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Response and adaptation to stress are critical for the survival of all living organisms. The regulation of the transcriptional machinery is an important aspect of these complex processes. The members of the microphthalmia (MiT/TFE) family of transcription factors, apart from their involvement in melanocyte biology, are emerging as key players in a wide range of cellular functions in response to a plethora of internal and external stresses. The MiT/TFE proteins are structurally related and conserved through evolution. Their tissue expression and activities are highly regulated by alternative splicing, promoter usage, and posttranslational modifications. Here, we summarize the functions of MiT/TFE proteins as master transcriptional regulators across evolution and discuss the contribution of animal models to our understanding of the various roles of these transcription factors. We also highlight the importance of deciphering transcriptional regulatory mechanisms in the quest for potential therapeutic targets for human diseases, such as lysosomal storage disorders, neurodegeneration, and cancer.
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GRAPHICAL ABSTRACT. MiT/TFE transcription factors are master regulators of cellular adaptation to a wide variety of stressful conditions. They control the expression of a plethora of genes involved in response to nutrient deprivation, oxidative and ER stress, and DNA and mitochondrial damage. MiT/TFE proteins play a critical role in organelle biogenesis, control of energy homeostasis, adaptation to pathogen infection, control of growth and development, aging, and death. MiT/TFE proteins are also modulators of critical signaling pathways that regulate cell proliferation, cellular fate commitment, and tumorigenesis. Many of these functions are evolutionary conserved from lower metazoans to mammals indicating that the adaptation to challenging conditions occurred early during evolution.



INTRODUCTION

The microphthalmia (MiT/TFE) transcription factors belong to the superfamily of functionally unrelated basic helix-loop-helix leucine zipper (bHLH-ZIP)-containing proteins that includes transcription regulators, such as Myc, Max, sterol regulatory element-binding protein (SREBP), Mad, upstream stimulatory factor (USF), MAX-Like Factor X (MLX), and activating enhancing binding protein 4 (AP4) (Ledent and Vervoort, 2001). In vertebrates, the MiT/TFE family is composed of four evolutionarily conserved and closely related members: microphthalmia-associated transcription factor (MITF), transcription factor EB (TFEB), TFE3, and TFEC (Steingrimsson et al., 2004). These transcription factors can form homodimers and heterodimers and bind, through the basic domain, to the regulatory regions of their target genes that contain a palindromic 6-base pair CANNTG motif, termed E-box (Hemesath et al., 1994; Pogenberg et al., 2020). Analysis of the promoters of many lysosomal genes revealed the presence of a palindromic 10-base pair motif (GTCACGTGAC), a type of E-box, called CLEAR (coordinated lysosomal expression and regulation) element (Sardiello et al., 2009). Both TFEB and TFE3 were shown to directly bind to the CLEAR motif (Palmieri et al., 2011; Martina et al., 2014b).

MiT/TFE proteins are key players in many fundamental cellular processes, and their regulation is essential for organismal adaptation to challenges imposed by a wide variety of both internal and external cues (Puertollano et al., 2018). In addition to the role of MiT/TFE proteins as master regulators of lysosomal function and autophagy, there is a wealth of evidence demonstrating their involvement in an ever-expanding list of cellular processes including nutrient sensing, energy metabolism, response to endoplasmic reticulum (ER) stress, mitochondrial and DNA damage, oxidative stress, innate immunity and inflammation, longevity, cellular survival, cell fate decisions, neurodegeneration, and cancer (Raben and Puertollano, 2016; Slade and Pulinilkunnil, 2017; Cortes and La Spada, 2019; Dall and Faergeman, 2019; Goding and Arnheiter, 2019; Bahrami et al., 2020; Irazoqui, 2020; Wang S. et al., 2020).

MiT/TFE proteins are conserved through evolution, and their homologs can be found in primitive metazoans, such as Trichoplax and sponges (Simionato et al., 2007; Gyoja, 2014). Phylogenetic analysis clearly shows that vertebrate MiT/TFE proteins are sorted in four clades, each representing one of the orthologs of the family, whereas the invertebrate orthologs, helix-loop-helix transcription factor 30 (HLH-30) in Caenorhabditis elegans (Rehli et al., 1999; Lapierre et al., 2013) and Mitf in Drosophila melanogaster (Hallsson et al., 2004), are out-grouped (Figure 1 and Supplementary Table 1). The four mammalian MiT/TFE family members most likely originated from a common ancestor gene that underwent two rounds of whole-genome duplications (WGDs); an additional round of WGD is believed to occur in the zebrafish genome that contains a total of six genes encoding for MiT/TFE proteins (Mitfa, Mitfb, Tfe3a, Tfe3b, Tfeb, and Tfec) (Taylor et al., 2001; Lister et al., 2011). The ability of a single MiT/TFE transcription factor in invertebrates to perform specific (basal) functions that are carried out by different specialized orthologs in vertebrates strongly argues for a functional differentiation process of these proteins during evolution (Zhang et al., 2015; Kuo et al., 2018; Dall and Faergeman, 2019; Goding and Arnheiter, 2019).
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FIGURE 1. Phylogenetic relationships of the different MiT/TFE family members. Evolutionary comparison of different members of the MiT/TFE protein family represented in a phylogenetic rooted tree generated using MEGA X program (ver. 10.1.8) with a Maximum Likelihood and JTT matrix-based model and 1,000 bootstrap replicates (Jones et al., 1992; Kumar et al., 2018). The tree with the highest log likelihood (–17751.05) is shown. The percentage of trees in which the associated taxa clustered together is shown next to each branch. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The scale of the branch lengths is indicated below the tree. The four MiT/TFE members are highlighted in different colors. Mammalian proteins are highlighted in darker colors. Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Dr, Danio rerio; Gg, Gallus gallus; Hs, Homo sapiens; L, long; Mm, Mus musculus; P1-3, protein 1–3; Pc, Phasianus colchicus; S, short; Sh, Strigops habroptila; Xt, Xenopus tropicalis.


Early studies indicated that the six major human MITF isoforms originated from a combination of multiple alternative splicing events and promoter usage, resulting in the expression of MITF proteins with different amino termini (Goding and Arnheiter, 2019). MITF-M is the melanocyte-specific isoform mostly associated with the regulation of pigmentation, melanocyte development and differentiation, deafness, and melanoma biology. Interestingly, MITF-M can induce the expression of a subset of lysosomal and autophagy genes, suggesting a possible role of this isoform in the regulation of lysosomal biogenesis and autophagy in melanoma (Ploper et al., 2015; Leclerc et al., 2019; Moller et al., 2019). Moreover, the activity/nucleus–cytoplasm shuttling of the ubiquitously expressed non-melanocyte MITF-A isoform is regulated by a mechanism that controls the expression of several autophagy genes and involves Rag GTPases, 14-3-3, and mammalian target of rapamycin complex 1 (mTORC1) proteins (Martina and Puertollano, 2013; Martina et al., 2014a). These MITF functions have been recently comprehensively reviewed (Kawakami and Fisher, 2017; Goding and Arnheiter, 2019) and will not be discussed further.

All members of the MiT/TFE family share highly conserved functional domains across different species, including those required for DNA binding and homo/heterodimerization (Figure 2). Significant similarity is also observed within their N- and C-terminal regions that play a major role in the regulation of protein localization and stability. Moreover, MiT/TFE proteins are subjected to a variety of posttranslational modifications such as phosphorylation, acetylation, SUMOylation, oxidation, and ubiquitination (Puertollano et al., 2018; Goding and Arnheiter, 2019; Wang et al., 2019). Of note, some key residues are conserved across species, suggesting that the basal regulation of the MiT/TFE factors is evolutionarily conserved (Figure 2) (Settembre et al., 2011; Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012; Chang et al., 2018).
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FIGURE 2. Sequence conservation of MiT/TFE transcription factors across species. Clustal Omega multiple sequence alignment of MiT/TFE proteins from Homo sapiens (Hs), Danio rerio (Dr), Drosophila melanogaster (Dm), and Caenorhabditis elegans (Ce). Shaded boxes highlight the degree of conservation of key functional domains between all proteins and species. Arrowheads indicate posttranslational modifications described in human TFEB, showing different degrees of conservation between species. [image: image] Phosphorylation at serines 3, 138, 142, 211, 462, 463, 467, and 469; [image: image] Acetylation at lysines 116, 219, 274, and 279; [image: image] Sumoylation at lysine 346. Diamonds ([image: image]) point out leucine residues 298, 305, 312, and 319 important for the leucine zipper domain function. Note that the N-terminal sequences of some of the proteins analyzed were omitted due to the figure size constraints.


In this review, we summarize our current knowledge of these transcription factors from an evolutionary perspective, mainly focusing on stress response and adaptation. We discuss how studies in different animal models could provide insights into the regulatory mechanisms governing cellular functions and facilitate the development of new therapeutic strategies to combat a range of human diseases.



REGULATION OF MIT/TFE ACTIVATION IN RESPONSE TO NUTRIENT DEPRIVATION

Living organisms are continuously challenged by a variety of stresses. Eukaryotic cells rely on the tightly controlled defense pathways to cope with adverse conditions, thus enabling proper growth and aging, while dysregulation of these pathways may have fatal consequences. The members of the MiT/TFE family of transcription factors play pivotal roles in the maintenance of cellular homeostasis in response to a variety of stress conditions.

The subcellular localization and activity of TFEB and TFE3 are tightly controlled. Under nutrient-rich conditions, these transcription factors are recruited to the lysosomal surface by direct binding to active heterodimeric Rag GTPases (Martina and Puertollano, 2013); at the lysosome, active mTORC1 phosphorylates TFEB and TFE3 at several residues including serines 211 and 321, respectively (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012). This phosphorylation occurs through a substrate-specific mechanism (Napolitano et al., 2020). Phosphorylated TFEB and TFE3 are sequestered in the cytosol by binding to the chaperone-like protein 14-3-3 and remain inactive (Martina et al., 2012; Roczniak-Ferguson et al., 2012). Conversely, starvation results in Rag GTPases and mTORC1 inactivation, promoting TFEB and TFE3 dephosphorylation, and their dissociation from 14-3-3. This sequence of events promotes nuclear translocation and activation of TFEB and TFE3, leading to the upregulation of genes involved in lysosomal biogenesis and autophagy (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012). When the nutrients are replenished, TFEB nuclear export is modulated by mTORC1-dependent phosphorylation at serines 142 and 138; this phosphorylation is required for the recognition of TFEB nuclear export signal by chromosomal maintenance 1 (CRM1)/Exportin-1 (Napolitano et al., 2018). The silencing of xpo-1, the C. elegans ortholog of human Exportin-1, promotes the nuclear accumulation of HLH-30 in the worm (Silvestrini et al., 2018), suggesting that the nuclear exit control mechanism is conserved among species (Figure 3 and Table 1). A similar nutrient-dependent regulatory mechanism has been described for D. melanogaster, in which Mitf cytoplasmic retention/inactivation is mediated by TORC1 phosphorylation and subsequent 14-3-3 interaction. Mitf nuclear translocation/activation promotes the upregulation of all v-ATPase subunit genes, leading to the increase in the activity of this vacuolar ATP-dependent proton pump that negatively controls Mitf function (Zhang et al., 2015). Altogether, these observations highlight an evolutionarily conserved nutrient-responsive machinery dedicated to the control of MiT/TFE protein activation.
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FIGURE 3. MiT/TFE activation is regulated in response to nutrient deprivation. Schematic representation of the mechanism of MiT/TFE transcription factor regulation by nutrient levels in the cell. In nutrient-rich condition, MiT/TFE proteins mammalian target of rapamycin complex 1 (mTORC1) are recruited to the lysosomal membrane through binding to active RagGTPases. Active mTORC1 phosphorylates MiT/TFE proteins at key residues that creates a binding site for the 14-3-3, which sequesters the transcription factors inactive in the cytosol. Under nutrient deprivation conditions, inactive RagGTPases lead to mTORC1 inactivation and MiT/TFE protein dissociation from 14-3-3 as a consequence of their dephosphorylation mediated by the calcium-dependent activation of calcineurin. Nuclear accumulation of MiT/TFE proteins mediates the activation of a transcriptional network that promotes autophagy, lysosomal biogenesis, and increased lysosomal degradation. Upon nutrient replenishment conditions, MiT/TFE proteins nuclear export is regulated by mTOR-dependent phosphorylation and binding to CRM1/Exportin-1. The question marks denote that there is no direct evidence available to support the indicated processes for some of the MiT/TFE family members. CRM1, chromosomal maintenance 1; NPC, nuclear pore complex; P, phosphorylation; Rheb, Ras homolog enriched in brain; v-ATPase, vacuolar-type H+-ATPase.



TABLE 1. Summary of functions and cellular processes associated with MiT/TFE proteins.

[image: Table 1]Also, under starvation conditions, activation of the protein phosphatase calcineurin (induced by localized calcium release from lysosomes) results in TFEB dephosphorylation at critical serine residues, which regulates its nuclear localization and activity (Medina et al., 2015). In addition, TFEB and TFE3 themselves are controlled at the transcriptional level (Ghosh et al., 2015); for example, TFEB can regulate its own expression through a starvation-induced autoregulatory-feedback loop (Settembre et al., 2013). Yet another mechanism of TFEB regulation involves its proteasomal degradation through preferential targeting of inactive TFEB by STIP1 homology and U-box-containing protein 1 (STUB1), a chaperone-dependent E3 ubiquitin ligase (Sha et al., 2017). Moreover, phosphorylation at key residues by kinases, such as mitogen-activated protein kinase 1 (MAPK1), mitogen-activated protein kinase kinase kinase kinase 3 (MAP4K3), glycogen synthase kinase (GSK)3β, v-Akt murine thymoma viral oncogene homolog (AKT), and c-Abl (Settembre et al., 2011; Li et al., 2016; Palmieri et al., 2017; Hsu et al., 2018; Contreras et al., 2020), as well as other posttranslational modifications such as acetylation, SUMOylation, and oxidation (Miller et al., 2005; Zhang et al., 2018; Wang et al., 2019; Wang Y. et al., 2020) may also contribute to the regulation of TFEB and TFE3 activity in response to different stimuli.



MIT/TFE TRANSCRIPTION FACTORS ARE ACTIVATED IN RESPONSE TO VARIOUS STRESS CONDITIONS

As discussed in the previous section, MiT/TFE factors control cellular adaptation response to nutrient availability in an mTORC1-dependent manner; however, emerging evidence points to their broader role in transcriptional control of the processes caused by different stresses or physiological aging, in some cases, through a mechanism independent of mTORC1 activity (Figure 4 and Table 1).
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FIGURE 4. Various stress conditions activate MiT/TFE transcription factors. In C. elegans and mammalian cells, different internal and external stress conditions such as DNA damage, protein aggregate accumulation in endo-lysosomal compartments, endoplasmic reticulum (ER) stress, oxidative stress, and mitochondrial dysfunction lead to the activation of MiT/TFE transcription factors. In response to stress, these transcription factors upregulate the expression of a gene network involved in lysosomal function and autophagy flux to promote organismal survival. However, under severe stress conditions, MiT/TFE transcription factors may lead to the expression of apoptotic genes, promoting cell death.


In vitro experiments performed in mammalian cells have shown that both oxidative stress (induced by H2O2, chloramine T, and sodium arsenite) and ER stress due to the accumulation of unfolded proteins or perturbation of ER homeostasis (Martina et al., 2016; Zhang et al., 2016, 2020; Leow et al., 2017; Martina and Puertollano, 2018) promote nuclear translocation and activation of TFEB and TFE3 where they upregulate the expression of lysosomal and autophagy genes to counter detrimental effects (Zhang et al., 2016, 2020; Leow et al., 2017). However, in case of a severe and prolonged stress, TFEB and TFE3 may also regulate the expression of apoptotic genes (Martina et al., 2016).

An important outcome of these studies is the existence of multiple molecular mechanisms leading to MiT/TFE activation in addition to mTORC1-dependent regulation. These may include a more general action of calcineurin (Martina et al., 2016; Zhang et al., 2016), as well as a context-specific activity of protein phosphatase 2A (PP2A) and PKR-like endoplasmic reticulum kinase (PERK)/splice X-box binding protein 1 (sXBP1), the proteins that are involved in oxidative stress response and unfolded stress response, respectively (Martina et al., 2016; Martina and Puertollano, 2018; Zhang et al., 2020). In addition, mitophagy induction results in MiT/TFE protein activation through a mechanism that requires the mitochondrial kinase PTEN-induced kinase (PINK), the E3 ubiquitin ligase parkin, and the autophagy proteins ATG9A and ATG5 (Nezich et al., 2015). TFEB and TFE3 are also activated in response to genotoxic stress through a p53 and mTORC1-dependent mechanism (Brady et al., 2018a), leading to cell cycle arrest or apoptosis depending on the severity of the DNA damage (see Cell Proliferation, Differentiation, and Tumorigenesis section).

The role of MiT/TFE proteins in the adaptation to stress also has been observed in invertebrates. In C. elegans, HLH-30 is activated by both oxidative and heat stress to promote a transcriptional response required for survival and life span extension (Lin et al., 2018). Under these conditions, the complex transcriptional response of HLH-30 appears to be synergized with DAF-16 [the conserved forkhead transcription factor and the sole ortholog of human forkhead box O (FOXO)]. HLH-30 can physically interact with DAF-16 to form a complex in a context-dependent manner to co-regulate a combinatorial transcriptional response to oxidative stress and promote longevity, whereas heat stress response and developmental decisions can be regulated independently of each other (Kenyon, 2010; Lin et al., 2018).

In addition to external factors, stressful conditions may originate inside the cell. In this regard, it is worth reiterating that mitochondria represent the major source of reactive oxygen species (ROS) production. This is not only due to the activity of the mitochondrial respiratory chain complexes but also owing to the perturbation of mitochondrial morphology, which are caused by mutations in the proteins of mitochondrial network dynamics as well as metabolic enzymes. Indeed, activation of HLH-30 has been observed in C. elegans models characterized by the lack of transaldolase-1 (an enzyme of the pentose phosphate pathway) (Bennett et al., 2017) or fission and fusion proteins (Liu et al., 2020). Consequently, the expression of genes encoding autophagy/lysosomal proteins and detoxifying enzymes is enhanced, resulting in a pro-longevity effect (Bennett et al., 2017; Liu et al., 2020).

Moreover, HLH-30 is activated in response to age- and stress-related accumulation of granulins in the endo-lysosomal compartment, leading to the impairment of lysosomal function (Butler et al., 2019). Also, in both C. elegans and mammalian cell models of aggregation-prone proteins, HLH-30 and TFEB activation are regulated by reduced glutathione and the activity of glutathione reductase (GSR-1) (Guerrero-Gomez et al., 2019).

Thus, MiT/TFE factors may be generally defined as vigilant sensors responsible for transcriptional rearrangements that allow cellular adaptation to internal and external stresses. The conservation of these processes across species underscores the possibility of using different animal models to dissect the contribution of MiT/TFE transcription factors in a variety of diseases.



REGULATION OF THE BIOGENESIS OF LYSOSOMES, AUTOPHAGOSOMES, AND MITOCHONDRIA IN RESPONSE TO STRESS

During organelle biogenesis, new membrane-bound compartments are formed (Mullock and Luzio, 2005) through a process that is transcriptionally regulated in response to cellular needs and/or stress conditions (Dhaunsi, 2005; Martina et al., 2014a; Yang et al., 2018; Ballabio and Bonifacino, 2020). The MiT/TFE transcription factors, and especially TFEB and TFE3, play key roles in this process (Sardiello and Ballabio, 2009; Sardiello et al., 2009; Settembre et al., 2011; Martina et al., 2014b) by upregulating the expression of hundreds of genes involved in autophagosome and lysosome formation and function in response to stress conditions (Sardiello et al., 2009; Palmieri et al., 2011; Settembre et al., 2011) (Figure 5 and Table 1).
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FIGURE 5. MiT/TFE transcription factors modulate lysosome, autophagosome, and mitochondrial biogenesis in response to stress. Summary of organelle biogenesis induction in different animal models controlled by the MiT/TFE proteins. In most of the animal models, the activation of the MiT/TFE proteins in response to stress conditions induces an upregulation of genes involved in lysosomal biogenesis, autophagy, and mitochondrial biogenesis. The question marks signify that there are no data available to support organelle biogenesis induction in the indicated animal models; however, it is likely that these processes may take place based on the highly conserved functions between the different MiT/TFE family members across species.


The enhancement of lysosomal biogenesis and autophagy is needed for proper cellular response to stress. Indeed, activation of TFEB and TFE3, first described under nutrient deprivation (to provide energy), was also observed under other stress conditions, such as oxidative stress, mitochondrial dysfunction, and accumulation of unfolded proteins in the ER, in these cases to rid the cells of aberrantly accumulated substrates and damaged organelles (Medina et al., 2011; Palmieri et al., 2011; Settembre et al., 2011; Spampanato et al., 2013; Martina et al., 2014b, 2016; Nezich et al., 2015; Fernandez-Mosquera et al., 2017; Martina and Puertollano, 2018).

Several studies in invertebrate models have demonstrated that these molecular mechanisms have been evolutionarily conserved. HLH-30 and Mitf, the single MiT/TFE family orthologs found in C. elegans and D. melanogaster, respectively, undergo regulatory processes similar to those described for TFEB and TFE3 in mammals, namely, their activation and translocation into the nucleus upon different stresses (e.g., starvation, heat stress, pathogen infection) to regulate the expression of genes involved in autophagy and lysosomal biogenesis (Lapierre et al., 2013; O’Rourke and Ruvkun, 2013; Settembre et al., 2013; Visvikis et al., 2014; Zhang et al., 2015; Bouche et al., 2016; Najibi et al., 2016; Tognon et al., 2016; Lin et al., 2018).

The control of autophagosome biogenesis and endo-lysosomal compartments is necessary not only for survival in the face of biological challenges but also for maintenance of homeostasis and development. For instance, Mitf is involved in the formation of the wing disk tissue in flies (Tognon et al., 2016), while Tfeb in Danio rerio (zebrafish) promotes the generation of lysosome-related vacuoles in the notochord of zebrafish embryos, allowing for the proper morphogenesis of the vertebrae (Ellis et al., 2013; Sun et al., 2020) (see Organism Development, Longevity, and Survival to Stress section). Also, activation of TFEB and expansion of the lysosomal compartment were observed in microglial cells of zebrafish mutants, although physiological significance of this finding is not clear (Gan et al., 2019).

The elimination of malfunctioning organelles by autophagy and their replacement with newly generated ones is a process of great pathophysiological relevance. The mitochondrial quality control mechanism involves degradation of damaged mitochondria by the concerted action of PINK and parkin proteins, activation of members of the MiT/TFE family, and induction of mitophagy (Nezich et al., 2015). Besides their role in mitochondrial clearance, MiT/TFE transcription factors (as well as several others) regulate mitochondrial biogenesis in a complex process that requires the expression of ∼1,000 proteins and leads to an increase in both mitochondrial mass and number (Popov, 2020). Mitochondrial biogenesis occurs in response to a variety of stimuli. TFEB and TFE3 regulate the expression of multiple mitochondrial genes under conditions of energy demand (such as, for example, acute exercise or nutrient deprivation) (Settembre et al., 2013; Salma et al., 2015; Erlich et al., 2018) or environmental insults (Kim et al., 2018), and they do so either by direct activation of the mitochondrial transcriptional program (Mansueto et al., 2017) or by modulation of peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α), the master regulator of mitochondrial biogenesis (Settembre et al., 2013; Salma et al., 2015; Erlich et al., 2018).

Most studies on the involvement of MiT/TFE family in the regulation of mitochondrial biogenesis have been performed in mammalian models. However, the ability of HLH-30 to induce autophagy and lysosomal biogenesis in response to mitochondrial dysfunction (Bennett et al., 2017; Liu et al., 2020) and to upregulate the expression of skinhead-1 [SKN-1; the nematode ortholog of the transcription factor nuclear factor erythroid 2-related factor 2 (NRF-2)], which in turn enhances mitochondrial biogenesis under stress conditions (Mansueto et al., 2017; Palikaras et al., 2017), suggests that the role of MiT/TFE proteins in the maintenance of mitochondrial homeostasis and organism adaptation to stress dates all the way back.



MODULATION OF KEY METABOLIC PATHWAYS IN RESPONSE TO ENERGY NEEDS

In response to environmental challenges, such as food deprivation, multicellular organisms adapt their metabolic signaling pathways to convey the energy needs to survive. The transcriptional regulation of these pathways is fundamental for the sustained response to stress, and the dysfunction of these fine-tuned processes entails dire consequences. In humans, alterations in energy homeostasis and metabolic imbalances are the cause of several disorders such as diabetes, obesity, and metabolic syndrome (Ghanemi et al., 2018). A growing body of evidence has positioned the MiT/TFE proteins as critical regulators of cellular energy state and metabolism (Figure 6 and Table 1).
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FIGURE 6. Key metabolic pathways are regulated by MiT/TFE transcription factors under energy demand conditions. (A) MiT/TFE proteins regulate cellular energy state and metabolism in mammals. Activated and overexpressed (oe) TFEB and TFE3 regulate lipid metabolism and insulin signaling pathways in metabolic organs such as liver, skeletal muscle, and adipose tissue. By upregulating genes involved in autophagy/lipophagy, insulin signaling, and degradation of lipids and in the utilization of glucose to promote glycogen synthesis, these transcription factors play an essential role in reducing diabetes and obesity in mice. (B) In D. melanogaster, under nutrient deprivation conditions, Mitf overexpression (oe) induces a reduction in lipid droplet size through the activation of autophagy and increase in lysosomal activity. (C) In fasted C. elegans, helix-loop-helix transcription factor 30 (HLH-30) upregulates the expression of lysosomal lipases (LIPL-1 and LIPL-3) and autophagy genes controlling lipid mobilization via lipolysis. Also, the activation of HLH-30 is central for the survival response to conditions of fasting-refeeding via TOR regulation. ↺ indicates autoregulatory loop. ↑↓ indicate upregulation and downregulation, respectively. BAT, brown adipose tissue; WAT, white adipose tissue.


These proteins appear to play important and context-specific roles in the liver, skeletal muscle, and adipose tissue. In the liver of fasted mice, TFEB is required for lipid catabolism, which is upregulated through PGC1-α and peroxisome proliferator-activated receptor-1-alpha (Ppar1-α), both master regulators of lipid metabolism in this tissue (Settembre et al., 2013). TFEB upregulates the expression of lysosomal acid lipase, the enzyme responsible for the hydrolysis of cholesteryl esters and triglycerides in lysosomes (Settembre et al., 2013; Emanuel et al., 2014). Remarkably, the increase in TFEB activity in the liver can prevent and even reverse obesity, a component of the metabolic syndrome in humans (Settembre et al., 2013).

Analysis of TFE3 provided further insights into the role of MiT/TFE transcription factors in the regulation of energy state and metabolism. TFE3 was shown to transcriptionally control insulin signaling pathway in mouse liver, mainly through the insulin receptor substrate 2 (IRS2)/phosphoinositide 3-kinase (PI3K)/AKT axis. Consequently, TFE3 overexpression improved glucose metabolism by promoting glycogen synthesis and reducing hyperglycemia in diabetic mice (Nakagawa et al., 2006).

The action of insulin is relevant not only in the liver but also in other tissues, such as skeletal muscle, where TFEB and TFE3 are required for the upregulation of genes involved in insulin signaling and glucose metabolism in animals subjected to physical exercise. Interestingly, the molecular mechanisms underlying the activities of these two transcription factors do not always match, as indicated, for example, by a PGC1-α-dependent and -independent action of TFE3 and TFEB, respectively (Iwasaki et al., 2012; Salma et al., 2015; Mansueto et al., 2017). Furthermore, TFEB cooperatively participates with TFE3 in the regulation of glucose and lipid homeostasis in the adaptive response to physical stress (Pastore et al., 2017).

For a long time, adipose tissue has been defined as a passive fat reservoir. Instead, it is now believed to be critical in the regulation of the whole-body energy metabolism, with the white adipose tissue (WAT) providing lipid substrates to generate energy and the brown adipose tissue (BAT) playing a role in thermogenesis by utilizing the degraded lipids from WAT to stimulate mitochondrial β-oxidation (Kahn et al., 2019). In adipose tissue, TFEB activity appears to have a health-promoting effect. Its activation is required to promote autophagy and lipolysis as a part of an acetyl-coenzyme A sensing mechanism (Huber et al., 2019). TFEB overexpression was shown to protect animals from diet-induced obesity by upregulating genes that improve metabolic rate, reduce adiposity, and induce white fat browning and cold tolerance (Evans et al., 2019). The role of TFE3 in adipose tissue is still not fully understood. Its overexpression in WAT of fasted animals downregulates genes involved in lipolysis resulting in the inhibition of fatty acid supply to BAT, and thus reducing thermogenesis (Fujimoto et al., 2013). On the other hand, the adipocyte-specific deletion of folliculin (FLCN) attenuates TFE3 inhibition by mTORC1, leading to the induction of the transcriptional coactivator PGC-1β and upregulation of genes that participate in WAT browning (Wada et al., 2016).

Energy metabolism is also regulated by hormonal signaling. In particular, the fasting-induced hormone fibroblast growth factor 21 (FGF21), a master regulator of energy homeostasis during nutritional stress, promotes lipolysis, fatty acid oxidation, and gluconeogenesis (Kharitonenkov et al., 2005). Under nutrient deprivation, TFEB is activated by FGF21, leading to the upregulation of genes involved in lysosomal biogenesis, autophagy, and lipid metabolism in the liver, skeletal muscle, and adipose tissue. These findings signify a coordinated and interorgan action of MiT/TFE transcription factors in addition to their organ-specific activity (Chen L. et al., 2017).

The cardinal role of TFEB and TFE3 in the regulation of metabolic pathways is conserved through evolution, as demonstrated by several studies performed in C. elegans. HLH-30 upregulates the expression of autophagic genes and lysosomal lipases to promote lipid mobilization; HLH-30 also controls the expression of vitellogenins (lipoproteins involved in lipid homeostasis) and prevents the accumulation of ectopic fat in response to fasting (O’Rourke and Ruvkun, 2013; Harvald et al., 2017; Palikaras et al., 2017). Accordingly, multi-omics analyses revealed that the functional loss of HLH-30 causes a profound alteration in metabolic pathways, particularly in lipoprotein metabolism in fasted animals (Harvald et al., 2017). HLH-30 mutant worms display a significant decrease in life span under nutrient deprivation conditions, further confirming the relevance of MiT/TFE transcription factor(s) in the metabolic adaptation response to food availability and survival (O’Rourke and Ruvkun, 2013; Settembre et al., 2013). In addition, the overexpression of Mitf in D. melanogaster resulted in a decrease in lipid droplets’ size in response to nutrient deprivation (Bouche et al., 2016).

Overall, the current data position TFEB-TFE3-HLH-30-Mitf as pivotal master regulators of lipid and energy metabolisms with an important contribution to cell survival in response to environmental insults across species. Although this field is rapidly expanding, many questions still remain unresolved.



REGULATION OF IMMUNE RESPONSE AGAINST PATHOGEN INFECTION

The immune response is a central component of an effective defense mechanism that is tightly controlled during infection or injury, and its dysregulation may lead to pathological conditions, such as autoimmune diseases and oncogenesis, characterized by different inflammation states.

The relationship between the lysosome–autophagy pathway and the immune system is now well-established. Several studies have shown the involvement of MiT/TFE transcription factors in the control of innate immunity and inflammation and in the mechanism of host defense against pathogenic infections from simple metazoans to mammals (Figure 7 and Table 1). The important role of MiT/TFE factors in pathogen response was first demonstrated in C. elegans. Upon recognition of extracellular bacteria Staphylococcus aureus, HLH-30 activates and translocates into the nucleus to modulate the expression of genes involved in immune and lysosome–autophagy signaling (Visvikis et al., 2014). Furthermore, an in vivo reverse genetic screening in C. elegans revealed that D kinase family 1 (DKF-1), the ortholog of mammalian protein kinase D (PKD), is responsible for the activation of HLH-30 in response to pathogen infection (Najibi et al., 2016). A similar mechanism was described in mice, where a phospholipase C (PLC)–PKD axis and protein kinase C-alpha (PKC-α) activity along with TFEB activation in murine macrophages are required after pathogenic infection (Najibi et al., 2016), suggesting that this response is evolutionarily conserved.
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FIGURE 7. The stress response to pathogen infection and inflammation is modulated by MiT/TFE transcription factors. (A) In C. elegans, the activation of helix-loop-helix transcription factor 30 (HLH-30) is mediated by S. aureus and pore-forming toxin Cry5B. (B) In mammalian macrophages, TFEB and TFE3 activation is regulated by many different stimuli. Activated TFEB and TFEB3 upregulate the expression of genes involved in autophagy/lysosome-related processes and inflammatory cytokine/chemokine production. AKT, v-Akt murine thymoma viral oncogene homolog; AMPK, AMP-activated protein kinase; BECN1, beclin-1; FLCN, folliculin; HIV, human immunodeficiency virus; HMOX1, heme oxygenase 1; IFNγ, interferon γ; IFNγR, interferon γ receptor; LPS, lipopolysaccharide; Mtb, M. tuberculosis; Nef, negative regulatory factor; PKCα, protein kinase C alpha; PKD, protein kinase D; PLC, phospholipase C; TLR4, Toll-like receptor 4; TLR8, Toll-like receptor 8.


In addition to S. aureus, the activation of HLH-30 and autophagy occur in animals fed on Gram-positive bacterial pore-forming toxins, known to be involved in xenophagy and membrane repair program in C. elegans intestinal cells (Chen H. D. et al., 2017). Taken together, these findings demonstrate the link between HLH-30-mediated autophagy and host defense system and suggest that the HLH-30-mediated response to infection is not pathogen-specific. These observations are further supported by studies showing that mammalian TFEB and TFE3 can be activated in macrophage cell lines by several Toll-like receptor (TLR) ligands (Visvikis et al., 2014; Pastore et al., 2016; Brady et al., 2018b) and upon exposure to lipopolysaccharide (LPS) (Li et al., 2019), leading to the transcriptional control of cytokines, chemokines, and other inflammatory genes, in addition to the upregulation of lysosomal genes (Visvikis et al., 2014; Pastore et al., 2016; Brady et al., 2018b; El-Houjeiri et al., 2019). Also, recent studies uncovered a regulatory mechanism involving the tumor suppressor protein FLCN, which confers resistance to various stress conditions via AMP-activated protein kinase (AMPK) regulation both in C. elegans and mammalian models (El-Houjeiri et al., 2019; Li et al., 2019). These data underscore the importance of the FLCN–TFEB/TFE3 pathway in the cellular immune response and pathogen resistance and highlight the evolutionary conservation of these processes.

The important role of TFEB in immune response is further emphasized by the observation that several pathogens modulate TFEB activity for their own benefit. This is the case of Mycobacterium tuberculosis, which downregulates the expression of TFEB and its target genes through upregulation of two microRNAs (Mir33 and Mir33∗) and inhibition of AMPK (Ouimet et al., 2016).

The immune system is essential for building up protective response not only against bacteria but also against viral infections. In this regard, several studies have proposed TFEB as a critical regulator of antiviral response in mammals. Transient activation of TFEB and autophagy was reported upon initial exposure of human macrophages to HIV infection through a mechanism involving TLR8 and Beclin-1. However, during later stages of viral replication, the interaction between HIV protein, Nef, and Beclin-1 promotes TFEB phosphorylation and inactivation, thus inhibiting autophagy (Campbell et al., 2015). In addition, influenza virus infection regulates phagocytosis by inactivating TFEB and AKT through the interferon (IFN)γ pathway (Wu et al., 2017). In contrast, an IFNγ–heme oxygenase 1 (HMOX1)-dependent mechanism of TFEB activation in murine RAW264.7 cells has been recently reported (Singh et al., 2018). These data indicate that the antiviral functions of MiT/TFE proteins are not straightforward.

The role of MiT/TFE proteins in modulating immune response to pathogen infection is in part linked to their ability to regulate the lysosome–autophagy pathway, and the mechanisms governing these processes seem evolutionarily conserved from lower metazoans to mammals. We refer the readers to several recent comprehensive reviews for additional discussion on the role of the MiT/TFE of transcription factors in innate immunity and inflammation (Nabar and Kehrl, 2017; Brady et al., 2018b; Irazoqui, 2020).



ORGANISM DEVELOPMENT, LONGEVITY, AND SURVIVAL TO STRESS

The development of genetic tools and their applications to animal models revealed that MiT/TFE transcription factors are involved in the control of growth and development, aging, and death (Figure 8 and Table 1). In particular, simple organisms like the C. elegans nematode worm represent a powerful model to study the role of MiT/TFE proteins in longevity.
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FIGURE 8. Longevity and survival are promoted by MiT/TFE transcription factors. The MiT/TFE transcription factors control longevity and survival, inducing correct development, promoting healthy aging, and preventing cognitive decline. In C. elegans, helix-loop-helix transcription factor 30 (HLH-30) regulates life span extension in starvation-induced adult reproductive diapause conditions. During development, MiT/TFE proteins regulate differentiation of the eye and epidermis pigmented cells in D. melanogaster and proper vertebra formation during embryogenesis in zebrafish notochord. In addition, MiT/TFE proteins repress myelinization and induce autophagy and lysosome integrity to face aging neuronal decline in neurodegenerative lysosomal storage disorders and aberrant protein accumulation.


Several studies in this organism showed that HLH-30 and the upregulation of its target genes involved in autophagy and lysosomal activity are required in many longevity models (e.g., tor, eat-2, daf-2, clk, rsks-1, and glp-1, mitochondrial mutants) (Lapierre et al., 2013; Liu et al., 2020). Interestingly, “fine-tuning” in these models is achieved by upregulating distinct autophagic genes in different mutants, indicating a pivotal role of HLH-30 in longevity (Lapierre et al., 2013). Accordingly, the inhibition of the nuclear export machinery, which enhances HLH-30 activity and autophagy, promotes life span extension in C. elegans (Silvestrini et al., 2018). In addition, upregulation of HLH-30-mediated autophagy makes worms more resistant to thermal and proteotoxic stress (Kumsta et al., 2017), whereas the HLH-30-dependent upregulation of the lysosomal acid lipase-2 (Lipl-2) allows C. elegans larvae to survive under starvation conditions. Notably, Lipl-2 is not only critical for providing energy but also for the generation of signaling molecules, thus coupling the lysosomal nutrient sensing system to TOR reactivation and TOR-mediated growth after refeeding (Murphy et al., 2019). Of note, the effect of MiT/TFE proteins on the life span is synergized by the association with DAF-16/FOXO transcription factor in a stimulus-dependent manner (Lin et al., 2018) and by a mutual regulation with the Myc and Mondo-Like (MML)1/Max-Like (MXL)2/MondoA/B transcriptional complex under germline precursors removal and starvation (Nakamura et al., 2016). All these observations underscore the important role of the MiT/TFE proteins in the modulation of the longevity pathways.

In addition to the autophagy–lysosome functions, other gene networks may be modulated by HLH-30 to control the life span. It has been recently demonstrated that HLH-30 regulates life span extension in worms that have undergone adult reproductive quiescence induced by fasting. This process drives the upregulation of genes involved in TOR signaling, mitochondrial dynamics, energy sensing, and an extended HLH network of transcriptional regulators such as MLX-2 and MLX-3. Furthermore, HLH-30 totally accounts for this process, as suggested by the 90% mortality rate observed in HLH-30 mutants under this condition (Gerisch et al., 2020).

HLH-30 also contributes to longevity and survival through the brain–gut crosstalk, resulting in the higher expression of the detoxifying enzyme flavin-containing monooxygenase (FMO)-2 (Leiser et al., 2015; Bennett et al., 2017) or ins-11, a neuropeptide that represses the aversion to pathogenic food (Lee and Mylonakis, 2017). Notably, depending on the cellular context, HLH-30 may also induce cell death and shorten the life span, as was demonstrated in C. elegans exposed to a high-glucose diet (Franco-Juarez et al., 2018). Although confirming this dual role in higher animals is a challenging task, the identification of genic counterparts and experiments in mammalian cells suggested that these mechanisms might be conserved (Lapierre et al., 2013; Leiser et al., 2015; Lin et al., 2018; Silvestrini et al., 2018).

The members of the MiT/TFE family are involved in regulating organism development. Tfeb was shown to facilitate proper vertebra formation by promoting the biogenesis of lysosome-related vacuoles during embryogenesis in the zebrafish notochord. The upstream molecular mechanism involves dstyk-mediated inhibition of mTOR, resulting in the activation of zebrafish Tfeb. In fact, dstyk mutants show a severe scoliosis phenotype that may be partially rescued by the administration of the selective mTOR inhibitor, Torin-1 (Sun et al., 2020). The direct role of TFEB in vertebra formation has not been confirmed in mammals because of the embryonic lethality (caused by alterations in placental vascularization) of TFEB knockout (KO) mice (Steingrimsson et al., 1998). However, excessive activation of mTORC1 signaling in chondrocytes was shown to result in congenital deformity of the spinal cord in mice (Yang et al., 2017). Notably, scoliosis phenotypes can be partially rescued by the mTORC1 inhibitor rapamycin (Yang et al., 2017).

In mice, MITF-regulated genes were shown to be involved in the differentiation of the eye and epidermis pigmented cells (Hallsson et al., 2004; Curran et al., 2010; Liu et al., 2010); the molecular mechanisms of these processes are extensively discussed (Hallsson et al., 2004; Goding and Arnheiter, 2019).

MiT/TFE proteins also play an important role in human development. A large body of evidence indicates that germline mutations in human MITF gene are mainly associated with pigmentation abnormalities and deafness (Goding and Arnheiter, 2019). Furthermore, recent works show that some gain-of-function TFE3 mutant alleles, which arise by amino acid substitutions affecting the Rag binding region of TFE3, are associated in humans with the X-linked dominant developmental syndrome with clinical manifestation of severe intellectual disability, coarse facial features, and Blaschkoid pigmentary mosaicism (Villegas et al., 2019; Diaz et al., 2020). In addition, embryonic stem cell transition to differentiated states is negatively regulated by TFE3 activation, which is controlled by the FLCN/folliculin-interacting protein (Fnip)1/Fnip2 complex (Betschinger et al., 2013). Furthermore, TFE3 activation is responsible for the conversion of primed human pluripotent stem cells to the naive state when mTOR is transiently inhibited (Hu et al., 2020). These findings suggest a role for TFE3 as a repressor of the genes required for the fate specification of pluripotent embryonic stem cells, a process that is prevented by pro-differentiation signaling pathway regulated by FLCN and a non-canonical RagGTPases mechanism during normal development.

The role of MiT/TFE transcription factors during development may, however, be more subtle as shown in D. melanogaster (Tognon et al., 2016). The fly Mitf indirectly modulates endosomal network and function (to support Notch signaling in the wing imaginal disk) through the regulation of the expression of specific V-ATPase pump subunits (Tognon et al., 2016).

Living organisms are continually exposed to a vast variety of stresses across their life span. The defense mechanisms and cellular processes underlying normal development promote healthy aging, limiting the occurrence of cognitive decline (Labbadia et al., 2017; El Assar et al., 2020). As such, neurodegeneration, a progressive age-related disease, is mainly associated with the accumulation of altered proteins and organelles (Lim and Yue, 2015). Lysosomal dysfunction, caused by the buildup of neurotoxic proteins or undigested materials, has been linked to neurodegenerative diseases (Kinghorn et al., 2016; Butler et al., 2019). Studies ranging from worms to mammals have demonstrated that the maintenance of autophagy and lysosome integrity by MiT/TFE target genes represents a universal mechanism to address age-related neuronal decline and to fight noxious factors (Kim et al., 2016; Butler et al., 2019). For example, improved lysosomal homeostasis by HLH-30 overexpression in worms slows down age-dependent SNCA/α-synuclein aggregate formation and transmission in neurons and pharynx muscle (Kim et al., 2016).

On the other hand, the compensatory upregulation of fly Mitf expression, induced by lysosomal dysfunction and autophagy block in the brain of a D. melanogaster model of Gaucher disease (GD), was unable to overcome the autophagy impairment (Kinghorn et al., 2016). Likewise, the ectopic expression of TFEB in induced pluripotent stem cell (iPSC)-derived neuronal cells from patients with GD was unable to restore the lysosomal function and clear the autophagosome accumulation (Awad et al., 2015). These data should be a cautionary note indicating that the functions of MiT/TFE proteins depend on the cellular context.

In higher organisms, the importance of MiT/TFE proteins in neurodegeneration goes beyond their lysosome-sustaining function and reflects a broader regulation capability of these transcription factors. Indeed, Tfeb has been shown to repress myelinization of oligodendrocytes in rraga and lamtor4 zebrafish embryo mutants (Meireles et al., 2018). Consistent with this, a higher amount of myelin basic protein (MBP) was found in Tfeb KO fish, and Tfeb overexpression reduced MBP mRNA levels in zebrafish central nervous system (CNS) (Meireles et al., 2018). The repressive role of TFEB also has been confirmed in a model of remyelinization after the injection of a demyelinating agent in the mouse brain (Meireles et al., 2018). Of note, unexpected higher levels of cytosol localized inactive TFEB were found in this model after injury (Meireles et al., 2018). These observations suggest an important role of MiT/TFE transcription factors in the regulation of myelinization in the CNS.

In summary, there is a progressive physiologic decline with aging, mainly affecting cognitive function, a process that may be exacerbated by external adverse conditions. As master regulators of cellular pathways involved in response to stress, MiT/TFE transcription factors are attractive targets for future studies aimed at the development of effective antiaging strategies. Given the functional conservation of these proteins across species, the use of different animal models would be fully warranted.



CELL PROLIFERATION, DIFFERENTIATION, AND TUMORIGENESIS

Recent studies have shown that TFEB and TFE3 modulate the expression of genes involved in the cell cycle and apoptosis in response to genotoxic stress, suggesting that these transcription factors may trigger and coordinate cellular death pathways to prevent the spread of mutations to daughter cells (Brady et al., 2018a; Pisonero-Vaquero et al., 2020) (Figure 9 and Table 1). In particular, TFEB and TFE3 are activated by DNA-damaging agents, such as etoposide (Brady et al., 2018a) and doxorubicin (Pisonero-Vaquero et al., 2020), and participate in the DNA damage response through direct regulation, both at the transcriptional and protein levels of p53 and p21 proteins, known to be involved in cell cycle regulation and progression, and apoptosis. Of note, although TFEB and TFE3 seem to have a proapoptotic action upon treatment with etoposide (Brady et al., 2018a), the overexpression of TFEB in cancer cells in the presence or absence of genotoxic agents appears to promote cell survival (Pisonero-Vaquero et al., 2020). These findings suggest that the role of MiT/TFE transcription factors may vary depending on the nature of the DNA damage and cell context. Further investigation is required to better assess these observations.
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FIGURE 9. MiT/TFE transcription factors regulate cell fate and lineage decision. (A) In C. elegans, helix-loop-helix transcription factor 30 (HLH-30) regulates entry and recovery of adult reproductive quiescence state induced by starvation. (B) MiT/TFE transcription factors are activated under DNA damage, and depending on the severity of the damage, they can play a dual role inducing apoptosis and cell death or cell survival. (C) The MiT/TFE transcription factors regulate cell cycle and proliferation. TFEB can promote a quiescent state in neural stem cell by blocking pro-proliferative inputs. In addition, these transcription factors can promote proliferation rate in the liver and vascular system; however, they can also induce tumorigenesis.


The ability of MiT/TFE transcription factors, in particular TFEB, to regulate cell cycle and proliferation has recently been confirmed in vivo in a more physiological context. TFEB is involved in the regulation of the late phases of mouse embryonic development, particularly in G1-S cell cycle transition through the direct modulation of cyclin-dependent kinase (CDK)4 expression (Doronzo et al., 2019). Phosphorylation of the retinoblastoma protein by CDK4 leads to the release and activation of E2F, which in turn stimulates the expression of genes involved in the G1-S transition (Malumbres and Barbacid, 2009). Consequently, TFEB silencing in endothelial cells causes an accumulation of cells in G1 phase and a reduction of their proliferation rate (Doronzo et al., 2019). In addition, CDK4/6 interacts with and phosphorylates TFEB/TFE3 in the nucleus of cells in G1 phase promoting TFEB/TFE3 inactivation and export to the cytoplasm. Conversely, low CDK4/6 activity during S–M phases results in TFEB and TFE3 activation and induction of lysosomal biogenesis and autophagy (Yin et al., 2020).

Furthermore, TFEB has a profound impact on the fate of hepatoblasts, being responsible for the increased proliferation rate of liver bi-potent stem cells and their shift toward a cholangiocyte-like phenotype during embryogenesis or liver damage and repair. SRY-box transcription factor 9 (SOX9), which is transcriptionally regulated by TFEB, is implicated in this process; SOX9 overexpression upregulates the expression of biliary genes while repressing the hepatocyte pathways. It is important to note that the impairment of these biological processes may lead to cholangiocarcinoma (Pastore et al., 2020).

TFEB has also been shown to indirectly block cell proliferation by driving a more conventional transcriptional program, namely, regulation of lysosomal activity. Sustaining lysosomal proteolysis, TFEB controls the quiescent state of the neural stem cells in specific areas of adult mouse brain through the reduction in the levels of epidermal growth factor receptor and Notch signaling (Kobayashi et al., 2019). Therefore, pro-proliferative inputs are blocked, and neuronal stem cells maintain a quiescent state. In addition, the proportion of newly differentiated neurons to neuronal stem cells was significantly decreased in TFEB conditional KO mice, suggesting that TFEB may be required for neuronal differentiation (Kobayashi et al., 2019). Moreover, experiments performed in embryonic stem cells have demonstrated that TFEB has a role in endoderm specification, promoting the endo-lysosomal sequestration of GSK3β, thus allowing newly synthetized β-catenin to migrate to the nucleus. Thus, the expression of genes involved in tissue specification is regulated by the activation of TFEB through the AMPK-mediated inhibition of mTORC1 (Young et al., 2016). Then, perhaps not surprisingly, embryoid bodies generated from AMPK-depleted cells largely phenocopy aberrant tissue specifications observed in embryoid bodies derived from embryonic stem cells lacking TFEB. Furthermore, TFEB overexpression in AMPK KO embryonic stem cells largely rescues the developmental defects (Young et al., 2016).

Altogether, these findings underscore the importance of MiT/TFE transcription factors in regulating quiescent states and determining cell fate specification in both early and late development. In this regard, it is intriguing that HLH-30 has been recently defined as a master regulator of adult reproductive diapause in C. elegans, a state somewhat analogous to cell quiescence in that the condition is reversible and protective against adverse circumstances (Yao, 2014; Ahmad and Amiji, 2017; Gerisch et al., 2020).

The fine orchestration of cell cycle and cell differentiation is essential to avoid a non-physiological and excessive proliferation that may result in several pathological conditions including neoplastic disorders (Zhivotovsky and Orrenius, 2010). Indeed, several studies have linked MiT/TFE transcription factors to cancer. For instance, MITF gene is known to be involved in human melanomas, as indicated by the genetic amplification of MITF locus in most tumors and gene mutations in some (Goding and Arnheiter, 2019). A subset of pancreatic adenocarcinomas are characterized by a high expression of MITF, TFE3, and TFEB genes (Levy et al., 2006; Kauffman et al., 2014; Perera et al., 2015, 2019; Raben and Puertollano, 2016), whereas some renal cell carcinomas and alveolar soft sarcomas show chromosomal translocation of TFEB and TFE3 genes, leading to the formation of chimeric proteins or fusion of their coding regions with strong regulatory elements of unrelated genes resulting in the upregulation of the MiT/TFE gene network (Kuiper et al., 2003; Xie et al., 2019). These observations indicate that uncontrolled upregulation of the MiT/TFE target genes is linked to malignancy, but the molecular mechanisms underlying the oncogenic effects of the MiT/TFE proteins are far from being fully understood. This is particularly true in cases where a chromosomal translocation is involved (Raben and Puertollano, 2016; Perera et al., 2019).

It is known that the activation of autophagy provides energy to malignant cells. AMPK-dependent activation of TFE3 and TFEB was shown to sustain the proliferation and survival of murine lung adenocarcinoma cells in response to glucose deprivation (Eichner et al., 2019). These data fit nicely with the concept stipulating that malignant cells exploit autophagy to provide energy (Perera et al., 2015). In addition, the abovementioned role of MiT/TFE transcription factors in the cell cycle may also contribute to tumorigenesis. Likewise, the pro-proliferative activity of TFEB in endothelial cells, important for the formation of the vascular system during development, might drive tumor angiogenesis (Doronzo et al., 2019). Moreover, TFEB was shown to regulate quiescent states (Kobayashi et al., 2019; Gerisch et al., 2020), and several tumors rely on low-growing and stem-like cells to survive cancer treatments (Chen H. D. et al., 2017). In addition, a feedback loop has been proposed in which overexpression of TFEB, TFE3, or MITF upregulates RagD GTPase resulting in hyperactivation of mTORC1, induction of cellular proliferation, and cancer growth (Di Malta et al., 2017). Also, kidney-specific overexpression of TFEB in mice, which recapitulates the pathology observed in human kidney tumors, results in the dysregulation of the Wnt signaling pathway (Calcagni et al., 2016).

Metastases, the primary cause of cancer morbidity and mortality, are a common feature of different types of malignant tumors. They are the result of the migration of cancer cells from the original site of a primary tumor to colonize other tissues or organs (Seyfried and Huysentruyt, 2013). Interestingly, reduced migratory and invasive phenotype of lung cancer cell lines and oral squamous cell carcinomas have been associated with TFEB depletion (Giatromanolaki et al., 2015; Sakamoto et al., 2018), suggesting that the MiT/TFE proteins may regulate cellular migration.

The degradative activity of lysosomes may be required for metastatic processes. During lysosomal exocytosis, hydrolytic enzymes are released into the extracellular space where they digest extracellular matrix and disrupt cell–cell contact sites, delineating “anatomical routes” for the invading cancer cells (Kallunki et al., 2013; Davidson and Vander Heiden, 2017; Morgan et al., 2018). Recently, the lysosomal protein TMEM106B has been described as a metastasis-promoting factor (Kundu et al., 2018). TMEM106B pro-invasive effect is associated with TFEB activation and concomitant upregulation of lysosomal enzymes such as cathepsins. The accumulation of cathepsins inside the lysosomal lumen leads to Ca2+-mediated lysosomal exocytosis in lung cancer cells resulting in the release of proteases into the extracellular space. Treatment with cathepsin inhibitors is an efficient antitumoral therapeutic approach (Kundu et al., 2018), and Cathepsin D levels were shown to correlate with poor prognosis in non-small-cell lung cancer (Giatromanolaki et al., 2015). A pro-migration function of TFEB has also been reported in LPS-activated dendritic cells (Bretou et al., 2017; Irazoqui, 2020). Notably, dendritic cells may exert a dual role during tumorigenesis promoting either antitumor immune response or cancer growth (Wylie et al., 2019).

The dysregulation of these biological events may lead to malignant transformation and, as mentioned above, MiT/TFE genes have been linked to several tumors. A better characterization of the underlying molecular pathways is critical for the development of effective therapies. Mammals may be preferred over other models to monitor cell progression and growth. Nonetheless, tumorigenesis involves multiple steps, such as metabolic rearrangement and cell migration. Therefore, lower species such as C. elegans and D. rerio, where similar processes are controlled by MiT/TFE transcription factors, may be selected for their easy genetic manipulation and body transparency as well as for their utility in high-throughput drug screenings.



CONCLUSION

The MiT/TFE family comprises a defined group of transcription factors that were discovered approximately three decades ago. However, the function of some of the members in the adaptation response to stress became evident only recently. The global transcriptional control of the MiT/TFE proteins in the organismal adaptation to stressful conditions positions them as prime master regulators. Indeed, how these transcription factors sense and integrate the distress signals to counter fasting, disruption of energy homeostasis, alteration in lipid and glucose metabolisms, pathogen infection, oxidative stress, mitochondrial dysfunction, aging-related conditions, and tumorigenesis is a subject of intense ongoing research.

Through the transcriptional regulation of the expression of hundreds of genes involved in different cellular pathways, the MiT/TFE transcription factors chiefly master the response to a variety of stressors and physiological challenges. These proteins could transcriptionally amplify pro-life genes promoting life span extension or lead to apoptosis and cell death under chronic stress.

Many of the critical regulatory roles ascribed to the MiT/TFE family are evolutionarily conserved. There is a remarkable basal mechanistic conservation across species down to lower metazoans, in which the presence of a single MiT/TFE transcription factor indicates that the adaptation to environmental stresses occurred early during evolution.

Studies in different animal models have undoubtedly contributed to the current understanding of the signaling pathways regulated by MiT/TFE proteins and demonstrated a significant functional conservation across species. Information gained from these studies will stimulate the development of new therapies for the treatment of several human diseases, including metabolic syndrome, lysosomal storage disorders, neurodegeneration, and cancer.
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