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The tumor suppressor folliculin (FLCN) forms a repressor complex with AMP-activated protein kinase (AMPK).
Given that AMPK is a master regulator of cellular energy homeostasis, we generated an adipose-specific Flcn
(Adipoq-FLCN) knockout mouse model to investigate the role of FLCN in energy metabolism. We show that loss of
FLCN results in a complete metabolic reprogramming of adipose tissues, resulting in enhanced oxidative metabo-
lism. Adipoq-FLCN knockout mice exhibit increased energy expenditure and are protected from high-fat diet (HFD)-
induced obesity. Importantly, FLCN ablation leads to chronic hyperactivation of AMPK, which in turns induces and
activates two key transcriptional regulators of cellular metabolism, proliferator-activated receptor y (PPARy) coac-
tivator-la (PGC-1a) and estrogen-related receptor a (ERRa). Together, the AMPK/PGC-1a/ERRa molecular axis
positively modulates the expression of metabolic genes to promote mitochondrial biogenesis and activity. In ad-
dition, mitochondrial uncoupling proteins as well as other markers of brown fat are up-regulated in both white and
brown FLCN-null adipose tissues, underlying the increased resistance of Adipoq-FLCN knockout mice to cold ex-
posure. These findings identify a key role of FLCN as a negative regulator of mitochondrial function and identify a

novel molecular pathway involved in the browning of white adipocytes and the activity of brown fat.
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Obesity is one of the most serious public health problems
worldwide and is characterized by the excessive accumu-
lation of lipids in adipose tissue. Obesity is initiated from
a chronic imbalance between energy intake and expendi-
ture and is a major risk factor for metabolic disorders
such as type 2 diabetes, cardiovascular diseases, and cer-
tain cancers. There are two major types of adipose tissue
with distinct functions: white adipose tissue (WAT) and
brown adipose tissue (BAT). WAT is mainly involved in
the storage of lipids, mostly triglycerides (TGs), whereas
BAT specializes in the oxidation of lipids by mitochondria
in order to produce heat through a process of nonshivering
thermogenesis (Rosen and Spiegelman 2006). Recently, a
third type of adipose tissue, named brite (“brown and
white”) or beige, was identified. It resides in certain depots
of WAT and exhibits an inducible BAT phenotype in re-
sponse to appropriate stimuli such as cold exposure or
B-adrenergic stimulation (Wu et al. 2012; Schulz et al.
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2013). Notably, beige adipocytes are characterized by an
induction of thermogenic gene expression, such as prolif-
erator-activated receptor y (PPARy) coactivator-la (PGC-
la) and uncoupling proteins (UCP1 and UCP3), and at
least partial conversion of unilocular adipocytes into mul-
tilocular mitochondria-rich adipocytes (Wang et al. 2001;
Harms and Seale 2013). The distribution of brite/beige
cells differs between WAT depots in mice. A large accu-
mulation of brown-like cells can be found in the subcuta-
neous inguinal WAT (iWAT) but is also occasionally
observed in gonadal/perigonadal WAT (gWAT) during
cold exposure (Seale et al. 2011). Remarkably, many stud-
ies have reported that mice displaying an increase in the
abundance of brite/beige adipocytes in WAT are asso-
ciated with resistance to high-fat diet (HFD)-induced
obesity (Hansen et al. 2004; Ye et al. 2012; Rajakumari
et al. 2013). Therefore, understanding the underlying
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mechanisms of WAT browning has attracted much inter-
est to prevent, control, or treat obesity.

Birt-Hogg-Dube (BHD) syndrome is an autosomal dom-
inant hereditary disorder characterized by a predisposition
to develop melanoma, hair follicle tumors, lung and kid-
ney cysts, renal cell carcinoma, and colon cancer. This
syndrome is caused by loss-of-function mutations of a tu-
mor suppressor gene that encodes a 64-kDa protein named
folliculin (FLCN) (Baba et al. 2006). FLCN has no signifi-
cant sequence homology with any known protein and is
highly conserved across species, suggesting an important
biological role, as illustrated by the embryonic lethality
of Flcn homozygous disruption in mice (Baba et al. 2008;
Chen et al. 2008; Hudon et al. 2010). FLCN functions as
a repressor of the master energy sensor AMP-activated
protein kinase (AMPK) via FLCN-interacting protein
(FNIP) (Baba et al. 2006, 2008; Behrends et al. 2010; Pres-
ton et al. 2011; Possik et al. 2014; Yan et al. 2014).

AMPX is an evolutionarily conserved serine/threonine
protein kinase that plays a key role in cellular and
whole-body energy homeostasis. When cellular energy
levels drop, AMP or ADP binds to the y subunit of
AMPK and induces its allosteric conformational change.
This change leads to the activation of AMPK by phosphor-
ylation in an attempt to restore energy balance by switch-
ing cells from an anabolic (ATP consumption) to a
catabolic (ATP production) state (Mihaylova and Shaw
2011). Activation of AMPK leads to a concomitant in-
crease in the phosphorylation of acetyl-CoA carboxylase
(ACC), which inhibits fatty acid synthesis and promotes
fatty acid oxidation (FAO) by up-regulation of CPT-1 ac-
tivity (Dobrzyn et al. 2004). Pharmacological activation
of AMPK in mice leads to an increase in adipose tissue
browning and a decrease in fat mass. Similarly, constitu-
tive activation of hepatic AMPK-al in mice induces resis-
tance to HFD-induced obesity (Zhang et al. 2012).
Therefore, FLCN modulation of AMPK activity might af-
fect lipid metabolism and WAT/BAT functions.

We reported previously that ablation of FLCN expres-
sion or loss of FLCN binding to AMPK induces chronic
AMPK pathway hyperactivation in nematodes and vari-
ous cellular contexts, leading to increased energy reserves,
enhanced metabolic and osmotic stress resistance, and
metabolic transformation (Preston et al. 2011; Possik
et al. 2014; Yan et al. 2014). This hyperactivation of
AMPK induces the expression of PGC-1a in muscle cells,
mouse embryonic fibroblasts (MEFs), and cancer cells,
which triggers mitochondrial biogenesis and promotes
transcriptional regulation of nuclear-encoded mitochon-
drial genes (Jager et al. 2007; Yan et al. 2014). Up-regula-
tion of PGC-1a expression in adipose tissues also leads
to increased mitochondrial biogenesis and protects from
HFD-induced obesity in mice (Ye et al. 2012). To control
mitochondrial gene expression, PGC-1la acts in concert
with the transcription factor estrogen-related receptor
a (ERRa), a member of the nuclear receptor family
(Giguere 2008). The PGC-1a/ERRa transcriptional axis
is now well appreciated as a master transcriptional regula-
tory node of cell metabolism, binding and regulating the
vast majority of nuclear-encoded mitochondrial genes
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(Eichner and Giguere 2011), illustrative of their positive
control of mitochondrial activity and heat production
in BAT (Villena et al. 2007; Handschin and Spiegelman
2013). Moreover, upon FLCN inactivation and conse-
quent AMPK hyperactivation, PGC-1a and ERRa might
act as downstream effectors of FLCN to mediate metabol-
ic cellular reprogramming.

To investigate the potential role of FLCN in fat metab-
olism, we generated an adipose-specific Flcn (Adipoq-
FLCN) knockout mouse model. Adipoq-FLCN knockout
mice exhibited an elevated energy expenditure, providing
protection from HFD-induced obesity. Notably, loss of
FLCN induced AMPK-dependent PGC-la/ERRa tran-
scriptional control of energy metabolism and stimulated
mitochondrial biogenesis and activity in both WAT and
BAT. Importantly, loss of FLCN in adipose tissue resulted
in a higher abundance of brite/beige adipocytes in WAT,
underlying the increased resistance to cold exposure in
these mice via a greater induction in UCP1 levels and
thus promoting uncoupling and FAO to generate heat.

Results

Adipose-specific FLCN knockout mice are resistant
to HFD-induced obesity

Global homozygous deletion of Flcn in mice results
in early embryonic lethality around day 8.5 (Baba et al.
2008; Chen et al. 2008; Hudon et al. 2010). To elucidate
the role of FLCN in adipose tissue, we generated an
adipose-specific FLCN knockout mouse model by
crossing Flcn'®/'% mice (loxP sites flanking exon 7) (Sup-
plemental Fig. S1A,B; Baba et al. 2008) with adiponectin-
Cre mice (Lee et al. 2013) to generate mice with condition-
al Flcn disruption in both WAT and BAT (Adipoq-FLCN
knockout) (Fig. 1A). Adipoq-FLCN knockout mice are
born at the expected Mendelian frequency, display no
developmental defects, survive without difficulty, are fer-
tile, and have similar weights compared with wild-type
mice at weaning (4 wk of age). To establish whether loss
of FLCN in adipose tissue alters the metabolic physiology
of the mice, we first subjected wild-type and FLCN knock-
out mice to either normal chow or a HFD over a 14-wk pe-
riod. No difference in weight gain over time was observed
between chow-fed wild-type and knockout mice (Fig. 1B).
However, FLCN knockout mice displayed increased resis-
tance to weight gain under a HFD challenge (Fig. 1B,C).
Next, we assessed the levels of circulating metabolites be-
tween wild-type and Adipoq-FLCN knockout mice under
both chow and a HFD. No differences between the mice
were found under chow (Table 1). Under a HFD, wild-
type mice exhibited an increase in blood glucose,
insulin, cholesterol, HDL, and TG levels compared
with a standard chow diet. The HFD-induced rise in circu-
lating insulin and TG levels in wild-type mice was not
observed in the FLCN knockout mice (Table 1). Consis-
tent with these results, under a HFD diet, Adipoq-FLCN
mice exhibited improved glucose handling, demonstrated
by reduced blood glucose levels during both glucose
tolerance tests (GTTs) and insulin tolerance tests (ITTs)
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Figure 1. Adipose-specific Flcn deletion protects from HFD-in-
duced obesity. (A) Western blot analysis of FLCN expression lev-
els in iWAT (left) and BAT (right) of 5-mo-old mice. Tubulin was
used as loading control. (B-I) Six-week-old wild-type or Adipog-
FLCN knockout mice were fed with either chow or a HFD. (B)
Body weight gain of mice during a 14-wk period measured week-
ly. (C) Representative mouse images of 5-mo-old wild-type or
Adipoq-FLCN knockout mice fed a HED for 13 wk. (D) Blood glu-
cose during a GTT in HFD-fed wild-type or Adipoq-FLCN knock-
out mice following a 16-h fast and intraperitoneal glucose
administration of 2 g per kilogram of body weight. (E) Blood glu-
cose during an ITT in HFD-fed wild-type or Adipoq-FLCN knock-
out mice following a 16-h fast and intraperitoneal insulin
administration of 0.75 U per kilogram of body weight. (F-I) Met-
abolic cage analyses of 4-mo-old mice fed with chow or HFD and
housed individually for 3 d. The VO, consumption during a 12-h
light:12-h dark cycle (F,G), mean VO, consumption levels (H),
and the respiratory exchange ratio (RER; VCO,/VO,) (I) were
measured simultaneously. Data in B, D, E, H, and I are presented
as mean + SEM. n = 8-10 mice per genotype per diet. (*) P <0.05.
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(Fig. 1D,E). No difference in GTTs and ITTs between
chow-fed wild-type and knockout mice was observed
(Supplemental Fig. S1C,D).

To gain further insight into the effect of adipose-specific
Flcn deletion on whole-body metabolism, metabolic cages
were used for the simultaneous measurement of food
intake, physical activity, and energy expenditure (VO,
consumption and VCO, production) in the mice. Four-
month-old mice fed chow or a HFD were examined during
a 3-d period. No significant difference in food intake, total
activity, or VCO, production was observed between wild-
type and knockout mice (Supplemental Fig. S1E-G).
However, Adipoq-FLCN knockout mice were found to
have higher VO, consumption rates throughout a 12-h
light:12-h dark cycle under both chow and a HFD (Fig.
1F-H). In addition, the respiratory exchange ratio (RER =
VCO,/VO,) was significantly lower in HFD-fed Adipog-
FLCN knockout mice compared with wild type (Fig. 1I),
indicating increased oxidation of fatty acids in response
to enriched nutritional stress in these mice. Taken togeth-
er, the data demonstrate that adipose-specific loss of
FLCN ameliorates the metabolic profile of mice, protect-
ing them from diet-induced obesity.

Disruption of Flcn alters adipocyte physiology

To help elucidate the underlying mechanism governing
protection against diet-induced obesity in Adipoq-FLCN
knockout mice, we isolated different fat depots and tissues
of 5-mo-old mice and measured their weights relative
to the whole-body weights of the mice. We observed mark-
edly decreasediWAT and gWAT mass in knockout animals
compared with wild type under a HFD (Fig. 2A). No signif-
icant difference in BAT and other isolated organ weights
(liver, heart, kidney, and spleen) between wild-type and
knockout mice was found (Fig. 2B; Supplemental Fig.
S2A). In line with the observed resistance to a HFD, white
adipocytes of Adipog-FLCN knockout mice were sig-
nificantly smaller in size compared with wild-type mice
under a HFD (Fig. 2B,C). Of note, no differences were ob-
served in BAT cell size between the mice (Fig. 2B,C).

Next, we addressed whether loss of FLCN expression in
vitro could mimic the effect on adipocyte cell size ob-
served in vivo. To this end, 3T3-L1 cells were transduced
with either shEV as control or one of two shRNAs specific
for Flcn (shFlen-A and shFlen-B), and cells were induced
to differentiate into adipocytes by which cell size and
lipid production were assessed. We observed a significant
decrease in adipocyte cell size, reflecting the reduction
in lipid droplet production in 3T3-L1 adipocytes lacking
FLCN compared with control cells at day 6 of differentia-
tion (Fig. 2D-F; Supplemental Fig. S2B,C). In support of
these observations, the expression of two FAO genes
(Acadm and Ppara) was increased, and three markers of
differentiation (Pparg, Plinl, and Fabp4 [AP2]) were de-
creased in 3T3-L1 adipocytes lacking FLCN relative to
control cells at differentiation day 6 (Fig. 2G). These re-
sults prompted us to investigate the molecular signature
of FLCN-null adipocytes responsible for the altered meta-
bolic and lipid storage phenotype.
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A B Figure 2. Loss of FLCN decreases lipid accumula-
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Z 61 P sin (H&E)-stained tissue sections, five fields per
g 4 f 4 mouse, using Metaxpress software. (C) Representa-
2 5] E 2 i-l‘] tive images of H&E-stained adipose tissue sections
= sl 2 & from 5-mo-old mice fed either chow or a HFD. Magni-
WAT aWAT BAT ¥ IWAT gWAT BAT fication, 20x. Bar, 100 um. Lipid droplet production as

c CHOW HFD demonstrated by Oil-Red-O staining (D) and relative

units of cell size (E) measured by FACS analysis in dif-

ferentiated 3T3-L1 adipocytes at day 6 after induction
of differentiation. (Undiff.) Undifferentiated 3T3-L1
cells as a control. Bar, 20 pm. (F) Determination of
FLCN protein levels following FLCN knockdown in
3T3-L1 adipocytes using shRNA (shFlen-A and
shFlen-B) or control shRNA (shEV). (G) Relative
mRNA levels of genes involved in lipid oxidation

(Acadm and Ppara) as well as adipocyte differentia-
tion markers (Pparg, Plin1, and AP2). Data in A and
B are presented as mean = SEM (n = 8-10 mice per ge-
notype per diet), and the data in E and G are presented
as mean + SEM of four independent experiments per-
formed in triplicate. (*) P <0.05.
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Loss of FLCN in vivo results in metabolic reprogramming
and browning of WAT via AMPK/PGC-1a/ERR«
signaling

FLCN interacts with AMPK and has been described as a
negative regulator of AMPK signaling (Baba et al. 2006;
Possik et al. 2014, 2015; Yan et al. 2014). Indeed, we re-
cently demonstrated that loss of FLCN constitutively ac-
tivates AMPKa, which in turn leads to an elevation in
PGC-1la levels and consequently induces mitochondrial
biogenesis (Yan et al. 2014). ERRa is now well recognized
as one of the major partners of PGC-1a in regulating mito-

1038 GENES & DEVELOPMENT

W shEV
@ shFicn-A
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chondrial metabolism and is an important component of
the transcriptional network that drives mitochondrial
biogenesis and oxidative capacity in BAT (Villena et al.
2007). Thus, ERRa may play a central role in WAT meta-
bolic reprogramming of Adipoq-FLCN knockout mice.
Western blot analysis of iWAT and BAT lysates show in-
creased phosphorylation of AMPK (pT172-AMPKa) in
Adipog-FLCN knockout mice under both chow and
HFD conditions, with a concomitant elevation in the
phosphorylation status of ACC (pS78-ACC), a major
downstream target of AMPK that inhibits fatty acid syn-
thesis (Fig. 3A,B). In parallel, both transcript and protein
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Figure 3. FLCN repression up-regulates an AMPK/PGC-1a/ERRa molecular axis, promoting metabolic reprogramming and WAT brow-
ning. (A,B) Western blot analysis performed with the indicated antibodies on iWAT (A) and BAT (B) of 4-mo-old mice fed either chow or a
HFD. Relative expression of mRNA transcripts encoding PGC-1a (Ppargcla) and ERRa (Esrra) (C) as well as mRNA levels of mitochon-
drial associated genes (D) in iWAT and BAT of wild-type and Adipoq-FLCN knockout mice are shown. (E) Adipose tissue mitochondrial
content was determined by the ratio of mtDNA:nDNA. Quantitative RT-PCR (QRT-PCR) analysis of genes related to lipid metabolism (F)
and thermogenesis (G) in iWAT and BAT of wild-type and Adipoq-FLCN knockout mice. (H) UCP1 protein levels in BAT of wild-type and
Adipogq-FLCN-null mice fed chow or a HFD. Tubulin levels are shown as a loading control. Data in C—G are presented as mean = SEM. 11 =
8-10 mice per group. (*) P <0.05.

levels of PGC-1a and ERRa were significantly increased creased abundance of the metabolic regulators PGC-1a
in Adipoq-FLCN knockout mice under both diets (Fig. and ERRa, FLCN-null adipose tissues had elevated ex-
3A-C; Supplemental Fig. S3A). Consistent with the in- pression of mitochondrial oxidative phosphorylation
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(OXPHOS) genes (Cox5b, Cox8b, Ndufb4, and Ugqcr10)
as well as higher levels of Mterf1 and Tfam, two impor-
tant regulators of mitochondrial biogenesis (Fig. 3D; Sup-
plemental Fig. S3A). In accordance with these
observations, FLCN-null iWAT and BAT had increased
mitochondrial DNA:nuclear DNA (mtDNA:nDNA) ra-
tios compared with wild-type (Fig. 3E). In support of
the increased abundance of mitochondria and oxidative
potential in Adipoq-FLCN knockout mice, we found in-
creased expression of Acadm to be involved in lipid oxi-
dation in WATS of these mice (Fig. 3F; Supplemental Fig.
S3A). In addition, a HFD led to an induction of the lipo-
genic genes Fasn and Scd1 in wild-type but not Adipog-
FLCN knockout WAT (Fig. 3F; Supplemental Fig. S3A).
No significant difference in adipose inflammatory gene
expression between the mice was found under either
chow diet or a HFD (Supplemental Fig. S3B).

Next, we quantified markers of BAT in the mice, in-
cluding genes encoding UCP proteins, which enable mito-
chondria to generate heat instead of ATP through the
dissipation of the mitochondrial proton gradient. Interest-
ingly, we observed increased mRNA levels of Ucpl and
Ucp3 in both WAT and BAT of Adipoq-FLCN knockout
mice compared with wild-type littermates (Fig. 3G; Sup-
plemental Fig. S3A). In agreement with these data, we
found greater UCP1 protein levels in BAT of FLCN knock-
out mice (Fig. 3H), while UCP1 levels were below the lim-
it of detection in WATS. In addition, we found increased
transcript levels of PR domain-containing 16 (Prdm16)
in knockout adipose tissues (Fig. 3G; Supplemental Fig.
S3A), another important factor that has been associated
with brown-like adipocytes (Seale et al. 2011; Harms
et al. 2014). Analysis of other brown fat markers revealed
altered expression of Cidea and Dio3 in FLCN-null WAT
(Supplemental Fig. S3C). Collectively, our data indicate
that repression of FLCN up-regulates an AMPK/PGC-
la/ERRa axis, promoting white adipose browning and
BAT activity and thus enhancing both mitochondrial ox-
idative capacity and burning of fat.

FLCN knockdown drives AMPK-induced PGC-1a/ERR«
transcriptional activity, stimulating mitochondrial
oxidative function

We next sought to validate in vitro our findings of an
AMPK/PGC-1a/ERRa signaling axis in Adipoq-FLCN
mice that is responsible for the increased ability to burn
fat via WAT browning and increased adipose mitochondri-
al activity. We took advantage of previously described
MEPFs that were deleted for Flcn (Possik et al. 2014; Yan
et al. 2014). First, we confirmed that Flcn ablation led to
an activated AMPK signaling pathway and increased
PGC-1la and ERRa transcript and protein levels (Fig. 4A,
B). Additionally, several mitochondrial proteins were up-
regulated in FLCN knockout MEFs (Fig. 4A). Moreover,
we observed increased mRNA levels of metabolic genes
linked to FAO, including Cptla and Acadvl, as well as
the brown adipocyte markers Ucpl and Prmdi6 (Fig.
4B). Next, the activity of the PGC-1a/ERRa transcription-
al axis was assessed using a luciferase-based system
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containing three ERR response elements (ERREs). As ex-
pected, a significant increase in luciferase activity was ob-
served in FLCN-null MEFs, indicating increased PGC-1/
ERR activity in these cells (Fig. 4C). Accordingly, ChIP-
qPCR (chromatin immunoprecipitation [ChIP] and quan-
titative PCR [qPCR]) analysis demonstrated a significant
global increase in ERRa DNA binding (P =1 x 107°), with
increased binding to known metabolic target genes in-
volved in mitochondrial activity, such as Aco?2 required
for the citric acid cycle (CAC) and several OXPHOS genes
(Atp5b, Atp5g3, Ndufb4, Uqcrl, and Ugqcrl0) (Fig. 4D).
Similar results were obtained in 3T3-L1 cells using two in-
dependent shRNAs against Flcn (Supplemental Fig. S4A—
D). In support of the increased oxidative metabolic signa-
ture observed with FLCN repression, extracellular flux ex-
periments established that FLCN knockout MEFs exhibit
significantly higher oxygen consumption rates (OCRs)
(Fig. 4E,F). Addition of etomoxir, which blocks the pro-
duction of energy generated by FAO by inhibiting CPT-
1, repressed to a greater extent the OCRs of FLCN knock-
out MEFs compared with that observed in wild-type MEFs
(Fig. 4E,F). Moreover, we determined the OCR profile of
the cells by sequential addition of the mitochondrial
complex V inhibitor oligomycin, responsible for ATP syn-
thesis, followed by the uncoupling agent p-trifluorome-
thoxy carbonyl cyanide phenyl hydrazone (FCCP) and
addition of rotenone, a mitochondrial complex I inhibitor.
FLCN knockout MEFs were found to have markedly
greater FCCP-stimulated OCRs relative to control cells,
demonstrating that loss of FLCN results in enhanced mi-
tochondrial function and respiratory capacity. Knock-
down of ERRa by use of specific siRNAs completely
abolished the improved metabolic oxidative capacity of
MEFs lacking FLCN (Fig. 4G, H). Similarly, the induced
OCR observed in wild-type MEFs treated with siRNAs
against Flcn was lost in siFlen-treated primary ERRa-
null MEFs (Supplemental Fig. S4E, F).

To confirm that AMPK is responsible for induction of
PGC-1a/ERRa activity following FLCN inhibition, we
used previously described MEFs deleted for Prkaal and
Prkaa?2 (encoding the two catalytic AMPKa subunits)
(Yan et al. 2014). Importantly, genetic inactivation of
AMPKa blocked the induction of both PGC-la and
ERRa expression, the transcript levels of FAO and BAT-as-
sociated genes, and ERRa recruitment to CAC and
OXPHOS target genes (Fig. 4I-K). Altogether, the data
clearly demonstrate a functional link between AMPK
and PGC-la/ERRa responsible for the metabolic repro-
gramming induced upon FLCN loss of function.

FLCN ablation enhances resistance to cold

Adaptive nonshivering thermogenesis is a key defense re-
sponse to maintain body temperature in the cold, particu-
larly in small mammals and newborns, which is mediated
by BAT (Kusminski and Scherer 2012). Both PGC-1a and
ERRa are required for proper adaptive thermogenesis un-
der cold exposure as well as for heat production by posi-
tively regulating mitochondrial activity and uncoupling
(Puigserver et al. 1998; Schreiber et al. 2004; Uldry et al.
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Figure 4. PGC-la/ERRa expression/activity and mitochondrial respiration are induced upon loss of FLCN in an AMPK-dependent man-
ner. (A) Western blot analysis of the indicated proteins is shown in wild-type and FLCN-null MEFs. (B) Transcript levels of Ppargc1a, Esrra,
and genes related to mitochondrial activity in FLCN wild-type or knockout MEFs are shown. (C) PGC-1/ERR activity assessed using an
ERRE luciferase reporter assay in MEFs expressing FLCN or not. (D) Relative fold enrichments of ERRa binding to metabolic target genes
by ChIP-qPCR in wild-type or FLCN knockout MEFs. n = 3. (E) Extracellular OCR profiles following addition of the indicated mitochon-
drial perturbing drugs in FLCN wild-type or knockout MEFs. (Oligo) Oligomycin. (F, left) Etomoxir, an inhibitor of FAO, abolished the
induced OCR levels in FLCN-null MEFs. (Right) Western blot analysis of FLCN protein levels in wild-type and FLCN knockout MEFs.
B-Actin levels are shown as a loading control. (G) Extracellular OCR profiles following addition of the indicated mitochondrial perturbing
drugs in FLCN wild-type or knockout MEFs treated with siRNAs against ERRa (siERRa) or control (siC). (Oligo) Oligomycin. (H, left) The
increased OCR in FLCN knockout MEFs was lost when ERRa expression was inhibited. (Right) Western blot analysis of FLCN and ERRa
protein levels in the wild-type or FLCN MEFs treated with or without siERRa or siC. p-Actin levels are shown as a loading control. (I)
Western blot analysis of the indicated proteins are shown in wild-type and AMPKa-null MEFs treated with shRNAs against FLCN (shFlcn)
or control (shEV). (]) Transcript levels of Ppargc1a, Esrra, and genes related to FAO and thermogenesis in AMPKa wild-type and knockout
MEFs treated with or without shFlen. (K) Loss of AMPKa in MEFs abolished the increased recruitment of ERRa to metabolic target genes
following FLCN repression as determined by ChIP-qPCR analyses. n = 3. Data in B, C, E-H, and ] are presented as mean = SEM taken from
at least three independent experiments. (*) P < 0.05.
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2006; Villena et al. 2007). As our data collectively show
that loss of FLCN increases PGC-1a/ERRa activity and
mitochondrial oxidative capacity, impairs lipid accumu-
lation, and promotes browning of WAT, we hypothesized
that Adipoq-FLCN knockout mice would have an elevat-
ed tolerance to cold exposure. To test this possibility, we
examined the body temperature adaptation to cold expo-
sure of two cohorts of 3-mo-old chow-fed wild-type and
Adipog-FLCN knockout mice. The mice were maintained
for 24 h at thermoneutrality (30°C) and then transferred to
4°C in individual precooled cages, and the body tempera-
ture of the mice was recorded hourly using a rectal probe
thermometer. Body temperatures between the genotypes
were equal prior to cold exposure (time = 0) (Fig. 5A). Dur-
ing exposure to cold over a 5-h period, the body tempera-
ture of the wild-type mice dropped significantly after
3 h, while the Adipog-FLCN knockout mice showed
improved tolerance, indicating increased adaptive ther-
mogenesis in these mice (Fig. 5A). As such, higher levels
of thermogenic genes were found in BAT but also WAT
of Adipog-FLCN knockout mice, including Ppargcla
(PGC-1a) and Ucp1 following cold exposure (Fig. 5B; Sup-
plemental Fig. S5). Notably, we observed >20-fold higher
Ucpl mRNA levels in both iWAT and gWAT of Adipog-
FLCN knockout mice compared with wild-type mice. In-
creased UCP1 protein accumulation in BAT and iWAT of
Adipog-FLCN knockout mice was confirmed using West-
ern blotting and immunohistochemistry, respectively
(Fig. 5C,D). Taken together, our data demonstrate that tar-
geting FLCN improves resistance to cold exposure via in-

duction of a thermogenic gene program, browning of
WAT, and increased uncoupling potential in BAT.

Discussion

In the present study, we showed that deletion of Flcn in
mouse adipose tissues leads to a complete metabolic re-
programming of both white and brown adipocytes. As
a result, adipose-specific Flcn knockout mice exhibit sig-
nificantly higher energy expenditure associated with an
increase in mitochondrial respiration. Importantly, this
remodeling induces several advantages in vivo, including
resistance to obesity and increased adaptive thermogene-
sis. Mechanistically, we demonstrated that the absence
of FLCN in adipose tissues activates AMPK, thereby in-
ducing the activity of the PGC-1a/ERRa transcriptional
axis. Together, they positively modulated the expression
of nuclear-encoded mitochondrial genes, thus enhancing
mitochondrial biogenesis and activity as well as lipid ox-
idation. Overall, our results establish a critical role of
FLCN as a negative regulator of oxidative metabolism,
functionally linking the FLCN/AMPK and PGC-la/
ERRa transcriptional axis.

As observed in vivo and in vitro, FLCN repression acti-
vates AMPK, which drives PGC-1a expression and results
in increased mitochondrial activity, as observed previous-
ly (Possik et al. 2014; Yan et al. 2014; Audet-Walsh et al.
2016). It is known that AMPK activation can induce
PGC-la activity by two distinct mechanisms: directly

A B BAT IWAT
40- o EWT 40 *
i Eko
. < 30
&) * Z *
£ 351 T 3- *
: : il
=1 [=]
- 104
T 30 @ 5] *
2 2 2 * * 54 2
E {:“: 4
2 o5 W wr 2 1 3
> KO 2 ?..
20— : . g . .
2 3 . Q R
Time (n) & ¥ & Q‘d'&
Ea ¢
C
H&E
BAT
WT KO wT KO
| ™ 4 o 1!
WS 9t
: p. OG-
- -
- / 7 -

Figure 5. FLCN ablation in adipose tissues promotes cold resistance and browning of iWAT. Three-month-old wild-type or Adipog-
FLCN knockout mice were housed for 24 h at 30°C (thermoneutrality) and then transferred to 4°C in individual precooled cages. (A) Rectal
temperature recordings taken hourly during 5 h of cold exposure using a rectal digital probe (Physitemp Instruments, Inc.). (B) Relative
mRNA expression of thermogenic markers determined by gqRT-PCR in BAT and iWAT of FLCN wild-type or knockout mice isolated fol-
lowing 5 h of cold exposure. (C) Western blot analysis of UCP1 proteins levels in BAT of wild-type or FLCN knockout mice after 5 h of cold
exposure. FLCN protein levels are shown, and tubulin was used as loading control. (D) Immunohistochemistry (IHC) staining with a
UCPI-specific antibody (left) and H&E staining (right) in iWAT sections of cold-exposed FLCN wild-type or knockout mice. Bar, 100
um. Data in A and B are presented as mean =+ SEM. n = 6 animals pre genotype. (*) P <0.05.
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by phosphorylation and indirectly by increasing its ex-
pression (Jager et al. 2007; Yan et al. 2014). Once activated,
PGC-1la can increase its own expression as well as that of
ERRaincreasing the binding of ERRa to its promoter (Laga-
niére et al. 2004; Mootha et al. 2004). This autoregulation
induces a positive feedback loop between PGC-la and
ERRq, which is likely the underlying reason why both
transcriptional regulators are up-regulated following
FLCN repression or genetic ablation. PGC-1qa, together
with ERRa, acts as a key regulatory unit of energy homeo-
stasis in both normal and cancer cells (Giguere 2008;
Deblois et al. 2013). Here, we demonstrate that, upon
AMPK activation, PGC-1a/ERRa act as downstream effec-
tors of AMPK to stimulate mitochondrial biogenesis and
activity. Indeed, the induction of ERRa DNA binding at
several of its metabolic target genes involved in the CAC
(Aco2) and electron transport chain (e.g., Atp5g3, Ndufb4,
and Ugqcr10) following FLCN repression was abolished
in AMPKa ™/~ MEFs (Fig. 4K). As a consequence, Adipog-
FLCN-null mice are more resistant to HFD-induced obesi-
ty due to the metabolic reprogramming of WAT, increas-
ing lipid oxidation over storage in addition to stimulating
the mitochondrial potential of BAT, again favoring fat
burning. Similarly, loss of Fnipl, which belongs to the
FLCN/FNIP/AMPK complex, results in chronic AMPK ac-
tivation and increased oxidative metabolism in p cells and
skeletal muscle in an AMPK/PGCla-dependent manner
(Park et al. 2012; Reyes et al. 2015). Discovery of pharma-
cological tools designed to inhibit FLCN expression or in-
terfere with the formation of the FLCN/FNIP/AMPK
complex would therefore be of great interest to treat obesi-
ty and other related metabolic disorders.

There has been considerable effort in the last several
years toward understanding the role of transcription fac-
tors in white adipocyte browning. Notably, PRDM16,
PPARy, and PGC-1a have been shown to be critical deter-
minants in the transcriptional control of mitochondrial
and thermogenic genes during this transition (Seale
et al. 2011; Kleiner et al. 2012). We can now add FLCN
as a negative regulator of the WAT browning but also
ERRa as an effector in this process, acting downstream
from the activated AMPK pathway in Adipoq-FLCN
knockout mice. Importantly, we determined that Adi-
poq-FLCN knockout mice have significantly higher levels
of PGC-1qa, ERRq, and brown fat markers in both WAT and
BAT, especially under a HFD. Notably, FLCN-null adi-
pose tissues express increased levels of genes encoding
the uncoupling proteins UCP1 and UCP3 as well as
PRDM16 and CIDEA. Although it is not clear whether
ERRa can modulate UCP expression directly, it indirectly
affects their activity by stimulating mitochondrial biogen-
esis, therefore increasing the ability of the cells to produce
heat (Schreiber et al. 2004; Villena et al. 2007). In addition,
PRDM16 and PGC-1a were recently shown to interact to-
gether at the Ucpl promoter (lida et al. 2015), suggesting
that the observed induction in UCP1 expression in vivo
and in vitro following FLCN repression is in part due to in-
creased expression of these two factors. Additionally, acti-
vation of AMPK promotes FAO through inactivation
of ACC via direct phosphorylation and, by promoting

FLCN/AMPK-dependent reprogramming of adipose tissue

CPT-1 activity, the shuttle, allowing entry of fatty acids
in mitochondria. Overall, Flcn deletion in adipose tissue
results in activation of an AMPK/PGC-1a/ERRa molecu-
lar axis, promoting mitochondrial biogenesis, oxygen con-
sumption, FAO, UCP expression, and heat production,
thereby shifting white adipocytes from “lipid storage
compartments” to active sites of lipid metabolism.

Genetic loss of ERRa in mice has been previously de-
scribed to confer resistance to HFD-induced obesity, at-
tributable to altered lipid metabolism in these mice (Luo
et al. 2003), in addition to decreased lipid absorption in
the intestinal system (Carrier et al. 2004). On the other
hand, increased ERRa activity achieved by up-regulation
of PGC-1p in mice also conferred resistance to HFD-in-
duced obesity due to a global increase in energy expendi-
ture (Kamei et al. 2003). In line with our results, these
studies highlight ERRa as a key regulator of lipid handling
and utilization. Importantly, the observed hyperactiva-
tion of ERRa when FLCN is repressed was shown to be
AMPK-dependent, as deletion of AMPK in MEFs abrogat-
ed ERRa activity. Interestingly, modulation of ERRa or
ERRy expression in mouse muscle cells also affects
AMPK activity, indicating that ERRs themselves can acti-
vate the AMPK pathway, possibly underlying a positive
feedback loop between AMPK and the ERRs (Dufour
et al. 2007; Narkar et al. 2011).

In conclusion, we revealed that loss of FLCN is involved
in an AMPK-dependent induction of metabolically ac-
tive adipose tissue, particularly involving browning of
WAT via induction of a PGC-1a/ERRa transcriptional pro-
gram, enhancing mitochondrial oxidative metabolism.
These results show an unexpected role for FLCN in met-
abolic control and identify a novel molecular pathway in-
volved in browning of white adipocytes. The findings
described here also highlight new possibilities for obesity
treatment strategies through the role of FLCN in adipo-
cyte metabolism.

Materials and methods

Reagents

Commercial antibodies were purchased as follows: f-actin (Sigma-
Aldrich, AC74), PGC-1a (Calbiochem, 4C1.3), ERRa (Epitomics,
2131), tubulin (Sigma, T9026), AMPKa (Cell Signaling Technolo-
gy, 2532), phospho (Thr172) AMPKa (Cell Signaling Technology,
2531), ACC (Cell Signaling Technology, 3676), phospho (S79)
ACC (Cell Signaling Technology, 3661), Mito OXPHOS (Abcam,
ab110413), and UCP1 (Abcam, 10983). Anti-mouse FLCN poly-
clonal antibody was generated by the McGill University Animal
Resource Center Services through injecting purified GST-FLCN
recombinant protein in rabbits as reported (Yan et al. 2014).

Animals

All procedures for generating the Flcn knockout mouse model
were performed at McGill University. Maintenance and experi-
mental manipulation of mice were performed according to the
guidelines and regulations of the McGill University Research
and Ethic Animal Committee and the Canadian Council on An-
imal Care. All studies were carried out using C57BL/6 female
mice obtained from The Jackson Laboratory and housed on a
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12-h light:12-h dark cycle at 22°C. Flen"/! (BHD"!) mice were gen-
erated as previously described (Baba et al. 2008). To generate adi-
pose-specific Flen knockout mice, Flen”f mice were crossed with
Adipoq-Cre transgenic mice (kind gift from Dr. André Marette,
Laval University, Quebec, Canada). Flcn knockout mice were
generated by crossing female Flen!f mice homozygous for the
floxed allele with Flen™*; Adipoq-Cre*/~ males. Mice were fed
on a chow diet containing 10 kcal percent fat (D12450B, Research
Diet, Inc.) or subjected to a HFD containing 60 kcal percent fat
(D12492, Research Diet, Inc.) beginning at ~6-7 wk of age as in-
dicated and fed ad libidum. Body weight and food intake were
measured weekly.

Metabolic measurements in vivo

Mice were housed individually in metabolic cages for 72 h at a
12-h light:12-h dark cycle with free access to food and water using
a comprehensive laboratory animal monitoring system (CLAMS;
Columbus Instruments). Food, energy expenditure, physical
activity, and RER (calculated as VCO,/VO,) were assessed
simultaneously.

GTTs and ITTs

For the GTTs, mice on either chow or a HFD were subjected to a
16-h fast with free access to water and then injected intraperito-
neally with 2 g of 20% D-glucose per kilogram of body weight.
The ITTs were performed similarly, with an initial 16 h of fasting
and subsequent intraperitoneal injection of 0.75 U of insulin per
kilogram of body weight. Blood glucose levels were measured at
0, 15, 30, 60, and 120 min with a OneTouch ultramini glucose
meter (OneTouch).

Blood metabolites

Blood was collected after a 16-h fast from the abdominal vena
cava at sacrifice. Plasma insulin levels were quantified using an
ultrasensitive mouse insulin ELISA kit (Crystal Chem, catalog
no. 90080). Free fatty acid levels were measured using a free fatty
acid quantification kit (Sigma-Aldrich, FG0100) according to the
manufacturer’s instructions. Plasma glucose, cholesterol, TGs,
and HDL were determined by the Diagnostic Laboratory of
Comparative Medicine Animal Resources Centre at McGill
University.

RNA isolation and real-time PCR analysis

Total RNA from cultured cells or mouse tissues was isolated by
TRIzol (Ambion) extraction and purified using RNeasy minicol-
umns according to the manufacturer’s instructions (Qiagen).
For quantitative real-time PCR analysis, 1 pg of total RN A was re-
verse-transcribed using the SuperScript III kit (Invitrogen). SYBR
Green reactions using the SYBR Green qPCR supermix (Invitro-
gen) and specific primers (Supplemental Table S1) were per-
formed using an MX300 (Stratagene). Relative expression of
mRNAs was determined after normalization to the housekeeping
gene RPLPO. Student’s t-test was used to evaluate statistical
significance.

Western blot analysis

For whole-cell lysates, cells were washed twice with cold phos-
phate-buffered saline (PBS) and lysed in AMPK lysis buffer as pre-
viously described (Yan et al. 2014). Mouse tissues were isolated,
snap-frozen in liquid nitrogen, and stored at —80°C. For protein
extraction from WAT and BAT, ~60 mg of frozen tissue was ho-
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mogenized using Tissuelyser (Qiagen) in 1x RIPA buffer contain-
ing 0.1% SDS in 100 pL of lysis buffer (Tris at pH 7.5, 2 mM
EDTA, 2 mM EGTA, 0.5 M mannitol, 1% Triton, phosphatase,
protease inhibitors). Extracts were spun down, and the fat layer
and cell debris were removed before analysis by Western blotting.

Mitochondrial and nuclear DNA quantification

The relative number of mitochondria in mouse adipose tissue
was determined by measuring the ratio of mtDNA:nDNA. Total
cellular DNA from iWAT and BAT was extracted using the
DNeasy blood and tissue kit (Qiagen), and the relative levels of
mtDNA and nDNA were quantified using primers specific for mi-
tochondrial Cox2 (mt-Cox2; forward, 5-GCCGACTAAAT
CAAGCAACA-3'; and reverse, 5-CAATGGGCATAAAGCTAT
GG-3') and the nuclear gene Hbb-bl (forward, 5-GAAGC
GATTCTAGGGAGCAG-3’; and reverse, 5-GGAGCAGCGA
TTCTGAGTAGA-3).

ERRE luciferase reporter assays

MEFs or 3T3-L1 cells were transfected with the firefly luciferase
PGC-1a/ERRa activity reporter pGL2-TK-ERRE plasmid for 24 h
(Laganiere et al. 2004). Luciferase activity was measured using the
dual-luciferase assay system (Promega) and normalized to
TK-Renilla reporter control activity, according to the manufac-
turer’s instructions.

Oxygen consumption in vitro

OCR profiles were determined using the XF24 extracellular flux
analyzer (Seahorse Bioscience). Briefly, 20,000 cells per well
were seeded, and, after 24 h, medium was changed for the nonbuf-
fered Seahorse assay medium supplemented with 25 mM glucose,
1 mM glutamine, and 1 mM Na-pyruvate and equilibrated in a
CO,-free incubator for 1 h at 37°C. OCR measurements were ob-
tained at baseline and following injection of 100 uM Etomoxir, 10
1M oligomycin, 3 M carbonylcyanide-p-trifluoromethoxyphe-
nylhydrazone (FCCP, Sigma), and 10 uM rotenone (Sigma). The
value of basal respiration, mitochondrial proton leak, maximal
respiration, and nonmitochondrial respiration was determined
as described in the Seahorse operator’s manual.

Cold exposure studies

Three-month-old chow-fed mice were housed individually in cag-
es for 24 h at 30°C with free access to food and water and then
transferred to a cold room at 4°C. Body temperature was mea-
sured hourly for 5 h using a digital rectal probe (Physitemp Instru-
ments, Inc.). At the end of the experiment, mice were sacrificed,
and adipose tissues were harvested (iWAT, gWAT, and BAT),
snap-frozen in liquid nitrogen, and stored at —80°C.

Histology

For histological analysis, adipose tissues were fixed in 4% formal-
dehyde overnight at room temperature immediately after sacri-
fice, embedded in paraffin, and cut to 6-um sections on slides.
The slides were stained with hematoxylin and eosin (Sigma) ac-
cording to the standard protocol. Adipocyte area was determined
using Metaxpress software for integrated morphology analysis. At
least 30 fields from random sections of each mouse sample were
quantified. Immunohistochemistry was performed using the
VectaStain Elite ABC kit according to the manufacturer’s instruc-
tions using rabbit UCPI1 antibodies (1:1000) as described previ-
ously (Harms et al. 2014).
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Cell culture

The MEF cell lines with AMPKal/AMPKa2 (Prkaal and Prkaa?2)
double knockout and Flcn knockdown were previously described
(Yan et al. 2014). Primary wild-type and ERRa-null MEFs were
produced in the laboratory. 3T3-L1 cells were obtained from
American Type Culture Collection, and FLCN knockdown was
generated using shRNA pLKO-puro lentiviral transduction ac-
cording to the standard protocol (Mission, Sigma). The cells
were grown at 37°C in 5% CO, in 10% FBS-DMEM. After 2 d
of post-confluence (counted as day 0), adipocyte differentiation
was induced with MDI (0.5 mM IBMX, 1 pg/mL insulin, 10 nM
dexamethasone) for 2 d. Cells were then maintained in growth
medium supplemented with 1 pg/mL insulin (maintenance me-
dium) and grown for up to 12 d. The medium was changed every
2 d. At day 6, fully differentiated cells were assessed by Oil-Red-O
staining, or RNA was extracted for qRT-PCR analysis.

FACS analysis

3T3-L1 differentiated cells at differentiation day 6 were trypsi-
nized and resuspended in FACS buffer (PBS containing 1.5%
BSA). The mean intensity of forward scatter (FSC) was measured
using the FACSCalibur flow cytometer (BD Biosciences).

Oil-Red-O staining

The differentiated 3T3-L1 adipocytes were assessed using a typi-
cal Oil-Red-O staining. Cells were washed with 1x PBS and fixed
with 4% paraformaldehyde for 60 min. Cells were rinsed twice
with deionized water followed by adding Oil-Red-O in 60% iso-
propanol for 20 min and rinsed again. The cells were mounted
on coverslips, visualized, and photographed using a Zeiss micro-
scope under 20x magnification and a Axio Cam MRC digital
camera.

ChIP-qPCR analysis

MEFs or undifferentiated 3T3-L1 preadipocytes were cross-linked
with 1% formaldehyde, and nuclei were enriched by sequential
centrifugations. After sonication, immunoprecipitation was per-
formed overnight at 4°C with an anti-ERRa rabbit antibody (Epit-
omics 2131) or a control anti-rabbit IgG antibody (Sigma-Aldrich)
using Dynabeads (Life Technologies). Enriched DNA was then
purified using the Qiagen PCR purification kit and analyzed by
qPCR using a Roche LightCycler 480. Nontargeted rabbit IgG
ChIP was used as a control of antibody-nonspecific binding, and
two negative regions (Ctrl 1 and Ctrl 2) were used for normaliza-
tion. Fold enrichment was calculated following normalization
with both negative regions and IgG background (set at 1). ChIP
primers are listed in Supplemental Table S1.
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