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Abstract

In recent years, our vision of lysosomes has drastically changed. From being considered as mere
degradative compartments, they are now recognized as key players in many cellular processes. The
ability of lysosomes to respond to different stimuli revealed a complex and coordinated regulation
of lysosomal gene expression. This review discusses the participation of the transcription factors
TFEB and TFE3 in the regulation of lysosomal function and biogenesis, and the role of the
lysosomal pathway in cellular adaptation to a variety of stress conditions, including nutrient
deprivation, mitochondrial dysfunction, protein missfolding, and pathogen infection. We also
describe how cancer cells make use of TFEB and TFE3 to promote their own survival, and
highlight the potential of these transcription factors as therapeutic targets for the treatment of
neurological and lysosomal diseases.
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INTRODUCTION

Lysosomes are the primary degradative compartment in all cells. Discovered in the early
fifties by Christian De Duve, lysosomes are membrane-bound organelles containing over 50
acid hydrolases specialized in breaking-down different macromolecules, including proteins,
lipids, carbohydrates, and nucleic acids (De Duve et al 1955). Lysosomes receive
extracellular materials that enter the cell through endocytosis and phagocytosis, as well as
intracellular materials that are delivered via autophagy (Luzio et al 2007).

Lysosomal function is critical for maintaining proper cellular homeostasis. Mutations in
lysosomal proteins are the cause of a class of metabolic disorders known as Lysosomal
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Storage Diseases (LSDs); their combined prevalence is estimated at 1 in 5,000 births. LSDs
are characterized by the progressive accumulation of undigested material in lysosomes that
in turn disrupts cellular physiology. A common characteristic for most LSDs is the
accumulation of autophagosomes, suggesting that healthy lysosomes are necessary for
efficient autophagosome degradation (Lieberman et al 2012). Since basal autophagy is
critical for elimination of damaged organelles and unfolded proteins, it is not surprising that
accumulation of abnormal mitochondria and protein aggregates are also usually observed in
LSDs (Vitner et al 2010).

Recent evidence indicates that the autophagic/lysosomal pathway is a highly dynamic
system. Cells possess multiple mechanisms to rapidly and efficiently turn up or down this
pathway, and this regulation is essential for cellular adaptation to different internal and
external stresses. As a critical regulator of cellular survival, the autophagic/lysosomal
pathway is often hijacked by pathogens and used by tumor cells for their own benefit. In
addition, diminished or aberrant autophagic/lysosomal function is a common phenomenon
during aging and has been linked to several neurodegenerative disorders. In this review we
focus on the transcriptional regulation of lysosomal biogenesis and its implications for
cellular clearance and response to stress, maintenance of energy homeostasis, and human
disease.

TRANSCRIPTIONAL CONTROL OF AUTOPHAGY AND LYSOSOMAL
BIOGENESIS

Cells must maintain a constitutive basal level of autophagy in order to preserve homeostasis,
but equally important is their ability to effectively upregulate this process in response to
different stress conditions, such as nutrient limitation, protein missfolding, oxidative stress,
or organelle damage. Autophagy activation may be achieved by various mechanisms
including post-translational modifications (e.g. phosphorylation, protein lipidation).
However, it has been recently recognized that several transcription factors also play an
important role in the transcriptional regulation of autophagy (reviewed in (Fullgrabe et al
2014)). These include transcription factors that promote autophagy activation (E2F1,
GATA1, and members of the FOXO family), repression (GATA4), and those that have a dual
inhibitory/activating function (TP53/p53 and NFKB).

Since efficient autophagosome degradation requires fusion with fully active lysosomes, it
makes sense that cells possess mechanisms to increase the number and activity of lysosomes
under stress conditions. Although a logical idea, the mechanism that governs lysosomal
biogenesis remained uncharacterized until very recently. Lysosomal degradation was viewed
as a housekeeping rather than a regulated process. In addition, the dynamic nature of
lysosomes suggested that changes in the rate of endocytosis or the delivery of lysosomal
enzymes through the secretory pathway might be sufficient to adjust lysosomal activity to
cellular demands. Unexpectedly, analysis of the promoter region of many lysosomal genes
revealed the presence of one or more 10 base-pair motif (GTCACGTGAC) typically
localized within 200 base pairs of the transcription initiation site (Sardiello et al 2009). This
motif, named Coordinated Lysosomal Expression and Regulation (CLEAR) element,
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constitutes a type of E-box (CANNTG), recognized by the MiTF/TFE family of basic helix-
loop-helix (bHLH) transcription factors. It was, therefore, suggested that lysosomal
biogenesis is transcriptionally regulated.

The MIiTF/TFE family is composed of four different transcription factors, namely TFEB,
TFE3, MITF, and TFEC. MITF and TFE3 had been implicated in promoting expression of
several genes involved in melanosome biogenesis, which are considered lysosome-related
organelles (Cheli et al 2010, Raposo & Marks 2007, Verastegui et al 2000). MITF also
induces expression of particular lysosomal genes critical for osteoclast function, including
CLCN7, OSTM1, ACPS5, and cathepsin K (Hershey & Fisher 2004, Meadows et al 2007,
Motyckova et al 2001). However, MITF and TFE3 were not initially considered to be broad
regulators of lysosomal gene expression.

TFEB was the first member of the MiTF/TFE family identified as a master regulator of
lysosomal biogenesis. TFEB over-expression in HelLa cells induces transcriptional activation
of numerous lysosomal genes, including several subunits of the v-ATPase, lysosomal
transmembrane proteins and lysosomal hydrolases, and results in a significant increase in the
total number of lysosomes (Sardiello et al 2009). Genome-wide chromatin
immunoprecipitation sequencing (ChIP-seq) analysis showed a high enrichment in
lysosomal genes and confirmed direct binding of TFEB to CLEAR elements (Palmieri et al
2011). TFEB also binds to the promoter of many other genes implicated in lysosomal-
related processes, such as endocytosis, phagocytosis, and autophagy. The ability of TFEB to
stimulate autophagy is of great importance, since it reveals a transcriptional co-regulation of
two major cellular degradative pathways (Settembre et al 2011). More recently it was shown
that TFE3 also binds CLEAR elements and induces lysosomal biogenesis and autophagy
upon activation (Martina et al 2014). TFE3’s ability to increase number of lysosomes is
TFEB-independent, since its effect is observed in TFEB-depleted cells (Martina et al 2014).
Importantly, TFEB and TFE3 induce expression of a small subset of autophagy genes.
However, these genes encode critical regulators of autophagosome formation and
degradation (Martina et al 2014, Settembre & Ballabio 2011).

The participation of MITF in lysosomal biogenesis is less clear. Part of the difficulty is that
MITF is subjected to alternative splicing and promoter usage, thus resulting in multiple
isoforms. Over-expression of the ubiquitous MITF-A in ARPE-19 cells does not effectively
activate expression of lysosomal genes but increases expression of several autophagy genes
(Martina et al 2014). In contrast, analysis of microarray expression dataset of 51 different
melanoma lines revealed a strong correlation between the expression of MITF-M, an
isoform enriched in melanoma, and many, but not all, lysosomal genes containing CLEAR
elements in their promoters (Ploper et al 2015). Furthermore, the ability of the members of
the MIiTF/TFE family hetero-dimerize with each other may influence the relative
contribution of MITF to lysosomal gene expression depending on cell type or activation
status. Therefore, this review will focus on the cellular functions of TFEB and TFE3, the
two bona fide master regulators of lysosomal biogenesis.
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NUTRIENT SENSING AND ENERGY HOMEOSTASIS

In order to survive nutrient deprivation, cells must inhibit protein synthesis and activate
autophagy. Autophagy ensures delivery and degradation of cytosolic components within
lysosomes, thus preventing accumulation of damaged proteins and organelles and promoting
recycling of building blocks, such as fatty acids and amino acids, which are critical for
maintaining ATP levels and synthesis of essential survival components. Lysosomes are also
the site of activation of mMTORCL, an evolutionary conserved serine/threonine kinase that
regulates cell growth and division in response to energy levels, growth signals, and nutrients.
Under conditions of nutrient and energy abundance, mTORCL1 is recruited to the lysosomal
surface and activated, thus promoting anabolic processes, such as protein synthesis and
nutrient storage, and inhibiting autophagy. Conversely, when nutrients are scarce, mMTORC1
is inactivated, leading to autophagy induction and utilization of energy stores. Therefore,
lysosomes are intimately involved in nutrient response by facilitating autophagosome
degradation and serving as signaling platforms for mTORCL activation.

Mechanism of TFEB and TFE3 activation in response to nutrient levels

Elucidating the mechanism of TFEB/TFE3 activation was the key for understanding the
conditions under which cells enhance lysosomal biogenesis (Figure 1). Perhaps not
surprisingly, TFEB and TFE3 were shown to respond to the level of nutrients within cells
(Martina et al 2014, Settembre & Ballabio 2011). More unexpected was the finding of a link
between TFEB/TFE3 activation and their intracellular distribution. When cells are fully fed,
TFEB and TFE3 remain excluded from the nucleus and accumulate in the cytosol. In
contrast, following starvation they rapidly translocate to the nucleus and up-regulate multiple
genes, thus promoting autophagy and lysosomal biogenesis as a way to help cells adapt and
survive nutrient deprivation (Martina et al 2014, Settembre & Ballabio 2011). TFEB and
TFES3 are partially redundant in terms of their ability to induce lysosomal biogenesis in
response to starvation, but both must be present for a maximal response (Martina et al 2014).

Importantly, the intracellular localization of TFEB and TFE3 is regulated by mTORCL1. In
fully fed cells, TFEB and TFE3 are recruited to the lysosomal surface where they undergo
mTORC1-dependent phosphorylation. mMTORC1 phosphorylates TFEB and TFE3 at several
resides but serine 211 (S211) in the case of TFEB and S321 in TFE3 are particularly
relevant, since phosphorylation of these residues creates a binding site for the cytosolic
chaperone 14-3-3. Interaction with 14-3-3 results in sequestration of these transcription
factors in the cytosol (Martina et al 2012, Martina et al 2014, Roczniak-Ferguson et al 2012,
Settembre et al 2012). Conversely, when nutrients are scarce, inactivation of mMTORC1,
together with de-phosphorylation of S211 and S321, prevent binding to 14-3-3, resulting in
a rapid accumulation of TFEB and TFE3 in the nucleus.

Study of the mechanism that regulate recruitment of mTORC1, TFEB, and TFE3 to
lysosomes further revealed that lysosomes do not function as mere signaling platform but
play a more complex role in sensing and regulating energy homeostasis. It was shown that
fluctuations in amino acids concentration inside the lysosomal lumen affect the
conformation of v-ATPase. When the amino acid levels are high, v-ATPase interacts
extensively with Ragulator, a pentameric protein complex associated with the outside of the
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lysosomal surface, thus activating its guanine nucleotide exchange factor (GEF) activity
(Zoncu et al 2011). Ragulator then transmits the information regarding amino acid
availability by modulating the nucleotide status of the small GTPases Rags (Bar-Peled et al
2012). Rag GTPases assemble as heterodimers consisting of either RagA or RagB bound to
Rag C or RagD (Gao & Kaiser 2006, Sekiguchi et al 2001). Ragulator not only tethers Rag
GTPases to the lysosome but also acts as a GEF for RagA/B, favoring the formation of
RagA/BCTP-RagC/DCDP heterodimers (Bar-Peled et al 2012, Sancak et al 2010, Sancak et al
2008). It is in this particular conformation that Rags interact with TFEB/TFE3, promoting
their recruitment to the lysosomal surface (Martina et al 2014, Martina & Puertollano 2013).
The interaction between Rags and TFEB/TFE3 is mediated by a Rag-binding motif located
within the 30 terminal residues of the transcription factors. Similar to TFEB/TFE3,
mMTORC1 is recruited to lysosomes in nutrient abundant conditions through the interaction
of one of its subunits, Raptor, with RagA/BCTP-RagC/DCPP heterodimers (Sancak et al
2010). Once on the lysosome, mTORCL is activated by the small GTPase Rheb, which
requires the presence of growth factors for its own activation (Saucedo et al 2003, Stocker et
al 2003). The synchronized, Rag-mediated recruitment of mTORCL1 and its substrates to the
same regions of the lysosomal surface in nutrient rich conditions provides a spatiotemporal
regulation for the mTORC1-induced phosphorylation and inhibition of TFEB/TFE3. In fact,
mutations in the TFEB/TFE3 Rag binding domain prevent their recruitment to lysosomes,
mTORC1-mediated phosphorylation, and binding to 14-3-3, thus resulting in constitutive
activation of these transcription factors even when nutrients are plentiful (Martina et al 2014,
Martina & Puertollano 2013).

Under starvation conditions, the nucleotide state of Rags changes, resulting in the
predominant formation of RagA/BEPP-RagC/DETP heterodimers. Since Rags are unable to
interact with mTORC1 or TFEB/TFE3 in this conformation, the mTORC1 inhibitory effect
is relieved, allowing for TFEB/TFES3 nuclear translocation. Interestingly, RagA/BCDP-
RagC/DCTP heterodimers recruit a different set of proteins to the lysosome in starvation
conditions, including folliculin and tuberous sclerosis complex (TSC) (Demetriades et al
2014, Martina et al 2014, Petit et al 2013, Tsun et al 2013). While the TSC complex
functions as a GTPase-activation protein (GAP) that inhibits Rheb activity further ensuring
mTORC1 inactivation, folliculin shows GAP activity toward RagC/D and has been proposed
to contribute to the rapid mTORCL1 re-activation observed in refed conditions (Dibble et al
2012, Tsun et al 2013). Moreover, TFEB and TFE3 induce transcriptional up-regulation of
folliculin and the folliculin interacting proteins FNIP1 and FNIP2, suggesting that these
transcription factors not only help cells respond to starvation but prepare them for efficient
transition to nutrient rich conditions (Martina et al 2014).

Apart from mTORC1, other kinases are likely to participate in TFEB/TFE3 regulation.
Phosphorylation of TFEB-S142 by MAPK has been suggested to contribute to TFEB
cytosolic retention (Settembre et al 2011). This is an interesting possibility considering that
MAPK can also be recruited to lysosomes via interaction with specific Ragulator subunits
(Nada et al 2009, Wunderlich et al 2001).

One important consideration is that efficient TFEB-S211 and TFE3-S321 dephosphorylation
requires not only mTORCL1 inhibition, but also activation of phosphatases that specifically
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target these residues. In this regard, it has been recently shown that calcineurin plays an
important role; under starvation conditions, localized calcium release from lysosomes
induces activation of calcineurin, which dephosphorylates TFEB critical serine residues,
thus promoting its nuclear translocation (Medina et al 2015). These results open a possibility
that calcium release form other compartments (e.g. endoplasmic reticulum, mitochondria)
may also lead to calcineurin-mediated TFEB/TFE3 activation. Also, lysosomal calcium
release may have a broader signaling impact by regulating additional calcineurin-dependent
or independent pathways.

Finally, the mechanism of TFEB/TFE3 activation in response to starvation seems to be
highly conserved among species. Mitf, the only member of the MiTF/TFE family in
Drosophila melanogaster, is also retained in the cytosol through interactions with 14-3-3.
Starvation-induced inactivation of TORC1 causes Mitf nuclear translocation and Mitf-
dependent expression of all v-ATPase subunits, resulting in regulation of the v-ATPase
activity. Of note, increased v-ATPase activity leads to enhanced TORC1 activity and
promotes sequestration of Mitf back to the cytoplasm (Zhang et al 2015). This suggests the
presence of a negative regulatory loop that maintains the activity of these critical regulators
in balance and might have important implications in metabolic diseases and cancer.

TFEB and TFE3 as metabolic regulators

Metabolic regulation is essential to ensure survival during fasting. It has been suggested that
autophagy plays an important role in lipid catabolism. Cells accumulate fat in the form of
triglycerides (TGs) in specialized organelles named lipid droplets. Fasting triggers TGs
breakdown into fatty acids that are eventually imported into mitochondria and incorporated
into the TCA cycle to produce ATP. Autophagy participates in lipid catabolism by delivering
fragments of lipid droplets to lysosomes, where the lysosomal acid lipase (LAP) mediates
TGs degradation. TFEB contributes to the fasting response not only by up-regulating
autophagy and lysosomal biogenesis, but also by increasing expression of key mediators of
the lipid catabolism, including genes implicated in import of fatty acids, beta-oxidation of
fatty acids in mitochondria and peroxisomes, LAP, and the master regulators of lipid
catabolism PGC1-alpha and PPAR-alpha (Settembre et al 2013). Accordingly, liver-specific
TFEB knockout results in accumulation of lipid droplets and defective lipid degradation
during starvation. Conversely, TFEB over-expression enhances fatty acid catabolism and
whole-body energy metabolism, while preventing obesity and metabolic syndrome in high-
fat diet-fed mice (Settembre et al 2013).

The role of TFE3 in regulating expression of metabolic genes is less well characterized.
TFE3 seems to play an important role in energy homeostasis in liver and muscle by
regulating expression of several genes implicated in insulin signaling (Iwasaki et al 2012,
Nakagawa et al 2006). Muscle-specific TFE3 transgenic mice display increased glycogen
accumulation and high exercise endurance capacity. TFE3 also regulates expression of
PGC1-alpha in muscle, further confirming the role of this transcription factor in energy
metabolism (Salma et al 2015). Finally, it has been suggested that TFE3 regulates lipid
metabolism in adipose tissues by modulating expression of key lipolysis regulators
(Fujimoto et al 2013).
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The regulatory role of TFEB and TFE3 in metabolism is evolutionary conserved. HLH-30,
the ortholog of TFEB and TFE3 in C elegans, translocates to the nucleus following
starvation to up-regulate expression of the lysosomal lipases LIPL-1 and LIPL-3.
Transcription of these lipases, as well as several autophagy genes, is impaired in //4-30
mutants, resulting in defective degradation of lipid droplets (O’Rourke & Ruvkun 2013). In
agreement with the recent suggestion that autophagy and nutrient-signaling pathways are
linked to longevity in C. elegans (Lapierre & Hansen 2012), HLH30 over-expression was
found to extend lifespan in this model (Lapierre et al 2013).

CELLULAR STRESS

Besides nutrient deprivation, cells must monitor and respond to various types of
perturbations. The cellular response to stress involves numerous pathways including those
that regulate protein folding, mitochondria homeostasis, cell fate and lineage decisions,
growth control and cell cycle, and cellular survival/death programs. It is, therefore, not
surprising that the signals that regulate these processes and those that control the autophagic/
lysosomal pathway communicate with each other. Recent evidence indicates that TFEB and
TFES3 are activated in response to mitochondrial and ER stress (Figure 1), suggesting a more
general role in cellular adaptation to stress than previously anticipated.

Mitochondrial stress

Mitophagy is the process by which damaged mitochondria are eliminated via autophagy.
Under conditions of loss of mitochondrial membrane potential, PINK1 kinase induces
recruitment of the cytosolic E3 ligase Parkin to the outer mitochondrial membrane. Parkin-
mediated ubiquitination of select outer mitochondrial membrane proteins, such as mitofusins
and Mirol, initiates the recruitment of key regulators of autophagosome formation, leading
to the elimination of impaired mitochondria (Narendra et al 2012). Interestingly, mitophagy
induction by treatment with the ATP synthase inhibitor oligomycin and the complex 11
inhibitor antimycin A, results in translocation of TFEB and TFE3 to the nucleus in a process
that requires PINK1, Parkin, Atg9A, and Atg5 but not mTORC1 inactivation. Conversely,
Atg5 is not required for TFEB nuclear accumulation upon nutrient deprivation, suggesting
that the mechanism of TFEB activation during starvation and mitophagy is different (Nezich
et al 2015). Further pointing to a role for Parkin in TFEB regulation is the observation that
Mutation Q311X in Parkin causes decreased degradation of PARIS, a transcriptional
repressor of PGC1-alpha, leading to reduced levels of PGC1-alpha and TFEB (Siddiqui et al
2015). Depletion of TFEB alone does not result in mitophagy defects. However, depletion of
all members of the MiTF/TFE family (TFEB/TFE3/MITF/TFEC) causes impaired
degradation of damaged mitochondria (Nezich et al 2015), further confirming the
redundancy among members of the MiTF/TFE family (Martina et al 2014, Steingrimsson et
al 2002).

The positive transcriptional feedback loop between PGC1-alpha and TFEB is probably
critical to modulate mitochondrial quality and function in different tissues. PGC1-alpha is a
master regulation of mitochondrial biogenesis but it can also modulate mitophagy by
regulating expression of TFEB (Tsunemi & La Spada 2012). Likewise, TFEB promotes
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mitochondria degradation but also biogenesis by inducing expression of PGC1-alpha
(Settembre et al 2012). Accordingly, animals lacking PGC1-alpha exhibit myopathic
characteristics reminiscent of those seen in autophagy-deficient muscle (Vainshtein et al
2015), whereas TFEB activation enhances removal of depolarized mitochondria, restores
normally polarized mitochondria, and prevents ischemiareperfusion-induced cardiomyocyte
death (Ma et al 2015). In addition, the cardioprotective effect of cobalt protoporphyrin 1X
(CoPPIX) has been linked to its ability to simultaneously activate TFEB and mitophagy
(Unuma et al 2013). Finally, treatment with the TFEB/TFE3 activator rapamycin prevents
losses in mitochondrial function and restores cell viability in mitochondrially compromised
human iPSC-derived dopaminergic neurons (Siddiqui et al 2015).

Accumulation of misfolded proteins in the ER is a potent stress signal that induces activation
of stress responses, such as the unfolded protein response (UPR) and autophagy, with the
goal of reestablishing cell homeostasis. Recent evidence indicates that TFEB and TFE3 are
activated in response to ER stress (Martina et al 2016). TFE3 nuclear translocation under ER
stress is mMTORC1 independent but requires PERK, an ER integral membrane protein that
senses protein missfolding in the ER lumen and activates UPR. ChlP-seq analysis of MEFs
subjected to either starvation or tunicamycin treatment revealed a high degree of overlap
between the genes regulated by TFE3 under each condition. TFE3 targets included not only
autophagic/lysosomal genes, but also ATF4, an essential master regulator of the integrated
stress response, and genes implicated in cell response to stress, signaling, and apoptosis
(Martina et al 2016). Therefore, TFE3 may have an important role integrating cooperation
between different cellular stress pathways. Of note, depletion of TFEB and TFE3 in MEFs
results in increased resistance to apoptosis under conditions of prolonged ER stress. This
suggests that TFEB and TFE3 might have a dual role in cell fate, promoting either survival
or cell death depending on the duration and strength of the stress (Martina et al 2016).

Cell fate and lineage decisions

Cell lineage decisions are driven by the action of different transcription factors that promote
stem cells” commitment toward specific precursors. TFE3 has been implicated in
differentiation of hematopoietic myeloid precursors. TFE3 activation in myoblasts is critical
to promote their maturation toward the macrophage lineage (Zanocco-Marani et al 2006,
Zanocco-Marani et al 2009). TFE3 also regulates osteoclast development by promoting
transition of mono-nucleated to multi-nucleated osteoclasts. In this case, TFE3 activation
occurs downstream of the growth factors M-CSF and RANK and requires MAPK-dependent
TFE3 phosphorylation (Hershey & Fisher 2004). Conversely, a recent report suggested the
involvement of TFE3 in the maintenance of pluripotency (Betschinger et al 2013).
Translocation of TFE3 from the nucleus to the cytoplasm is required to allow embryonic
stem cells to exit their naive pluripotent state and commit to cellular differentiation.
Interestingly, cytoplasmic retention of TFE3 requires the folliculin/ENIP1/FNIP2 complex,
which, as mention earlier, is also involved in bringing TFE3 back to the cytosol during re-
feed conditions (Martina et al 2014).
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Many cell types undergo a profound reorganization of their endo-lysosomal system during
differentiation. This is the case of osteoclasts, a specialized cell type that secrete lysosomal
hydrolases at the site of bone resorption and whose function is critical for skeletal formation
and remodeling. It was recently shown that TFEB is required for osteoclasts function /in vivo
(Ferron et al 2013). Incubation of osteoclast with RANK promotes TFEB phosphorylation
via activation of PKCp kinase. Upon translocation to the nucleus, TFEB induces lysosomal
biogenesis and facilitates secretion of lysosomal hydrolases. Accordingly, depletion of
TFEB in osteoclasts results in decreased expression of lysosomal genes, reduced number of
lysosomes, and defective resorption of the bone matrix (Ferron et al 2013).

Whnt signaling regulates cell differentiation, embryonic pattering and organogenesis during
development. Wnt also participate in adult tissues homeostasis and its dysregulation often
leads to cancer. Recent evidence suggests an important role of MITF in Wnt signaling
(Ploper et al 2015). In the absence of Wnt, glycogen synthase kinase 3 (GSK3)-dependent
phosphorylation of MITF promotes its degradation. In contrast, Wnt ligand binding induces
GSK3 sequestration into multivesicular bodies (MVBSs), resulting in MITF stabilization and
nuclear transport. MITF activation expands the MVB compartment further enhancing Wnt
signaling. Since most of the GSK3 phosphorylation sites identified in MITF are also present
in TFEB and TFES3, it is possible that Wnt-dependent TFEB and TFE3 regulation also
influence development and/or cancer progression.

IMMUNE RESPONSE

Numerous studies have demonstrated essential roles for the autophagy-lysosome system in
macrophages and other cells of the immune system in response to pathogen exposure
(Puleston & Simon 2014). These include degradation of phagocytosed pathogens, antigen
processing and presentation, natural Killer (NK) and T-cell cytotoxic granule secretion, and
TLR signaling (Colbert et al 2009). In addition, autophagy is implicated in direct engulfment
of intracellular pathogens and in modulation of inflammatory signaling through the
inflammasome complex (Jo et al 2013, Shi et al 2012).

Considering the important role of TFEB/TFE3 as master regulators of autophagy induction
and lysosomal biogenesis, their recently revealed participation in the transcriptional
regulation of the immune response is not surprising. Activation of macrophages with
different toll-like receptor (TLR) ligands or live bacteria has been recently shown to result in
a robust and persistent accumulation of TFE3 in the nucleus. Similar to mitochondrial and
ER stress conditions, TFE3 nuclear translocation is not accompanied by a noticeable
reduction in mTORCL activity in LPS-treated macrophages, further confirming that TFE3
can be activated in a mTORC1-independent manner (Pastore et al 2016). Generation of
edited knockout cell lines and /in vivo mouse models revealed that depletion of TFEB and
TFES3 leads to a significant decrease in autophagosome/lysosomal biogenesis as well as
inhibition of the late endosomal/lysosomal system remodeling normally associated with
macrophage activation (Pastore et al 2016). Depletion of either TFEB or TFE3 results in a
more subtle phenotype, indicating that the two transcription factors cooperate in the
regulation of the innate immune response in activated macrophages. ChlP-seq analysis
confirmed increased binding of TFE3 to the promoter of autophagic/lysosomal genes
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following LPS stimulation. Notably, TFE3 also binds to the promoter of numerous immune
genes, suggesting a more direct role of TFE3 in inflammatory response. Accordingly,
transcriptional up-regulation and secretion of several key cytokines and chemokines are
severely reduced in TFEB/TFE3 knockout cells both /n vitro and in vivo (Pastore et al
2016). These observations are in agreement with a report from the Irazoqui laboratory
showing that HLH-30, the ortholog of TFEB and TFE3 in C elegans, regulates expression of
numerous cryoprotective and antimicrobial genes in response to S aureus infection (Visvikis
et al 2014), indicating that the role of TFEB/TFE3 in innate immune response is conserved
through evolution.

TFEB has also been implicated in the expression of interferon-stimulated genes (ISGs). The
exonuclease TREX1 degrades host cytosolic DNA as a way to prevent autoimmunity.
Mutations in TREX1 result in ISGs expression though the activation of an interferon-
independent, TFEB-dependent pathway (Hasan et al 2013). It was proposed that TFEB
activation in TREX1-deficient cells causes an expansion of the lysosomal system, resulting
in activation of STING, TBK1 and the transcription factors IRF3 and IRF7, and leading to
ISGs expression (Hasan et al 2013). However, based on the aforementioned observations of
Pastore et al. and Visvikis et al., it is tempting to speculate that TFEB may also directly
contribute to the transcriptional up-regulation of 1ISGs. Importantly, mutations in TREX1
have been linked to lupus erythematosus and other inflammatory disorders. Therefore, TFEB
is likely to play a role in the pathogenesis of autoimmune diseases.

TFEB and TFE3 also contribute to the adaptive immune response. TFEB is activated during
dendritic cell maturation, leading to increased phagosomal acidification, increased protein
degradation, and enhanced antigen presentation by the major histocompatibility complex
(MHC) type Il, a process that is critical for initiating the T-cell response to pathogen
infection (Samie & Cresswell 2015). Moreover, B-lymphocytes isolated from TFE3
knockout mice show defects consistent with impaired B-cell activation, including reduced
surface expression of CD23 and CD24 and decreased antibody production (Merrell et al
1997); a combined depletion of TFE3 and TFEB in activated CD4(+) T lymphocytes reduces
expression of CD40 ligand, causing an aberrant antibody response (Huan et al 2006).

An additional indication that TFEB and TFE3 are key players in the host response to
infection is the finding that some pathogens have developed systems to modulate their
activation. For example, shortly after macrophage exposure to HIV, TFEB is activated in a
process that is dependent on TLR8. This leads to a transient increase in autophagy that is
critical for HIV replication (Campbell & Spector 2013). However, since sustained autophagy
may increase HIV degradation, the virus has developed ways to down-regulate autophagy in
chronic infection conditions. Campbell et al. recently showed that the HIV protein Nef
directly binds Beclin, resulting in mTOR activation, TFEB phosphorylation and cytosolic
retention, and consequent autophagy inhibition (Campbell et al 2015). Therefore, regulation
of TFEB activation during HIV infection is critical for virus survival. In agreement with this,
Apolipoprotein L1 (APOL1), a major component of the innate immune response, contributes
to HIV suppression not only by increasing degradation of the viral proteins Vif and Gag and
but also by inducing TFEB-dependent lysosomal biogenesis (Taylor et al 2014).
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TFEB is also involved in other so far poorly understood inflammatory processes. For
example, LPS stimulation results in extrusion of mitochondrial contents from hepatocytes
and embryonic fibroblasts via a process that requires both autophagy and TFEB activation,
and this mitochondrial content is sufficient to induce an inflammatory response (Unuma et al
2015). Another study reported that activation of protease-activated receptors (PARS) in
urinary bladder leads to a concomitant increase in inflammation and TFEB expression
(Saban et al 2007). Finally, TFEB over-expression reduced lysosomal cell death in
macrophages activated under lipotoxic conditions, suggesting that TFEB regulates the cross
talk between lipid metabolism, lysosomes, and immune response (Schilling et al 2013).

It is likely that TFEB and TFE3 make additional contributions to the immune response.
Over-expression of TFEB or TFE3 is sufficient to induce fusion of lysosomes with the
plasma membrane (Martina et al 2014, Medina et al 2011), and TFEB-mediated lysosomal
exocytosis in osteoclasts and hepatocytes plays an important role in bone remodeling and
copper homeostasis, respectively (Ferron et al 2013, Polishchuk et al 2014). Many immune
cells use exocytosis of lysosomes and lysosome-related organelles as a mechanism for
specialized secretion. For example, cytotoxic T-lymphocytes and natural killer (NK) cells
store granzymes and perforin in secretory lysosomes. Controlled spatiotemporal release of
these molecules is critical to eliminate infected host cells (Luzio et al 2014). It is, therefore,
plausible that TFEB and TFE3 participate in the biogenesis, trafficking, and/or exocytosis of
secretory lysosomes. In agreement with this idea is the finding of reduced degranulation of
mast cells isolated from TFE3 knockout mice. Furthermore, histamine levels in plasma
following an allergic trigger were reduced in TFE3 knockouts, suggesting that TFE3 is an
important mediator of allergic response (Yagil et al 2012).

In summary, the unique ability of TFEB and TFE3 to simultaneously modulate autophagy
induction, lysosomal biogenesis and exocytosis, cytokine expression, and antibody
production, establishes them as key players in the transcriptional regulation of the immune
response.

TFEB AND TFE3 IN CANCER

Dysregulation of MiTF/TFE factors can lead to different type of cancers (Haq & Fisher
2011). Cancer cells depend on effective lysosomal function, and multiple changes in the
lysosomal composition and number happen during the oncogenic process. Although it is still
unclear how the function of TFEB/TFE3 factors may help promote the oncogenic state, the
emerging evidence suggests that cancer cells may exploit the TFEB/TFE3-mediated
transcriptional activation of lysosome-dependent degradative pathway for their survival.

Renal cell carcinomas

Germline mutations in multiple genes confer susceptibility to renal cell carcinomas (RCC), a
heterogeneous group of tumors arising from renal tubular epithelium (reviewed in (Linehan
& Ricketts 2013)). Gene fusions involving members of MiTF/TFE family, TFE3, and less
frequently TFEB, define a distinct subset of RCC that is referred to as translocation RCC (t-
RCC). These rare tumors, seen more often in children and adults, account for less than 5%
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of all sporadic kidney cancers (reviewed in (Kauffman et al 2014, Linehan & Ricketts 2013,
Magers et al 2015).

Since the first described fusion of TFE3 on the short arm of the X chromosome (Xp11.2) to
Papillary renal cell carcinoma (PRCC) on chromosome 1g21.2 [PRCC-TFE3 t(X;1)
(p11.2;921)](Sidhar et al 1996), several other TFE3 translocation partners have been
identified. These tumors, designated as ASPSCR1-TFE3 t(X;17)(p11.2;925), SFPQTFE3
t(X;1)(p11.2;q34), CLTC-TFE3 t(X;17)(p11.2;g23), and NONO-TFE3 inv(X)(p11.2;912),
tend to be aggressive and are seen more often in women. The latter fusion is generated by
inversion of the TFE3 and NONO loci. Two novel TFE3 fusion partners, RBM10 and DVL2,
have been recently described (Linehan et al 2016); a fusion of TFE3 with unknown genes on
chromosome 3 t(X;3)(p11.2;g23) and 10 t(X;3)(p11.2;g23) has also been reported, each in a
single patient (Argani 2015). Xp11 translocation/TFE3 gene fusions are not restricted to
RCC,; for example, the ASPSCR1-TFE3 gene fusions were found in alveolar soft part
sarcomas, a rare pediatric lung cancer without kidney involvement (Ladanyi et al 2001).

The breakpoint sites in TFE3 fusions differ even for the same partners, thus generating
various isoforms. The chimeric transcripts contain the N-terminal part of the fusion partner
connected to different C-terminal coding exons of TFE3; exons 6-10 of TFE3, which
include the bHLH/LZ and transcriptional activation domains, are always preserved
(Kauffman et al 2014). The resulting chimeric proteins are overexpressed and exhibit strong
TFE3 nuclear staining.

Until recently, a single TFEB fusion partner —- MALAT1 — was known (originally called
Alpha; (Davis et al 2003)). MALAT1-TFEB t(6.11)(p21;912)(Argani et al 2001) is an
extremely rare condition with only two dozen cases described. Most of the reported TFEB
breakpoints are in the cluster upstream of the ATG in exon 3 leading to the retention and
overexpression of the full-length wild-type TFEB coding region (Kuiper et al 2003); a single
case of TFEB breakpoint in exon 4 has also been reported (Inamura et al 2012). Two novel
TFEB fusion partners, COL21A1and CADM? (the latter generates a truncated version of
TFEB), have been identified in a large study using a comprehensive genomic approach
(Linehan et al 2016).

The oncogenic potential of the fusion proteins is thought to arise from the augmentation of
the intrinsic pro-oncogenic properties of TFE3/TFEB themselves; that is to say, the
oncogene is highly expressed due to the introduction of a new, more active promoter
(Kauffman et al 2014). MALAT1-TFEB is particularly revealing, since the MALAT1
provides a much stronger promoter without changing the TFEB’s protein coding sequence.

In addition to TFE3 overexpression brought about by Xp11.2 translocations, folliculin
(FLCN)-induced phosphorylation-dependent nuclear translocation and activation of TFE3 is
linked to renal tumor development in Birt-Hogg-Dube (BHD) syndrome (Hong et al 2010), a
rare autosomal dominant disorder in which carriers of germline FLCN mutations are at risk
for developing RCC, fibrofolliculomas, lung cysts, and spontaneous pneumothorax
(Nickerson et al 2002, Schmidt & Linehan 2015, Schmidt et al 2005).
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Aneuploidy

The relevance of MITF - a designated melanoma oncogene - to RCC has been recently
demonstrated by the identification of a germline heterozygous MITF missense mutation
(pE318K) that confers an increased risk for developing RCC and/or melanoma. The
mutation does not affect MITF nuclear translocation, but rather weakens its interaction with
small-ubiquitin-like modifier (SUMO) proteins leading to transcriptional activation of MITF
and upregulation of its multiple downstream targets, including those involved in melanocyte
and kidney tumorigenesis (Bertolotto et al 2011).

Activation of TFEB has been recently reported in aneuploid cells as a cellular response to
lysosomal stress following lysosomal accumulation of undegraded autophagic cargo
(Santaguida & Amon 2015, Santaguida et al 2015). Altered protein composition,
accumulation of misfolded/aggregated proteins, and proteotoxicity are critical components
of the complex phenotype of aneuploid cells (Oromendia & Amon 2014, Stingele et al 2012,
Tang et al 2011). Chromosome mis-segregation (induced in hTERT immortalized
nontransformed RPE-1 cells) resulted in the accumulation of protein aggregate-containing
autophagosomes within lysosomes, leading to lysosomal stress response - mTORC1-
independent nuclear translocation and activation of TFEB and its downstream targets. This
response became obvious only after 2—3 cell divisions subsequent to the persistent
generation of misfolded and/or aggregated proteins. Of note, lysosomal function did not
seem to be compromised in these cells, as indicated by normal pH and activity of cathepsins,
suggesting that the capacity of lysosomes may be limited (dubbed “lysosomal saturation™)
(Santaguida & Amon 2015). Remarkably, activation of TFEB does not appear to translate
into lysosomal expansion, perhaps because the TFEB response in aneuploid cells is wired to
stimulate autophagosomal rather than lysosomal biogenesis (Santaguida & Amon 2015)
(Santaguida et al 2015).

Aneuploidy, a common feature of human cancers, is present in ~ 90% of all solid tumors and
~ 50% of hematopoietic cancers (Gordon et al 2012). However, many aneuploid cancer cell
lines do not exhibit “lysosomal saturation”, suggesting that tumor cells develop additional
mechanisms to enhance their degradative capacity (Santaguida et al 2015). Pancreatic ductal
adenocarcinoma (PDA), the most common and highly lethal pancreatic cancer, may be a
case in point.

Pancreatic ductal adenocarcinoma

PDA tumors exhibit high basal autophagy, which appears to be a prerequisite for the
tumorigenic growth (Yang et al 2011b). In addition, an uncharacteristic predominant nuclear
localization of TFEB has been reported in fully fed human pancreatic cancer cells (PANC1).

A recent study by Perera et al. (Perera et al 2015) greatly expanded these findings and
documented the following: an increase in size and number of both autophagosomes and
lysosomes; an augmentation of autophagic flux; high levels of expression of MiTF/TFE
(although somewhat less than in melanoma and RCC) with each family member-MITF,
TFE3 or TFEB - dominating in different samples; and upregulation of CLEAR gene
network. Furthermore, all three transcription factors escaped mTORC1-dependent
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inactivation, and remained nuclear-localized and constitutively active in PDA irrespective of
nutrient status due to their interaction with the nucleocytoplasmic transporters, importin 8
(IPO8) or 7 (IPOT). Accordingly, knockdown of these transporters decreased the levels of
nuclear TFE3, TFEB, and MITF in PDA cell lines. Also, MiTF/TFE factors in PDA cells
were shown to stimulate lysosomal breakdown of the cargos delivered through both
autophagy and macropinocytosis, thus providing the tumor cells with intracellular and
extracellular nutrients and allowing them to survive under nutrient deprivation (Perera et al
2015) (Alderton 2015)). This unusual transcriptional activity of TFEB in pancreatic cancer
is also supported by the increased number of TFEB-regulated proteins in human PDA
samples, and an increase in the N-glycosylation of TFEB-controlled glycoproteins (Pan et al
2014).

TFEB AND TFE3 AS THERAPEUTIC TARGETS

Recent studies have demonstrated the potential of modulating TFEB/TFE3 activity as a
therapeutic strategy for several major neurodegenerative and lysosomal disorders, in which
defective autophagy-lysosomal pathway is an important contributor to the disease
pathogenesis (reviewed in (Menzies et al 2015) (Damme et al 2015).

Neurological Disorders

Alzheimer’s disease (AD) is the most prevalent age-related neurodegenerative disorder. It is
characterized by abnormal deposition of B-amyloid (AB) in neuritic plaques and the
formation of intraneuronal neurofibrillary tangles (NFTs) (reviewed in (Himmelstein et al
2012)) (Peric & Annaert 2015)). Defective lysosomal clearance of both, Ap and
phosphorylated Tau (p-Tau; the main component of NFTs), underlies the mechanism of their
accumulation in AD (Yang et al 2011a) (Polito et al 2014). Disruption of lysosomal
biogenesis in AD has been recently linked to the increased levels of lysosomal acid
sphingomyelinase (ASM) leading to low levels of TFEB and LAMP1 in tissues from AD
patients and APP/PS1 (amyloid precursor protein/precenelin-1) mice (Lee et al 2014).
Normalization of ASM activity in mice by partial genetic deletion of the ASM gene or by
amitriptyline inhibition of the enzyme restored the levels of TFEB and LAMP1, ameliorated
autophagic defect, decreased Ap load, and improved the phenotype (Lee et al 2014).

Activation of TFEB has been suggested as an effective strategy to attenuate the amyloid
plaque deposition; the effect was cell-type specific depending on the role of autophagic-
lysosomal pathway in APP processing and Ap clearance. In astrocytes, TFEB reduced AR
half-life in the interstitial fluid (ISF) by accelerating the uptake, trafficking, and lysosomal
degradation of exogenous Ap. /n vivo, astrocyte-specific TFEB expression lowered the
levels of ISF Ap in young APP/PS1 mice (before the deposition of plaques) and alleviated
amyloid plaque pathology in old ones (Xiao et al 2014). In neurons, where A is generated,
TFEB overexpression promoted APP proteolysis, thus limiting its availability for
amyloidogenic processing into Ap. TFEB-mediated increase in APP degradation in response
to inhibition of GSK3, a well-established critical component of the AD pathogenesis
((Takashima 2006), reviewed in (Kremer et al 2011)) further supports the role of TFEB in
AAP proteolysis (Parr et al 2012). AAV-TFEB neuronal transduction in young AD mice
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reduced steady-state ISF Ap levels, and in older AD mice (at the stage of early plaque
deposition) attenuated amyloid plaque load (Xiao et al 2015). Of note, a widespread and
persistent AAV-mediated neuronal TFEB expression had no effect on amyloid plaque
deposition in another model of AD (5XFAD; (Oakley et al 2006)) (Polito et al 2014). A more
severe and early development of amyloid pathology in these mice and/or insufficient levels
of TFEB may account for the negative result.

Beneficial effect of TFEB overexpression on Tau pathology has been shown both /n vitro, in
cells expressing mutant Tau (P301L), and /7 vivo, in transgenic Tau model (rTg4510;
(Ramsden et al 2005) (Santacruz et al 2005)) (Polito et al 2014). TFEB promoted clearance
of misfolded and p-Tau without affecting the levels of unphosphorylated Tau, suggesting that
TFEB stimulates degradation rather than dephosphorylation of the abnormal Tau. TFEB-
mediated clearance of p-Tau was shown to involve PTEN, which contains two putative
CLEAR sequences and appears to be a direct target of TFEB (Polito et al 2014). TFEB-
mediated reduction of p-Tau was also achieved in a neuroblastoma model system following
treatment with flubendazole, an antiparasitic drug, which was identified through the screen
of small molecule libraries that activate autophagy (Chauhan et al 2015).

Parkinson’s disease (PD), the second most common progressive neurodegenerative disorder,
involves a selective loss of dopamine-producing neurons in the substantia nigra and the
development of neuronal Lewy bodies composed of abnormal protein deposits including a-
synuclein aggregates. The removal of excess a-synuclein depends on the proper function of
the autophagic-lysosomal pathway (Dehay et al 2013, Ebrahimi-Fakhari et al 2011). The
first indication of the protective role of TFEB activation in PD came from the study in the
experimental neurotoxin-induced PD cell model (Dehay et al 2010).

Reduced TFEB activity leading to lysosomal depletion and defective autophagy was recently
documented in an /7 vivo model of a-synuclein toxicity (Decressac et al 2013). The reduced
nuclear TFEB levels were also seen in dopaminergic neurons from PD patients. Because of
its structural homology with 14-3-3 proteins, a-synuclein (Ostrerova et al 1999, Perez et al
2002) can bind and sequester TFEB in the cytoplasm, thus inhibiting autophagy and its own
lysosomal clearance. TFEB overexpression or activation through pharmacological inhibition
of mMTORCL1 promoted clearance of excess a-synuclein and halted the progression of
neurotoxicity (Decressac et al 2013).

The disease pathogenesis of spinal and bulbar muscular atrophy (SBMA) (Kennedy’s
disease; an -X-linked neuromuscular disorder) caused by trinucleotide (CAG) repeat
expansion in exon 1 of the androgen receptor (AR) gene, is defined by the loss of normal
AR function and gain-of-function toxicity of the mutant protein (La Spada et al 1991). Both
normal and mutant AR have been shown to directly interact with TFEB; however, only
normal AR was able to promote TFEB activity, whereas mutant forms failed to act as TFEB
co-activator leading to diminished TFEB function, reduction in the expression of TFEB
target genes, and defective autophagic flux (Cortes et al 2014). Overexpression of TFEB in a
SBMA stem cell model rescued the flux and reversed the mitochondrial depolarization, a
new SBMA cytotoxicity phenotype uncovered in this model (Cortes et al 2014). Importantly,
analysis of skeletal muscle from SBMA transgenic (YAC AR100; (Sopher et al 2004)) and
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AR113Q knock-in mice (Yu et al 2006) showed increased nuclear localization of TFEB and
a dramatic up-regulation of TFEB target genes - the opposite of the findings in neurons
(Chua et al 2014). Thus, it appears that mutant polyQAR repressed TFEB in neurons,
whereas in muscle it acted as TFEB activator.

Since the first discovery of SBMA as a polyglutamine repeat disease more than twenty
repeat expansion disorders have been described (La Spada et al 1991) (La Spada & Taylor
2010). In Huntington’s disease (HD), an autosomal dominant progressive form of dementia,
the expansion of the polyQ tract in the N-terminal region of the huntingtin (Htt) protein
gives rise to an aberrant misfolded protein that is prone to aggregation and neurotoxicity.
Overexpression of TFEB in the rat striatal cell model of HD induced the degradation of the
polyQ-expanded Htt, thus preventing its accumulation (Sardiello et al 2009).

A significantly reduced TFEB expression and its target genes were shown in both neuronal
cells and HD mice, and these defects were rescued by PGC-1a. (Tsunemi et al 2012), a well-
established culprit in the HD pathogenesis (Weydt et al 2006) (Cui et al 2006). Inducible
expression of PGC-1a in HD mice (Schilling et al 1999) not only restored mitochondrial
function, but also reduced Htt protein aggregates in hippocampus and cortex and alleviated
neurotoxicity. Furthermore, the experiments with TFEB silencing in combination with
PGC-1a overexpression and vice versa demonstrated that PGC-1a acts upstream of TFEB,
and that the PGC-1a-mediated activation of TFEB explains the clearance of mutant Htt
aggregates (La Spada 2012, Tsunemi et al 2012).

Lysosomal Storage Diseases

The ability of TFEB to enhance lysosomal capacity and improve autophagic flux has been
exploited in LSDs (Medina et al 2011, Sardiello et al 2009), many of which exhibit defective
autophagic flux (Lieberman et al 2012). Perhaps even more relevant to LSDs is the capacity
of TFEB to induce lysosomal exocytosis (Medina et al 2011), a process of attachment/fusion
of lysosomes with plasma membrane followed by a discharge of lysosomal content outside
the cell (Andrews 2000). TFEB regulates this process by increasing the number of
lysosomes ready to dock to and fuse with the plasma membrane and by eliciting the release
of intracellular Ca2* through the activation of its target gene, MCOLN1 (Medina et al 2011).

Overexpression of TFEB stimulated lysosomal exocytosis and promoted cellular clearance
in several LSDs cell models: neuronal stem cells from mouse models of
Mucopolysaccharidosis-111A (Sanfilippo syndrome; a deficiency of heparan N-sulfatase) and
Multiple Sulfatase Deficiency (MSD; deficiency of all sulfatases); cells from a murine
model of juvenile form of Neuronal Ceroid lipofuscinosis (Batten disease; mutations in
CLN3 gene), and in immortalized muscle cells from a mouse model of Pompe disease
(deficiency of glycogen-degrading acid-alpha glucosidase) (Medina et al 2011) (Spampanato
et al 2013). Consistent with the role of MCOLNL1 in TFEB-mediated lysosomal exocytosis,
TFEB failed to promote cellular clearance in human cells that harbor loss of function
mutations of MCOLN1 (Medina et al 2011). Lysosomal exocytosis and glycogen clearance
was also documented in Pompe muscle cells overexpressing TFE3 (Martina et al 2014).
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The effect of TFEB was also documented /n vivo, in models of MSD and Pompe disease.
AAV-mediated TFEB delivery into MSD mice not only cleared the storage material in liver
and muscle, but also reduced inflammation and cell death, the two secondary abnormalities
in this disorder (Medina et al 2011). Similarly, TFEB activation in Pompe muscle cleared
excess glycogen and alleviated autophagic buildup, a major secondary pathology in this
tissue (Spampanato et al 2013). Interestingly, lysosomal exocytosis was much less efficient
in the setting of muscle-specific suppression of autophagy in Pompe mice (Feeney et al
2013). A potential role of TFEB as a therapeutic target for LSDs is further supported by the
data showing that the biological effects of two candidate compounds, 2-Hydroxypropyl-f-
cyclodextrin (HPBCD) for treatment of Niemann-Pick type C and Genistein for
Mucopolysaccharidoses, are in part TFEB-mediated (Song et al 2014) (Moskot et al 2014).

Thus, TFEB/TFE3-mediated stimulation of lysosomal exocytosis represents a conceptually
new and attractive therapeutic avenue for LSDs. However, the benefit of TFEB/TFE3
activation in LSDs does not end here. Given the role of TFEB/TFE3 in the transcriptional
regulation of many lysosomal genes (Palmieri et al 2011), activation of these transcription
factors holds promise to enhance the levels of disease causing mutant proteins with residual
enzyme activity and amplify the effect of the recombinant therapeutic enzymes (Awad et al
2015, Song et al 2013).

CONCLUDING REMARKS

We have only recently begun to understand the contribution of TFEB and TFE3 to cellular
response to stress. The role of these transcription factors in cellular adaptation to a wide
variety of internal stresses and environmental fluctuations is inextricably linked to their
unique ability to globally regulate the autophagic/lysosomal system. TFEB and TFE3 also
control expression of key genes involved in the modulation of mitochondrial function,
metabolism, unfolded protein response, apoptosis, and inflammatory response, revealing
their broad functions. Moreover, the primary role of these transcription factors may well be
cell type-specific (Figure 2): their activation appears critical for lipid catabolism in
hepatocytes, for immune response in macrophages, and for efficient mitochondrial function
in muscle. Further understanding of the TFEB/TFE3-mediated transcriptional network and
the degree of redundancy of the two proteins in different cell types/conditions would be
extremely useful.

The relevance of TFEB/TFE3 to human disease is no less critical. Activation of these
transcription factors seems beneficial in many neurological and lysosomal disorders, but
may confer an adaptive advantage to cancer cells. The development of small molecules that
modulate TFEB/TFES3 activity in an accurate temporal- and tissue-specific manner is a
rewarding area for future studies. These molecules have the potential to be used for a
plethora of human diseases, including metabolic, immune, neurological, and oncogenic
disorders, and would no doubt improve our understanding of the complex regulation of
cellular adaptation to stress.
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Figure 1. TFEB/TFE3 respond to different types of cellular stress.
Under normal conditions mTORC1 phosphorylates TFEB/TFE3, thus promoting their

cytosolic retention. Following starvation (1), mTORCL inactivation together with activation
of specific phosphatases such as calcineurin, lead to TFEB/TFE3 nuclear translocation.
TFEB/TFES activation is also observed in response to ER stress (2), mitochondrial damage
(3), and pathogen infection (4). The proteins implicated in TFEB/TFE3 activation under
different stress conditions are represented in blue.
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Figure 2. TFEB/TFE3 regulate a complex transcriptional network critical for cellular adaptation
to avariety of perturbations.

The primary role of TFEB/TFE3 may vary depending on cell type and includes metabolic
regulation (hepatocytes), inflammatory response (macrophages), mitochondrial function
(muscle), cellular clearance (neurons), and cell growth and survival (cancer cells).
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