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Abstract

The discovery of a gene network regulating lysosomal biogenesis and its transcriptional regulator 

TFEB revealed that cells monitor lysosomal function and respond to degradation requirements and 

environmental cues. Here, we report the identification of transcription factor E3 (TFE3) as another 

regulator of lysosomal homeostasis that induced expression of genes encoding proteins involved 

in autophagy and lysosomal biogenesis in ARPE-19 cells in response to starvation and lysosomal 

stress. We found that in nutrient-replete cells, TFE3 was recruited to lysosomes through 

interaction with active Rag GTPases and exhibited mTORC1-dependent phosphorylation. 

Phosphorylated TFE3 was retained in the cytosol through its interaction with the cytosolic 

chaperone 14-3-3. Following starvation, TFE3 rapidly translocated to the nucleus and bound to the 

CLEAR elements present in the promoter region of many lysosomal genes, thereby inducing 

lysosomal biogenesis. Depletion of endogenous TFE3 entirely abolished the response of ARPE-19 

cells to starvation, suggesting that TFE3 plays a critical role in nutrient sensing and regulation of 

energy metabolism. Furthermore, overexpression of TFE3 triggered lysosomal exocytosis and 

resulted in efficient cellular clearance in a cellular model of a lysosomal storage disorder, Pompe 

disease, thus identifying TFE3 as a potential therapeutic target for the treatment of lysosomal 

disorders.

Introduction

Lysosomes are the primary degradative organelle in all cells. Lysosomes receive 

extracellular material destined for degradation through endocytosis, whereas intracellular 

*To whom correspondence should be addressed: Rosa Puertollano, Laboratory of Cell Biology, National Heart, Lung, and Blood 
Institute, National Institutes of Health, 9000 Rockville Pike, Bldg 50/3537, Bethesda, Maryland 20892, USA. Tel.: +1 (301) 
451-2361; FAX: +1 (301) 402-1519; puertolr@mail.nih.gov. 

Author Contribution: J.M. was involved in experimental strategy, performed most of the experiments and analyzed the data; H.D. 

performed experiments and analyzed the data; S.P. quantified the number of lysosomes in TFE3-expressing cells; L.J., L.L., and N.R. 

designed, perform, and interpret the experiments in Pompe myotubes; N.R. also edited the manuscript; R.P. designed the research, 

performed experiments, analyzed the data, supervised the project, and wrote the manuscript. All the authors reviewed the manuscript. 

Competing interest: The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Sci Signal. Author manuscript; available in PMC 2015 December 30.

Published in final edited form as:

Sci Signal. ; 7(309): ra9. doi:10.1126/scisignal.2004754.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



components reach lysosomes mainly through autophagy1. In addition to their role in 

biomolecular degradation and recycling, lysosomes are also critical for several cellular and 

physiological functions including cholesterol homeostasis, downregulation of surface 

receptors, inactivation of pathogenic organisms, antigen presentation, repair of the plasma 

membrane, and bone remodeling2.

Lysosomes also function in nutrient sensing and cellular energy homeostasis. This is 

primarily due to the lysosomal localization of mammalian (or mechanistic) target of 

rapamycin complex 1 (mTORC1), a protein complex that includes the serine/threonine 

kinase mTOR and regulates cell growth and division in response to energy levels, growth 

signals, and nutrients. The activation of mTORC1 by intracellular amino acids is well 

characterized. In cells in which amino acids are sufficient, mTORC1 is recruited to the 

lysosomal surface, where it is activated by the guanosine triphosphatase (GTPase) Rheb3,4. 

The amino acid–dependent translocation of mTOR to the lysosome requires Rag GTPases 

and Ragulator, a pentameric protein complex that anchors the Rag GTPases to lysosomes5-7. 

The Rag proteins function as heterodimers in which the active complex consists of GTP-

bound RagA or RagB (RagA/B) complexed with GDP-bound RagC or RagD (RagC/D)8,9. 

The amount of amino acids in the lysosomal lumen signals to the vacuolar-ATPase (v-

ATPase)10. When amino acids are abundant, the v-ATPase promotes the guanine exchange 

factor (GEF) activity of Ragulator, thus triggering the GTP loading and activation of 

RagA/B proteins5. Active Rags can then bind the mTORC1 component Raptor and recruit 

mTORC1 to lysosomes. Interestingly, Rheb activity requires growth factors, suggesting that 

different stimuli (growth factors and amino acids) cooperate to activate mTORC1. Upon 

activation, mTORC1 promotes cell growth and anabolic processes while simultaneously 

repressing autophagy.

The Atg family of proteins, such as Atg13 and Atg1 [also known as ULK1 and ULK2 

(ULK1/2)], are involved in autophagy induction11,12. Phosphorylation of these proteins by 

mTORC1 inhibits their activity, thereby repressing autophagy. Indirectly, mTORC1 

regulates autophagy by modulating the activity of transcription factor EB (TFEB)13-15. 

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

factors that recognizes a 10 base-pair motif (GTCACGTGAC) enriched in the promoter 

regions of numerous lysosomal genes16. Activation of TFEB induces expression of many 

genes associated with lysosomal biogenesis and function. TFEB also stimulates the 

expression of genes implicated in autophagosome formation, fusion of autophagosomes with 

lysosomes, and lysosome-mediated degradation of the autophagosomal content17-19. 

Therefore, TFEB provides coordinated transcriptional regulation of the two main 

degradative organelles in the cell, autophagosomes and lysosomes.

Under nutrient-rich conditions, active mTORC1 phosphorylates TFEB on several serine and 

threonine residues, including serine 211 (Ser211)13-15. Phosphorylation of Ser211 creates a 

binding site for 14-3-3, a cytosolic chaperone that keeps TFEB sequestered in the cytosol. In 

contrast, under starvation conditions mTORC1 is inactivated, the TFEB and 14-3-3 complex 

dissociates, and TFEB translocates to the nucleus where it stimulates the expression of 

hundreds of genes, thus leading to lysosomal biogenesis, increased lysosomal degradation, 

and autophagy induction13,14. TFEB interacts with active Rag GTPases20. This interaction 
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promotes recruitment of TFEB to lysosomes and facilitates the mTORC1-dependent 

phosphorylation of TFEB. Inhibition of the interaction between TFEB and Rags results in 

accumulation of TFEB in the nucleus and constitutive activation of autophagy under 

nutrient-rich conditions20. Therefore, recruitment of TFEB to lysosomes is critical for the 

proper negative regulation of this transcription factor.

An important question is whether the regulatory mechanism of TFEB is shared by other 

transcription factors that belong to the microphthalmia-associated transcription factor 

(MiTF) and TFE (MiTF/TFE) family, which includes TFEB, MITF, TFEC, and TFE3. 

MITF1, an isoform of MITF implicated in proliferation and survival of retinal pigment 

epithelium (RPE) osteoclasts, natural killer cells, and mast cells, interacts with active Rags 

and translocates to the nucleus upon mTORC1 inactivation20. Here, we assessed the 

mechanism of TFE3 activation. TFE3 is present in many tissues and plays a major role in 

activation of the immune system21,22, control of allergic diseases23,24, development of 

osteoclasts25, and regulation of the expression of critical metabolic regulators26. We found 

that similarly to TFEB, TFE3 responds to variations in the amount of nutrients and is 

transported to the nucleus following inactivation of mTORC1 in cells subjected to nutrient 

starvation. Although TFEB is the only member of the MiTF/TFE family reported to bind to 

CLEAR motifs and induce multiple genes involved in lysosomal biogenesis16, we found that 

TFE3 also promoted the expression of genes associated with autophagy and lysosomes and 

stimulated lysosomal biogenesis. When overexpressed in a model of a lysosomal storage 

disorder, Pompe disease, TFE3 induced lysosomal exocytosis and cellular clearance. 

Therefore, our results indicate that cells exhibit distinct reliance on specific members of the 

MiTF/TFE family to control lysosomal homeostasis with TFE3 serving as a major regulator 

of this process in some contexts.

Results

mTORC1 promotes retention of TFE3 in the cytosol under nutrient-rich conditions

Because mTORC1 phosphorylates and inhibits the transcriptional activity of TFEB and 

MITF113,20 we tested whether mTORC1 also regulated activation of TFE3. We generated 

an adenovirus expressing human TFE3 tagged to MYC (TFE3-MYC) and, when expressed 

in the human retinal epithelial pigment cell line ARPE-19, TFE3-MYC was retained in the 

cytosol in “fully fed” cells (cultured in normal growth medium) (Fig. 1A). In contrast, 

incubation with the mTOR inhibitor Torin-1 induced a rapid translocation of some TFE3-

MYC from the cytosol to the nucleus; in addition, TFE3-MYC colocalized with LAMP1 

(lysosome-associated membrane protein 1; lysosomal marker)-positive vesicles (Fig. 1A). 

To assess the regulation of TFE3 under a more physiological condition, cells were starved 

by incubation with amino acid-free medium for 1 hour, a treatment that inactivates 

mTORC16,7. As expected, starvation caused an accumulation of TFE3-MYC in the nucleus 

(Fig. 1A). In agreement with previously published data14, we observed that inhibition of 

lysosomal function with chloroquine, which increases lysosomal pH, also induced transport 

of TFE3-MYC to the nucleus (Fig. 1A). Therefore, our results indicated that TFE3 was 

translocated from the cytosol to the nucleus in response to both amino acid starvation and 

lysosomal stress.
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Similar to the effects on exogenously expressed TFE3, inactivation of mTOR by Torin-1, 

amino acid starvation, or lysosomal stress induced nuclear translocation of endogenous 

TFE3 in ARPE-19 (Fig. 1B), HeLa, and HepG2 cells (fig. S1A and S1B). Subcellular 

fractionation experiments also showed that the amount of endogenous TFE3 in the nucleus 

increased upon treatment with Torin-1 or amino acid starvation (Fig. 1C). TFE3 migrated 

close to 72 kD and 89 kD (Fig. 1C); the upper 89 kD band may represent a form with 

uncharacterized posttranslational modifications27. Interestingly, the smaller form of TFE3 

detected in the nuclear fractions had a lower molecular weight than that of the smaller form 

of TFE3 in the cell lysates, suggesting that inactivation of mTORC1 affected TFE3 

phosphorylation status. In addition, the amount of the 89-kD form of TFE3 increased after 

20h of amino acid starvation, indicating that additional posttranslational modifications may 

occur upon prolonged TFE3 activation.

To corroborate that mTORC1 regulated the nuclear distribution of TFE3, we genetically 

inhibited either mTORC1 or mTORC2 by depleting raptor or rictor, respectively, with 

specific siRNAs. In cells depleted of raptor to inhibit mTORC1, TFE3 primarily 

accumulated in the nucleus, whereas TFE3 was cytosolic in cells depleted of rictor to inhibit 

mTORC2 (fig. S1C). In addition, incubation of ARPE-19 cells with rapamycin, a specific 

inhibitor of mTORC1, promoted redistribution of endogenous TFE3 to the nucleus (fig. 

S1D). Thus, a clear correlation exists between the activity of mTORC1 and the subcellular 

distribution of TFE3.

Because phosphorylation by mTORC1 causes 14-3-3-dependent sequestration of TFEB in 

the cytosol13,14, we tested if TFE3 interacted with 14-3-3 and the effect of mTORC1 activity 

on this interaction. TFE3-MYC coimmunoprecipitated endogenous 14-3-3 in fully fed cells, 

whereas this interaction was completely abolished by inactivation of mTORC1 with Torin-1 

(Fig. 1D). Protein homology analysis indicated that Ser321 of TFE3 is the equivalent residue 

to Ser211 of TFEB, which mediates binding between TFEB and 14-3-313,14 (Fig. 2A). 

Mutation of Ser321 to Ala prevented binding of overexpressed TFE3 to endogenous 14-3-3 

in ARPE-19 cells (fig. S2A). TFE3-S321A also accumulated in the nucleus when expressed 

in ARPE-19 cells (fig. S2B, S2C). As expected, TFE3 was recognized by antibodies against 

the 14-3-3 binding domain (fig. S2D). Therefore these data suggested that TFE3 is retained 

in the cytosol through mTORC1-dependent binding to 14-3-3.

Rag GTPases determine the activity and intracellular distribution of TFE3

The first 30 N-terminal residues of TFEB are both necessary and sufficient for interaction 

with active Rag heterodimers20. Homology analysis revealed that a Rag-binding motif is 

also present in TFE3, suggesting that TFE3 might interact with Rag GTPases (Fig. 2A). To 

test this possibility, we co-expressed TFE3 together with different combinations of Rag 

proteins in ARPE-19 cells. Rags function as heterodimers in which the active complex 

consists of GTP-bound RagA or B complexed with GDP-bound RagC or D. Therefore, we 

expressed TFE3-MYC together with Rag mutants predicted to be restricted to the GTP-

bound or GDP-bound conformations. TFE3-MYC interacted with Rag heterodimers when 

they are in an active conformation (RagBGTP/RagDGDP), whereas no binding was observed 

between TFE3 and inactive Rag heterodimers (RagBGDP/RagDGTP) (Fig. 2B). Similar 
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results were obtained for endogenous TFE3 (Fig. 2C). Furthermore, mutation of conserved 

residues within the Rag-binding motif dramatically reduced the interaction between TFE3 

and active Rags (fig. S2E).

Endogenous TFE3 redistributed from the cytosol to lysosomes in cells overexpressing the 

active Rag complex and redistributed to the nucleus in cells overexpressing the inactive Rag 

complex (even in the absence of nutrient starvation) (Fig. 2D). Depletion of endogenous 

RagC and RagD (see fig. S2F for knockdown efficiency) prevented the redistribution of 

TFE3 to lysosomes induced by Torin-1 and triggered the accumulation of TFE3 in the 

nucleus (Fig. 2E), confirming the importance of the Rag complex and mTORC1 in 

controlling TFE3 subcellular distribution. In addition, mutations in TFE3 in the Rag-binding 

domain (TFE3-S112A/R113A) that prevented the interaction between TFE3 and Rags (fig. 

S2E) caused constitutive accumulation of TFE3 in the nucleus of fully fed cells (fig. S2B, 

S2C).

Together, our data suggested that TFE3 is recruited to lysosomes through direct interaction 

with active Rags and this recruitment is critical for maintaining TFE3 sequestration in the 

cytosol under nutrient-rich conditions. Following starvation, Rags and mTORC1 are 

inactivated, thus allowing transport of TFE3 to the nucleus (see fig. S3 for a model of the 

mechanism of TFE3 regulation by Rags and mTORC1).

TFE3 and folliculin are involved in a feedback loop stimulated by nutrient depletion

Birt-Hogg-Dube (BHD) syndrome is caused by germline mutations in the tumor suppressor 

gene folliculin (FLCN) and is characterized by the development of fibrofolliculomas, lung 

cysts, and renal carcinoma28-30. Mutations in FLCN lead to the dysregulation of TFE3, as 

indicated by the constitutively nuclear localization of TFE3 in a BHD cancer cell line27. 

Mutations in FLCN also cause increased TFE3 transcriptional activity in human kidney cells 

and mouse embryonic fibroblasts27. In agreement with these data, we found that depletion of 

FLCN by siRNA in ARPE-19 cells increased the proportion of cells with nuclear TFE3, thus 

confirming the regulatory role for FLCN on TFE3 distribution (Fig. 3A).

The intracellular localization of endogenous FLCN changed depending on nutrient 

availability. In fully fed cells, FLCN was mainly cytosolic, although some weak association 

with lysosomes can be observed (Fig. 3B). Please note that the nuclear staining observed in 

these cells is probably non-specific as it was also detected in FLCN-depleted cells (fig. S4A) 

The amount of FLCN bound to lysosomal membranes increased in nutrient-deprived 

ARPE-19 cells (Fig. 3B). When cells were placed back in a nutrient-rich medium (re-feed), 

colocalization of FLCN with lysosomes was reduced (Fig. 3B). Relocation of FLCN from 

lysosomes to the cytosol was observed as early as 10 min after re-feed (fig. S4B). Increased 

recruitment of endogenous FLCN to lysosomes was also observed upon inactivation of 

mTORC1 with Torin-1 (fig. S4C).

Next we sought to identify the molecular machinery that regulates the recruitment of FLCN 

to lysosomes under starvation conditions. Expression of constitutively inactive Rag 

heterodimers (RagBGDP/RagDGTP) induced the recruitment of endogenous FLCN to 

lysosomes whereas expression of the active Rag complex did not (Fig. 3C). Consistent with 
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these results, FLCN interacted with inactive but not with active Rag heterodimers (Fig. 3D). 

We showed that, in the same cells, TFE3 interacted with active (but not inactive) Rags (Fig. 

3D). Thus, we propose that under conditions that inactivate the Rag complex, such as 

starvation, the ability of Rags to interact with mTORC1 and TFE3 would decrease, thereby 

reducing the lysosomal association and activity of mTORC1 and reducing TFE3 

phosphorylation, while the ability to bind FLCN would increase, leading to its recruitment to 

lysosomes. In this model, FLCN does not regulate TFE3 by direct interaction. In agreement 

with this, we were unable to detect interaction between both proteins in co-

immunoprecipitation assays (Fig. 3D and fig. S4D).

FLCN appears to function as a positive regulator of the mTORC1 pathway, because down-

regulation of FLCN inhibits mTORC1 activity both in cultured cells and in mice31,32. Thus, 

FLCN might be recruited to lysosomes to facilitate rapid or robust re-activation of mTORC1 

as cells experience the switch from the nutrient-depleted state to the nutrient-replete state. 

Because we showed that active mTORC1 was necessary for retention of TFE3 in the cytosol 

(Fig. 1), we propose that the nuclear accumulation of TFE3 in BHD cells might be a 

consequence of reduced mTORC1 activity in the absence of FLCN.

We found a TFE3-dependent increase in the amount of FLCN in ARPE-19 cells starved of 

nutrients for 24 hours (Fig. 3E). Accordingly, we found that overexpression of TFE3 in 

ARPE-19 cells resulted in an increase in FLCN protein abundance (Fig. 3F), as well as the 

mRNA abundance of FLCN and two FLCN-interacting proteins, FNIP1 and FNIP2 (Fig. 

3G)32. Upregulation of FLCN, FNIP1, and FNIP2 was also observed upon TFEB over-

expression (Fig. 3G).

Thus, we propose that by stimulating the production of FLCN and its partners, which 

stimulate mTORC1, TFE3 may ensure efficient termination of the lysosomal starvation 

response, including its own activity, once nutrients become available.

TFE3 and MITF1 increase expression of autophagic genes and stimulate autophagy

TFEB is a master regulator for the expression of autophagic and lysosomal genes18. Since 

TFEB, TFE3, and MITF1 share the same mechanism of activation in response to starvation/ 

mTORC1 inactivation, we asked whether TFE3 and MITF1 might also be implicated in 

autophagy induction and lysosomal biogenesis. To test the effect of TFE3 and MITF1 

overexpression on the transcriptional regulation of autophagy, we used commercially 

available arrays of primers that allowed us to simultaneously monitor the expression of 83 

autophagic genes by relative quantitative real time-PCR (qRT-PCR). We found that TFEB, 

TFE3, and MITF1 targeted the same autophagic genes (table S1) with 7 of the 83 showing 

increased expression of at least 2-fold in cells overexpressing any of the three transcription 

factors (Fig. 4A). The most significantly up-regulated genes encode proteins that play an 

essential role in formation of autophagosomes (ATG16L1, ATG9B, GABARAPL1, and 

WIPI1) as well as their degradation (UVRAG). Analysis of the LC3II/LC3I ratio upon 

TFE3, TFEB, or MITF1 overexpression confirmed autophagy induction (Fig. 4B and 4C). 

Accordingly, we observed an accumulation of autophagosomes in TFE3-expressing cells 

(Fig. 4D).
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TFE3 binds to CLEAR elements in promoters and stimulates lysosomal biogenesis

Next, we investigated the role of MITF1 and TFE3 in lysosomal biogenesis. We evaluated 

the effect of MITF1 or TFE3 overexpression in ARPE-19 cells on several lysosomal genes 

that are targets of TFEB17. In agreement with previous studies33, MITF1 increased the 

expression of two of the four genes encoding v-ATPase subunits tested (Fig. 5A). However, 

MITF1 failed to increase expression of most of the lysosomal genes tested, suggesting that 

MITF1 does not play a major role in lysosomal biogenesis (Fig. 5A).

Overexpression of TFE3 in ARPE-19 cells increased the mRNA abundance of 16 out of the 

17 genes tested, including those encoding several subunits of the v-ATPase (ATP6V0B1, 

ATP6V0D1, ATP6V0D2, ATP6V1C1) (Fig. 5A), lysosomal transmembrane proteins 

(CD63, CLCN7, CLCN3, LAMP1, MCOLN1) (Fig. 5A), and lysosomal hydrolases (GAA, 

GBA, GLA, CTSA, CTSD, CTSF, CTSS, HEXA) (Fig. 5A). Western blotting confirmed the 

increase in several lysosomal proteins including LAMP1, RagC (encoded by RRAGC), 

Cathepsin D (encoded by CTSD), and ATP6V1C1 in TFE3-overexpressing cells (fig. S5A).

Consistent with our qRT-PCR data, we found an increased number of LAMP1-positive 

structures in ARPE-19 cells overexpressing TFE3 when compared with control cells (Fig. 

5B). The average number of lysosomes per cell in ARPE-19 cells infected with control 

(null) adenovirus was 383 ± 90, whereas in TFE3-expressing cells had 722 ± 202, (Fig. 5B). 

Thus, TFE3 promoted lysosomal biogenesis in ARPE-19 cells.

TFEB regulates lysosomal biogenesis and function through its binding to CLEAR elements 

(GTCACGTGAC) in the promoters of numerous lysosomal genes16. TFE3 binds the E-box, 

which is a consensus sequence (CACGTG) that overlaps with the CLEAR sequence (as 

indicated by the underlining in the CLEAR element), suggesting that TFE3 might recognize 

CLEAR motifs34,35. MCOLN1 is a lysosomal gene that contains three putative CLEAR sites 

in its promoter region (at positions −170, −143, and −123)16. To quantitatively assess the 

ability of TFE3 to bind to CLEAR motifs, we transfected HeLa cells with a luciferase 

reporter plasmid containing the human MCOLN1 promoter and infected the cells with 

adenovirus expressing either TFEB or TFE3 or with control (Null) adenovirus (Fig. 5C).

The MCOLN1 promoter had low basal activity in cells infected with control adenovirus. In 

contrast, expression of either TFEB or TFE3 increased the expression of the MCOLN1 

reporter (Fig. 5C). Mutation of the CLEAR1 (ΔCLEAR1) or CLEAR2 (ΔCLEAR2) sites 

significantly decreased the stimulation by TFEB or TFE3 of reporter activity, and mutation 

of the CLEAR3 (ΔCLEAR3) site caused a further reduction TFEB-dependent or TFE3-

dependent reporter activity (Fig. 5C). The triple-point mutant (ΔCLEAR1+2+3) failed to 

respond to either TFEB or TFE3. Compared to the wild-type promoter, the ΔCLEAR3 

mutant maintained 10% of activity, whereas the triple mutant (ΔCLEAR1+2+3) retained just 

2.5% of activity in response to TFE3 expression (Fig. 5C).

Thus, each of the three CLEAR sites in the MCOLN1 promoter contributed to TFEB- or 

TFE3-mediated stimulation of the expression of the reporter gene. Therefore, we suggest 

that TFE3 promotes expression of lysosomal genes by binding to CLEAR elements.
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TFE3 promotes expression of lysosomal genes independently of TFEB

Members of the MiTF/TFE family bind DNA as homo- or heterodimers. Therefore, we 

tested if the ability of TFE3 to stimulate expression of lysosomal genes was through 

formation of heterodimers with TFEB. We used lentivirus expressing TFEB shRNA to 

generate a stable HeLa cell clone with reduced amounts of TFEB (Fig. 6A). Endogenous 

TFEB increased in the control cells expressing TFE3, suggesting that the gene encoding 

TFEB may be a target of TFE3 (Fig. 6A). This observation is consistent with a recent report 

showing the presence of several CLEAR elements in the promoter region of TFEB36. 

Overexpression of TFE3 in control HeLa cells (shRNA non-target) or in the TFEB-depleted 

cell line resulted in a dramatic increase in the expression of many lysosomal genes, 

including ATP6V0D2, CTSF, GBA, GLA, HEXA, and MCOLN1 (Fig. 6B). Because TFE3 

did not stimulate TFEB production in the TFEB shRNA stable clone (Fig. 6A), we 

concluded that TFE3 promotes transcription of lysosomal genes independently of TFEB 

(Fig. 6B).

We determined that different cell lines and tissues exhibited different relative amounts of 

TFEB and TFE3 (fig. S5B-D). To determine if endogenous TFE3 regulates expression of 

lysosomal genes in response to starvation, we used ARPE-19 cells, because we found that 

endogenous TFE3 was more abundant than TFEB in these cells (Fig. 6C, fig. S5B, and 

S5C). Starvation of ARPE-19 cells for 24h increased the mRNAs of lysosomal and 

autophagy genes (Fig. 6D). Depletion of TFEB did not prevent the increased expression of 

selected lysosomal and autophagic genes in response to starvation (Fig. 6D). In contrast, the 

induction of lysosomal and autophagic genes was entirely abolished in TFE3-depleted cells 

(Fig. 6D). Similar results were observed upon simultaneous depletion of TFE3 and TFEB 

(Fig. 6D). Therefore, our data indicated that in some cells, TFE3 plays a critical role in the 

cellular response to starvation and suggested that whether TFEB or TFE3 serve as the 

“master” regulator of the lysosomal response may depend on their relative abundance.

Overexpression of TFE3 induces lysosome exocytosis

Overexpression of TFEB increases the pool of lysosomes located close to the cell surface 

and induces fusion of lysosomes with the plasma membrane37. The mechanism by which 

TFEB promotes lysosomal exocytosis involves increasing intracellular Ca2+ concentrations 

through the upregulation and activation of the lysosomal Ca2+ release channel MCOLN137. 

Our luciferase and qRT-PCR data indicated that MCOLN1 mRNA was significantly 

increased by TFE3 overexpression (Fig. 5A, 5C), suggesting that TFE3 may also induce 

lysosomal exocytosis. To test this, we used a newly generated affinity purified antibody 

recognizing MCOLN1 to measure variations in the amount of endogenous MCOLN1 in 

response to TFE3. The specificity of the MCOLN1 antibody was validated in fibroblasts 

obtained from Mucolipidosis type IV (MLIV) patients; these cells lack MCOLN138-40 (fig. 

S6A). Immunofluorescence analysis and Western blot analysis showed that overexpression 

of either TFEB or TFE3 in ARPE-19 cells increased the amount of endogenous MCOLN1, 

whereas MITF1 overexpression did not (Fig. 7A, B). Endogenous MCOLN1 colocalized 

with LAMP1 (Fig. 7A), which is consistent with previous studies describing the lysosomal 

distribution of overexpressed MCOLN141-43.
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To monitor lysosomal exocytosis from HeLa cells, we measured the activity of lysosomal 

hydrolases in the extracellular medium. In agreement with previous reports13, we found that 

overexpression of TFEB caused the release of acid phosphatase into the culture medium 

(Fig. 7C) and more acid phosphatase activity was present in the culture medium of cells 

expressing a constitutively active version of TFEB that cannot be retained in the cytosol 

(TFEB-S211). As expected, secretion of acid phosphatase was not increased when cells 

were infected with a control (Null) adenovirus or with an adenovirus expressing MITF1 

(Fig. 7C). Overexpression of TFE3 caused a robust secretion of lysosomal hydrolases, 

indicating that TFE3 effectively induces lysosomal exocytosis (Fig. 7C). To ensure that the 

increased activity of lysosomal enzymes in the medium was not due to cell damage, we 

measured the amount of cytosolic lactate dehydrogenase (LDH) in the medium, which 

would indicate cell lysis or leakage. None of overexpressed transcription factors caused 

increased LDH in the medium (fig. S6B).

To confirm that the presence of acid phosphatase in the medium was due to fusion of 

lysosomes with the plasma membrane, we monitored accumulation of the lysosomal 

transmembrane protein LAMP1 at the cell surface by immunofluorescence (Fig. 7D) and 

flow cytometry (fig. S6C). TFEB and TFE3, but not MITF1, induced the accumulation of 

LAMP1 at the plasma membrane of ARPE-19 cells. These lysosomal exocytosis data and 

MCOLN1 abundance data are consistent with a model in which TFE3 promotes lysosomal 

exocytosis by increasing the abundance of the Ca2+ channel MCOLN1.

TFE3 overexpression promotes cellular clearance in a cell model of Pompe disease

We and others have recently reported that the ability of TFEB to induce lysosomal 

exocytosis can be exploited to clear cells of the undigested material that accumulates in the 

lysosomal lumen in numerous Lysosomal Storage Disorders (LSDs)37,44,45. Since TFE3 can 

also stimulate lysosomal exocytosis, we assessed the ability of TFE3 to promote cellular 

clearance in Pompe disease (PD; glycogen storage disease type II), a paradigm for LSD. PD 

is caused by mutations in acid alpha-glucosidase (GAA). The enzyme breaks down glycogen 

to glucose within the acidic environment of lysosomes46,47. GAA deficiency leads to 

excessive buildup of glycogen inside lysosomes in many tissues and manifests as severe 

cardiac and skeletal muscle myopathy. Accumulation of dysfunctional, enlarged lysosomes 

results in perturbation of many cellular processes, including autophagy48. The autophagic 

process in the diseased muscle is affected at both the initiation of autophagosomal formation 

(increase) and at the termination stage (impaired autophagosomal-lysosomal fusion, a 

condition known as autophagic block).

We established a PD conditionally immortalized muscle cell line that replicates the 

lysosomal pathology (namely, accumulation of enlarged lysosomes and glycogen buildup) 

characteristic of this disorder45. Infection of PD myotubes with an adenovirus expressing 

TFE3, but not with a control (Null) adenovirus, significantly reduced the number of enlarged 

lysosomes, as shown by staining with LAMP-1 and lysotracker (Fig. 8A, 8B). The effect of 

TFE3 and its nuclear translocation were evident after 48-72h post-infection (Fig. 8A, 8D). 

Overexpression of TFE3 also reduced the amount of intralysosomal glycogen, as assessed 

by the incorporation of fluorescent glucose derivative 2-NBDG into glycogen (Fig. 8C). 
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TFE3-mediated lysosomal exocytosis was further corroborated by surface LAMP1 assay. 

LAMP1 accumulated on the plasma membrane in TFE3-treated myotubes (Fig. 8E lower 

panel) but not in cells infected with control adenovirus (Fig. 8E upper panel). Therefore, our 

data indicated that TFE3 promotes cellular clearance in PD myotubes and may be 

considered an alternative to TFEB for the treatment of different LSDs.

Discussion

The finding that expression of lysosomal genes is not constitutive but changes in response to 

nutrient status revealed that cells monitor lysosomal function and respond to degradation 

requirements and environmental conditions. TFEB was the only previously reported member 

of the MiTF/TFE family capable of binding to CLEAR motifs and inducing expression of 

multiple lysosomal genes16. Here, we identified TFE3 as another regulator of lysosomal 

function and biogenesis in response to starvation. Similar to TFEB, in fully fed cells TFE3 

was recruited to lysosomes by active Rag GTPases leading to TFE3 phosphorylation by 

mTORC1 and retention in the cytosol by 14-3-3. Following starvation or lysosomal stress or 

other conditions that inhibited mTORC1, TFE3 rapidly translocated to the nucleus and 

activated genes associated with autophagy and lysosomal biogenesis and function that 

promote cellular survival during starvation conditions (fig. S3). Our results agree with a 

previous study showing interaction between 14-3-3 and TFE3 in a large-scale proteomics 

study of 14-3-3 binding proteins49. However, the present study further expands these 

observations by showing that the interaction between TFE3 and 14-3-3 is 1) dependent on 

nutrient levels and mTORC1 activity and 2) critical for retention of TFE3 in the cytosol 

under nutrient rich conditions.

MITF and TFE3 have previously been implicated in the regulation of certain genes that are 

important for the biogenesis or function of specialized lysosomal-related organelles, such as 

secretory lysosomes and melanosomes. For example, MITF and TFE3 stimulate the 

expression of genes implicated in bone resorption in differentiated osteoclasts50. 

Furthermore, some MITF targets, including HPS4, PSEN2 and LYST, are important for 

pigment biogenesis33. However, we found that, despite sharing similar mechanisms of 

regulation with TFEB and TFE3, MITF1 lacked the ability to induce lysosomal formation or 

exocytosis. Furthermore, ARPE-19 cells depleted of TFE3 failed to increase expression of 

lysosomal and autophagic genes despite the presence of MITF1. Overall, our data suggested 

that MITF1 does not play a major role in mediating cellular adaptation to starvation.

Differences in recognition of response elements in the promoters of the targeted genes may 

explain why MITF does not induce lysosomal biogenesis, but TFEB and TFE3 do. MITF 

exhibits a preference for binding to M-boxes35 whereas TFEB binds to the CLEAR elements 

in the promoter region of many lysosomal genes16. The CLEAR elements are E-box-type 

DNA sequences that partially overlap with the consensus sequence of other E-boxes 

recognized by TFE334. Consistent with TFE3 binding to CLEAR elements, we found that 

TFE3 stimulated expression of a MCOLN1 promoter (containing the CLEAR elements) 

reporter. Therefore, it is likely that TFE3 stimulates lysosomal genes through interaction 

with CLEAR elements.
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TFE3 also regulates expression of autophagy genes. Of the 83 autophagy genes we tested, 

less than 10% showed more than a 2-fold increase upon overexpression of TFE3. However, 

the upregulated genes encode proteins that function as key regulators of the autophagic 

process, including those involved in the formation of autophagosomes (ATG16L1, ATG9B, 

GABARAPL1, and WIPI1) and fusion of autophagosomes with lysosomes (UVRAG). An 

increase of lower than 2-fold for some other autophagy genes was also statistically 

significant. These results indicated an important role for TFE3 in autophagy induction.

Here, we showed that TFE3 functioned as part of a feedback loop with the positive regulator 

of the mTORC1 pathway, FLCN. Overexpression of either TFE3 or TFEB increased 

expression of FLCN, and TFE3 contributed to the increase in FLCN abundance that 

occurred as part of the cellular response to starvation. Notably, we found that the 

intracellular distribution of FLCN is dependent on nutrient levels and the activation state of 

Rag GTPases. The lysosomal recruitment of FLCN under starvation conditions suggested 

that it may regulate amino acid-dependent re-activation of mTORC1. Further work will help 

to discern the mechanism by which FLCN regulates mTORC1 activity. One possibility is 

that FLCN directly facilitates activation of Rag GTPases. Alternatively, FLCN may affect 

mTORC1 activity through the AMP-activated protein kinase (AMPK)51. Overexpression of 

the members of the MiTF/TFE family may contribute to different types of cancer52 by 

altering the regulation of the mTORC1 pathway.

Our results indicate that TFEB and TFE3 are regulated in a similar way, respond to 

nutrients, and induce expression of many of the same autophagic and lysosomal genes in 

response to starvation. In addition, previous studies have reported that overexpression of 

either TFEB or TFE3 regulate expression of metabolic genes and rescue obesity and insulin 

resistance in vivo26,36. These results raise the question of whether TFEB and TFE3 may be 

redundant. In Caenhorhabditis elegans the transcription factor HLH-30 has been proposed 

to be the ortholog of either TFE3 or TFEB36,53,54. Interestingly, HLH-30 regulates 

expression of autophagic, lysosomal, metabolic, and aging genes and is essential for survival 

during starvation36,53,54. Moreover, HLH-30 translocates to the nucleus following fasting 

and inactivation of CeTOR induces HLH-30 transcription54. Thus, the regulation and 

biological functions of TFE3 and TFEB may be evolutionarily conserved.

It is also possible that TFEB and TFE3 have specific functions in particular cell types or 

during development. For example, depletion of TFEB in mice is embryonically lethal due to 

defective vascularization of the placenta55, whereas the TFE3-knockout mouse is viable25. 

In zebrafish, the expression of TFE3 and TFEB overlaps in many but not all tissues during 

early embryogenesis56. Finally, in some instances lysosomal biogenesis is required during 

cell differentiation and occurs not in response to starvation, but rather in response to the 

presence of specific growth factors or cytokines. For example, TFEB increased the number 

of lysosomes in osteoclasts in response to RANKL, a process that is critical for bone 

remodeling57. In this case, activation of TFEB is not dependent on mTORC1 but is mediated 

by protein kinase C β (PKCβ). Phosphorylation of TFEB by PKCβ on several serine residues 

located in the C-terminal region increased the stability of TFEB57, thus resulting in an 

increase in the amount of nuclear TFEB and enhanced transcription of specific lysosomal 

genes. Likewise, ERK1/2-mediated phosphorylation of TFE3 in osteoclasts promotes the 
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binding to specific co-activators (for example, p300) and TFE3-mediated expression of 

genes required for osteoclast development and function50. Therefore, in higher organisms 

TFEB and TFE3 may have evolved to perform specialized functions in specific cell types 

and their function may not be entirely redundant.

Overexpression of TFEB promotes the elimination of storage material in several animal 

models and cells from patients with LSDs, including multiple sulfatase deficiency37, 

mucopolysaccharidosis type IIIA37, Pompe disease45, Gaucher disease44, and Tay-Sachs 

disease44. TFEB also rescued α–synuclein toxicity in animal models for Parkinson disease58 

and enhanced proteostasis in models of Huntington disease59. We presented evidence that 

TFE3 could be a therapeutic target in LSDs by showing that overexpressed TFE3 increased 

the abundance of the lysosomal calcium channel MCOLN1, triggered lysosomal exocytosis, 

and promoted cellular clearance in Pompe myotubes. Ultimately, the goal would be to 

achieve cellular clearance by activation of endogenous TFEB or TFE3 without the need for 

overexpression. The success of this strategy will rely heavily on the amount of the 

endogenous TFEB or TFE3 proteins in a specific tissue or cell type. We found that the 

amount of endogenous TFEB was low in human brain and muscle, two of the main tissues 

affected in LSDs. In contrast, TFE3 was moderate to high in these two tissues (fig. S5D). 

For this reason, the identification of TFE3 as another transcription factor capable of 

promoting cellular clearance is potentially clinically important.

In summary, our study revealed both similarities and differences in the regulation and 

functions of members of the MiTF/TFE family. The emerging picture suggests that these 

members share critical roles in organelle biogenesis, cell survival, and proliferation, as well 

as tumorigenesis. However, TFEB and TFE3 both function in nutrient sensing, energy 

metabolism, and cellular clearance, whereas MITF does not. The characterization of TFE3 

regulation provides important insights for understanding how cells synchronize 

environmental signals, such as nutrient availability, with gene expression, energy 

production, and cellular homeostasis.

Materials and Methods

Cell line cultures and treatment

ARPE-19 is a line of immortalized human retinal pigmented epithelium (RPE) that 

constitutes an appropriate cellular model for studying regulation of TFE3. They efficiently 

induce autophagy following starvation and have high levels of endogenous TFE3. In 

addition, the members of the MiTF/TFE family are known to be critical for the development 

and survival of RPE60. ARPE-19 cells (CRL-2302, American Type Culture Collection) were 

grown at 37°C in a 1:1 mixture of DMEM and Ham’s F12 media supplemented with 10% 

fetal bovine serum (Invitrogen), 2 mM Glutamax™, 100 U/ml penicillin, and 100 μg/ml 

streptomycin (Gibco) in a humidified 5% CO2 atmosphere. HeLa and Hek293 cells (CCL-2, 

American Type Culture Collection) and HepG2 cells (HB-8065, American Type Culture 

Collection) were grown in DMEM and EMEM media, respectively, both supplemented with 

fetal bovine serum, Glutamax™ and antibiotics as indicated for ARPE-19 cells media. Skin 

fibroblasts from a MLIV patient (clone WG0909) and unrelated non-diseased skin fibro-

blasts (clone MCH065) were obtained from the Repository for Mutant Human Cell Strains 
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of Montreal Children’s Hospital (Montreal, Canada). For infection experiments, cells were 

infected with adenoviruses according to the manufacturer’s recommendations. Analyses 

were performed 15-48 h post-infection. For transient expression cells were nucleofected 

using Cell Line Nucleofector® Kit V (Lonza) following manufacturer’s recommendations. 

Cells were analyzed 12-24 h post-nucleofection. For drug treatment experiments, cells were 

incubated for 1-3 h at 37°C in medium containing one of the following reagents: DMSO 

(Sigma-Aldrich), 250 nM Torin-1 (TOCRIS) or 50 μM Chloroquine (Sigma-Aldrich). For 

starvation experiments cells were washed three times in Hank’s balances salt solution 

(Invitrogen) and incubated for 3-24 h at 37°C in Earle’s balanced salt solution (Sigma-

Aldrich).

Antibodies

Rabbit polyclonal antibodies used: anti-14-3-3 (1:1,000, 8312S), anti Histone H3 (1:2,000, 

9715S), anti-FLCN (1:1000, 3697S), anti-TFEB (1:1000, 4240S), anti-Raptor (1:500; 

2280S), anti-Rictor (1:500; 2114S), anti-RagC (1:1000; 9480S) and anti-GST (1:5000, 

2625S) were from Cell Signaling Technology, anti-LC3B (1:1000, L7543) and anti-TFE3 

(1:2000, HPA023881) were from Sigma-Aldrich. Rabbit polyclonal anti-MCOLN1 NTail) 

was raised against the N-terminal tail of human MCOLN1 fused to GST. The antibody was 

then purified from the crude serum by affinity chromatography using a GST-NTail 

MCOLN1 column. Mouse monoclonal antibodies used: clone Ab5 to actin (1:10,000; 

6126570 and clone H4A3 to CD107a-APC (1:50; 560664) were from BD Transduction 

Laboratories), clone 4C5 to Flag (1:500; TA50011, Origen), clone H4A3 to LAMP1 

(1:3,000) and clone 9E10 to MYC (1:5000) were from Developmental Studies Hybridoma 

Bank and clones M2 (F1804) and M5 (F4240) (1:2,000) to Flag were from Sigma-Aldrich. 

Alexa Fluor 568-conjugated goat anti-mouse IgG and Alexa Fluor 488-conjugated goat anti-

rabbit IgG, were used at a dilution of 1:1,000 (Invitrogen). HRP-conjugated anti-mouse or 

anti-rabbit IgG were obtained from Cell Signaling Technology and used at a dilution of 

1:8,000.

Adenovirus

Adenovirus expressing TFE3-WT-MYC were prepared, amplified and purified by Welgen, 

Inc. Adenovirus expressing TFEB-WT-FLAG, TFEB-S211A, and MITF1-WT-FLAG have 

been previously described20.

Recombinant DNA plasmids

TFE3-MYC expression vector was generated by cloning The full-length encoding sequence 

of human TFE3 obtained by RT-PCR amplification from ARPE-19 cells total RNA 

followed by in-frame cloning into BamHI-SalI sites of into pCMV-3Tag-4a (Agilent 

Technologies) with a triple MYC tag fused to the carboxy-termini of TFE3. pLightSwitch-

MCOLN1-promoter and pLightSwitch-EMPTY-promoter plasmids were obtained from 

SwitchGear Genomics. Amino acid substitutions in TFE3 and nucleotide substitutions in the 

CLEAR elements of MCOLN1-promoter were made using the QuickChange Lightning site-

directed mutagenesis kit (Agilent Technologies) according to the manufacturer's 

instructions. The following constructs were obtained from Addgene: Plasmid 19303: pRK5-

HA GST RagBGTP, Plasmid 19302: pRK5-HA GST RagBGDP, Plasmid 19308: pRK5-HA 
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GST RagDGDP, Plasmid 19309: pRK5-HA GST RagDGTP7. Constructs were confirmed by 

DNA sequencing.

RNA interference (RNAi)

Knockdown of indicated genes was achieved by transfection of siRNA duplexes. In brief, 

cells grown in six-wells plate were transfected with DharmaFECT transfection reagent and 

100 nM of ON-TARGETplus non-targeting pool siRNA duplexes or ON-TARGETplus 

smart pool siRNA duplexes targeted against Raptor, Rictor, FLCN, TFEB, and TFE3 

(Dharmacon-Thermo Scientific), or mission siRNA against RagC and RagD genes (Sigma-

Aldrich). Treated cells were analyzed 72 hours after transfection.

Generation of a stable HeLa cell line depleted of TFEB

HeLa cells were infected with lentivirus expressing shRNA non-target or shRNA TFEB 

(TRCN000013111, Sigma-Aldrich) for 48 hours following manufacturer’s 

recommendations. Transduced cells were then incubated with medium containing 1.25 

μg/ml of Puromycin until resistant colonies were identified. Colonies were then isolated and 

analyzed to quantify the levels of TFEB transcripts using relative quantitative real time PCR 

as well as TFEB protein levels by immunoblotting using specific antibodies against 

endogenous TFEB. Experiments were performed with cells obtained from a puromycin 

resistant colony with more than 95% depletion of TFEB protein compared to shRNA non-

target infected cells.

Human autophagy profiler array

ARPE-19 cells were infected with control (Null) adenovirus or with adenovirus expressing 

TFEB, TFE3, and MITF1 for 48 hours and total RNAs were extracted using the RNeasy 

Mini kit (Qiagen). cDNA was synthesized from 500ng of total RNA using the RT2 First 

Strand Kit (Qiagen) following manufacturer’s recommendations. Relative Quantitative real-

time PCR was performed using the Human Autophagy RT2 Profiler PCR Array 

(PAHS-084ZA, SABiosciences) on an ABI 7900HT real-time PCR system (Applied 

Biosystems) according to manufacturer instructions. Resultant data were processed and 

analyzed using the SABiosciences PCR Array Data Analysis Software. Results are 

expressed as RNA fold change relative to cells expressing Null adenovirus.

Acid Phosphatase and Lactate Dehydrogenase (LDH) activity measurements

ARPE-19 cells were grown to subconfluency in complete medium in 6-wells plate. Cells 

were washed three times in Hank’s balances salt solution (Invitrogen) and then incubated in 

1.1ml of medium without serum for 8 h at 37°C. For acid phosphatase the secreted activity 

was assayed in 0.45 ml of media by using the acid phosphatase assay kit from Sigma-

Aldrich (CS0740) and following manufacturer’s instructions. Intracellular acid phosphatase 

activity was determined by lysing the cells in 10 mM phosphate buffer, pH 6.0, 0.15 M 

NaC1, 0.5%Triton X-100 followed by centrifugation at 100,000xg for 15min at 4°C. Fifteen 

microliters of triton cell extracts were used to measure the activity remaining in the cells. 

The secreted activity was expressed as percentage of the total (secreted plus intracellular) 

activity. For lactate dehydrogenase, the release activity was determined by using the LDH 
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kit from Sigma-Aldrich (Tox7-1kt) following manufacturer’s recommendations. The 

released activity was expressed as percentage of the total (released plus intracellular) 

activity.

Muscle cell culture

The establishment of immortalized Pompe disease muscle cells has been previously 

described45. The myoblast cell lines were derived from immortoGAA knockout mice, which 

express the temperature-sensitive SV40 large T antigen tsA58 under the control of 

interferon-gamma inducible murine H2Kb promoter. The myoblasts undergo 

immortalization when grown at 33°C with interferon-γ; the differentiation into 

multinucleated myotubes proceeds when the oncogene is silenced at 37°C in the absence of 

interferon-γ. The myogenic cell line clone 6 was used for the experiments. The cells were 

grown at 33°C in an atmosphere of 5% CO2 in proliferation medium [20% foetal bovine 

serum, 10% horse serum, 1% chick embryo extract, recombinant IFN- (100 units/ml; Life 

Technologies), 1× P/S/L-Glutamine in high glucose (4.5 g/L) DMEM). When myoblasts 

became nearly confluent, the medium was changed to differentiation medium (DMEM 

containing 2% horse serum, 0.5% chick embryo extract, 1× P/S/L-Glutamine) and the cells 

were moved to 37°C in an atmosphere of 5% CO2. Myotubes began to form within 2 days.

Infection of myotubes with adenovirus expressing TFE3, immunofluorescence 

microscopy, and fluorescent glycogen detection

Myotubes were infected with either adenovirus (Ad. Null) or adenovirus expressing TFE3 

(Ad. TFE3) for 24, 48 or 72 h. Myotubes were fixed in 2% paraformaldehyde (Electron 

Microscopy Sciences) for 15 min at room temperature, washed twice in PBS, and 

permeabilized in 0.2% Triton X-100 (Sigma– Aldrich). Immunostaining with LAMP1 or 

MYC antibodies was done using M.O.M. kit (Vector Laboratories, Burlingame, CA) as 

previously described 48. The cell nuclei were stained with 2 μg/ml Hoechst 33342 (Life 

Technologies) in PBS for 10 min. Alternatively, live cells were used for labeling acidic 

organelles with LysoTracker® Red DND-99 (Life Technologies) (500 nM). After staining, 

the cells were imaged on a Carl Zeiss LSM 510 confocal microscope with a 40× or 63× oil 

immersion objectives. Lysosomal glycogen in live cells was detected by the incorporation of 

2-NBDG, a D-glucose fluorescent derivative (2-deoxyglucose), into glycogen as 

described61.

Immunofluorescence confocal microscopy—Cells grown on glass coverslips were 

washed with PBS and fixed with 4% formaldehyde at room temperature for 15 min. After 

fixation cells were washed with PBS and then permeabilized with 0.2% Triton X-100 in 

PBS at room temperature for 10 min. Cells were then incubated with the indicated primary 

antibodies in IF buffer (PBS containing 10% Fetal Bovine Serum and 0.1% (wt/v) saponin) 

for 1h at room temperature. Cells were washed three times with PBS and incubated with the 

corresponding secondary antibodies conjugated to Alexa Fluor-568 or Alexa Fluor-488 in IF 

buffer for 30 min at room temperature. PBS washed coverslips were mounted onto glass 

slides with Fluoromount-G (Southern Biotech). For Lamp1 surface staining analysis, 

infected ARPE-19 cells grown on coverslips were incubated in ice-cold complete medium 

containing mouse anti-Lamp1 antibody (1:1000) for 45 minutes at 4°C. Cells were then 
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extensively wash with ice-cold PBS, fixed, permeabilized and incubated with the 

corresponding primary and secondary antibodies as indicated above. Images were acquired 

on a Zeiss LSM 510 confocal system equipped with filter sets for FITC and Rhodamine, 488 

nm and 543 nm laser excitation, an AxioCam camera, a 63X NA 1.4 oil immersion 

objective, and LSM 510 operating software (Carl Zeiss). Confocal images taken with the 

same acquisition parameters were processed with ImageJ software (NIH) and Photoshop 

CS4 and Adobe Illustrator CS4 software were used to produce the figures.

RNA interference (RNAi)—Cells grown in six-wells plate were transfected with 

DharmaFECT transfection reagent and 100 nM of ON-TARGETplus non-targeting pool 

siRNA duplexes or ON-TARGETplus smart pool siRNA duplexes targeted against human 

TFEB or/and human TFE3 genes (Dharmacon-Thermo Scientific). After 72 hours of 

transfection cells were either kept in complete medium (Control) or incubated in Earle’s 

balanced salt solution (Starved) for additional 24 hours before being harvested for analysis.

GST-pull-down, immunoprecipitation, electrophoresis and immunoblotting—

Cells washed with ice-cold PBS were lysed in lysis buffer containing 25 mM Hepes-KOH, 

pH 7.4, 150 mM NaCl, 5mM EDTA and 1% Triton X-100 (wt/v) and supplemented with 

protease and phosphatase inhibitors cocktail. Cell lysates were incubated on ice for 30 min 

and then were passed 10 times through a 25-gauge needle. Cell lysates were centrifuged at 

16,000 × g for 10 min at 4°C. For immunoprecipitation the soluble fractions were incubated 

with 2 μl of anti-MYC antibody, and protein G-Sepharose beads (Amersham) for 2 h at 4°C. 

For GST-pull-down, soluble fractions were incubated with 25 μl of glutathione-sepharose 

beads for 2 h at 4°C. The immunoprecipitates and pulled-down materials were collected, 

washed three times with lysis buffer, and proteins were eluted with Laemmli sample buffer. 

Samples were analyzed by SDS-PAGE (4-20% gradient gels, Invitrogen) under reducing 

conditions and transferred to nitrocellulose. Membranes were immunoblotted using the 

indicated antibodies. Horseradish peroxidase-chemiluminiscence was developed by using 

Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life Sciences).

Subcellular fractionation—ARPE-19 cells were either starved for 24 hours or treated 

with DMSO or Torin-1 for 1 hour. Cells were then lysed in lysis buffer containing l0 mM 

Tris, pH 7.9, 140 mM KCI, 5 mM MgCl2 and 0.5 % NP-40 supplemented with protease and 

phosphatase inhibitors. Lysed cell were kept on ice for 15 min. The lysates were then 

centrifugated at 1000 × g for 5 min. The resulting supernatants represent the cytosolic plus 

the membrane fraction. The corresponding pellets representing the nuclear fractions were 

washed two times with in NP-40 lysis buffer and sonicated in 0.5% Triton X-100 and 0.5% 

SDS in 100 mM Tris-HCL buffer pH 7.4.

RNA isolation and relative quantitative real time polymerase chain reaction—

RNA from adenovirus-infected cells was isolated by using PureLink RNA Mini Kit 

(Invitrogen) following manufacturer’s recommendations. Two to four micrograms of RNA 

were to reverse transcribed in a 20 μl reaction using oligo(dT)20 and SuperScript III First-

Strand Synthesis System (Invitrogen). Relative Quantitative Real Time PCR was performed 

in a total reaction volume of 10 μl, using 2 μl cDNA, 1 μl gene specific primer mix 
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(QuantiTect primer Assays), 5 μl SYBR GreenER qPCR SuperMix (Invitrogen), and 2 μl 

water. The quantification of gene expression was performed using 7900HT Fast Real-Time 

PCR System (Applied Biosystems) in triplicate. The thermal profile of the reaction was: 

50°C for 2 min, 95°C for 10 min and 35 cycles of 95°C for 15 s followed by 60°C for 1 min. 

Amplification of the sequence of interest was normalized with a reference endogenous gene 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The value was expressed as a fold 

change relative to RNA from cells infected with control adenovirus (Ad. Null). For data 

analysis the 7900HT Fast Real-Time PCR System Software was used (Applied Biosystems).

Luciferase assay—HeLa cells seeded in 96-wells plate were transfected with 50 ng of 

pLightSwitch-MCOLN1-promoter or pLightSwitch-Empty-promoter (SwitchGear 

Genomics) using FuGENE HD (Promega) transfection reagent. After 4 hours of transfection 

cells were infected with adenovirus Null or expressing TFEB-FLAG or TFE3-MYC and 

incubated at 37°C. After 48 hours of infection luciferase activity was assayed by adding 100 

μl of LightSwitch assay reagent following manufacturer’s instructions. The luciferase 

activity was expressed as fold increase versus adenovirus Null infected cells.

Flow cytometry analysis

ARPE-19 cells were infected for 48 hour with specific adenoviruses. Cell were harvested in 

striping solution, washed and resuspended in HBSS supplemented with 0.01% BSA and 

0.01% NaN3. Cells were incubated with antibody to Lamp1-APC for 30 minutes on ice and 

then washed three times in HBSS-BSA buffer. Propidium iodide was added before 

acquisition to exclude dead cells. Cells were collected on a BD LSR II using FACSDiva 

software (BD Biosciences). Data were subsequently analyzed using FlowJo (Tree Star).

Statistical Analysis

Obtained data were processed in Excel (Microsoft Corporation) and Prism (GraphPad 

Software) to generate bar charts and perform statistical analyses. One-way ANOVA and 

pairwise post-tests were run for each dependent variable. p ≤ 0.05 was considered 

statistically significant (*) and p ≤ 0.001 extremely significant (***). p > 0.05 was 

considered not significant (ns).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TFE3 redistributes from the cytosol to the nucleus upon mTORC1 inactivation, nutrient 
deprivation, or lysosomal stress
(A) Immunofluorescence confocal microscopy analysis of the subcellular distribution of 

TFE3-MYC in ARPE-19 cells incubated with Torin-1, starved in serum and amino acid-free 

medium, or exposed to Chloroquine for 1 hour. Cells were double stained with antibodies 

against TFE3 (a dilution of 1:7000 was used to detect recombinant TFE3) and LAMP1. 

Insets show a 2.5-fold magnification of the indicated region. Scale bars, 10 μm. Data are 

representative of 3 independent experiments and over 90% of cells exhibited the phenotypes 

shown. (B) Immunofluorescence confocal microscopy analysis of the subcellular 

distribution of endogenous TFE3 in ARPE-19 cells exposed to the same condition as those 

indicated in (A). Cells were stained with antibodies against TFE3 (a dilution of 1:200 was 

used to detect endogenous TFE3). Scale bars, 10 μm. Data are representative of 3 

independent experiments and over 90% of cells exhibited the phenotypes shown. (C) Top: 

Immunoblotting showing changes on TFE3 electrophoretic mobility after 2 h incubation 

with Torin-1. Bottom: Immunoblotting analysis of the subcellular distribution of 

endogenous TFE3 in ARPE-19 cells incubated with DMSO or Torin-1 for 2 hours, or 

starved in a medium without serum and amino acids for 20 hours. The subcellular fractions 

were probed with antibodies against TFE3, LAMP1 (lysosomal membrane marker), and 

Histone H3 (nuclear marker). (D) Immunoblotting analysis of coimmunoprecipitated 14-3-3 

with TFE3-MYC in ARPE-19 cells treated with DMSO (control) or Torin-1 for 1hour. 

Protein bands were detected with antibodies against MYC (used to detect TFE3-MYC) and 

14-3-3. Data in C and D are representative of 3 independent experiments.

Martina et al. Page 22

Sci Signal. Author manuscript; available in PMC 2015 December 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. TFE3 interacts with active Rag heterodimers
(A) Schematic representation of comparison between TFEB and TFE3. RBD: Rag-binding 

domain, AD: Activation domain, NIS: Nuclear import signal, B: Basic residues, HLH: 

Helix-loop-helix, LZ: Leucine-zipper, PRO-rich: Proline rich. Residues proven to be 

essential in the RBD (S112R113), 14-3-3 binding site (S321), and NIS (R356R357R358) are 

colored. (B and C) Immunoblotting analysis of TFE3-MYC (B) or endogenous TFE3 (C) 

affinity purified with glutathione S-transferase (GST) fused to C-terminus of active Rag 

heterodimers (RagBGTP/RagDGDP) in ARPE-19 cells. The affinity-purified materials were 

probed with antibodies against GST, MYC, and TFE3 (used to detect Rag proteins, TFE3-

MYC, and endogenous TFE3, respectively). Data are representative of 3 independent 

experiments. (D) Immunofluorescence confocal microscopy analysis of the subcellular 

distribution of endogenous TFE3 in ARPE-19 cells overexpressing either active or inactive 

RagB/D heterodimers. Cells were double stained with antibodies against TFE3 and GST 

(used to detect endogenous TFE3 or Rag proteins, respectively). Asterisks indicate 

distribution of endogenous TFE3 in non-transfected cells. Scale bars, 10 μm Data are 

representative of 3 independent experiments and over 90% of cells positive for the RagB/D 

heterodimers exhibited the phenotypes shown. (E) Immunofluorescence confocal 

microscopy analysis of the subcellular distribution of endogenous TFE3 in control or Rag-

depleted ARPE-19 cells upon incubation with Torin-1 for 1 hour. Cells were double stained 

with antibodies against TFE3 and LAMP1. Scale bars, 10 μm. Data are representative of 3 

independent experiments and over 90% of cells exhibited the phenotypes shown.
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Fig. 3. Folliculin is recruited to lysosomes and upregulated by TFE3 during starvation
(A) ARPE-19 cells were transfected with siRNA duplexes to FLCN or non-target siRNA for 

72 hours. Cells were fixed and the nuclear localization was assessed by immunofluorescence 

microscopy using an antibody that recognizes TFE3. Data are shown as means ± SD and 

represent 643 cells (siRNA Non-target) and 663 cells (siRNA FLCN) counted in 3 

independent experiments. The data were analyzed using paired t test (***, p=0.003). (B) 

ARPE-19 cells were starved in serum-and amino acid-free medium for 2 hours (Starvation) 

or starved and re-fed (Re-feed) in complete medium for 30 minutes. Cells were fixed and 

FLCN subcellular localization was analyzed by immunofluorescence confocal microscopy 

using antibodies to FLCN and LAMP1. Insets represent a two-fold magnification of the 

indicated region. Scale bars, 10 μm. Data are representative of 3 independent experiments 

and over 90% of cells exhibited the phenotypes shown. (C) ARPE-19 cells were transfected 

with either active or inactive RagB/D heterodimers. After 12 hours, cells were double 

stained with antibodies against HA (used to detect Rag proteins) and FLCN. Scale bars, 10 

μm. Arrows indicate cells transfected with inactive RagB/D heterodimers. Data are 

representative of 3 independent experiments and over 90% of HA-positive cells exhibited 

the phenotypes shown. (D) ARPE-19 were nucleofected with the indicated GST-Rag-

expressing plasmids. Twenty hours later, cells were lysed, and RagB/D heterodimers were 

pulled down using glutathione-Sepharose beads. Proteins bound to the beads were analyzed 

by immunoblotting with antibodies against GST (used to detect Rag proteins), TFE3 and 

FLCN. Data are representative of 3 independent experiments (E) ARPE-19 cells were 

transfected with siRNA duplexes to TFE3 or non-target siRNA for 48 hours. Cells were then 

either kept in complete medium (control) or starved in serum- and amino acid-free medium 

for 24 hours. A representative blot is shown along with quantification of three independent 

experiments plotted as the ratio of FLCN to actin is expressed as fold increase relative to the 

control Non-target siRNA condition. The data were analyzed using one-way ANOVA (*, p 

≤ 0.05; and n.s.: not significant starved versus control for each siRNA condition). (F) 

ARPE-19 cells were infected with either adenovirus expressing Null (Ad. Null) or TFE3-

MYC (Ad. TFE3) for 48 hours. Cells were then lysed and the lysates were analyzed by 
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immunoblotting using antibodies to detect FLCN, MYC (TFE3), and actin. Data are 

representative of 3 independent experiments (G) ARPE-19 cells were infected with either 

adenovirus expressing Null, TFE3-MYC, or TFEB-FLAG for 48 hours and RNA was 

extracted. mRNA transcript abundance was assessed by Relative Quantitative Real Time 

PCR using specific primers for the indicated genes from three independent experiments. The 

data were analyzed using one-way ANOVA and are shown as means ± SD (*, p ≤ 0.05; **, 

p ≤ 0.01; versus adenovirus Null-infected cells).
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Fig. 4. TFE3 overexpression induces the transcription of autophagy-related genes
(A) ARPE-19 cells were infected with Null-, MITF1-, TFEB-, or TFE3-expressing 

adenoviruses for 48 hours and total RNA was extracted. mRNA transcript abundance was 

assessed using the Human Autophagy RT2 Profiler PCR Array. Represented genes exhibited 

at least 2-fold increase in cells overexpressing TFE3. Values are means ± SD of 3 

independent Profiler experiments. The data were analyzed using one-way ANOVA (*, p ≤ 

0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ns: not significant versus Null-infected cells). (B) 

Immunoblotting analysis of ARPE-19 cells overexpressing adenovirus Null, TFEB-FLAG, 

MITF1-FLAG or TFE3-MYC. Proteins were detected with antibodies against FLAG (used 

to detect TFEB-FLAG and MITF-FLAG), MYC (used to detect TFE3-MYC), LC3, and 

Actin. Data are representative of 3 independent experiments. (C) Quantification of LC3I and 

LC3II protein bands as shown in B. Data were normalized to actin. Bars represent ratio of 

LC3II/LC3I expressed as fold increase of the ratio from cells infected with adenovirus Null. 

Values represent the average ± range of 2 independent experiments. (D) ARPE-19 cells 

were infected as in A with the indicated adenoviruses, fixed, and then stained with LC3 for 

detection of autophagosomes. Data are representative of 3 independent experiments and 

over 80% of cells exhibited the phenotypes shown.
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Fig. 5. TFE3 overexpression induces transcription of lysosomal genes through the CLEAR 
element
(A) ARPE-19 cells were infected with Null-, MITF1-, TFEB-, or TFE3-expressing 

adenoviruses for 48 hours and RNA was extracted. mRNA transcript abundance was 

assessed by qRT-PCR using specific primers for the indicated genes. Data are presented as 

means ± SD of three independent experiments. The data were analyzed using one-way 

ANOVA(*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ns: not significant versus Null-infected 

cells) (B) Immunofluorescence confocal microscopy analysis of LAMP1 in ARPE-19 cells 

infected with Null- or TFE3-MYC-expressing adenoviruses. Cells were double stained with 

antibodies against MYC (to detect recombinant TFE3) and LAMP1. Scale bars, 10 μm. 

Quantification of LAMP1-positive puncta shown for 25 cells per condition in 3 independent 

experiments. Data are presented as means ± SD (C) Luciferase activity measured in cells 

coexpressing the MCOLN1 promoter-luciferase reporter constructs with Null, TFEB-WT or 

TFE3-WT. Wild-type contains all three CLEAR elements, ΔClear 1 lacks the CLEAR 

element at position −170, ΔClear 2 lacks the CLEAR element at position −143, ΔClear 3 

lacks the CLEAR element at position −123, ΔClear 1+2 lacks the CLEAR elements at 

position −170 and −123, ΔClear 1+3 lacks the CLEAR elements at position −170 and −123, 

ΔClear 2+3 lacks the CLEAR elements at position −143 and −123, ΔClear 1+2+3 lacks all 

three CLEAR elements. Bars represent luciferase activity expressed as fold increase versus 

cells infected with adenovirus Null. Values are means ± SD of three independent 

experiments. The data were analyzed using one-way ANOVA (***, p ≤ 0.001 versus Null-

infected cells).
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Fig. 6. TFE3 promotes expression of lysosomal genes independently of TFEB
(A) Immunoblotting analysis of control (Null) or TFEB-depleted HeLa cells infected with 

Null- or TFE3-MYC-expressing adenoviruses for 48 hours. Protein bands were detected 

with antibodies against TFEB and MYC (used to detect endogenous TFEB and TFE3-MYC, 

respectively), and Actin. Data are representative of 3 independent experiments. (B) qRT-

PCR analysis of lysosomal genes from HeLa cells treated as indicated in (A). Total RNAs 

were extracted and mRNA transcript abundance was assessed using specific primers for the 

indicated genes. Data were normalized to Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). Bars represent fold change of the ratio to shRNA non-target cells infected with 

adenovirus Null. Values are presented as average ± range of 2 independent experiments. (C) 

Immunoblotting analysis of ARPE-19 cells treated with siRNA to TFEB, TFE3, or TFEB 

and TFE3 (TFEB+TFE3) under control or starvation conditions. Proteins were detected with 

antibodies against TFEB, TFE3, and Actin. Note that the immunoblot for endogenous TFEB 

required a much longer exposure time due to the very low abundance of TFEB in ARPE-19 

cells compared to the abundance of endogenous TFE3. Data are representative of 3 

independent experiments (D) qRT-PCR analysis of lysosomal- or autophagy-related genes 

from ARPE-19 cells treated as indicated in (C). Total RNAs were extracted and mRNA 

transcript abundance was assessed using specific primers for the indicated genes. Bars 

represent fold change of the ratio to siRNA non-target cells in control condition. Values are 

means ± SD of 3 independent experiments. The data were analyzed using one-way ANOVA 

(*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001 versus siRNA non-target control cells).
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Fig. 7. TFE3 overexpression triggers lysosomal exocytosis
(A) Immunofluorescence confocal microscopy analysis of endogenous MCOLN1 in 

ARPE-19 cells infected with Null adenovirus or adenovirus expressing TFEB-FLAG, 

MITF1-FLAG, or TFE3-MYC for 40 hours. Cells were double stained with antibodies 

against MCOLN1 and LAMP1. Scale bars, 10 μm. Data are representative of 3 independent 

experiments and over 90% of cells exhibited the phenotypes shown. (B) Immunoblotting 

analysis of ARPE-19 cells overexpressing adenovirus Null, TFEB-FLAG, MITF1-FLAG, or 

TFE3-MYC. Proteins were detected with antibodies against MCOLN1, MYC (to detect 

TFE3), FLAG (to detect TFEB and MITF1), and Actin. Data are representative of 3 

independent experiments. (C) Acid phosphatase secretion analysis in HeLa cells infected 

with adenoviruses expressing the indicated proteins. Bars represent the secreted acid 

phosphatase activity as a percentage of the total acid phosphatase activity. Values are means 

± SD of 3 independent experiments. The data were analyzed using one-way ANOVA (***, 

p ≤ 0.001; ns: not significant versus Null-infected cells). (D) Immunofluorescence confocal 

microscopy analysis of LAMP1 present at the cell surface of ARPE-19 cells overexpressing 

TFEB-FLAG, MITF1-FLAG, or TFE3-MYC. Cells were double stained with antibodies 

against FLAG and MYC (used to detect TFEB-FLAG, MITF-FLAG, and TFE3-MYC, 

respectively) and LAMP1. Scale bars, 10 μm. Data are representative of 3 independent 

experiments and over 90% of cells exhibited the phenotypes shown.
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Fig. 8. TFE3 promotes clearance of enlarged lysosomes and reduces glycogen load in PD 
myotubes
(A) Confocal microscopy images of PD myotubes (clone 6) infected with adenovirus 

expressing TFE3-MYC for 24, 48, or 72 hours. Ad. TFE3 was added on day 4, 5, and 6 after 

the differentiation began (see Materials and Methods). The cells were then fixed on day 7 

and stained with LAMP-1 (lysosomes; red) and MYC (TFE3; green) antibodies. Nuclei are 

stained with Hoechst (blue). Insets show a 1.5 fold magnification of the indicated region. 

Graphical representation of the quantification of the data in A. The bars represent the 

number of enlarged lysosomes (>2 μm) per μm2 of the myotube in uninfected cells and cells 

infected for 48 or 72 hours with adenovirus expressing TFE3-MYC. Values are means ± SD 

of 3 independent experiments. The data were analyzed using one-way ANOVA (**, p ≤ 

0.01). (B) LysoTracker staining of live PD cells infected with the Null or TFE3-MYC-

expressing adenovirus. Adenovirus was added to the myotubes for 72 hours on day 7 in 

differentiation medium. Insets show a 1.7 fold magnification of the indicated region. Data 

are representative of 3 independent experiments and over 90% of cells exhibited the 

phenotypes shown. (C) Confocal microscopy images of live noninfected PD myotubes 

(Top) or PD myotubes infected for 48 hours with adenovirus expressing TFE3-MYC 

(Bottom). The cells were incubated with the fluorescent glucose (2-NBDG; green), washed, 

and analyzed by confocal microscopy. Scale bars, 10 μm for all panels. Data are 

representative of 3 independent experiments and over 90% of cells exhibited the phenotypes 

shown. (D) Accumulation of TFE3 in the nuclei in myotubes infected with TFE3-MYC for 

48 or 72 hours. TFE3 was detected with antibody recognizing MYC (red). (E) Surface 

LAMP assay of PD myotubes infected with Null- or TFE3-MYC-expressing adenovirus. 

Confocal microscopy images show LAMP1 staining (red) on plasma membrane in TFE3-
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treated cells (bottom; arrowheads) but not in noninfected cells (top). Nonpermeabilized cells 

were incubated with antibody recognizing LAMP1 at 4°C for 40 min, followed by fixation 

and staining with secondary antibody. Data are representative of 3 independent experiments 

and over 70% of cells exhibited the phenotypes shown. Bar: 10 μm for all panels.
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