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We investigated the ability of fetal mesenchymal stem cells (fMSCs) to differentiate into brown and white adi-
pocytes and compared the expression of a number of marker genes and key regulatory factors. We showed that the 
expression of key adipocyte regulators and markers during differentiation is similar to that in other human and mu-
rine adipocyte models, including induction of PPARγ2 and FABP4. Notably, we found that the preadipocyte marker, 
Pref-1, is induced early in differentiation and then declines markedly as the process continues, suggesting that fMSCs 
first acquire preadipocyte characteristics as they commit to the adipogenic lineage, prior to their differentiation into 
mature adipocytes. After adipogenic induction, some stem cell isolates differentiated into cells resembling brown adi-
pocytes and others into white adipocytes. Detailed investigation of one isolate showed that the novel brown fat-deter-
mining factor PRDM16 is expressed both before and after differentiation. Importantly, these cells exhibited elevated 
basal UCP-1 expression, which was dependent on the activity of the orphan nuclear receptor ERRα, highlighting a 
novel role for ERRα in human brown fat. Thus fMSCs represent a useful in vitro model for human adipogenesis, and 
provide opportunities to study the stages prior to commitment to the adipocyte lineage. They also offer invaluable in-
sights into the characteristics of human brown fat.
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Introduction

The developmental programmes that control the gen-
eration of white adipose as a storage depot for triglyc-
eride versus brown fat for adaptive thermogenesis are 
poorly understood. While they both express common 
marker genes including fatty acid-binding protein 4 (the 
human homolog of aP2 in the mouse), brown fat has a 
higher mitochondrial content and increased expression 
of many genes involved in adaptive thermogenesis [1]. 
The regulation of adipogenesis from preadipocytes has 
been examined extensively in murine models [2] and led 

to the identification of PPARγ and C/EBPα as key tran-
scription factors. Conversely, Pref-1 (preadipocyte factor 
1, also identified as Dlk1), a trans-membrane protein re-
lated to the EGF (epidermal growth factor) that is highly 
expressed in preadipocytes, blocks adipogenesis but its 
levels fall with the onset of differentiation. Exogenous 
expression of Pref-1 blocks differentiation of 3T3-L1 
preadipocytes [3], while its overexpression in transgenic 
mice results in lipodystrophy [4]; Pref-1 null mice on the 
other hand have accelerated adiposity [5].

It was generally assumed that brown and white fat 
cells were derived from a common adipogenic progeni-
tor. However, expression profiling indicated that brown 
fat cells express a large number of muscle-related genes 
[6], and genetic studies suggest that brown adipose tissue 
may have a distinct origin from that of brown adipocytes 
found in white adipose tissue [6]. Moreover, a population 
of cells derived from human skeletal muscle can differ-
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entiate in vitro into brown adipocytes [7]. Recent work 
indicates that brown adipose tissue and skeletal muscle 
are derived from common Myf5-expressing progenitor 
cells and that the transcriptional regulator, PRDM16, 
controls a brown fat/skeletal muscle switch [8]. Exog-
enous PRDM16 expression was able to drive brown adi-
pogenesis, but only if expressed prior to the onset of dif-
ferentiation [9]. Nevertheless, brown fat cells that appear 
in white adipose tissue on cold exposure do not appear to 
be derived from these Myf5-expressing progenitor cells 
[8], and so it is conceivable that these brown fat cells are 
derived from a common adipogenic precursor cell.

Interestingly, manipulation of a number of cofactors 
for nuclear receptors suggests that it may be possible to 
switch white fat into brown fat. Thus, exogenous expres-
sion of PGC1α [10] in white fat cells or the deletion of 
the corepressor RIP140 results in the expression of UCP1 
[11-13], a characteristic marker of brown fat cells. The 
coactivator PGC1β is also important for the expression 
of many typical brown fat genes [14].

Mesenchymal stem cells can be expanded in vitro and 
induced to differentiate into cells of multiple mesenchy-
mal lineages [15]. Human adult mesenchymal stem cells 
have been shown to differentiate into white adipocytes 
[16], but their ability to differentiate into brown adipo-
cytes is unclear. One study of human amniotic fluid-
derived stem cells did address the phenotype of the dif-
ferentiated cells and found low levels of expression of 
the brown fat markers UCP-1 and PGC1α. However, this 
expression was lower than that seen in adult sub-cutane-
ous white adipocytes [17], which the differentiated stem 
cells most closely resembled. Mesenchymal stem cells 
have been isolated from blood, liver and bone marrow of 
first-trimester human fetuses, and these can also differ-
entiate into adipocytes [18, 19]. However, the process of 
adipogenesis and the functional properties of the derived 
adipocytes were only minimally characterized. There-
fore, we have studied first-trimester cells to investigate 
their potential to differentiate into either white or brown 
adipocytes. We also studied the process of adipogenesis 
in fetal mesenchymal stem cells (fMSCs) to determine 
whether key markers and regulators were expressed in a 
similar manner to that previously described in other adi-
pocyte models [2, 13, 20, 21], and to characterize further 
the differentiated adipocytes.

Results

Adipogenic differentiation of fMSCs
Initially, we confirmed previous reports that fMSCs 

were able to differentiate into adipocytes [18]. After 14 
days, droplets were clearly visible in ~30% of cells, and 

staining with Oil Red O confirmed the presence of intra-
cellular lipid (Figure 1A). To establish the mesenchymal 
stem cell origin of the isolates, we demonstrated that they 
were also able to differentiate into bone (Figure 1A). We 
next analyzed the expression of a number of adipocyte 
markers and regulatory factors that were expressed dur-
ing mouse adipogenesis. Expression analysis was per-
formed with two different isolates (one from fetal blood 
and one from fetal bone marrow from different fetuses) 
before and after treatment with adipogenic differentia-
tion media. Expression of the adipocyte marker fatty 
acid-binding protein 4 (the human homolog of the mouse 
gene aP2) was detected after 3 days, and increased pro-
gressively with a 150-fold induction after 14 days (Figure 
1B), in parallel with lipid accumulation.

The key adipogenic regulator PPARγ  was expressed 
in undifferentiated stem cells, but increased throughout 
differentiation, and after 14 days showed an 8- to 12-fold 
upregulation compared to untreated cells. PPARγ2, the 
adipocyte-specific isoform of PPARγ was not expressed 
in undifferentiated cells, but was induced markedly dur-
ing differentiation (Figure 1B). Expression of C/EBPα 
also increased following differentiation (Figure 1B). 
Pref-1/Dlk1, which suppresses the differentiation of 
mouse preadipocytes into adipocytes, was not detectable 
in confluent untreated fMSCs, but addition of adipogenic 
cocktail led to expression within 6 h, consistent with the 
appearance of preadipocytes (Figure 1B). Expression 
levels increased for 7 days, but declined markedly by 
day 14, when a significant proportion of preadipocytes 
had undergone differentiation into mature adipocytes. 
It seems, therefore, that fMSCs express many markers 
and regulators of adipocytes at the appropriate times and 
the pattern of expression of these genes was remarkably 
similar in the two isolates of fMSCs examined.

Isolates of fMSCs can differentiate into either brown or 
white adipocytes

The ability of fMSCs to differentiate into brown fat 
cells was examined by determining the expression of 
UCP-1 after adipogenic differentiation using identical 
differentiation conditions shown to promote adipogen-
esis in adult MSCs (adapted from Janderova et al. [22]). 
Analysis of five different isolates indicated a wide range 
of UCP-1 expression (Supplementary information, Figure 
S1), and so we examined two from fetal bone marrow in 
detail. One obtained at 10 weeks plus 1-day gestation (BM 
10+1) gave rise to adipocytes with virtually undetectable 
expression of UCP1, while the other from a 9 weeks 
and 4-day gestation fetus (BM 9+4) differentiated into 
adipocytes that expressed high levels of UCP1 (Figure 
2A). The mesenchymal stem cell identity of both isolates 
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Figure 1 Fetal mesenchymal stem cells differentiate into adipocytes. (A) Fetal mesenchymal stem cells before (1) and after 
differentiation into adipocytes and bone, as demonstrated by light microscopy (2), Oil Red O staining to demonstrate lipid 
accumulation (3) or Von Kossa staining to demonstrate mineralization (4) (×400 magnification). (B) Time course of mRNA ex-
pression of key markers and regulators of adipocytes by quantitative PCR. C, confluent cells, +6, 6 h post hormonal induction 
of differentiation, all other time points indicate days post induction. Fetal blood and fetal bone marrow indicate the source of 
isolate. Error bars indicate SD. Relative expression in arbitrary units.
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Figure 2 Two different isolates of fetal mesenchymal stem cells differentiate into adipocytes that resemble white and brown 
adipocytes, respectively. (A) UCP-1 mRNA expression in fMSC 10+1 and 9+4 isolates after 21 days of differentiation. (B) UCP-
1 mRNA expression in fMSC 9+4 isolates before and after 21 days of differentiation, and differentiated human adult sub-cuta-
neous adipocytes. (C and D) mRNA expression of PGC1α and RIP140 (C) and PRDM16 (D) in the two isolates before and 
after differentiation. ** P < 0.001, * P < 0.05 for comparison between the two isolates. (E) Expression of UCP-1 mRNA in 9+4 
isolate after 21 days differentiation, before and after treatment with 10 µM isoproteranol for 5 h. Error bars indicate SD and nd 
indicates not detected. Relative expression was in arbitrary units.
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was confirmed by characteristic expression of markers, 
SH2, SH3 and vimentin positive, and CD14, 34 and 45 
negative (Figure 3), and by their ability to differentiate 
into bone (data not shown). Expression of UCP1 was de-
pendent on differentiation, and was considerably higher 
than the levels of UCP1 found in human adult white adi-
pocytes derived from the in vitro differentiation of sub-
cutaneous preadipocytes (Figure 2B). Given that UCP1 
gene expression is induced during thermogenesis in 
response to PGC1α expression [10], we analyzed the ex-

pression of this co-factor. PGC1α expression was mark-
edly induced in both isolates following differentiation, 
and so whilst it is expressed at higher levels in the BM 
9-week isolate compared to the 10-week cells, it cannot 
account for the marked difference in UCP1 gene expres-
sion. The possibility that differential RIP140 expression 
might account for the difference in UCP1 expression 
was also investigated, but its level was similar in both 
isolates before and after differentiation (Figure 2C). The 
brown fat regulator PRDM16 was also expressed in both 

Figure 3 Immunophenotyping confirms mesenchymal stem cell characterisitics. Undifferentiated 9+4 and 10+1 fMSCs express 
SH2, SH3 and vimentin, but not CD14, CD 34 or CD45, confirming their mesenchyme origin.
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Figure 4 UCP-1 expression in fMSC 9+4 adipocytes can be induced by Rosiglitazone treatment, and reduced by the ERRα 
inverse agonist. (A) UCP-1 expression following Rosiglitazone or XCT790 treatment for 48 h. * P < 0.05, ** P < 0.005. (B) 
UCP-1 expression after 48 h treatment with PPARγ antagonist G3335, * P < 0.05. (C) Chromatin immunoprecipitation show-
ing ERRα bound to the UCP1 enhancer element in differentiated 9+4 fMSCs, but not to a region in the coding sequence of the 
same gene. (D) Reporter assay using this construct in Cos-1 cells. ERRα activates the enhancer, and its activity is further 
trans-activated by PGC1α and repressed by RIP140. The ERRα inverse agonist XCT790 prevents this induction. (E) ERRα 
expression in 10+1 and 9+4 isolates before and after 21 days of adipogenic differentiation. mRNA expression was determined 
by qPCR. Error bars indicate SD.
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isolates, both before and after differentiation into adipo-
cytes (Figure 2D), although interestingly, its expression 
was significantly higher in the 9+4 (brown) fMSCs than 
in the 10+1 (white) cells. It would therefore appear that 
certain isolates of fMSCs have a propensity to differenti-
ate into white adipocytes and others into brown adipo-
cytes, despite identical differentiation conditions. It is 
also noteworthy that basal UCP1 expression could be 
further induced by treating with isoproterenol to mimic 
the effects of β-adrenergic agents (Figure 2E). Thus, the 
BM 9+4 isolate retained properties expected in brown adi-
pocytes. It should be noted that these two isolates came 
from fetuses differing by only 4 days in gestational age 
and were examined at similar passage number.

ERRα is a regulator of UCP1 expression in human fM-
SC-derived brown adipocytes

A number of nuclear receptors have been shown to 
regulate UCP-1 gene expression [10, 23]. Therefore, dif-
ferentiated 9+4 cells were treated with agonists or antago-
nists for relevant nuclear receptors, and the effects on 
UCP1 mRNA levels were determined.

In keeping with the known role of PPARγ in regulat-
ing UCP1 expression, its agonist rosiglitazone resulted 
in a fourfold induction of UCP1 expression, whereas 
the antagonist G3335 resulted in a 50% inhibition of 
UCP1 expression (Figure 4A and 4B). We postulated 
that the residual expression might reflect the action of 
other nuclear receptors. We found that an inverse agonist 
for ERRα,  XCT790 [24], resulted in almost complete 
suppression of UCP1 expression (Figure 4A). Thus, we 
conclude that while PPARγ activation contributes to the 
expression of UCP1, ERRα is the predominant nuclear 
receptor responsible for its expression in the absence of 
β-adrenergic stimulation. Expression of the fatty acid-
binding protein FABP4 was also examined. This is a 
well-characterized target of PPARγ,  and accordingly its 
expression was increased by ~15-fold following treat-
ment with Rosiglitazone (Supplementary information, 
Figure S2). However, XCT790 did not reduce expression 
of this gene, and in fact resulted in a small induction. 
Thus, it appears that PPARγ and ERRα control transcrip-
tion from distinct subsets of genes in these adipocytes.

Previous analysis of both the mouse and human UCP1 
gene has identified an enhancer responsible for mediat-
ing the stimulatory effects of a number of nuclear recep-
tors [23, 25], and several putative ERRα-binding sites 
were identified (Supplementary information, Figure S3). 
We therefore performed chromatin immunoprecipita-
tion experiments to investigate the binding of ERRα to 
the enhancer region of UCP1. We found that ERRα was 
bound in the vicinity of the UCP1 enhancer element in 

differentiated adipocytes from the fMSC 9+4 isolate, but 
not the last coding exon, which we tested as a negative 
control. To confirm that the effects of ERRα were me-
diated through this site, the 220-bp enhancer element 
of the human UCP1 gene was cloned into the reporter 
plasmid pGL3-TK and transiently transfected into Cos-
1 cells. We found that the expression of ERRα resulted 
in a 50% increase in reporter activity and this was further 
increased by the expression of PGC1α (Figure 4D). Im-
portantly, the ERRα inverse agonist XCT790, reduced 
the induction of reporter gene activity by ERRα and 
PGC1α. PGC1α alone had no effect on activity. Con-
versely RIP140 expression blocked the ability of ERRα 
and PGC1α to activate transcription, in keeping with its 
role as a suppressor of UCP1 transcription in murine adi-
pose tissue.

ERRα mRNA levels were then determined in both the 
stem cells and adipocytes derived from the two isolates 
of fMSCs described above. ERRα expression was similar 
in the two isolates both before and after differentiation, 
although both lines expressed higher levels than adult 
sub-cutaneous adipocytes (Figure 4E). Thus, although 
ERRα is required for the expression of UCP-1 in the 9+4 
cells, it is not sufficient in the absence of other factors.

Discussion

Our study demonstrates the ability of fMSCs to dif-
ferentiate into either brown or white adipocytes under 
identical cell culture conditions. Both regulators such as 
PPARγ and markers such as FABP4 were upregulated 
during differentiation in a similar manner to that seen in 
well-described murine and human adipocyte cell models 
[2, 20, 26, 27]. Of note, the adipocyte-specific isotype of 
PPARγ, PPARγ2, was markedly upregulated during adi-
pogenesis in contrast to a previous report in which cells  
from second trimester amniotic fluid were used [17]. This 
difference might reflect the greater proportion of cells 
undergoing adipogenesis (>30%) in our study, although a 
fundamental difference between the first-trimester MSCs 
used here and second trimester cells cannot be ruled out. 
It should be noted that an even higher proportion of cells 
underwent adipogenic differentiation in previous stud-
ies that used single cell clones [18]. However, due to the 
limited survival of isolated MSCs in culture, we did not 
feel this would be a viable approach to proceed to fully 
characterize the differentiated adipocytes. Of particular 
interest is the pattern of expression of the preadipocyte 
marker Pref-1, which rises early in the differentiation 
process, prior to falling in the later stages. The induc-
tion of Pref-1 expression suggests that the stem cells first 
commit to the adipogenic lineage, acquiring the features 
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of preadipocytes, prior to undergoing differentiation into 
mature adipocytes.

 The ability of fMSCs to differentiate into brown 
adipocytes was dependent on the isolate tested and was 
unaffected by the precise hormonal treatments used to 
induce differentiation. Interestingly, the BM 9+4 isolate, 
which could undergo differentiation into brown adipo-
cytes, was also able to differentiate into other mesen-
chymal lineages. The discovery of an isolate of fMSCs 
that differentiated into brown adipocytes suggests that 
this specialized adipose cell is indeed derived from the 
mesenchymal lineage, along with white adipocytes. This 
is in keeping with recent observations that brown adipo-
cytes may share developmental origins with muscle cells, 
which are also of mesenchymal origin. A comparison of 
this isolate with BM 10+1 fMSC that differentiates into 
white adipocytes shows that differences in expression of 
the nuclear receptor coregulators RIP140 or PGC1 co-
activator cannot explain the alternative fates of the two 
isolates, despite the role for these regulators in mature 
white and brown adipocytes. Interestingly, PRDM16 
was expressed at a higher level in the 9+4 isolate that was 
capable of differentiating into brown adipocytes, both 
before and after differentiation. Nevertheless, given that 
PRDM16 was also expressed in the 10+1 isolate, albeit 
at lower levels, it seems that PRDM16 is not sufficient 
to account for the alternative cell fates of these two iso-
lates. It remains unclear whether these cells represent an 
in vivo source of both white and brown adipocytes and 
what factors may influence stem cell commitment during 
development.

A number of nuclear receptors have been shown to 
regulate Ucp1 expression, including PPARγ and the 
retinoic acid receptor [23]. In this study, analysis of 
UCP1 expression in the fMSC-derived brown adipocytes 
has shown a novel role for the orphan nuclear receptor 
ERRα in regulating human UCP1 expression. ERRα is 
expressed at high levels in brown fat, and is important 
in the regulation of many genes involved in fatty acid 
metabolism, such as medium-chain acyl coenzyme A 
dehydrogenase [28]. The role of this receptor in Ucp1 
gene regulation in the mouse is unclear. Mice devoid of 
ERRα express increased amounts of Ucp1 in their white 
adipose tissue [29], suggesting that ERRα or one of its 
downstream target genes may repress Ucp1 expression in 
this tissue. However, more recent studies have not shown 
a role for this receptor in the regulation of Ucp1 in mu-
rine brown fat [30]. Nevertheless, it does regulate many 
genes important for mitochondrial function and fatty 
acid oxidation in brown adipocytes so that ERRα-null 
animals have impaired adaptive thermogenesis. On the 
other hand, ERRα has been shown to be important for 

the increased expression of Ucp1 found in mouse white 
adipocytes lacking RIP140, and the elevation of Ucp1 in 
these cells is not dependent on adrenergic signaling [31]. 
Strikingly, brown adipocytes differentiated from fMSCs 
also express UCP1 in the absence of β-adrenergic signal-
ing, and therefore ERRα activation may represent a com-
mon pathway for expression of this gene independently 
of cold stimulation. We have shown that ERRα activity 
is required for the expression of UCP1 in fMSC-derived 
brown adipocytes, that ERRα can alter the transcriptional 
activity of the human UCP1 enhancer and that the recep-
tor binds to the UCP1 enhancer in these cells.

Interestingly, the one physiological situation where 
brown fat is present and active prior to cold exposure is 
in the neonate, particularly the neonates of larger mam-
mals, including humans, who are born with fully func-
tional brown adipose tissue (reviewed in Cannon and 
Nedergaard [1]). This contrasts with mice, where brown 
adipose tissue is recruited in response to cold over the 
first few days of life. Thus, it is possible that these fM-
SCs are differentiating into adipocytes resembling the 
brown fat found in neonates, and may hint at a role for 
ERRα in this neonatal period. Furthermore, the demon-
stration that ERRα can regulate human UCP1 expression 
in these cells suggests that increasing ERRα activity may 
be a viable therapeutic strategy to induce UCP1, and 
hence increase uncoupling as a potential therapy for obe-
sity. Thus, along with giving insights into the develop-
mental origin of human brown adipocytes, we have also 
demonstrated that these cells can be useful in elucidating 
signaling pathways using classical molecular biological 
techniques that have been difficult to apply to existing 
human models.

In conclusion, this study has demonstrated that fM-
SCs are a valid and viable model for studying aspects of 
adipogenesis that cannot be addressed with traditional 
models. There seems to be heterogeneity among adipo-
cytes derived from different isolates of these cells, and 
this seems to be due to innate differences in the stem 
cells. The underlying mechanisms of these differences 
are unclear and further studies to determine this may be 
of importance in further understanding determinants of 
cell fate within the adipocyte lineage. Nevertheless, these 
studies have given insights not only into human brown 
adipogenesis but also revealed novel molecular pathways 
controlling the expression of key genes within brown 
adipocytes.

Materials and Methods

Cell culture
Human fMSCs were obtained from normal first-trimester hu-
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man fetuses at clinically indicated termination of pregnancy, as 
described elsewhere [18], after obtaining a written maternal con-
sent and in accordance with institutional ethical approval and the 
national guidelines on the use of fetal tissue in research. Gesta-
tional age was determined by crown-rump length (CRL) on intra-
operative ultrasound. Briefly, first-trimester FB samples (20-800 
µl) were obtained by ultrasound-guided cardiac aspiration between 
9 and 11 weeks of gestation prior to clinically indicated surgical 
termination of pregnancy. Heparinized (by flushing with heparin 
sodium 1 000 units/ml from CP Pharmaceuticals), disposable sili-
conized 20-G 15-cm needles (COOK Ltd, UK) attached to 1-ml 
syringes were used for cardiocentesis. Fetal gestational age was 
determined by CRL measurement referenced to standard biometry 
charts (Robinson et al. [32]).

First-trimester fetal bone marrow tissues were collected after 
clinically indicated surgical termination of pregnancy. Fetal BMs 
were flushed from marrows of fetal long bones or spines, while FL 
was diced. Tissues were then washed with phosphate-buffered sa-
line (PBS) and filtered through a 40-µm cell strainer (BD Biosci-
ences) to yield cell suspensions.

Harvested cell suspensions are centrifuged at 1 500 rpm (400 
× g) for 5 min and the cell pellet resuspended in high-glucose 
Dulbecco’s modified Eagle’s medium (DMEM; Sigma, UK) 
supplemented with 10% fetal bovine serum (FBS; BioSera, Batch 
selected for maximal MSC growth), 2 mM l-glutamine, 50 IU/ml 
penicillin and 50 µg/ml streptomycin (Invitrogen) (D10 medium). 
They were then plated in 100-mm tissue culture dishes (Corn-
ing) at a density of 106 cells per ml and incubated at 37 °C with 
5% carbon dioxide. After 3 days, they were washed in PBS twice 
to remove non-adherent cells. Established adherent cell colonies 
were detached with 0.05% Trypsin-EDTA (StemCell Technolo-
gies) when they reached 70%-80% confluence and replated at 104 
cells per cm2 in 100-mm dishes.

Cells derived from whole isolates of either fetal blood or 
bone marrow from single fetuses were expanded and passaged in 
DMEM with 10% FBS. Adipogenic differentiation was induced 
in early passage cells (n = 3-6) by plating the fMSC at 2 × 104 
cells cm2, allowing the cells to reach confluence and then incubat-
ing for a further 48 h. The media was then changed to DMEM 
supplemented with 10% FBS as described above and the following 
hormones were added: insulin (10 µg/ml), dexamethasone (1 µM), 
indomethacin (200 µM) and isobutylmethylxanthine (0.5 mM) [18]. 
Media were changed every 4 days and differentiation continued 
for 14-21 days.

Bone differentiation was induced, as previously described [18].
Human adult sub-cutaneous preadipocytes were obtained from 

Cambrex (UK) and differentiated according to the manufacturers 
instructions.

Oil Red O stain was used to confirm the presence of lipid in 
cells. Cells were washed with PBS, then fixed in 2% paraformal-
dehyde, 0.2% gluteraldehyde in PBS for 15 min and then rinsed 
with PBS. They were then stained with Oil Red O stain (made up 
in isopropanol) for 10 min and rinsed in 60% isopropanol followed 
by PBS (adapted from Ramirez-Zacarias et al. [33]). Lipid drop-
lets stained red were visualized by light microscopy. Von Kossa 
staining was performed by fixing the cells in 10% formalin for 1 h, 
washing and staining with 2% silver nitrate for 10 min in the dark 
and then washing and exposing to light.

Ligand experiments were performed by incubating differenti-

ated cells in the media supplemented with 10% FBS and insulin 10 
µg alone for 48 h prior to the addition of the indicated ligand for a 
further 48 h. Rosiglitazone was obtained from Alexxis (UK) and 
XCT709 from Sigma.

Immunocytochemistry
Cells were grown to 60% confluence on glass cover slips, 

fixed in 4% paraformaldehyde in 125 mM HEPES (pH 7.6; 10 
min, 4 °C), re-fixed in 8% paraformaldehyde in HEPES (50 min, 
4 °C) and then permeabilized in 0.5% Triton X-100 in PBS, with 
gentle shaking for 30 min. Next, cells were blocked with PBS+ 
(PBS containing 1% BSA, 0.2% fish gelatin and 0.1% casein at 
pH 7.6) for 1 h, incubated overnight (4 °C) with the appropriate 
primary antibody in PBS+, washed for 1.5 h in PBS+, incubated 
with secondary antibodies in PBS+ for 1 h, washed overnight (4 
°C) in PBS+, washed in PBS and then mounted in 4′,6 diamidino-
2-phenylindole Vectashield mounting medium (Vector Laborato-
ries). Slides were viewed under fluorescence microscopy (Zeiss 
Axioscope I microscope). Images were captured using a photonics 
digital camera (Hamamatsu) and processed by iPlab (Scanalyt-
ics) software. The following primary antibodies were used: rabbit 
polyclonal IgG laminin (Sigma), mouse monoclonal IgG SH2, 
SH3 (BD Biosciences), mouse monoclonal IgG CD14, CD34, 
CD45 and vimentin (Dako). Secondary antibodies for immuno-
fluorescence were donkey anti-mouse IgG conjugated with FITC 
(Jackson ImmunoResearch Laboratories) and goat anti-rabbit IgG 
conjugated to Alexafluor 488 (Molecular Probes).

Quantitative RT-PCR
Total RNA from cells was extracted with TRIZOL reagent (In-

vitrogen) according to manufacturer’s protocols. In total, 1 µg of 
the resulting RNA was treated with DNAse (Sigma) and then re-
verse transcribed with MMLTV-RT (Sigma) using oligo-dT prim-
ers (Invitrogen). Quantitative real-time PCR was performed on an 
Opticon2 cycler (MJ research), using JumpStart Taq ready mix for 
quantitative PCR (Sigma). Gene expression was normalized to the 
house keeping gene L19 and fold differences were calculated by 
the ∆Ct method [34]. Data are expressed in arbitrary units. Primer 
sequences are available on request.

Reporter assays
The 220-bp enhancer element of the human UCP-1 gene was 

amplified by PCR using the following primers: forward CAA TTG 
GTA CCG AAC TTG CTG CCA CTC CTT TG and reverse ATT 
GGC TCG AGT CTG GAT TCC AAG GAG CAG G. The product 
was ligated into the vector pGL3-TK.

Reporter assays were performed in Cos-1 cells, in 96-well 
plates in phenol red-free DMEM supplemented with 5% dextrose 
charcoal stripped serum. Reporter construct (20 ng) was transfect-
ed along with 5 ng of an internal control plasmid expressing Re-
nilla luciferase constitutively, together with the indicated amounts 
of expression plasmids. Total amount of DNA transfected was 
kept constant by using varying amounts of an empty pCI vector. 
Transfections were performed with FuGene6 (Roche) transfection 
reagent according to manufacturers instructions. Indicated ligands 
were added after 24 h. Luciferase activity was assayed 48 h post-
transfection with the LucLite reagent, according to manufacturers 
instructions, and the luminescence read on a Victor2 plate reader 
(Perkin Elmer). Activity was normalized to the Renilla activity.
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Chromatin immunoprecipitation
Cells were incubated in PBS with dimethyl adipimidate (2.4 

mg/ml) for 30 min in the dark at room temperature. They were 
then fixed in 1% formaldehyde in DMEM for 15 min at 37 °C. 
Cross-linked cells were lysed, sonicated and immunoprecipitated 
with protein A/G PLUS-agarose (SC-2003; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) and antibodies against ERRα (LS-
A5402; Lifespan, Seattle, WA, USA) or control normal rabbit 
IgG (SC-2027; Santa Cruz Biotechnology). DNA fragments were 
purified with a QIAquick PCR purification kit (Qiagen, Valencia, 
CA, USA) and used as templates in PCRs. The primers used for 
the UCP1 enhancer were F: AAC TTG CTG CCA CTC CTT TG, 
R: TCT GAC AGG CTC TGG GAA GT and the last coding exon 
as a control F: GGG TGA AGC CTC ATC TCA AA, R: TCG TTT 
CAG TTG TTC AAA GCA.

Statistics
Data were analyzed with GraphPad Prism software (GraphPad 

software, California, USA). Comparisons were made with the one-
way ANOVA (analysis of variance) with Tukey’s post-hoc analy-
sis.
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