I

MOLECULAR
METABOLISM

Check for
updates

TFEB deficiency attenuates mitochondrial
degradation upon brown adipose tissue
whitening at thermoneutrality
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ABSTRACT

Objective: Brown adipose tissue (BAT) thermogenesis offers the potential to improve metabolic health in mice and humans. However, humans
predominantly live under thermoneutral conditions, leading to BAT whitening, a reduction in BAT mitochondrial content and metabolic activity.
Recent studies have established mitophagy as a major driver of mitochondrial degradation in the whitening of thermogenic brite/beige adipocytes,
yet the pathways mediating mitochondrial breakdown in whitening of classical BAT remain largely elusive. The transcription factor EB (TFEB), a
master regulator of lysosomal biogenesis and autophagy belonging to the MiT family of transcription factors, is the only member of this family that
is upregulated during whitening, pointing toward a role of TFEB in whitening-associated mitochondrial breakdown.

Methods: We generated brown adipocyte-specific TFEB knockout mice, and induced BAT whitening by thermoneutral housing. We characterized
gene and protein expression patterns, BAT metabolic activity, systemic metabolism, and mitochondrial localization using in vivo and in vitro
approaches.

Results: Under low thermogenic activation conditions, deletion of TFEB preserves mitochondrial mass independently of mitochondriogenesis in
BAT and primary brown adipocytes. However, this does not translate into elevated thermogenic capacity or protection from diet-induced obesity.
Autophagosomal/lysosomal marker levels are altered in TFEB-deficient BAT and primary adipocytes, and lysosomal markers co-localize and co-
purify with mitochondria in TFEB-deficient BAT, indicating trapping of mitochondria in late stages of mitophagy.

Conclusion: We identify TFEB as a driver of BAT whitening, mediating mitochondrial degradation via the autophagosomal and lysosomal
machinery.

This study provides proof of concept that interfering with the mitochondrial degradation machinery can increase mitochondrial mass in classical
BAT under human-relevant conditions. However, it must be considered that interfering with autophagy may result in accumulation of non-

functional mitochondria. Future studies targeting earlier steps of mitophagy or target recognition are therefore warranted.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION of non-shivering thermogenesis via the inner mitochondrial membrane

protein-uncoupling protein 1 (UCP1) [7]. To meet the high metabolic

The re-discovery of brown adipose tissue (BAT) in adult humans [1—5]
as well as the negative correlation of detectable BAT with age and
obesity in humans [2,3,6] have brought this tissue to the attention of
metabolic research.

Cold exposure leads to the activation of brown adipose tissue via the
sympathetic nervous system, triggering an adrenergic signaling
cascade within brown adipocytes, ultimately resulting in the activation

demand of this process, BAT takes up substantial amounts of nutri-
ents, mainly in the form of lipoprotein-derived triglycerides [8—10] but
also fatty acids [9,11—13] and glucose [9,14—16]. This can conse-
quently lead to weight loss and improvements in lipid and glucose
metabolism in mice and humans [6,8,10,17—21].

However, while cold exposure undoubtedly exerts various beneficial
metabolic effects, humans spend most of their time in thermoneutral or
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near-thermoneutral environments and rarely experience prolonged
cold exposure due to well-controlled temperatures in homes and
workplaces [22,23]. For clothed humans, the thermoneutral zone is
approximately 22 °C [23—25], while mice display a thermoneutral
zone at around 30 °C [26—30]. Thermoneutral housing of mice has
been shown to have a tremendous impact on the outcome of metabolic
experiments [31—35] and directly affects the recruitment state of BAT
[7,36—38]. Under thermoneutral conditions, BAT oxidative capacity is
strongly reduced, while lipid accumulation is increased, leading to a
“white-like” appearance of the tissue [39]. Thermoneutral housing
(especially in conjunction with high-calorie diets) can be used to
thermally humanize mice [40,41], and BAT of mice housed under such
conditions remarkably resembles human BAT [41,42].

During thermoneutral adaptation and aging, BAT and brite/beige adi-
pocytes lose their metabolic capacity and mitochondrial content [43—
45]. Thus, understanding the mechanism driving BAT whitening might
help identify novel pharmacological targets to preserve or regain BAT
metabolic capacity in humans. The temperature-induced whitening
process in brite/beige adipose tissue has been shown to depend on
mitophagy [46,47], while direct evidence of a role of mitophagy in BAT
whitening at thermoneutrality remains lacking.

The lysosome- and autophagy-regulating transcription factor TFEB is a
member of the MIT family consisting of microphthalmia-associated
transcription factor (MITF), transcription factor E3 (TFE3), transcrip-
tion factor EB (TFEB), and transcription factor EC (TFEC), which
regulate the expression of genes within the so-called CLEAR network
of lysosomal proteins [48—50]. TFEB and TFE3 not only regulate the
expression of lysosomal genes but also the autophagosomal ma-
chinery [51], thereby controlling mitochondrial degradation [52] and
whole-body metabolism by affecting mitochondrial dynamics in the
liver [53]. Autophagy has also been shown to directly influence the
differentiation of adipocytes [54,55]. Interestingly, TFEB and TFE3
interact with the master regulators of mitochondrial biogenesis, PGC1-
alpha and PPAR-gamma [56,57], regulating mitochondrial mass and
exercise endurance in skeletal muscle [58,59]. TFEB overexpression in
livers also resulted in enhanced hepatic lipid metabolism, positively
influencing whole-body metabolism [60]. Given the overwhelming
evidence of a fundamental role of PGC1/PPARG-mediated mitochon-
drial biogenesis for cold-induced brown and brite/beige adipose tissue
thermogenic function [61,62] it has been hypothesized that TFEB might
affect these processes via a direct interplay with the PGC1A pathway.
Indeed, overexpression of TFEB in adipose tissue has been shown to
result in enhanced PGC1A-dependent mitochondrial biogenesis and
browning of white adipose tissue, resulting in improved metabolic
health in diet-induced obesity, independent of TFEB’s effects on
lysosomal homeostasis [63].

In the present study, we show that genetic deletion of TFEB in BAT led
to preserved protein levels of UCP1 and respiratory chain complexes
under thermoneutral conditions. Notably, this represents a cell
autonomous process that was not linked to increased mitochondrial
biogenesis but rather to decreased mitochondrial degradation via the
autophagosomal machinery. However, gene expression of known TFEB
target genes was only modestly affected by TFEB deficiency, indicating
that the homeostatic expression of lysosomal genes in BAT is most
likely mediated by other transcription factors. Surprisingly, despite
increased UCP1 levels, TFEB deficiency did not protect from diet-
induced obesity and associated metabolic abnormalities. This was
accompanied by a lower metabolic response to injection of the
adrenergic agonist CL316,243, a well-known activator of BAT ther-
mogenesis. This indicates that higher levels of UCP1 were not readily
activatable, presumably due to trapping of mitochondria within

lysosomes/autophagosomes or an accumulation of damaged mito-
chondria. Overall, this shows that TFEB-dependent mitophagy/auto-
phagy modulates BAT whitening, while other transcription factors
seem to be responsible for regulating lysosomal biogenesis in BAT
under homeostatic conditions.

2. MATERIALS AND METHODS

2.1. Mice and standard experimental procedures

All mouse experiments were approved by the Animal Welfare Officers
of University Medical Center Hamburg-Eppendorf (UKE) and Behdrde
flir Gesundheit und Verbraucherschutz Hamburg. To generate brown
adipocyte-specific TFEB-deficient mice, TFEB"™ mice [60] were
crossed with mice expressing Cre-recombinase under the control of
the UCP1 promotor (Jackson Laboratories stock #024670 B6.FVB-
Tg(Ucp1-Cre)1Evdr). These mice will hereafter be referred to as
TFEBPAT KO. Littermates without Cre transgene expression were used
as controls (TFEB®AT WT). The mice were housed at 30 °C, 22 °C, or
6 °C in a temperature-controlled cabinet (Memmert) in a 12-h light—
dark rhythm with ad libitum access to water and a standard laboratory
chow diet (P1324, Altromin) unless otherwise indicated. Obesity was
induced by feeding a high-fat diet (HFD) (EF Bio-Serv no. F3282 mod.,
60% calories from fat, Sniff) starting at 6 weeks of age for 16 weeks at
thermoneutrality. For all thermoneutral adaptation studies, the mice
were previously housed at room temperature and transferred to
thermoneutrality for 1 or 4 weeks as indicated in the figure legends
and results section.

The 4-h fasted mice were euthanized with CO, followed by cervical
dislocation or decapitation. Organs were harvested, and samples for
RNA and protein isolation were snap-frozen in liquid nitrogen and
stored at —80 °C for further analysis. Samples for histology were fixed
in 4% v/v formaldehyde in PBS at 4 °C. Detailed procedures are
described in the following sections.

2.2. Indirect calorimetry and body temperature measurements

For body temperature measurements in response to cold ambient
temperatures, rectal temperature was measured using a BAT-12
Microprobe thermometer (Physitemp).

One week prior to indirect calorimetry and continuous body temper-
ature measurements, the mice were implanted with telemetric tran-
sponders (G2 E-Mitter, Respironics) in the peritoneal cavity under
isoflurane anesthesia as previously described [27]. Indirect calori-
metric measurements were performed using a TSE PhenoMaster
system. The mice were transferred to the measurement chamber in
new cages without additional nesting material one day before the
measurements started to reduce measurement artifacts caused by
stress. The mice were maintained at a 12-h light—dark rhythm with
free access to a standard chow diet and water. Oxygen and carbon
dioxide levels in each cage were measured for 2.5 min in each 15 min
measurement interval. The respiratory quotient (RQ) was calculated as
the ratio of carbon dioxide produced to oxygen consumed. Energy
expenditure (EE) was calculated using a modified Weir equation
[64,65].

For gradual cold exposure studies, the TFEB®AT WT and TFEB®AT KO
mice were acclimated at 22 °C and gradually exposed to 30 °C, 22 °C,
and 6 °C for 24 h starting at 7:00 am. To investigate the capacity for
non-shivering thermogenesis, the TFEB®AT WT and TFEBPAT KO mice
were acclimated to 30 °C for one week and then transferred to
metabolic chambers. The next day, non-shivering thermogenesis was
induced at 30 °C by subcutaneous injection of 1 mg/kg body weight
CL316,243. Baseline metabolic rates, RQ, and body temperature were
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defined as the levels over a time of 4 h starting 5 h before injection. The
response to CL was quantified as the metabolic rates over 4.5 h
starting 30 min after CL injection. AEE was calculated by normalization
of the CL response values to baseline.

2.3. Metabolic tracer studies

To investigate the uptake of glucose and lipids into metabolically active
tissues, 4-h fasted mice received an oral gavage containing 50 mg/kg
body weight triglycerides from intralipid and 2 g/kg body weight
glucose with 3H-triolein (0.72 MBg/kg) and 2-deoxy-D['“C]-glucose
(0.15 MBq/kg) or with 2-deoxy—D[3H]-qucose (0.72 MBg/kg) in a total
volume of 300 pL. Two h after oral gavage, the mice were anes-
thetized with ketamine (300 mg/kg) and xylazine (30 mg/kg) (i.p.) and
transcardially perfused with PBS heparin (10 U/mL). The samples were
homogenized in 10-fold (v/w) Solvable (PerkinElmer) and counted
using a Tri-Carb scintillation counter (PerkinElmer).

2.4. Oral glucose tolerance tests and plasma parameters

Oral glucose tolerance tests were performed in 4-h fasted TFEBEAT WT
and KO mice on the HFD using an oral gavage of glucose (2 g/kg body
weight). Blood samples were obtained via a small cut on the tip of the
tail. Blood glucose concentrations were measured using commercially
available AccuCheck Aviva sticks (Roche). Plasma insulin was
measured using a rat/mouse insulin assay kit (Chrystal Chem). Plasma
cholesterol, triglycerides, and non-esterified free fatty acids (NEFAS)
were measured using a Cholesterol CHOD-PAP kit (Roche), a Tri-
glycerides GOP-PAP kit (Roche), and a NEFA-HR(2) kit (FUJIFILM Wako
Diagnostics), respectively, according to the manufacturers’ protocol.

2.5. Cell cultures

Three- to six-week-old mice were euthanized with CO, followed by
cervical dislocation. Their iBAT was harvested under sterile conditions
and digested in isolation buffer (125 mM of NaCl, 5 mM of KCI, 1.3 mM
of CaCl2, 5 mM of glucose, and 100 mM of HEPES at a pH of 7.4)
containing collagenase Il (600 U/mL, Merck) and 1.5% w/v BSA for
40 min at 37 °C. The stromal vascular fraction was collected after
filtration through a 100 pm nylon filter and 30 min of incubation on ice.
The samples containing pre-adipocytes were cultured and differenti-
ated to mature brown adipocytes in DMEM Glutamax-1 4.5 g/L of
glucose containing 10% NCS (Sigma, lot number 15D230), 1% peni-
cillin and streptomycin, 1% antibiotic-antimycotic, 2.4 nM of insulin
(Sigma), and 1 pM of rosiglitazone (Sigma).

For differentiation studies, cells were harvested after 4, 6, and 8 days
of differentiation in TriFast (Peglab) for mRNA isolation. Adipocytes
were starved in starvation medium (DMEM Glutamax-I 1 g/L glucose
containing 0.1% NCS (Sigma, lot number 15D230)). To analyze the
autophagic flux in vitro, mature brown adipocytes were treated with
50 puM of chloroquine (Sigma) for 2 h to prevent lysosomal acidifica-
tion. The cells were subsequently harvested in RIPA buffer and proteins
were isolated as described below.

2.6. Isolation of mitochondria from brown adipose tissue

To isolate mitochondria from brown adipose tissue [38,66], the mice
were exposed to 30 °C for 2 days and either fasted or fasted and
subsequently refed. iBAT and scBAT of 5 mice were pooled in ice-cold
0.25 M sucrose. Tissues were minced, further homogenized in a glass
homogenizer, filtered through a 250 pm nylon filter, and centrifuged at
8500 g (JA-25.50, Beckman Coulter) for 10 min. The supernatant was
discarded by inverting the tube, the pellet was resuspended in 0.25 M
of sucrose, homogenized in a glass homogenizer, and centrifuged at
800x g for 10 min. The supernatant containing mitochondria was

I

MOLECULAR
METABOLISM

centrifuged at 8500x g for 10 min and the mitochondrial pellet was
resuspended in TES buffer (100 mM of KCI, 20 mM of TES, 0.6% BSA,
and pH of 7.2) to induce mitochondrial swelling. After centrifugation at
8500 g for 10 min, the supernatant was discarded, and the mito-
chondria were resuspended in the remaining TES buffer. The solution
was transferred to a small glass homogenizer, homogenized, and
pelleted. The weight of the mitochondrial pellet was determined, and
the mitochondria were stored at —80 °C. For immunoblotting analysis,
the mitochondria were resuspended in 10 times v/w RIPA buffer and
sonicated twice for 30 s at 20% amplitude, with a 30 s incubation on
ice in between. Protein concentration measurement and immuno-
blotting was performed as described below.

2.7. RNA isolation and gene expression analysis

RNA was extracted from BAT or WAT with TriFast (Peglab) and a Nucle-
oSpin RNAII kit (Macherey and Nagel) according to the manufacturer’s
protocol using standard procedures [67]. cDNA was synthesized from
400 ng of RNA using a High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems) according to the manufacturer’s protocol. Quantita-
tive real-time PCR was performed with a 7900HT Sequence Detection
System (Thermo Fisher Scientific) using assays-on-demand primer
(Applied Biosystems, assay IDs: mAcaca, Mm01304285_m1; mAdrb3,
MmO00442669_m1; mAtp5a1, MmO00431960_m1; mAtp5b,
MmO01160389_g1; mClcn7, Mm00442400_m1; mCox2, Mm0329-
4838_g1; mCox4il, Mm00438289_g1; mCox7al, Mm00438297_g1;
mCox8b, Mm00432648_m1; mCtsa, Mm00447197_m1; mCisc,
MmO00515580_m1; mCisk, MmO00484039_m1; mDio2, Mm00515-
664_m1; mElovi3, Mm00468164_m1; mFasn, Mm00662319_m1;
mGlut4, MmO01245502_m1; mLipa, Mm00498820_m1; mMap1ic3a,
Mm01249999_g1; mMitf, Mm00434954_m1; mNd2, Mm04225288_s1;
mNrf1, Mm00447996_m1; mPparg, Mm00440945_m1; mPpargcia,
MmO00447183_m1; mTbp, Mm00446973_m1; mTfam, Mm00447-
485_m1; mTfe3, MmO01341186_m1; mTfeb, MmO00448964_m1;
mTmemb55b, Mm01319582_m1; and mUcp1, Mm00494069_m1) or
SYBR green primers (Table 1) that were premixed with TagMan Univeral
MasterMix Il (Applied Biosystems) or SYBR Green PCR Master Mix (Applied
Biosystems), respectively. Relative mRNA levels were calculated using the

Table 1 — SYBR Green Primer.

Name Forward (5'-3’) Reverse (5'-3')

Atg4 CCCTCACACAACCCAGACTT CCCCTGTGGTTGTCACTTCT
Atg5 GGAGAGAAGAGGAGCCAGGT TGTTGCCTCCACTGAACTTG
Atg7 CATGGGAACCCTGCACAAC GGAGCTTCTTGTCTGCTGTCTTAA
Atg10 CAAAACACAGTTTCGAATAA TCATGTTTAATCACTTCTGC
Atg12 GGAGACACTCCTATAATGAAA ATAAATAAACAACTGTTCCGA
Atp6v0atl CCGAGGACGAAGTGTTTGACT ATCAGCAGGATAGCCACGGT
Atp6v0a2 TGGTGCAGTTCCGAGACCT GCAGGGGAATATCAGCTCTGG
Atp6vOc ACTTATCGCTAACTCCCTGACT ACACCAGCATCTCCGACGA
Atp6v0d2 TGCGGCAGGCTCTATCCAGAGG CCACTGCCACCGACAGCGTC
Atp6v0e GCATACCACGGCCTTACTGT TGATAACTCCCCGGTTAGGAC
Atp6via ACAGAGGAAGCGTGACTTACA CACTTGGACCATGCTGAACTT
Atp6v1b2 ATGCGGGGAATCGTGAACG AGGCTGGGATAGGTAGTTCCG
Atp6vic ACTGAGTTCTGGCTCATATCTGC TGGAAGAGACGGCAAGATTATTG
Atp6viel GAATCAAGCAAGGCTCAAAGTCC CGGGTCGTATCTTTTACCACC
Atp6vif GCGGGCAGAGGTAAGCTAATC TTAGGGTGGCGGTTCTTGTTT
Atp6v1g1 CCCAGGCTGAAATTGAACAGT TTCTGGAGGACGGTCATCTTC
Atp6vih GGATGCTGCTGTCCCAACTAA TCTCTTGCTTGTCCTCGGAAC
Lamp1 CAGCACTCTTTGAGGTGAAAAAC ACGATCTGAGAACCATTCGCA
Lamp2 TGTATTTGGCTAATGGCTCAGC TATGGGCACAAGGAAGTTGTC
p62 AGGATGGGGACTTGGTTGC TCACAGATCACATTGGGGTGC
RagD CTGTTTGACGTGGTCAGTAAGAT GTTGAGTCCTTGTCATACGGG
Rheb AAGTCCCGGAAGATCGCCA GGTTGGATCGTAGGAATCAACAA
Ti2b TGGAGATTTGTCCACCATGA GAATTGCCAAACTCATCAAAACT
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Table 2 — Primary antibodies.

Name Supplier Reference number Host Dilution
AKT Cell Signaling 9272 Rabbit WB 1:1000 Polyclonal
Cathepsin D Abcam 75852 Rabbit WB 1:2000 Monoclonal
DI02 Abcam ab77779 Rabbit WB 1:1000 Polyclonal
Y-Tubulin Abcam ab179503 Rabbit WB 1:2000 Monoclonal
HSL Cell Signaling 4107 Rabbit WB 1:1000 Polyclonal
LAMP1 DSHB 1D4B Rat WB 1:250 Monoclonal
LC3B Cell Signaling 2775 Rabbit WB 1:1000 Polyclonal
IHC 1:200
0XPHOS cocktail Abcam ab110413 Mouse WB 1:25000 Monoclonal
IHC 1:1000
p62/sgstm1 Cell Signaling 5114 Rabbit WB 1:1000 Polyclonal
Parkin Abcam ab77924 Mouse WB 1:1000 Monoclonal
p-HSL (Ser563) Cell Signaling 4139 Rabbit WB 1:1000 Polyclonal
PINK1 Abcam ab23707 Rabbit WB 1:1000 Polyclonal
Phospho-PKA substrate (RRXS*/T*) Cell Signaling 9621 Rabbit WB 1:1000 Polyclonal
Tyrosine hydroxylase (TH) Abcam ab137869 Rabbit WB 1:5000 Monoclonal
Ubiquitin Cell Signaling 3933 Rabbit WB 1:1000 Polyclonal
UCP1 Cannon and Nedergaard Lab N.A. Rabbit WB Polyclonal
BAT: 1:125000
Cells: 1:5000
VDAC Cell Signaling 4661 Rabbit WB 1:1000 Monoclonal

AACT method and normalized to expression levels of the housekeeper
genes Tbp or Tflb.

2.8. Histology

To analyze the morphology of the brown adipose tissue, subscapular
brown adipose tissue depots were dissected and fixed in 4% v/v
formaldehyde in PBS for 24 h at 4 °C. After automated dehydration of
the tissues using an Autotechnicon (Leica) and embedding in paraffin,
4 pum sections were cut using a semi-motorized rotary microtome
(Leica RM2245). The sections were then mounted on glass slides
(Histobond, Paul Marienfeld), deparaffinized, rehydrated, and stained
with hematoxylin and eosin using standard procedures [64]. Images
were taken using a Nikon eclipse Ti microscope equipped with a DS-
Fi2-U3 camera for brightfield imaging and a 10x air objective. Lipid
droplet sizes were quantified using the ImageJ plugin Adiposoft [68].

2.9. Immunohistochemistry

Immunostaining was principally performed as previously described
[64]. Sections of BAT were prepared as previously described. For
antigen retrieval, slides were boiled in 10 mM of citric acid with a pH of
6 for 1 h, cooled to room temperature, and subsequently washed in
PBS. To reduce background signals, the sections were stained with 1%
w/v Sudan Black in 80% v/v ethanol for 10 min and then washed. After
blocking unspecific antibody-binding sites with 3% w/v BSA for 1 h at
room temperature, the slides were subsequently incubated with first
antibodies (Table 2) overnight at 4 °C in a humid incubation chamber.
After washing with PBS, the sections were incubated with secondary
antibodies (Table 3) for 1 h at room temperature in the dark. The
sections were then washed with PBS and stained with 0.05% DAPI v/v
in PBS for 10 min before mounting with ProLong Gold antifade reagent

(Invitrogen). Fluorescence microscopy was performed using a Nikon
eclipse Ti confocal laser scanning microscope with 405 nm, 488 nm,
and 561 nm lasers and the following detectors: 425—475 nm; 500—
550 nm, and 570—620 nm. Total cytosolic and mitochondria-
associated LC3B puncta were counted independently by three peo-
ple in a blinded fashion.

2.10. Electron microscopy

Mice were transcardially perfused with a mixture of 4% para-
formaldehyde and 1% glutaraldehyde in 0.1 M of PB buffer at a pH
of 7.4. The brown fats were removed, and small pieces were
prepared with a razor blade. The samples were rinsed three times in
0.1 M of sodium cacodylate buffer (pH 7.2—7.4) and osmicated
using 1% osmium tetroxide in cacodylate buffer. Following osmi-
cation, the samples were dehydrated using ascending ethyl alcohol
concentration steps, followed by two rinses in propylene oxide.
Infiltration of the embedding medium was performed by immersing
the pieces in a 1:1 mixture of propylene oxide and Epon and finally
in neat Epon and hardened at 60 °C. Semi-thin sections (0.5 pm)
were prepared for light microscopy. They were mounted on glass
slides and stained for 1 min with 1% toluidine blue. Ultra-thin
sections (60 nm) were cut and mounted on copper grids. The
sections were stained using uranyl acetate and lead citrate. Thin
sections were examined and photographed using an EM902 (Zeiss)
electron microscope.

2.11. Protein isolation and immunoblotting analysis

Protein analysis was performed as previously described [16]. Briefly,
one iBAT lobe was lysed in 10 x (v/w) RIPA buffer using a TissueLyser
(Qiagen). Cells were lysed in 150 pL of RIPA buffer. Protein

Table 3 — Secondary antibodies.

Name Supplier Reference Number Dilution
Peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H + L) Jackson ImmunoResearch 111-035-144 1:5000
Peroxidase-conjugated AffiniPure goat anti-mouse IgG (H + L) Jackson ImmunoResearch 115-035-146 1:5000
Peroxidase-conjugated AffiniPure F(ab’), fragment donkey anti-rat IgG (H + L) Jackson ImmunoResearch 712-036-153 1:5000
Cy3-AffiniPure F(ab’)2 fragment donkey anti-mouse IgG (H + L) Jackson ImmunoResearch 715-166-150 1:500
Alexa Fluor 488-conjugated AffiniPure F(ab’), fragment donkey anti-rabbit IgG (HL) Jackson ImmunoResearch 711-546-152 1:250
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concentrations were determined using a Pierce BCA Protein Assay kit
(Thermo Fisher Scientific). The samples were diluted to a final protein
concentration of 1 pg/uL in reducing sample buffer (Invitrogen) and
denatured at 60 °C for 10 min. For western blotting, 20 g of total
protein was separated on 10% or 12.5% Tris-glycine gels and proteins
were subsequently transferred to 0.45 pum nitrocellulose blotting
membranes (GE Healthcare Life Sciences). The membranes were
blocked for 1 h at room temperature in 5% (w/v) milk in TBST and
incubated overnight at 4 °C in primary antibodies (Table 2) diluted in
5% (w/v) BSA with 0.1% (v/v) Na azide in TBST. After washing in TBST,
the membranes were incubated in corresponding HRP secondary
antibodies (Table 3) in 5% (w/v) milk TBST for 1 h at room temperature.
The membranes were washed in TBST and the detection was per-
formed with enhanced chemiluminescence substrate (SuperSignal
West Femto, Thermo Fisher Scientific) using an Amersham Imager 600
(GE Healthcare) and analyzed with Image Studio Lite (Licor). AKT was
chosen as a loading control due to low variability and temperature
dependence of this marker in BAT.

2.12. Isolation and measurement of TGs from cells and tissue

For triglyceride quantification in brown adipose tissue, the samples
were lysed in 20x (v/w) PBS using a TissuelLyser (Qiagen). For
measurement in cells, the cells were harvested in 150 pl PBS/6 per
well. Then 50 pl (BAT) or 40 pl (cells) were filled to 100 pl with PBS,
375 pl of chloroform:methanol (2:1) was added, vortexed, and kept in
a shaker at RT for 3 h. Then, 125 pl of chloroform was added and the
samples were mixed well, followed by the addition of 125 pl of dH20
and additional mixing. The samples were centrifuged at 10000 g for
5 min, the organic lower phase was harvested, dried under air, and
resuspended in 50 pl of 0.1% TritonX100 in PBS. Then, 1 pl of the
resuspended lipids was used for TG quantification using a Triglyceride
FS 5’ kit (DiaSys GmbH 1-5760%*).

2.13. Statistical analyses and data processing

Two-tailed unpaired Student’s t tests, one-way ANOVA, or two-way
ANOVA followed by Tukey’s multiple comparison test were per-
formed to calculate the statistical significance. P < 0.05 was
considered statistically significant. GraphPad Prism 8 and Microsoft
Excel were used for calculations.

3. RESULTS

3.1. Thermoneutrality diminished the expression of mitochondrial
biogenesis markers and increased the expression of mitochondrial
degradation markers

Histological and electron microscopic analysis of BAT under conditions
of BAT activation or BAT whitening (Figure 1A) showed vast lipid
accumulation after one week (Figure 1C) or four weeks (Figure 1B) of
thermoneutral adaptation, transforming the multilocular brown adi-
pocytes into “white-like” unilocular adipocytes with reduced mito-
chondrial density (Figure 1B,C). Mitochondrial mass was controlled by
the opposing actions of mitochondrial biogenesis and mitochondrial
degradation via the autophagic system [69,70]. To investigate the
effects of BAT whitening on these pathways’ activity, the gene
expression of mitochondrial and thermogenesis markers as well as
lysosome and autophagy markers was analyzed (Figure 1D). Ther-
moneutral housing led to reduced expression of the thermogenic
marker genes uncoupling protein 1 (Ucp7), peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (Pgc7a), cytochrome ¢
oxidase subunit 4 isoform 1 (Cox4i1), cytochrome ¢ oxidase subunit 7A
(Cox7a), and cytochrome ¢ oxidase subunit 8B (Cox8b), while mRNA
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levels of the lysosomal proteases cathepsin a and ¢ (Ctsa and Cisc),
chloride voltage-gated channel 7 (Clen?), autophagophore-marker
microtubule-associated proteins 1A/1B light-chain 3A (Lc3a), and
lysosomal acid lipase (Lipa) were unaffected by the environmental
temperature, and the levels of cathepsin k (Ctsk) increased with
exposure to thermoneutrality. Interestingly, the expression levels of
lysosome- and autophagy-regulating transcription factors Mitf and
Tfe3 were unaffected or decreased respectively with prolonged
exposure at thermoneutrality, whereas the expression levels of Tfeb
continuously increased with exposure to thermoneutrality (Figure 1D).
When comparing Tfeb gene expression levels in BAT and iWAT of the
WT mice acclimated to thermoneutrality for one week, we observed
significantly higher Tfeb levels in BAT (Figure S1A). This could be
indicative of higher autophagic activity in BAT compared to WAT under
whitening conditions. Western blotting analysis of BAT from wild-type
mice kept under standard housing conditions or adapted to thermo-
neutrality for 4 weeks confirmed the thermoneutrality-induced loss of
mitochondrial proteins such as UCP1 and respiratory chain complexes,
while protein levels of autophagy and lysosome-related proteins
sequestosome1/p62 (p62), microtubule-associated proteins 1A/1B
light-chain 3B (LC3B), and lysosome-associated membrane glyco-
protein 1 (LAMP1) were largely unaffected by the environmental
temperature (Figure 1E). Of note, the levels of lipidated LC3-II
decreased in the thermoneutral BAT, indicating that after four weeks
of thermoneutral adaptation, mitochondrial turnover might have
decreased. Collectively, these data indicated that under thermoneutral
conditions, the ratio of mitochondrial breakdown and biogenesis
shifted. While the expression of genes involved in mitochondrial
biogenesis was downregulated in response to thermoneutral condi-
tions, the expression of lysosome and autophagy-related genes and
proteins was largely unaffected, consequently favoring reductions in
mitochondrial mass.

The lysosomal gene network is under tight control by members of the
MIT transcription factor family. While the Mitf and Tfe3 expression
levels generally decreased at thermoneutrality, the expression of Tfeb
was induced by high ambient temperatures (Figure 1D), suggesting
that this transcription factor might be involved in the coordination of
the autophagy-dependent mitochondrial degradation during BAT
whitening.

3.2. Attenuated whitening in TFEB-deficient BAT

To investigate the role of TFEB for BAT plasticity during whitening, we
generated brown adipocyte-specific TFEB knockout animals by
crossing TFEB™™ mice with mice expressing Cre-recombinase under
control of the Ucp1-promoter, resulting in BAT-specific TFEB knockout
mice (TFEBBAT KO) and their respective Cre-negative TFEB"™ litter-
mates (TFEB®AT WT). The TFEB®AT WT and TFEB®AT KO mice were
exposed to thermoneutrality for one week to induce BAT whitening
(Figure 2A). BAT TFEB deficiency did not affect the body weight or
weights of metabolically active organs such as the liver, heart, kidney,
spleen, or epididymal and inguinal white adipose tissues (€WAT and
iWAT), but significantly reduced iBAT tissue weights (Figure 2B,C).
Macroscopically, TFEB-deficient BAT appeared more brownish in color
compared to the pale-looking BAT of the control mice and contained a
reduced total protein content (Figure 2C,D). In line with the gross BAT
morphology, TFEB-deficient BAT presented smaller lipid droplets
following 4 weeks of adaptation to thermoneutrality (Figure 2A,F, and
G) while the total amount of triglycerides and triglycerides per mg
protein was unaltered (Figure 2H,l). TFEB-deficient BAT maintained
higher UCP1 and OXPHOS complex protein levels compared to the
whitened BAT of the WT littermates after one week of thermoneutral
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Figure 1: Thermoneutrality shifted the levels of genes of mitochondrial breakdown and biogenesis toward reducing mitochondrial mass. (A) Schematic model of the
experimental design. (B) Representative H&E staining of BAT of WT mice maintained at 22 °C or adapted to 30 °C for four weeks, scale bar 50 pum. (C) Representative EM images
of WT mice maintained at 22 °C or acclimated to 30 °C for one week, scale bar 5 pum (left) and 2 um (right). (D) Relative mRNA levels of genes encoding BAT markers, lysosomal-,
and autophagy-related proteins, and MiT family transcription factors in BAT of WT mice acclimated to thermoneutrality for 3 days, 7 days, or 4 weeks, or maintained at room
temperature (n = 3 for each time point). (E) Representative western blotting of UCP1, OXPHOS complexes and autophagy, and lysosomal marker proteins in BAT of the WT mice
maintained at 22 °C or acclimated to 30 °C for four weeks. *P < 0.05 by one-way ANOVA describing the effect of the environmental temperature.

adaptation (Figure 2J,K). Total UCP1 levels per BAT, a readout of the
total thermogenic capacity of BAT [27,38,71—74], were significantly
increased in the TFEB®AT KO mice (Figure 2L), indicating a potentially
higher BAT thermogenic capacity.

Gene expression analysis in BAT of the mice acclimated to thermo-
neutrality for one week confirmed the TFEB deletion (Figure 2M). The
remaining expression was likely caused by Tfeb expression by other
cell types within the BAT, such as macrophages, endothelial cells, and
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Figure 2: TFEB-deficient BAT retained signs of activity under thermoneutrality. TFEB®"T WT and KO mice maintained at room temperature were transferred to thermo-
neutrality for one week (B-E and J-M) or four weeks (F-I). The mice were fasted for 4 h before organ harvest. (A) Schematic model of the experimental design. (B) Body weights, (C)
organ weights (n = 5 each genotype and representative for at least 2 independent experiments), and (D) representative macroscopic morphology of iBAT and (E) total iBAT protein
content (n = 9 each genotype) of the TFEB®AT WT and KO mice acclimated to thermoneutrality for 1 week. (F) Representative H&E staining of BAT from the TFEB®AT WT and KO
mice acclimated to thermoneutrality for 4 weeks, scale bar 50 pum. (G) Lipid droplet size distribution from BAT (n = 3 TFEBBAT WT and 4 TFEB®AT K0, 3 images per mouse), (H) total
triglycerides (TG) per iBAT, and (]) triglycerides per mg protein (n = 5 each genotype). (J) Representative western blotting of BAT markers in BAT, (K) quantification of protein levels,
and (L) total UCP1 levels per iBAT of the TFEBBAT WT and KO mice acclimated to thermoneutrality for 1 week (n = 9 each genotype, representative for at least 2 independent
experiments). (M) Relative mRNA levels of brown adipocyte identity genes in BAT of the TFEB®AT WT and KO mice acclimated to thermoneutrality for 1 week (n = 5 each genotype).
Values are presented as mean = SEM. *P < 0.05 and **P < 0.01 by two-tailed unpaired Student’s t test.

immune cells. Expression levels of genes encoding established
markers of BAT activity such as adrenoceptor beta 3 (Adrb3), Pgcia,
Dio2, and elongation of very long-chain fatty acid 3 (Elovi3) were
largely unchanged between genotypes, as were Ucp7 mRNA levels and
expression of genes encoding cytochrome ¢ oxidase subunits (Cox4i7,
Cox7a, and Cox8b), indicating that the increased OXPHOS and UCP1
protein levels could not be explained by enhanced mitochondrial
biogenesis (Figure 2M). Moreover, these data showed that the tran-
scriptional alterations occurring in BAT upon thermoneutral adaptation
were intact in TFEB-deficient BAT.

The thermogenic capacity and recruitment state of BAT are predomi-
nantly regulated by the sympathetic nervous system [7,64]. Although
our brown adipocyte-specific TFEB knockout model should not directly
affect the neuronal circuits regulating sympathetic nerve activity, direct

MOLECULAR METABOLISM 47 (2021) 101173 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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effects of adipocyte-derived factors on sympathetic nerve function
have been described [75]. To identify potential effects of brown
adipocyte TFEB deficiency on sympathetic innervation, we measured
protein levels of tyrosine hydroxylase (TH), the rate-limiting enzyme of
norepinephrine biosynthesis, and its downstream effects on protein
kinase A (PKA)-mediated phosphorylation of hormone-sensitive lipase
(HSL) and general PKA substrates. Levels of TH, PKA-substrate
phosphorylation, and HSL phosphorylation were similar between the
TFEB®AT KO and WT mice, indicating that adrenergic signaling was
largely unaffected by BAT TFEB deficiency and therefore cannot explain
the higher UCP1 protein levels in TFEB-deficient BAT (Figure S1B and
C). In summary, these data indicated that BAT TFEB deficiency at-
tenuates BAT whitening under thermoneutral conditions in a
biogenesis-independent manner.
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Figure 3: TFEB controlled UCP1 protein levels in a cell-autonomous manner. Primary brown adipocytes were differentiated from stroma vascular fraction (SVF) isolated from
BAT of 3- to 6-week-old TFEB®AT WT and KO mice. (A) Schematic model of the experimental procedures. (B) Relative Tfeb and mitochondrial marker mRNA levels in differentiated
primary brown adipocytes (n = 6 each genotype) (C) Representative western blotting of UCP1, OXPHOS, and VDAC in primary brown adipocytes and (D) quantification of protein
levels (n = 3 each genotype, representative for at least 2 independent experiments). (E) Triglycerides (TG) per mg protein. Values are presented as mean 4 SEM. *P < 0.05 and

**P < 0.01 by two-tailed unpaired Student’s t test.

3.3. TFEB controlled UCP1 levels in a cell-autonomous manner

To elucidate whether TFEB modulates UCP1 protein levels cell
autonomously, we isolated and differentiated primary brown adi-
pocytes from the TFEBBAT WT and KO mice (Figure 3A). The TFEB
KO cells presented with slightly but significantly reduced Tfeb
mRNA levels (Figure 3B). The Tfeb mRNA detected could have
originated from remaining preadipocytes and fibroblasts. Similar to
in vivo, there was no difference in the gene expression of both
nucleus- and mitochondria-encoded mitochondrial biogenesis
markers such as Ucpl, Tfam, Cox2,4,7, and 8, ATP-synthase
subunits (Atp5ai and Afp5b), or Nd2 between the WT and KO
cells (Figure 3B), but we detected significantly higher UCP1, VDAC,
and OXPHOS complex protein levels (Figure 3C,D), indicating that
TFEB indeed modulates UCP1 protein levels/mitochondrial content
in a cell-autonomous manner. The modulation in mitochondrial
mass was not accompanied by altered triglyceride deposition
(Figure 3E). To determine whether the mitochondrial changes were
due to an effect of TFEB deficiency on brown adipocyte differen-
tiation, we evaluated the gene expression of brown adipocyte
markers established during differentiation. As expected, the
expression of adipocyte differentiation and identity markers
increased during adipogenesis in both genotypes and the expres-
sion of most markers peaked on day 6 of differentiation
(Figure S2A-H). Elovl3, Dio2, and Acaca levels were slightly higher
in TFEB-deficient brown adipocytes on days 4—6, suggesting a
somewhat faster differentiation that was normalized on day 8. The
expression of other markers of brown adipocyte identity was un-
affected by reduced Tfeb expression (Figure S2A—H), indicating

that increased differentiation could not explain the differences in
mitochondrial protein levels observed in vitro and in vivo.

3.4. Unaltered response to the cold in TFEB-deficient BAT

TFEB overexpression has recently been shown to drive browning of
white adipose tissue in a PGC1A-dependent manner [63]. Additionally,
autophagy is thought to be an important regulator of adipose tissue
browning and adipocyte differentiation [54,55,76] and mitochondrial
homeostasis in BAT during cold acclimation [77]. To investigate the
role of BAT TFEB in the adaptation and response to cold stress, we
monitored metabolic parameters of the TFEB®AT WT and KO mice that
had previously been housed under standard conditions in response to
different ambient temperatures (Figure 4A). Neither the respiratory
quotient, energy expenditure, nor body temperature differed between
genotypes at thermoneutrality (30 °C), room temperature (22 °C), or
under conditions of severe cold stress (6 °C) (Figure 4C—E). To test the
general ability of these mice to defend their body temperature against
acute cold stress by induction of shivering thermogenesis, the mice
were directly transferred to 6 °C from room temperature, and their
rectal temperature was measured (Figure 4B,F). The TFEB®AT KO mice
experienced a more pronounced initial decrease in body temperature
during the acute cold challenge but defended their body temperature
similar to the WT controls after 24 h (Figure 4F).

The one-week cold-acclimated TFEB®AT WT and KO mice (Figure 4B)
displayed similar body weights (Figure S3A), fasting plasma triglyc-
eride, total cholesterol, non-esterified fatty acid levels, and decreased
fasting glucose levels (Figure S3B—E). Organ weights were also
comparable (Figure S3F).
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Figure 4: Unaltered response to cold in TFEB-deficient brown/beige adipocytes. (A) Schematic model of the experimental conditions for graphs C-D. (B) Schematic model of
the experimental conditions for graphs F-M. (C) Respiratory quotient (RQ), (D) energy expenditure (EE), and (E) body temperature (Tb) of the TFEB®AT WT and KO mice in response to
different environmental temperatures (30 °C, 22 °C, and 6 °C, n = 6 TFEB®*T WT and 4 TFEB®T K0). The mice had previously been maintained at room temperature. (F) Rectal
temperature in response to acute cold exposure after transfer from room temperature (n = 7 TFEB®AT WT and 8 TFEB®AT K0). (G—M) The 1-week cold-acclimated TFEB®AT WT and
KO mice were fasted for 4 h, followed by gavage of a glucose/lipid emulsion containing tracer doses of '#C-deoxyglucose (DOG) and H-triolein. Organs were harvested 2 h after
gavage following transcardial perfusion. (G) Uptake of "C-deoxyglucose (DOG) and ®H-triolein per mg tissue and (H) per total organ (n = 7 TFEB®AT WT and 8 TFEB®AT K0). (I and J)
Relative mRNA levels of brown adipocyte identity genes in () BAT and (J) IWAT of the 1-week cold-acclimated TFEB®AT WT and KO mice (n = 5 each genotype). (K) Representative
western blotting of browning markers in iWAT of the 1-week cold acclimated TFEB®AT WT and KO mice, (L) quantifications of respective protein levels, and (M) total UCP1 protein
levels per iWAT (n = 7 TFEBBAT WT and 8 TFEBBAT K0). Values are presented as mean & SEM. *P < 0.05 and **P < 0.01 by two-tailed unpaired Student’s t test.
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Figure 5: BAT-specific TFEB deletion did not protect against diet-induced obesity. TFEB®"T WT and TFEB®"T KO mice were transferred to thermoneutrality at 6 weeks of age
and fed a high-fat diet (60% calories from fat) for 16 weeks. The mice were fasted for 4 h and received an oral gavage of 2 g/kg of glucose solution containing a tracer dose of °H-
deoxyglucose (DOG). Organs were harvested 2 h after gavage following transcardial perfusion. (A) Schematic model of the experimental design. (B) Body weight, (C) daily food
intake, and (D—E) fasting levels of (D) plasma triglyceride (TG), (E) plasma cholesterol, and (F) plasma non-esterified fatty acids (NEFA). (G) Oral glucose tolerance test (OGTT) with
(H) insulin levels before and 15 min after glucose administration (n = 14 TFEBAT WT and 10 TFEBBAT K0). (1) Uptake of *H-deoxyglucose (DOG) per total organ (n = 14 TFEBBAT WT
and 10 TFEBBAT KO0). Values are presented as mean & SEM. *P < 0.05 by two-tailed unpaired Student’s t test.

To measure the metabolic activity of adipose tissues under these
conditions, we performed a combined oral fat and glucose tolerance
test [13] and observed no genotype effect on the uptake of radiolabeled
glucose or lipids into BAT or iWAT (Figure 4G,H). When analyzing the
gene expression in BAT of the one-week cold-acclimated TFEBBAT wT
and KO mice, brown adipocyte markers were largely unchanged while
Dio2 levels increased (Figure 4lI). Conversely and in line with the
described effect of TFEB overexpression on enhancing browning [63],
we found reduced expression of some thermogenic and mitochondrial
biogenesis markers in brite/beige iWAT (Figure 4J). Notably, the
reduction in Tfeb gene expression was only marginal, presumably due
to the low penetrance of the Ucp1-Cre in brite/beige WAT [78,79].
Despite the reductions in thermogenic gene expression, we did not

observe alterations in thermogenic protein levels per mg of protein
(Figure 4K and L) or UCP1 levels per total iWAT (Figure 4M).

Overall, these data indicated that while the TFEB-PGC1a axis seems
dispensable in BAT, it appears to be involved in the transcriptional
regulation of white adipose tissue browning. The unaltered thermo-
genic protein levels and metabolic response to cold and unaltered
nutrient uptake, however, argue against profound consequences of
this browning effect for whole-body physiology.

3.5. BAT TFEB deficiency did not protect from diet-induced obesity

Stimulation of BAT thermogenesis has been suggested to be a novel
treatment strategy to combat obesity [80—82]. This assumption is
mainly based on observations that obese individuals display lower
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Figure 6: TFEB deficiency reduced thermogenic capacity in response to adrenergic stimulation. TFEBSAT

WT and KO mice bred and maintained at room temperature were

adapted to thermoneutrality for one week. Following acclimation, they were transferred to an indirect calorimetry system and maintained at 30 °C. Following a 1-day acclimation to
the system, they were injected with 1 mg/kg of CL316,243 to induce maximum BAT thermogenic activity. Five h after injection, their organs were harvested. (A) Schematic model
of the experimental conditions. (B) Respiratory quotient (RQ) and (C) quantification of basal- and CL-stimulated RQ. (D) A energy expenditure (AEE), (E) quantification of basal- and
CL-stimulated EE, and (F) change over baseline of EE. (G) Body temperature (Tb), (H) quantification of basal- and CL-stimulated Th, and () change over baseline of Tb (n = 5
TFEBBAT WT and 4 TFEBBAT KO, representative of 2 independent experiments). (J) Western blotting analysis of PKA substrate and HSL phosphorylation in BAT of the TFEB®AT WT and
TFEBBAT KO mice after CL treatment and (K) quantification. Values are presented as mean 4 SEM. *P < 0.05 by two-tailed unpaired Student’s t test.

levels of detectable BAT and that cold exposure can induce weight loss
in humans as well as the fact that UCP1-deficient animals can become
more obese [35,83]. To examine whether TFEB deficiency in BAT at
thermoneutrality can protect mice from diet-induced obesity, we
exposed mice to a HFD at 30 °C for 16 weeks (Figure 5A). Both ge-
notypes displayed a similar weight gain and daily food intake
throughout the feeding study (Figure 5B,C). Plasma fasting triglyceride,
total cholesterol, and non-esterified fatty acid levels were unchanged
between genotypes after 16 weeks of the HFD, suggesting an unal-
tered lipid homeostasis in the fasting state (Figure 5D—F). We next

investigated whether BAT TFEB deficiency modulates systemic glucose
homeostasis in obese mice by performing an oral glucose tolerance
test (OGTT). Surprisingly, the TFEB®AT KO mice showed a modestly
delayed blood glucose clearance after glucose gavage (Figure 5G),
while fasting and glucose-induced insulin levels were unchanged
between genotypes (Figure 5H). The uptake of glucose into metabol-
ically active organs was similar in the control and TFEB®AT KO mice
(Figure 5l), suggesting an overall comparable postprandial glucose

handling and unaltered insulin sensitivity in the obese TFEB®AT KO
mice.
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3.6. TFEB deletion reduced thermogenic capacity despite

increased UCP1 levels

To understand the discrepancy between higher UCP1 levels and lack of
protection against diet-induced obesity, we quantified BAT thermo-
genic capacity by measuring the increase in energy expenditure
following injection of the 33-adrenoceptor agonist CL 316,243 (CL) in a
thermoneutral environment where facultative thermogenic pathways
are inactive [71,72]. The mice had previously been housed at ther-
moneutrality for one week (Figure 6A).

The respiratory quotient decreased similarly in the TFEBPAT WT and KO
mice after injection of CL, indicating a switch from glucose to lipid
metabolism (Figure 6B,C). Surprisingly, the TFEB®AT KO mice had
significantly lower CL-induced increases in energy expenditure and
body temperature (Figure 6D—I) despite displaying significantly higher
UCP1 protein levels per mg protein and total UCP1 levels per BAT depot
(Figure 2J—L). Of note, the activity of the adrenergic signaling cascade,
general PKA-mediated and HSL phosphorylation, was unaltered by
TFEB deficiency under these conditions (Figure 6J,K). This highlighted
that this model showed a dissociation of the total UCP1 protein levels
and thermogenic capacity of the tissue despite unaltered general
adrenergic responsiveness. In summary, our results demonstrated that
the increased UCP1 protein levels in TFEB-deficient BAT did not
correlate with an increased thermogenic capacity, which suggested
that TFEB might modulate the function of BAT mitochondria or
accessibility to adrenergic stimulation.

3.7. Brown adipocyte-specific TFEB deficiency modulated
autophagy in vivo and in vitro

As TFEB is known to be an important transcriptional regulator of
lysosomal and autophagy-related gene networks, we next sought to
identify whether BAT-specific TFEB deficiency resulted in perturbations
of the autophagy machinery that might explain the discrepancy be-
tween the total UCP1 levels and thermogenic capacity.

To evaluate whether TFEB deletion in BAT causes alterations in
autophagy during BAT whitening, we measured the levels of
autophagy-related proteins after one week of adaptation to thermo-
neutrality (Figure 7A) and detected increased LC3B-I and Il levels and
an increased LC3B-II/I ratio in TFEB-deficient BAT while the protein
levels of autophagy receptor p62 were unchanged between genotypes
(Figure 7B—D). LC3B-II levels directly correlate with the number of
autophagosomes [84], and the accumulation of LC3B-Il in TFEB-
deficient BAT may indicate a dysregulated autophagic pathway. The
ratio of LC3-Il to LC3-I can indicate changes in the conversion of LC3-I
to LC3-1l and describe autophagic activity. In addition to the observed
alterations in vivo, differentiated primary brown adipocytes lacking
TFEB also showed alterations in autophagy-related protein levels upon
serum starvation. Both genotypes demonstrated a starvation-induced
increase in LC3B-Il levels, whereas we observed a significant addi-
tional accumulation of LC3B-Il in cells lacking TFEB and thus an
increased LC3-II/I ratio (Figure S4A—C).

Autophagy is a highly dynamic process driven by the production of
autophagosomal and lysosomal vesicles and the degradation of
engulfed cargo. A static view on this dynamic process only reveals
limited information on whether and how autophagic flux is altered. As
TFEB-deficient primary brown adipocytes showed both increased
UCP1 levels and alterations in autophagy-related proteins, we used
these cells as a tool to evaluate whether TFEB deficiency caused al-
terations in autophagic flux.

Using chloroquine as an inhibitor of lysosomal acidification and fusion
of autophagosomes and lysosomes [85,86], we investigated the
impact of TFEB on the production of autophagic vesicles by quantifying

autophagy-related protein levels (Figure 7E). The effects of chloroquine
became apparent in the reduction of LC3B-I due to the continuous
conversion to LC3B-Il and the accumulation of LC3B-Il. LC3B-II is
normally either degraded or recycled and thus accumulated when
lysosomal degradation was impaired by chloroquine treatment
(Figure 7F,G). Consistent with our previous findings, TFEB deficiency
led to an accumulation of UCP1 (Figure 7F,G). Upon inhibition of
lysosomal degradation, UCP1 levels in the WT cells increased, sug-
gesting a role of lysosomal degradation in the turnover of UCP1.
Interestingly, chloroquine treatment did not affect UCP1 levels in the
TFEB KO cells. In fact, the WT and KO cells displayed the same UCP1
levels upon inhibition of lysosomal and autophagic degradation.
However, autophagic flux under chloroquine treatment seemed to be
largely unaltered, as autophagy-related protein levels were similar
between genotypes with the exception of LC3B-II, which accumulated
at higher levels in the TFEB KO cells and increased the LC3II/I ratio
(Figure 7F—H). This suggested that autophagic flux, more specifically
the production of autophagic vesicles, was enhanced under conditions
of TFEB deficiency. However, the regulation of UCP1 levels by lyso-
somal degradation might have been impaired in TFEB-deficient adi-
pocytes, which could have been caused by dysregulated lysosomal
acidification or fusion with autophagosomes since chloroquine treat-
ment did not change UCP1 levels.

When measuring TFEB target gene expression in vivo in the mice
acclimated to thermoneutrality for one week under starvation condi-
tions that should induce nuclear translocation of TFEB, we did not
observe any major alterations in the expression of genes encoding for
lysosomal proteases (Ctsa and Ctsc), chloride channels (Clcn?), and
the membrane protein Tmem55b (Figure S4D). The gene expression of
the vATPase subunit Afp6v0d2 was reduced by trends in BAT of the
TFEBBAT KO mice (Figure S4E), while other TFEB target genes and their
related family members were unchanged between genotypes
(Figure S4F).

To further investigate the possible underlying mechanisms leading to
higher UCP1 levels paired with a reduced thermogenic capacity in
TFEB-deficient BAT, we isolated BAT mitochondria from the fasted and
refed TFEBBAT WT and KO mice and analyzed the mitochondrial and
autophagy-related protein levels (Figure 8A). Mitochondrial markers
such as UCP1 and OXPHOS complex proteins were similar between
genotypes (Figure 8B), suggesting no alterations in UCP1 protein
content per mitochondria but rather more UCP1-positive mitochondria
per BAT in the TFEB-deficient mice.

The recruitment of PINK1 and Parkin to the mitochondria and the
mitochondrial ubiquitination status was similar between genotypes
(Figure 8C). Robust recruitment of LC3B was observed in both geno-
types and decreased with refeeding. Interestingly, we found an
accumulation of LC3B-II associated with mitochondria from the fasted
TFEBPAT KO mice compared to the WT controls (Figure 8D). The
lysosomal membrane protein LAMP1 and the mature form of the
lysosomal protease cathepsin D were detected in every sample,
indicating that lysosomes were attached to mitochondria or some
mitochondria were engulfed by autolysosomes (Figure 8D). Interest-
ingly, mitochondria from the fasted TFEBBAT KO mice displayed
increased levels of LAMP1 and mature CTSD.

To further investigate whether mitochondria in TFEB-deficient BAT
might be associated with autophagic vesicles during BAT whitening,
we performed immunofluorescence staining on BAT sections from the
fasted TFEB®AT WT and KO mice acclimated to 30 °C for one week
(Figure 8A). As expected, whitened TFEB-deficient BAT displayed a
higher OXPHOS complex abundance (Figure 8E). Additionally, we
detected an increased total number of LC3B puncta per nucleus (per
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Figure 7: TFEB deficiency modulated autophagy-related protein levels. TFEB®AT

WT and KO mice were adapted to thermoneutrality for one week. (A) Schematic model of the

experimental design for graphs B-D. (B) Representative western blotting of autophagy markers in BAT of the fasted TFEB®AT WT and KO mice. (C) Quantification of protein levels and
(D) LC3II/I ratio (n = 4 each genotype). Primary brown adipocytes were differentiated from SVF cells isolated from the TFEBBAT WT and KO mice. (E) Schematic model of
experimental procedures for graphs F-H. (F) Representative western blotting of UCP1, autophagy, and lysosomal markers in differentiated primary brown adipocytes treated with or
without chloroquine (CQ). (G) Quantification of protein levels and (H) LC3II/I ratios (n = 3 each genotype and treatment, representative of 2 independent experiments). Values are
presented as mean 4 SEM. *P < 0.05 by two-tailed unpaired Student’s t test (C and D) or by two-way ANOVA with Tukey’s multiple comparison test (G and H).

cell) in TFEB-deficient BAT (Figure 8E,F). Interestingly and in line with
the enhanced co-purification of autophagy and lysosomal proteins with
mitochondria from TFEB-deficient BAT (Figure 8D), LC3B and OXPHOS
complexes co-localized to a greater extent in TFEB-deficient BAT
compared to BAT from the control mice (Figure 8E—G).

Together, these results suggested that BAT-specific TFEB deletion did
not affect mitophagy initiation or the recruitment of the phagophore
membrane but changed lysosomal protein levels associated with
mitochondria of brown adipocytes.

4. DISCUSSION

4.1. Mitochondrial homeostasis shifted toward degradation in
thermoneutral BAT

An induction of mitochondrial non-shivering thermogenic capacity in
brown or brite/beige adipose tissue can be achieved by physiological
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methods such as cold exposure or high-fat diet feeding [7,87]. Most
recent studies therefore aimed at identifying processes that recruit or
activate BAT or brite/beige WAT to ameliorate obesity and associated
comorbidities.

This activation is necessary as humans spend most of their life under
thermoneutral conditions (~22 °C), resulting in whitening of BAT,
which is characterized by diminished thermogenic capacity and activity
[41,88]. We and others have observed a rapid decrease in mito-
chondrial mass/proteins, reduced mRNA levels of mitochondrial
biogenesis markers, and continuous lipid accumulation upon exposure
to thermoneutrality [36,37,41] or aging [44,89].

Accordingly, in contrast to activating brown or brite/beige mitochondrial
biogenesis as a potential therapeutic strategy, mitochondrial mass may
also be increased by lowering mitochondrial degradation during BAT
whitening, thereby shifting the balance toward increased mitochondrial
mass [70]. The major pathway of mitochondrial degradation,
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mitophagy, is downregulated upon cold activation of brown tissue
[90,91] and recruitment of brite/beige adipose tissue [92]. It should
however be noted that others reported elevated mitophagy under
conditions of cold-induced BAT recruitment [77]. It may be speculated
that this mainly serves as a quality control mechanism to eliminate
damaged mitochondria [76,93], especially since severe blockage of
autophagy in adipose tissues results in the loss of mitochondrial ca-
pacity, inflammation, and induction of stress pathways [94].

4.2. TFEB altered mitochondrial dynamics in BAT independently of
biogenesis

It has been reported that deletion of the gene essential for autopha-
gosome assembly, Atg7, in brown adipose tissue results in elevated
levels of UCP1 [95,96] and improved metabolic health, as does deletion
of the mitophagy-initiating protein Parkin [91]. Similarly, the whitening
of brite/beige adipocytes is an autophagy-dependent process
[46,47,70], and deletion or inhibition of key components of the auto-
phagy pathway such as Atg5, Atg12, or Park2 results in elevated
mitochondrial content and UCP1 levels [46,47,70,92,96—98]. Tar-
geting early steps of mitophagy, such as Parkin, has been shown to
result in retained mitochondrial mass in brite/beige adipose tissue
during whitening following the withdrawal of browning stimuli [47].
Therefore, the function of autophagy in regulating white adipose tissue
browning or the maintenance of brite/beige adipocytes has been
posited to represent a novel target to enhance thermogenic capacity
[55]. In addition to regulating mitochondrial turnover, autophagy also
affects adipocyte differentiation and adipogenesis in vivo and in vitro
[54,96,98], but we did not find strong effects of TFEB deletion on
adipocyte differentiation.

Effects of TFEB overexpression on UCP1 levels have previously been
observed only in white, but not brown adipose tissue [63]. However,
under standard housing (22 °C) or thermoneutral conditions (30 °C),
the expression levels of thermogenic markers in white adipose tissue
are neglectable [64,99—101]. We therefore acclimated the wild-type
and TFEB®AT KO mice to the cold (6 °C) to induce browning of white
adipose tissue. We did not observe an altered metabolic response to the
cold in the BAT TFEB-deficient mice and no alterations in the expression
levels of thermogenic markers and nutrient uptake into BAT, indicating
that the TFEB-PGC1a axis is dispensable or non-existent in classical
brown adipose tissue (principally in line with [63]). However, we
observed significant reductions in gene expression of markers of
thermogenesis and mitochondrial biogenesis in white adipose tissue of
the TFEB-deficient mice. This is in line with the observation that TFEB
can activate mitochondrial biogenesis in white but not brown fat in a
PGC1a-dependent manner [63]. However, these alterations did not
translate into reductions in OXPHOS complex and UCP1 protein levels or
nutrient uptake. Therefore, the physiological significance of this finding
is questionable, especially in light of the generally low levels of UCP1 in
brite/beige WAT compared to BAT [100].

4.3. Increased UCP1 levels in TFEB-deficient BAT were not
thermogenically active

Several groups have reported increased mitochondrial mass upon
genetic or pharmacological inhibition of autophagy and mitophagy in
brite/beige or brown adipocytes [46,47,91,95,102]. While these
models result in beneficial metabolic effects such as increased oxygen
consumption, protection from diet-induced obesity, and insulin resis-
tance, we did not observe advantageous effects on systemic meta-
bolism caused by higher UCP1 levels and mitochondrial mass in BAT of
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the TFEBBAT KO mice. The TFEBBAT KO and wild-type mice exhibited
comparable diet-induced body weight gain and showed a slightly
impaired glucose clearance. The TFEBBAT KO mice also displayed a
significantly lower increase in energy expenditure and body temper-
ature in response to beta-adrenergic stimulation despite higher UCP1
levels. This dissociation of the thermogenic potential (as judged based
on the total UCP1 levels) and actual thermogenic capacity (as judged by
the response to CL injection) seemed surprising at first. One expla-
nation would be insufficient activatability of the adrenergic pathway.
However, both genotypes exhibited comparable stimulation of lipid
oxidation (RQ), PKA activation, and HSL phosphorylation in BAT
following CL injection. Another setting in which UCP1 levels do not
correlate with the thermogenic response to adrenergic stimulation are
conditions of UCP1 inhibition or lack of activation [38,103]. Indeed, BAT
mitochondria isolated from the TFEBPAT KO mice displayed increased
co-purification with lysosomal and autophagosomal markers
compared to wild-type mitochondria. Mitochondria in TFEB-deficient
BAT also showed enhanced co-localization with autophagic vesicles.
It therefore seems possible that the increased UCP1 protein levels were
within mitochondria that were trapped at later stages of the auto-
phagosomal pathway, and thus rendered inaccessible to activation.
This is clearly different from the results obtained in Parkin-deficient
adipocytes [47,91], where earlier target recognition is blocked, pre-
sumably retaining mitochondrial function.

4.4. TFEB modulated stimulated but not basal autophagy protein
levels

TFEB has been shown to regulate the expression of lysosomal and
autophagy-related genes in a variety of cell types and cellular states
[48—51]. It therefore seems surprising that we could not find a strong
effect of TFEB deletion on gene expression levels of several known
TFEB target genes or basal autophagic protein levels. It should how-
ever be noted that TFEB-binding sites are found in the promoter re-
gions of more than 400 genes [104] and in this study, we only
measured a fraction of these genes. Interestingly, the overexpression
or deletion of TFEB in muscle, which shares the same development
origin as brown adipose tissue [105—107], only led to minor changes
in the levels of autophagy and lysosome-related genes [59], as did
TFEB overexpression in white adipose tissue [63]. Under conditions of
TFEB activation due to starvation, we observed altered protein levels of
LC3, a marker of the autophagosomal machinery, indicating somewhat
altered activity of the autophagosomal/lysosomal pathway that could
ultimately result in reduced mitochondrial degradation in TFEB-
deficient BAT.

5. CONCLUSION

Our findings highlight that targeting mitophagy, in this case the lyso-
somal pathway, can increase UCP1 levels under conditions of BAT
whitening. Targeting the whitening process might be beneficial for
metabolic health since increased BAT thermogenesis has been shown
to be associated with improved glucose and lipid metabolism and
weight loss in mice and humans. The increased UCP1 levels in the
TFEBBAT KO mice were not thermogenically active and did not provide
protection against high-fat diet-induced glucose intolerance and
weight gain. This was presumably due to inaccessibility of the mito-
chondria to thermogenic stimuli. Nevertheless, our model did not
present the severe side effects of autophagy and lysosomal degra-
dation deficiency observed in other models, highlighting that TFEB was
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not responsible for homeostatic expression of lysosomal genes in BAT.
Targeting the lysosomal/autophagosomal pathway at an earlier stage
at the level of target recognition and delivery to autophagosomes
therefore appears superior over targeting the lysosomal pathway in
general, yet the risk of inducing lysosomal storage defects must be
carefully considered and monitored.
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