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ABSTRACT

The MiT/TFE proteins (MITF, TFE3, TFEB, and TFEC) constitute a family 
of transcription factors that maintain cellular homeostasis by controlling the 
transcription of genes involved in lysosomal biogenesis, autophagy, oxidative 
metabolism, and pigmentation. While significant effort has been placed in 
understanding the downstream function of this family, the upstream regulation 
has only recently become clearer. It was appreciated that the nutrient-sensing 
Rag GTPases-mTORC1 pathway attenuates the activity of this family, but how this 
occurs mechanistically remained unclear. The physiological role of the MiT/TFE 
family is underscored by the fact that numerous human diseases are caused by 
their misregulation. The goal of this minireview is to provide a summary of recent 
findings that have elucidated how this family is regulated upstream and, hence, the 
molecular basis of a rare kidney cancer and neurodevelopmental syndrome caused 
by mutations in TFE3. The information presented here may serve as a framework 
for future studies.

Summary of the nutrient-sensing Rag GTPases-mTORC1 
pathway

Organisms must sense dietary fluctuations to appropriately adapt 
to a changing environment. When nutrients such as amino acids are 
replete, organisms promote anabolism and suppress catabolism. At 
a cellular and molecular level, this is achieved by a master regulator 
called mTORC1, for mechanistic target of rapamycin complex 11,2. When 
active, this protein kinase complex phosphorylates many downstream 
targets, leading to increased protein and nucleotide synthesis, and 
decreased autophagy. The activity of mTORC1 must be tightly controlled 
so the kinase remains active when nutrients are available to support 
anabolism but inactive when nutrients are scarce. mTORC1 is directly 
recruited to the lysosomal surface by the Rag GTPases that are anchored 
to the lysosomal surface by the heteropentameric Ragulator complex3-5. 
The Rag proteins function as obligate heterodimers in which the active 
complex consists of RagA or B bound to GTP, and Rag C or D bound to 
GDP. Once recruited, the mTORC1 kinase is directly activated by another 
lysosome tethered GTPase called Rheb when bound to GTP6-10. The 
presence of amino acids and growth factors respectively maintain the 
Rags proteins and Rheb in the active state, thereby activating mTORC1. 
However, dedicated GTPase-activating proteins (GAPs) are turned on 
during starvation to inactivate mTORC1. For example, during amino 
acid deprivation, the GATOR1 complex negatively regulates mTORC1 
signaling by stimulating the GTPase activity of RagA/B, leading to 
mTORC1 cytosolic redistribution11-13. In contrast, TSC (Tuberous 
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sclerosis complex) negatively regulates mTORC1 signaling 
in the absence of growth factors by stimulating the GTPase 
activity of Rheb6-10. Thus, organisms evolved an elegant 
system centered on lysosome tethered GTPases that 
integrate nutrient and growth factor availability to control 
the master metabolic kinase, mTORC1. 

Overview of the MiT/TFE transcription factors
The purpose of this minireview is to highlight 

recent findings related to a small family of transcription 
factors that lie directly downstream of the Rag GTPases-
mTORC1 pathway. The MiT/TFE proteins (MITF, TFE3, 
TFEB, and TFEC) constitute a family of basic helix-loop-
helix leucine zipper (bHLH-ZIP)-containing proteins 
that function as homo- or hetero-dimers to maintain 
cellular homeostasis14,15. TFE3 and TFEB are master 
regulators of lysosomal biogenesis, promote autophagy 
flux, lipid oxidation, and are involved in a plethora of 
other processes16-19. This is achieved in part by binding 
a modified E-box DNA motif called the CLEAR element 
(Coordinated Lysosomal Expression And Regulation) that 
is enriched in the promoter region of lysosomal membrane 
proteins, lysosomal hydrolases, and autophagy adaptors16. 
In contrast, MITF is a master regulator of the melanocytic 
lineage and regulates melanin production by binding an 
M-box DNA sequence motif enriched in the promoter 
region of pigmentation genes20,21. Much less is known 
about the biological functions of TFEC. These transcription 
factors are generally catabolic in nature; therefore, it is 
important for cells to limit their activity in nutrient replete 
conditions.

Upstream regulation of the MiT/TFE family by the 
Rag GTPases-mTORC1 pathway

In the presence of nutrients, MITF, TFE3, and TFEB 
are heavily phosphorylated by mTORC1 to inhibit 
transcriptional activity22-25. However, unlike canonical 
mTORC1 substrates including 4EBP1 and S6K1, these 
transcription factors are unique because they require 
recruitment to the lysosomal surface where mTORC1 is 
localized for phosphorylation to occur. Current literature 
posited that active Rag GTPases recruit the MiT/TFE family 
to the lysosomal surface, leading to phosphorylation by 
mTORC1 on a conserved serine residue to create a binding 
site for the 14-3-3 chaperone proteins that sequester 
the transcription factors in the cytosol26. How these 
transcription factors are recruited by the Rag GTPases and 
whether additional layers of regulation exist to control 
transcriptional activity remained unclear until recently. 

We found that apart from the 14-3-3 site, an additional 
phosphosite is present in TFE3 and MITF, but not TFEB, to 
suppress transcriptional activity by promoting TFE3 and 
MITF protein degradation27. Specifically, we show that 
TFE3 and MITF are recruited to the lysosomal surface 

by the Rag GTPases, leading to phosphorylation of a 
conserved serine residue (Figure 1). This creates a binding 
site, called a degron, that is captured by the CUL1β-TrCP 
ubiquitin ligase complex for ubiquitination and subsequent 
proteasomal degradation. In the absence of nutrients such 
as amino acids, TFE3 and MITF are not recruited by the Rag 
GTPases and are hypo-phosphorylated, leading to marked 
stabilization, nuclear translocation, and transcription of 
downstream genes. This phospho-degron plays a central 
role in the control of TFE3 and MITF by nutrients because 
de-phosphorylation of the degron serine is necessary and 
partially sufficient to activate TFE3 and MITF. While the 
CUL1β-TrCP and 14-3-3 regulation now appear to be the key 
layers regulating TFE3 and MITF activity, there may exist 
additional phosphosites in TFE3 and MITF that could 
contribute to inactivation. A systematic interrogation of 
TFE3 and MITF phosphosites on transcriptional activity 
is needed to further understand whether other layers of 
regulation may exist. To do this, the Rag GTPases, mTORC1, 
and MiT/TFE transcription factors should be reconstituted 
in vitro from purified proteins and phosphorylation 
monitored by liquid chromatography-mass spectrometry. 
Candidate phosphosites should be tested for their impact 
on transcriptional activity in cells by complementing the 
phosphosite mutants in MiT/TFE knockout cells. 

Recurrent loss of the CUL1β-TrCP degron in oncogenic 
TFE3 genomic translocations

The physiological importance of the MiT/TFE family 
is underscored by the fact that several human diseases 
are caused by their misregulation. For an overview of 
the diseases not discussed in this minireview, please 
see this excellent recent review article28. We focus here 
on two divergent pathologies, a rare kidney cancer and 
neurodevelopmental syndrome, that are caused by 
mutations in TFE3. The TFE3 gene is located on the X 
chromosome and in rare cases, a double strand DNA break 
occurs within fragile sites of TFE3 (less commonly in TFEB 
and MITF) that results in fusion of the broken chromosome 
with other regions of the genome29-31. This translocation 
and fusion event lead to the production of a novel protein, 
where the N-terminus of diverse partners fuses with the 
C-terminal DNA-binding domain of TFE3. These chimeric 
proteins cause translocation renal cell carcinoma (tRCC), a 
rare cancer with an incidence of 1-5% in adult, and more 
than 50% of all kidney cancers in children29. While the 
cellular origin of this disease remains unclear, we found 
that the N-terminal phospho-degron region in TFE3 is 
lost during the translocation event in almost all clinically 
reported tumors27. Thus, these oncogenic TFE3-fusion 
proteins are incredibly stable and escape proteasomal 
degradation. Modeling tRCC at an organismal level is 
warranted to understand the contribution of protein 
stability to oncogenicity, the role of the diverse partner 
genes, and whether a rare cell type exists in the kidney that 
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is transformed by TFE3-fusion proteins, thereby driving 
the disease. It is possible that single cell RNA sequencing 
from biopsies of patient-derived tumors could be useful for 
identifying the putative transformed cell type(s).    

TFE3 missense mutations in a neurodevelopmental 
syndrome  

Beyond cancer, de novo germline missense mutations 
in TFE3 were recently described within a cohort of 
people diagnosed with a severe neurodevelopmental 
syndrome32-34. These people suffer from intellectual 
disability, speech impairment, an inability to walk, 
facial and skeletal abnormalities, metabolic imbalance 
including obesity, and regional skin hyperpigmentation. 
The missense mutations cluster in two adjacent regions of 
TFE3 that are highly conserved between MiT/TFE family 
members and fold into two alpha helices. We showed 
that these adjacent alpha helices are sufficient to confer 
an interaction with the Rag GTPases27. Specifically, the 
second helix forms an extensive interaction interface 
with a region of RagA and most of the disease associated 
residues are at the heart of this RagA-TFE3 interface. The 
remaining mutations that are found in the first helix of 
TFE3 can be explained by a beautiful structure of TFEB 
bound to the Rag GTPases and the disease associated 
residues are in a region that is crucial for interacting with 
RagC35. Therefore, these de novo gain-of-function missense 
mutations found in a neurodevelopmental syndrome 
prevent TFE3 recruitment to the Rag GTPases for 
phosphorylation by mTORC1, leading to a constitutively 
stable and transcriptionally active protein. While the 
molecular and structural basis for this disorder is now 
more clearly understood, the role of constitutively active 
TFE3 during development remains undefined. It was 
suggested that active TFE3 impairs the differentiation of 
mouse embryonic stem cells to neurons32. However, the 
consequence of TFE3 activation during development in 
a model organism is not established and the result of a 
constitutively active TFE3 in a developed nervous system 
is unknown. Future work should focus on modeling the 
TFE3 neurodevelopmental disorder in vivo. 

Targeting mutant TFE3 as a potential therapy
Targeting transcription factors for therapies is 

particularly challenging due to a lack of druggable 
pockets naturally found in many enzymes36. Anti-
sense oligonucleotides have emerged as a promising 
avenue to target undruggable proteins by harnessing 
the power of RNA interference and could be applied 
to oncogenic or constitutively active TFE337. Another 
potential route for targeting the mutant TFE3 that causes 
the neurodevelopmental syndrome is to develop small 
molecules that restore mutant TFE3 ubiquitination by the 
CUL1β-TrCP complex. The pathogenic missense mutations 

that occur in the Rag binding region of TFE3 lead to hypo-
phosphorylation of the β-TrCP degron and a significant 
reduction in the binding affinity between TFE3 and the 
CUL1β-TrCP complex. Molecular glue degraders are small 
molecules that potently increase the binding affinity 
between weak ubiquitin ligase-substrate interactions, 
thereby facilitating the degradation of the substrate38,39. 
A screen to identify small molecules that restore a high 
affinity interaction between mutant TFE3 and β-TrCP 
could be an attractive option. This has been accomplished 
for mutant β-catenin with β-TrCP, and thus the uncovered 
molecules could be repurposed or redesigned to restore 
the mutant TFE3-β-TrCP interaction40. 

Neurological disorders associated with elevated 
mTORC1 signaling

Finally, we would like to conclude this minireview by 
highlighting the fact that elevated mTORC1 signaling has 
been associated with numerous neurodevelopmental 
and neuropsychiatric disorders41,42 (Figure 1). 
Heterozygous germline loss-of-function mutations 
in TSC lead to hyperactive mTORC1, causing cortical 
development malformation and disfunction of neural 
circuits, which contribute directly to severe epilepsy and 
cognitive deficits43. A somatic gain-of-function mutant in 
Rheb is associated with focal cortical dysplasia and in 
mice this Rheb mutant causes seizures44. Heterozygous 
germline loss-of-function mutations in components 
of the GATOR1 or KICSTOR complex, which localizes 
GATOR1 to the lysosomal surface thus also serving as a 
negative regulator of mTORC145, were reported to cause 
familial focal epilepsy and focal cortical dysplasia46-48. 
Gain-of-function mutations in mTOR itself cause 
Smith-Kingsmore syndrome, which is characterized 
by intellectual disability, macrocephaly, seizures, 
autism spectrum, and attention-deficit/hyperactivity 
disorders49. A central theme to the disorders highlighted 
in Figure 1 is that mTORC1 signaling is elevated. 
Interestingly, it was shown that active TFE3 and 
TFEB strongly enhance mTORC1 signaling by directly 
promoting the transcription of RagD50. Perhaps the 
gain-of-function missense mutations in TFE3 that 
cause a neurodevelopmental syndrome may also be 
explained by elevated mTORC1 signaling. It remains 
unclear how hyperactive mTORC1 causes defects in 
neuronal development. Future research should focus 
on investigating the cellular origin of these mTORC1-
related neurological diseases using animal models, 
whether similar type(s) of brain cells are involved across 
diverse mutations that cause diseases, and explore 
the possibility of harnessing gene therapy, anti-sense 
oligonucleotides, or small molecules such as rapamycin 
to treat the symptoms.
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