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SUMMARY

Adrenergic stimulation of brown adipose tissue (BAT) induces acute and long-term responses. The

acute adrenergic response activates thermogenesis by uncoupling oxidative phosphorylation and

enabling increased substrate oxidation. Long-term, adrenergic signaling remodels BAT, inducing

adaptive transcriptional changes that expand thermogenic capacity. Here, we show that the estro-

gen-related receptors alpha and gamma (ERRa, ERRg) are collectively critical effectors of adrenergi-

cally stimulated transcriptional reprogramming of BAT. Mice lacking adipose ERRs (ERRagAd�/�) have
reduced oxidative and thermogenic capacity and rapidly become hypothermic when exposed to cold.

ERRagAd�/� mice treated long term with a b3-adrenergic agonist fail to expand oxidative or thermo-

genic capacity and do not increase energy expenditure in response to norepinephrine (NE). Further-

more, ERRagAd�/� mice fed a high-fat diet do not lose weight or show improved glucose tolerance

when dosed with b3-adrenergic agonists. The molecular basis of these defects is the finding that

ERRs mediate the bulk of the transcriptional response to adrenergic stimulation.
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INTRODUCTION

Brown adipose tissue (BAT) specializes in the regulated production of heat, also known as ‘‘adaptive’’ or

‘‘non-shivering’’ thermogenesis (Cannon and Nedergaard, 2004). To fulfill this function, BAT is rich in mito-

chondria and expresses the mitochondrial uncoupling protein 1 (Ucp1). Upon exposure to cold, local

release of the adrenergic agonist norepinephrine (NE) induces thermogenesis by activating Ucp1, which

generates heat by dissipating the mitochondrial proton gradient and allowing high rates of substrate

oxidation. The capacity of BAT to convert stored chemical energy to heat is important for the defense of

body temperature in cold environments and may also serve to expend energy at times of caloric excess,

as in ‘‘diet-induced thermogenesis,’’ and thus counteract obesity (Cannon and Nedergaard, 2004). Impor-

tantly, the thermogenic capacity of BAT shows plasticity: it can be expanded in response to repeated or

prolonged exposure to cold or attenuated and even lost in response to thermoneutral environments, ag-

ing, obesity, or denervation of the tissue (Dulloo and Miller, 1984; Ouellet et al., 2011; Saito et al., 2009;

Yoneshiro et al., 2011). Although it is well recognized that adrenergic stimulation is the main signal that

drives the expansion of thermogenic capacity, the transcription factors that transform this signal into

long-term adaptive changes in energy expenditure remain poorly defined.

The estrogen-related receptors (ERRa, ERRb, and ERRg) are closely related members of the nuclear recep-

tor family. They have no known endogenous ligands and, despite their name, do not bind estrogen (Gi-

guere et al., 1988). Several features of ERRs suggest that these receptors could play important roles in

the adrenergic-driven remodeling of BAT. First, they are highly and preferentially expressed in BAT vs.

white adipose tissue (WAT), with ERRa being the most abundant, followed by ERRg and then ERRb (Book-

out et al., 2006; Gantner et al., 2014). Second, ERRs are strongly activated by PGC-1a and Gadd45g, two

regulators that are induced by cold in BAT (Gantner et al., 2014; Puigserver et al., 1998). Finally, ERRs

directly regulate the transcription of genes important for oxidative and thermogenic capacity. ERRa con-

trols genes encoding factors of mitochondrial biogenesis, tricarboxylic acid (TCA) cycle, lipid oxidation,

and angiogenesis (Arany et al., 2008; Huss et al., 2004, 2015; Mootha et al., 2004; Schreiber et al., 2004).

ERRg shares many ERRa targets and when overexpressed can induce Ucp1 expression and oxidative capac-

ity in brown adipocytes (Dixen et al., 2013; Dufour et al., 2007; Gantner et al., 2014). However, whole-body

ERRa KOmice show no defects in the transcriptional response to adrenergic stimulation, even though they
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have decreased BAT mitochondrial content and are sensitive to cold (Luo et al., 2003; Villena et al., 2007).

The physiological roles of ERRg or ERRb in BAT are not known.

To address the role of adipose ERRs in BAT physiology and specifically the transcriptional remodeling that

takes place in response to adrenergic stimulation, we have generated adipose tissue-specific knockout

mice lacking different combinations of ERRs. Because young mice grown at regular vivarium temperatures

need BAT function to effectively defend their body temperature, we have bred and raised WT and

ERRAd�/� at thermoneutrality. This approach minimizes confounding factors such as increased adrenergic

tone in mice that have BAT defects (Schulz et al., 2013). Here, we show that mice lacking either ERRa alone

or both ERRb and ERRg in adipose tissue have minor changes in their BAT, whereas mice lacking ERRa and

ERRg (the two main isoforms in BAT) have severe defects in oxidative and thermogenic capacity. Remark-

ably, when mice are treated with a b3-adrenergic agonist, the transcriptional response of BAT is virtually

entirely dependent on ERRs. Mice lacking adipose ERRa and ERRg also fail to enhance their oxidative

and thermogenic capacity, even though adrenergic cytoplasmic signaling is preserved. Our findings

show that ERRs are essential for BAT remodeling in response to adrenergic stimulation and suggest that

ERR activation may sensitize BAT to adrenergic signals and lead to increased energy expenditure.

RESULTS

ERRs Act Collectively and in a Redundant Manner to Protect BAT Oxidative Capacity In Vivo

We recently showed that ERRs act redundantly to preserve mitochondrial function in primary brown adipo-

cytes (Gantner et al., 2016), suggesting that ERRs may collectively control brown adipocyte oxidative and

thermogenic function in vivo. To test this notion, we generated three lines of mice lacking different com-

binations of ERRs specifically in adipose tissue: mice lacking just ERRa, the most abundant ERR in adipose

tissue (ERRaAd�/�); mice lacking ERRb and ERRg, the two ERRs that are highly enriched in BAT compared

with WAT (ERRbgAd�/�); and mice that lack ERRa and ERRg, the two most abundant ERRs in BAT and WAT

(ERRagAd�/�) (Dixen et al., 2013; Gantner et al., 2014). To minimize the effect of thermal stress at standard

vivarium temperatures, all mice were born and raised at thermoneutrality (30�C). Loss of ERRs in BAT was

confirmed at the mRNA level for all three isoforms (Figure 1A) and at the protein level for ERRa and ERRg

(Figure 1B); ERRb protein could not be detected reliably in WT BAT with currently available antibodies. De-

creases in ERRmRNA were also observed in inguinal WAT, but not skeletal muscle, confirming that the adi-

ponectin promoter-driven knockout was tissue specific (Figures S1A and S1B). Notably, ERRb mRNA was

nearly undetectable in the BAT of ERRagAd�/� mice, suggesting that double knockout of ERRa and

ERRg results in the practical loss of all three ERRs (Figure 1A). We next measured the mRNA levels in

BAT of known ERR target genes involved in the TCA cycle and oxidative phosphorylation (OxPhos; Dufour

et al., 2007; Schreiber et al., 2004; Villena et al., 2007). Loss of ERRa alone (ERRaAd�/�) showed decreases in

many but not all of these genes, whereas loss of ERRb and ERRg (ERRbgAd�/�) had no significant effect (Fig-

ure 1C). However, the parallel loss of ERRa and ERRg (ERRagAd�/�) resulted in larger decreases and in all

tested ERR targets, consistent with ERRs complementing each other in regulating gene expression in BAT

(Figure 1C). Similarly, ERRaAd�/� and ERRbgAd�/� mice showed minor defects in BAT OxPhos protein and

mtDNA content, but ERRagAd�/� mice displayed a dramatic loss of BAT OxPhos complexes I–IV and a

�60% reduction in mtDNA content (Figures 1D–1F). These data show that ERRs display robust redundancy

in protecting BAT oxidative capacity in vivo. Thus, to test the collective role of ERRs in adipose tissue func-

tion, we focused on studying BAT function in the ERRagAd�/� mice, which showed pronounced defects in

oxidative capacity.

Loss of ERRa and ERRg Impairs BAT Thermogenic Capacity without Affecting Adipogenesis

or BAT Identity

BAT is characterized by its brown color, the presence of small multilocular lipid droplets, a high density of

mitochondria, and the expression of Ucp1 (Cannon and Nedergaard, 2004). In mice lacking adipose ERRa

and ERRg, the interscapular BAT depot was paler than WT BAT (Figure 2A) and showed notably increased

lipid accumulation (Figure 2B). Electron microscopy imaging revealed sparse BAT mitochondria that were

often malformed and with few visible cristae (Figure 2C). The abnormal mitochondrial structure was

coupled with decreased expression of genes important for mitochondrial morphology and cristae structure

(Figure 2D). Importantly, loss of adipose ERRs did not result in decreased expression of markers of BAT

differentiation (Prdm16, Zic1, Lhx8, Ebf2) or adipogenesis (Pparg, Fabp4), indicating that the lipid accumu-

lation and changes in mitochondria were not secondary to defects in the program of development or dif-

ferentiation of BAT (Figure 2E). In support of the dramatic decrease in expression of TCA genes and
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Figure 1. ERRs Act Collectively and in a Redundant Manner to Promote BAT Mitochondrial Oxidative Capacity

(A) Relative ERR mRNA levels in BAT fromWT or littermate mice with adipose-specific deletions of ERRa (ERRaAd�/�), ERRb and ERRg (ERRbgAd�/�), or ERRa
and ERRg (ERRagAd�/�), expressed relative to the levels of each gene inWT BAT and normalized to Ppia. Numbers above bars represent Ct (threshold cycle)

values for each ERR isoform in WT BAT.

(B) Western blot of ERRa, ERRg, and RAN (ras-related nuclear protein; loading control).

(C) Relative mRNA levels of genes acting in the tricarboxylic acid (TCA) cycle and/or oxidative phosphorylation (OxPhos) and normalized to Ppia.

(D) Representative western blot of OxPhos complexes I–V and RAN (loading control) protein.

(E) Quantification of OxPhos complexes, based on blots of panel D (expressed relative to levels in WT BAT and normalized to RAN protein).

(F) Relative mitochondrial DNA (mtDNA) copy number, normalized to gDNA in BAT of the same mice.

(A–F) Mice were born and raised at thermoneutrality (30�C) and euthanized at 12 weeks of age. Data are mean G SD of 14 WT, 4 ERRaAd�/�, 6 ERRbgAd�/�,
and 5 ERRagAd�/� mice. *p < 0.05, **p < 0.01, ***p < 0.001 vs. WT BAT. WT data in panels A, C, E, and F are the accrued data of all WT littermates of ERRa

floxed, ERRbg floxed, and ERRag floxed mice. There were no differences between WT mice of the different cohorts. The same loading control (RAN) is

presented in panels B and D. See also Figure S1, Table S3.
OxPhos complexes I–IV shown in Figure 1, other genes of these pathways were also significantly reduced

(Cox7a1 and Cs) in ERRagAd�/� BAT (Figure 2F). ERRagAd�/� BAT also displayed decreased expression of

genes important for fatty acid oxidation (Figure 2G) and increased expression of genes that regulate fatty

acid biosynthesis and storage (Figure 2H), whichmay contribute to the increase in lipid accumulation. Addi-

tional lipid metabolism genes and other pathways, such as creatine metabolism, were also altered in

ERRagAd�/� mice (Figures S2A and S2B). Finally, the expression of two hallmark genes essential for
iScience 2, 221–237, April 27, 2018 223
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Figure 2. Loss of ERRa and ERRg Impairs BAT Thermogenic Capacity without Affecting Adipogenesis or BAT Identity

(A) Gross morphology of interscapular BAT depots from WT and ERRagAd�/� mice.

(B) H&E staining of BAT at 4003 magnification.

(C) Electron microscopy of mitochondria and surrounding lipid droplets in BAT. L, lipid droplet.

(D–I, L, andM) RelativemRNA levels of genes involved inmitochondrial morphology and cristae structure (D), adipogenesis and BAT identity (E), OxPhos and

TCA cycle (F), fatty acid (FA) oxidation (G), FA biosynthesis and storage (H), thermogenesis (I), nuclear regulation of the mitochondrial oxidative metabolism

program (L), and mitochondrial regulation of mitochondrial biogenesis (M).

(J) Western blot of Ucp1 protein and RAN (loading control).

(K) Body temperature of WT and ERRagAd�/� female mice either at 30�C or moved from 30�C to 4�C for 2.5 hr (n = 5). **p < 0.01, ***p < 0.001 vs. WT 4�C.
Mice were born and raised at thermoneutrality (30�C) and euthanized at 12 weeks of age. mRNA data are from male and female mice combined and

normalized to Ppia (n = 7–18). Protein data shown here are from male mice. Data are mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. WT BAT. See also

Figure S2 and Table S3.
thermogenesis, Ucp1 andDio2,was severely defective in BAT of ERRagAd�/�mice (Figure 2I). Ucp1 protein

levels were also dramatically decreased (Figure 2J), in a manner consistent again with largely redundant

roles of ERRs (Figure S2C). The decreased Ucp1 expression suggested that thermogenic activity would

be greatly reduced. Indeed, when exposed to 4�C, ERRagAd�/�mice were very cold intolerant and became

hypothermic in less than 2.5 hr (Figure 2K). These findings show that adipose ERRs are required to maintain

proper oxidative and thermogenic capacity in BAT and to defend body temperature upon acute cold

exposure.

To gain insights into the level at which ERRs control mitochondrial content and thermogenic function, we

next assessed the expression levels of other transcriptional regulators of oxidative metabolism and ther-

mogenesis genes. The two nuclear transcriptional co-regulators that drive mitochondrial biogenesis and

Ucp1 expression in BAT, Ppargc1a and Ppargc1b (Puigserver et al., 1998; Uldry et al., 2006), were moder-

ately up- and down-regulated, respectively, at the mRNA level (Figure 2L); assessment of their protein

expression showed a trend for both co-regulators to be at higher levels in ERRagAd�/� than WT BAT (Fig-

ure S2D). The mRNA levels of other regulators of BAT oxidative capacity and Ucp1 were not altered (Nrf1

andGadd45g), moderately (�20%) decreased (Gabpa), or increased (Irf4) (Figure 2L). The small changes in

the expression of these regulators are thus unlikely to explain the dramatic loss of mitochondrial structure

and proteins. On the other hand, we observed decreases in the expression of nuclear genes that encode

regulators of mtDNA expression, such as Tfam, Tfb2m, Polrmt, and most notably the ERR targets Sirt3 and

Endog (Giralt et al., 2011; McDermott-Roe et al., 2011; Figure 2M), suggesting that the loss of ERRs is suf-

ficient to compromise expression of genes important for mitochondrial biogenesis and thermogenesis

even when other known nuclear transcriptional regulators of these programs are largely unaffected.
Adipose ERRs Are Essential for the Remodeling of BAT Induced by b3-Adrenergic Agonists

Adrenergic stimulation of BAT promotes tissue remodeling by enhancing mitochondrial biogenesis and

Ucp1 expression, thereby increasing long-term oxidative and thermogenic capacity (Cannon and Neder-

gaard, 2004). To determine if ERRs are required for BAT remodeling in response to adrenergic stimulation,

mice were injected with the b3-specific adrenergic agonist CL316,243 or PBS as a control, for 10 days. As

expected, WT mice treated with CL316,243 had darker BAT depots (Figure 3A; lower left panel) and

decreased lipid accumulation, relative to WT mice treated with PBS (Figure 3B; lower left panel). These re-

sponses to CL316,243 treatment were completely dependent on ERRs, as PBS- and CL316,243-treated

ERRagAd�/� mice had similar pale color and high lipid content in their BAT depots (Figures 3A and 3B).

Moreover, CL316,243 treatment resulted in mitochondrial changes, such as increased cristae density, in

WT but not in ERRagAd�/� mice (Figure 3C). Instead, mitochondria from ERRagAd�/� mice treated with

CL316,243 appeared to form abnormal circle-shaped cristae structures (Figure 3C; lower right panel).

mtDNA content increased upon CL316,243 treatment in both WT and ERRagAd�/� mice but remained

very low in ERRagAd�/�mice (Figure 3D). In WT BAT, CL316,243 treatment also elicited greater than

2-fold increases in protein expression of OxPhos complexes I and II and smaller but significant increases

in complexes III and IV. These increases were considerably blunted in the BAT of ERRagAd�/�mice (Figures

3E and 3F). Finally, the ability of CL316,243 to induce Ucp1 protein (Figure 3G) and Ucp1mRNA (Figure 3H)

in WT BAT was largely lost in the BAT of ERRagAd�/� mice. Notably, the defects in the response to

CL316,243 were not due to impaired adrenergic signaling. Primary brown adipocytes isolated from

ERRagAd�/� mice displayed full induction of hormone-sensitive lipase (HSL) phosphorylation and of lipol-

ysis upon NE or CL316,243 stimulation (Figures S3A and S3B). Moreover, acute treatment of mice with
iScience 2, 221–237, April 27, 2018 225
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Figure 3. Effect of 10 Days’ Treatment with CL316,243 on BAT of WT and ERRagAd�/� Mice

(A) Gross morphology of interscapular BAT from WT and ERRagAd�/� mice. Upper panel: PBS (before and after dissection from surrounding WAT). Lower

panel: CL316,243 (before and after dissection from surrounding WAT).

(B) H&E staining of BAT at 4003 magnification.

(C) Electron microscopy of mitochondria and surrounding lipid droplets in BAT. L, lipid droplet; arrows point to abnormal cristae formations.

(D) Relative mtDNA copy number, normalized to gDNA (n = 9–19).

(E) Representative western blot of OxPhos complexes I–V, ERRa, ERRg, and RAN (loading control).

(F) Quantification of OxPhos western blots, normalized to RAN protein levels (n = 6–9).

(G) Representative western blot of Ucp1 protein and RAN (loading control).

(H) Ucp1 mRNA, normalized to Ppia mRNA (n = 6–7).

Male mice were born and raised at thermoneutrality (30�C), treated with PBS or CL316,243 for 10 days, and euthanized at 12 weeks of age. Data are mean G

SEM **p < 0.01, ***p < 0.001 vs. WT in the same treatment; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. PBS in the same genotype. The same loading control (RAN) is

presented in panels E and G. See also Figure S3 and Table S3.
CL316,243 induced the phosphorylation of HSL, the MAPK p38, and the transcription factor ATF2 in

ERRagAd�/� mice (Figures S3C and S3D). Finally, CL316,243 induced lipolysis in ERRagAd�/� BAT explants

as efficiently, if not better than in WT BAT explants (Figure S3E).

To obtain an unbiased view of the contribution of ERRs to the b3-adrenergic-induced remodeling of BAT,

we next used RNA sequencing to compare the global transcriptional changes induced by 10 days of

CL316,243 treatment in WT and ERRagAd�/� BAT depots. CL316,243 enhanced the expression of 1,024

genes in WT mice but only 352 genes in ERRagAd�/� mice (applying cut-offs of 1.5-fold increase and

p < 0.05; Figures 4A and 4B). Strikingly, only 219 of the 1,024 genes induced by CL316,243 in WT mice

were significantly induced in ERRagAd�/� BAT depots, showing that ERRs are required for the vast majority

(�80%) of the transcriptional adaptation to chronic b3-adrenergic stimulation (Figures 4A and 4B). More-

over, the absolute levels of 109 of the 219 genes induced in both WT and KO mice were significantly lower

in ERRagAd�/� BAT relative to WT BAT (Figures 4Aii and 4Bii). Overall, �89% of the genes induced by

CL316,243 inWT BATwere dependent on ERRs for their full induction. Pathway analyses of the differentially

expressed genes identified ‘‘mitochondrial dysfunction’’ and ‘‘oxidative phosphorylation’’ as the top two

canonical pathways regulated by CL316,243 in WT BAT; neither of these pathways was significantly regu-

lated by CL316,243 in ERRagAd�/� BAT (Table 1). Of the top pathways regulated by CL316,243 in WT BAT,

‘‘Fatty-acid b-oxidation’’ remained preserved and became the top regulated pathway in ERRagAd�/� BAT

(Tables 1 and S1). Thus the loss of ERRs selectively altered the nature of the CL316,243-induced response by

affecting specific and highly regulated pathways, rather than just attenuating CL316,243-induced re-

sponses across all pathways. Notably, the role of ERRs in the CL316,243-induced transcriptional remodel-

ing extended beyond the predicted regulation of mitochondrial, OxPhos, and TCA cycle genes. Among

the 20 genes highest induced by CL316,243 in WT BAT, 14 genes rely on ERRs for their induction and these

include genes of lipid, phospholipid, and glycosphingolipid synthesis, as well as signaling proteins, a K+

channel, a carbonic anhydrase, and proteins of unknown function (Figure S4A).

To gain insights into the global roles of BAT ERRs, we next analyzed the RNA-sequencing data to define

genes and pathways whose expression is affected by ERRs, by comparing WT and ERRagAd�/� BAT of

PBS- or CL316,243-treated mice (Figures 4C and 4D). The top ERR-regulated pathways were ‘‘oxidative

phosphorylation,’’ ‘‘mitochondrial dysfunction,’’ and ‘‘TCA cycle,’’ i.e., the same pathways that were

induced by CL316,243 in WT BAT (Tables S2 and 1). Notably, a heatmap representation of ERR-dependent

gene expression shows that the levels of many of these genes were enhanced by CL316,243 inWT BAT (Fig-

ure 4C). Furthermore, ERRs affected the expression of a broader set of genes in CL316,243-treated than in

PBS-treatedmice, suggesting that ERR signaling was enhanced by the b3-adrenergic agonist (Figure 4D). In

summary, there was a high correlation between ERR dependency and CL316,243 induction of gene expres-

sion, consistent with the notions that (1) the majority of the transcriptional changes induced by CL316,243

require ERRs and (2) ERR signaling is enhanced by CL316,243.
ERRs Contribute to the CL316,243-Induced Browning of Inguinal WAT

In addition to its effects on BAT, b3-adrenergic stimulation leads to the appearance of brown-like adipo-

cytes in inguinal WAT (ingWAT), a process known as browning or beiging (Granneman et al., 2005; Guerra

et al., 1998). Therefore we assessed the ability of CL316,243 to induce browning of ingWAT in WT and

ERRagAd�/� mice. CL316,243 treatment led to the prominent appearance of multilocular adipocytes in

the ingWAT of WT mice but had minimal effects on the adipocytes of the ingWAT of ERRagAd�/� mice
iScience 2, 221–237, April 27, 2018 227
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Figure 4. Analyses of RNA Sequencing Data of BAT of WT and ERRagAd�/� Mice Treated with CL316,243

(A) Heat maps of genes significantly induced (p < 0.05) by CL316,243 in WT and ERRagAd�/� BAT, using a 1.5-fold cut-off.

Minimum andmaximum log transformed values are�9 and 6, respectively, with visual contrasts set to 2. (i) Genes induced

significantly by CL316,243 in WT BAT only. (ii) Genes induced by CL316,243 in both WT and ERRagAd�/� BAT, but

expression is significantly higher inWTCL316,243 vs. ERRagAd�/�CL316,243. (iii) Genes induced by CL316,243 in bothWT

and ERRagAd�/� mice. (iv) Genes induced by CL316,243 in ERRagAd�/� BAT only.

(B) Venn diagram of genes significantly induced (p < 0.05) by CL316,243 in BAT. Sections i–iv correspond with genes

displayed in heat maps (A).

(C) Heat maps of genes significantly reduced (p < 0.05) in ERRagAd�/� vs. WT BAT, in PBS- and/or CL316,243-treatedmice,

using a 1.5-fold cut-off. Minimum and maximum log transformed values were �5 and 6, respectively, with visual contrasts

set to 2. (i) Genes reduced in PBS-treated mice only. (ii) Genes reduced in both PBS- and CL316,243-treated ERRagAd�/�

mice. (iii) Genes reduced in CL316,243-treated ERRagAd�/� mice only.

(D) Venn diagrams of genes significantly reduced (p < 0.05) in ERRagAd�/� BAT. Sections i–iii correspond with genes

displayed in heat maps (C).

Male mice were born and raised at thermoneutrality (30�C), treated with PBS or CL316,243 for 10 days, and euthanized at

12 weeks of age (n = 3). See also Figure S4 and Tables 1, S1, and S2.
(Figure 5A). CL316,243 also significantly increased the protein levels of all five OxPhos complexes in WT

ingWAT (Figures 5B and 5C), a response that was blunted in ERRagAd�/� mice. Similarly, CL316,243 treat-

ment dramatically induced Ucp1 protein and mRNA in WT ingWAT (nearly 100-fold) but had notably more

modest effects (�10-fold) on Ucp1 expression in ERRagAd�/� ingWAT (Figures 5D and 5E). Similarly

blunted responses to CL316,243 were seen for several other genes involved in the TCA and OxPhos (Fig-

ure 5F). The reduced response to CL316,243 was not due to impaired b3-adrenergic signaling, as primary

inguinal white adipocytes isolated from these mice displayed full induction of HSL phosphorylation and

lipolysis upon NE or CL316,243 stimulation (Figure S5). In summary, the ingWAT of ERRagAd�/� mice

showed impaired ‘‘browning,’’ as assessed by histological analysis and measurements of mitochondrial

protein and Ucp1 expression, suggesting that ERRs also contribute to the remodeling of ingWAT driven

by b3-adrenergic signaling.
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Canonical Pathway WT Mice ERRagAd�/� Mice

Rank Downregulated Upregulated -log(p

Value)

Rank Downregulated Upregulated -log(p

Value)

Mitochondrial dysfunction 1 8/142 (6%) 79/142 (56%) 9.29E+00 NA

Oxidative phosphorylation 2 2/85 (2%) 62/85 (73%) 8.92E+00 NA

TCA cycle II (eukaryotic) 3 0/19 (0%) 17/19 (89%) 7.22E+00 27 0/19 (0%) 13/19 (68%) 2.03E+00

Fatty acid b-oxidation I 4 0/26 (0%) 16/26 (62%) 6.80E+00 1 0/26 (0%) 21/26 (81%) 8.28E+00

Glutaryl-CoA degradation 5 1/15 (7%) 11/15 (73%) 6.66E+00 39 1/15 (7%) 11/15 (73%) 1.72E+00

Tryptophan degradation

III (eukaryotic)

6 1/15 (7%) 11/15 (73%) 6.66E+00 40 1/15 (7%) 11/15 (73%) 1.72E+00

Valine degradation I 7 0/17 (0%) 13/17 (76%) 5.81E+00 8 0/17 (0%) 15/17 (88%) 4.01E+00

Acetyl-CoA biosynthesis I

(pyruvate dehydrogenase

complex)

8 0/5 (0%) 5/5 (100%) 4.34E+00 215 0/5 (0%) 3/5 (60%) 5.08E-01

Allograft rejection

signaling

9 11/19 (58%) 0/19 (0%) 4.23E+00 5 12/19 (63%) 0/19 (0%) 4.60E+00

LXR/RXR activation 10 13/64 (20%) 16/64 (25%) 4.20E+00 15 17/64 (27%) 8/64 (13%) 2.76E+00

Autoimmune thyroid

disease signaling

11 9/13 (69%) 0/13 (0%) 4.12E+00 30 8/13 (62%) 1/13 (8%) 1.95E+00

Isoleucine degradation I 12 1/13 (8%) 9/13 (69%) 4.12E+00 69 1/13 (8%) 11/13 (85%) 1.21E+00

Complement system 13 13/23 (57%) 1/23 (4%) 4.11E+00 3 14/23 (61%) 2/23 (9%) 6.83E+00

Antigen presentation

pathway

14 11/24 (46%) 1/24 (4%) 3.90E+00 4 17/24 (71%) 1/24 (4%) 5.58E+00

Gluconeogenesis I 15 2/17 (12%) 10/17 (59%) 3.88E+00 104 6/17 (35%) 3/17 (18%) 9.28E-01

Table 1. Top Canonical Pathways Regulated by CL316,243 in WT BAT and Their Ranking in ERRagAd�/� BAT

NA, non-applicable; LXR, liver X receptor; RXR, retinoid X receptor; these pathways were not detected as regulated by CL316,243 in ERRagAd�/� BAT. See also

Figures 4, S4 and Tables S1 and S2.
Adipose ERRs Are Important for the Acute Enhancement of Whole-Body Metabolism by

b-Adrenergic Stimulation

Adrenergic activation of BAT enhances whole-body energy expenditure (Xiao et al., 2015). To determine

the relative significance of adipose ERRs to whole-body metabolism, we tested the acute metabolic

response of WT and ERRagAd�/� mice to adrenergic agonists, using indirect calorimetry. Notably,

ERRagAd�/� and WT littermates treated with PBS showed no differences in oxygen consumption, body

temperature, or respiratory exchange ratio (RER), suggesting that the decreased oxidative and thermo-

genic capacity of ERRagAd�/� mice is not important for whole-body metabolism in a thermoneutral, basal

state (Figures 6A–6C and S6A). An injection of CL316,243 led to a dramatic increase in oxygen consumption

in WT mice but had a minimal effect, similar to injection of PBS, in ERRagAd�/� mice (Figure 6D), demon-

strating that ERRs are required for themetabolic response to CL316,243. There were no differences in phys-

ical activity between the groups (Figures S6B and S6D). Parallel to the increase in oxygen consumption,

CL316,243 caused a small but significant and sustained (over �6 hr) increase in basal body temperature

of WT mice that was not seen in ERRagAd�/� mice (Figure 6E). CL316,243 also led to a significant decrease

in the RER of WT mice, consistent with increased lipid metabolism (Figures 6C and S6C). The RER of

CL316,243-treated ERRagAd-/- mice was not significantly different from that of WT and ERRagAd-/- mice in-

jected with PBS (Figure 6C, S6A, and S6C), although it is possible that a CL316,243-induced increase in ad-

ipose tissue lipolysis may have increased lipid utilization in other tissues, such as skeletal muscle. Interest-

ingly, WT mice treated with CL316,243 for 10 days displayed a mild, but significant, increase in oxygen

consumption even on the day after the injection (during the active phase, 32–44 hr after an injection
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Figure 5. Effect of 10 Days’ Treatment with CL316,243 on ingWAT of WT and ERRagAd�/� Mice

(A) H&E staining of inguinal white adipose tissue (ingWAT) at 4003 magnification.

(B) Representative western blot of OxPhos complexes I–V, ERRa, and RAN (loading control).

(C) Quantification of OxPhos complex levels, normalized to RAN protein levels.

(D) Western blot of Ucp1 protein and RAN (loading control).

(E and F) mRNA levels of Ucp1 and TCA/OxPhos genes, normalized to Ppia and expressed relative to levels in WT mice

treated with PBS (n = 8–14).

Mice are from the same experiment as in Figure 3. Data are mean G SEM *p < 0.05, **p < 0.01, ***p < 0.001 vs. WT in the

same treatment; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. PBS in the same genotype. The same loading control (RAN) is

presented in panels B and D. See also Figure S5 and Table S3.
[Figure 6F]), suggesting a prolonged effect of chronic b3-adrenergic stimulation on whole-body energy

expenditure. Again, this was not seen in ERRagAd�/� mice. Overall, our data show that ERRs are required

for the metabolic response to b3-adrenergic stimulation.

The b3-adrenergic agonist CL316,243 is a pharmacologic agent that acts selectively and potently on adi-

pose tissue. To test the relative significance of ERRs in a more physiological context, we next compared

the metabolic response of WT and ERRagAd�/� mice to the native agonist, NE, which activates a wider

range of adrenergic receptors, including b1 and a1 types (Nedergaard and Cannon, 2014). NE was admin-

istered to naive mice (treated with PBS), as well as to mice with ‘‘trained’’ BAT (treated with CL316,243 for

10 days). NE injection evoked significantly higher oxygen consumption rates in WT mice than in ERRagAd�/

� mice, in both PBS- and CL316,243-treated groups (Figures 6G and 6H), showing that adipose ERRs are

important for whole-body oxidative and thermogenic capacity in a physiological context. Furthermore,
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the difference in maximal oxygen consumption rates between WT and ERRagAd�/� mice treated with NE

was more pronounced in mice that had received CL316,243 for 10 days relative to mice treated with PBS

(Figure S6E), supporting the notion that CL316,243-dependent remodeling of adipose tissues increased

the thermogenic capacity in WT but not in ERRagAd�/� mice.
ERRs Are Required for CL316,243-Induced Weight Loss and Improved Glucose Tolerance in

HFD Mice

Themice studied earlier were fed a chow diet and were fairly lean. CL316,243 treatment induced a decrease

in the adiposity ofWTmice that was not seen in ERRagAd�/�mice, but it did not result in significant changes

in body weight (Figures S6F and S6G). CL316,243 has been shown to confer greater metabolic improve-

ments in mice fed a high-fat diet (HFD) compared with chow diet (Xiao et al., 2015). Hence, we next put

WT and ERRagAd�/� mice on an HFD before evaluating the effects of CL316,243 treatment. WT and

ERRagAd�/� mice had a similar food intake (Figure S7A), and after 18 weeks on the HFD, similar body

weights and glucose tolerance (Figures 7A and 7B). Subsequent treatment of the mice with CL316,243

(14 injections over 4 weeks, given every other day, since we observed sustained effects of CL316,243 on en-

ergy expenditure [Figure 6F]) led to significantly higher body weight loss in WT mice than in ERRagAd�/�

mice (Figures 7C and 7D), with WT mice losing on average �20% and ERRagAd�/� mice losing just 3.7%

of their body weight. CL316,243 treatment also improved glucose tolerance in WT mice (Figure 7E) but

had no effect in ERRagAd�/� mice (Figure 7F), revealing that adipose ERRs are required for the beneficial

metabolic effects of b3-agonists.
DISCUSSION

Deciphering the transcriptional networks that regulate BAT development and function is important for

developing therapeutic strategies to increase energy expenditure via non-shivering thermogenesis for

the treatment of obesity. In the last several years, there has beenmuch progress in understanding transcrip-

tional mechanisms that control the commitment of stem cells to the brown/beige preadipocyte lineage

and/or the differentiation of preadipocytes to mature brown or beige adipocytes (Lynes and Tseng,

2015; Wang and Seale, 2016). Once differentiated, however, brown adipocytes require additional signals

and factors to maintain and expand their thermogenic capacity (Cannon and Nedergaard, 2004; Peirce

et al., 2014). Notably, exposure to cold and pharmacologic administration of b3-adrenergic agonists can

enhance the thermogenic capacity and/or energy expenditure in both rodents and humans (Cannon and

Nedergaard, 2004; Cypess et al., 2015; van der Lans et al., 2013; Yoneshiro et al., 2013). We show here

that ERRs perform a central and essential role in mature brown adipocytes in determining both the basal

thermogenic capacity and the ability to expand this capacity. Although past studies revealed a role for

ERRa in building the high basal mitochondrial content of BAT (Villena et al., 2007), the current study pro-

vides multiple lines of evidence that highlight that ERRs, collectively, play a substantially more important

role than previously appreciated. First, double deletion of ERRa and ERRg in mature adipocytes resulted

in an extreme loss of mitochondrial content, with the remaining mitochondria having abnormal cristae

and overall morphology and almost no Ucp1 protein; in comparison, mice lacking just ERRa (the most

abundant BAT ERR isoform) had a milder reduction in mitochondrial content, and their mitochondria

had normal morphology, oxidative function, and Ucp1 expression (Villena et al., 2007). Second, mice lack-

ing adipose ERRa and ERRg show remarkable defects in their adaptive response to adrenergic stimulation,

failing to remodel their transcriptome, expand their thermogenic capacity, and attain the metabolic ben-

efits of b3-adrenergic agonists.

ERRa and ERRg have been shown to bind similar sites on the genome and to regulate overlapping sets of

genes (Dufour et al., 2007; Huss et al., 2015), suggesting that a certain degree of redundancy in their action

is to be expected. Recent studies have also highlighted the complimentary roles of ERRs in determining the

oxidative capacity in primary brown adipocytes and in the heart (Gantner et al., 2016; Wang et al., 2015).

Yet, the extent to which mice lacking either just ERRa (ERRaAd�/�) or ERRb and ERRg together

(ERRbgAd�/�) maintain their mitochondrial content and OxPhos levels, despite a substantial loss of total

ERR protein, is surprising. This functional compensation is seen without an upregulation of the remaining

ERR isoforms, suggesting that BAT, at least in young mice, expresses ERRs at much higher levels than

necessary for maintaining basal oxidative function. It will be interesting to assess ERR expression in the

BAT depots of mice and humans at different ages, to establish if this high ERR reserve diminishes with

age, as BAT function declines.
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Figure 6. Metabolic Responses to Adrenergic Stimulation in WT and ERRagAd�/� Mice

(A) Oxygen consumption (VO2) in WT and ERRagAd�/� mice injected with PBS for 10 days, on the last day of injections.

(B) Core body temperature of WT and ERRagAd�/� mice injected with PBS for 10 days, on the last day of injections.

(C) Average respiratory exchange ratio (RER) over 6 hr following a PBS or CL316,243 injection.

(D) VO2 in WT and ERRagAd�/� mice injected with CL316,243 for 10 days, on the last day of injections.

(E) Core body temperature of WT and ERRagAd�/� mice injected with CL316,243 for 10 days, on the last day of injections.

(F) Average VO2 over the day and night on the day after the last PBS or CL316,243 injection (day, 20–32 hr after last

injection; night, 32–44 hr after the last injection).

(G) Acute VO2 response to norepinephrine (NE) in WT and ERRagAd�/� mice that had been treated with PBS for 10 days.

(H) Acute VO2 response to NE in WT and ERRagAd�/� mice that had been treated with CL316,243 for 10 days.
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Figure 6. Continued

Male mice were born and raised at thermoneutrality (30�C), treated with PBS or CL316,243 for 10 days, and euthanized

at 12–14 weeks of age. NE responses were tested 2 days after the last PBS or CL316,243 injection. Data are mean G SEM

(n = 5–10). *p < 0.05, **p < 0.01, ***p < 0.001, WT vs. ERRagAd�/� for each condition; #p < 0.05, ##p < 0.01 vs. WT PBS.

ZT = zeitgeber time. Different mice were used for calorimetry and telemetry experiments. See also Figure S6.
A most striking finding in our study is the key role of ERRs in the adrenergic response of BAT. This was un-

expected, based on studies of the ERRa KO mouse, which showed normal induction of gene expression in

response to adrenergic stimulation (Villena et al., 2007). Importantly, adrenergic signaling, judged by phos-

phorylation of HSL, p38, and ATF2 and induction of lipolysis, is intact in BAT lacking ERRs, suggesting that

ERRs act downstream of such signals to effect the transcriptional changes elicited by adrenergic stimula-

tion. ERRs likely integrate adrenergic signaling in more than one way. PGC-1a and PGC-1b, whose expres-

sion and/or activity are increased via cAMP, protein kinase A (PKA), and p38 signaling, are potent co-acti-

vators of all three ERRs (Gantner et al., 2014; Huss et al., 2002; Kamei et al., 2003; Schreiber et al., 2003).

Moreover, Gadd45g, whose expression is also induced by adrenergic signaling in a cAMP- and PKA-

dependent manner, activates p38 and ERRb/g-dependent transcription in a PGC-1 independent manner

(Gantner et al., 2014). Notably, although the absence of ERRs does not block adrenergic signaling, it

may lead to a partial activation of the pathway in the basal state. We observed higher levels of phos-

pho-p38, phospho-ATF2, and PGC-1a in the absence of adrenergic stimulation. The underlying mecha-

nisms are not clear.

Once activated, ERRs are likely direct positive regulators of many adrenergically induced genes.

Although some of the pathways induced by b3-adrenergic agonism (e.g., mitochondrial function,

oxidative phosphorylation, and TCA cycle) were known to be regulated by ERRs (Hock and Kralli,

2009; Villena and Kralli, 2008), our RNA sequencing data show a much broader set of adrenergic re-

sponses, extending beyond the control of mitochondrial biogenesis, that rely on ERRs. Some of the

highly induced genes, such as Ucp1, Dio2, and Fndc5 (Figure S4), have ERR response elements and

are regulated by ERRs (Debevec et al., 2007; Dixen et al., 2013; Gantner et al., 2016; Wrann et al.,

2013), suggesting that others are also direct targets. Notably, there are adrenergically induced genes

that are not dependent on ERRs, consistent with adrenergic signaling being intact, and ERRs not

required for all components of the adrenergic response. In particular, the induction of the FAO

pathway is retained. Ingenuity Pathway Analysis for regulators of the genes in the FAO pathway sug-

gests that this may be due to Ppara, whose expression is increased by CL316,243 in the BAT of

ERRagAd�/� mice, and Klf15, which is modestly increased in the BAT of ERRagAd�/� (Figure S4).

Even though the induction of FAO genes is retained, FAO is likely defective in ERRagAd�/� BAT, owing

to the mitochondrial impairment. Finally and importantly, we do not expect that all genes and proteins

whose expression is reduced in the BAT of ERRagAd�/� mice are direct ERR targets. Loss of mitochon-

dria and mitochondria-derived signals, as well as of the further actions of direct ERR targets (e.g., a

potential paracrine function of Fndc5), may contribute to the loss of adaptive responses to adrenergic

stimulation. In addition, the decrease in mitochondrial content likely contributes to the post-transla-

tional loss of expression of many mitochondrial proteins whose stability requires proper localization,

including Ucp1.

The thermogenic capacity of BAT can be harnessed to increase energy expenditure and counteract

obesity and obesity-related metabolic dysfunction (Lee et al., 2014). Consistent with this notion, when

treated with the b3-adrenergic agonist CL316,243, WT mice increased their energy expenditure, lost

weight, and showed improvements in glucose homeostasis. ERRagAd�/� littermates were defective in

all three responses, demonstrating the importance of ERR-controlled pathways in adipose tissue for

the effects of b3-adrenergic stimulation on energy balance. Nonetheless, ERRagAd�/� mice were not

prone to obesity in the absence of CL316,243 administration, whether on chow or HFD diet. This was ir-

respective of gender, as similar findings were seen in female and male mice fed a HFD (Figure S7). On the

one hand, this finding is not surprising, because our studies were performed at thermoneutrality, when

BAT receives minimal adrenergic stimulation (Xiao et al., 2015). Other mutant mice with BAT thermogenic

defects are also not prone to obesity (Emmett et al., 2017; Lee et al., 2016). On the other hand, BAT ther-

mogenic capacity has been proposed to be important for diet-induced thermogenesis, i.e., the ability to

increase energy expenditure in response to caloric excess, as in HFD (Feldmann et al., 2009; Kazak et al.,

2017). There can be many explanations as to why ERRagAd�/� mice do not show increased obesity. First,

diet-induced thermogenesis, the basis of which is less well understood than cold-induced thermogenesis,
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Figure 7. Effect of Long-term Adrenergic Stimulation on BodyWeight and Glucose Tolerance of HFD-fed WT and

ERRagAd�/� Mice

(A) Body weights of WT and ERRagAd�/� mice fed a 60% high fat diet (HFD) for 18 weeks (n = 12–18).

(B) Glucose tolerance test (GTT) of WT and ERRagAd�/� mice fed a 60% HFD and before treatment. Values are presented

as percentage of starting blood glucose (WT, 111.7 G 6.1 mg/dL; ERRagAd�/�, 107.1 G 3.7 mg/dL; p = 0.52), (n = 12–18).

(C) Body weights of WT and ERRagAd�/� mice before and after treatment with PBS or CL316,243 (n = 6–9). ***p < 0.001.

(D) Body weight loss of WT and ERRagAd�/� mice, expressed as percentage of body weight before treatment (n = 6–9).

*p < 0.01; ***p < 0.001.

(E) GTT of WT mice treated with PBS or CL316,243. Values are presented as percentage of starting blood glucose (WT

PBS, 74.3 G 9.9 mg/dL; WT CL316,243, 99.4 G 8.2 mg/dL; p = 0.074). (n = 6–9). *p < 0.05, **p < 0.01, ***p < 0.001 vs. WT

CL316,243.

(F) GTT of ERRagAd�/�mice treated with PBS or CL316,243. Values are presented as percentage of starting blood glucose

(ERRagAd�/� PBS, 79.9 G 4.9 mg/dL; ERRagAd�/� CL316,243, 75.2 G 6.2 mg/dL; p = 0.56) (n = 6–9).

Female mice were born and raised at thermoneutrality (30�C) and fed a 60% HFD starting at weaning. At 22 weeks of age,

mice were given an intraperitoneal injection of PBS or CL316,243 every other day for 4 weeks. Mice were euthanized at

26 weeks of age. Data are presented as mean G SEM.
may involve signals and pathways that are sufficiently retained in ERRagAd�/� mice. Second, minor differ-

ences in vivarium temperatures or in the length of time spent at thermoneutrality may explain the

different outcomes seen with different models. In our study, mice were born, raised, and studied at ther-

moneutrality, to minimize the impact that standard vivarium temperatures have on mice with defective

BAT (Schulz et al., 2013). Finally, the adrenergic system can be activated by stress, so additional differ-

ences in vivarium conditions housing may affect findings.
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Even though loss of BAT may not always give rise to obesity, it is clear that increased BAT capacity,

coupled to activation, as seen at standard vivarium temperatures for mice, can lead to protection

from obesity (Cohen and Spiegelman, 2015). Indeed, mice with increased adipose PGC-1a/ERRa

signaling, as seen in mice lacking the tumor suppressor folliculin, show elevated oxidative metabolism,

resistance to hypothermia, and protection from HFD-induced obesity (Yan et al., 2016). Although ERRs

are nuclear receptors with no known endogenous ligand, crystallography studies show that they are

amenable to drug design, with hydrophobic pockets that can accommodate synthetic ligands (Coward

et al., 2001; Kallen et al., 2007; Wang et al., 2006). Synthetic agonists, such as GSK4716, can enhance

the activity of ERRb and ERRg (Wang et al., 2006; Zuercher et al., 2005). Newer GSK4716-derived mol-

ecules can activate ERRg and promote WAT browning (Xu et al., 2015), although the specificity of these

ligands has not been tested yet in vivo. Our findings suggest that pharmacological activation of ERRs

may be beneficial by increasing brown (and beige) adipose tissue thermogenic capacity. Moreover,

increased ERR activity may sensitize adipose tissues to the action of adrenergic agonists. The concept

of using b3-adrenergic agonists to pharmacologically activate BAT in humans was floated long ago but

has been difficult to apply (Lee and Greenfield, 2015). Recently, mirabregon, a b3-adrenergic agonist

used in the treatment of overactive bladder, was shown to activate BAT in humans, albeit at doses

four times higher than that of the current US Food and Drug Administration–approved dose and

with adverse effects on the cardiovascular system (Cypess et al., 2015). Administration of ERR agonists

could prime the adipose tissue for a more effective response to b3-adrenergic agonism, thereby

enabling the use of lower doses. Future studies will be needed to evaluate the potential of ERR ago-

nists to enhance BAT thermogenesis and energy expenditure, alone or in combination with b3-adren-

ergic stimulation.

In conclusion, we have demonstrated that ERRs are critical transcriptional regulators that control adipose

tissue plasticity and orchestrate the adaptive remodeling induced by adrenergic stimuli. Our findings un-

derscore the potential of targeting ERRs to expand energy expenditure capacity, which may be harnessed

for the treatment of metabolic disease.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND SOFTWARE AVAILABILITY

The RNA sequencing gene expression data can be found at GEO: GSE104285.
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SUPPLEMENTAL FIGURES 

 

Figure S1 

 

Figure S1. Related to Figure 1. ERR mRNA expression in inguinal WAT and skeletal muscle. (A) 
Relative Esrra, Esrrb and Esrrg mRNA levels in inguinal WAT (IngWAT) of WT and ERRαγAd-/- mice, 
normalized to Ppia. Data are mean ± SEM (n = 7-14). ***p < 0.001. 
(B) Relative Esrra, Esrrb and Esrrg mRNA levels in skeletal muscle (plantaris) of WT and ERRαγAd-/- 
mice, normalized to Ppia. Data are mean ± SEM (n = 6). 
  



Figure S2 

 

Figure S2. Related to Figure 2. Gene and protein expression levels in BAT of WT and ERRAd-/- 
mice. (A,B) Relative mRNA levels of energy handling (A) and creatine metabolism (B) genes in BAT of 
WT and ERRαγAd-/- mice, normalized to Ppia. Data are mean ± SEM (n = 9-18). ***p < 0.001.  
(C,D) Representative western blots of UCP1 and RAN (loading control) and their quantification, in BAT 
from ERRαAd-/- (C) or ERRβγAd-/- (D), relative to WT of each group. Data are mean ± SD (n = 3).  
(E) Representative western blots of PGC-1α and PGC-1β in BAT of WT and ERRαγAd-/- mice (n=3). 
Ponceau stain is shown as loading control.  



Figure S3 

 

Figure S3. Related to Figure 3. Adrenergic signaling in brown adipocytes and BAT of WT and 
ERRαγAd-/- mice. (A) Representative western blots of phosphorylated hormone-sensitive lipase (HSL), 
total HSL, ERRα, and α-tubulin (loading control) in primary brown adipocytes of WT and ERRαγAd-/- 
mice, treated with vehicle, 100 nM norepinephrine (NE) or 50 nM CL316,243 for 10 min.  
(B) Lipolysis in primary brown adipocytes of WT and ERRαγAd-/- mice, treated as in panel A for 2 hrs. 
Data are mean ± SEM (n = 4). ***p < 0.001 vs. vehicle in the same genotype.  
(C,D) Western blots of phosphorylated and total HSL, p38 MAPK and ATF2 in BAT of WT and 
ERRαγAd-/- mice treated with PBS or CL316,243 for 45 min. Quantification data are mean ± SEM (n = 3). 
For p-p38, quantification is of the upper band. *p < 0.05 vs. vehicle in the same genotype. ND, not 
detected, NS, not significant.  
(E) Lipolysis in BAT explants of WT and ERRαγAd-/- mice, treated ex vivo with vehicle or 1 μM 
CL316,243 for 2 hrs. Data are mean ± SEM (n = 3). ***p < 0.001 vs. vehicle in the same genotype.  



Figure S4 

 

Figure S4. Related to Figure 4. Gene expression levels in BAT of WT and ERRαγAd-/- mice treated 
with CL316,243. (A) Expression levels of genes that are in the top 20 induced by the ten days of 
CL316,243 in WT BAT and dependent on ERRs for their induction. Fourteen of the top 20 CL316,243-
induced genes relied on ERRs and are shown here. Several of these genes have been reported as highly 
induced also by cold in BAT (Marcher et al., 2015). Data are mean ± SD of CPM (counts per million 
reads), measured by RNA-sequencing (n = 3).  
(B,C) Expression levels of thermogenesis genes Ucp1, Dio2 (B), and regulators of lipid metabolism 
Ppara and Klf15 (C) in BAT of WT and ERRαγAd-/- mice, treated with PBS or CL316,243 for 10 days. 
Data are mean ± SD of CPM (counts per million reads), measured by RNA-sequencing (n = 3).  
(A-C) **p < 0.01, ***p < 0.001 vs. WT in the same treatment; #p < 0.05, ###p < 0.001 vs. PBS in the same 
genotype.  
 
 



Figure S5 

 

Figure S5. Related to Figure 5. Adrenergic signaling in inguinal white adipocytes from WT and 
ERRαγAd-/- mice. (A) Representative western blots of phosphorylated hormone-sensitive lipase (HSL)S563, 
total HSL, ERRα, and α-tubulin (loading control) in primary inguinal adipocytes from WT and ERRαγAd-/- 
mice. Differentiated adipocytes were treated with either DMSO (vehicle), 100 nM norepinephrine (NE) or 
50 nM CL316,243 for 10 minutes.  
(B) Lipolysis (glycerol release in media) in primary inguinal adipocytes isolated from WT and ERRαγAd-/- 
mice. Differentiated adipocytes were treated with either DMSO (vehicle), 100 nM NE or 50 nM 
CL316,243 for 2 hrs. Data are mean ± SEM (n = 4). ***p < 0.001 vs. vehicle in the same genotype.  
  



Figure S6 

 

Figure S6. Related to Figure 6. Metabolic responses to adrenergic stimulation in WT and ERRαγAd-

/- mice. (A,C) Average respiratory exchange ratio (RER) at 1 hour intervals of WT and ERRαγAd-/- mice 
injected with PBS (A) or CL316,243 (C) for ten days, on the last day of injections. 
(B,D) Physical activity levels of WT and ERRαγAd-/- mice injected with PBS (B) or CL316,243 (D) for ten 
days, on the last day of injections.  
(E) Maximum oxygen consumption (VO2) reached following an acute norepinephrine (NE) injection in 
WT and ERRαγAd-/- mice, previously treated with PBS or CL316,243 for ten days. **p < 0.01, ***p < 
0.001 vs. WT in the same treatment; #p < 0.05 vs. PBS in the same genotype.  
(F) Body weights of WT and ERRαγAd-/- mice treated with PBS or CL316,243 for ten days.    
(G) Body fat percentage of WT and ERRαγAd-/- mice treated with PBS or CL316,243 for ten days. ##p < 
0.01 vs. WT PBS. (A-G) Male mice were born and raised at thermoneutrality (30 °C), treated with PBS or 
CL316,243 for ten days, and euthanized at 12-14 weeks of age. NE responses were determined 2 days 
after the last PBS or CL316,243 injection. Data are presented as mean ± SEM (n = 5-10). ZT, Zeitgeber 
time. A.U., Arbitrary units.   



Figure S7

 

Figure S7. Related to Figure 7. Food intake and body weights of HFD-fed WT and ERRαγAd-/- mice. 
(A) Total food intake (kCal) of female WT and ERRαγAd-/- mice shown in Figure 7 during 10 weeks on 
the 60% high fat diet (HFD). Data are the mean ± SEM consumption per mouse in group-housed mice  
(n = 8-25).  
(B-D) Body weights (B), total food intake (C) and metabolic efficiency (D) of male WT and ERRαγAd-/- 
mice fed a control chow or 60% HFD for 10 weeks. Data are the mean ± SEM of singly-housed mice  
(n = 8-9). 
 

  



SUPPLEMENTAL TABLES  

Table S1. The top canonical pathways regulated (p < 0.05) by CL316,243 in ERRαγAd-/- BAT, and 
their ranking in WT BAT, using a 1.5-fold cut-off. Related to Figure 4. 

 ERRαγAd-/- mice WT mice 

Canonical pathway rank 
down 

regulated 
up 

regulated 
 -log(p-
value) 

rank 
down 

regulated 
up 

regulated 
 -log(p-
value) 

Fatty Acid β-oxidation I 1 
0/26  
(0%) 

21/26  
(81%) 

8.28E+00 4 
0/26  
(0%) 

16/26 
(62%) 

6.80E+00 

LPS/IL-1 Mediated Inhibition 
of RXR Function 

2 
12/114  
(11%) 

32/114  
(28%) 

7.03E+00 23 
16/114  
(14%) 

32/114  
(28%) 

3.32E+00 

Complement System 3 
14/23  
(61%) 

2/23  
(9%) 

6.83E+00 13 
13/23  
(57%) 

1/23 
(4%) 

4.11E+00 

Antigen Presentation 
Pathway 

4 17/24  
(71%) 

1/24  
(4%) 

5.58E+00 14 11/24  
(46%) 

1/24  
(4%) 

3.90E+00 

Allograft Rejection Signaling 5 
12/19  
(63%) 

0/19  
(0%) 

4.60E+00 9 
11/19  
(58%) 

0/19  
(0%) 

4.23E+00 

Interferon Signaling 6 
11/27  
(41%) 

0/27  
(0%) 

4.16E+00 331 
9/27  

(33%) 
1/27  
(4%) 

2.95E-01 

Mitochondrial L-carnitine 
Shuttle Pathway 

7 
1/12  
(8%) 

6/12  
(50%) 

4.07E+00 103 
1/12  
(8%) 

5/12  
(42%) 

1.17E+00 

Valine Degradation I 8 
0/17  
(0%) 

15/17  
(88%) 

4.01E+00 7 
0/17 
(0%) 

13/17  
(76%) 

5.81E+00 

Ubiquinol-10 Biosynthesis 
(Eukaryotic) 

9 
1/10  

(10%) 
6/10  

(60%) 
3.46E+00 39 

0/10  
(0%) 

6/10  
(60%) 

2.20E+00 

FXR/RXR Activation 10 
11/49  
(22%) 

10/49  
(20%) 

3.25E+00 16 
10/49  
(20%) 

15/49  
(31%) 

3.85E+00 

γ-linolenate Biosynthesis II 
(Animals) 

11 
1/11 
(9%) 

4/11  
(36%) 

3.22E+00 89 
2/11 

(18%) 
3/11  

(27%) 
1.30E+00 

OX40 Signaling Pathway 12 
15/37  
(41%) 

0/37  
(0%) 

3.02E+00 24 
14/37  
(38%) 

0/37  
(0%) 

3.13E+00 

Fatty Acid β-oxidation III 
(Unsaturated, Odd Number) 

13 
0/4  

(0%) 
4/4  

(100%) 
2.86E+00 48 

0/4  
(0%) 

3/4  
(75%) 

2.05E+00 

Fatty Acid Activation 14 
0/8  

(0%) 
4/8  

(50%) 
2.84E+00 112 0/8 (0%) 

3/8  
(38%) 

1.09E+00 

LXR/RXR Activation 15 
17/64  
(27%) 

8/64  
(13%) 

2.76E+00 10 
13/64 
(20%) 

16/64  
(25%) 

4.20E+00 

  



Table S2. The top canonical pathways regulated (p < 0.05) by ERRs in PBS or CL316,243-treated 
mice, using a 1.5-fold cut-off. Related to Figure 4. 

 PBS CL316,243 

Canonical pathway rank 
down 

regulated 
up  

regulated 
 -log(p-
value) 

rank 
down  

regulated 
up  

regulated 
 -log(p-
value) 

Oxidative Phosphorylation 1 
76/85 
(89%) 

2/85  
(2%) 

4.50E+01 1 
78/85 
(92%) 

2/85  
(2%) 

4.20E+01 

Mitochondrial Dysfunction 2 
105/142  
(74%) 

16/142  
(11%) 

4.40E+01 2 
107/142  
(75%) 

17/142  
(12%) 

3.74E+01 

TCA Cycle II (Eukaryotic) 3 
17/19  
(89%) 

2/19  
(11%) 

1.23E+01 3 
17/19  
(89%) 

1/19  
(5%) 

1.09E+01 

Glycolysis I 4 
12/17  
(71%) 

2/17  
(12%) 5.60E+00 4 

12/17  
(71%) 

2/17  
(12%) 5.71E+00 

Gluconeogenesis I 5 
10/17  
(59%) 

4/17  
(24%) 

5.60E+00 5 
10/17  
(59%) 

3/17  
(18%) 

4.72E+00 

FXR/RXR Activation 6 
10/49  
(20%) 

20/49  
(41%) 

4.99E+00 19 
11/49  
(22%) 

20/49  
(41%) 

2.78E+00 

Isoleucine Degradation I 7 
9/13  

(69%) 
1/13  
(8%) 

4.20E+00 11 
8/13  

(62%) 
3/13  

(23%) 
3.54E+00 

Ketolysis 8 
5/5  

(100%) 
0/5  

(0%) 
3.75E+00 13 

5/5  
(100%) 

0/5  
(0%) 

3.34E+00 

Ketogenesis 9 
6/7  

(86%) 
1/7  

(14%) 
3.73E+00 15 

5/7  
(71%) 

1/7  
(14%) 

3.26E+00 

Fatty Acid β-oxidation I 10 
15/26  
(58%) 

4/26  
(15%) 

3.10E+00 9 
16/26  
(62%) 

4/26  
(15%) 

3.54E+00 

2-ketoglutarate 
Dehydrogenase Complex 

11 
3/4 

(75%) 
1/4  

(25%) 
3.00E+00 22 

3/4  
(75%) 

1/4  
(25%) 

2.68E+00 

LXR/RXR Activation 12 
17/64  
(27%) 

26/64  
(41%) 

2.97E+00 30 
19/64  
(30%) 

23/64  
(36%) 

2.26E+00 

Valine Degradation I 13 
9/17  

(53%) 
1/17  
(6%) 

2.97E+00 7 
11/17  
(65%) 

5/17  
(29%) 

3.84E+00 

Antigen Presentation 
Pathway 

14 
2/24  
(8%) 

15/24  
(63%) 

2.85E+00 196 
1/24  
(4%) 

16/24  
(67%) 

6.16E-01 

Glutaryl-CoA Degradation 15 
9/15  

(60%) 
2/15  

(13%) 
2.71E+00 17 

10/15  
(67%) 

2/15  
(13%) 

2.88E+00 

  



Table S3. Primer sequences used for Q-PCR. Related to Figures 1, 2, 3 and 5. 

Esrra TGCTCAGCTCTCTACCCAAAC GGACAGCTGTACTCGATGCTC 
Esrrb CCGGCCACCAATGAATGT ATCCAGCCGTCGCTTGTACT 
Esrrg ATGCCCAAGAGACTGTGCTT CTTCTTTCAGCATGCCCACT 
Cyclophillin A / Ppia CAAGACTGAATGGCTGGATG ATGGGGTAGGGACGCTCTCC 
Aco2 TCTCTAACAACCTGCTCATCGG TCATCTCCAATCACCACCCACC 
Idh3A AGGACTGATTGGAGGTCTTGG ATCACAGCACTAAGCAGGAGG 
Sdhb TACCGATGGGACCCAGACA CGTGTGCACGCCAGAGTAT 
Cycs CACGGCTCTCCCTTTCTCAAG ACAGTTGCCTCCTGGTGGTTA 
Minos1 GACACGGTCGTGAAGCTAGG AGATACGGAGCCTGAAAGTCA 
Immt AGCAAGAACAAGTTGAGATGGAG GTGCCTTGACAGCCTGAACT 
Chchd3 TGAAGAGGAGCGCATGAAG GGCCAGCTGCTCTTTGTAGA 
Chchd10 TGCCTTCAGTGGGGGAAAT CAGGGCAGGGAGCTCAGAC 
Apoo TAATGCCCTTTTGGGGTTG CCCACAGATCTCTGAATTACCC 
Apool TGCTACCCAGCTCAGTCAGTAA TTGAAAAATTTGCTGGCTTGTA 
Mftp1 TAATCCACCCCATCGACAG TCCACTGACGGGTACAGCTT 
Prdm16 ACAGGCAGGCTAAGAACCAG CGTGGAGAGGAGTGTCTTCAG 
Zic1 AACCTCAAGATCCACAAAAGGA CCTCGAACTCGCACTTGAA 
Lhx8 CCAAAAGAGCTCGGACCAG GTTGTCCTGAGCGAACTGTG 
Pparg AGGCCGAGAAGGAGAAGCTGTTG TGGCCACCTCTTTGCTCTGCTC 
Fabp4 TGTGTGATGCCTTTGTGGGAACC CTTCACCTTCCTGTCGTCTGCGG 
Cox7a1 GACAATGACCTCCCAGTACAC GCCCAGCCCAAGCAGTATAAG 
Cs AGAGGCATGAAGGGACTTGTGTA TGTTCCTCTGTGGGCATCTGT 
Cpt1b CTCCGAAAAGCACCAAAACAT AGGCTCCAGGGTTCAGAAAGT    
Elovl6 CAGCAAAGCACCCGAACTA AGGAGCACAGTGATGTGGTG 
Ppara AAGGCTATCCCAGGCTTTGC TTTAGAAGGCCAGGCCGATCTC 
Mcad AAGCCACGAAGTATGCCCTG CCATAGCCTCCGAAAATCTG 
Acat1 TATCTCACGGCAGGAACAGG TGCTCCATCGTTCAGTGTGC 
Acaca GACTCCAGGACAGCACAGATCAT TGCCTGGAACCTCTTTGATTG 
Fasn ACACAGTCATCGGAGGTACGC AGGATCTGACGAACTTCCACA 
Scd1 TGCACTTGGGAGGCCTGTA TGAGCCCCGGCTGTGAT 
Plpn TGCTGGATGGAGACC ACCACCGGCTCCA 
Ucp1 TGGAGGTGTGGCAGTGTTCAT TGACAGTAAATGGCAGGGGAC 
Dio2 CTGCGCTGTGTCTGGAAC GGAGCATCTTCACCCAGTTT 
Nrf1 CCACGTTGGATGAGTACACG CTGAGCCTGGGTCATTTTGT 
Gabpa CCGCTACACCGACTACGATT ACCTTCATCACCAACCCAAG 
Ppargc1a GGAGCCGTGACCACTGACA TGGTTTGCTGCATGGTTCTG 
Ppargc1b AGTGGGTGCGGAGACACAGAT AAAGCTCCACCGTCAGGGACT 
Gadd45g TTCGTGGATCGCACAATGACT GGACTTTGGCGGACTCGTAGA 
Tfam CAAAGGATGATTCGGCTCAG AAGCTGAATATATGCCTGCTTTTC 
Polrmt CTCCTCCCACATGATGCTGAC AATTGCTCGCGGCATACCT 
Tfb2m TTTGGCAAGTGGCCTGTGA CCCCGTGCTTTGACTTTTCTA 
Sirt3 TTTCTTTCACAACCCCAAGC ACAGACCGTGCATGTAGCTG 
Endog CCACCAATGCGGACTACC AGGCATTCTGGTTGAGGTGT 
Cidea AAACCATGACCGAAGTAGCC AGGCCAGTTGTGATGACTAAGAC 
Pck1 ATCTTTGGTGGCCGTAGACCT GCCAGTGGGCCAGGTATTT 
Pdk4 GTTCCTTCACACCTTCACCAC CCTCCTCGGTCAGAAATCTTG 
Gk TGAAGTCAATTGGTTGGGTTACA ATGCAGCCAGTGGCTTATGAA 
Slc6a8 GAGACTTGGACACGCCAGAT AAAATGGGGATTCCTCCAAC 
Phospho1 AAGCACATCATCCACAGTCCCTC TTGGTCTCCAGCTGTCATCCAG 
Phospho2 AGGTGAAGGACAGCCCTTTG ATGCAGCAAAGGAACAAAGAC 
Gatm TCACGCTTCTTTGAGTACCG TCAGTCGTCACGAACTTTCC 
Gamt TGGCACACTCACCAGTTCA AAGGCATAGTAGCGGCAGTC 
Mt-CoxII (mitochondrial DNA) TCTCCCCTCTCTACGCATTCTA ACGGATTGGAAGTTCTATTGGC 
Rip140 (genomic DNA) TCCCCGACACGAAAAAGAAAG ACATCCATTCAAAAGCCCAGG 

 

 



TRANSPARENT METHODS 

 

Animals 

Mice with floxed ERR alleles, kindly provided by Johan Auwerx, have been backcrossed to the 
C57BL/6JBom background (NNT WT background) (Taconic Biosciences) for at least 10 generations. 
The floxed ERR alleles have been described previously (Gan et al., 2013; LaBarge et al., 2014). To 
generate mice with adipose-specific deletions of ERRs, ERR floxed mice were crossed to ones expressing 
CRE recombinase driven by the adiponectin promoter (Eguchi et al., 2011). ERR floxed littermates that 
did not carry the CRE transgene were used as controls and are referred to as WT. Mice were born and 
housed at 30 °C, on a 12-hour light-dark cycle, and fed a standard chow breeder diet (5058, Picolab) or a 
60 % high fat diet (D12492, Research Diets) where specified. All animal procedures were approved by 
the Institutional Animal Care and Use Committees of The Scripps Research Institute and the Johns 
Hopkins University Medical School. Both male and female mice were used, in separate and gender-
matched experiments. No gender specific differences were observed. Levels of mRNA and mtDNA were 
quantitatively similar in male and female tissues, and data were pooled together. For other experiments, 
male or female data are shown, as specified in the figure legend. For body weight gain under HFD, data 
from both female and male mice are shown. 

 

CL316,243 administration 

At 10-11 weeks of age, mice were given an intraperitoneal (i.p.) injection of CL316,243 (1 mg/kg) or 
equivalent volume of PBS at ~ Zeitgeber time (ZT) 4 each day for 10 days. Mice were either euthanized 
24 hours after the last CL316,243 dose for tissue collection or subjected to CLAMS, as described later. 
For mice on the HFD, CL316,243 (1 mg/kg) or PBS injections were administered after 18 weeks on a 
HFD, at 22 weeks of age, every other day for 4 weeks (total of 14 injections). For determination of the 
acute adrenergic signaling response in BAT, mice were injected with CL316,243 (1 mg/kg) or equivalent 
volume of PBS and euthanized 45 minutes later. 

 

Cold exposure 

Mice were implanted with IPTT-300 temperature transponders (Bio Medic Data Systems) at ~10 weeks 
of age, and cold exposure experiments were performed at 12-14 weeks of age. Mice were individually 
caged with minimal bedding and restricted access to food. Mice were either transferred to 4 °C or 
remained at 30 °C, and body temperature was monitored every 30 minutes for a total of 2.5 hours; at that 
time ERRαγAd-/- mice became hypothermic and all cold-exposed mice were euthanized.   

 

Metabolic, telemetry and body composition measurements 

Whole body metabolism was determined in individually housed mice using the Comprehensive Lab 
Animal Monitoring System (Columbus Instruments). Mice were acclimated to the metabolic cages for at 
least 3 days before measurements. Oxygen consumption and carbon dioxide production were measured 
continuously for 48 hours, starting at ZT0 (7am) on the tenth day of CL316,243 injections. Body 
temperature and physical activity were measured via telemetry using TA-F10 transmitters (Data Sciences 
International), which were implanted into the abdominal cavity of 8 week old mice followed by at least 2 
weeks of recovery. Receiver platforms were placed adjacent to each individual metabolic cage, and data 
were collected simultaneously with the metabolic data. For measurement of NE-induced thermogenesis, 



oxygen consumption and carbon dioxide production were measured 2 days after the last CL316,243 (or 
PBS) injection, for 20 minutes prior and 60 minutes after an i.p. NE injection (1 mg/kg). Mice were 
euthanized the day after NE injection, and body composition was determined by MRI (EchoMRI LLC).  

 

Glucose Tolerance Test  

Mice were fasted for 12 hours and blood glucose concentrations were determined by collecting a small 
amount of blood from the tip of the tail (~ 5 µl). Mice were then given an i.p. injection of glucose (1 
mg/kg), and blood glucose concentrations were determined at 20, 40, 60 and 90 minutes following the 
glucose injection.  

 

Analysis of gene expression and mitochondrial DNA 

Total RNA was isolated from BAT and ingWAT depots using TRIzol Reagent (Life Technologies). 
Following separation using chloroform, the upper aqueous phase containing RNA was mixed with equal 
volume of 70 % EtOH, and transferred to an RNeasy spin column (QIAGEN). RNA isolation was 
completed using the RNeasy mini kit according to manufacturer’s protocol (QIAGEN). cDNA was 
synthesized using SuperScript II Reverse Transcriptase, and qPCR was performed using specific primers 
for each gene (Table S3) with HotStart-IT SYBR green qPCR master mix (Affymetrix). Relative mRNA 
expression was normalized to cyclophilin (Ppia) mRNA as a reference gene. Total DNA was extracted 
from the remaining interphase and lower phenol-chloroform phase, and mitochondrial DNA content was 
determined by measuring the mitochondrial gene CoxII (Mt-Co2), normalized to genomic DNA Rip140 
(Nrip1) via qPCR. 

 

RNA sequencing 

RNA libraries were prepared using 1 µg of total RNA and the TruSeq total RNA Sample Preparation Kit 
version 2.0 Kit (Illumina, San Diego, CA) following the manufacturer's instructions. Approximately 16 
million 75bp single-reads were generated for each sample by the NextSeq Analyzer (Illumina) at The 
Scripps Research Institute (TSRI) DNA Sequencing Facility, and processed and analyzed by the core. 
More than 80% of the reads for each library were effectively mapped to the mouse genome reference 
mm10. Annotation was performed using Partek software (Partek Inc., St Louis, MO).  Data were filtered 
to include only transcripts for which the average number of reads was >40 reads in one condition (WT or 
ERRαγAd-/-, PBS- or CL316,243-treated), to minimize noise. The R Bioconductor package EdgeR 
program was used to determine significantly changed transcripts (DE) between groups (Robinson et al., 
2010). For heat maps, data was log transformed and clustered using Cluster 3 (Stanford University), and 
the visual contrast was set to 2. Minimum and maximum values for each heat map are in the figure 
legends. The differentially expressed genes were subjected to Ingenuity Pathway Analysis (Qiagen, 
Hilden, Germany) to decipher the major biological pathways, networks, and diseases emphasized by the 
significantly deregulated genes (with a p-value < 0.05). 

 

Western Blot Analysis 

Protein was extracted from BAT and ingWAT using RIPA buffer (150 mM NaCl, 1% NP40, 0.5% 
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 50 mM Tris pH 7.5) with protease and phosphatase 
inhibitors [1 M phenylmethylsulfonyl fluoride, 4 l/ml protease inhibitor cocktail P8340 (Sigma), 1 mM 
NaF, 1 mM Na3VO4]. Protein concentration was determined using the Pierce BCA protein assay kit 



(Thermo Scientific). A total of 1-20 µg of protein were subjected to SDS-PAGE and transferred to 
nitrocellulose membrane. Blots were probed using the following antibodies: ERR (ab76228, Abcam), 
ERR [polyclonal serum from rabbits immunized with peptides SNKDRHIDSSC and CSSTIVEDPQTK 
(ERR amino acids 25-35 and 104-115, respectively) and purified for binding to SNKDRHIDSSC], Ucp1 
(ab10983, Abcam), OxPhos complex cocktail (45-8099, Life Technologies), RAN (610340, BD 
Biosciences), Phospho-HSL (ser563; 4139, Cell Signaling), HSL (4107, Cell Signaling), phospho-p38 
MAPK (Thr180/Tyr182; 9211, Cell Signaling), p38 MAPK (9212, Cell Signaling), phospho-ATF2 
(Thr71; 9221, Cell Signaling), ATF2 (20F1; 9226, Cell Signaling), PGC-1α [rabbit polyclonal, affinity 
purified (Olson et al., 2008)], PGC-1β [rabbit polyclonal, affinity purified (Lai et al., 2008)], and α-
tubulin (GTX27291, GeneTex). Protein abundance was quantified using ImageJ and normalized to RAN 
protein or ponceau. 

 

Morphological Analysis of BAT  

For histological and electron microscopy analyses, BAT samples were processed as described previously 
(Villena et al., 2007). For histological analysis, interscapular BAT was dissected clean from white adipose 
tissue and muscle, washed in PBS, fixed overnight in 10% formalin, dehydrated, and embedded in 
paraffin for sectioning. Eight- to 10-um sections were stained with hematoxylin/eosin. For transmission 
electron microscopy, dissected and cleaned interscapular BAT was cut into small pieces (~1mm3), and 
fixed overnight with 2.5% glutaraldehyde / 2% paraformaldehyde in 0.1M phosphate buffer (pH7.4). 
Samples were then washed in 0.1M sodium cacodylate buffer and postfixed for 5h with 1% OsO4 in 
cacodylate buffer. Samples were dehydrated in a graded ethanol series and embedded in Epon/Araldite 
resin overnight. Ultrathin sections were obtained, contrasted with uranyl acetate/lead citrate, and 
examined with a Philips CM100 microscope.  

 

Adrenergic signaling and Lipolysis in primary adipocyte cultures 

Primary brown and white adipocytes were isolated from the interscapular and inguinal adipose depots, 
respectively, from WT and ERRαγAd-/- neonate mice. Briefly, adipose tissue depots were minced and 
digested by shaking for 40 min at 37 °C in isolation buffer containing NaCl (61.5 mM), KCl (2.5 mM), 
CaCl2 (0.65 mM), glucose (2.5 mM), HEPES (50 mM), pen/strep (50 U/ml, 50 µg/ml), 2% w/v BSA, and 
1.5 mg/ml collagenase type I (Worthington). Cells were filtered through a 70 µm cell strainer and plated 
in DMEM (Gibco, Invitrogen Life Technologies) with 25 mM glucose, 20 mM HEPES, 20% Fetal 
Bovine Serum (Gemini Bio-Products) and pen/strep (50 U/ml, 50 µg/ml). Differentiation was induced 
when cells reached confluency. Brown adipocytes were induced with DMEM, 10% FBS, 20 nM insulin, 1 
nM triiodothyronine (T3), 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX), 2 µg/ml dexamethasone (Dex), 
and 0.25 mM indomethacin. Inguinal white adipocytes were induced with DMEM, 10% FBS, 200 nM 
insulin, 0.5 mM IBMX and 0.4 µg/ml Dex. After 2 days, media was replaced with DMEM, 10% FBS, 20 
nM insulin and 1 nM T3 for brown adipocytes, and DMEM, 10% FBS and 200 nM insulin for white 
adipocytes. On day 4 of differentiation, cells were washed once and then incubated for 18 hours in 
starvation media (DMEM, 1% FFA-free BSA). Cells were then treated with either 100 nM 
norepinephrine, 50 nM CL316,243 or vehicle for 10 minutes for signaling studies or 2 hours to measure 
glycerol release. For signaling, protein was isolated in RIPA buffer, and western blotting was performed 
as described above. To measure glycerol release, Free Glycerol Reagent Kit (F6428, Sigma) was used 
following the manufacturer's instructions. Data were normalized to protein content in each well.  

 

 



Lipolysis in BAT explants 

BAT was isolated from WT and ERRαγAd-/- mice and sliced into ~10 mg pieces. Each piece was placed 
in a separate well of a 96-well plate and incubated in DMEM containing 2% FFA-free BSA for 1 hour at 
37 °C, 5% CO2 and 95% humidified atmosphere. Tissues pieces were then transferred to a new plate 
containing fresh DMEM (2% FFA-free BSA) with either vehicle or 1 μM CL316,243, and incubated for a 
further 2 hours. Glycerol content in the media was measured using the Free Glycerol Reagent Kit (Sigma) 
and normalized to the total protein content of each tissue piece. 

 

Statistical Analyses 

Statistical analyses were performed using a student’s t-test when comparing just two datasets, with the 
level of significance set to P < 0.05. For more than two datasets, a two-way ANOVA (Graphad Software) 
was used, followed by a Tukey’s multiple comparisons test, with the adjusted P-value set to P < 0.05. All 
data are presented as mean ± SEM unless otherwise specified.  

 

Data availability 

The RNA-sequencing gene expression data can be found at GEO: GSE104285. 
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