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Transcription factor EB (TFEB), a member of the MiT/TFE family of basic helix-loop-helix leucine zipper transcription factors, is an
established central regulator of the autophagy/lysosomal-to-nucleus signaling pathway. Originally described as an oncogene, TFEB is
now widely known as a regulator of various processes, such as energy homeostasis, stress response, metabolism, and autophagy-
lysosomal biogenesis because of its extensive involvement in various signaling pathways, such as mTORC1, Wnt, calcium, and AKT
signaling pathways. TFEB is also implicated in various human diseases, such as lysosomal storage disorders, neurodegenerative diseases,
cancers, and metabolic disorders. In this review, we present an overview of the major advances in TFEB research over the past 30 years,
since its description in 1990. This review also discusses the recently discovered regulatory mechanisms of TFEB and their implications
for human diseases. We also summarize the moonlighting functions of TFEB and discuss future research directions and unanswered
questions in the field. Overall, this review provides insight into our understanding of TFEB as a major molecular player in human health,
which will take us one step closer to promoting TFEB from basic research into clinical and regenerative applications.
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FACTS

® TFEB serves as a master regulator of autophagy-lysosomal
biogenesis by promoting the ‘CLEAR’ network.

® TFEB is involved in various signaling pathways, including
mTOR and ERK, and is controlled by various upstream factors,
including nutrient availability and stress.

® Impaired autophagy-lysosomal functions consequent to
defective TFEB are implicated in a plethora of diseases, such
as lysosomal storage disorders, neurodegenerative diseases,
cancers, and metabolic diseases.

® TFEB exerts autophagy-lysosomal independent functions.

® Given the important role of TFEB in human diseases, TFEB is
potentially a novel therapeutic target for clinical and
regenerative applications.

OPEN QUESTIONS

® TFEB: A double-edged sword with therapeutic potential.
Activation of TFEB is beneficial in certain contexts, but may
have negative consequences in others. It is vital to coordinate
TFEB activity carefully. Is TFEB activation more dominant than
its inhibition? How can TFEB modulation be segregated in
specific circumstances?

® Recently, it has become evident that TFEB exerts both
autophagy-lysosomal dependent and independent functions.

Do other crucial non-autophagy-lysosomal biogenesis func-
tions exist and are these favorable for therapeutic applica-
tions?

® Regulation by a single transcription factor, TFEB, is required for
the precise control of physiological functions. How is TFEB
activity controlled at the transcriptional level in a cell type-
specific manner, and does this involve particular transcrip-
tional upstream regulators of TFEB?

INTRODUCTION

Members of the microphthalmia (MiT/TFE) family belong to the basic
group of helix-loop-helix leucine zipper (bHLH-ZIP)-containing
transcription factors. Originally believed to be involved in melanocyte
biology, they have emerged as key players in a myriad of cellular
processes, notably autophagy-lysosomal biogenesis, cellular energy
homeostasis, and metabolic processes, in response to internal and
external stresses. In vertebrates, the MIT/TFE family of transcription
factors is composed of four evolutionarily conserved members:
transcription factor EB (TFEB), microphthalmia-associated transcrip-
tion factor (MITF), TFEC, and TFE3 [1] (Fig. 1A). These bHLH-ZIP
transcription factors share high sequence similarities and activate
target gene expression by binding to DNA through their basic
domain, either in the form of homodimers or heterodimers. Structural
and biochemical data suggest that all members of the MiT/TFE family
share highly conserved functional domains that are required for DNA
binding and homo-heterodimerization across different species,
ranging from Homo sapiens, Danio rerio, and Drosophila melanogaster
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Fig.1 Domain structure of MiT/TFE proteins and their homologs in primitive metazoans. A The MiT/TFE family comprises of four members:

TFEB, MITF, TFE3, and TFEC, all of which share conserved basic helix-loop-helix (bHLH) and leucine zipper (Zip) domains. B Different species
harbor different MiT/TFE members owing to variation in whole-genome duplication. C The CLEAR motif, which can be found in the majority of
autophagy-lysosomal promoters, is recognized by MIT/TFE proteins. Abbreviations for each domain are as follows: activation domain (AD),
glutamine-rich (GIn rich), proline-rich (Pro rich), serine-rich (Ser rich), and proline + arginine (Pro + Arg) domain.

to Caenorhabditis elegans [2] (Fig. 1B). Their functions and regulations
appear to be similar to those of TFEB [3-6]. MiT/TFE transcription
factors are ubiquitously expressed and their expression levels vary
considerably depending on the cell types and tissues. Extensive
analysis of the promoters of numerous autophagy-lysosomal genes
has revealed that MiT/TFE proteins prefer a palindromic ten base pair
motif (GTCACGTGAC), known as the coordinated lysosomal expres-
sion and regulation (CLEAR) element [7, 8] (Fig. 1C).

In this review, we will discuss and provide detailed insights
regarding the past TFEB research over the last 30 years as well as
present and future perspectives.

TFEB

Introduction of TFEB

All MiT/TFE proteins, including TFEB, are evolutionarily conserved,
and their homologs can be found in primitive metazoans [9, 10].
TFEB was first discovered in 1990 during the screening of a
bacteriophage expression library, which uncovered a novel cDNA
in the helix-loop-helix (HLH) family that encoded the TFEB protein
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[11]. While the function of MITF in development (such as
melanosome biogenesis) and eye disorders has been long
recognized, owing to the striking coat color, smaller eyes, and
eye development defects in mice and rats harboring the MITF
mutation [1, 12-14], the function of TFEB remained elusive until
1998, when TFEB knockout (KO) mice were found to show
embryonic lethality consequent of defective placental vasculariza-
tion [15].

TFEB first came into the limelight and garnered public interest
when it was recognized as the master regulator of lysosomal
biogenesis. Systems Biology studies have also led to the identifica-
tion of a gene transcriptional network involved in lysosomal
biogenesis, termed the CLEAR network, with TFEB as the master
regulator. In addition to lysosomal genes, TFEB also links autophagy
to lysosomal biogenesis by regulating the expression of genes
involved in autophagy [16]. Moreover, TFEB regulates lysosomal
exocytosis [17]. Owing to the critical role of TFEB in autophagy-
lysosomal biogenesis, numerous studies have exploited the
benefits of TFEB in promoting cellular clearance in a variety of
cellular and mouse models of human diseases related to the
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Fig. 2 Pathophysiological functions and importance of the TFEB protein. TFEB regulates the lysosomal biogenesis & autophagy pathway,
which is crucial for proper tissue-specific regulation and TFEB-mediated intracellular clearance of toxic protein aggregates (upper panel). The
number of research articles has increased along with the interest in and perceived importance of the TFEB protein (bottom panel).

accumulation of un-degraded substances. Neurodegenerative
diseases such as Alzheimer's disease (AD) [18-20] and Parkinson’s
disease (PD) [21-23], lysosomal storage disorders (LSDs) [17, 24-26],
metabolic diseases [5], and cancers [27] are good examples of
human diseases caused by the accumulation of un-degraded
substances. Figure 2 shows the overall pathophysiological functions
and importance of the TFEB protein, whereas Fig. 3 presents the
timeline of the major key events in TFEB research over the past 30
years.

Molecular mechanisms of TFEB regulation

Cytoplasmic and nuclear shuttling of TFEB. Autophagy is a type of
cellular adaptation to nutrient stress, as it prevents the accumulation

Cell Death & Differentiation (2022) 29:1433 - 1449

of damaged protein aggregates and organelles in the cytosol, while
allowing the recycling of essential cellular building blocks to
generate energy. Therefore, autophagy activation is vital to
preserving homeostasis and is effectively upregulated in response
to stress conditions, such as nutrient starvation, protein misfolding,
long-lived proteins, and organelle damage. Therefore, appropriate
regulation of autophagosome biogenesis and endolysosomal
compartments is necessary. However, the mechanism that globally
governs lysosomal biogenesis remained uncharacterized until the
identification of TFEB as the transcriptional master regulator of
autophagy-lysosomal biogenesis [7, 16].

TFEB, initially primarily localized in the cytoplasm, is relocated
from the cytoplasm to the nucleus in response to nutrient starvation.

SPRINGER NATURE
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Fig. 3 Timeline of the major advances in TFEB research, in the 30 years since discovery. The timeline summarizes 30 years of major
advances and key findings in TFEB research, from 1990 through to 2021.

Re-feeding after starvation restores TFEB re-localization from the which regulate molecules upstream of TFEB, such as mTORC1, could
nucleus within minutes [16, 28, 29]. In vivo studies also showed that also induce its nuclear localization. Even though rapamycin has been
starvation in mice results in TFEB nuclear localization [16, 30]. proposed as an mTORC1 inhibitor, there are several studies that
Treatment with small molecules, such as rapamycin and TorinT, appear to contradict rapamycin-induced TFEB translocation [31, 32].
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Fig. 4 Phosphorylation sites in the TFEB domain structure and their regulatory role. TFEB can be phosphorylated at multiple serine
residues by upstream kinases, such as mTOR, GSK3p, ERK2, AKT, and PKCp. Phosphorylation of TFEB by PKCB promotes TFEB protein
stabilization. Moreover, functional studies show that TFEB localization to the lysosomal membrane is important for its inhibition by mTORC1

complex-mediated phosphorylation.

This is mainly due to the partial inhibition activity of rapamycin on
mTOR, as compared to that of Torin1 [33]. Instead of MTOR,
transient receptor potential channel mucolipin 1 (TRPML1) is
proposed as a new target of rapamycin. Rapamycin specifically
and directly binds to TRPML1, thus activating its calcium ion release
channel. Calcium ions then activates calcineurin, causing TFEB
nuclear translocation, and promoting autophagy-lysosomal gene
expression [32]. In addition, other conditions have also been found
to promote the nuclear localization of TFEB, including endoplasmic
reticulum (ER) stress [34], physical exercise [35], infections [36-38],
mitochondrial damage [39], and inflammation [38].

TFEB signaling
mTOR-dependent/-independent TFEB regulation: TFEB activa-
tion and cellular localization are mainly controlled by protein-
protein interactions and post-translational modifications (PTMs).
Notably, the subcellular localization of TFEB is tightly controlled by
phosphorylation (Fig. 3).

mTOR kinase is a major kinase known to phosphorylate TFEB
and regulate its intracellular localization. In nutrient-rich condi-
tions, for instance, amino stimulation, mTORC1 is recruited to the
lysosomal membrane. Amino acids can freely cross the lysosomal
membrane and accumulate inside the lysosomes. These amino
acids are ‘sensed’ by the lysosomal lumen and signal to the Rag
GTPases through the v-ATPase-Ragulator complex [40]. At the
lysosomal surface, GTP-bound Ras homolog enriched in the brain
(Rheb) promotes the activation of mTORC1 [40-42]. Notably,
active Rag GTPases also bind to TFEB and recruit it to the
lysosomal surface [43], where it is phosphorylated by the mTORC1
complex [28, 29, 31, 44] (Fig. 5) at several serine(S) residues: S122,
S$142, and S211. However, mTORC1-mediated phosphorylation of
TFEB at S211 induces TFEB cytoplasmic retention, through binding
to the cytosolic chaperone protein 14-3-3 [28, 29, 31, 44] (Fig. 4).
S142 TFEB phosphorylation is mediated not only by mTORC1 but
also by extracellular signal-regulated kinase 2 (ERK2) [16, 31].
Recently, STIP1 homology and U-Box containing protein 1 (STUB1),
a chaperone-dependent E3 ubiquitin ligase, was found to
modulate TFEB activity by targeting phosphorylated TFEB (S142
and S211) for ubiquitin-mediated proteasomal degradation [45].
This suggests that both TFEB intracellular localization and stability
are dependent on its phosphorylation status [45] (Fig. 5).

Mitophagy is a process by which damaged mitochondria are
degraded through autophagy. Mitochondrial damage induces

Cell Death & Differentiation (2022) 29:1433 - 1449

phosphatase and tensin homolog (PTEN)-induced putative kinase
1 (PINK1) to recruit Parkin, an E3 ligase, to the outer membrane of
mitochondria. Parkin ubiquitinates mitochondrial proteins, and
the malfunctioning and damaged mitochondria are then delivered
to the autophagosome for subsequent destruction [46]. However,
mitochondrial stress can activate TFEB in an mTOR-independent
manner. Induction of mitophagy by either oligomycin or anti-
mycin A results in TFEB nuclear localization in a PINK1- and Parkin-
dependent manner. In addition, Parkin-mediated nuclear localiza-
tion of TFEB upon mitophagy induction is regulated downstream
of autophagy-related gene 5 (ATG5). ATG5 KO largely blocked
TFEB nuclear localization in Parkin-overexpressing cells (Fig. 6)
[39]. TFEB also regulates cellular lipid metabolism via a starvation-
induced regulatory loop. Notably, liver-specific deletion of TFEB
and rescue experiments in the liver revealed that TFEB plays a key
role in regulating liver lipid metabolism [5]. TFEB induces the
expression of peroxisome proliferator-activated receptor alpha
(PPARa) and its co-activator, peroxisome proliferator-activated
receptor gamma co-activator 1-alpha (PGC1a), a known central
regulator of mitochondrial biogenesis and fatty acid oxidation
(Figs. 5 and 6).

Recently, it has been uncovered that Yes-associated protein
(YAP)/TFEB signaling is responsible for the autophagic cell death
and development of cardiomyopathy in LSDs [47]. YAP, which is
an oncogene, physically interacts with TFEB to promote excessive
accumulation of autophagosomes in a mouse model of LSD with
cardiomyopathy. Conditional KO of Rag A/B induces nuclear
accumulation of YAP in the mouse hearts. Nuclear endogenous
YAP physically interacts with TFEB to promote the transcription of
TFEB target genes, which are involved in autophagosome
formation. This causes the accumulation of undigested autopha-
gosomes, resulting in hypertrophic cardiomyopathy in LSDs [47].

Upstream regulators of TFEB:  After activation of PKCP, one of the
numerous PKC isoforms, by receptor activator of nuclear factor kB
ligand (RANKL), PKCB phosphorylates multiple serine residues
(5462, S463, S467, and S469) located in C-terminal region of the
TFEB protein, which resulted in increased TFEB nuclear localization
[48, 49] (Fig. 7). In turn, the PKC isoforms PKCa and PKCS inhibit
the phosphorylation of TFEB by GSK3, to induce TFEB activation
and nuclear translocation [50] (Fig. 5).

ERK2, a master regulator of cellular growth, is also the main
protein kinase that phosphorylates TFEB in nutrient-rich

SPRINGER NATURE
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Fig. 5 Schematic model of TFEB upstream regulation by mTORC1. In nutrient-rich conditions, for instance, amino stimulation, mTORC1 is
recruited to the lysosomal membrane. Amino acids can freely cross the lysosomal membrane and accumulate inside the lysosomes. These
amino acids are ‘sensed’ by the lysosomal lumen and signal to the Rag GTPases through the v-ATPase-Ragulator complex. Activated Rag
GTPases recruit both TFEB and mTORC1 to the lysosomal membrane. Rheb promotes the activation of membrane-localized mTORC1. Active
mTORC1 phosphorylates TFEB, thus causing its inactivation and inhibiting its nuclear translocation. In addition, TFEB can also be
phosphorylated by ERK2, AKT, and GSK3p. Phosphorylated TFEB is recognized by STUB1, an E3-ligase, which then targets TFEB for proteasomal
degradation. However, in nutrient- deprived conditions, TFEB becomes active and free from phosphorylation. Active TFEB then translocates to
the nucleus, binds to the CLEAR motif, and increases the expression of genes involved in autophagy/lysosomal biogenesis. TFEB also binds to
its own promoters and upregulates its expression through a self-regulatory feedback loop. TFEB is responsible for the transcriptional
activation of PGC1a, the co-activator of the nuclear receptor peroxisome proliferator-activated receptor a (PPARx) and a key regulator of lipid
metabolism and mitochondrial biogenesis.

conditions in most cell types [16, 28, 29, 31]. Similar to mTORC1,
ERK2 also localizes to subcellular compartments, including the
lysosome surface [51]. Phosphorylation of TFEB by ERK2 at S142
promotes TFEB cytosolic retention, whereas inhibition of ERK2,
either through its depletion or inhibitor treatment, promotes
nuclear localization of TFEB [16] (Fig. 5).

SPRINGER NATURE

The results of in vitro kinase assays and mutation of
modification sites indicate that TFEB can also be phosphorylated
by GSK3p at S134 and 5138, leading to cytoplasmic retention [50]
(Figs. 4 and 5). TFEB phosphorylation at these sites appears to
direct it to the lysosomal surface, where it interacts with mTORC1.
Double mutation of S134 and S138 to alanine not only decreases

Cell Death & Differentiation (2022) 29:1433 - 1449
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Fig. 6 Regulation of PINK1/Parkin-mediated mitophagy by TFEB. In the case of mitochondria damage and loss of membrane potential,
PINK1 is recruited to the OMM and activated through auto-phosphorylation. PINK1 triggers mitophagy initiation by phosphorylating the
ubiquitin attached to the damaged and misfolded OMM proteins. Simultaneously, PINK1 also phosphorylates Parkin, an E3 ligase, causing its
activation. Activated Parkin further amplifies the signal by further ubiquitinating misfolded OMM proteins. In addition, phosphorylated
ubiquitin also recruits autophagy receptors (blue) to induce autophagosome formation, for degradation of damaged mitochondria. This
process requires the transcriptional activity of nuclear TFEB to induce the expression of genes involved in autophagy biogenesis. Additionally,
ATGS5 activates TFEB via an unknown mechanism, while TFEB nuclear localization is Parkin-dependent. TFEB also induces the expression of

PGC1a, a master regulator of mitochondrial biogenesis.

TFEB lysosomal localization, but also reduces its interaction with
14-3-3 chaperone proteins, thus promoting TFEB nuclear
localization.

Akt phosphorylates TFEB at S467 and inhibits its nuclear
translocation [52] (Figs. 4 and 5). Consistent with this, treatment
with an Akt inhibitor induces TFEB nuclear localization. Mutation
of the Akt phosphorylation site S467 to alanine induces TFEB
nuclear translocation under nutrient-rich conditions, with this
effect appearing to be independent of mTOR-dependent TFEB
phosphorylation. Thus, it will be crucial to parse out the individual
contributions of each of the multiple phosphorylation sites in the

Cell Death & Differentiation (2022) 29:1433 - 1449

serine-rich region of TFEB, to obtain a more complete under-
standing of TFEB regulation.

According to the TFEB nuclear translocation model, TFEB needs
to undergo dephosphorylation to be active. Calcineurin is a serine/
threonine phosphatase that connects calcium signaling and the
phosphorylation states of numerous substrates, such as transcrip-
tion factors and proteins associated with mitochondria and
microtubules. Calcineurin is usually activated by an increase in
intracellular calcium concentrations [53, 54]. Under nutrient
deprived conditions, calcium is released from the lysosomes
through mucolipin 1 (MCOLNT1), to induce the activation of

SPRINGER NATURE
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Fig. 7 Schematic model of the upstream regulators of TFEB. In starvation conditions, calcium is released from lysosomes through the
mucolipin 1 (MCOLN1) channel protein. Calcium ions induce the activation of calcineurin, a phosphatase, resulting in TFEB
dephosphorylation. Dephosphorylated TFEB detaches from the 14-3-3 chaperone proteins and enters the nucleus to induce autophagy-
lysosomal biogenesis. PKCf activation is mediated by RANKL. The active PKCB phosphorylates multiple serine residues in the C-terminal
region of the TFEB protein. Such phosphorylation leads to TFEB nuclear translocation, inducing lysosomal biogenesis and secretion of
lysosomal hydrolases in osteoclasts. In the Wnt ON condition, TFEB undergoes the PARsylation post-translational modification. The PARsylated
TFEB translocates to the nucleus to form a transcription factor complex with $-catenin-TCF/LEF1. This complex regulates a subset of genes

that are distinct from the canonical p-catenin target genes, known as Wnt/TFEB target genes.

calcineurin, which then dephosphorylates TFEB at phosphorylated
serine residues. Dephosphorylated TFEB, i.e, the active form,
enters the nucleus and induces autophagy-lysosomal biogenesis
[55] (Fig. 7). A schematic of TFEB signaling is presented in Figs. 5, 6,
and 7.

Folliculin (FLCN), a well-known tumor suppressor gene for Birt-
Hogg-Dubé (BHD) syndrome, is an emerging mechanism of TFEB
control [56, 57]. FLCN was first identified as the gene responsible
for BHD syndrome, which affects the skin, kidneys, and lungs [57].
FLCN often forms a complex with folliculin-interacting proteins 1

SPRINGER NATURE

and 2 (FNIP1/2) and this FLCN/FNIP complex acts as a GTPase-
activating protein (GAP) for Rag GTPases (Rag A, Rag B, Rag C, and
Rag D), which are small GTPases [42]. RagGTPase complex is
composed of a formation of two pairs, Rag A/B with Rag C/D. In
the inactive state, Rag A/B bind to GDP and Rag C/D bind to GTP.
However upon activation, for instance by amino acid-stimulation
or growth factors, the FLCN/FNIP complex elicits its GAP activity
toward Rag C/D, resulting in Rag C/D binding to GDP and Rag A/B
binding to GTP, thus activating Rags [42]. FLCN is required for the
recruitment of mTORC1 to the lysosomal membrane and its

Cell Death & Differentiation (2022) 29:1433 - 1449



subsequent activation by the Rheb protein. Active mTORC1 then
phosphorylates and inactivates TFEB, thus inhibiting its nuclear
localization [58-61].

Exogenous and endogenous factors such as drugs, pathogens,
crystals, and silicas can induce lysosomal membrane permeabili-
zation (LMP)/rupture. Recently, TFEB has been proposed as a key
mediator for lysosomal homeostasis after lysosomal damage [62].
TFEB is activated during lysosomal damage and its activation is
dependent on LC3 lipidation, which is mediated by the ATG
conjugation system. During lysosomal damage, LC3 is recruited to
the lysosomal surface and undergoes lipidation. Lipidated LC3
interacts with TRPML1, which is a calcium channel, triggering large
amount of calcium efflux essential for TFEB activation. Moreover,
cells lacking autophagy initiation factors such ATG3, ATG7, and
ATGS5 and LC3 lipidation factors (LC3A, LC3B, LC3C, and GABARAP)
show TFEB inactivation during lysosomal damage [62]. TFEB
activation by lipidated LC3 is essential to prevent the progression
of lysosomal damage.

Acetylation is a key PTM that acts by controlling protein
properties such as stability, solubility, enzymatic function, and
subcellular localization [63]. Lysine acetyltransferases (KATs), such
as ETA binding protein p300 (also known as KAT3B) encoded by
the EP300 gene, acetylate proteins at the e-amino group of lysine
residues [64]. p300 is mainly localized in the nucleus, but can be
moved to the cytoplasm depending on intracellular signaling.
p300 appears to acetylate many ATG proteins that control
autophagy at multiple levels. p300 knockdown can induce
autophagy, whereas its overexpression inhibits autophagy [64].
Activated mTORC1 interacts with p300 and phosphorylates it,
resulting in its activation. As a result, starvation-induced autop-
hagy is inhibited, while lipogenesis is promoted [65]. Interestingly,
p300 promotes TFEB acetylation [66-68], suggesting that the
mTOR pathway modulates p300 activity to control TFEB sub-
cellular localization.

TFEB in disease

Lysosomal storage disorders. LSDs are usually caused by defects
in genes encoding enzymes that are involved in various aspects of
lysosomal homeostasis and are responsible for the degradation of
macromolecules [69]. The molecular mechanisms by which TFEB
affects LSDs, such as multiple sulfatase deficiency (MSD), Pompe
disease, and Batten disease are discussed in the following section.

MSD is caused by mutation of the sulfatase-modifying factor-1
gene (SUMFT1) [70, 71]. SUMF1 post-translationally modifies the
catalytic site of sulfatases, which is essential for activation of
sulfatases. Deficiency of active SUMF1 leads to the simultaneous
loss of function of 17 sulfatases, most of which are lysosomal [72].
The main feature of MSD is the accumulation of un-degraded
sulfated glycosaminoglycans (GAGs), which subsequently cause
neurodegeneration in humans. Systemic adenovirus-mediated
overexpression of TFEB in adult MSD mice resulted in reduction
of GAGs in the liver and skeletal muscles, tissue inflammation, and
cell death [17]. TFEB-induced GAG clearance involves lysosomal
exocytosis [17].

Pompe disease is caused by deficiency of the lysosomal enzyme
acid a-glucosidase (GAA; acid maltase), which catabolizes glyco-
gen to glucose in acidic lysosomes. The near-complete lack of GAA
activity results in the accumulation of glycogen, enlargement of
lysosomes, and presence of aberrant autophagic debris in skeletal
muscle fibers. The disease symptoms include muscle weakness,
feeding difficulties, hypertrophic cardiomyopathy, and respiratory
infections [73]. The pathogenesis of muscle damage in Pompe
disease has been studied using a GAA KO mouse model (GFP-LC3:
GAA~7) [25]. Adenovirus-mediated overexpression of TFEB in
Pompe muscle reduced autophagic build-up and cleared the load
of glycogen [25]. In addition, TFEB treatment stimulated an
increase in lysosomal number; moreover, a glycogen clearance
effect was mainly mediated by lysosomal exocytosis.
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Batten disease is a disorder comprising a family of 13 fatal
diseases that constitute inherited neurodegenerative disorders of
genetically distinct origins. Each of the 13 diseases is abbreviated
as CLN succeeded by a numeral. At the cellular level, neuronal
accumulation of autofluorescent ceroid lipopigments is observed
in patients with Batten disease [74, 75]. However, the biochemical
function of CLN3 remains unknown. Increasing endogenous TFEB
levels by oral administration of trehalose to CIn32®"/% mice, a well-
recognized model of Batten disease, showed therapeutic benefits
[52]. Trehalose treatment also cleared the electron-dense material
typical of Batten pathology in cortical neurons. Biochemically,
trehalose caused Akt inhibition, thereby enhancing TFEB nuclear
translocation independently of mTORC1. Nevertheless, the
mechanism underlying how TFEB activation reduces the lysosomal
storage of ceroid lipopigment in CLN3 KO neurons and the
biochemical connection between CLN3 and the accumulation of
ceroid lipopigment requires further study.

Neurodegenerative diseases. AD is an age-associated neurode-
generative disease characterized by pathological hallmarks of
extracellular AB plaques and intracellular Tau tangles [76]. Results
from a comprehensive study of the autophagic process from the
initial to late stages of AD in the human hippocampus suggested
that autophagy is upregulated throughout the AD process.
Notably, higher activation of TFEB was observed in glia than in
neurons [77]. However, several studies have also reported reduced
TFEB activity in AD. The microRNA (miR)-128 targets TFEB mRNA,
and thus, reduces its expression [7]. Patients with AD exhibit
increased hippocampal expression of miR-128 [78], which
decreases TFEB expression and AR clearance [79]. A separate
relationship between TFEB function and AD pathology was
suggested by results showing that PSEN deficiency inhibits the
activation of TFEB. Consistent with this, neuron-specific TFEB
deletion resulted in AR and p-Tau accumulation in the mouse
brain [80]. Another group also reported that TFEB overexpression
markedly reduced paired-helical filament Tau levels in the P301S
tauopathy model mice [81]. The TFEB signaling mechanisms in AD
are summarized in Table 1.

PD is caused by the neurodegeneration of dopamine neurons in
the substantia nigra, and is characterized by the accumulation of
Lewy bodies [82]. PD-associated molecules, such as a-synuclein
(A53T and A30P mutants), Parkin, and PINK1 have been reported
to regulate autophagy pathway [82]. Postmortem examination of
brain samples from patients with PD showed accumulation of
autophagosomes (AP) accompanied by autophagic cell death in
dopaminergic neurons [83]. TFEB is excluded from the nucleus of
dopaminergic neurons in patients with PD [22]. Genetic activation
of lysosomal biogenesis through TFEB overexpression inhibits
lysosomal depletion and reverses induced cell death.

Phosphorylation of TFEB increases the association of TFEB with
YWHA/14-3-3 proteins, leading to cytosolic retention of TFEB [29].
Moreover, Decressac et al. showed that both a-synuclein and 14-3-
3 interacted with TFEB in a-synuclein-overexpressing midbrain
tissue [22]. a-Synuclein overexpression leads to the cytoplasmic
retention of TFEB, inhibiting the autophagy-lysosomal pathway
and, thereby, its own clearance. Notably, TFEB is also involved in a
positive transcriptional feedback loop with PGCla, as PARIS
(parkin interacting substrate)-mediated suppression of PGC1a also
reduces the expression of TFEB [84]. The TFEB signaling
mechanisms in PD are summarized in Table 2.

HD is an autosomal-dominant neurodegenerative disease
caused by abnormal expansion of cytosine-adenine-guanine
(CAG) repeats in the huntingtin (HTT) gene [85]. The beneficial
effects of TFEB have been demonstrated in in vitro models of HD.
TFEB overexpression has been shown to reduce the accumulation
of polyglutamine (polyQ)-expanded HTT in the rat HD43 striatal
cell model [7]. A follow-up study revealed that PGC-1a is a
regulator of TFEB in the clearance of mutant HTT aggregates [84].
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Table 1.

TFEB Signaling mechanism

Reduced TFEB expression resulted in lysosomal
deficits

Selective nuclear TFEB exclusion

TFEB is retained in cytosol hence lysosomal
activity is reduced in AD patient fibroblasts &
iPSC-derived human

APOE ¢4 may compete with TFEB for binding to
CLEAR elements in the lysosomal gene
promoters & inhibition of the CLEAR

network genes

Increased TFEB expression

TFEB levels are unchanged however,
upregulation of a subset of CLEAR
network genes

Transcriptome upregulation of TFEB targets
Enhanced levels of TFEB and TFE3 resulted in
elevated expression of autophagy target genes

GSK inhibitor VIII induces TFEB nuclear
translocation

CNS delivery of TFEB selectively cleared p-Tau
species

Neuron specific TFEB overexpression resulted in
decline of toxic p-Tau & lipofuscin levels in the
cortex and hippocampus

Astrocyte-specific delivery of TFEB promoted Ap
uptake & clearance

TFEB relevant studies in Alzheimer’s disease.

Tissue

AD patient lymphocytes and
monocytes

AD patient brain samples

Double presenilin KO cells, AD
patient fibroblasts & iPSC-derived
human AD neurons

APOE £4/¢4 AD patients.

AD patient fibroblasts carrying the
familial presenilin-1 A246E mutation

presenilin-1 conditional KO mice
5x-FAD mice

Hippocampus of AD subjects
reduced APP levels in vitro

rTg4510 mouse tauopathy model

P301S tauopathy mouse model

hippocampus of of APP/PS1
transgenic mice

ex vivo brain slices of APP/PS1 mice

SIRT1 causes the deacetylation of TFEB increased
lysosomal biogenesis & microglial degradation
of fibrillary Af

GCN5 causes TFEB acetylation leading to
inhibition of autophagy and lysosome
biogenesis

Curcumin analog C1 activated TFEB, increased
autophagy and lysosomal activity

Increased PGC-1a induced the expression of TFEB, which cleared
the mutant HTT protein aggregates and restored mitochondrial
function [84]. Moreover, exogenous expression of TFEB in the
striatum of zQ175 HD-mutant mice induced autophagy and
lysosome activity as well as efficient clearance of mutant HTT
protein aggregates [86]. The TFEB signaling mechanisms in HD are
summarized in Table 2.

Cancer. Based on emerging evidence, it is believed that cancer
cells exploit TFEB-mediated transcriptional activation of
autophagy-lysosomal biogenesis (ALB) for their oncogenic survival
[87]. Chromosomal translocations involving the MIT/TFE family,
resulting in TFEB, and TFE3 gene fusion, cause a particular type of
renal cell carcinoma (RCC), referred to as translocation RCC. TFE3,
and less frequently TFEB gene fusions, consistently preserve the
TFEB/TFE3 open reading frame and DNA binding domains [88]. The
TFEB and TFE3 chromosomal translocations have also been
reported in pediatric renal carcinoma [88-90] and alveolar soft
part sarcoma [91].

The TFEB fusion partner MALATT has also been implicated in a
subset of pediatric renal neoplasms. 6p21/11q13 chromosomal
translocation, an extremely rare phenomenon, results in the fusion
of the regulatory region of the non-coding MALATT gene with the
coding region of the TFEB gene (MALATI-TFEB) [88, 92]. Augmen-
tation of the intrinsic pro-oncogenic potential of TFEB is a major
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hTau Drosophila model

5XFAD, P301S and 3xTg-AD mice

Phenotype Reference
[79]

Negative correlation between [129]

pathology & nuclear TFEB levels
[80]
[130]
[131]
[132]
[133]
[771
[134]

Rescue of behavioral phenotypes, [18]

synaptic deficits, &

neurodegeneration

Improved performance in memory & [81]

learning tests

Reduced Ap levels & hippocampal [19]

plaque load

Reduction of amyloid plaque [135]

hTau aggregates & neurotoxicity [136]

Improved synaptic & cognitive [137]

function

consequence of gene fusion, as the TFEB oncogene becomes
highly expressed, owing to the introduction of a new active
promoter [93]. Moreover, renal cancer may also be induced
through TFEB amplification. In particular, a group of aggressive
RCCs that share morphological features exhibits genomic ampli-
fication in the 6p21.1 region, which includes the proximal TFEB
and VEGFA genes that are thereby co-amplified [94]. In addition,
kidney-specific TFEB overexpression in transgenic mice caused
renal clear cells, severe cystic pathology, renal cysts, and papillary
carcinomas with liver metastases [95].

Altered TFEB expression is also associated with pancreatic
ductal adenocarcinoma (PDAC) tumorigenesis and pancreatic
cancer cell proliferation [87, 96]. MITF, TFE3, and TFEB remain
constitutively active and are localized in the nucleus of PDAC cells
regardless of nutrient status, owing to their interaction with the
nucleocytoplasmic transporters importin 8 (IPO8) and importin 7
(IPO7), as suggested by the decreased nuclear levels of these
proteins in PDAC cell lines with IPO7 and IPO8 knockdown [87].
Nuclear localization of TFEB in primary PDAC cell lines was also
observed under starvation conditions [97].

TFEB depletion has been associated with reduced migratory
and invasive phenotypes of oral squamous cell carcinoma (OSCC)
and non-small cell lung cancer (NSCLC) cell lines, suggesting that
it may regulate cellular migration [98, 99]. Tumors with high TFEB
expression and ALB display greater regrowth capability and
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metastasis [98]. In another study, p53, a tumor suppressor, was
found to regulate the TFEB-dependent autophagy-lysosomal
pathway in lung cancer cells (Table 3). Specifically, p53 inhibition
increased TFEB nuclear translocation and TFEB-mediated autop-
hagic activity [100].

BHD is an inherited disorder caused by loss-of-function
mutations in the mTORC1 regulator, FLCN, that is defined by
kidney cancer [101]. Recently, Ballabio and colleagues reported
that TFEB overexpression in humans and mice induced kidney
cysts and renal cancer, and this phenotype is markedly identical to
that caused by the loss of FLCN expression [102]. This implied that
TFEB activation is a key driver of the renal phenotype and mTORC1
hyperactivity is associated with BHD syndrome. In the normal
condition, amino-acid-mediated activation of RagC and RagD
GTPases induces the phosphorylation of S6K, 4E-BP1, and TFEB and
inhibits nuclear translocation. FLCN is a positive regulator of RagC/
D, which is critical for mTORC1-mediated phosphorylation of TFEB.
In BHD syndrome, depletion of FLCN function leads to the nuclear
localization of TFEB and hyperactivation of mTORC1 [102].

Reference
[97]

[97]

[98]

[100]

[145]

[146]

[99]

[147]

Tissue-specific function

TFEB functions in liver lipid metabolism: Lipophagy is a selective
autophagy process where the lipid droplets accumulated in the
cytoplasm are shuttled to the lysosome to be degraded by acid
lipase, thus generating free fatty acids and free cholesterol [103].
The redistribution and recycle process of intracytoplasmic lipid
droplets via lipophagy is essential for the maintenance of cellular
lipid homeostasis.

Pioneer work by Settembre et al. showed that in starvation,
TFEB is upregulated through a self-regulatory feedback loop [5].
TFEB is also responsible for the transcriptional activation of PGC1q,
a co-activator of the nuclear PPARa and main cellular regulator of
lipid degradation [5]. TFEB-mediated stimulation of the PGCla-
PPARa program induces genes essential for free fatty acid
oxidation in the mitochondria and peroxisomes. The free fatty
acids released from the lysosome are broken down by enzymes in
the peroxisomes and mitochondria, to generate ATP [5]. Livers
from HFD-fed TFEB-injected mice showed decreased lipid content,
and normal weight, indicating that TFEB overexpression amelio-
rated the deleterious effects of the HFD by accelerating lipid
breakdown [5]. Notably, when C. elegans are exposed to
starvation, TFEB (HLH-30) replaces the repressor Max-like 3
(MXL-3) and increases lysosomal lipase expression [4].

TFEB is enriched in the promoter of the cholesterol 7a-
hydroxylase (CYP7AT1) gene in human and mouse hepatocytes.
As a result, TFEB induces hepatic bile acid synthesis, leading to the
inhibition of cholesterol accumulation and metabolic disorders in
Western diet-fed mice [104]. Moreover, TFEB activation was
induced in diet-induced atherogenesis modeled using APOE KO
mice with myeloid cell-specific sorting nexin 10 (SNX10)
deficiency, which caused the promotion of lysosomal acid lipase
and mitochondrial fatty acid oxidation [105]. Recently, Lee et al.
found that TFEB is also induced by organelle stress. Deficient
accumulation of the lysosomal digestion fragment, lipofuscin, in
adipose tissue macrophages (ATMs) of obese mice or humans
caused the activation of TFEB, indicative of obesity-dependent
lysosomal stress in ATMs [106].

Recently, it has been discovered that the fasting-induced
hormone Fgf21-TFEB axis integrates extracellular hormonal
signaling and lysosome homeostasis to orchestrate lipid metabo-
lism during fasting [30]. Fgf21 depletion inhibits hepatic lysosomal
function and enhances lipid accumulation in the liver tissue, by
blocking TFEB nuclear shuttling. This results in the suppression of
TFEB target genes involved in lipid metabolism, which include
lipid oxidation and intracellular lipid degradation [30].

TFEB expression correlated with rapid progression,
deep mucosal infiltration, lymphatic propagation, &
aggressive clinical aspects of CRC

Enhanced metastatic and regrowth capability
GDC-0941 causes apoptosis in glioblastoma cells
TFEB induces OSCC progression and metastasis

Phenotype

Glioblastoma US7MG &

T98G cell lines
CRC cell lines (HCT-116

Lung cancer cell lines
Human OSCC cell lines
& LoVo)

Primary PDAC cell lines
(A549 & H1299)

Tissue

Human PDAC samples
NSCLC samples
T1-stage samples

TFEB levels are associated with LAMP2A, CTSD, LC3A,
and HIF2-a expression

PI3K inhibitor GDC-0941, increased the expression of
TFEB via inhibition of mTORC1 and stimulates

lysosomal expansion and maturation
aggressiveness, but elevated the adhesion ability of

Inhibition of p53 increased TFEB nuclear transport
0OSCC cell lines

TFEB levels are negatively correlated to KRAS

TFEB overexpression induced lysosomal biogenesis
and p53 controlled autophagy-lysosome pathway
by TFEB

expression
TFEB controls autophagy by enhancing Beclin1

TFEB depletion reduced the invasiveness and
transcription

Overexpression of TFEB in PDAC

TFEB Signaling mechanism

TFEB relevant studies in cancer.
NSCLC non-small cell lung carcinoma, PDAC pancreatic ductal adenocarcinoma.

Disease

Pancreatic cancer

Lung cancer

Breast cancer
Glioblastoma

Oral squamous cell
carcinomas (OSCC)
Colorectal cancer (CRC)

TFEB in skeletal muscle function: The AMPK-PGCla pathway is
known to coordinate contraction-mediated adaptive responses;

Table 3.
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however, TFEB has emerged as a novel metabolic coordinator
[107]. Using TFEB muscle-specific gain-and loss-of-function
approaches, Mansueto et al. found that TFEB is a key mediator
of metabolic flexibility in the muscle during exercise [35]. During
exercise, TFEB translocate into the nucleus and increases the
expression of genes related to glucose metabolism and mitochon-
drial homeostasis, which are necessary for muscle function and
endurance. Whether TFEB levels are reduced in patients with
metabolic disorders should also be evaluated.

The recent identification of FGF/TFEB/FAM134B signaling event
represents the first study that implicates the role of TFEB in ER-
phagy and its physiological relevance during skeletal develop-
ment in vivo [108]. Nuclear TFEB enhances the transcription of
lysosomal genes and FAM134B, an ER-phagy receptor and newly
identified target gene of TFEB.

ROLE OF TFEB IN THE CENTRALITY AND DYNAMICS OF
LYSOSOMES

TFEB in autophagic fluxes, lysosomal exocytosis, and
lysosomal positioning

With respect to intracellular lysosome pool, it has been proposed
that aberrant activation of TFEB increases the lysosome pool to
the proximity of the plasma membrane and promotes lysosome
docking and fusion with the plasma membrane [17].

By transcriptionally regulating the genes involved in both
autophagy and lysosomal biogenesis, TFEB mediates the autop-
hagy/lysosomal-mediated degradation pathway which includes
autophagosome and autolysosome formation. In addition,
serine-threonine kinase RIP1 (RIPK1), a regulator of cell survival
and cell death, negatively regulates autophagic flux via TFEB, to
control sensitivity to cell death [109]. TFEB also transcriptionally
regulates lysosomal exocytosis [17]. TFEB overexpression
enhances trafficking and plasma membrane proximity of lyso-
somes. TFEB triggers Ca”>" elevation through activating its target
gene, MCOLN1. Activation of MCOLN1 increases the lysosome
pools/population in the proximity of the plasma membrane [17].

Recently, it has been found that lysosomal positioning may
influence lysosomal functions and this is mediated by the TFEB/
TMEMS55B/JIP4 pathway, which coordinates lysosome movement
in response to stress conditions [110]. In brief, TFEB dynamically
modulates the lysosomal positioning in response to nutrient
deprivation, by directly regulating the expression of levels of
TMEM55B, which in turn recruits JIP4 to the lysosomes [110].

TFEB in autophagy and lysosome-dependent cell death
(LDCD)

Cell death mediated by components of autophagy machinery is
termed as autophagy-dependent cell death (ADCD) [111-113].
The activation of TFEB shows anticancer effects by induction of
ADCD in proliferating cells of melanoma and multiple myeloma
[114, 115]. Reduction of NAD™ intracellular stores enhances ADCD
in multiple myeloma cells, by promoting nuclear translocation of
TFEB and transcription of autophagy-related genes [114]. Mam-
malian metabolite, Dendrogenin A, binds to ligand-dependent
transcription factor, NR1H2, to induce TFEB gene expression,
which further activates ADCD and shows anticancer effects in
mice [115]. In the nucleus, YAP interacts with TFEB and promotes
ADCD, leading to cardiomyopathy in RagA/B KO mice [47].

In breast cancer, the interaction of signal transducer and
activator of transcription 3 (STAT3) with nuclear TFEB increases
LDCD, thus acting as an antitumor response [116]. L-leucyl-L-
leucine methyl ester (LLME) causes the release of lysosomal
enzymes, leading to LMP, followed by LDCD. BHLHE40/41 are TFEB
target genes. Specifically in LLME-induced LDCD, TFEB protects
the cells, whereas BHLHE40/41 sensitizes the cells [117]. DNA
damage response causes inhibition of mTORC1, resulting in TFEB/
TFE3 activation as an early response. TFE3/TFEB stimulates
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genes associated with LMP and apoptosis, upon prolonged DNA
damage [118].

TFEB in lysophagy

Generally, Leu-Leu-OMe is used to induce lysosomal damage
resulting in the accumulation of Galectin-3 puncta on damaged
lysosomes. The critical step in the beginning of autophagy
response is initiated by cytosolic lectins, Galectin-3, which
recognize P-galactoside located on the luminal surface of
organelle and recruit autophagic receptors such as TRIM16 [119].
The tripartite motif protein, TRIM16 regulates autophagy by
interacting with ATG16L1, ULK1, and Beclin-1. In Galectin-3 KO
cells exposed to lysosomal damage, there was an enhancement of
TFEB nuclear translocation. Lysosomal membrane damage has
been reported to stimulate nuclear translocation of TFEB and
promote lysosomal biogenesis [119, 120]. The function of TRIM16
in mTOR inhibition and its effects on TFEB during autophagy [119]
all add to lysosome replacement.

Recently Nakamura and colleagues proposed that lipidated LC3
is necessary for TFEB activation in response to lysosomal damage
[62, 121]. The lysosomal damage in mammalian cells causes
leakage of calcium from lysosomes. The released calcium induces
LC3 lipidation (LC-3ll) and localizes on lysosomes. Subsequently,
the lipidated LC3 associates with, MCOLN1, and expedites the
release of substantial quantities of calcium necessary for TFEB
activation into the cytoplasm [62].

AUTOPHAGY-LYSOSOMAL-INDEPENDENT ROLE OF TFEB
Notably, in triple-negative breast cancer (TNBC), TFEB has a novel
lysosomal independent function in response to DNA damage
[122]. TFEB depletion reduces the viability of TNBC cells and
promotes caspase-3-dependent apoptosis. However, TFEB retains
the ability to protect TNBC cells from apoptosis in the presence of
lysosomal inhibitors [122]. Similarly, high basal levels of autophagy
in pancreatic cancer cells are not related to TFEB activation, as
TFEB knockdown does not affect autophagic flux under normal
conditions [123].

Activation of Wnt signaling induces the PARsylation of TFEB.
However, PARsylated TFEB does not activate TFEB-mediated
lysosomal target genes [124] (Fig. 7). Additionally, TFEB also
regulates the pluripotency transcriptional network in mouse
embryonic stem cells (mESCs), independent of ALB. Modulation
of TFEB levels inmESCs did not affect the expression of TFEB
lysosome-autophagy target genes [125].

In another study, TFEB appeared to induce the differentiation of
murine liver stem/progenitor cells into progenitor/cholangiocyte
lineage, while inhibiting hepatocyte differentiation in an
autophagy-lysosomeal-independent manner. TFEB directly acti-
vates Sox9, a precursor and biliary cell marker [126]. In addition to
regulating liver cell fate, TFEB also protects against obesity and
insulin resistance in an autophagy-independent manner. Specifi-
cally, TFEB induction of GDF15 expression is crucial for regulating
obesity-induced metabolic diseases [106].

FUTURE PERSPECTIVE
In this review article, we focused on the major advances in TFEB
research over the past 30 years, along with its pathophysiological
functions and importance. These advances have provided new
insights and biological relevance regarding the importance of
TFEB transcriptional mechanisms, thus highlighting TFEB as a
powerful potential tool for modulating both health and disease.
However, when trying to modify TFEB activity in order to heal
diseases, we must keep in mind that the same perturbation of
TFEB activity (either activating or inhibiting) can elicit distinct
biological outcomes depending on the input conditions or time
points of a potential feedback loop. Similar findings were recently
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published by Pavel et al, who found that inhibiting autophagy
activity can result in opposite Hippo signaling output depending
on the level of a-catenin: when autophagy activity is inhibited,
Hippo signaling is ON or OFF, depending on whether the cells
have high or low levels of a-catenin [127].

Cell heterogeneity in TFEB signaling states was also observed
between different cell types [128]. One such example is that mTOR
could induce TFEB cytoplasmic retention maximally in HelLa cells,
while only doing a fraction of that in MCF7 cells. It is suggested
that differences of homeostatic mechanisms in different cell types
contribute to the heterogeneity of TFEB signaling states.

Activation of TFEB is beneficial in neurological and lysosomal
disorders; however, in the case of cancer, constitutively
enhanced TFEB may promote tumorigenesis. Therefore, it is
important to coordinate TFEB activity carefully and in consider-
able detail. Activating TFEB activity for a certain period or
enhancing specific subsets of TFEB may be suitable alternatives
and should be taken into consideration when developing drugs
targeting TFEB. Overall, continued efforts and progress toward
elucidating the therapeutic potential of TFEB will take us one
step closer to advancing TFEB from basic research into clinical
and regenerative applications.
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