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NCOA1 is a gatekeeper of the sexually
dimorphic thermogenic activity of white
adipose tissue

Mounia Tannour-Louet1,2,9 , Didier F. Pisani 3, Hichem Bouguerra1,
Alycia Zedda1, Marine Bourcier1, Noura Lamghari1, Nadine Gautier4,
Benoit Chaput5, Elodie Riant6, Anne Bouloumié 6, Emilie Montastier6,7,
Nathalie Viguerie 6,7, Dominique Langin 6,7,8, Ez-Zoubir Amri4,
Pierre Gourdy6,7, Jean-François Tanti 1, Mireille Cormont1 &
Jean-François Louet 1,9

Premenopausal women preferentially store fat in subcutaneous depots, which
provides protection against cardiometabolic disease. Their white adipose tis-
sue also exhibits a more thermogenic, brown-like profile compared with that
of men, yet the mechanisms underlying this sex-specific benefit remain
unclear. Here, we show thatNuclear ReceptorCoactivator 1 is highly expressed
in human subcutaneous fat, with further induction during the conversion of
white to beige adipocytes and in response to caloric restriction. Loss of
Nuclear Receptor Coactivator 1 in subcutaneous adipocytes revealed a cell-
autonomous role in promoting beiging by directly regulating the thermogenic
factor Uncoupling Protein 1 and sex-dependent mitochondrial gene networks
activated by cold and adrenergic stimulation. Acting together with GATA
binding protein 3, it establishes elevated basal thermogenic tone in female
subcutaneous fat. Female mice lacking this coregulator progressively devel-
oped obesity and glucose intolerance, and a male-like fat distribution, with
increased visceral fat and reduced beige adipocytes. These findings identify
Nuclear Receptor Coactivator 1 as a sex-specific determinant of adipose tissue
remodelling and female metabolic resilience.

Several key aspects of energy homeostasis and metabolic regulation
that contribute to susceptibility to the etiology of obesity-related
cardiometabolic diseases, such as type 2 diabetes (T2D), are differen-
tially regulated between women and men1–4. For example, clear sex
differences have been reported in body composition, fat distribution,
and utilization of carbohydrates and lipids as energy fuels5,6. Indeed,

whilewomen have a higher percentage of total fatmass thanmen,who
have proportionally more muscle and lean mass, it has been reported
that metabolically healthy premenopausal women tend to store fat in
subcutaneous sites, particularly the gluteofemoral region, in contrast
to the preferential fat deposition in visceral areas in men1,4,7,8. Impor-
tantly, such sex differences inmetabolic traits translate into significant
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sex-specific health benefits, as youngwomen are protected against the
development of visceral obesity and associated metabolic complica-
tions, compared to men of the same age, whereas older post-
menopausal women are at higher risk of developing visceral obesity
and insulin resistance, leading to an increased incidence of T2D and
cardiovascular disease5,9. However, themolecular networks underlying
sexually dimorphic metabolic imprints and their health benefits
remain largely elusive. Identifying the hubs responsible for the selec-
tive cardiometabolic protection of females could likely provide effec-
tive sex-based therapeutic interventions against metabolic disorders.

Adipose tissue plays a central role in the regulation of energy
balance andmetabolic homeostasis. White adipose tissue (WAT) is the
primary site of triglyceride storage and release, and brown adipose
tissue (BAT) contains specialized thermogenic cells that are essential
for the regulationof body temperature andenergy balance10,11. It is now
well established that healthy adult humans possess active BAT, loca-
lized in small depots, at various anatomical sites (supraclavicular,
cervical, paravertebral, suprarenal, pericoronary, and thoracic
periaortic)12–15. BAT activity is inversely correlated with body mass
index (BMI) and decreases with age, while whitening of brown adipo-
cytes is promoted by a high-fat diet and ageing16–18. Subsequently,
islands of brown-like adipocytes were identified within mammalian
WAT depots, upon cold exposure or β3 adrenergic receptor stimula-
tion. These adipocytes, termed brite (brown-in-white) or beige adi-
pocytes, are also thermogenic19,20. The beiging process is associated
with the induction of UCP1 (uncoupling protein 1), the key thermo-
genic player located in the inner mitochondrial membrane, as well as
the presence of multilocular lipid droplets and a high density of
mitochondria in adipocytes. Further studies have shown that human
BAT is composed of both classic brown adipocytes and beige adipo-
cytes, depending on the anatomical location21–25. From a clinical per-
spective, the robust capacity of beige adipocytes to burn not only
lipids but also carbohydrates, as revealed by human positron emission
tomography (PET) scans, could be considered as a promising ther-
apeuticmeans to clear excess glucose and triglycerides from theblood
of patients in pathological situations, such as T2D, obesity, and car-
diovascular disease26,27.

Interestingly, rodent studies suggest that females have a greater
ability to induce beiging in the WAT than males. Brown areas in the
perigonadal fat pads were first described in female mice28 and a clear
sex dimorphism in the activity of beige / brite islandswas subsequently
noted29–31. In humans, women exhibit amore brown-like adipose tissue
profile within their WAT depots than men of the same age12,16,32,33. The
aim of the present study was to identify molecular players involved in
the sex-selective regulation of WAT remodeling, with a focus on the
beiging process that occurs preferentially in subcutaneous fat of
women and in female mouse models. Here, we show that the tran-
scriptional coregulator Nuclear Receptor Coactivator 1 (Ncoa1) is a
driver of this process, contributing to sex-specific adaptations in per-
ipheral energy use and the fine-tuning of metabolic networks that
protect females against age-related metabolic dysfunction.

Results
Human NCOA1 is highly expressed in female subcutaneous fat
and increases with caloric restriction and beige adipocyte
differentiation
To identify the molecular players capable of mediating the beneficial
metabolic effects that occur specifically in the subcutaneous white
adipose tissue (SAT) of metabolically healthy women, we first inter-
rogated data obtained from subcutaneous fat biopsies from non-
diseased female donors of the Genotype-Tissue Expression (GTEx)
project (n = 218; median age: 52.5 years)34, with a particular focus on
transcriptional coregulators known to regulate large hierarchical sets
of genes35–37. Interestingly, the coactivator NCOA1 showed the highest
expression levels among the major coregulators with established key

roles in WAT and/or BAT function, including PRDM16 (PR/SET domain
16)38,39, NRIP1 (nuclear receptor interacting protein 1)40, PPARGC1A
(peroxisome proliferator activated receptor gamma coactivator 1
alpha)41, PPARGC1B (peroxisome proliferator activated receptor
gamma coactivator 1 beta)42,43 and the other twomembers of the p160
coregulator family, NCOA2 and NCOA344–46 (Fig. 1a). Concurrently, a
similar transcriptional profile with a predominant expression level of
NCOA1 was also found following interrogation of a distinct human
transcriptome carried out on an independent collection of SATs iso-
lated from non-diabetic, non-obese premenopausal women (n = 12;
median age: 43.8 + /− 1.9 years; median BMI: 26.0 + /− 1.5 kg/m2)
(GSE11376447) (Fig. 1b). Interestingly, the same finding was not
observed in human liver, another major metabolic tissue (Fig. S1a),
thus suggesting the possibility of a selective effect of NCOA1 on SAT.

As the SAT is a complex tissue entity comprising numerous
distinct cell types11,48, we examined the mRNA levels of the same set
of coregulators, in mature adipocytes isolated from the SAT of pre-
menopausal (n = 7; median age: 31.4 + /− 1.6 years; median BMI:
26.0 + /− 1.2 kg/m2) and metabolically healthy postmenopausal
women (n = 6; median age: 58.8 + /− 1.6 years; median BMI: 27.8 + /−
0.8 kg/m2) (Fig. S1b), enrolled in the ADIPENDO study
(NCT0267282649). In all female subjects, regardless of their meno-
pausal status, NCOA1 gene expression levels remained the highest,
compared to all other key metabolic transcriptional coregulators
tested (Fig. 1c). We also observed significantly higher expression of
NCOA1 in metabolically healthy postmenopausal women compared
with premenopausal women (Fig. 1c). Similarly, gene expression of
NCOA2 and NCOA3, the other two members of the same family of
transcriptional coactivators as NCOA1, was also found to be higher in
metabolically healthy postmenopausal females than in pre-
menopausal women (Fig. 1c).

To further evaluate the potential influence of NCOA1 on women’s
metabolic health, its gene expression was analyzed in SAT biopsies
from another cohort of obese, non-diabetic women (n = 93; median
age: 42.0 + /− 0.62 years; median BMI: 34.5 + /− 0.5 kg/m2) from the
Diet Obesity and Genes (DiOGenes) study, a pan-European, multi-
center, randomized, controlled dietary intervention trial
(NCT0039063750). Participants underwent an 8-week low calorie diet
(LCD = 800 kcal/day), followed by a 6-month weight control diet
(CD)50. Genome-wide transcriptomic analysis (RNAseq) was performed
on SAT biopsies before (basal) and after the LCD diet, then after the
follow-up diet (CD)51. As originally described, the LCD had a significant
effect on BMI in obese women, with a clear beneficial metabolic
adjustment on HOMA-IR and total cholesterol levels (Fig. S1c).
Importantly, we found a significant increase inNCOA1 gene expression
after LCD (Fig. 1d), with no difference for other coregulators such as
NCOA2, NCOA3 and PPARGC1B (Fig. 1e). Concurrently, the gene
expression of the master regulator of adipogenesis, PPARG (peroxi-
some proliferator activated receptor gamma) decreased after LCD
(Fig. 1f), whereas the brown/beige adipocyte-associated gene, CPT1B
(carnitine palmitoyltransferase 1B) was upregulated (Fig. 1g). We fur-
ther observed a significant inverse correlation between NCOA1 and
PPARG expression (Fig. 1h), independent of dietary interventions
(Fig. S1d), while no clear correlation was found for NCOA2, NCOA3 or
PPARGC1B (Fig. S1e). Conversely, a positive correlation was detected
between NCOA1 and CPT1B expression (Fig. 1i), whereas NCOA2 and
NCOA3 were inversely correlated with CPT1B (Fig. 1i) and PPARGC1B
was not correlated with CPT1B (Fig. S1f). In support of these observa-
tions from the DiOGenes study, upregulation of UCP1 and CPT1B was
also found in adipocytes from the SAT of metabolically healthy post-
menopausal women from the ADIPENDO cohort compared to those
from the SAT of premenopausal women (Fig. 1j). This finding is in line
with that previously reported for NCOA1 (Fig. 1c), and confirms the
close positive association between NCOA1 and key beiging players in
distinct cohorts. Interestingly, in the non-diabetic obese men of the
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DiOGenes study (n = 46; median age: 43.3 ± 0.94 years; median BMI:
33.96 ± 0. 63 kg/m²), the SAT gene expression profile of NCOA1
(Fig. S1g), as well as the correlation patterns between NCOA1 and
PPARG or CPT1B within the same fat depot (Fig. S1h), were remarkably
similar to those observed in the SAT of non-diabetic women from the
DiOGenes cohort. These findings provide compelling evidence sup-
porting our previous observations regarding NCOA1 and the human
SAT biology. Taken together, our results suggest a potentially impor-
tant role for the coregulator NCOA1 in controlling the molecular
adaptation of SAT, facilitating the transition from white adipocytes
specialized for lipid storage to thermogenic adipocytes associated
with enhanced beta-oxidation capacity.

To further substantiate the positive association between NCOA1
abundance and the beiging program,we next used humanmultipotent

adipose-derived stem cells (hMADS), derived from the umbilical fat
pad of a 31-month-old healthy female donor52 and induced their dif-
ferentiation into beige adipocytes, as indicated by UCP1 gene upre-
gulation (Fig. S1i). During the activation of the beige adipogenic
program, a potent rise in NCOA1 gene expression was observed over
time (Fig. 1k), mimicking the profile of the incremental transcriptional
escalation of key coregulators of adipogenesis such as PPARGC1A,
PPARGC1B and PRDM16 (Fig. 1k), whose absolute levels of gene
expression, however, remained much lower than those of
NCOA1 (Fig. 1k).

Finally, humanadipose tissue stromal vascular fraction (SVF) cells,
obtained from abdominal subcutaneous adipose tissue of three non-
obese female donors, were differentiated into white or beige
adipocytes53,54. The induction of NCOA1mRNA levels was higher upon

Fig. 1 | HumanNCOA1 is enriched in subcutaneous fat ofmetabolically healthy
women and increases upon caloric restriction and beige adipocyte differ-
entiation. a Heat map of RNAseq analysis of subcutaneous adipose tissue (SAT)
from female GTEx donors (n = 218;median age: 52.5 years). Data in TPM (Transcript
Per Million). b Heat map of RNAseq analysis of SAT from non-diabetic, non-obese
premenopausal women (n = 12; median age: 43.8 ±1.9 years; BMI 26.0 ±1.5 kg/m²).
Dataset: GSE113764. Data in FPKM (Fragments Per Kilobase Million). c qRT-PCR of
metabolic coregulators in adipocytes from gluteofemoral SAT of premenopausal
(n = 7; median age: 31.4 ±1.6 years; median BMI: 26.0 ±1.2 kg/m²) and metabolically
healthy postmenopausal women (n = 6; median age: 58.8 ±1.6 years; median BMI:
27.8 ±0.8 kg/m²) enrolled in ADIPENDO (Clinical trial: NCT02672826). Relative
mRNA levels were normalized to ACTB and expressed as fold increase vs. ESR1. For
premenopausal SAT, *** indicates p =0.92e-6 for NCOA1 vs. NCOA2; p = 6.28e-6 for
NCOA1 vs. NCOA3; p = 5.01e-6 for NCOA1 vs. PPARGC1A; p = 5.19e-6 for NCOA1 vs.
PPARGC1B; and p = 4.08e-6 forNCOA1 vs. PRDM16. d - g RNAseq of SAT from female

donors of the DiOGenes cohort (n = 93) at baseline, after an 8-week low-calorie diet
(LCD; 800 kcal/day), and following a 6-month weight control diet (CD). Violin plots
showingmedian andquartiles forNCOA1 (d), forNCOA2,NCOA3, and PPARGC1B (e),
forPPARG (f), and for the beige adipocytemarkerCPT1B (g).hPearson’s correlation
of NCOA1 and PPARG mRNA in SAT biopsies from all dietary groups of the DiO-
Genes cohort (n = 279). Two-tailed p values are reported. i Pearson’s correlation of
NCOA1, NCOA2, NCOA3 with CPT1B in SAT biopsies from all dietary groups of
DiOGenes (n = 279). Two-tailed p values are reported. j qRT-PCR ofUCP1 and CPT1B
in mature adipocytes from gluteofemoral SAT of premenopausal (n = 7) and post-
menopausal (n = 6) women in ADIPENDO. k qRT-PCR of annotated genes during
beige differentiation of hMADS cells over 14 days (n = 3 independent experiments,
eachperformed in triplicates). lGeneexpression ofNCOA1,UCP1,NCOA2,NCOA3 in
beige adipocytes derived from human SAT stromal vascular fraction from 3 female
donors. Unpaired two-sided t-test was used for panels (c–g) and (j–l). Data are
presented as mean±SEM. Source data provided as a Source Data file.
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differentiation into beige adipocytes than into white adipocytes
(Fig. 1l). This occurred concomitantly with upregulation of the key
thermogenic gene UCP1 (Fig. 1l). No significant change was observed
for NCOA2 and NCOA3 expression (Fig. 1l). Taken together, our
observations in human biological samples suggest that NCOA1 has
great potential to play a role in human white adipocytes, with a plau-
sible involvement in the beiging process.

Ncoa1 activity exerts cell-autonomous control over energy dis-
sipation during beiging, primarily by regulating the key ther-
mogenic marker Ucp1 in a sex-selective manner
To further investigate the nature of the putative influence of Ncoa1 on
the white-to-brown adipocyte conversion, we used SVF cells of SAT
isolated from 16 to 20-week-old female Ncoa1 knockout (Ncoa1 KO)
mice or their sex-matched wild-type (WT) littermates. Cells were
treated with appropriate white or beige differentiation cocktails and
then exposed to the beta-adrenergic agonist isoproterenol to fully
activate the beiging transcriptional program. White adipocyte differ-
entiation of SVF from Ncoa1 KO mice proceeded normally compared
with WT, as evidenced by the transcriptional response of genes
encoding the isoform 2 of peroxisome proliferative-activated receptor
gamma (Pparg2) and the lipid droplet-associated protein perilipin 1
(Plin1) in Ncoa1 KO adipocytes, compared with WT cells (Fig. S2a).
However, the expression of several key genes involved in beiging,
including carnitine palmitoyltransferase 1b (Cpt1b), iodothyronine
deiodinase 2 (Dio2), phosphoenolpyruvate kinase (Pepck), pyruvate
dehydrogenase kinase isozyme 4 (Pdk4), peroxisome proliferative
activated receptor alpha (Ppara), and pparg coactivator 1 beta
(Ppargc1b), was significantly reduced after beige adipocyte differ-
entiation of the SVF from Ncoa1 KOmice compared with WT controls,
notably under conditions not supplemented with isoproterenol
(Fig. 2a and S2b, c). An even greater drop in mRNA levels, compared
with those of WT cells, was observed for the key thermogenic player,
Ucp1, in the absenceof Ncoa1, particularly during beiging (Fig. 2b). The
transcriptional decline of Ucp1 expression in beige adipocytes lacking
Ncoa1, was fully confirmed at the protein level, by Western blot ana-
lysis (Fig. 2c). When beige differentiation was performed over time
using isoproterenol, Ucp1 protein levels were found to be strongly
diminished in the absence of Ncoa1 (Fig. 2d). Assessment of global
oxygen consumption in the same cellular model of primary mouse
adipocytes (Fig. 2e–h), revealed a clear reduction in uncoupled energy
dissipation in Ncoa1 KO beige adipocytes, compared with differ-
entiated beige WT cells (Fig. 2g), confirming the apparent defect in
Ucp1 activity, in the absence of Ncoa1. Since both the transcriptional
regulation and the activity of Ucp1 are known to be controlled by free
fatty acids, which areprimarily released by lipolysis during beiging, the
observed reduction in Ucp1 activity could possibly have resulted from
a defect in lipolysis in Ncoa1 KO adipocytes. However, analysis of
glycerol levels, in the presence or absenceof isoproterenol, showedno
difference between WT and Ncoa1 KO white or beige adipocytes
(Fig. S2d). Concurrently, using Seahorse-based bioenergetics analysis,
we found that the full respiratory activity ofNcoa1KObeige adipocytes
was significantly reduced, comparedwith that ofWT cells (Fig. 2h).We
therefore examined the transcriptional profiles of key genes involved
in mitochondrial activity. Structural mitochondrial genes, such as
Timm23 and Tomm20, had similar expression levels in Ncoa1-null
adipocytes, compared with WT cells (Fig. 2i). Consistently, the mito-
chondrialmass, assessed bymitochondrial DNA analysis, was similar in
Ncoa1 KO and WT beige adipocytes (Fig. S2e). This suggests that the
absence of Ncoa1 had no effect on global mitochondrial biogenesis. In
contrast, mRNA levels of genes involved in the mitochondrial
respiratory chain complexes, such as cytochrome c oxidase subunit 5B
(Cox5b), cytochrome c oxidase subunit 8B (Cox8b) and cytochrome C
(Cycs) and genes involved in the TCA cycle such as citrate synthase
(Cs), were significantly lower in Ncoa1-deficient adipocytes, compared

with those of WT cells, specifically during the beiging adaptation
(Fig. 2i). At the protein level, a significant reduction of all the five
respiratory chain complexes was observed during beiging of Ncoa1 KO
adipocytes (Fig. 2j, k), highlighting the key cell-autonomous tran-
scriptional action of Ncoa1 in controlling mitochondrial function and
respiratory chain complex activity. We next decided to test whether
the same cell-autonomous effects of Ncoa1 depletion could be
observed in male subcutaneous adipocytes. Following adipocyte dif-
ferentiation of SVF cells isolated from the SAT of 16- to 20-week-old
male Ncoa1 KO mice or their sex-matched WT littermates, we found
that Ncoa1 deletion had no significant effect on Ucp1 gene expression
or protein activity after beige conversion (Figs. S2f–h). Similarly, the
expression of other key thermogenic genes, including Cpt1b, Pepck,
and Plin5, remained unchanged (Fig. S2i).

To further substantiate the sex-specific, cell-autonomous role of
Ncoa1 in regulating thermogenic gene expression in differentiated
SVF-derived adipocytes,we systematically profiled apanel of canonical
thermogenic genes (Ucp1, Cidea, Cpt1b, Pepck, Dio2, Ppara, Ppargc1a,
and Ppargc1b) across both sexes and genotypes. To more effectively
induce thermogenic differentiation, we applied a higher concentration
of isoproterenol (10 µM; Iso), simulating the robust thermogenic acti-
vation observed in vivo. Under these conditions, Ucp1 expression was
consistently and significantly reduced in Ncoa1 KO female adipocytes
across all stimulatory settings (white + Iso, beige + vehicle (control),
and beige + Iso) relative toWT female cells (Fig. S2j). In contrast, Ncoa1
KO male adipocytes exhibited no reduction in Ucp1 expression com-
pared to WT males (Fig. S2j). Similarly, several other thermogenic
genes (Cidea, Cpt1b, Pepck, Dio2, Ppara, and Ppargc1b) were sig-
nificantly downregulated in Ncoa1 KO female adipocytes, particularly
under beige + Iso conditions (Fig. S2j). By comparison, Ncoa1 KOmale
adipocytes showed either no significant changes or increased
expression of select thermogenic genes, including Ucp1 (white + Iso)
and Cidea (Beige ± Iso) (Fig. S2j), suggesting possible compensatory or
competitive regulatory mechanisms.

Collectively, these findings provide strong additional support for
a sex-dependent, cell-autonomous role of Ncoa1 in orchestrating the
thermogenic transcriptional program in subcutaneous beige
adipocytes.

Ncoa1 activity controls the transcriptional program of WAT
beiging, by regulating the expression levels of key mitochon-
drial genes, in a sex-selective manner
To consolidate our cellular findings, we decided to pharmacologi-
cally induce WAT beiging in vivo, using systemic administration of
the β3 agonist CL316,243 in 16- to 20-week-old Ncoa1 KO and WT
mice of both sexes. Unbiased RNAseq analysis of the SAT from
treated (CL316,243) or untreated (NaCl) animals was further used to
obtain a clear picture of the role of the coregulator Ncoa1 in the
transcriptional gene orchestration of the beiging program in both
sexes. Importantly, our transcriptomic data strongly suggested that
Ncoa1 influences the beiging program in bothmales and females, but
with an apparent sex bias and a greater effect in females (Fig. 3a–f).
Indeed, the total number of differentially expressed genes (DEGs) in
response to CL316,243 in Ncoa1 KO versus WT SAT, particularly the
downregulated ones that would likely reflect a loss of function in
beiging, was significantly greater in females than in males (570 vs
420, respectively) (Fig. 3a, d). Volcano plots of DEGs and principal
component analysis (PCA) confirmed the differences between the
sexes (Fig. 3a, d, S3a). In females, KEGG pathway enrichment analysis
of downregulated SAT genes in response to CL316,243 revealed a
robust effect of Ncoa1 on thermogenesis (q value = 1.07e-32; rich
factor = 0.22) and, more selectively, on oxidative phosphorylation (q
value = 5.22e-32; rich factor = 0.29), the two pathways being known to
play crucial roles in beiging in vivo (Fig. 3b). Gene set enrichment
analysis (GSEA) strongly confirmed our KEGG findings (Fig. 3c). In
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contrast, the top affected KEGG pathways in Ncoa1 KO males, fol-
lowing β3 agonist administration, differed from those in females of
the same genotype, and included fatty acid degradation (q
value = 5.95e-6; rich factor = 0.19), carbon metabolism (q
value = 6.59e-6; rich factor = 0.10) and fatty acid metabolism (q
value = 8.27e-6; rich factor = 0.16) (Fig. 3d–f). In contrast to females,
oxidative phosphorylation was not significantly impaired in male
Ncoa1 KO mice (q value = 0.074; rich factor = 0.05), and thermo-
genesis was only moderately affected (q value = 0.022; rich factor =
0.05) (Fig. 3e, f).

To further define the sex-specific, cell-autonomous role of Ncoa1
in regulating the beige adipocyte transcriptional program, we inves-
tigated mitochondrial gene responses to β3-adrenergic stimulation
both in vivo and in vitro. In subcutaneous fat from Ncoa1 KO females
treated with CL316,243, we observed a broad and significant

downregulation of nuclear-encoded genes across all five oxidative
phosphorylation complexes: Complex I (Ndufa3, Ndufa7, Ndufb7,
Ndufb9), Complex II (Coq8a, Coq9, Sdhb), Complex III (Uqcr10, Uqcr11),
Complex IV (Cox6a1, Cox8b), and Complex V (Atp5d, Atp5e, Atp5o),
relative to WT females (Fig. 3g). This repression extended to key
mitochondrial regulators including Phb1, Phb2, Bola3, and Polrmt
(Fig. 3h), as well as genes encoding mitochondrial ribosomal subunits
(e.g., Mrpl34, Mrpl42, Mrpl10, Mrpl16, Mrpl38, Mrpl58 and Mrps21,
Mrps7, Mrps18b) (Fig. 3h, S3b-c) and other key genes involved in
mitochondrial protein translation and maintennance of cristae junc-
tions (e.g. TUFm and Chchd10 respectively) (Fig. S3f). Notably, these
CL316,243-dependent transcriptional responses were more robust in
WT female SAT than inWTmale SAT, and this sex differencewasnearly
abolished in the absence of Ncoa1, implicatingNcoa1 as a keymediator
of female-specific mitochondrial gene activation in subcutaneous fat.

Fig. 2 | Cell-autonomous regulation of beiging by Ncoa1 through control of
Ucp1 expression and activity. a qRT-PCR analysis of annotated genes in white or
beige adipocytes differentiated from stromal vascular fraction (SVF) cells of sub-
cutaneous adipose tissue (SAT) of 16–20-week-old female Ncoa1 KO andWT mice,
under basal conditions (Ctrl) or after 1μM isoproterenol (Iso, 2 h). n = 3 biological
replicates per condition were used. b qRT-PCR analysis of Ucp1 in white or beige
adipocytes from SAT SVF of Ncoa1 KO andWTmice, with or without isoproterenol.
n = 3 biological replicates per conditionwere used. cWestern blot analysis of Ucp1
protein levels in white or beige adipocytes fromSAT SVF of Ncoa1 KO andWTmice,
in Ctrl or Iso conditions. Two biological replicates were loaded for each condition
on the same blot. Plin1 was used as a loading control. This was repeated n = 3
independent times with similar results. d Western blot monitoring Ucp1 protein
accumulation kinetics after Iso treatment in beige adipocytes from Ncoa1 KO and
WTmice. Amidoblack staining served as a loading control. This was repeated n = 3
independent times with similar results. e Representative Seahorse experiments

assessing oxygen consumption rate (OCR) in white or beige adipocytes from SAT
SVF of WT and Ncoa1 KO mice. Cells were sequentially exposed to Iso, oligomycin
(Oligo; ATP synthase inhibitor), FCCP (uncoupler), and rotenone (Rot) + antimycin
A (Ant; electron transport inhibitors). n = 10 – 11 biological replicates per condition.
This was repeated twice independently with similar results. f–h Quantification of
basal, uncoupled, and maximal respiration from Seahorse data in (e). i qRT-PCR of
genes involved in mitochondrial function in white or beige adipocytes from SAT
SVFof 12-week-old female Ncoa1KOandWTmice, inCtrl and Iso conditions. n = 3
biological replicates per condition were used. j Western blot analysis of proteins
from the fivemitochondrial complexes in beige adipocytes fromNcoa1 KO andWT
mice, with or without Iso. Amidoblack served as the loading control. Two biological
replicates were loaded for each condition on the same blot. This was repeated 2
independent times with similar results. kQuantification ofWestern blot in (j) using
Image Lab 5.0. Data represent mean±SEM. Unpaired two-sided t-test was applied
for panels a, b, e–i, and k. Source data provided as a Source Data file.
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To demonstrate that these effects are cell-autonomous, we profiled a
subset of these sexually dimorphic genes in SVF-derived adipocytes
differentiated under white and beige conditions. The sex-biased
expression observed in vivo was faithfully recapitulated in vitro, with
higher expression in WT female beige adipocytes compared to WT
male beige fat cells (Fig. S3d). Consistent with in vivo findings, Ncoa1
deletion selectively impaired the induction of these genes in female
beige adipocytes, but not in males, further supporting a sex-specific,
cell-autonomous role for Ncoa1 in coordinating mitochondrial gene
programs during beige adipocyte differentiation.

At the histological level, hematoxylin and eosin staining of SAT
depots from CL316,243-treated WT animals revealed large areas of
brown-like remodeling with small multilocular adipocytes, whereas
female and male Ncoa1 KO mice showed obvious defects in adipose
tissue browning (Fig. 3i). The lack of WAT remodeling in response to

CL316,243 in Ncoa1-deficient conditions, was fully confirmed at the
molecular level, as the β3 agonist-dependent expression of Ucp1 was
drastically impaired in Ncoa1 KOmice of both sexes, at the mRNA and
protein levels (Fig. 3j–l and Fig. S3e). Importantly, a key observation
was made for Ucp1 and two other major beiging genes, Cidea and
Cpt1b, which showed distinct sex-specific profiles of their basal mRNA
levels as well as different amplitudes of transcriptional responses to
CL316,243. Indeed, WT females exhibited higher mRNA levels of Ucp1,
Cidea and Cpt1b genes under basal conditions (i.e., NaCl), compared
with those seen in WT males (Fig. 3k, m), and subsequently showed a
lower amplitude of transcriptional response to CL316,243 than WT
males. The absence of Ncoa1 in females, under basal conditions,
resulted in a drastic decrease in the basal mRNA levels of Ucp1, Cidea,
and Cpt1b, compared with those of WT female littermates (Fig. 3k, m),
highlighting the critical role of Ncoa1 in controlling the basal levels of

Fig. 3 | Ncoa1 contributes to CL316,243- and cold-induced beiging of sub-
cutaneous fat via sex-selective mechanisms. a Volcano plot and total number of
differentially expressed genes (DEGs) in SAT of female Ncoa1 KO vs. WT mice
treated with CL316,243 (CL), analyzed by DESeq2 (log2FC ≥0.25; q ≤0.05). n = 4
animals per group, except for females WT NaCl, Ncoa1 KO NaCl, and Ncoa1 KO CL:
n = 3 per group. b KEGG pathway enrichment bubble plot of downregulated genes
in femaleNcoa1KOvs.WTmice afterCL treatment. Bubble size indicates numberof
genes, color indicates Q-value, and rich factor represents DEG proportion per
pathway. c Gene set enrichment analysis (GSEA) plots showing thermogenesis
(KEGG:04714; top) and oxidative phosphorylation (KEGG:00190; bottom) in SAT of
female Ncoa1 KO vs. WT mice treated with CL. d Volcano plot of DEGs in SAT of
male Ncoa1 KO vs. WT mice after CL treatment (DESeq2, log2FC ≥0.25; q ≤0.05).
n = 4 males per group. e KEGG pathway enrichment bubble plot of downregulated
SAT genes in male Ncoa1 KO vs. WT mice after CL treatment. f GSEA plots of
thermogenesis and oxidative phosphorylation in SAT of male Ncoa1 KO vs. WT
mice after CL. g, h Expression of genes encoding proteins of the respiratory chain

complexes (g) and mitochondrial proteins (h) in SAT of male or female Ncoa1 KO
andWTmice treated with CL or vehicle (NaCl). n = 4 animals per group, except for
females WT NaCl, Ncoa1 KO NaCl, and Ncoa1 KO CL: n = 3 per group.
i Representative H&E staining of SAT fromWT and Ncoa1 KOmice treated with CL
or NaCl. Scale bar: 100μm. jHeatmap of thermogenic gene expression in SAT from
male and female WT and Ncoa1 KOmice treated with CL or NaCl. n = 4 animals per
group, except for females WT NaCl, Ncoa1 KO NaCl, and Ncoa1 KO CL: n = 3 per
group. k Ucp1 mRNA levels in SAT from female and male WT and Ncoa1 KO mice
after 7 days of CL or NaCl. n = 4 animals per group, except for females WT NaCl,
Ncoa1 KO NaCl, and Ncoa1 KO CL: n = 3 per group. l Representative Ucp1 immu-
nohistochemistry in SAT from male and female WT and Ncoa1 KO mice after CL.
Scale bar: 200 μm.m RNAseq analysis of beiging genes (Cidea, Cpt1b) in SAT from
male and female WT and Ncoa1 KOmice treated with CL or NaCl. n = 4 animals per
group, except for females WT NaCl, Ncoa1 KO NaCl, and Ncoa1 KO CL: n = 3 per
group. Values represent mean±SEM. Data analyzed by two-way ANOVA with Fish-
er’s LSD test in panels g, h, k, and m. Source data provided as a Source Data file.
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key endogenous genes of beiging in females. In contrast, the latter
observation could not be made in males under basal conditions, as
Ucp1, Cidea and Cpt1b mRNA levels in Ncoa1 KO males were all nearly
undetectable, as inWTmalemice (Fig. 3k,m and Fig. S3e). Inmales, the
effect of Ncoa1 on the mRNA levels of these three beiging genes could
only be measured under conditions of β3 agonist administration,
where Ncoa1 depletion resulted in a marked reduction in the tran-
scriptional response to CL316,243, compared with that seen in treated
WT male littermates (Fig. 3k, m).

To further support our observations, cold room challenges were
carried out to induce thermogenesis in vivo in a more physiological
manner than β3-agonist administration (CL316,243). Thus, we were
able to reproduce all our previous results, againwith a strong impact of
Ncoa1 depletion on the SAT thermogenesis genetic program, in a sex
selective manner (Fig. S3g–j). In contrast, the expression of genes
involved in BAT thermogenesis was only moderately reduced in Ncoa1
KO mice compared to WT mice, in both sexes (Fig. S3i). Interestingly,
however, Fgf21 gene expression in BAT showed greater induction in
female Ncoa1 KO mice than in female WT mice, with no significant
difference observed between male Ncoa1 KO and WT mice (Fig. S3i).
This result is consistent with the fact that Fgf21 is amitokine known for
its role in fine-tuning inter-organ metabolic communication, which
may be activated in mouse models of mitochondrial dysfunction to
induce energy expenditure and promote beiging compensation55.

Ncoa1 maintains elevated basal expression levels of key players
of beiging in female subcutaneous WAT
Since our main objective was to unravel the molecular nodes
responsible for the female-selective protection in metabolism and
energy dissipation, we aimed to dissect the mechanisms underlying
the marked sex-specific influence of Ncoa1 on the basal transcrip-
tional activity of key beiging genes in SAT depots (Fig. 3k, m and
Fig. S3g). We therefore searched our transcriptomic data for differ-
ences in gene signatures in SAT between female and male WT mice,
under basal conditions (i.e., NaCl administration). Interestingly,
under these conditions, without CL316,243 stimulation, PCA analysis
confirmed a clear sexual dimorphism (Fig. 4a). The number of dif-
ferentially expressed genes in the SAT of WT animals was also dif-
ferent, with 1590 genes being more highly expressed in females than
in males, whereas 1230 genes showed a higher expression in males
than in females (Fig. S4a). KEGG enrichment analysis revealed that,
among the genes with higher expression inWT females, the fatty acid
elongation program was the most significantly enriched (q
value = 6.1e-4; rich factor = 0.325). In addition, the oxidative phos-
phorylation (q value = 0.0078; rich factor = 0.16) and thermogenesis
(q value = 0.05; rich factor = 0.125) gene programs were found to be
significantly enriched inWT females compared toWTmales (Fig. 4b).
In contrast, genes with higher expression in WT males included sets
of genes with common cellular functions, such as ribosome biogen-
esis or cell cycle action (Fig. 4c). In the case of Ncoa1 KO animals,
differential analysis of SAT transcriptomic data between females and
males under basal conditions (NaCl) revealed a lower total number of
DEGs than that observed when comparing dimorphic genes in WT
mice (Fig. S4a, b). Furthermore, in Ncoa1 KO females exposed to
control conditions (NaCl), the top KEGG pathways did not belong to
any of the metabolic networks that were strongly affected in WT
females, namely oxidative phosphorylation (q value = 0.99; rich fac-
tor = 0.013), thermogenesis (q value = 0.99; rich ratio = 0.008) or the
fatty acid elongation program (q value = 0.90; rich ratio = 0.075)
(Fig. 4b and S4c), confirming the high specificity of the transcrip-
tional action of Ncoa1 in maintaining the constitutive expression of
these three metabolic pathways in females.

To further evaluate the sex-specific control of Ncoa1 on the con-
stitutive transcriptional program of beiging within the SAT depot, we
examined the expression levels of genes of the top enriched KEGG

pathway showing sexual dimorphism in WT animals, namely the fatty
acid elongase family (Elovl1-7) (Fig. 4d). As expected, four of the seven
members of the family, i.e., Elovl 3, 5, 6 and 7, showed significantly
higher expression in WT females, under basal conditions (NaCl),
compared with age-matched WT males, with Elovl3 and Elovl6 dis-
playing the most striking sex differences (Fig. 4d). However, the
dimorphic pattern of the constitutive expression was completely lost
in Ncoa1 KO females, as Ncoa1 deletion in females drastically reduced
the basal mRNA levels of Elovl3 and Elovl6, compared to WT females,
but had no effect on males (Fig. 4d). The amplitude of the CL316,243-
dependent transcriptional response of Elovl6 and Elovl3 was sub-
stantially higher in WT males, compared with age-matched WT
females, due to their low basal mRNA levels (Fig. 4d).

To capture the precise molecular sequences orchestrated by
Ncoa1 in controlling the constitutive expression of key genes of bei-
ging in the female SAT depot, we focused our analysis on the major
marker of beiging, Ucp1. We carried out transient transfections of the
well-characterized minimal promoter (-3750/ + 490 bp) of the Ucp1
gene into cells. A strong induction of the transcriptional activity of the
Ucp1 reporter gene occurred following co-transfection with Ncoa1, in
the absence of any ligand or exogenous inducer (Fig. 4e). This tran-
scriptional response was significantly greater than that obtained with
Ppargc1a (alias Pgc1α), a well-established coactivator of Ucp1 (Fig. 4e).
Furthermore, by transfecting different DNA sequences of the Ucp1
promoter, we were able to localize the Ncoa1 responsive sequence in
the very proximal part of theUcp1 promoter (-502 / + 490 bp), strongly
supporting an effect of Ncoa1 on the basal activity of the Ucp1 gene
(Fig. S4d).

Since no significant sexual dimorphism in Ncoa1 gene expression
was observed in human SAT (Fig. S4e) and mouse SAT (Fig. S4f), we
searched for potential sex-biased candidates that could act in concert
with Ncoa1 to specifically control basal expression of the Ucp1 gene in
female subcutaneous adipocytes. Knowing that Ncoa1 preferentially
interacts with nuclear receptors to control selective target genes45, we
first examined the gene expression profiles of the entire family of
nuclear receptors, including well-characterized sex steroid transcrip-
tion factors such as estrogen receptor alpha (encoded by Esr1) or β
(encoded by Esr2) and androgen receptor (encoded by Ar). We
observed no expression of Esr2 in the SAT depot, no sexual
dimorphism for Ar and only a modest twofold difference between the
sexes for Esr1 (Fig. S4f). None of these factors were regulated by Ncoa1
or induced by CL316,243 (Fig. S4f). No major differences were
observed for any member of the nuclear receptor family known to be
important for SAT functions (Fig. S4f–g), except for Ppara, which
showed moderately higher levels of gene expression in females com-
pared to males (Fig. S4f). Extending our search to other transcription
factors, we finally found an interesting sex-biased candidate, Gata3,
whose basal gene expression in the SAT was higher in WT female mice
than in WT male mice (Fig. 4f), and whose action in beiging has been
reported in vivo56. To further characterize the molecular mechanism
underlying the actions of Ncoa1 and Gata3 on basal thermogenesis
gene activity, we first showed that Gata3 was able to induce the
proximal promoter of Ucp1 (Fig. 4g), by acting synergistically with the
coactivator Ncoa1 to functionally drive the basal transcription of Ucp1
gene (Fig. 4h). Furthermore, we found that in fully differentiated adi-
pocytes, Ncoa1-dependent induction of Ucp1 gene expression was
significantly reduced by selective knockdown of Gata3 gene expres-
sion (Fig. S4h). Co-immunoprecipitation assays demonstrated the
physical presence of Gata3 in Ncoa1 protein complexes (Fig. S4i).
Finally, chromatin immunoprecipitation (ChIP) experiments per-
formedon SATdeposits fromWTmice confirmed the co-occupancyof
Ncoa1 and Gata3 on the proximal promoter of the endogenous Ucp1
gene specifically in females and not in males (Fig. 4i) and successfully
demonstrated the in vivo physical colocalization of Ncoa1 with Gata3
on this promoter (Fig. S4j). Interestingly, in the SAT of female Ncoa1
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KO mice, Gata3 binding was drastically reduced but not abolished
(Fig. 4i), confirming the dynamic role of these two transcriptional
actors in their mutual in vivo binding to the proximal Ucp1 promoter.
Concurrent analysis of the human GTEx data revealed higher expres-
sion of the humanGATA3 gene in the SAT of women compared tomen
(Fig. 4j), with no significant difference in the visceral WAT (VAT)
(Fig. 4j). The gene expression profiles of human GATA3 detected in
mature adipocytes isolated from the SAT of premenopausal and
menopausal women from the ADIPENDO study (NCT0267282649),
were similar to those observed for human NCOA1, with very similar
mRNA levels (Fig. S4k). In femaleWTmice, Gata3 gene expression was
markedly lower in the BAT than in the SAT, with near-zero expression
in the BAT of male WT mice (Fig. 4k). We then decided to check
whether the chromatin organization of the endogenous Gata3 pro-
moter region in SAT could explain the marked dimorphic expression

of this transcription factor. In particular, using ATAC-seq profiling of
SAT from WT mice, we found that the proximal region of Gata3 pro-
moter displayed amore accessible chromatin conformation in females
than in males (Fig. 4l), providing a molecular explanation for Gata3
marked dimorphic expression in the subcutaneous fat depot. While
the overall distribution of open chromatin regions across the genome
appears to be very similar in SAT from female and male WT mice
(Fig. S4l), the total number of peaks was twice as high in SAT from
females as in SAT frommales (Fig. S4l), demonstrating a significant sex
difference in the overall accessibility of chromatin in the SAT.

Finally, to confirm the physiological relevance of our observa-
tions, the effect of Ncoa1 deletion on global energy expenditure was
assessed in vivo using indirect calorimetry in 16- to 20-week-old male
and female mice. Interestingly, the absence of Ncoa1 resulted in a
modest but significant decrease in energy expenditure in females

Fig. 4 | The sex-selective basal transcriptional activity of the beiging process in
subcutaneous WAT is under Ncoa1 control. a PCA of differentially expressed
genes (DEGs) in SAT of WT females (n = 3) vs. WTmales (n = 4) under basal (NaCl)
conditions. b, c KEGG pathway enrichment bubble plots of DEGs in SAT of WT
mice under basal conditions, comparing females (n = 3) vs. males (n = 4). Genes
upregulated inWT females (b) andWTmales (c). d RNAseq expression analysis of
Elovl family genes in SAT of Ncoa1 KO and WT mice (n = 4 animals per group,
except for females WT NaCl, Ncoa1 KO NaCl, and Ncoa1 KO CL: n = 3 per group).
e Luciferase assays monitoring the transcriptional activity of the Ucp1 promoter
(− 3750 / + 490 bp) in HeLa cells co-transfected with Ncoa1 and the indicated
coregulators. Data are mean of 3 independent experiments, each performed in
triplicates. f RNAseq expression analysis of Gata family genes in SAT of Ncoa1 KO
and WT mice (same n as in (d)). g, h Luciferase assays monitoring the effect of
Gata3 and Ncoa1 on Ucp1 promoter activity. Data are mean of 3 independent
experiments, each performed in triplicates. iChIP assay showingNcoa1 andGata3
binding to the proximalUcp1promoter in SATofWTorNcoa1 KO females andWT

males. Data are mean of 3 independent experiments performed in 2 to 4 repli-
cates. j GATA3 expression (RNAseq) in SAT and VAT from GTEx donors: women
(SAT: n = 218; VAT: n = 170) and men (SAT: n = 445; VAT: n = 371). Data are in TPM
(Transcript Per Million). k qRT-PCR analysis of Gata3 expression in SAT and BAT
of female and male WT and Ncoa1 KO mice (n = 4 per group). l ATAC-seq at the
Gata3 locus in both sexes (n = 2 WT mice per sex). Left: genome browser tracks;
Right: average peak quantification.m–r Energy expendituremeasured by indirect
calorimetry during day (white) and night (gray) in WT and Ncoa1 KO mice:
females (WT: n = 4; KO: n = 6) (m–o), and males (WT: n = 5; KO: n = 6) (p–r).
s Locomotor activity (total 24 h distance) in 12-month-old KO vs. WT mice:
females (KO: n = 7;WT:n = 5) andmales (KO:n = 6;WT:n = 4). tBodyweight ofWT
(n = 5 mice per sex group) and Ncoa1 KO mice (females n = 7 and males n = 5).
Values are mean ±SEM. Two-way ANOVA with Fisher’s LSD test was applied
(panels d, f); unpaired two-sided t-test used for panels e, and g–t. Source data
provided as a Source Data file.
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compared to their WT female littermates (Fig. 4m–o), but no notice-
able effect was observed in males (Fig. 4p–r), except for a slight, non-
significant increase at night (Fig. 4p). Locomotor activity and body
weight in 16- to 20-week-old Ncoa1 KO animals remained unchanged in
both sexes (Fig. 4s, t).

Female Ncoa1 KO mice are overweight and exhibit a male-like
profile of WAT, with a fat distribution in visceral depots and a
marked decrease in beiging
To investigate whether sex-specific effects of Ncoa1 might be asso-
ciated with variations in more global metabolic traits such as body
weight and/or fat mass, we first monitored the body weight of female
and male Ncoa1 KO and WT mice over a 12-month period. The mice
were fed regular chow diet ad libitum and were housed at 22-24 °C, to
maintain steady activation of the beiging program in WAT depots. At
12months of age, female Ncoa1 KOmice, but notmale mice, exhibited
a net increase in their body weight, compared with age-matched WT
female littermates (Fig. 5a, b). Next, we analyzed the whole body

composition of 12-month-old female Ncoa1 KO and WT mice of both
sexes, using quantitativemagnetic resonance imaging (MRI). Amarked
increase in total fat mass was observed in female Ncoa1 KO mice
compared to age-matched WT females, with no change in male mice
between genotypes (Fig. 5c). In contrast, lean mass was unchanged in
both sexes and genotypes (Fig. 5c). Advanced micro-computed
tomography (micro-CT) imaging revealed that the increase in fat
mass in female Ncoa1 KO mice was essentially due to a marked accu-
mulation of fat in the VAT (Fig. 5d, f), suggesting a potential role for the
coactivator Ncoa1 in fat distribution in vivo. As expected from ourMRI
data, no differences were observed in male mice (Fig. 5g, h). Histolo-
gical analysis of VAT from Ncoa1 KO females did not reveal any sig-
nificant change in adipocyte size (Fig. S5a–c), whereas the expression
of key adipogenic genes such as peroxysome proliferator receptor
gamma (Pparg), fatty acid binding protein 4 (Fabp4) and glucose
transporter 4 (Glut4) was upregulated, as assessed by qRT-PCR
(Fig. S5d), suggesting that the increase in total fat volume was
mainly due to adipocyte hyperplasia. In contrast, in the SAT of 12-

Fig. 5 | A male-like profile of WAT in female Ncoa1 KO mice, characterized by
visceral fat redistribution and reduced beiging. a Body weight gain of 12-month-
old female (n = 8 / genotype) andmale (n = 12 / genotype)Ncoa1 KOmice compared
with sex-matchedWT littermates.bBodyweight of 12-month-old female (n = 8) and
male (n = 12) WT and Ncoa1 KO mice (left) and representative image of 12-month-
old female WT and KOmice (right). cMRI quantification of fat and leanmass in 12-
month-old female (WT: n = 4; Ncoa1 KO: n = 4) andmale mice (WT: n = 4; Ncoa1 KO:
n = 5).dX-ray CT imagesof fatmass (orange) in 12-month-old femaleWT (n = 6) and
Ncoa1 KO (n = 7) mice. Sagittal 3D reconstructions at L2/L4 and L5/S1 and long-
itudinal images fromL1 to S4are shown. e, fX-ray CTquantification of SAT andVAT
in 12-month-old female WT (n = 6) and Ncoa1 KO (n = 7) mice. g, h X-ray CT quan-
tification of SAT and VAT in 12-month-old male WT (n = 4) and Ncoa1 KO (n = 4)

mice. i Hematoxylin–eosin staining of SAT from 12-month-old female WT (n = 6)
and Ncoa1 KO (n = 7) mice. Arrows indicate multilocular adipocytes. Scale bar: 50
μm. j qRT-PCR analysis ofUcp1 (females: WT n = 4, Ncoa1 KO n = 6;males: WT n = 3,
Ncoa1 KO n = 4) and Cidea (females: WT n = 4, Ncoa1 KO n = 6; males: WT n = 6,
Ncoa1 KO n = 4) expression in SAT from 12-month-old female and male WT and
Ncoa1 KOmice. k qRT-PCR analysis ofUcp1 (females: WT n = 5, Ncoa1 KO n = 6) and
Cidea (females: WT n = 5, Ncoa1 KO n = 7) expression in VAT from 12-month-old
female mice. l qRT-PCR in differentiated adipocytes derived from SAT SVF of 12-
month-old femaleWT andNcoa1 KOmice (n = 6 per group). Values aremean ±SEM.
One-way ANOVA with Tukey’s post hoc test was applied for panels a - b; unpaired
two-sided t-test for panels c, e–h, and j–l. Source data provided as a Source
Data file.
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month-old Ncoa1 KO females, adipocyte size was significantly
increased (Fig. S5e–g), but not accompanied by any change in the
expression levels of key adipogenicmarkers (Fig. S5h), highlighting the
occurrence of adipocyte hypertrophy in the SAT of aged female mice
lacking Ncoa1. Notably, in both SAT and VAT, the expression of key
pro-inflammatory cytokines, such as tumor necrosis factor alpha (Tnf)
and interleukin-1 beta (Il1ß) was increased in 12-month-old Ncoa1 KO
females, compared with WT littermates (Fig. S5d–h).

Hematoxylin and eosin tissue staining of the SAT of 12-month-old
femaleNcoa1 KOmice revealed the absence of a beige profile, whereas
islets ofmultilocular cells were clearly visible in the SAT ofWT females
of the same age (Fig. 5i). As seen in younger animals (Fig. 3j–l), a
significant decrease in Ucp1 and Cidea mRNA levels was observed in
the SAT of 12-month-old female Ncoa1 KO mice, compared with age-
matched WT females (Fig. 5j), whereas males of the same age showed
no change. A significant decrease in Ucp1 and Cidea gene expression
was also observed in the visceral perigonadal WAT depot of aged
female Ncoa1 KO mice (Fig. 5k). To exclude any potential influence of
other tissue compartments under conditions associated with ageing,
SVF cells fromSATdepots of 12-month-old Ncoa1 KO females and their
sex-matched WT littermates were differentiated with the appropriate
white and beige differentiation cocktails, as previously done in
younger mice (Fig. 2a–k). A clear effect of Ncoa1 on Ucp1 and Cpt1b
gene expression (Fig. 5l) was again observed, with no effect on Plin1
gene expression (Fig. S5i), clearly demonstrating a cell-autonomous
effect of Ncoa1 on the beiging program.

Overweight female Ncoa1 KO mice develop glucose intolerance
and liver steatosis with age
To fully explore the mechanisms contributing to the progressive
weight gain observed in female Ncoa1 KO mice, food intake, energy
expenditure, and locomotor activity were monitored in 12-month-old
female Ncoa1 KO and WT mice using metabolic cages over three
consecutive days. No significant difference in food intake was
observed between the two genotypes (Fig. 6a–c), although a slight
reduction in energy expenditure was detected in 12-month-old Ncoa1
KO females compared to their sex-matchedWT counterparts (Fig. 6d).
Additionally, we found a significant reduction in locomotor activity in
female Ncoa1 KO mice compared to sex-matched WT mice (Fig. 6e, f
and S6a, b). Histological examination of BAT from 12-month-old
female Ncoa1 KO mice showed no visible fat accumulation (Fig. 6g).
Expression profiles of key players involved in BAT biology, such as
Ppargc1a and Prdm16, were further assessed by qRT-PCR and no
obvious differences were observed, compared with those of WT
females (Fig. 6h). We found, however, a significant transcriptional
upregulation of Tfam, Pparg and Plin1 and, even more surprisingly, an
induction of Ucp1, and Fgf21 gene expression in the BAT of 12-month-
old Ncoa1-deprived female mice (Fig. 6h). Such transcriptional
responses from genes involved in energy dissipation in the BAT were
most likely indicative of compensatory mechanisms to limit weight
gain and/or maintain body temperature, since BAT activity was not
found to be intrinsically altered inNcoa1KO females (Fig. 6i, j and S6c).
Indeed, the body temperature of Ncoa1-deficient female mice was
similar to that of sex-matched WT littermates in several physiological
situations, including overnight fasting (16 h), and when subjected to a
cold room challenge (Fig. 6i, j).

Finally, to determine whether the weight gain observed in 12-
month-old female Ncoa1 KO mice affected glucose homeostasis in
vivo, we performed glucose tolerance tests. A clear difference in glu-
cose utilizationwasobserved in femaleNcoa1 KOmice, comparedwith
sex-matched WT littermates (Fig. 6k). In males, no difference was
observed between Ncoa1 KO and WT animals (Fig. 6l). Under fasting
conditions, insulin and glucose levels were clearly elevated in the
blood of female Ncoa1 KO mice, compared with those of WT litter-
mates, suggesting an apparent glucose intolerance (Fig. 6m, n). In

addition, serum total and HDL cholesterol levels were increased in
female Ncoa1 KO mice compared with WT controls (Fig. 6o). Further-
more, steatosis was detected in the livers of 12-month-old female
Ncoa1 KOmice, as evidenced by hematoxylin-eosin, Oil RedO staining,
along with elevated intrahepatic triglycerides levels (Fig. 6p, q). This
was accompanied by a marked transcriptional upregulation of lipo-
genic genes, including Srebp-1c, Fasn, and Pparg (Fig. 6r). Interestingly,
the expression of key fatty acid oxidation genes, such as Cpt1a,Acadm,
Acadl, and Ppara, was also increased in the livers of 12-month-old
female Ncoa1 KO mice compared to WT (Fig. S6d). Additionally,
hepatic insulin resistance was indicated by a significant reduction in
the phosphorylation status of Akt (Ser473) protein in the liver fol-
lowing insulin injection (Fig. 6s) and under random fed conditions
(Fig. S6e).

Discussion
The role of sex is an important issue in the incidence and evolution of
type 2 diabetes, obesity, and metabolic syndrome1,57,58. However,
despite increased attention in recent years, many clinical trials con-
tinue to neglect sex-specific considerations, and preclinical research
relies heavily on male animals and cells, obscuring important sex dif-
ferences that could guide clinical trials59. As women appear to be
protected against metabolic syndrome and related diseases, at least
before menopause5, we speculated that a close examination of biolo-
gical events occurring in females would likely unveil major circuits
involved in providing these protective effects. The present study
uncovered a pivotal sex-specific action exerted by the transcriptional
coregulator Ncoa1 on the control of energy utilization, with implica-
tions for mammalian physiology and human health. Genetic deletion
of Ncoa1 had a profound impact on energy homeostasis in females,
with only a modest effect in males. In contrast to age-matched WT
females, female Ncoa1 KO mice gradually developed obesity, hepatic
steatosis, and glucose intolerance, while males grew normally. As a
plausible molecular explanation for the dimorphic metabolic traits of
our Ncoa1 KOmice, we deciphered a cell-autonomous role of Ncoa1 in
WAT remodeling and energy use, primarily through sex-selective
transcriptional regulation of the key thermogenic player Ucp1 and
other important metabolic genes, including Cidea and Cpt1b. We have
shown that, in the female SAT, Ncoa1 sustains a heightened con-
stitutive transcriptional activity of the key genes involved in the bei-
ging program, whereas in males, Ncoa1 is exclusively involved in the
acute beta-adrenergic-dependent transcriptional induction of genes.
Thus, our findings provide a major clarification to explain the sex-
linked mechanisms of beige adipocyte emergence in WAT. Although
reported several years earlier inmice28, the sex dimorphism of beiging
wasfirst demonstrated at themolecular level by the report of an in vivo
activity of a Ucp1 reporter transgene occurring exclusively in female
SAT, after cold exposure29. More recently, browning activity in mice
was found to be higher in female peri-ovarian WAT than in male epi-
didymalWAT31. In humans,UCP1 gene expression has also been shown
to be sex-dependent in SAT, with higher UCP1 expression in women
than in men12,32,33. At first, the sex disparity in UCP1 expression levels
could be viewed as an evolutionary protective advantage for main-
taining body temperature, as non-obese premenopausal women have,
on average, a higher surface-area-to-volume ratio than men, requiring
more effective thermogenic capacity to maintain body temperature
withinphysiological range.However, the contributionof beige adipose
tissue to systemic thermoregulation remains controversial, especially
in humans23,60,61. Recently, it has been hypothesized that WAT beiging
may primarily mobilize fatty acids to provide energy to other organs,
in response to negative energy balance62. For example, during exercise
or muscular activity, WAT beiging is induced to fuel skeletal muscle
with lipids, allowing for increased metabolic capacity63,64. In this
regard, it is well established that females rely more heavily on fat
oxidation during exercise than males65. The preferential use of fat
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during exercise in females occurs in parallel with an increase in mito-
chondrial volume and intrinsic fatty acid oxidation in skeletal muscle
fibers65. It should be added that female rodents are more active than
males66. Thus, it can be hypothesized that the more pronounced bei-
ging profile of WAT in females may also be due to more efficient lipid
mobilization to fuel skeletal muscle, potentially compensating for the
deficit in total skeletalmusclemass found inwomencompared tomen,
and/or the greater physical activity found in female compared to
male mice.

The coactivatorNCOA1 (also known as SRC-1orRIP160) was oneof
the first transcriptional coactivators identified to interact with sex
steroid receptors to enhance their transactivation in a ligand-
dependent manner67. As reported in the GTEx data, human NCOA1 is
highly expressed in reproductive organs, particularly inwomen (ovary:
TPM=45.52; endocervix: TPM= 41.9; uterus: TPM= 39.13; Fallopian

tube: TPM= 38.25), in some regions of the brain (cerebellar hemi-
sphere: TPM=42.07; cerebellum: TPM= 38.55) and in the SAT
(TPM= 30.56), but is expressed atmuch lower levels in the renal cortex
(TPM= 10.10) and pancreas (TPM=8.09). In mice, a similar tissue
expression profile was observed across several tested tissues (Fig. S6f).
Ncoa1 is also an important modulator of the activity of Ppargc1a (alias
Pgc1α), a key coregulator involved in thermogenesis, working in tan-
dem to fine-tune target gene transcriptional activity and modulate the
epigenomic chromatin landscape, including promoters and
enhancers68. The metabolic role of Ncoa1 was first highlighted by the
characterization of a novel Pparg modulator, FMOC-L-Leu69. When
administered in vivo, FMOC-L-Leu improves insulin sensitivity in diet-
induced and db/db glucose-intolerant mice, to a similar extent as the
thiazolidinediones. Further support for the role of Ncoa1 in metabolic
control came from the characterization of Ncoa1-deficient animals, as

Fig. 6 | Glucose intolerance, liver steatosis, and impaired locomotor activity in
overweight female Ncoa1 KOmice upon aging. a, b Food intakemeasured over 3
days (white) and 3 nights (gray) in 12-month-old female WT and Ncoa1 KO mice
(n = 6 per group). c Food intake measured across 7 consecutive days in 12-month-
old female WT and Ncoa1 KO mice (n = 4 per group). d Energy expenditure recor-
ded over 24h in 12-month-old femaleWT and Ncoa1 KOmice (n = 6 per group). e, f
Locomotor activity (average total distance over 24 h) in 12-month-old female WT
and Ncoa1 KO mice (n = 6 per group). White/black bars represent day/night.
g Representative H&E staining of BAT from 12-month-old femaleWT and Ncoa1 KO
mice. Scale bar: 50 μm. h qRT-PCR analysis of metabolic genes in BAT from 12-
month-old female WT and Ncoa1 KO mice (n = 6 per group). i Rectal temperature
after 16 h fasting in 12-month-old female WT and Ncoa1 KOmice (n = 6 per group).
jCold chamber test in 12-month-old femaleWT (n = 5) andNcoa1KO(n = 7)mice for
3 h. k Glucose tolerance test (GTT) showing impaired glucose tolerance in 12-

month-old female Ncoa1 KO mice vs. WT (n = 6 per group). l GTT in 12-month-old
male WT and Ncoa1 KOmice showing no difference (n = 6 per group).m–o Plasma
glucose in (m) (WT n = 5, Ncoa1 KO n = 6), insulin in (n) (n = 6 per group), and
cholesterol in (o) (n = 6 per group) in 12-month-old female WT and Ncoa1 KOmice.
p Representative H&E and Oil RedO staining of liver from 12-month-old femaleWT
and Ncoa1 KO mice, showing steatosis in Ncoa1 KO mice (n = 6 per group). Scale
bar: 50 μm. q Liver triglyceride quantification in 12-month-old female WT (n = 6)
and Ncoa1 KO (n = 7)mice. r qRT-PCR of lipid and cholesterol metabolism genes in
liver from 12-month-old femaleWT andNcoa1 KOmice (n = 6 per group). sWestern
blot of Akt and p-Akt (Ser473) in liver of 12-month-old female WT and Ncoa1 KO
mice, with or without insulin injection (1.0 U/kg, 10min). Two independent biolo-
gical replicates were loaded for each condition on the same blot. Hsp90 served as a
loading control. Data aremean±SEM.Unpaired two-sided t-test used in panels a–c,
e–f, h–o, and q, r. ns: not significant. Source data provided as a Source Data file.
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male Ncoa1 KO mice are prone to obesity on a high-calorie diet, with
residual impairment of BAT activity despite increased caloric intake
compared toWTmales. Altogether, Ncoa1 possesses multiple intrinsic
molecular properties that allow it to act as a pleiotropic player capable
of finely orchestrating sex-specific differences in energy balance.
Indeed, we have provided evidence that depletion of Ncoa1 strongly
affects sex-dependent biological characteristics of the WAT. Firstly, a
marked decrease in the beige adipocyte program was observed in the
subcutaneous fat of female Ncoa1 KOmice, compared to age-matched
WT female littermates, knowing thatWAT beiging ismuchmore active
in females than in males, both in rodents and humans30,32. Secondly,
female Ncoa1 KO mice showed an overall fat distribution in favor of
visceral depots, which is a typical feature ofmales70. Third, while genes
encoding key proinflammatory mediators, such as tumor necrosis
factor alpha (Tnf) and interleukin 1 beta (Il1b), were not expressed in
the SAT of young female mice, in line with the known protection
provided by the SAT against inflammatory insults, particularly in
females71,72, these proinflammatory markers were, detected in the SAT
of aged Ncoa1 KO females, which thus resembled male profiles. Taken
together, our observations lend support to the pivotal role played by
Ncoa1 as a selective gatekeeper of the most important sex-dependent
metabolic features of WAT depots.

As Ncoa1 has no apparent intrinsic dimorphic properties, we
searched for potentialmolecular partners capable ofmediating its sex-
dependent effect on the SAT beiging transcriptional program. An
unbiased RNAseq analysis performed in female and male SAT depots
revealed the transcription factor Gata3 as a potential candidate.
Indeed, with a pronounced ‘female-biased’ dimorphic gene expression
profile in the subcutaneous WAT depot (Fig. 4f), Gata3 can synergis-
tically transactivate Ucp1 promoter activity with Ncoa1, in a cellular
context (Fig. 4g, h) and selectively bind the endogenousUcp1proximal
promoter in female mouse adipocytes (Fig. 4i). Known as a master
regulator of immune cell differentiation, particularly Th2 cell
commitment73, Gata3 has previously been described as a regulator of
white adipogenesis74. More recently, Gata3 has been implicated in the
activation of the thermogenic program in vivo through a functional
interaction with Ppargc1a (alias Pgc1α), both acting directly on the
proximal Ucp1 promoter56. Interestingly, Gata3 gene expression, pro-
tein levels and nuclear localization are strongly stimulated by 17β
estradiol (E2) through the nuclear receptor ER alpha in mature
adipocytes75. Thus, with a well-characterized pivotal role in key biolo-
gical functions such as immune function and adipocyte differentiation,
but also being directly stimulated by female sex steroid hormones in
adipocytes, Gata3 is a very attractive candidate for fine-tuning sex-
dependent hierarchical genetic programs, such as the beiging adap-
tation of the SAT.

While investigating the physiology of the BAT, the main tissue
involved in thermoregulation in rodents, we unexpectedly observed a
markedupregulation in femaleNcoa1 KOmice of key genes involved in
the adaptive thermogenic program, namely Tfam, Pparγ, and Ucp1.
This finding most likely indicates the existence of compensatory
mechanisms aimed at restoring “normal” energy homeostasis
throughout the body of female Ncoa1 KOmice. Previous independent
studies have clearly shown that defects in BAT activity are able to
induce compensatory mechanisms that result in the induction of bei-
ging adaptation in subcutaneous WAT76. Consistently, we found sig-
nificantly increased levels of Fgf21 gene expression in the BAT of
female Ncoa1 KOmice, a factor known to be released in high levels by
the BAT to promote thermogenesis and metabolite oxidation77. In
addition, Fgf21 has been shown to be the major endogenous peptide
that causes the paradoxical resistance to obesity in Ucp1 KO mice78.
Interestingly, Fgf21 gene expression was found to be dimorphic, since
in the BAT of mice fed an obesogenic diet, the Fgf21 gene was induced
more in males than in females79. Taken together, these observations
confirm the key role of Ncoa1 in energy homeostasis in female mice,

but also highlight the existence of additional underappreciated sex-
specific mechanisms underlying energy balance adaptation.

Our study also revealed that upon β3 agonist induction, the
coregulator Ncoa1 acts as an essential transcriptional coordinator of
large hierarchical sets of genes involved in mitochondrial functions.
Indeed, our unbiased RNAseq screen has identified that Ncoa1
orchestrates the selective β3 induction of (i) genes encodingmultiple
subunits of all the respiratory chain complexes; (ii) genes involved in
the formation and the stability of the respiratory chain complexes,
such as Bola3, Phb1 and Phb2; (iii) genes involved in cristae formation
and stabilization, such as Chchd10 (Fig. S3d); (iv) central genes
directly acting on the mitochondrial transcription and translation,
such as Polrmt and Tufm (Fig. S3e); and finally (v) several genes
encoding mitoribosomes. Notably, a functional link between NCOA1
and mitochondrial transcription in humans has already been sug-
gested, after transcriptional profiling of lymphocytes from large
donor cohorts identified NCOA1 as the top gene with the strongest
association with human mitochondrial content, a surrogate measure
of mitochondrial integrity (p value = 7.4e-8; rank # 1)80. It is note-
worthy that the pleiotropic transcriptional role of Ncoa1 is similar to
the molecular mode of action of Ppargc1α, the master coregulator
involved in mitochondrial biogenesis41,81. Coordination by key tran-
scriptional coregulators such as Ppargc1α and Ncoa1 following β3
adrenergic stimulation is likely required to fine-tune the broad
transcriptional induction of hundreds of nuclear genes responsible
for the global metabolic interconversion between white and beige
adipocytes. The pronounced effect of Ncoa1 on mitochondrial gene
expression levels showed a clear sexual dimorphism and was mainly
observed in the SAT of female mice, with only a modest effect in
males. Furthermore, we found that the transcription of almost all
Ncoa1 target genes was more robustly induced by the β3 agonist in
WT female mice than in WT males. This is consistent with previous
studies reporting that women and female mice have increased
expression of genes involved in mitochondrial function in WAT30,33

and that the sex-dependent mitochondrial gene signature in females
appears to be specific to adipose tissue33. In addition, the metabolic
rate per kilogram of SAT was shown to be significantly higher in
women than in men, a difference partly explained by an increase in
the expression levels of the beige adipocyte marker UCP1 in WAT in
females compared with males33. It should be noted that this differ-
ence is independent of sex steroids and fat distribution33. Although
adipose tissue is clearly not the major determinant of energy
expenditure compared to skeletal muscle, brain, and heart, the lim-
ited impact of sex differences on the contribution of fat mass to basal
or induced metabolic rate may be significant in slowly progressive
clinical conditions, such as type 2 diabetes or cardiovascular disease.
As it has become undeniable that mitochondrial dysfunction con-
tributes to a wide range of human disorders, including metabolic
diseases, delineating the underlying molecular mechanisms of sex
dimorphic regulation of mitochondrial genes, to define where sex
makes a difference, should offer the possibility of identifying pro-
tective agents that could help fight metabolic diseases.

In our current effort to investigate the functional role of the
transcriptional coregulatorNcoa1 duringWATbeiging in vivo, we used
a mouse model with global genetic disruption of Ncoa1. The cell-
autonomous action of Ncoa1 that we report in isolated mature sub-
cutaneous white adipocytes unequivocally highlights its pivotal role in
the sexually dimorphic control of adipose beiging. However, we
emphasize that these findings do not exclude potential contributions
from other surrounding tissues to the progressive development of the
metabolic phenotype observed in aged femaleNcoa1-depletedmice. It
is important to note that there is currently no transgenic mouse
strategy to ablate a gene specifically in subcutaneous WAT, as all
existing Cre recombinase mouse strains (namely Adiponectin-Cre and
Ucp1-Cre mice) disrupt target genes in both WAT and BAT.
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Furthermore, obesity and insulin resistance are complex pathophy-
siological conditions involving multiple interrelated organs and can-
not be fully recapitulated by deleting a single gene in a single tissue.
Additionally, we acknowledge that we have not investigated the
upstream signal(s) that may modulate the sexually dimorphic effects
of Ncoa1 during beiging adaptation. Thyroid hormones, natural cir-
culating steroid hormones (such as estradiol and glucorticoids), and
other factors have been implicated in the control of adipose tissue
formation and could potentially contribute to the effects of Ncoa1
observed in this study. The role of intra-adipogenic steroids in this
process also cannot be ruled out. While defining the exact hormones
and/or metabolites involved in the specific action of Ncoa1 is beyond
the scope of this study, it certainlywarrants further investigation in the
future. Finally, we haveprovided strong evidence supporting a key role
for Gata3, in concert with Ncoa1, in the selective modulation of basal
thermogenic tone in female mice. However, we recognize that further
work is needed to functionally validate these findings in humans.

By revealing Ncoa1-dependent effects on energy balance and
health, our study reaffirms the idea that targeting transcriptional
coregulators and/or their selective transcription factors in metabolic
tissues of interest represents an attractive therapeutic avenue to
combat metabolic dysfunction82. In this regard, an independent gene
expression profiling study in largemammals demonstrated thatNcoa1
gene expression is significantly downregulated during the first phase
of postnatal beige-to-white adipose tissue transformation in sheep
perineal fat83, a complex tissue remodeling similar to the transition
occurring in human infants11,83. Furthermore, recent exome sequencing
identified 15 rare human variants of NCOA1 in severe childhood-onset
obesity84. An additional confirmatory study expanded the number of
NCOA1 genetic variants in human obesity85. Clearly, these observa-
tions, combined with our own results, highlight a unique role for the
transcriptional coregulator Ncoa1 in energy homeostasis to fine-tune
energy fluxes in vivo. Finally, the identification of underappreciated
sex-specific differences in metabolic function and disease incidence
provides additional arguments to pave the way for sex-based perso-
nalized medicine.

Methods
Human subjects and adipose tissue samples
Subcutaneous gluteofemoral adipose tissue was obtained from pre-
menopausal (n = 8;median age: 31.4 + /- 1.6 years;medianBMI: 26.0 + /-
1.2 kg/m2) and metabolically healthy postmenopausal women (n = 6;
median age: 58.8 + /- 1.6 years; median BMI: 27.8 + /- 0.8 kg/m2), pro-
grammed for esthetic dermolipectomy at the University Hospital of
Toulouse and enrolled in the interventional cohort study ADIPENDO,
registered under the unique identifier: NCT02672826 on Clinical-
Trials.gov (https://www.clinicaltrials.gov). This study was approved by
the Institutional Review Boards. All subjects gave written informed
consent. The protocol used to isolate mature adipocytes from sub-
cutaneous fat was previously described in detail in ref. 49. Additional
human RNA seq data were obtained from: (1) the Genotype-Tissue
Expression (GTEx) project (https://www.gtexportal.org/home/;34); (2)
the transcriptomic dataset GSE11376447, which specifically includes the
analysis of total RNA fromSAT isolated from the supraclavicular region
of non-diabetic, non-obese andpremenopausalwomen (n = 12;median
age: 43.8 + /- 1.9 years; median BMI: 26.0 + /- 1.5 kg/m2); and (3) the
DiOGenes study50, a pan-European, randomized, and controlled trial
investigating the longitudinal effects of dietary intervention on weight
gain, metabolic and cardiovascular risk factors in obese and over-
weight non-diabetic families in eight European centers. Participants
underwent an 8-week low-calorie diet (LCD= 800 kcal/day), followed
by a 6-month weight control diet (CD). DiOGenes was registered in
ClinicalTrials.gov (NCT00390637). We closely analyzed RNA sequen-
cing data from obese, non-diabetic women (n = 93; median age:
42.0 + /- 0.62 years; median BMI: 34.5 kg/m2 +/- 0.5) and obese non-

diabetic men (n = 46; median age: 43.3 ±0.94 years; median BMI:
33.96 kg/m² ± 0. 63) from the DiOGenes study. Total RNA was pre-
pared from frozen abdominal subcutaneous adipose tissue needle
biopsies. RNA extraction and data processing are described in detail in
ref. 51. Expression data are available in the Gene Expression Omnibus
under accession GSE95640.

Animal care
Ncoa1 KO mice and WT mice were generated from heterozygous
breeders and maintained as littermates on a pure C57BL/6JRj back-
ground. Genotyping was performed as previously described86. Mice
were group-housed by sex under controlled conditions (22–24 °C; 12-
hour light/dark cycle) with ad libitum access to water and standard
rodent chow (SAFE® D04, UAR, Villemoisson-sur-Orge, France). All
experimental procedures complied with European guidelines for the
care and use of laboratory animals and were approved by the French
Ministry of Agriculture’s National Committees (protocol agreement
no. 02470.02; animal facility agreement no. B06-088-20).

Mouse and human adipose tissue SVF preparation and
differentiation
Mouse subcutaneousWAT depots were harvested, washed in PBS, and
minced. Adipose tissue samples were digested for 45min at 37 °C in
DMEM containing 2mg/ml collagenase A (Roche Diagnostics, Meylan,
France) and 20mg/ml bovine serum albumin (Sigma-Aldrich Chimie).
Cell lysates were successively filtered through 250, 100, and 27 µm
nylon sheets, and centrifuged at 500 g for 5min at room temperature.
The pellet containing stromal vascular fraction (SVF) cells was sub-
jected to a redbloodcell lysis procedure. The SVFcells wereplated and
maintained in DMEM containing 10 % FBS until confluence. Differ-
entiation was induced in the same medium supplemented with 1 µM
dexamethasone, 0.5mM isobutylmethylxanthine, and 170 nM insulin
and 2 nM triiodothyronine for 2 days. The cells were then maintained
for 10 days in the presence of 10 nM insulin for white adipogenesis or
10 nM insulin, 1 µM rosiglitazone, and 2 nM triiodothyronine for beige
adipogenesis. Cells were exposed to 1 µM isoproterenol for 2 hours
(Iso) or without isoproterenol (Ctrl). Human adipose tissue SVF cells
from abdominal subcutaneous fat were collected, isolated according
to the procedure described for mice (see above) and differentiated in
serum-free medium as previously described53,54.

Human multipotent adipose-derived stem cell (hMADS) culture
The establishment and characterization of hMADS cells have beenwell
described previously52. Briefly, cells were seeded at a density of 5000
cells/cm2 in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS, 15mM Hepes, and 2.5 ng/ml hFGF2. hFGF2 was
removed when cells reached confluence. Cells were induced to dif-
ferentiate at day 2 post confluence (referred to as day 0) in DMEM/
Ham’s F12 (1:1) media supplemented with 10μg/ml transferrin, 10 nM
insulin, 0.2 nM triiodothyronine, 1μM dexamethasone, and 500μM
isobutyl-methylxanthine. Two days later, the medium was refreshed,
but dexamethasone and isobutyl-methylxanthine were removed, and
100nM rosiglitazone was added for twelve days.

Cell culture and transient transfections
Hela cells (RRID:CVCL_0030) were obtained from the American Type
Culture Collection (ATCC). Transient transfections were performed
using Transfectin reagent (Bio-Rad) diluted in OptiMEM medium
(Thermo Fisher Scientific, MA, USA) with the indicated expression
vectors and reporter plasmids. Reporter gene luciferase levels were
determined 48 hours after transfection, according to the manu-
facturer’s instructions (Promega). Results were normalized to total
proteins using the BCA protein assay kit (Pierce, Rockford, IL, USA).
3T3-L1CARdelta1 cells were obtained by direct request87. Cells were
plated and grown to confluence in DMEM containing 10 % fetal
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bovine serum. Differentiation was induced for 2 days in the
same medium supplemented with 1 µM dexamethasone, 0.5mM iso-
butylmethylxanthine, and 860nM insulin, and then maintained for
7 days in the presence of 860nM insulin and 1 µM rosiglitazone. Gata3
knock-down was realized using Lipofectanine RNAiMax reagent
(Thermo Fisher Scientific, MA, USA) diluted in OptiMEM medium
(Thermo Fisher Scientific, MA, USA) with ON-TARGETplus mouse
Gata3 SMARTPool siRNA (Horizon Discovery) and ON-TARGETplus
non-targeting control siRNAs (Scramble). For over-expression, Ncoa1
adenovirus (Applied Biological Materials, Canada) was used at
109vp/ml for 48 h.

Metabolic phenotyping
Systemic administration of the ß3-receptor agonist consisted of a daily
intraperitoneal injection of CL316,243 (0.5mg/kg body weight, in sal-
ine solution (NaCl)) for 7 consecutive days. For cold experiments, mice
were placed in a 6 °C cold chamber (A-Box 80, Noirot, Suresnes,
France) for 4 h or 7 days or kept at room temperature (24 °C), and their
rectal temperature was assessed. Indirect calorimetry was used to
determine energy expenditure, food intake and locomotor activity.
The mice were individually housed in calorimetric tidal cages (Oxy-
letPro Physiocage, Panlab-Bioseb, Vitrolles, France) and acclimatized
for 24 h before the experimental measurements. They were then
monitored for 24 h or 48 h with free access to food and water. For the
cold tolerance test, mice were exposed to 4 °C for 3 h, and their rectal
temperatures were monitored every 1 h with a digital thermometer.
For glucose tolerance tests (GTT), mice were fasted for 6 h and tail
blood glucose concentrations were measured using a commercially
available OneTouch Ultra blood glucose meter and test strips (Life-
Scan). Mice received an i.p. injection of glucose solution (Sigma-
Aldrich) at a dose of 1.5 g glucose/kg body weight. Tail blood glucose
was measured at 0, 15, 30, 60, and 120min post injection. Serum total
cholesterol, LDL-cholesterol and HDL-cholesterol levels were mea-
sured using Biosentec kits and aMindray analyzer (BS-240Pro). Plasma
glucose and insulinweremeasured as described in ref. 88. For lipolysis
measurements, differentiated adipocytes were insulin deprived over-
night. Fresh medium was added, and the cells were immediately
exposed to 1 µM isoproterenol for 2 hours. Sampledmediumwas used
tomeasureglycerol releaseusing free glycerol reagent (Sigma-Aldrich)
according to the manufacturer’s instructions. The results were nor-
malized to the amount of protein using the BCA protein assay kit
(Pierce, Rockford, IL).

MRI imaging and micro-computed tomography
Body weight was monitored, and body composition was analyzed
using a Lunar PIXImus densitometer (Lunar Corp., Madison, WI)
equipped for dual energy X-ray absorptiometry (DEXA). Anatomical
MRI experiments were performed using a Bruker Pharmascan 7.0-T
spectrometer, 16 cm bore, horizontal imaging system (Bruker Biospin,
Billerica, MA) with a 38mm volume resonator. All imaging sessions
were breath controlled. During imaging, animal body temperature was
maintained at 37.0 °C using an animal heating system (SA Instruments,
Stony Brook, NY). For each mouse, images were acquired for 20 axial
slices and 20 coronal slices at a thickness of 1.0mm. To obtain the best
contrast for adipose tissue, a T1-weighted spin-echo sequence was
used with the following parameters: repetition time = 500ms; echo
time = 10.7ms; field of view = 50.0mm × 45.0mm (coronal slices) and
45.0 × 45.0mm (axial slices); matrix size of 256 × 256; two signal
averages were acquired.

Adipose tissue quantification of anesthetizedmicewasperformed
using a SkyScan-1178 X-ray micro-computed tomography (micro-CT)
analysis. Briefly, mice were scanned using the following parameters:
104 μm voxel size, 49 kV, 0.5mm thick aluminum filter, and a rotation
step of 0.9°. Total adipose tissue volume was measured between
lumbar vertebra 1 (L1) and caudal vertebra 4 (C4), while intra-

abdominal and subcutaneous adipose tissue areas were measured on
one slice at lumbar 5 (L5) level. Adipose tissue areas and volumes were
analyzed using NRecon and CTAn software and 3D visualizations using
CTVox software (Bruker microCT, Kontich).

Bulk RNA sequencing
Frozen mouse subcutaneous adipose tissue was homogenized in RLT
buffer (Qiagen), and RNA extracted using the RNeasyMini Kit (Qiagen)
according to themanufacturer’s instructions (Qiagen). Total RNAwere
submitted to BGI genomics (Hong Kong, China; https://www.bgi.com/
global) for library preparation and sequencing on a BGISEQ-500 plat-
form (Paired-end mode, 30M reads per sample). Briefly, oligo(dT)-
taggedmagnetic beads were used to purify mRNA. PurifiedmRNAwas
fragmented into small pieces using the fragment buffer at the appro-
priate temperature. First-strand cDNAwas generated in the first-strand
reaction system by random hexamer-primed reverse transcription,
and second-strand cDNA was generated in the strand synthesis reac-
tion system (using dUTP instead of dTTP). The reaction product was
purified by magnetic beads, and then A-Tailing mix and RNA index
adapters were added by incubation to complete the repair. The cDNA
fragments with adapters obtained from the previous step were
amplified by multiple rounds of PCR, to digest the U-labeled second-
strand template with UDG enzyme. The PCR products were purified
with XP Beads and dissolved in EB solution. The library was quality
assessed to ensure the high quality of the sequencing data and the
fragment size distribution was checked using the Agilent 2100 Bioa-
nalyzer. The double-stranded PCR products were heat-denatured and
circularized using the splint oligo sequence. The single-stranded cir-
cular DNA (ssCir DNA) was formatted as the final library. The library
was amplified with phi29 to produce DNA nanoballs (DNBs) withmore
than 300 copies of a molecule. The DNBs were loaded onto the pat-
terned nanoarray, and pair-end 150-base reads were sequenced by
combinatorial probe-anchor synthesis (cPAS) on DNBseq. Raw reads
were quality controlled, and the raw data were filtered using the fil-
tering software SOAPnuke (v1.5.2). The filtered clean reads were
aligned to the reference genome sequence (mouse genome GRCm38
(mm10)) usingHISAT2 software (v2.0.4). Bowtie2 softwarewas used to
align the clean reads to the reference gene sequences, and RSEM were
used to calculate the gene expression levels in each sample. Fragments
per kilobase of exonmodel permillionmapped fragments (FPKM) and
TPM values were used to estimate gene expression levels, and the
genes in each group with a mean FPKM value greater than 0.5 were
considered to be expressed in the group and incorporated into
downstream statistical analysis. Differential gene expression was ana-
lyzed with the DESeq2 algorithm, which applies the Benjamini-
Hochberg technique for multiple testing correction to compute
adjusted p-values89 and differentially expressed genes (DEG) were
identified with the following parameters: (1) |log2FC | ≥ 0,25 and (2) q-
value ≤0.05). KEGG pathway enrichment and gene set enrichment
analysis (GSEA) were further performed on BGI’s Dr.Tom system
(http://biosys.bgi.com) with the software package provided by the
Broad Institute, based on the MSigDB (Molecular Signatures Data-
base). Normalized enrichment score (NES) and false discovery rate
(FDR) were used to quantify the enrichment magnitude and statistical
significance, respectively ( | NES| is greater than 1.0, nominal p-value
below 5%, and the false detection rate (FDR) below 25%).

ATAC-seq
Frozen mouse SATs were submitted to Active Motif for the ATAC-seq
assay. Theywere initially ground to a fine powder using liquid nitrogen
and resuspended in an appropriate lysis buffer (Active Motif). Isolated
nuclei were quantified using the Countess II FL automated cell counter
(Thermo Fisher) and 100,000 nuclei were labeled as previously
described90, with some modifications based on91, using the enzyme
and buffer provided in the ATAC-Seq kit (Active Motif). The labeled
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DNA was then purified using the MinElute PCR purification kit (Qia-
gen), amplified with 10 cycles of PCR, and purified using Agencourt
AMPure SPRI beads (Beckman Colter). The resulting material was
quantified using Qubit (Invitrogen) and TapeStation (Agilent) and
sequenced using PE42 sequencing on the NovaSeq 6000 (Illumina).
Reads were aligned using the BWA algorithm (mem mode; default
settings). Duplicate reads were removed, and only reads correspond-
ing tomatched pairs and unique reads (mapping quality ≥ 1) were used
for further analysis. Alignments were extended in silico at their 3’ ends
to a length of 200 bp and assigned to 32 nt bins along the genome. The
resulting histograms (genomic “signal maps”) were stored in bigWig
files. Peaks were identified using the MACS 2.1.0 algorithm with a p-
value cut-off of 1e-7, without a control file and with the -nomodel
option. Peaks on the ENCODE blacklist of known false ChIP-Seq peaks
were removed. Signalmaps and peak locationswere used as input data
to the Active Motif proprietary analysis program, which generates
Excel tables with detailed information on sample comparison, peak
metrics, peak locations, and gene annotations.

Histological and immunostaining analysis
Pieces of mouse white, brown adipose, and skeletal muscle tissues
were fixed in 10 % formalin solution at room temperature, dehydrated,
and then embedded in paraffin. Tissue blocks were then sectioned at
5 µm thickness. Sections were deparaffinized, rehydrated, and stained
with hematoxylin and eosin. For immunostaining, sections were per-
meabilized with 0.1% Triton X-100 for 10min, and then incubated with
primary antibody (anti-UCP1, Abcam, ab10983, RRID:AB_2241462,
dilution 1:100) overnight at 4 °C and with the secondary antibody
coupled to HRP (Invitrogen, dilution 1:500) for 1 hour at RT. The
staining was visualized with DAB substrate. Finally, the sections were
mounted and visualized with a microscope. Oil red O staining was
performed on frozen sections as previously described44.

Chromatin immunoprecipitation (ChIP) and re-chIP
Subcutaneous WAT depots were harvested, washed in PBS, and
minced into small pieces. Tissue fixation, homogenization, and chro-
matin shearing were performed as previously described92. All other
chromatin immunoprecipitation steps were performed using the EZ
ChIP kit (Millipore) according to the manufacturer’s protocol. The
Ncoa1 antibody was from Cell Signaling Technology (#2191; RRI-
D:AB_2196189; dilution 1:1000) and the Gata3 antibody from Abcam;
(#ab199428; clone EPR16651; RRID:AB_2819013; 5μg). qPCR for ChIP
was performed using SYBR Green technology (Applied Biosystems)
with sequence-specific primers. Results were normalized to the input.
Primer sequences are available on request.

Western blot
Proteins were extracted using RIPA lysis buffer with Complete pro-
tease inhibitor cocktail (Roche Inc.). Protein concentration was
determined using a BCA protein assay kit (Pierce, Rockford, IL).
Twenty micrograms of protein from each biological sample was
separated by SDS-PAGE and electrotransferred to a nitrocellulose
membrane for immunoblot analysis. The following antibodies were
used against: Ucp1 (Abcam, ab10983; RRID:AB_2241462; dilution
1:1000); Ncoa1 (Cell Signaling, #2191; RRID:AB_2196189; dilution
1:1000); Akt (Cell Signaling Technology, #9272; RRID:AB_329827;
dilution 1:1000) and Phospho-Akt 473Ser (Cell Signaling Technology,
#9271; RRID:AB_329825; dilution 1:1000); Hsp90 (Santa Cruz Bio-
technology, SC-13119; RRID:AB_675659; dilution 1:500); β-tubulin
(Sigma #T5201; RRID:AB_609915; dilution 1:2000); HRP-conjugated
anti-mouse (GE Healthcare UK Limited, 1:10,000); anti-rabbit (GE
Healthcare UK Limited, 1:10,000). The SuperSignal West Pico Chemi-
luminescence Kit (Pierce) was used as substrate. For mitochondrial
complex quantification, equal amounts of cell proteins were separated
by SDS-PAGE gradient (10–20%) and blotted onto nitrocellulose

membranes. Saturated membranes were incubated overnight with a
1:1000 dilution of a total OXPHOS human western blot antibody
cocktail (Abcam, ab110413; RRID:AB_2629281) followed by incubation
with HRP-conjugated anti-mouse immunoglobulins for 60min. The
chemiluminescence obtained after the addition of ClarityWestern ECL
substrate (Bio-Rad, Marnes-la-Coquette, France) was detected using a
ChemiDoc MP imaging system (Bio-Rad) and quantified using Image
Lab 5.0 software (Bio-Rad).

Quantification of mitochondrial DNA
Genomic DNA was extracted using a DNA extraction kit (Macherey-
Nagel EURL, France). 2 ng of total DNAwas used for qPCR analysis, and
mitochondrial DNA content was calculated from the ratio of mito-
chondrial NADH dehydrogenase subunit 1 gene DNA and nuclear
lipoprotein lipase nuclear gene DNA. Oligonucleotide sequences are
available on request.

Analysis of mitochondrial respiration
SVF cells isolated from mouse SAT were seeded in a 24-well plate and
differentiated, as described herein. The oxygen consumption rate
(OCR) of differentiated cells was determined using the Seahorse XF24
Extracellular Flux Analyzer (Agilent, France). Isoproterenol (100 nM)
was used to characterize β adrenergic inducible respiration. Uncou-
pled andmaximal OCR were determined with oligomycin (1.2 µM) and
FCCP (1 µM). Rotenone (1 µM) and antimycin A (1 µM) were used to
inhibit complex I- and III-dependent respiration, respectively.

RNA analysis and real-time PCR
Standard RNA extraction procedures (Qiagen RNeasy Mini Kit) were
used. Reverse transcriptionwas performedusing a high-capacity cDNA
reverse transcription kit (Applied Biosystems). For gene expression
analysis, qRT-PCRwas performed using sequence-specific primers and
probes from Roche (Universal Probe Library). The gene RPLP0 (ribo-
somal protein lateral stalk subunit P0; alias 36B4) was used as an
internal control for all gene expression assays. All qPCR primer
sequences are available on request.

Co-immunoprecipitation assays
For co-immunoprecipitation, 293 T cells were transiently transfected
with NCOA1 and GATA3 plasmid vectors using Transfectin reagent
(Bio-Rad) diluted in OptiMEMmedium (Thermo Fisher Scientific). Cell
lysates were then incubated with anti-GATA3 (Abcam; #ab199428;
clone EPR16651; RRID:AB_2819013; 5μg). The immune complexes were
eluted and subjected to SDS-PAGE with anti- Ncoa1 (Cell Signaling,
#2191; RRID:AB_2196189; dilution 1:1000).

Statistical analysis
All biological experiments were performed in triplicates and repeated
at least three times independentlywith reproducible results. Statistical
analyses were performed with GraphPad Prism v.9.5.0. All data are
presented as mean±SEM. Unpaired Student’s t-test was used for
pairwise comparisons. Two-way ANOVA was used for comparisons
between more than two groups, followed by Fisher’s LSD test or
Bonferroni’s post-hoc test. The statistical parameters and sample size
used for each experiment are indicated in the corresponding figure
legends. Statistical significance was determined when values were
equal to or less than 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
RNA-seq and ATAC-seq data are available in NCBI’s Gene Expression
Omnibus under accession numbers GSE308798 and GSE309045,
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respectively. All data supporting the findings described in this manu-
script are available in the article and in the Supplementary Information
and from the corresponding authors upon request. Source data are
provided with this paper.
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