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SUMMARY

Peroxisome proliferator-activated receptors (PPARs)
have been suggested as the master regulators
of adipose tissue formation. However, their role in
regulating brown fat functionality has not been
resolved. To address this question, we generated
mice with inducible brown fat-specific deletions of
PPARa, b/d, and g, respectively. We found that
both PPARa and b/dd are dispensable for brown fat
function. In contrast, we could show that ablation of
PPARg in vitro and in vivo led to a reduced thermo-
genic capacity accompanied by a loss of inducibility
by b-adrenergic signaling, as well as a shift from
oxidative fatty acid metabolism to glucose utilization.
We identified glycerol kinase (Gyk) as a partial medi-
ator of PPARg function and could show that Gyk
expression correlates with brown fat thermogenic
capacity in human brown fat biopsies. Thus, Gyk
might constitute the link between PPARg-mediated
regulation of brown fat function and activation by
b-adrenergic signaling.

INTRODUCTION

Obesity is defined as abnormal fat accumulation and occurs due

to a long-term positive energy balance (Mittendorfer, 2011).

The global increase in obesity has been attributed to numerous
760 Cell Reports 22, 760–773, January 16, 2018 ª 2017 The Author(s
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factors including, but not limited to, altered food consumption

as well as a decrease in energy expenditure (Hill et al., 2012).

One possibility to induce energy expenditure is non-shivering

thermogenesis in brown adipose tissue (BAT). This process is

mediated by Uncoupling protein 1 (UCP1), which differentiates

BAT from classical white adipose tissue (WAT). Studies on the

regulation of BAT function have led to the identification of key

regulatory factors such as peroxisome proliferator-activated re-

ceptor g (PPARg), PGC1a, and PRDM16 (Ohno et al., 2012; Pet-

rovic et al., 2010). Particularly, PPARg2 is an important regulator

of both brown and white adipocyte differentiation (Barak et al.,

1999; Tontonoz et al., 1994). Recent evidence derived from the

analysis of post-translational modifications of PPARg have impli-

cated this factor not only as a regulator of adipocyte formation,

but also as a mediator of brown adipocyte functionality (Choi

et al., 2010; Hu et al., 1996; Qiang et al., 2012). Furthermore, it

was reported that Ucp1 mRNA abundance is higher in animals

treated with the PPARg agonist rosiglitazone (Festuccia et al.,

2010); however, whether this is due to a direct induction in

mature cells or due to de novo formation of brown adipocytes

is unknown. In human multipotent adipose-derived stem

(hMADS) cells, rosiglitazone-induced browning leads to

increased mitochondrial oxidative capacity, which is maintained

independently of rosiglitazone (Loft et al., 2015). In vivo studies

are complicated by the fact that global deletion of PPARg leads

to postnatal death at E10 (Barak et al., 1999). Thus, heterozy-

gous PPARg-deficient mice were shown to be protected from

age-induced insulin resistance, while studies using the aP2-

Cre to elicit an adipose tissue-specific knockout under

obesogenic conditions showed a reduction in weight gain and
).
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Figure 1. Loss of PPARg in IBA Reduces Brown-Adipocyte-Specific Marker Gene Expression and Leads to a Loss of Inducibility

(A) mRNA abundance of reverse transfected IBA with either non-targeting (siNT) or Pparg targeting (siPparg) siRNA showing Pparg1, Pparg2, Ucp1, Cidea, and

Ppara normalized to 36B4 (n = 4 per group; throughout, mRNA data are normalized to 36B4 and are expressed as mean ± SD; ***p < 0.001).

(B) Immunoblot of UCP1 and PPARg2 and 1 in IBA transfected with siNT or siPparg.

(C) Densiometric analysis of immunoblot (n = 3–4 per group; data are expressed as mean ± SD; **p % 0.01; ***p % 0.005).

(D) Mitochondrial stress test, showing OCR of IBA pre-treated with or without isoproterenol 1 hr (1 mM) before measurement (OCR-Data normalized to protein

content per well; n = 5).

(legend continued on next page)
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lipodystrophy (He et al., 2003; Jones et al., 2005). Interestingly, a

murine study using the aP2-CRE-ERT2 driver line to promote a

tamoxifen-dependent inducible knockout of PPARg demon-

strated a reduction of white and brown adipocyte survival (Imai

et al., 2004); however, given the drastic metabolic phenotype

of these animals, due to ablation of PPARg in white adipocytes,

it is unclear to what extent PPARg expression in BAT contributes

to the observed phenotype. While it is well accepted that PPARg

at least in part mediates mature brown adipocyte functionality,

surprisingly little data exist on downstream targets. It has been

previously shown that PPARg activates UCP1 expression by

binding to the UCP1 peroxisome proliferator response element

(PPRE) by nuclear translocation and binding of factors like reti-

noid X receptor (RXR) and PGC1a (Cao et al., 2004).

Here, we demonstrate that PPARg maintains thermogenic

function and the ability of BAT to be activated by b3-stimulation.

Using transcriptional analysis and loss- and gain-of-function

studies, we show that part of the effect of PPARg might be

mediated through the PPARg target glycerol kinase (GYK)

(Barquissau et al., 2016; Chakrabarty et al., 1983; Guan et al.,

2002; Mazzucotelli et al., 2007).

RESULTS

To analyze the role of PPARg in mature brown adipocytes and to

exclude the regulation of adipocyte differentiation, we utilized a

reverse transfection approach in fully differentiated, immortal-

ized brown adipocytes (IBAs). We obtained approximately

70% of knockdown for both Pparg1 and Pparg2 on both protein

and mRNA abundance (Figures 1A–1C), which led to a reduction

of brown adipocyte-specific transcripts such asUcp1 andCidea

as well as Ppara (Figure 1A). Similarly, we could show that loss of

PPARg expression led to an almost complete loss of UCP1

protein expression (Figures 1B and 1C). To elucidate whether

this effect was due to de-differentiation of the adipocytes, we

analyzed gene expression of brown and white mature and pre-

cursor markers. As shown in Figure S1A, we observed a varied

response; for example, the expression of the preadipocyte

marker Pref1was reduced, suggesting that knockdown of Pparg

does not lead to a dedifferentiation of themature adipocytes. In a

mitochondrial stress test, basal respiration of IBAs upon PPARg

ablation was not altered; however, loss of PPARg inhibited the

ability of IBAs to respond to b-adrenergic stimulation as a result

of reduced basal and leak respiration (Figures 1D and 1E). A

glucose stress test demonstrated that IBAs, upon PPARg

ablation, induced glycolysis as well as the glycolytic capacity

(Figures 1F and 1G). In line with these findings, we could show

that induction of UCP1 protein and mRNA expression in
(E) Quantification of mitochondrial stress test (n = 5; data are expressed as mea

(F) Glucose stress test, showing OCR of IBA (n = 5).

(G) Quantification of glucose stress test (n = 5; data are expressed as mean ± SD

(H) Immunoblot of reverse transfected IBA with siNT or siPparg pre-treated 24

expression (n = 4).

(I) Immunoblot of phospho-PKA substrate in reverse transfected IBA with siNT o

(J) Immunoblot of reverse transfected IBA with siNT or siPparg showing phospho

(K) Free fatty acid (FFA) FFA release of IBA siNT and siPPARg treated at depicted

expressed as mean ± SD; **p % 0.01).
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response to a b-adrenergic stimulation was lost in IBAs with

suppressed PPARg expression (Figures 1H and S1B). The effect

was independent of global PKA activity (Figure 1I) and a more

detailed analysis of specific targets revealed that phosphory-

lated hormone sensitive lipase (pHSL) and HSL were mildly

reduced after PPARg ablation (Figure 1J). Furthermore, we

observed a significant reduction of activated cAMP response

element-binding protein (p-CREB) and an inability of cAMP to

stimulate Ucp1mRNA expression in the absence of PPARg (Fig-

ures S1C–S1E). Similarly, we could show, that PPARg ablation

led to a reduction in isoproterenol stimulated lipolysis (Figures

1K and S1F). Taken together, these findings demonstrate that

loss of PPARg in mature brown adipocytes reduces the capacity

to initiate the thermogenic program by b-adrenergic stimulation.

Since no functional studies analyzing the role of PPARg in

mature brown adipocytes exist, we generated an inducible

brown-fat-specific PPARg-deficient mouse model to deplete

PPARg exclusively in mature brown adipocytes (PPARg-

BATKO). Induced genetic ablation of PPARg led to a reduction

in Pparg mRNA expression (Figures 2A), a down-regulation of

Ucp1 mRNA and protein expression (Figures 2C and 2B) and

of other BAT markers such as Cidea and Cox7a1 (Figure 2C)

and Ppara. Conversely, we did not observe any reduction of

either Pparg or Ucp1 mRNA in iWAT (Figure S2E). Phenotypic

characterization of PPARg-BATKO mice showed neither a

weight phenotype nor any differences in body composition

(Figures 2D and S2A); however, we observed increased circu-

lating TAG, cholesterol, glucose, and non-esterified fatty acids

(NEFA) levels (Figures 2E–2G). PPARg-BATKO animals had

reduced BAT wet weight (Figure 2J) and histological analysis

of interscapular BAT depots revealed smaller adipocytes

containing less and/or smaller lipid droplets resulting in a higher

cell density (Figures 2H and 2I), without any changes in total cell

numbers. Last, pHSL, HSL, and the pHSL/HSL ratio were

reduced in BAT of PPARg-BATKO mice (Figures 2K and 2L).

Taken together, we could show that loss of PPARg in mature

brown adipocytes leads to a reduced systemic substrate

utilization, concomitant with a reduction in BAT marker gene

expression.

To investigate, whether PPARg ablation in BAT would alter

systemic respiration, PPARg-BATKO and littermate controls

were cold challenged for 7 days at 8�C. Food and water intake

at room temperature was similar (Figure S3A), and, while in

cold, PPARg-BATKO mice exhibited elevated food and water

intake (Figure S3B). Even though core body temperature was

unaffected after a prolonged cold stimulus in these mice (Fig-

ure S2D), visual examination of the mice suggested an increased

shivering response, which together with alterations in food and
n ± SD; a, b, c, d %0.05).

; *p % 0.05; **p % 0.01; ***p % 0.005).

hr with or without isoproterenol (1 mM) showing PPARg2 and 1 and UCP1

r siPparg pre-treated 24 hr with or without isoproterenol (1 mM) (n = 4).

r-HSL and gamma tubulin (n = 3).

time points, with or without isoproterenol (1 mM) pre-stimulation (n = 4; data are



Figure 2. Loss of PPARg In Vivo Reduces BAT Size and Thermogenic Gene Expression

(A) mRNA abundance of Ppara, Pparb/d, Pparg1, and Pparg2 normalized to 36B4 in BAT of WT, HET, and PPARg-BATKO animals (n = 6 WT versus 8 HET

versus 8 PPARg-BATKO; data are expressed as mean ± SD; a, b, c % 0.05).

(B) Immunoblot of UCP1 in PPARg-BATKO and WT animals and its respective densiometric quantification (n = 5 WT versus 4 PPARg-BATKO).

(C) mRNA abundance of brown fat marker genes Ucp1, Cidea, and Cox7a1 normalized to 36B4 (n = 6 WT versus 6 PPARg-BATKO; data are expressed as

mean ± SD; ***p % 0.005).

(D) Body mass development of PPARg-BATKO animals compared to Cre negative (WT) and Cre positive heterozygous littermates (HET) (n = 6 WT versus 8 HET

versus 10 PPARg-BATKO).

(E) Blood triglyceride and cholesterol of WT and PPARg-BATKO (n = 6 WT versus 8 PPARg-BATKO; data are expressed as mean ± SD; *p % 0.05).

(F) Blood glucose levels of WT and PPARg-BATKO (n = 6 WT versus 8 PPARg-BATKO; data are expressed as mean ± SD; *p % 0.05).

(G) Blood NEFA levels of WT and PPARg-BATKO (n = 6 WT versus 8 PPARg-BATKO).

(H and I) Cell density measurement of H&E-stained BAT paraffin sections (representative H&E stained BAT sections, H, and quantification, I) (n = 6 WT

versus 8 PPARg-BATKO; white scale bar, 100 mM).

(J) Tissue wet weight of WT and PPARg-BATKO (n = 5 WT versus 4 PPARg-BATKO; data are expressed as mean ± SD; ***p % 0.005).

(K) Immunoblot of lipolytic marker HSL and its phosphorylated form (n = 5 WT versus 4 PPARg-BATKO; data are expressed as mean ± SD; ***p % 0.005).

(L) Densiometric analysis of phosphorylated and unphosphorylated HSL of WT and PPARg-BATKO animals (n = 5 WT versus 4 PPARg-BATKO; data are

expressed as mean ± SD; *p % 0.05).
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water intake complicates the quantification of the contribution of

PPARg to energy expenditure (Figures S3C and S3D). Further-

more, the inability of the PPARg-BATKO mice to induce BAT

activity might affect the shivering response (Shefer and Talan,

1998), which in turn could confound the quantification of energy

expenditure. Therefore, we acutely treated PPARg-BATKO with

the b3-adrenergic receptor agonist CL316,243. Both PPARg-

BATKO and wild type mice showed similar rates of VO2 and

VCO2 at baseline (Figures 3A and 3B). UponCL316,243 injection,

PPARg-BATKO failed to induce respiration in the same manner

as wild-type (WT) animals (Figures 3D and 3E). This reduced

response in PPARg-BATKO resulted in a higher RER in

PPARg-BATKO (Figure 3C). To exclude any compensatory ef-

fects, we repeated the experiments at thermoneutrality, which

led to similar results (Figures 3D–3F). Taken together, those

data underline the importance of PPARg in maintaining brown

adipocyte functionality in response to b3-adrenergic receptor

activation.

Based on previous work, we hypothesized that PPARg

controls BAT functionality by regulating Ppara expression

(Barbera et al., 2001). In accordance, we could show that

depleting PPARa in mature IBAs by reverse transfection reduced

expression of brown adipocyte markersUcp1 andCidea both on

mRNA and on protein level (Figures 4A and 4B). To determine

whether PPARa was also responsible for maintaining BAT

function in vivo, we ablated PPARa specifically in BAT (PPARa-

BATKO). PPARa depletion in BAT did not affect classic BAT

marker expression, while bona fide PPARa markers were

reduced (Figures 4C and 4D). Food and water intake were unal-

tered at room temperature and during cold exposure (Figure 4E)

in PPARa-BATKO mice and we did not observe any changes in

VO2, VCO2, or RER (Figures 4F–4H). Similar to PPARa, expres-

sion of Pparb/d was dispensable for BAT function, in vivo as

demonstrated by the generation of PPARb/d-BATKO (Figures

S4A and S4B). Based on these data, we conclude that PPARa

plays a role in brown adipocyte function in vitro; however, both

PPARa and PPARb/d seem to be dispensable for mature brown

adipocyte functionality, in vivo.

To elucidate the pathway bywhich PPARg reduces the capac-

ity of BAT to be activated, we transcriptionally profiled the BAT of

3 days cold-challenged C57BL6/N animals and littermates at

room temperature (RT), as well as IBAs in the presence or

absence of PPARg. To identify direct brown adipocyte targets

of PPARg, we analyzed both the in vivo and in vitro comparison

for genes that bear PPRE, based on a published chromatin

immunoprecipitation (ChIP)-atlas (Nielsen et al., 2008). We found

231 regulated genes in PPARg-depleted IBAs and 168 genes in

cold-acclimatized mice (Figure 5A). An intersection of those two

lists resulted in 18 genes that were regulated in vitro and in vivo

and are classified as PPAR target genes (Table S1). Of these 18

genes, only Fabp3 andGyk, which has been previously identified

as a PPARg target in BAT (Guan et al., 2005), were enriched in

BAT. PPARg knockdown in IBAs led to a significant downregula-

tion of Gyk mRNA and protein expression both in the basal as

well as in the isoproterenol-induced state (Figures 5B, 5C, and

S5). In accordance with previous results (Festuccia et al.,

2010; Festuccia et al., 2003), we could show thatGyk expression

is elevated both in iBAT and iWAT after cold acclimatization
764 Cell Reports 22, 760–773, January 16, 2018
(Table S1; Figure 5D). Additionally, we observed an increased

GYK mRNA abundance in brown versus white differentiated

hMADs cells (Figure 5E). In human deep-neck biopsies, the

abundance of GYK correlated with UCP1, demonstrating that

GYK is a surrogate for BAT quantity and activity (Figure 5F).

Furthermore, positron emission tomography/computed tomog-

raphy (PET/CT)-guided biopsy of human supraclavicular BAT

showed higher brown adipocyte marker and GYK gene expres-

sion compared to WAT samples (Figure 5G). Taken together,

these results confirm that GYK is a direct target of PPARg in

brown adipocytes and that similar to UCP1 GYK is regulated

by cold induction in both mice and humans.

To test whether GYK ablation would result in a similar pheno-

type as a PPARg knockdown, we performed a small interfering

RNA (siRNA)-mediated knockdown of GYK in IBAs, which

resulted in an 80% reduction of Gyk mRNA and protein expres-

sion (Figures 6A, 6B, and S6C). Interestingly, GYK knockdown

led to a reduction of UCP1 protein expression (Figures 6B and

S6D) and pHSL levels under basal and stimulated conditions.

After GYK knockdown, isoproterenol treatment failed to

induce both GYK and UCP1 protein expression (Figures 6C,

S6C, and S6D), while we observed a slight induction of PPARg2

but not PPARg1 expression (Figures 6C, S6A, and S6B). GYK

knockdown did change adipocyte differentiation (Figures

S6G–S6I), and we were able to show that treatment of IBAs

with a competitive inhibitor of GYK (Seltzer et al., 1986) led to

a dose-dependent reduction in Ucp1 levels (Figure 6D). Rosigli-

tazone was unable to rescue BAT-specific gene expression in

GYK-ablated cells (Figure 6E), underscoring the importance of

GYK for maintaining mature brown adipocyte functionality.

Since GYK ablation in vivo causes lethality at P4 (Rahib et al.,

2007), we analyzed the role of GYK in BAT by local overexpres-

sion of Gyk through adenoviral-mediated gene delivery in both

WT and PPARg-BATKO mice. Re-expression of GYK did not

alter body weight and led to an approximately 2-fold induction

of GYK expression in iBAT of both WT and PPARg-BATKO

mice (Figures 6E and 6F), which is similar to the effect of a

cold stimulation. Similarly, we observed a 1.6-fold increase

in iBAT weight and 2.5-fold increase in total protein mass

when GYK expression was induced only in PPARg-BATKO

mice (Figures 6G and S6F). In general, overexpression of GYK

by adenovirus was able to restore the total levels of GYK to

approximately 50% of the WT control, and we observed a

similar increase of about 40% for total UCP1 levels. These

data demonstrate that GYK can modulate iBAT activity in vivo

and that the effect of PPARg ablation on UCP1 expression is

in part mediated through GYK. Similar to the results obtained

from PPARg knockdown, the respiration of IBAs upon GYK

siRNA-mediated knockdown were not changed (Figures 6H

and 6I); however, when stimulated by isoproterenol, Gyk

siRNA-treated cells showed reduced leak respiration. Interest-

ingly, we observed a slight increase in ATP production in Gyk

siRNA-treated cells under basal condition (Figures 6H and 6I),

and a glucose stress test showed that IBAs, upon GYK siRNA

knockdown, exhibit an increase in glycolysis (Figures 6J

and 6K). GYK generates glycerol-3-phosphate (G3P) from

glycerol (Robinson and Newsholme, 1969), which is required

to form lysophosphatidic acid (LPA) a key intermediate in TAG



Figure 3. Lack of PPARg in BAT Leads to a Reduced Response to Acute b3-Adrenergic Signaling
(A) VO2 at room temperature (RT) of WT and PPARg-BATKO with CL316,243 injection (1 mg/kg BM, i.p.) (n = 6 per group).

(B) VCO2 at RT of WT and PPARg-BATKO with or without CL316,243 injection (1 mg/kg BM, i.p.) (n = 6 per group).

(C) RER of 4 hr before and after CL316,243 injection of WT and PPARg-BATKO at RT (n = 6 WT versus 6 PPARg-BATKO; data are expressed as mean ± SD;

***p % 0.005).

(D) AUC analysis of VO2 at RT of WT and PPARg-BATKO after CL316,243 (CL) injection (n = 6 WT versus 6 PPARg-BATKO; data are expressed as mean ± SD;

*p % 0.05).

(E) AUC analysis of VCO2 at RT of WT and PPARg-BATKO after CL injection (n = 6 WT versus 6 PPARg-BATKO; data are expressed as mean ± SD).

(F) VO2 of WT and PPARg-BATKO with CL316,243 injection (1 mg/kg BM, i.p.) at 30�C (n = 6 per group).

(G) VCO2 of WT and PPARg-BATKO with or without CL316,243 injection (1 mg/kg BM, i.p.) at 30�C (n = 6 per group).

(H) RER of 4 hr before and 4 hr after CL316,243 injection ofWT and PPARg-BATKO at 30�C (n = 6WT versus 6 PPARg-BATKO; data are expressed asmean ±SD;

***p % 0.005).

(I) AUC analysis of VO2 4 hr after CL316,243 injection ofWT and PPARg-BATKO (n = 6WT versus 6 PPARg-BATKO; data are expressed asmean ±SD; *p% 0.05).

(J) AUC analysis of VCO2 4 hr after CL316,243 injection of WT and PPARg-BATKO (n = 6 WT versus 6 PPARg-BATKO; data are expressed as mean ± SD;

*p % 0.05).
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Figure 4. Loss of PPARa Affects Mature Brown Adipocytes In Vitro but Not In Vivo

(A) mRNA abundance of reverse transfected IBA with non-targeting (siNT) or Ppara targeting (siPPARa) siRNA showing Ppara,Ucp1,Cidea, Pparg1, and Pparg2

normalized to 36B4 (n = 4 per group; data are expressed as mean ± SD; ** p % 0.01, ***p % 0.005).

(B) Immunoblot of reverse transfected IBA with siNT and siPPARa and the densiometric analysis of UCP1 to HSP90 (n = 4 per group; data are expressed as

mean ± SD; *p % 0.05).

(C) mRNA abundance of Ppara, Pparb/d, Pparg1, Pparg2, Cyp3a4, and Pltp in BAT of WT, HET, and PPARa-BATKO animals (n = 8 WT versus 7 HET versus 8

PPARa-BATKO).

(D) BAT marker mRNA abundance showing Ucp1, Cidea, and Cox7a1 (n = 8 WT versus 7 HET versus 8 PPARa-BATKO).

(E) Water and food intake of 24 hr in RT and in 4�C of WT and PPARa-BATKO (n = 8 WT versus 7 PPARa-BATKO).

(F) VO2 in dark (gray background) and light phase each 12 hr at RT and 4�C of WT and PPARa-BATKO animals as well as AUC analysis (n = 8 WT versus 7

PPARa-BATKO).

(legend continued on next page)
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synthesis. As expected, both GYK and PPARg knockdown led

to a reduction of G3P in IBAs (Figure 6L) and GYK knockdown

led to a reduction of LPA and DAG levels (Figure 6M). Interest-

ingly, fatty acid CoA levels were higher in GYK-ablated cells,

suggesting that loss of PPARg and GYK leads to a reduced

capacity for TAG formation. To identify deregulated pathways,

we performed microarray analyses on IBAs with GYK ablation.

We could identify 124 downregulated and 142 upregulated

genes (Tables S4 and S5). Since several of these genes are

involved in the regulation of metabolism we performed a tran-

scription factor (TF) enrichment analysis, using the Metacore

platform. As shown in Figure 6N the top predicted TFs that

could explain the observed regulation were PPARa and PPARg,

suggesting a feedback loop for transcriptional regulation. In

conclusion, our data identify the PPARg/GYK axis as an impor-

tant node for the maintenance of mature brown function, which

is required for inducibility and the capacity to oxidize lipids in

response to brown adipocyte activation.

DISCUSSION

Our results show that PPARg is necessary to maintain BAT

thermogenesis and especially its inducibility by acute thiazolidi-

nediones (TZD), cAMP, or b-adrenergic stimuli in mature brown

adipocytes, in vitro and in vivo. We did not observe any changes

in PPARg and Ucp1 expression in the iWAT depot, which could

be due to the timing of the tamoxifen treatment. Since it has been

recently shown that the main Ucp1-dependent thermogenic

capacity in mice is located in classical BAT we focused our sub-

sequent studies on this particular tissue (Kalinovich et al., 2017).

Even though PPARa has an effect on brown adipocyte function

in vitro (Barbera et al., 2001) and pharmacological activation of

PPARa induces brown fat function (van Raalte et al., 2004),

we show here that neither PPARa nor PPARb/d are required

for mature BAT thermogenic functionality, in vivo. One possibility

for this finding might be that the loss of PPARa can be com-

pensated by PPARg to regulate brown adipocyte thermogenic

function.

Research data from pharmacological studies have identified

PPARg as an important regulator of BAT function. Thus, it is

possible to switch in an hMADs cell-culture system the pheno-

type of a ‘‘white like’’ adipocyte to an activated brown adipocyte

even though these cells do not respond to b-adrenergic stimula-

tion. Interestingly, we have recently shown that hMADs cells

before rosiglitazone treatment have a protein signature similar

to that of a brown adipocyte in the non-activated states

(M€uller et al., 2016). Therefore, it is possible that pharmacolog-

ical induction of PPARg can cause the activation of these cells,

although the mechanism is not yet known.

It has been shown that noradrenalin treatment leads to

the acute downregulation of PPARg expression and that its

expression is restored after 24 hr, which is in line with our find-
(G) VCO2 in dark (gray background) and light phase each 12 hr at RT and 4�C o

PPARa-BATKO).

(H) RER in RT and 8�C. mRNA data are normalized to 36B4; data are the mean

Student’s t test.
ings presented here (Lindgren et al., 2004). Furthermore, it was

reported that mice treated with TZDs induce the amount of

BATs, without inducing beta-oxidation. This could be due to

negligible effects of brown fat induction, which is unlikely

given the strong reported effects of BAT ablation and Ucp1

knock out on the systemic metabolism (Feldmann et al., 2009).

A second option is that TZDs promote lipogenesis and dampen

the b-adrenergic-mediated activation of adipocytes in vivo, thus

masking BAT activation through other systemic alterations. Last,

based on the data reported here, it is possible that activation of

PPARg primes the brown adipocytes for induction. This is in line

with observations that TZD pre-treatment in cells significantly

enhances the inducibility by stimuli such as b-adrenergic activa-

tion (Hernandez et al., 2003, 2004).

From the results presented here, we propose that GYK is at

least in part required for mediating PPARg function in BAT and

thus constitutes a molecular link for maintenance of inducible

brown adipocyte thermogenesis. This is in line with previous re-

ports demonstrating that GYK is a direct PPARg target in brown

adipocytes (Guan et al., 2005). Next to UCP1, several marker

genes for brown adipocytes have been reported (Jespersen

et al., 2013; Sharp et al., 2012; Ussar et al., 2014). While GYK

is not a unique marker for brown tissue our data clearly indicate

that GYK is highly correlatedwith the amount of functional BAT in

humans, suggesting that it is required for brown adipocyte

thermogenic function. This is supported by the tissue-specific

expression of GYK in BAT and liver (Rahib et al., 2007; Robinson

and Newsholme, 1967) and the strong induction in WAT over

BAT expression coupled to the findings that showed that GYK

induction by thiazolidinedione stimulates glycerol incorporation

into triglycerides and reduces free fatty acid secretion from

adipocytes (Guan et al., 2002).

Based on our data, loss of PPARg leads to a reduced expres-

sion of GYK, thereby reducing the availability of the substrate

G3P for esterification of fatty acids, which leads to reduced

TAG synthesis and lipid storage. This in turn might lead to a

reduced capacity to sustain brown adipocyte function since

lipolysis is the main driver of thermogenesis (Haemmerle et al.,

2006) and in turn regulates PPARg activity in BAT. Based on

our data, it is furthermore possible that GYK similar to ATGL

(Haemmerle et al., 2011) is necessary to maintain the activity of

PPARs, which is supported by our observation that the expres-

sion of PPARa and PPARg target genes is reduced in the

absence of GYK. Given our data on the role of PPARa in mature

brown function, it is plausible that this effect is mainly due to the

regulation of PPARg. Even though multiple different lipids have

been suggested as PPARg ligands it is unlikely that the effect,

we observe is ligand dependent, as we were not able to rescue

GYK ablation through the addition of rosiglitazone. As it is well

established that PPARg activation is highly dependent on post-

transcriptional modifications (Ahmadian et al., 2013), it is

possible that GYK knockdown might activate a pathway, which
f WT and PPARa-BATKO animals as well as AUC analysis (n = 8 WT versus 7

± SD. *p < 0.05; ***p < 0.001; not significant (p > 0.05); by one or two-tailed
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Figure 5. Gyk Is a Target of PPARg in Human and Mouse Brown Adipocytes

(A) Analysis of Pparg in vitro chip microarrays and sequencing data of C57BL6/n in 3-day cold exposure at 8�C.
(B) mRNA abundance of reverse transfected IBA with either siNT or siPPARg showing Pparg1, Pparg2, and Gyk normalized to 36B4 (n = 4 per group; data are

expressed as mean ± SD; ***p % 0.005).

(C) Immunoblot of reverse transfected IBA with either non-targeting (siNT) or PPARg targeting (siPPARg) siRNA showing GYK and its densiometric analysis

(n = 4 per group; data are expressed as mean ± SD; ***p % 0.005).

(D)Relative mRNA abundance of Ucp1 and Gyk in BAT and inguinal white adipose tissue (iWAT) of C57BL6/n at RT and 8�C acclimatization for 7 days

(n = 5 RT versus 5 8�C).
(E) Relative mRNA abundance of Ucp1 and Gyk of hMADS differentiated into white and brown adipocytes (n = 6 white versus 6 brown; data are expressed as

mean ± SD; *p % 0.05).

(F) Correlation of relative mRNA abundance of UCP1 and GYK in human deep-neck samples (n = 7).

(G) Relative mRNA abundance of UCP1, CIDEA, COX7A1, and GYK in PET-CT guided human brown and white adipose tissue of the supraclavicular area

(n = 7 white versus 7 brown; data are expressed as mean ± SD; ***p % 0.005). mRNA data are normalized to 36B4.
cause a repression of PPARg activity, by a so-far unknown

post-transcriptional mechanism, independent of ligand-medi-

ated activation.
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By overexpressing GYK in interscapular BAT, we could induce

thermogenic capacity, similar to an acute cold exposure. Taken

together with recent reports demonstrating an induction of



(legend on next page)
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Gyk expression upon cold stimulation (Festuccia et al., 2010;

Festuccia et al., 2003), it is likely that GYKmediates cold-induced

brown functionality in response to such a stimulus. In this context,

our data establish a link between cold induction and PPARg

activation that both induce brown fat functionality. Since TZD-

mediated induction of BAT mass and function and b3-receptor

activation of thermogenesis are two major regulatory nodes of

BAT, our data identify GYK as the link between these two path-

ways and thus serve as a target for inducing thermogenesis.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6N WT mice for experiments and breeding of transgenic lines were

obtained from Charles River Laboratories. The mouse strain containing a

floxed locus of PPARg (PPARgfl/fl) was created in the labs of Pierre Chambon

(Imai et al., 2004). PPARa and PPARb/d animals were provided byW.W. All an-

imals were kept on an inverted 12-hr-light cycle (beginning of dark phase at

7.00 a.m.), fed ad libitum chow diet. Animals were kept at 23�C housing tem-

perature when not under cold stimulation. For tissue sampling, animals were

euthanized singly in a carbon dioxide atmosphere. Unless stated otherwise,

all experiments were performed with adult (11–14 weeks) male mice. Animals

used in the study all carried the UCP-ERCre allele (Rosenwald et al., 2013) and

the floxed PPAR allele as indicated. Tamoxifen induction of Cre activity was

performed as well in WT and knockout (KO) animals by gavaging the mice 4

times with 10 mg/mL per g body mass tamoxifen (Sigma) in sunflower oil

(Denner) when kept at 8�C for 6 days. Experiments and further analysis were

performed 7 days after cold induction. All animal procedures were approved

by national and institutional guidelines.

Calorimetric Measurements

For measurements of respiratory quotient (respiratory exchange ratio, RER),

locomotor activity, food and water intake, a metabolic cage system was

used (Phenomaster, TSE Systems). Standard settings according to the

manufacturer’s instructions were used. Mice were fed ad libitum chow diet

andwater and consumption was determined during a full 24-hr-light cycle after

the animals could acclimatize to the cage and/or temperature for 24 hr.

Parameters were calculated to individual lean mass that were determined by

echo MRI. To generate b3-adrenergic stimulation, mice were intraperitoneally

(i.p.) injected with CL316,243 1 mg/kg BM.

Blood Parameters

Whole blood was sampled and adjusted to approximately 5 mM EDTA.

Samples were incubated for 10 min at RT and centrifuged 5 min 300 3 g.
Figure 6. Gyk Is Involved in the Regulation of Brown Adipocyte Inducib

(A) mRNA abundance of reverse transfected IBA with siNT and glycerol kinase (siG

per group).

(B) Representative immunoblot of IBA with siNT or siGYK showing HSL, phosphor

(C) Immunoblot of IBA with siNT or siGyk with or without isoproterenol (1 mM) (n

(D) mRNA abundance of Ucp1 of IBA treated with 1-thiolglycerol at depicted con

(E) mRNA abundance of reverse transfected IBA with siNT and siGyk with or with

(F and G) Relative UCP1 protein and GYK abundance in (F) iBAT and (G) tissue we

adenoviral application into BAT with a 1 3 107 plaque-forming unit (PFU) adGF

PPARg-BATKO adGFP versus 7 PPARg-BATKO adGYKoe. Data are expressed

(H) OCR ratio of IBA siNT and siGYK from non- to isoproterenol (1 mM) stimulate

(I) Quantification of mitochondrial stress test (n = 5; data are expressed as mean

(J) Glucose stress test measurement, showing extracellular acidification rate (EC

(K) Respective quantification of Seahorse glucose stress test (n = 5; data are exp

(L) Measurement of glycerol-phosphates (Glycerol-P) in IBA treated either with s

(M) Lysophosphatidic acid (LPA), diacylglycerol (DAG), and fatty acid coenzyme A

or siGyk (n = 3 per group).

(N) TF enrichment analysis on microarray data frommock transfected iBAs versus

Metacore TF enrichment analysis of siGyk knockdown in IBA versus siNT contro
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Supernatant was flash-frozen in liquid nitrogen. Free fatty acid concentration

was determined with the NEFA-HR kit (Wako). To estimate triacylglycerol

and cholesterol concentration, Trig/GB andChol kits (both Roche) were. Blood

glucose levels were determined using Contour glucometers (Bayer).

Glucose Uptake

In IBAs, glucose uptake was performed on the second day after reverse

transfection with either non-targeting (NT) siRNA or Pparg siRNA. Cells were

incubated at 37�C in Krebs Ringer buffer containing insulin, 2 mM glucose,

and C-deoxyglucose (200 cpm/mL). After 2 hr, cells were washed twice with

ice-cold PBS and lysed by one freeze thaw cycle in 2 M NaOH. Lysates

were mixed with 3 mL scintillation cocktail and intracellular radioactivity was

quantified in disintegrations per minute (dpm).

Paraffin Sections

Adipose tissues were excised, placed in embedding cassettes, and stored in

cold PBS. Samples were fixated in 4% paraformaldehyde (Sigma) in PBS

(Gibco) at RT. Processing was performed according to the standard protocol

in a STP 120 (Microm), and samples were embedded in paraffin and cut into

5-mm-thin sections on a Hyrax M55 (Zeiss). Sections were de-paraffinized

and stained with H&E on a Varistain 24-4 (Shandon) before mounting and

drying. Images were obtained with an Axioscope A.1 (Zeiss).

Cell Lines

Immortalized preadipocyte cell lines derived from the stromal-vascular fraction

of either interscapular BAT tissue of newborn or young mice were established

and provided by Dr. N. Perwitz and Prof. J. Klein (Universität L€ubeck) according

to standard protocols (Klein et al., 2002; Perwitz et al., 2010). Cells were

cultured in high glucose (5 mM) DMEM containing 20% fetal calf serum

(FCS). All lines were maintained below confluency. To induce adipogenic

differentiation, the cell lines were grown to confluence on collagen-coated tis-

sue culture plates and maintained for 2 additional days. Immortalized brown

preadipocytes were induced by stimulation with 115 mg/mL IBMX, 1 mM dexa-

methasone, 20 nM insulin, 125 mM indomethacin, and 1 nM T3 in full medium.

After 24 hr, the medium was exchanged for full medium plus 20 nM insulin

and 1 nM T3. Cells were maintained in this medium until sampling for analysis.

To stimulate UCP1 expression for final read-out, the cells were incubated in full

medium with 1 mM isoproterenol for 8 hr before fixation or lysis.

For siRNA-mediated knockdown, Dharmacon smartPOOL on-target PLUS

RNA pools were used for reverse transfection. 25 nmol of siRNA were

incubated for 20 min in 0.25% Lipofectamine RNAiMAX in OptiMEM. Subse-

quently, they were mixed with cells in full growth medium and plated on

collagen-coated plates. siRNA-containing medium was replaced by full

growth medium 24 hr after lipofection. The sequences of the used siRNAs

are listed in Table S3.
ility by PPARg

YK) targeting siRNA showing Gyk, Ucp1, and Cidea normalized to 36B4 (n = 4

ylated HSL, GYK, and UCP1, and densiometric quantification (n = 4 per group).

= 4 per group).

centrations (n = 4 per group).

out rosiglitazone (1 mM) normalized to 36B4 (n = 8 per group).

t weight of iWAT and iBAT of WT or PPARg-BATKO animals 10 days after local

P or adGYK adenovirus (n = 4 WT adGFPoe versus 5 WT adGYKoe versus 6

as mean ± SD; a, b, c p % 0.05).

d (OCR-Data normalized to protein content per well; n = 5).

± SD; a, b, c, d % 0.05).

AR) of IBA siNT and siGyk ± isoproterenol (1 mM).

ressed as mean ± SD; *p % 0.05; **p % 0.01; ***p % 0.005).

iNT, siPparg, or siGyk (n = 5–6 per group).

(FaCoA), normalized to phosphatidylserine (PS) of IBA treated with either siNT

iBAs after GYK ablation. Data are expressed as mean ± SD; a and b p% 0.05).

ls (p values are annotated; bars depict the inverted p value log to 10).



hMADS Cell Culture

The establishment and characterization of hMADS cells have been previously

described (Rodriguez et al., 2004). Cells were used between passages 14

and 25. Cells were seeded at a density of 5,000 cells/cm2 in DMEM

supplemented with 10% FBS, 15 mM HEPES, 2.5 ng/mL hFGF2, 60 mg/mL

penicillin, and 50 mg/mL streptomycin. hFGF2 was removed when cells

reached confluence. Cells were induced to differentiate at day 2 post-conflu-

ence (designated as day 0) in DMEM/Ham’s F12 media supplemented with

10 mg/mL transferrin, 10 nM insulin, 0.2 nM triiodothyronine, 1 mm dexameth-

asone, and 500 mm isobutyl-methylxanthine (IBMX). Two days later, the

medium was changed (dexamethasone and IBMX omitted) and 100 nM

rosiglitazone was added. At day 9, rosiglitazone was withdrawn to enable

white adipocyte differentiation but again included between days 14 and 18

to promote white to brite adipocyte conversion as we previously described

(Pisani et al., 2014). Media were changed every other day and cells were

used for analyses at day 18.

White BAT Biopsies from Patients

The clinical study for deep-neck biopsy was approved by the Local Ethics

Committee at the University Hospital in Bratislava, Slovakia, and it conforms

to the ethical guidelines of the 2000 Helsinki declaration. All study participants

provided witnessed written informed consent prior entering the study. Deep-

neck and adjacent subcutaneous adipose tissue samples were obtained

from the lower third of the neck by an experienced ear, nose, and throat

(ENT) surgeon from seven middle-aged (38.7 ± 3.1 years) non-obese (BMI

23.7 ± 0.4 kg/m2; waist circumference 82.1 ± 3.0 cm; body fat 28.7% ± 1.3

%) individuals (1M/6F) during neck surgery under general anesthesia (i.e.,

thyroid surgery [n = 6] or branchial cleft cyst surgery [n = 1]). The deep-neck

adipose tissue sample was taken from pre- and paravertebral space between

common carotid and trachea in case of thyroid surgery and just laterally to

carotid sheath in case of branchial cleft cyst surgery. In all cases, surgical

approach was sufficient to reach and sample the deep-neck adipose

tissue without any additional morbidity. Patients with malignant disease and

subjects younger than 18 years were excluded from participation in the study.

The PET/CT-guided human supraclavicular WAT and BAT samples were taken

as previously described (Orava et al., 2011).

Cellular Respiration

Differentiated cells were reverse transfected on rat collagen-coated 96-well

Seahorse cell-culture microplates. The oxygen consumption rate (OCR)

measurements were performed at 37�C using an XF96 extracellular flux

analyzer (Seahorse Bioscience).

RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

Total RNA was extracted from tissues or unsorted cells using Trizol reagent

(Invitrogen). Final RNA samples were re-precipitated with NaOAc and ethanol

and washed with 70% ethanol before analysis on a Nanodrop-2000 spectro-

photometer. RNA from the human supraclavicular WAT and BAT samples

was isolated as previously described (Orava et al., 2011). Reverse transcription

was performed using the High Capacity cDNA Reverse transcription kit

(Applied Biosystems) with 20–2,000 ng of RNA for cell preparations or

whole-tissue preparations. qPCR was performed on a StepOnePlus (Applied

Biosystems), and relative mRNA concentrations normalized to the expression

of 36B4 were calculated by the DDCt method. qPCR primers and TaqMan

probes are listed in Table S2.

Microarrays

For microarray analyses, RNA preparations were checked for RNA integrity

and purity on Bioanalyser RNA nano chips. In case of adipocyte or SVF prep-

arations, 600 ng of total RNA per sample was labeled with the Microarray

Quick Amp Labelling Kit (Agilent) according to the manufacturer’s instructions.

RNA samples of whole adipose tissue were labeled as a service provided by

the Functional Genomics Centre Zurich (FGCZ). Hybridization to 4 3 44k

whole-mouse microarrays (Agilent) measurements and processing of raw

data were provided by the FGCZ. TF enrichment analysis was performed using

the Metacore platform.
Western Blotting

Protein amounts were assessed using the DC Protein Assay (Bio-Rad).

Western blotting was carried out following standard procedures and

chemiluminescence signals were detected by an LAS 4000 mini ImageQuant

system (GE Healthcare). Primary antibodies used were as follows: UCP1

(1:1,000; ab10983 Abcam), HSL (1:1,000; #4107 Cell Signaling Technology),

p-HSL (Ser660, 1:1,000; #4126 Cell Signal), GAPDH (D16H11, 1:1,000;

#5174 Cell Signal), g-tubulin (1:1,000; T6557 Sigma), p-CREB (S133, 1:1000;

#9198 Cell Signal), CREB (1:1,000; #9197 Cell Signal), S6 ribosomal Protein

(1:1,000; #2217 Cell Signal), p-S6 ribosomal Protein (1:1,000; #5364 Cell

Signal), PPARg (1:1,000; #2443 Cell Signal), GYK (1:1,000; ab126599 Abcam),

and HSP90 (1:1,000; #4877 Cell Signal).

Metabolomics

IBAs were reverse transected in a 6-well plate with approximately 5 3 105

cells/well. Cells were left to attach for approximately 24 hr, followed by com-

plete medium removal, and washed with 13 PBS. Fresh medium was added,

and cells were incubated for further 24 hr. Sampling for metabolomics exper-

iment was performed as follows: the medium was removed, and cells were

washed twice with cold PBS and quenched by snap freezing the plate in liquid

N2. Plates were stored at –80�C until proceeding with metabolite extraction.

The cold (–20�C) extraction solution (acetonitrile/methanol/water [2:2:1]) was

used for metabolite extraction. 400 mL of cold extraction solution was added

to each well and incubated for 10 min at –20�C. The supernatant was trans-

ferred to a tube and stored on ice. Then, the extraction was repeated by adding

additionally 400 mL of cold extraction solution followed by an incubation at

–20�C. By keeping the plates on ice, cells were scraped and transferred to

the same tube used for the first extraction. Extracts were centrifuged

(4�C, 13,000 rpm for 2 min), and the supernatants were transferred to fresh

tubes. Clean extracts were used for untargeted metabolomics, while superna-

tants were evaporated to complete dryness for targeted measurements.

For targeted metabolomics, the dried samples were resuspended in 100 mL

deionized water, and 15-mL aliquots were injected into a Waters Acquity

UPLC (Waters Corporation, Milford, MA) with a Waters Acquity T3 column

coupled to a Thermo TSQQuantumUltra triple quadrupole instrument (Thermo

Fisher Scientific) with negative-mode electrospray ionization. Compounds

were separated by a gradient of two mobile phases (A) 10 mM tributylamine,

15 mM acetic acid and 5% (v/v) methanol, and (B) 2-propanol. Acquisition of

mass isotopomer distributions of intact and fragmented carbon backbones

was done as previously described (R€uhl et al., 2012).

Statistical Analysis

Unless statedotherwise, data are presented asmean±SD.Unpaired and paired

two-sidedStudent’s t tests were used for comparisonswith *p < 0.05, **p < 0.01,

and ***p < 0.005 compared with control group. p > 0.05 are marked as not

significant or depicted with their exact p value. Area under the curve (AUC)

was calculated using the trapezoid method. Metabolomics data were analyzed

by using MATLAB R2015b and software developed in house. Student’s t test

distribution was used for calculating the significant changing metabolites

between different groups. Storey’s multiple testing correction was used for

p values to account for false discovery rate (Storey and Tibshirani, 2003).
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The accession number for the microarray data in this study is NCBI GEO:
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Figure S1 Loss of PPARγ in IBA reduces brown adipocyte specific marker gene expression and 
leads to a loss of inducibility, related to Figure 1. 

(A) mRNA abundance of Leptin, Hoxc9, Ap2, Adipoq and Pref1 to 36b4 of siNT or siPparγ 
treated IBA (n = 4 per group; Data are expressed as mean ± SD; *p ≤ 0.05). (B) Densiometric 
analysis of immunoblot of IBA siNT and siPparγ post-treated with or without isoproterenol 
(1µM) stimulation showing PPARγ2, PPARγ1 and UCP1 (n = 4; Data are expressed as mean ± 
SD; a, b and c ≤ 0.05). (C) Immunoblot of siNT and siPparγ treated IBA showing phosphor CREB, 
CREB and tubulin (n = 3). (D) Densiometric analysis of phospho-CREB immunoblot comparing 
siNT and siPparγ treated IBA (n = 3; Data Data are expressed as mean ± SD; ***p ≤ 0.005). (E) 
mRNA abundance of Ucp1 to 36b4 of siNT or siPparγ treated IBA with or without cAMP (1mM) 
(n = 4 per group; Data are expressed as mean ± SD; **p ≤ 0.01, ***p ≤ 0.005). (F) Area under 
the curve (A.U.C.) analysis of free fatty acid (FFA) uptake in IBA siNT and siPparγ treated, with 
or without isoproterenol (1µM) stimulation (n = 4 per group; Data are expressed as mean ± 
SD; **p ≤ 0.01).  

 

  



 

Figure S2 Loss of PPARγ in vivo reduces BAT size and thermogenic gene expression, related to 
Figure 2. 

 (A) Body composition showing fat and lean mass of WT and PPARγ-BATKO (n = 6 WT vs 
6 PPARγ-BATKO; Data are expressed as mean ± SD). (B) Western-Blot of WT and PPARγBATKO 
BAT, showing PPARγ and GAPDH (n = 5 WT vs 4 PPARγ-BATKO; to detect PPARγ in vivo 100µg 
were loaded on the gel). (C) Densiometric analysis of WT and PPARγ-BATKO BAT Western-Blot 
in relation to the housekeeper GAPDH (n = 5 WT vs 4 PPARγ-BATKO; Data are expressed as 
mean ± SD; **p ≤ 0.01). (D) Core body temperature in PPARγ-BATKO and WT mice (n = 6 WT 
vs 8 PPARγ-BATKO). (E) mRNA abundance of Pparγ2, Pparγ1, Gyk, Cidea, Pref1 and Ucp1 
normalized to 36b4 in iWAT of PPARγ-BATKO and WT mice (n = 5 WT vs 6 PPARγ-BATKO per 
group; Data are expressed as mean ± SD; *p ≤ 0.05).  

 

 

  



 

Figure S3 Lack of PPARγ in BAT leads to a reduced response to acute β3-adrenergic signalling, 
related to Figure 3. 

(A) Water and food intake of WT and PPARγ-BATKO at room temperature (RT) (n = 6 WT vs 8 
PPARγ-BATKO; Data are expressed as mean ± SD) (B) Water and food intake of WT and 
PPARγ-BATKO at 8°C (n = 6 WT vs 8 PPARγ-BATKO; Data are expressed as mean ± SD, 
* p ≤ 0.05). (C) A.U.C analysis of VO2 of WT and PPARγ-BATKO at RT and 8°C ambient 
temperature (n = 6 WT vs 8 PPARγ-BATKO; Data are expressed as mean ± SD, * p ≤ 0.05). (D) 
A.U.C. analysis of VCO2 of WT and PPARγ-BATKO at RT and 8°C ambient temperature (n = 6 WT 
vs 8 PPARγ-BATKO; Data are expressed as mean ± SD, * p ≤ 0.05). 

  



 

Figure S4 Loss of PPARβ/δ affects mature brown adipocytes in vitro, but not in vivo, related to 
Figure 4. 

(A) mRNA abundance of Pparα, Pparβ, Pparγ1 and Pparγ2 in BAT of WT, heterozygous (HET) 
and PPARβ/δ-BATKO (n = 7 WT vs 9 HET vs 5 PPARβ/δ-BATKO; Data are expressed as mean ± 
SD; * p ≤ 0.05). (B) mRNA abundance of respective BAT marker genes Ucp1, Cidea and Cox7a1 
(n = 7 WT vs 9 HET vs 5 PPARβ/δ-BATKO; Data are expressed as mean ± SD). 

 

 

 

 

 

 

  



 

Figure S5 Gyk is a target of PPARγ in human and mouse brown adipocytes, related to Figure 
5. 

(A) Immunoblot and (B) respective densiometric analysis of IBA siNT and siPparγ treated, with 
and without isoproterenol (1µM) showing the abundance of GYK normalized to GAPDH (n = 4 
per group; Data are expressed as mean ± SD; ***p ≤ 0.005).   

 

 

 

 

 

 

 

  



 

Figure S6 Gyk is involved in the regulation of brown adipocyte inducibility by PPARγ, related 
to Figure 6. 

(A – D) Densiometric analysis of IBA siNT and siGyk treated, with and without isoproterenol 
(1µM) showing the abundance of PPARγ2, PPARγ1, GYK and UCP1 each normalized to GAPDH 
(n = 4 per group; Data are expressed as mean ± SD; **p ≤ 0.01, ***p ≤ 0.005). (E) Body mass 
before and after surgery with adenoviral BAT injection 1x108/ml of each GFP and GYK of WT 
and PPARγ-BATKO (n = 4 WT adGFPoe vs 5 WT adGYKoe vs 6 PPARγ-BATKO adGFP vs 
7 PPARγ-BATKO adGYKoe; Data are expressed as mean ± SD). (F) Total protein of one BAT lobe 
of WT and PPARγ-BATKO with adGFPoe or adGYKoe (n = 4 WT adGFPoe vs 5 WT adGYKoe vs 
6 PPARγ-BATKO adGFP vs 7 PPARγ-BATKO adGYKoe; Data are expressed as mean ± SD; 
a & b p ≤ 0.05). (G – H) Representative images of IBAs treated with siNT, siPparγ and siGyk 
stained for nuclei (HOECHST), lipid droplets (LD540) and a cytosolic marker (SYTOX 60). 



Number of cells and number of differentiated cells were calculated from 20 pictures per group 
(n = 22 sections per picture; Data are expressed as mean ± SD and analysed with a one-way 
ANOVA resulting in no differences). 

  



Table S1. Intersection of PPRE bearing genes those abundance are higher in 3d cold and lower in 
siRNA kd against PPARγ, related to Figure 6. 

 3d cold acclimatisation PPARγ siRNA kd 

Intersection ratio pValue fdr ratio pValue fdr 

Gpd1 2.944 2.85E-38 1.42E-35 0.317 4.08E-06 0.0001106 

Ucp1 2.928 1.56E-09 2.72E-08 0.156 1.52E-08 4.96E-06 

Hk2 2.141 7.67E-06 6.20E-05 0.457 1.56E-06 6.02E-05 

Taldo1 1.982 2.62E-16 1.26E-14 0.480 6.24E-07 3.47E-05 

Letmd1 2.293 1.34E-39 7.57E-37 0.450 1.02E-06 4.70E-05 

Slc25a20 2.081 5.31E-18 3.22E-16 0.379 4.88E-06 0.0001249 

Fabp3 3.202 2.06E-13 6.48E-12 0.335 1.03E-07 1.19E-05 

Gyk 1.865 0.002412 0.009242 0.364 2.56E-06 8.18E-05 

1700037H04Rik 2.403 2.12E-21 1.89E-19 0.477 7.83E-07 3.96E-05 

Sbk1 2.380 3.98E-06 3.47E-05 0.236 1.21E-06 5.24E-05 

Npr3 2.858 1.65E-17 9.61E-16 0.365 8.30E-08 1.04E-05 

Lace1 2.105 3.08E-27 5.05E-25 0.472 4.61E-08 7.56E-06 

Fah 2.204 2.99E-19 2.12E-17 0.428 1.16E-07 1.29E-05 

Gys2 2.670 3.42E-06 3.03E-05 0.090 2.11E-10 5.87E-07 

Agpat2 2.838 2.49E-17 1.42E-15 0.317 2.15E-08 5.42E-06 

Paqr9 1.953 4.60E-12 1.19E-10 0.277 2.54E-08 5.63E-06 

Kcnb1 1.822 0.0005894 0.002763 0.196 5.47E-06 0.000135 

Pex16 2.046 1.01E-14 4.02E-13 0.406 2.49E-05 0.0003939 

 

 

  



Table S2. Primer sequence that are used in qRT-PCR, related to Experimental Procedures. 

Gene Species Sequence 

FW Pparγ1 mouse 5´-TGAAAGAAGCGGTGAACCACTG-3´ 
RV Pparγ1 mouse  5´-TGGCATCTCTGTGTCAACCATG-3´ 
FW Pparγ2 mouse 5´-GCATGGTGCCTTCGCTGA-3´ 
RV Pparγ2 mouse 5´-TGGCATCTCTGTGTCAACCATG-3´ 
FW Pparδ mouse 5´-GCCTCGGGCTTCCACTAC-3´ 
RV Pparδ mouse 5´-AGATCCGATCGCACTTCTCA-3´ 
FW Pparγ mouse 5´-AGGCGAGGGCGATCTTGACAG-3´ 
RV Pparγ mouse 5´-AATTCGGATGGCCACCTCTTTG-3´ 
FW Pparα mouse  5´-CTGTCGGGATGTCACACAAT-3´ 
RV Pparα mouse 5´-GCCCAGAGATTTGAGGTCTG-3´ 
FW Ucp1  mouse 5´-GGGCATTCAGAGGCAAATCAGCTT-3´ 
RV Ucp1 mouse 5´-ACACTGCCACACCTCCAGTCATTA-3´ 
FW Gyk mouse 5´-TGTCAGCTGTCACAATGGAG-3´ 
RV Gyk mouse 5´-TTATGGGATACCACTTTCTGGAG-3´ 
FW Cidea mouse 5´-ACTTCCTCGGCTGTCTCAATGTCA-3´ 
RV Cidea mouse  5´-TCAGCAGATTCCTTAACACGGCCT-3´ 
FW Cox7a1 mouse 5´-CAGCGTCATGGTCAGTCTGT-3´ 
RV Cox7a1 mouse 5´-AGAAAACCGTGTGGCAGAGA-3´ 
FW 36B4 mouse 5´-GCCGTGATGCCCAGGGAAGA-3´ 
RV 36B4 mouse 5´-CATCTGCTTGGAGCCCACGTT-3´ 
FW Dbc1 mouse 5´-CTCAGCCACTGAGGTGACAA-3´ 
RV Dbc1 mouse 5´-TACCCAGCTGTCAGCCTTCT-3´ 
FW TBP human 5´-CACGAACCACGGCACTGATT-3´ 
RV TBP human 5´-TTTTCTTGCTGCCAGTCTGGAC-3´ 
FW UCP1  human 5´-AGGTCCAAGGTGAATGCCC-3´ 
RV UCP1 human 5´-GCGGTGATTGTTCCCAGGA-3´ 
FW GYK human 5´-CAAAAGGCCGTTGAAGAAAA-3´ 
RV GYK human 5´-ACTCCGGACATTTGGAAGAA-3´ 
FW CIDEA human 5´-GGCAGGTTCACGTGTGGATA-3´ 
RV CIDEA human 5´-GAAACACAGTGTTTGGCTCAAGA-3´ 
FW COX7A1 human 5´-TGACATCCCGTTGTACCTGAAG-3´ 
RV COX7A1 human 5´-ACAGTGCCGCCCAGACA-3´ 

 

  



Table S3. siRNA sequence that are used by reverse transfecting IBAs, , related to Experimental 
Procedures. 

siRNA on taget Species Target sequence 

PPARα 09 mouse 5´-GGGUCAUACUCGCGGGAAAdtdt-3´ 
PPARα 10 mouse 5´-GGCUGAAGCUGGUGUACGAdtdt-3´ 
PPARα 11 mouse 5´-GGGCAAGAGAAUCCACGAAdtdt-3´ 
PPARα 12 mouse 5´-ACACAAUGCAAUUCGCUUUdtdt-3´ 
GYK 06 mouse 5´-GGAGGAAUGACCAGCAAUAdtdt-3´ 
GYK 07 mouse 5´-CUACUUCGUUCCAGCAUUUdtdt-3´ 
PPARγ 02 mouse 5´-UCACAAUGCCAUCAGGUUUdtdt-3´ 
PPARγ 04 mouse 5´-CGAAGAACCAUCCGAUUGAdtdt-3´ 

 

  



Table S4. Microarray gene expression data, list of downregulated genes of iBAs with a Gyk siRNA 
knockdown. Genes are Shown that have a log2 ratio equal or below -1.5, related to Figure 6. 

Identifier log2 Signal log2 Ratio ratio pValue fdr 
Elovl3 3.798 -2.887 0.1352 0.0002838 0.012 
Tab2 7.358 -2.777 0.1459 0.0003802 0.01396 
Olig1 3.251 -2.562 0.1693 0.000705 0.01941 
Syt10 8.788 -2.516 0.1748 0.1314 0.3105 
Ampd3 2.896 -2.424 0.1863 0.02874 0.1387 
Trappc2 2.435 -2.418 0.1871 0.0005679 0.01717 
Gyk 7.551 -2.413 0.1878 0.0003784 0.01396 
4733401D01Rik 4.027 -2.341 0.1973 0.0174 0.1044 
Tfb1m 8.721 -2.283 0.2054 0.1215 0.2986 
E430022K19Rik 2.826 -2.271 0.2072 1.14E-05 0.002633 
Xkrx 3.708 -2.248 0.2105 0.008457 0.07132 
Trim66 3.341 -2.246 0.2108 0.006972 0.06377 
Vps37a 4.267 -2.215 0.2154 0.06516 0.2141 
Slc30a1 4.627 -2.184 0.22 0.0486 0.1828 
Akr1b7 4.345 -2.131 0.2284 0.011 0.08224 
Kcnj13 4.923 -2.131 0.2284 0.04934 0.1843 
5430425K12Rik 3.664 -2.124 0.2294 0.006301 0.06056 
Zfp623 2.972 -2.07 0.2382 5.76E-05 0.005037 
Disp1 3.19 -2.041 0.2429 9.19E-05 0.006735 
Snx4 3.606 -2.037 0.2437 0.01551 0.09846 
Ostf1 7.245 -2.036 0.2439 0.1275 0.306 
Slc18a2 3.186 -2.035 0.2439 0.03031 0.1429 
Sp4 4.446 -2.03 0.2448 0.005587 0.05656 
AW125324 4.323 -2.029 0.245 0.01715 0.1038 
Col5a2 3.865 -2.003 0.2495 0.1266 0.305 
Gm8817 3.13 -1.994 0.251 0.001907 0.03309 
Sspo 3.889 -1.987 0.2523 0.004801 0.05232 
Ddx27 7.946 -1.979 0.2536 0.2557 0.4491 
Dkc1 5.408 -1.958 0.2574 0.00114 0.02557 
Hoxb13 4.583 -1.954 0.2582 0.01214 0.08647 
Atat1 3.396 -1.953 0.2583 2.31E-06 0.001202 
Nol8 4.095 -1.943 0.2601 0.02186 0.1189 
Cyp2ab1 3.109 -1.918 0.2647 0.0008666 0.02144 
Gm6103 4.449 -1.917 0.2648 0.0165 0.1015 
Mfsd7a 3.464 -1.897 0.2685 0.002097 0.03474 
6330408A02Rik 4.97 -1.893 0.2693 0.04007 0.1658 
Sec24d 7.262 -1.892 0.2694 0.1645 0.3494 
E130110O22Rik 6.116 -1.864 0.2748 0.0003004 0.01228 
Fmo1 2.908 -1.853 0.2769 0.01041 0.0799 
Rap1gap 5.699 -1.852 0.2769 8.16E-06 0.0023 
Rassf6 2.817 -1.849 0.2776 0.0002433 0.01117 
Car1 4.527 -1.849 0.2776 0.0002565 0.01162 
Gm1060 2.998 -1.848 0.2778 0.00414 0.04836 
Acox2 6.463 -1.847 0.278 1.35E-07 0.0003349 



Ppp1r1a 4.525 -1.845 0.2783 0.02274 0.1215 
Col1a1 11.56 -1.835 0.2804 0.0745 0.231 
Cwc27 5.456 -1.831 0.281 0.05472 0.1956 
2310042D19Rik 7.776 -1.822 0.2828 0.006026 0.05902 
Colec11 3.637 -1.819 0.2834 0.1238 0.3009 
Naca 12.29 -1.817 0.2839 0.1283 0.307 
Ccnd1 3.071 -1.815 0.2843 0.00228 0.03619 
Gm5767 4.025 -1.814 0.2845 0.02986 0.1417 
Disp2 3.551 -1.81 0.2851 0.006277 0.06045 
Brd9 3.211 -1.802 0.2867 0.0005547 0.01688 
Rapgef1 4.134 -1.782 0.2908 0.126 0.3041 
Fam18b 4.579 -1.778 0.2915 0.1156 0.2919 
Agbl4 2.474 -1.765 0.2941 0.151 0.3337 
Ap2a1 11.26 -1.764 0.2944 2.83E-08 0.0001957 
Gm410 3.167 -1.759 0.2954 0.006607 0.06169 
Ogn 9.648 -1.745 0.2984 1.90E-06 0.001141 
Denr 6.624 -1.733 0.3008 0.01318 0.09027 
Abhd14b 9.376 -1.73 0.3014 0.1678 0.3539 
Tmem220 4.651 -1.729 0.3017 0.08976 0.2552 
BC024137 6.027 -1.723 0.3028 0.1119 0.2876 
Avil 3.162 -1.722 0.3031 0.002846 0.0403 
Tmed7 3.94 -1.708 0.3061 0.00743 0.06624 
Rasgef1c 3.308 -1.704 0.3069 0.07357 0.2299 
Myl1 3.887 -1.696 0.3087 0.04999 0.1854 
Dcun1d4 3.406 -1.695 0.3089 0.1347 0.3143 
Hoxb5 5.496 -1.689 0.3102 0.08363 0.2459 
LOC100049077 6.682 -1.686 0.3107 0.002348 0.03683 
Gal3st2 2.586 -1.684 0.3112 0.005042 0.05347 
Lpin1 7.393 -1.683 0.3115 0.01203 0.08615 
Cd72 4.751 -1.68 0.3121 1.25E-05 0.002644 
Cpn2 3.931 -1.678 0.3125 3.48E-06 0.001375 
1810062O18Rik 3.371 -1.676 0.3129 0.003369 0.04434 
Chdh 2.247 -1.675 0.3132 0.0005643 0.0171 
Vat1l 3.05 -1.674 0.3134 0.005579 0.05652 
Snrpc 5.718 -1.674 0.3133 0.01364 0.09194 
Prep 9.038 -1.673 0.3136 0.0004909 0.01595 
Dym 5.937 -1.668 0.3148 0.02767 0.1357 
Syt12 3.981 -1.666 0.3152 0.01787 0.1063 
Nsun3 4.974 -1.661 0.3162 0.01564 0.09884 
4930404N11Rik 3.883 -1.65 0.3187 0.01963 0.1114 
Retn 11.25 -1.648 0.319 3.24E-06 0.001325 
Gmnn 4.141 -1.631 0.3229 0.0004882 0.01595 
1110005A03Rik 8.061 -1.625 0.3242 0.004087 0.04802 
Esyt2 8.16 -1.619 0.3256 0.01849 0.1081 
Gpr113 6.499 -1.618 0.3259 1.34E-05 0.002644 
Acot2 8.305 -1.61 0.3277 0.0281 0.137 
Ppp2r5a 11.52 -1.609 0.3279 0.2528 0.4461 



Accsl 4.135 -1.603 0.3292 0.003394 0.04445 
Optc 3.045 -1.603 0.3292 0.006515 0.0615 
Atp6v0a2 6.241 -1.601 0.3297 0.1976 0.3882 
Ypel5 5.832 -1.6 0.33 0.1332 0.3127 
Nagk 4.398 -1.595 0.3311 0.1301 0.3091 
Lyrm5 10.03 -1.594 0.3312 0.02873 0.1387 
Defb30 2.505 -1.586 0.3331 0.01872 0.1089 
Il2ra 3.705 -1.584 0.3334 0.011 0.08224 
A730068I03Rik 3.14 -1.584 0.3336 0.02804 0.1369 
Orc2 7.512 -1.576 0.3354 0.208 0.3994 
2610024G14Rik 4.866 -1.574 0.336 0.2162 0.4081 
1700061I17Rik 3.508 -1.57 0.3368 0.2977 0.4889 
Uso1 8.442 -1.562 0.3387 0.008341 0.07115 
4833418N02Rik 5.353 -1.562 0.3387 0.1468 0.3284 
Ttc32 6.773 -1.56 0.3391 0.1051 0.2779 
2310015D24Rik 6.199 -1.559 0.3393 0.0001247 0.007975 
Gm5699 3.253 -1.544 0.343 0.006223 0.06016 
C730037M02Rik 4.665 -1.536 0.345 0.008034 0.06952 
Fastkd1 6.427 -1.533 0.3456 0.004179 0.04854 
Raet1e 5.398 -1.532 0.3459 0.1062 0.2793 
Rmnd1 10.78 -1.526 0.3473 0.2116 0.4031 
S100a8 2.792 -1.514 0.3501 0.003092 0.04225 
Gm5450 10.94 -1.511 0.351 0.05648 0.198 
Kcnc2 3.637 -1.506 0.3522 0.004715 0.05204 
Star 3.587 -1.505 0.3522 0.1071 0.2807 
Zfp51 5.024 -1.501 0.3534 0.06059 0.2055 
S100b 8.88 -1.5 0.3535 7.14E-07 0.000759 

 

  



Table S5. Microarray gene expression data, list of upregulated genes of iBAs with a Gyk siRNA 
knockdown. Genes are shown that have a log 2 ratio equal or higher 1.5, related to Figure 6. 

Identifier log2 Signal log2 Ratio ratio pValue fdr 
Abhd12b 3.41 1.507 2.842 0.07331 0.2295 
Ifih1 4.867 1.518 2.864 0.003546 0.04521 
Scn3b 8.186 1.52 2.867 0.05882 0.2023 
Zmat3 8.234 1.521 2.869 1.29E-06 0.0009483 
Coro1a 3.257 1.522 2.872 0.03717 0.1591 
D730003K21Rik 7.244 1.53 2.888 3.26E-06 0.001325 
1700013G24Rik 2.86 1.549 2.926 0.002495 0.03785 
Olfr1349 3.329 1.551 2.929 0.09837 0.2683 
Lnx1 3.78 1.554 2.937 1.47E-05 0.002652 
Cbs 8.014 1.558 2.945 1.05E-06 0.0009483 
Cdh13 2.939 1.558 2.944 0.03841 0.1622 
Sesn3 6.169 1.559 2.945 0.008491 0.07133 
ND6 7.712 1.562 2.952 0.1077 0.2815 
Myadm 7.542 1.57 2.969 0.04948 0.1845 
Gm5215 7.856 1.573 2.975 0.06573 0.2154 
Pak3 6.972 1.576 2.982 0.000264 0.01171 
LOC100502966 4.472 1.592 3.014 0.02359 0.1237 
Fas 9.169 1.595 3.021 2.10E-07 0.0004143 
Kcnh4 4.358 1.595 3.022 0.4036 0.586 
Cabp5 7.304 1.605 3.043 0.09504 0.2635 
Gm3561 3.962 1.609 3.05 0.01208 0.0863 
1500016L03Rik 5.658 1.609 3.051 0.06661 0.2168 
Cdkn1a 9.11 1.614 3.06 0.0001463 0.008457 
Ddx25 8.835 1.614 3.061 0.1069 0.2805 
Cpne1 4.5 1.621 3.076 0.04168 0.1691 
Espn 3.353 1.626 3.088 0.01393 0.09301 
Wdr53 9.495 1.636 3.109 0.001228 0.02635 
Cd300lf 3.942 1.64 3.117 0.1793 0.3671 
2600006K01Rik 5.293 1.646 3.13 2.61E-06 0.001277 
Syn3 3.254 1.647 3.132 0.1108 0.286 
Bmp8a 6.01 1.649 3.137 0.0008787 0.02161 
Iqck 4.1 1.651 3.14 0.001785 0.03191 
Kitl 5.88 1.671 3.185 0.0006243 0.01805 
Tbx22 4.982 1.675 3.192 0.1423 0.3227 
Slc29a4 4.683 1.712 3.277 3.65E-05 0.004146 
Oxtr 6.718 1.735 3.328 1.43E-07 0.0003349 
Serpinb6b 5.177 1.739 3.338 0.0002125 0.01037 
Apol9b 12.16 1.744 3.35 0.002653 0.03904 
Plch2 4.397 1.777 3.427 2.68E-06 0.001277 
Exoc1 6.238 1.802 3.487 0.03281 0.1492 
Krt36 9.129 1.811 3.509 2.63E-07 0.0004291 
Plcl1 3.34 1.822 3.536 0.04851 0.1827 
5830408B19Rik 3.988 1.829 3.552 0.0001613 0.009134 
Masp2 4.443 1.848 3.599 8.67E-07 0.0008557 



Krt13 3.583 1.852 3.61 7.78E-08 0.0003349 
Echdc1 7.366 1.865 3.644 0.4203 0.6002 
Spon2 7.35 1.88 3.681 2.13E-06 0.001177 
D630039A03Rik 4.87 1.892 3.711 2.79E-07 0.0004291 
Tapt1 3.816 1.897 3.724 0.04087 0.1675 
Pmaip1 6.951 1.944 3.848 4.91E-07 0.0006788 
Svop 4.64 1.947 3.854 0.0002644 0.01171 
Gm9908 3.682 1.947 3.857 0.005256 0.05484 
Ccdc141 3.572 1.958 3.886 0.003376 0.04435 
St6galnac2 8.885 1.969 3.914 6.39E-07 0.0007359 
C1qtnf1 7.555 1.979 3.943 0.0002878 0.01205 
Ltb4r1 3.753 1.992 3.978 0.0005087 0.01605 
Cdc23 3.21 2.015 4.042 0.007713 0.0678 
BC021614 4.356 2.046 4.129 1.39E-05 0.002644 
Phkg1 4.134 2.065 4.184 0.01804 0.1067 
Got1l1 4.754 2.069 4.196 1.40E-05 0.002644 
Jag1 6.211 2.081 4.232 0.035 0.1544 
Psrc1 8.05 2.085 4.243 5.42E-05 0.004931 
Gas6 14.41 2.12 4.348 0.0001305 0.008036 
Gng4 2.843 2.158 4.464 0.001153 0.02561 
Colq 5.814 2.207 4.617 5.92E-06 0.001938 
St14 4.456 2.212 4.634 8.94E-05 0.006605 
Hba-a2 4.638 2.224 4.671 3.57E-05 0.004146 
Gm7227 9.805 2.27 4.822 0.01258 0.08848 
6530418L21Rik 5.426 2.317 4.984 5.02E-05 0.004722 
Nog 3.344 2.325 5.011 0.03907 0.164 
BC037703 4.008 2.427 5.376 1.69E-06 0.001141 
AI414108 3.878 2.43 5.39 0.0003192 0.01269 
Eda2r 3.066 2.574 5.955 0.0002718 0.01186 
Robo3 4.478 2.6 6.062 6.39E-07 0.0007359 
Gm5115 4.141 2.626 6.172 0.001676 0.03072 
Samd5 3.476 2.652 6.287 0.00146 0.02866 
Gm5608 4.215 2.771 6.824 0.000245 0.01121 
Zfp957 6.349 2.842 7.172 0.2556 0.4491 
1700007K13Rik 4.31 2.96 7.779 1.45E-07 0.0003349 
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