The tumor suppressor FLCN mediates
an alternate mTOR pathway to regulate
browning of adipose tissue
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Noncanonical mechanistic target of rapamycin (mTOR) pathways remain poorly understood. Mutations in the tu-
mor suppressor folliculin (FLCN) cause Birt-Hogg-Dubé syndrome, a hamartomatous disease marked by mito-
chondria-rich kidney tumors. FLCN functionally interacts with mTOR and is expressed in most tissues, but its role
in fat has not been explored. We show here that FLCN regulates adipose tissue browning via mTOR and the tran-
scription factor TFE3. Adipose-specific deletion of FLCN relieves mTOR-dependent cytoplasmic retention of TFE3,
leading to direct induction of the PGC-1 transcriptional coactivators, drivers of mitochondrial biogenesis and the
browning program. Cytoplasmic retention of TFE3 by mTOR is sensitive to ambient amino acids, is independent of
growth factor and tuberous sclerosis complex (TSC) signaling, is driven by RagC/D, and is separable from canonical

mTOR signaling to S6K. Codeletion of TFE3 in adipose-specific FLCN knockout animals rescues adipose tissue
browning, as does codeletion of PGC-1p. Conversely, inducible expression of PGC-1p in white adipose tissue is
sufficient to induce beige fat gene expression in vivo. These data thus unveil a novel FLCN-mTOR-TFE3-PGC-1p
pathway—separate from the canonical TSC-mTOR-S6K pathway—that regulates browning of adipose tissue.
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White adipose tissue (WAT) stores energy, while brown
adipose tissue (BAT) dissipates energy via thermogenesis.
The activation of mitochondrial biogenesis and a “brow-
ning” program in WAT has gained traction recently as a
possible approach to combat obesity and diabetes (Harms
and Seale 2013). Understanding the mechanisms underly-
ing adipose tissue browning is therefore of great interest.

Mechanistic target of rapamycin (mTOR) complex 1
(mTORCI) is a critical multiprotein signaling hub nucle-
ated around the protein raptor and conserved from yeast to
humans that integrates intracellular and extracellular
cues to regulate cellular growth and metabolism (Zoncu
et al. 2011; Dibble and Manning 2013; Goberdhan et al.
2016). Numerous signals affect mTORCI function, in-
cluding amino acids levels, oxygen tension, and the pres-
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ence of growth factors. At the same time, mTORCI1
outputs vary widely from increasing protein synthesis
and mRNA synthesis to regulation of lipid synthesis and
autophagy. How separate inputs to mTORCI1 can segre-
gate to separate outputs (i.e., how functional specificity
is achieved) remains an enigmatic aspect of mTOR
signaling.

The role of mTOR in adipocyte browning is unclear.
Loss of raptor in fat and portions of the brain leads to brow-
ning of WAT (Polak et al. 2008), while activation of mTOR
in the same tissue distribution via deletion of tuberous
sclerosis complex-1 (TSC1) leads to whitening of BAT
(Xiang et al. 2015), suggesting that mTOR suppresses adi-
pose browning in vivo. On the other hand, recent work
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shows that loss of raptor in fat or pharmacological inhibi-
tion of mTOR blocks cold-induced browning of WAT (Liu
et al. 2016; Tran et al. 2016), demonstrating that mTOR
can also promote adipose browning in vivo. A mechanistic
reconciliation of these observations is lacking.

Germline heterozygous mutations in folliculin (FLCN)
cause Birt-Hogg-Dubé (BHD) syndrome, a hamartomatous
disease marked by renal cell tumors with loss of heterozy-
gosity and striking increases in mitochondrial content
(Schmidt 2013). In mice, genetic deletion of FLCN in renal
cells induces mitochondrial biogenesis via the tran-
scriptional coactivator PGC-1aq, although how this occurs
is not known (Hasumi et al. 2012). Biochemically, FLCN
was identified recently as a GTP-activating protein
(GAP) for RagC/D, which, in its GDP-bound state, acti-
vates mMTORC], implicating FLCN as a positive regulator
of the mTOR pathway (Petit et al. 2013; Tsun et al. 2013).
On the other hand, tumors with FLCN deletions typically
reveal elevated mTOR activity (Baba et al. 2008), as is also
observed following deletion of FLCN in murine hearts
(Hasumi et al. 2014), suggesting that, under chronic condi-
tions, counterregulatory signals maintain or even increase
mTOR activity in the absence of FLCN. How deletion of
FLCN drives PGC-1a and mitochondrial biogenesis and
whether the process involves mTOR activation or sup-
pression are not known.

The transcription factor TFE3 is a member of the MiTF
gene family that contains four highly homologous tran-
scription factors: MiTF, TFE3, TFEB, and TFEC. MiTF
and TFEC have specialized roles in melanocytes and
monocytes, respectively (Rehli et al. 1999; Haq et al.
2013; Shoag et al. 2013), while TFE3 and TFEB are more
widely expressed, including in adipose tissue. TFEB regu-
lates a broad program of lysosomal biogenesis in numer-
ous cell types (Sardiello et al. 2009; Settembre et al.
2011). The role of TFE3 is less well understood. Conven-
tional TFE3 knockout animals do not show any obvious
phenotype (Steingrimsson et al. 2002). In pluripotent
stem cells, TFE3 favors the maintenance of a pluripotent
state, which, interestingly, is suppressed by FLCN (Bet-
schinger et al. 2013). In renal tumor cells from BHD pa-
tients, TFE3 constitutively localizes in the nucleus, and
forced FLCN expression retains TFE3 in the cytoplasm
(Hong et al. 2010). Finally, we showed recently in myo-
cytes and melanocytes that TFE3 and MiTF directly regu-
late the expression of PGC-1a and oxidative metabolism,
respectively (Haq et al. 2013; Salma et al. 2015).

Taken together, these observations led us to hypo-
thesize that (1) loss of FLCN in adipose tissue would pro-
mote mitochondrial biogenesis and browning of WAT; (2)
mechanistically, FLCN suppresses mitochondrial biogen-
esis via mTOR-mediated phosphorylation and cytoplas-
mic retention of TFE3, leading to reduced PGC-1
expression; (3) FLCN-mTOR-TFE3 signaling in adipose
cells would reveal a hub separate from canonical TSC-
Rheb-mTOR-S6K signaling; and (4) FLCN-mTOR-
TFE3 signaling would thus explain the paradoxical obser-
vations on the role of mTOR in adipocyte browning. We
tested this hypothesis using adipose-restricted deletion
of FLCN in mice.
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Results
FLCN deletion in fat leads to browning of WAT

The expression of FLCN protein is comparable in several
tissues, including lung, kidney, muscle, and fat (Supple-
mental Fig. 1A). To test the role of FLCN specifically in
adipose tissue, we generated mice with adipose tissue-spe-
cific deletion of FLCN (FLCN adipKO) using FLCN!¥/1ox
mice (from Dr. Laura S. Schmidt and Dr. W. Marston Line-
han, National Institutes of Health) and adiponectin-Cre
mice (from Dr. Evan Rosen, Beth Israel Deaconess Medi-
cal Center) (Fig. 1A). FLCN protein expression was
strongly reduced in both BAT and inguinal WAT (iWAT)
(Fig. 1B, left), and mRNA levels decreased by 90% in
BAT and 60% in iWAT (Fig. 1B, right) while remaining in-
tact in other tissues (Supplemental Fig. 1B). Hence, dele-
tion of FLCN in these mice is efficient and specific to
adipose tissues.

iWAT isolated from FLCN adipKO mice was visibly
browner in color than iWAT from littermate FLCN!0¥/lox
controls (Fig. 1C). H&E staining of iWAT from FLCN
adipKO mice showed numerous multilocular adipocytes,
typical histological features of beige adipocytes (Fig. 1D).
Well-established brown/beige fat genes, including Cidea,
Elovi3, Cox4il, Cox7al, and Cox8b, were significantly in-
duced in adipKO WAT (Fig. 1E). Expression of prdm16 and
genes thought to be white fat-specific was for the most
part unaltered (Fig. 1F). Interestingly, UCP1 was induced
less strongly than other brown-specific genes, and Dio2
was not induced (Fig. 1E). Recently, an alternate thermo-
genic futile cycle involving creatine metabolism was de-
scribed in beige fat (Kazak et al. 2015). The expression of
two key enzymes thought to be critical for this alternate
thermogenic pathway, creatine kinase B (Ckb) and phos-
phol, was strongly induced in FLCN-deficient iWAT
compared with controls (Fig. 1G).

In contrast to iWAT, FLCN adipKO BAT was not
browner in color than BAT from controls (Supplemental
Fig. 1C), and the expression of brown genes was unaltered
(Supplemental Fig. 1D). BAT from FLCN adipKO mice ap-
peared lipid-laden, as seen by H&E staining and reflected
in increased gross size (Supplemental Fig. 1C), suggesting
reduced lipolytic activity in BAT in the context of in-
creased browning of WAT systemically.

Global gene expression studies using RNA sequencing
(RNA-seq) of iWAT samples from wild-type and FLCN
adipKO followed by gene set enrichment analysis (GSEA)
demonstrated that the three gene sets most significantly
induced by deletion of FLCN in WAT were oxidative phos-
phorylation (OXPHQOS), fatty acid metabolism, and adipo-
genesis (Supplemental Fig. 2A). To compare the gene set
induced by FLCN deletion with previously established sig-
natures of cold-induced beigeing, we obtained publicly
available microarray data sets of iWAT from cold-exposed
animals (Xue et al. 2009) and identified 116 genes that were
commonly induced after 1 wk and 5 wk of cold exposure.
Strikingly, 33 of these cold-inducible genes were also
induced in FLCN adipKO (P <0.00001) (Supplemental
Fig. 2B). We confirmed by quantitative PCR (qPCR) that
the leading-edge genes from the RNA-seq and cold-
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Figure 1. Adipocyte-specific deletion of FLCN induces browning of WAT. (A) Schematic of an animal model for FLCN adipKO. (B, Ileft)
Efficiency of FLCN protein deletion in BAT and iWAT. (Right) Relative mRNA expression of FLCN in the indicated fat depots. (C) Gross
images of iWAT from FLCN!**/'* and FLCN adipKO mice. Bar, 1 cm. (D) Low-power (left) and high-power (right) images of H&E staining
of iWAT from FLCN!**/1% oy FLCN adipKO mice. Bars: left, 200 umy; right, 50 pm. (E-I) Relative mRNA expression of the indicated
genes in iWAT from FLCN!¥/1°% or FLCN adipKO mice. (J) Low-power (top) and high-power (bottom) transmission electron microscopy
images of iWAT from FLCN!*/1% and FLCN adipKO mice. Bars, 500 nm. (K ) Relative O, consumption of iWAT isolated from FLCN0¥/1x
and FLCN adipKO mice. (L) Relative mitochondrial DNA content in iWAT from the respective genotypes. (M) Whole-body respiration of
FLCN!*/1% ynd FLCN adipKO animals upon subcutaneous injection of 1 mg/kg norepinephrine (NE) after induction of anesthesia by
pentobarbital. (*] P <0.05 versus FLCN'¥!°% p _ 6-8 per group. Two-way analysis of variance (ANOVA) was used for M. Values are rep-
resented as mean = SEM.

inducible genes were highly induced by FLCN deletion expression was similarly higher in FLCN adipKO mice

(Supplemental Fig. 2C,D). The FLCN adipKO gene signa- (Supplemental Fig. 3A). Transmission electron microsco-
ture is thus strongly similar to a cold-inducible gene signa- py (TEM) revealed the presence of extensive networks of
ture. Together, these data indicate that FLCN actively mitochondria surrounding small lipid droplets in the
suppresses in WAT a browning program, perhaps including adipKO iWAT (Fig. 1J). We next measured the respiratory
alternative thermogenic capacities. capacity of isolated minced iWAT using a Clark electrode

and found a near doubling of O, consumption in FLCN-de-
ficient iWAT compared with control (Fig. 1K). Finally, sig-
nificantly more mitochondrial DNA was found in adipKO
iWAT compared with control (Fig. 1L). Protein expression
The expression of nuclear-encoded OXPHOS genes (Cycs, of OXPHOS in BAT was largely unchanged (Supplemental
Ndufvs, Cox5b, and Atp50) was strongly induced twofold Fig. 3B). Thus, these data demonstrate that loss of FLCN
to fourfold in iWAT from FLCN adipKO mice compared in iWAT leads to marked mitochondrial biogenesis.

with controls (Fig. 1H). Mitochondrial genes were similar- Mitochondrial biogenesis and browning of WAT are
ly induced twofold to threefold (Fig. 1I). OXPHOS protein generally thought to be driven by chronic cold-induced

FLCN deletion in fat leads to increased mitochondrial
content and respiration in iWAT

GENES & DEVELOPMENT 2553
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adrenergic signals (Nedergaard and Cannon 2014). Mice
under standard laboratory conditions live under relative
cold exposure (Nedergaard and Cannon 2014). To test
whether relative cold exposure was driving browning
of WAT in the FLCN adipKO mice, the animals were
housed for 2 wk at thermoneutrality (33°C) (Supplemental
Fig. 4A), an exposure that normally reverses any browning
seen in WAT (Waldén et al. 2012; Rosenwald et al. 2013).
Even at thermoneutrality, however, brown-specific genes
and mitochondrial genes remained elevated in both iWAT
and eWAT of FLCN adipKO mice (Supplemental Fig. 4B,
C), while BAT was not affected (Supplemental Fig. 4D).
Hence, the browning pathway suppressed by FLCN in
WAT is independent of cold stimulation.

To evaluate the functional consequences of elevated
mitochondrial content and browning of adipose tissue,
we next analyzed whole-mouse metabolic parameters of
the FLCN adipKO animals. Body weight did not differ be-
tween FLCN adipKO animals and controls (Supplemental
Fig. 5A). The relative amount of fat and lean mass, mea-
sured by nuclear magnetic resonance (NMR), also did
not differ significantly, although a slight trend was noted
toward decreased fat mass in the adipKO animals (Supple-
mental Fig. 5B). Basal respiratory activity and respiratory
exchange ratio (RER) were also not different between the
two groups (Supplemental Fig. 5C-E). Thus, at baseline,
the induction of browning and mitochondrial biogenesis
in FLCN adipKO mice have little impact on systemic me-
tabolism, suggesting that the mitochondria remain cou-
pled in vivo, unlike when the adipose tissue is removed
from the mice (Fig. 1K). To test the response of FLCN
adipKO animals to adrenergic stimulation, animals were
anesthetized and injected subcutaneously with 1 mg/kg
norepinephrine followed by measurement of respiratory
activity in comprehensive laboratory animal monitoring
(CLAM) chambers. FLCN adipKO animals showed dra-
matically higher respiration than FLCN!*'°% animals
upon adrenergic agonist administration, nearly doubling
their VO, (Fig. IM). To test the response of FLCN adipKO
animals to cold, animals were challenged with acute cold
exposure (4°C) followed by measurement of rectal temper-
ature, revealing a strong trend (P < 0.07) toward resistance
to acute temperature drop (Supplemental Fig. 5F). Collec-
tively, these data thus show that FLCN deletion in fat
leads to increased mitochondrial content in WAT inde-
pendently of cold stimulation as well as markedly higher
respiratory capacity both in isolated fat tissue and at the
systemic level.

FLCN promotes cytoplasmic retention of TFE3 via mTOR

Several studies have suggested that FLCN inhibits TFE3
transcriptional activity by regulating its subcellular local-
ization (Hong et al. 2010; Betschinger et al. 2013; Martina
et al. 2014). To test this possibility in the adipocyte sys-
tem, we therefore deleted FLCN in immortalized pre-
adipocytes (isolated from iWAT) using two different
methods. First, we used the CRISPR/Cas9 system to
efficiently target the FLCN locus (Fig. 2A). Immuno-
fluorescence staining of endogenous TFE3 in these cells
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showed a dramatic nuclear translocalization in the
FLCN-deleted cells (Fig. 2B,C). The mRNA expression of
GPNMB, a well-established TFE3 target gene (Hong
et al. 2010), and PGC-1a was dramatically increased in
FLCN-deleted cells compared with control cells (Fig.
2D), demonstrating that nuclear translocation of TFE3
leads to activation of target genes. Interestingly, PGC-1p
was also highly increased in these cells, even more so
than PGC-la (Fig. 2D). FLCN deletion in vitro also in-
duced most of the genes identified above by RNA-seq as
induced by FLCN deletion in vivo (Supplemental Fig.
6A,B). In a second approach to delete FLCN, preadipocytes
isolated from iWAT of FLCN'*!°* mjce were immortal-
ized, transduced with tamoxifen-inducible Cre (CreERt2),
and treated with vehicle or 4-hydroxytamoxifen (4OHT)
for 48 h. 4OHT treatment led to near-complete deletion
of FLCN protein (Fig. 2E). As with the CRISPR cells, dra-
matic translocation of TFE3 to the nucleus was observed
in the absence of FLCN (Fig. 2F,G) as well as induction
of both PGC-18 and GPNMB (Fig. 2H). 4OHT treatment
in wild-type preadipocytes did not alter the gene expres-
sion pattern of beige/brown fat genes (Supplemental Fig.
6C). In vivo, immunofluorescence staining of iWAT in
FLCN adipKO and FLCN'*/1°% mice revealed that TFE3
also localized to the nucleus in the absence of FLCN (Sup-
plemental Fig. 6D). We conclude that FLCN promotes cy-
toplasmic retention of TFE3 in adipose cells, inhibiting
the ability of TFE3 to activate its target genes.

TFE3 is homologous to TFEB, which was reported to be
phosphorylated at Ser211 by mTOR (Martina et al. 2012;
Settembre et al. 2012). The Ser211 residue (S320 in mouse
TFE3;S321 inhuman TFE3) and the adjacent sequences are
largely conserved between TFEB and TFE3 (Fig. 2I). We
thus reasoned that mTOR would phosphorylate TFE3 at
this site, leading to sequestration of TFE3 in the cytoplasm
(Martina etal. 2014). Consistent with thisnotion, Torinl, a
potent mTOR inhibitor, completely relocalized TFE3 to
the nucleus (Fig. 2J,K), leading to strong induction of
TFE3 target genes PGC-1a, PGC-1f, and GPNMB (Fig.
2L). We next introduced an alanine substitution at the pu-
tative mTOR phosphorylation site of TFE3 (S320A) (Fig.
2M). Exogenous expression of this S320A mutant led to al-
most entirely nuclear localization of TFE3 (Fig. 2N,0) and
significantly higher expression of PGC-1a, PGC-1p, and
GPNMB than with wild-type TFE3 (Fig. 2P).

Interestingly, whereas exogenously expressed wild-type
TFE3 reveals two distinct bands by SDS-PAGE and West-
ern blotting, the S320A mutant reveals only the faster-mi-
grating band (Fig. 2M). Torinl treatment of wild-type
TFE3 similarly removed the presence of the slower-mi-
grating band (Fig. 2M), as did treatment of cell extracts
with calf intestinal phosphatase (CIP) (Supplemental Fig.
6E), implying that Ser320 is phosphorylated by mTOR.
To test this notion directly, we used an antibody that spe-
cifically recognizes TFE3 phosphorylated at the Ser320
position (Martina et al. 2016). Western blotting with this
antibody revealed a strong signal in preadipocyte cells, in-
dicating the presence of TFE3 phosphorylated at Ser320
(Fig. 2Q). Strikingly, Ser320 phosphorylation was nearly
abolished by either FLCN deletion or Torinl treatment
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Figure2. FLCN deletion and mTOR inhibition promote TFE3 nuclear localization to induce TFE3 target genes in preadipocytes. (A) West-
ern blot of FLCN in nontarget control (control) or FLCN guide RNA (gRNA) plus CRISPR/Cas9-expressing stromal vascular fraction (SVF)
cells. (B) Immunofluorescence staining of TFE3 in control or FLCN-deleted SVF cells. (C) Quantification results of TFE3 nuclear localiza-
tion shown in B. (D) Relative mRNA expression of TFE3 target genes in the control or FLCN-deleted SVF cell line. (E) Western blot of FLCN
in vehicle (veh) or 4OHT-treated (10 uM for 48 h) CreERt2-expressing SVF cells isolated from FLCN!*¥/** iWAT. (F-H) As in B-D but with
FLCN!°*/1X CreERt2 cells treated with vehicle versus 4OHT. (I) Schematic of the mTOR phosphorylation site in TFEB and its conservation
in TFE3. (J-L) As in B-D but with cells treated with vehicle versus 250 nM mTOR inhibitor Torin1 for 1 h (J,K) or 4 h (L). (M) Western blot of
stably expressed HA-tagged wild-type TFE3 or mTOR site-mutated TFE3 (S320A). Cells were treated with vehicle (veh) or Torinl for 2
h. (N-P) Asin B-D but with cells expressing TFE3 wild type or TFE3 S320A. (Q) Western blot of FLCN, phospho-TFE3 (Ser320), TFE3, phos-
pho-S6K (Thr 389}, and total S6K in FLCN'¥/1°* cells infected with adenovirus harboring Cre versus GFP (mock) and 250 nM Torin1 for 2 h
versus vehicle. (R) In vitro mTORCI kinase assay of TFE3: GST-fused TFE3 wild-type and S320A mutant were incubated with purified
mTORC], and phosphorylated Ser320 was detected by anti-pTFE3 (S320) antibody. (*) P <0.05 by Student’s t-test; (#) P <0.05 versus

mock; ($) P <0.05 versus TFE3 wild type. n =3 or 4 per group. Values are represented as mean = SEM. Bars, 50 pm.

(Fig. 2Q). Finally, we performed an in vitro kinase assay to
test whether mTORCI directly phosphorylates TFE3 at
Ser320. A TFE3 fragment containing the amino acid se-
quence surrounding S320 was fused with GST and ex-
pressed in bacteria. Purified GST-TFE3 protein was then
incubated with purified mTORCI1 complex, and the phos-
pho-S320 TFE3 antibody was used to detect S320 phos-
phorylation. We observed that, in the presence of ATP,
mTORCI1 robustly phosphorylates the S320 residue of
TFE3. Moreover, the phosphorylation is entirely blocked
by alanine substitution of the serine residue (Fig. 2R). Col-
lectively, those results demonstrate that FLCN regulates
the phosphorylation status of TFE3 at Ser320, that loss
of FLCN leads to constitutive nuclear localization of
TFE3 via loss of Ser320 phosphorylation, and that
mTORCI1 directly phosphorylates TFE3 at Ser320.

Finally, to formally test whether TFE3 nuclear localiza-
tion in response to FLCN deletion requires the inhibition
of mTOR (Fig. 3A), we asked whether TFE3 nuclear local-
ization could be reversed by forced activation of
mTORCI. To this end, we overexpressed constitutively
active RagB and RagD in FLCN-deficient preadipocytes,
in which TFE3 is constitutively nuclear. Most of the cells
transfected with active RagB and RagD retained TFE3 in
the cytoplasm (Fig. 3B,C). In contrast, inactive RagB/D
failed to sequester TFE3 to the cytoplasm (Fig. 3B [right
panels], C). On higher magnification (Fig. 3B, bottom pan-
els), TFE3 colocalized with active RagB/D in cytoplasmic
punctae (Fig. 3B, left) but not with inactive RagB/D (Fig.
3B, right). Transfection of cells with either constitutively
active RagB or RagD alone revealed that RagD, but not
RagB, could promote TFE3 sequestration to the cytoplasm
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(Fig. 3D). Together, these data demonstrate that FLCN
acts via RagC/D to activate mTOR phosphorylation of
TFE3 at Ser320, leading to its cytoplasmic retention and
inactivation.

Cytoplasmic retention of TFE3 and phosphorylation
of S6K are separable arms of mTOR signaling

The cytoplasmic retention of TFE3 by mTOR in preadipo-
cytes is sensitive to amino acids but not to the presence of
growth factor-rich FBS dialyzed to remove amino acids
(dFBS) (Fig. 4A). In the absence of FLCN, TFE3 is nuclear
even in the presence of amino acids (Fig. 4A), consistent
with the reported role of FLCN as a transducer of amino
acid sensing (Petit et al. 2013; Tsun et al. 2013). Surpris-
ingly, however, amino acids induced the phosphorylation
of S6K even in cells lacking FLCN (Fig. 4B). Similarly,
phosphorylation of rpS6, the canonical S6K substrate,
was intact in adipose tissue from FLCN adipKO animals
(Fig. 4C). Thus, signaling from mTOR to one of its canon-
ical substrates remains intact in the absence of FLCN de-
spite the complete abrogation of mTOR signaling to
TFE3. To further test the notion that mTOR-S6K and
mTOR-TFE3 signaling pathways are separable, we evalu-
ated the phosphorylation of rpS6 and cellular localization
of TFE3 in cells lacking TSC1 or TSC2. The absence of ei-
ther TSC renders mTOR activity constitutive (Tee et al.
2002), as reflected by strong phosphorylation of rpS6
(Fig. 4D) and S6K (Fig. 4E) even in the absence of amino ac-
ids or serum. Strikingly, however, TFE3 remained nuclear
in these cells (Fig. 4D). Only upon addition of amino acids
did TFE3 again become cytoplasmic (Fig. 4D}, and cyto-
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plasmic retention depended on FLCN (Supplemental Fig.
7A,B). These data demonstrate that the FLCN-mTOR-
TFE3 pathway described here represents a branch of
mTOR signaling that is separable from the canonical
TSC-mTOR-S6K branch (Fig. 4F).

Codeletion of TFE3 with FLCN reverses white
fat browning in vivo

We next tested whether TFE3 was the dominant transcrip-
tion factor downstream from FLCN in the regulation of
mitochondrial biogenesis and browning in adipose tissue.
To this end, we took advantage of the fact that TFE3 is
X-linked and crossed the adipKO mice with female
TFE3*/~ mice, generating male mice lacking both FLCN
and TFE3 in fat (FLCN TFE3 double knockout) and litter-
mate controls (Fig. 5A). By H&E staining of iWAT, the ap-
pearance of multilocular adipocytes was much less
frequent in FLCN TFE3 double knockout than in FLCN
adipKO mice (Fig. 5B). mRNA expression of brown/beige
fat genes induced in FLCN adipKO mice was nearly
completely normalized by codeletion of TFE3 (Fig. 5C).
The same normalization was true for nuclear-encoded mi-
tochondrial genes and both PGC-1 coactivators (Fig. 5D),
mitochondria-encoded genes (Fig. 5E), and genes of the
creatine futile cycle (Fig. 5F). The induction of mitochon-
drial protein expression in adipKO iWAT was similarly re-
versed by TFE3 codeletion (Supplemental Fig. 8A,B). The
expression of the top genes identified above by RNA-seq
as inducible by FLCN deletion in vivo was also entirely
normalized by codeletion of TFE3 (Supplemental Fig.
2C,D), further supporting the model that TFE3 is the
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dominant factor downstream from FLCN. These data thus
provide an epistatic demonstration in vivo that FLCN in
adipose tissue regulates browning and mitochondrial bio-
genesis via the TFE3 transcription factor.

PGC-1B is a direct target of TFE3 and is necessary
and sufficient for browning of white fat in the absence
of FLCN

We noted that PGC-1f was significantly induced by FLCN
deletion in vivo, even more so than PGC-la (Figs. 1,5).
Moreover, the induction of PGC-1§ by FLCN deletion
was dependent on TFE3 (Fig. 5D), suggesting that TFE3

may directly regulate PGC-1f transcription. Interestingly,
TFE3 ChlIP-seq (chromatin immunoprecipitation [ChIP]
combined with high-throughput sequencing) experiments
in pluripotent stem cells incidentally identified PGC-1p
as a possible TFE3 target (Betschinger et al. 2013). We
found that the putative TFE3-binding region is located
in the first intron of PGC-1p, a frequent site of regulatory
regions. The binding region is highly conserved among
mammals and contains a number of canonical E-box-bind-
ing sites (Supplemental Fig. 9A). Moreover, the region is
highly sensitive to DNase cleavage and has a high content
of H3K4 methylations, both reliable indicators of the
presence of enhancers (Supplemental Fig. 9A). Using
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ChIP-qPCR, we found that TFE3 binds efficiently to this
region in the adipocyte lineage (Supplemental Fig. 9B).
Moreover, TFE3 binding to the PGC-1f enhancer was en-
riched upon FLCN deletion (Supplemental Fig. 9B), con-
sistent with the translocation of TFE3 to the nucleus in
this context. TFE3 thus binds directly to the PGC-1f
gene in the adipocyte lineage.

To test in vivo whether PGC-1p is required downstream
from FLCN and TFE3 in the regulation of mitochondrial
biogenesis and browning in adipose tissue, we used PGC-
1B floxed mice (gift of Dr. Daniel Kelly) (Lai et al. 2008)
to generate adipose tissue-specific FLCN and PGC-18 dou-
ble-deficient animals. By H&E staining of iWAT, the ap-
pearance of multilocular adipocytes seen in FLCN
adipKO mice was absent in double-knockout mice (Fig.
6A). The mRNA expression of most brown/beige fat genes
induced in FLCN adipKO mice was largely normalized by
codeletion of PGC-18 (Fig. 6B). Similar normalization was
seen for nuclear-encoded mitochondrial genes, mitochon-
dria-encoded genes, genes of the creatine futile cycle, and
mitochondrial respiratory chain protein expression de-
spite an apparent compensatory increase in PGC-la ex-
pression (Fig. 6C-E; Supplemental Fig. 10A). FLCN in
adipose tissue thus regulates browning and mitochondrial
biogenesis via PGC-1p.

To test whether PGC-1p is sufficient to induce brow-
ning of white fat, we generated mice with tetracycline-in-
ducible PGC-1p overexpression by crossing mice with
PGC-1p under control of a tetracycline-responsive ele-
ment (TRE-PGC-18, a gift from Dr. Daniel Kelly) (Martin
etal. 2014) with adiponectin-rtTA (adipo-1tTA, a gift from
Dr. Phillip Scherer) (Wang et al. 2010) mice (Fig. 6F) and
fed the mice doxycycline chow for 2 wk to induce PGC-
1B expression. Transient PGC-1p overexpression strongly
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induced expression of brown/beige fat genes, nuclear-
encoded mitochondrial genes, mitochondrial-encoded
genes, and genes of the creatine futile cycle (Fig. 6G-J) as
well as respiratory chain proteins (Supplemental Fig.
10B). Interestingly, multilocular adipocytes were not
seen after transient induction of PGC-1p (Supplemental
Fig. 10C), suggesting that induction for >2 wk is required
to see these histological changes. The TFE3 target gene
GPNMB was not induced by PGC-1p, consistent with
the idea that PGC-1p acts downstream from TFE3. The
majority of leading-edge genes identified above from the
RNA-seq data as induced by FLCN deletion or cold expo-
sure were also induced by PGC-1 in vivo (Supplemental
Fig. 10D,E). Interestingly, the correlation was strongest
for cold-inducible genes, suggesting that PGC-1p more
specifically regulates the cold-induced subprogram of
FLCN deletion.

Collectively, these data demonstrate that TFE3 directly
regulates PGC-1f gene expression by binding to a con-
served enhancer region in the first intron of PGC-1p and
that PGC-1f is necessary and at least in part sufficient
to mediate the activation of the browning/mitochondrial
gene programs that occurs upon FLCN deletion.

Discussion

We describe here a novel regulatory axis of adipocyte
browning. At the core of this axis is FLCN, a tumor sup-
pressor protein originally identified as mutated in the he-
reditary hamartomatous BHD syndrome, a hallmark of
which is the appearance of mitochondria-rich kidney tu-
mors (Schmidt 2013). Mechanistically, we show in cell
culture and with conclusive epistatic experiments in
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vivo that FLCN suppresses mitochondrial biogenesis via
mTOR-mediated suppression of TFE3 and PGC-18.

Separable mTOR signaling branches

Our data indicate the existence of two separable mTOR-
dependent signaling pathways in adipose cells: an FLCN-
mTORCI1-TFE3 branch and a TSC1/2-mTORC1-S6K~
S6 branch. Consistent with separable mTORC1 branches,
phosphorylation of the canonical mMTORCI target S6K is
preserved in both cells and adipose tissue that lack FLCN
(Fig. 4B,C), while the mTOR-mediated cytoplasmic reten-
tion of TFE3 is completely lost. The same is true in cells
lacking either TSC1 or TSC2 and exposed to low ambient
amino acids: S6K and S6 phosphorylation is high, while
TFE3 remains nuclear. Separate branches of mTOR signal-
ing have been postulated and ascribed to different mTOR
“hubs” potentially segregated in subcellular compart-
ments (Goberdhan et al. 2016). Our data provide mechanis-
tic evidence of such a separate branch. In the context of
adipocytes, the FLCN-mTORCI-TFE3 branch responds
to amino acid presence. It is possible that this process is
physically separate from TSC-mTOR signaling; for exam-
ple, occurring at the lysosome versus the cytoplasm. Alter-
natively, an FLCN-mTORCI-containing complex may be
uniquely capable of phosphorylating TFE3 and not S6K.

Reconciling the role of mTOR in adipocyte browning

The existence of separable mTOR pathways in adipocytes
helps to explain conflicting results in the literature on the

role of mTOR in adipocyte browning. Loss of raptor and
mTORCI activity in fat leads to browning of WAT (Polak
et al. 2008; Tran et al. 2016), while converse activation of
mTOR via deletion of TSC1 leads to whitening of BAT
(Xiang et al. 2015), thus suggesting that mTOR suppresses
adipose browning. In contrast, however, two reports now
show that loss of raptor in fat or pharmacological inhibi-
tion of mTOR dramatically blocks cold-induced browning
of WAT and that mTOR is a direct target of adrenergic sig-
naling and protein kinase A (PKA) (Liu et al. 2016; Tran
et al. 2016). Thus, mTOR appears to have paradoxical
both positive and negative roles in adipose browning in
vivo. Here we provide a mechanistic explanation for this
paradox: mTOR signaling in adipose tissue has at least
two branches, one of which (the FLCN-mTOR-TFE3
branch) suppresses browning (Fig. 7A), while the other
(the adrenergic mTOR branch) promotes browning (Fig.
7B). In this light, it becomes clear how loss of raptor
both blocks cold-induced browning (i.e., loss of the adren-
ergic mTOR branch) and simultaneously increases basal
levels of browning (i.e., loss of the FLCN-mTOR-TFE3
branch) (Fig. 7B), thus reconciling conflicting reports in
the literature.

Both branches of mTOR signaling in WAT terminate in
part on the PGC-1 coactivators. Interestingly, the FLCN-
mTOR-TFE3 branch appears to favor PGC-1p, while the
adrenergic mTOR branch appears to favor PGC-1la. Loss
of PGC-1p alone reverses the induction of browning by
FLCN deletion in vivo, and, strikingly, PGC-1p alone is
sufficient to activate a browning program in mice (Fig.
6F-]). In this context, it is also interesting to note that
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PKA-mTORCI branch induces the classic thermogenic browning program and also leads to S6K phosphorylation but not cytoplasmic

sequestration of TFE3.

UCP-1 is poorly induced by FLCN deletion and that, in
contrast, genes of the recently described alternative crea-
tine futile cycle in beige adipocytes (Kazak et al. 2015) are
robustly induced. Indeed, consistent with the relatively
poor induction of UCP1 at baseline and the observation
that PGC-1p induces more coupled mitochondria than
does PGC-1a (St-Pierre et al. 2003), we found no difference
in body weight or basal respiratory activity in FLCN
adipKO animals, suggesting that their browned WATSs
are relatively coupled in the resting state. It thus may be
that the FLCN-mTOR-TFE3-PGC-1§ and adrenergic
mTOR-S6K-PGC-1a pathways differ in the quality of tis-
sue browning achieved.

TFE3 as a hub for adipose tissue browning

Arecent study (Yan et al. 2016) also reported on the pheno-
type of adipose-specific deletion of FLCN using the same
genetic model of adiponectin-Cre to delete FLCN in adi-
pose cells. The study reported that FLCN deletion in fat
leads to browning of adipose tissue, cold resistance, obesi-
ty resistance upon high-fat diet challenge, and improved
glucose metabolism. Mechanistically, the investigators
provided evidence in mouse embryonic fibroblasts
(MEFs) in favor of an FLCN-AMPK pathway that directly
or indirectly activates a PGC-1a/ERRa complex. Here,
we provide conclusive evidence—in context-relevant cells
and intact animals—for an FLCN-mTOR-TFE3-PGC-1
pathway. Both pathways may contribute to adipose brow-
ning and may in fact overlap. The mTOR-TFE3 mecha-
nism that we describe is likely dominant because we
demonstrate conclusively in vivo with mouse epistatic ex-
periments the absolute requirement of TFE3 (and PGC-1p)
foradipose browningin the context of FLCN deletion (Figs.
5,6).Itis possible that the FLCN-AMPK pathway proposed
by Yan et al. (2016) superimposes on this pathway by mod-
ulating mTOR/TFE3. A recent report (Young et al. 2016)
showed in embryoid bodies that AMPK promotes the ac-
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tivity of TFEB, a molecule highly homologous to TFE3,
and that this regulation of TFEB by AMPK occurs at least
partly through mTOR. It is therefore possible that AMPK
also activates TFE3 in adipose tissue via the same mTOR
mechanism. Taken together, TFE3 therefore could be the
key integrator of mTOR and AMPK signals downstream
from FLCN (Supplemental Fig. 11).

We found in cell culture and epistatic experiments in
vivo that TFE3 is a key transcription factor downstream
from FLCN and mTOR in the regulation of the WAT brow-
ning/beigeing program and that TFE3 binds to a highly
conserved, highly active chromatin region within the pro-
moter region of PGC-1p. Interestingly, in skeletal muscle
cells, TFE3 appears to preferentially induce PGC-la
(Salma et al. 2015), and PGC-1a deletion rescues the mito-
chondrial biogenesis induced by FLCN deletion in skeletal
muscle (Hasumi et al. 2012). PGC-1la and PGC-1p may
therefore have different levels of dominance downstream
from the FLCN-TFE3 axis in different contexts. Compen-
satory induction of PGC-1a expression was observed upon
PGC-1p deletion in FLCN knockout animals (Fig. 6C) but
was not sufficient to reverse the phenotype conferred by
PGC-1p deletion. Nevertheless, it remains likely that
PGC-la and PGC-1p have at least partially overlapping
roles in adipose tissue, as elsewhere (Rowe et al. 2013). It
is also noteworthy that our data indicate that the FLCN-
TFE3 axis and PGC-1p govern overlapping but not identi-
cal gene programs in vivo and that this overlap was most
pronounced in the mitochondrial program and cold-induc-
ible genes, implying that PGC-1p regulates a specific
branch of the FLCN-TFE3 program. MiTF/TFE family
members also have redundant functionality (Steingrims-
son et al. 2002), but our data indicate that, with respect
to tissue browning downstream from FLCN, TFE3 domi-
nates. Consistent with this finding, TFE3 gene expression
in adipose tissue is higher than other members of the fam-
ily. It remains possible, however, that heterodimers of
TFE3 and TFEB (Fisher et al. 1991) or other MiTF/TFE
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members work together, and therefore deletion of either of
them can be critical. Experiments with codeletion of TFEB
and FLCN will help to answer this question.

In conclusion, we show that an FLCN-TFE3 axis drives
browning of WAT, FLCN regulates subcellular localiza-
tion of TFE3 via mTOR-mediated phosphorylation, the
FLCN-mTOR-TFE3 axis acts independently of cold stim-
ulation and the canonical mMTOR-S6K branch of mTOR
signaling, TFE3 directly regulates PGC-1p gene expres-
sion, and PGC-1p is necessary and sufficient for beige/mi-
tochondrial gene induction in the absence of FLCN.
FLCN, mTOR, and TFE3 thus form a key nexus that likely
integrates metabolic cues to coordinate mitochondrial
biogenesis and beigeing of WAT.

Materials and methods

Animals

Male animals (12-15 wk old) were used. All procedures of animal
experiments were approved by Beth Israel Deaconess Medical
Center and University of Pennsylvania Animal Care and Use
Committee. FLCN floxed animals (Baba et al. 2008) were crossed
with Adipog-Cre mice (from Dr. Evan Rosen) to obtain FLCN
adipKO. PGC-1p floxed animals (Lai et al. 2008) or TFE3-deficient
animals (Steingrimsson et al. 2002) were bred to FLCN adipKO to
obtain FLCN, PGC-1p adipose tissue-specific double-deficient
animals and FLCN TFE3 double-knockout animals, respectively.
The Tet-responsive PGC-1 driver (TRE-PGC-1; a gift of Dr. Kel-
ly, Birnham Institute) (Martin et al. 2014) was crossed with adi-
poq-rtTA (a gift of Dr. Philipp Scherer, University of Texas
Southwestern) (Wang et al. 2010) to generate adipose tissue-spe-
cific PGC-1p inducers. All animal experiments were littermate-
controlled and were performed on C57B6 and FVB or 129 mixed
strains. Mice were housed in 12-h light and dark cycles and fed
with standard rodent diets or special diets if specified.

Antibodies

FLCN antibody was a gift from Dr. Laura Schmidt, and phospho-
TFE3 (Ser320) antibody has been described (Martina et al.
2016). Other antibodies used were as follows: TFE3 (Sigma,
HPA023881), total OXPHOS rodent WB antibody cocktail
(Abcam, ab110413), FLCN (Abcam, ab124885), HA tag (Cell Sig-
naling Technology, 2367), B-actin (Cell Signaling Technology,
4970), phospho-p70S6K (Thr389) (Cell Signaling Technology,
9234), total p70S6K (Cell Signaling Technology, 2708), phospho-
S6 ribosomal protein (Ser240/244) (Cell Signaling Technology,
2215), total S6 ribosomal protein (Cell Signaling Technology,
2217), and HSP90 (Cell Signaling Technology, 4877).

Gene expression analysis

mRNA expression was quantified by RT-qPCR. Total RNA was
extracted by using Trizol (Thermo Fisher Scientific) for tissue
samples or TurboCapture mRNA kit (Qiagen) for cells. gPCR
was performed by using the SYBR Green method (iQ SYBR Green
super mix), and values were normalized to HPRT, 36B4, and TBP
expression by the AAC, method. Primer sequences are in Supple-
mental Table 1.

In vitro mTORC1 kinase assay

BL21 Escherichia coli was transformed with pGEX-4T-1 encoding
GST-TFE3 wild type or GST-TFE3 S320A, and GST-fused protein
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was purified by GST pull-down method. Amino acid sequences
surrounding S320 were as follows (the serine residue or substitut-
ed alanine residue is underlined): TFE3 wild-type (TPAITVSNSC-
PAELPNIK) and TFE3 S320A (TPAITVSNACPAELPNIK). The
transformed bacteria were grown at 28°C in 2x YTA medium con-
taining 100 pg/mL ampicillin until A600 of 0.6-0.8 followed by
100 nM IPTG treatment for 2 h to induce protein expression.
The cells were harvested by centrifugation at 6000g for 15 min
at 4°C and resuspended in ice-cold PBS. The cells were lysed
with sonicator followed by incubation with 1% Triton X-100
for 30 min at 4°C. Cell lysates were cleared by centrifugation at
12,000g for 10 min at 4°C and incubated with a 50% slurry of glu-
tathione Sepharose 4B (GE Healthcare Life Sciences) for 2 h at 4°
C. After rinsing three times with PBS, proteins were eluted with 1
mL of elution buffer (50 mM Tris-HCI, 10 mM reduced glutathi-
one at pH 8.0).

Experimental details of in vitro kinase assay were described
elsewhere (Yu et al. 2011). Briefly, 6xHIS-tagged raptor was trans-
fected in Expi293 cells (Invitrogen), and lysates were run on a
nickel column and eluted with 300 mM imidazole. Purified
mTORCI1 was concentrated, washed, and stored in 50 mM Tris
(pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.2% CHAPS, 50% glyc-
erol, and 1 mM DTT.

Kinase assays were performed for 1 h at 37°C in 50 mM HEPES
(pH 7.5), 0.01% Tween20, 1 mM EGTA, 10 mM MgCl,, 2 mM
DTT, and 100 nM staurosporine (general kinase inhibitor that
does not inhibit mTOR) (Tee and Proud 2001) with or without
1 mM ATP. Kinase assays were stopped in Laemmli sample load-
ing buffer supplemented with 10 mM EDTA and heated for 5 min
to 95°C.

Cell isolation from fat tissues and cell culture

iWAT depots isolated from FLCN!¥'* animals were finely
minced by scissors and digested by collagenase D (Roche) and dis-
pase II (Sigma). Digested tissue was strained by a 100-um nylon
cell strainer and centrifuged to collect stromal vascular fraction
(SVF). SVF was resuspended in DMEM/F12 (Life Technologies)
containing 10% FBS and plated on gelatin-coated cell culture
dishes. The following day, attached cells were rinsed with PBS
and infected with retroviral vector harboring SV40 TLA. Immor-
talized cells were selected by cell passage. Adipogenic capacity of
immortalized cells was confirmed by standard adipogenesis cell
culture method. Human embryonic kidney 293T (HEK293T)
cells were cultured in DMEM containing 10% FBS.

Plasmids, transfection, and virus vector production

pRK5-HA GST RagB 54L (plasmid 19302), pRK5-HA GST RagB
99L (plasmid 19303), pRK5-HA GST RagD 121L (plasmid
19309), and pRK5-HA GST RagD 77L (plasmid 19308) were pur-
chased from Addgene (Sancak et al. 2008). Plasmid transfection
was performed by using Lipofectamine 3000 (Life Technologies).
The TFE3 construct (mouse TFE3, HA-tagged) was a gift from Dr.
David Fisher and Dr. Nancy Salma. TFE3 ¢cDNA was transferred
to pLenti CMV Puro DEST (a gift from Eric Campeau) (Addgene,
plasmid 17452). Lenti transfer plasmid, psPAX2 (a gift from Did-
ier Trono) (Addgene, plasmid 12260), and pMD2.G (a gift from
Didier Trono) (Addgene, plasmid 12259) were cotransfected to
HEK293T cells by Fugene HD (Promega). Seventy-two hours lat-
er, supernatant was harvested, and cell debris was removed by a
low-protein-binding 0.45-um syringe filter. Virus particles con-
taining supernatant were stored at —80°C until use. MSCV
CreERT?2 puro was a gift from Dr. Tyler Jacks (Addgene, plasmid
22776). pBABE-neo largeTcDNA was a gift from Dr. Bob
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Weinberg (Addgene, plasmid 1780). Retrovirus particles were
generated by cotransfection of retroviral transfer vector, envelope
vector, and packaging vector into 293T cells. The virus-harvest-
ing method was the same as with lentivirus vector. For lenti or
retroviral infection, the spinfection method was used. Cells
were plated on six-well multiwell plates, and 2 mL of virus con-
taining supernatant and 2 mL of fresh medium were added per
well. Polybrene was added to medium with a final concentration
of 8 pg/mL. A six-well plate was centrifuged at 1000g for 1.5 h
(spinfection), and then the medium was replaced with fresh medi-
um. Drug selection with the appropriate marker was started
24-48 h after the spinfection.

Gene editing by the CRISPR/Cas9 system

The protocol distributed by the Zhang laboratory at Massachu-
setts Institute of Technology was used. lentiCRISPR version 2
was a gift from Dr. Feng Zhang (Addgene, plasmid 52961). Guide
RNAs (gRNAs) specific to genes of interests were designed by us-
ing a Web-based algorithm from the Zhang laboratory (Optimized
CRISPR Design, http://crispr.mit.edu). Briefly, gRNA was de-
signed after the start codon as close as possible, and the top one
or two candidates were picked up and validated by Western
blot. The gRNA sequence was as follows (the pam sequence is
excluded): mouse nontarget control (5-ATTGTTCGACCGTC
TACGGG-3'), mouse flen (5-GAGCCCTTGGTGAGTCCAT
A-3'), mouse tscl (5-GCTCCCCAATGTTGGCTAAC-3'), and
mouse tsc2 (5-TTGATGCAATGTATTCGTCA-3').

Western blot analysis

Tissue or cell samples were lysed by RIPA buffer containing phos-
phatase inhibitor (PhosSTOP, Roche) and proteinase inhibitor
(Complete miniproteinase inhibitor cocktail, Roche). Samples
were sonicated followed by centrifugation to remove insoluble
debris or lipid. Protein concentration was quantified by BCA pro-
tein assay kit (Thermo Fisher Scientific), and the same amount of
protein (10-20 pg) was loaded to 4%-20% gradient Tris-glycine
polyacrylamide gel (Bio-Rad) and electrophoresed (SDS-PAGE).
After the SDS-PAGE, protein samples were transferred to PVDF
membrane (Millipore). Membranes were blocked by 5% skim
milk for 1 h and then incubated with the respective primary anti-
bodies. Appropriate HRP-conjugated secondary antibodies were
selected according to the host species of primary antibodies,
and images were taken by using a digital imager (GE Healthcare
Life Sciences, ImageQuant LAS 4000). The result was quantified
by using Image].

Physiology assay protocols

Body composition of animals was analyzed by NMR at the Ani-
mal Physiology Core, Division of Endocrinology, Beth Israel Dea-
coness Medical Center. Mice were individually housed in cages,
and their metabolic physiology (VO,, VCO,, and RER) was mon-
itored by comprehensive laboratory animal monitoring system
(CLAMS) at the Animal Physiology Core, Division of Endocrinol-
ogy, Beth Israel Deaconess Medical Center.

Respiration assay of isolated adipose tissues

Isolated iWAT (20-25 mg) was weighed, minced by curved scis-
sors, and resuspended in warm respiration buffer (2% bovine se-
rum albumin [BSA], 0.45% glucose, 10 mM sodium pyruvate in
PBS). Next, resuspended tissue was applied to the Clark electrode
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chamber (Strathkelvin Instruments) to measure O, consumption.
Values were normalized to tissue weight.

Histology analysis and immunofluorescence staining of cells

Isolated tissues were fixed in 3.7% formaldehyde for 24-48 h fol-
lowed by dehydration steps. Tissues were embedded in paraffin
and sectioned, and then H&E staining was performed. Stained sec-
tions were examined under light microscope, and images were
captured. Cells were plated on the glass slips coated with gelatin
and fibronectin. Twenty-four hours to 48 h after the plating, cells
were serum- and nutrient-starved in Earle’s balanced salt solution
for 1 h followed by 1 h of serum stimulation with 10% FBS in
DMEM/F12 medium (Life Technologies). Torinl was added to
the medium in a 250 nM final concentration. Cells were fixed
with 3.7% formaldehyde in PBS and permeabilized with 0.3% Tri-
ton X/PBS (PBST). Blocking and primary antibody incubation
were performed in PBST containing 5% normal goat serum and
1% BSA overnight followed by secondary antibody incubation.
Pictures of the cells were taken via confocal microscopy.

In vivo respiration assay

Animals were individually housed in metabolic chambers, and
basal respiratory activity was measured in the Mouse Phenotyp-
ing Core at the University of Pennsylvania (directed by Dr.
Rexford Ahima). Next, animals were sedated by intraperitoneal
injection of pentobarbital followed by subcutaneous injection of
1 mg of norepinephrine per kilogram of bodyweight (with or with-
out norepinephrine plus bitartrate salt from Sigma Aldrich). Res-
piration was measured up to 2 h after norepinephrine injection.

RNA-seq analysis

FastQ files were aligned against the mouse reference genome
(mm9) using the STAR aligner (Dobin et al. 2013). STAR was
used to also compute the gene counts for individual genes using
the Ensembl (version 67) gene annotations. Gene counts, repre-
sented as counts per million (CPM), were first nominalized using
the TMM method in the edgeR R package, and genes with 25% of
samples with a CPM <1 were deemed as low-expressed and re-
moved from further analysis. Data were transformed using the
VOOM function from the Limma package (Law et al. 2014). Dif-
ferential gene expression was performed using a linear model
with the Limma package. GSEA was performed using the CAM-
ERA gene set test procedure (Wu and Smyth 2012) with the Hall-
mark gene set from the Molecular Signature Database. The data
set can be found in the Gene Expression Omnibus (GEO; acces-
sion number GSE89762.).

Transcriptome comparisons

Raw microarray data of iWAT from cold-exposed animals was ob-
tained from the Gene Omnibus Expression (GSE1343) (Xue et al.
2009), and a differential gene expression analysis was performed
using the R packages Oligo and Limma. Gene sets of the 1-wk/
4°C and 5-wk/4°C comparison were created from the up-regulat-
ed genes (P <0.05 and log fold change >1.5). To determine wheth-
er the intersection of the 170 up-regulated FLCN adipKO genes
with 1-wk/4°C and 5-wk/4°C was significant, an empirical P-val-
ue was obtained from the permutation test. Briefly, a random
sample of 170 genes was obtained from all of the expressed genes
(n) and compared with up-regulated genes in 1-wk/4°C and 5-wk/
4°C 100,000 times to create a distribution of random overlaps.
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The empirical P is the probability of obtaining 33 genes in a
random distribution.

Statistical analysis

Values are presented as mean = SEM. Student’s t-test (two-tailed
unpaired t-test) was performed for single comparison. For the
comparison of the groups, more than three one-way analyses of
variance (ANOVAs) were performed, followed by a t-test (Bon-
ferroni correction). For statistical analysis of in vivo respiration
assay, two-way ANOVA was used. P<0.05 was considered
significant.
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