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Summary

Brown fat defends against hypothermia and obesity through thermogenesis mediated by
mitochondrial UCP1. Recent data suggest that there are two distinct types of brown fat: classical
brown fat derived from a myf-5 cellular lineage and UCP1-positive cells that emerge in white fat
from a non-myf-5 lineage. Here we report the cloning of “beige” cells from murine white fat
depots. Beige cells resemble white fat cells in having extremely low basal expression of UCP1,
but like classical brown fat, they respond to cyclic AMP stimulation with high UCP1 expression
and respiration rates. Beige cells have a gene expression pattern distinct from either white or
brown fat and are preferentially sensitive to the polypeptide hormone irisin. Finally, we show that
deposits of brown fat previously observed in adult humans are composed of beige adipose cells.
These data illustrate a new cell type with therapeutic potential in mouse and human.

Introduction

The epidemic of obesity and diabetes has greatly increased the interest in brown fat.
Adipocytes can be broadly divided in white and brown fat cells. While white fat cells are
specialized to store chemical energy, brown adipocytes defend mammals against
hypothermia, obesity and diabetes. Brown fat utilizes a high mitochondrial content and high
mitochondrial UCP1 to uncouple respiration and dissipate chemical energy as heat. Rodents
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and other small mammals have copious brown fat deposits, but larger mammals often lose
prominent brown fat depots after infancy. Recent data indicates that adult humans contain
significant deposits of UCP1-positive brown fat that can be detected by PET-scanning
methods, particularly in the supraclavicular and neck region (Cypess et al., 2009;
Mirbolooki et al., 2011; Orava et al., 2011; van Marken Lichtenbelt et al., 2009; Virtanen et
al., 2009). The physiological significance of adult human brown fat has not yet been fully
explored.

It has been known for many years that some white adipose tissues contain cells that can
express high levels of UCP1 and take on a multilocular appearance upon prolonged
stimulation by cold or pathways that elevate intracellular cyclic AMP (Cousin et al., 1992;
Young et al., 1984). Recent data has shown that classical brown fat, exemplified by the
interscapular depots of rodents, is derived from a myf-5, muscle-like cellular lineage (Seale
et al., 2008). The “brown-like” cells within white adipose depots are not derived from the
myf-5 lineage and have been called beige cells or brite cells (Ishibashi and Seale, 2010;
Petrovic et al., 2010; Seale et al., 2008). Interestingly, it has been reported that distinct
genetic /oci control the amounts of UCP1-positive cells in the white and classical brown fat
depots (Coulter et al., 2003; Guerra et al., 1998; Koza et al., 2000; Xue et al., 2005; Xue et
al., 2007), strongly suggesting these two types of thermogenic cells are regulated differently.
The therapeutic potential of both kinds of brown fat cells is clear (Himms-Hagen et al.,
1994; Seale et al., 2011) as genetic manipulations in mice that create more brown or beige
fat have strong anti-obesity and anti-diabetic actions. For example, ectopic expression in
WAT of PRDM16, a transcriptional coregulator that controls the development of brown
adipocytes in classical BAT depots, or COX-2, a down-stream effector of p-adrenergic
signaling, protects mice from diet-induced obesity and metabolic dysfunction (Seale et al.,
2011; Vegiopoulos et al., 2010).

While classical brown fat cells have been isolated, cloned and characterized, beige fat cells
have never been isolated or cloned. In fact, some studies have suggested that the “brown
conversion” of white fat is an inherent property of most or all white fat cells, and may not be
due to the presence of a distinct cell type with this predisposition (Cinti, 2002; Himms-
Hagen et al., 2000). Importantly, the identity of brown adipose tissues in adult humans as
either classical brown fat or beige fat is unknown.

Here we report the cloning of murine beige fat cells and describe their unique gene
expression signature. While these cells have a very low basal level of UCP1 gene
expression, comparable to bona fide white fat cells, they retain a remarkable ability to
powerfully activate expression of this gene and turn on a robust program of respiration and
energy expenditure that is equivalent to that of classical brown fat cells. Furthermore, we
show here that the deposits of brown fat previously observed in adult humans have the gene
expression pattern and immunohistochemical characteristics of beige fat. These data
definitively demonstrate the existence and properties of a distinct type of adipose cell in
both mice and humans.

Multilocular, UCP1-positive cells are prominent in the subcutaneous white adipose depot

of mice

It has been observed that the subcutaneous white adipose depots of rodents have a higher
propensity toward expression of UCP1 and other brown fat cell genes, compared to the
visceral white adipose depots (Cousin et al., 1992). This propensity to activate these cells
varies widely among different strains of inbred mice (Collins et al., 1997; Guerra et al.,
1998). As shown in Figure 1A, multilocular brown fat-like cells are readily detectable in the
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inguinal subcutaneous fat depot of 129SVE mice maintained at ambient temperature, with
no prior cold exposure. Gene expression analysis of this subcutaneous fat tissue showed
levels of MRNA encoding UCP1 and other brown fat cell-enriched proteins, like CIDEA
and PGCla, that were intermediate between those of epididymal, visceral WAT and the
classical (interscapular) BAT (Figure 1B). To determine whether these differences in gene
expression were cell autonomous and could be maintained after differentiation in culture,
cells from the stromal-vascular fraction (SVF) taken from these three depots were subjected
to /in vitro differentiation. Expression of these brown-selective genes maintained their
interdepot differences after this procedure (Figure 1C). These data strongly suggest that at
least part of the intermediate “brown” nature of this subcutaneous adipose depot is
independent of extrinsic factors, such as innervation, blood flow, the level of oxygenation
and nutrients.

Unbiased gene expression analysis identifies two distinct adipose cell types derived from
the subcutaneous fat depot

To investigate the molecular identity of fat cells from the subcutaneous fat depot, we
isolated the SVF from subcutaneous fat in the inguinal region, and then subjected these
undifferentiated cells to a classical 3T3 immortalization protocol (Todaro and Green, 1963).
These cultures were then subjected to cloning of individual cells by limiting dilution; we
thus derived 305 new clonal cell lines (Figure S1A). Among these clonal lines were more
than 20 that were highly and reproducibly adipogenic, as evidenced by lipid accumulation
after the induction of differentiation (Figure S1B). For purposes of subsequent comparison,
multiple adipogenic clones were also generated by the same methods from the interscapular
brown fat depot. Importantly, these immortalized clonal lines retain expression of previously
reported interscapular depot and inguinal depot-enriched genes (Billon and Dani, 2011,
Gesta et al., 2006; Seale et al., 2007) (Figure S1C).

To investigate possible heterogeneity in the clonal cells derived from the subcutaneous
adipose tissue, multiple cell lines were differentiated, treated with forskolin and their RNA
was subjected to microarray analysis. We used the established class finding algorithm ISIS
(von Heydebreck et al., 2001) to search for the existence of subgroups among these inguinal
cell lines. As shown in Figure 1D, these 23 cell lines separated into 2 distinct clusters, with
10 cell lines in one group and 13 in the other. Once these groupings were identified and the
differentially expressed gene sets were determined, we included analysis of the cell lines
derived from the classical brown fat depots into the dataset; all samples were then
hierarchically clustered using complete linkage of differentially expressed genes. This
clustering (Figure 1D) indicates that one of the subsets of cells derived from the inguinal
depot has a gene expression pattern more similar to the bona fide brown fat cell lines than to
the other cluster of inguinal cell lines. The separation of these three groups of cells was
further established by principle component analysis (PCA; Figure S1D). These data strongly
support the notion that a distinct pool of progenitors in the inguinal depot can give rise to
cells (beige cells) that are similar but not identical to classical brown fat cells.

Beige cells have characteristics of both white and brown fat cells

We further characterized several cell lines from both subgroups (beige and white) derived
from the subcutaneous depot in terms of their molecular and functional properties. All these
lines are reproducibly highly adipogenic and presented similar levels of adipogenesis and
expression of fat cell specific markers (e.g. aP2, adiponectin, adipsin and PPARY) (Figure
S2A). Both groups of the inguinal-derived cells showed a similar, low basal level of gene
expression for Ucpl, Cox7al and Cidea; these levels of gene expression were much lower
than those observed in all of the cell lines derived from the classical brown fat (Figure 2A).
However, upon cAMP stimulation, the beige lines responded with a very large induction of

Cell. Author manuscript; available in PMC 2013 July 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu et al.

Page 4

Ucpl gene expression, reaching similar absolute levels to that observed in the interscapular
BAT lines (Figure 2B and 2C). In fact, although the absolute levels of Ucp-1 mRNA were
similar between beige and brown cells, the fold induction in the beige cell lines (>150 fold)
was actually greaterthan that observed in the BAT cell lines (about 40 fold) (Figure S2B). It
has been observed that some of the precursor cells within heterogeneous cultures derived
from epididymal adipose tissue can show an elevated expression of Ucp-1 in response to
PPAR-y agonist treatment (Petrovic et al., 2010). In our clonal cell lines, basal expression
levels of Ucp-1 are increased upon long-term TZD treatments in both beige and white cell
lines, although this induction is stronger in the beige cells (8-10-fold vs. 4-5-fold,
respectively) (Figure S2C).

We next investigated the potential of these white and beige cells to express UCP1 /in vivo,
via transplantation experiments. Multiple beige and white inguinal lines can differentiate /n
vivo and form ectopic fat pads 4-6 weeks after transplantation into immunodeficient mice.
Cidea, Cox7al and basal Ucp1 levels were comparable in transplanted fat pads derived from
beige fat cell lines (X3 and X9) and white inguinal lines (N13 and X7) in the basal,
unstimulated state (Figure 2D). To mimic sympathetic nervous system input, we treated
mice with CL316,243, a selective p3-adrenergic agonist and harvested the transplanted fat
pads 5 hours later. The fat pads from the beige lines displayed a 10-30 fold increase in
Ucp-1 mRNA compared to basal level, whereas fat pads from white lines showed a 5 fold
increase. Thus, these molecular differences in UcpI gene expression are a stable property of
these cells and can be readily observed in an /n vivo setting.

Mitochondrial respiration is central to adaptive thermogenesis. To assay the functional
characteristics of these cells, we investigated respiratory function in representative lines of
the white, beige and brown groups. In brown cells (batl) without cCAMP stimulation,
uncoupled respiration (respiration insensitive to oligomycin) contributed to 78% of their
basal respiration rate, significantly higher than the relative contribution of uncoupled
respiration in the beige cells (X9, 60%). In the presence of cAMP, uncoupled respiration
went up almost 2 fold in beige fat cells compared to a 1.2 fold induction in the brown fat
cells. Importantly, the uncoupled respiration in the beige cells equaled or even exceeded that
in the classical brown fat cells with the cAMP stimulation. The white cells (J6) had 53% of
uncoupled respiration without stimulation and showed little cAMP-dependent increase in
uncoupled respiration. Both the basal respiration and uncoupled respiration rates in the white
fat cells are significantly lower than both the brown and beige fat cells in the presence of
cAMP. These experiments revealed that the beige cells show high respiratory capacity and
an uncoupled respiration that is even more cAMP-responsive that the brown cells (Figure
2E).

Beige fat cells express a unique gene expression profile

Analysis of differentially expressed genes between the beige and brown fat cells
demonstrates that they have related but distinct gene expression profiles (Supplemental
Experimental Procedures). The expression of a subset of the beige-selective and brown-
selective genes was verified in the basal (not cCAMP stimulated) state via gPCR analysis
(Figure 3A). The genes whose expression is enriched in brown cell lines included markers
identified in previous studies, such epithelial V-like antigen 1 (EVAL, also known as myelin
protein zero-like 2, MPZL2) (Seale et al., 2007). Importantly, expression of certain beige-
selective genes can distinguish beige fat cells from both brown fat cells as well as from the
white cells derived from the inguinal depot. Figure 3A shows that genes expressed in a
beige-selective manner include a developmental transcription factor ( 76x1), a component of
lipid metabolism pathways (S/c27a1), as well as molecules known to be important in
immune and inflammatory response pathways (CD40, CD137).
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Since these gene signatures were established from the clonal cell lines, we returned to mice
kept at ambient temperature to examine expression levels of putative beige- and brown-
selective genes in the inguinal and interscapular adipose depots. Despite the inevitable
heterogeneity in the fat tissues, mMRNAs encoding beige fat cell markers such as TMEM26,
CD137 and TBX1 were all expressed at higher levels in the inguinal fat depot, compared to
the interscapular brown fat. Conversely £val and other brown fat genes were expressed at
higher levels in the interscapular brown fat depot (Figure 3B).

Antibodies were commercially available for some of these potential markers, including
CD137, TMEM26 and TBX1 for beige cells, and EVAL for brown cells. We confirmed that
the protein expression was highly concordant with mRNA expression, as shown by
immunoblot and immunohistochemistry /n vivo (Figure 3C, 3D and Figure S3). Importantly,
immunohistochemical analysis showed that the UCP1+ cells contained CD137 and
TMEMZ26 from the inguinal depot but not from the interscapular brown fat depot. (Figure
3D and Figure S3)

Beige cell surface proteins can be used to select primary beige fat cell precursors

Some of the identified beige-selective markers are cell surface proteins, allowing us to use
fluorescence-activated cell sorting (FACS) to separate primary cells from the stromal-
vascular fraction (SVF) expressing high levels of CD137 or TMEMZ26 versus those
expressing low levels of these proteins (Figure S4). While these cells differentiated equally
well, the CD137+ group clearly show greatly elevated expression of Ucp-1, compared to the
low CD137 cells (Figure 4A), in this unstimulated state. A very similar phenomenon was
observed when we used another beige-selective marker, TMEMZ26, to sort these cells by
FACS (Figure 4B). Many other thermogenic genes shown statistically significant or a trend
towards enriched expression in beige-marker positive cells, including mitochondrial genes
Cox7al, Cox8b, transcriptional coregulators Pram16, Pgc-18 and the thermogenic hormone
Fgf21 (Figure 4A and 4B).

We have recently shown that irisin, a polypeptide hormone secreted by muscle and
increased with exercise, induced the “browning” of subcutaneous white adipose tissues; in
contrast, this protein had little effect on the classical brown fat cells isolated from the
interscapular depot (Bostrom et al., 2012). This differential regulation of a thermogenic
program by irisin suggests that the response to this hormone could be a selective
characteristic of beige cells. To test this hypothesis, we applied irisin, prepared either as a
fusion protein with the FC fragment of human IgG, or FNDCS5, the transmembrane precursor
of irisin shown to be active in Bostrom et al, (2012) to the sorted primary inguinal precursor
cells during differentiation. All cultures treated with irisin or vehicle differentiated well,
with greater than 90% showing an adipocyte morphology and copious lipid droplets. As
shown in Figure 4C, expression of Ucp-1 and other known brown-like genes such as
Prdm16, Cox8b were robustly increased by both irisin-FC and FNDCS5 treatments in the
“CD137-high” expressing groups. Very little effect of these same polypeptides was
observed on the expression of these genes in the “CD137-low” cellular population. These
data strongly suggest that beige cell precursors have preferential sensitivity to the
“browning” effects of irisin. It is also worth noting that expression of the fat cell gene and
PPAR-y target aPZ2is slightly but significantly elevated in the irisin/FNDCS treated primary
beige adipocytes. Although both CD137 high and CD137 low cultures appeared to be very
well differentiated, this data suggests that irisin might have subtle effects on the
differentiation or PPARy activity of the beige cell precursors.

Cell. Author manuscript; available in PMC 2013 July 20.
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Brown fat in adult humans has the molecular characteristics of murine beige rather than
brown adipose cells

The gene expression signatures generated in this study provide a powerful tool for
investigating the identity of the brown fat previously identified in adult humans. Human
BAT biopsies from two independent cohorts of patients were analyzed for the gene
expression levels of both beige- and brown-selective genes (Figure 5A, 5B and Figure S5).
It was necessary to do this in a quantitative manner because all of the human brown fat
biopsies were somewhat contaminated with visible white fat. Neighboring white fat that was
free of detectable brown fat was also taken as a control. UCPZI mRNA expression levels
were first determined to confirm BAT versus WAT identity; as expected, the UCPI levels
were several fold higher in putative BAT as compared to WAT samples (Figure 5A). The
mMRNA for genes characteristic of beige cells, such as CD137, TMEMZ26 and TBX1 were all
found to be expressed at significantly higher levels in the human BAT versus WAT (Figure
5C); Conversely (and importantly), genes characteristic of the classical murine brown fat,
such as EBF3, EVAL and FBXO31, were not differentially expressed in the two tissues
(Figure 5D).

Since the biopsies of adult human BAT always contain a mixture of brown and white
adipocytes, we also studied the molecular identity of these UCP1+ fat cells via
immunohistochemistry. As shown in Figure 6A and 6B, UCP1-positive cells in these
sections from the supraclavicular region also stained positively for the beige marker proteins
CD137 and TMEMZ26. The WAT (perilipin-1+, UCP1-) in the neighboring areas does not
express detectable CD137 (Figure 6C). Taken together, these results indicate that the brown
adipose tissues identified in adult humans resemble murine beige fat much more closely than
they resemble classical brown fat.

Discussion

The ability of brown fat to suppress obesity through increased energy expenditure has
caused an explosion of interest in the development and function of brown adipocytes. The
studies indicating that the brown fat cells that emerge in white fat depots come from a
completely different cell lineage than those in the classical brown fat depots first suggested
the possible existence of a new type of fat cell, termed beige or brite cells (Seale et al.,
2008). This view has been strengthened by recent studies of primary cultures derived from
epididymal adipose tissue, which showed that the thermogenic gene program expressed in
response to PPARy agonists was distinct from that stimulated in cultures of classical brown
fat cells from the interscapular depot (Petrovic et al., 2010). Alternatively, this apparent
morphological “transdifferentiation” from white fat to brown fat could, at least theoretically,
represent a fundamental switch in cell identity (Himms-Hagen et al., 2000). To date,
definitive evidence supporting either hypothesis has been lacking due to the heterogeneity of
tissues /n vivoand in primary stromal-vascular cultures.

Stem/progenitor cells have been reported to be isolated from different fat depots and skeletal
muscle by FACS and their cell-intrinsic adipogenic capacities have been evaluated in the
presence of various environmental cues (Joe et al., 2009; Joe et al., 2010; Lee et al., 2012;
Rodeheffer et al., 2008; Schulz et al., 2011; Uezumi et al., 2010). Notably, Sca-1+/CD45-/
Mac1- (referred as ScaPCs; (Schulz et al., 2011) and PDGFa+/CD34+/Sca-1+ (referred as
PDGFRa+ cells; (Lee et al., 2012) have been suggested to have “brown” adipogenic
potential. These studies use cell-surface markers to enrich for stem/progenitor cells that later
commit for adipose lineage; however, knowledge about the molecular identity and
functional phenotypes of these cells remain limited due to the heterogeneity of the cellular
populations.
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The studies presented here demonstrate that a subset of the precursor cells within
subcutaneous adipose tissue give rise to beige cells, which are capable of expressing
abundant UCP1 and a broad gene program that is distinct from either white or classical
brown adipocytes. Roughly 40% of the differentiation-competent preadipocyte clones that
we isolated from the subcutaneous cultures had the characteristics of beige cells. While 129
mice are rather prone to the “browning” of their white fat compared to certain other murine
strains, these data certainly suggest that the beige adipocytes are not a rare cell type in the
subcutaneous depots of mice. Further studies will help to answer important questions
regarding the presence and/or abundance of beige precursor cells in various white fat depots
of inbred mice and whether/how the beige precursor pool contributes to the metabolic status
of these animals. It is tempting to speculate that at basal state, the beige precursor cells
represent a higher percentage of adipose precursors in the subcutaneous depots than in the
visceral depots. When animals are exposed to cold or receive chronic p-adrenergic
stimulation, the pre-existing beige adipocytes (which may appear unilocular at the basal
state) will go through phenotypic “transdifferentiation” and “browning” will appear
morphologically and histochemically. . On the other hand, for the depots more resistant to
“browning” (such as the abdominal WAT depots), beige precursor cells may have to go
through a proliferation step before robust browning can take place. This notion is consistent
with the observations that BrdU+, UCP1+ cells are abundant in the epididymal depot but not
in the inguinal or retroperitoneal depots upon adrenergic stimulation (Himms-Hagen et al.,
2000; Lee et al., 2012).

One important issue is how the beige cells differ functionally from the classical brown fat
cells; the gene expression studies presented here give a first indication. The beige cells
express very little of the thermogenic gene program, including UCP1, in the basal
(unstimulated) state. In this regard they resemble bona fide white adipocytes. On the other
hand, once stimulated, these cells activate expression of UCP1 to levels that are similar to
those of the classic brown fat cells. Thus, the beige cells have the capability to switch
between an energy storage and energy dissipation phenotype in a manner that other fat cells
lack. It is worth noting that primary preadipose cells isolated by sorting for CD137 have a
higher basal level of UCP1 than the beige immortalized cells. Whether this is a consequence
of the immortalization procedure itself or is simply a function of the time apart from the p-
adrenergic stimulation that takes place /n vivois not known. Further optimization of this
protocol for isolation and purification of primary beige cells should provide a powerful tool
for investigations of this cell type.

Infant humans have brown fat in the same interscapular location as the classical brown fat of
rodents. This tissue disappears as humans mature and it is only recently that brown fat was
fully recognized in adult humans (Cypess et al., 2009; Orava et al., 2011; Ouellet et al.,
2012; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). This brown fat is observed
primarily in the supraclavicular and neck region, and along the spine. The cloning and
subsequent gene expression analyses of the beige and brown rodent fat cells done here
allowed us to critically determine the nature of the adult human BAT. Our data show that the
selective molecular markers of beige fat cells, rather than those of the classical brown fat
cells, are enriched in the human UCP1-positive tissues. If these UCP1-positive cells are
functionally similar to the rodent beige cells, this might explain why a relatively low
proportion of humans show PET-positive fat deposits until activated with a brief cold
exposure. The existence of beige fat cells may represent an evolutionarily conserved cellular
mechanism to provide flexibility in adaptive thermogenesis. It is likely that these beige
adipocytes, rather than the classical brown fat cells, remain present in the adult state of
larger mammals where hypothermia is a less frequent threat than in rodents.

Cell. Author manuscript; available in PMC 2013 July 20.
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The therapeutic potential of activating brown fat-mediated thermogenesis in human has yet
to be fulfilled. Trials of drugs that increase the p-adrenergic activation of BAT have not
been successful in humans, due to either lack of efficacy or to intolerable side-effects due to
activation of p-adrenergic receptors in other tissues (Collins et al., 2004; Whittle et al.,
2012). Clearly there is a need to develop more specific means to activate brown fat in
humans in more specific ways. Since irisin is an endogenous circulating molecule that
mediates some of the benefits of exercise, and activates beige fat cells in rodents, it could
represent one way to do this in humans. Other polypeptide hormones that brown white
adipose tissues in rodents, such as FGF21(Fisher et al., 2012) and ANF(Bordicchia et al.,
2012), might also prove useful in humans with obesity and diabetes.

Experimental Procedures

General Note

Primary mouse stromal-vascular fractions from adipose tissues were isolated and
differentiated as described (Seale et al., 2011). Derivation of clonal cell lines via limiting
dilution was performed as described (Gupta et al., 2010). For adipocyte differentiation
assay, confluent cultures of clonal lines were exposed to induction DMEM/F-12
GlutaMAX™ (Invitrogen) containing dexamethasone(5 wM), insulin (0.5 pg mi1),
isobutylmethylxanthine (0.5 mM), rosiglitazone (1xM), T3 (1nM) and 10% FBS. Four days
after induction, cells were maintained in media containing insulin (0.5 wg mi~1), T3 (1nM)
and 10% FBS until they are ready for collection.

Cell transplantations

Immortalized clonal inguinal cells (3x107) were implanted subcutaneously into 7-9-week-
old male NCR nude mice (Taconic, n=5-8 mice per group), accordingly to the methods
described previously (Seale et al., 2007). Six weeks after injection, the fat pads were isolated
for the analysis of gene expression. For acute sympathetic stimulation, CL316,243, at 1mg
kg~1, was injected intraperitoneally 5 hours before harvesting the transplanted fat pads.

Oxygen consumption assays

At day 6 of differentiation, oxygen consumption was measured at 37°C in cultured fat cells
using a Mitocell S200 micro respirometry system. For cyclic-AMP-induced respiration
assays, fully differentiated fat cells were incubated with 1mM dibutyryl cyclic AMP for 12
hr before measuring oxygen consumption. 1M oligomycin (Sigma-Aldrich) was added to
block ATP production, rendering uncoupled respiration. Basal and uncoupled (i.e.
oligomycin-insensitive) respiration rates were normalized by total cell numbers. Similar
results were observed when the results were normalized by total cell protein amount.

FACS analysis

FACS experiments were carried out on a FACSAria cell sorter at Beth Israel Deaconess
Medical Center Flow Cytometry Core Facility. Briefly, primary SVF were isolated from
inguinal depot of male 129SVE mice (4-6 weeks old) housed at ambient temperature.
Subconfluent SV cultures passaged 2-3 times following the initial fractionation were
trypsinized, centrifuged, resuspended in 1% FBS/PBS for labeling. Antibody incubations
were performed on ice for 30 min for primary and 20min for secondary. Cells were washed
and resuspended for sorting. Cells were initially selected by size, on the basis of forward
scatter (FSC) and side scatter (SSC), followed by exclusion of immune cells (APC labeled
F4/80 or CD19 positive cells). Cells were gated on both SSC and FSC singlets, ensuring that
the staining of individual cells was analyzed. Next, the cells were separated on the basis of
the cell-surface markers indicated. The following antibodies were used: rabbit anti-CD137
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(abcam, ab64836); rabbit anti-TMEM26 (IMGENEX, IMG-6633A); Monoclonal antibody
F4/80 Rat anti-Mouse (Invitrogen, MF48000); Monoclonal antibody CD19 Rat anti-Mouse
(Invitrogen, RM7700); F(ab”)2 Donkey Anti-Rabbit IgG PE(ebioscience, 12-4739-81); F(ab
")2 Anti-Rat 19G APC (ebioscience, 17-4822-82).

Human subjects

Human brown fat biopsies from two independent cohorts of patients were analyzed for
expression of beige- and brown-selective genes. Seven are from University of Turku,
Finland and four from Maastricht University, the Netherlands. Details on subjects and
procedures are as described previously (Orava et al., 2011; van Marken Lichtenbelt et al.,
2009). Briefly, the site of biopsies of supraclavicular adipose tissue was decided by the cold
exposure [8F]JFDG-PET/CT image that showed activated BAT. A subcutaneous WAT
sample was collected from the same incision. All subjects gave written informed consent
before taking part in the study.

Statistical Analysis

All results except human studies are expressed as means + SD. Two-tailed Student’s #test
was used to determine p values. Statistical significance was defined as p < 0.05. Gene
expression levels in human WAT versus BAT were analyzed using Wilcoxom matched pairs
signed ranks test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Beigefat cellsarise from a subset of preadipocytesin the subcutaneous adipose depot
(A) Multilocular beige fat cells are prominent in the subcutaneous white adipose depot of
129SVE male mice at 7-9 weeks of age. Hematoxylin & Eosin stain show islets of
multilocular fat cells within inguinal white fat depot (400X). (B) Total RNA was isolated
from epididymal (Epi), inguinal (Ing) and interscapular (Bat) adipose tissues of 129SVE
mice and assayed for mMRNA expression for Ucp-1 and other brown fat-like genes by qPCR.
Values are mean+SD (n=5). Expression levels of Ucp-1and Cideaare undetected in
epididymal depot. (C) Total RNA was isolated from fat cells differentiated from epididymal
(Epi), inguinal (Ing) and interscapular (Bat) primary stromal vascular cells and assayed for
MRNA expression for Ucp-1 and other brown fat-like genes by gPCR. Relative gene
expression was normalized to adipsin mRNA levels. Values are mean£SD (n=3) (D) Cluster
dendrogram of array expression data with RNA samples from differentiated cultures of 26
immortalized fat cell lines as described in text. Analysis details were described in the
Supplemental Experimental Procedures. Height (y axis) is Euclidean distance. To mimic the
sympathetic tone /n vivo upon prolonged cold exposure when beige fat cells are functionally
activated, we analyzed RNA from fully differentiated cells (day8), treated with 10 .M
forskolin (FSK), a cAMP inducing agent, for 4 hrs.
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Figure 2. Beigefat cells show comparable thermogenic potential to brown fat cells upon
stimulation

Representative lines from each group were further analyzed functionally. Bat1, bat6, bat8
for brown fat cells; X9, X3, D16, D12 for beige fat cells and N13, X7, J6, G18 for white fat
cells. All these lines presented similar levels of adipogenesis and fat cell specific markers
were measured via qPCR. See Figure S2A. Similar results were observed in more than three
independent experiments. (A) Total RNA was isolated from the differentiated brown, beige
and white clonal cell lines and was assayed for mMRNA levels of brown fat-like genes
(Ucp-1, Cideaand Cox7al) by qPCR. (B) Total RNA was isolated from the differentiated
brown, beige and white clonal cell lines treated with 10,M forskolin for 4 hours and was
assayed for mRNA levels of Ucp-1. (C) Protein lysates were isolated from the differentiated
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brown, beige and white clonal lines either unstimulated or treated with 10 M isoproterenol
for 6 hours, and probed by immunoblot as indicated, with tubulin as a loading control. (D)
Cell transplantations were done in the preadipose state as described in Experimental
Procedures. After 6 weeks, fat pads were harvested and mRNA expression was analyzed by
gPCR (n=5-8). For acute sympathetic stimulation, CL316,243, at 1mg kg1, was injected
intraperitoneally 5 hours before harvesting the transplanted fat pads. (E) Oxygen
consumption in cultured brown, beige and white fat cells was assayed as described in
Experimental Procedures. Oligomycin (ATP synthase inhibitor) was added to cells to
measure the uncoupled respiration rate. The cells were treated with dibutyryl-cAMP for 12
hours before harvesting. Values are mean+SD (n=4). *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 3. Beige and brown fat cells exhibit distinct gene expression profiles

(A) Genes with a beige- or brown-selective expression pattern were first identified by
microarray analysis as described in Supplemental Experimental Procedures. Relative mMRNA
expression for these genes was then measured by qPCR in differentiated brown, beige and
white fat cells in an unstimulated state. (B) Analysis of beige- and brown-selective genes
expression in adipose tissues isolated from inguinal WAT and interscapular BAT of 129
SVE mice. Values are meantSD (n=5). *, p<0.05; **, p<0.01; ***, p<0.001. (C) Protein
lysates of adipose tissues isolated from inguinal WAT and interscapular BAT of 129 SVE
mice were probed with antibodies by immunoblot as indicated. Asterisk represents a
nonspecific band as a loading control. (D) Microscopic and confocol images of mouse
inguinal white and interscapular brown adipose tissue stained with antibodies recognizing

CD137 (red) (microscopic images), TMEM26 (green) (confocal images) and UCP1 (green
and red), with nuclei co-stained with DAPI as indicated. To induce the “browning”
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morphology and UCP1 expression in inguinal white adipose depot, 129SVE mice were

injected intraperitoneally with CL316, 243, at 1mg kg~ daily for 4 days. Inguinal and
interscapular adipose tissues were harvested on the fifth day.
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Figure 4. Isolation of beige precursor cellsfrom inguinal stroma with beige-selective cell surface

markers

Total RNA was isolated from differentiated cultures of beige-selective marker CD137 (A)

and TMEMZ26 (B) positive and negative cells purified from inguinal SV cells; these

adipocytes were then assayed for mRNA levels of general adipogenic markers, Ucp-1 and
other characteristic thermogenic/brown fat-like genes by gPCR. (C) Primary inguinal SV
cells were purified as in (A) and differentiated into adipocytes for 6 days in the presence of

FC fragment of human 1gG (hFC) (100nM), fusion protein of irisin-FC (100nM) or

recombinant FNDCS5 (20nM). Total RNA was isolated and assayed for mRNA levels of
general adipogenic marker aP2, thermogenic gene Ucp-1 and other brown-like genes by
gPCR. Values are mean+SD (n=3). *, p<0.05, **, p<0.01, ***, p<0.001. Similar results
were observed in more than three independent experiments.
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Fold Change

UCP1+ vs UCP1-

1

Figure5. “Brown” fat in human adults share molecular characteristics of murine beigerather

than brown cells

Expression of beige- and brown-selective genes in hWAT versus hBAT samples from total
11 subjects of two independent cohorts were measured by qPCR. (A) UCPI expression
levels were measured and confirmed to be higher in BAT as compared to WAT. (B)
Heatmap summary of relative fold changes in expression of these genes in each subject.
Relative gene expression level of 3 beige-selective (C), 3 brown-selective (D) are shown
individually. P value was analyzed using Wilcoxom matched pairs signed ranks test.
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Figure 6. Beige selective markersare expressed in human “brown” fat cellsresidingin
supraclavicular regions

Microscopic images of adult supraclavicular adipose tissue stained with antibodies
recognizing CD137 (red, A and C), UCP1 (green, A), TMEM26 (green, B) and perilipin
(green, C) as indicated with nuclei stained with DAPI. It is worth noting that in (A) and (B)
the expression of both CD137 and TMEM26 in multilocular (see the arrowhead in B),
UCP1+ adipocytes (labeled with “BAT”), but the neighboring perilipin-1+, UCP1-
adipocytes are CD137- (labeled with “WAT?”, see C).
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