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Brown adipose tissue (BAT) is a central thermogenic organ that enhances

energy expenditure and cardiometabolic health. However, regulators

that specifically increase the number of thermogenic adipocytes are still
anunmet need. Here, we show that the cAMP-binding protein EPAClisa
central regulator of adaptive BAT growth. In vivo, selective pharmacological
activation of EPACl increases BAT mass and browning of white fat,

leading to higher energy expenditure and reduced diet-induced obesity.
Mechanistically, EPAC1 coordinates a network of regulators for proliferation
specifically in thermogenic adipocytes, but not in white adipocytes. We
pinpoint the effects of EPAC1to PDGFRa-positive preadipocytes, and the
loss of EPAClin these cellsimpedes BAT growth and worsens diet-induced
obesity. Importantly, EPAC1 activation enhances the proliferation and
differentiation of human brown adipocytes and human brown fat organoids.
Notably, a coding variant of RAPGEF3 (encoding EPACI) that is positively
correlated with body mass index abolishes noradrenaline-induced
proliferation of brown adipocytes. Thus, EPAC1 might be an attractive target
to enhance thermogenic adipocyte number and energy expenditure to
combat metabolic diseases.

BAT dissipates energy mainly through uncoupling protein1(UCP1) (by
non-shivering thermogenesis)' . Increased BAT mass is correlated with
leanness and withadecreased risk of cardiovascular disease in human
adults* . Inaddition to brown adipocytes, another type of thermogenic
adipocyte, beige cells, can be found mainly in the subcutaneous white
adipose tissue (WAT). These beige adipocytes can be induced by cold
exposure or pharmacologically, in a process called browning/beiging”®.

3’,5’-cyclic adenosine monophosphate (cCAMP) is the master
regulator of brown and beige adipocytes®’. Activation of G,-coupled
B-adrenergic or purinergic receptors induces cAMP production®°.
To date, the vast majority of studies on cAMP signalling focused on
protein kinase A (PKA), which mediates cAMP-induced activation of
lipolysis and UCP1-dependent energy expenditure”™. Apart from PKA,

cAMP canalso signal through the exchange proteins directly activated
by cAMP (EPAC)". EPAC proteins act as guanine nucleotide exchange
factors, and have a similar affinity to cAMP as PKA'. EPAC proteins
also have a role in the central regulation of leptin®, as well as in the
secretion of insulin in pancreatic B-cells** and the phosphorylation
of AKT in skeletal muscle®”.

In this Article, we show through genetic and pharmacological
manipulation of EPACI signalling that EPAC1 regulates thermogenic
progenitors and energy balance. Mechanistically, EPAC1 is function-
ally distinct from the classical PKA signalling pathway and specifically
enhances brown fat growth and beige adipogenesis. Finally, we dem-
onstrate that this role of EPACl1 is conserved in human thermogenic
adipocytes and that aloss-of-function mutation, which correlates with
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body mass index (BMI), prevents noradrenaline (NA)-induced brown
preadipocyte proliferation.

Results

Expression of EPAC1in BAT and WAT

Analysis of Rapgef3 and Rapgef4 (encoding EPAC1 and EPAC2, respec-
tively) expressionin different adipose tissue depots revealed that the
predominant isoform in adipose tissues was Rapgef3, and that BAT
expressed the highest levels of EPACI (Extended DataFig.1a,b). Rapgef3
was also more highly expressed in brown versus white preadipocytes
and mature adipocytes (Extended Data Fig. 1c). Moreover, beige adi-
pocytes expressed significantly more Rapgef3 compared with white
adipocytes (Extended Data Fig. 1d), indicating that EPAC1 might have
amajor role in brown/beige adipocytes.

EPAC1 enhances differentiation of brown adipocytes

To investigate the role of EPAC1 in brown adipocyte differentiation,
we used the selective and preferential activator of EPAC1 8-pCPT-
2’-0-Me-cAMP (hereafter, 007)". Treatment of preadipocytesisolated
from BAT with 007 resulted in an increase in lipid-droplet accumula-
tion (Extended Data Fig. 1e) and induced a significant increase in the
thermogenic marker genes Ucpl and Ppargcla (also known as Pgcla;
Extended DataFig. 1f). Moreover, expression of the adipogenic marker
genes Fabp4 and Ppargwas also significantly increased (Extended Data
Fig.1f). EPACl activationinduced asignificantincreasein UCP1, FABP4
and PPARYy protein levels (Fig. 1a), and of the mitochondrial OXPHOS
complexes (Fig.1b). Consistent with these results, 007-treated brown
adipocytes displayed significantly increased basal and UCP1-dependent
respiration, which was absentin UcpI” brown adipocytes (Fig. 1cand
Extended Data Fig. 1g). Importantly, 007 did not elicit significant
changes in Rapgef3-knockout (KO; Rapgef3”") primary brown adipo-
cytes (Extended Data Fig. 1h), demonstrating the specificity of 007
for EPACL. Taken together, these data show that stimulation of EPAC1
enhances brown adipogenesis.

Identification of EPACl1 signalling pathways in preadipocytes
Incontrast to stimulation of PKA using either the PKA-specificanalogue
6-MB-cAMP (6-MB) or NA, direct activation of EPAC1 did not acutely
activate brown adipocytes as measured by lipolysis (Extended Data
Fig.2a). Togain moreinsightsinto the differences between EPACI-and
PKA-dependent cAMP signallingin brown preadipocytes, we performed
high-sensitivity phosphoproteomics analysis. Principal component
analysis demonstrated a clear separation between the two treatments
andthe control group (Fig. 1d). Specifically, we found that phosphoryla-
tion of MTORCl1 substrates (4E-BP1Ser64 and Thr69; LARP1Ser743/751;
and MAP1B Ser1247/1260) was increased after activation of EPAC1,
but not PKA (Fig. 1e). mTORCl is a central controller of anabolic pro-
cesses in cell growth", suggesting that EPAC1 may have arole in the
proliferation of brown preadipocytes. As cell proliferation requires
both cellular anabolism and mitosis, we further examined MAPK and
CDK1signalling, which are required for cell cycle entry in response to
extracellular cues'®. High levels of cAMP have previously been shown
to block M-phase entry due to inhibitory phosphorylation of CDK1
by PKA at Tyr15 (ref. 19). We found that activation of PKA, but not of
EPACI, led to Tyr15 phosphorylation of CDK1in brown preadipocytes
(Extended Data Fig. 2b). Mitogen-activated protein kinase 14 (p38a,
Ser2) was phosphorylated only after EPAC1 activation (Fig. 1f). Both
EPACland PKA activationinduced phosphorylation of ERK1(Thr88 and
Tyr90) and ERK2 (Tyr185 and Thr183) (Fig. 1f), while they had distinct
ERK substrate phosphorylation signatures (Extended Data Fig. 2c).
Validation using western blotting showed that 007 significantly
increased ERK1/2 phosphorylation, which was completely blunted by
the MEK inhibitor U0126 (Extended Data Fig. 2d). Consistent with these
findings, preadipocytes and BAT from Rapgef3” mice showed reduced
basal phosphorylation of ERK1/2 compared with the wild type (WT)

(Fig. 1g and Extended Data Fig. 2e). To further analyse the differences
between EPACI- and PKA-dependent cAMP signalling, we studied DUSPL,
whichis knowntoinhibit ERK signalling by dephosphorylating ERK1/2%°.
Dusp1 was upregulated after PKA activation (Extended Data Fig. 2f).
Consistent withincreased Duspl expression, we observed adecreasein
ERK1/2 phosphorylation after sustained PKA activation, while the effects
of 007 treatment were maintained (Extended Data Fig. 2g).

Physiologically, cold stress stimulates the release of NA and
induces BAT growth. As ERK1/2is activated by NA in several cell types?,
wefirsttested whether NAand 007 promote brown preadipocyte pro-
liferation through the MEK/ERK pathway. While 007 and NAincreased
brown preadipocyte proliferation, this effect was significantly inhibited
once the MEK/ERK pathway was blocked (Fig. 1h). Inhibiting ERK1/2
activation with U0126 also blocked the effects of 007 on differentiation
(Extended Data Fig. 2h), suggesting that the MEK/ERK pathway has
amajor role in the EPAC1-dependent effects on brown preadipocyte
differentiation. Moreover, NA-induced ERK1/2 phosphorylation was
inhibited after blocking EPAC1 using the EPAC inhibitor ESI-09 (Fig.
1i), demonstrating that EPAClis required for ERK1/2 activation by NA.

NA-induced proliferation was also completely inhibited by ESI-09
in brown preadipocytes (Fig. 1j). Similarly, Rapgef3” preadipocytes
showed significantly decreased proliferation compared with the WT
(Extended DataFig. 2i). Consistent with this notion, we observed that,
at the end of differentiation, the number of lipid-droplet-containing
cells was significantly increased after treatment with 007 (Extended
DataFig. 2j).

Notably, inhibition of mMTOR by rapamycinalso completely blunted
the effects of 007 and NA on brown preadipocyte proliferation, sug-
gesting that both ERK1/2 and mTORCI are downstream mediators
of NA-induced proliferation through EPAC1 (Extended Data Fig. 2k).

Takentogether, these data strongly indicate that EPAC1 signalling
mediates NA-induced proliferation of brown preadipocytes.

To narrow down the timepoint of EPAC1-dependent regulation
of differentiation, we stimulated the cAMP/EPAC pathway during dif-
ferent phases of differentiation. Although all treatments significantly
increased lipid content and enhanced expression of Pparg and Ucpl,
007 treatment during both proliferation and the induction phase
resulted in the most pronounced effects (Extended Data Fig. 2I-n).
To gain further mechanistic insights into additional factors regulat-
ing induction, we focused on C/EBPf, a key transcription factor for
brown preadipocyte differentiation that has a crucial role during
thermogenic induction® and has been described to be modulated
by EPAC1 in tubular epithelial cells****. Brown preadipocytes treated
with 007 during the induction phase exhibited a significantincreasein
C/EBPB levels, whereas no effect was observed in Rapgef3” cells (Fig.
1k and Extended Data Fig.20). Knockdown of Cebpb (encoding C/EBPf3)
using CRISPR-Cas9 (Extended Data Fig. 2p) significantly reduced the
effect of 007 on adipogenic and thermogenic markers (Extended Data
Fig.2q,r). Todelineate the mechanism of cAMP/EPAC-mediated regula-
tion of C/EBPf, we focused on phosphodiesterase 4 (PDE4), which is
the major PDE regulating cytosolic cAMP in brown preadipocytes?,
and has also been described to be associated with EPAC1 signalling
in other cell types*?°. PDE4 inhibition using rolipram enhanced the
007-induced effects on C/EBP levels (Extended Data Fig. 2s). These
effects were independent of ERK1/2, because blockage of the ERK1/2
signalling pathway showed no effect on the 007-derived upregulation
of C/EBPf expression (Extended Data Fig. 2t).

EPAC1 enhances browning of white adipocytes

Stimulation of the cAMP-EPAC1 axis in white preadipocytes did not
resultinincreased Fabp4and Pparg expression (Fig. 11). Differentiated
Rapgef3” white adipocytes showed no difference inadipogenesis or in
lipolysis compared with WT cells (Extended DataFig.3a-c). Moreover,
007 did not induce any increase in proliferation or ERK1/2 phospho-
rylation (Extended Data Fig. 3d,e). Thus revealing major differences
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Fig.1| Activation of EPAC1 promotes brown adipogenesis. a-c, Brown
adipocytes (BAs) were differentiated in the presence and absence of 007 during
differentiation (from day -2 to day 7). a, Representative immunoblot (left) and
quantification (right) of UCP1, FABP4 and PPARYy. n = 4 independent experiments.
b, Representative immunoblot (right) and quantification (left) of mitochondrial
complex components. n =4 independent experiments. ¢, Quantification of
UCP1-dependent respiration of WT and UcpI”” brown adipocytes with
orwithout 007.n=5(WT)and n=3 (Ucpl”") independent experiments.

Cons., consumption. d, Principal component analysis showing different
phosphoproteomic signatures in control-, 007-and 6-MB-treated samples.n =4
biologically independent samples. e,f, Supervised hierarchical clustering of
mTORCI substrates (e) and MAPK (f). The position of phosphorylation and the
multiplicity of phosphopeptide are indicated; the asterisks mark regulatory
sites (red, activating). n = 4 biologically independent samples. g, Representative
immunoblot analysis of ERK1/2 phosphorylation (left) and quantification (right)
of BAT isolated from Rapgef37 and WT mice.n=4 (WT) and n =3 (Rapgef3”")
biologically independent samples. h, Quantification of primary mouse

proliferating cells that were pretreated with or without U0126 and stimulated
with or without 007, or with or without NA. n = 4 biologically independent
samples. i, Representative immunoblot analysis of ERK1/2 phosphorylation
(left) and quantification (right) of brown preadipocytes that were pretreated
with or without ESI-09 and stimulated with or without NA. n =3 independent
experiments. j, Quantification of primary mouse proliferating cells that were
pretreated with or without ESI-09 and stimulated with or withoutNA.n=3
biologically independent samples. k, Representative immunoblot (left) and
quantification (right) of C/EBPf in brown adipocytes that were induced with
or without 007. n =4 independent experiments. I,m, Quantitative PCR (qPCR)
analysis of the relative (rel.) expression of the adipogenic markers Fabp4 and
Pparg (1) and the thermogenic markers Ucpl, Pgcla and Cox8b (m) of mature
white adipocytes (WAs) differentiated with or without 007.n=4(l), n =5 (m)
biologically independent samples. Pvalues were determined using unpaired
two-tailed ¢-tests (a, b, g and k-m) and one-way analysis of variance (ANOVA) with
Tukey’s multiple-comparison test (c, h,iandj). Data are mean + s.e.m. Source
numerical dataand unprocessed blots are provided as source data.
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Fig. 2| EPACl1 signalling promotes BAT growth and functionin vivo.
a-e,Mice were injected daily for 1 week with vehicle or 007 and housed at 23 °C.
a, BAT mass per body weight (BW; n =12 biologically independent samples; left)
and representative macroscopy image (right). Scale bar, 1 cm. b, Representative
haematoxylin and eosin (H&E) staining of BAT (left). Scale bars, 200 pm
(overview) and 25 um (magnifications). Right, quantification of haematoxylin-
stained nuclei per area. n = 8 biologically independent samples. a.u., arbitrary
units. ¢, Representative immunostaining of UCP1 (left). Scale bars, 200 pm
(overview) and 25 pm (magnifications). n = 3 biologically independent samples.
Right, representative immunoblot and quantification of UCP1 expressionin
BAT; expression data were normalized to total BAT weight. n = 8 independent
animals. d, The oxygen consumption of mice that were exposed to 4 °C for
1h.n=4independent animals. e, The oxygen consumption of BAT from mice

that were injected with 007 or vehicle and incubated with or without NA (left)
and quantification of UCP-1-dependent respiration (right). n = 6 biologically
independent samples. f-h, Rapgef3”~ and WT mice were housed at 4 °C for
1week. f, BAT mass per body weight (left) and representative macroscopy image.
Scalebar,1cm (right). n =15 biologically independent samples. g, The oxygen
consumption of Rapgef3”~ and WT mice that were housed for 1 week at 4 °C (left)
and quantification of the area under the curve (AUC) (right). n =15 independent
animals. h, Representative immunoblot and quantification of UCP1 expression
in BAT; expression data were normalized to total BAT weight. n = 8 biologically
independent samples. Pvalues were determined using unpaired two-tailed
t-tests (a-d and f-h) and one-way ANOVA with Tukey’s multiple-comparison test
(e). Dataare mean + s.e.m. Source numerical dataand unprocessed blots are
provided as source data.

in the role of EPAC1-dependent regulation between brown and white
adipocytes.

By contrast, treatment of white preadipocytes with 007
throughout differentiation resulted in a significant increase in Ucpl,
Pgcla, Cox8b and Tfam, alongside asignificant decreaseinthe average
lipid-droplet size (Fig. Im and Extended Data Fig. 3f) and increased
C/EBPB levels (Extended Data Fig. 3g). Taken together, these data show
that cAMP enhances the thermogenic program and browning of white
adipocytes through EPAC1.

EPAC1 enhances BAT growthinvivo

Toinvestigate therole of EPAC1 signallingin vivo, we administered 007
daily to adult mice for 1 week, which resulted in a significant increase
in BAT mass and cell density, with no significant difference in triglyc-
eride content (Fig. 2a,b and Extended Data Fig. 4a). Concomitantly,
expression of UCP1 protein and BAT-dependent energy expenditure
were significantly increased (Fig. 2c,d). Furthermore, BAT isolated
from 007-injected mice exhibited asignificantly enhanced NA-induced
UCP1-dependent respiration ex vivo (Fig. 2e).
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To further study the physiological relevance of EPACI, we used
whole-body-KO Rapgef3” mice and exposed them to cold conditions
for 1week. BAT mass was significantly lower in Rapgef3” mice com-
pared within WT mice (Fig. 2f). BAT function was significantly reduced
in Rapgef3” mice, which exhibited significantly reduced O, consump-
tion (Fig. 2g) and significantly decreased UCP1levels and thermogenic
markers (Cox8b, Tfam and Nd5) (Fig. 2h and Extended Data Fig. 4b).
Notably, Rapgef3” mice treated with 007 did not exhibit any changes
in energy expenditure after short-term cold exposure, and showed
no differences in BAT growth (Extended Data Fig. 4c-e), ruling out
off-target effects of 007.

Under thermoneutral conditions, Rapgef3 expression was not
changed (Extended Data Fig. 4f). Daily 007 administration at 30 °C
induced anincrease in BAT mass; however, inthe absence of adrenergic
stimulus, no significant differences were observed in the oxygen con-
sumption of vehicle- versus 007-treated mice (Extended DataFig.4g,h).
Similarly, the BAT mass as well as BAT lipid-droplet size of Rapgef3™
mice was comparable to that of the WT mice (Extended Data Fig. 4i,j).
Accordingly, we did not observe any differences in O, consumption
or in mRNA expression of thermogenic and inflammation markers
between Rapgef3” and WT mice that were housed at thermoneutrality
(Extended DataFig. 4k-n).

These findings suggest that the EPAC1 pathway is crucial for the
induction of BAT growth and increased thermogenic capacity after
physiological activation/cold exposure.

Loss of EPAC1in PDGFRa’ cells results in reduced BAT mass

As EPAC1 has an important role in preadipocytes, we focused on
PDGFRa* cells, which are precursors for thermogenic adipocytes”.
Overall, PDGFRa’ cells expressed significantly more Rapgef3than the
PDGFRa-deficient fractionin the BAT (Fig. 3a). Reanalysis of single-cell
sequencing data from the BAT of cold-exposed mice® revealed that
Rapgef3is most highly expressed in a subpopulation of PDGFRa" preadi-
pocytes thatis responsive to cold (ASC1) (Extended Data Fig. 5a-d).

Notably, Pdgfra expression was lower in the BAT of cold-exposed
Rapgef3” mice compared with cold-exposed WT mice, possibly indi-
cating reduced proliferation of PDGFRa* brown precursor cellsin the
absence of EPAC1 (Fig. 3b). By contrast, activation of EPAC1in PDGFRa*
cellsresulted insignificantly increased proliferation compared within
the vehicle-treated cells (Fig. 3c).

We therefore generated mice in which Rapgef3 was selectively
knocked out in PDGFRa" cells using Pdgfra-cre mice (Rapgef3™
Pdgfra“™"*; hereafter, EPACIPKO mice). Although EPACIPKO mice
showed no difference in oxygen consumption at room temperature
(Extended Data Fig. 6a), EPACIPKO mice exhibited significantly lower
oxygen consumption after cold exposure (Fig. 3d), with no differences
in body weight (Extended Data Fig. 6b). Importantly, cold-exposed
EPACIPKO mice displayed significantly decreased BAT mass and sig-
nificantly decreased UCP1expression (Fig. 3e-g), mimicking the phe-
notype of the global-KO mice. Similarly, we observed a decrease in core
body temperature, although significant changes between genotypes
were observed mainly between day 4 and 7 after cold acclimatization
(Extended DataFig. 6¢,d).

Moreover, we crossed Rapgef3™" with UcpI“* (Rapgef3™'Ucp1*;
hereafter, EPACIUCP1KO mice) mice. After 1 week of cold exposure, no
significant differences in BAT weight, thermogenic markers or oxygen
consumptionwere observed (Fig. 3h-1).

Taken together, EPAC1in PDGFRa" preadipocytes controls thermo-
genicadipose tissue mass and ensures adaptive thermogenesis in BAT.

Loss of EPAC1in PDGFRa« cells worsens obesity

We next analysed the thermogenic function of EPAC1in the context of
diet-induced obesity (DIO). EPACIPKO mice fed a high-fat diet (HFD)
gained significantly more weight than their WT littermates (Fig. 4a),
with no differences in food consumption (Extended Data Fig. 7a).

Importantly, EPACIPKO mice displayed a significantly diminished
glucose tolerance (Fig. 4b) and overall increased fat mass (Fig. 4c,d),
with significantly higher inguinal WAT (WATi; +53%) and gonadal WAT
(WATg; +47%) mass, as well as increased adipocyte size (Fig. 4e-h and
Extended Data Fig. 7b). Moreover, UCP1 was significantly decreased in
the BAT of the EPACIPKO mice, although no differences in BAT mass
were observed (Fig. 4i and Extended Data Fig. 7c,d). EPACIPKO mice
that were fed an HFD showed areduced O, consumption rate at 23 °C
as well as after 1 h exposure to 4 °C (Fig. 4j,k), whereas no significant
differences were observed in the control diet (CD) groups (Extended
DataFig. 7e,f).

Taken together, these data indicate that, under obesogenic con-
ditions, the loss of EPACI specifically in PDGFRa" cells reduces the
thermogenic capacity of brown/beige fat and exacerbates obesity.

Activation of EPACI counteracts obesity

We next studied whether EPACI1 activation could ameliorate obesity.
Mice fed an HFD and treated with 007 showed significantly less weight
gain (Fig. 5a,b)—with no differences in food intake (Extended Data
Fig.8a)—compared with vehicle-treated HFD-fed mice. The 007-treated
HFD-fed mice exhibited a significant decrease in fat mass (Fig. 5c and
Extended Data Fig. 8b) with significantly reduced WATi (-39%) and
WATg (-36%) mass (Fig. 5d and Extended Data Fig. 8c). No differences
in BAT mass were observed; however, the 007-treated HFD-fed group
hadincreased UCP1levels, and lower lipid accumulation (Extended Data
Fig. 8d-f). Treatment with 007 led to a significant decrease in adipo-
cytearea, ahigher frequency of smaller adipocytes and anincreasein
UCP1-positive cellsin the WATi (Fig. Se,f and Extended Data Fig. 8g,h).
Notably, the WATi of 007-treated HFD-fed mice also showed 22-fold
higher UcpI expression, together with significantly increased levels
of Pgcla, Tfam, Cox8b and Adbr3 (Fig. 5g). CD-fed mice treated with
007 displayed a tendency for increased BAT mass and significantly
higher UCP1levels (Extended Data Fig. 8i-k). The WATi mass of the
007-treated CD-fed group was not changed, but had a significantly
increased number of UCP1-positive cells, as well as smaller adipocytes
(Extended Data Fig. 81-p), indicating increased browning also in the
007-treated CD-fed group. No significant differences in WATg mass
were observed in the CD-fed group (Extended Data Fig. 8q).

Whole-body oxygen consumption was significantly increased in
007-treated HFD-fed mice with no differences shownin motility (Fig. Sh
and Extended DataFig. 8r). The maximal cold-induced O, consumption
ratein 007-treated HFD-fed mice was increased compared with in the
vehicle-treated HFD-fed mice (Fig. 5i), and reached values comparable
to those of the CD-fed mice (Fig. 5j). Moreover, EPAC1 activation also
increased oxygen consumption (+11%) in mice fed the CD without
affecting motility (Extended Data Fig. 8s,t).

The expression of the proinflammatory genes 7nfand Ccl2 was
decreased in the WATi of 007-treated HFD-fed mice, whereas the
anti-inflammatory marker /l10 was upregulated (Extended Data
Fig.8u). Moreover, the BAT from 007-treated HFD-fed mice exhibited
lower levels of Ccl2and increased levels of Il10 (Extended Data Fig. 8v).

Overall, these results demonstrate that EPAC1 signalling counter-
acts obesity-induced metabolic alterations, reduces adipose tissue
inflammation and increases the function of thermogenic fat during
feeding onan HFD.

Role of EPAC1in human brown adipocytes

RAPGEF3 expression was significantly increased in human brown
preadipocytes compared with in mature human brown adipocytes
and human white adipocytes (Fig. 6a). Human brown preadipocytes
exhibitedincreased proliferation after stimulation with NA, which was
blunted after concomitant treatment with the EPAC inhibitor ESI-09
(Fig. 6b). By contrast, we observed asignificantincreasein proliferation
after stimulation with 007 (Fig. 6¢). Moreover, human brown adipocytes
that were treated with 007 had increased lipid-droplet accumulation
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Fig.3|Mice lacking EPAC1in PDGFRa’ cells have decreased cold-induced
oxygen consumption and BAT mass. a, nRNA expression (22%) of Rapgef3in
PDGFRa* versus PDGFRa cells isolated from BAT. n =3, where each nis a pool of
5-6 mice. b, Pdgfra mRNA expression in BAT isolated from Rapgef3” and WT
mice after 1 week exposure to 4 °C.n =13 biologically independent samples.

¢, Proliferation of primary PDGFRa" cells sorted from BAT and stimulated with or
without 007. n =4 biologically independent samples. d-g, EPACIPKO and WT
(Rapgef3""Pdgfra**) mice were exposed to 4 °C for 1 week. d, The oxygen
consumption of mice that were exposed for 1 week to 4 °C (left) and
quantification of the AUC (right). n =10 independent animals. e, The BAT mass
per body weight of mice that were exposed for 1 week to 4 °C.n =10 biologically
independent samples (left) and representative macroscopy image (right). Scale
bar,1cm.n=3biologicallyindependent samples. f, Representative H&E
immunostaining of BAT after 1week exposure to 4 °C. Scale bars, 100 pm
(overview) and 50 pm (magnifications). n = 3 biologically independent samples.

Rapgef3  Fabp4 Pparg Ucp1 Pgcla Cox8b Tfam Nd5

g, Representative immunoblot (left) and quantification (right) of UCP1from BAT
after 1week exposure to 4 °C; expression data were normalized to the total BAT
weight.n=8(WT)and n =9 (EPACIPKO) biologically independent samples.

h-1, EPACIUCPIKO and WT (Rapgef3""UcpI**) mice were exposed to 4 °C for
1week. h, The body weight of mice that were exposed for 1week to4 °C.n=10
biologicallyindependent samples. i, Oxygen consumption of mice that were
exposed for 1week to 4 °C (left) and quantification of the AUC (right).n=7 (WT)
and n = 6 (EPACIUCP1KO) independent animals. j, The BAT mass per body weight
of mice that were exposed for 1week to 4 °C. n =10 biologically independent
samples. k, Representative H&E immunostaining of BAT after 1 week exposure to
4°C.Scalebars,100 pm (overview) and 50 pm (magnifications). n = 3 biologically
independent samples. l, The mRNA expression profile of BAT from cold-exposed
mice. n =10 biologically independent samples. P values were determined using
unpaired two-tailed t-tests (a-1). Data are mean + s.e.m. Source numerical data

and unprocessed blots are provided as source data.

and significantly increased expression of FABP4 and PPARG, as well
as PGCIA and UCPI (protein and mRNA) (Fig. 6d,e and Extended Data
Fig. 9a). Similar to mouse adipocytes, treatment with the EPAC1
activator increased the expression of CEBPB (Fig. 6f).

Next, humaninduced pluripotent stem cells (hiPSCs) were used to
generate human beige/brown-like adipose progenitors (hiPSC-BAPs)*
for 3D cultures. Importantly, the 007-treated hiPSC-BAP organoids
showed a significant increase in EAU-positive cells, alongside an
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Fig. 4| Ablation of EPAC1in PDGFRa«" cells exacerbates the effects of DIO.
a-k, EPACIPKO and WT (Rapgef3""Pdgfra*’*) mice were fed an HFD for 12 weeks.
a, Body weight over the course of 12 weeks.n=9 (HFD) and n = 6 (CD)
independent animals. b, Blood glucose over the course of 120 min (left) and AUC
quantification (right). n=9 (HFD) and n = 6 (CD) independent animals. ¢, Fat mass
per body weight. n=9 independent animals. d, The body composition of the
HFD-fed groups. n =9 independent animals. e, The WATi mass per body weight of
HFD-fed mice (n =9 biologically independent samples; left) and representative
macroscopy image (right). Scale bar,1cm. n =3 biologically independent
samples. f, Representative H&E immunostaining of WATi after feeding on an HFD.
Scale bars, 100 pm (overview) and 50 um (magnifications). n = 3 biologically
independent samples. g, The average adipocyte area of WATi after feeding on an
HFD.n=6(WT)and n =7 (EPACIPKO) biologically independent samples. For the

box plots, the centre line shows the median, the box limits show the first and third
quartiles, and the upper and lower whiskers extend from the maximum to the
minimum value. h, The relative frequency of adipocyte size of the WATi of HFD-
fed mice.n=6 (WT) and n =7 (EPACIPKO) biologically independent samples. i,
Representativeimmunoblot (right) and quantification (left) of UCP1from BAT
after 12 weeks feeding on an HFD. Expression data were normalized to the total
BAT weight. n =6 (WT) and n = 7 (EPAC1PKO) biologically independent samples.
Jj Kk, Analysis of covariance (ANCOVA) analysis of the oxygen consumption per
body weight of mice that were exposed to 23 °C (j) and1 hat 4 °C (k) and fed an
HFD. n=9independent animals. P values were determined using unpaired two-
tailed t-tests (a, e, g and i) and one-way ANOVA with Tukey’s multiple-comparison
test (band c). Dataare mean +s.e.m. from biologically independent animals.
Source numerical dataand unprocessed blots are provided as source data.

increase in the proliferation marker MKI67 (encoding Ki-67; Fig. 6g
and Extended Data Fig. 9b). At the end of differentiation, hiPSC-BAP
organoids that were stimulated with 007 had increased UCP1 mRNA
levels (Fig. 6h). Moreover, when culturedin 2D, hiPSC-BAPs treated with
007 showed an increase in proliferation in preadipocytes, combined
withanincrease in UCPI1 expression (Extended DataFig. 9c,d). Together,
these data indicate that EPACI activation induces the proliferation
and differentiation of human brown adipocytes as well as of human
iPSC-derived brown adipocytes in 3D/organoids, which might have
relevance also for translational approaches directed at transplantation
of human BAT precursors to increase thermogenic fat mass.
Notably, the low-frequency coding variant p.Leu300Pro
(rs145878042) in RAPGEF3was shown to positively correlate with BMI
inacohortof718,734 individuals®. Studies of the effect of this Pro300
substitution on EPACI function are lacking. To investigate whether

this mutation leads to a loss of the pro-proliferative effect of EPAC1
in preadipocytes, we transduced murine Rapgef3” preadipocytes
and reconstituted them with either WT EPAC1 or the EPAC1 variant
(EPAC1(L300P)) using lentiviral vectors. EdU-incorporation experi-
ments revealed that preadipocytes that were reconstituted with WT
EPAC1showed increased proliferationinresponse to either NA or 007.
By contrast, neither 007 nor NA affected proliferationin preadipocytes
transduced with EPAC1(L300P) or an empty control vector (Fig. 6i).
These data strongly suggest that the Leu300Pro has a negative effect
on BAT mass and energy homeostasis; thereby leading to increased
BMIin humans carrying this variant.

Discussion
BAT activity decreases during aging and in obesity**'. Thus, decipher-
ingthe mechanisms behind BAT growth s essential to enhance energy
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Fig. 5| Activation of EPACI1 counteracts obesity. a-j, Mice were fed a CD or HFD
for12 weeks and injected daily with vehicle (veh) or 007.a, The body weight over
the course of 12 weeks. n = 5 independent animals. b, Representative pictures

of mice that were injected with vehicle (left) or 007 (right). Scalebar,2cm.n=5
independent animals. ¢, Fat mass per body weight. n = 5independent animals.

d, WATi mass per body weight (left) and representative macroscopy image (right).
Scale bars,1cm. n = 5biologically independent samples. e, The average adipocyte
area of WATi after feeding on an HFD. n = 5 biologically independent samples. For
the box plots, the centre line shows the median, the box limits show the first and
third quartiles, and the upper and lower whiskers extend from the maximum to

the minimum value. f, The relative frequency of adipocyte size of the WATi of HFD-
fed mice. n =5biologically independent samples. g, The mRNA expression profile
of the WATi of HFD-fed mice. n =5 biologically independent samples. h,i, ANCOVA
analysis of oxygen consumption per body weight of mice that were exposed
t023°C (h) or 4 °C (i) and fed an HFD. n = 5 independent animals. j, Oxygen
consumption over the course of 1 h at 4 °C (left) and quantification of the AUC
(right). n=5independent animals. Pvalues were determined using unpaired two-
tailed t-tests (a, d, e and g) and one-way ANOVA with Tukey’s multiple-comparison
test (candj). Data are mean + s.e.m. from biologically independent animals.
Source numerical dataare provided as source data.

expenditurein older patients or patients with obesity. The main focus
of BAT research has been on the cAMP-PKA signalling pathway; how-
ever, it has also been described that noradrenergic stimulation can
induce proliferation of brown preadipocytes through ERK1/2inacAMP/
PKA-independent manner™. Although several studies investigated the
role of EPAC proteinsin metabolism, the role of EPAC1in thermogenic
fat and energy homeostasis is not clear. As previous studies showed
that EPAC activation wasinsufficient toinduce differentiation of white
adipocytes, arole of EPAC1 in thermogenic adipocyte differentiation
was not expected™®.

Moreover, previous studies used different genetic mouse models
resulting in partially conflicting results'". One study™ generated
Rapgef3-KO mice by replacing exons 8 to 21 of the Rapgef3 gene with
aneomycin cassette. These KO mice have defects in pancreatic 3-cell
insulin secretion and more severe DIO. By contrast, using a differ-
ent Rapgef3-KO mouse model, a study found® that ablation of EPAC1
resulted in reduced obesity, which was explained by enhanced leptin
sensitivity in the brain. However, Yan et al.” replaced exons 3-5, affect-
ing only the DEP domain of the regulatory region.

Here we used a multipronged approach to decipher the role of
EPAC1in thermogenic adipose tissue and energy homeostasis: (1)
we used a global Rapgef3-KO model based on the insertion of loxP
sequences within introns 7 and 15 of the Rapgef3 gene'**. Detailed

metabolic analysis of these mice revealed impaired BAT growth and
reduced thermogenic ability after physiological BAT activation.
(2) Pharmacological activation of EPAC1 with 007 increased brown
fat mass and energy expenditure. These effects of 007 were absent
in EPACI-deficient adipocytes and Rapgef3-KO mice, demonstrating
the specificity of this EPAC1 activator. (3) To pinpoint the function of
EPACI, we used a cell-specific KO mouse model.

EPAClis highly expressed in PDGFRa" adipocyte progenitor cells
present in the stromal vascular fraction (SVF) of BAT. Furthermore,
analysis of single-cell sequencing data® revealed that asubpopulation
of PDGFRa’ cells thatis cold-responsive expresses the highest level of
EPACL. Previous studies showed that PDGFRa" cells give rise to brown
adipocytes and that beige cells in WAT are derived from SVF cells that
express PDGFRa at high levels®*®. The loss of EPAC1in PDGFRa* preadi-
pocytes resulted in a decrease in oxygen consumption and BAT mass
as well as worsened DIO. Our data clearly show that EPAC1 is a major
regulator of energy expenditure through the regulation of the number
of thermogenic adipocytes.

Importantly, the positive effect of EPAC1 on differentiation is
specific for thermogenic adipocytes and was not observed in white
preadipocytes/during white adipogenesis. In this context, itisinterest-
ing that adrenergic stimulation promotes brown, but inhibits white,
preadipocyte proliferation”. As white adipocyte proliferation is a
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Fig. 6 | Activation of EPAC1induces human brown adipocyte proliferation
and differentiation. a, RAPGEF3 mRNA expression (2~2¢) in human brown
versus white preadipocytes (hPreBA and hPreWA, respectively) and mature
brown and white adipocytes (hBA and hWA). n =5 (human brown adipocytes) and
n=3(human white adipocytes) independent experiments. b,c, Representative
EdU staining (left; green, EdU; blue, DAPI) and quantification (right) of
proliferating cells that were pretreated with or without ESI-09 and stimulated
with or without NA (b; n =3 biologically independent samples) or stimulated with
or without 007 (c; n = 4 biologically independent samples). For b and ¢, scale
bars, 100 um. d, Representative images of human brown adipocytes (hBAs) that
were differentiated with or without 007. Scale bars, 100 pm. n =3 biologically
independent samples. e, Relative mRNA expression of FABP4, PPARG, UCPI and
PGCI1A of human brown adipocytes that were differentiated with or without 007.
n=>5biologicallyindependent samples. f, Relative CEBPB expression 8 h

after induction with or without 007. n = 6 biologically independent samples.
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g, Analysis of proliferation in hiPSC-BAP organoids that were stimulated with or
without 007 and labelled with EdU. Representative images (left) and
quantification (right). n = 4 independent experiments. Scale bars, 100 pm.

h, hiPSC-BAP organoids were differentiated with or without 007. Representative
images of Oil Red O (red) and UCP1 (green) staining (left) are shown. Scale bars,
100 pm. Right, relative UCPI expression. n =3 independent experiments.

i, Quantification of proliferating primary Rapgef3” brown preadipocytes that
were transduced with lentiviruses expressing IRES-GFP (LV-ctrl), WT EPAC1
(LV-WT EPAC1) or EPAC1(L300P) mutant (LV-L300P EPAC1), and treated with or
without vehicle, NA or 007. n =3 independent experiments. Pvalues were
determined using unpaired two-tailed ¢-tests (c and e-h), and one-way (a),
one-way repeated-measures (b) and two-way repeated-measures (i) ANOVA with
Tukey’s multiple-comparison test. Data are mean + s.e.m. Source numerical data
are provided as source data.

hallmark of obesity*®, selectively enhancing proliferation of thermo-
genic adipocytes may be an especially valuable approach in patients
with obesity.

To elucidate the molecular mechanisms that are responsible for
the EPACI effects, we first performed phosphoproteomic analysis.
Thisrevealed that EPAC1 specifically regulates the mTORC1 pathway,
whichis crucial for anabolic growth during cell proliferation. Moreo-
ver, we found that EPACI activation increases phosphorylation of
ERK1/2, an important initiator and regulator of mitosis. Functional
validation of these findings demonstrated that (1) mTORC1and ERK1/2
activity is essential for EPACI-induced preadipocyte proliferation, and
(2) EPAClactivates ERK1/2 and stimulates proliferation exclusively in
brown but not white preadipocytes. Notably, we found that EPAClis
required for NA-induced brown preadipocyte proliferation, indicating

acentral role of EPAC1in cold-induced growth of BAT. Furthermore,
we found an increased expression of C/EBPf3—a central transcrip-
tion factor for brown but not white adipocyte differentiation—after
EPAClactivation.

Regardingthe role of EPAC1in mature adipocytes, EPAC1 has pre-
viously been shown to regulate glucose uptake through mTORC2
signalling in differentiated brown adipocytes®. Overall, this
EPAC1/mTORC2-induced increase in nutrient uptake could poten-
tially support the anabolic response associated with NA/EPAC1/
mTORCI-mediated BAT growth. Moreover, it was recently reported that
EPAC proteins are involved in acute downregulation of 3;-adrenergic
receptorsin differentiated 3T3-L1 cells and visceral white fat*°.In con-
trast, we found that activation of EPAC1 during feeding onan HFD leads
toanincreasein 3;-adrenergic receptors in subcutaneous WAT.
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The finding that pharmacological activation of EPAC1 enhanced
human brown adipocyte proliferation and differentiation in both
conventional 2D cultures as well as in 3D/organoid models demon-
strates the importance of EPACI for human thermogenic adipocytes
and energy homeostasis. Apart from pharmacological activation of
proliferation and differentiation of resident thermogenic fat cells,
transplantation of brown/beige precursors, which can be derived
fromiPSCs, hasbeen put forward as an alternative strategy toincrease
the number of thermogenic adipocytes in humans*. Thus, one can
envision pretreating iPSC-derived brown/beige precursor cells with
an EPAC1 activator to improve the efficacy of such brown/beige fat
transplantation approaches.

Finally, we identified a single-nucleotide polymorphism
(p.Leu300Pro) of RAPGEF3, which has recently been shown to posi-
tively correlate with BMIin a cohort of 718,734 individuals®, as a mis-
sense mutation that interferes with NA-induced brown adipocyte
proliferation.

Taken together, our data identify EPACI1 as a major regulator of
brown/beige adipocyte proliferation and differentiation. EPAC1 might
be a potential pharmacological target to promote human brown/
beige adipose tissue growth, energy expenditure and cardiometa-
bolic health that could be directly targeted using pharmacological
activators. Alternatively, ex vivo activation of EPAC1in iPSC-derived
autologous human brown/beige preadipocytes might be a way to
enhance transplantation-based approaches to increase BAT mass
and, consequently, energy expenditure and/or the release of protec-
tive endocrine factors (BATokines)** to combat diabetes and obesity.
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Methods

All of the animal studies were performed in accordance with national
guidelines and were approved by the Landesamt fiir Natur, Umwelt und
Verbraucherschutz, Nordrhein-Westfalen, Germany (84-02.04.2017.
A314; 81-02.04.2019.A254) and by the Behorde fiir Gesundheit und
Verbraucherschutz Hamburg, Germany (N082/2020).

Animal studies
WT male C57BI/6) mice were purchased from Charles River.

Rapgef3”" (ref. 34) mice and Rapgef3"" mice were provided by F.
Lezoualc’h. Pdgfra-cre ((C57BL/6-Tg(Pdgfra-cre)1Clc/), 013148) and
UcpI-cre (B6.FVB-Tg(UcpI-cre)1Evdr/J, 024670) mice were purchased
fromJackson. Only male mice were used.

All mice were maintained on a daily cycle of 12 h light (06:00-
18:00) and 12 hdarkness (18:00-06:00), at ambient room temperature
(23 +1°C) and 40-50% humidity if not otherwise stated, and were
allowed free access to chow and water.

Sample sizes for all in vivo experiments are given in the figure
legends.

HFD. Male mice (aged 7 weeks) were fed with an HFD (Ssniff, D12492)
or a CD (Ssniff, D12450B) for 12 weeks and the body weight was moni-
tored weekly.

Energy expenditure. Oxygen consumption was measured using the
PhenoMaster (TSE Systems) system for 120 s per mouse every 18 min
for24 h. During the study, mice were maintained onadaily cycleof 12 h
light (06:00-18:00) and 12 h darkness (18:00-06:00). For long-term
cold exposure measurements, 7-week-old mice were housed at 16 °C for
3 daysand keptat 4 °C for aweek. For thermoneutrality experiments,
7-week-old mice were housed at 30 °C for aweek.

Body temperature. To measure body temperature, transponders (G2
E-Mitter) were transplanted into the peritoneum of anaesthetized
eight-week-old male mice. Then, 7 days after surgery, the recovered
mice were single caged in a thermally and humidity-controlled envi-
ronment using the Promethion system (Sable Systems). Body core
temperatures were recorded at 6 °C asindicated in the figure legend.

Pharmacological activation of EPAC. For the short-term studies,
8-week-old male C57BI/6)J WT mice were injected withNaClor 007 (2 mg
per kgbody weight) intraperitoneally for 1 week before measurement.
For the DIO studies, 7-week-old C57BIl/6) WT male mice were used at the
start of the experiment. Mice were injected intraperitoneally once daily
with 007 (2 mg per kg) or with NaCl for 12 weeks.

Oxygen consumption was measured every 18 minfor 120 sduring
24 h with Phenomaster (TSE Systems). For short-term cold exposure
(1h4°C), the mice were measured for 120 severy 6 min for 1 h.

Body composition analysis. Body composition was analysed using a
table Bruker Minispec LF50H system.

Glucose-tolerance test. Animals were fasted for 5 h. 8 pl per g body
weight of glucose solution (0.25 g ml™) was injected intraperitoneally
and glucose was measured at the indicated timepoints after injection.
The tail vein was punctured and blood was analysed using the Accu
Check (Aviva Nano) analyzer and dipsticks (Roche).

Brown adipocyteisolation and differentiation

BAT-derived mesenchymal stem cells wereisolated frominterscapular
BAT of 4-5 newborn WT mice and isolated as previously described®.
Preadipocytes were immortalized using the lentivirus containing the
SV40large T antigen and unselected cells were cultured in DMEM sup-
plemented with FBS and penicillin-streptomycin (GM). The cells were
expandedin GM at 37 °C under 5% CO.,.

For differentiation, immortalized cells were plated at a density of
167,000 cells per wellin asix-well plate in GM. Then, 48 h after seeding
(day -2), GM was replaced by differentiation medium (DM), supple-
mented with FBS, penicillin-streptomycin, 20 nM insulin and 1 nM
triiodothyronine. Confluent cells (day O) were treated for 48 hwith BAT
induction medium (DM supplemented with 0.5 mM isobutylmethylx-
anthine (IBMX) and 1 uM dexamethasone). After induction, cells were
treated with DM for the next 5 days, changing the medium every other
day. Where indicated, cells were treated every second day with 007
(Biolog, C 041). In the experiments in which U0126 (Tocris, 1144) and
ESI-09 (Tocris, 4773) were used, inhibitors were added 15 min before
the addition of 007 or NA (Sigma-Aldrich, A9512).

For preadipocyte experiments on ERK1/2 phosphorylationand C/
EBPJ expression, cells were used on day -2 and onday O, respectively.
For mature brown adipocyte experiments, cells were used on day 7
afterinduction.

Primary brown adipocytes (non-immortalized) were used for
the study of proliferation (EdU assays) and to assess the differences
between WT and Rapgef3” brown adipocytes.

Lentiviral constructs

Third-generation lentiviral particles were produced by
calcium-phosphate-based transfection of HEK293T cells. Viral particles
were concentrated by ultracentrifugation. CRISPR-Cas9 experiments
were performed using the lentiCRISPR V2 plasmid system with gRNAs
targeting Cebpb. lentiCRISPR v2 was a gift from F. Zhang (Addgene
plasmid, 52961)**. Lentiviral doses corresponding to 200 ng of viral
reverse transcriptase per well were used for each experiment.

White adipocyte isolation and differentiation
Primary white adipocytes were isolated from 8-12-week-old C57BL/6
mice and were used to perform the experiments.

Dissected WATi from 2-3 different mice was digested in DMEM
(Invitrogen) containing 0.5% BSA and collagenase type Il at 37 °C and
then centrifuged at 250g for 10 min. The resulting pellet was resus-
pended and filtered using a100 um nylon mesh. The filtered solution
was seeded in a T175 culture flask in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin (WA growth medium) and kept at
37 °C under 5% CO,. Then, 24 h after seeding, cells were washed with
PBS and maintained with WA growth medium at 37 °C, 5% CO,. The
mediumwas refreshed every other day until cells reached confluency
and were subsequently cryopreserved.

Cells were plated at a density of 140,000 cells per well in a
six-well plate in growth medium. Cells were grown to confluence in
growth medium. Once confluent, preadipocytes were induced dur-
ing 48 h (day O to day 2) by changing the medium to WA induction
medium (DMEM containing 5% FBS, 1% penicillin-streptomycin, 1 nM
T3, 0.172 uM insulin, 50 mg ml™ L-ascorbate, 1 mM D-biotin, 17 mM
pantothenate,1 pMrosiglitazone, 0.25 uM dexamethasone and 0.5 mM
3-isobutyl-1-methylxantine). From day 2 until day 12, cells were main-
tained in WA maintenance medium (DMEM containing 5% FBS, 1% peni-
cillin-streptomycin,1nM T3, 0.172 pMinsulin, 50 mg ml™ L-ascorbate,
1 mM p-biotin, 17 mM pantothenate), refreshing it every other day.
Startingon day O, cells were chronically treated with 007 (Biolog, C 041)
asstatedin the figure legends. Medium and treatment were refreshed
every other day. Cells were analysed on day 12. For all preadipocyte
experiments, cells were used on day O.

To obtain beige adipocytes, primary white adipocytes were treated
with 1 uM NA throughout differentiation (day O to day 12). UCP1 was
assessed at the end of differentiation to ensure that beige cells of WATi
origin were obtained.

Differentiation of human brown adipocytes
Primary human brown adipocytes were cultured as described pre-
viously*®. Starting on the day that cells were confluent, cells were
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chronically treated with 007 and analysed on day +12. For the analysis
of CEBPB, cells were induced on day O for 8 hand concomitantly treated
with 007.

Generation of hiPSC-BAPs

Togenerate organoids, asuspension of hiPSC-BAPs at 1 x 10° cells per ml
was prepared in growth medium (DMEM enriched with FBS, 2.5 ng mI™
FGF2, penicillin-streptomycin, L-glutamine and HEPES). Then, 5 x 10*
cells were seeded in each well of 96-well ultra-low-attachment plate
(Corning, 7007). Organoids were generated overnight (day -1). To
differentiate the organoids (day 0), organoids were incubated with
differentiation medium: endothelial cell basal medium 2 (Promocell,
C-22211) supplemented with 0.1% FCS, IBMX (0.5 mM), dexamethasone
(0.25 uM), T3 (0.2 nM), insulin (170 nM), rosiglitazone (1 uM), SB431542
(5 pM) and EGM-2 cocktail (Lonza, CC-3121) including ascorbic acid,
hydrocortisone and EGF. On day 3, cells were fed differentiation
medium without IBMX and dexamethasone. Insulin, T3 and FCS were
stillmaintained in differentiation medium after day 9. Organoids were
maintained in differentiation medium until day 24, with the medium
changed every 3 days.

For labelling with EdU, organoids were incubated with EdU
overnight in the presence or absence of 007 from day -1to day 3.
EdU detection and DAPI staining was performed according to the
manufacturer’sinstructions (Invitrogen, C10337)*.

For the experiments described in Fig. 6h, organoids were
incubated with 007 from day —1to day 24; medium and treatment were
refreshed every 3 days.

RNAisolation, cDNA reverse transcription and qPCR
Isolation of RNA from cells/tissue was performed using the
innuSOLV RNA Reagent (Analytik Jena, 845-SB-2090100) according to
the manufacturer’s instructions. The final concentration of RNA
was quantified using the Nanodrop Spectrophotometer. According
to the manufacturer’s instructions, 500-1,000 ng of RNA was tran-
scribed using the Transcriptor First Strand cDNA Synthesis Kit (Roche,
4896866).

mRNA expression of the target genes was amplified and quan-
tified using the transcribed cDNA. mRNA expression was assessed
using qPCR using the HT7900 instrument from Applied Biosystems
and SYBR-Green PCR master mix (Applied Biosystems, 4309155).
Quantification of mRNA levels was performed on the basis of
the crossing-point values of the amplification curves using the
second derivative maximum method. Hprt was used as an internal
control for the mouse samples and GAPDH was used for the human
samples.

The primer sequences are shown in Supplementary Table 1.

Western blotting and quantification

Cells/tissues were homogenized in RIPA buffer containing protease
and phosphatase inhibitors. After centrifugation (10,000g, 30 min,
4°C), the supernatants were collected, and the protein concentra-
tion was determined using the Bradford reagent. Western blot
analysis was performed according to the manufacturer’s instruc-
tions. All antibodies were used at a1:1,000 dilution. The following
antibodies were used: UCP1(D9D6X) (Cell Signaling, 14670S), FABP4
(Cell Signaling, 2120S), PPARYy (D69) (Cell Signaling, 2430S), EPAC1
(5D3) (Cell Signaling, 4155), phosphoERK1/2 (Thr202/Tyr204) (Cell
Signaling, 9101), ERK1/2 (Cell Signaling, 9102), C/EBPf3 (Santa Cruz,
sc-150), GAPDH (14C10) (Cell Signaling, 2118) and calnexin (EMD
Millipore, 208880, 3517587). The bands were visualized using the
Odyssey imaging system (LI-COR Bioscience) with fluorescence-
labelled secondary antibodies (anti-rabbit IgG (H+L), Dylight 800,
4x PEG conjugate, 5151; anti-mouse IgG (H+L)-DyLight 800 4x PEG
conjugate, 5257, Cell Signaling Technology) according to the manu-
facturer’s protocol.

In vitro/ex vivo oxygen consumption and UCP1-dependent
respiration

Forinvitroanalyses, brown adipocytes were treated as described above
andusedatday7.

For ex vivo analyses, mice were injected during 7 days with 2 mg
per kg of 007 or with NaCl. A total of 5-6 mg BAT was dissected and
incubated with or without 1 uM NA for 30 min.

Experiments were conducted using the Oxygraph 2K (Oroboros
Instruments) system. Samples (cells/tissues) were transferred to the
Oxygraph chamber containing 2 mlincubation medium (0.5 mMEGTA,
3 mM MgCl, 6H,0, 60 mM K-lactobionate, 20 mM taurine, 10 mM
KH,PO,,20 mMHEPES, 110 mMsucrose and1g I"' BSA, pH 7.1). In vitro/
ex vivo respiration levels were recorded when reaching a steady state
followed by addition of substrates (1, endogenous; 2, digitonin; 3,
pyruvate-malate-glutamate followed by succinate; 4, GDP; 5, FCCP).
Respiration rates were normalized to total protein content or to mg of
tissue and UCP1 respiration was calculated from the difference between
GDP and succinate respiration rates.

Determination of lipid-droplet size

Adipocytes were treated asindicated in the figure legends. On the last
day of differentiation, images were acquired through automated digital
microscopy using the Cytation 5 (BioTek) system. Three images per
well were automatically taken. Image processing and calculation of the
average lipid-droplet size as well as of the lipid-droplet-covered area
was performed using the GenS5 software provided (minimum object
size:1 um; maximum object size: 40 pm).

LipidTOX staining

Brown preadipocytes were seeded onto clean 18 mm round glass
coverslips and differentiated into mature adipocytes (day 7). Cells
were washed twice with PBS for 5 min each and fixed with 4% PFA in
PBS (pH 7.4) for 10 min at room temperature. Mature cells were washed
four times with PBS for 5 min each. Subsequently, the samples were
incubated with lipidTOX (H34475, Thermo Fisher Scientific) for 30 min
atroom temperature. Cells were rinsed with PBS then incubated with
RedDot2 (40061, Biotium) for 30 min at room temperature. The sam-
ples were washed four times with PBS for 5 min each and kept in PBS
untilimaging.

PDGFRa« cellisolation

To isolate PDGFRa" cells from BAT, magnetic-activated cell sorting
(MACS) was used. For the best yield of PDGFRa" cells, we pooled the
BAT from five to six 8-12-week-old WT C57BI/6) mice. Tissue was
minced and digested in digestion buffer (DMEM containing 0.5% BSA
and 1.5 mg ml™ collagenase Il). After digestion, all tissue debris was
removed by filtration using a 100 pm nylon mesh (Merck Milipore,
NY1HO00010). PDGFRa' cells were then isolated using the CD140a
(PDGFRa) MicroBead Kit, mouse (Miltenyi Biotec, 130-101-502) and
liquid separation columns (Miltenyi Biotec, 130-042-401) according
to the manufacturer’s instructions.

Phosphoproteomics

PDGFRa" cells from BAT were isolated and plated until 80% conflu-
ence. Cellswere starved for 1 h before stimulation with 007 or 6-MB for
30 min. Phosphopeptides were enriched starting with 1 mg of protein
input using the Easyphos workflow*” and analysed using mass spec-
trometry (MS) on the Thermo Orbitrap Exploris 480 mass spectrom-
eter. Phopshopeptides were loaded onto a 50 cm column, maintained
at 60 °C,witha 75 pMinner diameter. This column was packed in-house
with 1.9 uM C18 ReproSil particles from Dr. Maisch. The separation of
peptides was achieved through a120 min gradient by reversed-phase
chromatography with a binary buffer system comprising 0.1% formic
acid (buffer A) and 80% acetonitrile (ACN) in 0.1% formic acid (buffer B).
The acquisition followed adata-dependent cyclewithalstimeinterval,
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a maximum injection time of 80 ms, a scan range of 300-1,650 Th
and an AGC target of 300%, without the use of FAIMS. Sequencing of
peptides was achieved through higher-energy collisional dissociation
fragmentation with a target value of 1 x 10° and a window of 1.4 Th.
Survey scans were performed at a resolution of 60,000 and, for HCD
spectra, theresolution was set to 15,000, with amaximum ion-injection
time of 50 ms. Dynamic exclusion was configured for 40 s, and an apex
trigger was enabled. The acquired raw MS data were processed using
MaxQuant v.2.0.1.0, with the ‘match between runs’ feature enabled.
The setting for ‘max. missed cleavages’ was set to 2, and the default
settings were used unless otherwise specified. ANOVA and two-sided
unpaired Student’s t-tests were used to filter significantly changed
phosphopeptides after width adjustment to correct for proteinamount
and imputation of missing values by random numbers drawn from
anormal distribution with a width of 0.3 and down shift of 1.8 using
Perseus. For unsupervised hierarchical clusterings, z-scored intensity
values were used.

The MS proteomics data have been deposited at the ProteomeX-
change Consortium via the PRIDE partner repository under dataset
identifier PXD046709.

EdU labelling
Primary brown preadipocytes (non-immortalized) were seeded onto
coverslipsatadensity of 20,000 cells per wellin24-well plates. Primary
white preadipocytes and primary human brown preadipocytes were
seeded at a density of 10,000 cells per well. Then, 16 h after seeding,
cellsweretreatedasindicatedinthe figurelegends and EdUwas added.
ESI-09, U0126 and rapamycin were added 15 min before NA or 007.
Cellswere fixed 48 h after and stained according to the manufacturer’s
instructions (Invitrogen, C10337).

For Fig. 6i, Rapgef3 cDNA was isolated from reverse-transcribed
BAT mRNA by PCR amplification and inserted into the lentiviral vector
156rrlsinPPTCMV (provided by L. Naldini) followed by aninternal ribo-
somalentrysite (IRES) and eGFP cassette. The L300P (T899C) mutation
was inserted by mutagenesis PCR using Q5 Hot start High-Fidelity DNA
Polymerase (New England Biolabs). For EdU experimentsin Rapgef3”
preadipocytes, BAT SVF was isolated from 8-12-week-old Rapgef3™
mice, seeded onto glass coverslips at a density of 10,000 cells per
cm?, and transduced 8 h later with the indicated lentiviral vectors at
amultiplicity of infection of 100. Then, 48 h after seeding, the cells
were treated with EAU (10 uM) together with either 200 uM 8-pCPT-
2-0O-Me-cAMP-AM (Biolog) or 1 uM NA. The cells were allowed to pro-
liferate for a further 48 h, after which they were fixed with 4% PFA and
assayed using the Click-iT Plus EdU ImagingKit (C10638, Thermo Fisher
Scientific) according to the manufacturer’sinstructions.

DAPI staining

Cellswere differentiated as described, fixed with PBS containing 4% PFA
and stained with 1 pg mI™ DAPI. Images were processed in MIPAR image
processor (SciSpot Scientific Solutions). Cell counts were estimated
using the ‘Count Colonies 2’ recipe using the default settings.

OilRed O staining

Differentiated adipocytes were washed twice with PBS, fixed with
4% paraformaldehyde at room temperature for 15 min and washed
twice again with PBS. Cells were then stained with 5 mg ml™ Qil red O
inisopropanol (00625, Sigma-Aldrich) at room temperature for 2 h.
Next, cells were washed three times with tap water and left to dry at
room temperature. For visualizing, the Epson Perfection V370 Photo
scanner was used.

Lipolysis

Cellswere incubated with 300 pl of lipolysis medium (2% BSA in DMEM)
at37°C, 5% CO,for2 h. Afterincubation, the supernatant was incubated
with free glycerol reagent (Sigma-Aldrich, F6428) for 5 min at 37 °C

and absorption was measured at 540 nm and 600 nm as reference
wavelength using a plate reader (PerkinElmer, Enspire).

IHC analysis

BAT, WATi and WATg were fixed in PBS containing 4% PFA for 20 hand
dehydrated using ethanol. The paraffin-embedded tissue was cutinto
5 uMsections.

For UCPI, histological sections were blocked with 2% goat
serum-TBS (tris-buffered saline) for 30 min (at room temperature).
Immunohistochemistry (IHC) stainings were performed using a pri-
mary UCP1 antibody (1:75) (custom made, Thermo Fisher Scientific)
overnight. Incubation with a secondary antibody conjugated with
horseradish peroxidase (SignalStain Boost IHC; Cell Signaling, 8114S)
was performed for 1 hatroom temperature. Sections were visualized
using 3,3’-diaminobenzidine (DAB) substrate (Vector Laboratories).

For H&E staining, the sections were stained with haematoxylin
(Merck, 1.09249) for 2 min and rapidly washed with distilled water.
Staining with eosin (Merck, 1.09844) was performed immediately after
byincubating thetissue sectionin eosin for1 minand thenwashing for
4 minwith distilled water.

The average adipocyte size and the adipocyte frequency was cal-
culated as described previously*®. UCP1 DAB staining was quantified
using ImageJ as described previously*’.

Statistics and reproducibility

To determine the group size necessary for sufficient statistical power,
power analysis was performed using PS Power and Sample Size
Calculation software using preliminary data, and all experiments were
designed and powered to a minimum of 0.8 as calculated. Mice were
allocated randomly into experimental groups. Owing to the nature of
the cell culture experiments, randomization of the samples was not
possible. As most studies were performed by individual researchers
knowing the design of the studies, blinding during data collectionand
analysis was not performed.

All calculations, analysis and data plotting were performed using
GraphPad Prism 6 or later, unless otherwise indicated. Differences
between two independent samples were evaluated using two-tailed
Student’s t-tests without adjustment for multiple comparisons, unless
otherwise stated in the figure legends. Differences between multiple
samples were analysed using one-way ANOVA with Tukey’s post hoc
analysis, unless otherwise stated in the figure legends. No data were
excluded fromthe analyses. nrepresentsindividual experiments from
independently seeded cells or from different mice. All in vitro and
invivo assays were performed atleast three times. Theaccompanying
quantification and statistics were derived fromatleast n = 3independ-
entreplicates. Dataare represented as mean + s.e.m. Pvalues are stated
inthe figures.

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

Data availability

The proteomics datasets have been deposited in the ProteomeXchange
database under accession number PXD046709. All other data support-
ing the findings of this study are available from the corresponding
authoronreasonable request. Source dataare provided with this paper.
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Extended Data Fig. 1| Activation of EPAC1 promotes brown adipogenesis.
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determined by unpaired two-tailed t-test. In a, two-way ANOVA (Tukey’s multiple
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insource data.
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Extended Data Fig. 2| EPAC1 signals through ERK1/2 and upregulates
C/EBPB in brown preadipocytes. a, Relative glycerol release of mature BA
acutely stimulated with 007, 6-MB or NE (norepinephrine/noradrenaline),
n=3independent experiments. b, Relative CDK1 phosphorylationon Y15 upon
007, 6-MB stimulation, n = 4 biologically independent samples ¢, supervised
hierarchical clustering of ERK1/2 substrates. Position of phosphorylation,
multiplicity of phosphopeptide indicated, * marks regulatory sites (red
=activating, blue=inhibiting). n = 4 biologically independent samples.

d, Representative immunoblot for ERK1/2 phosphorylation (left panel)

and quantification (right panel) of brown preadipocytes stimulated with

007 £ U0126, n = 4 independent experiments. e, Representative immunoblot
for ERK1/2 phosphorylation (left panel) and quantification (right panel) of
brown preadipocytes isolated from Rapgef3’ and WT mice n = 4 biologically
independent samples. f, Duspl expression in brown preadipocytes upon

007, 6-MB stimulation, n = 3 independent experiments. g, Representative
immunoblot for ERK1/2 phosphorylation (left panel) and quantification (right
panel) of brown preadipocytes stimulated with 007 or 6-MB for48 h,n=3
independent experiments. h, Oil RedO Staining (left panel) and quantification
of UcpI mRNA levels of BA differentiated with 007 + U0126, n = 3 independent
experiments. i, Quantification of proliferation of primary murine brown
preadipocytes isolated from BAT of Rapgef3’ and WT mice, n = 4 biologically
independent samples. j, Quantification of DAPI-positive BA after differentiation
+007 n=3independent experiments. k, Quantification of primary murine

proliferating cells pretreated + Rapamycin and stimulated + 007 or t NE,n =4
biologically independent samples. I-n, BA stimulated during the indicated
times with 007.n =4 independent experiments 1, Quantification of lipid droplet
accumulation of BA. For the box plots, the centre line shows the median, the box
limits show the first and third quartiles, the upper and lower whiskers extend
from the maximum to the minimum value. m-n, relative qPCR expression of

the BA differentiation markers Pparg and Ucpl. o, Representative immunoblot
(left) and quantification (right) of C/EBP in Rapgef3’ BAinduced + 007,
n=S5independent experiments. p, Representative immunoblot (left) and
quantification (right) of BA transduced with a LV expressing different CRISPR/
Cas9 constructs to knock down C/EBP, or a non-targeting control construct
(LV-NTC), n =3 biologically independent samples. q-r, Relative expression of
differentiation markers in BA transduced with LV-NTC or Crispr construct #2
targeting C/EBPB, and treated with + 007 throughout differentiation,n =3
biologicallyindependent samples. s, C/EBP3 expression of brown preadipocytes
treated with £ 007 t rolipram, n =3 independent experiments. t, C/EBP
expression of brown preadipocytes treated with + 007 + rolipram + U0126,n=3
independent experiments. P values determined by one-way ANOVA (Tukey’s
multiple comparison test), unpaired two-tailed t-testin e, i, j, and one-way RM
ANOVA (Holm-Sidak’s multiple comparison test) inI-n. Data are presented as
mean values + SEM. Source numerical data and unprocessed blots are available
insource data.
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Extended Data Fig. 6 | Mice lacking EPAC1in PDGFRa+ cells. a, Oxygen
consumption at 23 °C of Epac1¥" Pdgfra®* (EPACIPKO) and Epac1"" Pdgfra**
(WT) mice over the course of 24 hours, n =12 (WT), n =15 (EPACIPKO)
independent animals. b, Body weight of mice exposed for1week at 4 °C,n =10
independent animals. c-d, Body core temperature was continuously measured

using animplanted mouse telemetry system.n =4 (WT), n = 6 (EPACIPKO)
independent animals. ¢, Body temperature over time; d, AUC of day and night
cycles were calculated during the cold exposed time. P values determined by
unpaired two-tailed t-test. Data are presented as mean values + SEM. Source
numerical data are available in source data.
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Extended Data Fig. 7 | Ablation of EPAC1in PDGFRa+ cells during diet-

induced obesity. Epac1”" Pdgfra®* (EPACIPKO) and Epac1""Pdgfra** (WT)

were fed a HFD for 12 weeks. a, Food intake per day ingramsn=9oraCD,

n=6independentanimals. b, WATg mass per body weight of HFD mice,n=9

biologically independent samples (left panel) and representative macroscopic

picture (right panel), n = 3 biologically independent samples. Scale bar 1 cm.

¢, BAT mass per body weight of HFD mice, n = 9 biologically independent

samples. d, Representative H&E staining of BAT HFD. Scale bars, 100 pm

o WT CD
o EPAC1PKO CD

(overview) and 50 pm (magnifications), n = 3 biologically independent samples.
e, Average oxygen consumption standardized to BW (ANCOVA) of CD mice at
23°C,n =6 independent animals. f, ANCOVA analysis of oxygen consumption per
BW after 1h 4 °C of mice fed aCD, n = 6 independent animals. P values determined
by unpaired two-tailed t-test. In a, one-way ANOVA (Tukey’s multiple comparison
test). Dataare presented as mean values + SEM. Source numerical data are
available in source data.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Stimulation of EPAC1 increases EE and browning of
WATi and reduces weight gain during diet-induced obesity. a-v, Mice were
fed aCD or HFD for 12 weeks and injected with NaCl (veh) or 007 as indicated in
the figure legends. a, Food intake in grams per day, n = 5 independent animals.
b, Body composition analysisin grams, n = 5independent animals. c, WATg mass
per BW of HFD mice, n = Sbiologically independent samples (left panel) and
representative macroscopic picture, n =3 biologically independent samples
(right panel). Scale bar 1 cm. d, BAT mass per BW of HFD mice, n = 5 biologically
independent samples. e, Representative immunoblot (left panel) and
quantification (right panel) of UCP1from BAT HFD, expression data normalized
to total BAT weight, n = Sbiologically independent samples. f, Representative
UCP1 (upper panels) and H&E (lower panels) stainings of BAT of HFD mice.
Scale bars, 200 um (overview) and 50 pm (magnifications), n = 3 biologically
independent samples. g, Representative UCP1 (upper panels) and H&E (lower
panels) stainings of WATi of HFD mice, n = 5 biologically independent samples.
Scale bars, 200 pm (overview) and 50 pm (magnifications). h, Quantification of
the percentage of UCP1 positive area, n = 5 biologically independent samples.

i, BAT mass per BW of CD mice, n = 5 biologically independent samples.

Jj. Representative immunoblot (left panel) and quantification (right panel)

of UCP1 from BAT CD, expression data normalized to total BAT weight,n=5

biologicallyindependent samples. k, representative UCP1 staining from

BAT CD. Scale bars, 200 um (overview) and 50 pm (magnifications),n=35
biologically independent samples. I, WATi mass per BW of CD mice,n=35
biologicallyindependent samples. m-n, Representative UCP1 staining (m) and
quantification of the percentage of UCP1 positive area (n). Scale bars, 200 pm
(overview) and 50 pm (magnifications), n = 5 biologically independent samples.
o, Relative frequency of adipocyte size in the WATi of CD mice, n = 5 biologically
independent samples. p, Average adipocyte area of WATi of CD mice,n=5
biologically independent samples. For the box plots, the centre line shows the
median, the box limits show the first and third quartiles, the upper and lower
whiskers extend from the maximum to the minimum value. q, WATg mass per BW
of CD mice, n =5 biologically independent samples. r, Motility of HFD mice over
the course of 24 hours, n =5independent animals. s, ANCOVA analysis of oxygen
consumption per BW at 23 °C of CD mice, n = 5independent animals. t, Motility
of CD mice over the course of 24 hours, n = 5independent animals. u-v, mRNA
profile of (u) inflammation markers of WATi and (v) inflammation markers of BAT
of mice fed aHFD, n = 5 biologically independent samples. P values determined
by unpaired two-tailed t-test. Ina, one-way ANOVA (Tukey’s multiple comparison
test). Data are presented as mean values + SEM. Source numerical dataand
unprocessed blots are available in source data.
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Extended Data Fig. 9 | Activation of EPAC1 induces hiPSC-BAP proliferation
and differentiation. a, Representative immunoblot (left panel) and
quantification (right panel) of UCP1in hBA treated with or without 007,n =3,
biologically independent samples. b, Relative Ki67 expression of human induced
pluripotent stem cells derived brown-like adipose progenitors (hiPSC-BAP)
organoids stimulated with or without 007, n = 3 independent experiments.

¢, hiPSC-BAPs stimulated with or without 007. Proliferating cells labelled with
EdU (green). DNA (blue) stained with DAPI. Green cells show EAU/DAPI-positive

1 control
007

d Peiipn1/UCP1/DAPI

EdU+/Hoechst+

cells, n =4 independent experiments. d, hiPSC-BAPs differentiated in the
presence or absence of 007 from d-1to d24, representative images of Perilipinl
(red), UCP1(green) and DAPI (blue) staining (left panel) and quantification of
relative UCPI expression (right panel), n =4 independent experiments.

P values determined by unpaired two-tailed t-test. Data are presented as mean
values + SEM. Source numerical data and unprocessed blots are available in
source data.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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The statistical test(s) used AND whether they are one- or two-sided
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used

Data analysis All calculations, analysis and data plotting were performed using GraphPad Prism 6 software or later versions.
DAPI staining images were processed in MIPAR image processor (SciSpot scientific solutions, Sweden). Cell count was estimated with the
“Count Colonies 2” recipe using the default settings. For EdU labeling, cells were counted using ImageJ (version 1.53q) software. For the
determination of lipid droplet size and area, images were acquired through automated digital microscopy by Cytation™ 5 (BioTek). Three
images per well were automatically taken. Image processing and calculation of the average lipid droplet size as well as of the lipid droplet
covered area was done using the Gen5™ software provided (min. object size: 1 uM; max. object size: 40 uM). The acquired raw mass
spectrometry data were processed using MaxQuant version 2.0.1.0, with the "match between runs" feature enabled. The setting for "max.
missed cleavages" was set to 2, and default settings were employed.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The proteomics datasets have been deposited in the ProteomeXchange database with accession number PXD046709. Source data have been provided in Source
Data. All other data supporting the findings of this study are available from the corresponding author on reasonable request (email: Alexander.Pfeifer@uni-
bonn.de).
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender na.

Population characteristics na.
Recruitment n.a.
Ethics oversight n.a.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In vivo group sizes were calculated using Software Power and Sample Size Calculation (G*Power Version 3.1.9.2).
No sample size calculation was performed for in vitro analysis, sample sizes were determined based on our experience from previous studies
(Niemann et al - PMID: 35790189; Klepac et al - PMID: 26955961; Gnad et al - PMID: 25317558).

Data exclusions  No data was excluded

Replication All experiments were replicated (biologcal replicates) at least three times and all attempts of replication were successful.

Randomization Mice were allocated randomly into experimental groups. For diet-induced obesity studies mice were allocated into experimental groups
according to their genotype. Due to the nature of the cell culture experiments (cell culture treatments -e.g. 007, Norepinephrine, etc-),

randomization of the samples was not possible.

Blinding Since most studies were performed by individual researchers knowing the design of the studies, blinding during data collection and analysis
was not performed

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
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Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.
Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? |:| Yes D No

Field work, collection and transport

Field conditions

Location

Access & import/export

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
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Access & import/export compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Materials & experimental systems Methods

n/a | Involved in the study n/a 7 Involved in the study

] Antibodies [ ] chiP-seq

] Eukaryotic cell lines [] Flow cytometry

[ ] Palaeontology and archaeology [ ] MRI-based neuroimaging
] Animals and other organisms

[] clinical data

[ ] Dual use research of concern

Antibodies

Antibodies used Immunoblots: UCP1 (D9D6X) (Cell Signaling, Cat.No. 14670S), aP2/FABP4 (Cell Signaling, Cat.No. #2120S), PPARg (D69) (Cell Signaling,
Cat.No. #2430S), EPAC1 (5D3) (Cell Signaling, Cat.No. #4155), phosphoERK1/2 (Thr202/Tyr204) (Cell Signaling, Cat.No. #9101),
ERK1/2 (Cell Signaling, Cat.No. #9102), C/EBPb (Santa Cruz, sc-150), GAPDH (14C10) (Cell Signaling, Cat.No. #2118), Calnexin (EMD
Millipore Corp, Cat.No. 208880, Lot No. 3517587). Fluorescence-labeled secondary antibodies: Anti-rabbit IgG (H+L) — Dylight 800, 4x
PEG Conjugate Cat.No. #5151, Anti-mouse IgG (H+L) -DyLight™ 800 4X PEG Conjugate Cat.No. #5257; both from Cell Signaling
Technology). All antibodies were used in a 1:1000 dilution.
IHC: UCP1 1:75 (custom made; Thermo Scientific), secondary antibody against rabbit (SignalStain Boost IHC; Cell Signaling; Cat. No.
81145S)

Validation Antibodies have been tested by the manufacturers. All antibodies used in this study have been validated by the manufacturers for
their use in Immunoblotting in the species tested and have been used in numerous published studies. The UCP1-antibody (Thermo
Scientific; custom made) produces a similar pattern as the UCP1-antibody (Cell Signalling, Cat.No. 14670S).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells were purchased from ATCC (CRL-3216)
Authentication cells were authenticated by morphology
Mycoplasma contamination Cell lines were negative for mycoplasma

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.
Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.
<
Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where %
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are >
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 7-8 week old WT male C57BI/6J mice were purchased from Charles River.
EPAC1-/- mice and Epac1fl/fl mice were provided by Prof. Frank Lezoualc’h, Institute of Cardiovascular and Metabolic Diseases,
Inserm UMR-1297, Université Toulouse IlI-Paul Sabatier, Toulouse, France. 7 week old male mice were used.
PdgfraCre ((C57BL/6-Tg(Pdgfra-cre)1Clc/J - Stock No: 013148) and Ucp1Cre (B6.FVB-Tg(Ucpl-cre)1Evdr/J —Stock No: 024670) mice
were purchased from Jackson. 7 week old male mice were used.
All mice were maintained on a daily cycle of 12-hour light (06:00—-18:00 hours) and 12-hours darkness (18:00-06:00 hours), at
ambient room temperature (23 + 1°C) and 40-50 % humidity if not otherwise stated, and were allowed free access to chow and
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water.
Wild animals No wild animals were used.
Reporting on sex Only male mice were used

Field-collected samples  No field collected samples were used.

Ethics oversight All animal studies were performed in accordance with national guidelines and were approved by the Landesamt fiir Natur, Umwelt
und Verbraucherschutz, Nordrhein-Westfalen, Germany (Az. 84-02.04.2017.A314; 81-02.04.2019.A254) and by the Behorde fiir
Gesundheit und Verbraucherschutz Hamburg, Germany (N082/2020).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

[ ] National security

|:| Crops and/or livestock
|:| Ecosystems

Ooodos

|:| Any other significant area

YoUDIN



https://www.nature.com/nature-research/editorial-policies/ethics-and-biosecurity#bioethics-policy
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2893951/
https://www.nature.com/nature-portfolio/editorial-policies/ethics-and-biosecurity
https://www.nature.com/nature-portfolio/editorial-policies/ethics-and-biosecurity
https://www.nature.com/nature-research/editorial-policies/ethics-and-biosecurity#bioethics-policy
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
http://www.consort-statement.org/
https://www.nature.com/nature-research/editorial-policies/ethics-and-biosecurity#biosecurity-policy

Experiments of concern
Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen
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Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
D Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication.  provide a link to the deposited data.

Filesin database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.
Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and

whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChiP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots
Confirm that:
D The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

D The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

D All plots are contour plots with outliers or pseudocolor plots.

=
D A numerical value for number of cells or percentage (with statistics) is provided. )
3
Methodology
Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.



https://www.ncbi.nlm.nih.gov/geo/
https://genome.ucsc.edu/index.html

Software

Cell population abundance

Gating strategy

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performa nce measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ Jused

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

[ ] Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: D Whole brain D ROI-based D Both

Statistic type for inference
(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4948312/

Models & analysis

>
=
n/a | Involved in the study c
=
|:| I:‘ Functional and/or effective connectivity g
|:| I:‘ Graph analysis Q
=
|:| |:| Multivariate modeling or predictive analysis o
=
Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, —
mutual information). o
3
Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 3
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, Q'
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation

metrics.
J
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This checklist template is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in

the article's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0;
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