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Abstract

Two decades ago, the recognition of protein misfolding and aggregate accumulation as defining 

features of neurodegenerative disease set the stage for a thorough examination of how protein 

quality control is maintained in neurons and in other nonneuronal cells in the central nervous 

system (CNS). Autophagy, a pathway of cellular self-digestion, has emerged as especially 

important for CNS proteostasis, and autophagy dysregulation has been documented as a defining 

feature of neurodegeneration in Alzheimer’s disease (AD), Parkinson’s disease (PD), and 

Huntington’s disease (HD). Transcription factor EB (TFEB) is one of the main transcriptional 

regulators of autophagy, as it promotes the expression of genes required for autophagosome 

formation, lysosome biogenesis, and lysosome function, and it is highly expressed in CNS. Over 

the last 7 years, TFEB has received considerable attention and TFEB dysfunction has been 

implicated in the pathogenesis of numerous neurodegenerative disorders. In this review, we 

delineate the current understanding of how TFEB dysregulation is involved in neurodegeneration, 

highlighting work done on AD, PD, HD, X-linked spinal & bulbar muscular atrophy, and 

amyotrophic lateral sclerosis. Because TFEB is a central node in defining autophagy activation 

status, efforts at understanding the basis for TFEB dysfunction are yielding insights into how 

TFEB might be targeted for therapeutic application, which may represent an exciting opportunity 

for the development of a treatment modality with broad application to neurodegeneration.
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Neuron survival depends upon maintaining efficient protein quality control. Autophagy is an 

evolutionarily conserved lysosomal degradation pathway, which is highly active in neurons 
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and functions to eliminate aggregate-prone proteins and dysfunctional mitochondria, both of 

which are hallmarks of many neurodegenerative disorders, including Alzheimer’s disease, 

Parkinson’s disease, and Huntington’s disease (Figure 1). Indeed, recent evidence strongly 

suggests that neuronal autophagy is both a target of neurodegeneration, based upon strong 

evidence for autophagy dysfunction early on in disease pathogenesis, and an effector during 

neurodegeneration, as demonstrated by a significant propensity for neurodegenerative 

disease-associated mutations to occur within genes that encode component proteins and 

regulators of the autophagy pathway.

Transcription factor EB (TFEB) has arisen as a master regulator of lysosome function and 

autophagy. As a key transcription factor modulating fundamental cellular homeostasis 

pathways, a rather complex, but still incompletely defined regulatory network governs TFEB 

activity and function. Although considerable work has sought to understand the role of 

TFEB in cellular metabolism (Martina and Puertollano, 2013; Medina et al., 2015; 

Settembre et al., 2013; Settembre et al., 2012), only recently have we begun to explore 

TFEB involvement in central nervous system (CNS) homeostasis. TFEB is widely expressed 

in the CNS (Decressac et al., 2013; Reddy et al., 2016; Wang et al., 2016b), as it is active in 

both neurons and astrocytes (Decressac et al., 2013; Xiao et al., 2014), and TFEB 

localization, activity, and function are altered in neurodegenerative disease (Cortes et al., 

2014b; Decressac et al., 2013; Tsunemi et al., 2012; Wang et al., 2016b). In this review, we 

delineate the current understanding of TFEB’s role in neurodegenerative disease, and we 

examine if TFEB could represent a potential therapeutic target for treating these devastating 

diseases.

How is TFEB activity regulated?

TFEB is a member of the basic helix-loop-helix leucine-zipper family of transcription 

factors, and normally localizes to the cytosol, but translocates into the nucleus under 

starvation conditions or when lysosomal function is compromised (Sardiello et al., 2009; 

Settembre et al., 2011). TFEB overexpression induces increased numbers of 

autophagosomes, promotes the generation of new lysosomes, and increases autophagic flux. 

Through the CLEAR (Coordinated Lysosomal Enhancement And Regulation) signaling 

network, TFEB regulates expression of autophagy-lysosomal genes and promotes cellular 

clearance and metabolism (Sardiello et al., 2009; Settembre et al., 2011). Indeed, in addition 

to autophagy and lysosome related genes, deeper examination of the CLEAR gene network 

highlights pathways involved in cellular catabolism, mitochondrial function, and cellular 

stress responses (Palmieri et al., 2011). In agreement with this, TFEB was recently shown to 

directly regulate lipid catabolism and degradation in the liver (Settembre et al., 2013), and to 

promote glucose homeostasis and mitochondrial biogenesis in skeletal muscle (Mansueto et 

al., 2017). Cellular context may thus play an important role in determining the specific 

targets of TFEB-mediated transcription, highlighting the need for in-depth analysis of CNS-

specific TFEB targets to decipher the role of TFEB in neurodegeneration.

Despite its key role as a master transcription factor modulating fundamental cellular 

homeostatic pathways, the regulatory network that governs TFEB activity is complex and 

not yet fully defined. TFEB is subject to post-translational modifications, which directly 
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regulate its protein interactions and subcellular localization. Our current understanding of 

TFEB biology posits phosphorylation as the major driver of TFEB activity. In particular, 

phosphorylation of Serine 211 plays crucial role in determining the status of TFEB 

activation (Martina et al., 2012; Roczniak-Ferguson et al., 2012), facilitating interaction with 

cytosolic chaperone 14–3–3 and retaining TFEB in the cytoplasm. Phosphorylation of Serine 

142 may also be required for TFEB cytosolic retention (Settembre et al., 2011; Settembre et 

al., 2012). Elegant in vitro studies have identified nutrient-sensing cellular kinases that 

directly phosphorylate TFEB at these residues, including the all-important mechanistic 

target of rapamycin complex 1 (mTORC1) and possibly extracellular signal-regulated kinase 

2 (also known as MAPK1) (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre 

et al., 2013; Settembre et al., 2011). Very recently, MAP4K3 was found to be a key upstream 

regulator of TFEB, linking amino acid supply to TFEB activation status (Hsu et al., 2018). 

MAP4K3 phosphorylates TFEB on Serine 4, and this phosphorylation event is required for 

mTORC1 to phosphorylate TFEB on its Serine 211 residue to insure its complete 

inactivation via cytosolic sequestration with 14–3–3 (Hsu et al., 2018).

Upon starvation or lysosomal stress, mTORC1 is inactivated and lysosomal calcium release 

activates the TFEB-targeting phosphatase calcineurin. This signaling cascade culminates in 

TFEB dephosphorylation, promoting its nuclear translocation and subsequent gene 

transcription of TFEB target genes in the CLEAR network (Medina et al., 2015). TFEB has 

arisen as a central hub of bioenergetics signaling, coordinating transcription of the CLEAR 

network to manage cellular metabolic demand (Palmieri et al., 2011; Settembre et al., 2012). 

More recently, acetylation of TFEB at Lysine 116 was discovered to be a novel post-

translational modifier of TFEB function in microglia (Bao et al., 2016). Analysis by a 

variety of predictive databases has identified other potential phosphorylation-permissive 

residues in the amino acid sequence of TFEB, most of which remain currently unstudied. 

Examination of the contribution (if any) of post-translational modifications of these novel 

residues to TFEB homeostasis, and their role in misfolded protein clearance and metabolism 

in neurons and other CNS cell types will be of paramount importance.

What is the function of TFEB in the CNS?

Although considerable work has been performed to understand the role of TFEB in cellular 

metabolism (Martina and Puertollano, 2013; Medina et al., 2015; Settembre et al., 2013; 

Settembre et al., 2012), we have only recently begun to explore its potential involvement in 

neuronal homeostasis. TFEB is highly expressed in the CNS (Decressac et al., 2013; Reddy 

et al., 2016; Wang et al., 2016b), and is known to be active in both neurons and astrocytes 

(Decressac et al., 2013; Xiao et al., 2014). Importantly, TFEB activity and localization are 

altered in neurodegenerative disease (Cortes et al., 2014b; Decressac et al., 2013; Tsunemi et 

al., 2012; Wang et al., 2016b), implicating impaired TFEB function in the defective cellular 

clearance phenotypes linked to disease pathogenesis. Modest overexpression of TFEB can 

be achieved without significant neurotoxicity (Pi et al., 2017), permitting various studies of 

TFEB activity modulation in the murine CNS in models of neurodegenerative disease 

(Decressac et al., 2013; Pi et al., 2017; Polito et al., 2014; Xiao et al., 2014). To date, 

mutations in TFEB have only been associated with renal cell carcinoma in human patients 

(Kauffman et al., 2014), although a recent GWAS linked an intronic region variant of TFEB 
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to late-onset Alzheimer’s disease risk in African-American populations (Mez et al., 2017). 

Thus far no one has examined the effect of this particular variant on TFEB function, but the 

detection of this potential modifier leaves open the prospect of additional disease-associated 

TFEB genetic alterations.

ALZHEIMER’S DISEASE

Alzheimer’s Disease (AD) is a very common cause of dementia, and is characterized by age-

related brain degeneration resulting in inexorably progressive cognitive and behavioral 

impairment. A hallmark of AD brain pathology is intraneuronal fibrillary tangles, composed 

of hyperphosphorylated microtubule-associated-protein Tau (p-Tau) and neuritic plaques, 

which are extracellular deposits of amyloid Beta-42 (Aβ42) peptide. Inherited mutations in 

the genes encoding amyloid-precursor protein (APP), presenilin 1 and presenilin 2 account 

for familial cases of AD, with affected brain regions displaying profound transcriptional 

dysregulation of autophagy networks and wide-spread accumulation of autophagic vacuoles, 

often carrying undigested cargo (Lipinski et al., 2010; Wolfe et al., 2013). The current 

working model for autophagy dysfunction in AD posits that compromised lysosomal 

function (caused by genetic AD-linked mutations and/or age-related or environmental-

induced alterations in proteostasis) creates a bottle-neck in autophagic flux, directly leading 

to the pathological accumulation of immature autophagy vesicles and endo-lysosomal 

intermediates (Bordi et al., 2016; Cataldo et al., 1996; Cataldo et al., 2000; Wolfe et al., 

2013).

The role of TFEB in AD pathogenesis is currently the subject of intense study. Although 

important alterations of TFEB function and localization have been reported in models of 

AD, available evidence for direct TFEB involvement in AD remains highly correlative and 

sometimes contradictory. Analysis of AD patient lymphocytes and monocytes (immune cells 

that migrate to damaged CNS regions and likely regulate AD progression) has revealed 

markedly decreased TFEB expression, suggesting that TFEB dysfunction may underlie the 

lysosomal deficits observed in AD (Tiribuzi et al., 2014). In agreement with this conclusion, 

subcellular fractionation of AD patient brain samples documented a selective loss of nuclear 

TFEB (Wang et al., 2016b), with a strong inverse correlation between the extent of 

pathology and levels of hippocampal nuclear TFEB (Figure 2). Similar nuclear exclusion of 

TFEB was recently reported in an in vitro model of double presenilin knock-out cells 

(Reddy et al., 2016). Furthermore, CLEAR network activity is significantly reduced in AD 

patient fibroblasts and iPSC-derived human AD neurons (Figure 3), indicating that TFEB 

cytosolic retention may contribute to AD pathogenesis (Reddy et al., 2016). Computational 

modeling and DNA pull-down binding assays suggest that APOE ɛ4, the most well-known 

major risk factor allele for late-onset AD, may compete with TFEB for binding to CLEAR 

elements in the promoters of the SQSTM, MAP1LC3B, and LAMP2 genes (Parcon et al., 

2017), all established targets of TFEB transactivation and all key players in autophagy 

function (Figure 2). This finding is quite significant, as APOE ε4/ε4 carriers have earlier 

disease onset and markedly increased protein aggregation in comparison to AD patients 

carrying other APOE alleles, which strongly suggests inhibition of the CLEAR network in 

APOE ε4/ε4 AD patients. In agreement with this hypothesis, neuron-specific TFEB excision 

in mice yields Aβ and paired helical filament (PHF) p-Tau accumulation in the brain, which 
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is highly reminiscent of neuropathological findings in human AD patients (Reddy et al., 

2016). However, to date there are no studies directly addressing the contribution of TFEB 

dysfunction to AD. The effect of modulation of TFEB on AD neurodegeneration and 

neuropathology, either by cell-type specific knock-out or overexpression in the CNS, may 

yield important insights into the contribution of TFEB dyshomeostasis to AD pathogenesis.

In contrast to observations of reduced TFEB activity, AD patient-derived fibroblasts carrying 

the familial presenilin-1 A246E mutation displayed increased TFEB expression (Coffey et 

al., 2014). Another study of presenilin-1 conditional knock-out mice further revealed 

significant upregulation of a subset of CLEAR network genes, although no changes in TFEB 

levels were detected (Zhang et al., 2012). Similar transcriptome upregulation of TFEB 

targets was reported in 5x-FAD mice, which carry five familial AD mutations (Landel et al., 

2014). Recent transcriptome analysis of human CA1 pyramidal neurons in the hippocampus 

of AD subjects by laser capture microdissection showed increased expression of TFEB and 

TFE3, a closely related member of the MitF transcription factor family, as well as increased 

expression of autophagy gene targets (Bordi et al., 2016). These findings strongly support 

TFEB gain-of-function in AD, particularly in the affected brain regions (Figure 3).

TFEB dysfunction in AD: Correlation or Causation?

While contradictory, these two sets of opposing results may not be mutually exclusive, as 

familial AD presenilin mutations may impair lysosomal function by producing chronic 

lysosome alkalinization (Coffey et al., 2014; Lee et al., 2010; Zhang et al., 2012), which can 

trigger TFEB engagement and activation as a compensatory mechanism (Sardiello et al., 

2009; Settembre et al., 2011). Whether secondary (or parallel) age-associated TFEB nuclear 

exclusion and concomitant loss-of-function also occur in sporadic AD is currently unknown, 

and should be investigated. Furthermore, TFEB activation status is highly cell-type specific 

in neurodegeneration (Cortes et al., 2014b), indicating that TFEB function may differ in 

adjacent cell types, requiring isolation of cellular CNS populations to permit a thorough 

dissection of TFEB dysfunction in AD. Indeed, it is not unprecedented for TFEB function to 

be totally opposite in communicating non-neuronal cells and in neurons, as this has been 

documented in X-linked spinal & bulbar muscular atrophy between motor neurons and 

skeletal muscle (Cortes et al., 2014b). Finally, analysis of post-mortem AD patient brain 

tissue represents a very late stage of disease, associated with catastrophic neuronal collapse. 

TFEB overactivation may thus reflect a final cellular response that does not drive disease 

pathogenesis perse.

Glycogen synthase kinase 3 (GSK3), a serine-threonine kinase, has been proposed to play a 

role in AD pathogenesis by directly phosphorylating APP and tau to promote Aβ42 

production (Blalock et al., 2004; Parr et al., 2012). GSK was identified as a putative 

regulator of TFEB activity in 2011 (Settembre et al., 2011), and GSK inhibitor VIII can 

increase nuclear TFEB accumulation and reduce APP levels in vitro (Parr et al., 2012). 

Although these findings implicate TFEB dysfunction mediated by altered GSK activity in 

AD, further studies are necessary to determine if TFEB is a direct target of GSK-mediated 

phosphorylation, if APP reduction by GSK is TFEB dependent, and most importantly, if this 

pathway is truly relevant to in vivo AD pathogenesis.
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Therapeutic Targeting of TFEB in AD

Both the Aβ42 peptide and p-Tau are substrates for autophagy-mediated degradation (Berger 

et al., 2006; Caccamo et al., 2010), suggesting autophagy modulation may be beneficial in 

AD. For example, lentiviral delivery of Beclin-1 (an autophagy initiation factor also known 

as ATG6) to the brain of APP mice significantly decreased intracellular Aβ42 and amyloid 

plaque accumulation, whereas reduction of Beclin-1 worsened AD and autophagy 

phenotypes in APP/Beclin-1 heterozygous null mice (Pickford et al., 2008). Treatment with 

Rapamycin, a well-known mTOR inhibitor and therefore autophagy inducer, decreased 

hippocampal Aβ and Tau pathology, activated autophagy in the CNS, and improved learning 

and memory deficits in 3xTg-AD mice (Caccamo et al., 2010). Rapamycin also decreased 

tau toxicity in a Drosophila model of tauopathy, improving survival and degenerative eye 

phenotypes in flies, while enhancing mutant tau protein clearance through autophagy 

(Berger et al., 2006). Although the specific role of TFEB in these studies was not examined, 

mTOR inhibition is a key determinant of TFEB nuclear translocation and activation 

(Settembre et al., 2011). Furthermore, these studies highlight the responsiveness of AD 

brains to autophagy induction in mice, suggesting that autophagy modulation deserves 

further consideration for AD therapy development.

Despite the results of autophagy modulation by altering Beclin-1 gene dosage and inhibiting 

mTOR, it is important to realize that autophagy transcription networks are profoundly 

dysregulated in AD (Lipinski et al., 2010), with hyperactivation of the key autophagy 

inhibitor mTOR (Caccamo et al., 2010; Lafay-Chebassier et al., 2005), suggesting that the 

autophagy pathway itself is affected in AD pathogenesis. Extensive biochemical and 

ultrastructural analysis has revealed that autophagy loss-of-function based upon impaired 

degradation of autophagic cargo in lysosomes (Boland et al., 2008; Lee et al., 2010; Nixon 

et al., 2005; Yang et al., 2014). Thus, neuroprotective induction of autophagy in AD brains 

may necessitate correction of these underlying cargo clearance deficits, but only if the entire 

autophagy pathway, from initial vesicle formation to lysosome fusion and lysosomal 

degradative function, is boosted. As many currently available autophagy treatments only 

target autophagy activation, an inability to increase overall lysosomal clearance is likely 

required for therapeutic efficacy. TFEB thus should be an ideal therapeutic target, as TFEB 

upregulates autophagy induction and promotes increased lysosomal numbers, function and 

clearance (Sardiello et al., 2009). In agreement with this, TFEB has shown promise in 

models of AD and related tauopathies. CNS delivery of TFEB effectively reduced 

neurofibrillary tangle pathology and rescued behavioral phenotypes, synaptic deficits, and 

neurodegeneration in the rTg4510 mouse model of tauopathy (Polito et al., 2014). TFEB 

overexpression appeared to selectively target toxic p-Tau species, but had no deleterious 

effects on healthy neurons (Polito et al., 2014). Similar specificity for TFEB-mediated 

degradation of toxic Tau species in vivo was reported in a genetic neuron-specific TFEB 

over-expression model (Wang et al., 2016a). In this system, neuron-targeted TFEB 

overexpression in the P301S tauopathy mouse model resulted in significant reductions of 

toxic p-Tau and lipofuscin levels in the cortex and hippocampus, together with significantly 

improved performance in memory and learning tests (Wang et al., 2016a).
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As noted above, TFEB status can differ between non-neuronal cells and neurons, so what 

have studies of TFEB modulation in non-neuronal cells shown? Interestingly, nonneuronal 

cells in AD may also benefit from TFEB induction. Astrocytes play a key role in neuron 

survival, regulating synaptic clearance and neural function, and their function is altered 

during AD. Astrocyte-specific delivery of TFEB to the hippocampus of APP/PS1 transgenic 

mice reduced interstitial Aβ levels and hippocampal plaque load by promoting Aβ uptake 

and clearance in TFEB-overexpressing astrocytes (Xiao et al., 2014), suggesting that TFEB 

can facilitate astrocytic Aβ clearance in vivo (Figure 3). Microglia, the resident 

macrophages of the CNS, play a key role in surveying the brain and are recruited to sites of 

amyloid plaque deposition in AD (Meyer-Luehmann et al., 2008). Deacetylation of TFEB 

by SIRT1 enhances lysosomal biogenesis and microglial degradation of fibrillary Aβ and 

elicits reduction of amyloid plaque in ex vivo brain slices of APP/PS1 mice (Bao et al., 

2016). But recent work indicates that excessive autophagy activation in microglia, due to 

altered metabolic regulation and impaired mTORC1 function, could be deleterious in AD 

(Ulland et al., 2017), underscoring the complexity of autophagy dysregulation in different 

cell types in neurodegeneration. TFEB nuclear staining in AD hippocampus appears to be 

more prominent in glia (Bordi et al., 2016), perhaps to support scavenging of neuronal 

debris and protein aggregation, though overactivation of TFEB due to aberrant mTORC1 

signaling also deserves consideration. In any event, the contribution of astroglial cell types 

to the pathology of AD is under intense investigation, but it is tempting to speculate that 

non-neuronal cells may be more potent entities in regulating Aβ-clearance than neurons. 

Astrocytes even appear to play a role in early stage AD, clearing soluble Aβ from the 

synaptic cleft, while microglia can clear fibrillar Aβ42 at later stages of AD pathology. These 

findings support a potential therapeutic approach of coordinated TFEB upregulation, where 

directed TFEB induction in different cell types could be pursued at different disease stages.

The discovery of novel small molecule inducers of TFEB has generated great interest in the 

AD field. Activation of TFEB through chemical inhibition of GSK3 promotes lysosomal 

clearance of APP and toxic C-terminal APP fragments (Parr et al., 2012), suggesting that 

TFEB induction of lysosomal clearance can effectively clear AD-related proteotoxic insults. 

In agreement with this, hydroxypropyl-β-cyclodextrin, a recently identified chemical 

activator of TFEB (Song et al., 2014), improved the clearance of toxic proteins and clinical 

symptoms in AD mice expressing two APP-disease associated mutations (Yao et al., 2012). 

Similar neuroprotective effects mediated by TFEB activation in an APP/PS1 transgenic 

mouse model were recently reported for gypenoside XVII, a compound found in ginseng 

(Meng et al., 2016). Furthermore, in addition to the lysosomal clearance benefits resulting 

from TFEB induction, other TFEB actions may be highly relevant for AD therapy benefit. 

Increased expression of lysosomal proton pumps, known targets of TFEB-mediated 

transcription (Sardiello et al., 2009), may potentially rectify the impaired lysosomal 

acidification observed in familial AD (Lee et al., 2010). TFEB also induces lysosomal 

calcium release (Medina et al., 2015), a process known to be disrupted in AD. Interestingly, 

TFEB may generate an auto-regulatory loop through up-regulation of the PTEN kinase and 

concomitant inhibition of Akt and mTOR, culminating in even further TFEB activation 

(Polito et al., 2014). Since PTEN is essential for neural differentiation and synaptic 

plasticity, TFEB-mediated PTEN up-regulation of PTEN could further benefit AD neurons.
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PARKINSON’S DISEASE AND RELATED SYNUCLEINOPATHIES

Parkinson’s disease (PD) is a neurodegenerative disorder primarily affecting dopaminergic 

neurons in the substantia nigra. A major hallmark of PD is the accumulation of 

proteinaceous cytoplasmic inclusions, known as Lewy bodies, in nigral dopaminergic 

neurons, mainly composed of misfolded and aggregated α-synuclein (Kalia and Lang, 

2016). Autophagy-lysosome deficiencies are a feature of PD (Figure1), with reports of 

accumulation of autophagic vesicles and impaired lysosomal function (Dehay et al., 2010; 

Winslow et al., 2010). A number of molecular players in PD pathology have also been 

reported to regulate the autophagy pathway itself, including α-synuclein, parkin, DJ-1, and 

LRRK2 (Kalia and Lang, 2016).

Similar to AD, TFEB appears to be selectively excluded from the nucleus in postmortem 

substantia nigra of PD patients and is closely linked to a progressive decline in markers of 

lysosomal function, suggesting TFEB mislocalization occurs in PD. Alpha-synuclein shares 

both structural and functional homology with 14–3–3 proteins (Ostrerova et al., 1999), a 

family of chaperones known to associate with TFEB and promote its retention in the cytosol 

(Martina et al., 2012). Interestingly, α-synuclein and TFEB coimmunoprecipitated in vivo in 

a rat model of PD-like neurodegeneration (Decressac et al., 2013), providing a mechanistic 

link between α-synuclein toxicity and impaired TFEB function, as α-synuclein may 

physically interact with TFEB, sequestering it away from its canonical 14–3–3 partners and 

preventing its transactivation and nuclear import (Figure 2). In agreement with this 

hypothesis, rapamycin treatment of Parkin Q311X mutant mice, which display α-synuclein 

pathology, revealed impaired TFEB nuclear translocation and function in the substantia 

nigra (Siddiqui et al., 2015), suggesting that an aberrant α-synuclein – TFEB interaction 

may be a common feature in various forms of α-synuclein toxicity. Similarly reduced TFEB 

nuclear translocation responses were also reported in a cellular model of X-linked spinal & 

bulbar muscular atrophy (Cortes et al., 2014b) (discussed in detail below), highlighting 

TFEB sequestration from the nucleus as a potentially shared mechanism contributing to 

different neurodegenerative disorders. In support of this model, one study found that TFEB 

function and subcellular localization were unchanged between control and PD ventral 

tegmental areas (Decressac et al., 2013), brain regions commonly resistant to PD 

neurodegeneration. Further experimentation is necessary, and could evaluate the TFEB 

interactome in PD brain regions alternatively sensitive or resistant to α-synuclein toxicity.

Alpha-synuclein is a known substrate for autophagy-mediated degradation, and lysosomal 

function is impaired in various models of PD. For example, in MPTP-induced dopaminergic 

neurotoxicity in mice, accumulation of autophagic vacuoles and domapinergic cell death 

were preceded by a marked decrease in lysosomal numbers, ultimately culminating in 

lysosomal permeabilization and defective cellular clearance (Dehay et al., 2010). Induction 

of lysosomal biogenesis in nigral dopaminergic neurons by viral TFEB overexpression 

rescued lysosomal breakdown and autophagic vacuole accumulation, achieving significant 

neuroprotection and reduction of α–synuclein aggregates in dopaminergic neurons (Dehay 

et al., 2010). Rapamycin treatment also attenuated PD-related dopaminergic 

neurodegeneration in this model and restored lysosomal levels and function (Dehay et al., 

2010). 2-Hydroxypropyl-β-cyclodextrin, an activator of TFEB (Song et al., 2014), was 
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recently shown to promote autophagic clearance of α-synuclein in vitro (Kilpatrick et al., 

2015), and treatment with CCI-79, an FDA-approved mTOR inhibitor, blocked progression 

after disease onset in a rat model of dopaminergic α–synuclein toxicity, concomitant with 

restoration of TFEB nuclear localization (Decressac et al., 2013). These findings are 

encouraging in terms of potential therapeutic application, as an effective intervention 

treatment after disease onset would be a valuable advance.

Loss-of-function mutations in the mitochondrial kinase PINK1 and the cytosolic E3 ligase 

Parkin cause early onset familial PD, and are associated with the accumulation of damaged 

mitochondria (Kalia and Lang, 2016). The PINK1/Parkin pathway functions to selectively 

target and eliminate damaged mitochondria via mitochondrial autophagy (mitophagy), 

although the downstream steps between PINK1/Parkin activation and mitophagy remain 

poorly understood. Induction of mitophagy with oligomycin/antimycin treatment, a classical 

method for mitochondrial depolarization, induces TFEB nuclear translocation in a PINK1/

Parkin dependent manner (Nezich et al., 2015). Intriguingly, this pathway also requires 

intact Atg5 function to operate and appears to be independent of mTORC1 signaling 

(Nezich et al., 2015). It is currently unclear how this novel mitophagy-TFEB signaling axis 

might be involved in PD pathogenesis.

Impaired mitophagy is observed in Parkin Q311X mice, and is associated with reduced 

TFEB expression (Siddiqui et al., 2015). Interestingly, analysis of the CLEAR network 

revealed that mitochondrial proteins, such as TFAM and Nrf1, are targets of TFEB-mediated 

transactivation (Palmieri et al., 2011). Expression of these mitochondrial factors is 

significantly reduced in Parkin Q311X mice, and can be rescued with rapamycin treatment 

(Siddiqui et al., 2015). Indeed, analysis of Parkin Q311X substantia nigra also exhibited 

reduced activity of the PGC-1α/TFEB pathway (Siddiqui et al., 2015), which was attributed 

to dysregulation of the transcription repressor PARIS. These results indicate that TFEB is 

both a target of regulation and an effector of regulation in terms of mitochondrial biology, as 

PGC-1 α can promote TFEB expression and TFEB can transactivate genes that encode 

mitochondrial proteins (Settembre et al., 2013; Tsunemi et al., 2012). Similar deficits of the 

PGC-1α/TFEB axis have been reported in Huntington’s disease (Tsunemi et al., 2012), 

further highlighting the central role of TFEB signaling in neurodegeneration.

The exact role of TFEB dysfunction in PD and its potential as a therapeutic target are still 

under investigation. However, two early-onset, genetic versions of PD known as X-linked 

parkinsonism with spasticity (XPDS) and Kufor-Rakeb syndrome are caused by mutations 

in subunits of the vacuolar ATPase, showing a direct link between lysosomal acidification 

and the development of PD-like neuropathology (Kalia and Lang, 2016). This suggests that 

TFEB, with its transcriptional control of cellular clearance through regulation of autophagy 

and its regulation of lysosomal acidification by controlling the expression of genes that 

encode ion pumps in the lysosome membrane, is an especially appealing target for therapy 

development in PD.
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POLYGLUTAMINE REPEAT EXPANSION DISEASES

Polyglutamine repeat diseases are adult-onset, progressive neurodegenerative disorders 

caused by the expansion of a CAG repeat tract residing in the coding region of the involved 

gene. The respective resulting proteins thus contain expanded polyglutamine (polyQ) tracts, 

and elicit a gain-of-function toxic effect due to misfolding and accumulation of the mutant 

disease protein. As the disease repeat length increases, age of onset inversely correlates with 

the size of the mutant CAG expansion tract. There are nine recognized CAG-polyQ 

disorders, including Huntington’s disease (HD), X-linked spinal and bulbar muscular 

atrophy (SBMA), dentatorubralpalludoluysian atrophy (DRPLA), and six spinocerebellar 

ataxias (SCA1, 2, 3, 6, 7 & 17). The causative mutant proteins display broad patterns of 

expression and thus can be readily detected in a variety of cell types, both within the CNS 

and outside it. However, despite widespread expression, all polyQ disorders exhibit selective 

patterns of neurotoxicity, targeting specific neuron populations in each disorder. Autophagy 

dysfunction is observed in polyglutamine diseases, suggesting common mechanisms of 

pathogenesis leading to neuronal demise (Figure 1).

Huntington’s Disease

Huntington’s disease (HD), the most common polyQ disease, is an autosomal dominant 

neurodegenerative disorder characterized by involuntary motor movement, cognitive decline, 

and psychiatric illness. HD is caused by a CAG trinucleotide repeat expansion (> 36 CAG 

repeats) in the amino-terminal region of the huntingtin (Htt) protein. Various lines of 

evidence strongly implicate dysfunctional autophagy as part of HD pathology and suggest 

that autophagy dysregulation may contribute to polyQ-Htt neurotoxicity (Cortes and La 

Spada, 2014). One study proposed a defect in autophagy cargo recognition, most likely 

mediated through an aberrant interaction between autophagy cargo-receptors and polyQ-Htt 

protein (Martinez-Vicente et al., 2010). Interestingly, the Htt protein appears to be an 

autophagy pathway protein itself, mas Htt has been proposed to act as an autophagy adaptor 

protein, serving as a scaffold for the ULK1 (Ochaba et al., 2014) and Atg1 autophagy 

initiation complexes (Rui et al., 2015).

The first evidence of TFEB dysregulation in HD was reported in 2011. TFEB expression and 

function was shown to be impaired in the striatum of HD N171–82Q transgenic mice 

(Tsunemi et al., 2012), caused by inhibition of PGC1α-mediated transcription. TFEB 

induction was sufficient to drastically reduce polyQ-Htt aggregation in vitro, and PGC-1α 
overexpression enhanced polyQ-Htt turnover and eliminated protein aggregation in the 

striatum of HD mice by promoting TFEB transcription and activation (Tsunemi and La 

Spada, 2012) (Figure 2). The relationship between TFEB and PGC-1α is turning out to be 

rather complicated, as TFEB exerts transcriptional control of lipid catabolism by directly 

activating PGC-1α transcription (Settembre et al., 2013), resulting in a dual feedback loop 

of bidirectional activation between TFEB and PGC1α. Interestingly, one of the key clinical 

features of HD patients is bioenergetics dysregulation, including significant weight loss and 

muscle atrophy, raising the possibility that polyQ-Htt – PGC-1α transcription interference of 

TFEB activity may contribute to these observed metabolic manifestations of HD, but this 

phenomenon requires further study.
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Full length and amino-terminal truncated polyQ-Htt are efficiently degraded by the 

autophagy pathway. Indeed, autophagy modulation has been a long-standing target for HD 

therapy development, and important benefits, including amelioration of behavioral motor 

abnormalities and neuropathology, have been achieved in various HD animal models. 

Promising compounds include CCI-779, a known mTOR inhibitor (Ravikumar et al., 2004), 

as well as the mTOR-independent autophagy activators trehalose (Tanaka et al., 2004) and 

rilmenidine (Rose et al., 2010). Both CCI-779 and trehalose are weak activators of TFEB, 

but the role of TFEB on the observed neuroprotective effects was not addressed. TFEB 

overexpression can promote efficient clearance of polyQ-Htt in vitro (Sardiello et al., 2009; 

Tsunemi et al., 2012), and more recently in the striatum of zQ175 HD mice (Vodicka et al., 

2016).

X-linked Spinal and Bulbar Muscular Atrophy

X-linked Spinal and Bulbar Muscular Atrophy (SBMA), also known as Kennedy’s disease, 

is a neuromuscular disorder caused by expansion of a CAG triplet in the first exon of the 

Androgen Receptor (AR) gene. SBMA is characterized by adult-onset proximal muscle 

weakness due to lower motor neuron degeneration in the spinal cord and brain stem.

Exhaustive analysis of stable cell lines, transgenic mice, and patient-derived neuronal 

progenitor cells (NPCs) recently uncovered a profound transcriptional inhibition of TFEB 

signaling in SBMA (Cortes et al., 2014b). Interestingly, while SBMA cells and motor 

neurons appear to be competent for autophagy initiation and autophagosome formation, they 

fail to successfully complete autophagic degradation, indicating compromised lysosomal 

function. We identified a novel interaction between TFEB and AR, suggesting that TFEB 

dysregulation by polyQ-AR might account for autophagic flux impairments present in 

SBMA (Figure 2). Importantly, we restored autophagy flux by over-expressing TFEB in 

patient-derived NPCs (Cortes et al., 2014b), highlighting the potential for TFEB modulation 

as an important target for therapy development in SBMA and other disorders characterized 

by inhibition of autophagic flux. Indeed, independent treatment of SBMA transgenic mice 

expressing AR97Q with paneoflorin, a plant extract, partly exerted therapeutic effects on 

behavioral and pathological neuromuscular phenotypes by strongly upregulating TFEB 

expression (Tohnai et al., 2014). Importantly, we also found evidence of an interaction 

between normal Q-length AR and TFEB, and we detected enhanced TFEB signaling and 

increased autophagy pathway activity when normal AR is overexpressed. (Cortes et al., 

2014b). Our data suggest that AR can normally interact with TFEB to promote its activity, 

functionally and spatially regulating TFEB in response to testosterone. As AR normally 

interacts with many transcription co-regulators and studies of a SBMA fly model indicate 

that polyQ-AR may promote neurotoxicity by reducing the function of the co-regulators 

with which it interacts (Nedelsky et al., 2010), reduced availability of a co-activator protein 

shared by AR and TFEB may result in decreased TFEB transactivation function in SBMA. 

A reciprocal feedback loop wherein AR can also promote TFEB transcription in prostate 

cancer was described recently, suggesting a complex, androgen-dependent transcription 

regulation of autophagy/lysosomal genes (Blessing et al., 2017). However, the role of this 

novel signaling pathway to SBMA disease pathogenesis remains to be explored.
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Skeletal muscle plays a primary role in SBMA pathogenesis, superseding motor neurons as 

the key site of polyQ-AR toxicity (Cortes et al., 2014a; Lieberman et al., 2014). 

Interestingly, while TFEB activity in SBMA motor neurons and patient-derived NPCs was 

significantly reduced, analysis of quadriceps muscle samples from symptomatic SBMA 

YAC AR100 transgenic mice yielded an opposite and dramatic up-regulation of TFEB target 

genes (Cortes et al., 2014b), consistent with studies in SBMA knock-in AR113Q mice 

(Chua et al., 2014). This suggests a muscle-specific process of supraphysiological induction 

of TFEB in diseased SBMA muscle cells (Figure 3). Since uncontrolled autophagy is 

thought to underlie muscle wasting in models of muscular dystrophy (Sandri et al., 2013), 

excessive activation of autophagy could be contributing to SBMA skeletal muscle 

phenotypes. In agreement with this hypothesis, global reduction of autophagic activity by 

Beclin-1 haploinsufficiency in SBMA knock-in AR113Q mice increased skeletal muscle 

fiber size and significantly extended lifespan in this model (Yu et al., 2011). Feeding SBMA 

AR113Q knock-in mice a high-fat diet reduced excessive muscle TFEB activity, rescuing 

several of the metabolic alterations in SBMA skeletal muscle (Rocchi et al., 2016). This is 

the first evidence of dietary manipulation as a therapeutic approach to modify TFEB 

function, and provides a proof-of-concept for therapy development in SBMA and other 

diseases associated with TFEB dysfunction.

The mechanisms responsible for the different aspects of TFEB dysregulation by polyQAR in 

different tissue types remain unknown, but raise concern that systemic delivery of autophagy 

therapies could have deleterious effects in SBMA. Understanding the crosstalk between 

SBMA skeletal muscle and motor neurons, and identifying key players that regulate TFEB 

activity in a tissue-specific manner will be essential for rationale autophagy therapy 

development to proceed. Importantly, however, the non-cell autonomous nature of motor 

neuron toxicity in SBMA and the accessibility of skeletal muscle will facilitate delivery of 

drugs to treat degenerating motor neurons.

AMYOTROPHIC LATERAL SCLEROSIS

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is the most 

common motor neuron disorder in adults, and is characterized by selective loss of motor 

neurons in the motor cortex, brainstem, and spinal cord. ALS leads to weakness and atrophy 

of limb and respiratory muscles, ultimately causing death. Although most ALS cases are 

“sporadic” have no known etiology, up to 10% of cases are familial. These familial cases are 

due to mutations in a number of genes, including especially superoxide dismutase 1 (SOD1), 

TAR DNA binding protein (TDP-43), fused-insarcoma/translated-in-sarcoma (FUS/TLS), 

and chromosome 9 open-reading frame 72 (C9orf72) (Ramesh and Pandey, 2017). 

Interestingly, mutations in several autophagy genes have been linked to ALS, including the 

autophagy adaptors p62 (Sequesterome 1, SQSTM1) and optineurin (OPTN), the 

proteostasis and stress-granule regulator valosin-containing protein (VCP), autophagy 

receptor ubiquilin-2 (UBQLN2), and the autophagy regulatory TANK-binding kinase 1 

(TBK1) (Peters et al., 2015).

In ALS, multiple studies of post-mortem patient tissue have uncovered evidence for 

autophagy dysregulation in motor neurons (Ramesh and Pandey, 2017). Autophagosome 
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accumulations are frequently seen in degenerating motor neurons of sporadic and familial 

ALS patients, and are often found adjacent to p62-positive inclusions (Li et al., 2008; 

Morimoto et al., 2007; Sasaki, 2011). Accumulation of damaged mitochondria is also 

observed in ALS, although unlike HD or AD, the damaged mitochondria are usually found 

within autophagic vacuoles (Liu et al., 2004; Vande Velde et al., 2008). This suggests that 

autophagy dysfunction in ALS involves a distinct mechanism, as cargo recognition 

processes are intact. Instead, defects in axonal transport or autophagosome-lysosome fusion 

may account for the accumulation of autophagic vacuoles (Ligon et al., 2005; Williamson 

and Cleveland, 1999) (Figure 1). However, evidence of decreased mTOR signaling has been 

documented in ALS mice (Hetz et al., 2009; Li et al., 2008; Morimoto et al., 2007), 

consistent with supraphysiological activation of autophagy. Reflecting the complex 

mechanisms underlying autophagy dysfunction in ALS disease pathogenesis, autophagy 

targeting therapies have shown mixed results in animal models, with some reports showing 

improvement and others showing no benefit or a significant worsening of neuromuscular 

disease (Ramesh and Pandey, 2017).

A key neuropathological hallmark of familial ALS1 that contributes to the progressive loss 

of motor neurons is abnormal accumulation of mutant SOD1 protein aggregates. Recently, 

analysis of pre- and post-symptomatic spinal cord lysates from ALS SOD1-G39A transgenic 

mice revealed stage-dependent alterations in TFEB expression (Chen et al., 2015). TFEB 

was up-regulated in the early stage of disease, but then down-regulated at the middle and end 

stages of disease in what appeared to be a neuron-specific manner (Chen et al., 2015). 

Overexpression of TFEB in vitro increased cell survival and proliferation by increasing 

Beclin-1 expression, although the effect of autophagy on SOD1-aggregation clearance in 

this system was not examined. Nonetheless, dysregulation of TFEB localization has been 

reported in subcellular fractionation analysis of ALS patient brain samples, where nuclear 

TFEB levels were reduced as much as 60% (Wang et al., 2016b). These findings need to be 

reproduced in a larger series of sporadic and familial ALS cases, which may represent two 

different pathogenic entities; however, nuclear exclusion of TFEB may be a prominent 

feature of ALS disease pathogenesis.

Although C9orf72 has been the subject of intensive study since discovery of the disease-

causing hexanucleotide repeat expansion in 2011, a complete understanding of the cellular 

functions of C9orf72 protein remains elusive. Recent evidence suggests that C9orf72 may 

negatively regulate autophagy (Amick et al., 2016; Sellier et al., 2016; Sullivan et al., 2016; 

Ugolino et al., 2016). Two independent C9orf72 knock-out mouse models displayed 

increased autophagy in the liver, spleen, and brain (Sullivan et al., 2016; Ugolino et al., 

2016), supporting a role for C9orf72 protein in autophagy regulation. In one knock-out 

model, this autophagy increase was associated with elevations in TFEB protein expression in 

the brain, although this was attributed to by inhibition of mTOR activity (Amick et al., 2016; 

Ugolino et al., 2016), rather than a direct effect of the C9orf72 protein on TFEB. C9orf72 

was reported to localize to lysosomes in response to amino acid depletion (Amick et al., 

2016), suggesting a potential novel role for C9orf72 on energy sensing and cellular 

metabolism. This is consistent with recent data suggesting TDP-43, another ALS-associated 

gene, acts as a negative regulator of autophagy and TFEB activity (Xia et al., 2016). 

Cortes and La Spada Page 13

Neurobiol Dis. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



However, the validity of this discovery and its relevance to ALS disease pathogenesis are 

still unknown, but remain a topic of keen interest. On the other hand, the C9orf72 protein 

may act as a positive regulator of autophagy by physically interacting with the Ulk1 

autophagy initiation complex (Webster et al., 2016), suggesting a complex, perhaps dual 

relationship between C9orf72 protein and autophagy. Indeed, these studies collectively 

identified a novel C9orf72 interactor known as SMCR8 as necessary for the observed 

autophagy effects (Amick et al., 2016; Sullivan et al., 2016; Yang et al., 2016), although the 

relevance of this interaction and its effect on autophagy in motor neuron disease 

pathogenesis remain unclear. There is an obvious need for further studies to clarify the 

nature of autophagy dysfunction in C9orf72 FALS as well as the normal function of the 

C9orf72 gene product, and then determine whether and how TFEB fits into the ALS 

pathogenic cascade for this form of FALS.

Despite uncertainty as to the status of the autophagy pathway in C9orf72 ALS, recent 

studies in other forms of genetic ALS have found that autophagy-mediated clearance of 

disease-associated protein aggregates can be beneficial, but these effects can be achieved 

independent of TFEB function. For example, induction of the heat shock protein B8 

mediates the clearance of TDP-43 without changing the expression or localization of TFEB 

in vitro (Crippa et al., 2016). MASK, a novel autophagy regulator, can mitigate eye 

degeneration in a Drosophila model of FUS neurodegeneration, boosting expression of v-

ATPase subunits in a TFEB-independent manner (Zhu et al., 2017). Furthermore, dietary 

restriction corrected autophagy defects and partially restored overall neurological function in 

a dynactin G59S ALS mouse model, likely through TFEB activation, although the role of 

TFEB in the neuroprotection was not examined (Wiesner et al., 2015). TBK1 is required for 

efficient recruitment of autophagy adaptors and proper degradation of mitochondria through 

autophagy (mitophagy). ALS-associated mutations in TBK1 disrupt its interaction with 

optinuerin, suggesting that impaired mitophagy may underlie TBK1-ALS disease 

pathogenesis (Oakes et al., 2017). To date, there is no evidence of altered TFEB activity in 

the context of TBK1-ALS, however. Thus, while the study of TFEB dysregulation in motor 

neuron disease is a topic of great interest, the exact role of autophagy in ALS disease 

pathogenesis is complicated, as exemplified by the contradicting results of preclinical 

studies in ALS animal models. Future studies to define specific mechanisms of autophagy 

dysfunction in ALS are needed to clarify these inconsistent and often discouraging results to 

determine if TFEB or even autophagy itself will be viable targets for therapeutic 

consideration.

CONCLUDING REMARKS

Autophagy dysfunction is a defining hallmark of almost all neurodegenerative diseases 

characterized by the accumulation of toxic protein aggregates. TFEB dysfunction also 

appears to be a shared mechanism in the neurodegenerative proteinopathies, including 

especially AD, PD, and HD, although the contribution of TFEB dysregulation to disease 

pathogenesis needs to be better delineated in most neurodegenerative diseases. TFEB 

activity can be modulated in the brain via viral or genetic overexpression, achieving 

significant amelioration of pathological and behavioral phenotypes in numerous and varied 

animal models of neurodegenerative disease (Bao et al., 2016; Decressac et al., 2013; Wang 

Cortes and La Spada Page 14

Neurobiol Dis. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



et al., 2016a; Xiao et al., 2014). Yet there is much about the basic biology of TFEB that 

remains unknown. For example, although it has long been known that phosphorylation is a 

major regulator of TFEB localization and function (Martina et al., 2012; Sardiello et al., 

2009; Settembre et al., 2012), acetylation may also act as a powerful modulator of TFEB 

activity. TFEB is deacetylated by Sirtuin 1 in the nucleus, enhancing lysosome biogenesis in 

microglia exposed to fibrillar Aβ (Bao et al., 2016). Furthermore, studies of TFEB’s post-

translational modifications in health and disease may shed light on TFEB function, and 

could yield appealing strategies for therapy development. Finally, numerous reports suggest 

the existence of distinct, cell-type specific TFEB regulatory networks, most likely due to 

differential interactomes in each cellular milieu. These neuronal and astroglial TFEB 

interactome networks are under investigation, and should inform our understanding of 

TFEB’s physiological functions in the CNS. The identification of novel chemical activators 

targeting TFEB function suggests that TFEB is a ‘druggable’ target (Meng et al., 2016; Song 

et al., 2014), and with the recent discovery of a TFEB-activating compound with blood-

brain-barrier penetration and bioactivity (Song et al., 2016), the field is set to test TFEB 

modulation as a tractable neurotherapeutic intervention. Indeed, C1, a curcumin-derived 

compound, achieves robust TFEB activation in the mammalian CNS independent of mTOR, 

thus bypassing many of the undesirable side effects of long-term mTOR inhibition. 

Importantly, C1 was found to be active via oral delivery, further facilitating its use in human 

patients and making it an attractive candidate for therapy development. Of course, much of 

the regulatory biology of TFEB involves interactions and modifications occurring at the 

lysosome, underscoring the importance of better understanding how this increasingly 

important organelle is wired into the TFEB regulatory cascade. Toward that end, recent work 

on the Transient Receptor Potential Mucolipin 1 (TRPML1) channel, which regulates 

calcium ion efflux from the lysosome and was found to be a potent activator of TFEB (Di 

Paola et al., 2017), underscores that more definitive insight into TFEB regulatory biology 

could yield even more appealing targets for physiologically relevant TFEB and autophagy 

modulation. Hence, we predict that the next decade will witness an even greater acceleration 

of efforts to delineate TFEB’s role in the autophagy dysregulation occurring in 

neurodegeneration with an eye toward opportunities for leveraging gained knowledge into 

successful neurotherapeutic agents.
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Figure 1. Autophagy Dysfunction in Neurodegenerative Disease
Increased numbers of autophagic vesicles (AVs) are a common finding for many 

neurodegenerative disorders, including Alzheimer’s disease (AD), Parkinson’s disease (PD), 

Huntington’s disease (HD), X-linked spinal & bulbar muscular atrophy (SBMA), and 

amyotrophic lateral sclerosis (ALS). However, different molecular mechanisms account for 

the observed autophagy pathway dysfunction in these neurodegenerative disorders. 1) 

Autophagy signaling pathways are impaired in HD, ALS, and in the aging brain, with the 

mechanistic target of rapamycin (TOR) and insulin/IGF1 signaling (IIS) being significantly 

impacted. 2) Autophagy transcriptional network activity decreases in HD, PD, and in the 

aging brain. Contradictory to these findings, some evidence suggests up-regulation of 

autophagy genes in AD. Alterations in the master autophagy regulator transcription factor E-

B (TFEB) signaling have been reported for PD, HD, and SBMA. 3) Deficits in cargo 

recognition, particularly of defective mitochondria, occur in HD and PD. The accumulation 

of damaged mitochondria generates an increased burden of reactive-oxygen species (ROS), 

which compromises lysosomal function and culminates in lysosomal permeabilization and 

leakage of lysosomal contents into the cytoplasm. Accumulation of ‘empty’ 

autophagosomes in HD also compromises neuronal homeostasis. 4) Despite normal 

autophagy induction and autophagosome formation, impaired maturation and microtubule-

transport of autophagic vacuoles (AVs) towards lysosomes is a feature of ALS. 5) Lysosomal 

dysfunction contributes to autophagy dysregulation in AD and HD, especially as proteostasis 

clearance mechanisms decline with age. Accumulation of undigested cargo in the lysosomal 

lumen (e.g. organelles, liposfuscin) further impairs the lysosome’s degradative ability, 

enhancing lysosomal membrane destabilization and leakage.
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Figure 2. TFEB dysregulation in Neurodegenerative Disease
TFEB function is tightly regulated at three distinct steps: its own activation, nuclear 

translocation, and transcription activity at its target genes. In its inactive form, 

phosphorylated TFEB interacts with 14–3–3 proteins, remaining sequestered in the cytosol. 

Upon activation (under conditions of lysosomal stress or mTOR inhibition), TFEB is 

dephosphorylated and dissociates from the 14–3–3 complex, unmasking its nuclear 

localization signal. TFEB can now translocate into the nucleus, driving transcription of the 

CLEAR network of target genes. Several of these steps have been reported to be 

dysfunctional in neurodegenerative disease, including TFEB sequestration (in PD), nuclear 

exclusion (in SBMA, AD, PD, and ALS) and transcription incompetence (in SBMA, AD, 

and HD). These observations indicate that TFEB dysregulation is a defining feature of 

neurodegenerative proteinopathies.
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Figure 3. Non cell-autonomous dysregulation of TFEB in neurodegeneration
Non cell-autonomous neurotoxicity, wherein non-neuronal cells contribute to neuron 

dysfunction in neurodegeneration, has emerged as a major feature of disease pathogenesis in 

most disorders. Many studies have documented cell-type specific dysregulation of TFEB in 

neurodegenerative disease, indicating that cellular context plays an important role in TFEB 

biology. This is especially relevant for Alzheimer’s disease and SBMA, where different 

disease-relevant tissues display diametrically opposite patterns of TFEB dysregulation. 

Understanding the cell-type specific regulation of TFEB function, and the signaling 

pathways that communicate TFEB status between different tissues, may yield important 

targets for neurodegenerative disease therapy development. FAD: Familial Alzheimer’s 

Disease; iPSC: induced pluripotent stem cell
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