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Brown adipose tissue (BAT) plays a unique role in regulating whole-body energy homeostasis by dissipating energy through
thermogenic uncoupling. Berardinelli-Seip congenital lipodystrophy (BSCL) type 2 (BSCL2; also known as seipin) is a lipodys-
trophy-associated endoplasmic reticulum membrane protein essential for white adipocyte differentiation. Whether BSCL2 di-
rectly participates in brown adipocyte differentiation, development, and function, however, is unknown. We show that BSCL2
expression is increased during brown adipocyte differentiation. Its deletion does not impair the classic brown adipogenic pro-
gram but rather induces premature activation of differentiating brown adipocytes through cyclic AMP (cAMP)/protein kinase A
(PKA)-mediated lipolysis and fatty acid and glucose oxidation, as well as uncoupling. cAMP/PKA signaling is physiologically
activated during neonatal BAT development in wild-type mice and greatly potentiated in mice with genetic deletion of Bscl2 in
brown progenitor cells, leading to reduced BAT mass and lipid content during neonatal brown fat formation. However, pro-
longed overactivation of cAMP/PKA signaling during BAT development ultimately causes apoptosis of brown adipocytes
through inflammation, resulting in BAT atrophy and increased overall adiposity in adult mice. These findings reveal a key cell-
autonomous role for BSCL2 in controlling BAT mass/activity and provide novel insights into therapeutic strategies targeting
cAMP/PKA signaling to regulate brown adipocyte function, viability, and metabolic homeostasis.

dipose tissues play a key role in endocrine function, obesity,

and metabolic disease. White adipocytes store excess energy
in the form of triglycerides (TG), whereas brown adipocytes me-
tabolize lipid and glucose to produce heat through uncoupling,
which contributes to systemic energy homeostasis and thermoreg-
ulation (1, 2). Functional brown adipose tissue (BAT) is inversely
correlated with body mass index (BMI) in adult humans (3, 4) and
is either reduced or absent in obese and aged humans (5, 6) and
rodents (7, 8). Thus, interventions to increase BAT mass/activity
could potentially promote adaptive energy expenditure to combat
obesity (9, 10).

In rodents, BAT is primarily concentrated in the interscapular
region and forms during embryonic development, prior to other
fat depots. It becomes clearly recognizable on or after day 15.5 of
embryonic development (E15.5) and then rapidly develops and
matures by 5 days after birth (11). Both brown and white adi-
pocytes arise from progenitor cells of the embryonic mesoderm
and express a common repertoire of key adipogenic genes, includ-
ing peroxisome-proliferator-activated receptor gamma (PPARY)
and C/EBPs (CCAAT/enhancer-binding proteins; specifically
CEBPB/a/d) (12). However, classical brown adipocytes are de-
rived from distinct myogenic lineage progenitors that express the
myogenic markers Pax7 and Myf5 (13). The nuclear coactivator
PGCla (PPARy coactivator la) and the transcription factor
PRDM16 (PR-domain-containing 16) regulate the brown specific
adipogenic program by activating genes controlling mitochon-
drial biogenesis and expression of essential thermogenic inducers,
such as uncoupling protein 1 (UCP1) (14).

Berardinelli-Seip congenital lipodystrophy 2 (BSCL2; also
known as seipin) is an endoplasmic reticulum (ER) membrane
protein highly expressed in testis, brain, and adipose tissues (15—
18). Mutations in BSCL2 have been associated BSCL2 disease (16).
Global Bscl2-deficient (Bscl2~'~) mice and rats recapitulate hu-
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man BSCL2 disease, exhibiting congenital lipodystrophy accom-
panied by severe insulin resistance (19-22). Adipose tissue-spe-
cific deletion of Bscl2 in mice also leads to progressive fat loss (23).
BSCL2 appears to play complex roles in lipid metabolism. Lack of
BSCL2 or its orthologs has been demonstrated to regulate lipid
droplet (LD) size and morphology (24-27). In the Drosophila fat
body, the product of dSeipin (the ortholog of human BSCL2) was
shown to bind sarco/endoplasmic reticulum Ca®*-ATPase
(SERCA) to regulate ER calcium signaling and lipid storage (28).
When overexpressed in cells, human BSCL2 physically associates
with two important enzymes of triglyceride synthesis, 1-acylglyc-
erol-3-phosphate O-acyltransferase 2 (AGPAT2) and the phos-
phatidic acid phosphatase LIPIN1 (29, 30).

Activation of cyclic AMP (cAMP)/protein kinase A (PKA) and
subsequent phosphorylation of cAMP response element binding
protein (CREB) are required to initiate adipocyte differentiation
(31). However, chronic activation of cAMP/PKA, through either
adrenergic signaling or forskolin, impedes white adipogenesis (32,
33). Bscl2-deficient white preadipocytes fail to differentiate into
white adipocytes due to unbridled cAMP/PKA signaling, causing
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lipodystrophy (19, 21). Notably, deletion of Bscl2 in mature adi-
pose tissues of adult animals also activates cAMP/PKA signaling
and induces browning, fat loss, and obesity resistance (34). cAMP/
PKA signaling is required for sympathetic nervous system (SNS)-
induced BAT thermogenesis through norepinephrine-stimulated
B-adrenergic receptors (AR) (1), but whether this signaling path-
way is involved in brown adipogenesis and perinatal BAT devel-
opment is unclear. Rodent BAT expresses abundant BSCL2 (15),
and Bscl2™/~ mice and rats exhibit reduced BAT mass (19-22).
However, Bscl2™/~ rats maintain normal thermoregulation (22).
Adipose tissue-specific deletion of Bscl2 in mice also resulted in
reduced BAT mass, but these mice exhibited acute cold intoler-
ance under fasting conditions (23). Thus, the role of BSCL2 in
regulating brown adipocyte development and function remains
unclear.

We therefore investigated the physiological function of BSCL2
in brown adipogenesis and development. Here, we for the first
time reveal a novel role of BSCL2 in controlling BAT differentia-
tion by regulating cAMP/PKA-mediated lipolysis and mitochon-
drial respiration, independent of the canonical BAT transcrip-
tional program. We further provide evidence that prolonged
activation of differentiating brown adipocytes by cAMP/PKA sig-
naling could result in brown adipocyte death and BAT atrophy,
accompanied by increased overall adiposity.

MATERIALS AND METHODS

Animal experiments. C57BL/6 mice were obtained from Jackson Labo-
ratory. Global Bscl2~/~ mice (backcrossed five times to a C57BL/6 back-
ground) were previously generated in the lab (19). Myf5-BKO mice were
obtained by breeding Bsc/2”/ mice (19) with transgenic mice expressing
Myf5-driven Cre recombinase (Jackson Laboratory). Mice were main-
tained under standard conditions with controlled 12-h/12-h light-dark
cycleand 21 * 1°C room temperature. For studies in fetuses and neonates,
interscapular BAT was carefully dissected under microscopy as previously
described (35). Samples from two or three pups were pooled for each
experimental condition for mRNA and protein analyses. At least three
different litters were analyzed for each developmental age. Male adult
animals were used unless stated otherwise. All animal experiments were
done using protocols approved by the IACUC at Augusta University.

Fat and lean masses were measured using a Bruker small-animal nu-
clear magnetic resonance system (Bruker Minispec LF90II). Indirect cal-
orimetry, food intake, and locomotor activity were determined using a
comprehensive laboratory animal monitoring system (Columbus Instru-
ments, Columbus, OH) for 4 days (2 days of acclimation, followed by 2
days of measurement) according to the manufacturer’s protocols. All
measurements were expressed as per mouse. Thermal imaging of skin
surface temperature in neonatal mice was performed using a thermal
imaging camera (T100 InfraRed camera; FLIR Systems) as previously de-
scribed (36). For thermoneutrality experiments, mice were housed at
30°C in the environmental chamber under standard conditions. Cold ac-
climation was tested in mice housed individually at 4 = 1°C in the envi-
ronmental chamber with controlled 12-h/12-h light-dark cycle in the
presence of food. Rectal body temperatures were measured by a BAT-12
thermometer (Physitemp). Serum creatine kinase activity was measured
by a creatine kinase activity colorimetric assay kit (K777-100; BioVision,
Inc., Milpitas, CA) according to standard instructions.

Primary brown adipocyte and preadipocyte isolation and immor-
talization. Primary brown adipocytes and preadipocytes were isolated
from interscapular BAT pads of 8-week-old mice, as described previously
(37). Briefly, tissues were digested by type IV collagenase in the presence of
4% bovine serum albumin (BSA) at 37°C for 30 min. The suspension was
filtered and centrifuged, and the floating layer (containing adipocytes)
and pellet (containing the stromal vascular fraction [SVF]) were collected
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for RNA analysis or resuspended and plated. Preadipocytes in the SVF
were then passaged once prior to adipogenic differentiation. Immortal-
ized cell lines were generated as described previously (38, 39). In brief,
interscapular BAT from individual newborn pups (postnatal days 1 to 2)
of BscI2*/* and Bscl2™/~ mice were collected, and preadipocytes were
isolated by enzymatic digestion. Immortalization of isolated primary
preadipocytes was performed using retroviral SV-40 large T antigen trans-
duction, followed by selection with 2 g of puromycin/ml. Cells were then
subjected to culture and differentiation into mature brown adipocytes
based on a standard protocol (38, 39). The day before the addition of
induction medium was termed day 0 (D0). Brown adipocytes became
fully mature by day 8.

Tissue and intracellular TG analyses, Oil Red O staining, and quan-
tification. Tissues were homogenized in standard phosphate-buffered sa-
line (PBS). Lipids were extracted according to the method of Bligh and
Dyer (40) and dissolved in chloroform. A small aliquot (5 to 30 1) was
removed and dried. Cultured cells were directly lysed in 1% Triton X-100
in PBS. The TG concentration in the aliquots was determined by using a
triacylglyceride assay kit (Thermo Fisher) and normalized to the tissue
weights or total cellular protein levels (41). Oil Red O staining was per-
formed as described previously (15). Stained Oil Red O dye was eluted by
using 100% isopropanol and incubation for 10 min with gentle shaking.
The eluted solution was measured at an optical density at 500 nm for
quantification.

Cellular respiration. Cellular metabolic rates were measured using a
XF24 cellular analyzer (Seahorse Bioscience, Billerica, MA) as previously
described (42). Immediately before the measurement, D6 to D7 brown
adipocytes were washed with unbuffered Dulbecco modified Eagle me-
dium (DMEM). Oxygen consumption rates (OCR) were measured using
XF Mitostress test kit with 0.75 wM oligomycin, 0.5 uM FCCP [carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone], and 0.75 wM rotenone/
antimycin successively added. Extracellular acidification rates (ECAR)
were measured using an XF Glycostress test kit with 25 mM glucose, 0.75
M oligomycin, and 200 mM 2-deoxyglucose injected. Mixing, waiting,
and measurement times were 3, 2, and 3 min for brown adipocytes. For
measurements of metabolism in primary brown fat, tissues were collected
and finely minced in PBS. Pieces of tissue of similar size (~5 mg) were
placed in the bottom of a Seahorse islet capture microplate and kept in
place with the screen provided with the kit. The tissues were extensively
washed with unbuffered Krebs-Henseleit buffer (KHB) containing 111
mM NaCl, 4.7 mM KCl, 2 mM MgSO,, 1.2 mM Na,HPO,, 0.5 mM car-
nitine, 2.5 mM glucose, and 10 mM sodium pyruvate before the measure-
ment of the basal OCR in 450 wl of KHB for 30 min was initiated. Each
reported OCR value represents an average of five mice with two indepen-
dent pieces of BAT per mouse. Of note, Myf5-BKO mice only contain
approximately 10 mg of BAT, which limits the number of repetitions
performed per animal. Data were normalized by tissue weight for neona-
tal mice. For aged mice, we normalized data to tissue DNA content as
previously described (43).

Nuclear and mitochondrial DNA content analysis. Total DNA was
isolated from cells or BAT by phenol-chloroform/isoamyl alcohol extrac-
tion and treated with RNase A (Invitrogen). Mitochondrial and nuclear
DNA were amplified by reverse transcription-PCR (RT-PCR) with 1 ng of
DNA and primers against mitochondrial 16S rRNA and nuclear specific
hexokinase 2 gene intron 9, respectively, as described previously (44), to
calculate the relative quantification of mtDNA copy number per nuclear
DNA. MitoTracker red (MitoTracker Deep Red FM; Life Technologies)
staining was applied to live cells at 37°C for 30 min before fixation to stain
functional mitochondria, according to the manufacturer’s protocol.

Histology, immunohistochemistry, and immunofluorescence mi-
croscopy. Tissues were fixed with neutral buffered formalin and embed-
ded in paraffin. Sections (7 pm) were stained with hematoxylin and eosin
(H&E). For Mac2 immunohistochemistry, paraffin-embedded sections
were incubated with purified anti-mouse/human Mac-2 (catalog no.
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125401; BioLegend), followed by detection using the ABC Vectastain Elite
kit (Vector Laboratories) according to the manufacturer’s instructions.

Lipolysis. Lipolysis in cultured brown adipocytes was performed as
previously described (19). Briefly, cells were washed with DMEM twice
and incubated with DMEM high glucose with 2% fatty-acid free BSA for 2
h at 37°C with occasional shaking. The released glycerol and release of
nonesterified fatty acid (NEFA) levels were determined using a free glyc-
erol reagent (Sigma-Aldrich) and Wako NEFA analysis kit (NEFA-HR
[2]; Wako Pure Chemical Industries), respectively. Data were normalized
to the total protein content.

FAO. For fatty acid oxidation (FAO), D6 brown adipocytes were in-
cubated with 800 p.l of Krebs-Ringer bicarbonate-HEPES (KRBH) plus
2% BSA buffer and 5.5 mM glucose, 300 wM palmitic acid, and a final
concentration of 0.4 wCi of [1-'*C]palmitic acid (Perkin-Elmer Life Sci-
ences)/ml in six-well culture plates with hydroamine-soaked filter paper
fixed on the lid, followed by incubation at 37°C for 2 h. Then, 500 pl of 1
M perchloric acid was injected to release the '*CO,, followed by further
incubation at 37°C for 1 h. The "*CO, released was measured by scintil-
lation counting of the filter paper. FAO using BAT homogenates was
assayed as previously detailed (34, 45).

RT and real-time quantitative PCR. Total RNA was isolated from
tissues or cells with TRIzol (Invitrogen) and reverse transcribed using
MLV-V reverse transcriptase with random primers (Invitrogen). Real-
time quantitative RT-PCR was performed on a Stratagene MX3005. Data
were normalized to two housekeeping genes (the Ppia and 36B4 genes for
white fat, liver, and BAT; the 3-actin and 36B4 genes for skeletal muscle)
based on Genorm algorithm and expressed as fold changes relative to
control cells or tissues.

Immunoblot analysis. Tissues and cells were homogenized and lysed
in lysis buffer as previously described (34). The protein concentration was
determined by BCA protein assay (Bio-Rad). Equal amounts of proteins
were loaded and immunoblot analysis was carried out according to stan-
dard protocol. The following antibodies were used: rabbit polyclonal an-
tisera against Bscl2 (34); rabbit antibodies against phospho-PKA substrate
(catalog no. 9624), hormone-sensitive lipase (HSL; catalog no. 4107S),
phospho-HSL(Ser563) (catalog no. 4139S), and cleaved caspase 3 (catalog
no. 9661S) from Cell Signaling Technology; GAPDH (MAb374; Fisher
Scientific), PLIN1 (catalog no. GP29; Progen Biotechnik GmbH); ATGL
(catalog no. 10006409; Caymen Chemicals); PLIN2 (46); PPARy (catalog
no. MAB3872; Millipore); aP2 (catalog no. ab66682; Abcam); and UCP1
(catalog no. AB1426; Millipore).

Statistical analysis. Quantitative data are presented as means * the
standard errors of the mean. Differences between groups were examined
for statistical significance with two-tailed Student ¢ test or by two-way
analysis of variance (ANOVA) using SigmaPlot software. A P value of
<0.05 was considered statistically significant.

RESULTS

Upregulation of BSCL2 expression during brown adipogenesis
and neonatal BAT development. BSCL2 is upregulated during
white adipocyte differentiation (15). We first examined whether
its expression level is also regulated during brown adipogenesis in
primary preadipocytes isolated from postnatal C57BL/6 BAT, in
conjunction with upregulated expression of Ucpl, a brown adi-
pocyte marker that mediates BAT heat production. A 13-fold in-
crease in Bscl2 mRNA was detected on day 2 (D2) after the addi-
tion of induction media; its expression increased >30-fold and
peaked at D4 before progressively decreasing when brown adi-
pocytes became fully mature by D8 (Fig. 1A). Notably, the in-
crease in Bscl2 mRNA preceded the induction of Ucpl, which
peaked in mature D8 brown adipocytes. Western blotting con-
firmed the time-dependent upregulation of BSCL2 and UCP1
protein levels (Fig. 1B). Bscl2 and Ucpl mRNA expression was also
markedly enriched in mature brown adipocytes (BA) relative to
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FIG 1 BSCL2 is upregulated during brown adipocyte differentiation and de-
velopment. (A and B) Time course of Bscl2 and Ucpl mRNA (A) and protein
(B) expression during induced brown adipogenesis in primary brown preadi-
pocytes. **, P < 0.005 versus day 0 (D0). (C) mRNA expression of Bscl2 and
Ucpl in isolated stromal vascular fractions (SVF) and mature brown adi-
pocytes (BA) from BAT of male C57BL/6 mice (n = 6). (D) Embryonic and
postnatal expression of Bscl2 and Ucpl during BAT development beginning at
E16.5 in C57BL/6 mice. Data points were derived from combined BAT from
two to three pups and repeated with three independent litters. *, P < 0.05; **,
P < 0.005 versus E16.5.

the SVF of BAT (Fig. 1C). In vivo, BscI2 mRNA was expressed at
E16.5, when intact BAT is first recognizable (11). The level of Bscl2
progressively increased in the late fetal period (E18.5) and contin-
ued to arise at birth (postnatal day 0 [P0]). Its expression peaked at
P2, followed by a slight reduction at P5 when BAT became fully
mature (Fig. 1D, left panel). In line with a previous report (35), the
expression of Ucpl mRNA was initiated in late fetal life (E18.5)
and followed the same kinetic pattern as Bscl2 postnatally (Fig. 1D,
right panel). These data highlight that BSCL2 expression is up-
regulated during brown fat adipogenesis in vitro and in vivo.
Ablation of BSCL2 promotes UCP1 expression during
brown adipocyte differentiation in vitro. We next explored
whether BSCL2 directly participates in brown adipogenesis and
metabolic function. When immortalized Bscl2*/* and Bscl2™'~
primary brown preadipocytes were subjected to brown adipocyte
differentiation, expression of the pan-adipogenic marker Ppary,
and the BAT-specific differentiation marker Prdm16, was similar
between Bscl2™/" and Bscl2™'~ cells during the differentiation
time course (Fig. 2A). However, we observed upregulated expres-
sion of Ucpl mRNA starting at D4 after induction of differentia-
tion in Bscl2™/~ cells compared to Bscl2*/" cells (Fig. 2A). West-
ern blotting confirmed increased UCP1 protein expression in
differentiating BscI2~'~ brown adipocytes (Fig. 2B). In contrast,
the expression of PPARYy and its target proteins aP2 and PLIN1
was similar in Bscl2™" and Bscl2™'~ cells throughout the differ-
entiation time course (Fig. 2B). Moreover, MitoTracker Red
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FIG 2 Deletion of BSCL2 enhances UCP1 expression during brown adipogenesis in vitro. (A and B) Analysis of brown adipocyte marker gene expression by
qPCR (A) and Western blotting (B) during brown adipogenesis in immortalized Bscl2*/* (+/ +)and Bscl2™'~ (—/—) preadipocytes. Data are representative of
three independent experiments performed in triplicate. *, P < 0.05; **, P < 0.005 versus D0. (C) Representative images of mitochondrial staining by MitoTracker

Red in D7 Bscl2*/* and Bscl2™'~ brown adipocytes.

staining of functional mitochondria in live cells was comparable
between Bscl2"/* and Bscl2™'~ cells at D8, suggesting that mito-
chondrial biogenesis associated with mature brown adipogenesis
was similar in the two cell types (Fig. 2C). These data suggest that
loss of BSCL2 does not affect the canonical brown adipogenic
transcriptional program or mitochondrial biogenesis but specifi-
cally promotes UCP1 expression during brown adipogenesis.

BSCL2 deficiency augments cAMP/PKA-mediated lipolysis
during brown adipocyte differentiation. We next tested whether
the cAMP/PKA-mediated lipolysis pathway is activated during
brown adipocyte differentiation when BSCL2 is deleted. Indeed,
Bscl2™'~ brown adipocytes exhibited elevated PKA-mediated
phosphorylation, as detected by antibodies recognizing phos-
phor-PKA substrates and PKA-mediated phosphorylation of
HSL, respectively (Fig. 3A). Total protein expression of the major
adipocyte lipases (HSL and ATGL) was similar between the two
cell types. Bscl2™'~ cells also expressed higher levels of PLIN2, an
LD protein associated with lipolysis. NEFA and glycerol in D6
differentiating Bscl2~/~ brown adipocytes was significantly higher
compared to Bscl2*/* cells (Fig. 3B), suggesting increased basal
lipolysis during brown adipogenesis. Consequently, intracellular
lipid content was reduced in D10 Bscl2™'~ brown adipocytes (Fig.
3Cand D). Addition of E600, a general lipase inhibitor (19), to the
culture of D4 differentiating brown adipocytes effectively restored
cellular TG content in Bscl2™~/~ cells by D10 (Fig. 3E). However,
inhibiting SERCA activity with thapsigargin did not augment
basal lipolysis in wild-type brown adipocytes (Fig. 3F). In addi-
tion, despite increased basal cAMP/PKA signaling, Bscl2™/~
brown adipocytes responded similarly to the B3-adrenergic recep-
tor agonist CL316,243 compared with Bscl2"/" brown adipocytes
(Fig. 3G), suggesting preserved adrenergic receptor signaling. To-
gether, these data suggest that deletion of BSCL2 elicits cAMP/
PKA mediated lipolysis through a SERCA-independent pathway
during brown adipogenesis.

BSCL2 is a determinant of substrate utilization and uncou-
pling in brown adipocytes. Activation of cAMP/PKA signaling is
known to induce both glucose and lipid metabolism in brown
adipocytes (1). Thus, we next measured cellular respiration in D6
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FIG 3 BSCL2 deficiency elevates basal cAMP/PKA mediated lipolysis during
brown adipogenesis, resulting in reduced TG accumulation in mature brown
adipocytes. (A and B) PKA-mediated phosphorylation and lipase expression
(A) and basal glycerol and NFFA release (B) normalized to cellular protein
levels in D6-differentiating Bscl2*/* (+/+) and Bscl2~'~ (—/—) brown adi-
pocytes. (C and D) Oil Red O staining and quantification in D10 brown adi-
pocytes. (E) Intracellular TG content in D10 Bscl2*/* and Bscl2™/~ brown
adipocytes treated with vehicle (V) or 200 uM E600 added beginning on day 4.
Data were normalized to cellular protein levels. (F) Glycerol release from D6
Bscl2*/* brown adipocytes incubated with 0, 0.05, and 1 mM thapsigargin
(Thaps) for 4 h. Data were normalized to total cellular protein. (G) PKA-
mediated phosphorylation in D10 Bscl2™/* and Bscl2™/~ brown adi-
pocytes in response to 10 wM CL316,243 at the indicated times. All exper-
iments were performed in triplicate and repeated at least three times. *, P <
0.05; **, P < 0.005.
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FIG 4 BSCL2 deletion increases substrate utilization and uncoupling in brown adipocytes in vitro. (A to C) Oxygen consumption rate (OCR) before and after
the sequential injection of oligomycin, FCCP, and antimycin A/rotenone (normalized to protein in panels A and C and expressed as percentage of baseline in
panel B). Data are representative of three independent experiments (1 = 10). (D) Fatty acid oxidation rate as measured by release of '*CO, from ['*C]palmitic
acid. (E and F) ECAR before and after sequential glucose, oligomycin, and 2-deoxyglucose (2-DG) injection (normalized to protein in panel E and expressed as
percentage of the baseline in panel F). Data are representative of two independent experiments (n = 10). acidif, acidification. (G) qPCR analysis of genes involved
in lipid metabolism and glucose uptake and glycolysis. (H) Mitochondrial DNA copies normalized to nuclear DNA. D6 and D7 brown adipocytes were used. The
results in panels G and H are representative of two independent experiments performed in triplicate. *, P < 0.05; **, P < 0.005.

brown adipocytes. Bscl2 deletion increased basal mitochondrial
respiration and uncoupling, at no expense to coupled respiration
(Fig. 4A and B), an observation consistent with increased UCP1
expression (Fig. 2). Responses to FCCP were lower in Bscl2™/~
brown adipocytes (Fig. 4A), indicative of diminished maximal
mitochondrial respiratory capacity with little reserve (Fig. 4C).
Measurement of "*C-labeled CO, released from the complete ox-
idation of ["*C]palmitate in Bscl2~'~ brown adipocytes confirmed
an elevated FAO rate compared to Bscl2™" cells (Fig. 4D). We
also assessed glucose metabolism by quantitating the extracellular
acidification rate (ECAR) utilizing an XF glycolysis stress test kit.
Bscl2™'~ adipocytes exhibited elevated nonglycolytic acidification
(ECAR after 2-deoxyglucose [2-DG] treatment) produced by the
acidification of CO,, the end product of the tricarboxylic acid
cycle (47). The addition of glucose increased ECAR in Bscl2*/*
brown adipocytes, and more so in cells deficient in Bscl2, sug-
gesting a greater ability to increase glycolysis. When treated with
oligomycin to inhibit mitochondrial ATP production, Bscl2™'~
brown adipocytes exhibited a greater response, suggesting an in-
creased glycolytic capacity (Fig. 4E and F). The glycolytic reserve
(the difference between glycolytic capacity and glycolysis rate) was
not significantly different, however (Fig. 4F). We then assayed the
expression of genes controlling fatty acid transport (CD36), B-ox-
idation (Ppara and CptI), mitochondria biogenesis (Pgclo and
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Cox8b), glucose transport (Glutl, Glut4), and glycolysis (pyruvate
kinase muscle type 2 [ Pkm2] and pyruvate dehydrogenase kinase 4
[Pdk4]) between D6 Bscl2*/* and Bscl2~'~ brown adipocytes and
found no differences (Fig. 4G). The total mitochondrial DNA
content relative to nuclear DNA in Bscl2~’~ brown adipocytes was
also not perturbed, confirming unaltered mitochondrial biogen-
esis (Fig. 4H). These data suggest that Bscl2™’~ brown adipocytes
are prematurely activated with increased cellular respiration and
uncoupling by metabolizing both glucose and lipids.

Ablation of BSCL2 in brown preadipocytes derived from the
Myf5™ lineage leads to abnormalities in neonatal BAT develop-
ment mediated through cAMP/PKA signaling. Next, we deleted
Bscl2 in the brown fat lineage, but not the white or beige adipocyte
lineage, in vivo by intercrossing Myf5“" mice with Bscl2”/ mice.
The resulting Myf5<"*; Bscl2”’ (Myf5-BKO) mice were born
grossly indistinguishable from their littermate Bscl2”/ (Ctrl) mice.
Bscl2 was deleted by >90% in BAT, ~50% in skeletal muscle, and
~25% in epididymal white adipose tissue (eWAT) but not in sub-
cutaneous WAT (sWAT) in Myf5-BKO mice (Fig. 5A). By P5,
substantially reduced BAT mass was evident in Myf5-BKO mice
(Fig. 5B and C). H&E staining revealed similar histologies at E18.5 in
BAT from Ctrl and Myf5-BKO mice (Fig. 5D). However, LDs were
significantly reduced in BAT of Myf5-BKO mice beginning on P2
(Fig. 5D), with ~80% reduction in TG content by P5 (Fig. 5E).
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FIG 5 The loss of BSCL2 in Myf5" lineage brown progenitor cells reduces brown adipose tissue lipid accumulation and mass. (A) Bscl2 expression in BAT,
skeletal muscle (Skm), eWAT, and sWAT in 12-week-old male Ctrl and Myf5-BKO mice (n = 5/group). (B) Representative images of BAT (X 10) from P5 Ctrl
and Myf5-BKO mice. (D) Representative H&E images of BAT at E18.5, P0, P2, and P5. Scale bar, 100 pm. (C and E) Ratio of BAT mass to body weight (BW)
(C) and TG content as normalized to tissue weight (E) in P5 neonates of Ctrl (bars C) and Myf5-BKO (bars K) mice (n = 7 to 10). *, P < 0.05; **, P <

0.005 versus Ctrl.

Similar to in vitro differentiating Bscl2~'~ brown adipocytes
(Fig. 2), loss of BSCL2 in brown adipogenic progenitors had min-
imal effect on the expression of pan-adipogenic and BAT-specific
transcription factors throughout the course of BAT development
(Fig. 6A). The protein expression of UCP1 and PPARv in BAT of
Myf5-BKO mice was similar to that in Ctrl mice during BAT de-
velopment (Fig. 6B), correlating with their mRNA expression
(Fig. 6A). Interestingly, in Ctrl mice, cAMP/PKA-mediated phos-
phorylation was undetectable at E16.5 and very low at E18.5.
However, it was sharply activated upon birth (P0) and returned to
basal level by P5 (Fig. 6B). In BAT of Myf5-BKO mice, cCAMP/
PKA-mediated phosphorylation was overtly potentiated between
PO and P5; enhanced cAMP/PKA-mediated phosphorylation was
even detected at E18.5, preceding sympathetic nervous system in-
put to BAT, whereas UCP1 expression was not significantly al-
tered (Fig. 6B). The expression of HSL, ATGL, and PLIN1 gener-
ally paralleled that of UCP1 and PPARY in both genotypes (Fig.
6B). However, PLIN2 mRNA and protein was markedly upregu-
lated in BAT of Myf5-BKO mice from P2 to P5 (Fig. 6A and B).

Surprisingly, we found no differences in skin temperature
above the interscapular BAT in newborn P5 mice between the two
genotypes despite increased cAMP/PKA signaling in Myf5-BKO
mice (Fig. 6C). Moreover, the OCR quantitated directly in BAT
explants ex vivo was similar in P10 Ctrl and Myf5-BKO mice when
normalized to BAT weight (Fig. 6D). Considering that reduced
endogenous TG content (Fig. 5E) may limit fatty acid substrate for
oxygen consumption in BAT of the Myf5-BKO mice, we therefore
measured FAO rate in BAT homogenates in the presence of exog-
enous palmitate. Indeed, BAT from P10 Myf5-BKO mice main-
tained much higher FAO rates when exogenous palmitate was
administered (Fig. 6E and F), which is in line with data in in vitro
differentiating Bscl2 '~ brown adipocytes (Fig. 4D). Thus, dimin-
ished TG content in BAT from Myf5-BKO mice limits BAT met-
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abolic activity ex vivo, despite the increased cAMP/PKA signaling.
Moreover, confirming our findings in Myf5-BKO mice, enhanced
cAMP/PKA-mediated phosphorylation was also detected during
the late fetal and early postnatal periods in BAT from global
Bscl2™'~ mice (Fig. 7A), which correlated with reduced LD for-
mation (Fig. 7B) and BAT mass (Fig. 7C) in these mice.

BSCL2 loss in BAT progenitor cells causes BAT paucity and
increases whole-body adiposity in adult animals. To examine
the physiological consequences of BSCL2 deletion in BAT progen-
itors, we monitored Myf5-BKO mice during aging. Although the
body weights remained comparable (Fig. 8A), there was a 62%
increase in adiposity (Fig. 8B) and an 8% decrease in lean mass
(Fig. 8C) in 6-month-old Myf5-BKO mice. Fat depot masses were
comparable at 3 months of age, but eWAT and sWAT masses were
significantly larger, whereas retroperitoneal WAT (RpWAT) mass
was smaller, in 6-month-old Myf5-BKO mice (Fig. 8D). Con-
versely, the BAT mass in Myf5-BKO mice progressively dimin-
ished over time (Fig. 8D) and was reduced by 90% in 9-month-old
Myf5-BKO mice compared to Ctrl mice (0.26 * 0.03 versus
2.63 = 0.05 mg/g [body weight]), suggesting severe BAT atrophy.
Histology of BAT in 6-month-old Myf5-BKO mice demonstrated
a diminution in overall LD accumulation with occasional multil-
ocular brown adipocytes (Fig. 8E). The white adipocytes in eWAT
and sWAT in Myf5-BKO mice were enlarged (Fig. 8E), supporting
white fat hypertrophy. Hepatic mass (Fig. 8D) and lipid deposi-
tion (data not shown) were comparable in Ctrl and Myf5-BKO
mice. The total DNA content per BAT depot displayed a slight but
nonsignificant reduction in 3-month-old Myf5-BKO mice but
was reduced by 80% by 6 months of age, suggesting brown adi-
pocyte loss (Fig. 8F). These data suggest that BAT atrophy is asso-
ciated with increased overall adiposity in aged Myf5-BKO mice.

Metabolic homeostasis and thermogenesis are not altered in
aged Myf5-BKO mice. Despite the increased adiposity, 6-month-
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FIG 6 Loss of BSCL2 in Myf5" lineage brown progenitor cells activates cAMP/PKA signaling independent of brown adipose tissue development. (A) mRNA
expression of Bscl2, BAT adipogenic marker genes, and Plin2 at the denoted embryonic (E) and postnatal (P) days during BAT development (# = 3 pooled from
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[**C]palmitic acid to '*CO, (E) and acid-soluble metabolites (ASM) (F) (n = 6/group). **, P < 0.005.

old Myf5-BKO mice maintained normal glucose tolerance and
insulin sensitivity (Fig. 9A and B, respectively). Metabolic testing
also revealed no changes in heat production (Fig. 9C), food intake
(Fig. 9D), or physical activity levels (Fig. 9E) between the two
genotypes. When measuring adaptive thermogenesis, we found
that 9-month-old Myf5-BKO mice were able to maintain core
temperature at room temperature and after 7 days of cold expo-
sure (CE) (Fig. 9F). This was not associated with overtly increased
browning of white fat depots, since we observed only a trend to-
ward higher UcpI gene expression in eWAT but not in the other
fat depots of Myf5-BKO mice housed at room temperature (Fig.
9G) or after CE (Fig. 9H). The residual BAT of cold-acclimated
Myf5-BKO mice had a similar normalized OCR to that of control
mice, suggesting that it remained functional (Fig. 91) and could
still contribute to maintenance of thermal homeostasis. Bscl2 de-
letion in Myf5* progenitors did not appear to perturb myogenesis
or muscle energy metabolism, since the expression of myogenic
specific genes and uncoupling factors in skeletal muscle was sim-
ilar between the two genotypes (Fig. 9]). Moreover, we did not
detect increases in cleaved caspase-3 in skeletal muscles of Myf5-BKO
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mice (data not shown), nor did we observe increased creatine kinase
activities in the serum of Myf5-BKO mice after 7 days of cold expo-
sure, pointing against alterations in shivering activity or muscle
breakdown in Myf5-BKO mice during cold stress (Fig. 9K).

BSCL2 loss in brown progenitor cells causes brown adi-
pocyte inflammation and apoptosis which could be partially
rescued by housing at thermoneutrality. The underlying mech-
anisms of brown adipocyte loss were analyzed in BAT from Ctrl
and Myf5-BKO mice. In 3-month-old mice, the expression of
most BAT-selective genes remained comparable, with a 2-fold up-
regulation of Pgcla in Myf5-BKO mice (Fig. 10A). However, by 4
months, the expression of most BAT-selective genes was signifi-
cantly reduced in BAT of Myf5-BKO mice, whereas expression of
the WAT gene PPAR+y was unaltered (Fig. 10A). Western blotting
confirmed the downregulation of UCP1 in 4-month-old Myf5-
BKO mice. Interestingly, cAMP/PKA-mediated HSL phosphory-
lation remained elevated in BAT of 3-month-old Myf5-BKO mice
but normalized by 4 months of age (Fig. 10B). The expression of
macrophage marker genes (F4/80 and Mac2) and the proinflam-
matory cytokine tumor necrosis factor alpha (TNF-a) was ele-
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FIG 7 BSCL2 deficiency induces cAMP/PKA signaling during BAT develop-
ment in global Bscl2™'~ mice. (A) Western blot analyses of cAMP/PKA signal-
ing in BAT at distinct stages of BAT development (pooled from three animals
and repeated in three different litters). (B) Representative H&E images of
BAT at E18.5, PO, P2, and P5. Scale bar, 100 pm. (C) BAT mass in P5
neonates of Bscl2™/* (4+/+) and Bscl2™/~ (—/—) mice (n = 7 to 10). **,
P < 0.005.

vated in BAT of Myf5-BKO mice, particularly at 4 months of age
(Fig. 10C). Immunohistochemistry confirmed elevated Mac-2 ex-
pression in BAT of Myf5-BKO mice (Fig. 10D). Increased caspase
3 cleavage in BAT of 4-month-old Myf5-BKO mice was also evi-
dent (Fig. 10E), suggesting enhanced apoptosis.

To test whether thermoneutrality could rescue the BAT phe-
notype in Myf5-BKO mice, we housed mice at 30°C starting at 6
weeks of age for up to 12 weeks. The BAT mass of Myf5-BKO mice
remained 53% lower that of Ctrl mice (Fig. 10F), a finding consis-
tent with the reduction in BAT mass noted in Myf5-BKO mice
housed at room temperature. However, the morphologies of BAT
were similar between two genotypes under thermoneutrality, with
both displaying largely unilocular lipid droplets (Fig. 10G). More-
over, the mRNA expression of BAT-specific genes was not re-
duced in 4-month-old Myf5-BKO mice housed at thermoneutral-
ity (Fig. 10H) compared to that of same aged mice housed at room
temperature (Fig. 10A). There was also no increase in the mRNA
expression of macrophage marker genes (F4/80 and Mac2) or the
proinflammatory cytokine TNF-a (Fig. 10G). These data suggest
that cold-stimulated PKA signaling accelerates BAT inflammation
and apoptosis in Myf5-BKO mice, which can be partially pre-
vented by thermoneutral housing.

DISCUSSION

In this study, we investigated the cell-autonomous function of
BSCL2 in controlling classical BAT development and metabolic
function. In contrast to the suppressive effect on white adipocyte
differentiation, lack of BSCL2 promotes premature activation of
brown adipocytes during differentiation. This is associated with
activation of cAMP/PKA signaling, lipolysis, and mitochondrial
respiration. Using a mouse model with BSCL2 specifically deleted
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FIG 8 Loss of BSCL2 in BAT progenitor cells promotes BAT atrophy and
increases whole-body adiposity in adult animals. (A to C) Body weight (BW)
(A) and fat (B) and lean mass (C) normalized to body weight. (D) eWAT,
SWAT, RpWAT, liver, and BAT mass normalized to body weight in 3- and
6-month-old male Ctrl and Myf5-BKO mice (n = 8 to 10). (E) Representative
H&E images of fat tissues in 6-month-old male Ctrl and Myf5-BKO mice.
Scale bar, 100 pm. (F) Total DNA content per BAT depot in 3- and 6-month-
old female Ctrl (white bars) and Myf5-BKO (black bars) mice (n = 6/group).
*, P < 0.05; **, P < 0.005 versus Ctrl.

in brown progenitor cells, we further demonstrate that prolonged
overactivation of cAMP/PKA signaling during perinatal BAT de-
velopment is associated with brown adipocyte apoptosis and BAT
atrophy in adult animals, leading to increased adiposity, a pheno-
type which is opposite to that observed in mice with global (19—
21) and fat-specific (23, 34) deletion of BSCL2. These studies un-
derscore the important role for BSCL2 in mediating BAT
development and provide novel links between cAMP/PKA signal-
ing and BAT mass/activity.

Our current and published data (19) are consistent with a role
for BSCL2 in regulating cAMP/PKA signaling in both brown and
white adipogenesis. Yet the same BSCL2-mediated signaling path-
way elicits different outcomes with regard to white versus brown
adipocyte differentiation. While BSCL2-mediated lipolysis dedif-
ferentiates white adipocytes by terminating the white adipogenic
transcription program (19), deletion of BSCL2 in brown progen-
itor cells elicits uncontrolled cAMP/PKA mediated signaling to
activate metabolic function in differentiating brown adipocytes,
without affecting the brown adipogenic transcription program. Ele-
vated lipolysis and uncoupling in white adipocytes has been postu-
lated to induce dedifferentiation of white adipocytes (48). Consider-
ing that brown adipocytes contain higher intrinsic capacity to
metabolize lipids through uncoupling, brown adipogenesis may be
resistant to inhibition by increased cAMP/PKA-mediated lipolytic
signaling, although this remains to be definitively proven.
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FIG 9 Loss of BSCL2 in BAT progenitor cells is not associated with alterations in metabolic homeostasis or adaptive thermogenesis in aged Myf5-BKO mice. (A
and B) Glucose (A) and insulin (B) tolerance tests in male 6-month-old Ctrl and Myf5-BKO mice (n = 6 to 8). (C to E) Heat production (C), food intake (D),
and activity level (E) in 6-month-old male Ctrl and Myf5-BKO mice (n = 8/group). Bars C, Ctrl mice; bars K, Myf5-BKO mice. (F) Core body temperature of
9-month-old male Ctrl and Myf5-BKO mice at room temperature (RT) and during cold exposure (CE) for up to 7 days (n = 6 to 8/group). (G and H) Ucpl mRNA
expression in eWAT, sWAT, and RpWAT of 6-month-old female Ctr] and Myf5-BKO mice at RT (G) and after CE (H). Analysis could not be performed (NA) on
RpWAT after CE given the small amount of tissue (n = 5/group). (I) OCR measured in BAT of 6-month-old female Ctrl and Myf5-BKO mice after 7 days of cold
exposure (1 = 5/group). Data were normalized to DNA content. (J) Gene expression of myogenic markers and uncoupling factors in skeletal muscle of 6-month-old
male Myf5-BKO mice (1 = 6/group). (K) Creatinine kinase (CK) activity in serum of 6-month-old female Ctrl and Myf5-BKO mice after 7 days of cold exposure (1 =
610 8).

Sympathetic activation modulates UCP1 expression and ther-  mately causes apoptosis of brown adipocytes in Myf5-BKO mice
mogenesis in BAT of adult rodents through cAMP/PKA (1). How-  but not in differentiated BSCL2-deleted brown adipocytes cul-
ever, the role of cAAMP/PKA signaling during perinatal BAT devel-  tured up to 20 days with nutritional replenishment (data not
opment is poorly understood. Beta-adrenergic modulation of shown). Increased BAT inflammation was evident in BAT oflipo-
gene expression in brown fat, including the postnatal risein UCP1  dystrophic global Bscl2™'~ mice (unpublished data) and in mice
expression in response to postnatal thermal stress, was thought to ~ with fat-specific BSCL2 deletion (23), which is consistent with
be established at birth (49). Our data in wild-type neonatal pups increased systemic inflammation associated with lipodystrophy
support the notion that the SNS activates UCP1 expression and BAT ~ (53). However, the presence of macrophage infiltration in BAT of
to maintain thermoregulation in the neonatal period. However, Myf5-BKO mice suggests that BSCL2 ablation in brown adi-
BSCL2 deletion-induced upregulated cAMP/PKA signaling during  pocytes induces production of mediators of inflammation that
BAT development is associated with BAT atrophy and accentuated — may trigger apoptotic death. One candidate mediator is TNF-q,
white fat mass accumulation in adult animals (Fig. 8). This novel since the upregulation of TNF-a is closely correlated with the
finding suggests that prolonged overactivation of BAT especially dur- ~ suppression of BAT-specific genes in BAT of Myf5-BKO mice
ing neonatal BAT development may be detrimental to BAT mass  (Fig. 10). Interestingly, macrophage infiltration and reduced ex-
expansion and whole-body metabolic homeostasis in adulthood. pression of BAT marker genes can be prevented by thermoneutral

cAMP/PKA signaling activates UCP1 expression and couples  housing, further emphasizing that chronic overactivation of
lipolysis with mitochondrial oxidative phosphorylation (50, 51). cAMP/PKA signaling may be detrimental to brown adipocyte
This finding was recapitulated in cultured Bscl2~/~ brown adi- maintenance.
pocytes but not in the developing BAT of Myf5-BKO mice in vivo. Our data implicate a different mechanism of BSCL2 in regu-
We speculate that this discrepancy could be due to the unique lating fat metabolism in brown adipocytes compared to Drosoph-
regulation of UCP1 expression and activity by cellular metabo-  ila fatbody (28). BSCL2 deletion activates cAMP/PKA signaling in
lism, i.e., the limited fatty acid substrate (52). While the in vitro  the absence of norepinephrine stimulation during brown adipo-
cultured system provides ample energy substrates (both glucose  genesis in vitro, suggesting that BSCL2 may act independent of
and lipids) to sustain the heightened uncoupling activity, lipid -AR to induce cAMP/PKA signaling and enhance lipid combus-
substrate appears to be exhausted in Myf5-BKO mice in vivo, thus  tion and uncoupling in brown adipocytes (Fig. 3). In support of
limiting BAT metabolism. In addition, deletion of BSCL2 ulti- this notion, increased cAMP/PKA signaling was noted in BAT of
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FIG 10 Brown adipose tissue inflammation and apoptosis in Myf5-BKO mice at room temperature (A to E) and after thermoneutral acclimation (F to H). (A
to C) qPCR analysis of BAT-specific gene expression (n = 6/group) (A), Western blotting of UCP1 expression and PKA-mediated HSL phosphorylation
(representative blots from three independent experiments) (B), and qPCR analysis of inflammatory gene markers (n = 6/group) (C) in BAT of 3- and
4-month-old male Ctrl and Myf5-BKO mice. (D) Representative images of Mac-2 immunostaining in BAT of 3-month-old Ctrl and Myf5-BKO mice. Scale bar,
100 pm. (E) Representative blot of cleaved caspase 3 level in BAT of 4-month-old Ctrl and Myf5-BKO mice (n = 4 total). (F to H) BAT mass normalized to body
weight (F), representative images of H&E staining (scale bar, 100 um) (G), and gPCR analysis of BAT-specific and inflammatory marker genes (H) in 18-week-old male
Ctrl and Myf5-BKO mice housed at thermoneutrality (30°C) for 12 weeks beginning at 6 weeks of age (n = 5 or 6/group). *, P < 0.05; **, P < 0.005 versus Ctrl.

E18.5 Myf5-BKO and Bscl2~/~ mice, prior to sympathetic innerva-
tion of the depot (Fig. 6 and 7). Moreover, 33-AR antagonists did not
block cAMP/PKA-mediated lipolysis in cultured Bscl2™/~ brown
adipocytes (data not shown). These findings suggest that BSCL2 me-
diates cAMP/PKA signaling and brown adipocyte metabolism
through a novel mechanism that remains to be established.

Despite the paucity of BAT, Myf5-BKO mice manifested no
differences in adaptive thermogenesis, energy expenditure, or
food intake. BAT atrophy was reported to cause compensatory
browning in eWAT and sWAT (36). However, we only observed a
tendency toward higher Ucpl expression in eWAT of our Myf5-
BKO mice housed at room temperature and after CE. Whether
such minimal upregulation of Ucpl contributes to the mainte-
nance of thermogenesis is not clear. Of note, increased fat layers
(especially subcutaneous fat) are assumed to have an insulating
effect (54). Whether this plays a role in maintaining thermogene-
sis of old Myf5-BKO mice warrants further study. Nevertheless,
Myf5-BKO mice showed no evidence of alterations in muscle for-
mation and function despite reduced BSCL2 expression, suggest-
ing skeletal muscle does not contribute to the metabolic pheno-
type. Thus, it is possible that reduced BAT mass increases
metabolic efficiency of WAT to trigger WAT hypertrophy in
Myf5-BKO mice, similar to what is observed in mice with diph-
theria toxin-mediated BAT ablation (8).

In summary, our findings identify BSCL2 as a key player in
brown adipocyte development and function. These findings high-
light that fine-tuning of cAMP/PKA activation during BAT devel-
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opment might be crucial for optimizing adult BAT expansion,
maintenance, and metabolic function.
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