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Brown adipose tissue (BAT) thermogenesis relies on a high abundance of mitochondria and the
unique expression of the mitochondrial Uncoupling Protein 1 (UCP1), which uncouples substrate
oxidation from ATP synthesis. Adrenergic stimulation of brown adipocytes activates UCP1-medi-
ated thermogenesis; it also induces the expression of Ucp1 and other genes important for ther-
mogenesis, thereby endowing adipocytes with higher oxidative and uncoupling capacities. Adi-
pocyte mitochondrial biogenesis and oxidative capacity are controlled by multiple transcription
factors, including the estrogen-related receptor (ERR)�. Whole-body ERR� knockout mice show
decreased BAT mitochondrial content and oxidative function but normal induction of Ucp1 in
response to cold. In addition to ERR�, brown adipocytes express ERR� and ERR�, 2 nuclear receptors
that are highly similar to ERR� and whose function in adipocytes is largely unknown. To gain
insights into the roles of all 3 ERRs, we assessed mitochondrial function and adrenergic responses
in primary brown adipocytes lacking combinations of ERRs. We show that adipocytes lacking just
ERR�, the most abundant ERR, show only mild mitochondrial defects. Adipocytes lacking ERR� and
ERR� also show just mild defects. In contrast, adipocytes lacking all 3 ERRs have severe reductions
in mitochondrial content and oxidative capacity. Moreover, adipocytes lacking all 3 ERRs have
defects in the transcriptional and metabolic response to adrenergic stimulation, suggesting a wider
role of ERRs in BAT function than previously appreciated. Our study shows that ERRs have a great
capacity to compensate for each other in protecting mitochondrial function and the metabolic
response to adrenergic signaling, processes vital to BAT function. (Endocrinology 157: 4770–4781,
2016)

Brown adipose tissue (BAT) generates heat in response
to changes in environmental temperature or diet, in a

process called adaptive thermogenesis. The thermogenic
capacity of brown adipocytes relies on their high mito-
chondrial content and oxidative capacity and the presence
of the mitochondrial inner membrane protein Uncoupling
Protein 1 (UCP1). When activated, UCP1 dissipates the
mitochondrial proton gradient, resulting in rapid sub-
strate oxidation that is uncoupled from ATP synthesis.
BAT thermogenesis is activated in response to cold expo-
sure by the local release of norepinephrine (NE) from sym-
pathetic neurons. NE, via cAMP signaling, stimulates li-

polysis. The released free fatty acids carry dual roles: they
activate the UCP1 protein and fuel substrate oxidation (1).
NE and cAMP also drive the acute induction of transcrip-
tion of genes important for thermogenesis, including
Ucp1, Dio2 (a deiodinase that generates local triiodothy-
ronine), Pgc-1� (a transcriptional coactivator that en-
hances mitochondrial biogenesis and Ucp1 expression),
and Gadd45� (an activator of the p38 MAPK and Ucp1
expression) (2–7). Repeated exposure to cold or chronic
stimulation of �-adrenergic signaling leads to sustained
increases in mitochondrial biogenesis, oxidative capacity
and UCP1 levels, and thereby enhanced brown adipocyte

ISSN Print 0013-7227 ISSN Online 1945-7170
Printed in USA
Copyright © 2016 by the Endocrine Society
Received October 14, 2016. Accepted October 17, 2016.
First Published Online October 20, 2016

Abbreviations: BAT, brown adipose tissue; ERR, estrogen-related receptor; DKO, double
KO; FBS, fetal bovine serum; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenyl-hydra-
zone; GFP, green fluorescent protein; KO, knockout; mtDNA, mitochondrial DNA; NE,
norepinephrine; OCR, O2 consumption rate; OxPhos, oxidative phosphorylation; PPAR,
peroxisome proliferator-activated receptor; RAA, rotenone and antimycin A; RAN, Ras-
related Nuclear protein; SRC, spare respiratory capacity; TCA, tricarboxylic acid; TKO, triple
KO; UCP1, Uncoupling Protein 1; WAT, white adipose tissue; WT, wild type.

O R I G I N A L R E S E A R C H

4770 press.endocrine.org/journal/endo Endocrinology, December 2016, 157(12):4770–4781 doi: 10.1210/en.2016-1767

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/157/12/4770/2758432 by guest on 25 April 2024



thermogenic capacity (1). Conversely, thermoneutral en-
vironments, obesity, and ageing lead to the attenuation of
thermogenic capacity (8, 9). Thermogenically active BAT
protects rodents, and possibly humans, from obesity
and/or obesity-associated metabolic dysfunction (10–14).
Understanding the pathways that generate and maintain
brown adipocyte thermogenic capacity may enable ap-
proaches that counteract obesity and obesity-related
diseases.

The nuclear receptor estrogen-related receptor (ERR)�
(NR3B1) regulates the expression of a broad range of
genes driving mitochondrial biogenesis, the tricarboxylic
acid (TCA) cycle and substrate oxidation and is important
for mitochondrial oxidative function in BAT (15–19).
ERR� whole-body knockout (KO) mice show a decrease
in BAT mitochondrial content and oxidative capacity and
become hypothermic when exposed to cold (17). The
ERR� KO mice show no defects in Ucp1 expression or
cold-induced transcriptional responses in BAT (17), sug-
gesting that ERR� is important for driving the high mi-
tochondrial content rather than the adrenergic-induced
gene expression program. The lack of a role for ERR� in
BAT adrenergic responses is surprising considering that
the transcriptional activity of ERR� is potently stimulated
by the coactivator PGC-1�, which is induced and acti-
vated by adrenergic signaling, and that ERR� itself can
bind and regulate Ucp1 in cultured adipocytes (4, 6, 20–
23). The use of a complete ERR� KO model for deter-
mining the role of ERR� in BAT raises also a few so far
unanswered questions. First, it is not clear whether the
observed phenotype is entirely BAT autonomous and not
impacted by the loss of ERR� in other cell types, such as
sympathetic neurons or endothelial cells that interact with
brown adipocytes. Second, it is possible that functions of
ERR� in the adipocytes are masked by other transcription
factors or signaling regulators that are expressed in BAT
and compensate for the early loss of ERR�.

Besides ERR�, brown adipocytes express lower but sig-
nificant levels of 2 other members of the ERR subfamily,
ERR� and ERR� (7, 24). ERR� has been implicated in the
maintenance of embryonic stem cell pluripotency and the
control of ion homeostasis and cell type-specific functions
in the inner ear and retina (25–27). ERR� has functions
that overlap those of ERR� and ERR�. Similar to ERR�,
ERR� promotes oxidative capacity in skeletal and cardiac
muscle (28–30). Similar to ERR�, ERR� regulates genes
important for ion homeostasis and cell type-specific dif-
ferentiated function in heart, kidney, stomach, skeletal
muscle, and trophoblasts (31–33). All 3 ERRs share nearly
identicalDNAbindingdomains, suggesting theyhave sim-
ilar genomic occupancies when coexpressed; indeed,
ERR� and ERR� bind the same genomic sites in heart (18).

Notably, ERR� and ERR� are closer to each other than to
ERR� in terms of amino acid sequence similarity (partic-
ularly in the N-terminal region and ligand binding do-
mains), their ability to be activated by agonist ligands,
their transcriptional capacity (eg, ERR� and ERR� can
activate genes or programs that ERR� does not, such as
CDH1 and pluripotency), and their regulation by kinases,
such as p38 (7, 34–36). In summary, all 3 ERRs are very
close to each other in sequence and function, suggesting
they are likely to share functions in cells where they are
coexpressed, with ERR� and ERR� sharing some features
that distinguish them from ERR�.

To clarify the roles of the 3 ERRs in brown adipocytes,
we have generated and characterized primary brown adi-
pocytes lacking different combinations of ERRs for their
mitochondrial content, respiratory capacity, and adren-
ergic responses. We show here that the 3 ERRs are not
required for cell survival or the differentiation of preadi-
pocytes to brown adipocytes. The ERRs act in a comple-
mentary and compensatory fashion to control mitochon-
drial biogenesis and oxidative function. Moreover, ERRs
are collectively important for the transcriptional response
to adrenergic stimulation, suggesting a wider role of ERRs
in brown adipocyte function than previously appreciated
based on the ERR� KO mouse model. Our findings show
that the ERRs have overlapping and redundant roles in
protecting core mitochondrial function, which has inter-
esting implications for the potential use of ERR ligands.

Materials and Methods

Isolation and differentiation of primary brown
adipocytes from ERR floxed mice

Mice with floxed ERR alleles were generated at the Mouse
Clinical Institute in Strasbourg, kindly provided by Johan Au-
werx, and described in previous studies (32, 37). CRE-mediated
recombination in each case deletes the second exon of the gene,
which encodes the first zinc finger of the DNA binding domain,
and causes a frameshift, leading to the loss of detectable protein
(32, 37). The ERR floxed mice have been backcrossed to the
C57BL/6JBom background (Taconic Biosciences) more than 10
times, then crossed to each other to produce mice with double
and triple floxed genes. Mice were raised at 22°C on a 12-hour
light, 12-hour dark cycle with free access to food (LM-485; Har-
land Tekland) and water. The Institutional Animal Care and Use
Committee of The Scripps Research Institute approved animal
procedures.

Primary brown adipocyte isolation and differentiation has
been described (7). Briefly, BAT depots were isolated from the
interscapular area of neonate mice, minced and digested by shak-
ing for 40 minutes at 37°C in buffer containing 61.5mM NaCl,
2.5mM KCl, 0.65mM CaCl2, 2.5mM glucose, 50mM HEPES,
50-U/mL penicillin, 50-�g/mL streptomycin, 2% wt/vol BSA,
and 1.5-mg/mL collagenase type I (Worthington). Digestion was
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assessed to be complete when the suspension was cloudy and
remaining tissue fragments were small and limited. Cells were
then filtered through a 70-�m cell strainer, resuspended, and
plated in high glucose DMEM (Gibco; Invitrogen Life Technol-
ogies) with 20mM HEPES, 20% fetal bovine serum (FBS) (Gem-
ini Bio-Products), and 50-U/mL penicillin and 50-�g/mL strep-
tomycin. When cells reached confluency, they were switched first
to induction media (DMEM, 10% FBS, 20nM insulin, 1nM tri-
iodothyronine, 0.5mM 3-isobutyl-1-methylxanthine, 2-�g/mL
dexamethasone, and 0.25mM indomethacin) for 2 days and then
to differentiation media (DMEM, 10% FBS, 20nM insulin, and
1nM triiodothyronine) for 5–6 days.

Generation of ERR KO primary brown adipocytes
To induce recombination of floxed gene loci, primary brown

preadipocytes at 70% confluency were incubated for 16 hours
with green fluorescent protein (GFP)-expressing (control) or

CRE-expressing lentiviruses in media containing 4-�g/mL po-
lybrene (American Bioanalytical). The lentiviruses expressing
GFP or CRE were generated in large batches by transfecting HEK
293T cells with psPAX2 (Addgene 12260), pMD2.G (Addgene
12259), and either pLVTHM (GFP control, Addgene 12247) or
LV CRE pLKO.1 (Addgene 25997), centrifuging the superna-
tants at 25 000 rpm at 4°C for 2 hours, resuspending in 1-mL PBS
per 15-cm plate, aliquoting, and storing at �80°C. Lentiviral
doses were titrated to ones that induced optimal recombination
(typically �95%) in cells with floxed ERR alleles without af-
fecting brown adipocyte differentiation in wild type (WT) cells.
Recombination efficiency of floxed alleles by CRE was deter-
mined by isolating total DNA and quantifying WT alleles by
quantitative PCR, using primers specific to the nonrecombined
genomic region (Table 1). The percent of nonrecombined alleles
was determined by normalizing to the copy number of a control
gene, Nrip1, in the same samples.

Table 1. Oligonucleotide Primer Sequences

PCR primers for quantitation of DNA

mt-CoxII TCTCCCCTCTCTACGCATTCTA ACGGATTGGAAGTTCTATTGGC
Esrra CAGCTTCACCCCACCCTTTT CCTTTGGGCCTGGCACTAAT
Esrrb GCAAGCTGGATTATCTCAGAGCTAAG GGCGGTCCCATCTAAAGTATGATTCC
Esrrg GTTTTAAAGGCCCTTGGTGATCTCGC CTGCAACCCTTGGACTGCCAGAAC
Nrip1 TCCCCGACACGAAAAAGAAAG ACATCCATTCAAAAGCCCAGG

PCR primers for quantitative RT-PCR
Aco2 TCTCTAACAACCTGCTCATCGG TCATCTCCAATCACCACCCACC
Adrb3 CAGCCAGCCCTGTTGAAG CCTTCATAGCCATCAAACCTG
Fabp4/aP2 TGTGTGATGCCTTTGTGGGAACC CTTCACCTTCCTGTCGTCTGCGG
Chchd10 TGCCTTCAGTGGGGGAAAT CAGGGCAGGGAGCTCAGAC
Cidea AAACCATGACCGAAGTAGCC AGGCCAGTTGTGATGACTAAGAC
mt-CoxII TCTCCCCTCTCTACGCATTCTA ACGGATTGGAAGTTCTATTGGC
Cpt1b CTCCGAAAAGCACCAAAACAT AGGCTCCAGGGTTCAGAAAGT
Cycs ATTTCAACCCTTACTTTCCCG CCACTTATGCCGCTTCATGGC
Dio2 CTGCGCTGTGTCTGGAAC GGAGCATCTTCACCCAGTTT
Endog CCACCAATGCGGACTACC AGGCATTCTGGTTGAGGTGT
Esrr� GGAGGACGGCAGAAGTACAAA GCGACACCAGAGCGTTCAC
Esrr� CCGGCCACCAATGAATGT ATCCAGCCGTCGCTTGTACT
Esrr� TCCCCGACAGTGACATCAAA GTGTGGAGAAGCCTGGAATA
Gabp� CCGCTACACCGACTACGATT ACCTTCATCACCAACCCAAG
Gadd45g TTCGTGGATCGCACAATGACT GGACTTTGGCGGACTCGTAGA
Idh3A AGGACTGATTGGAGGTCTTGG ATCACAGCACTAAGCAGGAGG
Ldhb CCAGCAGGAGGGGGAGAGT TGCTTAGGTAGCCCGCTCAG
Lpl AACTTGTGGCCGCCCTGTA TGGACGTTGTCTAGGGGGTAGT
Lxh8 GAGCTCGGACCAGCTTCA TTGTTGTCCTGAGCGAACTG
Nrf1 CCACGTTGGATGAGTACACG CTGAGCCTGGGTCATTTTGT
Pck1 ATCTTTGGTGGCCGTAGACCT GCCAGTGGGCCAGGTATTT
Pdk4 GTTCCTTCACACCTTCACCAC CCTCCTCGGTCAGAAATCTTG
Pgc-1� GGAGCCGTGACCACTGACA TGGTTTGCTGCATGGTTCTG
Pgc-1� AGTGGGTGCGGAGACACAGAT AAAGCTCCACCGTCAGGGACT
Ppara AAGGCTATCCCAGGCTTTGC TTTAGAAGGCCAGGCCGATCTC
Ppar� AGGCCGAGAAGGAGAAGCTGTT TGGCCACCTCTTTGCTCTGCTC
Ppia CAAGACTGAATGGCTGGATG ATGGGGTAGGGACGCTCTCC
Prdm16 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG
Rplp0 CTGTGCCAGCTCAGAACACTG TGATCAGCCCGAAGGAGAAG
Sdhb TACCGATGGGACCCAGACA CGTGTGCACGCCAGAGTAT
Sirt3 TTTCTTTCACAACCCCAAGC ACAGACCGTGCATGTAGCTG
Tfam CAAAGGATGATTCGGCTCAG AAGCTGAATATATGCCTGCTTTTC
Tfb1m ACCGAGGGCTTGGAATGTTA TGGATCAATGTCTGCCAACTGT
Tfb2m TTTGGCAAGTGGCCTGTGA CCCCGTGCTTTGACTTTTCTA
Ucp1 TGGAGGTGTGGCAGTGTTCAT TGACAGTAAATGGCAGGGGAC
Zic1 CTGTTGTGGGAGACACGATG CCTCTTCTCAGGGCTCACAG
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Mitochondrial DNA (mtDNA) content
Total DNA was isolated using TRIzol (Invitrogen) according

to the manufacturer’s protocol. mtDNA was determined by
quantifying the copy number of the mitochondrial gene mt-Co2
(CoxII), relative to the copy number of the nuclear gene Nrip1
(primer sequences in Table 1).

Gene expression
RNA was extracted from cells using TRIzol (Invitrogen) ac-

cording to manufacturer’s protocol and as reported (35). Quan-
titative RT-PCR was performed using gene-specific primers. Rel-
ative mRNA expression was normalized using Rplp0 (36B4) or
Ppia (cyclophilin A) as reference genes. Primer sequences are in
Table 1.

Protein analysis
Whole-cell lysates were prepared using radioimmunoprecipi-

tation assay buffer (150mM NaCl, 1% Nonidet P-40, 0.5% so-
dium deoxycholate, 0.1% sodium dodecyl sulfate, 1mM EDTA,
and 50mM Tris; pH 7.5) with 1�M phenylmethylsulfonyl flu-
oride and 5-�L/mL protease inhibitor cocktail P8340 (Sigma).
Proteins were resolved using SDS-PAGE and detected by West-
ern blotting, using the following antibodies: anti-ERR�

(ab76228; Abcam); anti-ERR� (polyclonal serum from rabbits
immunized with peptides SNKDRHIDSSC and CSSTIVED-
PQTK [ERR� amino acids 25–35 and 104–115, respectively]
and purified for binding to SNKDRHIDSSC); anti-Ucp1 (Ab-
cam); anti-Rt/Ms Total oxidative phosphorylation (OxPhos)
complex mix (Invitrogen Life Technologies); anti-Ras-related
Nuclear protein (RAN) (BD Biosciences); anti-ERR� (ab76228;
Abcam). Protein abundance was quantified using ImageJ and
normalized to RAN protein or Ponceau levels.

O2 consumption assay
O2 consumption rates (OCRs) of primary brown adipocytes

were determined using a Seahorse XFe96 Flux analyzer as pre-
viously described (7). Briefly, adipocytes were trypsinized on day
4 of differentiation (5 d after infection with CRE or GFP lenti-
virus) and plated at 4000 cells/well in a Seahorse 96-well plate.
OCRs were measured 48 hours later. Cells were exchanged to
assay media (DMEM [10569; Invitrogen Life Technologies] sup-
plemented with 143mM NaCl, 10mM glucose, 10mM sodium
pyruvate, 2mM GlutaMAX, and 5mM HEPES buffer; pH 7.4) 1
hour before measuring OCRs. Maximal respiration was deter-
mined after injecting 0.5�M carbonyl cyanide-4-(trifluorome-
thoxy)phenyl-hydrazone (FCCP), and nonmitochondrial respi-
ration was determined after injection of 2�M rotenone and 2�M
antimycin A (RAA). For experiments where differences in num-
bers between WT and KO cells plated were seen, OCRs were
normalized by the average number of adipocytes (lipid droplet
containing cells) in representative wells of each genotype. Basal
respiration was calculated by subtracting the OCR in the pres-
ence of RAA from that of the initial OCR, before addition of
drugs. Maximal respiratory capacity was also corrected by sub-
tracting OCR in the presence of RAA from the OCR in the pres-
ence of FCCP. Space respiratory capacity was determined by
subtracting the basal OCR from the maximal OCR.

Statistical analysis
Data are expressed as the mean � SD or SEM, as indicated,

and were analyzed with a 2-tailed Student’s t test for single vari-
ables. For comparisons between multiple variables, P values
were determined using a two-way ANOVA test, followed by a
Bonferroni analysis.

Results

ERRs are not required for brown adipocyte
differentiation or survival

All 3 ERRs are expressed in BAT and enriched in BAT
vs white adipose tissue (WAT) (Figure 1A). ERR� and
ERR� show the highest BAT enrichment (�10-fold),
whereas ERR� is the most abundant isoform in both BAT
and WAT. The 3 ERRs are also expressed in differentiated
primary brown adipocytes, at levels comparable with
those seen in BAT (Figure 1B), suggesting that these cells
provide a valid model system to define the roles of endog-
enous ERRs for brown adipocyte function. Thus, we gen-
erated brown adipocytes, lacking 1, 2, or all 3 endogenous
ERRs, by isolating primary brown preadipocytes from ne-
onate mice carrying ERR loci flanked by loxP sites, in-
ducing recombination with lentiviruses that express the
CRE recombinase (or GFP, as control), and then differ-
entiating the cells to mature adipocytes (see scheme in
Figure 1C). Expression of CRE led to the efficient and
specific deletion of the floxed ERR exons (Figure 1D). We
chose to focus our study on adipocytes of 3 genotypes: 1)
the deletion of just ERR� alone (ERR� KO), the ERR that
is most abundant in BAT, WAT, and primary brown adi-
pocytes, and most dependent on PGC-1 coactivators for
function (7); 2) deletion of ERR� and ERR� [ERR�/�
double KO (DKO)], the 2 ERRs that have higher sequence
similarity to each other than to ERR�, show highest en-
richment in BAT vs WAT, and are transcriptionally active
in the absence of PGC-1 coactivators (7, 38); and 3) the
simultaneous deletion of all 3 ERRs [ERR triple KO
(TKO)], to gain insights into the collective role of ERRs in
brown adipocytes. In each case, CRE-mediated recombi-
nation led to a greater than 95% reduction in mRNA levels
of the targeted isoform(s) (Figure 1E). In addition, ERR�

mRNA levels were significantly reduced (�4-fold) in
ERR� KO cells, and ERR� mRNA expression was mod-
estly decreased (by 20%) in the ERR�/� DKO cells (Figure
1E). At the protein level, we confirmed the reduced ex-
pression of ERR� and ERR� in cells having deleted ERR�

and/or ERR� alleles, respectively (Figure 1, F–I). The re-
sidual signal in the ERR� Western blottings of DKO and
TKO cells is likely a nonspecific band of similar molecular
weight, given the more than 95% recombination of ERR�

alleles and the more than 20-fold decrease in ERR� mRNA
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levels in these cells (Figure 1, D and E). We were unable to
reliably detect ERR� protein with the currently available
antibodies. Despite the modest decrease of ERR� mRNA,
ERR� protein levels were not significantly decreased in
cells lacking ERR� and ERR� (ERR�/� DKO) (Figure 1,
F and G). ERR� protein levels were also not affected by the
deletion of ERR� (Figure 1, H and I). In summary, we were
able to generate 3 types of adipocytes: ones lacking ERR�

and expressing decreased ERR� mRNA and normal
ERR� levels, ones lacking just ERR� and ERR�, and ones
lacking all 3 ERRs.

ERR� and ERR� have been implicated in adipocyte
differentiation (39, 40). We thus first assessed ERR KO
cells for their ability to differentiate. Morphologically,
cells of all 3 genotypes differentiated efficiently into ma-
ture brown adipocytes with multilocular lipid droplets
(Figure 2A). Cells of all genotypes also expressed compa-
rable levels of adipocyte differentiation markers (aP2
[Fabp4] and peroxisome proliferator-activated receptor �

[Pparg]), brown adipocyte enriched markers (Lhx8,
Pdrm16, and Ucp1), and brown adipocyte-specific mark-
ers (Zic1) (Figure 2B) (41). Some differences were seen in

Figure 1. Generation of primary brown adipocytes lacking ERRs. A, ERR mRNA levels in mouse gonadal WAT and interscapular BAT depots,
expressed as copy number relative to control gene (cyclophilin A [Ppia]). B, ERR mRNA levels in differentiated primary brown adipocytes (1°BA),
expressed as copy number relative to control gene (36B4 [Rplp0]). A and B, Data are expressed as mean � SD (n � 3). Numbers within or above
bars indicate threshold cycle (Ct) values for each gene. C, Scheme depicting generation of primary brown adipocytes with deleted ERRs. D, The
percent of WT (unrecombined) ERR alleles in differentiated adipocytes derived from mice of the indicated genotypes and infected with GFP- or
CRE-expressing lentivirus. Data are expressed as mean � SEM (n � 6–12). E, Expression levels of ERRs in adipocytes generated from the 3
genotypes after infection with GFP- or CRE-expressing lentivirus. Data are expressed as mean � SEM (n � 6–12). F and H, ERR� and ERR� protein
levels in adipocytes of the 3 genotypes compared with levels in WT adipocytes on day 7 of differentiation. G and I, Quantification of Western
blottings, showing ERR� and ERR� protein abundance (expressed relative to RAN levels); *, P � .05; ***, P � .001.
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specific genes (eg, a small decrease in Lhx8 in the TKO),
but these likely reflect specific requirements of ERRs for
the expression of such genes, rather than a general de-
crease in brown adipocyte differentiation, as other mark-
ers were similar or even higher in TKO cells (eg, Prdm16
and Zic1, respectively). In conclusion, ERRs are not re-
quired for the differentiation of brown preadipocytes into
mature adipocytes. Moreover, we did not observe any de-
creases in cell numbers, suggesting that ERRs are not es-
sential for the survival of brown adipocytes.

ERRs act in a complementary manner to regulate
brown adipocyte gene expression

ERR� and ERR� have been shown to affect the expres-
sion of genes important for mitochondrial biogenesis and
function; for many of these genes, ERR� and ERR� bind
directly at ERR response elements near the genes, consis-
tent with them being direct targets (38). Thus, we next
assessed the expression levels of known ERR target genes
whose function is important for mitochondrial oxidative
function. We also assessed the expression levels of genes
that are not known or predicted to be ERR targets (eg,
CoxII, Adrb3) but can give insights into the altered state
of adipocytes lacking ERRs.

Deletion of just ERR� (ERR� KO
cells) led to significant decreases in
the expression of several known
ERR targets (eg, Aco2, Sdhb, Cycs,
Gabp�, Cpt1b, Ppar�, and Ldhb)
(Figure 3) (15–18, 42, 43). Given the
very high levels of ERR� in the adi-
pocytes (Figure 1B), the observed de-
creases seem relatively modest for
some of these genes. In addition, the
levels of some well-characterized
ERR� targets, such as Idh3a, Cidea,
and Pdk4, were not affected by the
loss of ERR� (17, 44–46). Similarly,
deletion of ERR� and ERR�

(ERR�/� DKO) led to modest de-
creases in some ERR targets (eg,
Sdhb, Cycs, Cpt1b, Sirt3, and Pdk4)
but had no effect on many others
(Aco2, Idh3a, Gabpa, Cidea, and
Ldhb) (Figure 3). In contrast, dele-
tion of all 3 ERRs led to significant
and more pronounced decreases of
a broader range of ERR target
genes, suggesting that at many of
these genes, ERR�, ERR�, and
ERR� act together and can par-
tially compensate for each others’

loss (eg, Aco2, Sdhb, Cycs, Cidea, Ldhb, and Pdk4)
(Figure 3).

Deletion of ERRs led to pronounced decreases in genes
involved in several metabolic oxidative pathways, includ-
ing the TCA cycle, OxPhos, and lipid and glucose handling
(Figure 3, A and B). Furthermore, many mitochondrial
regulators important for mtDNA replication and expres-
sion were significantly decreased (Tfam, Tfb2m, Endog,
and Sirt3) (Figure 3C). We also determined the levels of
other nuclear transcriptional regulators that influence ox-
idative metabolism and mitochondrial biogenesis and
found that although ERR TKO cells had modest decreases
in Gabpa, there were no decreases in Nrf1, Pgc-1�, or
Pgc-1� (Figure 3D). For all pathways, ERR� had a more
prominent role than ERR� and ERR�; however, cells lack-
ing all ERRs had the most pronounced gene expression
defects.

Besides the expected decreased expression of known
ERR targets, we observed that the expression of specific
genes harboring ERREs, such as Pck1 and Pgc-1�, was
enhanced in cells lacking ERRs, and in particular in cells
lacking ERR�, consistent with ERR� acting as a repressor
at such genes, as has been reported for Pck1 in hepatocytes
(Figure 3, B and D) (47, 48). Moreover, we found that the

Figure 2. ERRs are not required for the differentiation of preadipocytes into mature brown
adipocytes. A, Representative bright-field images of WT and ERR KO primary brown adipocytes
on day 7 of differentiation. B, Relative mRNA levels in WT and ERR KO primary brown adipocytes
on day 7 of differentiation. Data are the mean � SEM (n � 5–12) and expressed relative to the
levels of each gene in WT cells; *, P � .05; ***, P � .001. Numbers within bars indicate
threshold cycle (Ct) values for each gene in the WT control brown adipocytes. The Ct values of
the brown adipocyte markers Lhx8, Zic1, Prdm16, and Ucp1 were more than 35 in differentiated
3T3-L1 cells, consistent with very low to undetectable expression of these genes in white
adipocytes.
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expression of other genes that have been described as ERR
targets, such as Pgc-1�, was not affected by the deletion of
ERRs, suggesting their regulation in brown adipocytes is
driven by factors other than ERRs (Figure 3D) (47, 49).

Finally, we assessed the expression of other genes
whose function is important for brown adipocyte func-
tion, and in particular for the ability of adipocytes to re-
spond to adrenergic stimulation, such as Dio2, Adrb3, and
Gadd45�. The levels of Dio2, which encodes the type II
iodothyronine deiodinase and drives the local generation
of bioactive T3, were decreased in the triple ERR KO adi-
pocytes, suggesting that Dio2 is an ERR target (Figure 3E).
The expression levels of the �3-adrenergic receptor Adrb3
and the signaling regulator Gadd45� were modestly up-
regulated in the same cells, consistent with the ERR KO
adipocytes having intact adrenergic signaling (Figure 3E).

In summary, the gene expression studies showed a com-
plex pattern of dependency of ERR targets on different
ERR isoforms; some ERR target genes were dependent on
ERR�, the most abundant ERR isoform in these cells,
whereas many genes showed significant and pronounced
decreases only when all 3 ERRs were deleted. ERRs were
clearly not required for brown adipocyte specification,
because the expression of Adrb3, Pgc-1�, and Pgc-1�

(typically high in these cells) was either not affected or in
some cases increased.

ERRs drive collectively brown adipocyte
mitochondrial biogenesis and oxidative capacity

The decreased expression of TCA cycle, OxPhos, and
mitochondrial biogenesis genes (Figure 3) suggests that

adipocytes lacking ERRs have decreased mitochondrial
content and oxidative function. Indeed, the ERR TKO
cells had a significant reduction in the mitochondrial ge-
nome copy number, when compared with WT control
cells (Figure 4A). Interestingly, neither the ERR� KO nor
the ERR�/� DKO had reduced mitochondrial genome
content, suggesting the ERRs functionally compensate for
each other in maintaining mtDNA. Similarly, the protein
content of all 5 OxPhos complexes was dramatically re-
duced in the ERR TKO adipocytes, with close to 10-fold
losses for some of the complexes (eg, complexes I and IV)
(Figure 4, B and C). Cells lacking just ERR� or ERR�/
ERR� showed more modest, although significant, reduc-
tions in some of the OxPhos complexes (Figure 4, B and
C).

To determine the functional consequences of changes in
mitochondrial content or composition, we next measured
the oxidative capacities of mature ERR KO adipocytes.
Despite the reduction in mitochondrial gene expression
and protein content, adipocytes lacking either ERR�

alone or ERR�/ERR� together, showed no decreases in
basal or maximal (ie, in presence of the uncoupler FCCP)
OCRs (Figure 4D and Supplemental Figure 1, A and B). In
contrary, ERR� KO cells had an unexpected, modest but
reproducible and significant increase in their maximal
OCR (Figure 4D and Supplemental Figure 1A). Adi-
pocytes lacking all 3 ERRs were the only ones that showed
a significant and dramatic defect in oxidative capacity
(Figure 4D and Supplemental Figure 1C); although their
basal respiration rate was unchanged, their maximal res-

Figure 3. ERRs act in a complementary manner to regulate brown adipocyte gene expression. A–E, Relative mRNA levels in WT and ERR KO
primary brown adipocytes on day 7 of differentiation. Data are the mean � SEM (n � 5–12) and expressed relative to the levels of each gene in
WT cells. Mitochondrial (C) and nuclear (D) regulators refer to genes important for mitochondrial biogenesis and acting in the mitochondria or
nucleus, respectively; *, P � .05; **, P � .01; ***, P � .001, compared with WT cells; #, P � .05, compared with ERR TKO cells.
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piration rate was significantly reduced. Consequently, the
spare respiratory capacity (SRC) of ERR TKO cells was
just 42% of that seen in WT control cells (Figure 4D).
Altogether, these data show, first, that the 3 ERRs are
collectively important for brown adipocyte mitochondrial
oxidative capacity, and second, that the different ERR
isoforms can act largely redundantly with each other to
preserve oxidative capacity.

Loss of ERRs impairs the transcriptional response
of brown adipocytes to adrenergic signaling

Adrenergic stimulation of brown adipocytes induces
the expression of genes important for thermogenesis and
enhances cellular oxidative capacity. To assess the possi-
ble role of ERRs in the acute transcriptional response to
adrenergic stimulation, primary brown adipocytes were
treated with NE for 4 hours. Although the expression lev-

els of the ERRs themselves did not
change in response to acute NE treat-
ment (Supplemental Figure 1D), ac-
tivators of the ERRs, Pgc-1� and
Gadd45�, were strongly induced in
WT cells (Figure 5A), as previously
reported (4, 7). NE also induced the
expression of Ucp1, Dio2, and Pdk4
in WT cells (Figure 5A). In the TKO
cells, the induction by NE was se-
verely blunted for Ucp1, Dio2, and
Pdk4 and moderately reduced for
Pgc-1�. The induction of Gadd45�

was not decreased, suggesting that
the ERR TKO adipocytes retain NE
signaling but lose the induction of
specific NE-regulated targets. Look-
ing at the contribution of the differ-
ent ERR isoforms in the NE-induced
acute responses, neither ERR� KO
nor ERR�/� DKO adipocytes
showed pronounced defects, except
for a modest decrease in the induc-
tion of Ucp1 in ERR�/� DKO cells
(Figure 5A).

Next, we asked how the ERRs af-
fected UCP1 protein levels. Despite
having similar Ucp1 mRNA levels in
basal conditions, both ERR� KO
and ERR TKO cells showed unex-
pectedly higher UCP1 protein levels
(Figure 5, A–C). UCP1 protein was
further increased by NE in all KO
cells, but the fold increase and the
significance of the increase were
compromised in ERR TKO cells.

ERR�/� DKO cells showed a similar induction of UCP1
protein levels by NE as in WT cells (P � .08 in DKO and
0.02 in WT cells) (Figure 5, B and C), despite the reduced
induction of Ucp1 at the transcriptional level (Figure 5A).

Finally, to determine the ability of the cells to remodel
their mitochondrial capacity in response to an energetic
demand we challenged the adipocytes with NE overnight.
Overnight NE treatment of WT cells led to an approxi-
mately 25% increase in the SRC (maximal minus basal
OCR) (Figure 5D), without having a consistent impact on
the basal respiration rate (Supplemental Figure 1E), sug-
gesting that WT cells remodel their mitochondrial func-
tion in response to adrenergic stimulation. The ERR TKO
cells were defective in this response; their already low SRC
did not increase after overnight exposure to NE (Figure
5D). Both the ERR� KO and the ERR�/� DKO cells

Figure 4. ERRs collectively control mitochondrial abundance and oxidative capacity of brown
adipocytes. A, Relative mitochondrial genome content in WT and ERR KO primary brown
adipocytes. Data are the mean � SEM (n � 10–12). B, OxPhos complex protein levels in WT and
ERR KO primary brown adipocytes on day 7 of differentiation. C, Quantification of Western
blottings, showing indicated OxPhos complex abundance, after normalization to RAN levels. Data
are from 2 separate experiments and are the mean � SD (n � 4). D, OCRs of WT and ERR KO
primary brown adipocytes measured by Seahorse flux analysis on day 6 of differentiation. Data
are the mean � SEM (n � 12–24 from 2 or more experiments); *, P � .05; **, P � .01; ***,
P � .001.
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showed reduced SRCs after NE treatment, compared with
WT cells, but neither defect was as dramatic as the one seen
in TKO cells (Figure 5D). Taken together, these data in-
dicate that the ERRs are important for NE-induced cel-
lular adaptations, both the acute transcriptional induction
of genes and the increase in mitochondrial oxidative
capacity.

Discussion

The capacity of ERRs (and in partic-
ular ERR�) to drive the expression of
genes important for oxidative me-
tabolism has been demonstrated in
earlier studies (15, 16, 18, 38, 50).
The current study shows that in cells
coexpressing multiple ERR iso-
forms, such as primary brown adi-
pocytes, the different ERRs act in a
highly complementary fashion to
control mitochondrial biogenesis
and cellular oxidative capacity.
Moreover, in addition to the ex-
pected effects of deletion of ERRs on
mitochondrial content and function,
we find that ERRs are important for
the transcriptional and metabolic re-
sponse of brown adipocytes to ad-
renergic stimulation. Our findings
underscore the importance of a col-
lective cell-autonomous role of
ERRs for mitochondrial oxidative
capacity in brown adipocytes and
highlight that new roles of ERRs can
become apparent by the deletion of
multiple ERR isoforms.

Dufour et al first demonstrated
that cardiac ERR� and ERR� have
similar genomic DNA occupancies,
suggesting that the 2 ERRs target the
same genes and have largely overlap-
ping functions (18). According to
this view, the relative levels of ERRs
in different cell types are likely to de-
termine their relative contribution to
the expression of ERR targets. In
BAT and cultured brown adipocytes,
ERR� is the most abundant ERR iso-
form at the mRNA level, as well as
the one ERR that is readily detected
at the protein level by multiple anti-
bodies. ERR� has also been shown
to be important for BAT mitochon-
drial content and thermogenic func-

tion in vivo (17). Consequently, it was somewhat surpris-
ing that deletion of ERR� alone in primary brown
adipocytes caused only mild decreases in expression of
ERR targets, and no loss of mtDNA content or oxidative
capacity, whereas deletion of all 3 ERRs caused dramatic
defects at all levels (Figures 3 and 4). Notably, ERR� KO

Figure 5. Loss of ERRs impairs the transcriptional and cellular response to adrenergic
stimulation. A, Relative mRNA levels in WT and ERR KO adipocytes treated for 4 hours with or
without 0.1�M NE on day 7 of differentiation. Data are normalized to the levels of each gene in
WT cells treated with NE (set at 100) and are expressed as the mean � SEM (n � 5–9). B, UCP1
protein levels in WT and ERR KO cells treated with 0.1�M NE for 18 hours, collected on day 7 of
differentiation. Blots shown are representative of 2 experiments. C, Quantification of Western
blottings, showing UCP1 protein levels normalized to RAN or protein abundance determined by
Ponceau staining. Data are expressed relative to the levels of UCP1 in WT cells treated with NE
(set at 1) and are the mean � SD (n � 2–3). D, SRC of WT and ERR KO cells treated with 0.1�M
NE for 16 hours, measured on day 6 of differentiation. Data are the mean � SEM (n � 13–15);
*, P � .05; **, P � .01; ***, P � .001 compared with similarly treated WT; #, P � .05; ##, P �
.01; ###, P � .001 compared with control (no NE) cells of the same genotype.
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cells show significant decreases in ERR� expression, sug-
gesting that ERR� is sufficient to maintain the mtDNA con-
tent and oxidative capacity in these cells. Similarly, ERR�

alone is capable of supporting brown adipocyte oxidative
function in ERR�/� DKO adipocytes, highlighting the re-
dundancy of ERR� and ERR� for mitochondrial function.

The lack of a detectable decrease in oxidative capacity in
ERR� KO brown adipocytes is also surprising when consid-
ering the decreases in the mRNA levels of at least a few im-
portant TCA cycle and OxPhos genes and in the protein
levels of OxPhos complexes I, II, and IV (Figures 3 and 4).
This finding suggests that the levels of the genes and protein
complexes affected by ERR� are not rate limiting for max-
imal oxidative capacity in cultured brown adipocytes and
that the rate limiting factors (eg, possibly substrate supply to
mitochondria) are not affected by the single deletion of
ERR�. It also implies that even though we did not detect
decreases in the oxidative capacity of ERR� KO cells, there
may be situations, particularly in vivo, where OxPhos ex-
pression levels are rate limiting and loss of ERR� alone com-
promises cellular oxidative capacity.

The BAT depot of whole-body ERR� KO mice shows
decreased mtDNA content and oxidative capacity (17), rais-
ing the question of why these defects are not seen in ERR�

KO cells. Beyond the reasoning presented above, ie, that dif-
ferent factors may be rate limiting under different physio-
logical states, there are other possible explanations. First,
whole-body ERR� KO mice also have a decrease in BAT
ERR� and ERR� levels (see Ref. 17 and our unpublished
data), thus potentially behaving more similarly to triple ERR
TKO adipocytes. Second, the loss of ERR� function in other
cell types (eg, neurons or endothelial cells) may impact BAT
activity and contribute to the decreased oxidative and ther-
mogenic capacity in the whole-body ERR� KO mice. A sim-
ilar phenomenon is seen in whole-body ERR� KO mice,
which have cardiac defects that are not seen in mice with just
cardiac-specific loss of ERR� (29–31). Interestingly, com-
bining the cardiac-specific loss of ERR� with a whole-body
ERR� KO leads to severe defects in cardiac mitochondria,
oxidative metabolism, and function, suggesting that ERR�

and ERR� carry complementary roles in the heart, like in
brown adipocytes (29). Lastly, some of the differences ob-
served between the current study and the whole-body ERR�

KO model may be the consequence of the timing of ERR
deletion. Here, ERR� is deleted just before adipocyte differ-
entiation, whereas in the KO mouse ERR� is missing
throughout development.

ERR� and ERR� have also been implicated in the con-
trol of adipogenesis. ERR� KO animals have reduced
white adipose depots (51) and suppression of ERR� or
ERR� in mesenchymal cells and 3T3-L1 preadipocytes
impairs adipogenesis (39, 40, 52). However, we see no

defects in brown adipocyte differentiation, even when all
3 ERRs are deleted. One possible explanation is that ERRs
are needed for early commitment stages of adipogenesis,
and that brown preadipocytes isolated from neonatal BAT
no longer require ERRs for differentiation. Alternatively,
because white and brown adipocytes are derived from dif-
ferent lineages, it is possible that ERRs are required for the
differentiation of myf5� but not myf5� derived adi-
pocytes (53). Future work with mesenchymal cells isolated
from ERR floxed mice can clarify the specific roles of
ERRs in adipogenesis.

BAT thermogenic function relies on high mitochon-
drial oxidative capacity but also on the levels and activity
of UCP1 (1). The roles of ERRs for regulating UCP1 ex-
pression appear complex. The induction of Ucp1 mRNA
by NE is partially dependent on ERRs, consistent with
previously described transcriptional roles of ERRs at this
gene (7, 23, 24). However, the defect in transcriptional
induction at the mRNA level is counterbalanced by an
unexpected increase of UCP1 at the protein level. The in-
crease in UCP1 protein is most prominent in ERR� KO
cells but also seen in ERR TKO adipocytes. A possible
explanation for these findings is that although ERRs ac-
tivateUcp1 transcription, theyalsoactivate the expression
of a currently unknown gene that suppresses UCP1 at a
posttranscriptional level (eg, at the level of translation or
protein stability). Ultimately, what matters the most for
thermogenesis is UCP1 activity and not just protein levels.
We did not observe dramatic changes in the percentage of
uncoupled basal respiration, except for a decrease in un-
coupling in ERR TKO adipocytes treated overnight with
NE (Supplemental Figure 1F). However, measurements of
uncoupled respiration in intact cells are confounded by
factors other than UCP1 (54). Future experiments with
permeabilized cells, which allow control of substrate
availability and the use of UCP1 activators and inhibitors,
will better clarify the effects of ERRs on UCP1 activity.

Besides the defects in mitochondrial oxidative path-
ways and transcriptional responses to NE, ERR TKO
brown adipocytes showed greatly altered expression of
genes important for lipid and glucose handling, (eg, Ppara,
Cidea, Cpt1b, Pck1, and Ldhb), suggesting additional cel-
lular metabolism defects. Future studies will be needed to
define the roles of ERRs for lipolysis, lipid oxidation and
reesterification, and glycolysis. Furthermore, although the
current study focuses on the collective, common role of
ERR isoforms for mitochondrial oxidative function, it is
possible that the 3 ERRs act in an isoform-specific manner
to control other genes and cellular functions, as seen in
other cell types (32, 35, 36). Even among the commonly
regulated mitochondrial function genes, there are subtle
differences on how they are affected by ERRs. Loss of
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ERR� and ERR� affected the basal levels of Pdk4, mito-
chondrial complexes II and V, and the induction of Ucp1
by NE, whereas loss of ERR� led to the increased expres-
sion of select genes (Pck1 and Pgc-1�) and a modest but
reproducible increase in the maximal OCR (Figures 3 and
4). The ability of ERR� to repress target genes has been
previously reported and may reflect the interaction of
ERR� with corepressors (48, 55). Finally, the 3 ERR iso-
forms may still carry distinct physiological roles by being
activated by distinct signals, and thus being active in dif-
ferent contexts. ERR� and ERR� are transcriptionally ac-
tive in cells where ERR� shows no transcriptional activity,
suggesting ERR� and ERR� can integrate different signals
(7). It is becoming increasingly clear that BAT is activated
by a multitude of signals besides NE (56); some of these
signals may be relayed by select ERR isoforms.

The coexpression of all 3 ERRs in BAT may help protect
vital oxidative functions. The ERRs are also coexpressed in
other cell types that rely on high oxidative capacity, such as
cardiomyocytes, type I skeletal myofibers, and kidney cells
(57). The capacity of ERRs to functionally compensate for
each other in such cell types may present interesting thera-
peutic windows for the application of ERR selective inhibi-
tors, such as ERR� inverse agonists that restrict tumor
growth (58, 59). Tumor-suppressive ERR� selective inhibi-
tors may have no harmful effects in tissues with high energy
demandsthatexpressandareprotectedbyERR�andERR�.
Furthermore, ERR�/� agonists used in combination with
ERR� inverse agonists may boost the protective function of
ERR� and ERR� and enhance therapeutic benefits of ERR�

inhibition. The overlapping and isoform-specific functions
ofERRsmay thereforehave important implicationsnotonly
for BAT thermogenic capacity but also for the use of ERR
ligands in cancer treatment.
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