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Adipocyte function is a major determinant of metabolic disease,
warranting investigations of regulating mechanisms. We show at
single-cell resolution that progenitor cells from four human brown and
white adipose depots separate into two main cell fates, an adipogenic
and astructural branch, developing from acommon progenitor. The
adipogenic gene signature contains mitochondrial activity genes, and
associates with genome-wide association study traits for fat distribution.
Based on an extracellular matrix and developmental gene signature, we
name the structural branch of cells structural Wnt-regulated adipose
tissue-resident (SWAT) cells. When stripped from adipogenic cells,

SWAT cells display a multipotent phenotype by reverting towards
progenitor state or differentiating into new adipogenic cells, dependent
on media. Label transfer algorithms recapitulate the cell types in human
adipose tissue datasets. In conclusion, we provide a differentiation map of
human adipocytes and define the multipotent SWAT cell, providing a new

perspective on adipose tissue regulation.

Body fat distribution and adipocyte functionality are determinants of
metabolic healthin adepot-dependent fashion. Multiple studies have
described thatabdominal obesity is strongly associated with cardiovas-
cular disease and insulinresistance, whereas accumulation of fatin the
lower gynoid regions has alower lipid turnover and is associated with
metabolic health'. Brown adipose tissue (BAT) activity is also associated
withmetabolic health®. Adipocytes originate from mesenchymal stem
cells that reside in multiple tissues including adipose tissue, skeletal
muscle and bone marrow?. Other studies have shown a close relation

between osteocytes and adipocytes, with opposing differentiation
trajectories mediated through a common transcriptional network®.
Intriguingly, progenitor cells derived from the seasonally plastic white
adipose tissue (WAT) of brown bears spontaneously differentiated
into osteocytes in vitro®, further emphasizing the developmental link
between these two cell types.

Single-cell technologies have allowed an understanding of the
heterogeneity of adipocytes, revealing several subtypes with special-
ized functions®®, These studies suggest that separate cell types provide
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Fig.1|Single-cell trajectory analysis of developing adipocyte progenitors.
Human adipocyte progenitors isolated from tissue biopsies of four adipose
depots were collected at five time points (T1-T5) during in vitro differentiation
and subsequent single-cell analysis was performed using the 10x Genomics
platform. a, Overview of adipose depots and cellular developmental stages.

b, t-SNE atlas generated using the Seurat alignment algorithm, analysing
proliferating adipocyte progenitors (T1) derived from 11 individuals. Peri,
perirenal; subq, subcutaneous; supra, supraclavicular; visce, visceral. ¢, t-SNE
atlas of developing adipocyte progenitors (T1-T5) of four adipose depots from
differentindividuals. The inset indicates the collection time point. Clustering
analysis grouped T1-T3 samples by adipose depot and T4 and T5 samples by

time point and adipose depot. d, Monocle pseudotime trajectory of adipocyte
progenitors from T1-T5. Cells from T1-T3 align in acommon progenitor (P)
branch. Following induction of differentiation, the P branch splitinto an upper
(U) and alower (L) branch, thus containing cells from T4 and T5. Cells from all
depotsare represented in the Uand L branches (the percentage of cells from
each depotisindicated for each branch). The inset shows the trajectory coloured
by stretched pseudotime that quantitatively measures how far an adipocyte
progenitor has progressed through development. Stretched pseudotime is a
normalized pseudotime scale ranging from O (least progressed) to 100 (most
progressed). e, Cell atlas coloured by trajectory branch identities. The inset
shows the cellular development as measured by pseudotime.

thermogenesis, insulin sensitivity, lipid storage and adipokine secre-
tion’ " or act as negative regulators of lipid accumulation’?. However,
the developmental hierarchical heterogeneity of human brown and
white adipogenic events remains elusive. In the current study, we
compared human adipose stem and progenitor cells (hnASPCs) derived
fromtwo WAT depots—subcutaneous and visceral—and from two BAT
depots—supraclavicularand perirenal. We study these cells during early
differentiation and combine computational modelling with experimen-
tal cell separation techniques to describe two cell-type branches that
arise fromacommon progenitor. Finally, we confirm that all these cell
types are present in vivo using machine learning-based label transfer

algorithms. Gene expression plots for our data can be visualized using
the web tool available at: https://cphbat.shinyapps.io/adipodiff/.

Results

Human white and brown adipose tissue progenitors share
early cell fates

Human adipocytes differ between depots. For example, subcutane-
ous adipocytes have been found to be more efficient in storing lipids
thanvisceral adipocytes”, whereas supraclavicular and perirenal adi-
pocytes display a heterogeneous composition of both thermogenic
multilocular adipocytes and more white-like unilocular adipocytes™*.
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These differences are to some extent reflected inisolated progenitors
that are differentiated in vitro™ . To investigate cellular differences
in adipose depots, we cultured 14 different adipose progenitor cell
strains derived from supraclavicular or perirenal BAT or from visceral
or subcutaneous WAT of adult humans'*" (Fig. 1a, Extended Data Fig. 1a
and Supplementary Table 1). We generated droplet-based single-cell
RNA-sequencing (scRNA-seq) data from these adipose progenitor cell
strains and obtained 56,371 high-quality cells after quality control.

For the initial analysis, we collected cells at a proliferating,
sub-confluent state (‘T1’; Fig. 1a). For each depot, we included cells
fromatleast three differentindividuals, matched for age, sexand body
massindex (BMI; Supplementary Table1). We exploredinitial clustering
by performingregression analyses (Supplementary Fig.1) and by align-
ing thesamplesto each other using canonical correlation analysis and
dynamic time warping (Supplementary Fig. 2). These analyses suggest
that both cell cycle effects and batch effects were driving the cluster-
ing of the data. This was further visualized using two approaches for
organizing single-cell data according to RNA expression (Monocle")
or splicing patterns (Velocyto'; Supplementary Fig. 3).

When adjusting for batch and cell cycle effects, our data suggested
that undifferentiated, proliferating adipocyte progenitors have simi-
lar expression patterns regardless of BAT or WAT origin (Fig. 1b). The
observed similarity between human BAT-derived and WAT-derived
adipocytes was somewhat surprising but possibly related to the fact
that genes unrelated to adipocyte function were dominating at this
developmental stage. We analysed the data further and did, however,
identify asmallnumber of depot-selective genes (Supplementary Note,
Supplementary Table 2 and Supplementary Fig. 4).

We found that most progenitors grouped into a CD29-positive
cluster, whereas a smaller cluster with CD29-negative cells was also
formed. Cells from all four depots contributed to both clusters
(Fig.1b).CD29is asurface marker previously proposed to be a predic-
tive marker for adipogenic precursor cells with thermogenic poten-
tial'’. We characterized the two clusters by using scmap? to map our
dataset onto an existing catalogue of cell types in murine tissues”. In
this analysis, the large CD29-positive cluster was enriched for adipo-
genic precursor markers, whereas the smaller CD29-negative cluster
was enriched for epithelial cell markers (Supplementary Fig. 5).

Most genes distinguishing between brown and white adipocytes
are not expressed until later in differentiation”’. We therefore next
harvested cells fromall four depots during four additional time points,
T2-T5, during differentiation (Fig.1aand Supplementary Table 3) and
performed scRNA-seq, obtaining 23,428 high-quality cells (Supplemen-
tary Fig. 6). At T3, cells were 2 d after confluence and a differentiation
initiation cocktail was added. The same differentiation components
were added to cells regardless of depot. Cells were subsequently har-
vested at T4 and T5, representing 3 and 6 days following addition of the
differentiation cocktail, respectively. The full differentiation protocol
into mature adipocytesis 12 d from the addition of the differentiation
medium®. However, changes in cell morphology are initiated shortly
after adding the cell differentiation medium, and at T5 (corresponding
to 6 d after adding the differentiation medium), some accumulation
of small lipid droplets has started. The analysis resulted in clearly

separated cell clusters both by time point and by depot within T4 and
T5, whereas a principal-component analysis (PCA) plot of the data
shows that cells from T1-T3 overlap (Fig. 1c and Supplementary Fig. 6).

To assess common or distinct developmental trajectories across
depots, we used Monocle” to order cells in ‘pseudotime’. This analysis
allows for a quantitative measure of progress through a biological
process (Fig.1d). We applied adata-driven approach withoutincluding
priorinformation on adipose depot origin. The trajectory topology was
robust to changesin the input and parameter settings of the Monocle
trajectory algorithm (Supplementary Fig. 7). The trajectory analysis
revealed bifurcating cell fates of adipose progenitor cells from the
four different depots of human BAT and WAT. Cells from T1-T3 formed
a progenitor (P) branch. In line with our initial analysis of proliferat-
ing progenitor cells, cells from the earlier time points (T1-T3) did not
separate in pseudotime and cells from all depots contributed equally
tothe Pbranch (Fig.1d). Later in pseudotime, cells separated into two
branches: upper (U) branch and lower (L) branch containing cells after
induction of differentiation (T4 and T5; Fig. 1d).

Following branching, we observed a depot-dependentasymmetry
incell distribution where the Ubranch was dominated by cells from the
brown fat depots (>60%), while cells from the white fat depots (>60%)
were overrepresented in the Lbranch. To address whether the branch
divisionrelated to athermogenic versus non-thermogenic signature,
we plotted the expression of BST2, arecently identified marker for
thermogenic progenitor cells in murine tissue®’. Strikingly, in our
human dataset, BST2 was expressed in the progenitors derived from
thetwo brownfat depots and the visceral adipose depot but notinthe
subcutaneous depot (Extended DataFig. 1b). Allthree depots expressed
BST2inthe progenitorsaswell asinupper and lower branches between
depots, to a varying extent (Extended Data Fig. 1b). Considering that
thermogenic cells have been detected in visceral, but not subcutaneous
adipose tissue in humans®®, these data support that BST2 might be a
marker for thermogenic progenitors also in humans. We next plotted
the adipogenic markers PPARG and CEBPB (Extended Data Fig. 1c),
demonstrating a strong bias towards expressionin the Ubranch cells.
We also plotted a range of fibroblast markers (Extended Data Fig. 1d).
These markers had variable bias towards highest expressionin either
progenitor cells or Lbranch cells, with some variation between depot
origins. Importantly, all four depots contributed to both upper and
lower cell branches (Fig. 1d). When ¢-distributed stochastic neighbour
embedding (t-SNE) plots of cell branch identity were overlaid with
time point and depot label, the branch separation occurring at both
T4 and T5 was clear (Fig. 1e). Interestingly, a subpopulation of cells
at T5, dominated by cells derived from the supraclavicular depot but
including cells from all depots, was assigned to the P branch (Sup-
plementary Table 4). These cells were only sporadically expressed
at T4 and clustered in the late part of the P branch in pseudotime,
suggesting that dedifferentiation had occurred (Supplementary
Fig.7). The mechanism of dedifferentiation of adipocytes has been pre-
viously reported”, possibly reflecting the ability of the cells to intercon-
vert”. Supporting that dedifferentiation had occurred, differentially
expressed genes betweenthe T5P branch cellsand the TI-T3 P branch
cells revealed residual high expression of both U branch-specific and

Fig. 2| Adipocyte progenitors develop into adipogenic and SWAT cells.

a, Adipogenic and SWAT branch-specific expression patterns of predicted
secreted proteins, separated by origin from brown (supraclavicular + perirenal)
and white (subcutaneous + visceral) depots. The SWAT branch is characterized
by branch-specific expression of extracellular matrix components. The black
boxindicates no divergence in gene expression between branches.

b, Transcription factors identified as increasing in expression in one branch
over another are indicated on respective branches, at the stretched pseudotime
point where the smoothed gene expression is observed to diverge. Insetimages
are from RNA FISH labelling in brown adipocytes of selected combinations of
branch-specific transcription factors. Scale bar, 75 pm. ¢, Scellnetor analysis

identified key transcriptional networks enriched in the adipogenic branch,
confirming the role of several transcription factors identified above as involved
inadipogenic cell-type development. d, Branch-specific transcription factor
analysis performed independently for brown (perirenal + supraclavicular) and
white (visceral + subcutaneous) depots. Colour scale indicates pseudotime
point at which expression of a gene diverges between branches, and the black
boxindicates no divergence in gene expression between branches. A shared

set of transcription factors characterize early differentiation across depots,
whereas further differentiation proceeds through depot-specific transcription
factors. TF, transcription factor.
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L branch-specific markers, suggesting the unbiased contribution of
dedifferentiated cells and gradual loss of branch-specific markers.
These findings also emphasize that neither of the cellsin the Ubranch or
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Lbranch are undifferentiated or dedifferentiated progenitor cells, but
rather represent two separate cell fates present among differentiating
adipocytes. Importantly, we were able to confirm the differentiation
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Fig.3|Gene cluster signatures defining adipogenic and SWAT cell branches.
a, BEAM analysis identified six kinetic clusters of branch-dependent genes.

b, Violin plots of adipogenic marker genes from cluster 2, showing gene
expression in branches across depots. ¢, SWAT cell marker genes from cluster
3,showing gene expression in branches across depots. d, Expression dynamics
are displayed as a function of pseudotime (stretched, ranging from 0 to 100) of

marker genes for the Ubranch (ADIPOQ, UCP2) and the L branch (DCN, APOD).
Solid lines show smoothed expression curves for each branch. e, FISH staining
of human brown adipocytes collected at T5 (halfway through full maturation)
using RNAscope probes for branch marker genes. Scale bar, 75 pm. f, GO term
enrichment analysis visualized using REViGO and the GOplot R package.
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trajectories predicted by Monocle pseudotime using anindependent
method called Velocyto' (Supplementary Fig. 8).

Abranching of adipogenic and SWAT cell fates in pseudotime
To determine what defines the branches, we first predicted their
cell-type-specific secretomes and ordered these in pseudotime. We
utilized the published human secretome® as a scaffold to predict the
secreted products from the branch-specific genes. We performed sepa-
rate analyses for cells derived from BAT (supraclavicular and perirenal)
and WAT (subcutaneous and visceral), and we compared the pseudo-
time windows at which transcription factors diverged in expression
between the branches. The U branch cells expressed well-established
adipocyte derived factors including ADIPOQ, LPL and SPARC
(Fig.2a). The L branch cells encoded multiple extracellular matrix fac-
tors annotated as secreted. These included several types of collagens
and fibronectin, proteins that are highly abundant in the development
of obesity-induced fibrosis®’ (Fig. 2a). The branch also expressed con-
nective tissue growth factors including WNT1-inducible-signalling
pathway protein 2 (WISP-2; Supplementary Table 5). The secretory
capacity of the L branch cells was underscored by an approximately
twofold increase in the number of genes encoding secreted factors
compared to the Ubranch cells. (Fig. 2a).

Wenextexploredthelandscape of transcription factorsin the data-
set, identifying transcription factors with increasing branch-specific
expression over pseudotime as drivers of branch development. Con-
sistent with the U branch-specific expression of ADIPOQ, this branch
was defined by peroxisome proliferator-activated receptor gamma
(encoded by PPARG) and CCAAT/enhancer-binding protein alpha
(encoded by CEBPA). These transcriptional activators synergistically
activate adipogenesis and control genes important for adipocyte
metabolism® (Fig. 2b). Additional transcription factors selective for
the Ubranchwere SREBF1and NR1H3, which are stimulators of lipogen-
esis®*, Based on the distinct secretion and transcription factor gene
expression patterns, we defined the U branch cells as adipogenic cells.
Intriguingly, the L branch cells induced a transcriptional programme
driving osteogenic proliferation and differentiation. This programme
included SNAI2 and JUNB, both promoting osteoblast maturation and
formingatranscription factor network described to compete with the
adipogenic transcription factor network in mesenchymal stem cells*.
Wnt signalling induces osteoblast differentiation in mesenchymal
stem cells by suppressing PPAR-y**,and we observed the Wnt signalling
transcription factor, TCF7L2, also defining the L branch.

Taken together, these data show that the L branch is expressing
extracellular matrix and developmental growth factors and is diverg-
ing from the adipogenic cells viaa competing osteoblast transcription
factor network. Our findings were confirmed and complemented by a
parallel study from Yang Loureiro et al.>*. Based on our collective data,
we defined these cells as SWAT cells. Hence, the SWAT cellsrepresent a
cellular subpopulation that differentiates in aseparate direction from
the adipogenic cells despite the addition of an adipogenic cocktail.

Tovalidate and visualize the separation between the selective transcrip-
tion factors for the adipogenic and SWAT cells at TS of human brown
adipocytes, we performed a fluorescence in situ hybridization (FISH)
analysis using RNAscope probes. We found a clear separation between
several transcription factors including the adipogenic transcription
factors SREBFIand NRIH3versus the SWAT PRRX1, and the adipogenic
transcription factors PPARG and CEBPA versus the SWAT SNAI2 (Fig. 2b).
We co-stained for additional branching transcription factors, dem-
onstrating a similar cell population separation, except for JUNB and
PPARG, which were expressed in the same cells (Extended Data Fig. 2).

By taking advantage of our pseudotime-ordered dataset and apply-
ing a tool called Scellnetor®, we identified transcriptional networks
involving asubset of the adipogenic cell selective transcription factors
(Fig. 2c). Scellnetor is designed to identify gene networks enriched in
differentiation trajectories®. This network analysis identified addi-
tional genesin the adipogenic transcription factor networks including
PPARGCIA, PPARGCIB, CIDEA and CKMTIB, further emphasizing the
adipogenic nature of this branch®. We next assessed whether there
were any differences in the transcription factor dynamics between
BAT-derived and WAT-derived cells. As with the secreted factors, we
grouped cells derived from supraclavicular and perirenal brown adi-
pose depotsintoa‘BAT group and the cells derived from subcutaneous
and visceral white adipose depots into a ‘WAT’ group and compared
the pseudotime windows at which transcription factors diverged in
expression between the adipogenic and SWAT branches (Fig. 2d). For
example, we found that EBF2, encoding a transcription factor well
described for promoting brown adipogenesis® defined the adipo-
genicbranchin BAT-derived cells only, and rather early in pseudotime.
However, most differences between BAT-derived and WAT-derived
cellsbecameclear later in pseudotime, for example, RXRG, which also
defined the adipogenicbranchinthe BAT-derived cells only. RXRG acts
asaco-transcription factor with PPARG to promote thermogenic gene
transcription’® (Fig. 2d).

Among the genes defining the SWAT branch were the above-
mentioned SNAI2 and JUNB, driving this branch in both BAT-derived
and WAT-derived cells. Interestingly, in late pseudotime, we observed
NFIA, a SWAT branch-selective gene in brown adipocytes only, previ-
ously reported to promote the brown fat differentiation programme®
(Fig.2d). By predefining the cell origin from either BAT or WAT before
sortinginto pseudotime, we could identify branch-specific transcrip-
tion factors withinthese adipose tissue types (Fig. 2d and Supplemen-
tary Table 6). Some of these transcription factors, selective for either
BAT or WAT derived cells, were reported previously in bulk data?*%3%,
whereas several are new and might be powerful as directors of the
brown and white adipocyte differentiation programmes.

Defining the adipogenic and SWAT cell signatures

We explored the signatures of the adipogenic and the SWAT cells by
using branched expression analysis modelling (BEAM)*’, a bioinfor-
matic approach toidentify branch-dependent genes (Supplementary

Fig. 4| Mitochondrial signature and oxidative capacity of adipogenic
compared to SWAT cells. a, Predicted brown and white adipocyte contentin
pseudotime trajectories using BATLAS. Cells are grouped by each developmental
branch and pseudotime decile. b, BATLAS genes overlapping with this work’s
scRNA-seq dataset, expressed in branches across depot origins. ¢, Adipogenic
cells contain lipid droplets as indicated by immunofluorescence staining of
differentiating adipocytes for perilipin (green) combined with FISH RNAscope
for DCN (magenta) and ADIPOQ (yellow). Nuclei in blue. Scale bar, 100 pum.

d, Illustration demonstrating density gradient centrifugation to enrich
adipogenic and SWAT cells from heterogeneous cultures. Created with
BioRender.com. e, Seahorse extracellular flux analysis of enriched adipogenic
and SWAT cells separated on day 10 of differentiation. Oxygen consumption
rates (OCRs) were measured 24 h after platingin DM (5,000 cells per well)

and normalized to cell count. N = 3 biologically independent cell samples,

cultured separately in parallel for 24 h following density gradient centrifugation
between SWAT and adipogenic cells. f, Calculations of the data visualized ine.
Two-way analysis of variance (ANOVA) was used to assess differences between
cell types and NE treatment in: basal mitochondrial respiration (effect of
celltype P=0.0006; effect of NE: P= 0.222), NE-stimulated mitochondrial
respiration (effect of cell type P= 0.0003; effect of NE: P < 0.0001), stimulated
ATP production (effect of cell type: P=0.0012; effect of NE: P= 0.3310) and
stimulated proton leak (effect of cell type: P< 0.0001; effect of NE: P= 0.0001).
N=3biologically independent cell samples, cultured separately in parallel for
24 hfollowing density gradient centrifugation between SWAT and adipogenic
cells. Sidak’s post hoc test was used for comparisons between cell types, and
significance values are shown in the graphs *P < 0.05, **P < 0.01, **P< 0.001,
***+p < (0.0001. Data are presented as the mean + s.e.m. NE, noradrenaline; oligo,
oligomycin; R, rotenone; A, antimycin; DM, differentiation medium 2.
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Table7). Weidentified six gene clusters of branch-dependent genes with
distinct kinetic expression profiles (Fig. 3a). The main cluster upregu-
lated in the adipogenic cells was cluster 2. The top-regulated genesin
this cluster comprised genes with well-known roles in adipose tissue
functions, including SCD, whichisimportantinlipid biosynthesis, the
fatty acid carriers FABP4 and FABP5 and ADIPOQ, encoding adiponectin,
amajor regulator of lipid metabolism and insulin sensitivity*° (Fig. 3b).

The mainupregulated clusterinthe SWAT cells was cluster 3. The
top-regulated genes in this cluster were all locally secreted including
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the extracellular matrix genes MGP and DCN, growth factor /GF2 and
APOD, encoding apolipoprotein D, whichis also presentin the extracel-
lular region and is a component of high-density lipoprotein (Fig. 3c).
The adipogenic versus SWAT transcription factor profiles were clearly
divided between cluster 2 and cluster 3 (Supplementary Table 8).
To visualize the regulation of some of the branch-specific genes, we
show the feature plots and expression in pseudotime (Fig. 3d). Interest-
ingly, mitochondrial uncoupling protein 2 (UCP2) was also upregulated
in the adipogenic cells (Fig. 3d). The structure of UCP2 is similar to
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that of the brown-fat-specific, thermogenic gene UCP1, which was not
expressed in the cells at this point of differentiation. To validate and
visually examine the separation of the two cell fates within single-cell
cultures, we next performed FISH analyses, using RNAscope probes.
Aspredicted, we observed a clear separation between our main mark-
ers, ADIPOQ and DCN, as well as between cells expressing ADIPOQ and
APOD, whereas cells expressing ADIPOQ and UCP2 were overlapping
as expected (Fig. 3e).

We performed a Gene Ontology (GO) analysis including all BEAM
clusters that defined the adipogenic and the SWAT branches. Multiple
genes encoding proteins localizing to the mitochondriaand being part
of lipid metabolismand the respiratory chainaccumulatedin the adipo-
genic cells (Fig. 3fand Supplementary Table 9). Onthe other hand, the
SWAT cells were clearly associated with an accumulation of processes
related to extracellular matrix formation, regulation of developmental
processes and cellular adhesion (Fig. 3f and Supplementary Table 9).

The mitochondrial signature of adipogenic cells

Giventhe striking differencein mitochondrial gene expressionbetween
adipogenic cells and SWAT cells and the higher expression of mito-
chondrial genesin BAT compared to WAT, we examined how the branch
signatures resonated specificallyamong marker genes for BAT activity,
using the BATLAS*" tool. BATLAS is acomputational prediction model
foridentifying brown versus white fat phenotypes in samples of unspec-
ified content. We grouped the cells by each branch, divided theminto
pseudotime deciles and utilized the BATLAS tool to predict the brown
fat signature (Fig. 4a and Supplementary Table 10). We observed that
the adipogenic cells obtained anincreasingly higher predictionscore
for a thermogenic phenotype in a pseudotime-dependent manner,
while the SWAT cells did not (Fig. 4a).

As shown in ref. 14, only hASPCs derived from BAT, but not WAT,
develop into thermogenic adipocytes when using our standard dif-
ferentiation protocol®. To address whether the ‘BATLAS signature’
was driven by cells derived from BAT in our dataset, we plotted all
genes that were enriched in the BEAM analysis and were overlapping
with the BATLAS genes. However, we found a striking consistency in
the gene expression patterns between cells from the different depots
(Fig. 4b). The only exception was ACSLS, encoding long-chain fatty
acid CoAligase 5. This gene was only expressed in the adipogenic cells
from BAT but notin any branch in cells derived from WAT. It isimpor-
tant to stress that the BATLAS tool is defined based on thermogenic
signatures in tissue samples and mature adipocytes, not on cells in

early differentiation. Notably, most of the subset of BATLAS genes
overlapping with our dataset were mitochondrial enzymes or subunits
inthe mitochondrial respiratory chain. Upregulation of mitochondrial
metabolism has been found to be crucial for adipogenesis to occur®.
Importantly, mitochondria binding to lipid droplets provide energy
for the lipid droplets to expand®. Therefore, given the consistent con-
tribution across all depots, we conclude that the increased expression
of the subset of BATLAS genes in our dataset represents a feature of
adipogenesis rather thanaBAT signature and that this featureis clearly
assigned to the adipogenic cells and not present in the SWAT cells.

Asadipocytes mature, brown adipocytes maintainalarge number
of mitochondria, which acquire athermogenic capacity. To assess the
mitochondrial function of adipogenic versus SWAT cells in fully dif-
ferentiated cells, we therefore aimed to measure the mitochondrial
activity in adipogenic cells versus SWAT cells derived from BAT. By
co-staining with ADIPOQ, DCN and perilipin, we observed that adipo-
genic, but not SWAT cells, were positive for perilipin, confirming that
only adipogeniccells containlipid droplets (Fig. 4c). This allowed us to
separate the cell types by taking advantage of their different density.
We differentiated hASPCs derived from the supraclavicular BAT depot
for10 d. Cells were detached and the adipogenic cells were separated
from the SWAT cells by density gradient centrifugation® (Fig. 4d). The
separated cells were plated and, following 24 hin culture, assessed for
oxygen consumption using the Seahorse Bioscience technology. We
observed a remarkable difference in oxygen consumption between
the adipogenic cells and the SWAT cells (Fig. 4¢,f). Interestingly, the
adipogenic cells not only were more responsive to noradrenaline, but
also had a substantially higher respiration at basal level compared to
the SWAT cells (Fig. 4g). In conclusion, we assign the high mitochondrial
activity needed for adipogenesis to be restricted to the adipogenic cells
inasimilar fashion across depots. This functional distinction remained
infully differentiated BAT-derived cells.

SWAT cells are multipotent

We next examined the differences between progenitors and SWAT cells.
Wefirstidentified selective markers for the progenitorsincluding /D1,
ID3, KRT18 and POSTN (Fig. 5a). These markers were no longer detect-
able onday 6 of differentiationin any of the cell types (Fig. 5b). We used
density centrifugation separation to enrich for SWAT cells on day 12 of
differentiation. When plating the SWAT cellsin proliferation medium,
we observed an increasingly stronger expression of the progenitor
markers following 24 h and 48 hincubation (Extended Data Fig. 3),

Fig. 5| Multipotency of SWAT cells. a, Progenitor marker gene expression
across branches in scRNA-seq data. b, FISH RNAscope staining validating the
expression of selected progenitor markers (yellow) in proliferating brown
progenitor cells but not in differentiating cells (day 6). Nuclei in blue. Scale
bar,100 pm. ¢, PCA of bulk RNA-seq samples based on the 1,000 most variable
genes. d, RNA-seq normalized gene counts for selected progenitor markers
across conditions. The centre of the box plot is the median of normalized gene
expression from N = 4 replicates, expressed in log, scale. The lower and upper
hinges of the box plot are the first and third quartiles (25th and 75th percentiles),
respectively. The whiskers extend from the lower/upper hinges to the smallest/
largest values less than 1.5 times the interquartile range (distance between Ist
and3rd quartiles). N = 4 biologically independent samples, derived from four
separate heterogeneous cell cultures, separated with four individual density
gradients and subsequently cultured separately. e, Heat map of cell cycle gene
expression across conditions, split by cell cycle phase. f, Enriched brown SWAT
cellson day 12 of differentiation were seeded until they reached sub-confluence
in either PM or DM for 6 d and theninduced for differentiation. FISH staining
confirmed the development of adipogenic (yellow) and SWAT (magenta) cells
inboth cultures. Nucleiin blue. Scale bar, 100 pm. Two-way ANOVA was used to
assess the effects of differentiation in the two groups cultured in different media
before differentiation. Top, quantification of ADIPOQ-positive cells (effect of
differentiation: P < 0.0001; effect of cell culture media: P < 0.0001). Bottom,
quantification of DCN-positive cells (effect of differentiation: P < 0.0001;

effect of cell culture media: P=0.0001). N = 4 biologically independent cell
samples, cultured separately in parallel for 24 h following density gradient
centrifugation between SWAT and adipogenic cells. Sidak’s post hoc test was
used for comparisons between cell types, and significance values are shown in
thegraphs*P<0.05,*P< 0.01,**P<0.001, ***P< 0.0001. Data are presented
asthe mean +s.e.m. g, Experimental outline to assess the functionality of brown
adipogenic cells developed from differentiated SWAT cells seeded in PM or

DM (left). Created with BioRender.com. Seahorse extracellular flux analysis
(right). Oxygen consumption rates were normalized to cell count. Nnumbers are
biologically independent cell samples, cultured and differentiated separately in
parallel following density gradient centrifugation between SWAT and adipogenic
cells. Left, N=10 for PM-cultured samples. N = 8 for DM-cultured samples. Right,
two PM-cultured samples and one DM-cultured sample stimulated with NE were
excluded due to issues with oligomycin injections, resultingin N = 8 for PM and
N=7for DM. Right, calculated stimulated proton leak. Two-way ANOVA analyses
was used to assess the effects of NE in the two groups cultured in different cell
culture media before differentiation (effect of NE: P < 0.0001; effect of cell
culture media: P=0.0051). Sidak’s post hoc test was used for comparisons
between NE and saline treatment, and significance values are shown in the
graphs*P<0.05,*P<0.01,**P< 0.001, ***P< 0.0001. Data are presented as the
mean +s.e.m. DCN, decorin; ADIPOQ, adiponectin; PM, proliferation medium.
Two-way ANOVA with Sidak’s post hoc test *P < 0.05, **P < 0.01, ***P< 0.001,
****P < (0.0001. Data are presented as the mean + s.e.m.
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indicating that SWAT cells could revert towards a progenitor-like state.  differentiation medium for 24 h, and subsequently performing RNA-seq
We next examined this at a global level by enriching for the SWAT cells,  (Fig. 5c). This experiment demonstrated a clear separation between
but this time incubating them either in proliferation mediumorin progenitors and SWAT cells (Fig. 5c). Remarkably, it also showed that
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Fig. 6 | FACS-based cloning of human adipose stem and progenitor cells.
a, Graphicillustration of single-cell-sorted progenitors with subsequent
differentiation of the clonal populations. Created with BioRender.com. Clonal
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populations developed into adipogenic (yellow) and SWAT (magenta) cells as
visualized with FISH RNAscope staining on day 6 of differentiation. Nuclei in blue.
Scale bar,100 pm.

switching the cell culture medium back to proliferation medium, partly
rewired the cells towards a progenitor-like state, as became evident
fromthe expression of the progenitor markers /DI and /D3 (Fig. 5d).In
addition, when specifically monitoring cell cycle genes, the SWAT cells
cultured for 24 hiin proliferation medium clustered in between the
SWAT cellsin differentiation medium and the progenitor cells (Fig. 5e).

To examine if SWAT cells, which had reverted to a progenitor-like
state, would redifferentiate into adipogenic cells, we divided enriched
SWAT cells into two batches, where one batch was plated in prolifera-
tion medium and one batch in differentiation medium. The SWAT cells
cultured in proliferation medium adopted a progenitor-like state and
proliferated until confluence 6 d later when differentiation medium
was added (Extended DataFig. 3). The SWAT cells kept on differentiation
mediumdid not proliferate, but differentiation was initiated at the same
time asthe correspondingbatchin proliferationmedium (Extended Data
Fig.3b).Following 6 d of differentiation, ADIPOQ-positive cells were pre-
sent in both SWAT batches (Fig. 5f). The SWAT cells initially maintained
indifferentiation medium had a higher percentage of ADIPOQ-positive
adipogenic cells already atinduction of differentiation, while after 6 d,
bothbatcheshadincreased percentages of adipogenic cells. The batch
indifferentiation mediumalso had alower percentage of DCN-positive
cellscompared to the batchin proliferation medium.

We next investigated if SWAT cells could differentiate into func-
tional adipocytes. SWAT cells were again enriched without adipogenic
cells,and thistime, they were incubated for 4 d (until the proliferating
batchreached 2 d after confluence), where differentiation medium was
added. The cells were differentiated for 15 d, and the oxygen consump-
tion rate was measured using the Seahorse Bioscience technology,
clearly demonstrating noradrenaline responsiveness and increased
stimulated proton leak in both batches (Fig. 5g). In conclusion, these
findings suggest that SWAT cells are multipotent and responsive to
their microenvironment.

A common progenitor of adipogenic and SWAT cells

Our computational data suggested that SWAT cells and adipogenic
cells differentiated from a common progenitor cell. To validate this
finding, we set up a clonal expansion experiment using FACS sorting.
Single progenitor cells were sorted with a FACS Melody Cell Sorter
into 96-well plates. After 2 weeks in culture, clonal populations that
reached 70-90% confluency were selected and further expanded
until differentiation was induced according to our standard proto-
col. The cells were fixed on day six of differentiation and stained for
adipogenic (ADIPOQ) and SWAT (DCN) markers. Ten of the expanded
clonal populations are shown (Fig. 6a), demonstrating that most clones
developed into both adipogenic and SWAT cells, whereas a minority
of clones only demonstrated SWAT cells. The ratio beween adipogenic
and SWAT cells differed across clones, suggesting some stochasticity
inthe determination of branching. In conclusion, these data confirm
our computational prediction that SWAT cells and adipogenic cells
arise from a common progenitor.

Invivo relevance of SWAT cells, adipogenic cells and
progenitor cells

To address how our dataset compared to recent human studies, we
used two different machine learning-based algorithms for projecting
published datasets®**** onto our data space. The Scanoramaalgorithm
wasrecently highlighted as a suitable method for comparing datasets
of variable origin*® (Fig. 7a), whereas scNym produced similar results
(Extended DataFig.4).Inthe humansubcutaneous and visceral adipose
tissue single-nucleus RNA-seq (snRNA-seq) dataset from Emontetal.’,
two separate populations mapped to our data. The population clas-
sified as hASPC2 mapped to our progenitor population, whereas the
population classified as hASPC1 mapped to both SWAT and adipogenic
cellbranches. Projecting a dataset comprising scRNA-seq of the stromal
vascular fraction of human adipose tissue from Vijay et al.**, identified
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amatch between the ‘P4’ population and our progenitor population,
whereas the SWAT cells were mostly matched to ‘P5’ butintermixed with
‘P4’ and the adipogenic cells matching mostly to ‘P2". Finally, ahuman
BAT snRNA-seq dataset from Sun et al.* projected ‘preadipocytes’ to
the SWAT population and ‘adipocytes’ to the adipogenic population
(Fig. 7a and Extended Data Fig. 4). In conclusion, all three cell types
could be found computationally with populations described in
single-cell or snRNA-seq datasets of human WAT and BAT.

The multipotency of SWAT cells and the overlaps between anno-
tated populations raised the idea of potential subtypes annotated
in the in vivo datasets. To investigate this, we mapped the top SWAT
markers from Fig. 3a within the three datasets (Fig. 7b and Extended
Data Fig. 5a-e). This comparison was consistent with the data label
transfer results, but also showed that additional hASPC populations’
had some SWAT cell marker gene expression, potentially representing
SWAT subtypes or states (Fig. 7b and Extended Data Fig. 5a). In BAT*,
SWAT cell top markers mapped consistently to the preadipocytes
(Fig.7¢c,d). Interestingly, when comparing to the stromal vascular frac-
tion datasets**, P2 and P4-P6 resembled SWAT cells (Extended Data
Fig. 5d,e). This indicates that SWAT cells might appear at different
maturity statesin vivo as P2was described to represent amore mature
celltype compared to P4-P6 (ref. 44).

Toinvestigate therelevance of our cell typesin human healthand
disease, we next used the computational tool CELLECT, to prioritize
our pseudo-temporal ordered data for relevant human traits. Briefly,
CELLECT quantifies the association between the expression patterns
of cell types and the genetic components of human complex traits
identified by genome-wide association studies (GWAS). CELLECT
tests for enrichment of genetic association signal for single nucleotide
polymorphisms (SNPs) proximal to genes specifically expressed in
each cell type. In a previous study of human adipose tissue, CELLECT
identified an association between adipocytes and traits for waist-to-hip
ratio (WHR)’. With our dataset, we integrated atemporal aspect during
theearly differentiation of adipocytes into the analysis. To do this, we
stratified cells by pseudotime decile for each developmental branch,
generating 30 strata of cells. Cells from each stratum were then used
as input to CELLECT to estimate expression specificity of genes in
any of these groups. We performed CELLECT analysis for 39 GWAS
traits (Supplementary Table 11). We identified significant enrichment
of genetic association signal for cell populations in the adipogenic
branchfor fat distribution (as assessed by WHR and WHR adjusted for
BMI), and lipid levels (as assessed by low-density lipid levels; Fig. 7b
and Supplementary Table 12). The progenitors and SWAT branches
displayed little or no enrichment. As a control of the model, we assessed
the genetic enrichment for height and BMIGWAS and found no enrich-
ment, consistent with the expectation that adipogenic development
does not affect human height. Neither did we find enrichment for any
of the remaining GWAS traits analysed.

These results indicate that the level of onset of adipogenic genes
would determine the balance between SWAT cells and adipogenic cells
across adipose depots, and this branching might thus be relevant for
determining fat distributionin humans.

Discussion

Weinvestigated the first phase of adipogenesis at single-cell resolution
across cells derived from four different human BAT and WAT depots.
We demonstrate that two cell types arise from a common progenitor
cell at the onset of differentiation: a classical adipogenic cell type, and

analternative cell type that we define in this paper, with asignature of
extracellular matrix-secreting and developmental genes. Our findings
are consistent with the data of Yang Loureiro et al.>*, who observe the
same early split during adipogenesis in progenitor cells, and demon-
strate that Wnt signalling defends a multipotent state in the alternative
celltype.Based onour collective data, we named these cells SWAT cells.

A major findingin the current study is that SWAT cells and adipo-
genic cells arise from a common progenitor. The branching between
the two cell types is induced after adipogenic development, where
the SWAT cells avoid adipogenic differentiation by upregulating an
osteoblast transcription network®, instead of inducing the competing
adipogenictranscription programme. Yang Loureiro et al. demonstrate
thatthe SWAT cells are defined by arapid upregulation of Wnt signalling
following the onset of differentiation. SWAT cell identity is dependent
onthemicroenvironmentand appearstobe maintained by intercellular
cross-talk. To thisend, Yang Loureiro et al. identified pairs of extracel-
lular matrix components from the SWAT cells and their corresponding
receptorsonthe adipogenic cells, whereas we observed that SWAT cells
effectively differentiate into adipocytes when the existing adipocytes
were stripped from the cultures. This suggests that an intercellular
cross-talk might keep the balance between the two cell types.

Ourinvitroapproach allowed us to study early differentiation and
detect two cell trajectories that would have been difficult to observe
in tissue samples. However, a limitation of our study was the pos-
sibility that this branching was a cell culture artifact. Yang Loureiro
and co-authors addressed this by transplanting human progenitor
cells into immune-compromised mice, observing that both SWAT
and adipogenic cell signatures develop from these transplants. This
experiment demonstrates that branching occursinvivo. In addition,
we observed strong indications that SWAT cells also exist in vivo in
humans by comparing with published datasets. SWAT cells resemble
cell populations identified in several single-cell studies of adipose
tl Ssue9,11,44,45,47.

Interestingly, we found that the SWAT cells mapped to the hASPC2
population annotated in Emont et al.’. This is intriguing as hASPC2s
are similar to a population of multipotent progenitors traced to the
interstitial reticulumin murine adipose tissue**. In support of a multi-
potent SWAT cell population present in vivo, we found that several
ASPCs subtypes, annotated in vivo, expressed SWAT markers. This
included a subtype localizing near macrophages and vascular and
fibrotic structures®. Our findings underscore the in vivo presence
of SWAT cells and raise the idea that distinct subtypes or states of
SWAT cells are detectablein vivo.

Could the balance between SWAT cells and adipogenic cells have
consequences for adipose tissue state in metabolic health and dis-
ease? Interestingly, it was shown previously that stimulating beige
fat adipogenesis in mice was tipping the balance from a fibrogenic
to an adipogenic phenotype***°. Given that beige fat adipogenesis is
highly dependent on the adipogenic PPARG-driven transcription fac-
tor programme, it is possible that these interventions in fact affected
the branching between SWAT and adipogenic cells. SWAT cells express
developmental and extracellular matrix genes, many of which are
upregulated during obesity-induced adipose tissue fibrosis. Thus,
dysregulation of the branching between SWAT and adipogenic cells
is a potential source of adipose tissue dysfunction and subsequent
development of cardiometabolic disease.

In conclusion, we here present a differentiation map for adipo-
genicand SWAT cells, arising from acommon progenitor across cells

Fig.7|Label transfer to human adipose tissue and genome-wide association
study traits. a, Uniform manifold approximation and projection dimensionality
reduction scatterplots of cells from Palani et al., scRNA-seq (this work) mapped
with labels transferred from reference datasets, as annotated in the figure,

using Scanorama. Confidence scores are the probability of label assignment by
k-nearest neighbours (kNN) classifier. b, Dot plot displaying the expression of

top markers for SWAT cells in the ASPC subpopulations as defined’. Bar plot on
top indicates the number of cells associated with each cell-type annotation.

¢, CELLECT tool method. d, CELLECT analysis of progenitor, U (adipogenic) and

L (SWAT) branch cells, binned by pseudotime deciles. Adipogenic cells with the
highest pseudotime values showed significant association with WHR (adjusted to
BMI) and low-density lipoprotein. Other traits did not reveal any association.
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derived from four human BAT and WAT depots. Our findings suggest a
competingbalance between these two cell fates with complementing
roles in the adipose tissue architecture and function. From a larger

perspective, our study provides a new insight into the connection
between cardiometabolic health and adipogenic differentiation
across depots.

Palani et al. Emont et al. Vijay et al. Sun et al.
Progenitor SWAT @ Adipogenic @® hASPC1 @ hASPC2 P5 @ Preadipocytes @ Adipocytes
Confidence
1.00
2,700 I .
DCN- 0 QO 000 @@ 000000 @@ 0000000000000 000°0000°000000000EF0
APOD { © @ © @ ® ®© ¢ o « o o @ o o © ¢ o « 6 o + © @ - 0 © o o « o « o © © o © o o o o o o o ® + | Fractionofcells(%)
MP{ e Q@ @@ @@ ¢ 006 c@0@0c0@c0@0c00000 Q@O -0000c00006000 .| °0000
o
IGF2- « o o o o « . . . @ o « o« o o B N 20 40 60 80100
PLACO{ o @@ © © @ -« ©¢ ¢ © @ © o e ¢« © © ® 6 © &« O @ ° o + o 8 ° s o o o @ *© © ® o o o+ o o
MFAP4 - @@ ° 00 + + . - <« 0o . . T T Mean expression
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T m
QFNm?mwFNmﬂ'm@N:EFNFNm)FN‘_N('J"’FN(")‘_NXJ'C"‘FNEQB)'_NO
I R R N
<00 B DA £ £ c T 2uo g 2 T ¢z =<2 = < S o e Rk 0 <
2izzz2z4 TfpEsgr TEEETESEEE EEEEES S
I
<~
c d
s WHR (adj. BMI)
. 3 B Branch
Cell-type-specific gene expression o 2 L
2 P
s}
< mv
Progenitor cells Adipogenic cells SWAT cells 19 I
> > I
03 = | ——
> > > 04
R — o [ ——] T T T T T T T
e o — e — Start End
3 WHR
2,
'] Laadlid
) 1
Cell-type-specific ) ) .
© SNPs CELLECT genetic association 3 Low-density lipoprotein
signal 2 Il_ :
~ 14
a
\'é 04 I . ] I I
[$)
A B
2,
1,
04 o e e B e i
3 Height
2,
0] "
. . . 4 L] L1 7] .
SNPs associated with GWAS traits ° =
Start Pseudotime (deciles) End

Nature Metabolism | Volume 5 | June 2023 | 996-1013

1007


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-023-00820-z

Methods

Human samples

Human adipogenic progenitor cells were isolated from the stromal
vascular fraction of adipose tissue samples on the day they were
obtained (surgery or biopsy) from four regions: (1) visceral adipose
tissue (obtained during gallbladder surgery); (2) perirenal adipose
tissue (obtained during nephrectomy surgery); (3) abdominal subcu-
taneous adipose tissue (obtained with the Bergstrom needle biopsy
method); and (4) supraclavicular adipose tissue (obtained during
surgery in patients with suspected cancer of the neck). Isolated cells
were expanded and frozen in liquid nitrogen in a proliferative state
until the onset of the study. Data from the cohorts have previously
been published* . All participants provided written consent and the
studies were performedinaccordance with the Declaration of Helsinki.
The cell studies were approved by the Danish Data Protection Agency,
Denmark (journal no. RH-2017-69, I-suite no. 05329).

Cell culturing

Biopsy samples were collected in DMEM/F12 (11039047, Gibco) with
1% penicillin-streptomycin (15140122, Gibco) and tubes were kept
onice during transport. A detailed protocol for isolation and cultur-
ing of human adipocyte progenitors has been previously contrib-
uted®. Briefly, biopsy samples were digested with 10 mg collagenase I
(C6885-1G, Sigma) and 100 mg BSA (A8806-5G, Sigma) in10 ml DMEM/
F12 for 20 min at 37 °C while gently shaken. Following digestion, the
suspensionwas filtered, and cells were washed with DMEM/F12, resus-
pendedin DMEM/F12,1% penicillin-streptomycin, 10% FBS (10270-106,
Gibco) and seeded in a 25-cm?culture flask. Medium was changed the
day followingisolationand then every second day until cells were 80%
confluent; atthis point, cultures were splitinto al0-cmdish (passage 0).
Cellswere expanded by splitting atal:3 ratio. For the single-cell experi-
ment, cells were seeded in six-well plates in proliferation medium
consisting of DMEM/F12,10% FBS, 1% penicillin-streptomycinand 1 nM
fibroblast growth factor-acidic (FGF-1;11343557, ImmunoTools). Cells
were grown at 37 °C in an atmosphere of 5% CO, and the medium was
changed every second day. Adipocyte differentiation wasinduced 2 d
after adipocyte progenitor cultures were 100% confluent, by removal
of FGF-1and FBS from the medium and addition of a differentiation
cocketail. This cocktail consisted of DMEM/F12 containing 1% penicil-
lin-streptomycin, 0.1 uM dexamethasone (D490, Sigma), 100 nM
Actrapid insulin (A10ABO1, Novo Nordisk), 200 nM rosiglitazone
(R2408, Sigma), 540 uMisobutylmethylxanthine (15879, Sigma), 2 nM
T3 (T5516, Sigma)) and 10 pg ml™ transferrin (T8158, Sigma). After 3d
of differentiation, isobutylmethylxanthine was removed from the cell
culture mediumand cells were differentiated for an additional 3 d with
the remaining differentiation compounds. For cells differentiated until
afully mature state, differentiation medium 2 (differentiation cocktail
withoutrosiglitazone and isobutylmethylxanthine) was applied from
day 6 onwards and changed every third day. For the 10x single-cell
sorting, cellswereloosened by adding 2 ml of TrypLE Express Enzyme
(12605010, Gibco) and placed in incubator for 3 min. Detachment of
cells was confirmed by microscopy and 3 ml of proliferation medium
was added to the cells to inactivate trypsin. Next, 190 pl of cell sus-
pension was then transferred to a microcentrifuge tube and mixed
with 10 pl of Solution 13 AO-DAPI (910-3013, Chemometec), and then
counted on a nucleocounter NC-3000 (Chemometec). Cells were
counted asdescribed above, and 8,000 cells per donor were pooledin
amicrocentrifuge tube. The pool of cells was centrifuged for 7 min at
700 gandresuspended in 80 pl PBS with fatty acid-free BSA.

Cell and molecular biology methods

RNA FISH. In vitro differentiated human adipocytes derived from
either subcutaneous or supraclavicular deep neck adipose depots
were fixed on days 4 and 6 of differentiation with 10% neutral buffered
formalin (HT501128-4L, Sigma) for 30 min, dehydrated and stored in

100% ethanol until the staining procedure. In situ hybridization was
performed using RNAscope Multiplex Fluorescent Detection Kit v2 and
RNAscope 4-Plex Ancillary Kit for Multiplex Fluorescent Kit v2 (323110
and 233120, ACDbio). RNAscope manual assay probes were designed
and produced by Advanced Cell Diagnostics. Nuclei were stained with
NucBlue ReadyProbes (R37605, Invitrogen). RNA targets were visual-
ized using an EVOS imaging system if not stated differently (Invitrogen).
The RNA targets were hybridized with RNAscope probes (Supplemen-
tary Table13) and thenlabelled with Opal 520 (FP1487001KT), Opal 570
(FP1488001KT), Opal 620 (FP1495001KT) and Opal 690 (FP1497001KT;
all Akoya Biosciences). The fluorescence signals were detected with
RFP, Cy5 and Texas Red light cubes.

Identification and validation of progenitor markers

ASPCs from the supraclavicular BAT of the same donor were fixed in
the proliferating phase or on day 6 of differentiation as described in
‘RNAFISH’ and stained for ID1,/D3, POSTN and KRTIS RNA expression.
Images were acquired with the Leica Thunder at a magnification of x20.

Immunofluorescence staining for perilipin staining
Differentiating ASPCs (day 6) from supraclavicular BAT of one donor
were fixed in a standard 96-well plate as described in RNA FISH. After
performing RNA FISH staining for DCN and ADIPOQ, the cells were
permeabilized with 0.1% Triton X-100 (1003407653, Sigma) in PBS
for 10 min at room temperature (RT), blocked with 10% goat serum
(G9023, Sigma) in PBS for 60 min at RT and incubated overnight at
4 °C with the primary anti-perilipin antibody (9349S, Cell Signaling)
in blocking solution (1:200 dilution). After 3x thorough PBS washes,
AlexaFluor 488-conjugated secondary antibody (A21206, Invitrogen)
was diluted at aratio of 1:750 in PBS and added for 1 h at RT followed
by 2x PBS washes. Nuclei were stained with Hoechst 33342 (8 uM;
ab228551, Abcam) for 10 min at RT and washed 3x with PBS, whereas
thelastwashwas left onthe cells. Images were acquired with the Leica
Thunder microscope at amagnification of x20.

Percoll density gradient separation

Differentiating adipocytes were enriched for SWAT or adipogenic cells
asdescribedinref.34 and differentiation was extended to10-12 d to
increase the lipid content of the adipogenic cells. In short, a Percoll
(4937,Sigma) density gradient was prepared ina15-ml centrifuge tube
by diluting Percoll with differentiation medium 2 to final densities of
1.03,1.02 and 1.01 g mI™. Differentiating ASPCs were detached with
TrypLE, centrifuged for 5 min at 300g and resuspended in 500 pl of
1.01gml™Percoll solution. This cell suspension was carefully layered
ontop of the gradient and centrifuged for 30 min at RT at1,000g. The
adipogenic cells were enriched in the floating low-density fraction,
while the SWAT cells accumulated in the high-density fraction as pel-
let. The low-density fractions were carefully removed with a pipette
and transferred to anew centrifuge tube, and the high-density pellet
was resuspended in differentiation medium 2. Cells were counted
with the NucleoCounter NC-3000 (Chemometec) and diluted to
the required seeding densities. For experiments where enriched
SWAT cells were seeded in either differentiation medium 2 or prolif-
eration medium, the resuspended SWAT fraction was separated into
two tubes, centrifuged for 5 min at 1,000g and the pellets dissolved
inthe corresponding medium.

Differentiation potential of enriched SWAT cells

Enriched SWAT cells were seeded until they reached sub-confluency
(10,000 cells per well) ineither proliferation or differentiation medium
2into 96-well plates. To assess the re-appearance of progenitor markers
in SWAT cells cultured in proliferation medium versus differentiation
medium 2, cells were fixed 24 or 48 h after seeding followed by RNA
FISH staining for /D1, /D3, POSTN and KRT18.Images were acquired with
the Leica Thunder microscope at amagnification of x20. Toinvestigate
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the differentiation potential of enriched SWAT cells seeded in prolif-
eration medium or differentiation medium 2, the cells were grown to
confluence and subjected to a second round of differentiation (‘Cell
culturing’). Cells were fixed on day 0 and day 6 of differentiation and
stained for ADIPOQ and DCN with RNA FISH. Representative images
were acquired with the Leica Thunder microscope at x20 magnification
and the formation of DCN-positive and ADIPOQ-positive cells was quan-
tified with the ImageXpress Pico microscope (Molecular Devices). The
thermogenic function of the SWAT cell-derived adipocytes was meas-
ured onday 15 of differentiation by measuring noradrenaline-induced
respiration using the Seahorse extracellular flux system (Agilent; ‘Extra-
cellular flux analysis with Seahorse and nuclei count’).

Quantification of DCN-positive and ADIPOQ -positive cells
ThelmageXpress Pico Automated Cell Imaging System from Molecular
Devices was used toimage and quantify the development of adipogenic
cells (ADIPOQ positive) and SWAT (DCN positive) cells. Cells were fixed
onday 6 of differentiation and stained for DCN (Cy5) and ADIPOQ (Texas
Red) expression as described in ‘RNA FISH’. Nuclei were stained with
DAPI. Images were acquired with a x10 objective and 50% of the well
areawas covered. The CellReporterXpress Analysis Software was used
todetect ADIPOQ-positive and DCN-positive cellsbased on their respec-
tive fluorescence signal with the pre-configured pipeline ‘two-channel
assay for scoring cells based on nuclear stain and amarker’. Results are
expressed as the percentage of nuclei positive for Cy5 or Texas Red
from all counted nuclei. The channels were analysed in two separate
analyses and the entire acquisition area was analysed.

Seahorse experiments with enriched adipogenic and SWAT cells
Mature adipocytes differentiated from the supraclavicular BAT of one
donor underwent Percoll density gradient centrifugation on day 10
of differentiation and were seeded on a seahorse 96-well plate (5,000
cells per well). For adipogenic cells, the wells were pre-coated with rat
collagen(3447-020-01, R&D systems) for 1 h at 37 °Cin a cell culture
incubatortosupportadherence. Seahorse extracellular flux measure-
ments were performed 24 h after seeding as described below.

Extracellular flux analysis with Seahorse and nuclei count
Before the extracellular flux measurements, cells were incubated in
phenol-free Seahorse XF base media (102353-100, Agilent Technol-
ogies) supplemented with 25 mM glucose, 1 mM sodium pyruvate
(11360070, Gibco) and 2 mM Glutamax (35050061, Gibco) for 1 h at
37 °Cinanon-CO,incubator. After baseline measurements, noradrena-
line (10 pM, 745661, Amgros1/S) or PBS (10010023, Gibco) wasinjected,
followed by the injection of 2 uM oligomycin, 0.75 uM FCCP and 0.75 pM
rotenone/antimycin from the Mito StressTest kit (103015-100, Agilent
Technologies). Seahorse experiments were performed with aSeahorse
XFe96 analyzer coupled to a BioTek Cytation 1 to normalize oxygen
consumption rates to cell number. To stain the nuclei, Hoechst 33342
(8 uM; ab228551, Abcam) was added after the last oxygen consumption
measurement and the plate was incubated for 20 minat RTin the dark.

To estimate the cell count from enriched SWAT and adipogenic
cells, the acquired images (BioTek Cytation) were analysed with a
programme created in Python 3.10.6 that was able to clean theimages
for background noise and count the dots representing the individual
cells. The main Python site packages used for the programme were
opencv-python, scikit-image, Numpy and Matplotlib (see GitHub for
references; https://github.com/). The overall steps of the programme
include:image reading and conversion to greyscale and Numpy arrays,
calculating multi-Otsu thresholds for removal of background noise,
detection of all connected components, computation of the maximum
size for dots using the kneebow site package, removal of noise based
on the hardcoded minimum dot size and the kneebow-calculated
maximum size, but with a hardcoded maximum size. In the final step,
the cells were counted.

Bulk RNA-seq of enriched SWAT cells versus progenitor cells
ASPCs from one donor were differentiated until day 12 and enriched
for SWAT cells. Each technical replicate represents one density gradi-
ent centrifugation, whereas approximately 400,000 cells from the
enriched pellet were cultured in proliferation medium or differentia-
tion medium 2 for 24 hand then collected in TRIzol (15596026, Invitro-
gen). Proliferating ASPCs from the same donor and passage were grown
on 10-cm dishes and harvested in TRIzol after 3 d in culture. For RNA
isolation, cells werelysed in TRIzol reagent, and a1/5 volume of chloro-
formwas added for phase separation. Samples were centrifuged at4 °C
at12,000g for 15 min and the aqueous phase carefully transferred to
new tubes. Samples were mixed with 70% ethanol atal:1ratioand RNA
subsequently isolated with the RNeasy Micro kit (74004, Qiagen) using
the Qiagen protocol ‘Clean up after lysis and homogenization with QIA-
zollysisreagent’. For bulk RNA-seq, libraries were prepared from 250 ng
total RNA with the Universal Plus Total mRNA-Seq library preparation
kit with NuQuant (0520-A01, Tecan) and samples were sequenced as
paired-end reads on an Illumina NovaSeq 6000 instrument.

Clonal cell populations

Proliferating ASPCs from the supraclavicular BAT of one donor were
detached with TrypLE and centrifuged for 5 min at 1,250 r.p.m. to
remove TrypLE. The cell pellet was resuspended in 4 ml of FACS buffer
(1mMEDTA (15575-038 Invitrogen), 2% FBS, 15 mM HEPES (15630-080
Gibco), 0.1 mg ml™Primocin (InvivoGen)) and filtered through a40-pum
cell strainer to remove potential cell aggregates. The filter was washed
once with4 mlof FACS buffer and cells counted with a NucleoCounter
NC-3000 (Chemometec). The cell suspension was centrifuged for 5 min
at 300g to collect the cells, which were finally concentrated to 1 x 10°
cells per mlin FACS buffer. Cells were stained with 2 ug ml™ 7-ADD
(59925, BD Pharming) to discriminate between live/dead cells and kept
on ice until sorting. Single cells were sorted with a FACS Melody Cell
Sorter (BD Biosciences) into Matrigel-coated 96-well plates to support
cell attachment. For Matrigel coating, Matrigel (354230, Corning) was
diluted to 60 pg ml™ in serum-free medium, distributed into 96-well
platesandincubatedfor1hat37 °Cinacell culture incubator. Unbound
Matrigel was removed, plates washed 1x with serum-free media and
stored in the incubator until usage. To culture the sorted cells, fresh
proliferation media (10% FBS, 0.1 mg ml™ Primocin, FGF-1) was mixed
with conditioned medium atal:1ratio. The conditioned medium was
harvested and sterile filtered every third day from proliferating APSCs
from the same donor grown on 15-cm dishes. After sorting, cells were
leftundisturbed for 5 d and medium was subsequently changed every
third day. After 2 weeks in culture, clonal populations that reached
70-90% confluency were detached with TrypLE and splitwithal:2ratio
onnew 96-well plates without coating for further expansion. Differen-
tiation wasinduced on 2 d post-confluent clonal populations and cells
fixed on day 6 of differentiation for RNA FISH staining to investigate
the formation of SWAT and adipogenic cells. Microscope images were
acquired with the Leica Thunder at x20 magpnification.

Analysis software and statistics for cell experiments

Data are represented as means + s.e.m. Statistical analysis was per-
formed with GraphPad Prism version 9.30. One-way or two-way ANOVA
withappropriate multiple-comparison adjustments were performed as
indicatedinthe figure legends. Nvalues are stated in the figure legends.

Bioinformatics methods

Single-cell library preparation and sequencing. Single-cell cDNA
libraries were generated using the Chromium Single Cell platform
and 3’ v2 Reagent Kit according to manufacturer’s protocol (10x
Genomics). Single-cell libraries were sequenced on a NextSeq 500
platform to obtain 100-bp and 32-bp paired-end reads using the fol-
lowing read length: read 1, 26 cycles; read 2, 98 cycles; and i7 index,
8cycles. CellRanger® (version 2.0.1) was used with default parameters
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todemultiplex and alignreads to the hg19 reference genome, filter cell
and unique molecular identifier (UMI) barcodes and generate gene
count matrices.

Genotyping

Samples were genotyped with Infinium Global Screening Array-24 v1.0
(Illumina). Genotypes for each individual were called using lllumina
GenomeStudio (v2.0) with h19 as the reference genome. We exported
the genotype calls using the PLINK export plug-in (PLINK Input Report
Plug-in v2.1.4) and used the software HRC-1000G-check-bim (v4.2.9)
to perform quality control on the 618,540 genotyped SNPs before
imputation. The programme matches strand, SNP ID names, positions,
alleles, ref/alt assignment to 1000 Genome Project reference data. After
quality control, 267,821 SNPs were retained. These SNPs (excluding
the X chromosome) were imputed using Minimac3 via the Michigan
Imputation Server with default settings (EUR1000 Genomes phase 3 v5
asthereference panel and phasing using Eagle v2.3). Of the 47,109,485
imputed SNPs, we retained 3,031,027 SNPs with high imputation quality
(R*>0.8) and minor allele frequency > 0.2.

Genotyping and Demuxlet sample identity deconvolution

The Demunxlet algorithm®? allows for genetic deconvolution of sample
identity and doublet detection in single-cell libraries with samples
pooled across individuals. We used Demuxlet (version 1.0, down-
loaded 25July 2018) and genotypes were obtained as described above
to deconvolute sample identity in our cell libraries. As recommended
by the authors of Demuxlet, we filtered out SNPs in non-exonic regions
(defined by GENCODE release 19), retaining 93,898 SNPs, before run-
ning Demuxlet. The average number of SNPs per cell reported by
Demuxlet was 127 (counting cells in the Cell Ranger filtered matrices).
We discarded 3,444 cells (12.8% of total) identified by Demuxlet as
doublets (Supplementary Table 14).

Proliferating progenitor analysis

We used the R package Seurat®® for preprocessing the data, quality
control, regression of cell cycle effects, sample alignment and dif-
ferential expression analyses. We performed quality control on our
datatofilter out low-quality cells and genes, and we preprocessed the
data to the format required for further analysis. As all proliferating
adipocyte progenitors could be expected to have similar mitochon-
drial content, we filtered out cells where the mitochondrial gene
expressionwas higher than 8%, as deviating high mitochondrial gene
expression indicates stressed cells. Cells with less than 200 genes or
more than 9,000 genes were also removed, as well as cells with more
than120,000 UMIs to remove possible doublets. Thefiltered datawere
log normalized and scaled, and the number of UMIs and percentage of
mitochondrial genes were subsequently regressed on the data. PCA
was performed onthe dataand the first 15 principal components (PCs)
were used for clustering and ¢-SNE visualization. Each cell was then
scored for cell cycle phase.

Differentiating adipocyte analysis

We used the R package Seurat> (version 2.3.4) for preprocessing the
data, quality control and differential expression analyses. As input to
Seurat, we used the digital gene expression matrix output from the
10x Genomics analysis pipeline Cell Ranger. Cells with less than 200
genes and genes expressed in less than three cells were filtered out.
The percentage of mitochondrial gene expression was calculated
for each cell. However, as mitochondrial gene expression increases
during adipogenesis, we did not exclude cells with high mitochon-
drial expression in the developing adipocyte progenitor dataset. We
performed PCA to compute PCs needed for clustering and data visu-
alization. PCs were computed on the highly variable genes identified
on log normalized and scaled data. Clusters were identified using a
shared nearest-neighbour modularity optimization-based clustering

algorithm, which uses the number of significant PCs as input. The data
were visualized using Seurat’simplementation of t-SNE** .

Monocle

We used the R tool Monocle™ (version 2.8.0) to construct the cell devel-
opmental trajectory of the preprocessed Seurat object. Feature selection
for trajectory construction was performed as follows: First, the dataset
was splitinto two subsets, one containingall cellsfromT1,T2and T3 and
one containingall cells from T4 and T5. Both subsets were then clustered
using Seurat’s default clustering algorithm with a resolution of 1.5. Dif-
ferential expression tests were performed for every cluster against the
rest of the cells inthe subset (using the negative binomial test, filtering
onabsolute log fold change > 0.25). The union of the resulting gene list
(2,464 genes) was used as the input feature list for building the Monocle
trajectory (DDRTree algorithm, max_components = 2). Monocle orders
cells by pseudotime along the trajectories. (Pseudotime is an abstract
unitof progress:itis the distance betweenacell and the start of the trajec-
tory, measured along the shortest path. The trajectories total length is
definedinterms of the totalamount of transcriptional change thatacell
undergoes asitmoves from the starting state to the end state.) We used
Monocle’sBEAM* toidentify branch-dependent genes. The genesin the
resultinglist were filtered on g value < 0.05 (8,647 genes remaining) and
subsequently filtered on absolute average log fold change > 0.3 between
theUbranchandLbranch (413 genes remaining). To subset transcription
factorsinthe BEAM analysis, we retrieved the gene type, GO term name
and GO term definition for every gene in our dataset using Ensembl
Biomart (version 96). Fromthis set of annotated genes, we created two
gene sets: a transcription factor gene set by selecting genes annotated
with the ‘transcription factor’ GO term, and a non-coding gene set by
filtering out genes annotated with the gene type ‘protein_coding’.

Velocyto

We ran the Velocyto™ command line tool for every sample with a
genome annotation file and expressed an annotation file of repeats
(reference genome hgl19). We used the Pythonlibrary for further down-
stream analysis. First, the loom files of every sample were aggregated
into one. Cells that were not present in the final Seurat analysis were
discarded, and the metadata from the Seurat analysis were added to
the remaining cells. We further discarded cells with extremely low
unspliced detection, keeping 23,309 cells for the final analysis. Genes
were filtered by ranking the spliced genes based on a coefficient of vari-
ation versus mean fit, using the top 3,000 to perform a PCA. Both the
spliced and the unspliced gene expression matrices were subsequently
normalized by size. Using the first 15 PCs, the data were smoothed
using kNN (using the default value of k; 0.025 x nCells). The standard
implementation of Velocyto was used with default parameters for
fitting gene models, predicting velocity, extrapolating and plotting.

Gene-set enrichment analyses

Gene-set enrichment analyses were performed using the R package
gProfileR*®. GProfileR takes as input alist with gene symbols and returns
atable withtermsassociated with those genes. We filtered the output
to only contain GO terms. To generate the figure with GO terms, we
performed gene-set enrichment analyses on every cluster of
branch-dependent genes identified using BEAM (6 clusters, 413 genes
intotal, absolute log fold change > 0.3 between U branchand L branch).
The resulting GO terms and their P values were used as input for
REViGO”, aweb tool to summarize lists of GO terms by removing redun-
dant terms. To visualize the summarized GO terms associated with
branch-dependent genes, we used the R package GOplot*®. GOplot
calculates az-score for each GO termindicatingif the termis more likely
to be decreased (negative value) or increased (positive value):
z-score = ::’r‘:v" where ‘up’and ‘down’ are the number of upregulated
and downregulated genes, respectively, counting genes with log fold
change > 0 between the U branch and L branch as upregulated genes.
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BATLAS

We used the web tool BATLAS* to predict the percentage of brown
adipocyte content in our data. We grouped cells from each Monocle
developmental branch (progenitor, lower and upper) by pseudotime
decile, togenerate 30 groups of cells. The average expression for every
genein eachdecile was subsequently calculated on the normalized data
innon-log space. The resulting matrix was used as input for BATLAS.

Branch-specific gene expression analysis in pseudotime

Lists of human transcription factors® and of the human secretome®
were used as input for identifying branch-specific gene expression
over pseudotime. For each gene, smoothed gene expression across
cellsalong pseudotime was determined, and the pseudotime point at
which expression increases in one branch compared to the other was
identified. To be considered as a valid result, we required that genes
that were identified as diverging in expression between branches
maintained the trend of divergence until end of pseudotime.

Genetic prioritization analysis

We used CELLECT® to genetically prioritize pseudo-temporal-ordered
groups of cells. Specifically, we grouped cells from each Monocle
developmental branch (progenitor, lower and upper) by pseudotime
decile, to generate 30 groups of cells. We used CELLEX® to calculate
expression specificity of these cell groups. Briefly, CELLEX normal-
izes the expression data using acommon transcript count (assuming
10,000 transcripts per cell) and log transformation is applied. Next,
expressionspecificity likelihood (ES,) is computed for groups of cells.
We used CELLECT with S-LDSC as the genetic prioritization model. We
ran CELLECT with default parameters (100-kb window size around
eachgene, correcting for baseline vl.1and ‘all genes’ annotations). We
performed CELLECT analysis for 39 GWAS traits.

RNA-seq analysis
Analysis of bulk RNA-seq datais described inthe R Notebook at https://
github.com/cphbat/NatMetab2023_adipo_swat_singlecell/.

Reference dataintegration and label transfer

Reference scRNA-seqand snRNA-seq datasets with annotations (labels)
were obtained from Emontetal.’, Vijay etal.** and Sun etal.* and used
for the label transfer process. References obtained in Seurat format
were converted to anndata for use with the Scanpy framework®'.

Scanorama integration. Eachreference dataset wasindividually inte-
grated with the scRNA-seq data generated in this paper (query data)
using Scanoramathrough the Scanpy interface. After integration, akNN
classifier (fromscikit-learn) was trained on the reference subset of the
Scanorama joint embedding with the reference annotation labels as
the target. Then, the query subset of the Scanorama joint embedding
was used to predict the labels for the query cells. Confidence scores
for the predicted labels were obtained from predict_proba function
of the kNN classifier.

scNym annotation transfer. Each reference was individually concat-
enated with the query and the combined anndata were used for scNym®
analysis, withthe query labels set to ‘unknown’. Default scNym training
configuration was used except that learning rate was set to 0.1and the
training mode set to ‘new identity discovery’, to enable identification
of out-of-sample cell types in the query data. Predicted query labels
were exported for plotting with ggplot2. Training and prediction were
performed on a GPU-enabled node (Nvidia Tesla V100) of Computer-
ome cluster.

Statistics and reproducibility
No statistical method was used to predetermine sample size. Sample
size for theinitial progenitor analysis (cells from at least three different

donorsforeach of the four depots) was based on our previous experi-
ence with these cells'*'°. Based on the observations within this article
that progenitors across depots and donors were similar, we proceeded
with cells from one donor for each depot when exploring the cells dur-
ing early differentiation. The statistical analyses of the RNA-seq data
were conducted using R or Python, and the statistical analysis of the
oxygen consumption dataand quantification of cell populations were
performed with GraphPad Prism. For the oxygen consumption data
in Fig. 5g, three data points were excluded. The reason is because, in
these measurements, the drop after oligomycin injection was larger
than expected (>50% compared to usually 20-25%). The experiments
were not randomized, and the investigators were not blinded to allo-
cation during experiments and outcome assessment. The staining
performed in Figs. 3e, 4c and 5b and Extended Data Figs. 2a-fand 3
were reproduced with similar results at least once. The staining in
Fig. 6arepresents cells from tenindividual clones that were expanded
and differentiated separately.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq data are deposited to the NCBI Gene Expression Omnibus
under accession numbers GSE227635 (scRNA-seq data) and GSE223588
(bulk RNA-seq data). The human progenitor cells in the current study
arenon-immortalized cells derived from human biopsy samples, which
canonlybe passaged alimited number of cycles and are therefore not
available in scalable amounts for sharing.

Code availability

The source code to reproduce all figures and tables is available at
https://github.com/cphbat/NatMetab2023_adipo_swat_singlecell/.
Code for Seahorse cell countis available at https://github.com/cphbat/
Cell_count/.
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Extended Data Fig. 1| Characteristics of the cell culturesincluded in plots of the adipogenic markers PPARG and CEBPB gene expression divided
the scRNA seq experiments. a) Differentiation capacity assessed by visual among branches and based on depot origin. d) Violin plots of multiple fibroblast
estimation of percentage of accumulated lipid droplets. b) Violin plots of BST2 markers gene expression divided among branches and based on depot origin.
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Extended Data Fig. 2| Fluorescent in Situ Hybridization (FISH) of the SWAT and adipogenic branch, respectively. FISH analysis supported the singe
transcription factors branching in pseudotime. Labelling of early timepoint cell data showing expressionin different cell types at day 6. €) DCN (magenta) and
mRNA markers defining the SWAT and adipogenic branch as annotated in RXRA (yellow), represents the SWAT and adipogenic branch, respectively. FISH
Fig.2.a) ADIPOQ (magenta) and MYC (yellow), representing the adipogenic analysis partly supported the single cell data showing expression in different
branch, are co-localized in the same cell type. b) ADIPOQ (magenta) and CEBPA cell types at day 4. f) EGRI (magenta) and ADIPOQ (yellow), represents the SWAT
(yellow), representing the adipogenic branch, co-localized in the same cell and adipogenic branch, respectively. FISH analysis supported the single cell

type at day 6. c) JUNB (magenta) and CEBPA (yellow), represents the SWAT and datashowing expression in different cell types at day 4. g) Positive and negative
adipogenic branch, respectively. FISH of the transcripts showed co-localization controls.

inthe same cell type at day 6. d) ZEBI (magenta) and ADIPOQ (yellow), represents
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Extended Data Fig. 3| Enriched SWAT cellsincubated 24 hand 48 hin proliferation media. SWAT cells were seeded in proliferation media (PM) or Differentiation
media 2 (DM) for 24 or 48 hours and co-stained for progenitor markers (/D1, ID3, POSTN, KRTI18) inyellow, DCN (magenta) and ADIPOQ (cyan). Nuclei in blue. Scale

bar=100 pM.
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Extended Data Fig. 4 | Label transfer using scNym. UMAP dimensionality reduction scatterplots of cells from Palani et al., scRNA-seq (this work) mapped with labels
transferred from reference datasets, as annotated in the figure, using scNym.
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Data analysis The source code to reproduce all figures and tables for this manuscript are available at https://github.com/cphbat/
NatMetab2023_adipo_swat_singlecell . Seurat v. 2.3.4 for all Seurat analysis except for Seurat Integration analysis where v. 3.1.0 was used,
Monocle (v. 2.8.0), BATLAS, REVIGO, GOplot. Scanorama, scNym, scikit-learn. Bulk RNA-seq - Salmon 1.5.2 & DESeq?2. Leica LASX software and
ImagelJ V were used for image adjustments. Cell Reporter Xpress analysis software was used for quantification of cell types based on FISH
staining. GraphPad Prism V9.3. was used to analyze in vitro experiments. Microsoft Excel 2016 was used to calculate Seahorse data. The
Python 3.10.6 source code for quantification of nuclei for seahorse data normalization is available at https://github.com/cphbat/Cell_count.

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.




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

Raw and processed scRNA-seq & Bulk RNA-seq data are publicly accessible from NCBI under the accessions GSE227635 & GSE223588

Human research participants

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

Reporting on sex and gender Female participants

Population characteristics Preadipocyte samples (Time point T1)

Recruitment

Ethics oversight

Supraclavicular samples: BMI 23 (21-24), Age 51 (48-62)
Perirenal samples : BMI 25 (22-28), Age 54 (44-60)
Subcutaneous samples: BMI 22 (20-24), Age 53 (47-62)
Visceral samples: BMI <25, Age 25 (29-41)

Dfferentiation time series (Time points T1-T5): Age 51 (40-60), BMI 23 (21-24)

The progenitor cells are assembled from patients undergoing gallbladder surgery (visceral adipose progenitors), nephrectomy
surgery (perirenal adipose progenitors) or during surgery in patients with suspected cancer in the neck area (supraclavicular
adipose progenitors) or with the Bergstréom needle biopsy method (subcutaneous adipose progenitors). The subjects

provided written and informed consent and the studies were performed in accordance with the Helsinki declaration.

The Scientific Ethics Committee of the Capital Region of Denmark

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

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

Sample size

Data exclusions

Replication

No power calculation was performed for the single cell experiments, we included adipocytes from four different human adipose depots, at
different time points of differentiation, where cells from all depots were pooled for each time point to avoid batch effect. As we were looking
for common or differential populations between cells from different origins, we concluded that on culture from each depot was sufficient. For
in vitro experiments, no sample size calculations were performed. Sample size was determined based on studies using comparable methods
ands cells in our lab or reported in the literature. n-numbers are indicated as n=X biologically independent cells in the figure legends.

We used the Demuxlet algorithm which allows for genetic deconvolution of sample identity and doublet detection in single-cell libraries with
samples pooled across individuals. We discarded 3,444 cells (12.8 % of total) identified by Demuxlet as doublets.

Seahorse experiment: We routinely observe an initial drop in baseline OCR measurements due to adaptation. Therefore, the 1st basal
measurements were excluded based on our previous experience. In Figure 5g (stimulated proton leak), three values were excluded to due
issues with oligomycin measurements/injections leading to >50% OCR drop compared to other wells (20-25% drop). In Figure 4e-f, 3 single
Rotenone/Antimycin measurments were excluded due to negative values, which cannot be possible (PMCID: PMC5298256). These exclusions
are based on our routine observations but not according to clear pre-established cut-offs.

We started out with comparing n=3 different cultures from each of the four depots, of cells at proliferating state. The lack of clustering was
replicated with the proliferating state from the second experiment (were additional time points during differentiation also was performed).
The finding of two different cell types was confirmed by FISH microscopy, which we have reproduced in >3 separate experiments. All attempts
of replication were successful. Bulk RNA-Sequencing data on enriched SWAT cells cultured in proliferation or differentiation media were
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generated from 4 independent separation experiments with cells from the same donor. Enrichments of cell populations were performed at
least three times. All enrichments were successful. In vitro experiments with enriched cell populations were performed once with brown
adipose progenitor cells from one donor separated into at least three individual cultures. Given the heterogeneity within this cell population
and the potential variations in enrichment purity reflected between wells, these cultures should be considered individual samples rather than
technical replicates.

Randomization  Thisis not relevant for the current study as it was a characterization of cell types without treatment.

Blinding Blinding was not relevant as the analysis was of explorative nature.

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

Animals and other organisms

Clinical data

XXX X[ s
O000OX

Dual use research of concern

Antibodies

Antibodies used Anti-perilipin monoclonal antibody, rabbit IgG, Science Signaling, Clone D1D8, Cat. number 9349
Alex Fluor 488 conjugated donkey anti-rabbit 1gG (H+L) highly cross-adsorbed secondary antibody (Invitrogen, A-21206)

Validation Perilipin antibody: validation by IF on mouse brown adipose tissue sections and differentiated 3T3-L1 adipocytes. Perilipin staining
only demonstrated in lipid-containing adipocytes. Validation reference for IF on human Transverse carpal ligament sections to detect
lipomatosis (fat deposition): PMID: 32686688
Alex Fluor 488 conjugated donkey anti-rabbit IgG: Validation according to manufacturer's data sheet.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Progenitor cells were isolated from perirenal, supraclavicular, subcutaneous and visceral human adipose tissues.
Authentication The cell cultures were treated separately from isolation and throughout differentiation and until harvest in our lab.
Mycoplasma contamination All cell cultures tested negative for mycoplasma contamination.

Commonly misidentified lines  Not applicable.
(See ICLAC register)
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