNA granules, such as Cajal bodies, nucleoli, and SGs. For example, PBs and SGs share some common proteins, they inter-arrange, and formation of both can be triggered by cellular stress. Despite these similarities, PBs differ widely from other RNA granules in their molecular composition and function. RNA decay, for which PBs are mainly known, begins with decapping of the mRNA by the decapping enzyme complex, followed by 5′-to-3′ degradation by the exonuclease XRN1 (reviewed in (Arimoto et al., 2008)).
Contrary to the initial assumption that PBs are pure sites of 5′-to-3′ degradation of RNA, they also contain factors involved in mRNA regulation, RNA interference and translational suppression, although it should be noted that the formation of PBs is not essential for all these processes (Eulalio et al., 2007). Upon translocation into the PBs, mRNAs can be temporarily stored in a repressed state to be later released from the PBs and undergo translation in the cytoplasm. In some cell types, for example neurons that have long neurites, it is essential to have a local control of RNA stability and translation. Thus, PBs represent an important tool to locally degrade or store translationally repressed RNA in neurites. However, it is not known yet, if PBs are assembled locally inside the neurites, or if they are assembled in the soma and then translocated from the soma to synapses (Zeitelhofer et al., 2008).
Several factors influence and modulate PB formation. Just as in SG assembly, polysome-disassembly is relevant for PB assembly (Eulalio et al., 2007). In addition, decapping coactivators are responsible for PB formation (Coller and Parker, 2005). Furthermore, post-translational protein modifications play an important role in regulating PB assembly. For example, many PB proteins are phosphorylated (Yoon et al., 2010). Moreover, ubiquitination also plays a role in modulating PB formation. For example, Dcp1A is both mono- and polyubiquitinated at many of its lysine residues. This polyubiquitination of Dcp1A induces phosphorylation at position S315. Mutation of a number of ubiquitinated lysines to arginine in the C-terminal part of Dcp1A is associated with a defect in PB size, Dcp2 binding, and decapping activity. This suggests that both phosphorylation and ubiquitination are functionally linked. In addition, expression of a mutant ubiquitin results in complete loss of PBs (Tenekeci et al., 2016). These results indicate that ubiquitin plays a key role in PB formation, either independently or through modulation of other post-translational protein modifications like phosphorylation. However, the mechanisms by which post-translational protein modifications affect PB formation are not yet fully understood and deserve future analysis.
2.3 Neuronal RNA transport granules
Another type of cytoplasmic RNA granule, responsible for the intracellular transport of mRNA, are the neuronal RNA transport granules. Neurons have long neurites extending in multiple directions. RNA transcription takes place in the nucleus. Thus, mRNAs are transported to the place, where their encoded protein is needed, to be translated there (for example, at the synapse). Neurons regulate synaptic plasticity by spatiotemporal regulation of protein synthesis. In this way, the presence of a particular protein at a particular location in the right time is ensured. The neuronal RNA transport granules control this phenomenon by transporting mRNAs together with the translation machinery to its target site. During transport, the translation is inhibited, and at the final destination the translational block is released to allow the mRNA to be translated (Besse and Ephrussi, 2008; Gumy et al., 2011; Shigeoka et al., 2016). Neuronal RNA transport granules are transported along the microtubules to their final destination via the motor proteins, kinesins and dyneins (reviewed in (Urbanska et al., 2017; De Graeve and Besse, 2018)). Neuronal RNA granules are round shaped assemblies of tightly packed electron dense material of approximately 150–1,000 nm in size (reviewed in (Khandjian et al., 2009; Holt and Schuman, 2013)). Several studies confirmed the presence of translation initiation and elongation factors, and ribosomes in neuronal RNA transport granules. Further, these granules contain mRNAs that are blocked at the translation initiation step (Krichevsky and Kosik, 2001; Elvira et al., 2006; El Fatimy et al., 2016). One key protein that can function as translational repressor during RNA transport and regulate local protein synthesis and synaptic function is FMRP (reviewed in (Lai et al., 2020)). By time-lapse video microscopy, single granules were found to merge and form cargoes that are transported from the soma to distal locations. A substantial amount of FMRP target RNAs is transported in granules. Furthermore, FMRP is more abundant in granules than in polyribosomes. All these findings support a significant role for FMRP in granule-biology (El Fatimy et al., 2016).
Cells regulate the size, amount and composition of all types of RNA granules according to their metabolic priorities. RNA granules could be cell-type specific, like, neuronal RNA transport granules, or context-specific like the de novo paraspeckles that are generally absent but assemble during embryonic stem cell patterning (Chen and Carmichael, 2009). RNA granules are either present in all cell conditions or are induced by stress. Almost all RNA granules change their size, number, morphology, and composition in response to stress (reviewed in (Moujaber and Stochaj, 2018; An et al., 2019; An et al., 2021)).
2.4 Liquid-liquid phase separation
The biogenesis of RNA granules occurs by liquid-liquid phase separation (LLPS). LLPS is the process of accumulating biomolecules into a dense phase by separating themselves from their surrounding light phase. Weak RNA-protein and RNA-RNA interactions aid LLPS. The droplets formed by LLPS are ball-shaped and can assemble or dissociate within seconds, thereby responding to signals quickly. This behaviour gives RNA granules the ability to assemble from smaller droplets that fuse, to condense, to dissolve, and to exchange content with their surroundings. Despite this flexibility, they are internally structured with a stable core structure and a more dynamic shell (reviewed in (Tian et al., 2020; An et al., 2021)) (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic showing the internal structure and LLPS of RNA granules. RNA granules have a core (dark grey) made of condensed RNA-RNA and RNA-protein complexes, and a shell (light grey) containing RNA-RNA and RNA-protein complexes characterized by weak interactions. Both the shell and the core of the RNA granules build a dynamic system. Both surface exchange (black arrow) and core-shell transitions are possible (red arrow). These are modulated by numerous RNA-protein interactions and require ATP hydrolysis (yellow) as various ATPase complexes (purple) are involved that regulate various steps of granule assembly and stability. Created with BioRender.com.
Granule formation and core-shell transitions are modulated by numerous RNA-protein interactions. These interactions require the hydrolysis of ATP to ADP by ATPases. In this process, different ATPase complexes are responsible for different steps of granule assembly, dynamics, and stability (Jain et al., 2016). For example, the ATPase-active dynein and its counterpart kinesin are required for the transport of ribonucleoproteins to granules (Loschi et al., 2009). The ATPase complexes MCM (mini-chromosome maintenance) and RVB (RuvB-like helicase) stabilize granules (Jain et al., 2016). In contrast, the ATP-dependent CCT (chaperonin-containing T) complex conserved in yeast and mammals can inhibit SG assembly.
For LLPS and the subsequent maintenance of RNA granules, both intrinsically disordered proteins (IDPs) and multivalent protein are required. While each type of RNA granule contains a certain signature of RNA-protein-content that distinguishes it from other granule types, some components like IDPs and multivalent proteins, are shared by different types of granules. Since there is a limited intracellular stock of these proteins critical for LLPS, the different types of granules compete for them. Thus, when there is an assemblage and expansion of one type of RNA granule, the other granules often shrink (Hochberg-Laufer et al., 2019; Rossi et al., 2020).
Important proteins that reside in RNA granules, e.g., IDPs, often have a susceptibility to misfold and undergo aberrant interactions. Therefore, proteins in RNA granules are often under close surveillance by the cellular protein quality control system. The protein quality control system involves chaperones that assist the conformational folding of proteins and cellular protein degradation pathways. Deregulation of the protein quality control system, for example in neurodegeneration, is thus often linked to aberrant RNA granules composition and dynamics. Those aberrant RNA granules can no longer execute their physiological functions and thus contribute to disease development (reviewed in (Zhang and Ashizawa, 2017; An et al., 2021)).
2.5 RNA granules in CXG repeat disorders
The appearance of aberrant RNA granules in CXG repeat expansion diseases was first reported more than 20 years ago, when intranuclear RNA granules, referred to as nuclear foci, where discovered in DM1. Here, the mutant CUG-expanded RNA encoding DMPK (Myotonic Dystrophy Protein Kinase) induces the assembly of nuclear foci in patient fibroblasts and muscle biopsies (Taneja et al., 1995). In line, also other CXG repeat containing RNAs induce formation of nuclear foci, e.g., the CAG-expanded RNAs HD or SCA3 (Ho et al., 2005; de Mezer et al., 2011). While historically, nuclear foci were the first aberrant RNA granules described in CXG repeat diseases, we will focus here on cytosolic RNA granules.
One example of a CXG repeat that causes the formation of aberrant cytoplasmic RNA granules is the mutant CGG repeat in the FMR1 gene. This mutation is associated with FXS, which is characterized by intellectual and developmental disabilities. The FMR1 gene encodes the RNA-binding FMRP protein, which regulates mRNA translation, localization, and stability (reviewed in (Richter and Zhao, 2021)). Normally, FMRP is found in all different cytosolic RNA granules, namely SGs, PBs, neuronal RNA transport granules and fragile X granules (Figure 4). Fragile X granules are axonal RNA granules and are composed of FMRP and four FMRP homologues, the Fragile X related (FXR) proteins (Akins et al., 2017a). During neuronal development, but also during adolescence in rodents, fragile X granules regulate the expression of the axonal proteome (Christie et al., 2009; Akins et al., 2017b). Interestingly, phosphorylation of FMRP leads to interaction with CAPRIN1, a protein that stimulates SG formation (Kim et al., 2019). This suggests a mechanism by which FMRP attaches to and pushes the formation of SGs upon post-translational modification. Thus, the phosphorylation status of FMRP is significant for its ability to regulate translation. Dephosphorylation of FMRP by protein phosphatase 2A (PP2A) triggers ubiquitination and degradation of FMRP (Nalavadi et al., 2012). This decreases FMRP levels and thereby releases its function in translational silencing of RNAs inside SGs.
[image: Figure 4]FIGURE 4 | Altered RNA granule formation in CXG repeat diseases. (A) In normal cells, several proteins locate to and regulate RNA-processing in PBs (light green), including HTT, AGO2, ATXNL2. During a stress event, phosphorylation of elF2 (light blue) inhibits translation and the translationally silent RNA is organized into SGs (light red) via the activity of several RNA-binding proteins, e.g., FMRP, ATXNL2, or G3BP1. FMRP (brown) is involved in regulation of translation at the pre- and postsynapse. While FMRP blocks translation during transport, it needs to be released from the RNA to allow local synaptic translation. (B) Upon loss of function of FMRP (brown) in FXS, SG formation is inhibited. Similarly, loss of function of ATXNL2 (green) in SCA2 leads to disturbed SG formation. In HD, G3BP1 is overexpressed, leading to increased SG formation and PBs are inhibited. Under disease-conditions with a mutation or lack of HTT or ATXNL2, PB formation is reduced. While RNA-binding proteins like FMRP and HTT normally promote neuronal RNA transport granules, their loss of function decreases RNA transport. Upon loss of function of FMRP, the number of presynaptic Fragile X granules increases together with an increased local translation rate. Created with BioRender.com.
In contrast, CCG repeat mutations in FMR1 deregulate formation of cytoplasmic RNA granules. Expansion of the CGG repeat in the FMR1 gene is associated with decreased expression and loss of function of FMRP and thus FXS. In the absence of FMRP or its mutation under disease conditions, SG formation process is inhibited. In addition, also the formation of fragile X granules is affected, with an increase in fragile X granules in the FRM1-knockout mice (Christie et al., 2009). Accordingly, it can be assumed that the number of fragile X granules may be reduced in FXS. FMRP also plays a role in PB formation. One known target mRNA of FMRP is the amyloid precursor protein (APP) RNA, which FMRP normally recruits into PBs thereby inhibiting its translation (Lee et al., 2010). APP regulates synaptic function and the proteolytic cleavage of APP releases neurotoxic Aβ, which is important in Alzheimer’s disease (reviewed in (Soria Lopez et al., 2019)). In FXS, mutant FMRP loses its function to organize APP RNA into PBs (Lee et al., 2010). It is tempting to speculate that overexpression of APP, which leads to neurodegeneration in Alzheimer’s disease (reviewed in (Hardy and Selkoe, 2002)), may occur in FXS. There are a few studies suggesting that APP and Aβ levels are deregulated in human FXS models, however, future work is needed to consolidate these findings (reviewed in (WCJ, 2019)).
Finally, missense mutations in FMRP result in reduced RNA transport granule formation in Drosophila, while simultaneously increasing their dynamics (Starke et al., 2022). Thus, impaired mRNA transport along the axon and dendrites represents another RNA granule-coupled role of FMRP that is affected in FXS.
In addition to the above-mentioned examples of aberrant RNA granules in FXS, other CXG repeat disorders also exhibit altered homeostasis of RNA granules. In HD, the mutant HTT protein interacts with SG-associated proteins and redistributes into SGs under endoplasmic reticulum (ER) stress. Furthermore, SG-associated proteins are overexpressed in cortices of HD mouse models and HD patients. These include G3BP1, which initiates SG assembly via multimerization. The granule density of G3BP1 is significantly increased in HD. Interestingly, in HD cortical neurons, the TDP43 (TAR DNA-binding protein) which is a nuclear RNA/DNA-binding protein, is mislocalized to SGs in cytoplasm of G3BP1 positive granules (SanchezNguyen et al., 2021).
Besides the deregulation of SGs, PBs are also affected in HD. Normally, the HTT protein co-localizes with Argonaute (AGO2) in PBs. AGO2 belongs to the AGO family and is a component of the small RNA-mediated gene silencing pathway (reviewed in), and HTT through association with AGO2 contributes to RNA-mediated gene silencing in PBs. Mouse striatal cells expressing mutant HTT exhibit fewer PBs, indicating that PB formation is affected in HD (Savas et al., 2008). AGO2 and HTT are also components of RNA transport granules and co-traffic with RNA along the microtubules in dendrites (Savas et al., 2010). In line, HTT co-localizes with microtubule motor proteins during dendritic transport of β-actin (ACTB) mRNA and reduction in the levels of HTT reduces the mRNA transport (Ma et al., 2011). This suggests that in HD, the mutant HTT protein may impact RNA transport granules and thus RNA transport to the neurites.
Like HD, SCA2 and SCA7 are also caused by expansion of a CAG repeat. The mutant CAG repeat is located in the Ataxin-2 (ATXN2) gene in SCA2 and the Ataxin-7 (ATXN7) gene in SCA7. As in HD, a correlation between disease and SG formation was discovered. The disease-causing protein in SCA2, ATXN2, has a paralog termed ataxin-2-like (ATXN2L), which is a component of SGs. Overexpression of ATXN2L leads to the induction of SGs, whereas low ATXN2L levels reduce the number and size of SGs. Therefore, ATXN2L can be considered as a SG regulator, probably via the interaction with G3BP1. Furthermore, overexpression or reduction of ATXNL2 impacts the presence of microscopically visible PBs. Thus, ATXNL2L is involved in the regulation of at least two types of RNA granules: SGs and PBs (Kaehler et al., 2012). In SCA7, the elongated ATXN7 protein affects the expression of G3BP1 and the behaviour of TDP43. In SCA7 cells, mutant ATXN7 aggregates both inside the nucleus and in the cytoplasm. TDP43 co-localizes with ATXN7 aggregates. In addition, SCA7 cells overexpresses G3BP1, which in turn leads to increased SG formation. Besides its localization in aggregates, ATXN7 also localizes to these SGs together with G3BP1 (Niss et al., 2022).
Additional examples of CAG repeat expansion diseases with altered RNA granule pattern are SCA6 and SCA8. SCA6 is caused by a CAG repeat expansion encoding polyglutamine in the CACNA1A gene (calcium voltage-gated channel subunit alpha1). Here, a reduced expression of BDNF (brain-derived neurotrophic factor) in SCA6 cerebellum and mislocalization of BNDF into aberrant dendritic granules, which are absent in controls, was observed (Takahashi et al., 2012). This study suggests that the aggregated polyglutamine protein interferes with normal BDNF trafficking in dendrites. Moreover, in SCA8, which is caused by a CAG (CUG on the opposite strand) repeat expansion mutation in the ATXN8 gene (ATXN8OS on the opposite strand), aberrant cytoplasmic inclusions have been described. Within these aberrant cytosolic granules that were found in an SCA8 autopsy case, small granular particles, identical to ribosomes were found. However, future work is required to show in closer detail how the reverse or forward transcripts of the expanded CAG/CUG repeat affect aberrant aggregation of ribosomes and neurodegeneration (Yokoyama et al., 2014).
Another example of deregulated RNA granule in CXG repeat diseases is DM1, which is caused by expansion of a CUG repeat in DMPK. While the traditional cellular hallmark of the disease is the formation of nuclear foci containing expanded DMPK RNA, also formation of SGs and PBs is affected. Mutant CUG repeat DMPK RNA recruits RNA-binding proteins including muscleblind-like protein 1 (MBNL1) and CUG-binding protein 1 (CUGBP1). Both MBNL1 and CUGBP1 are SG and PB components. In cell culture models of DM1, the structure and regulation of SGs and PBs is altered (Gulyurtlu et al., 2022) (Figure 4). Moreover, while normally cell stress efficiently triggers formation of SGs, to which Staufen1 is recruited, DM1 myoblasts fail to properly form SGs upon oxidative stress. This blockage was not observed in disease-fibroblasts, which show lower expression and sequestration of toxic CUG repeat mRNAs then myoblasts, suggesting a cell type-specific defect. Down-regulation of Staufen1 in disease myoblasts normalizes SG formation, showing that Staufen1 is a key player in aberrantly reduced SG formation (Ravel-Chapuis et al., 2016). In contrast, in another study, it was seen that the expression of mutant CUG repeat RNA induced formation of SGs. These SGs trap the mRNA coding for MRG15, a DNA repair and DNA remodeling factor. This results in translational block and consequently lower MRG15 protein levels in CUG-expressing cells (Huichalaf et al., 2010). Together, these studies show that CUG-repeat expansion in DM1 can affect SG formation in two ways: pushing aberrant SG assembly and reducing the abnormal SG assembly-response to oxidative stress.
In summary, abnormal formation of intracellular RNA granules occurs in several CXG repeat expansion disorders. This includes the impaired formation of SGs, with both increased or decreased amounts of SGs, altered levels of PBs, alterations of RNA transport granules, and formation of aberrant RNA granule species. In addition to these irregular intracellular RNA vesicles, the quantity and appearance of EVs are also affected in CXG repeat expansion disorders.
3 EXTRACELLULAR VESICLES
Like RNA granules help connecting and regulating different intracellular mechanisms, cells release vesicles into the extracellular space. EVs participate in intercellular communication but also remove excess or unnecessary constituents from cells to maintain cellular homeostasis. Unlike the intracellular RNA granules, EVs are enclosed by a lipid bilayer. EV is an umbrella term that comprises all the vesicles in the extracellular space, namely exosomes, microvesicles (also called microparticles or ectosomes), and apoptotic bodies (also known as apoptosomes). While the apoptotic bodies could be regarded as the biggest of all EVs with a size ranging from 1–5 μM, microvesicles are ̴100–1,000 nm large, making the 30–150 nm sized exosomes the smallest subpopulation (reviewed in (Théry et al., 2018; Battistelli and Falcieri, 2020; Nabariya et al., 2020)) (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic representation of extracellular vesicle biogenesis under physiological conditions (A, green) and CXG repeat disease cells (B, red/yellow). (A) Microvesicles are released to the extracellular space by budding from the plasma membrane. Apoptotic bodies arise from membrane protrusions (blebbing) during fragmentation of an apoptotic cell (ES, 2007; Akers et al., 2013; Povea-Cabello et al., 2017; Tricarico et al., 2017). Exosomes are formed by a multistep process that starts with endocytosis (the inward budding of the cell membrane and internalization of cargo into early endosomes). The early endosomes mature into multivesicular bodies (MVBs). By invagination of the MVB membrane intraluminal vesicles (ILVs) are formed. During this process, cytosolic components like proteins, RNAs and lipids are incorporated into ILVs. The ILVs are then released as exosomes from the MVBs into the extracellular space by fusion with the plasma membrane. The exosomes can then be taken up by neighboring cells via endocytosis. (B) In the context of CXG repeat diseases, pathogenic mutant RNA (hairpin, red), micro RNA, mis-spliced RNA and aggregating proteins (red dots) are passed on to neighboring cells via the exosomes. Created with BioRender.com.
Exosomes are spherical, cell-specific, nanosized EVs, which are secreted by almost all mammalian cells (reviewed in (Nabariya et al., 2020)). Within their lipid bilayer, exosomes encapsulate several biomolecules such as DNA, RNAs including mRNA and non-coding RNAs (transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), microRNAs (miRNAs)) proteins (membrane, transmembrane, soluble proteins), as well as a wide range of peptides, lipids, and their derivatives. Though the presence of proteins in exosomes was reported just after the discovery of exosomes, the confirmation of the presence of RNA in exosomes and that the process of translation could take place inside the exosomes completely revolutionized the field of exosomal biology (Ratajczak et al., 2006; Valadi et al., 2007; Kalra et al., 2016). Interestingly, studies show the presence of several components of SGs in exosomes (Syed et al., 2020). Exosomes not only enable intercellular communication and biomolecule shuttling, but also the composition of the exosomes reflects the genetic, epigenetic and conditional composition of its mother cell (reviewed in (Kalra et al., 2016; Mashouri et al., 2019)).
Exosomal biogenesis is a multistep process. Their biogenesis involves endosome formation that starts with inward budding of the cell membrane and internalisation of cargo into early endosomes. The early endosomes mature into multivesicular bodies (MVBs). By invagination of the MVB membrane, intraluminal vesicles (ILVs) are formed within the MVBs. Through this process, ILVs recruit cytosolic components like proteins, RNAs, lipids, and other exosome cargoes. The ILVs are then released from the MVBs into the extracellular space by fusion with the plasma membrane. These released ILVs are termed exosomes (Théry et al., 2002; Poteryaev et al., 2010). The detailed pathways of exosomal biogenesis have been extensively reviewed elsewhere (Théry et al., 2002; Stuffers et al., 2009; HJH, 2010; Colombo et al., 2013; Kalra et al., 2016).
In summary, there are three different kinds of EVs: Exosomes, microvesicles and apoptotic bodies. While, apoptotic bodies are cleared by phagocytosis, exosomes and microvesicles play a vital role in intercellular communication and also help removing excess biomolecules from the cell. Besides supporting normal cell function and homeostasis, EVs are important in the development of neurodegenerative diseases.
3.1 Extracellular vesicles and CXG repeat disorders
While upon disease conditions, the aberrant formation of the cytoplasmic RNA granules could push neurons towards degeneration, exosomes can act both as a friend and a foe. On one hand they are involved in the progression of the disease, on the other hand their potential as a therapeutic system cannot be ignored. Exosomes are involved in the pathogenesis, propagation, and progression of several neurodegenerative diseases (reviewed in (Russo et al., 2012; Younas et al., 2022)). However, in the context of CXG repeat disorders, the number of studies is limited and more studies to understand the role of exosomes in the pathogenesis of CXG repeat disorders are the need of the hour. In HD, there is increasing evidence that EVs play a role in releasing disease-specific cargo and even transporting it between cells (Figure 5). Here, mutant gene products are the polyglutamine protein and the CAG repeat RNA. Both may be released from disease cells and may even be taken up by the surrounding cells. With respect to the occurrence of disease hallmarks like the formation of protein aggregates, cell-to-cell transmission of mutant gene products like aggregate-prone polyglutamine proteins is one important disease mechanism. Several studies support that polyglutamine protein can be released and taken up by cells:
First, cellular uptake of polyglutamine peptide (44Q) occurs both in in-vitro and in-vivo. Upon this internalisation of the polyglutamine peptide, cytoplasmic aggregation is induced in the receiving cells (Ren et al., 2009). In line, cell-to-cell transmission of mutant polyglutamine HTT protein is also well evidenced (Yang et al., 2002; Herrera et al., 2011; Costanzo et al., 2013; Pecho-Vrieseling et al., 2014). Further, studies confirm the propagation of mutant HTT to an unrelated tissue in three HD patients, who underwent foetal striatal tissue transplantation, where mutant HTT aggregation was observed in the transplanted tissue (Cicchetti et al., 2014). While all these studies provide evidence that cell-to-cell transmission of mutant polyglutamine HTT protein takes place, they do not explicitly identify the route of cell-to-cell transfer. However, EVs are likely involved, since additional studies suggest that mutant HTT gene products can propagate from one cell to another by taking up exosomes from the surroundings that contain polyglutamine HTT. For example, when the conditioned medium from HEK cells overexpressing mutant HTT is used for treating SH-SY5Y cells, the exogenous mutant HTT protein is detectable in treated cells within 5 days of medium exposure. Also, co-culturing of murine neuronal stem cells with exosomes derived from HD fibroblasts (containing 143 repeats) for 4 days resulted in the detection of mutant HTT aggregates in neurons. Additionally, upon intraventricular injection of exosomes from HD fibroblast in mice, mutant HTT was detectable in the striatum, and the mice developed an HD-like phenotype (Jeon et al., 2016).
In HD cells, the EV secretion rate is substantially increased. This increase is linked to mitochondrial impairment. Mutant HTT enhances the activity of ca2+ channels and affects transcription. They together lead to functional deficits of mitochondria (reviewed in (Jin and Johnson, 2010)). HD cells secrete exosomes containing components of the mitochondrial machinery and elevated levels of mtDNA (Beatriz et al., 2022). Manifest HD patients show a sharp increase in EV release with autophagic and mitochondrial system damage (Figure 6). Autophagic flux (Pircs et al., 2018) impairment and accumulation of damaged mitochondria lead to an increased in the exosomal release and higher mitochondrial DNA levels in them (Beatriz et al., 2022).
[image: Figure 6]FIGURE 6 | Schematic representation of the consequences of exosomal uptake. Post internalization, the disease-specific exosomal cargo overloads the endosome leading to untapped cargo release into the cytosol. This cargo could disrupt different cellular processes. It promotes aggregation and damages the mitochondrial system thereby increasing exosome release. Autophagic processes are impaired in CXG repeat disorders which facilitates further aggregation. These aggregations further push autophagic system collapse (Cortes and La Spada, 2014).
Besides transferring mutant HTT protein, EVs also deliver the mutant CAG repeat RNA from one cell to another (Hong et al., 2017) (reviewed in (Ananbeh et al., 2021)). EVs that transferred mutant CAG repeat RNA induce HD symptoms and HD-like pathology in mice (Zhang et al., 2016).
While all these studies have been conducted on HD, EVs also play an important role in other CXG repeat expansion disorders. For example, there is evidence from studies on DM1 suggesting that a specific pattern of mis-splicing signatures can be detected in body fluids like blood or urine. These include 10 splicing variants in exosomal RNA that may serve as biomarker for the disease (Antoury et al., 2018). Furthermore, several exosomal muscle-specific miRNAs in serum of DM1 patients relating to muscle disease progress were identified (Koutsoulidou et al., 2017).
Moreover, there is evidence that another CXG repeat gene, FMR1 that encodes FMRP, is connected to exosome loading. Specifically, FMRP controls exosomal cargo loading of miR-155 during inflammation (Wozniak et al., 2020). Thus, it is tempting to speculate that CXG repeat expansion, leading to decreased levels of functional FMRP, may affect miRNA loading into exosomes.
Taken together, CXG repeat expansion mutations can affect exosome content (Figure 6). The deregulation of vital RNA-binding proteins like FMRP and HTT leads to imbalanced loading of several components into exosomes setting a stage for the detection of several diagnostic biomarkers under disease-condition. On the other hand, the detection of the lower or higher expression levels of a particular biomolecules in the exosome might indicate a potential therapeutic aid.
3.2 Exosomes in diagnostics and therapy
Exosomes take part in several complex biological processes and play a vital role in the progression of several diseases. Since they are produced by virtually all cells, they are present in all biological fluids, and their molecular cargo is depictive of the physiological condition of the cell. For example, if a cell is under stress, the exosomes released could consist of several heat shock proteins and possibly some RNA granules. This molecular carriage of exosomes can be exploited as diagnostic tools to detect and monitor several diseases with minimum invasive diagnostic systems.
Additionally, exosomes are ideal candidates for the delivery of therapeutic molecules. Their lipid bilayer membrane protects their content, including enzymes, nucleic acids, and other biomolecules. The lipid bilayer further contains receptors that target exosomes to specific organs, tissues, or cells. Thus, exosomes represent a robust target-specific delivery system. Exosomes can be easily engineered due to their simple outer membrane composition and can easily cross the blood-brain barrier (reviewed in (Matsumoto et al., 2017)). EV secretion is conserved in many species and hence has a great potential as an inexpensive target specific delivery system (reviewed in (Kalra et al., 2016; Ahmed et al., 2022)).
In context to CXG repeat disorders, several studies have confirmed the compelling nature of exosomes both as diagnostic biomarkers and therapeutic systems. With regard to diagnostic biomarkers, HTT is detectable in EVs isolated from pig HD model as well as in HD patient plasma, with elevated HTT levels in EVs from plasma of HD groups when compared to controls suggesting that EV cargo may serve as biomarker for the disease (Ananbeh et al., 2022).
With respect to treatment options, several studies support that EVs may have therapeutic value. Of the many mechanisms that lead to neurodegeneration in HD, altered expression of the RE1-silencing transcription factor (REST) is one. While normally HTT represses REST, mutant HTT does not silence the activity of REST any longer. This results in transcriptional deregulation, e.g., the repression of REST target genes like BDNF. It is also known that in HD, the expression of miR-124 is decreased, which leads to increased levels of the miR-124 target gene REST. To compensate for the lack of miR-124 and thereby restore normal REST function, exosome-based delivery system called EXO-124 was developed. Therefore, exosomes were isolated from HEK293T cells overexpressing miR-124. Then EXO-124 was injected into the striatum of HD mice. While the REST expression level was successfully reduced, this treatment did not improve in the behavioural phenotype of the mice (Lee et al., 2017). Nevertheless, this study proves the efficiency of exosomes as a delivery system and makes room for several other studies with other miRNAs that have therapeutic potential.
In line with the concept of transferring small RNAs via exosomes, hydrophobically modified siRNAs (hsiRNA) targeting HTT mRNA can be loaded into exosomes via co-incubation without altering their shape, size, or integrity. These loaded vesicles can then be internalized by the primary cortical neurons and lead to dose-dependent HTT mRNA silencing (Didiot et al., 2016). This experiment proposes the efficacy of exosomes as a target-specific delivery system for small RNAs. With respect to HD, several studies suggested that small antisense oligonucleotides that lead to HTT silencing may be a valuable approach to reduce HTT expression. However, the clinical trials with antisense oligonucleotides were stopped, and future work is required to optimize these therapeutic approaches.1
In another study, exosomes were isolated from adipose-derived stem cells. Then cultures of neural stem cells from an HD mouse model were treated with these exosomes for 5 days. Strikingly, this treatment significantly reduced mutant HTT aggregation (Lee et al., 2016).
In a comparative dataset study of PubMed-articles containing co-citation of genes linked to either the protein interactome of normal HTT or the impact of mutant HTT-driven perturbation, two HD-relevant datasets were identified, one of which was exosome synaptic functions. This suggests that synaptic plasticity and exosomes are linked to each other, and their functions are altered in HD. Furthermore, the miRNA and protein cargo of exosomes was enriched in the datasets of HD and many known drug targets where found in the exosome databases indicating the therapeutic potential of exosomes (Wang et al., 2017).
In the central nervous system, astrocytes secrete diverse substances that support neuronal function and viability. With respect to neurodegenerative diseases, exosomes secreted from astrocytes carry heat shock proteins that can reduce the toxicity of misfolded proteins. Studies conducted on an HD mouse model showed that mutant HTT is not present in astrocytic exosomes but can decrease exosome secretion from astrocytes in HD mice. Mutant HTT decreases the exosome secretion by downregulating aB-crystallin levels. aB-crystallin is a small heat shock protein that is enriched in astrocytes and mediates exosome secretion, and its overexpression reverts the decreased exosome release in the striatum of HD mice. Interestingly, injection of exosomes derived from wildtype astrocytes into the striatum of HD mice lowers mutant HTT aggregates, suggesting strong therapeutic potential of astrocytic exosomes in HD (Hong et al., 2017).
Additional evidence that exosomes may carry positive factors to treat HD comes from a study in HD mice, that shared blood circulation with healthy mice through heterochronic parabiosis. Heterochronic parabiosis could ameliorate the HD pathology. Furthermore, in the same study, in an in-vitro HD model treated with exosomes isolated from blood, cell viability was improved and HTT aggregation was reduced. Overall, this study suggests that pathology of HD can be improved by treatment with exosomes from healthy blood (Lee et al., 2021).
While many studies on the impact of exosomes on CXG repeat expansion disorders focus on HD, also in SCA3, an autosomal dominant CAG repeat disorder caused by a CAG repeat expansion in the ATXN3 gene, exosomes are involved. With respect to biomarkers, exosomal RNAs from the plasma and cerebrospinal fluid (CSF) of SCA3 patients and controls were isolated. They found one miRNA; mir-7014, that was upregulated in CSF exosomes and downregulated in plasma exosomes. Since exosomes can pass the blood–brain and blood–CSF barriers, these opposite changes in plasma- and CSF-derived exosomal mir-7014 levels are to date not clear and deserves further analysis. Further, mir-7014 level correlated with the age of onset, while no correlation with other clinical indexes, e.g., SARA scores, was found. Together these findings make mir-7014 an interesting candidate as exosomal biomarker for SCA3 (Hou et al., 2019).
With respect to a putative therapeutic potential of exosomes in SCA3, a study of a SCA3 mouse model that was treated with exosomes isolated from healthy mesenchymal stem cells was conducted. Exosome treatment improved rotarod performance and attenuated the neuropathology, e.g., cerebellar myelin loss, Purkinje fibre loss and neuroinflammation, suggesting a great potential of exosome treatment as SCA3 therapy (Zhang et al., 2019; You et al., 2020).
In summary, exosomes are of great importance in CXG repeat expansions disorders: they carry disease-specific cargo, thereby enabling identification of biomarkers for disease progression, and they open the path to novel treatment options.
4 THE RNA GRANULE-EXOSOME CROSSTALK
Exosomes and cytoplasmic RNA granules share similarities: both have a huge cargo of biomolecules including RNAs and proteins (reviewed in) and both originate from the cytoplasm. Interestingly, many RNA-binding proteins that are components of SGs or PBs (e.g., FMRP, IGF2BP1, YBX1, SYNCRIP, HNRNPA1, HNRNPA2B1, HNRNPU) are also associated with EV loading, suggesting a possible link between intracellular RNA granules and loading of EV-RNA (Markmiller et al., 2018; Leidal et al., 2020; Liu et al., 2021a) (reviewed in (Parolini et al., 2009; Mittelbrunn et al., 2011; Montecalvo et al., 2012; Haimovich et al., 2017; Wolozin and Ivanov, 2019)). For example, in HEK293 cells there is an 18.4% overlap of the PB proteome, and a 28.7% overlap of the SG proteome with the proteome of small EVs (Liu et al., 2021a). From the same study, there is evidence that LLPS of RNA-protein complexes into RNA granules concentrates these components for their subsequent sorting into EVs. In line with the concept that assembly of RNA-protein complexes via LLPS is important for sorting specific cargo into EVs, condensation of YBX1 into PBs by LLPS is necessary for sorting miRNAs into exosomes (Liu et al., 2021a).
It is tempting to speculate that neither single RNAs nor proteins are taken up from the cytoplasm into exosomes, but RNA-protein complexes segregate from RNA granules into exosomes. On average, cytoplasmic granules are larger than exosomes, meaning that RNA-protein complexes may separate from the large RNA granules, get internalised in the MVBs and finally get secreted as exosomes.
Once secreted from the cell, EVs can transfer their cargo including RNA transcripts to recipient cells. There are three potential ways of EV-RNA uptake: cell surface membrane fusion which is direct delivery of cargo into cytoplasm, cell contact-dependent mechanisms, e.g., via a synapse or via nanotube structures, or by endocytic pathways including micropinocytosis, phagocytosis, clathrin-mediated, caveolin-mediated, or receptor-mediated endocytosis (Mulcahy et al., 2014). The majority of uptake occurs via the endocytic pathways, by which the cargo is delivered inside endosomes and would face lysosomal degradation (Kanada et al., 2015; Hung and Leonard, 2016; Bonsergent et al., 2021). If the system is impaired, like in neurodegenerative disorders, the aberrant proteins and RNAs could escape the endolysosomal degradation system breaking the cell’s line of defence of the recipient cell. The recipient cells might sort these aberrant RNA transcripts and proteins into SGs or PBs, but this may lead to imbalanced intracellular RNA granule homeostasis (Dellar et al., 2022).
Taken together, there is clear evidence that exosome- and RNA granule-contents overlap. However, intensive studies are required to establish this link and understand the exact underlying molecular mechanisms of LLPS-linked conversion of these organelles into each other. Given the fact that RNA-protein interactions within both RNA-granule and exosomes are deregulated in CXG repeat expansion disorders, this gives a new vision to the way we look at the exosome-RNA granule’s intrinsic network and its role in disease development.
5 CONCLUSIONS AND FUTURE PERSPECTIVES
RNA function is tightly spatiotemporally regulated within the cell. Intracellular RNA granules are membrane-less organelles, in which RNA-protein complexes are condensed by LLPS. These granules have distinct function, ranging from transport of specific RNAs to their desired location, over silencing of translation as a reaction on cell stress, to RNA degradation. Some proteins like FMRP occur in different types of granules. In CXG repeat expansion diseases, the normal distribution of FMRP between the different types of granules is disturbed, leading to imbalance of RNA granules. Interestingly, post-translational modification of such regulator proteins like FMRP (e.g., phosphorylation or ubiquitination) plays a role in regulating these proteins’ function in granule formation. Thus, a key aspect of future studies should be to investigate the impact of phosphorylation or ubiquitination events on RNA-protein interactions as key steps for phase separation and granule assembly/disassembly.
Besides the LLPS-driven intracellular RNA-organization into granules to achieve spatiotemporal regulation of RNA-activity, RNA can also be transported intercellularly, and thus contribute to cell-cell communication. One route for this intercellular transport is via EVs. There is recent evidence that intracellular granules that are built via LLPS are precursors for EVs. Interestingly, like RNA granules assembly, also EV loading of miRNA cargo is regulated by ubiquitination and phosphorylation events: Ubiquitination of RNA-binding proteins, e.g., YBX1 helps selecting miRNAs for EV loading. Stress induced phosphorylation of Caveolin-1 leads to altered EV-miRNA-content (Palicharla and Maddika, 2015; Shurtleff et al., 2017; Lee et al., 2019).
Future work to directly compare the RNA content of intracellular RNA granules and EVs may promote a better understanding of RNA packaging and vesicle-release mechanisms. Furthermore, it will show if the number and identity of intracellular granules affects the composition of exosomes.
In this context consideration of the heterogeneity of EVs is of critical importance. Recently, it was found that a light subpopulation of small EVs contained around nine-fold less RNA per EV than a dense subpopulation (Barman et al., 2020). Thus, EV sub-types may derive from different intracellular locations that contain different RNA-protein complexes/RNA granule types. Future studies of the RNA loading processes into EVs are needed to substantiate this.
Disease specific cell content including protein aggregates as well as mutant transcripts can transmit to unaffected cells via EVs, leading to spreading of disease phenotypes (e.g., protein misfolding). The uptake of cellular cargo via EVs depends on receptor-ligand interactions. Interestingly, recent studies show that the presence of viral proteins (e.g., vesicular stomatitis virus glycoprotein and SARS-CoV-2 spike S) increases uptake of EV-cargo that is important for neurodegenerative diseases (e.g., prion-diseases of tauopathies) (Liu et al., 2021b). These data raise the possibility that viral infections may facilitate intercellular transfer of disease-specific cargo via EVs. Thus, future studies should address the importance of viral infections for disease progression of CXG diseases.
The above-mentioned mechanism of transmission of pathogenic particles via exosomes as well as RNA toxicity in general also occur in C9orf72 repeat expansion mutations (reviewed in (McEachin et al., 2020)) (Westergard et al., 2016; Frottin et al., 2021). Unlike the triplet expansion in CXG diseases, the disease pattern is a hexanucleotide repeat expansion associated with Amyotrophic lateral sclerosis (ALS). Interestingly, an RNA exosome complex can also lead to the degradation of expanded hexanucleotide repeat RNA in C9orf72 (Kawabe et al., 2020e1027). A similarity between these disease groups is the impairment of RNA processing events. For instance, through binding of RNA binding Proteins (reviewed in (Kumar et al., 2017)). Coming to stress granules, in ALS, the production of dipeptide repeats, specifically poly-(Gly-Arg) and poly-(Pro-Arg) induce nucleolar stress and impaired stress granule formation (Tao et al., 2015). Changes related to SG have been known before (Li et al., 2000) (reviewed in (Dewey et al., 2012)). Taken together, this implies an important role of aberrant stress granule assembly during cellular stress in ALS (Kwon et al., 2014; Wen et al., 2014; Tao et al., 2015) (reviewed in (Buchan, 2014)). Further, C9ORF72 can be found inside of PBs and be recruited to SGs upon stress-related stimuli (Thomas et al., 2009; Maharjan et al., 2017). In summary, the disease patterns of CXG repeat diseases and C9ORF72 repeat diseases are similar in terms of symptoms, type of mutation (repeat expansion), as well as deregulated cellular mechanisms. TDP43 is also mislocalized in the neurodegenerative disease amyotrophic lateral sclerosis (ALS) and leads to aggregation (Peters and Meister, 2007; Chew et al., 2019).
EVs have a great potential as both diagnostic biomarkers and therapeutic application system to deliver specific cargo. Several studies have found that treatment of disease models with normal exosomes significantly reduces disease symptoms both in-vitro and in-vivo (Lee et al., 2016). Moreover, exosomes could be effortlessly engineered to carry drugs or other biomolecules like miRNAs for RNA silencing. Additionally, differences in exosomal RNA cargo (e.g., miRNAs or specific splice variants) in CXG repeat expansion diseases may present robust diagnostic markers. However, there are many challenges around this field of research, which need to be tackled before this system actually comes into diagnostic and therapeutic use.
In conclusion, in CXG repeat disorders, the mutant CXG repeat RNA folds into hairpin structures that affect normal RNA-protein interaction networks. This leads to an abnormal formation of intracellular RNA granules in CXG repeat disorders. Here, the function of SGs, PBs, and neuronal RNA transport granules is hindered. Exosomes, on the other hand are secreted from cells to the extracellular space. Its cargo is largely tampered in CXG repeat disorders. Interestingly, the cargo of RNA granules and exosomes overlap indicating the contact of RNA granules to the packaging system of exosomes. Extensive studies are requisite for the greater understanding of the RNA granule -exosome interplay and its significance for disease development.
6 METHODS OF ISOLATION OF RNA ORGANELLES AND EXOSOMES AND MARKERS FOR THEIR CHARACTERIZATION
An important aspect in research on RNA granules and EVs is their isolation and characterization. In this section we will summarize frequently used isolation techniques and markers for RNA granules and EVs. To date, several studies accentuate the role of cytoplasmic RNA granules in several diseases. However, the isolation and characterization procedures are diverse. Table 2 and Table 3 provide a summary of the literature of various isolation protocols and markers for characterization of different cytoplasmic RNA granules. It is of prime importance to understand that some proteins are shared between different granules. For example, Staufen1 which is a neuronal RNA transport granule marker, is also found in SGs. It is recruited there to help in recovering from the stress and dissolving the SG. Also, upon overexpression, proteins like Staufen1, Staufen2, FMRP, SMN, CPEB and pumilio2 could be detected in SGs (reviewed in (Anderson and Kedersha, 2006)).
TABLE 2 | List of literature of various types of isolation procedures of SGs, PBs, neuronal RNA Transport granules, and RNA granules in general.
[image: Table 2]TABLE 3 | List of different markers for different cytoplasmic granules.
[image: Table 3]Exosomes have been isolated from various biological sources including blood, saliva, cerebrospinal fluid, amniotic fluid, milk, tissues, cells, and cell culture medium (reviewed in (Sharma and Gimzewski, 2012; Kalra et al., 2016)) (Yenuganti et al., 2022). The increasing understanding of exosomes led to a growing research interest and different groups established their individual experiments for isolating and validating exosomes. This resulted in a lack of reproducibility and comparability. Therefore, in 2012, the International Society for Extracellular Vesicles (ISEV) was initiated to standardize the system. In 2014, they published a set of guidelines to standardize parameters that must be taken into consideration when portraying strong conclusions about specific subpopulations of EVs (exosomes in particular) (reviewed in (Lötvall et al., 2014; Théry et al., 2018)).
An overview of different methods of isolation of EVs is given in Table 4. Most commonly, differential ultracentrifugation is used for the isolation of EVs and/or exosomes in combination with different other techniques to more efficiently obtain specific EVs. These techniques include ultrafiltration, chromatographic techniques, or density gradient ultra-centrifugations. According to the MISEV (Minimal Information for Studies of Extracellular Vesicles), a minimum three positive markers including one transmembrane/lipid bound protein and one cytosolic protein and in addition a negative marker need to be stained to clearly identify exosomes in fractions of EVs. The list of different positive and negative markers has been summarized in Table 5. The most common markers to identify exosomes among the EV subtypes include Alix, TSG101, CD63, CD81 and CD9 (Keerthikumar et al., 2015; Minciacchi et al., 2015) (reviewed in (Mathivanan et al., 2010)). In addition to staining positive and negative markers, the isolated samples need to be analysed with two other techniques like electron microscopy, scanning-probe microscopy (SPM) including atomic-Force microscopy (AFM), or super-resolution microscopy, fluorescence correlation spectroscopy (FCS), high-resolution flow cytometry, or single particle analysis (reviewed in (Théry et al., 2018)).
TABLE 4 | This table summarizes various methods to isolate exosomes.
[image: Table 4]TABLE 5 | This table summarizes different markers by which EVs could be characterized (reviewed in (Théry et al., 2018)). According to MISEV, at least three positive markers, including a transmembrane/lipid bound protein and cytosolic protein, and one negative marker should be shown to characterize exosomes in the EV fraction along with data from two other techniques like electron/atomic force microscopy and single particle analysis etc (Théry et al., 2018).
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