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Abstract

The lysosomal-autophagic pathway is activated by starvation and plays an important role in both
cellular clearance and lipid catabolism. However, the transcriptional regulation of this pathway in
response to metabolic cues is currently uncharacterized. Here we show that the transcription factor
EB (TFEB), a master regulator of lysosomal biogenesis and autophagy, is induced by starvation
through an autoregulatory feedback loop and exerts a global transcriptional control on lipid
catabolism via PGCIaand PPARa. Thus, during starvation a transcriptional mechanism links the
autophagic pathway to cellular energy metabolism. The conservation of this mechanism in
Caenorhabditis elegans suggests a fundamental role for TFEB in the evolution of the adaptive
response to food deprivation. Viral delivery of TFEB to the liver prevented weight gain and
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metabolic syndrome in both diet-induced and genetic mouse models of obesity, suggesting a novel
therapeutic strategy for disorders of lipid metabolism.

The adaptive response of an organism to food deprivation is associated with major
transcriptional and metabolicl changes and is conserved across evolution®”. One of the
most prominent metabolic changes observed during starvation is an increase in lipid
catabolism in the liver.

Autophagy, a lysosome-dependent catabolic process, is activated by starvation® and the
resulting breakdown products are used to generate new cellular components and energy.
Recent studies revealed that autophagy plays a central role in lipid metabolism since it
shuttles lipid droplets to the lysosome where they are hydrolyzed into free fatty acids (FFAS)
and glycerol®10, Moreover, excessive lipid overload may inhibit autophagy, while
enhancing liver autophagy in murine genetic models of obesity (Ob/0b) ameliorates their
metabolic phenotypell. These observations indicate the close relationship between
intracellular lipid metabolism and the lysosomal-autophagic pathway. However, it is not
clear how this relationship is coordinated at the transcriptional level in response to
environmental cues. Here we show that the basic Helix-Loop-Helix (bHLH) leucine zipper
transcription factor TFEB, a master regulator of lysosomal biogenesis and autophagy213
mediates the organismal transcriptional and metabolic responses to starvation.

Starvation induces TFEB expression through an autoregulatory loop

We tested whether starvation activated 7FEB transcription. TFEB expression was
significantly induced in liver, muscle, and kidney of mice subjected to 24 hours of food
deprivation (Fig. 1a). Similar results were observed /n vivo using a heterozygous transgenic
mouse line ( 7cfeb-B-gal) that carries a 7FEB gene-trap allele fused with the $-galactosidase
gene. In this model we found stronger -galactosidase staining in the liver and kidney of
fasted mice compared to fed mice (Fig. 1b). Starvation time-course studies of HeLa cells,
mouse embryonic fibroblasts (MEFs) and hepatocytes revealed a significant and progressive
increase of TAFEB mRNA and protein expression levels starting as soon as 4 hours after the
elimination of nutrients from the culture medium (Fig. 1c and Supplementary Fig. 1a).
Notably, the cytoplasm-to-nucleus translocation of TFEB13 occurs at an earlier time point
after starvation compared to 7FEB transcriptional activation (Supplementary Fig. 1b). These
observations led us to hypothesize that TFEB exerted a positive effect on its own
transcription.

The overexpression of the human 7FEB cDNA in MEFs from heterozygous 7cfeb-B-gal
transgenic mice resulted in a significant increase in the transcription of the 7cfeb--
galactosidase fusion transcript, indicating that the endogenous 7FEB gene is positively
regulated by the exogenous TFEB (Fig. 1d). This result was also confirmed using a set of
primers that specifically amplifies the murine endogenous 7FEB transcript, but does not
amplify the exogenous human 7FEB cDNA (Fig. 1d). These results indicate that exogenous
TFEB can induce endogenous 7cfeb expression and suggest the presence of a positive
feedback loop.

The positive feedback of TFEB on its own expression was significantly enhanced during
starvation and was suppressed by re-adding nutrients to the culture medium (Fig. 1e). In
addition, the effect of starvation on 7FEB expression was significantly reduced in MEFs and
hepatocytes from heterozygous mice carrying a 7cfeb-3-gal allele that lacks the
transcriptional transactivation domain, indicating that the positive feedback loop requires a
functional 7FEB allele and that TFEB induction by starvation is sensitive to TFEB copy
number (Fig. 1f,g).
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Next, we tested whether TFEB mediates the positive feedback loop on its own expression by
directly binding to its promoter. We previously showed that TFEB recognizes E-box-type
DNA sequences, named “CLEAR” motifs14. Sequence analysis identified 6 putative
CLEAR sites in the promoter region of the 7FEB gene (Fig. 1h and Supplementary Table 1).
Chromatin immunoprecipitation coupled with quantitative PCR (ChIP-gPCR) of liver
samples from starved transgenic mice overexpressing a tagged version of TFEB3
(Supplementary Fig. 2a), showed an enhancement of TFEB binding to CLEAR sites 1, 3,5
and 6 compared to fed controls (Fig. 1h). Thus, /n vitroand in vivo data showed that TFEB
controls its own expression by virtue of starvation-induced direct binding to CLEAR
elements in the TFEB promoter.

TFEB regulates genes involved in lipid metabolism via PGCla and PPARa

To test whether TFEB is in the metabolic response to starvation we sought to define the
complete TFEB-dependent transcriptome in the liver, a primary site for the organismal
starvation response. To this end, we injected mice with an adenoviral vector that expresses
human TFEB (HDAd- 7FEB) under control of a liver-specific promoter (PEPCK) and with a
transgeneless control vector. The levels of expression of TFEB protein under these
conditions are shown in Supplementary Fig. 2b. Microarray analysis indicated that as a
result of 7FEB overexpression 773 genes were upregulated and 611 genes were
downregulated (GSE35015), using a threshold for statistical significance (FDR<0.05) and
further filtering with an absolute Fold Change =1.5. Microarray results were validated by
quantitative realtime PCR (qRT-PCR) performed on 40 selected genes (Fig. 2a,b).
Surprisingly, the gene ontology category®:16 most significantly up-regulated by 7FEB
overexpression was the cellular lipid metabolic process, which includes monocarboxylic
acid, fatty acid, and cellular ketone metabolic processes, among others (Supplementary
Table 2). Interestingly, several gene categories related to lipid biosynthesis, such as steroid,
lipid and isoprenoid biosynthetic processes were significantly down-regulated
(Supplementary Table 3). We also observed that in liver TFEB positively regulates the
expression of several genes involved in lysosome organization and autophagy
(Supplementary Table 2, Fig. 2b), which is consistent with previous results obtained in
cultured cell lines12-14,

Overall we found that the transcriptional signature of 7FEB overexpression in liver was
similar to that of starvation (GSE36510; Supplementary Table 4), particularly for genes
involved in lipid metabolism (Supplementary Fig. 3 and Supplementary Tables 5 and 6).
The global control of lipid metabolism exerted by TFEB is illustrated in Fig. 2c and
Supplementary Table 7. These results strongly suggested that TFEB overexpression in fed
mice phenocopied the transcriptional effects of nutrient deprivation in vivo, supporting the
notion that TFEB is a critical regulator of the response to starvation in the liver.

Interestingly, one of the genes whose expression was significantly upregulated following
TFEB overexpression was the peroxisome proliferator-activated receptor y coactivator 1 a
(PGCla), a known key regulator of liver lipid metabolism that is transcriptionally induced
during starvationl”:18, To test whether PGCIa is a direct target of TFEB we analysed its
promoter and identified three CLEAR sites. ChIP-gPCR from liver extracts showed that
TFEB binds to two of these sites in a starvation-dependent manner (Fig. 3a). Furthermore,
transactivation of a PGCIa promoter luciferase reporter by TFEB was dependent on the
CLEAR sites (Fig. 3b,c) and was enhanced by starvation (Fig. 3d). These results indicated
that TFEB directly regulates PGCIa gene expression.

These data were confirmed in vivo by measuring and comparing PGCLla expression in mice
that overexpress 7FEB in the liver and in mice that lack TFEB in the liver ( 7cfeb-LiKO)
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with corresponding control mice. Injection of HDAd- 7FEB in the liver of fed animals was
sufficient to drive high constitutive PGCIa expression to levels similar as those observed in
uninjected starved animals. In contrast, PGCZa induction by starvation was partially
blocked by the deletion of 7FEB. Furthermore, primary hepatocytes from animals
overexpressing 7FEB showed high constitutive expression of PGC1a, while TFEB deletion
did not affect basal PGCIa expression. In contrast, PGC1a induction was partially blunted
in starved hepatocytes lacking TFEB, indicating that starvation induces PGCIain a TFEB-
dependent manner. In starved hepatocytes overexpression of 7FEB caused synergistic
induction of PGCIa expression beyond the levels obtained by starvation only (Fig. 3e).
Together, these results strongly suggested that TFEB directly controls PGCZa induction
during liver starvation response, and that the level of TFEB expression is a critical parameter
for the magnitude of this response.

To study the role of PGC1la as a mediator of TFEB function, we overexpressed TFEB in a
mouse line that lacks PGC1a in the liver, which was generated by injecting PGCIa flox/
flox mice with a helper-dependent adenovirus containing the CRE recombinase (HdAD-
APOA1-CRE). Fig 3f shows that TFEB-mediated induction of the expression of genes
involved in lipid metabolism was severely reduced in the absence of PGC1a, confirming
that PGC1a acts downstream of TFEB and mediates TFEB function.

During starvation PGCLla regulates lipid metabolism in the liver via the downstream nuclear
receptor peroxisome proliferator activated receptor a (PPARa)1718, suggesting that PGCla
may mediate TFEB function by controlling the activity of PPARa. To test this hypothesis,
we analyzed transcript levels for known targets of PPARa =20 in Tcfeb-LiKO mice,
compared to wild type mice. Starvation caused induction of the PPAR a target genes in wild
type mice, but not in 7cfeb-LiKO mice (Fig. 3g and Supplementary Fig. 4a), indicating that
TFEB is essential for PPAR ¢ activation by starvation. Furthermore, the majority (74%) of
the genes that were induced by TFEB overexpression in the liver of wild type mice failed to
show a transcriptional induction in mice lacking PPARa as measured by microarray analysis
of liver tissue (GSE41141; Supplementary Table 8), suggesting that PPARa is an important
mediator of TFEB transcriptional activity in the liver during starvation.

TFEB regulates lipid breakdown in the liver

Histological analysis of liver samples did not reveal any significant differences between
wild type and 7cfeb-LiKO mice fed with a normal diet. However, after a 24 h fast we
observed an accumulation of lipid droplets in 7cfeb-LiKO mice that was not found in wild-
type littermates, suggesting a defect in intracellular lipid degradation (Fig. 4a—c).
Consistently, we detected an impairment of free fatty acid (FFA) oxidation in cultured
hepatocytes (Fig. 4d) and higher levels of circulating FFA (Fig. 4e) and glycerol (Fig. 4f) in
Tcfeb-LiKO mice compared to controls. In addition, during starvation 7cfeb-LiKO mice
showed decreased plasma levels of circulating ketone bodies, which are mainly produced in
the liver from the oxidation of fatty acids (Fig. 4g). These data demonstrate the importance
of TFEB in the control of cellular lipid metabolism. In addition, EchoMRI analysis of whole
body compositions demonstrated a defective peripheral fat mobilization after a 24 h and a 48
h fast (Fig. 4h). This observation could explain the increased peripheral adiposity in 7cfet-
LiKO mice compared to controls (Fig. 4i), indicating that TFEB activity in liver also affects
peripheral fat metabolism.

Next we addressed the role of TFEB in fat storage and its utilization in animals challenged
with a high-fat diet. Liver appearance and lipid content were examined in 7cfeb-LiKO,
HDAd- 7TFEB-injected and in corresponding control mice. Livers from 7c¢feb-LiKO mice
were large, pale, and filled with lipid vacuoles consistent with an impairment of lipid
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degradation pathways. Control mice fed with the same diet showed a similar, albeit milder,
phenotype, in spite of similar food intake. Conversely, livers from HDAd- 7FEB-injected
mice displayed normal red color, markedly reduced lipid content compared with wild-type
controls, and normal weight in spite of increased food intake compared with control mice,
suggesting that 7F/EB overexpression prevented the effects of the high-fat diet by enhancing
lipid degradation (Fig. 5a—c and Supplementary Fig. 4b).

Blocking autophagy in the liver leads to hepatomegaly and liver failure?. Recently, a
significant increase of lipid droplets, cholesterol and triglycerides was observed in the liver
of Atg7 KO mice, suggesting a role of autophagy in lipid degradation®. We analyzed TFEB-
mediated lipid degradation in Atg7 liver-KO mice, in which autophagy is blocked??. Liver-
specific Atg7 KO mice were generated by injecting Atg7 flox/flox mice with a helper-
dependent virus containing the CRE recombinase (HIAD-APOA1-CRE) (Supplementary
Fig. 5a). One month after TFEB injection, the mice presented a significant increase in liver
size and increased markers of liver damage, as measured by ALT /AST/ALP, which is
consistent with previous results?!. At the cellular level we observed an accumulation of
P6222 (Supplementary Fig. 5b) and lipid droplets (Fig. 5d—f). However, TFEB
overexpression failed to decrease lipid droplet number (Fig. 5d), liver weight gain (Fig. 5e)
and lipid content (Fig. 5f) in Atg7 liver-KO mice (Supplementary Fig. 5b,c), which is in
contrast to the results obtained by 7FEB overexpression in wild type mice (Fig. 5a—c).
These results indicate that autophagy is required for TFEB-mediated lipid degradation.

TFEB overexpression rescues obesity and metabolic syndrome in mice

When fed a regular chow diet, HDAd- 7FEB-injected mice were significantly leaner than
controls (Fig. 6a), with decreased body fat deposition (Fig. 6b), in spite of exhibiting similar
food intake. Interestingly, these differences were blunted when HDAd- TFEB was injected in
PPARa KO mice (Fig. 6a,b), consistent with our results showing that PPARa is required for
transcriptional changes downstream of TFEB. HDAd- 7TFEB-injected wild type mice also
exhibited lower plasma levels of total cholesterol, triglycerides, VLDL, leptin, insulin and
glucose (Fig. 6¢—i). Indirect calorimetric analysis revealed a decrease in respiratory
exchange rate (RER) (Fig. 6j) and an increase in FFA oxidation rate in HDAd- TFEB-
injected mice compared with controls (Fig. 6k). Overall, the phenotype observed in HDAd-
TFEB-injected mice shared some similarities to those reported for mice under caloric
restriction23,

Next we tested the metabolic effects of TFEB gain and loss of function in mice fed with a
high-fat diet. We found that in this condition 7cfeb-LiKO mice gained substantially more
weight than control littermates (Fig. 7a). Conversely, 7FEB overexpression by injection of
HDAd- 7FEB at the beginning of the high fat diet (“Early inj”) significantly prevented the
development of obesity. Furthermore, the injection of HDAd- TFEB after 4 weeks of high fat
diet (“Late inj”) completely arrested the development of the obese phenotype. In addition,
after 10 weeks of high fat diet the weights of the animals injected at the beginning of the
experiment and those injected after 4 weeks were indistinguishable (Fig. 7a). Body
composition analysis revealed that the weight difference between 7cfeb-LiKO and HDAd-
TFEB-injected mice was largely due to differences in fat accumulation, which was higher in
Tcfeb-LiKO and lower in HDAd- TFEB-injected mice compared with controls (Fig. 7b). Of
note, the abnormalities in the serum metabolic profile induced by the high-fat diet in wild
type mice, which was characterized by the increase of circulating leptin, insulin,
triglycerides, and cholesterol, was markedly attenuated in HDAd- 7FEB-injected mice (Fig.
7c—f), which also showed improved sugar metabolism, as demonstrated by glucose and
insulin-tolerance tests (Fig. 7g—i).
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Similar experiments were performed in a genetic model of obesity due to leptin deficiency
(Ob/Ob), which is associated with hyperphagia?4. Two-month-old O&/0b mice, already
obese at this early age, were injected with HDAd- 7FEB. Six weeks later HDAd- 7FEB-
injected Ob/Ob mice had significantly reduced levels of circulating triglycerides,
cholesterol, glucose and insulin, and an improved glucose tolerance test, compared with
untreated Ob/0Ob mice, indicating that liver overexpression of 7FEB improved the metabolic
syndrome phenotype (Supplementary Fig. 6). Together, these observations demonstrate that
high TFEB activity can not only prevent the metabolic syndrome, but also revert it once
initiated.

Evolutionary conservation of TFEB regulation and function in
Caenorhabditis elegans

The genetically tractable nematode C. efegans shares approximately 80% of its genes with
humans2®. The C. elegans genome encodes a single homologue of TFEB, the gene //h-30
(Supplementary Fig. 7). Its protein product HLH-30 was previously shown to recognize a
DNA motif similar to the CLEAR motif /n vitro, and to drive transcription of metabolic
genes Jn vivo?S. To assess evolutionary conservation of TFEB-mediated starvation
responses, we tested whether HLH-30 may act in a similar manner to TFEB during C.
elegans starvation. First, we found that /2/4-30 mRNA progressively accumulated over a
time-course of starvation in wild-type animals, and rapidly decreased after re-introduction of
food, similar to mammalian TFEB (Fig. 8a). In contrast, the level of /A/h-30transcript did not
increase after 12h of starvation in //A-30(tm1978) null mutants (Fig. 8b), suggesting that
hih-30is induced in an A/h-30-dependent manner during starvation by an autoregulatory
feedback loop, similar to the mammalian TFEB. C. e/egans intestinal cells perform similar
metabolic functions to the vertebrate liver, including lipid storage and metabolism. Using
semi-quantitative Oil Red O staining, we found that starved wild type animals consumed
approximately 20% of their lipid stores, compared to well-fed counterparts (Fig. 8c—g).
Starved //h-30 mutants exhibited a significantly smaller reduction in lipid staining, close to
10%, suggesting that they failed to mobilize lipids as promptly as wild type animals.
Consistently, using transmission electron microscopy, we found that intestinal cells in
starved wild type animals became depleted of dark-staining lipid droplets (Fig. 8h,i), while
those of starved //A-30 mutants exhibited abundant droplets (Fig. 8j,k). These results
suggest that nematodes, similarly to mice, require HLH-30/TFEB to efficiently use lipid
stores during periods of starvation. Furthermore, as in liver TFEB-deficient mice, lipid
catabolism gene induction is greatly compromised in starved //4-30 mutants (Fig. 8l). These
data suggest that the reason starved /A/#-30 mutants fail to mobilize their lipid stores may be
because of a severe transcriptional response defect. In wild-type C. elegans, starvation
results in lifespan extension?’ (Fig. 8m). In contrast, loss of A/h-30resulted in almost
complete abrogation of starvation-induced lifespan extension (Fig. 8n). Additionally, first
stage (L1) wild-type larvae arrest in response to food deprivation, resuming development
upon food restoration28. In contrast, //h-30 mutant L1 larvae completely failed to survive
starvation-induced arrest, indicating that /4/#-30is not only required in adult animals to
survive starvation, but in younger stages as well (Fig. 80). Considered together, these data
demonstrate how A/h-30expression is induced, that it is required for lipid mobilization, is
necessary for a proper transcriptional response, and is required for survival, all during
starvation. Therefore, our observations suggest that HLH-30 and murine TFEB share
evolutionarily conserved functions in organismal adaptation to starvation.

Discussion

Our study identifies TFEB as a key player in the metabolic response to starvation. TFEB
activity is regulated transcriptionally and post-transcriptionally by nutrients, and is required

Nat Cell Biol. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Settembre et al.

Page 7

to induce starvation-response genes in both mammals and worms. Most importantly, the
absence of TFEB results in an impairment of lipid catabolism and in a more severe
metabolic derangement in obese animals, while TFEB overexpression causes the opposite
effects and rescues obesity and associated metabolic syndrome.

TFEB mRNA expression is induced by starvation by a post-transcriptional switch that
controls TFEB nuclear translocation29-31, which allows TFEB to rapidly respond to nutrient
availability, and a positive transcriptional autoregulatory component for a sustained
response. Autoregulatory feedback circuits are used by eukaryotic cells to convert a graded
input into a binary (ON/OFF) response in eukaryotic gene circuits32-34, Interestingly, the
PGC1agene, a direct target of TFEB, is also subject to an autoregulatory loop3°.

Notably, TFEB regulates genes involved in several steps of lipid catabolism, which occur in
different cellular compartments, such as the transport of fatty acid chains across the plasma
membrane (e.g. CD36and FABPs), and the B-oxidation of FFA in mitochondria (e.g.
Cptl,Crat, Acadl Acads, Hdaad) and in peroxisomes (Cyp4a genes). According to our data
most of the effects of TFEB on lipid metabolism appear to be mediated by the direct
regulation exerted by TFEB on the PGCIa-PPARa complex. Interestingly, a recent study
showed that PGCIa participates in the transcriptional co-activation of TFEB, although the
magnitude of this effect appears to be modest3.

The observation that TFEB gain and loss of function in the liver influences whole body
energy metabolism suggests that TFEB stimulates the liver secretion of factors that affect
the function of other tissues. This is likely to be mediated by PGCla and PPARa, which are
known to regulate the production of secreted hormones37—39,

In previous studies we demonstrated that TFEB controls autophagy by directly regulating
lysosomal and autophagy genes'213, Interestingly, the overexpression of 7FEB in mice in
which autophagy was genetically suppressed by deletion of Azg7in the liver did not rescue
hepatic steatosis, suggesting that TFEB effects on lipid metabolism require a functional
autophagic pathway. Thus, TFEB controls the starvation response by orchestrating the
induction of autophagy and PGCIla-PPARa—mediated lipid catabolism. We propose a
model (Supplementary Fig. 8) in which adequate nutrition keeps TFEB inactive by
cytoplasmic sequestration. During starvation, TFEB translocates to the nucleus where it
induces its own expression. This releases the spring for a fast and dramatic metabolic shift to
the catabolism of energy stores. Upon nutrient restoration, the feedback loop is quickly
interrupted by TFEB nuclear exclusion, restoring the system to baseline. It is likely that
global control of lipid metabolism by TFEB arose early during evolution to facilitate
organismal adaptation to challenging nutritional conditions, as evidenced by the
evolutionary conservation of TFEB autoregulation and by its role in metabolic adaptation to
starvation in the invertebrate C. elegans. Finally, the acute beneficial effects of TFEB
overexpression in both diet- and genetically-induced obese mice suggest that this regulatory
circuit may be an attractive therapeutic target for the modulation of lipid metabolism in
obesity-related diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Autoregulation of TFEB during starvation

a) Expression levels of Tcfeb mRNA in tissues isolated from 24h-fasted (starv) 6 week old
mice. Values are expressed as fold change relative to 7cfeb expression in mice fed ad
libitum (fed). Bars represent meanzs.d. for n=5; *P<0.05; **P<0.01; ***P<0.001. b)
Representative -gal staining of liver and kidney frozen sections isolated from fed and 24h-
fasted heterozygous 7cfeb-B-gal mice. ¢) Time-course expression analysis of 7FEB in wild-
type HeLa cells, MEFs and hepatocytes after addition of starvation media (time 0). Bars
represent meanzs.d. for n=3 independent experiments. d) Expression levels of transfected
hTFEB-Flag, 7Tcfeb-p-gal fusion transcript and endogenous 7c¢feb mRNAS in MEFs isolated
from control (+/+) and heterozygous 7cfeb-B-gal/+ mice. Bars represent meanzs.d. for n=3
€) Time-course expression analysis of 7FEB mRNA in control or 7FEB-overexpressing
Hel a cells during fasting and re-feeding. Primers specific for the endogenous 7FEB were
used. Bars represent meanzs.d. for n=3 f) Time-course expression analysis of 7cfeb mMRNA
in heterozygous 7cfeb-p-gal/+ or control MEFs during fasting and re-feeding. Specific
primers for the endogenous 7cfeb were used. Bars represent meanzs.d. for n=3 g)
Expression analysis of 7cfeb mRNA in heterozygous Tcfeb-B-gal/+ or control hepatocytes
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in fed and after 24h fasting. Bars represent meanzs.d. for n=3 h) Chromatin
immunoprecipitation (ChlP) analysis from liver of mice fed ad /ibitum or 24h-fasted. The
CLEAR elements in the first intron of 7cfeb genomic DNA are shown as numbered black
boxes as indicated in Supplementary Table 1. Red boxes represent exons, and the ATG
indicates the first codon (from the mouse 7c¢feb isoform b). The histogram shows the
amount of immunoprecipitated DNA as detected by gPCR assay. Values were normalized to
the input and plotted as relative enrichment over a mock control. Data represent mean * s.d
of three independent experiments.
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Fig. 2. The TFEB lipid metabolism networ k

a, b) mMRNA levels of the indicated genes involved in (a) lipid metabolism and in (b)
autophagy and lysosome pathway were quantified by gRT-PCR in total RNA isolated from
liver samples of mice infected with HDAd-TFEB virus. GAPDH was used as a control.
Values are meanz s.d for n=3 and are expressed as fold increase compared to control mice
(injected with transgeneless viral vector). * p<0.05; **<0.01. Control levels are indicated by
dashed line. c) The 124 genes with a known role in the lipid metabolic process, whose
expression was perturbed by 7FEB overexpression, are represented as coloured circles and
assigned to specific lipid breakdown (left) or lipid biosynthesis (right) sub-categories. The
percentages of up-regulated (red circles) and down-regulated genes (green circles) are
shown both for the two main groups and for each sub-category. *Note that in calculating
these percentages genes assigned to the “negative” regulation of lipid catabolic process and
to the “negative” regulation of lipid biosynthetic process have been included in the lipid
breakdown and in the lipid biosynthesis groups, respectively.
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Fig. 3. TFEB directly regulates PGCla expression during starvation

a) Chromatin immunoprecipitation (ChlP) analysis from liver of mice fed ad /ibitum (fed) or
24h-fasted (starved). CLEAR sites in the promoter region of PGCIa are indicated by boxes.
Numbers indicate the distance (bp) of the binding element from the start codon. Bar graphs
show the amount of immunoprecipitated DNA as detected by gPCR assay. Values were
normalized to the input and plotted as relative enrichment over a mock control. Bar graphs
represent mean * s.d of 3 independent experiments *P<0.05; **P<0.01. b) Representative
diagrams of the constructs containing the promoter region of PGC1a with either intact
(PGCla WT) or deleted (PGCla DEL) CLEAR elements upstream of the luciferase cDNA.
¢) Luciferase activity was measured after transfecting increasing amounts of TFEB-Flag in
combination with PGCla WT or PGCla DEL plasmids. Bar graphs represent mean + s.d.
of n=3 independent experiments *P<0.05; **P<0.01; ****P<0.0001 compared to mock
transfected cells.d) Luciferase activity was measured in cells stably overexpressing TFEB
cultured in normal and starved media. Bar graphs represent mean + s.d. of n=3 independent
experiments *P<0.05; **P<0.01; ****P<0.0001 compared to mock transfected cells. €)
Quantification of MRNA levels of PGC1la in liver and hepatocytes from control, HDAd-
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TFEBand Tcfeb-LIXO mice treated as indicated. Bar graphs show mean +s.d. for n=4.
*P<0.05; **P<0.01; ***P<0.001. f) Expression analysis of TFEB target genes in liver of
mice with indicated genotypes. Bar graphs show mean +s.d. for n=3. *P<0.05; **P<0.01;
***pP<(.001. g) Expression analysis of PGCla/PPARa target genes in liver from either
fasted or fed mice with indicated genotypes. Bar graphs show mean s.d. for n=4. *P<0.05;
**P<0.01; ***P<0.001 compared to the respective controls (fed or fasted).
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Fig. 4. Liver fat catabolism in responseto starvation isregulated by TFEB

a) Oil red O staining of liver sections isolated from mice with the indicated genotype fed ad
libitum and 24h-fasted. Original magnication 40X. b) Toluidin blue staining of liver sections
isolated from fed and 24-h—fasted Tcfeb-LiKO and control mice (Tcfeb flox/flox mice).
Arrows indicate lipid droplets. Original magnication 100x. ¢) Bar graphs show the
quantification of the number of lipid droplets/hepatocyte from electron microscopy analysis.
Representative image is showed on the right. Values are meanzs.d. of at least 10 cell/mice
(n=3 mice/group). *P<0.05; ***P<0.001 d) Oxygen consumption rate in primary
hepatocytes isolated from control and Tcfeb-LiKO mice was measured with an XF24
analyzer (Seahorse) prior and after addition of palmitic acid (0.2 mM) conjugated with BSA.
The vertical red line indicates the time at which palmitate was added to cells. Values are
meanzs.d. for 3 independent experiments *P<0.05. €) Total FFA and f) glycerol in the
serum isolated from 6h fasted Tcfeb-LiKO and control mice. VValues are mean + s.d. (n=5)
*P<0.05; **P<0.01; ****P<0.0001 compared to controls. g) Total serum ketones in fed and
fasted Tcfeb-LiKO and control mice. Bars are meanzs.d. for n=10. *P<0.05; **P<0.01
compared to fed control mice. h) EchoMRI measurement of fat and lean mass in fed and in
24-h and 48-h fasted mice expressed as relative % to fed (100% in the graph). Indicated
values are meanzs.d. for n=5. *P<0.05; **P<0.01 compared to fed control mice. i) Visceral
fat pad mass isolated from 2-month-old-mice with indicated genotypes. Indicated values are
meanz s.d. for n=5. *P<0.05; compared to fed control mice.
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Fig. 5. TFEB regulateslipid catabolism through the autophagic pathway

a) Mice with indicated genotype were kept on a high-fat diet for 12 weeks when indicated
(HFD). Gross liver morphology (upper panel), H/E (middle panel), and oil red O staining of
liver sections (bottom panel). b) Bar graph shows normalized liver weights (meanzs.d. for
n=10) and c) total lipid content in mice with indicated genotype (meanzs.d. for n=10).
*P<0.05; **P<0.01; ***P<0.001 compared to control. d) Toluidin blue staining of liver
sections isolated from ATG7KO mice injected with HDAd-ctr or HDAd-TFEB vector. €)
Bar graph shows normalized liver weights (meanzs.d. for n=10 ***P<0.001) and f) total
lipid content in mice with indicated genotype (meants.d. for n=5; ***P<0.001). Mice
injected with an empty HDAd virus behaved as wild-type untreated mice, therefore data is
not represented in the figure.
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Fig. 6. Metabolic profile of HDAd-TFEB overexpressing mice

(a) Body weight and (b) visceral fat mass isolated from 2-month-old-mice with the indicated
genotypes. n=5. (c—) Serum metabolic profile in HDad-TFEB mice compared to control
mice. (j) Respiratory exchange ratio (RER; VC02/VO2) and (k) fatty acid utilization
calculated from data in (j). Values are mean + s.d (n = 10) *P_0.05; **P_0.01; compared to
controls.
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Fig. 7. TFEB preventsdiet-induced obesity and metabolic syndrome

a) Body weight curves of male mice fed with HFD (40% calories from fat) for 10 weeks
starting from 5 weeks of age (0 on the x axes). Mice were injected with HDAd- 7FEB either
1week before (early inj.), or 4 weeks after, (late inj.) being placed on the HFD, as indicated
by the arrows. Values are represented as percentages of weight increase. b) Whole body
composition analysis (Echo MRI) of the same mice as in (a) after 10 weeks of HFD. In a
and b n=10 mice/group; bars represent meants.d. *P<0.05; **P<0.01; ***P<0.001
compared to control HFD group. c—f) Total serum insulin, leptin, triglyceride and
cholesterol levels in control and HDAd- TFEB mice kept on high-fat diet (HFD) for 10
weeks. Value are mean £s.d. n=10. *P<0.05; ****P<0.0001 compared to control. g—)
Glucose and insulin tolerance tests in control and HDAd- 7FEB mice challenged with HFD
for 10 weeks. (g) Glucose and (h) serum insulin levels at the indicated time points after
glucose challenge. (i) Glucose levels at the indicated time points after insulin challenge. In
g,h,i value are mean +s.d. n=7 mice/group; *P<0.05; **P<0.01; ***P<0.001 compared to
control. Mice injected with an empty HDAd virus behaved as wild-type untreated mice,
therefore data is not represented in the figure.
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Fig. 8. Conservation of TFEB-mediated autoregulation and of starvation responsein C. elegans.
a) hlh-30 qRT-PCR showing increased expression of C. elegans TFEB gene /A/h-30 over a
time course of starvation in wild type animals followed by a rapid decrease to basal level
following re-feeding of the animals ( mean + s.e.m. of n=3). *P < 0.05 (¢test, compared with
wild type at t = 0 h). b) A#/A-303" UTR gRT-PCR showing expression of A/h-30after 12 h
starvation in wild type and A/h-30(tm1978) animals (mean + s.e.m. of n=3). *P < 0.05 (#test,
compared with wild type starved). c) Quantification of oil red O stain in starved animals
relative to well-fed counterparts (mean + s.e.m. of n=3).**P < 0.01 (¢test, compared with
wild type starved). d—g) Representative micrographs of wild type and A/A-30 animals after 8
h starvation and stained with oil red O. h—k) Representative TEMs of wild type and //4-30
animals after 24 h starvation. IEC, intestinal epithelial cell; EPI, epidermis; BB, brush
border; GON, gonad; BWM, body wall muscles, aj, apical junction; Id, lipid droplet. Scale
bar is 2 ym. 1) gRT-PCR of starvation-induced genes in wild type and //A-30 animals after
12 h starvation (means + s.e.m of n=3). *P < 0.05; **P < 0.01; ***P < 0.001 (#test,
compared with wild type starved). m—n) /A/h-30is required for starvation-induced lifespan
extension. One representative experiment of two independent trials; error bars represents
mean + s.e.m. Median Survival (MS) (wild type fed) = 10 d; MS (wild type starved) = 17 d,
P < 0.0001 vs fed using the Log-rank test; MS (/4/h-30fed) = 7 d; MS (h/h-30starved) = 9 d,
P < 0.0001 vs fed. 0) L1 arrest assay showing survival of wild-type and A/h-30 starved
animals relative to non-starved conditions (mean + s.e.m. of n=3). ***P < 0.001 (#test,
compared with wild type starved).
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