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Activation of canonical Wnt signaling inhibits brown adipogenesis of cultured cells by impeding induction
of PPAR␥ and C/EBP␣. Although enforced expression of these adipogenic transcription factors restores lipid
accumulation and expression of FABP4 in Wnt-expressing cells, additional expression of PGC-1␣ is required
for activation of uncoupling protein 1 (UCP1). Wnt10b blocks brown adipose tissue development and expression of UCP1 when expressed from the fatty acid binding protein 4 promoter, even when mice are administered
a ␤3-agonist. In differentiated brown adipocytes, activation of Wnt signaling suppresses expression of UCP1
through repression of PGC-1␣. Consistent with these in vitro observations, UCP1-Wnt10b transgenic mice,
which express Wnt10b in interscapular tissue, lack functional brown adipose tissue. While interscapular tissue
of UCP1-Wnt10b mice lacks expression of PGC-1␣ and UCP1, the presence of unilocular lipid droplets and
expression of white adipocyte genes suggest conversion of brown adipose tissue to white. Reciprocal expression
of Wnt10b with UCP1 and PGC-1␣ in interscapular tissue from cold-challenged or genetically obese mice
provides further evidence for regulation of brown adipocyte metabolism by Wnt signaling. Taken together,
these data suggest that activation of canonical Wnt signaling early in differentiation blocks brown adipogenesis, whereas activating Wnt signaling in mature brown adipocytes stimulates their conversion to white
adipocytes.

of PPAR␥ and C/EBP␣ (12). These master transcription factors enforce each others’ expression through a positive feedback loop, and working together, PPAR␥ and C/EBP␣ activate
the genes involved in creating the complete adipocyte phenotype. In mice, genetic studies support a role for C/EBP␤,
C/EBP␦, PPAR␥, and C/EBP␣ in the development of BAT (2,
7, 51, 57).
While overexpression of adipogenic transcription factors in
preadipocytes or mesenchymal precursors promotes accumulation of lipid and expression of adipocyte genes, these factors
are not sufficient to stimulate the program of thermogenesis,
including mitochondrial biogenesis and expression of UCP1.
For full conversion of precursor cells to brown adipocytes, an
additional requirement appears to be the expression and activity of PPAR␥ coactivator 1␣ (PGC-1␣) (44). This protein
coactivates members of the nuclear hormone receptor family,
as well as other transcription factors, and plays an important
regulatory role for energy metabolism in a number of cell types
(32, 43). During adipogenesis of 3T3-F442A cells, expression
of PGC-1␣ is sufficient to increase mitochondrial biogenesis
and expression of UCP1 (44). PGC-1␣ is itself regulated by
transcriptional coactivators, including SRC-1, TIF2, and p160
myb (15, 40). Evidence from rodents supports the notion that
white adipocytes can be converted to multilocular mitochondria-rich adipocytes in response to adrenergic stimuli (22). A
potential mechanism may involve PGC-1␣ as expression of this
coactivator in human white adipocytes induces expression of
brown adipocyte genes and stimulates oxidation of fatty acids
(53). Other transcriptional regulators potentially involved in

Brown adipose tissue (BAT) releases energy in the form of
heat and thus plays an important role in adaptive thermogenesis (reviewed in references 5, 20, and 34). In response to cold
exposure or intake of excess calories, activation of the sympathetic nervous system stimulates the release of norepinephrine.
This adrenergic stimulus causes brown adipocytes to mobilize
stored triacylglycerol, and fatty acids are then metabolized in
mitochondria. In most cell types, electrons from the resulting
NADH and FADH2 pass through the respiratory chain to
create an electrochemical proton gradient linked to ATP synthesis. However, in brown adipocytes this potential energy is
uncoupled from ATP synthesis by the activity of uncoupling
protein 1 (UCP1) and is lost as heat. While acute release of
norepinephrine causes rapid activation of BAT thermogenesis,
chronic exposure to adrenergic stimuli causes a dramatic expansion of BAT due, in part, to recruitment of new brown
adipocytes (20).
Brown adipocytes are derived from mesenchymal stem cells,
and development of BAT occurs late during embryonic life
(23). Although the program of brown adipogenesis has not
been as extensively studied as that of white, the process of
differentiating into brown or white adipocytes appears to share
some common features (46). In the paradigm for white adipocyte differentiation, transient expression of C/EBP␤ and
C/EBP␦ in response to adipogenic stimuli induces expression
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MATERIALS AND METHODS
Cell culture. Rb wild-type and Rb⫺/⫺ mouse embryonic fibroblasts (MEFs)
were prepared as described (18). Cells were maintained in Dulbecco’s modified
Eagle medium containing 25 mM glucose, 10% calf serum, 20 mM HEPES, and
100 U of penicillin-streptomycin per ml. Rb⫺/⫺ MEFs were induced to differentiate 2 days after confluence (designated day 0) with 10% fetal calf serum, 1
M dexamethasone, 0.5 mM methylisobutylxanthine, 5 g of insulin per ml, and
90 nM darglitazone for the first 2 days. Cells were subsequently fed with medium
containing 5 g of insulin per ml and 90 nM darglitazone every other day.

HIB-1B cells (27) were generously provided by C. Ronald Kahn (Joslin Diabetes Center, Harvard University). These cells were grown in Dulbecco’s modified Eagle medium containing 25 mM glucose, 20% fetal bovine serum, 20 mM
HEPES, and 100 U of penicillin-streptomycin per ml. For differentiation,
HIB-1B cells were grown to confluence in culture medium supplemented with 20
nM insulin and 1 nM triiodothyronine (differentiation medium). Confluent cells
were incubated for 24 h in differentiation medium further supplemented with 0.5
mM methylisobutylxanthine, 0.5 M dexamethasone, and 0.125 mM indomethacin (induction medium). Subsequently, cells were maintained in differentiation
medium for 5 days. Cells were treated with 10 M norepinephrine (Calbiochem)
4 h prior to lysis. LiCl (25 mM) or Chir99021 (3 M in dimethyl sulfoxide; Chiron
Corp.) were used to inhibit glycogen synthase kinase 3 (GSK3). All reagents were
purchased from Sigma Chemical Co. unless otherwise designated.
Retroviral infection and constructs. Genes were stably introduced into Rb⫺/⫺
MEFs and HIB-1B cells by retroviral infection as described previously (14).
Briefly, 10-cm plates of human embryonic kidney 293T cells were transiently
transfected with 7.5 g of retroviral expression vectors and the viral packaging
vectors SV-E-MLV-env and SV-E-MLV. After precipitation of DNA, cells were
shocked with 12.5% glycerol in phosphate-buffered saline (PBS). At 16 h after
transfection, virus-containing medium was collected over three 12-h intervals and
passed through a 0.45-m-pore-size syringe filter. Filter-sterilized polybrene
(hexadimethrine bromide; 8 g/ml) was added to the virus-loaded medium. This
medium was then applied to proliferating (⬃40%) cells. After three rounds of
infection, cells were trypsinized and replated in a medium supplemented with
geneticin (Life Technologies, Inc.), hygromycin B (Invitrogen), or puromycin as
selection antibiotics.
Plasmids containing PPAR␥ and PGC-1␣ were kindly provided by Bruce
Spiegelman (Dana Farber Cancer Institute, Harvard University). Other retroviral expression vectors were created as follows. C/EBP␣ from pcDNA3.1 was
subcloned into the BamHI-HindIII sites of pBabepuro. In addition, PGC-1␣ was
subcloned into the BglII-NotI sites of pLNCX2, and into the NruI-SalI sites of
pBabepuro.
Oil Red-O staining. Detection of neutral lipid with Oil Red-O was essentially
as described previously (41). Briefly, plates were washed twice with PBS, fixed
with 3.7% buffered formaldehyde, stained for 2 h at room temperature with Oil
Red-O solution (0.5% Oil Red-O in 70% isopropyl alcohol), and then washed
with H2O.
RNase protection analysis. Total RNA was isolated by using RNA Stat60
(Tel-Test, Inc). Ten micrograms of total RNA was used for detection of UCP1,
PPAR␥, C/EBP␣, FABP4, the Wnt10b transgene, and 36B4, and 15 g of RNA
was used for PGC-1␣. Templates for each gene were amplified by reversetranscription-PCR (RT-PCR) from brown adipose tissue RNA. PCR products
for riboprobes were cloned into pCRII-Topo (Invitrogen, Inc.) and sequenced.
After linearization, these constructs served as templates for in vitro transcription
reactions using [␣-32P]CTP (Perkin Elmer, Inc.) and T7 or Sp6 RNA polymerases (Promega, Inc.). RNase protection assays were performed as described
previously (35). Briefly, labeled antisense riboprobe in 1⫻ hybridization buffer
was hybridized to RNA at 54°C for a 16-h incubation. RNase digestion with 150
mM RNase digestion buffer containing 80 g of RNase A per l and 250 U of
RNase T1 (BD Biosciences) per l was performed for 1 h at 37°C. Sodium
dodecyl sulfate (SDS; 10%) and proteinase K (10 g/l; Roche Diagnostics)
were added for 15 min at 37°C. The resulting protected fragments were isolated
and electrophoresed through 5% polyacrylamide sequencing gels. The gels were
then dried and subjected to autoradiography (Kodak Biomax MR) at ⫺80°C.
Quality of RNA was assessed by simultaneous analysis of 36B4 as an internal
control.
Cell lysates and immunoblotting. Cells were washed once with PBS and
scraped in a lysis buffer containing 1% SDS and 60 mM Tris-Cl, pH 6.8. Lysates
were boiled for 3 min, vortexed, and then boiled for an additional 7 min prior to
storing at ⫺21°C. Concentration of protein was estimated with the Bradford
assay (Bio-Rad). Equal amounts of protein were used for immunoblot analysis,
which was as described previously (30). Briefly, proteins were separated by
electrophoresis in 10.5% or 15% polyacrylamide gels. Protein was transferred to
a polyvinylidene difluoride membrane (Osmonics) and immunoblotted with the
appropriate antibodies. Membranes were visualized by the bound immunoglobulin G-peroxidase by using Super Signal or Super Signal Ultra chemiluminescence substrates (Pierce). For the detection of C/EBP␣, a polyclonal antibody
generated against a synthetic polypeptide corresponding to amino acids 253 to
265 was used (31). Polyclonal FABP4 antibody was from David Bernlohr (University of Minnesota). PPAR␥ (Santa Cruz Biotechnology) and UCP1 (Alpha
Diagnostic) antibodies were commercially available.
Creation of UCP1-Wnt10b transgenic mice. A 3.1-kb fragment of mouse
UCP1 promoter (generously provided by Leslie Kozak; Pennington Biomedical
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the transdifferentiation process include FOXC2 and the retinoblastoma protein (Rb) (8, 18).
Extracellular factors that regulate adipogenesis have been
extensively studied in white adipocyte models, and lessons
learned there may provide insight into brown adipogenesis
(36). In addition, norepinephrine has been characterized as an
important stimulator of brown adipocyte differentiation and
metabolism, whereas inhibitory factors are less well-defined
(5). Activation of canonical Wnt signaling blocks differentiation of white preadipocytes in vitro, and inhibition of endogenous Wnt signaling results in spontaneous adipogenesis (3, 48).
While Wnt proteins do not appear to influence expression of
C/EBP␤ or C/EBP␦, they completely inhibit expression of
PPAR␥ and C/EBP␣, perhaps through a mechanism involving
altered mitotic clonal expansion (47). Wnt10b is a good candidate for the endogenous inhibitory Wnt, since it is expressed
in preadipocytes and stromal vascular cells, but not in adipocytes (3). In transgenic mice in which Wnt10b is expressed
from the FABP4 promoter, Wnt10b inhibits accumulation of
white adipose tissue (WAT), and transgenic mice are resistant
to diet-induced obesity (33). In addition, these mice are not
lipodystrophic but, instead, have improved glucose tolerance
and insulin sensitivity. Expression of Wnt10b in interscapular
tissue blocks development of BAT, and transgenic mice are
unable to defend their core body temperature against a cold
challenge; however, mechanisms whereby Wnt signaling inhibits brown adipocyte development were not reported (33).
In this report, we investigate the mechanisms whereby Wnt
signaling regulates brown adipocyte differentiation and metabolism. Activation of Wnt signaling inhibits brown adipogenesis
in two in vitro models. While enforced expression of C/EBP␣
or PPAR␥ rescues the adipogenic program, rescue of the thermogenic program requires expression of PPAR␥ and PGC-1␣.
Expression of Wnt10b from the FABP4 promoter profoundly
inhibits development of BAT, and these transgenic mice are
insensitive to adrenergic induction of UCP1 and thermogenesis. In addition to blocking development of brown adipocytes,
Wnt signaling also influences metabolism after differentiation
has occurred. For example, exposure of differentiated brown
adipocytes to activators of Wnt signaling causes a decline in
brown adipocyte genes, without influencing expression of common adipocyte markers. Suppression of PGC-1␣ appears to
play an intermediary role in repression of UCP1 by Wnt. Consistent with these in vitro observations, expression of Wnt10b
from the UCP1 promoter results in interscapular tissue with
the histological and molecular characteristics of WAT, suggesting that Wnt signaling transdifferentiates brown adipocytes
into white. Finally, reciprocal expression of PGC-1␣ and UCP1
with Wnt10b in cold-challenged or genetically obese mice suggests a role for Wnt signaling in the plasticity of white and
brown adipocyte tissues in vivo.
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RESULTS
Activation of canonical Wnt signaling blocks brown adipogenesis in vitro. Wnt signaling influences the fate of many cell
types. We along with others have demonstrated that Wnt signaling, potentially initiated by Wnt10b, inhibits differentiation
of in vitro models of white adipogenesis (3, 26, 38, 48). To

FIG. 1. Canonical Wnt signaling blocks brown adipogenesis in
vitro. (A) Rb⫺/⫺ MEFs were infected with control (pLNCX2),
Wnt10b, or ␤-catS33Y retroviruses. Two days after confluence (day 0),
cells were induced to undergo brown adipogenesis. In addition, cells
infected with pLNCX2 were induced to differentiate in the presence of
25 mM LiCl on day 0 and day 2. At day 10, cells were stained with Oil
Red-O to assess lipid accumulation. (B) Rb⫺/⫺ MEFs infected with
control (pLNCX2) or Wnt10b-expressing retroviruses were differentiated, and cells were lysed at days 0, 2, 4, 6, and 8. Lysates were analyzed
for PPAR␥, C/EBP␣, FABP4, and UCP1 by immunoblotting.
(C) HIB-1B cells were infected with control (pLNSX), Wnt1, or
Wnt10b retroviruses. Cells were lysed 6 days after induction of brown
adipogenesis and processed for immunoblotting (for PPAR␥, C/EBP␣,
and FABP4) or RNase protection analyses (for UCP1 and GAPDH).

investigate whether Wnt signaling regulates brown adipogenesis, we tested whether activation of the canonical Wnt pathway blocks brown adipose conversion in two in vitro models,
Rb⫺/⫺ MEFs (18) and HIB-1B cells (Fig. 1) (27). To activate
Wnt signaling, we treated cells with LiCl, which inhibits GSK3
(28), or we enforced expression of Wnt10b or a dominantstable form of ␤-catenin (␤-catS33Y). After induction of adipogenesis, control cells accumulated lipid droplets as assessed
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Research Center) was cloned upstream of the 1.2-kb Wnt10b open reading frame
and a 1-kb fragment of the rabbit ␤-globin intron-poly(A) sequence (33). Transgenic mice that express Wnt10b under control of the UCP1 promoter were
created on a congenic C57BL/6 background by the transgenic core facility at the
University of Michigan. Genotyping was performed by PCR using transgenespecific primers. Tissue specificity was determined by RNase protection assay
using a probe specific for the Wnt10b transgene. Creation and initial characterization of FABP4-Wnt10b mice are described elsewhere (33).
Characterization of UCP1-Wnt10b transgenic mice. Animals were maintained
on a C57BL/6 background. To assess development of BAT, interscapular tissue
from transgenic and wild-type mice was dissected and fixed with 10% buffered
formalin for at least 24 h. Tissue samples were embedded in paraffin, and 7-m
sections were stained with hematoxylin and eosin. For analysis of gene expression, interscapular tissues from wild-type and transgenic mice at 8 weeks of age
were dissected. Isolated tissues were homogenized in RNA Stat60 for RNA or in
a lysis buffer containing 1% SDS and 60 mM Tris-Cl, pH 6.8 for protein. Samples
were further processed for RNase protection and immunoblotting assays as
described above.
Animal studies. To evaluate the effects of chronic exposure of mice to a
␤3-agonist, administration of CL316,243 was essentially as previously described
(16). Briefly, wild-type and FABP4-Wnt10b mice (n ⫽ 3) were injected with
saline or CL316,243 (1 mg/kg of body weight/day, intraperitoneally) daily for 21
days. Interscapular tissues were then isolated and processed to analyze changes
in gene expression and histology as described above. To evaluate acute effects of
CL316,243 on thermogenesis, wild-type and FABP4-Wnt10b mice (n ⫽ 4) were
surgically implanted with precalibrated telemeters (model TA-F20; Data Sciences International, St. Paul, Minn.) under deep anesthesia. Mice were housed
at 27°C with cycles of 12 h of light and 12 h of darkness for at least 2 weeks
postsurgery. Core body temperatures for each animal were then recorded at an
environmental temperature of 27°C. Saline was injected on day 1 at 9 am, and
CL316,243 was injected on day 2 at 9 a.m., and core body temperatures were
recorded simultaneously. Data acquisition and analysis were performed on ICELUS software (Mark J. Opp, University of Michigan).
To investigate the effects of cold exposure on gene expression, female
C57BL/6 mice (n ⫽ 5) were singly housed and placed at 4°C with ad libitum
access to both chow and water. After 24 h, mice were euthanized, and interscapular tissue was dissected and processed for RNA analysis. To evaluate gene
expression in a genetic model of obesity, male ob/ob mice (n ⫽ 6) on a C57BL/6
genetic background were purchased from The Jackson Laboratory (Bar Harbor,
Maine) and acclimatized for 2 weeks. After euthanasia, interscapular tissue was
dissected and RNA was isolated with RNA Stat60.
Quantitative RT-PCR. One microgram of total RNA was transcribed to cDNA
by using TaqMan (Roche) according to the manufacturer’s protocol. cDNA was
synthesized by using the TaqMan system (Applied Biosystems) and random
hexamer primers. Quantitative PCR was performed according to the manufacturer’s protocol. SYBR green I was used to monitor amplification of DNA on the
I-Cycler thermal cycler and IQ real-time PCR detection system (Bio-Rad). After
amplification, melting curve analysis was performed as described in the manufacturer’s protocol (Bio-Rad). Gene expression was normalized to 18S RNA.
The oligonucleotide primers for amplification of PGC-1␣ (59), UCP1 (60),
PPAR␥ (60), cytochrome c, long-chain acyl coenzyme A (CoA) dehydrogenase
(50), Wnt10a (50), and Wnt10b (9) have been reported. Primers for the following
genes were designed and validated for quantitative PCR: for C/EBP␣, 5⬘-TGG
ACAAGAACAGCAACGAG-3⬘ (forward) and 5⬘-TCACTGGTCAACTCCAG
CAC-3⬘ (reverse); for FABP4, 5⬘-TGGAAGCTTGTCTCCAGTGA-3⬘ (forward) and 5⬘-AATCCCCATTTACGCTGATG-3⬘ (reverse); for 18S, 5⬘-CGCT
TCCTTACCTGGTTGAT-3⬘ (forward) and 5⬘-GAGCGACCAAAGGAACCA
TA-3⬘ (reverse); for mitochondrial transcription factor A (mtTFA), 5⬘-GCCTG
GGGTCTTGTCTGTAT-3⬘ (forward) and 5⬘-TTTGGGTAGCTGTTCTGTG
G-3⬘ (reverse); for ATP synthase (ATP5f1), 5⬘-CCGTGTCTGAAGAACG-3⬘
(forward) and 5⬘-GGCAAGGCGAGGCTGTC-3⬘ (reverse); for cytochrome c,
5⬘-TTCCTGCTTCGTGTGTTGTC-3⬘ (forward) and 5⬘-GATTGCAGAAGAG
GTGACTGG-3⬘ (reverse).
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To identify endogenous Wnt proteins that may act to repress
brown adipogenesis, we used quantitative RT-PCR to evaluate
patterns of expression during differentiation of Rb⫺/⫺ MEFs.
Wnt10a and Wnt10b are expressed in confluent Rb⫺/⫺ MEFs,
and their levels of expression decline during adipogenesis (Fig.
2C). Both of these Wnt proteins are also expressed in BAT. As
expected, PPAR␥ and C/EBP␣, as well as the downstream
genes FABP4 and UCP1, are induced as Rb⫺/⫺ MEFs differentiate into brown adipocytes (Fig. 2C). These factors are also
highly expressed in BAT. Thus, candidates for activators of the
endogenous inhibitory pathway are Wnt10a and Wnt10b.
Brown adipocyte recruitment and thermogenesis are
blocked in FABP4-Wnt10b mice. To determine the effect of
Wnt signaling on the development of adipose tissues, our
group developed transgenic mice in which Wnt10b is expressed
in WAT and BAT from the FABP4 promoter (33). Our prior
analyses indicated that Wnt10b impairs development of WAT
and blocks development of BAT. Interscapular tissue of
FABP4-Wnt10b mice has the visual appearance of WAT but
lacks expression of white or brown adipocyte markers. The
cold sensitivity of these mice provides compelling evidence that
FABP4-Wnt10b mice lack functional BAT. To determine
whether a strong adrenergic stimulus is sufficient to promote
development of new brown adipocytes in these mice, we injected wild-type and FABP4-Wnt10b mice with CL316,243
daily for 21 days. In response to this ␤3-adrenergic agonist,
lipid stores in interscapular BAT of wild-type mice became
depleted (Fig. 3A), and expression of UCP1 was induced (Fig.
3B), consistent with a previous report (16). The amount of
intracellular lipid was also decreased in FABP4-Wnt10b mice,
but 21 days of CL316,243 treatment was not sufficient to increase expression of UCP1 in these mice (Fig. 3B). While
long-term treatment of wild-type mice with CL316,243 caused
lipid depletion in WAT and the appearance of a few multilocular adipocytes, loss of lipid and appearance of brown adipocytes were not observed in WAT of FABP4-Wnt10b mice (data
not shown).
To confirm the lack of functional BAT within FABP4Wnt10b mice, we investigated thermogenesis in response to an
acute injection of CL316,243. As expected, injection of
CL316,243 in wild-type mice caused an increase in core body
temperature that lasted more than 5 h (Fig. 3C). In contrast,
injection of FABP4-Wnt10b mice with CL316,243 caused a
spike in thermogenesis similar to that associated with the stress
of injecting saline (Fig. 3C). When the thermal spike after
injection of CL316,243 was normalized to that of saline, the
increase in core body temperature in FABP4-Wnt10b mice was
blunted compared to wild-type mice. Taken together, these
data indicate that expression of Wnt10b from the FABP4 promoter blocks the ability of CL316,243 to recruit new brown
adipocytes and to stimulate thermogenesis.
Wnt signaling specifically inhibits PGC-1␣ and UCP1 in
differentiated brown adipocytes. Our results that C/EBP␣ and
PPAR␥ rescue lipid accumulation but not UCP1 expression
prompted us to evaluate whether Wnt signaling also inhibits
expression of UCP1 in differentiated brown adipocytes. For
this experiment, differentiated Rb⫺/⫺ MEFs were treated with
the GSK3 inhibitor, LiCl, from day 6 to day 10 after induction
of differentiation. Expression of various adipogenic genes was
determined by immunoblot analysis at days 6 and 10 (Fig. 4A).
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by Oil Red-O staining (Fig. 1A). In contrast, treatment with
LiCl from day 0 to 4 of the differentiation protocol completely
blocked lipid accumulation. As expected, inhibition of GSK3
with a more specific molecule, Chir99021 (3, 45, 56), also
inhibited brown adipose conversion (data not shown). Finally,
activation of canonical Wnt signaling by enforced expression of
Wnt10b or ␤-catS33Y blocked accumulation of lipid (Fig. 1A).
To determine molecular mechanisms whereby Wnt inhibits
brown adipogenesis, expression of various adipocyte proteins
was determined by immunoblot analysis (Fig. 1B). In Rb⫺/⫺
MEFs, two adipogenic transcription factors, PPAR␥ and
C/EBP␣, as well as downstream genes, FABP4 and UCP1,
were induced during adipogenesis. However, in cells expressing Wnt10b, induction of C/EBP␣ and PPAR␥ as well as
FABP4 and UCP1 was greatly impaired. Similar results are
observed in Rb⫺/⫺ MEFs treated with LiCl (data not shown).
In addition we observed that LiCl completely blocked induction of PGC-1␣ mRNA (data not shown). These observations
in Rb⫺/⫺ MEFs are supported by experiments in HIB-1B cells.
In addition to inhibiting the accumulation of lipid (Fig. 1C),
Wnt1 and Wnt10b inhibit induction of PPAR␥, C/EBP␣, and
downstream genes such as FABP4 and UCP1, without influencing expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Taken together, these data demonstrate that
Wnt signaling inhibits brown adipogenesis in vitro, and suggest
that canonical Wnt signaling inhibits brown adipogenesis by
interfering with induction of C/EBP␣ and PPAR␥.
Wnt signaling inhibits adipogenesis through PPAR␥ and
C/EBP␣ and expression of UCP1 through PGC-1␣. Wnt signaling blocks brown adipogenesis in two in vitro models by
interfering with induction of C/EBP␣, PPAR␥ and UCP1 (Fig.
1). To investigate further the molecular mechanisms whereby
Wnt inhibits brown adipogenesis, we enforced expression of
the adipogenic transcription factors PPAR␥ and C/EBP␣.
While expression of C/EBP␣ or PPAR␥ was sufficient to rescue accumulation of lipid and expression of FABP4 in Rb⫺/⫺
MEFs expressing Wnt10b, these transcription factors did not
stimulate expression of UCP1 (Fig. 2A). Consistent with these
findings, C/EBP␣ and PPAR␥ also restored accumulation of
lipid but not expression of UCP1 in HIB-1B cells (data not
shown). In Rb⫺/⫺ MEFs in which adipogenesis was blocked by
Wnt10b, expression of PGC-1␣ alone was not sufficient to
induce UCP1 (Fig. 2A). Thus, Wnt10b inhibits the adipogenic
program through suppression of C/EBP␣ and PPAR␥, but an
additional mechanism appears to be required to constrain expression of UCP1.
To determine if inhibition of the thermogenic program by
Wnt signaling involves PGC-1␣, we tested whether PPAR␥
and PGC-1␣ together can prevent the suppression of UCP1.
For this experiment, PPAR␥ and PGC-1␣ were stably expressed in Rb⫺/⫺ MEFs, and Chir99021 was used to activate
canonical Wnt signaling. As expected, brown adipogenesis of
Rb⫺/⫺ MEFs was inhibited by Chir99021, as assessed by diminished lipid accumulation and expression of FABP4 and
UCP1 (Fig. 2B). However, coexpression of PPAR␥ and
PGC-1␣ largely repressed the effects of Wnt signaling on lipid
accumulation and expression of FABP4 and UCP1. These results suggest that Wnt signaling blocks adipogenesis through
repression of PPAR␥ and C/EBP␣ and inhibits UCP1 through
suppression of PGC-1a.
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Treatment of brown adipocytes with LiCl from days 6 to 10 did
not influence expression of PPAR␥, C/EBP␣, or FABP4; however, LiCl dramatically decreased expression of UCP1. Similar
regulation is observed at the mRNA level, with the expression
of UCP1 transcript inhibited by LiCl, without effects on adipogenic markers such as C/EBP␣, PPAR␥, or FABP4 (data
not shown).
Although inhibition of GSK3 by LiCl activates canonical
Wnt signaling, the central role that GSK3 plays in other signaling pathways complicates the interpretation of this experiment. Thus, we used recombinant Wnt3a as an additional tool
to activate Wnt signaling in differentiated Rb⫺/⫺ MEFs (Fig.
4B and C). To confirm that activity of Wnt3a is similar to that
of Wnt10b and Wnt1 (Fig. 1), 20 ng of purified Wnt3a per ml
was added to Rb⫺/⫺ MEFs from days 0 to 4 of the differentiation protocol. As expected, Wnt3a inhibits adipogenesis and
blocks lipid accumulation to a similar extent as ectopic expression of Wnt10b or Wnt1 or addition of 3 M Chir99021 (Fig.
4B). Furthermore, the addition of recombinant Wnt3a to differentiated brown adipocytes specifically suppressed expression of UCP1 without affecting expression of PPAR␥, C/EBP␣,
or FABP4. Similar results were observed with Chir99021 (Fig.
4C). Suppression of nuclear- and mitochondrial-encoded
genes involved in fatty acid oxidation (long-chain acyl CoA
dehydrogenase), transcription and replication (mtTFA), and
respiration (cytochrome c and ATP synthase) by Chir99021
(Fig. 4D) suggests that Wnt signaling in brown adipocytes
represses both mitochondrial biogenesis and metabolism.
PGC-1␣ mediates the inhibition of UCP1 by Wnt signaling.
Wnt blocks expression of UCP1 during brown adipogenesis
through effects on PGC-1␣ (Fig. 2), raising the possibility that
the effects of Wnt on UCP1 in differentiated brown adipocytes
are mediated by a similar mechanism. To establish whether
PGC-1␣ plays an intermediary role in the suppression of UCP1
by Wnt signaling, we first examined the time frame whereby
Wnt signaling decreases expression of these genes. Differentiated Rb⫺/⫺ MEFs were treated with Chir99021 for the indicated times prior to preparation of RNA and protein. Expression of UCP1 mRNA began to decline 12 h after treatment
with Chir99021, with complete suppression observed by 48 h
(Fig. 5A). Importantly, activation of Wnt signaling with
Chir99021 also caused a decline in the level of PGC-1␣
mRNA, which preceded that of UCP1 (Fig. 5A). PGC-1␣
mRNA levels decreased between 4 and 8 h after treatment,
and expression remained low for at least 96 h. Chir99021 also
stimulated a decrease in UCP1 protein, without influencing
expression of C/EBP␣ and FABP4 proteins (Fig. 5B). These
data demonstrate that in differentiated brown adipocytes, activation of canonical Wnt signaling by Chir99021 specifically
inhibits expression of brown adipocyte genes, UCP1 and PGC1␣, without altering expression of those genes shared with
white adipocytes. Suppression of PGC-1␣ precedes that of

adult C57/BL6 mice. After reverse transcription, cDNAs were used as
templates for quantitative RT-PCR, and expression of Wnt10a,
Wnt10b, PPAR␥, C/EBP␣, FABP4, and UCP1 was evaluated. After
normalizing expression to 18S RNA, expression is presented relative to
that observed in undifferentiated Rb⫺/⫺ MEFs.

Downloaded from http://mcb.asm.org/ on November 25, 2020 by guest

FIG. 2. Wnt signaling inhibits adipogenesis through PPAR␥ and
C/EBP␣ and expression of UCP1 through PGC-1␣. (A) Rb⫺/⫺ MEFs
were infected with pLNCX2 or Wnt10b retroviruses. After selection,
both of these cell lines were infected with pBabe. Wnt10b cells were
also infected with retroviruses containing C/EBP␣, PPAR␥, or PGC1␣. Two days after confluence (day 0), cells were induced to differentiate. At day 10, cells were stained with Oil Red-O to assess lipid
accumulation. Cells were lysed at day 8 and subjected to immunoblotting for FABP4 and UCP1. (B) Rb⫺/⫺ MEFs were sequentially infected with empty vectors (pBabe and pLNCX2) or with PPAR␥ and
PGC-1␣. Cells were induced to differentiate in the absence (⫺) or
presence (⫹) of 3 M Chir99021 on days 0 and 2. Cells were stained
with Oil Red-O on day 10. Other cells were lysed at day 8 and subjected to immunoblot analysis for FABP4 and UCP1. (C) RNA was
isolated from confluent Rb⫺/⫺ MEFs (D0) and 10 days after induction
of brown adipogenesis (D10). RNA was also isolated from BAT of
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UCP1, suggesting a regulatory role for PGC-1␣ in repression
of UCP1 by Wnt signaling.
To establish whether the decrease in PGC-1␣ is required for
suppression of UCP1 by canonical Wnt signaling, we enforced
expression of PGC-1␣ in Rb⫺/⫺ MEFs. Six days after induction
of adipogenesis, brown adipocytes were treated with 3 M
Chir99021 for 0, 12, or 24 h. RNA was then purified, and
expression of PGC-1␣ and UCP1 was determined by an RNase
protection assay (Fig. 5C). As expected, activation of canonical
Wnt signaling with Chir99021 suppressed both UCP1 and
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FIG. 4. Wnt signaling inhibits expression of UCP1 in differentiated
Rb⫺/⫺ MEFs. (A) LiCl (25 mM) or vehicle was added to media of
Rb⫺/⫺ MEFs from day 6s to 10 after induction of brown adipogenesis.
Lysates were collected from cells on day 6 and on day 10. Expression
of PPAR␥, C/EBP␣, FABP4, and UCP1 proteins was evaluated by
immunoblot analyses. (B) Rb⫺/⫺ MEFs were induced to differentiate
in the presence of 20 ng of Wnt3a per ml, 3 M Chir99021, or appropriate vehicles from days 0 to 4. At day 10, cells were stained with
Oil-Red O and visualized by phase-contrast microscopy. (C and D)
Brown adipocytes were treated with 20 ng of Wnt3a per ml, 3 M
Chir99021, or vehicle 8 and 10 days after induction of differentiation.
On day12, cells were lysed, and expression of PPAR␥, C/EBP␣,
FABP4, and UCP1 was determined by immunoblot analyses. Expression of mtTFA, cytochrome c (CytC), ATP synthase (ATP5f1), and
long-chain acyl CoA dehydrogenase (LCAD) was analyzed by quantitative PCR.

PGC-1␣ in Rb⫺/⫺ brown adipocytes. Ectopic expression of
PGC-1␣ caused a slight increase in levels of total PGC-1␣ and
UCP1 mRNAs. Furthermore, expression of PGC-1␣ blocked
the suppression of UCP1 by Chir99021, indicating that
PGC-1␣ plays an intermediary role in the suppression of UCP1
by Wnt signaling.
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FIG. 3. Brown adipocyte recruitment and thermogenesis is blocked
in FABP4-Wnt10b mice. (A) Wild-type and FABP4-Wnt10b mice
were administered saline or a ␤3-agonist (CL316,243) daily for 21 days.
Interscapular tissue was then excised and fixed. Sections were stained
with hematoxylin and eosin. Representative photomicrographs are
presented. (B) RNA was purified from interscapular tissues (n ⫽ 3),
and expression of UCP1, PGC-1␣, ␤3-adrenergic receptor (␤3-AR),
and the Wnt10b transgene evaluated by a RNase protection assay.
(C) Wild-type and FABP4-Wnt10b mice (n ⫽ 4) were implanted with
telometers to measure core body temperature. Saline was injected on
day 1 at 9 a.m., and CL316,243 was injected on day 2 at 9 a.m. and core
body temperature was recorded (left panel). Average change in body
temperature (⌬) was calculated over the 12 h following each injection
for each animal. Body temperatures after saline injection were subtracted from that observed after CL316,243 (right panel). Wt, wild
type; Tg, transgene.
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FIG. 5. PGC-1␣ mediates the inhibition of UCP1 by Wnt signaling.
Six days after induction of differentiation, canonical Wnt signaling was
activated in brown adipocytes by treatment with 3 M Chir99021 or
vehicle. Cells were lysed 0, 1, 2, 4, 8, 12, 24, 48, and 96 h after
treatment. UCP1, PGC-1␣, and 36B4 mRNA levels were evaluated by
RNase protection assays, and UCP1, C/EBP␣, and FABP4 proteins
were determined by immunoblot analyses. (C) Rb⫺/⫺ MEFs were
infected with control or PGC-1␣ retroviruses. After differentiation into
brown adipocytes (day 6), cells were treated with vehicle or Chir99021
for the indicated times. Expression of UCP1, PGC-1␣, and 36〉4
mRNAs was evaluated by RNase protection assays.

a model. Consistent with previous reports (10, 25), the interscapular tissue of ob/ob mice has characteristics of WAT, with
a high proportion of unilocular fat cells and reduced expression of UCP1 and PGC-1␣ (Fig. 7B). We report here that
expression of Wnt10b in interscapular tissue of ob/ob mice is
increased by about 2.5-fold (Fig. 7B), and although not statistically significant, the twofold increase in Wnt10a expression
suggests that additional Wnt signaling components may also be
regulated (Fig. 7B). The inverse relationship between Wnt10b
and expression of PGC-1␣ and UCP1 in interscapular tissue of
ob/ob mice provides further correlative evidence that Wnt signaling inhibits metabolism of brown adipocytes.
DISCUSSION
We have shown previously that activation of Wnt signaling
inhibits differentiation of preadipocytes in vitro and development of white adipocytes in vivo (3, 26, 33, 48). We also
demonstrated that expression of Wnt10b from the FABP4
promoter results in a lack of functional BAT (33). In the
present study, we use cell culture and transgenic models to
investigate mechanisms whereby Wnt signaling regulates differentiation and metabolism of brown adipocytes. Activation
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Expression of Wnt10b from the UCP1 promoter converts
brown adipocytes into white. Based upon these in vitro findings
in which Wnt signaling specifically inhibits expression of brown
adipocyte genes, we explored whether Wnt10b could stimulate
conversion of brown adipose into white. We developed a line
of transgenic mice in which Wnt10b is expressed from ⬃3.1 kb
of the UCP1 promoter. In the founder line examined most
extensively, the transgene is expressed more highly in interscapular tissue than in other tissues (Fig. 6A), with the exception of heart. No obvious differences in heart development or
function were observed in these mice. Expression of the transgene is not observed in heart from a second founder line, which
shows an intermediate BAT phenotype. Interscapular tissue
from wild-type and UCP1-Wnt10b mice at 8 weeks of age was
dissected for histological analyses (Fig. 6B). Wild-type mice
have interscapular BAT characterized by cells with multilocular lipid droplets and a dark brown color due to high mitochondrial content. In contrast, interscapular tissue from
UCP1-Wnt10b mice has a visual appearance reminiscent of
WAT, with cells containing unilocular lipid droplets (Fig. 6B).
A similar phenotype is observed as early as 72 h after birth
(data not shown).
To characterize the effects of Wnt10b at the molecular level,
interscapular tissues were dissected, and various adipocyte
markers were analyzed. As expected from our histological findings, expression of UCP1 and PGC-1␣ proteins was greatly
decreased in UCP1-Wnt10b mice (Fig. 6C). However, Wnt10b
did not alter expression of the adipocyte markers PPAR␥,
C/EBP␣, and FABP4 (Fig. 6C). Although expression of
mRNAs for nuclear respiratory factor 1 (data not shown) and
mtTFA were not significantly different in UCP1-Wnt10b interscapular tissue, the decline observed in levels of cytochrome c,
ATP synthase (ATP5f1), long-chain acyl CoA dehydrogenase,
and UCP1 mRNAs indicates that Wnt signaling suppresses
mitochondrial biogenesis and metabolism in these mice. These
effects are likely to be mediated by the repression of PGC-1␣
(Fig. 6C). Reduced expression of genes involved in mitochondrial biogenesis and metabolism, without alteration of white
adipocyte gene expression, suggests that exposure of brown
adipocytes to Wnt signaling in vitro (Fig. 4 and 5) and in vivo
(Fig. 6) converts brown adipose into white.
Reciprocal regulation of brown adipocyte and Wnt signaling
genes in response to cold challenge or genetic obesity. When
mice are placed in a cold environment, adrenergic stimulation
increases thermogenesis of BAT to help maintain their core
body temperature. To determine whether expression of
Wnt10b and other Wnt signaling molecules are regulated during this adaptive thermogenesis, we placed individually housed
mice (n ⫽ 5) at 4°C for 24 h. As expected (44), expression of
UCP1 and PGC-1␣ mRNAs in interscapular BAT increased by
about fourfold in mice exposed to the cold temperature (Fig.
7A). Although differences could not be detected with Wnt10a,
the cold challenge stimulated a 40% decline in Wnt10b expression. These data are consistent with alterations in Wnt10b and
with Wnt signaling components’ playing a regulatory role in
expression of PGC-1␣ and UCP1 and, thus, adaptive thermogenesis.
To establish whether reciprocal regulation of UCP1 and
Wnt10b also occurs in physiological states where thermogenesis is suppressed, we explored leptin-deficient mice (ob/ob) as
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of canonical Wnt signaling in Rb⫺/⫺ MEFs and HIB-1B cells
inhibits accumulation of lipid and blocks expression of adipocyte genes, including the brown adipocyte marker, UCP1 (Fig.
1). Enforced expression of PPAR␥ or C/EBP␣ in Wnt10bexpressing Rb⫺/⫺ MEFs rescues the adipogenic program but
not the thermogenic program (i.e., expression of UCP1). To
overcome the suppression of UCP1 by Wnt signaling requires
expression of PPAR␥ and the important metabolic coactivator
PGC-1␣ (Fig. 2). Endogenous signaling in brown adipocytes is
likely mediated by Wnt10a and/or Wnt10b. Both of these factors are expressed in preadipocytes and BAT but not within
differentiated brown adipocytes (Fig. 2). The work of Tseng
and coworkers supports this idea as they observed an inverse
relationship between expression of Wnt10a and the ability of
various insulin receptor substrate-deficient cells to differentiate into brown adipocytes (54).
Inhibition of brown adipocyte differentiation is also observed in transgenic mice where Wnt10b is overexpressed from
the FABP4 promoter. We demonstrated previously that interscapular tissue from FABP4-Wnt10b mice lacks expression of
brown adipocyte markers, including UCP1, PGC-1␣, and ␤3adrenergic receptors (33). Here we report that expression of
UCP1 is undetectable in these mice, even when mice are
chronically treated with a ␤3-agonist, possibly due to a paucity
of ␤3-adrenergic receptors and/or continued active suppression of PGC-1␣ and UCP1 by Wnt signaling (Fig. 3). While
adrenergic stimuli normally cause mobilization of lipid from
BAT of wild-type mice (17, 21), interscapular tissue from
FABP4-Wnt10b mice is not depleted to the same extent. Furthermore, the thermogenic spike that usually occurs subsequent to injection of CL316,243 is lacking in FABP4-Wnt10b
mice, providing further support for the lack of functional BAT
(Fig. 3). Thus, Wnt signaling profoundly inhibits development
of brown adipocytes in vitro and in vivo.
Lipid filled cells within interscapular tissue are often observed when the function of BAT is inhibited (1, 13, 52).
However, interscapular tissue which lacks expression of brown
and most white adipocyte genes has only been observed previously when adipogenesis was inhibited by overexpression of a
nuclear form of sterol regulatory element-binding protein 1c
(49). While the mechanism whereby lipid accumulates in cells
without expression of adipocyte markers is unknown, undetectable levels of fatty acid synthase suggest that de novo synthesis
of fatty acids is an unlikely cause. However, low levels of
lipoprotein lipase in FABP4-Wnt10b mice suggest uptake of
lipids from extracellular sources as a possible mechanism (data
not shown).
Interestingly, Wnt signaling also influences brown adipocyte
metabolism after differentiation has occurred. For instance,
activation of canonical Wnt signaling in differentiated brown
adipocytes represses expression of UCP1 and genes involved in
mitochondrial biogenesis and metabolism, without altering
genes typically associated with white adipocytes (Fig. 4). Consistent with the intermediary role of PGC-1␣ (44), suppression
of UCP1 mRNA is preceded by a decline in PGC-1␣, and
enforced expression of PGC-1␣ blocks the ability of Wnt signaling to inhibit UCP1 (Fig. 5). These in vitro results suggest
that PGC-1␣ plays a central role in suppression of UCP1 by
Wnt signaling. Both mtTFA and long-chain acyl CoA dehydrogenase are regulated by PGC-1␣ (53, 58), suggesting a role
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FIG. 6. Wnt signaling blocks expression of UCP1 and PGC-1␣ in
interscapular tissue of UCP1-Wnt10b mice without altering expression
of white adipocyte genes. (A) RNA was isolated from the indicated
tissues and expression of the Wnt10b transgene (Tg) was evaluated by
an RNase protection assay. (B) Interscapular tissues from wild-type
and UCP1-Wnt10b transgenic mice were isolated at 8 weeks of age,
fixed with 10% buffered formalin, and embedded in paraffin. Tissue
samples were sectioned and stained with hematoxylin and eosin. Representative photomicrographs are presented. (C) Interscapular tissues
from wild-type mice (Wt) and UCP1-Wnt10b mice were dissected (n ⫽
4). Expression levels of PPAR␥, C/EBP␣, FABP4, and UCP1 proteins
were determined by immunoblot analysis, and expression of PGC-1␣
mRNA was evaluated by an RNase protection assay. (D) Expression of
mtTFA, cytochrome c (CytC), ATP synthase (ATP5f1), long-chain acyl
CoA dehydrogenase (LCAD), PGC-1␣, UCP1, and 18S was analyzed
by quantitative PCR. Expression is shown relative to wild-type mice
and is expressed as mean ⫾ standard deviation. Differences between
wild-type and UCP1-Wnt10b mice were evaluated by a Student’s t test.
An asterisk indicates statistical significance (P ⬍ 0.05). Wt, wild type.
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for this transcriptional coactivator in mediating the effects of
Wnt10b on these and other downstream genes. the rapid effects of Wnt signaling on suppression of PGC-1␣ mRNA could
be due to altered RNA stability, it is likely that Wnt regulates
transcription of the PGC-1␣ gene. Suppression of PGC-1␣
transcription might be direct, perhaps through a ␤-cateninLEF-1 complex (24), or Wnt signaling could interfere with
transcriptional effects of ATF-2, CREB, or FOXO1, all of
which have been reported to transactivate the PGC-1␣ promoter (6, 11, 19). Alternatively, Wnt10b may inhibit upstream
regulators such as protein kinase A or p38 mitogen-activated
protein kinase, two signaling molecules known to regulate
PGC-1␣ expression and activity (6, 42). Similar levels of UCP1
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FIG. 7. Reciprocal regulation of brown adipocyte and Wnt signaling genes in response to cold challenge or genetic obesity.
(A) C57BL/6 mice were singly housed and maintained at room temperature (Control; n ⫽ 5) or at 4°C for 24 h (Cold exposure; n ⫽ 5).
After euthanasia, interscapular tissues were dissected and RNA was
prepared. Expression of UCP1, PGC-1␣, Wnt10a, and Wnt10b was
evaluated by quantitative PCR. Relative levels of RNA are shown
graphically as the mean ⫹ standard deviation. Differences between
treatments were evaluated by a Student’s t test. An asterisk indicates
statistical significance (P ⬍ 0.05). (B) RNA from interscapular tissue
of wild-type (Wt) and ob/ob mice was isolated. Expression of UCP1,
PGC-1␣, Wnt10a, and Wnt10b mRNAs was evaluated by quantitative
PCR, and relative expression is presented as the mean ⫾ standard
deviation. Differences between wild-type and ob/ob mice were evaluated by a Student’s t test. An asterisk indicates statistical significance
(P ⬍ 0.05).

in PGC-1␣⫺/⫺ mice (32) suggest that repression of UCP1 by
Wnt signaling may involve multiple mechanisms.
Although expression of Wnt10b from the FABP4 promoter
blocks development of BAT, expression of Wnt10b from the
UCP1 promoter appears to cause transdifferentiation of brown
adipose into white. While interscapular tissue of UCP1Wnt10b mice has exceedingly low expression of PGC-1␣,
UCP1, and genes involved in mitochondrial biogenesis and
metabolism, this tissue has unilocular adipocytes and normal
expression of white adipocyte genes such as PPAR␥, C/EBP␣,
and FABP4 (Fig. 6). This phenotype is reminiscent of that
observed in UCP1⫺/⫺ and A-ZIP mice (13, 37). Interscapular
tissues from these mice have cells with unilocular lipid droplets
but comparable expression of various adipocyte markers. Our
work in cultured cells suggests that the effects of Wnt10b on
brown adipocyte differentiation in FABP4-Wnt10b mice and
transdifferentiation in UCP1-Wnt10b mice are due to temporal
differences in transgene activation.
Human infants have large depots of BAT to help defend
against cold exposure and to maintain energy homeostasis;
however, by adulthood, defined BAT depots are lost, and
brown adipocytes are instead found interspersed within WAT.
While UCP1 is not normally expressed at high levels within
human adipose tissue, this important thermogenic protein can
be induced in adults under certain pathological conditions (4).
Although speculative, it should nonetheless be noted that increased Wnt signaling is a potential mechanism whereby formation of new brown adipocytes is blocked and existing brown
adipocytes may be converted into white adipocytes. In rodents,
BAT has a crucial role in nonshivering thermogenesis throughout life. Reciprocal expression of Wnt10b with UCP1 and
PGC-1␣ in interscapular tissue from cold-challenged or genetically obese mice supports the notion that Wnt signaling may
regulate expression of PGC-1␣ and UCP1 under conditions of
plasticity between WAT and BAT (Fig. 7).
Expression and activity of PGC-1␣ play important roles in
regulating cellular respiration in numerous tissues, and
PGC-1␣ may influence insulin sensitivity in liver and muscle
(29, 39). We demonstrate here that Wnt signaling blocks expression of PGC-1␣ in brown adipocytes. Furthermore, inhibition of PGC-1␣ by canonical Wnt signaling plays an important intermediary role in the suppression of UCP1 and appears
to be sufficient to transform brown adipocytes into white. Consistent with this notion, mice in which FOXC2 is overexpressed
(8) or in which 4E-BP1 is disrupted (55) have increased
PGC-1␣ protein, and this is correlated with expression of
UCP1 in traditional WAT depots and increased metabolic
rate. Furthermore, enforced expression of PGC-1␣ in white
adipocytes is sufficient to cause conversion to a brown adipocyte phenotype, with expression of UCP1 and increased fatty
acid oxidation (53). If Wnt signaling regulates PGC-1␣ in other
cell types, this may be a mechanism whereby Wnt proteins
influence cellular metabolism.
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