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ABSTRACT

The transcription factor EB (TFEB) plays a pivotal role in the
regulation of basic cellular processes, such as lysosomal
biogenesis and autophagy. The subcellular localization and activity
of TFEB are regulated by mechanistic target of rapamycin (mTOR)-
mediated phosphorylation, which occurs at the lysosomal surface.
Phosphorylated TFEB is retained in the cytoplasm, whereas
dephosphorylated TFEB translocates to the nucleus to induce the
transcription of target genes. Thus, a lysosome-to-nucleus signaling
pathway regulates cellular energy metabolism through TFEB.
Recently, in vivo studies have revealed that TFEB is also involved
in physiological processes, such as lipid catabolism. TFEB has
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attracted a lot of attention owing to its ability to induce the intracellular
clearance of pathogenic factors in a variety of murine models of
disease, such as Parkinson’s and Alzheimer’s, suggesting that novel
therapeutic strategies could be based on the modulation of TFEB
activity. In this Cell Science at a Glance article and accompanying
poster, we present an overview of the latest research on TFEB
function and its implication in human diseases.

KEY WORDS: TFEB, TFE3, MiT family, mTOR, Lysosomes,
Autophagy, Lysosomal storage disorders

Introduction

The transcription factor EB (TFEB) is a member of the
microphthalmia family of basic helix-loop-helix— leucine-zipper
(bHLH-Zip) transcription factors (MiT family) (Steingrimsson
et al., 2004). The role of MiT transcription factors in the regulation
of basic cellular processes has only recently become more clear. In
particular, recent work has shown that TFEB has an important
function in organelle biogenesis and metabolic processes. Here, we
focus on the mechanism of TFEB activation and on its role in
regulating lysosomal function and autophagy. We also describe
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TFEB tissue-specific functions, as well as the implication of
aberrant TFEB activity in human diseases. Finally, we discuss how
induction of intracellular clearance by TFEB ameliorates disease
phenotypes in mouse models.

MiT family of transcription factors

Four members of the MiT family have been identified:
microphthalmia-associated transcription factor (MITF), TFEB,
TFE3 and TFEC (Steingrimsson et al., 2004) (see poster). MiT
proteins share an identical basic region, which is required for DNA
binding, and highly similar HLH and Zip regions that are important
for their dimerization; however, outside of these regions they are
quite different (Steingrimsson et al., 2004). TFEB, MITF and TFE3
also contain a conserved activation domain that is important for their
transcriptional activation (Beckmann et al., 1990; Sato et al., 1997).
The activation domain is missing in TFEC, which is the most
divergent member of the family and appears to inhibit, rather than
activate, transcription (Zhao et al., 1993).

MiT members bind the palindromic CACGTG E-box, a motif also
recognized by other bHLH-Zip transcription factors, such as MYC,
MAX and MAD proteins (Hemesath et al., 1994). Unlike other
bHLH-Zip transcription factors, MiT proteins also bind the
asymmetric TCATGTG M-box sequence (Aksan and Goding,
1998). MIT transcription factors bind DNA in the form of both
homodimers and heterodimers with any other family member
(Hemesath et al., 1994; Pogenberg et al., 2012). However, MiT
proteins are not able to heterodimerize with other bHLH-Zip
transcription factors (Hemesath et al., 1994). Structural data
indicate that a conserved three-residue shift (‘kink’, see poster)
within the Zip domain of the MiT members generates an unusual out-
of-register leucine zipper that allows for specific heterodimerization
among MiT members, while preventing binding to other bHLH-Zip
transcription factors (Pogenberg et al., 2012). However, the functional
relevance of MiT homodimers compared to heterodimers is still
unknown.

All four MiT members are conserved in vertebrates; however, a
single MiT ortholog is found in lower organisms, called Mitf in
Drosophila melanogaster (Hallsson et al., 2004) and HLH-30 in
Caenorhabditis  elegans, respectively (Rehli et al, 1999).
Invertebrate MiT orthologs all have conserved basic regions and
HLH-Zip domains (Bouche et al., 2016), suggesting that they bind
DNA in a similar way to mammalian MiT members. Interestingly,
Drosophila Mitf'is equally related to both human MITF and TFEB
(Bouche etal., 2016). Furthermore, the specific functions exerted by
the different mammalian MiT members appear to be exploited by a
single protein in invertebrate organisms, suggesting that the
common ancestor gene underwent multiple rounds of duplication
that allowed a functional specialization of the mammalian MiT
proteins.

TFEB as a master regulator of lysosomal function and
autophagy

Lysosomes are crucial components of the cellular degradation and
recycling system, and their correct function is required to maintain
proper cell homeostasis (Ballabio, 2016). These organelles are
indeed involved in a number of essential cellular processes,
including endocytosis, autophagy and lysosomal exocytosis
(Settembre et al., 2013b).

Although lysosomes were originally described as static
organelles devoted to terminal degradation of waste material, this
concept has been challenged by the recent discoveries that
lysosomal biogenesis and function are subject to finely tuned
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transcriptional regulation. Microarray analysis revealed that genes
encoding for lysosomal proteins are co-expressed in different cell
types and under different conditions (Sardiello et al., 2009).
Subsequent promoter analysis of lysosomal genes revealed that they
share a common 10-base E-box-like palindromic sequence, the so-
called coordinated lysosomal expression and regulation (CLEAR)
motif (see poster). TFEB has been shown to directly bind to CLEAR
elements, thereby promoting the expression of the entire network of
genes that contains the CLEAR regulatory motif in their promoter
(namely the CLEAR network) (Palmieri et al., 2011; Sardiello et al.,
2009). Accordingly, TFEB overexpression results in an increased
number of lysosomes and higher levels of lysosomal enzymes, thus
enhancing lysosomal catabolic activity (Sardiello et al., 2009).
These findings demonstrate that lysosomal biogenesis and function
are globally coordinated by transcriptional regulation.

Subsequent work has shown that TFEB orchestrates the
expression of a broader number of genes, which are not only
involved in lysosomal biogenesis and function, but also in
autophagy and lysosomal exocytosis (Palmieri et al., 2011). In
particular, TFEB has been shown to bind to the promoter regions of
numerous autophagy genes and to induce autophagosome
biogenesis and autophagosome—lysosome fusion (Settembre et al.,
2011). Interestingly, TFEB overexpression results in the enhanced
degradation of bulk autophagy substrates such as long-lived
proteins (Settembre et al., 2011), as well as in the clearance of
lipid droplets and damaged mitochondria (Nezich et al., 2015;
Settembre et al., 2013a), indicating that this transcription factor also
plays a role in modulating organelle-specific autophagy, such as
lipophagy and mitophagy. TFEB has also been found to induce
lysosomal exocytosis (Medina et al., 2011), a process by which
lysosomes fuse to the plasma membrane and secrete their content to
the extracellular space.

Therefore, by modulating the processes of lysosomal biogenesis,
autophagy and lysosomal exocytosis, TFEB coordinates a
transcriptional program able to control the main cellular
degradative pathways and to promote intracellular clearance.
Importantly, TFEB does not regulate the basal transcription of its
targets but rather enhances their transcriptional levels to respond to
environmental cues. Following the identification of TFEB,
additional regulators of autophagic—lysosomal function have also
been identified (reviewed in Feng et al., 2015).

Regulation of TFEB activity

The activity of TFEB is strictly regulated through post-translational
modifications, protein—protein interactions and spatial organization
(see poster). In resting cells, under nutrient-rich conditions, TFEB is
largely cytosolic and inactive (Sardiello et al., 2009; Settembre
et al.,, 2011). Upon starvation or under conditions of lysosomal
dysfunction, TFEB rapidly translocates to the nucleus and activates
the transcription of its target genes.

The cellular localization and activity of TFEB are mainly
controlled by its phosphorylation status. Two particular serine
residues in the TFEB protein play a crucial role in determining its
subcellular localization, Ser142 (Settembre et al., 2011, 2012) and
Ser211 (Martina et al., 2012; Roczniak-Ferguson et al., 2012;
Settembre et al., 2012). When both of these two serine residues are
phosphorylated, TFEB is kept inactive in the cytosol (see poster).
Accordingly, variants of TFEB carrying Ser-to-Ala mutations of
either Ser142 or Ser211 are always nuclear and constitutively active
(Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre
et al., 2011, 2012). Phosphorylation of Ser211, in particular, has
been shown to serve as a docking site for the chaperone 14-3-3,
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which sequesters TFEB in the cytosol and prevents its nuclear
translocation, probably by masking its nuclear localization signal
(NLS) (Martina et al., 2012; Roczniak-Ferguson et al., 2012).

Mechanistic target of rapamycin complex 1 (mTORCI1) and
extracellular signal-regulated kinase 2 (ERK2, also known as
MAPKI1), both master controllers of cellular growth, are the main
protein kinases known to phosphorylate TFEB under nutrient-rich
conditions in most cell types (Martina et al., 2012; Roczniak-
Ferguson et al., 2012; Settembre et al., 2011, 2012) (see poster). In
osteoclasts, TFEB has also been shown to be phosphorylated in its
C-terminal region by protein kinase CB (PKCP) upon stimulation
with receptor activator of nuclear factor kB ligand (RANKL)
(Ferron et al., 2013).

Remarkably, mTORCI activation occurs at the lysosomal
membrane (Sancak et al., 2010). In the presence of nutrients, a
mechanism involving the v-ATPase complex promotes the
activation of the small Rag (Ras-related GTP-binding) GTPases,
which recruit mTORCT to the lysosomal membrane, thus promoting
its activation through the small GTPase Rheb (Sancak et al., 2010,
2008; Zoncu et al., 2011, see poster). Interestingly, active Rag
GTPases also bind to TFEB and recruit it to the lysosomal
membrane (Martina and Puertollano, 2013), thereby promoting its
phosphorylation by mTORCI1. This suggests that mTORCI-
mediated TFEB phosphorylation can occur at the lysosomal
membrane. Multiple lines of evidence have established the

Box 1. MiT proteins and lysosomal signaling in
development and differentiation

MIT transcription factors regulate important developmental and
differentiation processes. Among the different MiT members, the role
of MITF in development and differentiation has been extensively
characterized. Analysis of several mouse models carrying mutations in
the Mitf locus has revealed that MITF is required for the development of
melanocytes, retinal pigment epithelial cells, osteoclasts and mast cells
(Hodgkinson et al., 1993; Steingrimsson et al., 2004). Accordingly, mice
carrying Mitf mutations show coat color defects, smaller eyes and
osteopetrosis (Hansdottir et al., 2004; Hodgkinson et al., 1993). In
addition, Mitf mutant mice show a reduction in the cell numbers of several
other cell types, including NK cells, macrophages and B cells (Roundy
et al., 1999; Stechschulte et al., 1987). The role of TFE3 in development
is less well characterized. Although TFE3-null mice are viable and do not
show any apparent developmental defects, closer characterization of
these mice has revealed that TFE3 is important for osteoclast
development (Steingrimsson et al., 2002) and for the control of
peritoneal mast cell number (Yagil et al., 2012). Furthermore, TFE3
knockdown and overexpression experiments in embryonic stem cells
(ESCs) have indicated that this transcription factor sustains ESC self-
renewal and restricts their exit from pluripotency (Betschinger et al.,
2013). TFEB-null mice show defective placental vascularization and
embryonic lethality at E9.5-10.5 (Steingrimsson et al., 1998).
Furthermore, TFEB activity has been associated with dendritic cell
maturation (Samie and Cresswell, 2015) and osteoclast differentiation
(Ferron et al., 2013). TFEB depletion in ESCs has been associated with
defective differentiation into the endodermal lineage (Young et al., 2016).
These defects appear to be caused by an impaired ability of TFEB-
deficient ESCs to induce the canonical Wnt signaling; this is thought to
be due to the lack of a fully functional lysosomal compartment (Young
et al., 2016), which is required for proper Wnt signaling (Cruciat et al.,
2010). A functional lysosomal compartment is also required for Notch
activation (Vaccari et al., 2010). Accordingly, depletion of Drosophila
MITF results in impaired Notch signaling and developmental defects
(Tognon et al., 2016). Thus MIT proteins, by controlling lysosomal
homeostasis, ensure proper activation of key signaling pathways that
orchestrate developmental and differentiation processes.

lysosome as the main cellular location where mTORCI1 activation
by amino acids occurs (Sancak et al., 2010, 2008; Zoncu et al.,
2011). However, it is still debated whether substrate
phosphorylation by mTORCI1 also occurs at the lysosome or
whether active mTORCI is released into the cytosol to exert its
kinase activity there. Similar to mTORCI1, ERK2 also localizes to
several subcellular compartments, including the lysosome (Nada
et al., 2009). It remains unclear whether ERK2 phosphorylates
TFEB at the lysosomal surface or in other subcellular
compartments.

Upon starvation or lysosomal stress, mTORC] is released from
the lysosomal membrane and becomes inactive (Sancak et al.,
2010). Interestingly, nutrient deprivation concomitantly induces the
release of lysosomal Ca?* through the Ca®" channel mucolipin 1
(MCOLNT1); this activates the phosphatase calcineurin, which in
turn dephosphorylates TFEB and promotes its nuclear translocation
(Medina et al., 2015) (see poster). Depletion of MCOLNI inhibits
lysosomal Ca?" release and calcineurin activation, thus preventing
TFEB activation and autophagy induction upon nutrient deprivation
(Medina et al., 2015).

The signaling cascades described above highlight a central role
for the lysosome as a signaling hub able to sense nutrient
availability and coordinate the activation of a transcriptional
program that allows a finely tuned adaptation of the cell to arising
metabolic demands. Intriguingly, many factors that regulate TFEB
activity (i.e. most v-ATPase subunits, the Ca®" channel MCOLNI1,
the lysosomal ‘platform’ itself) are themselves transcriptionally
regulated by TFEB, providing evidence that lysosomal adaptation to
environmental changes is a self-sustaining response that is regulated
by multiple feedback loops. In addition, TFEB activation also
promotes its own transcription (Settembre et al., 2013a), which
represents an additional feedback-loop that further sustains
lysosomal signaling and function.

The same mechanisms that regulate TFEB activity also appear to
control the activity of other MiT members. In the case of TFE3,
nutrient availability, mMTORCI activity, as well as its binding to Rag
GTPases and to 14-3-3, also play a role in its cytosolic retention and
inhibition of'its activity (Martina et al., 2014). Furthermore, binding
to Rag GTPases and mTORC activity also regulate the localization
of several MITF isoforms (Martina and Puertollano, 2013),
indicating that MiT transcription factors share similar activation
mechanisms. In addition, TFE3 overexpression in ARPE19 cells (a
cell line derived from retinal pigment epithelium) induces the
transcription of a set of genes that is similar to that induced by TFEB
(Martina et al., 2014), suggesting a similar function for both factors.
However, the strikingly different phenotypes observed upon
knockout of the respective genes in mice (see Box 1) indicate that
MIT transcription factors have specific functions and limited
redundancy.

Recently, ER stress has been shown to induce the nuclear
translocation of TFEB and TFE3 as part of the integrated stress
response (Martina et al., 2016). In this case, activation of TFEB
and/or TFE3 appears to be mTOR-independent and is achieved
through a protein kinase RNA-like endoplasmic reticulum kinase
(PERK, also known as EIF2AK3)-dependent mechanism that
induces activation of calcineurin and nuclear translocation of
TFEB and/or TFE3 (Martina et al., 2016). However, the exact role
of PERK in the activation of these transcription factors is still
unclear.

Further studies will be needed to fully understand how different
pathways communicate with each other to modulate TFEB activity
and finely tune the final transcriptional outcome.
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Functional in vivo studies of TFEB

The use of animal models, both lower organisms and mammals, has
been very helpful to further elucidate TFEB function. TFEB-null
mice die at embryonic day (E)9.5-10.5 because of defective
placental vascularization (Steingrimsson et al., 1998). Recent
evidence has shown that TFEB governs endodermal specification
during embryoid body formation (Young et al., 2016) (see also
Box 1).

The embryonic lethality of TFEB-null mice has precluded a
systematic characterization of TFEB function in different tissues;
therefore, the generation of conditional mouse models has been the
only way to circumvent this problem. The use of such mice has
revealed that TFEB has specialized functions in different tissues
(see poster).

Liver-specific deletion and viral-mediated overexpression of
TFEB in the liver has revealed a central role for this protein in
regulating liver lipid metabolism (Settembre et al., 2013a) (see
poster). TFEB has been shown to control lipid catabolism and to
directly regulate the transcription of peroxisome proliferator-
activated receptor-y coactivator lo. (Pgclo, also known as
PPARGCI1A), a key regulator of energy metabolism (Lin et al.,
2005). TFEB depletion in the liver results in impaired liver
catabolism and exacerbated metabolic imbalance in obese mice,
whereas TFEB overexpression has the opposite effect and rescues
obesity and associated metabolic syndrome (Settembre et al.,
2013a).

Another tissue-specific function of TFEB has been described in
osteoclasts (Ferron et al.,, 2013). As mentioned above, TFEB
activity in osteoclasts is controlled by RANKL, a key regulator of

Box 2. MiT proteins in tumorigenesis

Dysregulation of MiT genes has been associated with several human
solid tumors. MITF amplification accounts for about 20% of melanomas
(Garraway et al., 2005; Stark and Hayward, 2007), and single-nucleotide
mutations of MITF have been frequently found in human melanomas
(Cronin et al., 2009). Importantly, MITF is both necessary and sufficient
for melanoma cell growth (Garraway et al., 2005). Increased expression
of MITF also drives tumor progression in soft tissue tumor clear cell
sarcomas (Davis et al., 2006; Fujimura et al., 1996; Zucman et al., 1993).
In this case, MITF is also necessary for clear cell sarcoma survival and
proliferation (Davis et al., 2006). Chromosomal translocations involving
TFEB and TFE3 occur in a significant amount of patients with RCCs
(Argani et al., 2003; Clark et al., 1997; Kuiper et al., 2003; Sidhar et al.,
1996), as well as in alveolar soft part sarcoma (Ladanyi et al., 2001) —see
also main text. In addition, altered TFEB expression and/or activity has
been associated with pancreatic cancer cell proliferation (Marchand
et al., 2015) and non-small cell lung cancer motility (Giatromanolaki
et al.,, 2015). Finally, constitutive activation of MiT family members
promotes pancreatic tumorigenesis and is required for growth of
pancreatic ductal adenocarcinomas (PDAs) (Perera et al., 2015).
Although the mechanism by which MIT proteins promote
tumorigenesis is still unclear, multiple factors are likely to contribute to
MiT-induced cancer development. MiT members can promote cell
proliferation and survival by direct upregulation of cell cycle mediators,
such as cyclin D2, cyclin D3 and p21 (CDKN1A) (Medendorp et al.,
2009; Muller-Hocker et al., 2008), as well as by induction of anti-
apoptotic genes, including BCL2 and BIRC7 (Dynek et al., 2008; McGill
etal., 2002). In addition, transcriptional upregulation of autophagy by MiT
members fuels cancer metabolism and promotes PDA tumor
progression (Perera et al., 2015). Finally, MiT-mediated upregulation of
the endo-lysosomal system induces the activation of tumorigenic
signaling pathways, such as Wnt signaling, with established roles in
the initiation and progression of many types of cancer (Clevers and
Nusse, 2012; Marchand et al., 2015; Ploper et al., 2015).
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osteoclast function. Osteoclast-specific TFEB deletion results in
impaired osteoclast function and increased bone mass, suggesting
that TFEB regulates bone resorption in this tissue (Ferron et al.,
2013).

In macrophages, depletion of both TFEB and TFE3 results in
impaired expression and secretion of several pro-inflammatory
cytokines in response to lipopolysaccharide (LPS) injection
(Pastore et al., 2016), including interleukin (IL)-1pB, IL-6, tumor
necrosis factor (TNFo) and chemokine (C-C motif) ligand (CCL)-5,
supporting a role for these transcription factors in modulating
inflammatory and immune responses. In addition, combined
depletion of TFEB and TFE3 in T cells leads to a defective T-cell-
dependent antibody response (Huan et al., 2006), whereas TFEB
controls antigen presentation by major histocompatibility complexes
(MHC:s) in dendritic cells (Samie and Cresswell, 2015), suggesting a
broad role for TFEB in controlling the immune response.

Gain- and loss-of-function experiments in mouse skeletal muscle
have shown that TFEB controls glucose homeostasis and energy
balance in this tissue (G. Mansueto and A.B., unpublished data).
These effects are associated with an unprecedented role of TFEB in
modulating mitochondrial biogenesis in muscle (G. Mansueto and
A.B., unpublished data).

In C. elegans, loss-of-function mutations of HLH-30, the worm
TFEB orthologue, result in impaired expression of key enzymes
required for proper fat catabolism and in impaired lipophagy,
indicating that the role of TFEB in lipid catabolism is evolutionary
conserved (O’Rourke and Ruvkun, 2013; Settembre et al., 2013a).
Conversely, HLH-30 overexpression induces autophagy and lipid
catabolism, and increases lifespan in several C. elegans longevity
models, whereas nematodes lacking HLH-30 show reduced lifespan
(Lapierre et al., 2013; Settembre et al., 2013a). Furthermore,
HLH-30 has been shown to promote the expression of nearly
80% of genes that are responsible for immune response against
Staphylococcus aureus infections (Visvikis et al., 2014), indicating
that modulation of the immune response is another evolutionary
conserved function of TFEB.

Finally, work in D. melanogaster has shown that the TFEB
orthologue Mitf has an important role in the modulation of
lysosomal genes, especially the subunits of the v-ATPase proton
pump, as well as in the induction of intracellular clearance and
reduction of protein aggregates, and in organ development (Bouche
et al., 2016; Tognon et al., 2016; Zhang et al., 2015).

TFEB and the MiT family in tumorigenesis

Chromosomal translocations involving TFEB and TFE3 have been
found in patients with clear cell renal cell carcinoma (RCC) (see
poster) (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 MALATI gene (Davis et al.,
2003; Kuiper et al., 2003). Owing to the strength of the MALATI
promoter, this fusion event results in a significantly enhanced
expression of a full-length TFEB protein (Inamura et al., 2012).

In addition to the MALATI-TFEB translocation, several RCC-
associated fusion events have also been found to occur between the
TFE3 gene, located on chromosome X, and various other genes
(Argani et al., 2003; Clark et al., 1997; Ladanyi et al., 2001; Sidhar
etal., 1996, see poster). Interestingly, 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. Accordingly, MITF
amplification has been found in 10-20% of melanomas (Garraway
et al., 2005) (see also Box 2).
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Taken together, overexpression of MiT members and
upregulation of their transcriptional network appears to be
sufficient to drive tumorigenesis in different tissues, although the
specific genes involved and the associated mechanisms are still
unclear.

TFEB as a therapeutic target for diseases

Owing to its involvement in intracellular clearance pathways, TFEB
represents an appealing therapeutic target for many human diseases
that are associated with autophagic or lysosomal dysfunction and
the accumulation of toxic aggregates. Indeed, induction of TFEB
activity has already been successfully used as a therapeutic strategy
in several disease models.

A class of diseases that have been shown to benefit from TFEB
overexpression are lysosomal storage disorders (LSDs), in which
genetic defects in specific lysosomal proteins lead to accumulation
of substrates in the lysosomal lumen (Parenti et al., 2015).
Overexpression of TFEB in cellular and mouse models of
several LSDs, including multiple sulfatase deficiency,
mucopolysaccharidosis type IIIA, Batten disease, Pompe disease,
Gaucher disease, Tay—Sachs disease and cystinosis, have been
shown to be beneficial in reducing substrate accumulation; such
overexpression also improved overall autophagy and lysosomal
function, and ameliorated the severity of cellular and tissue
phenotypes (Medina et al., 2011; Rega et al., 2016; Song et al.,
2013; Spampanato et al., 2013). Although the mechanism by
which TFEB reduces lysosomal storage and overcomes lysosomal
malfunction in LSDs is not fully understood, it is likely that
induction of lysosomal exocytosis and secretion of the undigested
material plays a major beneficial role (Medina et al., 2011).

Another group of disorders, in which TFEB overexpression
has been shown to ameliorate disease progression, are
neurodegenerative diseases, including Parkinson’s, Huntington’s
and Alzheimer’s disease, as well as other tauopathies. Growing
evidence has established the accumulation of protein aggregates and
autophagic and/or lysosomal dysfunction as the major pathogenic
mechanisms underlying such diseases (Menzies et al., 2015).
Remarkably, heterozygous mutations in the gene encoding for the
lysosomal enzyme glucocerebrosidase have been found in a
substantial number of patients with Parkinson’s disease
(Sidransky et al., 2009), further supporting a role for lysosomal
dysfunction in the pathogenesis of the disorder. Genetic or
pharmacological activation of TFEB in cellular and mouse
models of Parkinson’s disease has been found to improve
lysosomal function and ameliorate o-synuclein aggregation
(Decressac et al.,, 2013; Dehay et al., 2010; Kilpatrick et al.,
2015), which is a major hallmark of Parkinson’s disease. Similarly,
inducing TFEB activity in cellular and animal models of
Hungtington’s disease can reduce protein aggregation and
improves neurological functions (Sardiello et al., 2009; Tsunemi
et al, 2012). Furthermore, TFEB overexpression or its
pharmacological activation in cellular and mouse models of
Alzheimer’s disease and other tauopathies can also reduce the
amount of protein aggregates (Chauhan et al., 2015; Polito et al.,
2014; Xiao et al., 2014, 2015), which results in a reduction of
neurodegeneration and improvement of behavioral deficits.
Therefore, promotion of intracellular clearance through the
induction of TFEB activity might represent a common therapeutic
strategy for neurodegenerative disorders.

TFEB overexpression has also shown therapeutic effects in
mouse models of ol-antitrypsin deficiency, the most common
genetic cause of liver disease (Pastore et al., 2013). In this case as

well, enhanced intracellular clearance represents the major
therapeutic mechanism, as induction of autophagy by TFEB
reduces the levels of ol-antitrypsin accumulation and ameliorates
liver injury. Finally, TFEB upregulation is also beneficial in
reducing obesity and associated metabolic syndrome as it promotes
lipophagy (Settembre et al., 2013a). Thus, upregulation of
intracellular clearance by TFEB has proven to be beneficial in a
vast number of disease models.

Concluding remarks

The identification of TFEB as a global modulator of intracellular
clearance and energy metabolism, through the regulation of genes
involved in the lysosomal-autophagic pathways, has provided new
insights into the mechanism by which the cell responds to
environmental cues such as nutrient availability. However, the
mechanisms by which cells integrate multiple extra- and intra-
cellular signals to modulate an appropriate response require further
investigation. Furthermore, it remains unclear how different signals
can activate particular MiT members and whether their specific
homodimerization or heterodimerization promotes different
responses.

Owing to the broad number of diseases that potentially benefit
from promoting intracellular clearance, modulating the activity of
TFEB and of other MiT members represents an appealing
therapeutic strategy that, however, requires further investigation.
Although acute induction of intracellular clearance ameliorates
disease progression in several animal models, any long-term effects
of such treatments have not been evaluated. Significantly and
constitutively enhanced TFEB activity can lead to tumorigenesis, as
in the case of clear cell carcinoma in the kidney (Davis et al., 2003;
Kuiper et al., 2003). Furthermore, induction of autophagy by
activation of MiT genes, including TFEB, has been found to have an
important role in pancreatic cancer (Perera et al., 2015). Therefore,
alternative strategies, such as inducing TFEB activity for only
limited periods or enhancing only specific subsets of the TFEB-
regulated gene network, should be considered when using TFEB as
a therapeutic tool.
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