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snRNA-seq reveals a subpopulation of
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Adipose tissue is usually classified on the basis of its function as white, brown or beige
(brite)". Itis an important regulator of systemic metabolism, as shown by the fact that
dysfunctional adipose tissue in obesity leads to a variety of secondary metabolic
complications®?. In addition, adipose tissue functions as a signalling hub that
regulates systemic metabolism through paracrine and endocrine signals*. Here we
use single-nucleus RNA-sequencing (snRNA-seq) analysis in mice and humans to
characterize adipocyte heterogeneity. We identify a rare subpopulation of adipocytes
inmice thatincreases in abundance at higher temperatures, and we show that this
subpopulation regulates the activity of neighbouring adipocytes through
acetate-mediated modulation of their thermogenic capacity. Human adipose tissue
contains higher numbers of cells of this subpopulation, which could explain the lower
thermogenic activity of human compared to mouse adipose tissue and suggests that

targeting this pathway could be used to restore thermogenic activity.

Asone of the major endocrine tissues, the adipose organ is organized
into different depots and can be classified as either brown adipose tis-
sue (BAT) or white adipose tissue (WAT). It comprises approximately
20-30% mature adipocytes>®, as well as the stromal vascular fraction
(SVF), which includes different cell types’. Adipocytes in turn are cat-
egorizedinto three different cell types: white adipocytes store energy,
whereas brown adipocytes, and a related, less thermogenically effi-
cient population referred to as beige or brite adipocytes, dissipate
energy through non-shivering thermogenesis. The thermogenic abil-
ity of brown and beige (brite) adipocytes is enabled by the presence
of uncoupling protein1(UCP1) in mitochondria®. In rodents, classical
brown adipocytes are located within distinct areas, whereas beige or
brite cells arise in response to cold stimulation within various WAT
depots’. Previous studies have identified four distinct subtypes of
in-vitro-differentiated human adipocyte clones, which are differentially
associated with thermogenesis and/or lipid storage®, as well asbrown
adipocytes in mice that exhibit different thermogenic activities'®.

Subpopulations of adipocytes in mice and humans

To comprehensively characterize mature subpopulations of brown adi-
pocytes, we performed single-nucleus RNA sequencing (snRNA-seq)'"
ininterscapular BAT (iBAT) from transgenic mice that express nuclear
red fluorescent protein (RFP) under the control of the Adipog promoter
(Extended Data Fig. 1a, Methods). Using RFP as a selection feature,
we profiled 377 high-quality nuclei by snRNA-seq* (Extended Data

Fig. 1b, Methods), and detected 1,999 genes, on average. Unsuper-
vised clusteringidentified three adipocyte subpopulations—clusters
Cl1, C2and C3 (Extended Data Fig. 1b, Methods). Canonical adipocyte
markers and brown adipocyte markers'" were expressed in all groups
(Extended DataFig.1c), albeit at varying levels. Preadipocyte markers
(Ly6a and Cd34; Extended DataFig.1c) were foundin cluster C2, indicat-
ing that these could be differentiating precursor cells'®". Trajectory
analysis suggested that these cells differentiate from population C2
to C1 (Extended Data Fig. 1d, e). C3 cells (15 out of 377 cells; Extended
DataFig.1b) represent adistinct population of brown adipocytes with
expression of specific marker genes, including Cyp2el (Extended Data
Fig. 1c, f, Supplementary Table 1). We validated the grouping by pro-
filing an additional 8,827 adipocyte nuclei by snRNA-seq using the
10X Genomics Chromium system' (Extended Data Fig. 1g-k, Sup-
plementary Table 2, Methods). Brown adipocytes partitioned into
four populations that we name P-RT-1-P-RT-4 (in which RT refers to
room temperature, 21-23 °C) (Extended Data Fig. 1g, h). Most nuclei
expressed brown-adipocyte-specific markers (Extended Data Fig. 1i),
whereas markers of preadipocytes (Extended Data Fig. 1j) or stromal
cells were virtually absent (Extended Data Fig. 1k, data not shown).
Besides Cyp2Zel, P-RT-4 cells (256 out of 8,827 cells; Extended Data
Fig.1g) expressed similar markers to C3 (Extended Data Fig. 1i).

To examine the dynamics of iBAT, we profiled 6,560 adipocyte nuclei
from mice that were kept at 30 °C for 120 days (thermoneutrality)
(Extended Data Fig. 11-o, Supplementary Table 3) and 11,074 adipo-
cyte nuclei from mice that were kept at 8 °C for 4 days (cold-exposure
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Fig.1|Identification ofadipocyte populationsin BAT. a, b, Integrated
analysis of snRNA-seqincluding 28,771 adipocyte nuclei fromiBAT in
thermoneutral, room-temperature and cold-exposure conditions, yielding
1,265 genes (median). The ten subpopulations (P1-P10) are shown. a,
Unsupervised clustering shown as uniform manifold approximation and
projection (UMAP) plots. b, Cluster compositions in different conditions (CE,
cold exposure; RT, room temperature; TN, thermoneutral). c-e, snRNA-seq of
human deep-neck BAT. ¢, Unsupervised clustering of 36,590 nuclei from
human BAT, yielding 1,975 (median) genes. DC, dendritic cells; EC, endothelial
cells; SMCs, skeletal muscle cells.d, Violin plots for CIDEA, PPARGCIA, PLIN1
and ADIPOQ. Expression level (y axis) refers to the log normalized ratio of
gene-expressionreads, normalized to the sum of all reads within each nucleus.
e, Unsupervised subclustering of 3,607 adipocyte nuclei from human BAT,
yielding 1,253 (median) genes. The eight subpopulations of human adipocytes
(H-Ad-1-H-Ad-8) are shown.

conditions) (Extended Data Figs.1p, q, 2a, Supplementary Table 4). An
integrated analysis of nuclei from mice kept under each of the three
conditions (room temperature, cold exposure or thermoneutrality)
revealed ten subpopulations (Fig.1a, Supplementary Table 5), with P1
and P2 derived mainly from the room-temperature and cold-exposure
groups, P3 mainly from the thermoneutral group, P5 from the
room-temperature group and P6-P10 mainly from the cold-exposure
group (Extended DataFig.2b, Fig.1b). P4 contained nucleifromall three
conditions (at a frequency of 2.5%, 3.9% and 8.3% for cold exposure,
room temperature and thermoneutrality, respectively; Fig. 1b). Trajec-
tory analysis identified three main states of cells that correspond to
the three temperature conditions, whereas P4 cells were in the early
stage of each progression (Extended Data Fig. 2c).

We next tested whether a similar population of adipocytesis present
in human BAT. Unsupervised clustering of 36,590 nuclei from 16 indi-
vidualsidentified 12 subsets” (Fig. 1c, d, Extended Data Figs.2m, 3a-d,
Supplementary Table 6, Methods). A Garnett classifier trained with
ADIPOQ" cells as a reference identified an additional 510 adipocytes
outside the main adipocyte cluster (Extended Data Fig. 3¢). To stratify
the adipocyte population, we performed subclustering, which identi-
fied 8 subpopulations within the predicted 3,607 adipocytes (Fig. 1e,
Extended DataFig.3e-g, Supplementary Table 7). In contrast to mice,
several subpopulations of human adipocytes were positive for P4 mark-
ers. To expand these data, we analysed 2,438 nuclei from subcutane-
ous WAT from 5 individuals (Extended Data Fig. 3h-1, Supplementary
Table 8, Methods). The P4 gene signature (Extended Data Fig. 3a, f, j)
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Fig.2|Adistinct population ofadipocytesis presentin mouseiBAT and
ingWAT and inhuman deep-neck BAT. a, Blot (left) and quantification (right)
ofthelevels of CYP2E1 proteinin mature adipocytes and SVF of three adipose
tissue depots (iBAT, iWAT and visWAT).n=7mice, F=167.3, degrees of freedom
(df)=41.b,Immunofluorescence staining of CYP2E1in iBAT of Ucpl-GFP mice
atroomtemperature. Representativeimage from sixindependent
experiments. Scale bars, 50 pm. ¢, Electron microscopy analysis of CYP2E1
staining in mouse iBAT. Red arrows indicate CYP2E1" cells. Top, CYP2E1"
positive adipocyte; bottom, CYP2E1 adipocyte. CAP, capillary; L, lipid
droplets; N, nuclei. Scale bars,200 nm.d, Correlation of the relative levels of
CYP2EI mRNA with the levels of UCP1 and CIDEA mRNA in human WAT. n=52
individuals. Dataare mean average +s.e.m. Statistical significance was
calculated using aone-way analysis of variance (ANOVA) (a) or Pearson’s
correlation coefficient (d).

showed a greater enrichment in the nuclei of brown adipocytes than
white adipocytes, indicating that there is a higher proportion of P4
cellsin human BAT than WAT.

Localization of CYP2E1" adipocytes

Tofurther characterize P4 cells, we analysed the expression of the most
prominent marker gene, Cyp2el, which was restricted to the mature
adipocyte fractionin BAT and WAT? (Fig. 2a). To assess the localization
of CYP2E1 expression, we performed immunostaining iniBAT and the
adjacent subscapular WAT (subscWAT) of Ucpl-GFP mice®. We found
that a distinct CYP2E1" population of unilocular, paucilocular and
multilocular cells (Fig. 2b) was localized both at the edge of and within
iBAT (Extended Data Fig. 4a). Quantification revealed that approxi-
mately 10% of all adipocytes within iBAT and 20% within subscWAT
expressed CYP2E1 (Extended DataFig. 4b). An analysis comparing the
expression of P4 marker genes (Aldhlal, Nrip1, Auts2, Atp2b4, Cyp2el
and so on) with bulk RNA expression data from iBAT, subscWAT and
inguinal WAT (ingWAT) did not reveal any overlap with any of the three
depots, indicating that these P4 cells cannot be classified according
to existing categories (Extended Data Fig. 4c-e). In accordance with
our single-nucleus data, we observed that the number of CYP2E1" cells
decreased after cold exposure and increased under thermoneutral
conditions (Extended Data Fig. 4f-i). It hasbeen suggested that BAT in
mice expands by recruiting new brown adipocytes at the edges of the
depot®. P4 cells might therefore be newly formed brown adipocytes
(Extended DataFig. 2c). However, this is at odds with our observation
thatthe populationisincreased under the thermoneutral condition,
which would reduce the recruitment of new brown adipocytes.

To performamore detailed analysis of P4 cells, we acquired electron
microscopy images of mouse iBAT immunostained for CYP2E1 (Fig. 2c).
CYP2EI" cells exhibited an ultrastructure analagous to that of brown
adipocytes, but their mitochondria were smaller and contained ran-
domly oriented cristae similar to structures that have been previously
described?. An analysis of other adipose tissue depots showed that
there was a higher percentage of CYP2E1" P4 cells iningWAT compared



toiBAT bothat room temperature and after cold exposure. At room tem-
perature, CYP2EI" cells were mainly unilocular (Extended Data Fig. 4j),
whereas in cold-exposure conditions we observed both multilocular
and unilocular cells (Extended Data Fig. 4k); by contrast, in visceral
WAT (visWAT) CYP2E1" cells were exclusively unilocular (Extended
DataFig. 41).

In human adipose tissue from the deep-neck region, both multi-
locular and unilocular cells stained positive for CYP2EI, suggesting
that these cells constitute a subpopulation that can acquire different
morphologies (Extended Data Fig. 4n-p). The prominent P4 signature
observed in human brown adipocytes, and the high abundance of P4
markers within more than one subpopulation of human adipocytes,
suggest that the prevalent humanadipocyteis similar toanadipocyte
from the mouse P4 subgroup. This might be explained by the fact that
humans spend a substantial amount of their time under conditions
thatare close to thermoneutrality?. Given the aberrant mitochondrial
structure that was observed in CYP2EL" cells, as well as their localization
withinthe mature adipocyte fraction, we analysed samples of adipose
tissue samples from obese and overweightindividuals, who have lower
adipocyte thermogenic activity®*. Notably, CYP2EI mRNA expression
was inversely correlated—albeit weakly—with the expression of UCPI1
and CIDEA (Fig. 2d).

CYP2E1" adipocytes control thermogenesis

Asalterationsin the structure of mitochondria are likely to compromise
their function, we examined whether mouse P4 cells are associated
with changes in BAT activity (Supplementary Table 5). One gene that
iscoexpressed exclusively with Cyp2elis Aldhlal (encoding aldehyde
dehydrogenase 1 family member Al), which has been implicated in
adipose tissue thermogenesis?. Co-staining of both markersin mouse
iBAT (Fig. 3a, Extended DataFig. 5a) showed a complete overlap, dem-
onstrating that of the mature adipocytesiniBAT, ingWAT and visWAT,
only P4 brown adipocytes express ALDH1A1 (Extended Data Fig. 5b),
independent of UCP1expression (Extended Data Fig. 5¢). Furthermore,
we observed anincrease in the expression of ALDHIA1 under thermo-
neutral conditions, whereas ALDH1A1 protein and mRNA levels were
slightly reduced after cold exposure (Extended DataFig. 5d, e). To test
whether P4 constitutes asubpopulation with altered thermogenic func-
tion, we generated a GFP-expressing adeno-associated virus (AAV) that
expresses ashort hairpin RNA (shRNA) to knock down Aldh1al specifi-
cally in mature adipocytes (Extended Data Fig. 5f, g). The specificity
of the system was tested using AdipoCre-NucRed transgenic mice,
whichwere analysed under room-temperature, cold-exposure and ther-
moneutral conditions (Fig. 3b). We observed efficient knockdown of
AldhlaliniBAT (Fig.3c) and exclusive targeting of mature adipocytes,
as evidenced by the coexpression of NucRed and GFP (Extended Data
Fig. 5g). No biologically meaningful changes were seen in ALDH1A1
expression in visWAT and ingWAT (Extended Data Fig. 5h), which was
expected given the specific Cre expression®. After cold exposure, mice
with deletion of Aldhlal had a significantly higher neck surface tem-
perature (Fig. 3d) and exhibited significantly increased levels of UCP1
iniBAT (Fig.3c, e, Extended Data Fig. 6a, b) compared to control mice.
This is in line with previous reports suggesting that loss of Aldhlal
protects against obesity and that this protectionis associated withan
increase in BAT function®?. The increases in UCP1 levels and in body
temperature were less pronounced under thermoneutral conditions
(Extended Data Fig. 7a-c) and mice in which Aldhlal expression was
knocked down selectively in iBAT showed a higher uptake of glucose
iniBAT both in room-temperature and in cold-exposure conditions
(Fig. 3f, Extended Data Fig. 7g). Furthermore, deletion of Aldhlal in
iBAT led to a higher oxygen consumption (Extended Data Fig. 7h),
whichwas more pronounced after cold exposure. This effect was inde-
pendent of any changesin UCP1expression iningWAT (Extended Data
Fig.7d-f), suggesting that the observed phenotype was due to changes
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Fig.3|Reduction of ALDH1Alexpressioninmature adipocytes ofiBAT
promotes thermogenesis and whole-body energy expenditureinmice.

a, Co-staining of CYP2El1and ALDH1A1iniBAT at room temperature.
Representative image from five independent experiments. Scale bars,

50 pm. b, Schematicillustration of the experimental set-up. AdipoCre-NucRed
mice were analysed under room-temperature (9 weeks), cold-exposure

(4 days) or thermoneutral (9 weeks) conditions.c, ALDH1Aland UCP1protein
levelsiniBAT after AAV-shRNA-mediated knockdown of Aldhlal.n=8 mice,
Eaipmiar =11.10, tycp; =5.82, df =14.d, Surface temperature of AAV-injected

mice after four days of cold exposure.n=6 mice, t=3.55, df=10.

e, Immunohistochemical staining of UCP1in iBAT from AAV-injected mice after
cold exposure. Representative image from four independent experiments.
Scalebars, 50 pm. f, Glucose uptake iniBAT of AAV-injected mice at room
temperature or after four days of cold exposure. DPM, disintegrations per
minute. n=4mice, ty;=2.74, t;=3.19,df = 6. Dataare mean average +s.e.m.
Statistical significance was calculated using a two-tailed unpaired Student’s
ttest(c,d,f).

iniBAT thermogenic capacity. To mimic the thermoneutral condition,
we injected an AAV that overexpresses Aldhlal into iBAT in mice and
studied the physiological changes (Extended DataFig. 7i). We were able
toachieve atwofold induction of expression, similar to the increasein
the thermoneutral versus the room-temperature condition (Extended
DataFig.7j). We observed aslight decreaseinthe levels of UCP1iniBAT,
aswell asreduced energy expenditure and neck surface temperature
(Extended Data Fig. 7j-1), confirming that ALDH1A1levels control the
thermogenic properties of the tissue. In light of the small percentage
of P4 cells in iBAT (around 2.9%), this finding suggests either that P4
cells become the main contributors to systemic energy expenditure
after theloss of Aldhlal, or that these cells interact with other cells to
modulate whole-organ thermogenesis.

Acetate signalling and BAT function

To study the thermogenic capacity of P4 cells in more detail, we dif-
ferentiated the SVF fromiBAT and ingWAT in a dishand—inaccordance
withtheinvivo data—observed a heterogeneous mixture of differenti-
ated adipocytes, with approximately 17% of iBAT-derived and 23% of
ingWAT-derived adipocytes expressing both ALDH1A1 and CYP2E1
(Fig.4a, Extended DataFig. 8a,b). These data suggest that P4 cells might
arise from committed precursors, inline with the idea that the hetero-
geneity of the adipocyte precursor pool determines the heterogeneity
of mature adipocytes®. Expression of both CYP2E1 and ALDH1A1 was
induced upon adipocyte development (Extended DataFig. 8¢, d) and,
moreover, we observed that most of the ALDH1A1" cells were UCPI",
independent of the mitochondrial content (Extended Data Fig. 8e, f).
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Fig.4|ALDH1A1lregulates brown adipocyte thermogenic capacity through
acetate. a, Immunofluorescence stainingof ALDH1A1and CYP2Elin
differentiated brown adipocytes fromiBAT. Representative image from five
independent experiments. Scale bar, 50 um. b, UCP1expression after
siRNA-mediated knockdown of Aldhlalinbrownadipocytes.n=4 (scramble),
n=5(siAldhlal), ¢=3.51,df=7.c,Isoproterenol (iso)-induced oxygen
consumptionrate (OCR) inbrown adipocytes. Cells transfected with scramble
siRNA or siRNA targeting Aldhlal were mixed at different ratios.n=4,
teox=7.35,df=3.d, OCR of FACS-selected and co-cultured cells. Uncoupled
refers touncoupled respiration.n=5 (except n=4 for the T_ UCP1-GFP*;B_
UCP1-GFP* cohort (inwhich Tand B refer to top and bottom, respectively)),
Fiso=27.83, F,,,,=60.62. e, Levels of acetate in the culture medium of mature
adipocytes after Aldhlal knockdown.n=8,t=5.58,df=14.f, Levels of acetatein
the culture medium of mature adipocytes after Aldhlal overexpression usinga
cytomegalovirus (CMV) promoter.n=5,t=6.47,df=8.g, OCRinbrown
adipocytes treated with the indicated levels of acetate during differentiation
days4-8.n=5(exceptn=6forthe 0.1mM cohort), F,,,,=17.88, F;;,=41.56.h,
OCRinbrownadipocytestreated with theindicated levels of acetate with or
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Focramble =6.71, Fiigpr43=1.70. Data are mean average + s.e.m.nrepresents the
number ofindependent experiments. Statistical significance was calculated
using atwo-tailed unpaired t-test (b, e, f), one sample ¢-test (c) or one-way
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To modulate the function of these cells, we reduced the expression of
Aldhlal using short interfering RNA (siRNA) (Extended Data Fig. 8g),
which did not affect adipogenesis or cell numbers (Extended Data
Fig. 8h). Ablation of Aldhlal led to an increase in UCP1 expression
(Fig. 4b) and an induction of other brown-adipocyte-specific genes
(Extended Data Fig. 8i), owing to an increased number of UCP1" cells
(Extended DataFig. 8h). The datawere corroborated by arespirometry
analysis of adipocytes that were differentiated from iBAT ex vivo and
in which Aldhlal expression was ablated; these adipocytes showed
anincrease in their consumption of oxygen (Extended Data Fig. 8j),
reminiscent of anincrease in the function of brown adipocytes.
Giventheincreased number of UCPI" cells, theincreasein thelevels
of UCP1and the induction of respiratory capacity after reduction of
ALDHI1ALin only 17% of the differentiated cells, we speculated that
the effect was due to a paracrine interaction between P4 cells and
other thermogenic cells. To test this hypothesis, we differentiated
SVF cells with cells that were treated with Aldhlal siRNA® or scram-
bled siRNA, mixed at different ratios. We observed an Aldhlal-siRNA
dose-dependent increase in oxygen consumption that was substantially
less pronounced than the expected linear increase (Fig. 4c, Extended
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DataFig. 8k), suggesting that P4 cellsmodulate the thermogenic activ-
ity of other cells. To support this hypothesis, we performed co-culture
experimentsinatranswell systemto exclude the regulation of activity
by cell contacts (Extended Data Fig. 81). Elimination of Aldhlal in the
bottom chamber alone led to a mild increase of UcpI expression and
respiration, whereas ablation in both chambers had a similar effect
to that of Aldhlal ablation in the complete culture (Extended Data
Fig. 8m, n). To substantiate these findings, we differentiated brown
adipocytes from iBAT of Ucpl-GFP mice and separated the cells into
CYP2E1" and UCP1-GFP’ cells by fluorescence-activated cell sorting
(FACS) atan early stage of differentiation (Extended DataFig. 9a,b). We
found that Aldhlalwasenrichedin CYP2E1" cells, whereas the expres-
sion of UcpI was reduced and Pparg expression remained unchanged
(Extended DataFig.9c). When these cells were cultivated ina transwell
system, we observed the highestlevels of UcpI expression and oxygen
consumptionwhen UCP1-GFP* cells were cultured inboth chambers,
andthelowest levels of UcpI expression and oxygen consumption when
CYP2ET" cells were cultured inboth chambers (Fig. 4d, Extended Data
Fig.9d, e). Toaddress the question of whether anincreasein ALDH1A1
expression would cause the opposite phenotype, we infected cells
with alentivirusthat overexpresses Aldhlal. Infection led to afivefold
overexpression of Aldhlal and areductioninthe number of UCP1" cells,
as well as areduction in UcpI mRNA levels and a decrease in respira-
tion (Extended Data Fig. 9f-j). Together, these data demonstrate that
ALDHIAT'CYP2EI" cells express a paracrine factor that represses the
thermogenic capacity of brown adipocytes.

Loss of AldhIal has been shown to lead to an increase in the levels
of retinaldehyde, which activates brown adipocyte function®*°, We
therefore quantified retinaldehyde levels after knockdown of Aldhlal
expression and found that loss of Aldhlal led to atwofold increase in
retinaldehyde, close to the detection limit, in both the extracellular
and the intracellular compartment (Extended Data Fig. 9k, I). Treat-
ment of brown adipocytes with varying amounts of different retinoids
showed, asreported previously* ®, that retinoic acid—a possible prod-
uct of retinaldehyde conversion by ALDH1A1—was as efficacious in
modulating brown adipocyte thermogenic capacity as retinaldehyde
(Extended Data Fig. 9m). The addition of retinaldehyde in the range of
the observed concentrations was not sufficient to alter brown adipocyte
thermogenesis (Extended Data Fig. 9n).

As ALDHI1AL1 has been reported to produce acetate from acetalde-
hyde®*3¢, we quantified acetate levels in the supernatant of cells in
which Aldhlal expression was modulated. We observed a twofold
decrease in acetate levels after AldhIal knockdown, and a twofold
increase when ALDH1Alexpression wasinduced (Fig. 4e, f). Similarly,
acetatelevelsincreased by twofold in total iBAT in thermoneutral con-
ditions (Extended Data Fig. 90). Brown adipocytes express high levels
of hydroxymethylglutaryl (HMG)-CoA synthase 2%, the rate-limiting
enzyme of ketone body synthesis, in addition to D-B-hydroxybutyrate
dehydrogenase (BDH1)**, which is required for the conversion of ace-
toacetate to generate -hydroxybutyrate. Thus, it is possible that ace-
toacetateis convertedinto acetaldehyde, which might be metabolized
by ALDH1A1 to form acetate. To test whether acetate influences the
function of brown adipocytes, we titrated brown adipocytes with
acetate during differentiation and measured cellular respiration and
UCP1 expression. We observed a dose-dependent decrease in the
number of UCP1" cells (Extended Data Fig. 9p), in the levels of Ucp1
mRNA (Extended DataFig.10a) and inisoproterenol-induced respira-
tion in both mouse and human brown adipocytes (Fig. 4g, Extended
Data Fig. 10b, c). To test whether the effect of AldhIal ablation could
be rescued by the addition of acetate, we treated mouse brown adi-
pocytes in which Aldhlal expression was ablated with varying levels
of acetate. In line with our findings, we observed that the effects of
Aldhlal deletion could be blocked by the addition of acetate at physi-
ological levels (Extended Data Fig.10d). As we could demonstrate the
regulation of thermogenic capacity in a paracrine manner, we next



tested whether the effect was caused by extracellular or intracellular
acetate. Asshown in Extended Data Fig. 10e, f, we did not observe any
rescue of the phenotype when acetate transporters were blocked,
suggesting that extracellular acetate levels are more relevant. Given
that G-protein-coupled receptor 43 (GPR43) has been described as
an autocrine and paracrine cell-surface sensor of acetate in 3-cells
thatis expressed in adipocytes®, we tested whether part of the effect
was mediated by this receptor. We ablated the expression of Gpr43 by
siRNA knockdown, whichledto anincrease inthe levels of Ucpl mRNA
(Extended Data Fig. 10g). Furthermore, we observed that cells with
reduced expression of Gpr43 were less responsive to acetate (Fig. 4h,
Extended Data Fig. 10h), whereas a synthetic GPR43 agonist was able
to inhibit the rate of oxygen consumption in mouse adipocytesto a
similar degree to acetate (Extended Data Fig. 10i, j).

Although acetate has been implicated in many physiological pro-
cesses, the data are conflicting with regard to the role of acetate in
obesity®. This might be due to the fact that acetate can be produced
by the gut microbiome; however, itis expected that acetate is not com-
pletely removed by the liver, which would result in the integration of
anacetate signal from systemic and paracrine sources that ultimately
controls thermogenic capacity. Inline with this hypothesis, a previous
cross-sectional study found that circulating—but not fecal—acetate is
negatively correlated with whole-body lipolysis and insulin sensitivity*.

Owingto the complexity of the analysis, our study has several limita-
tions. First, the single-cell analysis was done in adult mice only; we there-
fore cannot deduce whether we identified a distinct type of adipocyte,
or whether P4 cells represent adipocytes in a different state (similar
to P3 cells, which consist of adipocytes with altered gene expression
at thermoneutrality). Second, although we observed an increase in
respiration and metabolic flux after ablation of Aldhlal in iBAT, we
cannot link these changes to systemic metabolic changes, owing to
the lack of model systems. The same problem applies to the human
context, and therefore in-depth analyses using longitudinal cohorts
will berequired. Finally, we focused on ALDH1AL; nevertheless, it might
be possible that other functional genesin P4 adipocytesinfluence the
function of adipose tissue.

In conclusion, we provide here an in-depth single-cell analysis of
mature brown and white adipocytes in both mice and humans. The
CYP2EI'ALDHIAT" population of cells that we have identified controls
the thermogenic function of other adipocytes in a paracrine manner
by modulating the levels of the short-chain fatty acid acetate. This
mechanismislikely to have evolved to preserve energy under thermon-
eutral conditions, and might be leveraged to modulate the thermogenic
capacity of adipose tissue.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Clinical sample acquisition

The clinical study was approved by the local ethics committee of the
University Hospital in Bratislava, Slovakia. All study participants pro-
vided witnessed written informed consent before entering the study.
Samples of BAT were obtained from the lower third of the neck by an
experienced ear, nose and throat surgeon during neck surgery under
general anaesthesia. The deep-neck BAT samples were taken from the
pre-and paravertebral space between the common carotid and trachea
in the case of thyroid surgery and just laterally to the carotid sheath
inthe case of branchial cleft cyst surgery. Subcutaneous WAT samples
were taken from underneath the skin. Inall cases, the surgical approach
was sufficient toreach and sample the deep-neck adipose tissue with-
out any additional morbidity. Patients with malignant disease and
individuals younger than 18 years were excluded from participationin
the study. Deep-neck BAT samples were collected from 16 individuals
(4 male and 12 female; 49.2 £ 19.0 years (22-77 years); BMI 24.8 + 4.7
kg/m? (16.9-35.2 kg/m?); body fat 29.1 + 8.5% (15.6-46.6%); thyroid
surgery, n=14 or branchial cleft cyst surgery, n=2; dataare expressed
asmeanaverage +s.d.). Samples were cleaned immediately from blood
and connective tissue, frozen in liquid nitrogen and stored at -80 °C
until isolation of nuclei.

Isolation of nuclei from human tissue

Nucleiwere isolated following a modified nuclear isolation protocol*.
In brief, frozen human BAT tissues were thawed onice, minced to1mm?
and homogenizedin cold 0.1% CHAPS in Tris-HCI. The minced adipose
tissue was filtered through a40-pm cell strainer and centrifuged at 500g
for Sminat4 °C,and the pellet was resuspended in phosphate-buffered
saline (PBS) with DAPI. Nuclei suspensions were loaded to a MoFlo
Astrios EQ Cell Sorter and sorted into a1.5-ml tube.

Mice

Wild-type C57BL/6 N mice were obtained from Charles River Laborato-
ries. Unless indicated otherwise, all experiments were performed with
adult male mice that were kept on aninverted12-h:12-h dark:light cycle
and fed ad libitumwitha chow diet, at 40% humidity. For cold stimula-
tion, mice were housed inlong type-Il cages at 8 °C. For thermoneutral
condition, mice were housed in long type-Il cages at 30 °C. All animal
studies were approved by the Veteriniramt Ziirich.

Isolation of nuclei from mouse tissue
iBATwascollectedfromseven-week-old AdipoCre-NucRedtransgenicmice
(B6.FVB-Tg(Adipoq-cre)1Evdr/) x B6;129-Gt(ROSA)?¢Sortm7(CAG tdTomatoNat /)
for each experiment. Nuclei were isolated by following a modified
DroNc-seq protocol™. Tissue was minced to 1 mm? homogenized in
Nuclei EZ Lysis Buffer (NUC101, Sigma-Aldrich) on ice and filtered
through a 40-um cell strainer. This was followed by centrifugation at
500g for 5min at 4 °C and the pellet was resuspended in PBS. Resus-
pended nucleiwere loaded to aMoFlo Astrios EQ Cell Sorter and RFP*
nuclei were collected individually in a 384-well plate for Smart-seq2
or10X sequencing.

snRNA-seq

Smart-seq2-based libraries*? were generated following a modi-
fied Div-Seq method®. In brief, sorted individual nuclei were
reverse-transcribed with oligo-dT, TSO, Super Scriptase II, reverse
transcription (RT) buffer, ANTP, betaine, MgCl, and RNase inhibitor.
ThentheRT product was amplified by 21 PCR cycles with ISPCR primer

and the KAPA HiFi kit and then purified with AMPure XP beads. The PCR
products were fragmented using the Nextera XT kit and sequenced on
aNextSeq 500 (Illumina). Primer sequences are available upon request.
10X-based libraries were generated following the manufacturer’s pro-
tocol. In brief, a suspension of 1,000 nuclei per pl was loaded to 10X
chromium with a v3 kit. Sequencing was performed using a NovaSeq
(Ilumina). Sequencing data were analysed following a protocol based
on the Seurat* package v3.1.1 and Monocle v2.14.0 (ref. *) on R 3.6.1
(ref.®).

10X-based libraries were acquired with the Chromium Single Cell
V3.0 reagentkit following the manufacturer’s protocol (10X Genomics).
Nuclei suspensions containing around 500 nuclei per pl were loaded
into nine independent lanes. Libraries were sequenced on a NovaSeq
6000 (Illumina). For data analysis, first we applied CellBender*® to
distinguish cell-containing droplets from empty droplets; Then we
applied Scrublet*” and DoubletFinder*® to exclude potential doublets,
and nuclei that expressed both male and female signature genes were
excluded from downstream analysis. The human genome assembly
GRCh38.p13 and mouse genome assembly GRCm38.p5 were used for
mapping. CCA* from the Seurat package was used for batch correcting,
clusteringand identification of signature genes. SingleR' was used to
annotate cell clusters.

AAV production

AAV plasmids were ordered from VectorBuilder, with an shRNA
sequencetargeting Aldhlal (CCGCAATGAAGATATCTCAGAATAGTGAA-
GCCACAGATGTATTCTGAGATATCTTCATTGCGA) or scrambled control.
The AAV for the overexpression of Aldhalawas produced by inserting
the Aldhlal coding sequence or GFP under the control of the Ucpl mini
promoter. Ten micrograms of targeting vector was co-transfected with
40 pg pDP8 and 200 pl PEI (1 mg ml™) in a passage 15 (P15) of 293AAV
cells (AAV-100, Cell Biolabs), at 40% confluence. The culture medium
was refreshed 24 h after transfection. The culture medium was col-
lected 72 h after transfection and concentrated using the AAVanced
Concentration Reagent (AAVIO0A-1, System Biosciences). Schematic
illustration (Fig. 3b) created with BioRender.com.

AAV administration

AAV injection was performed following an established protoco
AdipoCre-NucRed mice were anaesthetized with isoflurane. A longi-
tudinal incision was made in the interscapular region to expose the
brown fat depot, and six injections with 10 pl of AAV (10" vg/ml) were
distributed into both sides of brown fat.

1,

Lentivirus production

A lentiviral construct was produced by inserting the Aldhlal cod-
ing sequence or GFP under the control of the CMV promoter into
pLenti-MP2 (plasmid 36097). See scheme in Extended Data Fig. 9f. Ten
micrograms of targeting vector was co-transfected with 3 ug pDM2.G,
8 ug of psPAX2 and 84 pl PEI (1mg mlI™) into a P10 dish of 293LTV cells
(LTV-100, Cell Biolabs), at 70% confluence. The culture medium was
refreshed 16 h after transfection. The culture medium was collected 72
h after transfection and concentrated with PEG-it Virus Precipitation
Solution (LV810A-1, System Biosciences). TransDux MAX Lentivirus
Transduction Reagent (LV860A-1, System Biosciences) was applied for
transducing lentivirus particles into primary adipocytes.

Isolation and culture of primary adipocytes

For SVFisolation, dissected adipose tissues were minced with scissors
andincubated in1mgml™ collagenase (C6885-1G, Sigma-Aldrich) in col-
lagenase buffer (25 mMNaHCO,,12 mMKH,PO,,1.2 mMMgSO0,,4.8 mM
KCl, 120 mM Nacl, 1.4 mM CacCl,, 5 mM glucose, 2.5% BSA, 1% penicil-
lin-streptomycin, pH="7.4) for 50 min at 37 °C under agitation. An equal
volume of culture medium (high-glucose DMEM medium (61965026,
Gibco) supplemented with 10% FBS and 1% penicillin-streptomycin)



was added and samples were centrifuged for 5 min at 300g. The SVF
pellet was resuspended in2 mlerythrocyte lysis buffer (154 mMNH,CI,
10 MM KHCO,, 0.1 mM EDTA, pH 7.4) and incubated for 4 min at room
temperature. Samples were diluted with 10 ml culture medium and
filtered through 40-um cell strainers. After 5 min of centrifugation at
300g, the supernatant was removed, and the pellets were resuspended
in culture medium. SVF cells were seeded into a plate precoated with
collagenI(1:500, C3867, Sigma-Aldrich) and differentiated as described
previously®.. Forty-eight hours after differentiation induction, cells
were cultured with maintenance cocktail (1M rosiglitazone and 0.12
pgmltinsulin) and refreshed every 48 h. To test the effects of acetate
onbrown adipocyte function, the culture mediumwas supplemented
with different amounts of acetate during differentiation. To quan-
tify acetate, primary brown adipocytes on differentiation day 8 were
washed three times with PBS, and incubated with maintenance cocktail
for 24 h; 100 pl culture medium was collected and acetate levels were
quantified using the Acetate Colorimetric Assay Kit (MAKO086-1KT,
SIGMA), following the manufacturer’s protocol.

Co-culture experiments

On differentiation day 4, primary cells were reverse-transfected with a
poolofthree siRNA probes. Inbrief, 75,000 cells per cm*were seeded into
transwellinserts or receiver plates with 100 nM of corresponding siRNA,
which was dissolved in 1.5% Lipofectamine RNAIMAX (13778150, Invit-
rogen) in Opti-MEM I reduced serum medium (31985062, Invitrogen).
forty-eight hours after transfection, theinserts and receiver plates were
washed with warm PBS twice, and co-cultured as described in Extended
DataFig. 8lin maintenance cocktail. After four days of co-culture, cells
were collected for protein extraction or reseeded in a seahorse plate
atadensity of 8,000 cells per well for measuring cellular respiration.

FACS of mature adipocytes

On differentiation day 7, Ucp1-GFP iBAT-derived cells were detached
froma P10 dish by incubation with collagenase (lmg ml™) in collagenase
buffer for 30 min at 37 °C. The cell resuspension was centrifuged for
5minat300g, and the cell pellet was resuspended in 20 ml FACS buffer.
The cell suspension was filtered through 100-pum cell strainers and
centrifuged at 300g for another 5 min. After removal of the supernatant
and resuspension of the cell pellet in FACS buffer to 0.5 x 107 cells per
ml, cells were incubated with anti-mouse CYP2E1- allophycocyanin
(APC) (1:50) for 20 min protected from light, followed by two washes
with 10 ml FACS buffer. Anti-CYP2E1 antibody (Thermo Fisher Scien-
tific PA5-35351) was conjugated with APC (Expedeon SKU705-0030),
following the manufacturer’sinstructions. After the final wash, the cell
pellet was resuspended in FACS buffer to a concentration of 1x10° cells
per ml. Samples were loaded onto a Sony SH800 cell sorter (100-um
chip), and the target populations were gated as shown in Extended Data
Fig. 9a. Target populations were collected with culture medium, then
seeded in a 96-well seahorse culture plate with co-culture inserts for
functional analysis (see ‘Co-culture experiments’). The extracellular
respiration experiment was performed after four days of co-culture.

Extracellular respiration measurement with acetate transporter
inhibitor

BAT-derived SVF cells were differentiated to day 6, and AR-C155858 (1
KM), SR13800 (1 uM), a-cyano-4-hydroxycinnamic acid (1 mM), car-
bonyl cyanide m-chlorophenyl hydrazone (1 M), monensin (1 mM)
or mercury chloride (10 uM) were added to cells. Afterwards sodium
acetate (1 mM, pH adjusted to 7.3) was added to cells. The medium
with compounds and acetate was refreshed daily for three days until
OCR measurements.

Retinaldehyde quantification
Retinaldehyde levels were quantified by high-performance liquid chro-
matography (HPLC) as described previously®. In brief, mouse brown

adipocyete cell culture medium or cell lysate samples were collected
asdescribed above and spiked with defined concentrations of retinal-
dehyde using a standard addition methodology. Retinaldehyde was
subsequently converted to the oxime derivate, extracted by hexane
and then quantified on a standard curve using an IFC-UltiMate-3000
HPLC system and aZorbax SB-C18, 4.6 x100-mm, 3.5-pm column with
UV-based detection at 368 nM, as previously described™.

siRNA knockdown titration experiment

On differentiation day 3, primary BAT-derived cells were
reverse-transfected with corresponding siRNA (Supplementary Table
9) following the protocol described above (‘Co-culture experiments’).
Seventy-two hours after reverse transfection, primary cells were col-
lected for protein extraction. The scramble-siRNA-transfected cells
were mixed at different ratios with Aldhlal-siRNA-transfected cells
(ranging from 0 to100%) at adensity of 8,000 cells per wellin seahorse
plates for the extracellular respiration experiment.

Indirect calorimetry

Indirect calorimetry measurements were performed with the Pheno-
master (TSE Systems) according to the manufacturer’s guidelines and
protocols. Mice were single-caged and acclimated to the metabolic
cages for 48 h before metabolic recording.

Surface temperature measurement
Surface temperature was recorded with an infrared camera at room
temperature (E60; FLIR) and analysed with FLIR Tools software (FLIR).

Tracing of radiolabelled glucose

Tissue radiolabelled glucose uptake was measured, as described pre-
viously®. Mice were fasted for 4 h, then *C-2-deoxyglucose at 8 mM,
14.8 MBq per kg body weight was injected by tail vein. Blood samples
were collected 30 min after injection. Tissue was collected, weighed
andlysedin10 volumes of 0.5 M NaOH. Radioactivity was measured by
liquid scintillation counting (100 pl of lysate in 3.9 ml of Emulsifier-Safe,
Perkin Elmer).

Analysis of adipocyte differentiation

Differentiated adipocytes at day 8 were used for differentiation analysis.
Inbrief, cellsin a 96-well optical plate were washed with PBS twice and
fixed with 5% formaldehyde at 4 °C for 10 min, followed by washing 3
times with PBS. Cells were stained with LD540 (100 ng pl™) for lipid
droplets and Hoechst no. 33342 (100 ng pl™). For UCP1 staining, lipids
were depleted by 5% acetic acid in ethanol for 10 min at -20 °C, washed
with PBS twice at room temperature and blocked in 0.05% triton, 5%
BSA and PBS. Cells were incubated with UCP1 antibody (1:500, ab10983,
Abcam) overnight, washed twicein PBS and incubated with Alexa Fluor
488 anti-rabbit (1:500, A-11034, Thermo Fisher Scientific) secondary
antibody and DAPI, followed by three washing steps. A total of 29 images
per well were acquired with an automated microscope imaging system
(Operetta, Perkin Elmer). Images were analysed using the Operetta
imaging software Harmony.

Histology and image analysis

Adipose tissues were excised, fixed in fresh 4% paraformaldehyde in
PBS (Gibco; pH 7.4) for 24 h at 4 °C, dehydrated and then embedded
with paraffin. Paraffin sections (4 pm) were subjected to histological
staining. Heat-induced antigen retrieval was applied on rehydrated
paraffin sections. After blocking with 5% BSA for one hour, primary
antibody (1:200 UCP1, PA1-24894, Thermo Fisher Scientific) diluted in
5% BSA was applied to sections overnight at 4 °C. After washing with
PBS, asecondary antibody (Signal Stain Boost IHC, 8114, Cell Signaling
Technology) was applied and the sections were washed three times and
detected using the DAB method (80259P, Cell Signaling Technology).
Standard haematoxylin and eosin (H&E) staining was performed on
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rehydrated fat paraffin sections. Slides were dehydrated and covered
with coverslips by resin-based mounting. All images were acquired
by Axioscope A.1.

Fluorescence immunostaining of adipose cryosections

Adipose tissues from mice were excised and fixed in fresh 4% para-
formaldehyde (Sigma-Aldrich) in PBS (Gibco) at pH 7.4 for2 hat 4 °C,
washed 4 times in PBS and cryopreserved for 30 h in 30% sucrose in
PBS with stirring at4 °C. The samples were flash-frozen ondryice and
stored at —80 °C. BAT was cut at =25 °C on an HM 500 O microtome
(Microm) at 20-pm thickness, mounted on Superfrost plus slides (Med-
ite), thawed at 4 °C and blocked with10% donkey serumin PBS for1h,
followed by UCP1 (ab10983, Abcam), CYP2E1 (ab28146, Abcam) and
ALDHIA1 (ab9883, Abcam) antibodies overnightin10% donkey serumin
PBS. Sections were washed three times with PBS atroom temperature,
stained with Alexa 488 anti-rabbit (A-11034, Thermo Fisher Scientific),
Alexa 594 anti-goat (A-11058, Thermo Fisher Scientific) secondary
antibody and 300 nM DAPI for 1 h. Slides were embedded in ProLong
Diamond Antifade Mountant (P36965, Themo Fisher Scientific). Native
UCP1-GFP signal was acquired without antibody staining. Fluorescence
micrographs were acquired on an SP8 confocal microscope (Leica).
Background was adjusted using samples without primary antibody.

Immunoelectron microscopy

Immunoelectron microscopy was performed on fixed samples fol-
lowing a modified version of this protocol®*. In brief, after overnight
fixation at 4 °C, samples were reduced in small thin slices (around 1
mm x4 mm), placed in 0.5-mltubes and washed with phosphate buffer
(0.1M) for 5minatroom temperature; 3% H,0, (in PBS; 5 min) was then
used to block endogenous peroxidase and samples were rinsed with
PBS. They were then incubated with the primary rabbit polyclonal
anti-Cytochrome P450 2E1 antibody (1:50 v/v) in PBS overnight at 4 °C.
After a thorough rinse in PBS, samples fragments were incubated for
onehourinal:100 v/vsecondary antibody (Vector Laboratories) solu-
tion at room temperature. Histochemical reactions were performed
using a Vectastain ABCkit (one hour atroom temperature; Vector Labo-
ratories) and SigmaFast 3,3’-diaminobenzidine (10 min; Sigma-Aldrich)
as the substrate. Samples were then reduced in around 1 mm x 1-mm
fragments and fixed again in 2% glutaraldehyde-2% paraformaldehyde
in phosphate buffer overnight at 4 °C. Samples were then post-fixed
in1% osmium tetroxide, dehydrated in agraded series of acetone and
embedded in an Epon-Araldite mixture. To determine the region of
interest, semi-thin sections were cut and stained with toluidine blue.
Thin sections were obtained with an MT-X Ultratome (RMC), stained
with lead citrate and examined with a CM10 transmission electron
microscope (Philips).

Extracellular respiration

Primary brown adipocytes were counted and plated at a density of
8,000 cells per well in a seahorse plate and cultured with the cocktail
described above (‘Isolation and culture of primary adipocytes’). At
differentiation day 8, mature brown adipocytes were loaded to an XF
Extracellular Flux Analyzer (Agilent). Mitochondrial respirationand the
extracellular acidification rate was quantified using the Mito-stress test
protocol. After measurement of basal respiration, oligomycin (1pg ml™
inhibitor of complex V) was injected to block respiration coupled to
ATP synthesis. A decreasein OCR after oligomycininjectionreflectsthe
contribution of coupled respiration to the basal mitochondrial OCR.
Uncoupled respiration was in the next step induced withisoproterenol
(1 uM), to quantify the capacity of cells to dissipate energy through
uncoupled respiration. FCCP (1 ug ml™) wasinjected to fully uncouple
the mitochondrial membrane and to quantify the maximum respira-
tory capacity of brown adipocytes. Inthe last step, rotenone (3 uM) and
antimycin A (2 pug ml™) were injected to block mitochondrial respiration
(complexlandlll) and estimate the contribution of non-mitochondrial

respiration to the measured OCR. Non-mitochondrial respiration was
subtracted to obtain basal, basal uncoupled, isoproterenol-stimulated
uncoupled and maximum mitochondrial respiration®.

Extracellular respiration in human multipotent adipose-derived
stem cells

Human multipotent adipose-derived stem cells (MADS) were cultured
for brown adipocyte induction as we previously described”. Sodium
acetate was added to the culture medium from day 16, with the pH
adjusted to 7.3. The medium was refreshed daily until cellular respira-
tion was measured on day 17. All cell lines used were regularly tested
for mycoplasma contamination and tested negative throughout the
whole duration of the study.

Western blot

Protein samples were isolated from adipose tissue with RIPA buffer
(50 mM Tris-HCI pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1%SDS, 10% glycerol) supplemented with protease inhibitor cocktail
(11697498001, Sigma-Aldrich) and Halt Phosphatase Inhibitor (78420,
Thermo Fisher Scientific). Homogenized protein lysates were obtained
by rotating at 4 °C for 30 min, followed by centrifugation at 14,000
rpm for 30 min. Protein amounts were quantified using the DC Protein
Assay (Bio-Rad). Forimmunoblotting, protein samples were separated
by SDS-PAGE on 12% polyacrylamide gels and transferred onto anitro-
cellulose membrane. Membranes were probed using the indicated
antibodies and chemiluminescent signals was detected by aLAS 4000
mini ImageQuant system (GE Healthcare). Band intensity was quanti-
fied using ImageJ. UCP1(ab10983, Abcam), CYP2E1 (ab28146, Abcam),
ALDH1A1(ab52492, Abcam), HSP90 (4887, Cell Signaling Technology)
and HRP anti-rabbit (Calbiochem) were used.

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

Data availability

All RNA sequencing (RNA-seq) data that support this finding of this
study have been deposited in ArrayExpress, with the accession codes
E-MTAB-8561for snRNA-seq of mouse interscapular brown adipocytes
at room temperature by Smart-seq2; E-MTAB-8562 for snRNA-seq
of mouse interscapular brown adipocytes in room-temperature,
cold-exposure and thermoneutral conditions by 10X sequencing;
E-MTAB-8564 for snRNA-seq of human BAT cells; E-MTAB-9199 for
snRNA-seq of human subcutaneous WAT cells; and E-MTAB-9192 for
bulk RNA-seq of mouse iBAT, subscWAT and ingWAT. The datasets can
be explored interactively at https://batnetwork.org/. Please address
correspondence and requests for materials to C.W. and requests for
bioinformatic information to W.S. Source data are provided with this
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Extended DataFig.1|Identification of subpopulations of mousebrown
adipocytes. a, Schematicillustration of adipocyte snRNA-seq and nuclei FACS
plot of AdipoCre™ NucRed and AdipoCre™*NucRed. b-f,snRNA-seq of 377
adipocyte nuclei from iBAT at room temperature, by Smart-seq2 protocol,
yielding1,999 genes (median) detected. b, Unsupervised clustering shown as
UMAP. ¢, Feature plots for Auts2, Chstl, Cyp2el, Atp2b4, Adipogq, Lipe, Cidec,
Plinl, Ucpl, Cidea, Ppargcla, Syne2, Ly6a and Cd34.d, e, Trajectory analysis of
brown adipocyte nucleiby RNA velocity (d) and by Monocle (e). f, Heat map of
signature genes for each population of brown adipocyte nuclei. g-k, snRNA-
seqof 8,827 adipocyte nuclei fromiBAT at room temperature, by 10X protocol.
g, Unsupervised clustering shown as UMAP. h, Violin plot of Pde3a, Cish, AtpSe,

Cyp2eli, Feature plots for Cyp2el, Atp2b4, Aldhlal, Auts2, Ucpl, Cidea,
Ppargcla, Syne2, Adipoq, Lipe, Cidec and Plin1.j, Violin plot of Cd34, Ly6a and
Pdgfra.k,Heat map of signature genes for each population. -0, snRNA-seq of
6,560 adipocytesin BAT at thermoneutrality, by 10X protocol.l, Unsupervised
clustering shown as UMAP. m, Violin plot of Kng2, Plcb1, AtpSe, Ryrl and Dcn.n,
Feature plots of Adipogq, Lipe, Cidec, Plinl, Cyp2el, Auts2, Aldhlal, Atp2b4, Ucpl,
Cidea, Ppargclaand Syne2. 0, Heat map of signature genes for each population.
P, q,snRNA-seq of 11,074 adipocytes from mouse iBAT in cold-exposure
conditions. p, Unsupervised clustering shown as UMAP. q, Heat map of
signature genes for each population. This figure isrelated toFig. 1.
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Extended DataFig.2|Dynamics of subpopulations of mouse brown
adipocytes under thermoneutral, room-temperature and cold-exposure
conditions.a, Mouse iBAT in the cold-exposure condition; feature plots of
Ucpl, Cidea, Ppargcla, Syne2, Adipoq, Lipe, Cidec, Plin1, Cyp2el, Auts2, Aldhlal
and Atp2b4.b-1, Integrated analysis of mouse iBAT 10x snRNA-seq data. b,
UMAP plots ofintegrated mouse adipocyte nuclei from iBAT grouped by
different conditions. ¢, Pseudotime plot of integrated mouse adipocyte nuclei
fromiBAT by Monocle.d, e, Feature plots for brown markers Ucpl, Ppargcla(d)
and P4 markers Cyp2el, Aldhlal (e), split by different conditions. f, P-RT-4,

P-CE-4 and P-TN-4 cells shownin the integrated UMAP plot, split by different
conditions. g, h, Feature plots for brown/adipocyte markers Ucpl, Ppargcla,
Adipoq and Pparg (g) and P4 markers Cyp2el, Gnail, Aldhlal and Trhde (h).i-1,
P4_score calculates the summation of Aldhlal, Cyp2el, Auts2, Trhde, Ptger3,
Gnail,Asphand Cachd1for eachcell. Feature plots for P4_score (i), split by
conditions (k); violin plots for P4_score (j), split by different conditions (I).m,
Feature plots for CCDC80, PDGFRA, PDGFRB, PPARG, CD3D, CD3E, CIQB, VWF,
ALDHIA1, PTGER3, GNAI1 and TRHDE of snRNA-seq for human deep-neck BAT.
Thisfigureisrelated to Fig.1.
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Extended DataFig. 3 |Identification of subpopulations of humanbrown deep-neck supraclavicular BAT and subcutaneous WAT for eachindividual.
and white adipocytes. a-d, Feature or violin plots for P4_score (a), UMIand n=16individuals, t=2.2.i, Unsupervised clustering of 2,438 nuclei from human
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Extended DataFig.4 | CYP2E1 marks aspecific subpopulation of
adipocytesinmouse and human adipose tissue.a, CYP2E1
immunohistochemical staininginiBAT at room temperature. Red arrows
indicate CYP2E1-positive staining. b, Quantification of CYP2E1" cells with
multilocular and unilocular morphology in theinterscapular adipose tissue.
n=5independent experiments, t=8.0.c-e, BulkRNA-seq of subscWAT, iBAT
and ingWAT. n=3 mice.c, Biological pathways enriched iniBAT over subscWAT,
analysed by clusterProfiler’, which calculates a Pvalue using the
hypergeometric distribution adjusted for multiple comparison; d, Heat map
for subscWAT, iBAT and ingWAT of the top-40 P4 markers. e, RNA expression
level of P4 and adipocyte markers in bulk RNA-seq of iBAT and subscWAT. f,
mRNA expression levels of Cyp2el and Ucplin mouse iBAT keptinroom-
temperature, cold-exposure and thermoneutral conditions.n=8 mice,
Feypoer=18.4, Fye, =47.6. g, Quantification of CYP2ET" cellsin mouse iBAT in
room-temperature, cold-exposure or thermoneutral conditions.n=6

independent experiments, F=112.2. h, CYP2Elimmunofluorescence staining
inmouseiBAT after cold exposure. i, CYP2Elimmunofluorescence stainingin
mouseiBAT at thermoneutrality.j, CYP2Elimmunofluorescence staining in
mouse ingWAT atroom temperature. k, CYP2Elimmunofluorescence staining
inmouse ingWAT after cold exposure.l, CYP2Elimmunofluorescence staining
inmouse visWAT atroom temperature. m, Quantification of CYP2EI" cellsin
mouse ingWAT and visSWAT atroom temperature. n=5independent
experiments. n, H&E staining of human deep-neck BAT. Two representative
images fromsixindividuals. o, Immunofluorescence staining of CYP2Eland
UCP1lin humandeep-neck BAT.p, Inmunohistochemical staining of CYP2ELin
human deep-neck BAT forindividuals1,3,9,11,12and 14. Red arrows indicate
CYP2El-positive staining. Data are mean average + s.e.m. Statistical
significance was calculated using a two-tailed unpaired Student’s t-test (b) or
one-way ANOVA (f, g). Scale bars, 50 pm. This figureis related to Fig. 2.
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Extended DataFig.5|ALDH1A1and CYP2E1are specific markers for the P4
adipocyte subpopulation. a,Immunofluorescence co-staining of CYP2E1 and
ALDHI1Alin mouseiBAT atroom temperature.b, ALDH1Alproteinlevelsin
mature adipocytes and SVF of three adipose tissue depots.n=7mice, F=78.06,
df=41.c,Immunofluorescence staining of ALDH1Alin the interscapular
adipose tissue of Ucpl-GFP transgenic mice atroom temperature.d, Aldhlal
mRNA expression levels of mouse iBAT inroom-temperature, cold-exposure or
thermoneutral conditions.n=8 mice, F=25.1.e, ALDH1A1protein expression
levels of mouse iBAT inroom-temperature, cold-exposure or thermoneutral

conditions. n=4 mice (except n=>5forthe room-temperature cohort), F=75.6.
f,Schematic map of the AAV knockdown constructs. g, Confocal images of
mouseiBAT from AAV-injected mice. h,Immunoblot of ALDH1A1liningWAT
(n=7mice, t=2.23) and visSWAT (n=7 mice, t = 0.53) after injection of shRNA
AAVintoiBAT.Dataare mean average +s.e.m. Statistical significance was
calculated using aone-way ANOVA (b, d, e) or two-tailed unpaired Student’s
t-test (h).Scalebars, 50 um. See gel source datain Supplementary Fig.1a,d, e.
This figureisrelated to Fig.3.
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Extended DataFig.7|Reduction of ALDH1A1expressionin BAT induces
BAT thermogenic capacity. a, Surface temperature of iBAT sShRNA-AAV-
injected mice at thermoneutrality. n= 6 mice, t=4.17,df=10.b,
Immunohistochemical staining of UCP1in iBAT of iBAT shRNA-AAV-injected
mice at thermoneutrality. ¢, Protein levels of UCP1in iBAT of iBAT shRNA-AAV-
injected mice at thermoneutrality. n=8 mice, t=8.58,df=14.d,
Immunohistochemical staining of UCP1in ingWAT of shRNA-AAV-injected mice
after cold exposure. e, UCP1proteinlevelsiningWAT from shRNA-AAV-injected
mice after cold exposure. g gnia = 6 Mice, Nampie = 7 Mice. f, CYP2E1 protein
levelsiniBAT from shRNA-AAV-injected mice at room temperature. Ny gna = 8
mice, Ny ,mpie = 10 mice. g, Glucose uptake of ingWAT, visWAT, brain and blood in
miceinjected withiBAT shRNA AAV.n=4 mice. h, Time-resolved oxygen

consumption of AAV-injected mice after cold exposure.n=5mice, df=8,
ter=2.57,t:=2.33.1,Schematicillustration of the overexpression AAV
construct with mini Ucpl promoter.j, ALDH1Aland UCP1protein levels of iBAT
fromiBAT AAV-GFP- or AAV-Aldhlal-injected mice.n=7mice, df=12,

Eatpmia = 6.8 tycp = 6.6.k, Time-resolved oxygen consumption of iBAT AAV-GFP-
or AAV-Aldhlal-injected mice after cold exposure.n=5mice.l, Surface
temperature of iBAT AAV-GFP- or AAV-Aldhlal-injected mice atroom
temperature.n=6mice, t=2.8,df=10. Dataare meanaverage +s.e.m.
Statistical significance was calculated using a two-tailed unpaired Student’s
t-test.Scalebars, 50 um. See gel source datain Supplementary Figs. 1f, g, 2a, b.
This figureisrelated to Fig.3.
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Extended DataFig.8|Reduction of ALDH1A1during brown adipocyte
formationinduces thermogenic capacity. a, Immunofluorescence staining
and quantification of CYP2Eland LD540 in ex-vivo-differentiated cells from
iBAT. b, Immunofluorescence staining of ALDH1Aland CYP2Elin ex-vivo-
differentiated cells from ingWAT. ¢, mRNA level of Adipoq, Ucpl, Cyp2el and
Aldhlalduringbrown adipocyte differentiation ex vivo.n=6independent
experiments.d, Protein levels of CYP2E1 and ALDH1A1during brown adipocyte
differentiation ex vivo. e, Immunofluorescence staining and quantification of
ALDH1Aland UCPlin ex-vivo-differentiated adipocytes fromiBAT. Brown area
inthe quantificationbar plot denotes the overlap of UCP1I'ALDH1A1" double-
positive population.n=10independent experiments. f, Immunofluorescence
staining of ALDH1A1and TOMM20 in ex-vivo-differentiated cells from iBAT.
Brown areain the quantification bar plot denotes the overlap of
TOMM20*ALDH1A1" double-positive population.n=10 independent
experiments. g, Protein levels of ALDH1Alin ex-vivo-differentiated cells from
iBAT after Aldhlal-siRNA-mediated knockdown.n=4independent
experiments, t=6.97,df = 6. h,Immunofluorescence staining of UCP1and
LD540inex-vivo-differentiated cells from iBAT after Aldhlal-siRNA-mediated

knockdown.n=5independent experiments, tycpp.=5.73, df = 8.i, mRNA levels
of Ucpl, Ppargcla, Cidea, Dio2, Adipoq, Cebpa and Ppargin ex-vivo-
differentiated cells from iBAT after Aldhlal-and scramble-siRNA knockdown.
n=6independent experiments, df=10, t;,,,=3.46, tppargca=2.59, L igea=7.30,
tpis2=2.49.j, Cellular respiration (OCR) after siRNA-mediated knockdownin
brownadipocytes.n=4independentexperiments, df=6, ty,.,=3.82, t,,=2.14,
tis0=12.2, tyax=8.39, Lyncoupling = 5-28. K, Time-resolved OCR of ex-vivo-
differentiated cells fromiBAT. Cells transfected with Aldhlal or scramble
siRNA were mixed in different ratios (related to Fig.4d).l, Schematic
illustration of the co-culture experiment. Cells transfected with AldhIal or
scrambled siRNA were cultured in the bottom or top chamber as indicated. m,
UCP1proteinlevel of co-cultured cellsin the bottom well. n =4 independent
experiments, F=5.64.n, Cellular respiration of co-cultured cells in the bottom
well.n=5independent experiments. Data are mean average +s.e.m. Statistical
significance was calculated using a two-tailed unpaired Student’s t-test (g-i) or
ordinary one-way ANOVA (m). Scalebars, 50 pm. See gel source datain
SupplementaryFig. 2c, d. This figureis related to Fig. 4.
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Extended DataFig.9|Overexpression of ALDH1A1during brown adipocyte
formationreduces thermogenic capacity. a, b, FACS gating of adipocytes,
CYP2E1" and GFP* cells from ex-vivo-differentiated adipocytes (a), and FACS
control for the CYP2E1antibody (left) and GFP (right) (b). c, mnRNA expression
levels of Cyp2el, GFP, Pparg, Aldhlal and UcpIlin FACS-sorted cells.n=5
independent experiments.d, mRNA expression levels of Ucpl and Ppargin
FACS and co-cultured cells. n=5independent experiments, Fy,; =134.7,
Fppae=1.2.€, Time-resolved cellular respiration of FACS selected and co-
cultured cells (related to Fig. 4e). f, Schematicillustration of the overexpression
lentiviral construct with mini CMV promoter, based on pLenti-MP2. g, Protein
levels of ALDH1Alin ex-vivo-differentiated cells from iBAT infected with AAV-
GFPor AAV-Aldhlal. ngp =8 independent experiments, 14y, = 6 independent
experiments, t=3.62. h,Immunofluorescence staining of ALDH1A1and UCPlin
exvivodifferentiated cells fromiBAT infected with AAV-GFP or AAV-Aldhlal,
ngrp=11independent experiments, n, 4., = 10 independent experiments,

tucp =214, t 4 paz- = 30.1. (i) MRNA expression levels of Ucpl, Pparg, Cebpa,
Adipog and Cyp2el in ex-vivo-differentiated cells from iBAT infected with AAV-
GFPorAAV-Aldhlal.n=6independent experiments, ¢, =13.1.j, Cellular
respiration of Aldhlal- or GFP-overexpressing cells.n=6independent

experiments. k, Retinaldehyde quantification in the supernatant of ex-vivo-
differentiated cells fromiBAT, treated with the indicated siRNA and/or acetate.
n=4independentexperiments, F=3.99,P=0.058.1, Retinaldehyde
quantification of intracellular abundance of retinaldehyde in ex-vivo-
differentiated cells fromiBAT, treated with the indicated siRNA and/or acetate.
n=4independentexperiments, F=4.348,P=0.048.m, Cellularrespiration of
ex-vivo-differentiated cells fromiBAT, treated with theindicated retinoids.
n=5independent experiments. n, Cellular respiration of ex-vivo-differentiated
cells fromiBAT, treated with all-trans retinaldehyde at the indicated
concentrations. n=>5independent experiments. 0, Acetate levels in iBAT of
mice keptin cold-exposure, room-temperature and thermoneutral conditions.
n=6independent experiments, F=97.79.p, UCP1and LD540 stainingin ex-
vivo-differentiated cells from iBAT, treated with theindicated levels of acetate
during differentiation from day 4 to 8.n=7independent experiments, t=32.4.
Dataare mean average +s.e.m. Statistical significance was calculated using a
one-way ANOVA (d, k, 1,0, p) or two-tailed unpaired Student’s ¢-test (g-i). Scale
bars,50 pm. See gel source datain Supplementary Fig. 2f. This figure is related
toFig.4.



Article

* Acetate OmM
a = Acetate 0.1mM b
P <0.0001 + Acetate TmM A omm
3 15 Acetate 5mM 250 cetate O ml
3 : * Acetate 10mM 600 omM._ 30! P<0.0001 Acetate 0.1 mM
© . gty + Acetate 1 mM
0 - —_ imm = 200
= E3 - 3 5mM = Acetate 10 mM
5§ 2 1.0 - € 400 omvm £
2 . S 3 150
2 : : £ :
g = 5 s 100 h o peowo
5 1 o I 0.5 g 200N 5 \
° e} e \ 50 )
L ] © t t t 4 t ?\—*
0 rll 0.0 o FCCP_ R/A Oligo  camp FCCP R/A 0
T X T 0 v T ) t T T T 1
Ucp1 Pparg 0 50 100 150 0 30 60 90 120 Maximum cAMP induced
Time (minutes) Time (minutes)
d - scramble €
— si_Aldh1a1 — DMSO P <0.0001
500 si_Aldh1a1; acetate 0.1 mM 400 P < 0.0001 600 — AR-C155858 500
— si_Aldh1a1; acetate 1 mM = — SR 13800
— = | g Ty e DMSO + Acetate
£ 300 H £ AR-C155858 + Acetate
£ sS40 o SR 13800 + Acetate
[} 3 £
g_ 200 ° =
x s . % 200
8 100 - o)
Oligo FCCP  RIA
0+ T T 1 0 0+ T T 1
0 50 100 150 Maximum OCR 0 40 80 120 Maximum OCR
Time (minutes) Time (minutes)
— DMSO v scramble
800 — cccp P <0.0001 3 e v si Gora3
a-Cyano-4-hydroxycinnamic acid P!
Monensin 600 3
© 6004 Mercury chloride @
£ - DMSO + Acetate T 24
3 CCCP + Acetate 400 o v .
£ 400 a-Cyano-4-hydroxycinnamic acid + Acetate 2 v v
o Mercury chloride + Acetate o v v
(4 Monensin + Acetate S 14
8 200 200 o v | |¢
° P<0.0001
= 14 oy
T T 1 0 0- T T T T
0 50 100 150 i ) A 2 o
. . Maximum OCR & R 'b& o AQO
Time (minutes) o) N} ® ® &
h i
3004 e scramble 500- —~ DMSO 350 P <0.0001
scramble; Acetate 0.1 mM = CFMB 1uM
= scramble; Acetate 1 mM = 400 -+ CFMB 10 uM
€ 200 scramble; Acetate 10 mM € +~ DMSO; acetate 0.1 mM
3 1 si_GPR43 3 300 DMSO; acetate 1 mM
£ si_GPR43; Acetate 0.1 mM £
e si_GPR43; Acetate 1 mM £ 500
5 1004 si_GPR43; Acetate 10 mM g
o] 2 O 100
+ U 1
0 Oligo IsoFCCP_R/A 0 A
T T T
0 50 100 150 0 40 80 120 160 Maximum OCR
Time (minutes) Time (minutes)
6001 600 9 P <0.0001
DMSO S 17 P <0.0001
CFMB 1uM - = . 5 v scramble
c CFMB 10 uM . = 1w si_Aldh1at
£ = - "
£ 4001 DMSO: acetate 0.1 mM 400 4 & . g . v si_Aldntat; Acetate 0.1mM
> DMSO: acetate 1 mM S - @ si_Aldh1a1; Acetate 1mM
£ 4 ® 10T v si_Aldh1a1; Acetate 10mM
= g E 0.8+
5 2004 200 L £ 06
Q
o < 0.4
‘g 0.2 f
8 o [M = [
0 T T T 1 0 < 0.0
0 40 80 120 160 Maximum OCR

Time (minutes)

Extended DataFig.10 | See next page for caption.



Extended DataFig.10 | ALDH1regulates brownadipocyte thermogenic
capacity through acetate signalling. a, Ucpl and Pparg mRNA expression
levelsin ex-vivo-differentiated cells from iBAT, treated with various levels of
acetateduringdifferentiation from day 4 to 8. n=5independent experiments,
t=50.7.b, Time-resolved cellular respiration in ex-vivo-differentiated cells
fromiBAT treated with theindicated levels of acetate (related to Fig. 4g).c,
Cellular respirationin differentiated human MADS treated with the indicated
levels of acetate during differentiation fromday16to17.n=4independent
experiments (exceptn=>5fortheacetatel mM cohort), Fy,,=16.2, F sup=32.95.
d, Cellular respirationin ex-vivo-differentiated cells from iBAT treated with the
indicated levels of acetate in the presence or absence of Aldhlal knockdown.
n=5independentexperiments, F=22.7.e, Cellular respirationin ex-vivo-
differentiated cells fromiBAT, treated with acetate (1mM), AR-C155858 (1 uM)
or SR13800 (1uM).n=4independent experiments, Fy,, =49.6.f, Cellular
respirationinex-vivo-differentiated cells fromiBAT, treated with acetate
(ImM), CCCP (1 uM), a-cyano-4-hydroxycinnamic acid (1mM), monensin

(10 pM) or mercury chloride (S5uM).n=4independent experiments, Fy,,=39.1.

g,Gpr43,Ucpl, Pparg, Cebpa and Adipog mRNA expression levels in ex-vivo-
differentiated cells from iBAT with Gpr43knockdown. n=6 independent
experiments, tg,.43=9.5, £y, =7.2.h, Time-resolved cellular respirationin
brown adipocytes treated with the indicated levels of acetate with or without
Gpr43knockdown (related to Fig. 4h). i, Cellular respiration in ex-vivo-
differentiated cells fromiBAT, treated with theindicated levels of acetate and
the GPR43 agonist CFMB. n=5independent experiments (except n=6 for the
CFMB1puM cohort), F=23.9.j, Cellular respiration in ex-vivo-differentiated
cells fromingWAT, treated with the indicated levels of acetate and GPR43
agonist.n=5independent experiments (except n=4for DMSO; acetate 0.1mM
and DMSO; acetate 1mM cohorts), F,,=25.8.k, Acetatelevelsin the culture
medium of in ex-vivo-differentiated cells from iBAT with Aldhlal knockdown,
treated with the indicated levels of acetate.n=5independent experiments,
F=652.7.Dataare mean average +s.e.m. Statistical significance was calculated
using aone-way ANOVA (a, c-f, i-k) or two-tailed unpaired Student’s t-test (g).
Thisfigureisrelated toFig.4.
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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.

Confirmed
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Q

El The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

lXI A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

lXI 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.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|X| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|X| 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  We used lllumina Nextseq 500 (smartseq?2 libraries) and Novaseq 6000 (10x libraries) to acquired RNAseq data.

Data analysis We applied CellRanger V3.0 to generate gene expression matrix, CellBender to adjust for ambient RNA, Scrublet and DoubletFinder to remove
potential doublets, Seurat (V3.1.1) to correct batch effect and cell clustering, Monocle (V2) and velocyto for cell trajectory modeling, SingleR
to annotate cell, Flow Jo (10.4.2) for FACS data analysis, ImageJ (Fiji 1.51) for western blots quantification, Harmony 3.5 for Operetta image
analysis.

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 Research guidelines for submitting code & software for further information.

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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All RNA sequencing data is deposited in ArrayExpress: E-MTAB-8561 for single-nucleus RNAseq of mouse brown adipocytes at RT by SMARTseq2; E-MTAB-8562 for
single-nucleus RNAseq of mouse brown adipocytes at RT, CE, TN by 10x; E-MTAB-8564 for single-nucleus RNAseq of human BAT cells by 10x; E-MTAB-9192 for
subscapular WAT, iBAT, ingWAT bulk RNAseq; E-MTAB-9199 for snRNAseq of human subcutaneous WAT cells;
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Life sciences study design

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

Sample size Sample sizes were determined on the basis of previous experiments using similar methods (ref. 16,22). Samples size of the human cohort
was dependent on the availability of subjects, individual number and cell coverage are larger as previous reports (ref. 23).
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Data exclusions  No samples were excluded from any analyses.

Replication Experimental findings were verified by biological replicates and technical replicates, each experiment was performed multiple times as
indicated in the figure legends.

Randomization  All experiments were randomly allocated to groups.

Blinding The investigators were not blinded to the mice as they themselves were treating and sacrificing the mice. However, the investigators were
blind with sample processing and data analysis.

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,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology X[ ] MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XXOOXOOS
OJO0X XXX

Antibodies
Antibodies used Anti UCP1 (#ab10983, Abcam, 1:2000 for WB, 1:500 for IHC/IF), Anti CYP2E1(#ab28146, Abcam, 1:1000 for WB, 1:200 for IHC/IF),
Anti ALDH1A1(#ab9883, Abcam, 1:200 for IF), Anti HSP9O (# 4877, CST, 1:1000 for WB), Anti ALDH1A1(#52492, Abcam, 1:1000 for
WSB, 1:200 for IF), Alexa 488 anti rabbit (# A-21206, ThermoFisher, 1:500 for IF), Alexa 488 anti rabbit (# A-21206, ThermoFisher,
1:500 for IF), Alexa 647 anti rabbit ( A-31573, ThermoFisher, 1:500 for IF), Alexa 568 anti goat (# A-11057, ThermoFisher, 1:500 IF),
Goat Anti-Rabbit IgG Antibody, HRP-conjugate (12-348, Merck, 1:5000 for WB)
Validation Anti-UCP1 antibody was validated by a previous study (doi.org/10.1038/s42255-019-0101-4); Anti CYP2E1(#ab28146) was validated

by a prevous study (10.1016/j.cell.2018.11.012); Anti-ALDH1A1 antibody (ab9883) was validated by a previous study (doi: 10.7554/
elife.32358.) Anti ALDH1A1(#52492) was validated by a previous study (10.1038/s41467-019-11235-4)

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 293-AAV and 293-LTV cell lines were purchased from Cell Biolabs Inc. (cat. AAV-100; LTV-100); hMADS cells were prevously
established by our lab (ref. 42).

Authentication 293-AAV and 293-LTV cells were not authenticated, however the AAV and LV produced from these cells were authenticated
by PCR. hMADS cells were previously validate by gene expression and functional assay (OCR).

Mycoplasma contamination The cells are regularly tested, all cell lines tested are negative for mycoplasma contamination.




Commonly misidentified lines  no commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals B6;FVB-Tg(Adipog-cre)1Evdr/) were used, 129-Gt(ROSA)26Sortm7(CAG-tdTomato*)Nat/J were used, C57BI/6 male mice were used.
Male mice at 7-9 weeks of age were used for experiment, except 22 weeks mice for TN experiments. Animals were housed in 23 oC
(except 8 oC for CE and 30 oC for TN), with free access to water and food, at a reversed light cycle (7 - 19 dark), at 40% humidity.
Wild animals No wild animals were used in the study.

Field-collected samples  No field collected samples were used in the study.

Ethics oversight All experiments were approved by the Animal Ethics Committee of Zurich, all animal studies were approved by the Veterindaramt
Zurich.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Deep neck BAT samples were collected from 16 individuals (4 male/12 female; 49.2 + 19.0 years (22 — 77 years); BMI 24.8 +
4.7 kg/m2 (16.9 —35.2 kg/m2) ; body fat 29.1 + 8.5 % (15.6 — 46.6 %); thyroid surgery n=14 or branchial cleft cyst surgery
n=2; data are expressed as mean * SD). Patients with malignant disease and subjects younger than 18 years were excluded
from participation in the study.

Recruitment All study participants provided witnessed written informed consent prior entering the study, individuals without malignant
disease and subjects older than 18 years are all included, no other selection was applied.

Ethics oversight The study was approved by the Local Ethics Committee (University Hospital in Bratislava, Slovakia) and it conforms
to the ethical guidelines of the 2000 Helsinki declaration.

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

Flow Cytometry

Plots

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

E 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).
E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Details are available in methods - Nuclei isolation from mouse tissue. Briefly, Interscapular brown adipose tissue was
harvested from seven-week-old AdipoCre-NucRed transgenic mice for each experiment. Tissue was minced to 1 mm3 and
homogenized in Nuclei EZ Lysis Buffer on ice and filtered through a 40 um cell strainer. This was followed by centrifugation at
500 g for 5 minutes at 4 °C and the pellet was resuspended in PBS. Resuspended nuclei were loaded to MoFlo Astrios EQ Cell
Sorter and RFP+ nuclei were collected. On differentiation day 7, Ucp1-GFP iBAT derived cells were detached from a P10 dish
by incubation with collagenase (1 mg/ml) in collagenase buffer for 30 min at 37 °C. The cell resuspension was centrifuged for
5 min at 300 g, and the cell pellets was resupended in 20 ml FACS buffer. Cell suspension was filtered through 100 um cell
strainers and centrifuged at 300 g for another 5 min. After removal of the supernatant and resuspension of the cell pellet in
FACS buffer to 0.5 X 107 cells/ml cells were incubated with anti-mouse CYP2E1-APC (1:50) for 20 min protected from light,
followed by two washes with 10 ml FACS buffer. Anti-CYP2E1 antibody (Thermofisher #PA5-35351) was conjugated with
allophycocyanin (APC) (Expedeon # SKU705-0030), following the instructions. After the final wash, the cell pellet was
resuspended in FACS buffer to a concentration of 1X106 cells/ml. Samples were loaded onto a Sony SH800 cell sorter (100
um chip), and the target populations were gated as showed in Extended data Fig. 9a. Target populations were collected with
culture medium, then seeded in a 96 well seahorse culture plate with co-culture inserts for functional analysis (see
description of co-culture experiments, methods). Extracellular respiration experiment was performed after 4 days of co-
culture.

Instrument MoFlo Astrios EQ Cell Sorter ; Sony SH800 cell sorter

Software FlowJo 10.4.2




Cell population abundance The purity of the sorted nuclei were confirmed by single nucleus RNAseq and gPCR.

Gating strategy For Fig. 1a, the gating strategy is: Hoechst/ tdTomato (Hoechst+ tomato+ nuclei, Hoechst++ tomato+ nuclei, Hoechst+
tomato- nuclei, Hoechst++ tomato- nuclei). For extended Fig. 9a, the gating strategy is: FSC-H/SSC-A (Adipocytes)---
UCP1:GFP/ CYP2E1:APC (CYP2E1+ adipocytes, UCP1-GFP+ adipocytes). The positive gates was made based on the staining
controls showed in extended Fig. 9b. For extended Fig. 9b, in the left panel, the gating strategy is: FSC-H/SSC-A
(Adipocytes)--- UCP1:GFP/ CYP2E1:APC (CYP2E1+ adipocytes, UCP1-GFP+ adipocytes). This is a staining control for gating
CYP2E1+ population. In the right panel, the gating strategy is: FSC-H/SSC-A (Adipocytes)--- UCP1:GFP/ CYP2E1:APC (CYP2E1+
adipocytes, UCP1-GFP+ adipocytes). This is a staining control for gating CYP2E1+ population and UCP1-GFP+ population.

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