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SUMMARY

Despite decades of studies suggesting that the in vivo
adipocyte progenitor resides within the vascular
niche, the exact nature of this progenitor remains
controversial because distinct studies have attrib-
uted adipogenic properties to multiple vascular cell
types. Using Cre recombinases labeling distinct
vascular lineages, we conduct parallel lineage tracing
experiments to assess their degree of contribution to
de novo adipogenesis. Although we detect occa-
sional adipocytes that were lineage traced by endo-
thelial or mural recombinases, these are rare events.
On the other hand, platelet-derived growth factor re-
ceptor alpha (PDGFRa)-expressing adventitial or
capsular fibroblasts make a significant contribution
to adipocytes in all depots and experimental settings
tested. Our data also suggest that fibroblasts transi-
tion to an intermediate beige adipocyte phenotype
prior to differentiating to a mature white adipocyte.
These observations, together with histological ana-
lyses revealing that adipose tissue fibroblasts ex-
press the mural cell marker PDGFR, harmonize a
highly controversial field with implications for multiple
human diseases, including the pandemic of obesity.

INTRODUCTION
Owing to their ability to store and metabolize lipids, adipocytes

are key intermediaries in physiological processes that regulate
the body’s energy reserves (Gesta et al.,, 2007; Lee et al,

2014; Rutkowski et al., 2015). Mammals have two major types
of adipocytes that exhibit distinct function and cellular architec-
ture: white adipocytes (Was) and brown adipocytes (BAs) (Gesta
et al., 2007; Lee et al., 2014; Rutkowski et al., 2015). White adi-
pocytes are optimized for energy storage, containing a single
large lipid vesicle occupying most of the cellular volume (uniloc-
ular adipocytes). This predominant lipid vesicle pushes the
nucleus and a mitochondria-poor cytoplasm to a peripheral po-
sition (Gesta et al., 2007; Lee et al., 2014; Rutkowski et al., 2015).
On the other hand, brown adipocytes have smaller dimensions,
contain numerous lipid droplets of small diameter (multilocular
adipocytes), and are equipped with specialized mitochondria
that burn lipids to produce heat (non-shivering thermogenesis)
(Gesta et al., 2007; Lee et al., 2014; Rutkowski et al., 2015).
More recently, a third type of adipocytes has been proposed:
beige adipocytes (bAs) (Wu et al., 2012). These have a multiloc-
ular structure apparently identical to that of brown adipocytes;
however, rather than being found in brown adipose tissue
(BAT), beige adipocytes are found in white adipose tissue
(WAT), nestled between white adipocytes. The relative abun-
dance of beige adipocytes in WAT can be increased by exposure
to cold (Barbatelli et al., 2010; Young et al., 1984) or stimulation
with B3-adrenergic receptor agonists (Granneman et al., 2005;
Himms-Hagen et al., 2000; Nagase et al., 1996) in a process
referred to as beiging of white fat.

Adipose depots are highly plastic tissues. When caloric con-
sumption exceeds metabolic demands, white adipose depots
enlarge to store energy surplus in the form of triglycerides.
When caloric intake is insufficient to satisfy metabolic demands,
white adipose depots shrink, releasing energy in the form of fatty
acids (Gesta et al., 2007; Lee et al., 2014; Rutkowski et al., 2015).
Expansion of adipose depots takes place through two distinct
mechanisms: production of new adipocytes from adipocyte
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progenitors (APs) (de novo adipogenesis) and enlargement of
preexisting adipocytes (adipocyte hypertrophy) (Gesta et al.,
2007; Lee et al., 2014; Rutkowski et al., 2015). The relative contri-
bution of these two processes to the growth of adipose depots is
variable and dependent on diverse factors, including age,
gender, diet, and nature of the depot. Rates of de novo adipo-
genesis have been estimated using two distinct recombinases
expressed under the control of the adipocyte-specific adiponec-
tin promoter, allowing time-controlled labeling of mature
adipocytes: the AdipoChaser (doxycycline inducible) and adipo-
nectin-CreER (tamoxifen inducible) (Jeffery et al., 2015; Wang
et al., 2013). To get further insight into mechanisms of de novo
adipogenesis, it would be ideal to complement these data with
the inverse analysis, assessing rates of de novo adipogenesis
using a mouse allele that labels all APs rather than the mature
adipocyte. However, this task has as a prerequisite the clear
identification of the in vivo AP.

Pioneering work by Clark and Clark almost eight decades ago
revealed that de novo adipogenesis typically takes place in the
vicinity of blood vessels, suggesting the AP as a cell type of
the vascular wall (Clark and Clark, 1940). The wall of blood ves-
sels is composed of at least three major cell types organized in
concentric layers: endothelium (tunica intima), mural cells of
the tunica media (pericytes in capillaries or vascular smooth
muscle in larger vessels), and adventitial fibroblasts (tunica
adventitia). Recent years have been marked by efforts to identify
which of these cell types corresponds to the AP. Lineage-tracing
studies employing constitutive or inducible Cres have attributed
adipogenic potential to all three major cell types of the vascular
wall: endothelial cells (Tran et al., 2012), mural cells (Tang et al.,
2008; Vishvanath et al., 2016), and fibroblasts (Lee et al., 2012).
Bone marrow transplant and lineage-tracing studies have also
implicated hematopoietic lineages as APs (Crossno et al,
2006; Majka et al., 2010; Sera et al., 2009). However, data from
distinct labs have challenged a potential contribution from endo-
thelial and hematopoietic lineages (Berry and Rodeheffer, 2013;
Koh et al., 2007), and our own work has questioned a potential
contribution from mural cells (Guimaraes-Camboa et al., 2017).
Conclusions from these reports, including the identity of APs
and reported rates of de novo adipogenesis, are often seemingly
contradictory and, due to this, the exact nature of APs has
remained elusive. Metanalysis of published literature is also a
highly challenging task, as these lineage-tracing studies were
performed in different laboratories, often using diverse experi-
mental conditions and typically focusing on a single cell type
rather than testing distinct cell lineages side by side.

Here, we conducted parallel lineage-tracing studies using Cre
recombinases that separately label the three major cell types
within the vascular wall (endothelium, mural cells, and fibro-
blasts). In our search for suitable recombinase drivers, we
observed that platelet-derived growth factor receptor beta
(PDGFRB), frequently used as a mural cell marker, is not mural
cell specific within adipose depots, as it is also robustly ex-
pressed by fibroblasts. On the other hand, our Tbx18-CreERT2
allele is highly restricted to mural cells, allowing tracking of the
progeny of mural cells in multiple experimental settings. Impor-
tantly, we found that a Pdgfra-MerCreMer allele previously
generated to study PDGFRa-expressing populations during
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embryogenesis (Ding et al., 2013) was an ideal tool to selectively
label adipose tissue fibroblasts in vivo. Using these two alleles
and Tie2-Cre (Kisanuki et al., 2001) (labeling endothelial and he-
matopoietic lineages), we conducted lineage-tracing studies in
adult male mice fed chow or a lard-based high-fat diet (HFD),
with 60% of kilocalories from fat (Vishvanath et al., 2017). Our re-
sults clearly revealed that fibroblasts are the only cells of the
vascular wall with significant adipogenic potential in vivo in
both WAT and BAT. Importantly, our studies in male mice
showed that despite inducing a significant increase in body
weight, HFD resulted in increased de novo adipogenesis from
fibroblast progenitors only in perigonadal WAT (pgWAT). In
inguinal WAT (ingWAT) and interscapular BAT (iBAT), HFD did
not significantly alter the percentage of Pdgfra-MerCreMer-
derived adipocytes, consistent with previous results showing
depot-specific responses to high caloric intake in males (Jeffery
et al., 2015; Wang et al., 2013). Our histological analyses also
suggested that in pgWAT, in addition to perivascular fibroblasts,
fibroblasts of the mesenchymal layers encapsulating the tissue
were also capable of adipogenic differentiation. Finally, observa-
tion of early time points during pulse-chase experiments sug-
gested that in white adipose depots, fibroblast progenitors
follow a gradual differentiation cascade, initially acquiring a
beige phenotype prior to differentiating into a fully mature white
adipocyte. Beiging experiments stimulated by a 3-adrenergic
agonist revealed a significant contribution from fibroblastic pro-
genitors, without significant contribution from any other vascular
cell type, including vascular smooth muscle (labeled by Myh11-
CreERT2 and Tbx18Cre-ERT?2).

RESULTS

Selective Labeling of Major Vascular Cell Types

Cells comprising the three tunicae of the vascular wall can be
easily identified in large vessels, such as the aortic artery (Figures
1A and 1B). In vessels of small diameter, the three tunica are less
evident, and their visualization requires immunostaining with
lineage-specific antibodies (Figures 1C and 1D). Endothelial cells
can easily be identified by a wide variety of specific markers such
as - CD31/PECAM1 (Platelet Endothelial Cell Adhesion Molecule
1), or ERG (ETS-Related Gene) - and adventitial fibroblasts can
be labeled using the pan-fibroblast marker PDGFRa, Figures
1A-1D) (Andrae et al., 2008). Strategies for identification of mural
cells are dependent on vessel caliber: vascular smooth muscle
cells surrounding large- and medium-sized vessels can be de-
tected by expression of contractile proteins (ACTA2/aSMA or
MYH11/smMHC; Figures 1A-1D), but there are few markers
that selectively mark pericytes surrounding smaller vessels. A
frequent strategy to distinguish pericytes resides on immuno-
staining for PDGFRp (Armulik et al., 2011). However, our histo-
logical analyses revealed that PDGFRS is not restricted to mural
cells and is also widely expressed by PDGFRa." adventitial fibro-
blasts of the aorta and vessels within adipose depots (Figures
1E-1H and S1). As such, in adipose depots, a transgenic induc-
ible Cre expressed under the control of a large fragment of the
Pdgfrb promoter (Vishvanath et al., 2016) would be expected
to label both mural cells and adventitial fibroblasts. Importantly,
we have previously established active expression of the
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Figure 1. Strategies for Identifying and
Lineage Tracing Distinct Cell Types of the
Vascular Wall

(A-D) immunostaining with antibodies against the
endothelial cell antigen CD31/PECAM1, smooth
muscle actin (zSMA), and the fibroblast marker
PDGFRa allowed visualization of distinct vascular
cell types in large vessels such as the aorta (A and
B), as well as smaller vessels within adipose de-
pots (C and D).

(E-H) Co-immunostaining for both PDGFRs
(o and B) revealed that in addition to mural cells
(vascular smooth muscle and pericytes),
PDGFRp (green) is also strongly expressed by
adventitial fibroblasts of the aorta (E and F) and of
blood vessels located within perigonadal adipose
tissue (G and H).

(B), (D), (F), and (H) represent higher magnifica-
tions of areas boxed in (A), (C), (E), and (G),
respectively.

(I-K) Lineage tracing with distinct Cre alleles al-
lowed labeling of specific cell types within the
vascular wall. Tie2-Cre labeled all endothelial
cells of the intima (I), Tbx18-CreERT2 efficiently
labeled vascular support cells of the media
(J), and Pdgfra-MerCreMer efficiently labeled
adventitial fibroblasts (K).

(L-N) Within perigonadal adipose tissue, in
addition to efficiently labeling adventitial fibro-
blasts in vessels of distinct calibers, Pdgfra-
MerCreMer also labeled fibroblasts of the
mesenchymal capsule surrounding the tissue.
(L) Low magnification of a Pdgfra-MerCreMer/
WT; Tbx18-H2B:GFP/WT; Rosa26-tdTomato/
WT perigonadal adipose depot revealing the
overall pattern of labelling by Pdgfra-MerCreMer.
(M and N) Higher magnification panels of boxed
areas show that lineage-traced fibroblasts (red),
endothelial cells (ERG+, gray) and mural cells
(Tbx18-H2B:GFP+, green) were mutually exclu-
sive events.

Ad, adventitia; |, intima; L, lumen; M, media. Bars
represent 100 umin (A), (E), (L), and (M) and 10 um
in all other panels.

See also Figure S1.
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transcription factor Tbx18 as a robust strategy for specific iden-
tification of mural cells (pericytes and vascular smooth muscle
cells) in adipose depots (Guimaraes-Camboa et al., 2017).

For lineage-tracing purposes, permanent genetic labeling of
vascular cell lineages can be achieved by combining the red fluo-
rescent Rosa26-tdTomato reporter allele (Madisen et al., 2010)
with distinct Cre drivers. Endothelial and hematopoietic lineages
are efficiently labeled by a widely used Tie2-Cre allele (Kisanuki
et al., 2001) (Figure 1), and labeling of mural cells (both pericytes
and vascular smooth muscle) can be achieved using a Tbx18-
CreERT2 allele that we have previously characterized (Guimar-
aes-Camboa et al., 2017) (Figure 1J). To promote selective
labeling of fibroblasts, we tested a Pdgfra-MerCreMer previously
generated for the study of PDGFRa" populations in mouse
embryogenesis (Ding et al., 2013). Upon tamoxifen administra-
tion, Pdgfra-MerCreMer/WT; Rosa26-tdTomato/WT animals
displayed robust labeling of adventitial fibroblasts in the aorta
(Figure 1K). Analyses of perigonadal and inguinal fat depots re-
vealed two major domains of labeling: adventitial fibroblasts
located in the vicinity of large and small blood vessels within
the tissue, and fibroblasts within the mesenchymal capsule
that externally delimits these adipose depots (Figures 1L-1N
and S1). Validating the Pdgfra-MerCreMer as a tool to selectively
label adventitial and capsular fibroblasts without hitting other
populations of vascular cells, histological analyses revealed
that cells labeled by this Cre did not express the endothelial
cell marker ERG or the mural cell marker Tbx18-H2B:GFP (Fig-
ures 1L=1N).

Lineage Tracing Reveals Fibroblasts as the Sole
Vascular Cell Type Contributing to De Novo
Adipogenesis

Having established genetic strategies to permanently label the
three major cell types of the vascular wall, we conducted parallel
lineage-tracing studies using the Rosa26-tdTomato lineage indi-
cator (Madisen et al., 2010) to assess which of these lineages
had the potential to significantly contribute to de novo adipogen-
esis. To this end, animals were induced (except for the constitu-
tive Tie2-Cre line) with daily intraperitoneal injections of
tamoxifen for three consecutive days, starting at 8 weeks of
age. For each Cre allele, a minimum of three animals were eutha-
nized 1 day after conclusion of the tamoxifen pulse for assess-
ment of time-zero labeling patterns. The remaining animals
were allowed a chase of 8 weeks prior to harvesting tissues for
histological analyses. To evaluate the relevance of caloric intake
on the rate of de novo adipogenesis from distinct vascular cell
types, during the chase period, mice were divided into two

distinct experimental groups: 8-week chow (Teklad LM-485,
Envigo) and 8-week HFD (60% of kilocalories from fat, Research
diets Inc., D12492). At the end of the experimental term, animals
fed chow had gained 22% of their initial weight assessed at time
zero, whereas animals fed HFD gained 57% of their initial weight
assessed at time zero (Figure S2A). Recent reports have sug-
gested that tamoxifen can promote weight loss (13% weight
loss 6 days post administration) due to adipocyte death, a pro-
cess followed by a compensatory wave of de novo adipogenesis
(Ye et al., 2015). We did not observe this effect, as animals of
both experimental groups (chow and HFD) displayed increased
body weight 1 week post-tamoxifen induction (8.7% increase
in the chow group and 6.2% in HFD; Figure S2A). To produce
a dataset representative of distinct types of adipose tissue, we
analyzed three major adipose depots: pgWAT (a type of
coelomic WAT), ingWAT (a type of subcutaneous WAT), and
iBAT (the major brown adipose depot in the mouse body). For
quantification of rates of adipocyte labeling by tdTomato, all tis-
sues were sectioned and immunostained with the adipocyte
marker perilipin (Blanchette-Mackie et al., 1995), allowing easy
identification of individual unilocular white adipocytes. For
each genotype and condition, we analyzed a minimum of three
animals and five histological sections per animal (per animal,
on average, we imaged and quantified 719 adipocytes in pgWAT
and 1,733 adipocytes in iWAT). Importantly, our analyses re-
vealed that in both white adipose depots analyzed, fibroblasts
labeled by Pdgfra-MerCreMer were the only vascular cell type
significantly contributing to de novo adipogenesis (Figures 2
and S2). Rare examples of white adipocyte labeling by Tie2-
Cre and Tbx18Cre-ERT2 could be found both in perigonadal
and ingWAT, but at extremely low rates (Tbx78CreERT2
8-week chow labeling = 0.04% in iWAT and 0.43% in pgWAT;
Tie2-Cre 8-week chow labeling = 0.25% in iWAT and 0.24% in
pgWAT). Comparable low labeling rates with these Cres were
also observed in adipose depots from mice fed HFD, arguing
against a significant contribution of either endothelial or
mural cells to de novo adipogenesis (Figures 2S and 2T). In
contrast to results with Tie2-Cre and Tbx18Cre-ERT2, 8 weeks
after tamoxifen induction, Pdgfra-MerCreMer;Rosa26-tdTomato
mice on a chow diet showed ~20% of white adipocytes labeled
by tdTomato both in pgWAT and ingWAT (Figures 20-2T, S2P,
and S2Q). Since the Pdgfra-MerCreMer did not label white adi-
pocytes at time zero (Figures 2M, 2N, S2N, and S20), this obser-
vation suggested lineage-traced white adipocytes had derived
from fibroblastic progenitors via de novo adipogenesis. In keep-
ing with previous studies demonstrating increased de novo adi-
pogenesis in response to HFD within perigonadal fat, but not

Figure 2. PDGFRa* Fibroblasts Were the Only Vascular Cell Type Significantly Contributing to De Novo Adipogenesis in WAT

(A-F) Tie2-Cre-labeled endothelial cells (A and B) did not acquire a white adipocyte fate in mice fed chow (C and D) or HFD (E and F).

(G-L) Tbx18-CreERT2 labeled mural cells (G and H) did not acquire a white adipocyte fate in mice fed chow (I and J) or HFD (K and L).

(M and N) At time zero (1 day post-tamoxifen), Pdgfra-MerCreMer efficiently labeled fibroblasts in pgWAT.

(O-R) 8 weeks post-tamoxifen induction, Pdgfra-MerCreMer lineage-traced adipocytes could be found both in animals fed chow (O and P) and HFD (Q and R),
indicating these cells were derived from PDGFRa-expressing progenitors by de novo adipogenesis.

(S and T) Quantification of rates of de novo adipogenesis from distinct vascular cell lineages in two major white adipose depots, pgWAT (S) and ingWAT (T), after
8 weeks of chow or HFD. Data are represented as mean + SEM, *p < 0.05 (n = 3 per experimental group).

B), (D), (F), (H), V), (L), (N), (P), and (R) represent higher magnifications of areas boxed in (A), (C), (E), (G), (), (K), (M), (O), and (Q), respectively. Bars represent 50 um

in all panels.
See also Figures S2 and S3.
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inguinal fat in males (Jeffery et al., 2015; Wang et al., 2013), HFD
resulted in a further increase of labeled adipocytes in pgWAT of
Pdgfra-MerCreMer;Rosa26-tdTomato mice (32.18% adipocyte
labeling in HFD versus 19.75% in chow), but not in ingWAT
(23.02% adipocyte labeling in HFD versus 22.25% in chow; Fig-
ures 2S and 2T). Notably, PDGFRa* APs were also found to
differentiate to brown adipocytes within interscapular brown ad-
ipose depots (Figure S3). Importantly, the rates of de novo adipo-
genesis from PDGFRa* APs (8% adipocyte labeling after 8-week
chase) in iBAT were lower than those observed in pgWAT or in-
gWAT and did not significantly change in animals fed HFD (Fig-
ure S3T). Altogether, these observations revealed that endothe-
lial and mural cells do not function as APs in vivo and that
PDGFRa* APs are the sole vascular wall cell type that signifi-
cantly contributes to de novo adipogenesis in either WAT or BAT.

Adipogenic Potential of Capsular Fibroblasts

White adipose depots are externally surrounded by a capsule
of fibroblasts that also get strongly labeled by the Pdgfra-
MerCreMer allele (Figure 1L). Interestingly, histological examina-
tion revealed this external mesenchymal lining exhibited distinct
properties depending on the white adipose depot considered. In
pgWAT, the mesenchymal lining (of mesothelial origin) exhibited
a high cellular density, with multiple layers of fibroblasts being
tightly compacted in a reduced volume (Figures 3A and 3B).
On the other hand, the mesenchymal capsule of ingWAT ex-
hibited reduced cellular density and was richer in extracellular
matrix (Figures 3C and 3D). Given the extremely efficient labeling
of capsular fibroblasts at time zero (Figures 3A-3D), we looked
for evidence of de novo adipogenesis from these cells. Interest-
ingly, in pgWAT, 8 weeks post-tamoxifen, we could observe
areas in which the vast majority of adipocytes in the vicinity of
the mesenchymal capsule were lineage traced by Pdgfra-
MerCreMer, strongly suggesting these adipocytes were derived
from capsular serosal mesothelial fibroblasts (Figures 3E and
3F). Importantly, these areas of high-density labeling were found
sporadically rather than being present throughout the tissue,
suggesting that the adipogenic progenitor potential was
restricted to a subset of capsular fibroblasts or that subsets of
progenitors were being sporadically activated. Moreover, areas
of high-density labeling of sub-mesothelial adipocytes could
be found in pgWAT of animals fed chow or HFD but were absent
from inguinal white adipose depots (Figures 3G and 3H), indi-

cating that depot-intrinsic properties, rather than caloric intake,
condition the progenitor potential of capsular fibroblasts.

De Novo White Adipogenesis Involves a Beige
Phenotype Intermediate

Having observed evidence for significant de novo adipogenesis
from fibroblast progenitors, we sought to understand the dy-
namics of the process allowing the conversion of a fibroblast
to a fat-storing cell. As revealed in Figures 1, 2, and S2, at time
zero, Pdgfra-MerCreMer efficiently labeled fibroblasts without
labeling white adipocytes. However, when we analyzed samples
harvested at very early phases of the chase period (5 days post-
tamoxifen), lineage-traced fibroblasts started adopting a beige
adipocyte phenotype (small dimensions and multiple lipid drop-
lets) nestled between fully differentiated white adipocytes
(arrows in Figures 3l and 3J). Focusing on cells lineage traced
by Pdgfra-MerCreMer, these early adipocytes had already
completely lost cell-surface markers of their fibroblast progeni-
tors: PDGFRa and PDGFRB (Figures 31-3L). After 8 weeks of
chow or HFD, all lineage-traced adipocytes had adopted a uni-
locular white adipocyte phenotype (Figures 2 and S2), suggest-
ing progressive differentiation from fibroblast to intermediate
beige adipocyte before adoption of the white adipocyte
phenotype.

Fibroblastic APs Contribute to Beiging of WAT

The frequency of beige adipocytes found within white depots
can be dramatically increased by stimuli such as exposure to
cold or adrenergic stimulation (beiging of WAT) (Giordano
et al., 2016; Lee et al., 2014). Cellular mechanisms leading to
WAT beiging remain controversial; experiments with the Adipo-
Chaser mouse indicated that beiging takes place mainly by
de novo adipogenesis from APs (Wang et al., 2013), but distinct
reports have suggested that beiging takes place by transdiffer-
entiation of white adipocytes into beige adipocytes (Barbatelli
etal., 2010; Himms-Hagen et al., 2000). As for de novo white adi-
pogenesis, distinct populations of APs have been proposed as
contributors to de novo beige adipogenesis, including smooth
muscle cells (Long et al., 2014) or PDGFRa* cells (Lee et al.,
2012). Considering the controversy in the literature and given
the physiological importance of beiging of white fat (Giordano
et al., 2016), we decided to test the progenitor potential of the
three major vascular cell types in a setting of WAT beiging. To

Figure 3. Spatiotemporal Dynamics of De Novo Adipogenesis from PDGFRa-Expressing Progenitors

(A-D) Pdgfra-MerCreMer efficiently labeled fibroblasts of the mesenchymal capsules externally surrounding pgWAT (A and B) and ingWAT (C and D). The overall
architecture and cellular density of this external capsule was significantly different between both depots. (B) and (D) represent higher magnifications of areas
boxed in (A) and (C), respectively.

(E and F) In pgWAT, 8 weeks post-tamoxifen, examples of extremely abundant adipocyte labeling by Pdgfra-MerCreMer could be found in the vicinity of the
external mesenchymal capsule, independently of the dietary regimen employed.

(G and H) These areas of extensive adipocyte labeling in the pericapsular region were not observed in ingWAT.

(F) and (H) represent higher magnifications of areas boxed in (E) and (G), respectively.

(I-L) Images of Pdgfra-MerCreMer lineage-traced perigonadal and ingWAT 5 days post-tamoxifen showing early stages of adipogenesis from fibroblastic
progenitors. (J) and (L) represent higher magnifications of areas boxed in (I) and (K), respectively.

(land J) In the early stages of differentiation, Pdgfra-MerCreMer lineage-traced adipocytes exhibited a beige adipocyte phenotype of small cells with multiple lipid
vesicles that were nestled between mature unilocular white adipocytes. These early adipocytes (arrows) were positive for the adipocyte marker perilipin (green),
but, despite being lineage traced by Pdgfra-MerCreMer, did not express PDGFRo. protein (gray), distinguishing them from adjacent PDGFRa.* fibroblasts
(arrowheads).

(Kand L) In addition to losing PDGFRa. protein (gray), differentiating adipocytes (arrows) had also lost expression of PDGFRp (green). Bars represent 50 um in all
panels.
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this end, we conducted lineage-tracing analyses in mice
exposed to a low dose (osmotic minipump release of
0.75 nmol/h for 14 consecutive days prior to euthanasia) of
CL316,243 (CL), a p3-adrenergic receptor agonist that induces
beiging of white depots without signs of lipolysis-induced inflam-
mation (Granneman et al., 2005; Lee et al., 2012). Previous
studies proposing a smooth muscle origin for beige adipocytes
(Long et al., 2014) were based on lineage tracing approaches us-
ing a transgenic allele expressing an inducible Cre under the
control of the smooth muscle myosin heavy chain promoter
(Myh11-CreERT2 or smMHC-CreERT2) (Wirth et al., 2008).
Thus, in addition to the three Cre alleles used for lineage-tracing
experiments for de novo adipogenesis in WAT and BAT, we also
utilized the same Myh11-CreERT2 used by Long et al. (2014) in
our experiments to address beiging of WAT. Characterization
of time-zero labeling patterns of pgWAT and ingWAT depots
from Myh11-CreERT2;Rosa26-tdTomato mice revealed that in
addition to vascular smooth muscle cells, Myh11-CreERT2
also labeled multiple perivascular cells that did not express pro-
teins of the mature vascular smooth muscle contractile appa-
ratus but were positive for PDGFRp (Figure S4A). Expression of
PDGFRB placed these non-smooth-muscle lineage-traced cells
as either fibroblasts or pericytes. To address the nature of such
cells, we analyzed the adipose depots of mice that were lineage
traced by Myh11-CreERT2 and had a copy of the Thx18-
H2B:GFP allele, marking mural cells. These analyses revealed
a complete overlap between tdTomato and GFP fluorescent sig-
nals, indicating Myh11-CreERT2 labels both mature vascular
smooth muscle and pericyte in a pattern that closely resembles
the one produced by Tbx18-CreERT2 (Figures S4B-S4D). Ana-
lyses of ingWAT of mice 14 days following CL treatment revealed
no evidence for significant conversion of pericytes or vascular
smooth muscle cells to beige adipocytes using Myh11-CreERT2
or Tbx18-CreERT2 (Figures 4C-4F), a finding consistent with
recent reports (Jiang et al., 2017). Similarly, utilizing Tie2-Cre,
we also found no evidence for a significant contribution of endo-
thelial or hematopoietic cells to de novo beiging of WAT,
although rare labeled adipocytes were observed (Figures 4A
and 4B). On the other hand, Pdgfra-MerCreMer labeled a high
number of multilocular beige adipocytes, frequently found in
clusters of adjacent cells (Figures 4G and 4H). Importantly,
even though Pdgfra-MerCreMer labeled ~19% of all beige adi-
pocytes in ingWAT, the majority (81%) of multilocular cells
observed after CL treatment were not lineage traced (Figure 41),
in agreement with the idea that, despite the significant contribu-
tion from APs, a white-to-beige phenotypic switch from preexist-
ing white adipocytes is the major contributor to beiging in
ingWAT (Barbatelli et al., 2010; Himms-Hagen et al., 2000; Jiang
et al., 2017).

DISCUSSION

To clarify ongoing controversies as to the identity of the in vivo
AP, we have conducted parallel lineage-tracing studies employ-
ing Cre alleles selectively labeling each of the vascular wall cell
types. Our analyses provided quantitative assessment of the
contribution of each cell type to de novo adipogenesis in distinct
types of fat depots and harmonized seemingly contradictory re-
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sults from existing literature. Importantly, parallel lineage-tracing
experiments revealed that PDGFRa.* fibroblasts were the sole
cell type of the vascular wall with significant adipogenic potential
in tamoxifen-treated animals fed either chow or HFD. Although
we cannot exclude that, on rare occasions, endothelial or he-
matopoietic cells (Tie2-Cre) and mural cells (Tbx18-CreERT2)
might contribute to de novo adipogenesis, extremely reduced
rates of adipocyte labeling when using Cres specific to these
cell types argue against a significant role for these cell types as
APs, validating previous work from our groups and others (Berry
and Rodeheffer, 2013; Guimaraes-Camboa et al., 2017; Koh
et al., 2007). Notably, endothelial cells were particularly abun-
dant in all adipose depots analyzed (Figures 2, S2, and S3) and
often completely engulfed adipocytes. We speculate that this
distribution, coupled to the reduced cytoplasmic volume of white
adipocytes, might lead to mistakenly identifying adipocytes as
being labeled by endothelial Cres (Berry and Rodeheffer,
2013), which might partly account for previously reported adipo-
cyte labeling by endothelial Cres (Tran et al., 2012). We had pre-
viously shown that mural cells (pericytes and vascular smooth
muscle) do not significantly contribute to de novo adipogenesis
in vivo (Guimaraes-Camboa et al., 2017). However, such obser-
vations were questioned by Vishvanath et al. due to their seem-
ingly contradictory results (Vishvanath et al., 2017). Vishvanath
and colleagues wondered if the apparent discrepancies between
our results could stem from the fact we used a HFD in which 42%
of kilocalories are drawn from milkfat instead of the more
frequently used lard-based HFD (60% of kilocalories drawn
from fat) (Vishvanath et al., 2017). In the present study, we
have employed the well-established lard-based HFD, achieving
results similar to those we previously reported with the less
caloric HFD (that is, lack of significant adipocyte labeling by
the mural-cell-specific Tbx18-CreERT2). However, our histolog-
ical analyses have also provided an explanation for the discrep-
ancy of results between our teams. Vishvanath et al. lineage
traced APs using a Pdgfrb-inducible Cre, reasoning that
PDGFRpB expression is mural cell specific (Vishvanath et al.,
2016). Here, we showed that in adipose depots, PDGFR is ex-
pressed by both mural cells (pericytes and vascular smooth
muscle cells) and fibroblasts (adventitial and capsular). As
such, labeling of de novo adipocytes observed by Vishvanath
and colleagues is likely a result of fibroblast progenitors being
labeled by the Pdgfrb-inducible Cre, similar to de novo adipocyte
labeling observed here using Pdgfra-MerCreMer. Importantly,
our histological results are in agreement with recent single-cell
RNA sequencing (RNA-seq) studies suggesting that adipogenic
progenitors express both PDGFRa and PDGFRp (Burl et al.,
2018). Quantitatively, using their Pdgfrb-inducible Cre (trans-
genic allele, with expression controlled by a large fragment of
the Pdgfrb promoter), Vishvanath et al. observed 10% adipocyte
labeling in pgWAT in HFD-fed animals (Vishvanath et al., 2016),
whereas using a Pdgfra-CreERT2 plasmid artificial chromosome
(PAC) transgenic allele (Rivers et al., 2008) distinct from the
knockin Pdgfra-MerCreMer we used, Lee and colleagues re-
ported 15% adipocyte labeling in pgWAT in HFD animals (Lee
et al., 2012). Our results with the Pdgfra-MerCreMer were some-
what higher (32.18% adipocyte labeling in pgWAT of HFD-fed
animals), a fact that might be explained either by different
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(C—F) Mural cells labeled by Myh11-CreERT2 (C and D) or Tbx18CreERT2 (E and F) did not significantly transdifferentiate to beige adipocytes after 14 days of CL

treatment.
(G and H) After 14 days of CL treatment, it was possible to detect multiple multilocular adipocytes lineage traced by Pdgfra-MerCreMer, indicating these cells

were derived from PDGFRa-expressing progenitors by de novo adipogenesis.
(I) Quantification of rates of beige adipocyte labeling by Cres specifically hitting distinct cell types of the vascular wall. Data are represented as mean + SEM (n=3

per experimental group).
(B), (D), (F), and (H) represent higher magnifications of areas boxed in (A), (C), (E), and (G), respectively. Bars represent 50 um in all panels.
See also Figure S4.

efficiencies of labeling of PDGFRa cells by distinct Cres or by  body weights than inbred mice). Importantly, the Pdgfra-
mouse-strain-specific properties (our studies were conducted MerCreMer allele we used was produced by knocking in the
in outbred Black-Swiss animals, which typically have larger inducible Cre cassette into the Pdgfra locus, disrupting the
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endogenous transcript (Ding et al., 2013). PDGFRa signaling is
known to negatively regulate de novo adipogenesis (Sun et al.,
2017), so it is possible that Pdgfra heterozygosity might have re-
sulted in an increase in de novo adipogenesis. However, our im-
munostaining results (Figures 31-3L) showing high levels of
PDGFRa protein in fibroblasts of Pdgfra-MerCreMer tissues
argue against this potentially confounding factor. Our strategy
for lineage tracing mural cells or fibroblasts was based on
tamoxifen administration to promote the activity of inducible
Cres. A recent report suggested tamoxifen administration can
promote adipocyte death and weight loss followed by a
compensatory wave of de novo adipogenesis (Ye et al., 2015).
This phenomenon could also contribute to the high rates of
adipocyte labeling we observed in Pdgfra-MerCreMer lineage-
traced animals. However, this is not likely to have influenced
our quantitative analyses, as animals included in our studies
displayed increased body weight 1 week post-tamoxifen (Fig-
ure S2A) and, unlike observations reported by Ye et al., our re-
sults did not reveal any evidence of lipolysis or adipocyte death
at early time points post-induction (Figures 2, 3, and S2). Taking
into consideration these potentially confounding factors, it will be
of interest if other Pdgfra- and tamoxifen-independent tools are
generated to label adipose tissue fibroblasts and quantify their
contribution to de novo adipogenesis.

Our quantitative results are highly compatible with findings re-
ported by Jeffery and colleagues, who, using an adiponectin-
CreER to label adipocytes, observed that in visceral WAT, after
8 weeks of HFD, ~25% of adipocytes had been formed by de
novo adipogenesis from APs (Jeffery et al., 2015). Experiments
using the AdipoChaser in white adipose depots only detected
de novo adipogenesis after long periods of HFD (Wang et al.,
2013), whereas we could detect early multilocular adipocytes
as early as 5 days post-conclusion of tamoxifen induction
(8 days post-initiation of induction). These differences in timing
are likely a consequence of the two distinct systems used; the
AdipoChaser is optimized to visualize mature adipocytes,
whereas our system labels progenitors rather than mature cells,
thus allowing visualization of all steps from fibroblastic APs
to mature adipocytes. Importantly, the fluorescent indicator
tdTomato is excluded from lipid vesicles, allowing for ready visu-
alization of otherwise less evident, small, multilocular adipo-
cytes. This property of our models for lineage tracing allowed
us to observe that the early steps of fibroblast-to-white adipo-
cyte conversion involve an intermediate beige adipocyte pheno-
type. Of note, classification of these cells as beige adipocytes
was entirely based on morphological criteria (multilocular adipo-
cytes of smaller dimensions nestled between mature white adi-
pocytes) (Figures 31-3L), because in non-stimulated animals,
beige adipocytes have low basal expression of UCP1 and
reduced respiratory activity (Wu et al., 2012). At the time point
our pulse-chase studies were initiated (8-week-old animals),
the majority of white adipocytes in mouse have already devel-
oped. As such, our analyses do not provide information as to
whether this multilocular intermediate phenotype is a develop-
mental feature shared by all white adipocytes or if it is specific
to adult de novo white adipogenesis from fibroblastic progeni-
tors. To clarify this open question and assess the effect of age
on rates of de novo adipogenesis, it will be of future interest to
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complement results here reported with additional lineage-
tracing studies performed on earlier and later developmental
time points.

We also provide evidence for de novo adipogenesis from
capsular PDGFRa* fibroblasts in pgWAT, which is consistent
with a previous suggestion that mesothelial cells might act as a
potential source of new adipocytes (Chau et al., 2014). The
properties and embryonic origin of the capsular fibroblasts sur-
rounding white adipose depots can be quite distinct. Capsular fi-
broblasts of coelomic WAT have a mesothelial origin and are
tightly compacted, forming a thin, highly cellular dense protec-
tive layer (Figures 3A and 3B). In subcutaneous WAT, these cells
likely share a similar origin with dermal reticular fibroblasts
(Driskell and Watt, 2015) and form a less compact structure
that is richer in extracellular matrix (Figures 3C and 3D) and
has a gelatinous nature upon dissection. 8 weeks after induction,
we observed, immediately adjacent to the external capsule of
pgWAT, foci of extensive labeling of adipocytes by Pdgfra-
MerCreMer (Figures 3E and 3F), suggesting a major contribution
to de novo adipogenesis from lineage-traced capsular fibro-
blasts. This contribution was observed both in chow or HFD. In
ingWAT, adipocyte labeling adjacent to capsular fibroblasts
was also observed, but the pattern of labeling was less extensive
relative to that seen for pericapsular labeling in pgWAT (Figures
3G and 3H), suggesting that capsular fibroblasts provide a
smaller contribution to the adipocyte pool in iIWAT relative to
pgWAT.

A limitation of our studies is that the lineage-tracing strategies
employed do not allow us to discriminate whether all adipose tis-
sue fibroblasts have similar adipogenic potential or if a subset of
these cells have preferential adipogenic properties. Similarly, our
results do not allow us to conclude whether subpopulations of
PDGFRa." cells give rise to brown, beige, and white adipocytes
separately or if there is a common progenitor for all adipocyte
types. To clarify these open questions, it will be of future interest
to perform clonal lineage tracing studies using the Pdgfra-
MerCreMer allele.

Our beiging experiments in ingWAT induced by 3-adrenergic
stimulation (Figure 4) produced results that harmonize previous
studies, showing that beiging received a significant contribution
(~20% of all beige adipocytes) of de novo adipogenesis from
fibroblastic APs that were positive for not only PDGFRa. (Lee
et al., 2012) but also PDGFRS (Vishvanath et al., 2016). Remain-
ing beige adipocytes were not lineage traced, indicating they
were derived from preexisting adipocytes. These estimates are
highly consistent with previous studies reporting that ~75% of
all CL-induced beige adipocytes are derived from preexisting
adipocytes labeled by adiponectin-CreERT2 (Jiang et al.,
2017). Our experiments with Myh11-CreERT2 demonstrated
this Cre labeled not only vascular smooth muscle but also peri-
cytes, a surprising observation considering that at the protein
level, pericytes did not express markers of mature vascular
smooth muscle (Figure S4). Our analyses of beiging of ingWAT
did not support previous findings of conversion of vascular
smooth muscle into beige adipocytes, despite being performed
with the same Myh11-CreERT2 allele (Long et al., 2014). Our
results with Tbx18-CreERT2, which, like Myh11-CreERT2,
specifically labels vascular smooth muscle and pericytes



(Guimaraes-Camboa et al., 2017), also demonstrated lack of
contribution of vascular mural cells to de novo beiging. The
apparent discrepancy between results of Long et al. and our re-
sults may reside in the use of distinct experimental beiging
models: Long et al. induced beiging by exposing animals to
cold, whereas we employed a model based on 3-adrenergic
stimulation. Consistent with this idea, Jiang and colleagues
have recently proposed these two models rely on distinct cellular
mechanisms, with smooth muscle origin of beige adipocytes be-
ing exclusively detected in the protocol induced by cold (Jiang
etal., 2017). Considering that beiging of WAT is a potential strat-
egy to fight obesity (Giordano et al., 2016; Lee et al., 2014), it will
be important for additional groups to clearly test the impact of
distinct genetic and environmental variables in the cellular and
physiological outcomes of beiging stimuli.

In conclusion, results reported here provide a significant
contribution toward the harmonization of a controversial field,
suggesting that in vivo APs are fibroblasts (perivascular or
capsular) expressing both PDGFRa. and PDGFRB. PDGFRa.",
PDGFRB* APs significantly contributed to white, brown, and
beige adipocytes in the distinct models tested. Our analyses
also suggest that conversion of fibroblast APs to mature
white adipocytes involves an intermediate beige phenotype.
This finding, together with the notion that a major process
in beiging of white depots is the reversal of mature white
adipocytes to a multilocular beige state, supports the idea
that white and beige adipocyte phenotypes might correspond
to distinct states of a single cell type rather than distinct cellular
identities.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rat monoclonal anti-CD31/PECAM (clone
MEC13.3)

Rabbit monoclonal (EPR3864) anti-ERG
Chicken polyclonal anti-Laminin

Goat polyclonal anti-PDGFRa.

Rabbit polyclonal anti-PDGFRp

Rabbit monoclonal (D1D8) anti-Perilipin

Goat polyclonal anti-Perilipin

Rabbit polyclonal anti-Smooth muscle a-actin

BD PharMingen

Abcam

Abcam

R&D Systems

Laboratory of William Stallcup
Cell Signaling Technology
Abcam

Abcam

Cati#: 550274; RRID: AB_393571

Cati#: ab92513; RRID: AB_2630401
Cat#: ab14055; RRID: AB_300883
Cat#: AF1062; RRID: AB_2236897
RRID: AB_2783647

Cati#: 9349; RRID: AB_2167270
Cat#: ab61682; RRID: AB_10829911
Cat#: ab5694; RRID: AB_2223021

Chemicals, Peptides, and Recombinant Proteins

DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride)
Donkey Serum

Paraformaldehyde, 16% aqueous solution

Tamoxifen

Teklad LM-485 Rodent Diet, Irradiated

High Fat Diet: Rodent Diet With 60 kcal% Fat

Life Technologies

Merck Millipore

Electron Microscopy Sciences
Sigma-Aldrich

Envigo

Research diets Inc.

Cat#: D1306
Cati#: S30-100mL
Cat#: 15710
Cat#: T5648
Catit: 7912

Cat#: D12492

Experimental Models: Organisms/Strains

Mouse: Black Swiss (outbred wild-type mice): NIHBL(S)
Mouse: Myh11-CreERT2: Tg(Myh11-cre/ERT2)'S°"
Mouse: Pdgfra-MerCreMer: Pdgfra!™-(re/Esr)Nshk

Mouse: Rosa26-tdTomato (Ai9): Gt(ROSA)
2680[1’" 14(CAG-tdTomato)Hze

Mouse: Thx18-H2B:GFP: Thx18!™-15ev
Mouse: Thx18-CreERT2: Thx18!m3 1(cre/ERT2)Sev
Mouse: Tie2-Cre: Tg(Tek-cre)’"2

Charles River

Wirth et al., 2008
Ding et al., 2013
Madisen et al., 2010

Cai et al., 2008
Guimaraes-Camboa et al., 2017
Kisanuki et al., 2001

Strain code: 492

MGl#: 3819270; JAX#: 019079
MGl#: 5475226; JAX#: N/A

MGl#: 3809523; JAX stock#: 007905

MGil#: 5529155; JAX#: 031519
MGil#: 6113477; JAXi#: 031520
MGil#: 2450311; JAX stock#: 008863

Software and Algorithms

Leica Application Suite
LAS-X
Volocity®

Leica

PerkinElmer

https://www.leica-microsystems.com/products/
microscope-software/p/leica-las-x-Is/

https://www.perkinelmer.com/lab-products-and-
services/resources/whats-new-volocity-6-3.html

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nuno
Guimaraes-Camboa (ncamboa@med.uni-frankfurt.de). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Lineage tracing experiments were conducted using male laboratory mice (Mus musculus) kept on an outbred background (Black-
Swiss, Charles River laboratories). All care of transgenic mouse models was in compliance with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health, as well as institutional guidelines at the University of Cali-
fornia, San Diego. Mice were housed in plastic cages with filtered air intake ports and automatic water dispensers (Tecniplast) on
a 12-hour light cycle. Animals were maintained in a specific-pathogen-free vivarium and were not involved in any experimental
procedures or exposed to any pharmaceutical agents prior to the beginning of our time course analyses. Tie2-Cre, expressing
Cre recombinase under the control of the Tie2 promotor/enhancer (Kisanuki et al., 2001) was a king gift from Masashi Yanagisawa.
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The Tbx18-H2B:GFP transcriptional indicator was generated in our laboratory and has been previously shown to faithfully
recapitulate the patterns of Tbx18 expression (Cai et al., 2008). The Tbx18-CreERT2 allele was generated in our laboratory and
has been previously shown to be highly efficiently in the labeling of pericytes and vascular smooth muscle of different adipose depots
(Guimaraes-Camboa et al., 2017). The Pdgfra-MerCreMer knock-in allele (http://www2.clst.riken.jp/arg/mutant%20mice%20list.
html — accession number CDB0674K) was kindly provided by Hiroshi Kataoka (Ding et al., 2013). The Rosa26-tdTomato reporter
allele generated by Hongkui Zeng (Madisen et al., 2010) and Myh11-CreERT2 generated by Stefan Offermanns (Wirth et al., 2008)
were obtained from the JAX laboratories (stock numbers: 007905 and 019079, respectively).

METHOD DETAILS

Experimental Design

Male mice were fed irradiated chow (Teklad LM-485, Harlan Laboratories, catalog number 7912) until 8 weeks of age. 8-week-old
mice were induced with tamoxifen and, depending on the experimental group, maintained on chow or transferred to HFD (60%
kcal fat, Research diets Inc., D12492). The body weight of each animal included in our studies was assessed at end of the tamoxifen
pulse and, subsequently, every 7 days during the chase period. After 8 weeks of chow or HFD, the body weight at the experimental
term was determined and animals were euthanized, with the aorta and all major fat depots being processed for histological analyses.
For each Cre, cages of lineage traced animals were randomly allocated to one of the experimental groups (chow or HFD) by flipping a
coin. To ensure blinded results, tissue collection and imaging/quantification tasks were performed by different researchers. The
researcher responsible for imaging and quantification of adipocyte labeling was not aware of the experimental group (chow or
HFD) each animal belonged to. Prior to analyses of fat depots, aortae of animals from all groups were processed for fluorescent
microscopy to ensure efficient labeling of the target cellular population. Animals with reduced labeling of target cell types (indicating
inefficient tamoxifen induction) or presenting generalized labeling, rather than cell-type-specific labeling (an indication of Cre leak-
iness), were excluded from our studies.

Tamoxifen Induction

Induction of recombinase activity was achieved by intra-peritoneal injection of 250 uL of a 10 mg/mL tamoxifen solution in three
consecutive days, starting at 8 weeks of age. Tamoxifen was purchased from Sigma (catalog number T5648), dissolved in 10 mL
of 100% ethanol and subsequently diluted in 90 mL of sesame oil (Sigma, catalog number S3547). Aliquots were stored at —20°C
for a maximum of 6 months.

Fluorescent immunohistochemistry/immunocytochemistry

Dissected fat pads were fixed overnight in 4% paraformaldehyde (Electron Microscope Sciences) at 4°C, dehydrated in a sucrose
gradient and frozen in O.C.T. compound (Tissue-Tek). Histological sections (50 um thick for white adipose depots and 10 um thick for
aortae and brown adipose depots) were prepared from frozen blocks using a Leica CM3050S cryostat. Tissue sections were permea-
bilized in PBS-0.5% Triton for 20 min and incubated for one h at room temperature in blocking solution (PBS-0.1% Triton, 10%
donkey serum, 5% skim milk) prior to overnight primary antibody incubation (4°C, in blocking solution). A list of all primary antibodies
used, their providers, and their dilutions can be found in the Key Resources Table. AlexaFluor(488;555;647)-conjugated secondary
antibodies raised in donkey (Life Technologies), diluted 1:400 in blocking solution, were used for detection of primary antibodies
(incubation time = 75 min, at room temperature). DAPI (Life Technologies) was used for labeling of nuclei. Image acquisition was per-
formed using a Leica SP8 confocal microscope and image editing done using Volocity (PerkinElmer). Images were acquired as Z
stacks of 10 to 16 plans with 0.5 um spacing between consecutive plans and are displayed as maximum intensity projections.

QUANTIFICATION AND STATISTICAL ANALYSIS

All labeling quantifications were performed in at least 3 animals, with a minimal of 5 distinct sections being imaged and counted per
animal. In all graphs, data are presented as the mean + standard error of the mean. In Figure legends, n = represents number of an-
imals. For each Cre and adipose depot, differences in rates of adipocyte labeling between chow and HFD groups were probed for
statistical significance using unpaired, 2-tailed Student’s t test.

DATA AND CODE AVAILABILITY

The confocal microscopy datasets supporting the current study have not been deposited in a public repository (due to the large num-
ber of files involved), but are available from the lead author on request.
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