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ABSTRACT 

The mechanistic target of rapamycin kinase complex 1 (mTORC1) is a key 

signaling hub that acts as a central regulator of several cellular processes, 

including cell growth and metabolism. The activation of mTORC1 occurs at the 

lysosomal surface via a two-step mechanism that requires a) its amino acid-

dependent recruitment to the lysosome via the Rag GTPases and b) its growth 

factor-dependent activation by Rheb. 

mTORC1 senses and integrates multiple upstream signals to phosphorylate a 

broad number of substrates and modulate the crucial balance between cell 

anabolism and catabolism. However, whether mTORC1 can differentially regulate 

specific proteins to selectively respond to such a variety of intracellular and 

environmental cues is poorly understood. 

Here we show that Transcription Factor EB (TFEB), a master modulator of 

lysosomal biogenesis and autophagy, is modulated by mTORC1 via a specific 

substrate recruitment mechanism that is mediated by Rag GTPases. Differently 

from the well-characterized mTORC1 substrates S6K and 4E-BP1, which are 

recruited by mTORC1 via binding to the regulatory subunit Raptor, TFEB 

interaction with mTORC1 relies on its physical association with active Rag C/D. 

Owing to this mechanism, TFEB phosphorylation is insensitive to growth factor-

mediated activation of Rheb but highly sensitive to amino acid-mediated activation 

of Rag GTPases. Strikingly, substituting the region of TFEB responsible for its 

recruitment to mTORC1 with the one of S6K, inverted TFEB phosphorylation 

behaviour and made it similar to S6K/4E-BP1. 
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Thus, our findings reveal that diversity in mTORC1 substrate recruitment 

mechanisms enables mTORC1 to induce selective responses to specific 

nutritional cues. 
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INTRODUCTION 

1. THE LYSOSOME 

Lysosomes were first discovered in the early 50’s by Christian de Duve, who 

identified these intracellular vesicles as the digestive bodies” of the cell (de Duve, 

2005). Lysosomes are membrane-enclosed cytoplasmic organelles specialized in 

the breakdown and recycling of complex cellular components. 

Since their discovery, numerous studies have shed new light on the multiple 

different roles of the lysosomes in a variety of cellular functions. More specifically, 

the main lysosomal functions can be grouped in degradation, secretion and 

signaling. 

1.1 Lysosomal degradation 

Lysosomes have long been established as the degradative end points for both 

intracellular and exogenous cargoes (Lawrence and Zoncu, 2019). Indeed, these 

essential organelles are primarily involved in several degradative and recycling 

processes, including endocytosis and autophagy, in which extracellular or 

intracellular material, respectively, is delivered to the lysosome for degradation by 

lysosomal hydrolases (Ballabio, 2016). In particular, lysosomes contain over 60 

luminal hydrolases with specificity for different substrates, including lipids, 

polysaccharides and proteins (Xu and Ren, 2015). Most of these enzymes require 

an acidic lumen to function, thus the presence of the vacuolar (H+)-ATPases 

complex (v-ATPase) on the lysosomal membrane serves to pump protons into the 

lumen and maintain the acidic environment (pH 4.5-5) (Lim and Zoncu, 2016). In 
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addition, together with the v-ATPases, other ion channels (Na+, K+, Ca2+, Cl-) 

cooperate to regulate the lumen homeostasis by generating an ionic gradient and 

a membrane potential important for lysosomal acidification, catabolite transporters 

and lysosomal trafficking (Xu and Ren, 2015). 

Upon delivery of material from endosomes or autophagosomes, the lysosomal 

digestive enzymes allow hydrolysis of macromolecules into building-blocks that 

are either actively or passively transported by integral membrane proteins into the 

cytoplasm, where they can be reused in anabolic processes (Yu et al., 2010). 

Moreover, lysosomes have emerged as cellular storage sites, where catabolic 

intermediates are exchanged with the cytoplasm in a regulated manner in 

response to changing cellular needs (Perera and Zoncu, 2016). 

1.2 Lysosomal secretion 

Lysosomes are also involved in lysosomal exocytosis, an “unconventional” 

secretory pathway (Ballabio, 2016). Upon stimulation, lysosomes translocate from 

the perinuclear region to the periphery of the cell where the increasing levels of 

Ca2+ induce their fusion with the plasma membrane, thereby secreting their 

content into the extracellular compartment (Vernhage and Toonen, 2007). Despite 

the initial hypothesis that exocytosis only occurs in specialized secretory cells, this 

process was then observed in other non-secretory cell types (Rodríguez et al., 

1997). Lysosomal exocytosis mediates several physiological processes, such as 

degranulation in cytotoxic T lymphocytes, bone resorption by osteoclasts, parasite 

defence by mast cells and eosinophils, melanocyte function in pigmentation, 

platelet function in coagulation and hydrolase release by spermatozoa during 

fertilization (Settembre et al., 2013b). Moreover, lysosomal exocytosis also plays 
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an important role in plasma membrane repair upon damage, via lysosomal fusion 

with the plasma membrane at disrupted sites (Reddy et al., 2001). 

1.3 Lysosomal signaling 

Over the years, it has become evident that lysosomes are not merely the terminal 

end of cellular catabolic pathways but they have a much broader function in 

fundamental cellular processes including nutrient sensing, gene regulation, 

secretion, plasma membrane repair, metal ion homeostasis, cholesterol transport, 

and immune response (Safting and Klumperman, 2009; Lim and Zoncu, 2016; 

Perera and Zoncu, 2016) (Fig.1).  

In particular, following the discovery that the mechanistic target of rapamycin 

complex 1 (mTORC1), a key regulator of cell growth and metabolism, is activated 

at the lysosomal surface, the lysosome is now indicated as a platform for 

metabolic signaling that integrates different environmental inputs to regulate 

anabolic and catabolic pathways important for cellular homeostasis (Sabatini, 

2017). In addition, opposite to the traditional view of the lysosome as a static 

organelle, recent discoveries also showed that the number and composition of 

lysosomes within a cell are highly dynamic and subject to transcriptional 

modulation by the transcription factor EB (TFEB) (Ballabio and Bonifacino, 2020).  

Interestingly, it has been demonstrated the existence of a crosstalk between the 

nutritional status of the cell, sensed by mTORC1 at the lysosomal surface, and its 

substrate TFEB, which transfers the information received to the nucleus 

(Settembre et al., 2012). This lysosome-to-nucleus signaling mechanism allows 

the lysosome to sense its content and control its own biogenesis and function 

depending on extracellular or intracellular demands. 
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2. The mechanistic target of rapamycin (mTOR) 

2.1 Discovery of mTOR 

As its name suggests, the discovery of the mechanistic Target of Rapamycin 

(mTOR) is tightly associated to the studies on the natural product rapamycin. 

Rapamycin, produced by Streptomyces hygroscopicus, was originally isolated as 

an antifungal metabolite from a soil sample of Easter Island (also known as Rapa 

Nui), which inspired the name of the compound. Even though initial 

characterization was focused on its antifungal activities, subsequent investigations 

showed that rapamycin is a versatile macrolide with remarkable properties, 

including immunosuppressive and anti-cancer activities (Eng et. al. 1984; Martel 

et. al. 1977; Vezina et al., 1975). Subsequent studies revealed that rapamycin 

exerts such activities at least in part by forming a complex with the 12-kDa FK506-

binding protein (FKBP12), an inhibitor of cell growth and proliferation (Chung et al., 

1992). Genetic screens and biochemical approaches finally led to the discovery of 

the Target of Rapamycin (TOR) in yeast (Heitman et al. 1991; Kunz et al. 1993) 

and of its homologue mTOR in mammals (Brown et al., 1994; Sabatini et al., 1994; 

Sabers et al., 1995) as the key cellular effector of rapamycin. 

2.2 The mechanistic target of rapamycin (mTOR) complexes 

mTOR is a 289-kDa serine/threonine protein kinase belonging to the 

phosphatidylinositol-3-kinase (PI3K)-related kinase family. mTOR acts as a 

catalytic subunit of two distinct multi-protein complexes, known as mTOR Complex 

1 (mTORC1) and 2 (mTORC2). These complexes are distinguished by unique 

accessory proteins. mTORC1 is nucleated by three core components: mTOR, the 

mammalian lethal with sec-13 protein 8 (mLST8, also known as GβL) and the 



 

 
17 

 

regulatory-associated protein of mammalian target of rapamycin (Raptor) (Kim et 

al. 2002; Hara et al. 2002; Kim et al. 2003). mLST8 interacts with the catalytic 

domain of mTOR and, even though structural data suggest it may stabilize the 

kinase activation loop (Yang et al., 2013), genetic studies indicate that it is 

dispensible for the phosphorylation of known mTORC1 substrates in vivo (Guertin 

et al., 2006). Conversely, Raptor is required for the correct mTORC1 subcellular 

localization (Sancak et al., 2008) and facilitates substrate recruitment to the 

complex through binding to the TOR signaling (TOS) motif found on several 

mTORC1 substrates (Schalm and Blenis, 2002; Nojima et al., 2003; Schalm et al., 

2003). In addition to these three components, mTORC1 also contains the proline-

rich Akt substrate of 40 kDa (PRAS40) (Sancak et al. 2007; Vander Haar et al. 

2007; Wang et al. 2007) and DEP domain containing mTOR interacting protein 

(DEPTOR) (Peterson et al. 2009), both exerting an inhibitory function on its 

activity. 

Similar to mTORC1, the core of mTORC2 is composed of mTOR and mLST8, 

required for mTORC2 stability and function (Guertin et al., 2006; Hwang et al., 

2019). However, instead of Raptor, mTORC2 is defined by its interaction with the 

rapamycin-insensitive companion of mTOR (Rictor) (Sarbassov et al., 2004), 

which in turn binds DEPTOR (Peterson et al. 2009) and the regulatory subunits: 

the mammalian stress-activated map kinase-interacting protein 1 (mSin1) (Jacinto 

et al., 2006; Frias et al. 2006) and the protein observed with Rictor 1 and 2 

(protor1/2) (Pearce et al., 2007; Woo et al., 2007). 

mTORC1 and 2 are activated by distinct upstream inputs and are responsible for 

the modulation of different downstream processes. In particular, mTORC1 

responds to amino acids, stress, oxygen, energy, glucose and growth factors to 

modulate cell growth and metabolism. On the other hand, mTORC2 mainly 

responds to growth factors and regulates proliferation and survival (Saxton and 



 

 
18 

 

Sabatini, 2017). Moreover, the two mTOR complexes differ in their sensitivity to 

drug inhibitors. For instance, while catalytic inhibitors of mTOR (e.g. Torin1) 

completely inhibit both complexes, only mTORC1 is sensitive to acute treatment 

with rapamycin (Liu and Sabatini, 2020). As described above, rapamycin binds to 

FKBP12, which in turn interacts with the FKBP12/rapamycin-binding domain 

(FRB) of mTOR, thus masking its catalytic clef and preventing substrate 

accessibility to the active site (Yang et al., 2013). Rapamycin was also proposed 

to disrupt the interaction of mTOR with Raptor, thus resulting in mTORC1 

disassembling and inhibition (Kim et al., 2002). 

Conversely, mTORC2 composition and activity are insensitive to acute rapamycin 

treatment, although prolonged rapamycin treatment was reported to prevent the 

formation of new complexes and thus also inhibit mTORC2 signaling (Sarbassov 

et al., 2006; Lamming et al., 2012). 

2.3 Upstream of mTORC1 

Sensing of nutrient fluctuations is an essential ability of the cell to properly control 

the balance between energy-consuming anabolic and energy-producing catabolic 

processes. The mTORC1 signaling pathway acts at the center of this regulation. In 

nutrient-rich conditions, mTORC1 is activated and promotes cell growth and 

energy storage by stimulating a series of anabolic processes, including protein, 

lipid and nucleotide synthesis, and by inhibiting degradative catabolic processes 

such as autophagy (Liu and Sabatini, 2020). 

Conversely, mTORC1 activity is inhibited during fasting. Therefore, multiple 

upstream inputs and regulatory components impinge on mTORC1 activity and 

cooperate to ensure the appropriate response to nutrient availability (Fig.1). 
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2.3.1 mTORC1 activation by growth factors 

mTORC1 has long been known as a downstream mediator of growth factor and 

mitogen-dependent signaling pathways. It is well-established that such upstream 

signals impinge on mTORC1 activity through the Tuberous Sclerosis Complex 

(TSC). TSC is a heterotrimeric complex composed of TSC1, TSC2, and TBC1D7 

(Dibble et al., 2012), which acts as a GTPase activating protein (GAP) for Rheb, a 

small GTPase that resides at the lysosomal surface and activates mTORC1 (Inoki 

et al., 2003; Tee et al., 2003; Long et al., 2005). 

Numerous signaling pathways activated by growth factors converge on TSC. For 

instance, insulin/insulin-like growth factor-1 (IGF-1) stimulation induces Akt 

activation and subsequent phosphorylation of TSC2 (Inoki et al., 2002; Manning et 

al., 2002), which results in TSC release from the lysosomal surface, thereby 

allowing Rheb-mediated activation of mTORC1 (Menon et al., 2014). A similar 

inhibitory phosphorylation of TSC2 is also exerted by other kinases such as ERK 

and p90 ribosomal S6 kinase (RSK), two downstream effectors of Ras receptor 

tyrosine kinase signalling pathway (Ma et al., 2005; Roux et al., 2004). 

Akt also signals to mTORC1 in a TSC/Rheb-independent manner by 

phosphorylating PRAS40, an endogenous inhibitor of the mTORC1 complex. In 

the presence of insulin, Akt phosphorylates PRAS40, causing its dissociation from 

Raptor and restoring mTORC1 kinase activity (Sancak et al., 2007; Vander Haar 

et al., 2007). 

2.3.2 mTORC1 activation by energy, oxygen, and DNA damage 

In addition to growth factors, other stimuli, such as energy and oxygen, also 

impinge on mTORC1 via TSC-dependent and -independent mechanisms. For 

instance, conditions such as hypoxia or low energy states induce the activation of 

5' AMP-activated protein kinase (AMPK), a stress responsive metabolic regulator 
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that inhibits mTORC1 signaling both indirectly, via TSC2-activating 

phosphorylation, and directly, via raptor phosphorylation, which causes allosteric 

inhibition of mTORC1 (Gwinn et al., 2008). Interestingly, mTORC1 also senses 

energy availability via AMPK-independent mechanisms (see below). 

Moreover, low oxygen levels induce mTORC1 inhibition through the induction of 

the transcriptional regulation of DNA damage response 1 (REDD1), which in turn 

activates TSC2 function (Brugarolas et al., 2004). 

Finally, DNA damage inhibits mTORC1 activity through the induction of various 

p53 target genes, including an AMPK subunit (AMPKβ), PTEN and TSC2 itself, 

which operate by increasing TSC activity (Feng et al., 2007). 

2.3.3 mTORC1 activation by amino acids and other nutrients 

Amino acids are major modulators of mTORC1 activity. The molecular 

mechanisms underlying amino acid sensing by mTORC1 remained unclear until 

the discovery of Rag GTPases as essential components of a nutrient-sensing 

machinery localized to the lysosomal surface. Mammals have four Rag GTPases, 

named from RagA to RagD, which, unlike all other known small GTPases, form 

obligate heterodimers consisting of RagA or RagB with either RagC or RagD 

(Sancak et al., 2008; Kim et al., 2008). Each Rag GTPase dimer is anchored to 

the lysosomal membrane via binding to a pentameric complex called Ragulator 

(Sancak et al., 2010), composed of p18, p14, MP1, C7orf59 and HBXIP subunits, 

otherwise known as Lamtor1–Lamtor5. In particular, Lamtor1 (late 

endosomal/lysosomal adaptor, MAPK and MTOR activator 1), is bound to two 

heterodimers composed of Lamtor2–Lamtor3 and Lamtor4–Lamtor5 (Sancak et 

al., 2010; Su et al., 2017; de Araujo et al., 2017; Zhang et al., 2017) and its 

myristoilated N-terminus anchors the Ragulator complex to the lysosomal surface 

(Nada et al., 2009). Amino acids signal to mTORC1 via modulation of the 
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nucleotide-binding state of RagGTPases. In the presence of amino acids, the 

heterodimer acquires an “active” conformation in which RagA/B is bound to GTP 

and RagC/D is bound to GDP. This configuration allows the interaction of the Rags 

with the mTORC1 subunit Raptor (Sancak et al., 2008; Sancak et al., 2010; 

Rogala et al., 2019; Anandapadamanaban et al., 2019), which leads to the 

recruitment of the complex to the lysosomal surface (Sancak et al., 2008, 2010) 

and its activation by Rheb (Inoki et al., 2003; Long et al., 2005). On the other 

hand, the absence of amino acids locks Rag GTPase dimers into an “inactive” 

conformation, consisting of GDP-bound RagA/B and GTP-bound RagC/D, which is 

unable to bind to mTORC1, thereby releasing it from the lysosomal surface and 

causing its inactivation (Sancak et al., 2008, Sancak et al., 2010). 

The active/inactive Rag GTPase configuration is controlled both via intersubunit 

crosstalk between the Rags (Shen et al., 2017) and through a series of guanine 

nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) that 

control the nucleotide-bound state of each Rag within the heterodimer. A crucial 

regulatory complex that signals cytosolic amino acid availability to the Rag 

GTPases is the trimeric complex GAP activity toward Rags complex 1 (GATOR1) 

(Bar-Peled et al., 2013), which consists of DEP domain-containing 5 (DEPDC5), 

nitrogen permease related-like 2 (NPRL2) and NPRL3. In the absence of amino 

acids, GATOR1 acts as a GAP for RagA/B, thus inhibiting mTORC1 signaling 

(Bar-Peled et al., 2013; Shen et al., 2018). GATOR1 exerts its function by binding 

to the recently identified KICSTOR complex, a lysosome-associated complex 

consisting of the KPTN, ITFG2, C12ORF66, and SZT2, which binds and recruits 

GATOR1 to the lysosomal surface (Wolfson et al., 2017). 

Moreover, GATOR1 also physically interacts with GATOR2 (Bar-Peled et al., 

2013), a pentameric complex composed of WDR59, WDR24, MIOS, SEH1L and 
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SEC13, which antagonizes GATOR1 function, thus acting as a positive regulator 

of mTORC1. 

Specific cytosolic amino acid sensors signal nutrient availability to the Rag 

GTPases via modulation of the GATOR complexes. For instance, Sestrin2 

(SESN2), a specific leucine-binding protein, senses and signals cytosolic leucine 

levels via modulation of GATOR2. In particular, upon acute leucine starvation, 

Sestrin2 binds and inhibits GATOR2, thereby inducing Rag GTPase inhibition and 

preventing lysosomal recruitment of mTORC1 (Chantranupong et al., 2014; 

Wolfson et al., 2016).  Much like Sestrin2, cytosolic arginine abundance is 

detected through the Cellular Arginine Sensor for mTORC1 (CASTOR1) which 

also binds and inhibits GATOR2 activity in the absence of arginine 

(Chantranupong et al., 2016). Finally, the GATOR1 complex has been shown to 

mediate mTORC1 sensing of an amino acid byproduct, S-adenosylmethionine 

(SAM), a key methyl donor derived from methionine. Under conditions of 

methionine or SAM deprivation, the SAM sensor (SAMTOR), binds to the 

GATOR1 and KICSTOR complexes and negatively regulates mTORC1 activity 

(Gu et al., 2017). 

In addition to the GATOR complexes, amino acids also modulate Rag GTPase 

activity via the Folliculin (FLCN)/folliculin-interacting protein 1/2 (FNIP1/2) 

complex, which acts as a GAP for RagC/D and thus promotes its transition from 

the inactive (GTP-bound) into the active (GDP-bound) form when amino acids are 

available (Tsun et al., 2013). Interestingly, the FLCN/FNIP complex also plays a 

role in the inhibition of Rag GTPase acitivity during amino acid deprivation, via 

binding and stabilization of the inactive RagA/B conformation (Lawrence et al., 

2019). However, how the FLCN/FNIP complex senses amino acid availability is 

still unknown. 
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Moreover, leucyl-tRNA synthetase (LARS) has also been suggested as an 

intracellular sensor of cytosolic leucine by acting as a GAP for RagD (Han et al., 

2012), although this LARS function is debated (Tsun et al., 2013). 

In addition to cytosolic amino acids, mTORC1 also senses amino acid efflux from 

the lysosome. For instance, the lysosomal v-ATPase pump, which maintains the 

pH gradient of the lysosome, was shown to mediate an inside-out mechanism, via 

interaction with the Ragulator complex, which allows mTORC1 sensing of 

lysosomal amino acids via modulation of Rag GTPases (Zoncu et al., 2011). 

Finally, the member 9 of the solute carrier family 38 (SLC38A9) is an 

intralysosomal arginine sensor and mediates the arginine-regulated transport of 

many essential amino acids out of the lysosome (Rebsamen et al., 2015; Wang et 

al., 2015; Wyant et al., 2017). Although originally proposed to function as a GEF 

for RagA/B (Shen and Sabatini, 2018), recent structural data argued against this 

function and suggested that SLC38A9 may promote Rag GTPase activation by 

triggering FLCN dissociation from the inactive Rag GTPase complex and 

promoting its GAP activity (Fromm et al., 2020). 

Intriguingly, another study has shown that glutamine can promote mTORC1 

lysosomal recruitment via an unconventional Ragulator/Rags-independent 

mechanism that involves the v-ATPase and the small GTPase ADP ribosylation 

factor 1 (ARF1) (Jewell et al., 2015). 

In addition to amino acids, Rag GTPases also mediate mTORC1 sensing of other 

nutrients. 

For instance, glucose availability was shown to modulate mTORC1 activity via 

activation of Rag GTPases, in an AMPK-independent manner (Efeyan et al., 2013; 

Orozco et al., 2020). 

Moreover, cholesterol has also been shown to activate mTORC1 through the 

combined action of the transmembrane lysosomal proteins SLC38A9 and 
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Niemann-Pick C1 (NPC1), a sterol-binding protein that allows cholesterol efflux 

from the lysosomal lumen (Castellano et al., 2017). In particular, SLC38A9 

stimulates Rag GTPase activation when lysosomal cholesterol is available, 

whereas NPC1 binds to SLC38A9 and inhibits mTORC1 activation in cholesterol-

depleted cells. 

 

from Liu and Sabatini, Nat Rev Mol Cell Biol, 2020 

Figure 1. The nutrient sensing pathway upstream of mTORC1. Schematic model of the main cellular components and 

upstream signals involved in lysosomal recruitment and activation of mTORC1. 

 

2.4 Downstream of mTORC1 

In order to promote cellular growth and proliferation, cells need to rewire their 

metabolism by increasing the production of proteins, lipids, and nucleotides and 

concomitantly limiting autophagic breakdown of these cellular components. 

mTORC1 plays a central role in the regulation all of these processes and, 

depending on the environmental conditions, modulates the balance between 
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anabolic and catabolic processes via the phosphorylation of critical substrates (Liu 

and Sabatini, 2020). 

2.4.1 Anabolic processes 

mTORC1 promotes protein synthesis mainly through the phosphorylation of two 

key effectors, p70S6 Kinase 1 (S6K1) and eIF4E Binding Protein (4EBP). These 

well-characterized mTORC1 substrates both contain a five-amino acid conserved 

TOR-signaling motif (TOS motif) that allows their recruitment by the mTORC1 

subunit Raptor. Point mutations within the TOS motif, namely F5A in S6K1 and 

F114A in 4E-BP1, abolish the interaction with Raptor and abrogate the mTOR-

mediated phosphorylation of these substrates (Schalm and Blenis, 2002; Nojima 

et al., 2003; Schalm et al., 2003). 

4E-BP1 is an inhibitor of protein translation and acts by preventing the formation of 

the eIF4F complex through the sequestration of the subunit eIF4E. mTORC1-

mediated multisite phosphorylation of 4E-BP1 causes its dissociation from eIF4E, 

thus promoting the initiation of cap-dependent translation (Gingras et al., 1999; 

Hara et al., 1997). 

S6K1 is directly phosphorylated by mTORC1 at Thr389 (Isotani et al., 1999), 

which promotes its activation. Activated S6K1 then promotes phosphorylation of 

several substrates involved in mRNA translation initiation, such as the ribosomal 

protein S6, as well as eIF4B, an important factor required for cap-dependent 

translation (Holz et al., 2005). S6K1 also induces the degradation of eIF4A 

inhibitor programmed cell death 4 (PDCD4), an inhibitor of eIF4A (Dorrello et al., 

2006). 

As an inducer of cellular growth, mTORC1 also promotes lipid synthesis, thus 

sustaining biogenesis of new membranes in proliferating cells. For instance, 

mTORC1 promotes the expression of lipid homeostasis genes controlled by the 
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nuclear receptor PPARγ (Kim and Chen, 2004). In addition, mTORC1 controls the 

sterol regulatory element binding protein 1/2 (SREBP1/2) transcription factors, 

which are important for the expression of genes required in fatty acid and 

cholesterol production (Espenshade and Hughes, 2007). 

When sterol levels are low, the SREBPs translocate from the endoplasmic 

reticulum membrane to the nucleus, where they upregulate genes for de novo lipid 

and cholesterol synthesis (Horton et al., 2002). mTORC1 regulates the SREBP 

transcriptional programme by controlling the phosphorylation and consequent 

localization and activation of Lipin1, an SREBP inhibitor (Peterson et al., 2011). 

mTORC1 has also been shown to be involved in nucleotide synthesis, thereby 

supporting DNA replication and ribosome biogenesis: mTORC1 promotes purine 

synthesis by regulating the ATF4-dependent expression of a crucial component of 

the mitochondrial tetrahydrofolate cycle, namely MTHFD2 (Ben-Sahra et al., 

2016). 

In addition, mTORC1 is also involved in pyrimidine synthesis by inducing the S6K-

dependent phosphorylation of CAD, an enzyme that catalyses the first three steps 

of de novo pyrimidine synthesis (Ben-Shara et al., 2013; Robitaille et al., 2013). 

Finally, mTORC1 enhances ATP and carbon unit production through the activation 

of the hypoxia inducible factor 1α (HIF1α), a positive regulator of glycolysis 

(Brugarolas et al., 2004; Düvel et al., 2010). 

2.4.2 Catabolic processes 

In addition to activating anabolic programs, mTORC1 suppresses catabolic 

processes. In particular, mTORC1 is a major inhibitor of autophagy, one of the 

main degradative systems of the cell. In the presence of nutrients, mTORC1 

phosphorylates and inhibits two important early autophagic effectors : unc-51-like 

autophagy-activating kinase1 (ULK1) and ATG13, which, in complex with FIP2000 
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and ATG101, drive autophagosome formation (Dikic and Elazar, 2018; Hosokawa 

et al., 2009; Kim et al., 2011). In addition, mTORC1 exerts a negative effect on 

autophagy via the downregulation of different members of the microphthalmia 

family of transcription factors (MiT/TFE), including transcription factor EB (TFEB), 

TFE3 and MITF, which are master transcriptional controllers of autophagy and 

lysosomal function (Napolitano and Ballabio, 2016, see below). Finally, mTORC1 

also inhibits autophagosome and endosome maturation through phosphorylation 

of UVRAG, which associates with the HOPS complex to modulate endolysosomal 

trafficking and fusion (Kim et al., 2015).  

Besides autophagy, mTORC1 activity is also involved in the modulation of the 

proteasome activity, another major degradative cellular system. However, the role 

of mTORC1 as either an activator or inhibitor of proteasome mediated protein 

degradation is still debated (Zhang et al., 2014; Zhao et al., 2015; Rousseau and 

Bertolotti, 2016). 

2.5 Physiological and pathophysiological roles of mTORC1 

In agreement with the in vitro results showing the crucial role exerted by mTORC1 

as an essential modulator of cell metabolism, in vivo studies have highlighted the 

importance of this signaling hub in coordinating crucial metabolic programs at the 

organismal level. It is now clear that a proper modulation of the mTOR pathway is 

crucial for whole body homeostasis and health, since alterations leading to either 

mTOR downregulation or hyperactivity are both known to underlie metabolic 

dysregulation and disease conditions. 

2.5.1 Metabolic functions of mTORC1  

Compelling evidence has shown that mTORC1 is a central regulator of organism 

survival during nutrient restriction. Mice expressing a constitutively active allele of 
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RagA (RagA-GTP) have been shown to die rapidly after birth due to their inability 

to dampen mTORC1 signaling and maintain blood glucose homeostasis during the 

perinatal fasting period (Efeyan et al., 2013). Similarly, a reduced postnatal 

survival has been observed in mice deficient in all Sestrin proteins, which are 

negative regulators of mTORC1 (Peng et al., 2014). 

mTORC1 also possesses tissue-specific functions that are required for the 

organism to maintain a proper metabolic homeostasis. 

In the liver, mTORC1 plays a crucial role in regulating the metabolic response to 

diet variations. During fasting, circulating glucose and amino acid levels rapidly 

decrease. As a compensatory response to nutrient withdrawal, the liver secretes 

glucose via both breakdown of glycogen (glycogenolysis) and de novo glucose 

synthesis (gluconeogenesis). In addition, peculiar energy sources, such as ketone 

bodies, are promptly induced in the liver. However, liver-specific TSC1-knockout 

mice, characterized by mTORC1 hyperactivation, showed a fasting-resistant 

increase in liver size and defects in ketone bodies production due to a sustained 

mTORC1-dependent repression of PPARα, a transcription factor involved in 

ketogenesis. Importantly, liver-specific knockout of Raptor, essential for mTORC1 

activity, had the opposite effects (Sengupta et al., 2010). 

mTORC1 has also been described to regulate pancreatic-cell function. Mice 

lacking TSC2 in pancreatic β-cells show an initial increase in β-cells mass and 

insulin levels, probably as an attempt to compensate the increased glycemic load. 

However, at a later stage, these mice show reduced β-cell mass, lower insulin 

levels, and hyperglycemia. Thus, these evidences demonstrate that high mTORC1 

activity in the pancreas leads to a progressive decline in β cell function (Mori et al., 

2009). 

The role of mTORC1 in promoting muscle growth is well known but the 

mechanisms underlying this function are still unclear. 



 

 
29 

 

Initial in vivo studies suggested that mTORC1 activation is associated with muscle 

hypertrophy (Bodine et al., 2001). In line with these findings, it was shown that 

both IGF-1 and leucine can activate mTORC1 and promote muscle hypertrophy in 

mice (Rommel et al., 2001; Anthony et al., 2000). On the other hand, muscle-

specific knockout mice for both mTOR and Raptor, but not Rictor, showed 

muscular atrophy and reduced body weight (Bentzinger et al., 2008; Risson et al., 

2009), suggesting a crucial role of mTORC1 in modulating skeletal muscle mass. 

On the other hand, however, loss of TSC1 and chronic mTORC1 hyperactivation 

also results in severe muscle atrophy, as well as in low body mass and early 

death, primarily caused by impaired autophagic flux in this tissue (Castets et al, 

2013). Together these results suggest that the levels of mTORC1 activity must be 

tightly modulated as both excessive and impaired mTORC1 activation is 

detrimental for muscle health and function. 

mTOR also promotes adipogenesis and lipid synthesis in response to feeding and 

insulin.  

However, in vivo studies have underlined that mTORC1 inhibition in adipocytes 

may have positive and negative effects. Indeed, adipopyte-specific Raptor KO 

mice have shown resistance to both diet-induced obesity and lipodystrophy, insulin 

resistance and hepatic steatosis (Lee et al., 2016; Polak et al., 2008). 

2.5.2 mTORC1 in aging 

mTORC1 has been shown to play a central role in aging. Genetic inhibition of the 

mTORC1 pathway was shown to effectively extend lifespan in different organisms, 

such as yeast, nematodes, flies and mammals (Liu and Sabatini, 2020). In 

addition, the mTOR inhibitor rapamycin was proven to extend lifespan and 

healthspan in all of these model organisms. One possible explanation is that 

inhibition of mTORC1 decelerates aging by increasing autophagy, which helps 
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clear damaged proteins and organelles, the accumulation of which is also 

associated with aging-related diseases. Accordingly, mTOR inhibition fails to 

extend lifespan in ATG-deficient worms, confirming that mTOR modulates 

longevity at least partially through autophagy (Toth et al., 2008; Hansen et al., 

2008). On the other hand, the observation that loss of S6K1 is able to extend 

lifespan (Selman et al., 2009), pointed to a reduction in mRNA translation during 

mTORC1 inhibition. It is thus conceivable that mTORC1 controls ageing via 

multiple mechanisms. 

2.5.3 mTOR in brain physiology and disease 

Loss of mTOR regulation in brain-specific knockouts of Raptor and Rictor have 

severe repercussions for neuronal functions, suggesting that signaling from both 

mTORC1 and mTORC2 is important for proper brain development (Lipton and 

Sahin, 2014). Notably, the phenotype of patients affected by the hamartomatous 

syndrome tuberous sclerosis complex (TSC) has highlighted an important role of 

mTORC1 hyperactivation in the brain. TSC is a genetic disease caused by 

mutations of either TSC1 or TSC2 and characterized by a range of debilitating 

neurological defects, including epilepsy, autism and the presence of benign brain 

tumors. The strong correlation between mTORC1 hyperactivation and high 

occurrence of epileptic seizures and autism traits in TSC patients suggest a more 

general involvement of mTORC1 at the onset of these phenotypes. Indeed, 

inactivating mutations in the negative PI3K regulator PTEN, in the AMPK activator 

STRADα, in the negative regulatory complexes GATOR1 and KICSTOR and 

activating mutations in Rheb or mTOR have been linked to epilepsy in humans 

(Kim and Lee, 2019). Importantly, rapamycin treatment in mice with neural loss of 

TSC1 or TSC2 has been shown to prevent severe epileptic seizures and prolong 

survival (Zeng et al., 2008). 
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The relevance of mTORC1 in the brain is associated in part with its role in 

promoting activity-dependent mRNA translation near synapses, a critical step in 

neuronal circuit formation (Lipton and Sahin, 2014). 

Finally, genetic evidence implicates autophagy and thus, its major regulator 

mTORC1, in several devastating neurodegenerative disorders, including 

Parkinson’s disease (PD) and Alzheimer’s disease (AD) (Nixon 2013). Thus, 

pharmacological modulation of mTOR activity in these disorders may represent a 

promising therapeutic strategy. Accordingly, induction of autophagy through 

rapamycin treatment has been shown to eliminate aggregates and improve 

memory and behavioural defects in mouse models of AD and PD (Kaeberlein and 

Galvan, 2019; Santini et al., 2009). 

2.5.4 mTORC1 in cancer 

mTORC1 represents a highly de-regulated signaling node in the majority of human 

cancers (Ilagan and Manning, 2016). Indeed, loss in mTORC1 regulation helps 

cancer cells evading metabolic checks on anabolism and proliferation (Liu and 

Sabatini, 2020). 

Although the mTOR kinase itself is rarely mutated in cancer, mTORC1 is the 

downstream effector of several mutated oncogenic pathways, such as the 

PI3K/Akt pathway and the Ras-driven MAPK pathway. Akt hyperactivation is a 

common oncogenic feature that can result from PTEN deletion, PIK3CA activating 

mutations, the BCR-ABL translocation, and amplification of genes encoding HER-

2, EGFR, or AKT itself (Guertin and Sabatini, 2005). For instance, Akt 

phosphorylates both PRAS40 and TSC2, reducing their ability to inhibit mTORC1 

(Sancak et al., 2007) (Inoki et al., 2002). 

The TSC complex represents one of the first links between mTORC1 

hyperactivation and cancer (Crino et al., 2006). As mentioned above, mutations in 
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TSC1 and TSC2 cause the multisystemic disease tuberous sclerosis complex 

(TSC), which is characterized by dysregulation of mTORC1 signaling and by the 

development of benign and/or malignant tumors. 

Other members of the mTORC1 machinery have also been implicated in cancer 

progression: inactivating mutations in all the three subunits of the GATOR complex 

have been found in glioblastomas (Bar-Peled et al., 2013); mutations in RagC was 

recently found with high frequency in follicular lymphoma (FL) (Okosun et al., 

2016; Ying et al., 2016 ) and have been shown to promote tumorigenesis in FL 

mice models (Ortega-Molina et al., 2019). Similarly, mTORC1 activating mutations 

in v-ATPases have also been found in patients with FL (Okosun et al., 2016; Wang 

et al., 2019). Furthermore, FLCN mutations have been found as causative of the 

Birt-Hogg-Dube hereditary cancer syndrome, a disease showing a phenotype that 

is similar in many features to TSC (Nickerson et al., 2002). 

Starting from the observation that activation of mTOR promotes tumor growth and 

metastasis, many mTOR inhibitors have been developed to treat cancer. 

The first mTORC1 inhibitors used in cancer therapy were a class of compounds 

derived from rapamycin and called "Rapalogs". The rapalog temsirolimus (Pfizer) 

was first approved for treatment of advanced renal cell carcinoma in 2007, 

followed by everolimus (Novartis) in 2009. Although these compounds were 

promising in pre-clinical studies, they have shown a general limited efficacy as 

chemotherapeutic agents in clinical trials. 

Similarly, the second generation of catalytic mTOR inhibitors, such as Torin1, 

PP242, Ku-0063794, which suppress the activity of both mTORC1 and 2, have 

demonstrated to be broadly more effective than rapalogs. However, prolonged 

treatment was shown to cause AKT reactivation and consequent loss of efficacy 

(Rodrik-Outmezguine et al., 2011). Moreover, it has been observed an acquired 
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resistance to treatment due to additional activating mutations occurring in the 

kinase or FRB domains of MTOR (Wagle et al., 2014). 

This led to the recent development of a third generation of mTOR inhibitors, the 

"RapaLinks", which represent bivalent mTOR inhibitors consisting of a rapamycin–

FRB-binding element linked to a second-generation mTOR inhibitor. This new 

class of inhibitors showed higher efficacy and limited drug resistance compared to 

other mTOR inhibitors (Rodrik-Outmezguine et al., 2016). 

However, whether such inhibitors also show anti-cancer activity in the clinic is yet 

to be tested.  
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3. THE TRANSCRIPTION FACTOR EB (TFEB) 

3.1 MiT/TFE family of transcription factors 

The transcription factor EB (TFEB) is a member of the microphthalmia family of 

transcription factors (MiT-TFE family), along with microphthalmia-associated 

transcription factor (MITF), TFE3 and TFEC (Steingrímsson et al., 2004). 

MiT-TFE proteins are a subgroup of basic helix-loop-helix leucine-zipper (bHLH-

Zip) transcription factors. These factors share three conserved domains: the DNA 

binding region, that recognizes specific target sequences, and the HLH and Zip 

regions, required for dimerization (Steingrímsson et al., 2004). Most of the bHLH-

Zip factors, including MiT-TFE proteins, bind a palindromic CACGTG sequence, 

called E-box, in the proximal promoter of target genes. In addition, MiT-TFE 

factors also recognize an asymmetric TCATGTG sequence, the M-box (Hemesath 

et al., 1994; Aksan and Goding, 1998). MiT-TFE factors, like any other bHLH-Zip 

factors, bind to DNA in the form of homo- or hetero- dimers. Interestingly, MiT-TFE 

members are only able to heterodimerize among each other and not with other 

bHLH-Zip factors (Hemesath et al., 1994). This peculiarity is due to structural 

constraints in the Zip domain (Pogenberg et al., 2012). Nevertheless, the 

functional relevance of MiT-TFE homo- versus hetero-dimers is currently 

unknown. 

All four MiT-TFE members are conserved in metazoans, although a single MiT 

ortholog has been found in commonly studied invertebrates, namely Mitf in 

Drosophila melanogaster and HLH-30 in Caenorhabditis elegans, whose function 

and regulation appear to be similar to mammalian MiT-TFE members (Lapierre et 

al, 2013; Bouche et al., 2016). In general, it has been observed that the MiT-TFE 

factors have a large degree of overlap in their function and regulatory 
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mechanisms, with the exception of the specific role of MITF as a regulator of 

melanosomal differentiation and development (Hemesath et al., 1994) and TFEC 

that has been reported to share less common features with the other members 

(Zhao et al., 1993). 

3.2 TFEB as a master regulator of lysosomal function and 
autophagy 

The first indication of the role of MiT-TFE factors in the modulation of cell 

metabolism came from the discovery of TFEB as a major transcriptional modulator 

of lysosomal function (Sardiello et al., 2009). Promoter analysis of lysosomal 

genes resulted in the identification of a palindromic sequence of 10 base-pairs 

(GTCACGTGAC) localized mainly within 200 base-pairs from the transcription 

start site (TSS), which was named “Coordinated Lysosomal Expression and 

Regulation” (CLEAR) motif. TFEB was shown to directly bind this sequence and 

induce the expression of the entire network of genes containing a CLEAR 

regulatory element within their promoter region (CLEAR network), including 

lysosomal transmembrane proteins, lysosomal enzymes and several subunits of 

the v-ATPase (Sardiello et al, 2009; Palmieri et al., 2011). Accordingly, TFEB 

overexpression increases the number of lysosomes and the levels of lysosomal 

enzymes, thus boosting their catabolic function (Sardiello et al, 2009; Palmieri et 

al., 2011). Subsequent studies revealed that TFEB coordinates the expression of 

genes not only related to lysosomal biogenesis and activity, but also involved in 

autophagy, via transcriptional modulation of autophagy genes (Settembre et al., 

2011; Palmieri et al., 2011). Specifically, TFEB overexpression induces 

autophagosome formation and autophagosome-lysosome fusion, resulting in an 

increased degradation of autophagic substrates, such as long-lived proteins 
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(Settembre et al., 2011) as well as selective cargos, such as lipid droplets or 

damaged mitochondria (Settembre et al., 2013a; Nezich et al., 2015). 

Furthermore, TFEB was also found to increase the release of intracellular Ca2+ 

and induce lysosomal exocytosis (Medina et al., 2011) (Figure 2). 

 

 

from Napolitano and Ballabio, 2016  

Figure 2. Overview of the lysosomal functions controlled by TFEB. TFEB controls many catabolic processes, including 

autophagy, lysosomal biogenesis, lysosomal exocytosis, mitophagy and lipophagy. 

 

Thus, TFEB coordinates a complex transcriptional program that promotes 

intracellular clearance by modulating different degradative pathways in response 

to environmental signals. Interestingly, TFE3 was also found to control lysosomal 

biogenesis and autophagy by regulating a gene network that largely overlaps with 

the one regulated by TFEB (Martina et al, 2014).  

Multiple functions of the lysosomes are influenced by their ability to move 

throughout the cytoplasm in response to environmental changes. Interestingly, 

TFEB was recently found to play a role in lysosomal positioning, by inducing the 



 

 
37 

 

transcription of genes required for the movement of lysosomes toward the center 

of the cell upon nutrient deprivation (Willett et al., 2017). Finally, TFEB has been 

identified also as a promoter of endocytic gene expression, thus increasing cellular 

endocytosis and leading to activation of autophagic functions (Nnah et al., 2019). 

3.3 Regulation of TFEB activity 

TFEB activity is modulated via control of its subcellular localization in response to 

nutrient availability. In basal conditions, when nutrients are present, TFEB is 

inactive in the cytosol, whereas nutrient deprivation promotes TFEB nuclear 

translocation and activation of its target genes (Settembre et al., 2011; Martina et 

al., 2012; Roczniak- Ferguson et al., 2012). 

In addition to nutrient deprivation, other conditions were found to promote TFEB 

nuclear translocation, including lysosomal stress (Roczniak-Ferguson et al., 2012; 

Settembre et al., 2012; Palmieri et al., 2017), pathogen infection (Visvikis et al., 

2014; Campbell et al., 2015; Pastore et al., 2016), phagocytosis (Gray et al., 

2016), inflammation (Pastore et al., 2016), physical exercise (Mansueto et al., 

2017), mitochondrial damage (Nezich et al., 2015) and ER stress (Martina et al., 

2016). 

The subcellular localization and activity of TFEB are mainly regulated via multisite 

phosphorylation of different serine residues. In particular, phosphorylation of 

Ser211 is crucial for TFEB interaction with the chaperone 14-3-3, which allows 

cytosolic retention by masking a nuclear localization signal (NLS) localized in 

proximity of TFEB Ser211 (Martina et al., 2012; Roczniak-Ferguson et al., 2012). 

Notably, TFEB phosphorylation on Ser211 is directly operated by mTORC1 in a 

nutrient-dependent manner (Settembre et al., 2011 and 2012; Martina et al, 2012; 

Roczniak‐Ferguson et al, 2012). 
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In addition to Ser211, nuclear phosphorylation of Ser142 and Ser138, which are 

localized in proximity of a nuclear export signal (NES), also modulates TFEB 

subcellular localization by promoting TFEB nuclear export under conditions of 

nutrient sufficiency (Napolitano et al., 2018; Li et al., 2018). Interestingly, 

phosphorylation of these two sites also requires mTOR activity, although whether 

mTOR directly phosphorylates nuclear TFEB on Ser142 and Ser138 is currently 

unknown (Napolitano et al., 2018). 

Finally, mTOR activity is also required for TFEB phosphorylation on Ser122, 

although the functional meaning of such modification is still unclear (Vega-Rubin-

de-Celis et al., 2017). 

Additional phosphorylation events and other protein kinases have been described 

to play a role in the modulation of TFEB localization. 

Similar to mTORC1, extracellular signal-regulated kinase 2 (ERK2) is another 

important kinase shown to phosphorylate TFEB on Ser142 (Settembre et al., 

2011). In addition, CDK1, CDK4 and CDK6 have also been recently shown to 

phosphorylate TFEB Ser142 in the nucleus (Yin et al., 2020; Odle et al., 2020). In 

osteoclasts, PKCβ phosphorylates multiple serine residues (i.e., Ser462, Ser463, 

Ser467 and Ser469) located in the C‐terminus of human TFEB. Phosphorylation of 

these serines by PKCβ is thought to be important for TFEB protein stability rather 

than for its subcellular localization (Ferron et al, 2013). Glycogen synthase kinase 

3 beta (GSK3β) has been proposed to be responsible for Ser134 and Ser138 

phosphorylation, which are both important for TFEB lysosomal localization (Li et 

al., 2016). Furthermore, when amino acids are plentiful, the mitogen-activated 

protein kinase MAP4K3 physically interacts with TFEB and phosphorylates residue 

S3 (Hsu et al., 2018), a modification that appears to be required for mTORC1-

dependent phosphorylation on S211 (Martina and Puertollano, 2013). Finally, 

TFEB has been found to be phosphorylated also by AKT at S467 (Palmieri et al., 



 

 
39 

 

2017). Despite the great number of  different kinases shown to be involved in 

TFEB phosphorylation, the mechanisms by which these molecules communicate 

with each other properly modulate TFEB transcriptional activity still require further 

elucidation. 

TFEB nuclear translocation and activation requires de-phosphorylation of its 

multiple sites, which is achieved upon nutrient deprivation both via inactivation of 

mTORC1 and calcium-dependent activation of the phosphatase calcineurin 

(Medina et al., 2015) (Figure 3). In addition, a recent study has demonstrated that 

the protein phosphatase 2A (PP2A) also promotes TFEB/TFE3 de-

phosphorylation in response to oxidative stress (Martina and Puertollano, 2018). 
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from Ballabio, EMBO Mol. Med., 2016 

 

Figure 3. Model of TFEB regulation in response to nutrient availability. Under normal feeding conditions, TFEB is 

phosphorylated by mTORC1 on the lysosomal surface and is sequestered in the cytoplasm by binding to 14-3-3 chaperone. 

During starvation, lysosomal stress or exercise, mTORC1 is inactivated and diffused in the cytosol, whereas Ca2+ is 

released from the lysosomal lumen through MCOLN1 and activates calcineurin which in turn dephosphorylates TFEB. 

Dephosphorylated TFEB is no longer able to bind 14‐3‐3 proteins and can freely translocate to the nucleus where it 

transcriptionally activates the lysosomal/autophagic pathway. 

 

Interestingly, the same mechanisms responsible for TFEB regulation also appear 

to control the activity of the other MiT/TFE factors. For instance, both TFE3 and 

some MITF isoforms are phosphorylated by mTORC1 on similar conserved serine 

residues and retain similar nucleo-cytoplasmic shuttling properties (Martina and 

Puertollano, 2013; Martina et al., 2014). 
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3.4 Physiological roles of TFEB 

TFEB-null mice die at embryonic day (E)9.5–10.5 because of defective placental 

vascularization (Steingrímsson et al., 1998). Thus, the generation of tissue-specific 

conditional knock-out mouse models has been extremely beneficial to understand 

the function of TFEB in different tissues and organs. 

In the liver, TFEB deletion alters lipid metabolism, resulting in severe obesity 

(Settembre et al., 2013a, Pastore et al., 2017). In particular, TFEB was shown to 

control the expression of genes involved in lipid catabolic pathways, such as fatty 

acid oxidation and lipophagy (Settembre et al., 2013b). In addition, TFEB was also 

shown to control peroxisome proliferator-activated receptor-γ coactivator 1α 

(PGC1α) (Settembre et al., 2013a), an important player modulating glucose, lipid 

and energy homeostasis (Lin et al., 2005), underlining the crucial role of TFEB in 

the maintenance of liver metabolic functions. 

In skeletal muscle, TFEB was shown to modulate glucose uptake and energy 

balance during physical exercise, through the activation of genes involved in 

glucose homeostasis and mitochondrial biogenesis (Mansueto et al., 2017). In this 

case, however, TFEB seems to function independently of PGC1α (Mansueto et al., 

2017). 

In osteoclasts, TFEB controls bone resorption. Accordinlgy, TFEB depletion was 

shown to impair osteoclast functionality and increase bone mass (Ferron, et al., 

2013). 

In macrophages, loss of both TFEB and TFE3 impairs the production and 

secretion of several pro-inflammatory cytokines and chemokines (Pastore at al., 

2016), highlighting that TFEB plays an important role in the inflammatory and 

immune responses. It was also shown that TFEB, during infection, is activated by 

protein kinase D (PKD) (Najibi et al., 2016) and promotes the expression of 
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several antimicrobial and autophagy genes that are essential for host tolerance of 

infection (Visvikis et al., 2014). 

TFEB depletion in T cells was also shown to affect T-cell-dependent antibody 

response (Huan et al., 2006) and antigen presentation by dendritic cells (Samie 

and Cresswell, 2015), further supporting an important role for TFEB in the immune 

response. 

Specific deletion of TFEB in the intestinal epithelium leads to increased epithelial 

cell injury and colitis (Murano et al., 2017), revealing a protective role for TFEB 

against tissue injury. 

Moreover, TFEB loss of function in endothelial cells showed that TFEB positively 

regulates angiogenesis via activation of AMPK and autophagy (Fan et al., 2018). 

Finally, recent studies have found that TFEB and TFE3 control the expression of 

Rev-erbα (NR1D1), a transcriptional repressor of the circadian clock machinery 

involved in the regulation of whole‐body metabolism and autophagy during the 

diurnal light, further revealing a crosstalk between nutrients and circadian cycles 

(Pastore et al., 2019). 

3.5 TFEB and MiT-TFE family in tumorigenesis 

TFEB and the other MiT/TFE members of transcription factors have emerged as 

key promoters of tumorigenesis and regulators of energy metabolism in cancer 

(Haq & Fisher 2011, Kauffman et al. 2014; Perera et al., 2019). 

For example, MITF amplification is reported in 20% of melanomas (Garraway et 

al., 2005) and single-nucleotide mutations of MITF have been frequently found in 

melanoma cells (Cronin et al., 2009). In addition, oncogenic MITF dysregulation 

has been found also in clear cell sarcoma (Davis et al., 2006). 
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Renal cell carcinoma (RCC) is the most common form of kidney cancer and 

includes different hystopathological subtypes (Linehan et al., 2010). Several 

mutations in genes involved in metabolism, including mTOR signaling modulators 

(FLCN, TSC1, TSC2, and PTEN) (Linehan & Ricketts 2013) are associated with 

hereditary RCC. Approximately 5% of sporadic RCC tumors is part of a rare 

subgroup named translocation-RCC (t-RCC), most common in children and 

characterized by translocations and rearrangements involving TFE3, and less 

commonly TFEB genes (Kauffman et al., 2014). In the case of TFEB, a 

6p21/11q13 translocation results in the fusion of the TFEB coding region with the 

regulatory region of the non-coding MALAT1 gene (Davis et al., 2003). Usually the 

MALAT1-TFEB breakpoints are located before the start codon in exon 3 of the 

TFEB coding sequence, thus resulting in the translation of the full length TFEB 

protein under the control of the strong MALAT1 promoter (Inamura et al., 2012). 

Several RCC-associated fusion events occur between the TFE3 gene, located on 

the X chromosome, and various other genes, including PRCC, ASPSCR1, SFPQ, 

NONO and CLTC (Kauffman et al., 2014; Linehan et al., 2010). In addition, a 

TFE3-ASPL fusion has also been reported in alveolar soft part sarcoma (Ladanyi 

et al., 2001), indicating that upregulation of the MiT transcriptional network can 

drive tumorigenesis in a number of tissues. 

The mechanisms underlying the oncogenic role of the MiT-TFE-fusion proteins in 

RCC is still unclear. One hypothesis is that these TFE-fusion proteins retain 

partially the functions of the partner genes, often involved in promoting 

tumorigenesis (Kauffman et al., 2014). Another hypothesis is that gene fusion 

leads to higher expression and consequent increase of the oncogenic MiT-TFE 

activity, as in the case of TFEB-MALAT1 gene (Kuiper et al., 2003) and also of 

TFE3 fusion proteins, (Argani et al., 2003; Clark et al., 1997; Weterman et al., 

1996; 2000). 
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A recent study revealed that in kidney-specific TFEB overexpressing transgenic 

mice, the transcriptional induction of the tumorigenic WNT β-catenin signaling 

pathway is responsible for tumour development (Calcagnì et al., 2016). Similar 

results were also observed in a melanoma with increased MITF expression, in 

which enhanced WNT signaling generates a positive-feedback loop that promotes 

tumour proliferation (Ploper et al., 2015). Moreover, cytoplasmic accumulation of 

β-catenin was also observed in patients with TFE3-tRCC, suggesting the presence 

of a possible link between TFE-factors and WNT-signaling components (Bruder et 

al., 2007). More recently, xenograft experiments using melanoma and RCC cell 

lines highlighted the existence of a TFEB-RagC/D-mTORC1 axis, in which TFEB 

hyperactivation promotes RagC/D transcriptional induction and subsequent 

hyperactivation of mTORC1, which in turn promotes tumor cell proliferation (Di 

Malta et al., 2017).  Interestingly, a constitutively nuclear localization of 

TFEB/TFE3 and concomitant mTORC1 hyperactivation has been found in patients 

affected by Birt–Hogg–Dubé (BHD) syndrome, which is caused by mutations in the 

FLCN gene and is associated with benign skin tumors, lung and kidney cysts and 

renal cell carcinoma (Baba et al., 2008; Chen et al., 2008; Hong et al., 2010). 

Notably, a kidney phenotype that is strikingly similar to the one observed in BHD 

patients was found in mice and patients characterized by hyperactivation of TFEB 

and other MiT-TFE members (Kauffman et al., 2014;Calcagnì et al., 2016; Perera 

et al., 2019). 

Finally, concomitant MiT-TFE and mTORC1 hyperactivation have been shown to 

drive tumor cell proliferation in pancreatic adenoductal carcinoma (Perera et al, 

2015). 
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3.6 TFEB as a therapeutic target 

Due to its ability to promote intracellular clearance, TFEB has emerged as an 

appealing therapeutic target for many human diseases associated with autophagy 

or lysosomal defects. Recent studies have shown that induction of TFEB activity 

ameliorates the pathological phenotype in cellular and mouse models of lysosomal 

storage disorders (LSDs) (Napolitano and Ballabio, 2016). LSDs are a class of 

diseases caused by genetic defects in specific lysosomal proteins that lead to the 

accumulation of toxic aggregates inside the lysosomal lumen (Parenti et al., 2015). 

Accordingly, TFEB overexpression in models of multiple sulfatase deficiency, 

mucopolysaccharidosis type IIIA, Batten disease, Pompe disease, Gaucher 

disease, Tay-Sachs disease and cystinosis, showed a beneficial effect as it 

promoted a strong reduction of undigested material, thus resulting in improved 

lysosomal function and autophagy (Medina et al., 2011; Rega et al., 2016; Song et 

al., 2013; Spampanato et al., 2013). 

In addition to LSDs, induction of TFEB activity was also shown to be beneficial in 

neurodegenerative diseases, such as Parkinson’s, Huntington’s and Alzheimer’s 

disease. Such disorders are characterized by toxic protein aggregation, which is 

often caused by or associated with autophagy or lysosomal dysfunctions (Menzies 

et al., 2015). In Parkinson’s disease, genetic or pharmacological induction of TFEB 

reduces the accumulation of α-synuclein aggregates and restores proper 

lysosome function (Decressac et al., 2013; Dehay et al., 2010; Kilpatrick et al., 

2015). Moreover, TFEB-mediated activation of lysosomal exocytosis has been 

shown to be beneficial in Wilson disease, stimulating ATP7B delivery to the cell 

surface under high Cu conditions (Polishchuk E.V., et al. 2014). Similarly, in 

Huntington’s disease models, TFEB activation decreases protein aggregation and 

improves the neurological phenotype (Sardiello et al., 2009; Tsunemi et al., 2012). 
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Finally, overexpression or activation of TFEB limits aggregation and 

neurodegeneration in cellular and mouse models Alzheimer’s disease (Chauhan et 

al., 2015; Polito et al., 2014; Xiao et al., 2014, 2015). 

Furthermore, other liver pathologies, such as α1-antitrypsin deficiency and obesity, 

were also shown to benefit from TFEB upregulation, which resulted in enhanced 

autophagy (Pastore et al., 2013) or lipophagy (Settembre et al., 2013a), 

respectively. Therefore, novel strategies such as pharmacological or genetic 

modulation of TFEB activity represent an appealing and potential therapeutic tool 

for a broad variety of diseases. However, due to the role of TFEB and MiT proteins 

in promoting tumorigenesis and, thus, evaluating the problems of the long-term 

treatments, more specific therapeutic strategies should be considered in future 

studies.  
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AIM OF THE STUDY 

Beyond its role as a degradative compartment, recent studies have underlined the 

emerging function of the lysosome as a multifaceted signaling hub capable of 

coordinating the activation of multiple signaling pathways involved in the 

modulation of the cellular metabolic activity. This new perspective was in particular 

highlighted by the discovery that the lysosomal surface serves as a platform for 

the assembly and activation of the mechanistic target of rapamycin complex 1 

(mTORC1), a key metabolic hub (Lamming and Bar-Peled, 2019; Lawrence and 

Zoncu, 2019). Because of its crucial role as a central modulator of cell growth and 

metabolism and for the association of mTORC1 dysregulation in a number of 

disease conditions (Liu and Sabatini, 2020), considerable efforts have been 

invested in understanding the complexity of the events implicated in mTOR 

function and regulation. 

Even though several elements of the sophisticated nutrient-sensing machinery 

responsible for mTORC1 lysosomal recruitment and activation have been 

identified, how these components enable mTORC1 to sense and integrate 

different nutritional and environmental cues is only partly understood. 

Among its different substrates, mTORC1 negatively modulates the activity of the 

transcription factor EB (TFEB), a member of the MiT-TFE family and a master 

transcriptional regulator of catabolic pathways. We and others have shown that 

TFEB activity is tightly linked to nutrient availability via protein phosphorylation 

mediated by mTORC1 (Martina et al., 2012; Roczniak-Ferguson et al., 2012; 

Settembre et al., 2012). Several studies have demonstrated that TFEB is both a 

promising pharmacological target, as its activation allows  clearance of pathogenic 

undigested material in a number of different disorders (Sardiello et al., 2009; 
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Dehay et al., 2010; Medina et al., 2011; Tsunemi et al., 2012; Settembre et al., 

2013; Pastore et al., 2013; Spampanato et al., 2013; Song et al., 2013; Decressac 

et al., 2013; Kilpatrick et al., 2015; Rega et al., 2016), as well as a main driver of 

tumorigenesis in different types of cancer, including renal cell carcinoma, 

melanoma and pancreatic cancer (Kuiper et al., 2003; Garraway et al. 2005; 

Perera et al., 2015). All these reasons prompted us and others to better elucidate 

the signaling pathways involved in the regulation of TFEB activity. 

Increasing evidence in the last few years has shown how TFEB modulation by 

mTORC1 is “atypical” in several aspects, compared to the other well-characterized 

mTORC1 substrates, such as S6K and 4E-BP1.  

For instance, the subcellular localization of the TFEB homologue TFE3, which 

shares with TFEB similar mechanisms of modulation by mTORC1, has been 

described to be independent from the crucial mTORC1 regulatory axis mediated 

by Rheb/TSC2 (Wada et al., 2016). Furthermore, lysosomal stress was found to 

induce TFEB nuclear translocation without affecting the phosphorylation of the 

other mTORC1 substrates (Bartolomeo et al., 2017; Palmieri et al., 2017; 

Santaguida et al., 2015). Finally, while the mTOR inhibitor Torin prevents TFEB 

phosphorylation even at low doses, treatment with rapamycin did not influence 

TFEB activity even at a 10,000-fold higher concentration than the one required for 

inhibiting the phosphorylation of the others mTORC1 substrates (Kang et al., 

2013; Settembre et al., 2012). 

This puzzling dissociation between mTORC1 activity and TFEB phosphorylation 

has underlined two main unsolved aspects, which have been the objective of this 

study. First, these observations suggested that the regulation of TFEB by 

mTORC1 may be more complex than expected and led us to analyze in more 

detail the role of mTOR in modulating TFEB phosphorylation and subcellular 

localization. Furthermore, these findings indicated that diverse mTORC1 
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substrates may show a different phosphorylation behaviour, suggesting the 

presence of specific mechanisms that enable mTORC1 to differentially 

phosphorylate its multiple substrates.  

Thus, understanding these mechanistic aspects of the mTORC1-TFEB axis may 

be relevant for different reasons. MiT-TFE factors are known promoters of 

carcinogenesis (Haq & Fisher 2011, Kauffman et al. 2014; Perera et al., 2019). 

However, several types of tumors have been shown to be characterized by 

increased activity of MiT-TFE factors despite a concomitant mTORC1 

hyperactivation (Perera et al., 2015; Di Malta et al., 2017), suggesting that a 

differential phosphorylation of mTORC1 substrates may be relevant in 

carcinogenesis. mTORC1 is a broadly recognized pharmacological target for 

different diseases, including cancer (Liu and Sabatini, 2020). However, the use of 

strong catalytic inhibitors of mTOR, such as torin1, has been shown to be toxic 

due to the broad number of targets that mTOR modulates. On the other hand, the 

use of weaker mTOR inhibitors, such as rapamycin, only partially achieves a 

robust anti-cancer effect (Wang et al., 2019; Tobinai et al., 2010; Witzig et al, 

2018). These data indicate that more specific mTORC1 inhibitors, allowing the 

modulation of selected substrates, may be more effective for targeted therapeutic 

interventions. Thus, shedding light on whether and how mTORC1 mediates a 

selective phosphorylation of its substrates may be useful to identify novel 

therapeutic strategies. 
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RESULTS 

1. TFEB phosphorylation and subcellular localization are 
insensitive to growth factor-mediated Rheb activation 

The activation of mTORC1 occurs at the lysosomal surface and is mediated by 

Rheb, a small GTPase activated by growth factors (Sancak et al., 2008 and 2010, 

Inoki et al, 2003, Long et al., 2005, Menon et al., 2014).  Due to the controversial 

findings showing that depletion of TSC2, a Rheb inhibitor, had no effect on TFE3 

phosphorylation in adipocytes (Wada et al., 2016), we analyzed the role of the 

growth factor-mediated activation of Rheb in the modulation of TFEB. 

In a first set of experiments, we used HeLa cells stably expressing GFP-TFEB 

either to assess TFEB phosphorylation, by using a specific antibody recognizing 

phosphorylated TFEB on serine residue Ser211, a well-established mTORC1 

phosphosite that controls TFEB subcellular localization (Settembre et al., 2012; 

Martina et al., 2012; Roczniak-Ferguson et al., 2012), or to directly visualize TFEB 

subcellular localization by monitoring GFP fluorescence. 

As expected, deprivation of amino acids from the medium induced a rapid de-

phosphorylation of the mTORC1 substrates S6K and 4E-BP1, as well as of TFEB 

(Fig. 4). Surprisingly, however, FBS starvation inhibited the phosphorylation of 

S6K and 4E-BP1 without affecting TFEB phosphorylation (Fig. 4). 
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Figure 4. TFEB phosphorylation is not affected by serum starvation. HeLa cells stably expressing GFP-TFEB were 

either starved of amino acids (aa) or serum (FBS) for 2h and analyzed by immunoblotting for the indicated proteins 

(replicated three times). The first lane is a control in which cells were provided with both amino acids and serum. 

 

In line with phosphorylation results, FBS withdrawal did not affect TFEB 

subcellular localization, whereas amino acid deprivation resulted in a strong re-

localization of TFEB into the nuclear compartment (Fig. 5). 

 

 

Figure 5. The subcellular localization of GFP-TFEB is not affected by serum starvation. HeLa cells stably expressing 

GFP-TFEB were treated as in Figure 4 and were analysed by immunofluorescence (replicated three times). Images were 

quantified to calculate the percentage of cells showing TFEB nuclear localization. Scale bar, 10 μm. n = 4 independent fields 

per condition. 
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Importantly, Torin treatment in serum-depleted cells strongly impaired TFEB 

phosphorylation, thus indicating that mTOR activity is required to promote Ser211 

TFEB phosphorylation in the absence of FBS (Fig.6). 

 

 

Figure 6. mTOR activity is required for TFEB phosphorylation in the absence of FBS. HeLa cells stably expressing 

GFP–TFEB were starved of serum (FBS) for 2 h in the presence or absence of 250 nM torin and analysed by 

immunoblotting with the indicated antibodies (replicated twice). 

 

To confirm that these findings were not strictly associated to the cell line analyzed, 

we evaluated both the phosphorylation (here assessed by monitoring the shift in 

its molecular weight) and the subcellular localization of endogenous TFEB in 

different cell lines, namely HeLa, U2OS and primary mouse embryonic fibroblasts 

(MEFs). Consistently, we found that endogenous TFEB phosphorylation, unlike 

the phosphorylation of the other mTORC1 substrates (Fig.7), as well as TFEB 

subcellular localization (Fig.8) were unaffected by serum starvation. By contrast, 

amino acid depletion affected both TFEB phosphorylation and subcellular 

localization (Fig. 7 and 8). 
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Figure 7. Phosphorylation of TFEB upon amino acid or serum starvation in different cell lines.HeLa, U2OS or 

primary MEFs were starved of amino acids or serum for 2 h and then analysed by immunoblotting for the indicated proteins 

(replicated twice). 

 

 

Figure 8. Subcellular localization of TFEB upon amino acid or serum starvation in different cell lines. HeLa and 

U2OS cells were treated as in Figure 6 and analysed by immunofluorescence to assess TFEB subcellular 

localization (replicated twice). Scale bars, 10 μm. 

 

Finally, in order to evaluate whether growth factor deprivation affected the 

transcriptional activity of TFEB, we monitored the transcript levels of several TFEB 

target genes by qRT-PCR. Consistent with TFEB phosphorylation and localization 

results, the expression of TFEB target genes was only induced by amino acid 

starvation, whereas FBS deprivation had no effect (Fig.9). 
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Figure 9. Expression analysis of TFEB target genes upon amino acid or serum starvation. 
HeLa cells stably expressing GFP–TFEB were either starved of amino acids (−aa) or serum (−FBS) for 8 h and subjected to 

qRT–PCR (replicated twice). Relative mRNA levels of the indicated genes were normalized to levels of HPRT1 and 

expressed as fold change relative to control (fed) samples. Results are mean ± s.e.m.; n = 3; *P < 0.05 (GBA, −aa P = 

0.0322); ***P < 0.001 (FLCN, −aa P < 0.0001; RRAGC, −aa P < 0.0001; RRAGD, −aa P < 0.0001; ATP6V1H, −aa P = 

0.0004; CTNS, −aa P < 0.0001; SQSTM1, −aa P < 0.0001; NPC1, −aa P < 0.0001; MCOLN1, −aa P < 0.0001); NS, non-

significant (FLCN, −FBS P = 0.8619; RRAGC, −FBS P = 0.99; RRAGD, −FBS P = 0.2558; ATP6V1H, −FBS P = 0.9890; 

CTNS, −FBS P > 0.9999; SQSTM1, −FBS P = 0.9270; GBA, −FBS P = 0.9359; NPC1, −FBS P = 0.1933; MCOLN1, −FBS 

P = 0.7916). Dunnett’s multiple comparisons test. 

 

Next, we tested the role of the TSC-Rheb axis, whose activity is strictly dependent 

on growth factor availability, in the regulation of TFEB. 

In line with the results shown above, knockdown of both Rheb and its homologue 

RhebL1 (siRHEB/L1) had no effect on the phosphorylation of TFEB, whereas it 

strongly impaired the phosphorylation of mTORC1 substrates S6K and 4E-BP1, as 

expected (Fig.10). Importantly, treatment of Rheb/L1-depleted cells with the 

mTOR catalytic inhibitor Torin strongly impaired the phosphorylation of TFEB 

(Fig.10). 
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Figure 10. TFEB phosphorylation is not affected by depletion of RHEB1/L1. HeLa cells that stably express GFP-TFEB 

were transfected with either siRNA targeting both Rheb1 and RhebL1 or with scramble siRNA. 72h after transfection cells 

were either starved of amino acids (aa) for 60 min or starved and re-stimulated with amino acids for 30 min in the presence 

or absence of 250 nM Torin, and analyzed by immunoblotting with the indicated antibodies (replicated three times). 

 

Furthermore, consistent with phosphorylation data, Rheb/RhebL1 silencing did not 

affect TFEB subcellular localization, whereas mTOR-silencing resulted in the 

accumulation of TFEB in the nucleus (Fig.11). 

 

 

Figure 11. The subcellular localization of GFP-TFEB is not affected by depletion of RHEB1/L1. HeLa GFP-TFEB cells 

depleted for either RHEB and RHEBL1 (siRHEB/L1) or mTOR (siMTOR) and in control cells (siControl) and analysed by 

immunofluorescence to assess TFEB subcellular localization .  Scale bar, 10 μm. The graph shows the percentage of cells 

showing TFEB nuclear localization. n = 3 independent fields per condition. 
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Similar results were also confirmed in Rheb1/L1-silenced HeLa, HEK293T and 

ARPE19 cells, in which we evaluated the phosphorylation status of endogenous 

TFEB. In all these cell lines, TFEB phosphorylation was not affected by 

Rheb/RhebL1 depletion (Fig. 12). 

 

 

Figure 12. Phosphorylation levels of endogenous TFEB upon amino acid or serum starvation in HeLa, HEK293T 
and ARPE19 cells. HeLa, HEK293T or ARPE19 cells were transfected with either siRNA targeting 

both RHEB and RHEBL1 or with scramble siRNA. Seventy-two hours after transfection cells were either starved of amino 

acids for 60 min or starved and restimulated with amino acids for 30 min, in the presence or absence of 250 nM torin, and 

analysed by immunoblotting with the indicated antibodies (replicated twice). 

 

Consistently, TFEB transcriptional activity was not affected by silencing of 

Rheb1/L1, whereas mTOR depletion strongly induced the expression of several 

TFEB target genes (Fig. 13). 
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Figure 13. Expression analysis of TFEB target genes in siRNA-mediated depletion of Rheb1/L1 or mTOR. HeLa cells 

stably expressing GFP–TFEB were transfected with siRNA targeting 

either RHEB and RHEBL1 (siRHEB/L1), MTOR (simTOR), or control siRNA (siCtrl) for 72 h, and subjected to qRT–PCR 

(replicated three times). Relative mRNA levels of the indicated genes were normalized to levels of HPRT1 and expressed as 

fold change relative to control (siCtrl) samples. Results are mean ± s.e.m.; n = 3; *P < 0.05 (MCOLN1, siRHEB P = 0.0212); 

***P < 0.001 (FLCN, siMTOR P < 0.0001; RRAGC, siMTOR P < 0.0001; ATP6V1H, siMTOR P < 0.0001; NEU1, 

siRHEB P < 0.0001; NEU1, siMTOR P < 0.0001; GBA, siMTOR P < 0.0001; NPC1, siMTOR P < 0.0001; MCOLN1, 

siMTOR P < 0.0001); ns, non-significant (FLCN, siRHEB P = 0.9908; RRAGC, siRHEB P = 0.6937; ATP6V1H, 

siRHEB P = 0.0714; SQSTM1, siRHEB P = 0.2846; SQSTM1, siMTOR P = 0.0528; GBA, siRHEB P = 0.0597; NPC1, 

siRHEB P = 0.7753). Dunnett’s multiple comparisons test. 

 

In order to exclude that the residual phosphorylation of TFEB in these loss-of-

function approaches may be due to a differential sensitivity of TFEB vs S6K/4E-

BP1 to low levels of mTORC1 activity, we sought to evaluate the effect of 

increased mTORC1 activity induced by Rheb overexpression on TFEB/S6K/4E-

BP1 phosphorylation. Notably, overexpression of Rheb in amino acid starved cells 

strongly induced the phosphorylation rate of S6K and 4E-BP1 but had no effect on 

TFEB phosphorylation (Fig.14), thus indicating that TFEB phosphorylation is 

insensitive to either decreased or increased Rheb activity. 
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Figure 14. TFEB phosphorylation is insensitive to Rheb overexpression. HEK293A cells stably expressing GFP–TFEB, 

transfected with either empty vector or with increasing amounts of Flag–RHEB, were either left untreated or starved of 

amino acids for 60 min and analysed by immunoblotting (replicated three times). 

 

Finally, we tested the role of TSC2, a component of the TSC complex and a 

negative regulator of Rheb (Inoki et al., 2003; Tee et al., 2003), in the 

phosphorylaiton of TFEB. As expected, cells depleted for TSC2 by RNAi (siTSC2) 

showed constitutive mTORC1 signalling, as assessed by the persistent 

phosphorylation of S6K1 and 4E-BP1 during starvation (Fig.15). Conversely, 

TFEB phosphorylation was unaffected (or even decreased) in TSC2-silenced cells 

as compared to control cells (Fig.15). Consistently, immunofluorescence analysis 

showed that TFEB subcellular localization was also unaffected upon TSC2 

silencing (Fig.16). 
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Figure 15. Phosphorylation of TFEB upon siRNA-mediated TSC2 depletion. HeLa cells transfected for 48 h with 

either TSC2-targeting (siTSC2) or control (siControl) siRNA were either left untreated, starved of amino acids for 60 min or 

treated with 250 nM torin for 60 min before immunoblotting analysis (replicated three times). 

 

 

Figure 16.Subcellular localization of TFEB upon siRNA-mediated TSC2 depletion. Cells described in figure 15  were 

stained with TFEB antibodies, analysed by confocal microscopy (replicated three times) and quantified to calculate the 

percentage of cells that showed TFEB nuclear localization. Scale bar, 10 μm. Results are mean ± s.e.m. n = 5 independent 

fields per condition. 

 

Finally, western blotting analysis in TSC2-KO MEFS also confirmed that 

phosphorylation of TFEB, unlike other mTORC1 substrates, is unaffected in the 

absence of TSC2 (Fig.17). 

 



 

 
60 

 

 

Figure 17. TFEB phosphorylation levels in TSC2-KO MEFs. WT and TSC2- KO MEFs were treated as in figure 15 and 

analysed by immunoblotting with the indicated antibodies (replicated three times). 

 

Altogether these results indicate that TFEB phosphorylation and subcellular 

localization are insensitive to growth factor availability and Rheb/TSC2 activity. 
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2. Active Rag GTPases are essential for TFEB 
modulation regardless of mTORC1 activation status 

Rag GTPases play an essential role in mTORC1 activation by recruiting it to the 

lysosomal surface (Kim et al., 2008; Sancak et al., 2008 and 2010).  Consistent 

with these data, knockdown of RagC/D significantly impaired phosphorylation of 

TFEB (Fig.18), as well as of canonical mTORC1 substrates S6K and 4E-BP1.  

 

 

Figure 18. TFEB phosphorylation is strongly affected by siRNA-mediated depletion of RagC/D. HeLa cells stably 

expressing GFP–TFEB were transfected with siRNAs targeting both RRAGC and RRAGD or with a control siRNA (siCtrl). 

Seventy-two hours after transfection, cells were either starved of amino acids for 60 min or starved and restimulated with 

amino acids for 30 min in the presence or absence of torin and analysed by immunoblotting using the indicated antibodies 

(replicated three times). 

 

Accordingly, TFEB showed a predominant nuclear localization and failed to re-

localize to the cytoplasm upon amino acid refeeding in RagC/D-silenced HeLa 

cells (Fig.19). 
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Figure 19. GFP-TFEB shows a nuclear localization in RagC/D-silenced cells. HeLa cells stably expressing GFP-TFEB 

were transfected with a RagC/D-targeting siRNA or with control siRNA (siCtrl) and evaluated for TFEB localization upon 60 

min amino acid starvation (-aa) or upon starvation and amino acid re-stimulation for 30 min (+aa) (replicated three times). 

Scale bar, 10 μm. 

 

Similarly, TFEB phosphorylation was heavily impaired in Rag A/B KO HEK293A 

cells (Fig.20), both in the presence or absence of nutrients. 

 

 

Figure 20. TFEB phosphorylation is impaired in RagA/B-KO HEK293A cells. Ctrl and RagA/B KO HEK293A were either 

starved of amino acids (aa) for 60 min or starved and re-stimulated with amino acids for 30 min, in the presence or absence 

of 250 nM Torin, and analyzed by immunoblotting with the indicated antibodies (replicated three times). 
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Finally, knock-down of an essential component of the lysosome-associated 

complex Ragulator, LAMTOR1, which is required for the lysosomal association 

and activation of Rag GTPases (de Araujo et al., 2017; Sancak et al., 2010; Su et 

al., 2017; Zhang et al., 2017), also resulted in a drastic impairment of TFEB 

phosphorylation (Fig.21) and subcellular localization (Fig.22). These data further 

corroborate that the activity of Rag GTPases is essential for the modulation of 

TFEB. 

 

Figure 21. TFEB phosphorylation is impaired upon depletion of LAMTOR1 in HeLa GFP-TFEB. HeLa cells stably 

expressing GFP-TFEB were transfected with siRNAs targeting Lamtor1 (siLAMTOR1) or with a control siRNA (siCtrl). 72h 

after transfection, cells were either starved for amino acids (aa) for 60 min or starved and re-stimulated with amino acids for 

30 min in the presence or absence of Torin1 and analyzed by immunoblotting using the indicated antibodies (replicated 

three times). 

 

Figure 22. Subcellular localization of GFP-TFEB upon siRNA-mediated depletion of LAMTOR1. HeLa cells stably 

expressing GFP-TFEB were transfected as in figure 21 were either starved for amino acids (aa) for 60 min or starved and 

re-stimulated with amino acids for 30 min and analysed by  immunofluorescence to assess TFEB subcellular localization. 

Scale bar, 10 μm. 
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Due to the puzzling data showing a dispensable role for the Rheb/TSC2 axis but 

an essential role for Rag GTPases in the modulation of TFEB, we sought to clarify 

the role of Rag GTPases vs mTORC1 activity per-se in the regulation of TFEB. To 

this end, we used a previously described gain-of-function approach (Sancak et al., 

2010), in which Raptor is constitutively linked to the lysosomal surface (Lys-

Raptor), leading to a nutrient- and Rag GTPase-independent mTORC1 activity. As 

expected, expression of Lys-Raptor rescued the phosphorylation of S6K and 4E-

BP1 in RagC/D-silenced cells. Notably, however, TFEB remained de-

phosphorylated in RagC/D-silenced cells even upon expression of Lys-Raptor 

(Fig.23), indicating that Rag GTPases are required for TFEB phosphorylation 

regardless of mTORC1 activation status. 

 

 

Figure 23. TFEB phosphorylation is impaired in RagC/D-silenced cells despite expression of Lys-Raptor. HeLa cells 

stably expressing GFP–TFEB or HEK293T cells were transduced with lentiviruses expressing Lys–RAPTOR or with control 

lentiviruses and transfected with siRNA targeting both RRAGC and RRAGD (siRagC/D) or with scramble siRNA (siCtrl). 

Seventy-two hours after transfection, cells were either starved of amino acids for 60 min or starved and restimulated with 

amino acids for 30 min and analysed by immunoblotting using the indicated antibodies (replicated three times). 
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To confirm these observations, we used another previously described gain-of-

function approach (Lawrence et al., 2018) in which both Raptor and Rheb were 

targeted to the mitochondrial surface via their fusion with the mitochondrial-

targeting region of OMP25 (Mit-Raptor/Rheb). As previously shown (Lawrence et 

al., 2018), mitochondrial localization of both mTORC1 and Rheb leads to efficient, 

nutrient-independent, phosphorylation of mTORC1 substrates S6K and 4E-BP1, 

further corroborating the notion that proximity of Rheb to mTORC1 is sufficient to 

mediate its activation independently of Rag GTPases. Notably, however, in the 

same conditions, TFEB phosphorylation was still dependent on nutrient 

availability, as amino acid starvation still induced TFEB de-phosphorylation in Mit-

Raptor/Rheb-expressing cells (Fig.24). 

 

 

Figure 24. TFEB phosphorylation is sensitive to nutrient availability in Mit-Raptor/Rheb-expressing cells. HeLa cells 

stably expressing GFP–TFEB or HEK293T cells transiently expressing the indicated combinations of mitochondria-targeted 

RAPTOR (Mit-Raptor: Flag–RAPTOR–OMP25) and RHEB (Mit-Rheb: Myc–RHEB–OMP25) were starved of amino acids for 

60 min or starved and re-stimulated with amino acids for 30 min and analysed by immunoblotting using the indicated 

antibodies (replicated three times). 
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Consistently, the expression of Mit-Raptor/Rheb did not affect TFEB localization, 

both in the presence or absence of nutrients (Fig.25). 

 

 

Figure 25. GFP-TFEB subcellular localization in Mit-Raptor/Rheb-expressing cells. HeLa cells stably expressing GFP–

TFEB were transfected and treated as in figure 24  and analysed by immunofluorescence for the indicated proteins. GFP–

TFEB was pseudocoloured to magenta to allow better visualization of mTOR and RAPTOR–OMP25 staining (replicated 

three times). Scale bar, 10 μm. 

 

In summary, these data indicate that, differently from mTORC1 substrates 

S6K/4E-BP1, the mTORC1-mediated phosphorylation of TFEB strictly requires 

activation of Rag GTPases regardless of mTORC1 lysosomal localization and 

Rheb-induced activation. 
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3. TFEB is modulated by mTORC1 via a substrate-
specific mechanism that strictly requires active 
RagC/D GTPases 

TFEB is known to interact with Rag GTPases (Martina and Puertollano, 2013), an 

event required for mTORC1-mediated phosphorylation of TFEB but whose 

physiological meaning is unclear considering that no other mTORC1 substrate has 

been shown to bind to the Rag GTPases. mTORC1 substrates S6K and 4E-BP1 

possess a defined amino acid sequence, the TOS motif, which allows substrate 

recognition and recruitment via the mTORC1 subunit Raptor (Schalm and Blenis, 

2002; Nojima et al., 2003; Schalm et al., 2003). Interestingly, analysis of TFEB 

protein sequence failed to identify a TOS motif. Due to the results showing that 

TFEB phosphorylation requires active Rag GTPases even in conditions leading to 

mTORC1 constitutive activation (Fig.23; Fig. 24; Fig. 25), we sought to verify 

whether the interaction of TFEB with Rag GTPases may represent a novel 

substrate recruitment mechanism by mTORC1.  Co-immunoprecipitation 

experiments in HEK293A cells stably expressing TFEB-GFP confirmed that TFEB 

was part of a complex containing the Rag GTPases, Raptor and mTOR (Fig.26). 

 

Figure 26. Co-immunoprecipitation analysis of GFP-TFEB in HEK293A cells.  GFP immunoprecipitates were prepared 

from HEK293A cells stably expressing GFP–TFEB  and analysed by immunoblotting for the indicated proteins (replicated 

three times). 
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In addition, in vitro copurification analysis made by collaborators in Lukas A. Huber 

lab, revealed a direct interaction between recombinant TFEB and a Rag GTPase 

dimer composed of active RagA (Q66L) and active RagC (S75N) (Napolitano et 

al., 2020). 

By contrast, in HEK293A cells stably expressing GFP-S6K, we were not able to 

detect any interaction of S6K with Rag GTPases, despite binding to both mTOR 

and RAPTOR under the same experimental conditions (Fig.27). 

 

 

Figure 27. Co-immunoprecipitation analysis of GFP-S6K in HEK293A cells.  GFP immunoprecipitates 

were prepared from HEK293A cells stably expressing GFP–S6K  and analysed by immunoblotting for the 

indicated proteins (replicated three times). 

 

Next, we evaluated the interaction of either TFEB or S6K with Flag-Raptor in the 

presence or absence of Rag GTPases. 

Importantly, we found that mTORC1 interaction with TFEB was heavily impaired in 

RagA/B KO cells and restored upon reconstitution of these cells with RagA, 

whereas mTORC1-S6K interaction was unaffected under the same experimental 

conditions (Fig.28).  
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These data suggest that Rag GTPases are required for the interaction of mTORC1 

with TFEB, whereas they are dispensable for its interaction with S6K. 

 

 

Figure 28. Analysis of mTORC1 interaction with TFEB and S6K in the presence or absence of Rag GTPases. RagA/B 

KO HEK293A cells, transfected with either Flag-Raptor or Flag-Raptor and HA-GST-RagA, were lysed, incubated with Flag 

beads and analysed by immunoblotting for the indicated proteins (replicated three times). 

 

Considering the absolute dependence of TFEB phosphorylation on the Rag 

GTPases, we evaluated whether the nucleotide-binding state of each individual 

Rag GTPase within the RagA/C dimer played a differential role in the modulation 

of TFEB versus canonical mTORC1 substrates. Data obtained in our laboratory 

showed that, as expected, expression of an active (GTP-bound) RagAQ66L 

mutant in RagA KO HeLa cells restored mTORC1 lysosomal recruitment and 

promoted TFEB cytoplasmic localization, whereas inactive (GDP-bound) 

RagAT21L had no effect on either of them (Napolitano et al., 2020). Surprisingly, 

however, the activation status of RagC had a differential effect on the 

phosphorylation of TFEB compared to other mTORC1 substrates. In particular, 

whereas only active (GDP-bound) RagCS75L restored the cytoplasmic localization 

of TFEB in RagC-knockout cells (Fig.29), both active (GDP-bound) RagC S75L 

and inactive (GTP-bound) RagC Q120L were able to significantly promote the 

lysosomal localization of mTORC1 (Fig.30). 
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Figure 29. TFEB subcellular localization is strictly dependent on RagC nucleotide-binding state. RagC-knockout 

HeLa cells with inducible expression of either active GFP–RagC(S75L) or inactive GFP–RagC(Q120L) were transfected for 

24 h with siRNA targeting RRAGD (which encodes RagD), treated with doxycycline for additional 48 h, and then stained 

with TFEB antibody (replicated three times). Scale bar, 10 μm; Cells were quantified to calculate the percentage of cells that 

showed TFEB nuclear localization. n = 4 independent fields per condition. 
 

 

Figure 30. mTOR localization in RagC-KO cells is significantly rescued by both active or inactive RagC. RagC-

knockout HeLa cells with inducible expression of either active GFP–RagC(S75L) or inactive GFP–RagC(Q120L) were 

transfected for 24 h with siRNA targeting RRAGD (which encodes RagD), treated with doxycycline for additional 48 h, and 

then stained with mTOR antibody (replicated three times). Scale bar, 10 μm; Cells were analysed for mTOR–LAMP1 

colocalization by calculating Manders’ colocalization coefficient. Results are mean ± s.d. n = 4 independent fields per 

condition. *P = 0.0119, **P = 0.001, ***P < 0.0001. Tukey’s multiple comparisons test. 
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Consistently, expression of active GFP-RagC S75L in RagC-KO HeLa cells 

restored phosphorylation of both TFEB and mTORC1 substrates S6K/4E-BP1 

(Fig.31), whereas expression of inactive RagC Q120L was unable to rescue TFEB 

phosphorylation but was still able to promote a significant phosphorylation of S6K 

and 4E-BP1 (Fig.31). 

 

 

Figure 31. Phosphorylation of TFEB, unlike S6K and 4E-BP1, is strictly dependent on RagC nucleotide-binding 
state. Cells as in figures 29-30 were subjected to amino acid starvation and refeeding and analysed by immunoblotting 

using the indicated antibodies (replicated three times). 

 

Finally, co-immunoprecipitation experiments in HEK293T cells showed that TFEB 

was able to co-immunoprecipitate with active GFP-RagC S75L but unable to 

interact with inactive GFP- RagC Q120L (Fig.32). 
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Figure 32. Analysis of TFEB binding to active or inactive RagC. Cell lysates from HEK293T cells with inducible 

expression of either active GFP–RagC(S75L) or inactive GFP–RagC(Q120L) were incubated with GFP beads and analysed 

by immunoblotting (replicated three times). 

 

In conclusion, these data suggest that a specific substrate recruitment mechanism 

mediated by active RagC/D GTPases allows a “non-canonical” mTORC1-

mediated phosphorylation of TFEB.   
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4. Different substrate recruitment mechanisms by 
mTORC1 define the specificity of metabolic 
responses to diverse environmental cues 

The lack of a TOS motif in TFEB sequence, as well as our data showing that Rag 

GTPases are essential for mTORC1 interaction with TFEB and not with S6K (Fig. 

28), suggest that, unlike S6K and 4E-BP1, the recruitment of TFEB to mTORC1 is 

mediated by active Rag GTPases. We speculated that this alternative substrate-

recruitment mechanism may explain the atypical behaviour of TFEB 

phosphorylation by mTORC1 compared to the other substrates. 

To test this, we reasoned that substituting the N-terminal region of TFEB, required 

for its interaction with Rag GTPases (Martina and Puertollano, 2013), with the N-

terminal sequence of S6K, containing the TOS motif, (Schalm and Blenis, 2002), 

may change the phosphorylation behaviour of TFEB by making it similar to that of 

S6K. To this aim, we generated a chimeric construct (TOS- Δ30-TFEB), in which 

the first 30 amino acids of S6K were fused to a TFEB deletion mutant lacking its 

first 30 amino acids (Δ30-TFEB) (Fig.33). 

 

 

Figure 33. Schematic representation of TFEB chimeric constructs. RBR, Rag-binding region. TOS, TOR signaling 

motif. TFEB(Δ30)–TOS(F5A), a variant of the TFEB(Δ30)–TOS chimeric protein in which a key phenylalanine residue (F5) 

of the TOS motif was mutagenized to alanine. 
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As a control for these experiments, we used both the Δ30-TFEB mutant and the 

TOS-Δ30TFEB chimeric construct in which a key phenylalanine residue (F5) of the 

TOS motif, required for Raptor binding (Nojima et al., 2003), was mutagenized to 

alanine (F5A-Δ30TFEB, Fig. 33). Co-immunoprecipitation experiments showed 

that, whereas wild type TFEB interacted with both RagC and mTORC1 

components, such interactions were abolished by deletion of the Rag-binding 

region in Δ30TFEB mutant (Fig.34). Importantly, fusion of the TOS motif to Δ30-

TFEB (TOS-Δ30TFEB) rescued TFEB binding to mTOR and Raptor but not to 

RagC, whereas the F5A-Δ30TFEB chimeric mutant was unable to bind to with 

either Raptor or mTOR (Fig.34). 
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Figure 34. Co-immunoprecipitation analysis of TFEB chimeric constructs. HeLa cells were transiently transfected with 

plasmids expressing either GFP alone or GFP-tagged versions of the following proteins: GFP–WT–TFEB), a TFEB deletion 

mutant that lacks the first 30 amino acids (GFP–Δ30TFEB), a chimeric protein in which the first 30 amino acids of S6K 

(containing the TOS motif) were fused to the Δ30TFEB mutant (GFP-TOS-Δ30TFEB), or the TOS-D30TFEB chimeric 

protein in which a key phenylalanine residue (F5) of the TOS motif was mutagenized to alanine (GFP-F5A-Δ30TFEB). 

Twenty-four hours after transfection cell lysates were incubated with GFP beads and subjected to immunoblotting using the 

indicated antibodies (replicated three times). 

 

In line with the interaction data, deletion of the first 30 amino acids of TFEB 

(Δ30TFEB) impaired both TFEB phosphorylation (Fig.35) and subcellular 

localization (Fig.36), whereas the addition of the WT, but not mutated (F5A), TOS 

motif to the Δ30TFEB construct (TOS-Δ30TFEB) restored TFEB phosphorylation 

on S211 (Fig.35), as well as cytoplasmic localization (Fig.36). Notably, however, 

differently from WT-TFEB, the TOS-Δ30TFEB lost the characteristic lysosomal 
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localization observed upon torin treatment (Fig.36), supporting the notion that 

TFEB recruitment to the lysosomal surface is mediated by its interaction with Rag 

GTPases and not with Raptor. 

 

 

Figure 35. TFEB phosphorylation levels in chimeric constructs. HeLa cells were transiently transfected with plasmids 

described in figure 34. 24h after transfection cells were starved of amino acids (aa) for 60 min and re-stimulated with aa for 

30 min, in the presence or absence of 250nM Torin, and analyzed by immunoblotting using the indicated antibodies 

(replicated three times). 
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Figure 36. Subcellular localization of TFEB chimeric constructs. Cells described in figure 35 were either starved of 

amino acids for 60 min or starved and restimulated with amino acids for 30 min, in the presence or absence of torin, and 

analysed for TFEB subcellular localization by immunofluorescence (replicated twice). Scale bars, 10 μm. 

 

Next, we tested whether changing the recruitment mechanism of TFEB also 

changed its phosphorylation behavior. To this end, we evaluated the 

phosphorylation behaviour of either WT or chimeric TOS-Δ30TFEB in conditions 

known to affect the phosphorylation of S6K without affecting the phosphorylation 

of WT-TFEB, such as growth factor deprivation and Rheb depletion (Fig.4 and 

Fig.10). Strikingly, whereas the phosphorylation of WT-TFEB was sensitive to 

amino acid deprivation and insensitive to growth factor starvation, the TOS-

Δ30TFEB chimera was de-phosphorylated upon both amino acid and FBS 

depletion, similarly to the other mTORC1 substrates (Fig.37). Consistently, the 
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chimeric TFEB construct also translocated in the nuclear compartment in response 

to growth factor starvation, opposite to WT TFEB (Fig.38). 

 

 

Figure 37. Phosphorylation of the TOS- Δ30TFEB chimera is sensitive to serum starvation. HeLa cells stably 

expressing GFP-WT-TFEB or GFP-TOS- Δ30TFEB were either starved of amino acids (aa) or serum (FBS) for 2h and 

analyzed by immunoblotting for the indicated proteins (replicated three times). 

 

 

Figure 38. The subcellular localization of the TOS- Δ30TFEB chimera is sensitive to serum starvation. HeLa cells 

stably expressing GFP–TFEB or GFP–TOS-Δ30TFEB were either kept fed, starved of amino acids (−aa) or serum (−FBS) 

for 2h and analysed by immunofluorescence to assess TFEB subcellular localization (replicated three times). Scale bar, 10 

μm. Images were analysed for TFEB localization performed using a dedicated script (Columbus software; Perkin-Elmer) that 

calculates the ratio value resulting from the average intensity of nuclear TFEB–GFP fluorescence divided by the average of 

the cytosolic intensity of TFEB–GFP fluorescence. Results are mean ± s.e.m. P values were calculated on the basis of 

mean values from 3 or 4 independent fields (Sidak’s multiple comparisons test). ***P < 0.0001; NS, non-significant (fed, P = 

0.9989; −aa, P = 0.0946). 
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In line with these results, the phosphorylation (Fig.39) and subcellular localization 

(Fig.40) of the chimeric TOS-Δ30TFEB were also affected by Rheb1/L1 

knockdown, similarly to mTORC1 substrates S6K/4E-BP1 and opposite to WT 

TFEB. 

 

 

Figure 39. Phosphorylation of the TOS- Δ30TFEB chimera is sensitive to depletion of RHEB1/L1. HeLa cells that 

stably express GFP–TFEB or the GFP–TOS–Δ30TFEB chimeric construct were transfected with either RHEB/L1-targeting 

or control siRNA, subjected to amino acid starvation and refeeding in the presence or absence of 250 nM torin, and 

analysed by immunoblotting (replicated three times). 

  



 

 
80 

 

 

 

Figure 40. The subcellular localization of the TOS- Δ30TFEB chimera is sensitive to depletion of RHEB1/L1. HeLa 

cells stably expressing  GFP–TFEB or the GFP–TOS–Δ30TFEB chimeric construct were transfected with either RHEB/L1-

targeting or control siRNA, subjected to amino acid starvation and refeeding and analysed for TFEB subcellular localization 

by immunofluorescence (replicated three times). Images were quantified to calculate the percentage of cells that showed 

TFEB nuclear localization. Scale bar, 10 μm. Results are mean ± s.e.m. n = 4 independent fields per condition. 

 

Altogether these results indicate that the different substrate recruitment 

mechanism of TFEB is responsible for its unconventional phosphorylation 

behaviour, supporting the hypothesis that diversity in substrate recruitment 

mechanisms allows mTORC1 to selectively phosphorylate its substrates in 

response to different upstream inputs (Fig.41). 
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Figure 41. Model illustrating differential regulation of mTORC1 substrates in response to diverse conditions and 
nutritional inputs. Due to their different substrate recruitment mechanism, mTORC1 substrates display a differential 

phosphorylation behaviour in response to diverse upstream signals. In nutrient-rich conditions (top), the activation of Rag 

GTPases and Rheb, mediated by amino acids and growth factors respectively, leads to phosphorylation of the mTORC1 

substrates S6K and 4E-BP1, as well as of TFEB, which is retained in the cytoplasm. Growth factor deprivation or 

dysregulation in Rheb/TSC activity (left) severely impairs the phosphorylationof S6K and 4E-BP1 but does not affect TFEB 

phosphorylation and subcellular localization. Conversely, dysregulation in RagC/D activity (right), which is largely 

dispensable for the phosphorylation of mTORC1 substrates S6K and 4EBP1, drastically affects TFEB recruitment and 

subsequent phosphorylation by mTORC1, promoting its nuclear translocation and activity. 

  

Nutrient-rich conditions 

Dysregulation in Rheb/TSC activity Dysregulation in RagC/D activity 
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DISCUSSION 

Because of its essential role in many basic biological processes and its 

involvement in human pathologies, extensive research has been done to 

characterize the molecular mechanisms underlying mTORC1 activation. Several 

key studies have revealed the presence of a lysosomal nutrient-sensing machinery 

that is required for mTORC1 activation in response to different environmental 

inputs. However, whether and how mTORC1 activates selective responses to 

different stimuli is an open question in the field. 

Here, we show that different nutritional inputs, in particular growth factors and 

amino acids, induce specific phosphorylation of key mTORC1 substrates, thus 

providing the first indication of a stimulus-dependent substrate selectivity by 

mTORC1. 

 

A widely accepted concept in the mTORC1 field is that the concomitant action of 

the two types of small G proteins, Rheb and Rag GTPases, which are activated by 

growth factors and amino acids, respectively, is essential to ensure a full and 

proper mTORC1 activation (Liu and Sabatini, 2020). Interestingly, however, our 

data revealed an unconventional behaviour of TFEB phosphorylation by mTORC1. 

We showed that, differently from the well-characterized mTORC1 substrates S6K 

and 4E-BP1, the mTORC1-mediated phosphorylation of TFEB is insensitive to 

growth factor availability and Rheb activity but highly sensitive to amino acid-

mediated activity of Rag GTPases. 

Previous studies showed that the consensus sequence of mTORC1 

phosphorylation sites determines a different “substrate quality”, meaning that 

specific phosphorylation sequences confer a higher or lower sensitivity of a given 
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substrate to different degrees of mTORC1 activity (Kang et al., 2013). However, in 

the case of TFEB, a different “substrate quality” is not sufficient to explain its 

different phosphorylation behaviour compared to other mTORC1 substrates. 

Accordingly, we found that in loss-of-function experiments leading to S6K and 4E-

BP1 de-phosphorylation, such as serum starvation (Fig.4; Fig.7) or Rheb depletion 

(Fig.10; Fig.12), TFEB phosphorylation was unaffected, suggesting that TFEB 

behaves as a “high quality” substrate. By contrast, however, in several gain-of-

function experiments, such as depletion of TSC2 (Fig.15; Fig.17), Rheb 

overexpression (Fig.14), or expression of contituively active mTOR (Lys/Mit-

Raptor) (Fig.23; Fig.24), TFEB behaved as a “poor quality” substrate, as its 

phosphorylation was impaired despite a higher and constitutive mTORC1 activity 

towards its substrates S6K and 4E-BP1. Together, these data suggest that TFEB 

is neither a “good” nor a “poor” mTORC1 substrate and that substrate “quality” 

cannot explain the different phosphorylation behaviour of TFEB. 

 

Our data suggest that a different substrate recruitment mechanism is responsible 

for the peculiar phosphorylation behaviour of TFEB compared to other mTORC1 

substrates. S6K and 4E-BP1 are known to possess a five amino acid sequence, 

the TOS motif, which is bound by the mTORC1 subunit Raptor and allows 

substrate recognition and recruitment (Schalm and Blenis, 2002; Nojima et al., 

2003; Schalm et al., 2003). A TOS sequence, however, is absent in TFEB and 

other MiT members, which we found to be recruited and phosphorylated by 

mTORC1 via a direct binding with Rag GTPases. Changing the recruitment 

mechanism of TFEB, via the generation of a TFEB chimera containing the TOS 

motif and thus recruited to mTORC1 through Raptor binding instead of Rag 

GTPases, completely changed TFEB phosphorylation behaviour, which became 

sensitive to growth factor availability and Rheb activation, and thus similar to 
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S6K/4EBP1. Altogether our findings indicate that specific substrate recruitment 

mechanisms, which occur via Raptor or Rag GTPase binding, enable mTORC1 to 

selectively phosphorylate its substrates in response to different nutritional inputs. 

Due to the importance of Rheb as an essential mTORC1 activator (Inoki et al., 

2003; Long et al., 2005), an important question that remains unanswered is how 

mTORC1 can be activated in the absence of Rheb. Rheb is known to bind to 

mTORC1 and activate it by causing a conformational change (Yang et al., 2017). 

A possible explanation that reconciles our findings with the current literature is that 

such conformational change induced by Rheb may increase the accessibility of 

specific mTOR substrates, such as S6K and 4EBP1, thus promoting their 

catalysis, whereas it may be dispensable, or even detrimental, for other 

substrates, such as TFEB. Accordingly, we found that Rheb overexpression 

significantly promoted phosphorylation of S6K and 4E-BP1, whereas it did not 

affect, or even impaired, the phosphorylation of TFEB (Fig.14). 

Another hypothesis relies on the possibility that the activity of Rheb on mTORC1 

might not be necessary for substrates concentrated at the lysosome. This 

speculation is supported by the observation that, with the exception of the MiT-

TFE members, attempts to visualize other mTORC1 substrates at the lysosomal 

surface have not been conclusive (Liu and Sabatini, 2020). Furthermore, the 

unique lysosomal localization of TFEB is reasonably related to its striking 

association with Rag GTPases and its fine sensitivity to amino acid levels. Thus, 

one could speculate that Rag GTPases may promote a conformational change 

that promotes TFEB accessibility and phosphorylation of mTORC1 even in the 

absence of Rheb. Future structural studies are required to fully understand these 

points. 
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In addition to expand our knowledge on the mechanism mediating TFEB 

phosphorylation, our data also highlighted a novel role of Rag GTPases as multi-

tasking players in mTORC1 signaling. In addition to the well-characterized role in 

the lysosomal recruitment and activation of mTORC1 (Sancak et al., 2008 and 

2010), our data indicate that Rag GTPases act as substrate-recruitment molecules 

for specific mTORC1 targets, such as TFEB. In addition, we found that the 

nucleotide-bindiong status of the Rag GTPases may act as a switch for the 

selective phosphorylation of specific substrates. 

In particular, we found that TFEB phosphorylation and subcellular localization are 

strongly dependent on the nucleotide-binding state of RagC/D, as a RagA/C dimer 

composed of active RagA and inactive RagC shows impaired TFEB binding (Fig. 

32). Surprisingly, however, the same dimer was still able to promote lysosomal 

recruitment of mTORC1 and induce of S6K and 4E-BP1, thus suggesting that 

activation of RagC is essential for the phosphorylation of TFEB but is only partially 

required for the phosphorylation of “canonical” mTORC1 substrates. These 

findings are in line with recent structural data showing that mTORC1 interaction 

with the RagA-RagC dimer is largely mediated by RAPTOR-RagA binding, 

whereas the nucleotide-binding state of RagC has a lesser contribution towards 

RAPTOR recruitment (Anandapadamanaban et al., 2019; Rogala et al., 2019). 

The evidence shown here that inactive RagC is uncapable of binding TFEB 

provides a mechanism that explains the different phosphorylation behavior 

between TFEB and S6K/4E-BP1. 

Most importantly, our findings provide a key explanation for the mechanism 

underlying BHD syndrome, a complex genetic disorder caused by loss-of-function 

mutations of folliculin (FLCN), an activator of RagC/D (Tsun et al., 2013; Petit et 

al., 2013). BHD syndrome is well-known to be associated with a paradoxical 

hyperactivation of mTORC1 (Baba et al., 2008; Chen et al., 2008), raising the 
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question of how the loss of a positive regulator of mTORC1, FLCN, leads to 

mTORC1 hyperactivity. 

Previous work described an mTORC1-TFEB feedback loop by which TFEB, once 

activated, promotes the expression of RagC/D, thus boosting mTORC1 activity (Di 

Malta., 2017). In addition, results obtained in our laboratory showed that the 

activity of FLCN toward RagC/D is crucial for the mTORC1-mediated 

phosphorylation of TFEB and largely dispensable for the phosphorylation of S6K 

and 4E-BP1 (Napolitano et al., 2020), leading to a constitutive activation of TFEB 

despite a concomitant mTORC1 hyperactivation. These data suggest that the 

increased mTORC1 activity observed in BHD syndrome may be the direct 

consequence of a dys-regulated TFEB activity. Consistent with this hypothesis, 

depletion of TFEB in FLCN-KO mouse kidneys resulted in a significant reduction 

of RagC/D expression, normalized mTORC1 activation and totally rescued the 

disease phenotype (Napolitano et al., 2020), thus pointing to TFEB activation as a 

key driver of the kidney phenotype in BHD patients and as an appealing 

therapeutic target. 

In summary, our data show that a selective modulation of mTORC1 substrates 

enables different metabolic responses and underlies disease conditions, thus 

indicating that targeting a specific regulatory pathway may be relevant to 

therapeutic purposes. 
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MATERIALS AND METHODS 

Materials 

Reagents used in this study were obtained from the following sources: antibodies to RagC 

(cat. no. 3360 - 1:1,000 WB), RagA (cat. no. 4357 - 1:1,000 WB), mTOR (cat. no. 2983 - 

1:1,000 WB/1:100 immunofluorescence (IF)) phospho-p70 S6 kinase (Thr389) (1A5) (cat. 

no. 9206 - 1:1,000 WB), p70 S6 kinase (cat. no. 9202 - 1:1,000 WB), RHEB1 (cat. no. 

13879 - 1:1,000 WB), 4E-BP1 (cat. no. 9644 - 1:1,000 WB), phospho-4E-BP1 (Ser65) 

(cat. no. 9456 - 1:1,000 WB), RPTOR (24C12) (cat. no. 2280 - 1:1,000 WB), human TFEB 

(cat. no. 4240 - 1:1,000 WB/1:100 IF), tuberin/TSC2 (cat. no. 4308 - 1:1,000 WB) were 

from Cell Signaling Technology; antibody to GFP (cat. no. ab13970 1:2,000 WB) was from 

Abcam; antibodies to GAPDH (6C5) (cat. no. sc-32233 - 1:15,000 WB), LAMP1 (H4A3) 

(cat. no. sc-20011 - 1:500 IF) were from Santa Cruz; antibodies to Flag M2 (cat. no. 

F1804 - 1:1,000 WB) was from Sigma Aldrich; antibody to HA.11 epitope tag (cat. no. 

901513 - 1:1,000 WB) was from Biolegend; antibody to mouse TFEB (cat. no. A303-673A 

- 1:1,000 WB)  was from Bethyl laboratories; HRP-conjugated secondary antibodies to 

mouse (cat. no. 401215 - 1:5,000 dilution) and rabbit (cat. no. 401315 - 1:5,000 dilution) 

IgGs were from Calbiochem; donkey anti-rabbit IgG (H+L) Alexa Fluor 488 (cat. no. A-

21206 - 1:500 dilution), Alexa Fluor 568 (cat. no. A-10042 - 1:500 dilution), donkey anti-

mouse IgG (H+L) Alexa Fluor 568 (cat. no. A-10037 - 1:500 dilution), Alexa Fluor 647 (cat. 

no. A-31571 - 1:500 dilution), Alexa Fluor 594 (cat. no. A-21203 - 1:500 dilution), donkey 

anti-goat IgG (H+L) Alexa Fluor 647 (cat. no. A-21447 - 1:500 dilution) were from Thermo 

Fisher Scientific; antibodies to TFEB-pS211 (used at 1:1,000 WB) were custom-generated 

in collaboration with Bethyl Laboratories. 

The chemicals used were torin 1 (cat. no. 4247) from Tocris; protease inhibitor cocktail 

(cat. no. P8340) and puromycin (cat. no. P9620) from Sigma Aldrich; and PhosSTOP 

phosphatase inhibitor cocktail tablets (cat. no. 04906837001) from Roche. 
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Cell cultures 

Cells were cultured in the following media: HeLa in MEM (Cat# ECB2071L, Euroclone); 

HEK 293T, HEK293A and MEFs in DMEM high glucose (Cat# ECM0728L, Euroclone); 

U2OS in McCoy (Cat# 26600, Gibco);  ARPE19 in DMEM-F12 (Cat# 11320033, Thermo 

Fisher Scientific). All media were supplemented with 10% inactivated FBS (Cat# 

ECS0180L, Euroclone), 2 mM glutamine (Cat# ECB3000D, Euroclone), penicillin (100 

IU/mL) and streptomycin (100 μg/mL) (Cat# ECB3001D, Euroclone) and maintained at 

37°C and 5% CO2. Control and RagA/B KO HEK293A cells were kindly provided by Kun-

Liang Guan (University of California, San Diego). HeLa cells stably expressing TFEB-GFP 

were previously described (Settembre et al., 2012). Cell lines stably expressing GFP-

TFEB, GFP-TOS-(Δ30) TFEB and S6K–GFP were generated using the Tol2 system as 

previously described (Kawakami 2007). RagC-KO HeLa cells or HEK293T cells with 

inducible expression of either active or inactive RagC were generated upon transduction 

of these cells with pLVX-TETONE-GFP-RagC-S75L and pLVX-TETONE-GFP-RagC-

Q120L inducible lentiviral plasmids. 

All cell lines were purchased from ATCC, validated by morphological analysis and 

routinely tested for absence of mycoplasma. 

Plasmids 

The plasmid encoding full-length TFEB–GFP has previously been described (Medina et 

al., 2015). pLJM1-Flag-Raptor wt (no. 26633), pLJM1-Flag-Raptor-RHEB15 (no. 26634), 

pRK5-HA GST RagA-WT (no. 19298), pRK5-HA GST RagC-S75L (no. 19305) and pRK5-

HA GST RagC-Q120L (no. 19306) were a kind gift from D. Sabatini (Addgene plasmids). 

pcDNA3-Flag-RHEB (no. 19996) was a gift from F. Tamanoi (Addgene plasmid). pEGFP-

N1-delta30-TFEB was a gift from S. Ferguson (Addgene plasmid no. 44445). pLVX-
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TETONE-GFP-RagC-S75L and pLVX-TETONE-GFP-RagC-Q120L inducible lentiviral 

plasmids were generated by standard cloning using the In-fusion HD cloning kit (no. 

638920, Takara). pRK5-Flag-Raptor-OMP25 (mitochondrially targeted (Mit-)Raptor) and 

pRK5-Myc-RHEB-OMP25 plasmids were a kind gift from R. Zoncu. Tol2 plasmids for 

expression of GFP-TFEB, GFP-TOS (Δ30)TFEB and S6K–GFP were generated by 

standard cloning. GFP-TOS(F5A)– Δ30)TFEB was generated by using QuikChange II-E 

Site-Directed Mutagenesis Kit (no. 200555, Agilent Technologies). 

Derivation of primary MEFs 

Primary MEFs were derived from E13.5 pregnant mice. Embryos were washed in 

phosphate‐buffered saline (PBS) and dissected by removing their placenta, head, limbs 

and gonads, tail and other visceral mass. Cells were then isolated by mechanical activity 

(chopping the tissue into fine pieces) and cultured in DMEM supplemented with 10% 

inactivated FBS, glutamine and antibiotics. 

Cell treatments 

For experiments involving amino acid starvation, cells were rinsed twice with PBS and 

incubated for 60 min (unless stated otherwise) in amino acid-free RPMI (cat. no. R9010-

01, USBiological) or DMEM (cat. no. MBS6120661) supplemented with 10% dialysed 

FBS. Serum was dialysed against 1× PBS through 3,500-molecular weight cut-off dialysis 

tubing to ensure absence of contaminating amino acids. For amino acid refeeding, cells 

were re-stimulated for 30 min with 1× water-solubilized mix of essential (cat. no.11130036, 

Thermo Fisher Scientific) and non-essential (cat. no. 11140035, Thermo Fisher Scientific) 

amino acids resuspended in amino-acid-free RPMI or DMEM supplemented with 10% 

dialysed FBS, plus glutamine. For serum starvation, cells were washed twice with PBS, 
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incubated with culture medium containing 10% dialysed FBS for 16 h, then washed twice 

with PBS and incubated with FBS-free culture medium for the indicated time points. 

Where reported, cells were incubated with 250 nM torin 1 during either starvation or 

restimulation. 

Protein knockdown 

For siRNA-based experiments, cells were transfected using Lipofectamine® RNAiMAX 

Transfection Reagent (#13778, Invitrogen) with the indicated siRNAs and analyzed after 

72 hours unless stated otherwise. The following siRNAs were used: siRNA Rheb1 I 

(#14267), siRNA mTOR I (#6381), siRNA mTOR II (#6556) were from Cell Signaling; 

Human RRAGD siRNA (L-016120-00) and non-targeting siRNA Pool (D-001810-10-05) 

were from Dharmacon.  

Other siRNA: RhebL1 siRNA: GAUAGUGACUCUUGGCAAA, TSC2 siRNA: 

GCUGUUACCUCGACGAGUA, RRAGC siRNA: GUCUGAUGAUCACAAAAUA, 

GGAGCAUUGAUAUACGUCA and CAACUUCCACUGUUUCCGA were synthesized form 

Sigma Aldrich. 

Mammalian lentiviral production and transduction 

Lentiviruses were produced by transfection of HEK293T cells with pLJM1 Flag-Raptor-

Rheb15, pLVX-TETONE-RagC-S75L or pLVX-TETONE-RagC-Q120L constructs in 

combination with the pCMV-VSV-G and pCMV-ΔR8.2 packaging plasmids using 

Lipofectamine 2000 transfection reagent (Invitrogen). Five hours post transfection, 

medium was changed to DMEM supplemented with 10% FBS. Forty-eight hours later, 

virus-containing supernatants were collected, passed through a 0.45 µm filter to eliminate 
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cell debris and used for infection in the presence of 5 µg/ml polybrene (Cat# tr-1003-G, 

EMD Millipore). Twenty-four hours later, cells were selected with puromycin. 

Cell lysis, western blotting and immunoprecipitation  

Cells were rinsed once with PBS and lysed in ice-cold lysis buffer (250 mM NaCl, 1% 

Triton, 25mM Hepes pH 7.4) supplemented with protease and phosphatase inhibitors. 

Total lysates were passed 10 times through a 25-gauge needle with syringe, kept at 4°C 

for 10 min and then cleared by centrifugation in a microcentrifuge (14,000 rpm at 4°C for 

10 min). Protein concentration was measured by Bradford assay. 

For immunoprecipitations, cells grown in 10cm culture dishes were washed twice with cold 

PBS and then incubated with 1mg/mL DSP (dithiobis(succinimidyl propionate)) 

(Cat#22586,  Thermo Fischer Scientific) crosslinker for 7 minutes at room temperature. 

The cross-linking reaction was quenched by adding Tris-HCl (pH 8.5) to a final 

concentration of 100 mM. Cells were rinsed twice with ice cold PBS and lysed with RIPA 

lysis buffer (40 mM Hepes pH 7.4, 2mM EDTA, 1% NP-40, 1% sodium deoxycholate and 

0.1% SDS) supplemented with protease and phosphatase inhibitors. Cell lysates were 

then incubated with anti-GFP trap agarose beads (Cat# gta-20, Chromotek) or M2-Flag 

beads (Sigma)  at 4°C, washed six times, resolved by SDS-polyacrylamide gel 

electrophoresis on 4%–12% Bis-Tris gradient gels (Cat# NP0323PK2 NuPage, Thermo 

Fischer Scientific) and analyzed by immunoblotting with the indicated primary antibodies. 

RNA extraction, reverse transcription and quantitative 
PCR 

Total RNA was extracted from cellular lysates using the RNeasy Mini kit (Cat# 74104, 

Qiagen) according to the manufacturer’s instructions. cDNA was synthesized by reverse 
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transcription of total RNA (500 ng per sample) using QuantiTect Reverse Transcription kit 

(Cat# 205311, Qiagen). The generated cDNA was diluted six-fold and used as a template 

for real-time quantitative PCR, which was performed with the LightCycler 480 SYBR 

Green I mix (Cat# 04 887 352 001, Roche) using the Light Cycler 96 detection system 

(Roche). Melting curve analyses were performed to verify the amplification specificity. The 

housekeeping gene HPRT was used as an internal control to normalize the variability in 

expression levels. Relative quantification of gene expression was performed according to 

the 2 (–ΔΔCT) method. 

Immunofluorescence 

Cells were fixed with 4% parafolmaldehyde (PFA) for 10 minutes at RT. Blocking was 

performed with 3% bovine serum albumin in PBS + 0.02% saponin for 1 hour at RT. For 

endogenous TFEB staining, cells were also permeabilized with 0.1% Triton X-100 for 5 

minutes after PFA fixation and prior to blocking solution incubation to allow visualization of 

the nuclear signal. Immunostainings were performed upon dilution of primary antibodies in 

blocking solution and overnight incubation at 4C, followed by three washes and secondary 

antibody incubation in blocking solution for 1 hour at RT. After additional three washes, 

coverslips were finally mounted in VECTASHIELD® mounting medium with DAPI and 

analysed using LSM 800 (Carl Zeiss), with a Plan-Apochromat 63×/1.4 NA M27 oil 

immersion objective using immersion oil (#518F, Carl Zeiss) at room temperature. The 

microscopes were operated on the ZEN 2013 software platform (Carl Zeiss). After 

calculation of processing for the airyscan, images were processed in ImageJ v.1.47. 

Mander’s colocalization coefficient was calculated using the JACoP ImageJ plugin. 

For analysis of nuclear/cytosolic TFEB ratios, a dedicated script was developed using the 

Columbus software (Perkin-Elmer). The script calculates the ratio value resulting from the 

average intensity of nuclear GFP-TFEB fluorescence divided by the average of the 
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cytosolic intensity of GFP-TFEB fluorescence. P values were calculated on the basis of 

mean values from independent fields. 

Statistical analysis 

Two-way ANOVA and Sidak’s or Dunnett’s post hoc tests were performed when 

comparing differences between groups that have been split on two factors. P < 0.05 was 

considered significant. 
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