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Brown adipose tissue involution associated with
progressive restriction in progenitor competence
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In brief

One challenge for targeting brown
adipose tissue (BAT) to combat metabolic
diseases is a lack of knowledge of the
regulation of age-dependent BAT
involution in humans. Using rabbits as a
model, Huang et al. propose that the
functional restriction of FSTL1-express-
ing adipocyte progenitors contributes to
BAT involution.
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SUMMARY

Human brown adipose tissue (BAT) undergoes progressive involution. This involution process is not recapit-
ulated in rodents, and the underlying mechanisms are poorly understood. Here we show that the interscap-
ular BAT (iBAT) of rabbits whitens rapidly during early adulthood. The transcriptomic remodeling and identity
switch of mature adipocytes are accompanied by loss of brown adipogenic competence of progenitors. Sin-
gle-cell RNA sequencing reveals that rabbit and human iBAT progenitors highly express the FSTL1 gene.
When iBAT involutes in rabbits, adipocyte progenitors reduce FSTL1 expression and are refractory to brown
adipogenic recruitment. Conversely, FSTL1 is constitutively expressed in mouse iBAT to sustain WNT
signaling and prevent involution. Progenitor incompetence and iBAT paucity can be induced in mice by ge-
netic deletion of the Fstl1 gene or ablation of Fst/1™ progenitors. Our results highlight the hierarchy and dy-
namics of the BAT progenitor compartment and implicate the functional incompetence of FSTL1-expressing
progenitors in BAT involution.

INTRODUCTION

Obesity is a strong predisposing factor for many diseases,
including hypertension, high cholesterol, diabetes, and cardio-
vascular diseases. The thermogenic brown adipose tissue
(BAT) not only dissipates chemical energy as heat to maintain
body temperature and energy balance (Cannon and Neder-
gaard, 2004; Rosen and Spiegelman, 2014; Yang and Ruan,
2015) but also serves as a metabolic sink for glucose, fatty acids,
and branched-chain amino acids to improve metabolic health
(Maurer et al., 2019; Yoneshiro et al., 2019; Li et al., 2021). There-
fore, BAT has been increasingly acknowledged as a potential
therapeutic target for obesity and related disorders (Wang
et al., 2020).

Gheck for
Updates

Two spatiotemporally distinct phases of BAT ontogeny have
been indicated in humans. BAT first appears mainly in interscap-
ular and perirenal regions during mid-gestation (Lidell, 2019).
Although maximally recruited in neonates, interscapular BAT
(iBAT) rapidly atrophies until it is barely detectable in adults (Hea-
ton, 1972; Sidossis and Kajimura, 2015). Perirenal BAT also
steadily transforms to white adipose tissue (WAT) with increasing
age (Tanuma et al., 1975). The second developmental phase oc-
curs postnatally and gives rise to anatomically dispersed BAT in
cervical, supraclavicular, and axillary areas in adult humans
(Rogers, 2015; Ruan, 2020). The prevalence of cervical-supra-
clavicular BAT peaks in adolescence and then reduces to less
than 5% in middle-aged subjects (Rogers, 2015). Cold recruits
BAT, even in subjects having no existing metabolically active
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BAT (Saito et al., 2009; van Marken Lichtenbelt and Schrauwen,
2011; Yoneshiro et al., 2011). Such recruitment reportedly hap-
pens mostly in young adults, and there is limited evidence that
BAT can be efficiently recruited in middle-aged and aged people
(Hanssen et al., 2015). We define this age-related decline in the
number and function of parenchymal brown adipocytes (not
the shrinkage of tissue mass) as BAT involution; however, the
cellular and molecular mechanisms governing the involution pro-
cess remain enigmatic.

Compared with that in humans, there is limited involution or at-
rophy of BAT associated with life history in mice housed at stan-
dard room temperature. iBAT adipocytes remain as the progeny
of Myf5* cells (Sanchez-Gurmaches and Guertin, 2014) and can
be immediately recruited by external cues, such as cold and
sympathetic activation in old mice, although to a slightly lesser
extent (Sellayah and Sikder, 2014; Goncalves et al., 2017; Tajima
et al., 2019). Under thermoneutral conditions and in mice fed an
energy-rich diet, iBAT still retains its browning capacity and can
be recruited to full functionality (Cui et al., 2016; Razzoli et al.,
2016; Roh et al., 2018; de Jong et al., 2019). These observations
not only indicate that mice are inadequate for modeling the invo-
lution process of human iBAT but also suggest that non-environ-
mental mechanisms exist to control the divergent aging program
of iBAT across species.

In eutherian mammals, thermogenic capacity is negatively
correlated with body mass (Loncar, 1991; Oelkrug et al., 2015).
The mouse, a small animal, relies heavily on BAT to cope with
its unfavorable body surface-to-volume ratio. Compared with
mice, rats possess relatively more evident age-dependent iBAT
remodeling that is characterized by tissue hypertrophy and whit-
ening, reduced expression of uncoupling protein 1 (UCP1), and
thermogenic dysfunction (Horan et al., 1988; McDonald et al.,
1988; Florez-Duquet et al., 1998). However, iBAT involution in
rats is still far less and slower than in humans. Here we use the
larger rabbits to investigate the involution process of iBAT. Rabbit
iBAT irreversibly transforms to WAT before puberty, at a similar
developmental stage when human iBAT mostly disappears.
Adipocyte precursors in iBAT of rabbits reprogram the transcrip-
tome and lose their competence to be differentiated into mature
brown adipocytes. Single-cell RNA sequencing (scRNA-seq) of
stromal vascular fraction (SVF) cells identifies comparable
FSTL1M9" cells as potential brown adipocyte progenitors in
neonatal rabbits and fetal humans. The constitutive presence of
iBAT in mice is associated with high-level expression of FSTL1
in adipocyte progenitors. Genetic deletion of FSTL1 in brown
adipocyte progenitors causes progenitor incompetence and
iBAT paucity in mice. Preserving or regenerating FSTL 19" brown
adipocyte progenitors may provide an avenue to prevent BAT
involution or rejuvenate aged BAT, promoting metabolic fitness.

RESULTS

Progressive BAT whitening in young rabbits

To characterize BAT involution in rabbits, we collected inter-
scapular, subscapular, and suprascapular fat depots from New
Zealand White rabbits at the ages of 1 day and 3, 6, and 12 weeks
(Figure S1A). All depots had the typical morphology of BAT in
neonatal rabbits (Figure 1A). Tissue whitening, adipocyte hyper-
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trophy, and loss of UCP1 expression could be readily seen start-
ing at 3 weeks of age and full conversion to WAT-like tissues at
12 weeks (Figures 1A and 1B). To verify the morphological obser-
vations, we performed RNA-seq of total iBAT. Principal-compo-
nent analysis showed a clear separation of iBAT from neonatal
and 3-week-old rabbits, whereas 6- and 12-week samples
were clustered together (Figure 1C). The majority of changes in
gene expression happened at 3 weeks, and there were much
fewer differentially expressed genes at 6 and 12 weeks (Fig-
ure S1B). Hierarchical clustering and pathway analysis showed
that early differentially expressed genes were involved in pro-
cesses including angiogenesis, the tricarboxylic acid cycle, skel-
etal muscle development, mitochondrial electron transport, and
brown fat differentiation and thermogenesis (Figure S1C), which
are all associated with BAT function. On the other hand, late-
changing genes control metabolic processes like ATP synthesis,
fatty acid oxidation and biosynthesis, and glucose metabolism,
representing metabolic adaptation to tissue whitening. We did
not observe enrichment of any cell death pathways. No evident
apoptosis, based on cleaved caspase-3 expression (Figure S1D),
was detected, suggesting that rabbit iBAT involution is mainly
driven by transformation of adipocyte fate rather than cell death.

Were those unilocular and UCP1-negative adipocytes found in
regressed rabbit iBAT white adipocytes or “dormant,” inactive
brown adipocytes? Brown adipocyte markers, including UCP1,
DIO2, and PPARGC1A, were dramatically downregulated from
day 1 to week 12 in rabbit iBAT (Figure 1D). The levels of beige
markers, including TBX7 and CD137, were relatively stable (Roh
et al., 2018), whereas expression of white markers gradually
increased over time (Figure 1D). Sympathetic nerve activity dic-
tates BAT lipolysis and thermogenesis, and we found a substan-
tial reduction in the expression of 31-3 (ADRB1-3) and «1A and
a1B (ADRA1A and ADRA1B, respectively) adrenergic receptors
(ARs) and upregulation of 1D (ADRA1D) and «2 (ADRA2A and
ADRAZ2B) receptors inrabbit iBAT (Figures 1E and S1E). However,
the expression of tyrosine hydroxylase (TH; a marker of sympa-
thetic neurons) was surprisingly increased over the course of
iBAT involution (Figure 1F). This points to possible intrinsic causes
of the alterations in AR expression and suggests that BAT involu-
tion in rabbits is unlikely to be a result of dysfunctional sympa-
thetic tone. A handful of studies in mice have demonstrated that
sympathetic suppression by warming (Roh et al., 2018), BAR
knockout (Razzoli et al., 2016), or neurotrophic defect (Zeng
et al., 2019) is not sufficient to convert BAT to a WAT identity.

To determine whether whitened iBAT can be remodeled by
cold, we compared adult rabbits obtained from a non-climate-
controlled rabbitry in Wisconsin during summer (August 2017
with an average temperature of 21°C) or early spring (March
2018 with an average temperature of 0°C). A cold environment
did not prevent whitening and loss of UCP1 in adult iBAT
(Figures 1G and 1H). These results, together with the B3AR ago-
nism experiment, indicate a WAT-like identity of rabbit interscap-
ular fat during adulthood.

Restriction of progenitor competence during iBAT
involution

In addition to transformation of mature adipocytes, we went on
to determine whether iBAT involution in rabbits is associated
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Figure 1. Histological and transcriptional remodeling of rabbit BAT
(A and B) Representative H&E images (A) and UCP1 protein expression (B) of BAT depots from rabbits at different ages (n = 3). Scale bars represent 100 pm.
(C) Principal-component analysis (PCA) plot of rabbit iBAT at different ages after RNA-seq.

(D and E) Expression heatmaps of adipocyte marker genes (D) and AR genes (E). Coloring indicates fragments per kilobase million (FPKM) values (high, yellow;
low, blue).

(F) Expression of TH protein in iBAT of rabbits at the indicated ages.

(G and H) Representative H&E images (G) and UCP1 protein expression (H) of iBAT depots from adult rabbits collected at summer or early spring (n = 2).
(I'and J) Rabbit iBAT SVF cells were differentiated using a brown adipogenic cocktail.

() Lipid deposition in differentiated cells.

(J) Relative gene expression normalized to geometric mean of ADIPOQ, FABP4, and PLIN2 (n = 5).

(Kand L) Rabbit SVF cells from periscapular BAT were implanted into NCG mice (K, n = 3). Representative H&E and UCP1 immunohistochemistry of implants are
shown in (L). Arrows indicate adipocytes.

*p < 0.05, **p < 0.01, **p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparisons.

with impaired browning capacity of adipocyte progenitor cells.
The SVF cells from iBAT of neonatal rabbits could be differenti-
ated in vitro into UCP1-expressing adipocytes using a “brown”
adipogenic cocktail (Figures 11 and 1J; Cambon et al., 1998).
As rabbits grew, although no changes in cell proliferation were

observed (Figure S2A), SVF cells from 3- to 12-week-old rabbits
displayed slightly reduced adipogenic differentiation, as shown
by less lipid deposition (Figure 11) and lower expression levels
of the ADIPOQ, FABP4, and PLIN2 genes (Figure S2B). The
expression of thermogenic UCP1 (about 1,000-fold lower at
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3 weeks and not detectable [Cycle threshold values >40] at 6 and
12 weeks) and DIO2 was downregulated more drastically, either
normalized to the housekeeping gene RPLPO (Figures S2C and
S2D) or normalized to the geometric mean of the ADIPOQ,
FABP4, and PLIN2 genes (Figure 1J). Conversely, expression
of the white adipocyte-enriched LEP gene was positively corre-
lated with rabbit age (Figure 1J). As a result, adipocytes differen-
tiated from 12-week SVF cells had a reduced oxygen consump-
tion rate and uncoupling respiration (Figure S2E). On the other
hand, when inducing differentiation using a “white” adipogenic
cocktail, 12-week SVF cells demonstrated much greater poten-
tial to become adipocytes compared with neonatal SVF cells
(Figure S2F). These data suggest that the age-dependent
decline of SVF cells in thermogenic differentiation was not
merely a result of defective adipogenic potential but, rather, their
fate switching.

To further determine the brown adipogenic potential of pro-
genitors in vivo, we implanted rabbit SVF cells from iBAT and
subscapular BAT (sBAT) into the dorsal region of immunodefi-
cient mice (Min et al., 2016; Figure 1K). SVF cells from neonatal
rabbits could form largely multilocular and UCP1-positive brown
adipocytes (Figure 1L). However, in implants derived from older
SVF cells, unilocular and UCP1-low/negative adipocytes gradu-
ally emerged and finally dominated. Correlated with the reduced
competence to be differentiated into brown adipocytes, there
was transcriptional reprograming in SVF cells from rabbit iBAT
and sBAT (Figures S2G and S2H). RNA-seq of SVF cells revealed
a large number of differentially expressed genes from day 1 to
3 weeks of age (Figures S2H and S2I). A second wave of tran-
scriptional change was observed at week 12 (Figures S2I and
S2J), possibly indicative of adaptive responses to tissue whit-
ening. To profile early molecular changes in adipocyte progeni-
tors, we excluded the 12-week data point and subjected SVF
transcriptomes to longitudinal analyses. Differentially expressed
genes in iBAT and sBAT SVF cells were merged and clustered
into six groups. Clusters 1-3 showed downregulation with
distinct patterns: continued downregulation, early downregula-
tion, and late downregulation (Figure S2K). Clusters 4-6 repre-
sented genes that had continued upregulation, early upregula-
tion, and late upregulation, respectively (Figure S2L). Pathway
analysis showed that downregulated genes were enriched for
muscle contraction and mitochondrial function, whereas upre-
gulated genes were involved in translation and metabolism of
lipids and amino acids (Figure S2M). These data demonstrate
that periscapular BAT involution in rabbits is associated with
functional incompetence and transcriptional reprogramming of
adipocyte progenitors.

Dynamic transcriptional landscape of the SVF of rabbit
BAT at the single-cell level

To understand the developmental heterogeneity and dynamics of
BAT stromal cells, we then performed scRNA-seq of freshly iso-
lated iBAT SVF cells from rabbits at the age of 1 day, 3 weeks,
and 12 weeks. A total of 9,799 cells (1,542, 6,305, and 1,592 cells
from day 1, 3-week, and 12-week rabbits, respectively) were
analyzed (Table S1). Unsupervised clustering of the gene expres-
sion profiles identified 9 cell populations (Figures 2A and S3A;
Table S2). Group 2, 0, and 3 cells were adipose progenitors
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because they predominantly expressed canonical adipose
mesenchymal markers, including WNT2, DLK1, and THY1
(CD90) (Figure 2B). Adipocyte identity genes, including FABP4,
LPL, PPARG, and APOD, were specifically enriched in group 1
and 4 cells (Figures 2C and S3B), indicating that these cells
were “committed preadipocytes.” Previously identified mesen-
chymal markers in mice and humans, such as PDGFRA, PDGFRB,
and CD34, were expressed by progenitor and preadipocyte pop-
ulations (Figure S3B). By searching for marker genes that encode
cell surface proteins, we identified SFRP4 as a marker for progen-
itors (Figure 2B) and VCAM1 (CD106) and NRP1 (CD304) as prea-
dipocyte markers (Figure 2C), which were used later for flow
cytometry analyses of these populations in mice.

SVF cells from rabbits at different ages were readily separated
at the single-cell level (Figure 2D). The majority of day 1 SVF cells
were group 2 progenitors (84.0%) and group 6 cycling cells
(7.6%) marked by genes involved in cell cycle control, such as
MKI67, CENPF, and PCNA (Figures 2D and S3B; Table S1).
Non-hematopoietic SVF cells in 3-week-old rabbits were largely
composed of group 0 and 3 progenitors (35.9% and 11.1%,
respectively) and group 1 committed preadipocytes (33.8%).
At 12 weeks of age, group 3 progenitors (29.8%) and group 4
committed preadipocytes (51.0%) were dominant. After normal-
izing to cell number, we could observe a gradual transition of
progenitors from group 2 to group 0 and then to group 3 as rab-
bits grew older (Figure 2E; Table S1). Very few committed prea-
dipocytes (i.e., groups 1 and 4) were found in neonatal rabbits.
There were fewer and fewer group 6 cycling cells as rabbits
grew up, indicating precursor cells transitioning from self-
renewal to differentiation.

iBAT-resident progenitors in older rabbits gradually lost their
brown adipogenic competence and shifted their transcriptomic
landscape. Group 2 cells (95.5% from day 1 rabbits) shared
many marker genes with the Pdgfra® brown adipocyte progeni-
tors identified in mouse iBAT (Figure S3C; Shamsi et al., 2021).
We listed positively and negatively enriched genes of group 2
cells and performed pathway analysis (Table S3). Top activated
pathways included EIF2 and the mammalian target of rapamycin
(mTOR) signaling (Figure S3D), consistent with previous findings
that mTOR and protein translation are essential for BAT develop-
ment and thermogenesis (Ye et al., 2019). In comparison, group
0 and 3 cells were enriched with distinct sets of genes (Fig-
ure S3E). These data show that involution of rabbit iBAT changes
the transcriptional and cellular landscape of the adipose precur-
sor compartment.

Identification of conserved markers for human and
rabbit brown adipose progenitors

iBAT in rabbits and humans undergoes rapid involution in early life.
Animportant question is whether analogous populations of adipo-
cyte progenitors exist in rabbits and humans. To address this, we
isolated SVF cells from iBAT of a human fetus at the gestational
age of 24 weeks after an induced abortion and subjected them
to scRNA-seq analysis. The identity of collected iBAT was
confirmed by H&E and UCP1 immunostaining (Figures S4A and
S4B). We identified four groups (0, 1, 3, and 2) of PDGFR«* adipo-
genic lineage cells as well as pericytes, endothelial cells,
lymphatic endothelial cells, hematopoietic/immune cells, and
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Figure 2. Transcriptional dynamics of rabbit iBAT SVF cells at the single-cell level
(A) t-distributed stochastic neighbor embedding (tSNE) plot showing 9 distinct groups of cells clustered from pooled iBAT SVFs of 1-day-, 3-week-, and 12-week-

old rabbits.

(B and C) tSNE and violin plots showing the expression levels and distribution of marker genes for adipocyte progenitors (B) and committed preadipocytes (C).

(D) tSNE plot of iBAT SVF cells segregated by age.
(E) Distribution of different-aged SVF cells within each cell group.

actively cycling cells (Figures 3A, S4C, and S4D; Table S4). Group
0 cells were brown adipocyte progenitors highly expressing
mesenchymal marker genes, including DLK1, THY1, and CD34
(Figures 3B and S4D). Group 1 and 3 cells gradually ceased
expression of these mesenchymal markers and began to express
genes such as FABP4, LPL, PPARG, IGFBP5, APOE, and PLIN2
(Figures 3B, 3C, and S4D), indicating that they were precursor
cells undergoing adipogenic differentiation. The expression of
these genes was highest in group 2 committed brown preadipo-
cytes (Figures 3C and S4D). The transcriptional hierarchy of adipo-
genic stromal cells supports previous histology findings showing
that human iBAT is actively growing and differentiating at this
gestational stage (Merklin, 1974).

We then profiled the expression of newly identified white adipo-
cyte progenitor marker genes (Rondini and Granneman, 2020) in
human BAT stromal cells. PI16 was also expressed by group
0 cells, appearing as a common marker for brown and white
adipocyte progenitors (Figure S4E). However, DPP4, F3
(CD142),CD55, EBF2 (Wang et al., 2014), and ANAX3 were barely

expressed and not enriched in any stromal population of cells (Fig-
ure S4E), suggesting that brown and white adipocyte progenitors
have distinct transcriptional profiling, a result of their different
developmental origins (Sanchez-Gurmaches et al., 2016).

To evaluate the analogy between human and rabbit brown
adipocyte progenitors, we compared positive marker genes of
human group 0 progenitors and rabbit group 2 progenitors and
were able to identify 50 overlapping genes (Figure 3D;
Table S5). Among them, 9 markers had log2-fold change values
greater than 0.5 (Figure 3D; Table S6). These genes are DLK1
(Figures 2B and 3B), FSTL1, CILP, GPC3, COL12A1, MFAP4,
FBN1, POSTN, and FBLN5 (Figure 3E). Interestingly, 19 of the
50 overlapping genes encode extracellular proteins (Table S5).
All top 9 shared marker genes encode peptides that can be
released or extracellular matrix proteins, indicating the high
secretory activity of brown adipocyte progenitors. Hereafter,
we refer to them as FSTL1™" cells.

To determine the expression trajectory of FSTL1"9" progen-
itor marker genes, we performed pseudotime analysis of
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Figure 3. Analogy between human and rabbit brown adipocyte progenitors

(A) tSNE plot showing 11 clustered groups of SVF cells from human fetal iBAT.

(B and C) tSNE and violin plots showing the expression levels and distribution of marker genes for brown adipocyte progenitors (B) and committed brown

preadipocytes (C).

(D) Venn diagrams of numbers of common mark genes between rabbit group 2 and human group 0 progenitors. Top: all marker genes. Bottom: marker genes with

log2 fold change > 0.5.

(E) tSNE plots showing the distribution of common marker genes for brown adipocyte progenitors between human (top) and rabbit (bottom).
(F and G) Expression dynamics of feature genes in human (F) and rabbit (G) iBAT stromal cells as a function of pseudotime.

human and rabbit iBAT stromal cells (Cao et al., 2019). As ex-
pected, expression of the FABP4 and LPL genes increased,
whereas mesenchymal genes such as THY7 and DLK17
decreased along the adipogenic differentiation trajectory. The
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majority of the shared marker genes for brown adipocyte pro-
genitors, including FSTL1, were consistently downregulated
as human and rabbit cells left the progenitor compartment
(Figures 3F and 3G).
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Figure 4. Adipocyte progenitors from involuted rabbit iBAT are refractory to $3-AR induction

(A) Dot plot showing the average expression of 9 common APC markers and their percentages expressed in FSTL1"9" versus FSTL 7iMermediate gyE cells.
(B-E) 12-week-old rabbits were injected daily with vehicle or mirabegron (n = 6, two independent experiments) for 2 weeks (B). Changes in body weight (C),
morphology of iBAT (D), and thermogenic gene expression in iBAT (E) were determined.

(F) Uniform manifold approximation and projection (UMAP) plots showing 11 integrated clusters of SVF cells from vehicle- and mirabegron-treated adult rabbits.
ISG, interferon-stimulated gene.

(G) Cell trajectory (left) and pseudotime analysis (right) of rabbit SVF stromal cells, computed by Monocle3.

(H and I) UMAP plots showing the expression distribution of adipocyte feature genes (H) and white adipocyte progenitor marks (1).

(J and K) Dot plots showing the expression level (color intensity) and percentage (circle size) of FSTL1"9" brown APC markers (J) and FSTL 7ermediate \yhite APC
markers (K) in SVF stromal cells before (red) and after (blue) mirabegron treatment.

Data are presented as mean + SEM (C and E). *p < 0.05, **p < 0.01 by unpaired Student’s t test.

Involuted iBAT progenitors have limited brown reduced their expression as rabbits grew older (Figure 4A;
adipogenic competency upon $3-AR activation Table S7). Hereafter, we denote adipocyte progenitors within
We sought to determine the transcriptional dynamics of brown  the involuted iBAT as FSTL7Me™mediate cells. A group of genes
adipocyte progenitors. All 9 of the aforementioned common (DNAH1, CCDC93, SULF2, TMPRSS4, and HK3) was upregu-
markers for brown adipocyte progenitors, FSTL7 included, lated in FSTL7Memediate  5rogenitors  during  involution
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(Table S7). These late-onset genes were largely not expressed
by FSTL1"9" brown progenitors from human fetal iBAT (Fig-
ure S5A). Conversely, WAT progenitor markers, including
DPP4 and PI16, started to express in FSTL7Me™mediate nrogeni-
tors (Figure S5B), indicating that FSTL 7ine™mediate celis in invo-
luted iBAT became, or at least gained transcriptional properties
of, white adipocyte progenitors.

It has been shown in mice that B3-AR activation stimulates
beige adipogenesis (Jiang et al., 2017; Burl et al., 2018). We
then treated adult rabbits with mirabegron, a $3-AR agonist
that also works in rabbits (Figure 4B; Calmasini et al., 2015). Mir-
abegron-treated rabbits showed a decreasing trend in weight
gain (Figure 4C). However, only a few multilocular “brown-like”
adipocytes emerged in iBAT after mirabegron treatment (Fig-
ure 4D). Gene expression analysis revealed a significant increase
in PPARGC1A and PRDM16 mRNA levels, but induction of iBAT
UCP1 by mirabegron was highly variable (Figure 4E), indicating
that iBAT in adult rabbits is refractory to adipose beiging stimu-
lated by B3-AR activation.

We then profiled the single-cell expression of iBAT SVF cells
from mirabegron-treated rabbits and performed integrated ana-
lyses with the 12-week SVF data to identify common cell types
(Figure 4F; Table S8; Stuart et al., 2019). Pseudotemporal
ordering of the stromal cells predicted two developmental trajec-
tories of FSTL 1intemediate hrogenitors (Figure 4G): the default dif-
ferentiation from group 0 toward group 3 and then group 1 pre-
adipocytes, a fate observed under steady and 3-AR stimulation
conditions, and the alternative but less terminal differentiation to-
ward group 4 and 2 preadipocytes that was specifically induced
by mirabegron. Mirabegron-stimulated preadipocytes were able
to upregulate feature genes like FABP4, LPL, APOD, VCAM1,
and NPR1, although to a lesser extent compared with classical
preadipocytes (Figures 4H and S5C; Table S9). Surprisingly,
cells undergoing the alternative path failed to shut down expres-
sion of progenitor markers such as WNT2, DLK1, PI16, DPP4,
and ANXAS (Figures 4l and S5C), suggesting that they are not
poised for adipogenic maturation. When comparing each stro-
mal population before and after mirabegron treatment, f3-AR
activation did not increase the expression of markers for
FSTL1"S" brown progenitors (Figure 4J) or decrease the levels
of genes that emerged in FSTL7Memediate «\hite” progenitors
(Figure 4K). These results show that the FSTL 7termediate nroqen-
itors in involuted rabbit iBAT adopt a pro-white, anti-brown/
beige cell fate.

FSTL1 is a cytokine enriched in brown adipocyte
progenitors

Next we set out to explore whether the FSTL1 gene was func-
tionally important for brown adipocyte progenitors. The encoded
glycoprotein follistatin-like 1 belongs to the secreted protein acid
and rich in cysteine family, which has arole in lung development,
muscle function, and cardioprotection (Mattiotti et al., 2018).
However, whether it controls brown adipocyte development
and iBAT involution has not been explored. At the RNA level,
FSTL1 was one of the highest expressed gene in total iBAT
and sBAT from rabbits (Figure S6A). It colocalized with bona
fide mesenchymal markers, including DLK7 and THY1 at the
single-cell level, particularly within neonatal group 2 cells
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(Figures 5A and 5B), suggesting that FSTL 179" cells are not likely
to be a group of adipogenesis-regulatory cells (Schwalie et al.,
2018). At the protein level, FSTL1 showed correlated reduction
with UCP1 to minimally detectable levels in total iBAT extracts
from 6- and 12-week-old rabbits (Figure 5C).

In humans, the FSLT1 gene is expressed not just by adipo-
cyte progenitors of fetal iBAT (Figure 3E) but also by preadipo-
cytes from adult deep-neck BAT (Figure S6B), based on a
recently published single-nucleus RNA-seq study (Sun et al.,
2020). Mature brown adipocytes and non-adipose lineage cells
from adult deep-neck BAT had little or no FSTL1 gene expres-
sion (Figure S6B). Notably, SVF cells derived from fetal iBAT
and adult deep-neck BAT expressed more FSTL1 protein
than those from adult neck WAT (Xue et al., 2015; Wang
et al., 2018; Figure 5D).

In preweaning mice, when iBAT is actively growing, FSTL1
expression was the most abundant in total iBAT and the SVF
fraction (Figures 5E and 5F). Even though there was a notable
reduction in adult mice, FSTL1 protein levels remained high.
Compared with inguinal WAT (i\WAT), gonadal WAT (gWAT),
and skeletal muscle, mouse iBAT possessed the highest level
and mostly glycosylated form of FSTL1 (Figure 5G). Fasting, a
condition when thermogenic activity is suppressed (Ruan
et al., 2014), reduced FSTL1 levels in tissue and serum in mice
(Figures 5G-5I). These data imply that the levels of FSTL1 are
positively associated with the brown adipogenic ability of SVF
cells and the activity of BAT.

During adipogenesis of iBAT SVF cells in culture, FSTL1 pro-
tein expression and its secretion were initially upregulated and
then diminished when mature brown adipocytes were induced
(Figure 5J). To determine whether Fst/7-expressing cells are
bona fide brown adipocyte progenitors, we generated
Fst/1°°ERT2:R0s2a26™ ™G mice (Figure 5K). A 1-week tamoxifen
(TAM) pulse was able to label a fraction of SVF cells as GFP™,
as revealed by flow cytometry (Figure 5L) and immunofluores-
cence (Figure 5M, arrows). No mature brown adipocytes at
this stage were labeled. At the 6-week chase, these Fstl/1* cells
differentiated into mature UCP1* brown adipocytes (Figure 5M,
asterisks, and Figure S6C). The low labeling was likely due to
weak CreERT2 expression downstream of the Fst/1 gene and
a P2A peptide (Liu et al., 2018). Nonetheless, these findings
implicate that Fst/1* cells are progenitors that can give rise to
brown adipocytes.

In support of the notion that FSTL1 is an adipocyte progen-
itor-enriched cytokine, deleting the Fst/1 gene in brown/beige
adipocytes or all mature adipocytes using Ucp1°® and
Adipog®"®, respectively, did not affect levels of FSTL1 protein
in iBAT, WAT, or serum (Figures 5N-5S). We did not observe
any changes in UCP1 expression (Figures 50 and 5R), body
weight, glucose metabolism, or cold-induced thermogenesis
in  Ucp1°e:Fsti1™  or Adipog®®;Fsti1™" knockout mice
(Figures S6D-S6H). On the other hand, using Myf5°™ to delete
the Fst/1 gene in embryonic iBAT progenitors (Figure 5T; Tim-
mons et al., 2007), we could achieve ablation of FSTL1 in
neonatal iBAT (Figure 5U) and a substantial reduction of serum
FSTL1 levels (Figure 5V). These data demonstrate that mature
adipocyte-derived FSTLA1, if any, is dispensable for BAT devel-
opment and function.
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Figure 5. FSTL1 is a brown adipocyte progenitor-enriched factor

(A and B) tSNE plots showing co-expression of FSTL1 with DLK1 (A) and THY1 (B) in rabbit iBAT SVF cells.

(C) Expression of FSTL1 and UCP1 protein in total iBAT from rabbits at the indicated ages. “g” and “ug” indicate glycosylated and unglycosylated FSTL1,
respectively.

(D) FSTL1 protein expression in SVF cells from human fetal iBAT, adult suprascapular (sc)BAT, and adult scWAT.

(E) FSTL1 and UCP1 protein expression in iBAT from female mice at the indicated ages.

(F) FSTL1 protein expression in iBAT SVF cells from mice at the indicated ages.

(G) FSTL1 protein expression in iBAT, iWAT, and gWAT and gastrocnemius (GAS), soleus (SOL), and extensor digitorum longus (EDL) muscle from mice fed ad
libitum or fasted for 24 h.

(H and I) FSTL1 levels in the serum of mice fed ad libitum or fasted for 24 h (n = 5), determined by ELISA (H) and western blot (l).

(J) FSTL1 protein expression and secretion into medium during adipogenic differentiation of mouse iBAT SVF cells.

(K-M) 4-week-old Fstl1°°ER72:R0sa26™""™C mice were pulsed and chased (K). GFP* cells as percentage of total live lineage ™ SVF cells were quantified by flow
cytometry (L). Perivascular GFP* cells at pulse (arrows) and differentiated brown adipocytes at chase (asterisks) were imaged (M).

(N-P) Generation of adipocyte-specific FSTL1 KO (N). FSTL1 and UCP1 protein expression in iBAT and WAT depots (O) and serum FSTL1 levels (P) of adult mice
was determined.

(Q-S) Generation of brown/beige adipocyte-specific FSTL1 KO (Q). FSTL1 and UCP1 protein expression in iBAT and WAT depots (R) and serum FSTL1 levels
(S) of adult mice was determined.

(T-V) Deletion of the Fst/1 gene in the Myf5 lineage (T). Protein expression in iBAT (U) and serum FSTL1 levels (V) of neonatal mice were determined.

Data are presented as mean + SEM. *p < 0.05 by unpaired Student’s t test.
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Loss of Fstl1 or Fsti1-expressing progenitors causes
iBAT paucity in young mice

No obvious morphological changes of iBAT during embryonic
development were observed in Myf5-Fstl/1 knockout (KO) mice
(Figures S7A and S7B). However, neonatal Myf5-Fst/1 KO mice
had less iBAT compared with wild-type littermates (Figure 6A).
Expression of the mitochondrial UCP1 and COX4 proteins was
attenuated (Figure 5U). There was barely any lipid deposition in
Myf5-Fstl1 KO iBAT (Figure 6B). As a result, Myf5-Fstl1 KO
pups could not maintain their body temperature when separated
from dams (Figure 6C) and died within a few days after birth,
probably because of hypothermia and muscle dysfunction (sug-
gested by a hunched posture).

Housing mice at thermoneutrality extended the survival of
Myf5-Fstl1 KO pups (Figure 6D) and restored lipid content in
iBAT (Figure 6E). An assessment of the iBAT morphology at ther-
moneutrality showed that Myf5-Fstl1 KO iBAT did not increase
its mass from days 1-7 (Figure 6F). The reduction in mass was
specific to iBAT (Figure 6G) because other critical organs,
including the liver, heart, and hindlimbs, and head-to-body
weight ratio was not affected (Figure S7C). We then used novel
markers identified from scRNA-seq of rabbit SVF cells (Figure 2)
for flow cytometry assays. In Myf5-Fstl/1 KO iBAT from new-
borns, the frequencies of lineage-negative SFRP4* brown adipo-
cyte progenitors and VCAM1* and PDGFRA*NRP1* committed
preadipocytes were comparable with wild-type littermates (Fig-
ure S7D). However, at post-natal day 7 (survival of KO mice was
extended by reducing the litter size), adipocyte progenitors and
preadipocytes had significantly reduced numbers in Myf5-Fstl1
KO pups (Figure 6H). To investigate whether FSTL1 acts in a
cell-autonomous manner, we cultured Fst/1"" iBAT SVF cells
and knocked down the Fst/1 gene using a Cre-expressing lenti-
virus. FSTL1 knockdown did not affect adipogenic differentia-
tion; however, thermogenic genes, including Ucp1, Dio2,
Ppargcia, and Prdm16, were specifically downregulated (Fig-
ure 6l). These results demonstrate that FSTL1 deletion in adipose
progenitors causes brown adipogenic incompetence and iBAT
paucity in mice.

Muscle defects persisted in Myf5-Fstl1 KO mice at the ther-
moneutral zone (data not shown), presumably eventually
causing mortality. However, the iBAT defects observed in
Myf5-FstlT KO mice were not results of the loss of skeletal
muscle-derived FSTL1 because deleting FSTL1 in skeletal
myocytes using the HSAS™ line did not affect postnatal sur-
vival (Miyabe et al., 2014), iBAT morphology, UCP1 expres-
sion (Figures 6J-6L), body weight, or glucose metabolism
(Figures S7E and S7F).To determine whether Fst/T* brown
adipocyte progenitors are required for the BAT identity in adult
mice, we generated Fst/1°°ERf2:Rosa26P™ mice, induced Cre
expression by TAM, and acutely ablated Fst/7-expressing
cells by diphtheria toxin (DT) (Figure 6M). 5 weeks after DT
ablation, UCP1 protein levels were reduced in iBAT (Fig-
ure 6N). As a result, Fst/1°®772;R0sa26°™" mice were more
sensitive to cold-induced body temperature reduction
compared with control animals (Figure 60). Less weight loss
after cold challenge was observed (Figure 6P), also indicative
of reduced energy expenditure. Therefore, Fstl1* progenitors
are functionally important for BAT thermogenesis.
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FSTL1 sustains WNT signaling in brown adipocyte
progenitors

iBAT paucity in Myf5-Fstl1 KO mice was not due to defects in
sympathetic nerve innervation, tissue vascularization, or macro-
phage polarization (Figures S8A-S8C). We also bred the mice to
a Cre-dependent reporter line and found that adipocytes in
Myf5-Fstl1 KO iBAT were still derived from the Myf5 lineage (Fig-
ure S8D), suggesting no evocation of progenitor cell plasticity
nor recruitment of alternative origins of brown adipocytes.
RNA-seq of total iBAT found 505 upregulated and 308 downre-
gulated genes in Myf5-Fst/T KO mice (Table S10). Adipogenic
and thermogenic pathways were enriched in downregulated
genes, whereas inflammatory and immune-activating genes
were upregulated (Figures 7A and 7B). Gene set enrichment
analysis (GSEA) identified that B-catenin-controlled genes were
overrepresented in the downregulated gene set (Figure 7C).
WNT/B-catenin signaling promotes self-renewal of stem cells,
including adipocyte progenitors, but inhibits adipogenic differen-
tiation (Kang et al., 2005; Lo et al., 2016). The mesenchymal
marker DLK1 is a WNT target gene (Paul et al., 2015). GPCS3,
another brown adipocyte progenitor marker identified in this
study, facilitates and/or stabilizes the interaction of WNTs with
Frizzled receptors (Niehrs, 2012; Capurro et al., 2014). We
wanted to determine whether FSTL1 sustains activation of
WNT signaling in brown adipocyte progenitors.

By interrogating BioPlex 2.0, a database of protein-protein in-
teractions (Huttlin et al., 2017), we found that FSTL1 binds to
several WNT proteins (Table S11). Co-immunoprecipitation vali-
dated that FSTL1, regardless of glycosylation status, physically
interacted with WNT10B (Figure 7D) as well as GPC3 (Figure 7E).
In group 2 rabbit brown adipocyte progenitors, the FSTL1 gene
was mostly co-expressed with WNT2 and GPC3 (Figures 7F
and 7G). Similar to DLK1, FSTL1 expression was dependent on
B-catenin because XAV939, an inhibitor of tankyrase 1/2 that
suppresses B-catenin activity, reduced FSTL1 protein levels in
SVF cells (Figure 7G). As a result, WNT10B-stimulated SVF pro-
liferation was ablated when FSTL1 was absent (Figures 71 and
S8E). Constitutive expression of WNT10B suppressed brown
adipogenic differentiation (Kang et al., 2005). FSTL1 knockdown
specifically attenuated suppression of thermogenic genes (Ucp1
and Prdm16), but not general adipogenic genes (Adipoq, Fabp4,
and Pparg), by WNT10B (Figure 7J). On the other hand, B-catenin
inhibition by XAV939 increased UCP1 protein expression, which
was diminished by FSTL1 overexpression (Figure 7K). These data
implicate that the synchronized action of FSTL1 and WNT sus-
tains the iBAT progenitor cell pool and brown adipogenic compe-
tence (Figure 7L). However, doxycycline-induced FSTL1 overex-
pression in 12-week rabbit SVF cells failed to reactivate UCP1
protein expression in culture (Figure S8F), suggesting that
FSTL1 is required but not sufficient to re-establish the browning
capacity of involuted BAT progenitor cells.

DISCUSSION

The fact that human BAT, including periscapular, perijugular, and
perirenal depots, undergoes age-related involution/atrophy rai-
ses doubts about the physiological significance of this organ in
humans. Activating residual (if any are left) brown and/or beige
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Figure 6. iBAT paucity in Myf5°7;Fst/1" mice

(A) 3-day-old control and Myf5°";Fst/1™" KO mice housed at room temperature (RT) and the size of iBAT.

(B) Histology of iBAT of 3-day-old mice housed at RT.

(C) Body surface temperature of newborn mice separated from dams at RT for 3 h. Periscapular skin temperature is quantified on the right (n = 5).

(D) Survival curves of Myf5™;Fsti1™"" KO mice housed at 22°C (n = 8) or 30°C (n = 12).

(E) Histology of iBAT from 2- and 12-day-old mice housed at 30°C.

(F) Morphology of iBAT from mice housed at 30°C.

(G) iBAT-to-body weight ratio of 4- to 5-day-old female mice housed at 30°C (n = 6-8).

(H) Flow cytometry quantification of adipocyte progenitors (Lin”SFRP4*) and committed preadipocytes (Lin~SFRP4* and Lin " PDGFRA*NRP1*) within the SVF of
iBAT from 7-day-old mice housed at RT.

(1) Fst!1™" iBAT SVF cells were infected with lentiviruses expressing EGFP or Cre recombinase, followed by adipogenic differentiation. Expression of genes
involved in adipogenesis and thermogenesis was determined (n = 3).

(J-L) Generation of skeletal muscle-specific FSTL1 KO (J). iBAT morphology (K) and UCP1 protein expression (L) from adult mice were determined.

(M—-P) Fst/1°°ERT2:R0sa26°™" mice were generated for DT-mediated cell ablation (M). Shown is expression of UCP1 protein in iBAT (N). Rectal temperature was
determined during acute cold challenge (O). Body weight loss upon 6-h cold treatment was measured (P).

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t test (C, G, |, and P), two-way ANOVA (O), and Mantel-Cox test (D).
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Figure 7. FSTL1 cooperates with WNT signaling in iBAT development

(A) Expression heatmap of selected markers of thermogenesis and adipogenesis.

(B) Ingenuity pathway analysis (IPA) of pathways enriched in downregulated (top) and upregulated (bottom) genes in Myf5°’e;Fstl1ﬂ/” KO iBAT.

(C) Enrichment plots for B-catenin-regulated genes from the gene set enrichment analysis (GSEA).

(D and E) Interaction of wild-type (WT) and glycosylation-mutant (MT; N142/173/178Q) FSTL1 with WNT10B (D) or GPC3 (E) in HEK293 cells.

(F and G) tSNE plots showing co-expression of FSTL1 with WNT2 (F) and GPC3 (G) in rabbit iBAT SVF cells.

(H) iBAT SVF cells were differentiated in the absence or presence of XAV939. FSTL1 and UCP1 were blotted.

(I and J) Fsti1"" iBAT SVF cells were infected with a Cre adenovirus to induce Fst/7 gene deletion. WNT10B was overexpressed via lentiviral vectors. A
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) proliferation assay of undifferentiated cells at 72 h (I, n = 5) and gRT-PCR of adipogenic and
thermogenic genes of differentiated cells (J, n = 6) were performed.

(K) iBAT SVF cells were infected with lentiviral vectors expressing GFP or FSTL1, followed by treatment with DMSO or XAV939 during adipogenic induction. UCP1
protein was blotted and quantified.

(L) Schematic of the FSTL1-WNT interplay in brown adipocyte progenitor renewal and identity maintenance.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01 by two-way ANOVA (I and K) and unpaired Student'’s t test (J).

adipocytes in midlife to late life might have limited metabolic BAT involution is not unique to humans and has been
benefits; however, preventing/delaying BAT involution or regen-  observed in large mammals such as sheep, bovines, and rabbits
erating BAT via cell-based therapies may offer the potential to  (Derry et al., 1972; Gemmell et al., 1972; Casteilla et al., 1989;
combat metabolic diseases. Our study here is one of the first at-  Basse et al., 2015; Oelkrug et al., 2015). Studies with rodents
tempts to understand the nature and mechanisms of BAT have proposed several mechanisms for age-associated func-
involution. tional decline of brown and beige fat. Impairment of sympathetic
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input, altered endocrine control, and tissue inflammation during
aging contribute to thermogenic dysfunction (Graja et al., 2019;
Zoico et al., 2019). Adipocyte-intrinsic mechanisms include
reduced UCP1 expression and activity (Horan et al., 1988;
McDonald et al., 1988; Florez-Duquet et al., 1998), cellular
senescence (Berry et al., 2017), and mitochondrial lipoylation
(Tajima et al., 2019). However, it is unclear whether these deteri-
orations, which normally happen in late life, also play a part in
BAT involution during early life, particularly in larger animals,
including humans and rabbits.

Recent data suggest that brown adipocyte thermogenesis in
humans is driven by B2-AR stimulation (Blondin et al., 2020). In
rabbits, all BAR genes (ADRB1, ADRB2, and ADRB3) are ex-
pressed in iBAT, with ADRB3 showing the highest expression
and the most reduction during involution. In the SVF compart-
ment, ADRB2 expression is about 10-fold more than that of
ADRB1 and ADRB3, indicating that rabbit f2-AR signaling might
support progenitor function and brown adipogenesis, whereas
B3-AR signaling is more involved in mature adipocyte fate main-
tenance and BAT involution. Such selective utilization of BAR
signaling upon diverse environmental stimuli has also been
observed in mice (Jiang et al., 2017). Our observations of age-
dependent downregulation of BAR genes and upregulation of
«AR genes indicate that inactivation of Gs-coupled, pro-thermo-
genic signaling and activation of Gi-coupled, thermogenesis-in-
hibiting signaling would support BAT involution. Altered AR
expression patterns, combined with an increase in sympathetic
innervation, suggest that BAT involution in rabbits has intrinsic
causes. This conclusion is further supported by the following ob-
servations. (1) Rabbit SVF cells from involuted iBAT maintain the
impairment in brown adipogenesis when transplanted into the
dorsal region of young mice, an environment without age-related
BAT dysfunction. (2) Cold and BAR agonist treatments do not re-
cruit UCP1* brown adipocytes.

The contribution of adipocyte progenitors to BAT whitening has
been suggested by studies in mice. The turnover rate of brown ad-
ipocytes at room temperature and thermoneutrality is low but
evident (Moser et al., 2021). Although contributing minimally to
BAT recruitment during cold (Lee et al., 2015), brown adipose
progenitors are essential for adipocyte regeneration after tissue
damage (Sakaguchietal., 2017; Moser et al., 2021). Deleting tran-
scriptional regulators such as PRDM16, EBF2, and BCL2 only in
Myf5 progenitors but not mature adipocytes leads to white fat-
like morphology and severe thermogenic defects in adulthood
(Harms et al., 2014; Shapira et al., 2017; Kutyavin and Chawla,
2019), emphasizing the essentiality of progenitor competence in
maintaining BAT identify. Here, using Fst!1°*5F"2_mediated cell
ablation, we also showed that loss of brown adipocyte progenitors
can contribute to BAT dysfunction in young mice. Future experi-
ments are required to determine the quantitative role of adipocyte
progenitors in age-dependent BAT involution and dysfunction.

In contrast to humans and rabbits, mice have constitutively
high levels of FSTL1 expressed by brown adipocyte progenitors.
This can be a potential mechanism to support the life-long exis-
tence and activity of BAT in mice to cope with the high thermo-
genic demand. Recently, using whole-body heterozygous
Fst/7*/~ mice, we showed that FSTL1 is required for optimal
BAT recruitment during cold and after $3-adrenergic activation

¢ CellP’ress

(Fang et al., 2019). The thermogenic effect of FSTL1 cannot be
attributed to mature brown adipocytes because its expression
and secretion were downregulated during adipogenic differenti-
ation, and no changes in FSTL1 expression or BAT function were
observed in Ucp1°;Fsti1™" and Adipog®®;Fst!1™ KO mice.
Only deletion of FSTL1 in Myf5* cells diminished brown adipose
progenitors and caused iBAT paucity and thermogenic defects
in mice. FSTL1 is also expressed in WAT, at a level much lower
than BAT. It is transiently induced during adipogenic differentia-
tion of 3T3-L1 cells and then rapidly downregulated to back-
ground levels (Wu et al., 2010; Fang et al., 2019). Intriguingly,
knocking down Fstl1 or treatment with high levels of recombi-
nant FSTL1 interferes with 3T3-L1 differentiation (Prieto-
Echague et al., 2017). scRNA-seq data suggest FSTL1 as an
enriched factor for mesenchymal cells in various tissues (Tabula
Muris et al., 2018). We speculate that FSTL1 can potentially func-
tion to sustain the renewal and competence of diverse mesen-
chymal stem/progenitor cells.

FSTL1 is involved in multiple signaling pathways; in particular,
it inhibits bone morphogenetic protein (BMP) signaling by
competitively binding to BMP4 (Geng et al., 2011). BMP signaling
promotes commitment of mesenchymal stem cells into the adi-
pogenic lineage (Tang and Lane, 2012). It would be counterintu-
itive for FSTL1 in BAT to inhibit BMP signaling, which would
predict increased adipogenic commitment and differentiation in
Myf5°;:Fsti1™™ KO mice. Instead, bioinformatics analysis of
differentially expressed genes pointed to reduced WNT/B-cate-
nin activity, which has been shown extensively to promote the
proliferation and competence of progenitor cells (Prestwich and
Macdougald, 2007). FSTL1 physically interacts with WNT10B
in vitro and acts downstream of WNT10B to balance the prolifer-
ation and differentiation of SVF cells. Another common maker of
human and rabbit FSTL1"9" progenitors we identified in this
study is GPC3, which encodes a heparan sulfate proteoglycan
that binds to the outer surface of the plasma membrane (Filmus
et al., 2008) and facilitates interaction of WNTs with Frizzled re-
ceptors (Niehrs, 2012; Capurro et al., 2014). Itis tempting to spec-
ulate that brown adipocyte progenitors in mice self-sustain WNT
signaling to support their functional competence by establishing
a FSTL1/GPC3-dependent feedforward circuit (Figure 7M).

We propose that rabbits mimic the age-dependent process of
BAT involution observed in humans much more closely than
mice. Brown adipocyte progenitors in iBAT of humans, rabbits,
and mice highly express FSTL1. Age-dependent transcriptional
remodeling and identity switching of interscapular fat in rabbits
is associated with functional incompetence of adipocyte pro-
genitors and downregulation of FSTL1. Loss of FSTL1 in brown
adipocyte progenitors attenuates WNT signaling and drives
iBAT paucity in mice. Our data could potentially inform future
development of preventive and regenerative medicine in obesity
and comorbidities.

Limitations of the study

BAT involution is undoubtedly a multifactorial process involving
parenchymal adipocytes, sympathetic nerves, and resident im-
mune and other supporting cells. The current study primarily
investigated the contribution of adipocyte progenitor cells.
How the progressive restriction in progenitor competence
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cooperates with other mechanisms in BAT involution is un-
known. The ultimate fate of preexisting FSTL1"9" adipocyte pro-
genitors is also still unknown: do they become extinct or transdif-
ferentiate into FSTL7Me™mediate  nrogenitors? It is of high
importance to develop genetic rabbit models and perform fate-
mapping experiments to uncover these possibilities. BAT is
exceptionally heterogeneous in development, metabolism, and
function (Ruan, 2020), and it will not be surprising to find that
there are depot-specific determinants of BAT involution. We
will determine whether progenitor restriction and loss of FSTL1
are associated with the involution process of other BAT depots.
Although FSTL1 is essential for BAT development, and its loss
leads to BAT paucity in mice, restoration of FSTL1 expression
in involuted BAT progenitors is not sufficient to drive their differ-
entiation toward UCP1* brown adipocytes. Future efforts are de-
manded to identify potential master regulators that are capable
of reprogramming progenitor fate and rejuvenating aged BAT
for translational medicine.
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Antibodies

Anti-UCP1 (Dilution 1:5000 WB& 1:5000 IHC) Abcam Cat# ab209483; RRID:AB_2722676
Anti-UCP1 (Dilution1:500 IF for Human sample) Sigma Cat# U6382; RRID:AB_261838
Anti-Tubulin (Dilution 1:2000 WB) Proteintech Cat# 66031-1-1g; RRID:AB_11042766
Anti-FSTL1 (Dilution 1:500 WB) R&D Systems Cat# AF1738; RRID:AB_354962
Anti-Actin (Dilution 1:5000 WB) Sigma-Aldrich Cat# 5441; RRID:AB_476744

Anti-Perilipin (Dilution 1:1000 WB)
Anti-GAPDH (Dilution 1:2000 WB)
Anti-COX4 (Dilution 1:1000 WB)
Anti-B-Catenin (Dilution 1:1000 WB)
Anti-HA (2 ng IP)

Anti-HA (Dilution 1:1000 WB)

Anti-Myc (2 ng IP)

Anti-TH (Dilution 1:1000 WB)

Anti-CD31 (Dilution 1:100 IF)
Anti-Cleaved Caspase-3
Anti-CD45-BV421 (Dilution 1:100 FACS)
Anti-TER119-BV421 (Dilution 1:100 FACS)
Anti-CD31-BV421 (Dilution 1:100 FACS)
Anti-SFRP4 (Dilution 1:100 FACS)
Anti-VCAM1-PE (Dilution 1:100 FACS)

Anti-NRP1-PerCP-eFluor710 (Dilution 1:100
FACS)

Anti-PDGFRA-BV605 (Dilution 1:100 FACS)
Anti-Mouse IgG-HRP (Dilution 1:10000 WB)
Anti-Rabbit IgG-HRP (Dilution 1:10000 WB)
Anti-Goat IgG-HRP (Dilution 1:10000 WB)
Anti-Rabbit IgG-AF647 (Dilution 1:200 FACS)
Anti-Rabbit IgG-AF488 (Dilution 1:1000 IF)

Anti-Rabbit IgG-Dylight 488 (Dilution 1:1000 IF
for human sample)

Normal Rabbit IgG (2 nug IP)

Cell Signaling Technology
Bioworld

Proteintech

Cell Signaling Technology
Proteintech

Roche

Proteintech

Cell Signaling Technology
Bioworld

Cell Signaling Technology
BD Bioscience
BioLegend

BioLegend

Abcam

BioLegend

Thermo Fisher Scientific

BioLegend

Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
BioLegend

Thermo Fisher Scientific
Bioworld

Santa Cruz Biotechnology

Cat# 9349; RRID:AB_10829911

Cat# MB001; RRID:AB_2857326

Cat# 11242-1-AP; RRID:AB_2085278
Cat# 8480; RRID:AB_11127855

Cat# 51064-2-AP; RRID:AB_11042321
Cat# 11583816001; RRID:AB_514505
Cat# 16286-1-AP; RRID:AB_11182162
Cat# 13106; RRID:AB_2798122

Cat# BS1574; RRID:AB_1663692
Cat# 9661S; RRID:AB_2341188

Cat# 564279; RRID:AB_2651134

Cat# 116234; AB_2562917

Cat# 102424; RRID:AB_2650892

Cat# ab154167

Cat# 105713; RRID:AB_1134164

Cat# 46-3041-80; RRID:AB_2573740

Cat# 135916; RRID:AB_2721548
Cat# 7076; RRID:AB_330924
Cat# 7074; RRID:AB_2099233
Cat# SC2020; RRID:AB_631728
Cat# 406414; AB_2563202

Cat# R37118; RRID:AB_2556546
Cat# BS10017

Cat# SC-2027; RRID:AB_737197

Bacterial and virus strains

Adenovirus-EGFP
Adenovirus-Cre

Ruan et al., 2012
Ruan et al., 2012

N/A
N/A

Chemicals, peptides, and recombinant proteins

DMEM

DMEM/F12

Adipocyte Medium

FBS

PBS

HBSS

HEPAS

Penicillin-Streptomycin (Pen-Strep)
70um Filter

Corning

Corning

Sciencell

GenClone

Corning

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Fisher Brand

Cat#10-017-CV
Cat#10-090-CV
Cat#7201
Cat#25-514
Cat#20-040-CV
Cat#14175-095
Cat#15630-080
Cat#15140122
Cat#22363548

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Collagenase | (for mouse and rabbit samples) Worthington Cat#L.S004196
Collagenase | (for human sample) Diomond Cat#A004194
Liver Digest Medium Thermo Fisher Scientific Cat# 17703-034
40um Filter Fisher Brand Cat#22363549
ACK Buffer (for mouse and rabbit sample) Quality Biological Cat#118-156-101
ACK Buffer (For human sample) Sangon Biotech Cat#B541001
Ciprofloxacin HCI Sigma-Aldrich Cat#PHR1044
Blasticidin InvivoGen Cat#ant-bl
Primocin InvivoGen Cat#ant-pm-1
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5- Sigma-Aldrich Cat#M2128

Diphenyltetrazolium Bromide)
PEI Max

Insulin (Novolin R®)

T3 (3,3',5-Triiodo-L-thyronine sodium salt)
IBMX (3-Isobutyl-1-methylxanthine)
Rosiglitazone
Dexamethasone
Indomethacin

Biotin

Transferrin

D-Pantothenic Acid

Primocin
2-Deoxy-D-Glucose (2-DG)
Mirabegron

CL316,243

Basal DMEM

GlutaMax™

Fatty acid-free BAS
Oligomycin

Antimycin

Norepinephrine

TRIzol

Matrigel

Isoflurane

DMSO

KolliphorEL

Protein A/G

Formalin solution

VECTASHIELD® Antifade Mounting Medium
with DAPI

Target Retrieval Solution, Citrate pH 6.1

Polysciences

Novo Nordisk
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

RPI

InvivoGen
Sigma-Aldrich

XA BC-Biotech

Tocris

Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Coring

Piramal

Sigma-Aldrich
Sigma-Aldrich

Santa Cruz Biotechnology
Sigma-Aldrich

Vector

Agilent

Cat# 24765-1
Cat# 0169-1833-11
Cat#T6397
Cat#15879
Cat#R2408
Cat#D4902
Cat#17378
Cat# B4639
Cat# T8158
Cat#P55650
Cat#ant-pm-1
Cat#D6134
N/A

Cat#1499
Cat#D5030
Cat#13462629
Cat#A3803
Cat#04876
Cat#A8674
Cat#A9512
Cat# 15596026
Cat#356237
Cat#66704-013-025
Cat#D4540
Cat#C5135
Cat#SC-2027
Cat#HT501128
Cat#H-1200

Cat#51699

Critical commercial assays

Dead cell removal kit

Fixable Viability Dye eFluor™ 780
PureLink™ RNA Mini Kit

iScript™ cDNA Synthesis Kit

iTag™ Universal SYBR® Green Supermix
Histostain®-Plus 3rd Gen IHC Detection Kit

Miltenyi Biotec
eBioscience

Thermo Fisher Scientific
Bio-Rad

Bio-Rad

Thermo Fisher Scientific

Cat#130-090-101
65-0865-14
Cat#12183018A
Cat#1708891
Cat#172-5125
Cat#85-9073
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Deposited data
RNA-seq of iBAT from Myf5-Fslt1 KO mice This paper GSE148888
Bluk and scRNA-seq of rabbit BAT This paper GSE148891
Experimental models: Cell lines
hTERT A41hBAT-SVF ATCC CRL-3385
hTERT A41hWAT-SVF ATCC CRL-3386
Human fetal BAT SVF Xue et al., 2015 N/A
Mouse iBAT SVF This paper N/A
Rabbit iBAT SVF This paper N/A
293FT Thermo Fisher Scientific Cat#R70007
Experimental models: Organisms/strains
Fst/1"™: B6-Fstl1™4*/Nju National Resource Center for Stock No: B000172
Mutant Mice of China
Ucp1-Cre: B6.FVB-Tg(Ucp1-cre)1Evdr/J The Jackson Laboratory Stock No: 024670
Myf5-Cre: B6.129S4-Myfstm3creiSer/ The Jackson Laboratory Stock No: 007893
Adipog-Cre: B6;FVB-Tg(Adipog-cre)1Evdr/J The Jackson Laboratory Stock No: 010803
HSA-Cre: B6.Cg-Tg(ACTA1-cre)79Jme/J The Jackson Laboratory Stock No: 006149
Fst/1-CreER: B6N;129-Fstl1t™1(CreERT2)N\jy National Resource Center for N/A
Mutant Mice of China
Rosa26-mTmG: B6.129(Cg)-Gt(ROSA) The Jackson Laboratory Stock No: 007676
26Sortm4(ACTB-tdTomato,-EGFP)Luo/J
Rosa26-DTR:C57BL/6-Gt(ROSA) The Jackson Laboratory Stock No: 007900
26Sortm1(HBEGF)Awai/J
NCG: NOD-Prkdc®m26C482)|2gem26Cd22)Njj Cy| Charles River 572
New Zealand White Rabbits Bakkom Rabbitry N/A
Oligonucleotides
Table S11 This paper N/A
Recombinant DNA
Plasmid: pLenti-SV40T-P2a-Blasticidin This paper N/A
Plasmid: pLXSN2-Wnt10b-HA (NM_011718.2) Kang et al., 2005 N/A
Plasmid: pLVX-FSTL1-Myc WT(NM_008047.5) This paper N/A
Plasmid: pLVX-FSTL1-Myc This paper N/A
MT(N142Q;N173Q;N178Q)
Plasmid: pSPAX2 Addgene #12260
Plasmid: pMD2G Addgene #12259
Plasmid: pLVX-Dsred-MonoN1 Clontech Cat#632152
Plasmid: pLVX-Wnt10b (NM_011718.2) This paper N/A
Software and algorithms
FLIR Tools 5.13 https://www.flir.com/products/flir-tools/
Excel v16.16.21 https://www.microsoft.com
Graphpad v7.0 https://www.graphpad.com
FlowJo v10 https://www.flowjo.com
SOAPNnuke v1.5.2 https://github.com/BGl-flexlab/SOAPnuke
HISAT2 v2.0.4 http://daehwankimlab.github.io/hisat2/
Bowtie2 v2.2.5 http://bowtie-bio.sourceforge.net/bowtie2
RSEM v1.2.12 http://deweylab.biostat.wisc.edu/RSEM
DEseq2 v1.26.0 https://bioconductor.org/packages/release/
bioc/html/DESeq2.html
Cell Ranger Single Cell Software Suite v3.1.0 https://www.10xgenomics.com
Seurat v3.1.5 https://satijalab.org/seurat/
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RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources can be directed to the lead contact, Hai-Bin Ruan (hruan@umn.edu).

Materials availability
Plasmids generated in this study are available upon request.

Data and code availability
RNA-seq data reported in this paper have been deposited in the Gene Expression Omnibus with the accession numbers GEO:
GSE148888 and GEO: GSE148891. Original western blot images and microscopy data reported in this paper will be shared by
the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal experiments were approved by the institutional animal care and use committee of the University of Minnesota. All the mice
group-housed in light/dark cycle- (6am-8 pm light), temperature- (21.5 + 1.5°C), and humidity-controlled (30-70%) room, and free to
access water and regular chow (Teklad #2018) unless otherwise indicated. All mice were maintained on a C57BL6 background.
Fst/1"" mice (#B000172) were a kind gift from Dr. Xu Zhang. Fst/1-CreER were a kind gift from Dr. Wen Ning. UCP1-Cre
(#024670), Myf5-Cre (#007893), HAS-Cre (#006149), Adipog-Cre (#010803), Rosa26-mTmG(#007676), and Rosa26-DTR(#007900)
were purchased from the Jackson laboratory. For UCP1°™:Fstl1, Adipog©™:Fsti1, HSAC™:Fstl1 animals, female Fst/1"" mice were
bred with male Fst/1"":Cre mice to get age- and sex-matched pairs for experiments. For Myf5°:Fst/1 animals, Fst/1"" females
were inbreeded with Fst/1"*:Myf5-Cre males. CreERT2 expression was induced by feeding mice with tamoxifen food (Envigo
TD.130860) for 1 week. Both male and female mice were used in the study. If not specified, mixed-sex animals were used.

Male and female 6-week and 12-week old New Zealand White rabbits were purchased from Bakkom Rabbitry and individually
housed in atemperature- (19 + 1°C) and humidity-controlled (30-70%) room with ad libitum access to food (Envigo, #2031) and water.
To obtain newborn and 3-week-old rabbit kids (mixed sexes), pregnant does were purchased and individually housed as indicated
above, fed with a different food (Envigo, #2030).

Human subjects

Human interscapular BAT tissue was obtained at Nanjing Maternity and Child Health Care Hospital (Nanjing, China) from an induction
aborted fetus with congenital heart disease at the gestational age of 24 weeks. Written informed consent was signed by parents. This
study was approved by the Medical Ethics Committee of Nanjing Maternity and Child Health Care Hospital (Permit number: [2019]
KY-081) and complied with the Population and Family Planning Law of China.

METHOD DETAILS

Human cell culture

Human hTERT A41hBAT-SVF and hTERT A41hWAT-SVF cells were maintained in DMEM containing 10% FBS and 1% Pen-Strep.
Primary human fetal iBAT SVF cells were maintained in Adipocyte Medium and experiments were on cells with less than 5 passages.
HEK 293FT cells were maintained in DMEM containing 10% FBS and 1% Pen-Strep.

Mouse SVF isolation, culture, immortalization, and differentiation
iBAT depots from six 1-month-old mice were collected, pooled and minced in 10 mL of digestion buffer (DMEM/F12 with 1 mg/mL
Collagenase |, 1% FBS, 1% HEPES, and 1% Pen-Strep). After shaking in 37°C at 100 rpm for 45 min, digested tissues were filtered
thought 70-um strainers and centrifuged at 1500 rpm for 3 min. The pellets were resuspended in ACK buffer and put onice for 5 min to
remove red blood cells. The ACK buffer was neutralized with 5 mL of DMEM/F12 plus 10% FBS and removed after a 1500 rpm centri-
fugation for 3 min. SVF cells were seeded in a 60-mm dish with DMEM/F12 containing 20% FBS, 1% Pen-Strep, and 10 ng/mL
Ciprofloxacin. After 12 h, adherent SVF cells were infected with lentivirus expressing CMV-SV40T-P2a-Blasticidin. When confluent,
infected SVF cells were passed into a 10-cm dish, cultured with DMEM/F12 (10% FBS, 1% Pen-Strep, 10 ng/mL Blasticidin), and
labeled as passage 1 (P1). After an additional subculture, the immortalized P2 SVF cells were harvested into 10 cryogenic vials
from a 15-cm dish for cryopreservation in liquid nitrogen. Cells with less than 5 passages were used.

For adipogenic differentiation, confluent cells were induced with DMEM/F12 containing 10% FBS, 1x Pen-Strep, 20 nM insulin,
1nM T3, 0.5 mM IBMX, 5 uM dexamethasone, and 125 uM indomethacin. Two days later, cells were maintained in DMEM/F12 con-
taining 10 %FBS, 1x Pen-Strep, 20 nM insulin, and 1 nM T3. Medium was changed every other day until lipid droplets appeared.
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Rabbit SVF isolation, culture, and differentiation
Rabbit BAT SVF cells were isolated following the aforementioned mouse protocol, without immortalization and Pen-Strep was
changed to Primocin. For “brown” adipogenic differentiation, cells were cultured in DMEM/F12 with 10% FBS and 1X Primocin until
confluent, induced with DMEM/F12 containing 2% FBS, 1X Primocin, 3.5 ug/mL insulin, 1 nM T3, 0.5 mM IBMX, 5 uM dexametha-
sone, 125 uM indomethacin, 33 uM biotin, 10 ug/mL transferrin, 17 uM pantothenate, 1 uM rosiglitazone, 50 uM 2-DG. The medium
was changed once 2 days later. Afterward, cells were maintained in DMEM/F12 with 2% FBS, 1X Primocin, 3.5 pg/mL insulin, 1 nM
T3, 1 uM rosiglitazone, changed every other day until lipid droplets appeared.

For “white” adipogenic differentiation, SVF cells were induced with DMEM/F12 containing 2% FBS, 1X Primocin, 3.5 pg/mL insu-
lin, 0.5 mM IBMX, 5 uM dexamethasone, 33 uM biotin, 10 ng/mL transferrin, 17 uM pantothenate, 50 uM 2-DG for 4 days, and then
changed into DMEM/F12 with 2% FBS, 1X Primocin, 3.5 ng/mL insulin for another 4 days. All medium was changed every 48 h.

Seahorse respirometry

Oxygen consumption rate (OCR) was measured using the Seahorse XFe96 Analyzer (Agilent) on day 8 of differentiation. One hour prior
to respirometry, media was replaced with basal DMEM (Sigma Aldrich D5030) supplemented with 5 mM glucose, 2 mM GlutaMax TM
(Fisher Scientific 13462629) and 2% fatty acid-free BSA (Sigma Aldrich A3803), and cells were incubated at 37°C in a non-CO2 incu-
bator. NE (final concentration 2 uM) was injected to stimulate brown adipocytes. ATP-linked respiration and uncoupling were deter-
mined by injecting Oligomycin (final concentration 5 uM) and Antimycin A (final concentration 5 uM) respectively. Basal mitochondrial
respiration in stimulated cells was determined by subtracting the non-mitochondrial respiration from NE-induced OCR. Raw data were
normalized by in situ nuclear staining (Hoechst 33342, final concentration 10 uM) and in situ cell counting using Seahorse XF Imaging
and Normalization system (Agilent). Normalized data were used for calculations.

Matrigel implantation

Rabbit SVF cells were cultured in DMEM/F12 with 10% FBS and 1X Primocin until being confluent. Cells were then washed with PBS
and detached with trypsin-EDTA at 37°C for 5 min. After neutralized with culture medium, 107 cells were pelleted at 300 g for 3 min,
resuspended in 1 mL of Matrigel, kept on ice, and injected subcutaneously into the back of a 6-week-old NCG mouse with an insulin
syringe. Slowly retrieve the needle during injection to obtain a flat implantation.

B3 adrenergic receptor agonism

Mirabegron stock was prepared in DMSO at 175 mg/mL. 900 uL mirabegron stock was further dissolved in 44.1 mL of 5% Kolliphor
EL solution and filtered through a 0.22-um filter. Rabbits received daily intraperitoneal injections at 3.5 mg/kg body weight for
14 days.

Glucose and insulin tolerant tests

For glucose tolerance test, 16 h-fasted mice were intraperitoneally injected with glucose (20% in saline, 1.5 g/kg body weight). Blood
glucose from tail-vein blood collected at the designated times was measured using a Bayer Contour Glucometer. For insulin tolerant
test, mice were fasted for 6 h, and blood glucose was recorded after Insulin (100 1U/uL, 0.75 IU/kg body weight) was injected
intraperitoneally.

Body temperature

To measure skin temperature of mice, pups were separated from dams, briefly placed in a 30°C incubator, followed by the mild cold
challenge at 22°C for 3 h. Pictures were taken with a FLIR-C2 thermal camera and peri-scapular skin temperature was measured with
the FLIR tool. To measure rectal temperature during cold challenge, individually housed mice were placed in their home cages at 4°C,
with free access to food and water. A fully lubricated rectal probe (Physitemp) was used to record core body temperature at indicated
time points.

Histology

Adipose tissues were fixed in formalin solution at 4°C for 24 h. Tissue embedding, sectioning, and hematoxylin and eosin staining
were performed at the Comparative Pathology Shared Resource of the University of Minnesota. For immunostaining, antigen
retrieval was performed in Citric buffer using a 2100 Retriever (Aptum Biologics). After incubation with blocking buffer (3% BSA
in PBS) for 1 h, sections were immersed with primary antibody in blocking buffer overnight at 4°C. For immunohistochemistry,
slides were rinsed with PSB for 3 times, then labeled with Histostain®-Plus 3rd Gen IHC Detection Kit next day. For immunoflu-
orescence, PBS-washed slides were incubated with an fluorescent secondary antibody at room temperature for 1 h, and then
mounted with VECTASHIELD® Antifade Mounting Medium with DAPI after three times of PBS wash. A Nikon system was used
for imaging.

Real-time RT-PCR

RNA was isolated with Trizol and reverse transcribed into cDNA with the iScript™ cDNA Synthesis Kit. Real-time RT-PCR was per-
formed using iTag™ Universal SYBR® Green Supermix and gene-specific primers on a Bio-Rad C1000 Thermal Cycler.
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MTT assay

1000 cells were initially seeded into one well on a 96-well plate with 100 uL DMEM/F12 plus 2% FBS and MTT assays were performed
atindicated time points. Briefly, 10 uL of MTT (5 pg/uL) was added into each well. After incubation at 37°C for 3 h, liquid was removed,
and 100 pL DMSO was added to dissolve the MTT formazan. The absorbance was read at 590 nm.

Lentivirus packaging

HEK 293FT cells were seeded into 60-mm dishes a night before the experiment to get 70% confluence at transfection. For a 60-mm
dish, the culture medium was replaced with 4 mL of fresh DMEM containing 2% FBS 1 h before transfection. 2 pg transfer plasmid,
1.5 ng pSPAX2, 0.5 ng pMD2G were mixed with 16 pL PEI Max solution (1 mg/mL) in 0.5 mL of 0.9% NaCl and set in room temper-
ature for 20 min to form the transfection complex. After being incubated with cells for 6 h, the transfection complex was replaced with
5 mL DMEM plus 10% FBS. The medium containing lentivirus was collected every 24 h for 3 days, filtered thought a 0.45-um PVDF
filter, and kept at —80°C until use.

Co-immunoprecipitation

293FT cells cultured in 6-mm dishes were transfected with 2 pg pLXSN2-WNT10b-HA and 2 pg pLVX-FSTL1-Myc (WT or MT). 48 h
later, protein was extracted with 1400 pL NP-40 lysis buffer. 2 png antibody (Myc, HA, or Normal rabbit IgG) and 15 uL Protein A/G
beads were added into 400 pL protein lysate and incubated overnight at 4°C. Protein A/G beads were washed with TBS for 3 times,
boiled with 2x Laemmli buffer, and subjected to Western blotting.

Flow cytometry

SVF cells from mouse iBAT were isolated as described above. Each iBAT depot was lysed with 3 mL Collagenase | buffer in individual
tubes and fileted with a 40-um filter. SVF cells were stained with primary antibody at 1:100 dilution on ice for 30 min. For SFRP4, SVF
cells were then stained with an anti-rabbit IgG-AF647 secondary antibody (1:200 dilution) for another 30 min. Fixable Viability Dye was
used to exclude dead cells as instructed by the manufacturer. Flow cytometry was performed on an LSR Fortessa HO081 or X20 and
analyzed with FlowdJo.

Bulk RNA-seq and longitudinal analyses

RNA of total BAT depots or SVF cells from rabbits or mice was isolated with PureLin RNA Mini Kit, following the manufacturer’s
instruction. RNA quality was determined by an Agilent 2100 Bioanalyzer. Library was prepared at BGl and sequencing was performed
using the BGISEQ-500 platform. Reads were filtered with SOAPnuke and mapped to genome with HISAT2. Clean reads were map-
ped to the mm10 reference with Bowtie2 and gene expression levels were determined with RSEM. Differentially expressed genes
were detected using DEseq?2 with the following parameters: fold change >=2.00 and adjusted p-value <= 0.05. The longitudinal anal-
ysis was implemented using the log10-transformed FPKM (Fragments Per Kilobase Million) and considering Tukey’s method with null
hypotheses for each longitudinal pattern. For example, if simultaneous hypothesis testing of two null hypotheses “D1-W3 > 0” and
“W3 - W6 > 0” are rejected, they are determined as the genes with “continued up-regulation” (D1 < W3 < W6). Candidate gene
prioritization and pathway analysis were performed using the online ToppGene Suite.

kTM

Rabbit SVF scRNA-seq and analyses

Rabbit iBAT depots were dissected at indicated ages and minced with sharp scissors in Liver Digest Medium (Thermo Fisher, 2 mL/g
tissue). After shaking in 37°C at 100 rpm for 30 min, the digestion mix was centrifuged at 300 rpm for 10 min at 4°C. The pellet was
resuspended in 5 mL ACK buffer and placed on ice for 5 min. After being neutralized with 5 mL of DMEM/F12 plus 10% FBS, SVF cells
were filtered thought a 40-um strainer, and pelleted by centrifugation at 300 rpm for 10 min at 4°C. SVF cells were then treated with a
Dead cell removal kit (Miltenyi Biotec) and immediately subjected to single-cell library preparing with the 10X Genomics platform and
a Chromium Single Cell 5’ Reagent Kit at the University of Minnesota Genomics Center. Sequencing of the library (paired-end 100 bp)
was performed on an lllumina NovaSeq 6000 instrument. The raw data were processed using the 10x Genomics Cell Ranger package
(version 3.0.1). The rabbit transcriptome was generated by filtering genome assembly (Oryctolagus_cuniculus.OryCun2.0.dna.tople-
vel.fa) for protein-coding genes defined in GTF file (Oryctolagus_cuniculus.OryCun2.0.94.gtf).

Seurat (v3.1.5) on RStudio were used to merge SVF cells from rabbits of different age, to filter cells with >1000 detected genes
and < 5% of genes mapped to mitochondria; to normalize data with the SCTransform function to regress out variables including mito-
chondrial mapping percentage, ribosomal mapping percentage and sample batches; and to cluster cells (dims = 1:30, resolution =
0.2). UMAP and tSNE were then used for two-dimensional visualization of the resulting cluster. Marker genes were identified using the
FindAllMarkers function (only.pos = TRUE, min.pct = 0.25, logfc.threshold = 0.25). Violin plots, dot plots, heatmaps, and individual
tSNE and UMAP plots for the given genes were generated by using the VInPlot, DotPlot, DoHeatmap, and FeaturePlot functions,
respectively. To visualize co-expression of two features simultaneously, FeaturePlot with blend was used (blend = TRUE, blend.-
threshold = 0, order = TRUE, min.cutoff = "gq10”, max.cutoff = "q90”). Integration analyses with Seurat were performed for
12-week and Mirabegron-treated SVF cells. For pseudotime analysis, stromal cell clusters were filtered and converted to a
CellDataSet in Monocle 3. A trajectory was built and pseudotime was computed by set DLK1MI"WNT2"S" progenitors as the root.
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Human SVF scRNA-seq and analyses

Human fetal iBAT was digested with Collagenase | buffer (2 mL/g tissue). Collagenase | buffer was freshly prepared (44.5 mL DMEM/
F12, 2 mL of 20 mg/mL collagenase | in HBSS, 500 uL HEPES, 500 pL FBS, 500 uL Pen-Strep, and sterilized with a 0.22-pm filter).
After minced into 1 mm? pieces, tissue was shaken at 37°C at 150 rpm for 45 min and then centrifuged at 1500 rpm for 3 min. The
pellet was suspended in 5 mL ACK buffer and incubated on ice for 5 min to remove red blood cells. 10 mL of DMEM/F12 with 10%
FBS was added to neutralize the ACK buffer. Cells were then filtered thought a 40-um strainer, followed by centrifugation at 1500 rpm
for 3 min. The pellet was resuspended in FBS with 10% DMSO, aliquoted into 1 mL per tube, frozen in a Mr. Frosty Freezing Container
(Thermo Fisher Scientific) at —80°C. and then shipped to BGI on dry ice. Upon receiving, the SVF cells were rapidly resuscitated in
37°C water bath. After sorting with Dead cell removal kit (Miltenyi Biotec), live SVF cells were used for library construction using the
Chromium Controller and Chromium Single Cell 3' Reagent Kit (10X Genomics). The library was sequenced using an BGISEQ-500
instrument.

FASTQ reads were processed and converted to digital gene expression matrices after mapping to the mm10 reference genome
using the Cell Ranger Single Cell Software Suite (v3.1.0). Seurat (v3.1.5) was used to trim dataset (nFeature_RNA >200, nFeatur-
e_RNA <6380, percent.mt < 5), normalize data (LogNormalize). Highly variable genes were used for principal component analysis,
followed by clustering in PCA space using a graph-based clustering approach (dims = 1:10, resolution = 0.5). UMAP and tSNE
were then used for two-dimensional visualization of the resulting cluster. Marker genes were identified using the FindAlIMarkers func-
tion (only.pos = TRUE, min.pct = 0.25, logfc.threshold = 0.25).

QUANTIFICATION AND STATISTICAL ANALYSIS
Results are shown as mean + SEM. N values and statistical analysis methods are described in figure legends. The statistical com-

parisons were carried out using two-tailed unpaired Student’s t test and one-way or two-way ANOVA with indicated post hoc tests
with Prism 7 (Graphpad). Differences were considered significant when p < 0.05. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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