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Abstract

The microphthalmia/transcription factor E (MiTF/TFE) transcription factors are responsible for the regulation of various key
processes for the maintenance of brain function, including autophagy-lysosomal pathway, lipid catabolism, and mitochon-
drial homeostasis. Among them, autophagy is one of the most relevant pathways in this frame; it is evolutionary conserved
and crucial for cellular homeostasis. The dysregulation of MiTF/TFE proteins was shown to be involved in the development
and progression of neurodegenerative diseases. Thus, the characterization of their function is key in the understanding of
the etiology of these diseases, with the potential to develop novel therapeutics targeted to MiTF/TFE proteins and to the
autophagic process. The fact that these proteins are evolutionary conserved suggests that their function and dysfunction can
be investigated in model organisms with a simpler nervous system than the mammalian one. Building not only on studies in
mammalian models but also in complementary model organisms, in this review we discuss (1) the mechanistic regulation
of MiTF/TFE transcription factors; (2) their roles in different regions of the central nervous system, in different cell types,
and their involvement in the development of neurodegenerative diseases, including lysosomal storage disorders; (3) the
overlap and the compensation that occur among the different members of the family; (4) the importance of the evolutionary
conservation of these protein and the process they regulate, which allows their study in different model organisms; and (5)
their possible role as therapeutic targets in neurodegeneration.
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Introduction

The transcription factors of the microphthalmia/transcription
factor E (MiTF/TFE) family are crucial for the regulation of
different cellular functions [1]. Among the four members of
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the mammalian MiTF/TFE family, the transcription factor
EB (TFEB) is considered the master regulator of autophagy
and lysosomal biogenesis because its nuclear translocation,
which is controlled by different kinases and phosphatases,
triggers the transcription of numerous genes involved in the
regulation of this pathway. However, many aspects related
not only to TFEB but also to the other MiTF/TFE transcrip-
tion factors remain to be elucidated. For instance, the dif-
ferent functions of these proteins in different cellular types
and tissues, such as the central nervous system (CNS), are
still unclear. Indeed, how and to what extent defects in the
regulation of the MiTF/TFE transcription factors contribute
to the toxic events associated with neurodegenerative disor-
ders are key questions in the understanding of the molecular
mechanisms common to these pathologies [2—-6].

Multiple other roles have been associated with the mem-
bers of the MiTF/TFE family, including the regulation of
mitophagy [7], lipid catabolism [8, 9], and mitochondrial
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biogenesis [10]. Although some of their activities may over-
lap, each homolog of the MiTF/TFE family seems to have
a specific pattern of expression and individual functions,
which will be addressed in the following sections. Despite
the different cellular roles proposed, the most character-
ized process regulated by MiTF/TFE transcription factors
remains to be autophagy.

Autophagy is a crucial process in cellular physiology and
is responsible for the degradation of unnecessary and defec-
tive cellular components [11]. The autophagic machinery is
known to be highly conserved throughout evolution. In fact,
the orthologues of many of the genes necessary for this cel-
lular mechanism are ubiquitously expressed in all eukaryotic
organisms. Moreover, genetic, morphological, and sequence-
based evidence for autophagy confirms the presence of this
mechanism in metazoans, in plants, and also in Protista and
fungi [12, 13].

Autophagy is a multistep process that determines the
engulfment of cytoplasmic components, such as protein
aggregates, damaged organelles, and cell debris in double
membrane vesicles called autophagosomes (Fig. 1). These
vesicles fuse with the lysosomes, membrane bound orga-
nelles characterized by an acidic lumen, and lead to the
formation of autolysosomes, where the autophagic cargo is
degraded [11]. The acidic pH of the lysosomes represents
the ideal environment for the hydrolytic enzymes to exert
their activity [14]. The products of the autophagic catabolic
activity are then recycled back to the cytoplasm to sustain
cell homeostasis [11].

Autophagy is ubiquitously performed at the basal level;
what differs among cells and tissues is the regulation of the
process and the speed of the autophagic flux, which meas-
ures the rate of autophagic degradation activity [15].

Autophagic flux is finely regulated by multiple signal-
ing pathways, which are activated by different stimuli,
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including nutrients, reactive oxygen species and calcium,
and by energy imbalance [11, 16]. Autophagy is particu-
larly relevant in the pathogenesis of neurodegenerative
diseases, including Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and in lysosomal
storage disorders (LSDs) [17]. All these diseases share a
common pathological hallmark, which is the accumulation
of aggregated proteins or dysfunctional organelles, such as
mitochondria, which are not properly cleared because of
defective degradative pathways.

As the MiTF/TFE family is conserved in many differ-
ent organisms, ranging from mice to fruit flies, and from
zebrafishes to worms, their study in these model organisms
can provide a better perspective for the interpretation of
different findings also in the field of neurodegeneration.
The possibility of exploiting different model organisms
to characterize the function of the MiTF/TFE family, the
processes that they can regulate and their role in neuro-
degeneration, is also crucial for the identification of new
targets for the development of novel therapeutic strate-
gies against neurodegeneration. Finally, the activation of
MiTF/TFE transcription factors, particularly of TFEB, can
promote the clearance of intracellular waste in both LSDs
and more common neurodegenerative diseases [18-20].
This may represent a novel therapeutic strategy to burst
lysosomal and autophagic pathways in these disorders by
targeting MiTF/TFE proteins.

The role of these transcription factors in autophagy
and their link to neurodegeneration have been stud-
ied in different models. In this frame, the overexpres-
sion of the Caenorhabditis elegans orthologue of the
MiTF/TFE proteins HLH-30 has been directly associ-
ated to autophagic induction and increased lifespan
[21]. Coherently, a Drosophila melanogaster knock-
down model for Mitf, the only fly orthologue of these
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transcription factors, shows autophagic defects and
accumulation of autophagic substrate [22]; the activ-
ity of Mitf has also been linked to the autophagosomal
defects observed in a fly neurodegeneration model of
amyotrophic lateral sclerosis (ALS) [23]. Moreover,
overexpression of TFEB has been proved to be neuro-
protective in a rat model of PD [24]. All these data,
and others that will be discussed in detail in the fol-
lowing sections, clearly associate MiTF/TFE transcrip-
tion factor activity with autophagy and suggest their
important function in the field of neurodegeneration.
Noteworthy, the knockout of Tfeb in mice leads to pla-
cental vascularization defects and embryonic death
between 9.5 and 10.5 days [25], hampering the pos-
sibility to study the effects of TFEB knockout on the
CNS in a mammalian model.

In this review, we will discuss the function and regu-
latory mechanisms of the MiTF/TFE family members
by comparing their roles in different cell types and tis-
sues, and in different model organisms. This will allow
inferring their possible role in different brain cells and
regions. We will also describe the role of MiTF/TFE fam-
ily in neurodegenerative processes and the possibility of
targeting these transcription factors to develop novel
therapeutics.

By intersecting different aspects of this topic, ranging
from function relevant to brain physiology to contribution
to neurodegeneration, and by introducing an evolution-
ary perspective, we envision shedding light on different
aspects of this scientific problem. This will also lead to
discussing key issues and open questions with the aim
of speculating on alternative research lines and on new
experimental approaches within this research topic.

MITF

TFE3

TFEC

The MITF/TFE Transcription Factor Family:
an Overview

The microphthalmia/transcription factor E (MiTF/TFE)
family is constituted in mammals by four members: (i)
microphthalmia-associated transcription factor (MITF), (ii)
transcription factor EB (TFEB), (iii) transcription factor E3
(TFE3), and (iv) transcription factor EC (TFEC) [4-6]. They
share some common structural features: they all contain a
basic domain, which is required for DNA binding, and a
helix-loop-helix (HLH), and a leucine zipper (LZ) domain,
which are critical for dimerization (Fig. 2). TFEB, TFE3,
and MITF also contain a conserved transactivation domain,
which is crucial for their transcriptional activation whereas
TFEC, the most divergent member of the family, lacks this
domain and appears to inhibit rather than activate transcrip-
tion [5, 26, 27] (Fig. 2). The MiTF/TFE transcription fac-
tors bind the palindromic CACGTG E-box sequence, which
conforms to the CANNTG motif that is recognized by other
members of bHLH-zip family transcription factors. Flanking
E-box sequences also influence the DNA binding specificity
of the HLH/LZ family. The MiTF/TFE transcription factors
have been described to prefer the GTCACGTGAC consen-
sus region, named Coordinated Lysosomal Expression and
Regulation (CLEAR) motif. Unlike other bHLH-zip tran-
scription factors, the MiTF/TFE family members are also
able to bind the asymmetric TCATGTG M-box sequence
[28-30]. Sequencing of chromatin immunoprecipitate
and mRNA analysis of HeLa cells overexpressing TFEB
revealed that, through the binding with the CLEAR motif,
TFEB enhances the expression of genes involved in lysoso-
mal biogenesis, in lysosomal membrane formation, in acidi-
fication of lysosomes, in lysosomal hydrolases expression,

Transactivation domain

bHLH : Basic helix-loop-helix domain

Fig.2 Protein structure of MiT/TFE family members. MiT/TFE fam-
ily members have high similarities in their sequences: they share
basic-helix-loop-helix domain (bHLH) and a leucine zipper (LZ)
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domain. The activation domain is conserved in TFEB, MITF, and
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and in the autophagic process [29, 31]. Interestingly, TFEB
transcriptional activity is not only limited to the modulation
of genes involved in lysosomal homeostasis, but also in the
Golgi vesicle transport, protein transport, and mitochondrial
homeostasis [31]. These data confirm the close link between
TFEB and the other MiTF/TFE proteins and autophagy and
underline the crucial role of TFEB in the overall cellular
homeostasis.

The MiTF/TFE transcription factors have been shown
to form, in vitro, both homodimers and heterodimers with
any other family member, and the dimeric form is required
for the binding to DNA and the transcriptional activation
of target genes. However, they are unable to heterodimer-
ize with other bHLH-zip transcription factors [4, 31]. The
X-ray structure of MiTF was obtained using three fragments
from the Mus musculus Mitf cDNA that were cloned in the
pET-M11 vector and expressed in the Escherichia coli strain
BL21 (DE3) RIL. This structural analysis revealed the pres-
ence of a three-residue shift within its ZIP domain, which
generates an unusual leucine zipper kink, and is responsi-
ble for the specific dimerization of the MiTF/TFE members
[31]. Multiple sequence alignment showed that this three-
residue shift is conserved among all the MiTF/TFE mem-
bers, while it is missing in the sequences of the canonical
bHLH-zip transcription factors. However, the functional
implication of the heterodimer formation has not been fully
investigated, except for the MITF-TFE3 heterodimer, which
does not appear to be essential for proper functioning, as
suggested by MITF and TFE3 redundant roles at least in the
development of osteoclasts [32].

The Regulation of MiTF/TFE Transcription
Factors

The regulation of MiTF/TFE transcription factors can occur
at different levels. Even though the activity of these proteins
is mainly modulated through post-transcriptional modifica-
tions and highly depends on their subcellular localization,
their regulation can also be performed at the transcriptional
level. In this regard, most of the literature available is about
TFEB. However, the high degree of homology among the
MiTF/TFE members suggests that they may share common
regulatory mechanisms. Several transcription factors are
known to modulate the expression of TFEB: among them,
androgen receptors, peroxisome-proliferator activated
receptors-o (PPARa) [33], cAMP response element-bind-
ing protein (CREB) [34], and Kriippel-like factor 2(KLF2)
[35], have been shown to enhance TFEB activity. Moreo-
ver, TFEB can also modulate its own regulation through
a positive feedback loop [36]. The fact that TFEB is tran-
scriptionally regulated by different transcription factors fur-
ther suggests the importance of fine-tuning the expression

of this protein and underlines that its level and activity are
influenced by multiple stimuli. Another level of regulation is
represented by alternative splicing. Tissue-specific expres-
sion of MITF, TFEB, and TFEC seems to be mediated, at
least in part, by alternative transcription start sites, that also
allows modulating the activity of the three proteins in differ-
ent cells. TFE3 is the only member of the MiTF/TFE family
that does not present alternative first exons and is regulated
by a single promoter [37].

At the post-transcriptional level, the necessary nuclear
shuttling from the steady-state cytosolic localization, that
activates TFEB-mediated transcriptional response, cor-
relates with its phosphorylation status and it is positive
regulated by de-phosphorylation in key serine residues
[2]. The most known member of the family, TFEB, is
characterized by several phosphorylation sites within its
amino acid sequence. These sites are highly conserved
throughout evolution and most of them are found in TFEB
orthologues from invertebrates, as C. elegans, to humans.
Moreover, the other mammalian MiTF/TFE transcription
factors present the same phosphorylation sites: the most
conserved are the residues crucial for the regulation, such
as serine 141, serine 211, and serine 467 [38]. These data
suggest that all the MiTF/TFE members may be regulated
similarly to TFEB and that these mechanisms of modula-
tion may be relevant for the activity of MiTF/TFE ortho-
logues in different organisms. TFEB is the substrate of
different kinase proteins, including extracellular signal-
regulated kinase (ERK)2, protein kinase C (PKC)B, and
AKT, also known as protein kinase B (PKB). However,
the most important protein involved in the regulation of
TFEB is the mechanistic target of rapamycin (mTORC1),
which phosphorylates the transcription factor at three
serine residues, serine 122, serine 142, and serine 211
[39]. The mTORC1-mediated phosphorylation promotes
the interaction between TFEB and 14-3-3 proteins,
which sequester TFEB in an inactive state in the cyto-
plasm. It is important to note that through the binding to
Rag (Ras-related GTP-binding) GTPases, both mTORCI
and TFEB are recruited at the lysosomal level, where the
interaction occurs [40]. This mechanism is particularly
important to respond to environmental cues and occurs
in human, mouse, and Drosophila melanogaster-derived
cells, providing evidence of a mechanism conserved both
in mammals and in invertebrates [41, 42]. During normal
nutrient conditions, a signaling pathway promoted by the
availability of amino acids induces the binding between
Rag GTPases and mTORCI and its consequent activation
at the lysosomal surface, where it phosphorylates TFEB
[41]. In nutrient deprivation conditions, the calcium-sen-
sitive phosphatase calcineurin dephosphorylates TFEB,
thus promoting its nuclear translocation [2]. MITF and
TFE3 have also been shown to be similarly regulated by
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mTORCI1, while much less is known about TFEC. Given
the high degree of homology with the other members of
the family, it is likely that also TFEC is regulated similarly
[1].

mTORCI1 being the hub of several important cellular
processes [43], it is crucial to intensively study its activity
and all its regulatory mechanisms to thoroughly understand
how TFEB and the other MiTF/TFE proteins are modulated.
Nutrient conditions are not the only parameter that affects
these mMTORC1 and, consequently, MiTF/TFE transcription
factor activity. In fact, mMTORC1 function may also depend
on the activity of AMP-activated protein kinase (AMPK).
AMPK is considered the sensor of cellular energetic sta-
tus and is regulated by different upstream stimuli, such as
oscillations in the intracellular calcium levels, alterations
in oxygen reactive species, and changes in AMP/ATP ratio.
AMPK activation inhibits mMTORC1 promoting MiTF/TFE
nuclear translocation [44]. Moreover, it has been recently
reported that AMPK can directly activate TFEB and TFE3
by phosphorylating a cluster of serine residues in the C-ter-
minus of these proteins [45]. Interestingly, it has been also
shown that in mice AMPK activation does not enhance
autophagy in neurons, further suggesting that these path-
ways need to be characterized specifically in different cell
types and tissues [46].

These data reinforce the concept of MiTF/TFE transcrip-
tion factors as crucial players in the maintenance of cellu-
lar energy balance and strengthen the hypothesis that their
activity is particularly essential in highly energy-demanding
tissues, like the brain. Noteworthy, the AMPK phosphoryla-
tion sites in TFEB are also present in MITF and TFEC and at
least one of these residues is found in the MiTF/TFE ortho-
logues of several organisms, both vertebrates and inverte-
brates, suggesting that this regulation mechanism may be
highly conserved throughout evolution [38]. This data may
open the possibility to characterize AMPK-mediated regula-
tion of MiTF/TFE proteins not only in cellular models but
also in vivo in different model organisms.

The final regulation mechanism is achieved through the
degradation of the proteins. The available data for TFEB
show that the transcription factor is degraded through the
ubiquitin—proteasome pathway and that the half-life of the
protein is about 13.5 h in neuronal-like cells, such as SH-
SYS5Y [47]. The relevance of the degradation process in the
modulation of TFEB activity is confirmed by the fact that
proteasome inhibition not only causes the accumulation of
the protein, but also promotes its nuclear translocation and,
in turn, the increased expression of TFEB target genes [47].
Interestingly, it has been shown that mTORCI activation
enhances the rate of TFEB proteasomal degradation, pro-
viding feedback mechanisms through which the mTORC1-
mediated phosphorylation of TFEB inhibits its nuclear trans-
location and promotes also its degradation [48, 49].

@ Springer

Mammalian MiTF/TFE Transcription Factors

MITF, TFEB, TFE3, and TFEC are the four members of the
mammalian MiTF/TFE family. Human and mouse MiTF/
TFE proteins share a very high sequence identity (Table 1)
and the information currently available on these factors
mainly derives from data obtained in mouse models. In the
following paragraphs, we will detail the pattern of expres-
sion and the main functions of the MiTF/TFE transcription
factors. Special care, when possible, will be used in compar-
ing the functions, the localization, and the regulation of the
different MiTF/TFE family members.

MITF

In humans, the MITF locus is mapped in the short arm of
chromosome 3 and spans 229 kbp, with the promoter region
that is highly conserved with mice [26]. MITF transcrip-
tion gives rise to several isoforms that are under the con-
trol of alternative promoters: MITF-A [50], MITF-B [51],
MITF-C [52], MITF-D [53], MITF-E [54], MITF-H [55],
MITF-J [56], MITF-Mc [57], and MITF-M [58] (Table 2).
These isoforms share the same functional domains (trans-
activation domain, basic domain, bHLH domain, and LZ
domain) but differ in the N-termini, as a result of alternative
splicing of exon 1, and display a tissue-specific pattern of
expression’[37]. MITF is predominantly expressed in mel-
anocytes, osteoclasts, mast cells, macrophages, NK cells,
and B cells, and in the heart [59]. Moreover, it is expressed
in the CNS. Immunohistochemical analysis of the mouse
brain showed that MITF is especially expressed in the olfac-
tory bulb (OB), and in tufted and mitral cells that receive
signals from the olfactory neurons and transmit them to the
olfactory cortex. MITF protein was not detected in other cell
types of the OB, including granule cells or astrocytes [60], in
contrast with a previous study based on an RT-PCR analysis
showing the expression of MITF also in T98G and A-172
human glioblastoma cells [52]. One possible explanation for
this discrepancy is that MITF expression is much higher in
mitral and tufted cells of the OB, allowing the detection of
the protein by immunohistochemical analysis only in these

Table 1 Identity and similarity values obtained by PROTEIN BLAST
search using the amino acid sequence of human and mouse MiTF/
TFE family members

MIiTF/TFE transcription Identity (%) Similarity (%)
factor

MITF 93% 95%

TFEB 93% 95%

TFE3 96% 97%

TFEC 70% 76%
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Table 2 Pattern of expression of MiTF/TFE alternative transcripts
Protein name Protein symbol  Transcripts Expression Referee
Microphthalmia-asso- MITF MITF-A Ubiquitous [50]
ciated transcription MITE-B N/A
factor MITF-C Different cell types excluding melanocytes [63]
MITF-D Preferentially in RPE cells, macrophages, osteoclasts, and mast cells  [53]
MITF-E Mast cells and osteoclasts [54, 64]
MITF-H Ubiquitous [50]
MITE-J Osteoclasts, RPE, and HeLa cells [56]
MITE-Mc Mast cells [57]
MITF-M Melanocytes, melanoma cells, and RPE cells [65]
Transcription factor EB TFEB TFEB-A Placenta, kidney, lung, and prostate
Different tissues
TFEB-B Different tissues excluding liver
TFEB-C N/A [37]
TFEB-D TFEB-E  Brain
TFEB-F Brain
TFEB-G Spleen
Transcription factor E3 ~ TFE3 None Ubiquitous with the highest expression levels in placenta, lung, and ~ [37]
adrenal gland
Transcription factor EC  TFEC TFEC-A Testis, thymus, trachea, colon, and prostate
TFEC-B Different tissues excluding heart and liver [37]
TFEC-C Kidney and small intestine

cell types [60]. Little is known about the function of MITF
in the olfactory bulb. A recent study reported that mitral and
tufted neurons from mutant mouse knockout for Mitf are
characterized by a reduced A-type potassium current (IA)
likely because of the decreased expression of the potassium
channel subunit KCND3, leading thus to hyperexcitability.
Moreover, Mitf mutant mice exhibit increased olfactory dis-
habituation, but reduced the ability to detect the odorant
following long-term odor exposure. These findings suggest
that MITF plays a key role in olfactory adaptation and intrin-
sic homeostatic plasticity through the regulation of Kcnd3
expression. Accordingly, MITF signaling has been dem-
onstrated to upregulate Kcnd3 expression via an enhancer
region located in an intron of Kcnd3 [6]. It remains to be
elucidated the possible importance of MITF in the regula-
tion of KCND3, and therefore of potassium currents in other
neuronal types. Worth mentioning is the fact that Kcnd3
mutations were associated with the neurodegenerative dis-
order spinocerebellar ataxia type 19 [61, 62], suggesting that
MITF impact on Kcnd3 may also regulate neuronal function
in the central and peripheral nervous system.

As already reviewed by Haq and Fisher in 2011 [66],
MITF is required for many other cellular processes. It medi-
ates the survival of melanoblasts and regulates the expres-
sion of genes encoding proteins implicated in the cell cycle
in cell invasion by affecting actin cytoskeleton and in DNA
damage repair and cell metabolism. In this frame, MITF
modulates not only catabolic pathways, like autophagy, but

also mitochondrial biogenesis and oxidative phosphorylation
[67, 68]. MITF regulation of intracellular metabolism and
of actin cytoskeleton is likely crucial not only for neurons,
but also for other types of brain cells. In fact, specific types
of neurons are known to have increased metabolic demands
that make them specifically susceptible to neurodegenera-
tion, suggesting that the MITF role may be particularly
relevant in those cases. Similarly, MITF actin cytoskeleton
remodeling is critical for neuronal shape and for the regula-
tion of dendritic spine morphology [69]. Defects in neuronal
metabolism and in the structure of dendritic spines were
associated to different neurodegenerative diseases [70].

Through the binding of the CLEAR motif, MITF is also
able to promote the expression of lysosomal and autophagy-
related genes. Interestingly, in metastatic melanoma tumors,
the lysosomal and autophagy genes under the control of
MITF are different compared to the ones regulated by TFEB
and TFE3, suggesting a distinct role of MITF [71]. These
data support the idea that each member of the MiTF/TFE
family may regulate the expression of its target genes in a
cell/tissue-specific manner, making it crucial to investigate
each of them separately not only in different neuronal types,
but also in astrocytes and microglia, when studying their role
in neurodegeneration.

In light of the numerous functions attributed to MITF,
it is not surprising that mutations in the gene encoding the
protein are associated with several pathological conditions.
For instance, in the mouse models, MITF mutations induce
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defects in neural crest-derived melanocyte and retinal pig-
ment epithelium differentiation, osteoclastogenesis, mast
cell differentiation, and notch signaling that manifest pheno-
typically as changes in coat color, small eyes, osteopetrosis,
and a reduction in NK cell, B cell, and macrophage numbers
[66]. In humans, different heterozygous and homozygous
MITF mutations are associated with Waardenburg syn-
drome type 2A and type 4, respectively [72, 73]. Waarden-
burg syndrome is a neurogenic disorder characterized by the
combinations of various degrees of sensorineural deafness
and pigmentation abnormalities affecting the skin, hair, and
eye [74]. Dominant-negative mutations in MITF are also
associated with Tietz syndrome, which is characterized by
profound deafness and generalized hypopigmentation [73].
Furthermore, biallelic MITF mutant alleles are associated
with COMMAD syndrome characterized by coloboma,
osteopetrosis, microphthalmia, macrocephaly, albinism, and
deafness [75].

TFEB

Among all members of the MiTF/TFE family, TFEB is the
most studied and best characterized since it plays a pivotal
role in the regulation of autophagy and lysosomal biogen-
esis. In contrast with the MITF pattern of expression, TFEB
is ubiquitously expressed. Seven alternative 5’ exons of the
TFEB gene have been identified that originate from seven
different transcripts, which encode different TFEB isoforms:
TFEB-A, TFEB-B, TFEB-C, TFEB-D, TFEB-E, TFEB-F,
and TFEB-G. Each transcript displays a different tissue
distribution pattern, even though the existence of TFEB-D
transcript still needs to be confirmed since its expression has
not been detected in any of the tissues analyzed by RT-PCR.
This could be due to very low expression levels.

TFEB is considered the master regulator of lysosomal
biogenesis and autophagy signaling pathways because it
induces the transcription of both autophagic/lysosomal-
related genes through the binding with the CLEAR motif.
This binding determines increased expression levels of the
entire network of genes that contain this specific motif (the
CLEAR network) [28]. The fact that autophagy is an essen-
tial cellular process and that TFEB promotes the expression
of the CLEAR network can explain the ubiquitous expres-
sion of the protein. Moreover, as autophagic activity can
vary between different tissues or cell types, the existence
of alternative TFEB transcripts with different expression
patterns may account for a very specific regulation of this
evolutionarily conserved process. As already mentioned, it is
well known that the autophagy-lysosomal pathway (ALP) is
key not only for neuronal cells but also for other cell types in
the brain, as astrocytes and microglia. In this regard, the con-
tribution of non-neuronal cells to the maintaining of brain
homeostasis and their role in neurodegeneration is gaining
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increasing attention. For example, astrocytes, that are the
most abundant glial cells, are involved in the clearance of
aggregated proteins and cell debris through the endo-lysoso-
mal pathway. Therefore, the characterization of TFEB activ-
ity in non-neuronal brain cells is also very relevant. Increas-
ing the astrocytic or microglial clearance capacity through
TFEB upregulation may represent a promising therapeutic
strategy for neurodegenerative diseases.

It is already known that TFEB plays an essential role in
the tuning of several other basic cellular processes through
the regulation of autophagy or lysosomal function in dif-
ferent tissues and cell types. For instance, TFEB-mediated
lysosomal biogenesis in differentiated osteoclasts plays a
crucial role in bone matrix resorption. Accordingly, mouse
osteoclasts lacking TFEB show decreased expression of lys-
osomal genes, reduced number of lysosomes, and enhanced
bone mass [76].

TFEB is also involved in the regulation of lipid metabo-
lism, through a starvation-induced transactivation of PPAR«a
and PPARa co-activator la (PGCla), which are two key
regulators of lipid metabolism during TFEB-mediated star-
vation. This process has been deeply analyzed in a liver-spe-
cific Tfeb conditional knockout mouse that displays impaired
lipid catabolism and a more severe metabolic imbalance in
obese animals. Coherently, TFEB overexpression rescues
obesity and associated metabolic syndrome in both diet- and
genetically induced obese mice [77].

Through specific gain and loss-of-function approaches
in mouse skeletal muscles, the role of TFEB in metabolic
adaptation during physical activity has also been empha-
sized. As a result of exercise, TFEB is dephosphorylated
via calcineurin and translocates into the nuclei of myofibers
and directly controls glucose homeostasis by regulating the
expression of glucose transporters and glycolytic enzymes.
Moreover, TFEB modulates the expression of genes impli-
cated in mitochondrial biogenesis, such as mitochondrial
transcription factor A (TFAM) and nuclear respiratory
factors 1 and 2 (NRF1 and NRF2). It is however unclear
whether TFEB activation in response to the exercise depends
or not on PGCla [78, 79].

The overall metabolism of cells seems to be controlled
by TFEB function. In neurons, glucose and lipid homeo-
stasis, as well as mitochondrial ATP production, are key in
the maintenance of neurons’ capacity to meet the energy
demands during neuronal activity. This suggests that if
TFEB is defective, also these processes, together with the
impairment of lysosomal function, may concur in damaging
neuronal function.

The modulation of inflammatory and immune responses
is another important function ascribed to TFEB. More spe-
cifically, depletion of Tfeb in murine macrophages results in
a decreased expression and secretion of several pro-inflam-
matory cytokines, such as tumor necrosis factor (TNF),



Molecular Neurobiology (2022) 59:5000-5023

5007

interleukin-1p (II-1P) and I1-6, and chemokines including
(C-C motif)-ligand 2 (CCL2) and CCLY5, after lipopoly-
saccharides (LPS) treatment [80]. Neuroinflammation is a
well-established event that occurs in many neurodegenera-
tive diseases, even if it is still unclear to which extent it con-
tributes to the etiology of the disease and its progression.
The findings on TFEB modulation of inflammation would
suggest further investigating how TFEB impacts inflamma-
tory mechanisms in brain-resident immune cells.

Overall, TFEB seems to transcriptionally regulate several
pathways that are intertwined and that play a role in the
maintenance of brain function, making it crucial not only to
better understand each of them separately, but also to inves-
tigate how they cooperate.

TFE3

Like TFEB, TFE3 shows a ubiquitous pattern of expres-
sion with the highest levels observed in the placenta, lung,
and adrenal gland. TFE3 seems to be regulated by a single
promoter since only one transcript for the TFE3 gene has
been identified [58]. Similar to TFEB, TFE3 binds CLEAR
elements regulating the expression of genes related to lyso-
somal biogenesis and autophagy. However, the ability of
TFE3 to control the transcription of lysosomal genes is
TFEB-independent, suggesting that the relative abundance
of TFEB or TFE3 and/or different regulatory mechanisms
determine which of them prevails in activating the lysosomal
response [81].

Coherently, many functions ascribed to TFE3 overlap
with those associated with TFEB. For instance, like TFEB,
also TFE3 is involved in the transcriptional regulation of
the immune response. Both proteins orchestrate the cellular
response to endoplasmic reticulum (ER) stress by upregu-
lating the expression of the activating transcriptional factor
4 (ATF4) or other unfolded protein response (UPR) genes.
While under prolonged ER-stress conditions, TFEB and
TFE3 activation contributes to cell death by either a direct
binding to pro-apoptotic factors promoters, such as C/EBP
homologous protein (CHOP) and p53 upregulated modulator
of apoptosis (PUMA), or, indirectly, through the regulation
of ATF4, which is also involved in the control of CHOP
and PUMA expression. These findings suggest that TFEB,
TFE3, and ATF4 may play a dual role in cell fate depending
on the severity of the stress [82]. Interestingly, TFE3 is also
activated in response to Golgi stress and upregulates the
transcription of Golgi-related genes [83].

Noteworthy, both ER and Golgi stress or dysfunction
are frequently associated with neurodegeneration [84, 85].
Moreover, accumulating evidence links dyshomeostasis
of these organelles with alterations in autophagy activity
[86, 87], suggesting that it would be interesting to evalu-
ate whether modulating TFE3 activity may affect the onset

and progression of neurodegenerative disease, impacting not
only ER and Golgi function but also autophagy.

TFEC

TFEC is the most divergent and least studied member of the
MiTF/TFE family. Three alternative 5° exons of the TFEC
gene have been identified: TFEC-A, TFEC-B, and TFEC-C,
with the latter encoding for a shorter protein lacking exons
2 and 3. Mouse and rat Tfec lacks exon 5 that is found only
in the human homolog. Human TFEC transcripts have a
restricted and distinct pattern of expression [37]. In mice,
TFEC expression is restricted to macrophages [88, 89] and
mice lacking Tfec develop normally. They are viable and
fertile, and normally pigmented, have normal eyes and mast
cells, and show no osteopetrosis, thus indicating a redundant
role of TFEC in myeloid cell development. Tfec expression
at both the mRNA and protein levels is specifically induced
in mouse macrophages by the Th2 cytokine IL-4. In mac-
rophages lacking TFEC treated with IL-4, only few genes
are affected by TFEC deficiency including G-CSFR (Csf3r)
gene, which is upregulated to a lesser extent compared to
IL-4 treated wild-type macrophages [90]. TFEC remains
functionally uncharacterized and no information are avail-
able on its role in the nervous systems; thus, further studies
to unravel its role in different human tissues/cells are needed.

TFEB and Autophagy in Neurodegeneration

The demand for basal autophagy differs among cells, and it
appears to be particularly crucial in post-mitotic cells, like
neurons, whose survival depends upon a strict regulation of
cell homeostasis [91, 92]. Moreover, the role of glial cells is
also crucial in the removal of extracellular waste and dam-
aged neurons, which makes ALP important also in these
cell types in the frame of neurodegenerative processes [93].
This suggests that autophagy and in particular TFEB and
the other members of the MiTF/TFE family of transcription
factor may be key not only in the development but also in the
treatment of neurodegeneration. Further pieces of evidence
supporting this idea are discussed in the following sections.

Autophagy and TFEB Impairment in Age-Related
Neurodegenerative Diseases

It is established that autophagy impairments often occur in
age-related or inherited neurodegenerative disorders and
accumulating evidence suggests a primary involvement of
this process in the pathogenesis of many of them, includ-
ing PD, HD, and AD [94-96]. Several aggregation-prone
proteins, such as huntingtin (HTT), a-synuclein (a-syn),
amyloid beta (Ap), and hyperphosphorylated-tau, are
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eliminated through autophagy [46, 97-99]. Importantly,
these proteins can also negatively impact the autophagic
pathway, further contributing to their toxicity [100-103].

The link between autophagy and neurodegenera-
tion is further supported by the fact that several genes
whose mutations are associated with the familial forms
of different neurodegenerative diseases have a role in the
autophagic pathway and removal of key autophagy genes
in the mouse brain leading to neurodegeneration [104,
105]. Interestingly, the dysregulation of autophagy in neu-
rodegenerative diseases may also present as an increase
in autophagy or TFEB activation, as discussed in Section
“.TFEB and Autophagy in Neurodegeneration” This sug-
gests that special care must be taken when designing pos-
sible therapeutic approaches impacting these mechanisms,
in order to preserve autophagy homeostasis, rather than
pushing the autophagic machinery without considering
possible undesired effects.

Overall, these pieces of evidence suggest that basal
clearance of cytosolic waste through autophagy is crucial
for preventing the accumulation of cytoplasmic inclusion in
neurons, and in astrocytes and microglia, which are involved
in the clearance of brain waste via phagocytosis [93]. There-
fore, the upregulation of autophagy may have beneficial
effects and many research efforts in the field are aimed at
finding molecular modulators of this process, possibly in a
cell-type specific manner [6, 7].

TFEB, which is by far the most investigated protein in
the MiTF/TFE family, shows impaired activity and regula-
tion in many age-related neurodegenerative diseases, further

supporting the importance of its role in the maintenance of
cellular homeostasis (Fig. 3) [106].

For instance, analysis of postmortem PD midbrains
revealed a selective loss of nuclear TFEB. In this frame,
TFEB colocalizes with a-syn in Lewy bodies contained in
surviving nigral neurons in PD human brains [107]. a-Syn
shares structural homology with several regions of 14-3-3
proteins, and 14-3-3 proteins are well-established binding
partners of the phosphorylated form of TFEB and prevent
its translocation to the nucleus. This homology could lead
to the binding between a-syn and TFEB that, consequently,
is maintained inactive in the cytoplasm. Indeed, impaired
a-syn degradation due to defective autophagy could initiate
a vicious cycle leading to non-physiological a-syn-TFEB
interaction, which may further amplify ALP dysfunction
[107, 108].

The expression of TFEB and its target genes was found
to be reduced also in the striatum of a mouse model of HD
[16]. A reduction of TFEB expression levels and its nuclear
localization was also observed in postmortem AD brains as
well as in monocytes and lymphocytes from patients with
AD [16, 109]. Mouse embryonic fibroblasts from double KO
of the AD-associated proteins presenilin 1 and 2 and human
AD neurons display higher levels of TFEB phosphoryla-
tion compared to the controls, which correlates with TFEB
cytoplasmic retention and a decreased CLEAR gene network
activity [110].

TFEB nuclear translocation appeared to be negatively
affected in a dose-dependent manner in primary microglial
cells treated with different concentrations of Ap [111]. All

Autophagic TFEB regulation TFEB nuclear TFEB transcriptional | | Autophagosomes Autophagosomes- | | Protein degradation
process translocation regulation maturation lysosomes fusion and recycling
TFEB regulation TFEB activation TFEB Cargo Lysosomal Autophagic vesicles
and protein and nuclear transcriptional accumulation activity and and autophagic
Defects in level translocation activity and fusion with substrates
neurodegenerative autophagosome autophagosome accumulation
diseases J LSD { PD 4 PD maturation
{ HD 4/1 AD L HD 4 LSD M PD
L AD 1 LSD 4 /1 AD 4 LSD J PD ™ AD
N LSD { PD N HD
M LSD
TFEB TFEB
Possible TFEB- overexpression activation
targeted
therapeutic AD AD
strategies PD PD
LSD HD
HD LSD

Fig.3 Schematic recapitulation of the defects that characterize dif-
ferent neurodegenerative diseases in every step of the autophagic
process (as described in Fig. 1). In the third line of the table are
highlighted the possible therapeutic strategies to counteract the pro-
gression of these pathologies, like TFEB overexpression and TFEB
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activation. In blue and red are reported the diseases in which the
modulation of TFEB activity has been demonstrated to be beneficial
or detrimental, respectively. In magenta the pathology in which the
modification of TFEB function may have divergent effects
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these data support the presence of an inverse correlation
between TFEB nuclear levels and the pathological state, but
the picture is more complex and presents also some contrast-
ing results. For example, increased TFEB expression levels
were detected in patient-derived fibroblasts carrying the
AD-associated presenilin 1 A246E mutation [112]. Another
study reported an upregulation of genes within the CLEAR
network in brains of presenilin 1, 2 double knockout mice
with no changes in TFEB expression level [113]. Analysis of
hippocampal CA1 neurons of AD patients microaspirated by
laser capture microdissection revealed increased expression
levels and nuclear translocation of TFE3, together with an
elevated expression of its target genes, while no changes in
TFEB levels were detected in the same neurons. Increased
TFEB expression levels and nuclear translocation were
observed in glia from AD hippocampal tissues, suggesting
that TFEB, in this cellular type, may play a crucial role in
scavenging aggregated proteins and neuronal debris [114].
Furthermore, these data suggest that TFEB could be upregu-
lated as a compensatory mechanism in certain conditions:
if this has a positive effect on the degradation of intracel-
lular waste or contributes to further clump the system is still
controversial.

A decline in TFEB levels with age in human immune
cells has been recently reported [115], suggesting that it
could negatively affect the ALP. This mechanism could
contribute to the accumulation of toxic aggregation prone
proteins at the early stages of the development of neurode-
generative diseases.

The opposite findings of TFEB being up- or downregu-
lated during neurodegeneration suggest that the extent and
length of the neurodegenerative process may impact differ-
ently TFEB expression, with an increase in the early phases
and a reduction in the late stages of the disease. The same
could be hypothesized for TFEB nuclear or cytoplasmic
localization. A further degree of complexity is represented
by cell type and tissue specificity, which are still under-
studied, and by the role of the different MiTF/TFE family
members in neurodegeneration. The investigation of these
aspects in both familial and sporadic forms of these diseases
in suitable models may provide interesting clues about the
role of these transcription factors in their etiology and fur-
ther help in the identification of novel therapeutic targets for
these disorders.

Autophagy and TFEB Impairment in Lysosomal
Storage Disorders

Another group of diseases in which TFEB and the other
transcription factors of the MiTF/TFE family seem to play
an important role are lysosomal storage disorders (LSDs).
They comprise more than sixty diseases caused by mutations
in genes involved in lysosomal function, such as lysosomal

hydrolases or lysosomal membrane proteins. About two-
thirds of LSDs determine neurological symptoms and are
counted among the neurodegenerative disorders [116, 117].

Although these pathologies are characterized by lysoso-
mal defects, in the majority of the cases, they can affect vari-
ous stages of the autophagic process causing impairments in
autophagosome maturation and in autophagosome-lysosome
fusion and, eventually, accumulation of undigested material
in cells [117]. Because of its role in the regulation of ALP,
TFEB has been extensively investigated in the context of
LSDs, as a factor that can contribute to the progression of
the pathology and as a possible therapeutic target.

As expected, both the activity of TFEB and its nuclear
localization together with the autophagic process are
affected in several lysosomal disorders (Fig. 3).

Gaucher disease (GD) is the most common LSD and in
the most severe cases it determines neurological defects. The
pathology is caused by mutation in the GBAI gene, which
encodes the lysosomal enzyme glucocerebrosidase (GCase),
and is characterized by a decrease in the degradation of
autophagosome content after its fusion with lysosomes
[118]. Lysosomal GCase is responsible for the hydrolysis
of the lipid glucosylceramide into glucose and ceramide.
When GCase is mutated, accumulation of the substrate and
ALP impairment occur in many cell types [118].

Decreased levels of TFEB have been observed in induced
pluripotent stem cell (iPSC)-derived neurons from GD
patients, probably due to an increased proteasomal degra-
dation of the transcription factor. In the same iPSC-derived
model, the instability of TFEB was linked to the hyperac-
tivation of mTORCI1 [119]. mTORC1-mediated phospho-
rylation of TFEB has been shown not only to inhibit its
nuclear translocation, but also to promote the targeting of
the protein to the proteasomal degradation machinery [48].
Surprisingly, even though mTORCI activity is increased in
GD-derived cells, TFEB was shown to be predominantly
localized in the nuclei compared to control cells [118, 119].
These data suggest that another mechanism of TFEB regu-
lation, besides the mTORC1-mediated one, may act in GD
cells to stimulate the nuclear translocation and, in turn, the
activity of the transcription factor to compensate for the
lysosomal defects.

In another study, Sardiello and colleagues investigated
the subcellular localization of TFEB in embryonic fibro-
blast from mouse models of three LSDs: mucopolysac-
charidoses types II and III (MPSII, MPSIII) and multiple
sulfatase deficiency (MSD). The first two diseases belong
to a group of metabolic disorders caused by impairment of
lysosomal enzymes required for the degradation of glycosa-
minoglycans, while the latter is caused by the deficiency in
the formylglycine-generating enzyme [120]. As in the case
of GD, TFEB was predominantly observed in the nuclei,
further supporting the idea that the activation of TFEB is
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promoted in this type of diseases as a cellular response to
enhance lysosomal activity [28].

Despite the nuclear translocation of TFEB observed in
several LSDs, this compensatory mechanism does not seem
to be enough to counteract the progression of the disease
and TFEB activity is not sufficient to properly remove the
intracellularly accumulated debris. As observed in GD, it
is possible that the stability and accumulation of TFEB are
affected by increased proteasomal degradation, resulting in
a decreased total amount of the protein. This hypothesis is
supported by an experiment performed on myotubes in a
mouse model of Pompe disease, another LSD caused by
mutation in the GAA gene. This disease is characterized by
deficiency of the lysosomal enzyme acid a-glucosidase and
leads to the accumulation of lysosomal glycogen [121, 122].
While cells treated with the mTOR inhibitor Torinl, which
induces a downstream activation of TFEB, failed to rescue
the lysosomal phenotype in this model, the overexpression
of TFEB in the same model was able to induce cellular clear-
ance, suggesting that in these pathological conditions the
amount of endogenous TFEB is not enough to support lyso-
somal function [121]. Similarly, the overexpression of TFEB
in both cellular and mouse models of MSD and MPSIII-A
diseases promotes clearance and ameliorates phenotypic
hallmarks of these diseases [18].

As previously discussed, also the other members of the
MiTF/TFE family are involved in the regulation of the
autophagy and lysosomal activity. However, as in the case of
the neurodegenerative disorders previously discussed, little
is known about the involvement of TFEC and MITF in the
onset and progression of LSDs. Recently, it has been dem-
onstrated that the overexpression of TFE3 can induce lyso-
somal exocytosis and cellular clearance in a model of Pompe
disease, suggesting that also this homologue of TFEB can
play an important function in the regulation of cell fate in
these disorders [123].

TFEB as a Possible Therapeutic Target
in Neurodegeneration

Although the contribution of TFEB to the pathogenesis of
neurodegenerative disorders is still under debate, several
studies have evaluated the effects induced by the exog-
enous TFEB overexpression (Fig. 3). In a mouse model
of tauopathy, the adenovirus-mediated overexpression of
TFEB drastically reduces the levels of the disease marker
phospho-Tau 16 weeks post-injection. In this model, TFEB
has been shown to participate in the selective elimination of
misfolded and hyperphosphorylated tau by promoting the
expression of the phosphatase and tensin homolog (PTEN)
protein, attenuating neurofibrillary tangles pathology. More-
over, injected mice displayed increased neuronal survival
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and brain weight, associated with a rescue of behavioral and
synaptic deficits [19].

Another study reported decreased levels of tau aggregates
in the hippocampus and cortex upon neuron-targeted TFEB
overexpression [124], together with attenuated learning and
memory skill deficits, in a different mouse model of tauopa-
thy [124].

Extracellular tau is considered to be responsible for the
spreading of tau pathology and represents the primary tar-
get for tau immunotherapy [125]. Interestingly, TFEB loss
of function in PS19 mice, a transgenic mouse line express-
ing P301S mutant tau, causes a reduction of intestinal fluid
tau. The authors proposed a model in which TFEB plays an
active role in the secretion of mutant tau via lysosomal exo-
cytosis mediated by TFEB and Transient Receptor Poten-
tial Mucolipin 1 (TRPML1) signaling [125]. Accordingly,
astrocyte-specific TFEB overexpression in the hippocampus
of PS19 mice was able to reduce tau spreading from the
ipsilateral to the contralateral hippocampus [126]. A recent
study reported that TFEB overexpression in another AD
mouse model is responsible for a reduction of the levels of
the B-secretase-derived f-amyloid precursor protein fragment
C99, which is a precursor of the toxic Ap peptide. Coher-
ently, the overexpression of TFEB in hippocampal astrocytes
contributed to the reduction of Af levels in the brain intersti-
tial fluid and of the hippocampal amyloid plaque load [127,
128]. A recent study reported that intracerebral injection of
TFEB in the substantia nigra pars compacta of a PD rat
model overexpressing the human disease-associated A53T
a-syn mutant reduced the accumulation and the aggregation
of a-syn as well as astrogliosis and prevented the behavioral
deficits typical of this PD model [24]. Furthermore, TFEB
injection in the striatum of HD?!7Y?” mice reduced the levels
of mutant HTT (mHTT) while preserving the levels of wild-
type HTT. However, in this model, TFEB overexpression was
also accompanied by ER stress and reactive gliosis [129].

In contrast with the later work, another study reported
that the co-injection of human TFEB and mHTT in the
mouse striatum has no impact on the level of mHTT aggre-
gates even though autophagy appears to be activated. In this
case, the accumulation of late autophagic structures seems
to impair the global process [130].

Overall, these results seem to indicate that TFEB might
represent a promising therapeutic target for the treatment
of neurodegenerative disorders. However, it is important to
notice that autophagy must be strictly regulated to guarantee
the correct homeostasis in each type of cell. Therefore, while
a regulated induction of autophagic flux may have positive
effects in neurons, the overactivation of this process may be
deleterious in other cells. Thus, deciphering the physiologi-
cal and pathological role of TFEB in the different cell types
that constitute the central nervous system will be necessary
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to develop efficient and safe therapeutic strategies for neu-
rodegenerative disorders.

The possibility of modulating the activity of the MiTF/
TFE factors, and in particular of TFEB, has also generated
a great interest as a possible therapeutic strategy for LSDs.
The role of TFEB as a potential target for the treatment of
several LSDs has been largely investigated, and the overex-
pression of TFEB or its activation through the inhibition of
mTORCT1 has been reported to be beneficial in the rescue of
the lysosome-associated pathological phenotype.

Despite the promising observations in cellular models of
LSDs and the first proof of concept in vivo, additional data
on the effects of chronic activation of TFEB in animal mod-
els is required. Thus, the uncontrolled expression of MiTF/
TFE factors is linked to various human rare genetic can-
cers [131]. In this regard, the most logical approach to pro-
mote clearance is the pharmacological activation of TFEB.
Using small molecules could allow the modulation of the
amplitude and duration of TFEB activity in vivo. Also, this
approach could be combined to other therapeutic approaches
such as enzyme replacement therapy (ERT) or gene therapy.

To evaluate the effect of TFEB modulation in vivo, it
would be very useful to take advantage of the different trans-
genic animal models already used to study LSDs, which are
quite reliable compared to the transgenic mouse models for
some age-related neurodegenerative diseases. Animal mod-
els can provide the opportunity to assess the effects of the
constitutive long-term activation of TFEB, for example by
evaluating in which way TFEB activation affects the lifes-
pan, the homeostasis, and the function of neurons and of
other CNS cell types. They could also help to understand to
what extent the modulation of TFEB may be beneficial in
the context of LSDs, and how to prevent possible negative
effects.

MiTF/TFE Family Transcription
Factors: Putative Therapeutic Targets
in Neurodegenerative Diseases

and Lysosomal Storage Disorders?

In recent years, several compounds able to modulate TFEB
activity have been found to enhance autophagy and lysoso-
mal biogenesis and might have therapeutic potential for the
treatment of neurodegenerative diseases and LSD (Table 3).
Very recently, a repurposing approach to identify drugs
able to ameliorate two subtypes of Batten disease, the most
frequent of rare neurodegenerative disorders in children,
resulted in the identification of tamoxifen [20]. Tamoxifen
ameliorates the phenotype of disease relevant cellular mod-
els of CLN3 and CLN7 disease, including neuronal pro-
genitor cells (NPCs) from CLN7 patient-derived induced
pluripotent stem cells (iPSC). Also, the treatment with

tamoxifen was able to ameliorate the phenotype of a mouse
model of CLN7 disease. Interestingly, tamoxifen exerts its
action through a mechanism that involves activation of the
transcription factor EB (TFEB) [20].

The idea of enhancing autophagy to counteract neu-
rodegeneration has been explored by many [152] and in
most cases the preferred molecular target for the proposed
therapeutic strategies is mTOR, particularly using specific
mTOR inhibitors. Despite their efficacy in certain models,
they have also proved to have limited capacity of impact-
ing neurodegenerative diseases in certain clinical trials. We
suggest that this may be associated to the fact that mTOR
regulates not only TFEB and its downstream pathways but
also many other targets, and this could be an issue when
proposing a therapeutic approach for a chronic progressive
disease. Nevertheless, TFEB is a non-canonical substrate of
mTOR and can be activated by inhibitors that impact Rags
pathways but not on canonical mTOR substrate, such as
the ribosomal protein S6 kinase (S6K). For example, in a
recently published paper, the mTOR inhibitor fluoxetine was
identified as a possible corrector of neurodegeneration in
MPS-IITA via TFEB activation in a Rag-dependent manner
[153]. This suggests that careful evaluation of mTOR inhibi-
tors should be performed before moving them towards tests
in pre-clinical models for neurodegenerative diseases or to
clinical trials. Or, even better, specific therapeutic strategies
targeting TFEB should be identified and tested.

Another interesting aspect to evaluate is the fact that
research is mainly focused on TFEB among all MiTF/TFE
family members, but even though MiTF/TFE transcription
factors display some functional overlap, it remains to be
established to which extent they have common functions,
whether they are complementary or differ, and which factors
orchestrate their interplay. Therefore, despite the promising
perspective to fight neurodegenerative diseases and LSDs
by enhancing autophagy/lysosomal biogenesis via TFEB
modulation, a better understanding of the factors that regu-
late TFEB activity as well as the interplay between TFEB
and the MiTF/TFE transcription factors is strongly required.
This would ensure a safe development of targeted thera-
pies for the treatment of these diseases. In fact, enhancing
autophagy and lysosomal activity may be beneficial for the
treatment of neurodegenerative diseases and LSDs but could
have adverse effects. For example, it is quite well established
that altered regulation of MiTF/TFE proteins can be linked
to cancer development. MITF gene amplification was found
in in 20% of melanomas. Translocations and rearrangements
of TFE3 and TFEB are associated with a rare subtype of kid-
ney cancer termed translocation-renal cell carcinoma (tRCC)
and alveolar soft part sarcomas (ASPS), a rare lung cancer
variant [154]. A recent study reports that TFEC is expressed
at higher levels in ovarian cancer tissues, compared to nor-
mal tissues, and correlates with malignant progression and
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poor survival for ovarian cancer patients [155]. Moreover,
increased TFEB expression is found in glioblastoma patients
and contributes to the glioblastoma resistance to chemother-
apy. In fact, drug-mediated inhibition of TFEB expression
and oligomerization can enhance glioblastoma cell sensitiv-
ity to conventional chemotherapeutic agents [156]. All these
observations deserve attention, and therefore a comprehen-
sive characterization of the potential deleterious effects of
uncontrolled expression of MiTF/TFE3 factors in vivo. We
must consider that alterations to the regulation of MiTF/TFE
transcription factors are accompanied by the hyperactiva-
tion of other key pathways involved in tumorigenesis and
cell proliferation [131, 157]. Therefore, we can expect that
controlled pharmacological activation of MiTF/TFE pro-
teins will recapitulate the pathological features of MiTF/
TFE-driven cancer.

Overall, given that (1) autophagy and TFEB translocation
may already by overactivated in certain neurodegenerative
diseases or LSDs to compensate for the defective mecha-
nisms already in place and to remove undigested cellular
waste, (2) uncontrolled boosting of autophagy may impact
the overall cellular homeostasis, and (3) overactivation of
TFEB may trigger downstream pathways other than ALP,
the final goal of novel therapeutic strategies would be to
restore the homeostatic regulation of these processes and the
homeostasis of the MiTF/TFE transcription factors, rather
than promoting their uncontrolled activation.

What Can We Learn from the Study of MiTF/
TFE Family in Non-mammalian Organisms?

Non-mammalian model organisms can have a role in the
implementation of our current knowledge on MiTF/TFE
transcription factors. All MiTF/TFE family members are
conserved in vertebrates, while invertebrates have only a sin-
gle MiTF orthologue (Fig. 4). Considering the high degree
of conservation of the entire autophagic machinery, also
organisms that are phylogenetically distant from humans
can be exploited for the in vivo characterization of these
proteins and these pathways (Fig. 5). These animal models
can give information on unclear or uncharacterized aspects
that would otherwise be difficult to study in humans or mice.
Every animal model is characterized by specific features that
provide unique advantageous tools to understand in detail
the activity and the complex mechanisms of regulation of
MiTF/TFE transcription factors. For example, the transpar-
ent body of worms and zebrafish larvae allows exploiting
these organisms for the in vivo visualization of these pro-
teins to study their intracellular localization and movements
across the cell compartments. The complex behavioral fea-
tures of fruit flies may be of great interest for the evaluation
of phenotypes associated to the modulation of MiTF/TFE
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Fig.4 Phylogenetic tree of the MiTF/TFE family of transcription fac-
tors. At every node, the bootstrap values are shown. In green and in
blue are highlighted vertebrate and invertebrate organisms respec-
tively. Homo sapiens Sterol Regulatory Binding Protein (SREBP) has
been used as an outgroup protein to root the tree. H.s, Homo sapiens;
M.m, Mus musculus; D.r, Danio rerio; Py, Patinopecten yessoens;
P.1, Paracentrotus lividus; D.m, Drosophila melanogaster; C.e, Cae-
norhabditis elegans

transcription factors activity to study short/long-term col-
lateral effects (if any) and to perform rescue experiments.
In addition, exploiting invertebrate models may allow the
analysis of a high number of individuals that could be highly
valuable for the screening of drugs or compounds that modu-
late MiTF/TFE protein activity. These simpler organisms are
usually easier to be genetically manipulated; they allow the
possibility to generate animals carrying specific mutations
or useful constructs for imaging that help the understanding
of the role of these transcription factors. These are only few
of the reasons why the use of non-mammal animal models
in the research may be worthwhile. The choice for the proper
organism should be based on the questions the researchers
want to assess. Moreover, the exploitation of different mod-
els to answer the same biological question may be crucial to
get more informative results, and to increase the soundness
of the data and the value of the research.

The following paragraphs will describe the current
knowledge about MiTF/TFE transcription factor in model
organisms other than rodents, by focusing, when possible,
on phylogenetic and mechanistic aspects.

Caenorhabditis elegans

The nematode Caenorhabditis elegans is one of the most
used model organisms in biology [158]. Several features of
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Fig.5 The most important functions ascribed to the MITF/TFE tran-
scription factors are reported in the phylogenetic tree of the species.
The position of a specific function in the tree shows when it appeared
during evolution. Autophagy and lysosomal activities are the most
conserved functions: sea urchins and molluscs are the only organisms
in the tree in which this function has not been reported; however, it
is highly probable that this function is common to all the organisms

C. elegans make this animal an advantageous model for biol-
ogy research. First, it is relatively easy to produce transgenic
worm lines that overexpress or lack a gene of interest; it is
possible to limit the expression of genes to specific cell types
and to study protein activity by tagging them with fluores-
cent probes. Several studies characterized TFEB activity in
worm lines lacking the C. elegans TFEB orthologue gene or
studied its subcellular localization by expressing the protein
tagged with a GFP [159-161]. It is also possible to assess
autophagic activity in worms through the expression of
specific construct for the analysis of autophagic flux [162].
Second, the small size of this organism and the possibility
of analyzing many individuals allow performing large-scale
screens. While its nervous system is relatively simple com-
pared to that of other model organisms, several cellular and
molecular pathways are well conserved. Moreover, about
70% of genes linked to human diseases have orthologues in
worm genome. For these reasons, this animal is considered
a good model for the neurodegeneration research [163].

A functional orthologue gene of human TFEB has been
found in C. elegans, called hlh-30, which shares high homol-
ogy to the human protein in both the DNA-binding and acti-
vation domain. The protein HLH-30 is the only member of
the MiTF/TFE family, which is present in C. elegans and,
like the human orthologue, it modulates autophagy and lyso-
somal function [164].

Interestingly, also the regulation of HLH-30 protein
seems to be conserved, with the worm transcription factor
that is modulated via post-transcriptional modifications, in
a similar manner to its mammalian orthologues. In fact, the
silencing of mTOR has been demonstrated to enhance the

and is present in the progenitor of all these animals. Mitf/TFE tran-
scription factors have been associated also to pigmentation and eye
development in different organisms. Skeletogenesis seems to be a
common function to all deuterostomes. Some peculiar functions, such
as the role in the olfaction and the control of metabolism, have been
described only in mammals so far

HLH-30 nuclear localization and to increase the expression
of several genes that are the Nematoda orthologues of the
human TFEB targets, including autophagy-related genes
[159].

Moreover, the C. elegans HLH-30 downstream genes are
characterized by the presence in their promoter region of an
E-box sequence that overlaps with that of the CLEAR motif,
further confirming the conservation between the HLH-30
and its mammalian orthologues. This region in C. elegans
is crucial for the specificity of HLH-30 binding to DNA
[159, 164].

Drosophila melanogaster

Drosophila melanogaster, commonly known as fruit fly,
is one of the most used model organism in biology and
in biomedical research [165]. In particular, it is a power-
ful organism to model the physiology and pathology of the
brain, mainly because it can be genetically manipulated and
because many genes and molecular pathways are conserved
between humans and flies [166]. Synapse formation, mem-
brane trafficking, and neuronal communication are a few
examples of processes that are similar in flies and in more
complex organisms [167]. In addition, D. melanogaster
brain is developed enough to promote elaborated behavio-
ral features, but it is still small enough and relatively sim-
ple, thus allowing the detailed analysis of its structure and
functions.

The genome of Drosophila melanogaster contains a sin-
gle Mitf, which shares several features and functions with
its mammalian orthologues, providing evidence of high
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conservation of this gene throughout the evolution. Inter-
estingly, Mitf is not phylogenetically closer to the mamma-
lian MITF than to TFEB, suggesting that the ancestral gene
underwent multiple duplication events after the separation of
the invertebrate to the vertebrate lineages [22]. The presence
of only one gene in flies and the high degree of conservation
with the four mammalian MiTF/TFE family members make
the fruit fly an advantageous organism to study its physi-
ological role in a simplified model.

Like the mammalian transcription factors of the MiTF/
TFE family, Drosophila melanogaster Mitf can regulate
gene expression through the binding to the DNA. The con-
servation of the DNA binding region in the protein suggests
that the fly transcription factor recognizes the same target
domain of its mammalian orthologues. This DNA region is
represented by the already described CLEAR motif, which is
crucial for the binding specificity to the DNA. The conserva-
tion of the CLEAR motif in Drosophila has been confirmed
in the promoter region of genes whose expression resulted
significantly upregulated by overexpression of Mitf protein
[22, 23, 168].

In fruit flies, Mitf has been shown to play a role in the
transcriptional regulation of lysosomal biogenesis, in
autophagy, and in the catabolism of lipids, further support-
ing a functional similarity with its mammalian orthologues
TFEB and TFE3 [22]. Moreover, a reduction in Mitf activ-
ity leads to an impairment of autophagic flux with accu-
mulation of autophagy substrates, such as polyubiquitinated
proteins and dysfunctional mitochondria. Mitf determines
the cellular response to starvation, which is well known
to activate autophagy. Upon starvation, Mitf upregulates
lysosomal biogenesis and several autophagy-related genes,
especially those involved in the formation and maturation of
autophagosomes [22, 168]. In this frame, mTOR has been
shown to negatively modulate Mitf activity, and also in flies
the treatment with Torinl, a specific inhibitor of mTOR, is
able to induce the activation and the nuclear translocation
of Mitf [22]. Interestingly, the similarity goes further at the
structural level. It is well established that Ser142 and Ser211
are the residues of human TFEB that are phosphorylated by
mTORCI, inhibiting TFEB activity. Corresponding serine
residues, Ser240 and Ser346, respectively, are also present
in the fly orthologue.

Besides its role in autophagy, D. melanogaster Mitf is
involved in eye development, a function that is performed by
MITF in mammals. More specifically, Mitf is expressed in
the eye-antennal imaginal disc during the second and third
larval stages of the fruit fly and the expression of a dominant
negative Mitf mutant impairs the correct development of the
eye [168].

Overall, the data concerning D. melanogaster Mitf sug-
gest that the protein function is highly conserved and that the
distinct roles described for the mammalian proteins might

@ Springer

coexist in the unique fly orthologue. This makes D. mela-
nogaster a perfect asset to test drugs able to modulate Mitf
activity in a cost-effective but valuable model organism, and
before moving towards more complex organisms.

The presence of a unique Mitf orthologue both in C. ele-
gans and D. melanogaster points at them as good organisms
to study this protein in a simple model in which the pres-
ence of only one protein of the MiTF/TFE family removes
the potential uncertainty derived from the redundancy. On
the other side, this hinders the possibility of studying the
interplay among the different MiTF/TFE family members,
which may be crucial for the understanding of the molecular
mechanisms that regulate the downstream pathways of these
transcription factors. Under these circumstances, it may be
worthwhile to exploit more complex model organisms.

Danio rerio

Among the vertebrates, Danio rerio, commonly known as
zebrafish, is one of the most studied model organisms [169].
As a vertebrate, it is evolutionary closer to humans than
invertebrate models and present several advantages over
other vertebrate organisms, such as the high rate of fecun-
dity, the external fertilization, and the fact that in the first
developmental stages the organism is transparent and allows
to visualize internal structures and tissues by in vivo imaging
[169]. Furthermore, in the neurodegenerative field, zebrafish
is largely used because its brain organization shows high
similarities with human brain, with specific brain regions
of zebrafish that are highly conserved and can be related to
mammal brain [169]. Genomic analyses have demonstrated
that zebrafish and other teleost species underwent an event
of gene duplication that may have occurred at least 100 mil-
lion years ago and determined the presence of approximately
20-30% of an extra complement of genes in their genome.
This is probably the reason for the presence in zebrafish of
six genes belonging to the MiTF/TFE family. Besides tfeb
and tfec, it also presents two orthologues of the mammalian
MITF (Mitfa and Mitfb) and two orthologues of the mamma-
lian TFE3 (Tfe3a and Tfe3b). Since often-duplicated genes
are characterized by tissue-specific expression or by the acti-
vation in precise developmental stages, the research may
take advantage of the duplication of the genome to study
in detail the role of the protein of interest in different cell
types or at different times. This feature seems to apply to the
proteins Mitfa and Mitfb that share high homology in their
sequence, with the differences mostly located in their amino
and carboxy termini. Interestingly, Mitfa seems to corre-
spond to the mammal melanocytic “M” isoform, whereas
Mitfb shares the highest homology with the mammalian “A”
isoform. Moreover, the zebrafish Mitf genes have restricted
expression profiles that approximate the localized expression
of their mammalian orthologue [170].
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Regarding the role of tfeb, the major functions of this
transcription factor are conserved. In zebrafish, as in
mammals, it controls the network of genes involved in
lysosomal biogenesis and autophagy. Moreover, similarly
to its mammalian orthologue, tfeb activation is regulated
by mTORCI1 and Rag-GTPases. Like in mouse, tfeb can
repress in zebrafish the process of myelination during
the development of the CNS. More specifically, tfeb has
been shown to upregulate several of its target genes in the
oligodentrocytes, leading the authors to speculate that the
activity of tfeb may impair the trafficking of endo-lyso-
somal organelles to the membrane and the synthesis of
lipids, two crucial processes for the membranous myelin
sheath. As the activity of tfeb might disrupt the process
of myelination, it appears to be specifically repressed by
mTORCI1 and other inhibitory kinases during myelination
[171]. This function of tfeb, although poorly investigated,
may be crucial for neuronal physiology and could be
very relevant in the context of neurodegeneration. Thus,
it would be very worthwhile to investigate whether this
activity of tfeb is conserved in other models and in mam-
mal and understand how it impacts brain homeostasis.

In comparison to Mitf and Tfeb, which are the most
studied and characterized genes among the members of
the MiTF/TFE family in zebrafish, much less is known
about the two tfe3 genes. Tfe3a has been described to
encode a protein of 539 amino acids that shares about
50% of homology with the human TFE3. As observed
for the other members of the family, the most conserved
region of Tfe3a is the helix-loop-helix/leucine zipper
region. Like the human orthologue that has been shown
to regulate immunoglobulin expression, tfe3a in zebrafish
is present in the ventral mesoderm, which gives origin to
blood cells, suggesting a possible functional conservation
of this gene between different organisms [170].

Tfe3 genes seem to be co-expressed with mitf genes in
several tissues. In fibroblast cell cultures, the two genes
share comparable activities, suggesting a possible redun-
dant role. Nevertheless, in mitf knockout zebrafish mod-
els, Tfe3 has been demonstrated to support very ineffi-
ciently the role of Mitf [170], indicating that, in vivo, the
different members of the MiTF/TFE family exert different
roles being only partially redundant at the functional level
[170].

In zebrafish, Tfec is the less characterized member of
the Mitf family. The protein has been proposed to be a
key regulator of zebrafish embryonic hematopoiesis, the
process responsible for the formation of all types of blood
cells from hematopoietic stem cells (HSCs) [172]. How
and if this has a role in the nervous system, at least in this
model, remain to be elucidated.

Other Organisms

Beside the most common and studied animal models, ortho-
logues of the MiTF/TFE family of transcription factors have
been found in other organisms. Even though these organ-
isms are considered irrelevant in biomedical research, they
may inspire the study of alternative pathways or regulatory
mechanisms in more conventional models.

Among the organisms in which an orthologue of Mitf has
been described, Paracentrotus lividus is a sea urchin that
has an important phylogenetic position because it belongs
to the phylum of Deuterostome, like vertebrates. Given the
conservation of many important molecular pathways, the
study of Mitf in Paracentrotus lividus may provide interest-
ing information about the role and the signalling pathways
of this transcription factor.

P1-Mitf protein is characterized by all the functional
domains of the MiTF/TFE protein family, including the
DNA binding domain and the bHLHzip domain. However, in
this domain, only four out of five canonical leucine residues
are observed and two of them are conservative substitutions.
This imperfect leucine zipper has also been found in D.
melanogaster. Among the phosphorylation sites of PI-Mitf,
some of them are conserved, further providing evidence of a
possible common pattern of regulation of this protein. Mitf
has been found in the pigment cells of the sea urchin, coher-
ently to the role of the mammalian orthologue in melano-
cyte. Moreover, while MITF in mammals is an important
transcription factor in osteoclasts, Pl-Mitf is expressed in the
presumptive mesenchymal cells (PMC) that are progenitor
cells of the sea urchin larval skeleton. Some studies have
highlighted similar features between PMC and osteoclasts:
both cell types are involved in the skeleton development,
have migratory capability, and can form multinucleated syn-
cytia. These data may suggest an unknown role of PI-Mitf in
the skeletogenesis of sea urchin [173].

Given the well-established role of MITF in the pigment
cells, another group of organisms may be interesting to
study the function of this gene. In fact, molluscs are char-
acterized by a vast pattern of colors, mainly in shells. The
yesso scallop, Patinopecten yessoensis, is a large group of
molluscs that live in the bottom of the northwestern Pacific
Ocean. The genome and the transcriptome of Yesso scallop
have been widely studied and a unique orthologue of MITF
(Py-Mitf) has been found in this organism. It shares less
homology with vertebrate organisms, highlighting the fact
that the evolution of this gene is consistent with the species
taxonomy. This gene is formed by eight exons, in contrast
with the mammalian MITF that is organized into nine exons.
As observed in other organisms, the most conserved region
of the Py-Mitf gene is the bHLH-LZ motif [174]. Shell color
is determined in these organisms by the presence of biologi-
cal pigments, like melanin, carotenoids, and tetrapyrroles,
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but the mechanisms that underline these features are poorly
understood. Melanin biosynthesis is initiated with tyrosine
oxidation and tyrosine in mammals is known to be posi-
tively regulated by MITF, which has been reported to be a
master regulator of melanogenesis. Interestingly, in yesso
scallop, the expression of Py-Miif has been shown to corre-
late with the shell color, further confirming the high degree
of conservation of these genes among different organisms.
Moreover, the higher level of Py-Mitf mRNA was detected
in the mantel, the organ involved in shell color formation.
Notably, even though the two valves of the same organism
usually are characterized by different colors, no difference
in the level of Py-Mitf expression was detected between the
right and the left mantels. This result may indicate that Py-
Mitf is strictly regulated, and a different regulation process
may modulate the shell color in the same animal. Reports
about Mitf involvement in autophagic regulation in these
organisms are lacking; however, given the high conserva-
tion of autophagy throughout evolution and the similarities
between mammalian MITF and the invertebrate orthologue,
it is highly probable that this transcription factor may control
ALP also in these invertebrates.

The high degree of conservation of the MiTF/TFE tran-
scription factors across evolution should be exploited for the
research of modulators of these proteins. The possibility of
being inspired not only of many classical model organisms
but also of several non-canonical animal models may be very
relevant to implement the in vivo characterization of these
factors and represent very good tools to analyze in detail
different aspects of the MiTF/TFE transcription factors that
are still unclear.

Conclusions and Future Directions

Autophagy dysfunction has been described in differ-
ent neurodegenerative disorders. All the members of the
MiTF/TFE family have been shown to participate in the
regulation of autophagy, and in other processes that are
relevant for brain physiology. However, many aspects
related to the basic biology of these transcription factors
remain unknown. For instance, MiTF/TFE transcription
factors can form both homodimers and heterodimers with
any other family member, but little is known about the
functional difference between homodimers and heterodi-
mers. Furthermore, with the exception of TFE3, all fam-
ily members have alternative transcripts which display
different tissue distribution patterns, and it remains to be
determined the functional importance of these transcripts
and whether this may result in cell-type—specific regula-
tory networks. As MiTF/TFE transcription factors are
conserved across species, comparing MiTF/TFE protein
function and regulation in different and appropriate animal
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models may provide a better understanding of their physio-
logical function in the CNS. Moreover, the use of different
model organisms may provide a valuable tool for under-
standing the roles of these transcription factors common
to all forms of eukaryotic life and how their impairment
may be implicated in neurodegeneration. Thus, it appears
fundamental to decipher the factors that are responsible for
MiTF/TFE transcription factor regulation and their inter-
play. This would allow modulating autophagy and other
relevant pathways for brain cells via MiTF/TFE family
members in a tissue/cell-specific manner thus avoiding
negative side effects.
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