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Mitochondria are multifaceted organelles acting as energy, metabolic and signaling hubs in the cells. They play a central role in biological processes aimed at maintaining cell homeostasis and regulating cell fate upon changing environments. Alterations in mitochondrial functions can affect cell stress response through different mechanisms, leading to adaptation or death. In this perspective, we focus on mitochondrial communication and its relevance for cytoprotective strategies aimed at controlling synthesis, degradation and recycling processes. The advantage of using yeast as a model organism for improving our understanding of the molecular mechanisms behind cell stress responses to mitochondrial dysfunction is described. New challenges for studying the interplay between mitochondrial retrograde signaling and autophagy/mitophagy pathways are highlighted.
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1 INTRODUCTION
Mitochondria play a multifaceted role in a variety of cellular processes controlling homeostasis and cell fate upon physiological and non-physiological conditions. They firstly act as bioenergetics powerhouses through the electron transport chain (ETC) and the oxidative phosphorylation (OXPHOS) by providing the largest source of cellular ATP upon aerobic conditions. Their bioenergetic role is strictly connected to cell metabolism and mitochondria behave as anabolic centres for the synthesis of Tricarboxylic acid (TCA) cycle intermediates, amino acids, fatty acids, nucleotides, cholesterol, glucose and heme. At this regard, mitochondrial carriers (MCs), belonging to the superfamily of transporters named the MCF, or in mammals SLC25 (solute carrier family 25), shuttle a variety of metabolites across the inner mitochondrial membrane (IMM) to ensure proper trafficking for inter-organelle communication and the mainteinance of REDOX homeostasis (Passarella et al., 2021; Palmieri et al., 2020; Gorgoglione et al., 2019; Todisco et al., 2016). Mitochondria are also essential for the clearance of metabolic by-products, such as reactive oxygen species (ROS) or ammonia, which need to be re-purposed (Spinelli and Haigis, 2018). Alterations in these crucial functions of mitochondria compromise cell homeostasis and underlie the basis for the occurrence of pathological processes. At this regard, the role of mitochondria as signaling hubs at cellular and organismal level is emerging as a relevant aspect in biology and biomedical sciences (Stoolman et al., 2022). The mitochondrial communication with other cellular compartments offers a new perspective for the comprehension of mechanistic clues guiding cellular stress response upon aging, cell transformation and progression, metabolic disease, innate immunity, inflammation and bacterial/viral infections (Jin et al., 2019; 52 (1): 13–23; Ippolito et al., 2020; Nakhle et al., 2020; Fontana and Limonta, 2021; Newman and Shadel, 2023; Kim et al., 2024; Son and Lee, 2019). Therefore, mitochondria have been recognized as the processor of the cell and, together with the other compartments, constitute the mitochondrial information processing system (MIPS). MIPS is able to sense and integrate endogenous and environmental inputs and transduce the signals into adaptive responses (Picard and Shirihai, 2022).
1.1 Mitochondrial communication
In the cellular communication framework, mitochondria sequentially act as sensors, integrators and transducers of the molecular and non-molecular inputs transformed into an output response aligned with the energetic and metabolic states of the whole cellular system. The interaction between mitochondria and other cellular compartments plays a major role in the process of signal integration and can occur at different levels, including mito-nuclear communication, intra-organellar and inter-organellar-communication. The mito-nuclear communication include the anterograde pathway, from the nucleus to the mitochondria, through which nucleus controls the proteins and information transmitted to the mitochondria and the retrograde pathway, from the mitochondria to the nucleus, commonly activated by mitochondrial dysfunctions, such as loss of mitochondrial DNA or, ETC impairment (Butow and Avadhani, 2004; Lu et al., 2009). These pathways coordinate the communication between mitochondria and the nucleus during homeostasis and mitochondrial stress by activating a transcriptional response which modulates the expression of specific genes (Quirós et al., 2016).
The mitochondrial interactions with other cell compartments are also affected by fusion and fission events of the IMM and outer mitochondrial membrane (OMM) that play a crucial role in maintaining mitochondrial architecture, accomplishing the metabolic needs and ensuring intracellular and extracellular signaling. Mitofusins play a major role in controlling these functions and alterations of mitochondrial architecture are implicated in metabolic disorders, cancer and aging (Schrepfer and Scorrano, 2016).
There is little information about what determines sites of mitochondrial fission within the mitochondrial network, but it is known that mitochondrial division occurs at membrane contact sites between endoplasmic reticulum (ER) and mitochondria (Friedman et al., 2011). Thus, ER tubules may play an active role in defining the position of mitochondrial division sites and in inter-organellar cross-talk (Friedman et al., 2011). Recently, inter-mitochondrial signaling by either nanotubes or direct interaction via inter-mitochondrial junctions has been intensively studied and membrane contact sites between mitochondria and other organelles, such as peroxisomes or lysosomes, beyond ER, have emerged as important mediators in the regulation of fundamental cellular processes, including cell death and proliferation, proteostasis and mitophagy (Genovese et al., 2022 and references therein). The peroxisome-mitochondria connection includes the physical and functional interaction between these organelles (Schrader et al., 2015). The best known example is the metabolic cooperation in the beta-oxidation of fatty acids, which is typical of mammals and fungi. In addition, peroxisomes share a redox relationship with mitochondria contributing to cellular ROS homeostasis and affecting cell fate. Very little is known about how peroxisomes and mitochondria exchange co-factors, metabolites, and signaling molecules and how these organelle’s dysfunction reciprocally influence health and disease processes (Fransen et al., 2017).
Among the inter-organelle interactions and communication mechanisms, ER–mitochondria and mitochondria–lysosomes are the most studied and characterized. ER and lysosomes represent the hub of protein synthesis and degradation processes, respectively, and are connected by the process of protein homeostasis (proteostasis). Deregulation of proteostasis due to accumulation of misfolded proteins or protein aggregates is considered an hallmark of neurodegenerative and aging-related diseases (Moehle et al., 2019). In the presence of dysfunctional mitochondria, an adaptive transcriptional response known as mitochondrial Unfolded Protein Response (mtUPR) is activated to preserve function in healthy organelles and recover activity in damaged compartments. This pathway was initially discovered in mammalian cells, and further characterized in C. elegans (Pellegrino et al., 2013).
1.2 Mitochondrial quality control
The mitochondrial functionality itself is related to the control of mitochondrial quality (MQC). This is referred as mitochondrial homeostasis and is a tightly regulated process at both molecular and organelle level. A number of pathways and mechanisms cooperate and control mitochondrial proteome and/or mitochondrial content especially during stress times and adequate regulation of these mitochondrial quality control pathways are crucial for cellular homeostasis (Roca-Portoles and Tait, 2021; Wui Ng, MY et al., 2021). Cell response will vary depending on stress type and intensity and on a range of factors able to sense and transmit the nature of the encountered perturbation. For example, at organelle level, upon external stimuli, mitochondria can change their morphology by activating fission or fusion events: upon a severe or prolonged stress, mitochondria undergo fission, meanwhile, upon a mild or low stress, mitochondria favor fusion (Van Der Bliek, 2009). Also starvation and low glucose or, ETC inhibition can induce fusion and fission processes, respectively. To face persistent damage, another cellular homeostatic mechanism is to remove damaged organelles through proteolytic pathways that can be non-selective for autophagy and selective for mitophagy. Autophagy and mitophagy are evolutionary conserved from yeast to mammals: Autophagy Related Genes (ATG genes), specific mitophagy mediators and mechanisms have been identified and characterized for their role during different steps of the process (Kumar R. and Reichert A.S., 2021). In case of mitochondrial defects, the removal of damaged mitochondria is a cytoprotective strategy to prevent the accumulation of dysfunctional organelles with consequent deleterious effects (Zimmermann and Reichert, 2017). That mitochondrial fission can act upstream of mitophagy upon mitochondrial stress has been envisaged (Valera-Alberni and Canto, 2018).
Growing evidence indicates that the cytosolic ubiquitin–proteasome system (UPS), a multi-component system responsible for the removal of proteins from different cellular compartments, represents an important component of MQC. As support of this, several proteomic screens of mitochondria in different organisms (mouse, yeast, plants) identified ubiquitinated proteins (Sickmann et al., 2003; Bohovych et al., 2015). First of all, UPS has been shown to participate in the removal of several mitochondria-targeted proteins before or during their import into the mitochondria. Therefore, mistargeted or misfolded mitochondria-destined proteins are identified as aberrant and recognized by the UPS for removal: finding such poly-ubiquitinated proteins in the cytosol may reflect a role of the UPS in controlling levels and/or quality of proteins targeted to mitochondria (den Braven et al., 2021). Furthermore, UPS can access the OMM sub-proteome and mediate retro-translocation and degradation of OMM resident proteins. Recently Basch et al. described a mitochondrial quality control mechanism based on the cooperation of Msp1, an OMM anchored ATPase, with the proteasome. The authors found that yeast Msp1 cooperates with the proteasome to extract and degrade proteins arrested at the mitochondrial TOM complex. The proteasome seems to be actively involved in the extraction of trapped proteins from the OMM and proteasome inhibition effectively blocks this process (Basch et al., 2020). Moreover, it has been demonstrated that the majority of known OMM associated substrates of the UPS system are proteins central for the regulation of either apoptosis or mitochondrial membrane dynamics (Yonashiro et al., 2006; Karbowski et al., 2007). For example, the degradation of OMM-associated anti-apoptotic proteins, such as Bcl-2 and Mcl1, require their poly-ubiquitination and the activity of the 26S proteasome (Stewart et al., 2010). In yeast it has been shown that the mitochondrial fusion protein Fzo1 is ubiquitylated while still associated with the membrane and that the proteasome inhibitor MG132, as well as proteasome mutations, can suppress its degradation (Neutzner et al., 2007). These results indicate that poly-Ub-dependent proteasomal degradation is involved in Fzo1 turnover.
Recent attention has also been posed to control strategies at molecular level coupled to mitochondrial import mechanisms (Moehle et al., 2019). Impairment of mitochondrial protein import can result in the accumulation of precursors in the cytosol and other organelles activating a proteotoxic stress response, which results in the transmission of a signal to the nucleus to increase the expression of proteases and chaperones to address the abnormal mitochondrial protein load.
The integrity of mitochondrial membrane potential, affecting protein movement across the IMM, is an important aspect of mitochondrial import machinery. Therefore, the status of mitochondrial import can be considered as a faithful readout for mitochondrial dysfunction. At this regard, the mtUPR characterized in C. elegans is an example of retrograde signaling in which a defect in mitochondrial protein import activates an ATFS1-mediated transcriptional response to counteract proteotoxicity (Nargund et al., 2012). The mtUPR plays a dual role, from one side it senses proteotoxic stress within mitochondria and induces a recovery gene expression program, from the other side activates a metabolic shift from OXPHOS to glycolysis (Nargund et al., 2015). It is also known that the mtUPR and mitophagy are complementary processes, where the mtUPR acts in the first line of defense to counteract mitochondrial proteotoxic stress, and mitophagy in the removal of most severely damaged mitochondria (Pellegrino and Haynes, 2015). In Figure 1 the described mechanisms of main MQC processes, such as biogenesis, dynamics, proteostasis and mitophagy upon stress, are depicted. Although they can occur distinctly, it is of note that all of them can be connected one with the other in the cellular context.
[image: Figure 1]FIGURE 1 | A schematic view of mitochondrial quality control (MQC) mechanisms upon cell stress. Stress type and intensity can activate different mechanisms of MQC processes, including biogenesis, dynamics, proteostasis and mitophagy. (A) upon a severe or prolonged stress, mitochondria undergo fission, meanwhile, upon a low or mild stress, mitochondria favor fusion (B) cytosolic or aberrant proteins associated to OMM are poly-ubiquinated and degraded through UPS, involving the concerted action of E1, E2 and E3 enzymes for ubiquitination (C) misfolded mitochondrial proteins activate a UPRmt leading to a mitochondria-to nucleus transcriptional reprogramming increasing the expression of chaperones and proteases for stress adaptation (D) chronic mitochondrial damage leads to selective degradation of mitochondria through mitophagy, involving specific mediators and the formation of an autophagosome deriving from the fusion between a double membrane mitophagosome and a lysosome.
Another related strategy which has been emerging recently is the production and budding of mitochondria-derived membranous structures, such as mitochondria-derived vesicles (MDVs) in human cells and mitochondria-derived compartments (MDCs) in yeast (Soubannier et al., 2012). In both cases, they represent an intermediate step in mitochondrial protein degradation where dysfunctional mitochondrial subdomains, including specific mitochondrial proteins (TOM or OXPHOS from the, ETC), are targeted for lysosomal/vacuolar degradation. The molecular mechanisms behind the biogenesis and the cargo selectivity of MDVs and MDCs are still poorly understood and are a promising line of research in the field of mitochondrial homeostasis. In addition, understanding the mechanisms behind the integration of quality control processes is essential for selective interventions in disease models. At this regard, the role of MDVs in balancing fission and fusion processes and mediating either immunomodulation mechanisms or the interconnectivity with other organelles has been well established (Hazan et al., 2024; Picca et al., 2023).
1.3 Yeast Saccharomyces cerevisiae as a model to study the impact of mitochondrial dysfunction on cell stress response
It is clear that mitochondria are not isolated entities acting as energy providers to the rest of the cell. Instead, a constant communication of these organelles with other cell compartments is essential to control homeostasis and physiological processes. Nucleus, ER, peroxisomes and lysosomes functionally cooperate and physically interact with mitochondria under different conditions, however the mode and mechanism of organelle crosstalk is still a research challenge (Zhang Y et al., 2023). On the other hand, dysregulation of organelle cross talk may lead to severe mitochondrial dysfunction (Figure 2). Cytoprotective strategies can be activated by the cells to sense and resolve mitochondrial stress. Therefore, the communication of mitochondria with other organelles is strictly related to stress response (Kim K.H. & Lee C.B. 2024 and references therein). For all these reasons, it is important to have cellular/organismal models to investigate the organelle communication network at different layers of complexity.
[image: Figure 2]FIGURE 2 | Possible interplay between mitochondrial retrograde signaling and autophagy/mitophagy processes in response to cell stress in a yeast model. Alterations in mitochondrial functions or stress conditions can activate cytoprotective strategies, including retrograde pathways, dependent or independent on RTG genes, or autophagy/mitophagy processes. In this scenario, inter-organellar cross talk is fundamental to sustain metabolic signaling and reprogramming. Whether and how the cells choose between these cellular adaptive strategies is an open question. Nucleus (N), peroxisomes (P), endoplasmic reticulum (ER), vacuoles/lysosomes (V/L), mitochondrial carrier (MC). Dashed lines indicate future research challenges which could be explored.
The budding yeast Saccharomyces cerevisiae is an ideal model organism to study the impact of mitochondrial functionality on cell stress response and inter-organellar cross talk. In fact, yeast is a facultative anaerobe able to grow and survive in the presence of different mitochondrial dysfunctions, from defects in the OXPHOS and ETC to partial or complete lack of mitochondrial DNA (mtDNA). Many adaptive strategies to mitochondrial dysfunction have been described before and are conserved from yeast to mammals, although with some differences. The mitochondria-cytosol-nucleus cross talk activated by mitochondrial dysfunction has been well characterized in terms of key pathways and molecular components in yeast cells (Guaragnella et al., 2018). Retrograde Genes (RTG), including RTG1, RTG2 and RTG3, are involved in the metabolic reprogramming to adapt the cells to mitochondrial dysfunctions (Z. Liu and Butow, 2006). Meanwhile, an RTG-independent retrograde signaling related to amino acid metabolism has been described (Guaragnella and Butow, 2003). Mitochondrial dysfunction can also affect the cytosolic proteome causing mitochondrial precursors overaccumulation (mPOS) and a transcriptional response activated by the stress due to unimported mitochondrial precursor proteins (Wang and Chen, 2015; Wrobel et al., 2015; Coyne et al., 2018). The mechanisms behind are poorly understood although the proteotoxic stress should originate from protein misfolding in the IMM (Y. Liu et al., 2015). A drastic accumulation and aggregation of mitochondrial precursor proteins in the cytosol can ultimately kill the cells. Nevertheless, mitochondria can actively improve cytosolic proteostasis under different conditions: this suggests a puzzling framework for the mitochondria–cytosol proteostatic cross talk (Guaragnella et al., 2018 and references therein).
Altered mitochondrial functionality, mainly affecting mitochondrial potential, has been correlated to selective mitophagy processes, pointing a role to a cellular cytoprotective strategy for controlling organelle quality and nutrient availability and sustaining survival (Bhatia-Kissova and Camougrand, 2021 and references therein). At this regard, a molecular axis involving the mitochondrial protein phosphatase Aup1 and the transcription factor Rtg3 has been proposed for the induction of mitophagy (Journo et al., 2009). Aup1 is required for efficient mitophagy in stationary phase yeast cells. Concomitantly, Aup1 is required for the correct translocation of Rtg3 protein from the cytosol to the nucleus and the RTG-target genes are induced in an Aup1-dependent fashion upon mitophagic conditions. These evidences highlight the molecular mechanisms behind the pro-survival and physiological role of mitophagy in aging cultures.
1.4 Interplay between mitochondrial retrograde signaling and autophagy/mitophagy in stress response
Several evidences suggest an interplay between retrograde response and mitochondrial quality control in the form of autophagy and mitophagy. In particular, TORC1 (target of rapamycin complex 1), an evolutionarily conserved nutrient-responsive protein kinase complex, seems to be an active player in the signaling mechanisms. It is well established that rapamycin inhibits TORC1 causing activation of autophagy/mitophagy and eliciting the induction of retrograde pathway. The metabolic basis behind TORC1 pathway activation are still far to be elucidated and include environmental signals ranging from carbon, nitrogen, phosphate and metal ion limitations.
So, if it is clear that nutrient-dependent mechanisms guide the response, how distinct cytoprotective strategies are coordinated based on specific environmental cues is still a matter of investigation. Snf1, the conserved sensor and regulator of metabolism, is activated by glucose deprivation and involved in the RTG-dependent mitochondrial response to ER stress concomitantly with TORC1 inhibition (Hijazi et al., 2020). TORC1 inhibition is known to induce the expression of Gcn4, the transcriptional activator of the general amino acid control response pathway, which is also a positive regulator of selected ATG genes during amino acid and nitrogen starvation in yeast (Metur and Klionsky, 2024 and references therein). It is of note that Gcn4 is required for the activation of an RTG-independent retrograde signaling in ρ0 petite cells lacking mitochondrial DNA (Guaragnella and Butow, 2003). Interestingly, certain mitochondrial transporters mediating the exchange of nutrients and metabolites across the IMM, might be directly or indirectly involved in the challenge for cytoprotection through the MDC pathway to prevent a deregulated or unsustainable influx of nutrients into the mitochondria. (Bhatia-Kissova and Camougrand, 2021).
Yeast requires different micronutrients to support their growth and metabolic processes, therefore, the bioavailability of manganese, phosphate, zinc, and iron is critical for efficient proteome function and stress tolerance. A recent work describes how the level of cytoplasmic manganese can affect autophagy, mitophagy and retrograde signaling presumably through TORC1 activation (Nicastro et al., 2022). Autophagy is robustly activated in response to zinc starvation, which is reversed upon adding zinc to the media (Kawamata et al., 2017). However, how free cellular zinc is sensed and transduced to initiate autophagy induction remains to be investigated. Adaptation to iron deficiency requires the global reorganization of cellular metabolism in order to optimize iron utilization. It is of note that upon iron limitations, beyond the increase of components of the iron deficiency response, also the mitochondrial retrograde pathway is activated (Romero et al., 2019). In parallel, TORC1 is inhibited during the progress of iron deficiency and autophagy is required during metabolic transition when iron is limiting (Horie et al., 2017).
Autophagy is also involved in the maintenance of mitochondrial respiratory function, as autophagy-defective mutants accumulated high level of ROS, leading to respiratory deficiency and resulting in the loss of mitochondria DNA (mtDNA) during nitrogen starvation (Suzuki et al., 2011). A link between autophagy induced by nitrogen deprivation and cellular response to osmostress has also been observed (Prick et al., 2006; Bothammal et al., 2022). The response to hyperosmotic stress of yeast cells involves the activation of Hog1 with consecutive induction of glycerol-synthesizing genes, resulting in an increased production of glycerol (Hohmann, 2002) and a loss of Hog1 causes osmosensitivity of the autophagy (Prick et al., 2006). Also, the activity of the transcriptional complex Rtg1/3 has been shown to be modulated by Hog1: HOG1 and the RTG pathway may interact sequentially in the stress signaling cascade and the RTG pathway may play a role in the metabolic communication between peroxisomes and mitochondria for osmoadaptation. Mitochondria are key determinants for osmostress response and different adaptive strategies might be activated depending on the genetic and metabolic context (Pastor et al., 2009; Guaragnella et al., 2021; Di Noia et al., 2023).
Among other types of stress conditions, oxidative stress plays an evolutionary conserved regulatory role on autophagy/mitophagy. At this regard, specific upregulation of the catalase, CTT1, has been shown to be dependent on RTG2 providing cytoprotection against acetic-acid induced regulated cell death in yeast (Guaragnella et al., 2019). Accordingly, impaired function of mitochondrial matrix redox enzymes activates an adaptive response specifically involving the catalase Ctt1 (Calabrese et al., 2019). In this case, the retrograde signals allowing the nuclear transcriptional response have not been identified.
A connection between heat shock and autophagy has also been reported in yeast, where Hsp31 mini-family members can potentially serve as negative regulators of autophagy (Miller-Fleming et al., 2014). Given some similarities related to the diauxic shift and stationary phase transition between HSP31 knock out strains and RTG mutants, it cannot be excluded an interplay between heat shock proteins and mitochondrial retrograde signaling to preserve cell survival.
2 DISCUSSION
The accumulation of dysfunctional mitochondria is a physiological process during the cell’s lifetime and cells can either succumb to mitochondrial dysfunction, by starting death processes, or activate adaptive mechanisms to counteract the damage. Thus, mitochondrial dysfunction can be observed from a double perspective in the context of cell homeostasis. Here we highlighted the relevance of mitochondrial signaling for the stimulation of cytoprotective strategies in the presence of mitochondrial dysfunction. In particular, we focused on the retrograde response pathways and autophagic/mitophagic processes. From one side, the retrograde response facilitates the metabolic remodelling to compensate for the loss of mitochondrial function; from the other side, autophagy/mitophagy can either provide building blocks for amino acids and protein synthesis or remove damaged and malfunctioning organelles.
Although the functional connection between retrograde signaling and autophagy/mitophagy processes has been reported, their coordination is still puzzling and it will need further investigations. In this regard, yeast S. cerevisiae provides a suitable model to gain insight into the molecular aspects behind anabolic and catabolic stress responses. In particular, yeast cells exposed to osmostress could help to reveal new understandings in this direction. Evidences obtained in osmo-stressed yeast show that an RTG-dependent retrograde signaling is activated upon treatment with sodium chloride and affects the kinetics of osmoadaptation (Ruiz-Roig et al., 2012; Guaragnella et al., 2021). It is interesting to point out that a faster response is observed when respiratory capacity is abolished and RTG-independent signaling are involved in the concomitant absence of mitochondrial DNA and a specific mitochondrial carrier, named Rim2p (Di Noia et al., 2023; Di Noia et al., 2024).
These data, together with the evidences showing autophagic traits due to NaCl stress (Bothammal et al., 2022), pose the attention to this model for revealing new clues on the role of mitochondria in the synthesis, degradation and recycling processes during stress conditions. The intracellular concentration of different metabolites’ pools may be one of the key points to modulate cytoprotective strategies, such as specific signaling pathways or induction of autophagic processes. In this context, the involvement of mitochondrial carrier (MCs) that are widespread in all eukaryotes represents a fascinating aspect that deserves further investigation. Figure 2 describes signaling pathways, proteins and processes activated by mitochondrial dysfunction and/or cellular stress in a yeast model. The involvement of inter-organellar cross talk in stress response is also highlighted. Future research challenges, including the possible interplay between mitochondrial retrograde signaling and autophagy/mitophagy processes, are proposed.
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