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Stress granules (SG) are macro-complexes that assemble as phase-separated and dynamic RNA biocondensates in the cytoplasm of the eukaryotic cell when the initiation step of the general translation of mRNAs is stalled. This occurs mainly as an adaptive cell response to either environmental (i.e., radiation, exposure to chemical drugs), pathological (i.e., viral treatment), physiological (i.e., oxygen-, amino acids-, and glucose-deprivation), or therapeutic (i.e., treatment with anti-cancer drugs) translational stress. SG also formed when translation initiation is blocked through stress-independent events including alteration of the activities of specific translation initiation factors and RNA-binding proteins. Both stress-dependent and–independent inhibition of translation initiation results in the accumulation of untranslated mRNAs, considered as integral components of SG. Consistently, in vivo assays of SG assembly combined with in vitro-based assembly of SG-like biocondensates studies support a fundamental role of the accumulation of untranslated mRNA in initiating the formation of SG, which then further promote their repression, potentially in a feed-back regulatory mechanism. The potential role of SG in actively repressing translation of associated mRNAs has been supported by a number of functional studies, establishing SG as critical regulatory sites of RNA homeostasis, in particular during stress. The view that the SG environment restricts translation of associated mRNAs was however challenged in studies showing that stress-induced translation repression can occur similarly in absence and presence of SG, leading to the emerging concept that formation of SG and translation repression are uncoupled processes. While it still a debate if mRNA recruitment to SG contributes to their translation repression, recent finding reported translation of reporter mRNAs in SG, suggesting rather an active translational role of SG. In this review, we describe the main translational signaling pathways that regulate the biology of SG, summarize current data supporting RNA as an integral functional component of SG, and then discuss evidence supporting or not the role of SG in regulating translation either negatively or positively during stress.
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1 INTRODUCTION
SG are described as a stress-induced membraneless phase-dense cytoplasmic bio-condensates of RNA, translation initiation factors (eIFs), and RNA-binding proteins (RBPs) that assemble when translation initiation is blocked (Riggs et al., 2020). SG are observed in most tested organisms ranging from yeast to mammals, establishing their formation as an evolutionary conserved stress-induced eukaryotic response. In mammals, SG form in virtually any analysed type of cells including neurons (Aramburu-Nunez et al., 2022), muscle cells (Kubinski and Claus, 2022), and blood cells (Ghisolfi et al., 2012), or tissues such as brain (DeGracia and Hu, 2007; DeGracia et al., 2008; Degracia and Hu, 2013) and muscles (Kubinski and Claus, 2022), either promoting cell adaptation to stress required for maintaining the normal cell physiology, or contributing to the development of stress-associated diseases including neurodegenerative pathologies (Hu et al., 2022) and cancer (Aulas et al., 2020; Lee and Namkoong, 2022). Stress-inducing SG includes environmental stress such as radiation (Moeller et al., 2004; Moutaoufik et al., 2014), exposure to chemical drugs such as arsenite (Kedersha et al., 2005), pathological stress such as viral infection (Mazroui et al., 2006), or physiological stress due to oxygen-(Moeller et al., 2004; Fahling, 2009), amino acids (Damgaard and Lykke-Andersen, 2011)-, or glucose-deprivation (Buchan et al., 2011; Wang et al., 2022), and chemotherapeutic stress generated during therapy (Fournier et al., 2010; Adjibade et al., 2015; Szaflarski et al., 2016; Adjibade et al., 2020). Stress-inducing SG generally triggers a global reprograming of gene expression characterized by a general inhibition of translation initiation, while translation of mRNAs encoding stress adaptation functions is prioritized (Yamasaki and Anderson, 2008). This stress-induced translational reprograming of gene expression generally involves the activation of a translational initiation regulatory signaling pathway characterized by the induction of phosphorylation of the translation initiation factor eIF2α (Holcik and Sonenberg, 2005; Wek et al., 2006; Koromilas, 2014), a master inducer of SG during stress (Advani and Ivanov, 2019). In this review, the term of translational stress refers to any type of stress that induces SG concomitantly with the inhibition of translation initiation, which generally involves the induction of phosphorylation of eIF2α.
Translation of the majority of cellular mRNAs, known as cap-dependent translation, initiates via a mechanism that involves the early recognition of their 5′end m7GTP cap structure by the eIF4F complex consisting of the cap-binding protein eIF4E, the RNA helicase eIF4A known to unwind secondary structures in the 5′ untranslated region (UTR) of mRNAs, and the scaffolding eIF4GI (Gingras et al., 1999; Sonenberg and Dever, 2003; Sonenberg, 2008; Jackson et al., 2010). eIF4F recruits eIF3 bound to the 43S preinitiation complex (43S PIC) consisting of the 40S ribosomal subunit, the eIF2.GTP.Met-tRNAiMet ternary complex (TC), and additional eIFs such as eIF1 and eIF1A. The assembled 43S PIC scans the 5′UTR of eIF4F-bound mRNA in the 5′ to 3′ direction for the first translation initiation codon. The recognition of the start codon induces conformational changes of 43S PIC resulting in the release of eIFs such as eIF1, to form 48S complex. Factors such as eIF5 and 5B are then recruited to 48S complex, which is also joined by the 60S ribosomal subunit forming an 80S complex competent for translation (Jackson et al., 2010). However, in response to translational stress, the rate of this cap-dependent translation initiation is globally reduced, which is due mainly to the induction of the phosphorylation of eIF2α (Holcik and Sonenberg, 2005; Wek et al., 2006; Koromilas, 2014).
eIF2α is phosphorylated on serine 51 by one of the four kinases (Holcik and Sonenberg, 2005; Donnelly et al., 2013), that are activated in a stress-type dependant manner: protein kinase R (PKR), PERK (PKR-like endoplasmic reticulum kinase), GCN2 (general control non-derepressible 2), and HRI (heme-regulated inhibitor). Phosphorylation of eIF2α by either kinase inhibits translation initiation by triggering the formation of a non-functional TC (Gebauer and Hentze, 2004). The incorporation of this aberrant TC into the 43S is believed to induce formation of 48S complexes that cannot be converted into functional 80S, which then stall and accumulate in an inactive form (Kedersha et al., 2002), though the formation of such stalled inactive 48S complexes in vivo has never been demonstrated. Phosphorylated eIF2α-induced inhibition of translation initiation also allows the elongating translating ribosomes (polysomes) run-off mRNAs, increasing the pool of free mRNPs consisting of untranslated mRNAs bound to specific RBPs. Accumulation of such mRNPs has a tendency to condense in a spatially organized network of protein-protein (Kedersha et al., 2016; Panas et al., 2016), protein-RNA, and RNA-RNA (Jain et al., 2016; Van Treeck et al., 2018; Van Treeck and Parker, 2018; Van Treeck and Parker, 2019) multivalent interactions, that can assemble in a phase-separation (Kroschwald et al., 2015; Molliex et al., 2015; Van Treeck et al., 2018) and density transitions processes leading to hierarchical assembly of RNA granules that are reminiscent to SG (Deniz, 2020). In this model, the excess of the free pool of untranslated RNPs and condensation of its RNA component may be central in initiating the formation of SG. This RNA condensation-based mode of SG assembly has been widely recapitulated in in vitro experiments of the formation of biocondensates using RNA and recombinant RBPs, validating the central role of untranslated mRNPs in triggering the formation of SG-like condensates (Deniz, 2020), either downstream or concomitant with the inhibition of translation initiation.
The requirement of untranslated mRNPs in nucleating SG is also consistent with previous in vivo data reporting the assembly of SG in a stress-independent manner. We (Mazroui et al., 2006) and others (Dang et al., 2006) have initially showed that targeting eIF4A, the RNA helicase required for stabilizing the interaction between the cap-binding complex and RNA, either genetically using specific siRNAs, or pharmacologically using hippuristanol and pateamine, is sufficient to induce SG. This formation of SG does not require the activation of a stress response that normally triggers phosphorylation of eIF2α. Recent mechanistic in vivo and in vitro studies showed that eIF4A, through its helicase activity, antagonises SG formation, in part by reducing RNA condensation (Tauber et al., 2020), further supporting the possibility that condensation of mRNPs such as those released from dissociating polysomes upon the inhibition of translation initiation, contributes to the formation of SG. Collectively, current data strongly support the integral role of untranslated mRNPs in nucleating SG, which is consistent with proteomic, transcriptomic, and epitranscriptomic data revealing mRNPs as main components of SG (Jain et al., 2016; Protter and Parker, 2016; Anders et al., 2018). Whether the formation of SG, driven by mRNP condensates, acts as a feed-back translational regulatory mechanism that forces SG-associated mRNPs to maintain an untranslated conformation, is still a matter of a debate. In this review, we highlight data investigating i) the interplay between the formation of SG and translational signaling pathways, ii) the role of RNA in regulating SG, and iii) discuss current data implicating SG in translation regulation.
2 INTERPLAYS BETWEEN THE FORMATION OF SG AND TRANSLATIONAL SIGNALING PATHWAYS
Formation of SG is driven by various pathways and factors (summarised in Table 1; see Figures 1, 2) that regulate translation (Panas et al., 2016). The main translational regulatory pathway shown to trigger the assembly of SG is the phosphorylation of eIF2α (Kedersha and Anderson, 2002; Kedersha et al., 2013), a well-established modified translational factor acting as both a general inhibitor of translation initiation (Holcik and Sonenberg, 2005) and activator of specific translation (Koromilas, 2014), during translational stress. eIF2α phosphorylation-dependent formation of SG occurs during various types of translational stress including oxidative (i.e., arsenite treatment), reticulum, nutritional and proteotoxic stress, This establishes SG a novel and reliable marker of translational stress, downstream of eIF2α phosphorylation, potentially serving as a refuge of untranslated mRNAs that have been either translationally stalled with ribosomes at the initiation step due to eIF2α phosphorylation, or released from collapsing polysomes that cannot resume additional rounds of translation (Kedersha and Anderson, 2009). While this view supports a potential functional link between the induction of SG and the phosphorylation of eIF2α in reprograming translation during stress, the two processes can be however uncoupled. This is well-illustrated in studies showing that SG can also form independently of eIF2α phosphorylation, upon either inhibiting the formation of TC or affecting the activity of specific eIFs (Table 1; see also Figure 2).
TABLE 1 | Implication of translation initiation factors in stress granule formation.
[image: Table 1][image: Figure 1]FIGURE 1 | Non-canonical and canonical SG. (A) Non-canonical SG assemble as a result of either eIF4F inactivation that is mediated by hypophosphorylated 4EBP1 induced during either hypoxia, or treatment with chemotherapeutic agents such as vinorelbine, or upon eIF4GI cleavage triggered by poliovirus infection. (B) Formation of canonical SG is initiated when a stress activates one of the four stress eIF2α kinases leading to the phosphorylation of eIF2α and downstream inhibition of translation initiation. Additional translation pathways involved in the formation of canonical SG include the activation of mTORC1 and inactivation of eIF4A.
[image: Figure 2]FIGURE 2 | Summary of translation initiation steps and factors whose regulation affect the formation of SG. See text for more details.
2.1 Targeting TC is sufficient to initiate SG
NSC 119893 is a chemical compound that inhibits translation initiation by specifically preventing the association of Met-tRNAi with eIF2 and limiting the availability of TC for translation (Robert et al., 2006). Because NSC 119893 targets TC, it should not allow the formation of stalled 48S complexes. Our group showed however that treatment of human cells with NSC 119893 induces SG, which as expected occurs without induction of eIF2α phosphorylation and do not trigger the formation of translationally stalled 48S complexes (Mokas et al., 2009). Whether NSC-induced SG is driven by the accumulation of untranslated mRNPs caused by the collapse of polysomes, is a possibility that remain to be tested. Nevertheless, these data show that targeting TC is sufficient to drive SG, providing initial evidence that the formation of SG is a translational response mechanism that is activated when the rate of translation initiation is reduced.
2.2 Targeting eIF4A induces SG
In initial studies testing the contribution of eIFs in SG formation, we and others have found that targeting eIF4A with two translational initiation inhibitors, namely, hippuristanol that binds selectively to the eIF4A carboxy-terminal domain and inhibits RNA interaction by stabilizing eIF4A in a closed conformation (Bordeleau et al., 2006a; Lindqvist et al., 2008), and pateamine A that stabilizes RNA-bound eIF4A and stimulates its helicase activity while inducing its depletion from the eIF4F complex (Bordeleau et al., 2005; Low et al., 2005; Bordeleau et al., 2006a; Bordeleau et al., 2006b; Bordeleau et al., 2008; Cencic et al., 2009), is sufficient to drive the formation of SG. Consistently, depletion of eIF4A with specific siRNAs induces SG. Depleting eIF4H and eIF4B, the two auxiliary eIF4A factors, is also sufficient to induce SG (Mokas et al., 2009), though less efficiently than pharmacological inhibition of translation initiation. Whether the three proteins (eIF4A, eIF4H and 4B) act in concert to dampen SG is currently unknown. Nevertheless, these studies raised the possibility that specific eIFs may play additional and protective roles by actively antagonising fortuitous or constitutive formation of SG that would impact either translation or SG-associated signaling pathways under physiological growth conditions. In this case, the activity of such SG-inhibitory factors should be antagonised during stress to facilitate the formation of SG.
Among eIFs, eIF4A is the most abundant translation initiation factor (Duncan et al., 1987) making it a strong candidate for antagonising SG. Accordingly, overexpression of eIF4A in U2OS prevents the formation of SG upon arsenite treatment (Tauber et al., 2020). This effect is mediated by its ATP-dependent RNA binding that stimulates its RNA helicase activity. The authors further assessed this assumption using an SG-deficient U2OS model (Tauber et al., 2020). These cells are unable to form SG upon arsenite treatment as they lack G3BPs, the main RBP known to nucleate SG (Tourriere et al., 2001), potentially by inducing RNA condensation. Using this model, the authors showed that either depleting eIF4A, or inactivating its helicase activity using hippuristanol, rescue the formation of SG upon arsenite treatment (Tauber et al., 2020). On contrary, pateamine A which inhibits eIF4A’s function in translation while stimulating its RNA binding and helicase activity (Bordeleau et al., 2005; Bordeleau et al., 2006a) fails to restore that formation of SG (Tauber et al., 2020). Thus, targeting the helicase activity of eIF4A is sufficient to rescue the formation of SG in absence of the G3BP-inducing RNA condensation, indicating that eIF4A antagonises SG, possibly by preventing the formation of RNA condensates through its helicase activity. This is consistent with in vitro data using eIF4A mutants showing that the ATP-dependent RNA binding of eIF4A, which stimulates its helicase activity, is required for antagonising the assembly of RNA granules (Tauber et al., 2020). Thus, besides the well-characterised role of the helicase activity of eIF4A in driving translation, this activity is also necessary to prevent condensation of untranslated RNAs and associated formation of SG. However, the role played by eIF4A in limiting SG by preventing condensation of RNA is independent from its canonical translational role played as a component of eIF4F, which by unwinding the 5′UTR of target mRNAs, it stabilises their interaction with 40S during translation initiation. On contrary, the possibility that eIF4A drives the formation of SG by acting as a translational repressor was raised. Rocaglamide (Roc A), an inhibitor of translation initiation, converts eIF4A to a translational repressor by clamping it onto mRNA, thus preventing the scanning of the 5′UTR of mRNA by the 40S and subsequent formation of the 48S ribosome (Iwasaki et al., 2016), inducing RNA condensation. Consistently, by altering the function of eIF4A in antagonising RNA condensation, Roc A induces SG in various human cell lines such as U2OS or HAP1 leukemia cells (Kedersha et al., 2016; Aulas et al., 2017a; Aulas et al., 2017b), further supporting the assumption that eIF4A acts as a chaperone that prevents RNA condensation and associated formation of SG.
The finding that eIF4A prevents the formation of SG provides opportunities to test the possibility that this formation constitutes a general downstream target of specific eIFs. However, besides eIF4A, no additional eIFs known to activate translation has been shown to antagonise SG, potentially reflecting a unique function of eIF4A as an RNA helicase required for the prevention of RNA condensation-mediated SG formation.
2.3 Role of 4EBP1 and its eIF4F target complex in regulating the assembly SG
The role of the eIF4F complex in regulating SG has been investigated under various translational stresses. As an initial finding, the formation of SG was reported to occur in response to poliovirus infection, which inhibits host protein synthesis in part via the cleavage of eIF4G (Mazroui et al., 2006). However, because poliovirus infection induces eIF2α phosphorylation, albeit at a minimal level (Mazroui et al., 2006), it is difficult to conclude that poliovirus induces SG by disrupting eIF4F as a result of eIF4G cleavage. Follow-up studies (Piotrowska et al., 2010; Yang et al., 2018) showed that SG induced by either poliovirus or related virus such as picornavirus EV71, and coxsackievirus infections, are atypical as they lack G3BP1 and a series of eIFs and thus are compositionally distinguished from canonical SG (Figure 1). The formation of these virus-induced SG requires the cleavage of eIF4GI, are independent of eIF2α phosphorylation, and they can specifically sequester cellular mRNAs but not viral mRNAs. How the cleavage of eIF4GI triggers the formation of such SG remained unknown, though it may involves the disruption of eIF4F (Yang et al., 2018).
Atypical SG (Figure 1) lacking classical SG components such as eIF3 and eIF5A also form in mammalian cells upon nutritional (Fujimura et al., 2012), hypoxia (Emara et al., 2012), or chemotherapeutic (Szaflarski et al., 2016) stress, respectively. The assembly of these non-conventional SG involves both a partial inactivation of eIF4F and the phosphorylation of eIF2α. Stress-inducing inactivation of the eIF4F is generally mediated by hypophosphorylated form of 4EBP1, a specific competitor of eIF4GI for eIF4E binding (Haghighat et al., 1995; Haghighat et al., 1996; Haghighat and Sonenberg, 1997). Hypophosphorylation of 4EBP1 (Haghighat et al., 1995; Haghighat et al., 1996; Haghighat and Sonenberg, 1997; Gingras et al., 2001) occurs when its upstream mTORC1 kinase is inactivated (Hara et al., 2002; Kim et al., 2002), resulting in the loss of the active eIF4F complex (Richter and Sonenberg, 2005; Thoreen et al., 2009; Topisirovic and Sonenberg, 2011; Thoreen et al., 2012). Both hypophosphorylation of 4EBP1 and the loss of eIF4F has been observed to occur concomitantly with the formation of the non-conventional SG (Emara et al., 2012; Fujimura et al., 2012; Szaflarski et al., 2016), suggesting that 4EBP1-mediated disruption of eIF4F drives the formation of such SG. Consistently, preventing the loss of the eIF4F by depleting 4EBP1 (Emara et al., 2012; Fujimura et al., 2012; Szaflarski et al., 2016) downregulates that formation of SG. These data are a validation that 4EBP1 promotes the formation of a specific class of SG. The underlying mechanism of 4EBP1-induced SG remains unknown, though it may involve accumulation of free untranslated mRNAs resulting from the loss of eIF4F. It is however intriguing that in contrast to SG-nucleating proteins, 4EBP1 do not localise at any type of SG, making unlikely the possibility that 4EBP1 directly nucleates SG. Also, none of the above studies used inhibitors or knockdowns testing whether this 4EBP1-mediated SG formation depends on its upstream regulatory mTORC1. The assembly of similar 4EBP1-dependent SG has also been documented to occur in mammalian cells such as HeLa, and human retinal pigment epithelial (RPE1) cells, as a consequence of the ATP depletion due to the blockade of glycolysis (Wang et al., 2022). However, these 4EBP1-dependent SG do not involve the phosphorylation of eIF2α, raising the possibility that their assembly requires additional pathways not previously reported, and which are potentially energy-dependent. The main energy-dependent pathway known to regulate SG involves the eIF4A helicase activity that antagonises RNA condensation (Tauber et al., 2020). In this model, ATP hydrolysis is required for the binding of eIF4A to untranslated RNA, preventing its condensation and SG formation. The finding that glycolysis blockade reduces the association of eIF4A with RNA targets (Wang et al., 2022) is conform with the assumption that reducing the intracellular ATP level dampens the binding capacity of eIF4A to RNA, resulting in its condensation. It remains however unclear if this decreased binding of eIF4A to RNA contributes to the formation of 4EBP1-dependent SG, and whether eIF4A antagonises that formation. As an additional emerging question is whether 4EBP1 drive the formation of SG by inhibiting the activity of eIF4A, or by inducing its displacement from eIF4E promoting the condensation of eIF4E-bound RNA.
However, depletion of 4EBP1 do not affect the assembly of conventional SG (Figure 1) (Fournier et al., 2013). These results ruling out an essential role for 4EBP1 in promoting the formation of classical SG is also consistent with the finding that 4EBP1 is excluded from SG (Sukarieh et al., 2009). Significantly, expressing hypophosphorylated 4EBP1, but not the 4EBP1 control mutant that cannot alter eIF4F, inhibited the formation of SG (Fournier et al., 2013). These data established 4EBP1 as a novel factor that antagonises the assembly of SG, potentially by disrupting the eIF4F complex. As a support, we and others have found that disrupting eIF4F by inducing 4EBP1 hypophosphorylation upon inhibition of mTORC1 either pharmacological using pp242 and torin1 inhibitors or genetically by downregulating mTOR, prevents the assembly of conventional SG in mammalian cells (Fournier et al., 2013; Mazan-Mamczarz et al., 2015; Sfakianos et al., 2018; Heberle et al., 2019), while TSC2 deficiency, known to hyper-activate mTORC1, increases their number (Kosmas et al., 2021). Similarly, both mTORC1-activating kinases PI3Ks and MAPK14 promote SG formation (Brown et al., 2011; Heberle et al., 2019), further supporting that a stress-activated signaling network converging on mTORC1-mediated phosphorylation of 4EBP1 promotes SG formation, potentially involving the activity of the downstream eIF4F complex.
Validation of the SG-promoting role of eIF4F is brought in depletion and pharmacological targeting experiments showing that eIF4E interaction with eIF4G1 drives the formation of conventional SG, which is also consistent with data showing that poliovirus-mediated cleavage of eIF4GI inhibits the formation of SG (Yang et al., 2018). The finding that canonical translation initiation factors promote the formation of SG is intriguing, thought predicting that they may play specific functions during translational stress by driving the formation of RNA granules. Based on both yeast (Hilliker et al., 2011) and mammalian (Fournier et al., 2013; Mazan-Mamczarz et al., 2015; Sfakianos et al., 2018; Heberle et al., 2019) studies, the SG-promoting functions of the eIF4F complex involves an eIF4G-mediated recruitment of specific translational repressors that nucleate SG, though other possibilities may exist. The requirement of eIF4F for the assembly of SG may involve its role in forming the 48S complex whose accumulation as stalled complexes during stress induces SG. This assumption is consistent with the finding that eIF3, whose interaction with eIF4F is required for the formation of 48S, acts also as a SG-assembling factor (Ohn et al., 2008). Alternatively, eIF4F may drive SG formation by acting as a complex that sequesters its eIF4A component preventing its function in antagonising RNA condensation. Although evidence supporting this assumption is still lacking, it is consistent with the finding that the three components of the eIF4F complex are also core components of SG. In any case, the opposite role of the eIF4E and eIF4GI relative to eIF4A in regulating SG during stress is surprising as the three proteins function as part of the same eIF4F complex to activate translation.
2.4 Role of translation elongation-promoting factors in regulating the assembly of SG
eIF5A was initially described as a translation initiation factor involved in the first peptide bond formation (Kemper et al., 1976; Safer et al., 1976). Since then, depletion experiments revealed that eIF5A promotes peptide transfer during translation elongation (Schuller et al., 2017). An RNAi screen conducted in human RDG3 and U2OS cells identified eIF5A as a factor required for the assembly of SG during oxidative stress (Ohn et al., 2008). Interestingly, eIF5A promotes that formation of SG by enhancing the rate of translation elongation that allows ribosome run-off mRNAs and their subsequent condensation, when translation initiation is inhibited (Li et al., 2010). The possibility that the rate of translation elongation affects the assembly of SG is consistent with earliest studies (Kedersha et al., 2000; Kedersha et al., 2002) using translation elongation inhibitors. In these studies, the formation of SG was efficiently prevented upon treatment with either cycloheximide or emetine, which both neutralise the elongation step by stalling polysomes, thereby reducing the pool of free mRNPs available for initiating SG. On the contrary, treatment with puromycin, a tRNA analog that induces premature termination by destabilizing polysomes, enhances SG formation upon stress (Kedersha et al., 2000). The inhibition of translation elongation may also allow translation initiation complexes whose activity is reduced by stress to complete their round of initiation and then be trapped in polysomes, further decreasing the pool of translation initiation complexes available for SG. Similarly, elongation slowdown that naturally occurs during mitosis induces stalling of polysomes and render mitotic cells refractory to SG formation even if translation is inhibited at the same time (Sivan et al., 2007). Thus, the initiation of SG requires an ongoing active translation elongation. In this case, factors such as eEFs and RBPs involved in translation elongation should also contribute to the formation of SG, when translation initiation is blocked, a possibility that remains to be tested.
2.5 Role of translational regulatory RBPs in RNA condensation-mediated SG formation
RBPs affect the rate of translation either at the initiation step by regulating the formation of translation initiation complexes, or at the elongation step by regulating the polysomes runoff mRNAs. Among RBPs required for the formation of SG, many regulate translation initiation (Ohn et al., 2008), while none has been characterised as translation elongation regulatory factors (Table 2; see also Figure 3). G3BP1 is a selected SG-associated RBP whose role in SG formation has been extensively studied (Alam and Kennedy, 2019). Like many other SG components known to form condensates, G3BP1 contains intrinsically disordered regions (IDRs). IDR-IDR interactions are necessary for the in vitro phase separation of a number of SG factors including hnRNPA1, FUS, and TDP43 (Molliex et al., 2015; Patel et al., 2015; Wang et al., 2018; Conicella et al., 2020a; Conicella et al., 2020b), enables G3BP1 ability to form condensates (Yang et al., 2020) and to act as a scaffold factor for nucleating SG (Guillen-Boixet et al., 2020). G3BP1 drives SG formation also by inducing the condensation of untranslated RNPs that are released from dissociating polysomes during the inhibition of translation initiation (Guillen-Boixet et al., 2020), either directly or indirectly by antagonising the activity of RNA helicases such as eIF4A (Tauber et al., 2020; Yang et al., 2020). The latter possibility is supported by the finding that depleting eIF4A or inactivating its helicase activity rescue stress-induced SG in cells lacking G3BP1 (Tauber et al., 2020). However, G3BP1 may also alter SG upstream of RNA condensation, by regulating translation elongation. Consistently, G3BP1 was reported to regulate translation either positively or negatively, involving interactions with either the 40S ribosomal subunits (Kedersha et al., 2016; Gotte et al., 2019), with translation elongation regulators such as poly (ADP ribose) polymers (Mateyak and Kinzy, 2013), or with the RBP named Caprin 1 (Kedersha et al., 2016). While these G3BP’s interactions have been shown to promote SG formation under stress, it remains unknown if the underlying mechanisms involve translation elongation regulation.
TABLE 2 | Role in SG formation of a list of SG-associated RBPs with RNA condensation or translation activity.
[image: Table 2][image: Figure 3]FIGURE 3 | List of RBPs involved in the formation of SG (see Table 2 for details).
Additional RBPs with both translational and RNA condensation activities include FMRP, a core SG component (Mazroui et al., 2002; Mazroui et al., 2003). Initially, FMRP was shown to repress translation initiation by inactivating eIF4F (Napoli et al., 2008). More recent studies implicated FMRP in repressing translation elongation by stalling polysomes (Darnell et al., 2011), while mechanistic studies showed that the drosophila homologue of FMRP inhibits translation elongation by blocking the binding of tRNA and translation elongation factors on the ribosome (Chen et al., 2014). Validation of the translational role of FMRP was provided in experiments showing that it represses translation as a phospho-protein, a process prevented by its methylation (Tsang et al., 2019). Methylation of FMRP also antagonises its ability to phase separate with RNA in vitro, while FMRP-RNA phase separation is enhanced by its phosphorylation (Tsang et al., 2019). The possibility that FMRP induces RNA condensation by phase separation is consistent with its ability to nucleate RNA granules in in vitro experiments (Tsang et al., 2019). Similarly, we have shown that overexpressing FMRP in either mammalian or drosophila cells induces formation of FMRP-containing cytoplasmic RNA granules. These FMRP-granules resemble SG as they contain SG components including mRNAs, eIF4E and PABP (Mazroui et al., 2003; Gareau et al., 2013b), and are dynamic foci, as demonstrated by FRAP experiments (Gareau et al., 2013b). However, on contrary to SG, the formation of FMRP-granules occurs without inhibition of the translation initiation, raising the possibility that formation of such RNA granules is potentially driven by RNA condensation, independently of the inhibition of translation initiation. Whether FMRP induces RNA condensation by regulating translation elongation is not known. Intriguingly, while FMRP-induced RNA condensation nucleates RNA granules, is it not sufficient to induce SG, because the loss of FMRP do not significantly alters SG (Didiot et al., 2009; Gareau et al., 2013a). It is however possible that the loss of the activity of FMRP in driving SG is compensated by similar activities of FXR1 and FXR2, the two highly translational regulators and functional homologues of FMRP. Additional RBPs that regulate translation and induce RNA condensates through their phase separation properties include FUS, hnRNPA1 and TDP-43 (Portz et al., 2021). However, none of these proteins has been reported as essential for the formation of mammalian SG upon stress. This suggests that the RNA condensation mediated by individual RBP by itself is not sufficient to drive SG formation. On the other hand, other RBPs with translational activity such as Caprin 1 promote SG formation in vivo, yet it does not form RNA condensates in vitro (Kedersha et al., 2016). This finding indicates that RBPs may also promote SG formation independently of RNA condensation. Clearly, while they are accumulating evidence predicting that RNA condensation mediated by RBPs contribute to the formation SG (Table 2), it remains unclear if this RNA condensation is a general mechanism associated with their translational activity.
3 ROLE OF RNA IN SG FORMATION
3.1 RNA as an integral component of SG
RNA is an integral component of SG. It is estimated that 78–90% of mammalian SG are composed of RNA, with a major fraction of the SG-transcriptome (75%) is composed of mRNA (Khong et al., 2017; Curdy et al., 2023). However, the role of mRNA in regulating the biology of SG remains not fully understood (Table 3). In vitro studies showed that RNA molecules can form homo- and heterotypic interactions with other RNA molecules, leading to RNA condensation and phase separation with RBPs, nucleating RNA granules (Campos-Melo et al., 2021). While there is no direct experimental evidence that demonstrate the essentiality of RNA condensation in SG assembly, it is accepted that this assembly involves the accumulation of free mRNAs that are released from dissociating polysomes when the initiation step of translation is blocked (Kedersha et al., 2000). Accordingly, cell delivery of nucleic acids that cannot associate with polysomes is sufficient to trigger SG (Bounedjah et al., 2014) further indicating that increasing the pool of free RNA contributes to the assembly of SG, potentially through a phase separation and condensation processes. This also raised the possibility that SG originate as a consequence of an altered balance between polysomal- and free-RNA, involving the action of specific RBPs. In normal growth conditions, the low level of free RNA may preclude intensive RNA-RNA interaction and association with aggregating RBPs. Upon stress, the accumulation of free RNA causes an extensive RNA-RNA interactions that trap specific aggregating RBPs, which further promote RNA condensation, inducing SG. Clearly, better understanding of the role of RNA in regulating SG requires further studies investigating the underlying mechanisms regulating the sorting of mRNAs in SG inducing their nucleation.
TABLE 3 | Role of RNA in SG formation.
[image: Table 3]3.2 SG-transcriptomic studies
To better understand the role of RNA in assembling SG, a number of transcriptomic studies have been developed (Table 4; see also Figure 4), providing catalogues of mRNAs that are enriched in SG, and which may be critical for their assembly. As an initial study, Khong et al interrogated the transcriptome of SG that are induced by arsenite treatment of U2OS-stably expressing G3BP1, and isolated by G3BP1 immunoprecipitation as core SG (Khong et al., 2017). Thousands of different RNA species have been found in those SG, and proportionally, there is more RNA than protein in SG as compared to the cytoplasm, further supporting a predominant role of RNA in regulating SG. Quantification of RNAseq data obtained from purified SG-G3BP1 relative to total RNA show that only ∼10% of bulk mRNAs is enriched in SG, though most mRNA species are detected in SG. The minimal fraction of mRNAs accumulating in SG also parallels the fraction of polyA + mRNA detected in SG by oligo (dT) FISH (Khong et al., 2017). The finding that only ∼10% of total cellular mRNA accumulates in SG also led to the conclusion that SG may not impact global translation, though it may affect translation of specific mRNAs that are highly accumulating in SG. However, the translatome itself is minimal when compared to the total transcriptome, indicating that a significant fraction of mRNAs in the cell is kept untranslated. At this stage, there is no direct estimation of the relative fraction of mRNAs that accumulate in SG as compared to the fraction of mRNAs that are actively translated, i.e., associated with translating polysomes. Such estimations are important to define the percentage of the translatome that is trapped in SG, better predicting the impact of SG has on translation. Bioinformatics analysis of the identified transcriptome provided evidence that mRNAs highly accumulating in the core SG-G3BP1 tend to have longer length. These mRNAs were inferred to have poor translation efficiency (Khong et al., 2017), as they have been previously shown to be less loaded by ribosomes (Sidrauski et al., 2015a; Sidrauski et al., 2015b). This finding was validated in a Padron et al. 2019 study using the RNA proximity labeling technique, APEX-seq. APEX is a proximity labeling approach that was originally developed to identify in vivo protein-protein interactions. It employs an engineered ascorbate peroxidase enzyme (APEX2) to convert a cell-permeable biotin-tyramide substrate into a highly reactive free radical that labels aromatic amino acids in proteins within few nanometers (Rhee et al., 2013) that can be isolated by streptavidin pull-down and identified by sequencing. Padron et al adapted APEX to identify SG-associated RNAs. They fused APEX2 to the core SG component eIF4A1, which is then expressed in HEK293T cells, validating efficient in vivo biotinylation of total RNA through APEX2 reaction. Similarly to endogenous eIF4A1, APEX-eIF4A1 localizes in SG upon heat shock. RNA in close proximity with APEX-eIF4A1 in stressed cells are then biotinylated. Modified RNA are pulled-down and identified by APEX-seq. Data showed a significant overlap between RNA identified by APEX-seq, potentially representing heat shock-induced SG transcriptome, with those identified in Khong et al. 2017 study. Overexpression of eIF4A1 was however previously shown to impact arsenite-induced SG (Tauber et al., 2020). Expressing APEX-eIF4A1 may thus also impact heat shock-SG, which in this case will preclude the identification of a complete fraction of SG-mRNAs by APEX. Moreover, little correlation was observed between SG-mRNAs identified by APEX-seq upon treatment with the eIF4A1 inhibitor hippuristanol (Padron et al., 2019) with those identified associating with arsenite-induced SG (Khong et al., 2017), possibly reflecting differences between the mechanisms underlying the recruitment of mRNAs into arsenite-SG with those into hippuristanol-SG. Nevertheless, mRNAs identified by APEX-seq have also long length with lower translational efficiency, similar to those shown to accumulate in SG-G3BP1induced by arsenite (Khong et al., 2017). mRNAs with high translation rate and shorter length seem to be either excluded from SG or associated transiently and less stably with SG. The observation that mRNAs with high translation efficiency are less associating with SG is intriguing considering that the assembly of SG requires the accumulation and condensation of free mRNAs that are released from translating polysomes. Nevertheless, the observation that longer and poorly translated mRNAs are highly enriched in SG is consistent with the in vivo single molecule mRNA translation reporter assays showing that longer and repressed reporter mRNAs interact stably with SG (Moon et al., 2019). The preferential enrichment of mRNAs that have poor translation efficiency and longer length in SG may reflect a high tendency to condensate by engaging in extensive RNA-RNA interaction and by associating with multiple aggregating RBPs, relative to mRNAs with higher rate of translation and shorter length. In any case, the cis- (i.e., RNA elements) and trans- (i.e., RBPs interactors) mechanisms underlying the enrichment of longer and low translated mRNAs in SG remained to be defined. SG-associated mRNAs tend also to have shorter half live, which may indicate that their selective association with SG protects their rapid decay, though this assumption was challenged in previous yeast studies showing that genetic alteration of the formation of SG do not affect the decay of tested mRNAs (Buchan et al., 2008), and in recent reporter assays showing that the disassembly of SG do not accelerate the decay of associated reporter mRNAs (Wilbertz et al., 2019). The SG-transcriptome was also captured in HEK cells expressing the SG nucleating TIA protein using a modified PAR-CLIP (Anders et al., 2018). This approach is based on photoactivatable ribonucleoside cross-linking reaction of RNAs to TIA that stabilizes SG, allowing their isolation by immunoprecipitation using anti-TIA antibodies, followed by RNAseq. This approach permitted the capture of additional mRNAs as compared to the list of RNAs associated with SG-G3BP1 (Khong et al., 2017). Comparing the SG-transcriptome obtained by PAR-CLIP with Ribo-seq data which classifies mRNAs as high or low translated RNA, also support previous finding that mRNAs accumulating in SG have low translational level.
TABLE 4 | SG-transcriptomic studies.
[image: Table 4][image: Figure 4]FIGURE 4 | Schematic representation of the methods that are used in SG-transcriptomic studies described in the text. (A) Isolation of core SG-transcriptome centrifugation (B) APEX2-seq. (C) Workflow of a PAR-CLIP experiment. (D) TRIBE-seq.
 To further define the nature of mRNAs accumulating in SG, Van Leeuwen et al used the TRIBE (target of RNA-binding proteins identified by editing) technique to analyse the SG-transcriptome of drosophila embryonic and neuronal cells (van Leeuwen et al., 2022). In TRIBE, the SG component dFMRP (Gareau et al., 2013a) is fused to the catalytic domain of the DNA/RNA-editing enzyme ADAR (ADARcd) that deaminates adenosine-to-inosine on RNA molecules, an editing event that can be quantified upon sequencing. Upon arsenite stress, dFMRP-ADARcd-V5 is recruited to SG, potentially with associated-edited RNA to SG. dFMRP-ADARcd-V5 may also edit target RNAs in SG. By analysing the editing frequency of isolated RNA, the authors found a number of RNA to be specifically edited upon arsenite treatment, potentially corresponding to the SG-transcriptome, though a subset may represent edited mRNAs that are not associated with SG. In particular, expressing dFMRP by itself induces RNA granules that resemble SG (Gareau et al., 2013b), and thus it may be difficult to discriminate RNA edited in FMRP-granules and those in SG. dFMRP mutants that do not associate with SG, while still bind RNA may be used in TRIBE as control eliminating RNA that are edited independently of their association with SG. It remained also unclear whether the mRNAs identified by TRIBE are selectively enriched in SG, and whether they have reduced rate of translation, similar to SG-transcriptomes identified by other studies. Using ADARcd-V5 fused to other RBPs that associate (such as ELAV or Rasputin) or not (DCP1) with SG should also help define the SG transcriptome. Despite these gaps, TRIBE offers an opportunity to analyse SG-associated RNA in single cells, which may reveal specificities in the RNA composition of SG and probably also its role played at individual cells. Collectively, these transcriptomic studies are highly informative on the identity of mRNAs that associate with SG, providing evidence that the sorting of mRNAs in SG depends on their translational rate. However, while these data further support the assumption that mRNAs are not equally sorted during stress in SG, whether this sorting involves specific cis- and trans- RNA based mechanisms, remained an open question.
3.3 SG-epitranscriptomic studies
Growing evidence indicate that important aspects of mRNA metabolism including splicing, stability, localization and translation are affected not only by cis-acting mRNA sequences such as the binding motifs of RBPs, but also by specific secondary structures adopted by mRNAs upon folding, and by chemical modifications occurring at their bases (Lewis et al., 2017). While it is unclear if the localisation of mRNAs in SG relies on specific cis-acting sequences and secondary structures, recent data implicated specific chemical modifications of mRNA in their sorting during stress, potentially promoting their accumulation as untranslated mRNPs in SG through interaction with specific RBPs (Table 5).
TABLE 5 | SG-epitranscriptomic studies.
[image: Table 5]Well-studied RNA internal chemical modifications include N6-methyladenosine (m6A), N6, 2′-O-dimethyladenosine (m6A), deamination of adenine to inosine (I), 5-methylcytidine (m5C) and 5- hydroxylmethylcytidine (hm5C), N1-methyladenosine (m1A) and pseudouridine Ψ) (Roden and Gladfelter, 2021). Among the most abundant internal mRNA modification is m6A that regulates RNA stability, translation, and localization (Dominissini et al., 2012; Meyer et al., 2012; Wang X. et al., 2014; Wang Y. et al., 2014; Wang and He, 2014; Huang and Yin, 2018). This reversible modification occurs through a highly regulated process that involves the action of writer methyltransferases that transfer the methyl group to the mRNA, reader enzymes that recognise the modified mRNA, and erasers that remove the modification (He and He, 2021). The original first observations that support the possibility that m6A regulates mRNA sorting to SG and/or the dynamics of SG are based on data showing that m6A disrupts RNA binding to SG components including G3BPs, USP10, Caprin 1, and RBM24 (Arguello et al., 2017; Edupuganti et al., 2017). We and others have used anti-m6A antibodies in immunofluorescence experiments detecting m6A signals in HeLa- and U2OS-SG that are induced by a variety of stresses including arsenite (Anders et al., 2018; Adjibade et al., 2020; Fu and Zhuang, 2020), supporting the possibility that SG contain m6A-(modified) RNAs. However, data documenting if the m6A methyltransferases associate or not with SG, which would support a possibility that m6A may also occur in SG, are still lacking. Nevertheless, co-depleting the core methyltransferase components of the “writer” m6A complex, namely, METTL3, METTL14, and WTAP significantly abrogates the m6A signal within arsenite-induced SG that form in U2OS-expressing G3BP1 (Anders et al., 2018). While these depletion data validate the association of m6A-RNAs with SG, it indicates that interfering with this modification does not alter SG (Anders et al., 2018), which is also consistent with the study of Ries et al. showing that SG are normally formed in m6A-deficient (ΔMETTL3) mouse embryonic cells (mES) cells (Ries et al., 2019). However, 50% of the SG-mRNA transcriptome isolated by PAR-CLIP are m6A-modified (Anders et al., 2018) suggesting that modified RNA are selectively sorted to SG. The possibility that m6A promotes mRNAs sorting to SG is further supported by quantitative studies showing that the level of m6A in SG-associated mRNAs, is elevated during arsenite treatment (Anders et al., 2018). More correlative analyses between the m6A ratios of mRNAs established by m6A-seq (Anders et al., 2018) with RNA-seq data defining mRNAs enriched in the core SG (Khong et al., 2017), showed that mRNAs harboring high level of m6A are significantly enriched in SG, while those lacking m6A are largely depleted from SG (Anders et al., 2018). These data are consistent with immunofluorescence quantification showing an enrichment of m6A signal in SG induced in arsenite-treated U2OS (Fu and Zhuang, 2020), further supporting the selective sorting of m6A-modified RNAs to SG. The lack of m6A methyltransfreases from SG also precludes the possibility that the accumulation of m6A-modified RNAs in SG reflects their local methylation, while it supports their sorting to SG as methylated mRNAs.
m6A-RNAs are selectively recognised by YTHDFs(1–3), a family of readers that bind the m6A moiety with their YTH domain (Dominissini et al., 2012) and regulate various aspects of RNA homeostasis. Interestingly, Anders et al. (Anders et al., 2018) showed that interfering with the activity of YTHDF3 reduced the level of m6A-mRNAs in SG that form in U2OS-stably expressing G3BP1 and treated with arsenite, thought it does not affect the formation of SG. This result combined with those localizing YTHDFs in SG (Wang et al., 2015; Fu and Zhuang, 2020), supports a possible role of YTHDFs in sorting methylated mRNAs clients to SG under oxidative stress. How YTHDFs relocate m6A-mRNAs in SG is still unknown, though it may involve a phase separation process. Accordingly, YTHDFs contain low-complexity sequences that promote their phase separation observed in vitro and in (mES) cells (Ries et al., 2019). This phase separation is markedly enhanced by mRNAs that contain multiple, but not single, m6A residues (Ries et al., 2019), providing a possible mechanism underlying the selective recruitment of m6A-mRNAs in SG. Alternatively, YTHDFs-mediated m6A-mRNAs localization in SG may involve association between YTHDFs and its partners known as SG components including eIF3 and specific RBPs with known roles in translational control such as YBX1, IGF2BP1, and G3BP1. These interactions are either RNA-dependent as reported between YTHDF1 and G3BP1, or–independent as shown between YTHDF1 and eIF3, potentially underlying the role of YTHDFs in translation of methylated mRNAs (Wang et al., 2015). PAR-CLIP combined with Ribo-seq experiments in WT and m6A methyltransferase (METTL3)-deficient HeLa cells showed that YTHDFs promote ribosome occupancy of its target mRNAs, indicating that YTHDFs promote translation efficiency in an m6A-dependent manner, potentially at the initiation step (Wang et al., 2015). Whether this role of YTHDF in translation accounts for the sorting of m6A-mRNAs in SG remained however unknown.
There are also conflicting data supporting or not the role of the association of YTHDFs with SG. in regulating their dynamics. Fu et al. reported an essential role played by YTHDF1 and 3 in SG induction upon arsenite treatment of U2OS (Fu and Zhuang, 2020), contradicting initial data showing a dispensable role of YTHDFs in assembling SG in U2OS-G3BP1 (Anders et al., 2018; Ries et al., 2019). The formation of SG in U2OS-G3BP1 lacking YTHDFs is intriguing. This may be due however to the overexpression of G3BP1 impacting the effect of YTHDFs depletion in SG formation. The role of YTHDFs in the dynamics of SG was also assessed in mutagenesis studies. Overexpression of a dominant negative mutant of YTHDF1 that inhibits the binding of endogenous YTHDF to m6A-RNAs resulted in an impaired formation of SG in arsenite-treated U2OS (Fu and Zhuang, 2020), supporting the assumption that binding of YTHDFs with m6A-RNAs facilitates the formation of SG. However, both the selective association of m6A-mRNAs with SG and the role of YTHDFs binding with m6A-RNAs in facilitating the formation of SG was challenged in a more recent study (Khong et al., 2022). The dispensable role of YTHDFs in SG formation was concluded based on single-molecule FISH experiments performed in mES cells showing that selected m6A-mRNAs partition similarly into SG in both wild-type and m6A-deficient (ΔMETTL3) mES cells (Khong et al., 2022), also precluding a major role of the modification in the association of mRNAs with SG. Furthermore, tethering YTHDFs proteins to reporter mRNAs does not significantly induced their enrichment in SG (Khong et al., 2022), questioning the role of the YTHDFs binding with m6A-RNAs in their sorting and accumulation into SG. While YTHDFs are considered as the main canonical m6A readers, specific core SG components such as FMRP and its homologs FXR1 and FXR2, and G3BPs (Edupuganti et al., 2017) were recently identified as RNA sequence context-dependent m6A readers or regulators.
Through RNA pull-downs in HeLa cell lysates followed by quantitative mass-spectrometry-based proteomics, FMRP and FXR1/2 were identified as new binders of m6A-mRNA sequences, while G3BPs and its partners USP10 and Caprin1 preferentially bind the unmodified versions (Edupuganti et al., 2017). The preferential binding of FMRP to mRNA targets on m6A sites was validated by comparing FMRP PAR-CLIP data (Ascano et al., 2012) with those of m6A-seq (Meyer et al., 2012). A significant fraction of FMRP-targets was also identified in Wang et al. study as YTHDF1-binding mRNAs in their YTHDF1 PAR-CLIP experiments (Wang et al., 2015). However, on contrary to YTHDF1 that binds mainly to m6A-RNAs, FMRP binds m6A-containing mRNAs, but it is not strictly dependent on m6A for mRNA binding, raising the possibility that FMRP and YTHDF1 may compete for binding to m6A sites on mRNA, accounting for their opposite role in translation repression and activation of target mRNAs, respectively (Edupuganti et al., 2017). Consistently, preventing YTHDFs binding to target mRNAs by reducing the level of m6A through METTL3 depletion increases the inhibitory effects of FMRP on translation. This is because many putative FMRP-target sites corresponding to m6A become available for FMRP binding due to the loss of YTHDF (Edupuganti et al., 2017). A direct binding of FMRP to m6A on mRNA rather than indirectly to unmethylated regions of m6A-containing mRNAs was confirmed by combining PAR-CLIP, m6A-seq, and methylated RNA immunoprecipitation (MeRIP) in HEK293T cells (Hsu et al., 2019). This is consistent with in vitro data showing that FMRP phase-separates with m6A-modified binding RNA probe but not with the unmodified probe, forming RNA granules (Zhang et al., 2022). While these accumulating data support a role played by the SG-associating FMRP as an m6A reader, it remains unknown if FMRP mediates the localization of selected m6A-modified targets in SG. Because FMRP binds also to unmodified targets, it may compensate for the loss of the activity of YTHDFs in permitting the association of unmodified target mRNAs with SG, also accounting for the observation that the localization of YTHDFs-unmodified targets in SG is not affected by METTL3 depletion. On contrary, the finding that the association of m6A-mRNAs with SG is reduced in YTHDFs-depleted cells (Anders et al., 2018), precludes the possibility that FMRP may significantly compensate the loss of YTHDFs in aggregating YTHDF-modified targets into SG, and thus may not be sufficient for their association with SG. In addition to FMRP, G3BP1 and its partners Caprin1 and USP10 were also identified as SG components that bind YTHDFs-target mRNAs. On contrary to FMRP whose binding to mRNAs is not significantly affected by m6A, the binding of G3BP1 to mRNAs is negatively affected by the modification since the protein binds preferentially to unmodified mRNAs (Edupuganti et al., 2017). Reducing m6A levels on YTHDFs-mRNA targets in METTL3-depleted cells may thus activate the binding of G3BP1 to those mRNAs, inducing their localization to SG, despite the loss of YTHDFs binding. Clearly, all these are speculative possibilities that may be verified after knocking down candidate RBPs in METTL-depleted cells under conditions that induce SG formation.
Although less abundant than m6A, m1A modification increases during stress (Dominissini et al., 2016) and m1A-modified RNAs also localize in mammalian SG induced by either arsenite or heat shock. On contrary to m6A-methylating enzymes which do not associate with SG, the m1A-generating methyltransferase enzyme TRMT6/61A (Xiong et al., 2018a; Xiong et al., 2018b) do associate with SG (Alriquet et al., 2021). This finding is intriguing since the sequestration of TRMT6/61A in SG may a priori impact m1A in the cytoplasm of stressed cells, preventing the accumulation of m1A-modified mRNAs. However, there is possibility that TRMT6/61A may modify its target mRNAs once they are transferred to SG, resulting in their accumulation. Alternatively, a residual fraction TRMT6/61A that do not associate with SG may be sufficient to modify its target in the cytoplasm during stress, which then aggregate into SG through the action of specific readers. At this stage, however, no m1A reader has been described, raising the question of how m1A-modified mRNAs selectively aggregate into SG. Although additional studies are needed to better define the role played by RNA modifications in the association of target mRNA in SG, it become clear that such modifications constitute novel underlying mechanisms involved in the accumulation of mRNAs in SG.
4 POSSIBLE ROLES OF SG IN REGULATING TRANSLATION
4.1 Evidence supporting the role of SG in downregulating translation
The role of SG in translation is still a matter of debate (Table 6). Originally, SG were described as sites where untranslated mRNAs are trapped, potentially contributing to their repression (Kedersha and Anderson, 2009; Protter and Parker, 2016; Youn et al., 2018; Ivanov et al., 2019; Youn et al., 2019; Riggs et al., 2020). This assumption was based on several observations: i) SG form specifically during cell growth conditions that inhibit translation initiation, resulting in the accumulation of untranslated mRNAs, ii) SG disassemble when translation is recovered, reducing the pool of untranslated mRNAs, iii) mRNAs, such as Hsp70 and 90 mRNAs, whose expression is significantly increased during stress, are excluded from SG, iv) transcriptomic studies establishing that mRNAs preferentially accumulating in SG are generally low-expressed species due to their poor translation rate, and v) proteomic studies identifying RBPs involved in translation repression as key SG components, while excluding the association of the 60S ribosomal subunits with SG. On contrary, the premise that SG do not significantly contribute in maintaining the global inhibition of translation during stress was first provided by yeast studies showing that altering genetically SG has no effect on general translation (Buchan et al., 2008). The assumption that mammalian SG do not contribute to translation reprograming is largely based on observations that SG-deficient cells such as those lacking G3BPs show global inhibition of translation (Kedersha et al., 2016). However, deep analysis of translation using translatomic studies showed significant changes in translation rates between SG-forming and -deficient cells. Whether the observed differential translation is SG-dependent remains unknown. A dispensable role of SG in translation repression was also provided in reporter assays, showing that translation of specific reporter mRNAs (such as Renilla luciferase mRNAs) is inhibited throughout the cytosol, regardless of granule localization, during the stress response (Halstead et al., 2015; Horvathova et al., 2017). However, targeted approaches supported the above assumption that SG may regulate translation of specific associated mRNAs. These approaches combined FISH experiments localizing target mRNAs in SG, polysomes profiling assessing their distribution on translating polysomes, and depletion experiments testing the effects of abrogating SG on the expression of target mRNAs. Among tested mRNAs, p21 mRNA was shown to accumulate in HeLa-SG upon proteasome inhibition, potentially through binding to the SG component CUGBP1, while its expression remained low (Gareau et al., 2011). p21 mRNA became highly expressed during prolonged proteasome inhibitor treatment once it is released from dissociating SG. These correlative results suggest that p21 mRNA associated with SG is kept untranslated, though direct evidence remained to be established. A similar potential SG-mediated temporal translation has been described, either during IL1b-stimulated human osteoarthritis chondrocytes for the regulation of cyclooxygenase 2 (Cox-2) translation (Ansari and Haqqi, 2016), or during T-cell activation for the expression of the inhibitory immune checkpoints mRNAs including PDCD1, CTLA4, TIM3, and LAG3 mRNAs (Franchini et al., 2019). Ansari et al. study showed that stimulation of human osteoarthritis chondrocytes with IL1b induces an endoplasmic reticulum (ER) stress response characterized by phosphorylation of eIF2α that triggers the formation of SG. FISH experiments revealed a quantitative accumulation of Cox-2 mRNA in SG while no cox-2 protein was produced. Prolonged treatment with IL induces dephosphorylation of eIF2α and SG disassembly that correlates with Cox-2 expression. Maintaining Cox-2 mRNA in IL1b-induced SG by inhibiting SG clearance prevents Cox-2 expression, while preventing their formation accelerates Cox-2 expression. Interfering with the association of Cox-2 mRNA with SG by targeting its SG partner HuR, also accelerates Cox-2 expression, further supporting a SG-mediated temporal regulation of Cox-2 mRNA translation. Additional studies are required to determine whether this SG-mediated temporal regulation is general during cytokine-stimulated chondrocytes. Similarly, Franchini et al. reports that T-cell activation causes a stress response that induces inhibitory immune checkpoints mRNAs to form RNP-G3BP1 complexes, which aggregate into SG as untranslated form (Franchini et al., 2019). These mRNPs are then translated following maturation and disassembly of SG, consistent with a SG-mediated temporal regulation of the expression of inhibitory immune checkpoints mRNAs in activated T-cells.
TABLE 6 | Role of SG in translation regulation.
[image: Table 6]Similar to T-cell, B-cell activation induces a stress response that triggers the assembly of functional SG. In this study (Diaz-Munoz et al., 2017), the impact of SG on translation of mRNAs-encoding DNA damage response factors was then tested upon treatment of activated B-cells with the DNA damaging etoposide drug, identifying p53 mRNA as one mRNA target. In activated B-cells, p53 mRNA was quantitatively present in SG but no corresponding protein was produced, indicating its translation repression. Treatment of activated B-cells with etoposide had no effect on the abundance of p53 mRNA, neither affect SG number and/or size. Similar treatment decreases however the level of p53 mRNA in SG as determined by FISH, while it induces its association with translating polysomes (Diaz-Munoz et al., 2017). It was thus concluded that such etoposide treatment induces the release of p53 mRNA from assembled SG, which then associates with polysomes, resulting in its expression. The loss of p53 mRNA from SG parallels with its dissociation from TIA, a well-known SG component, suggesting that in absence of etoposide treatment, p53 mRNA is trapped in SG as untranslated form via TIA (Diaz-Munoz et al., 2017). While the Diaz-Munoz et al. study supports a role of SG in the control of p53 mRNA temporal translation, validations are required by combining strategies that target SG, with those that allow accurate cellular quantification of p53 mRNA such as smiFISH. Including TIA mutants that associate with SG but cannot bind p53 mRNA would also be helpful to confirm the functional role of TIA in targeting p53 mRNA into SG. On contrary, experiments using p53 reporter mRNA lacking the TIA binding sites would help validate the association and dissociation of p53 mRNA from SG via TIA.
SG were also implicated in the selective translation repression of a class of mRNAs that contain hallmark 5′-terminal oligopyrimidine tracts (5′TOP) proximal to the cap 5′end, known as 5′TOP mRNAs (Damgaard and Lykke-Andersen, 2011). These TOP mRNAs encode protein biosynthesis factors whose expression is selectively regulated in response to growth conditions of mammalian cells, mainly via the conserved 5′TOP element (Avni et al., 1994; Avni et al., 1997). In Damgaard et al. study (Damgaard and Lykke-Andersen, 2011), it was found that in response to amino acid starvation, TOP mRNAs accumulate in SG as untranslated mRNAs. The translational regulation of the TOP mRNAs involves binding of TIA to their 5′TOP element, blocking their translation initiation and causing dissociation from polysomes. However, in mRNA reporter studies, TIA is able to dissociate the β-globin reporter mRNA containing the 5′end the 5′TOP element from polysomes independently of its SG association. This suggests that the association of TIA with SG is dispensable for its ability to repress translation of TOP mRNAs, contradicting the possibility that SG cause translation repression of TOP mRNAs, though direct evidence is still lacking. Nevertheless, this study further supports SG as storage sites of untranslated mRNAs. It is intriguing however that even mRNAs that are transcriptionally induced during stress can be stored into SG as untranslated mRNAs. Such mRNAs include those encoded by stress-responsive genes such as glucose-repressed genes and cytokines that are specifically transcribed under glucose starvation conditions (Zid and O'Shea, 2014), and T-cell activation (Scheu et al., 2006), respectively. Whether the sequestration of these mRNAs in SG contributes to their translation repression, regulating specific pathways such as glucose metabolism and immunity, remained to be tested.
By trapping mRNAs in untranslated form, SG may also provide an environment that affects the rate of translation of specific SG-excluded mRNAs, which is necessary for the cell to cope with stress, a possibility that has not been addressed experimentally. This assumption is consistent with the finding that mRNAs that do not associate with SG such Hsp70 and 90 are highly translated under various SG-inducing stresses including heat shock and arsenite treatment (Kedersha et al., 2002; Stohr et al., 2006) or glucose starvation (Zid and O'Shea, 2014). These mRNAs belong to a class of specific mRNAs-encoding stress response functions that are transcriptionally induced and preferentially translated during various types of stress, while translation of bulk mRNAs is repressed. Hsp mRNAs contain long structured 5′UTR that allows their preferential translation via specialised mechanisms (Holcik et al., 2000; Holcik and Sonenberg, 2005; Wek et al., 2006). Whether such 5′UTR-mediated mechanisms of translation prevent the aggregation of mRNAs in SG is still not known.
Omic studies including polysome-seq, RNAseq and LC-MS/MS further validated Hsp mRNAs among a specific set of mRNAs whose enrichment in polysomes is induced by arsenite treatment, correlating with the increase in their corresponding proteins (Somasekharan et al., 2020). Hsp mRNAs were also scored in APEX-seq as associating with APEX-G3BP1 in arsenite-treated cells. As expected, FISH confirmed that those G3BP1-target mRNAs do not associate with SG, excluding their aggregation with G3BP1 in SG. Intriguingly, depletion of G3BP1 enhanced translation of its Hsp mRNA targets, resulting in their hyper-expression (Somasekharan et al., 2020). This finding suggests that besides its role in aggregating untranslated mRNAs in SG, G3BP1 may also act as a translational repressor of Hsp mRNAs independently of SG association, preventing their hyper-expression. However, depletion of G3BP1 also prevents the formation of arsenite-induced SG, which may indirectly result in the observed enhanced translation of Hsp mRNAs. In this case, SG would prevent hyper-expression of Hsp mRNAs, potentially by trapping specific RBPs, preventing their effect in driving translation of Hsps mRNAs, and thus buffering their expression. Using complementary strategies that deplete both SG and specific SG components involved in Hsp mRNAs translation, would be helpful to resolve the issue. By comparing APEX-G3BP1-seq with polysome-seq data, additional categories of mRNAs that are associated with G3BP1 and are either enriched- or depleted from polysomes during arsenite treatment were identified (Somasekharan et al., 2020). As a paradigm of the class of polysomes-depleted mRNAs, BAX mRNA was selected validating its association with SG, its exclusion from polysomes, and its reduced translation. The translation of Bax mRNA was restored in SG-lacking stressed cells owing to G3BP1 depletion. This finding raised the possibility that arsenite-induced downregulation of the expression of Bax mRNA involves its aggregation into SG through G3BP1 binding. An additional class of mRNAs that have been identified in the above study (Somasekharan et al., 2020) contains those whose enrichment into polysomes in arsenite-treated cells requires dissociation from G3BP1. As a representative, HIF-1 mRNA was selected for functional studies, excluding its association with SG, while validating its enhanced translation during arsenite treatment. Although the association of HIF-1 mRNA with G3BP1 is lost during arsenite treatment, depletion of G3BP1 enhanced HIF-1 mRNA translation. This finding suggests that during arsenite treatment, the aggregation of G3BP1 with SG results in its dissociation from HIF-1 mRNA inducing its loading into polysomes and translation. Collectively, these data indicate that reprograming translation of mRNAs during translational stress involves multiple direct and indirect mechanisms involving SG assembly.
One class of mRNAs known to be translationally activated specifically during translation stress is the class of short upstream open reading frames (uORFs) mRNAs (Holcik and Sonenberg, 2005; Wek et al., 2006), which encode stress response functions. Stress-induced translation of such uORFs mRNAs occurs in a phospho-eIF2α-dependent manner, though the molecular mechanisms that drive this phospho-eIF2α-mediated uORF mRNAs translation remained obscure. The main PeIF2α-uORFs mRNA paradigm encodes for the Activating Transcription Factor 4 (ATF4), a master ER stress-induced protein required for reprogramming gene expression towards survival functions. While ER stress had no effect on the abundance of ATF4 mRNA, it significantly induces its loading into translating polysomes, resulting in its preferential translation. Two mechanisms that promote phosphor-eIF2α-mediated uORFs mRNA translation have been reported. The first underlying mechanism reported in HeLa involves the recognition of the 5′end cap of ATF4 mRNA by the DDX3 RNA helicase-containing eIF4F, upon ER stress (Adjibade et al., 2017). The second mechanism was shown to occur in starved-mouse embryonic mouse cells, involving demethylation of a specific and conserved m6A located at the 5′UTR of ATF4 mRNA (Zhou et al., 2018). FISH experiments showed however that a sub-fraction of ATF4 mRNA associates with ER stress-induced SG (Adjibade et al., 2017). This finding raises the possibility that aggregation of a sub-fraction of ATF4 mRNA into SG, potentially in an untranslated form, prevents the lethal overproduction of ATF4. The mechanisms underlying the localization of ATF4 mRNA in SG remained unknown. As a possibility, we speculate that the fraction of ATF4 mRNAs that associate with SG may represent m6A–modified ATF4 mRNAs that escaped demethylation. Investigating the m6A status of the ATF4 mRNAs that are associating with SG may reveal an epitranscriptomic mechanism of methylation/demethylation of ATF4 mRNA at the m6A target site, inducing either its translation in the cytoplasm, or its aggregation in SG as untranslated form. A similar scenario has been described as a mechanism regulating translation of androgen receptor (AR) mRNA during stress (Somasekharan et al., 2022). While in unstressed prostate cancer cells, m6A-modified AR mRNA is preferentially translated, unmodified AR mRNA is kept untranslated. Treatment of prostate cancer cells with AR pathway inhibition stress (ARPI) induces the release of m6A-modified AR mRNA from actively translating polysomes, leading to a significant reduction of AR mRNA translation (Somasekharan et al., 2022). FISH experiments show that upon ARPI stress, AR mRNA associates with SG that are positive for G3BP1 and YTHDF3 (Somasekharan et al., 2022), the two AR mRNA interactors. However, on contrary to YTHDF3 that recognizes m6A-modified AR mRNA, G3BP1 binds preferentially to unmodified AR mRNA, validating previous data (Edupuganti et al., 2017). This m6A-dependent differential association of AR mRNA with YTHDF3 and G3BP1 is also recapitulated in in vitro SG-resembling droplet assays, showing that m6A-modified AR mRNAs phase-separate with the YTHDF3, but not with G3BP1, into droplets, while unmodified-AR mRNAs phase separate exclusively with G3BP1. This raised the possibility that AR mRNAs consist of two pools of m6A-modified and -unmodified forms that may co-exist as two separate YTHDF3 and G3BP1 clusters, respectively within SG. This is supported by STED microscopy images showing separate clusters of YTHDF3 and G3BP1 in SG formed in ARPI stressed cells, while proximity labeling assays with antibodies against m6A and YTHDF3 or G3BP1 showed the association of YTHDF3, but not G3BP1, with m6A-modified mRNAs in ARPI-stressed cells (Somasekharan et al., 2022). Together, these data suggest that m6A-modified AR mRNAs partition into specific SG clusters that kept the message untranslated. Investigating this possibility may also reveal if m6A constitutes a general mechanism that mediates partitioning of target mRNAs into specific translation repression clusters within SG.
The assumption that SG consists of separate clusters also predicts the possibility that such SG clusters, representing different RNPs complexes, may regulate specific aspects of RNA metabolism including translation, stability, and modifications. SG may also affect differentially RNA metabolism during their maturation. mRNAs in SG may thus be spatially organized in active translation and repressed translation condensates. With the development of approaches that allows imaging of translation in vivo, it become possible to monitor translation of reporter mRNAs in SG.
4.2 Translation of mRNAs in SG?
The sunTag in vivo single molecule translation reporter assay (Pichon et al., 2016; Wang et al., 2016; Wu et al., 2016; Yan et al., 2016) allows imaging of target reporter mRNAs via its fused MS2 binding site, simultaneously of SunTag visualisation of the nascent peptide chains. The SunTag consists of an array of antibody epitopes that are recognized by genetically encoded single-chains antibodies (scFv). To establish this Nascent Chain Tracking system, Moon et al. (Moon et al., 2019) used U2OS expressing both a fluorescent MS2 coat protein (Grimm et al., 2015) to label the co-expressed reporter mRNA containing the MS2 binding site, and a fluorescent antibody fragments (Fab) to label epitopes at the N-terminus of the nascent peptide encoded by the reporter mRNA. Using this system, individually translated mRNAs are labelled by both MCP and Fab, while non-translated mRNAs are labelled by only MCP. This Nascent Chain Tracking system was expressed in U2OS-expressing GFP-G3BP1 (Kedersha et al., 2008), examining translation status of single reporter KDM5B mRNA molecules during arsenite stress and recovery in and out of SG-G3BP1. Quantification studies show that 98% of the reporter mRNAs associated with SG is translationally repressed as they lack the SunTag nascent chains signal, consistent with the current model of the association of untranslated mRNAs with SG. The observation that 1–2% of the SG-associated reporter mRNAs retained nascent chains is conform with the possibility that a subset of mRNAs associates with SG, while they are still bound to translating polysomes, though it may also indicate that some residual translation occurs in SG. The analysis of translation of the reporter mRNAs during the recovery phase of arsenite treatment showed that such translation did not resume until SG had dissolved completely, implying that SG disassembly is a prerequisite for translation resumption, which may also support the possibility that SG dampens translation of associated mRNAs. This assumption is however challenged in the Wilbertz et al. study (Wilbertz et al., 2019). Using a similar SunTag translational assays, they show that the localization of a 5′TOP-Renilla luciferase mRNA into SG during arsenite stress does not alter its capacity to resume translation compared to a transcript that remained in the cytosol, when arsenite stress has been relieved (Wilbertz et al., 2019). This conclusion is based on the finding that the fraction of the reporter mRNA that resumes translation during the recovery phase is significantly higher that the fraction of the corresponding mRNA that was associated with SG. In any case, because both KDM5B and TOP reporter mRNAs are translationally repressed during arsenite treatment, it was not possible to assess directly the contribution of SG in repressing their translation.
To address this question, Mateju et al. (Mateju et al., 2020) assessed translation of an ATF4 mRNA reporter whose corresponding endogenous mRNA is actively translated during stress. To establish the SunTag system, Mateju et al. (Mateju et al., 2020) used HeLa cells that are stably co-expressing ScFv-GFP and Halo-tagged MCP (Voigt et al., 2017). At its 5′end, the reporter mRNA encodes the SunTag array in frame with Renilla luciferase, enabling the measurement of protein synthesis by two complementary approaches. The reporter mRNA also contains a destabilised FKBP domain to enhance the degradation of the mature protein thus facilitating the detection of the nascent peptide during translation (Banaszynski et al., 2006). The reporter mRNA contains the 5′UTR of ATF4 mRNA that allows translation during stress. ATF4-SunTag was efficiently translated during arsenite treatment that also induced robust SG formation (Mateju et al., 2020). Translation of the ATF4-SunTag mRNA was then monitored in SG that are depicted as SNAP-tag-labelled G3BP1. Both non-translating- (no SunTag signal) and -translating ATF4 SunTag mRNAs were present in SG, which is consistent with our previous data showing the association of ATF4 mRNA with SG induced in human Hep3B cells treated with ER stress (Adjibade et al., 2015). A fraction of the SG-associated reporter mRNAs showed a SunTag signal, which was blocked by puromycin treatment, indicating active translation. The fraction of ATF4 reporter mRNAs that is associating with SG is however minimal as the major fraction of the ATF4 reporter mRNAs is found in the cytoplasm, and which may be responsible for the bulk translation of the reporter mRNA during stress. Similarly, the SunTag was used detecting translation of the 5′TOP-suntag reporter mRNA (Mateju et al., 2020). This translation was equally low in both the cytoplasm and in SG during stress. The limited translation of the TOP reporter mRNA is consistent with the repression of endogenous TOP mRNAs during stress, while it indicates that even low expressed mRNAs can be translated in SG, though minimally. This study pioneering reporter translation in SG constitutes one of the main important advancements in the field of SG, though the impact of such translation in the post-transcriptional regulation that occurs during stress remains to be demonstrated. This will require the development of translation approaches that provide experimental evidence that endogenous RNAs are translated in SG. The establishment of an in vitro translation assay using purified SG would also help to understand translation and its regulation in SG. Nevertheless, the finding that SG environment is somehow permissive to translation constitutes an additional example of the growing evidence (Parker et al., 2022) demonstrating translation in RNA biocondensates.
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