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SUMMARY
In mammals, white adipose tissues are largely divided into visceral epididymal adipose tissue (EAT) and sub-
cutaneous inguinal adipose tissue (IAT) with distinct metabolic properties. Although emerging evidence sug-
gests that subpopulations of adipose stem cells (ASCs) would be important to explain fat depot differences,
ASCs of two fat depots have not been comparatively investigated. Here, we characterized heterogeneous
ASCs and examined the effects of intrinsic and tissue micro-environmental factors on distinct ASC features.
We demonstrated that ASC subpopulations in EAT and IAT exhibited different molecular features with three
adipogenic stages. ASC transplantation experiments revealed that intrinsic ASC features primarily deter-
mined their adipogenic potential. Upon obesogenic stimuli, EAT-specific SDC1+ ASCs promoted fibrotic re-
modeling, whereas IAT-specific CXCL14+ ASCs suppressed macrophage infiltration. Moreover, IAT-specific
BST2high ASCs exhibited a high potential to become beige adipocytes. Collectively, our data broaden the un-
derstanding of ASCs with new insights into the origin of white fat depot differences.
INTRODUCTION

Adipose tissues store excess energy and secrete various adipo-

kines and lipid metabolites to regulate systemic energy homeo-

stasis (Chouchani and Kajimura, 2019; Rosen and Spiegelman,

2014). In mammals, adipose tissues are largely divided into white

adipose tissue (WAT), which is specialized in energy storage,

and brown adipose tissue (BAT), which produces heat to main-

tain body temperature. WATs are anatomically categorized into

two major fat depots, visceral adipose tissue and subcutaneous

adipose tissue. It has been well established that epididymal ad-

ipose tissue (EAT) and inguinal adipose tissue (IAT) are represen-

tative models of visceral and subcutaneous adipose tissues,

respectively, in mice.

EAT and IAT differ in their developmental origin, anatomical

location, and response to metabolic stimuli (Hwang and Kim,

2019; Tchkonia et al., 2013). EAT arises postnatally from

Wt1+ and Pax3+ lineages, whereas IAT arises embryonically

from the Prrx1+ lineage (Sanchez-Gurmaches et al., 2016).

EAT interacts with intra-abdominal organs, such as the gut,
458 Cell Metabolism 34, 458–472, March 1, 2022 ª 2021 Elsevier Inc
whereas IAT protects the body from physical stress and cold

environments (Gesta et al., 2007; Tchkonia et al., 2013).

Furthermore, EAT and IAT exhibit different features in response

to metabolic stimuli. At the onset of obesity, EAT expands

rapidly by an increasing adipocyte size (hypertrophy) and de

novo adipogenesis (hyperplasia), whereas IAT expansion

mainly depends on adipocyte hypertrophy (Jeffery et al.,

2015; Wang et al., 2013). During periods of prolonged energy

surplus states such as obesity, EAT exhibits fibrosis and low-

grade chronic inflammation, whereas these phenomena are

not largely manifested in IAT (Choe et al., 2016; Hill et al.,

2018; Lee and Olefsky, 2021; Reilly and Saltiel, 2017; Saltiel

and Olefsky, 2017; Sun et al., 2011). Moreover, upon exposure

to cold stimuli, thermogenic beige adipocytes are produced in

IAT, but not in EAT (Wang et al., 2013).

Accumulating evidence suggests that distinct properties of

adipose stem cells (ASCs) would mediate different characteris-

tics of EAT and IAT. For instance, studies using adipocytes

derived from EAT or IAT ASCs have shown that these cells func-

tionally differ in lipolysis, adipogenic potential, and thermogenic
.
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activity (Macotela et al., 2012; Wu et al., 2012). In obesity,

ASC proliferation and de novo adipogenesis are enhanced spe-

cifically in EAT (Jeffery et al., 2015; Wang et al., 2013). Upon cold

exposure, CD81-expressing ASCs in IAT can differentiate into

thermogenic beige adipocytes (Oguri et al., 2020). Furthermore,

it has been reported that ASCs in IAT actively repress monocyte

infiltration via secreted molecules, thereby inhibiting inflamma-

tory responses in IAT (Hwang et al., 2019).

Recently developed single-cell RNA sequencing (scRNA-seq)

analysis could deconstruct heterogeneous subpopulations,

suggest cell-type-specific molecular markers, and identify po-

tential differentiation trajectories (Choi and Kim, 2019; Kolod-

ziejczyk et al., 2015; Stuart et al., 2019). With scRNA-seq anal-

ysis, adipogenic hierarchy and several surface markers to

deconstruct ASC heterogeneity in a single fat depot have

been reported (Burl et al., 2018; Ferrero et al., 2020; Gu

et al., 2019; Hepler et al., 2018; Merrick et al., 2019; Oguri

et al., 2020; Rajbhandari et al., 2019; Sárvári et al., 2021;

Schwalie et al., 2018; Tabula Muris Consortium et al., 2018; Vi-

jay et al., 2020). Nonetheless, as ASC clusters in EAT and IAT

have not been comparatively explored in a side-by-side

manner, depot-specific ASC clusters that could exhibit different

features of the two fat depots are largely unknown. In addition,

although there are remarkable differences in fat depots in

obesity, fat depot-selective responses of ASCs to obesogenic

stimuli have not been examined at a single-cell resolution.

Moreover, it has not yet been thoroughly examined whether

intrinsic features of ASC clusters or tissue micro-environmental

factors would directly affect the adipogenic potential of EAT

and IAT.

In this study, we employed scRNA-seq to comparatively char-

acterize heterogeneous ASCs in EAT and IAT from lean and

obese mice. We identified fat depot-specific ASC clusters that

are important for regulation of white and beige adipocyte biogen-

esis. In addition, we investigated how obesogenic stimuli affect

ASC characteristics and identified crucial ASC subpopulations

that regulate depot-selective adipose tissue remodeling,

including de novo adipogenesis, fibrosis, and inflammation in

diet-induced obesity. Further, we examined whether intrinsic or

tissue micro-environmental factors would drive the distinct fea-

tures of fat depot-specific ASC clusters using ASC transplanta-

tion and lymph node (LN) dissection experiments. Collectively,

our data provide a comprehensive map of ASC clusters in EAT

and IAT and suggest the role of each ASC cluster to decipher

distinct features of EAT and IAT upon exposure to metabolic

stimuli.

RESULTS

In EAT and IAT, ASC clusters exhibit different molecular
properties and comprise three adipogenic stages
To characterize ASCs in two white fat depots, Lin� (CD31�/
CD45�) stromal vascular fractions (SVFs) from normal chow

diet (NCD)-fed mice were subjected to scRNA-seq analysis.

Msln+ mesothelial cells were removed from the downstream

analysis to focus ASCs (STAR Methods). Unsupervised clus-

tering analysis of 11,225 quality control-positive cells revealed

ASCs from NCD mice were divided into four ASC clusters in

EAT (EN1–EN4, N denotes NCD) and seven ASC clusters in IAT
(IN1–IN7) (Figure 1A). It is likely that molecular features of ASC

clusters in EAT and IAT were distinct, partly, due to fat depot-

specific genes such as Wt1 and Col6a5 in EAT, and Tbx5 and

Prrx1 in IAT (Figure 1B).

As ASCs are a heterogeneous population of cells with different

adipogenic potentials (Berry and Rodeheffer, 2013; Cristancho

and Lazar, 2011; Hu et al., 2019; Merrick et al., 2019; Rodeheffer

et al., 2008), we inferred differentiation trajectories of the ASC

clusters using Palantir (Setty et al., 2019). As shown in Figures

1C and 1D, EAT ASC clusters were largely divided into three

stages: stage 1 (S1) multipotent ASCs in EAT expressing

BMPs (ES1: cluster EN1); stage 2 (S2) early committed preadipo-

cytes in EAT highly expressing early adipogenic markers, such

as Cebpd (ES2: clusters EN2–EN3); and stage 3 (S3) late

committed preadipocytes in EAT expressing late adipogenic

markers, such as Fabp4 (ES3: cluster EN4). Similarly, IAT ASC

clusters were grouped into three stages: IS1 (clusters IN1–IN4),

IS2 (cluster IN5), and IS3 (clusters IN6–IN7) ASCs (Figures 1C,

1D, and S1A). A relatively small portion of smooth muscle cells,

which are also able to contribute to adipocyte differentiation (An-

gueira et al., 2021; Shamsi et al., 2021; Tang et al., 2008), were

found in EN4 and IN7 clusters (Figure S1B). To affirm the in silico

adipogenic hierarchy of ASC stages, we decided to isolate and

characterize ASCs in EAT and IAT by fluorescence-activated

cell sorting (FACS). Among several surface markers, DPP4 was

highly expressed in S1 andS2ASCs, and ICAM1was abundantly

expressed in S2 and S3 ASCs in EAT and IAT (Figures 1E, S1C,

and S1D). Sorted DPP4+, DPP4+/ICAM1+, and ICAM1+ ASCs

from the two fat depots expressed S1, S2, and S3 markers (Fig-

ures 1F, S1E, and S1F), respectively, validating that DPP4 and

ICAM1 seemed to be suitable markers for the isolation of S1,

S2, and S3 ASCs. As expected, the extents of lipid droplet for-

mation and adipocyte marker gene expression were higher in

ES2 and ES3 ASCs than in ES1 ASCs cultured with adipogenic

cocktails, whereas cell proliferation activity and osteogenic po-

tential were higher in ES1 ASCs (Figures 1G and S1G–S1J). Simi-

larly, IS1, IS2, and IS3 ASCs exhibited different adipogenic and

osteogenic potentials (Figures 1G and S1K–S1N). Nonetheless,

the gene expression profiles of the clusters comprising EAT

and IAT ASCs of the three adipogenic stages were significantly

different (Figure 1B), implying that the EAT and IAT ASCs in the

different subpopulations may have different biological features.

One of the notable differences between EAT and IAT was that

de novo adipogenesis was more active in EAT than in IAT in lean

mice (Figures 1H and 1I). In addition, the percentage of

committed preadipocytes in EAT (ES2 and ES3) was significantly

higher than that in IAT (IS2 and IS3) (Figures 1F and S1O). Thus,

we hypothesized that the proportion of committed preadipo-

cytes (S2 and S3) in ASCs might be positively correlated with

de novo adipogenesis. To address this, we examined pups

and adult female mice, which have a highly enhanced capacity

of de novo adipogenesis compared to adult male mice (Jeffery

et al., 2016; Merrick et al., 2019). The proportions of S2 and S3

ASCs were higher in pups and adult female mice than in adult

male mice (Figure S1P), implying that the high proportions of

ES2 and ES3 ASCs indeed reflect active de novo adipogenesis

in EAT.

Then, we explored whether analogous ASCs might be

conserved in human visceral adipose tissue (VAT) from patients
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Figure 1. In EAT and IAT, ASC clusters

exhibit different molecular properties and

comprise three adipogenic stages

(A) Unsupervised clustering of CD31�/CD45�:
5,657 cells from EAT and 5,568 cells from IAT of

male adult mice on a UMAP plot. Each color

means separated clusters (4 clusters in EAT and 7

clusters in IAT).

(B) Heatmap showing the expression levels of fat

depot-specific and common genes.

(C) In silico pseudotime analysis of ASCs along

differentiation trajectories by using Palantir.

(D) Expression levels of stage-enriched genes.

(E) Gene expression levels of Dpp4 and Icam1 in

EAT and IAT ASCs.

(F) Representative FACS plots and FACS-based

ASC stage proportion in EAT and IAT.

(G) Quantification of lipid area in differentiated

adipocytes. ASCs were differentiated for 8 days

under an adipogenic condition.

(H) Representative FACS plots of BrdU+ adipocyte

nuclei.

(I) Quantification of BrdU incorporation into

adipocyte nuclei after pulse from the first week and

9-week chase upon NCD. n = 3.

Data are represented as mean ± SD. Significance

was determined using one-way ANOVA (G) and

Student’s t test (I). *p < 0.05, **p < 0.01, ***p <

0.001.

See also Figure S1.
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with obesity. Similar to the findings in mouse EAT, the proportion

of DPP4+/ICAM1+ S2 (40.5%) and ICAM1+ S3 (38.4%) ASCswas

higher than that of DPP4+ S1 ASCs (12.1%) (Figure S1Q). Also,

S2 and S3 ASCs in human VAT showed higher adipogenic po-

tential and lower proliferative activity than S1 ASCs (Figures

S1R–S1T), indicating that human ASCs appeared to be divided

into adipogenic stages analogous to those in mice. Collectively,

these data suggested that the distinct molecular properties of

ASC clusters and the different proportions of ASCs in the two

white fat depots would affect their adipogenic potential.

Intrinsic factors of ES1 and IS1 ASCs drive adipogenic
potential
The finding that committed preadipocytes were more abundant

in EAT than in IAT led us to postulate the idea that a commitment

step toward preadipocytes might be differentially regulated in
460 Cell Metabolism 34, 458–472, March 1, 2022
EAT and IAT. To address this, we isolated

GFP+/DPP4+ ES1 and IS1 ASCs from

GFP-transgenic mice and transplanted

them into EAT and IAT, respectively, of

wild-type mice (Figures 2A and S2A).

When donor ES1 ASCs were examined,

65% of GFP+ cells were found in the

ES2 and ES3 populations after transplan-

tation (Figure 2B). In contrast, 14.3% of

donor IS1 ASCs were found in the IS2

and IS3 populations (Figure 2C). To inves-

tigate whether cell-intrinsic features or

tissue micro-environmental factors would

determine the fat depot-specific regula-
tion of adipogenic potential, we cross-injected donor ES1 and

IS1 ASCs into the opposite fat depot (Figure 2A). To our surprise,

52.2% of DPP4+ donor ES1 ASCs transplanted into IAT were

found in the ES2 and ES3 populations after transplantation (Fig-

ure 2D), whereas 24.3% of donor IS1 ASCs transplanted into

EATwere found in the IS2 and IS3 populations (Figure 2E). These

data indicated that intrinsic features of ES1 and IS1 ASCs would

primarily drive commitment toward preadipocytes, whereas the

fat tissue microenvironment might have a marginal effect.

To identify the cell-intrinsic factors that regulate adipogenic

potential in ES1 and IS1 ASCs, we analyzed differentially ex-

pressed genes in these cells. Gene ontology analysis showed

that genes enriched in ES1 ASCs, such as Tle3 and Egr2

(Krox20), were associated with fat cell differentiation (Boyle

et al., 2009; Villanueva et al., 2011), whereas genes enriched in

IS1 ASCs were related to cold-induced thermogenesis and
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Figure 2. Intrinsic factors of ES1 and IS1 ASCs drive adipogenic potential

(A) Experimental design for ASC transplant experiments. Sorted GFP+/DPP4+ ES1 and IS1 ASCs were transplanted into EAT or IAT.

(B–E) Representative FACS plots and proportion of transplanted GFP+/DPP4+ donor cells in recipient WT mice.

(F) Gene ontology of ES1- and IS1-enriched genes.

(legend continued on next page)
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canonical WNT signaling (Figures 2F, 2G, and S2B–S2D). As

WNT signaling inhibits adipogenesis of mesenchymal stem cells

(Christodoulides et al., 2009; Ross et al., 2000), we decided to

evaluate whetherWnt2, themost strongly expressedWNT family

gene in IS1 ASCs (Figure S2E), might suppress commitment to

preadipocytes in IAT. When Wnt2 expression was suppressed

in IS1 ASCs using siRNA, lipid content and adipogenic marker

gene expression were greatly enhanced in differentiated adipo-

cytes (Figures 2H–2J). In contrast, suppression of Wnt2 in ES1

ASCs did not significantly affect adipogenic potential (Figures

S2F–S2H), implying that Wnt2 would affect adipogenesis in a

depot-specific manner. In this regard, expression quantitative

trait loci related to the waist-to-hip ratio, a surrogate of visceral

versus subcutaneous adipose tissue expansion in humans,

were found to exist in the promoter/enhancer regions of WNT2

and CCND1 (Figure S2I). Taken together, these results

suggested that intrinsic features would predominantly regulate

the adipogenic potential of ES1 and IS1 ASCs, and WNT

signaling in IS1 ASCs would restrain commitment toward

preadipocytes.

In EAT, obesogenic stimuli promote ES1 ASC
proliferation via FGF and TGFb signaling to induce de

novo adipogenesis
We and others have shown that ASCs contribute to fat depot-se-

lective remodeling process in obesity (Hwang et al., 2019;

Tchkonia et al., 2013). Upon high-fat diet (HFD), de novo adipo-

genesis was stimulated specifically in EAT (Figures S3A and

S3B), consistent with previous findings (Jeffery et al., 2015;

Wang et al., 2013). However, the key ASC cluster(s) and under-

lying molecular mechanisms mediating EAT-specific de novo

adipogenesis in obesity are largely unknown. To tackle these is-

sues, we characterized and compared ASC clusters in EAT and

IAT using combined scRNA-seq datasets fromNCD-fed, 2-week

HFD-fed, and 10-week HFD-fed mice (Figure 3A). As we used

unsupervised analysis, the exact cluster corresponding to the

previously defined clusters EN1–4 and IN1–7 could not be anno-

tated in the combined scRNA-seq dataset; however, most cells

of the EN1 cluster were found in cluster ENH1 (NH denotes

merged NCD and HFD datasets), EN2–3 clusters in ENH2, EN4

cluster in ENH3, IN1–4 clusters in INH1, IN5 cluster in INH2, and

IN6–7 clusters in INH3 cluster. Upon HFD, 8 ASC clusters in

EAT (ENH4–11) and 10 clusters in IAT (INH4–13) newly emerged

(Figure 3A).With regard to adipogenesis, cells in the new clusters

ENH4–6 expressed ES1 markers, cells in ENH7–9 expressed ES2

markers, and cells in ENH10–11 expressed ES3 markers (Fig-

ure 3A). Similarly, clusters INH4–9 were classified as IS1, clusters

INH10–11 as IS2, and clusters INH12–13 as IS3 (Figure 3A).

Although the expression of several genes was altered by HFD

feeding (Figure S3C), there were no significant differences in adi-

pogenic gene expression and ex vivo adipogenic potential of S1,
(G) mRNA levels of Wnt2 and Ccnd1 in EAT and IAT ASC stages. n = 3.

(H) mRNA levels of Wnt2 and Ccnd1 of IS1 ASCs with siRNA for negative contro

(I) Left: representative images of differentiated adipocytes from IS1 ASCs with

differentiated adipocytes. ASCs were differentiated for 8 days under an adipoge

(J) mRNA levels of adipocyte markers in differentiated adipocytes from IS1 ASC

Data are represented as mean ± SD. Significance was determined using one-wa

See also Figure S2.
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S2, and S3 ASCs in both fat depots in obesity (Figures 3B–3D,

S3D, and S3E).

Notably, the proportion of ES1 ASCs was increased at the

onset of obesity, and ES3 ASCs were sequentially expanded af-

ter 10-week HFD (Figures 3E and S3F). Also, after a 3- or 7-day

HFD, the total number of ES1 ASCs was significantly elevated,

probably due to cell proliferation (Figures 3F and 3G). To

examine how ES1 ASCs would be proliferated by HFD, ES1

ASCs were incubated in conditioned media (CM) from EAT adi-

pocytes or SVFs from mice of the NCD and 3-day HFD groups

(Figure S3G). ES1 ASC proliferation was promoted by HFD-CM

from adipocytes, but not SVFs, containing heat-sensitive mole-

cules, such as growth factors (Figures S3H and S3I). Transcrip-

tome analyses of adipocytes from mice fed an NCD or a 3-day

HFD (Kim et al., 2015) indicated that the expression of several

growth factors, including FGFs, TGFb, BMPs, GDFs, and

PDGFs, would be increased upon 3-day HFD (Figure 3H). To

identify potential signaling molecule(s) contributing to the ES1-

specific proliferation at the onset of obesity, we sought the

‘‘ligand-receptor’’ relationships between ligands from obese

adipocytes and receptors enriched in ES1 ASCs. The results

suggested that FGF and TGFb signaling(s) may mediate the pro-

liferation of ES1 ASCs after 3 days of HFD, which was validated

using Fgfr1 and Tgfbr2 knockdown in ES1 ASCs (Figure 3I). Un-

like in EAT, we found no significant proportion changes in IS1,

IS2, or IS3 during HFD feeding periods or in the proliferation of

IAT ASCs upon a 3-day HFD (Figures 3J and S3J).

To further examine whether responsiveness of ASCs or micro-

environmental factors would determine the fat depot-specific

ASC proliferation upon HFD, ES1 and IS1 ASCs were treated

with CM from EAT or IAT adipocytes (Figure S3K). CM from

EAT adipocytes with HFD enhanced proliferation of ES1 and

IS1 ASCs, in which receptors for FGFs and TGFbwere highly ex-

pressed (Figures S3L and S3M). On the contrary, IAT adipocytes

with HFD did not enhance proliferation of both ES1 and IS1 ASCs

(Figure S3L), implying that tissue micro-environmental factors

including FGFs and TGFb secreted from EAT adipocytes might

upregulate ASC proliferation at the onset of obesity. Together,

these data propose that EAT-specific adipogenesis upon HFD

would be potentiated by proliferation of ES1 ASCs mediated,

at least in part, by FGF and TGFb signaling cascades.

In obesity, EAT-specific SDC1+ and IAT-specific
CXCL14+ ASCs regulate fibrosis and inflammation in a
depot-specific manner
In obesity, EAT rapidly undergoes fibrosis and inflammation.

Given that ASCs highly express fibrotic genes such as collagens

compared to adipocytes, immune cells, and endothelial cells

(Figures S4A–S4C), we attempted to identify key EAT ASC sub-

populations that would mediate fibro-inflammatory features in

obesity. As shown in Figure 4A, pseudotime analysis revealed
l (NC) or Wnt2. n = 3.

siRNA for negative control (NC) or Wnt2. Right: quantification of lipid area in

nic condition. Scale bar, 50 mm.

s. n = 3.

y ANOVA (G) or Student’s t test (H–J). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. In EAT, obesogenic stimuli promote ES1 proliferation via FGF and TGFb signaling to induce de novo adipogenesis

(A) Unsupervised clustering of CD31�/CD45� ASCs from EAT and IAT of NCD-, 2-week, or 10-week HFD-fed mice.

(B) Gene expression levels of Bmp7, Dpp4, Fabp4, and Icam1 in EAT and IAT ASC stages.

(C) Quantification of lipid area in differentiated adipocytes. ASCs were differentiated for 8 days under an adipogenic condition.

(legend continued on next page)
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that there appeared to be two different fates of EAT ASCs in

obesity. Also, independent pseudotime analysis consistently

showed two fates of EAT ASCs in obesity (Figure S4D). The ter-

minus of EAT Fate 1 with the ENH10 cluster, presented only after

a 10-week HFD, highly expressed genes related to extracellular

matrix organization and inflammation, such as Col1a1, Ccn2

(CTGF), and Ccl2 (MCP1) (Figures 4B and 4C). Pathway analysis

showed that TGFb signaling would be enhanced in the terminus

of EAT Fate 1 (Figure 4D). In the ENH10 fibro-inflammatory clus-

ter, surface marker syndecan 1 (Sdc1) was abundantly ex-

pressed (Figure 4E). In line with the scRNA-seq results, FACS ex-

periments showed that SDC1+ ASCs were predominant in EAT

upon HFD feeding (Figure 4F). Also, further analyses proposed

that the fibro-inflammatory SDC1+ ASCs appeared to be a sub-

population of CD9+ ASCs (Figures S4E and S4F). As CD9+ ASCs

are known as pro-fibrogenic cells in EAT (Hepler et al., 2018;

Marcelin et al., 2017), these data postulated that SDC1+ ASCs

might mediate fibro-inflammatory features of CD9+ ASCs. At

the end of EAT Fate 2, with clusters ENH3 and ENH11, adipocyte

differentiation-related genes, such as Cebpd, Igf1, and type IV

collagens (Hu et al., 2015; Sillat et al., 2012), were enriched (Fig-

ures 4B, S4G, and S4H), implying that EAT Fate 2 would reflect

the adipogenic pathway. In contrast, pseudotime analysis of

IAT ASCs revealed that, unlike EAT ASCs, IAT ASCs did not

branch into different fates upon obesogenic stimuli (Figure S4I).

Thus, these data suggested that EAT-specific SDC1+ fibro-in-

flammatory ASCs would contribute to EAT-selective fibro-in-

flammatory remodeling in obesity.

Unlike EAT, IAT exhibited relatively low-level inflammatory re-

sponses in obesity (Figures S4J and S4K). It has been recently

reported that certain factors secreted from IAT ASCs could sup-

press monocyte infiltration (Hwang et al., 2019). To identify po-

tential anti-inflammatory factor(s), we compared cytokine

expression profiles of EAT and IAT ASCs. Compared to EAT

ASCs, several IAT ASCs selectively expressed CXCL14 (Figures

4G–4I), which has been reported to act as an anti-inflammatory

factor by inhibiting the CXCL12-CXCR4 pathway during mono-

cyte migration (Figures S4L–S4N) (Tanegashima et al., 2013).

In HFD-fed mice, CXCL12 expression was higher in EAT than

in IAT (Figure 4J). Also, the degree of monocyte infiltration was

further elevated in CM fromHFDEAT thanCM fromHFD IAT (Fig-

ure 4K). To test whether CXCL14 might indeed be involved in

monocyte migration, CXCL14 peptides were incubated in CM

from EAT and IAT from HFD-fed mice. We observed that

CXCL14 peptides actively repressed monocyte migration via,
(D) mRNA levels of Adipoq in the differentiated adipocytes of ASCs from NCD- a

(E) Proportion of ES1, ES2, and ES3 ASCs. Brackets with different colors indicat

(F) Total ES1, ES2, and ES3 cell numbers from NCD-, 3-, and 7-day HFD-fed mi

(G) Quantification of Ki67-positive cells in ASC in EAT of NCD- and 3-day HFD-f

(H) The ligand-receptor relationship between EAT adipocyte and ES1. Expressio

GSE65557). ES1 enrichment score was calculated as fold of ES1 expression lev

(I) Quantification of cell proliferation of ES1 cultured with conditioned media (CM

Tgfbr2 before CM treatment. n = 3.

(J) Proportion of IS1, IS2, and IS3 ASCs. Brackets with different colors indicate t

The number of analyzed cells is as follows: EATNCD, 5,657; EAT 2-weekHFD, 5,3

week HFD, 15,703.

Data are represented as mean ± SD. Significance was determined using Student’

0.001; n.s., non-significant.

See also Figure S3.
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at least partly, suppressing the CXCL12-CXCR4 axis (Figures

4K and 4L), and knockdown of Cxcl14 in IAT ASCs increased

monocyte migration (Figures 4M and 4N). In addition, experi-

ments with pharmacological inhibitors showed that ERK

signaling would be involved in CXCL12-CXCR4-mediated

monocyte migration (Figures S4O and S4P). Further, suppres-

sion of Cxcl14 in IAT, using in vivo siRNA injection (Nguyen

et al., 2021), greatly elevated monocyte infiltration upon HFD

(Figures 4O, 4P, S4Q, and S4R). Together, these data propose

that high expression of CXCL14 in IAT ASCs could repress

pro-inflammatory responses in obese IAT, probably by sup-

pressing CXCL12 activity, which can partly explain the fat-depot

differences in innate immunity in obesity. Therefore, these find-

ings suggested that fat depot-specific ASCs, such as SDC1+

and CXCL14+ cells, would modulate fibro-inflammatory features

in a depot-specific manner in obesity.

IAT-specific BST2high ASCs are beige adipocyte
precursors whose biogenesis is regulated by LNs
It has been suggested that beige adipocyte precursors in IAT

appear to be different from classical white adipocyte precursors

(Chen et al., 2019; Inagaki et al., 2016; Shapira and Seale, 2019;

Wang and Seale, 2016; Wu et al., 2012; Yoneshiro et al., 2019).

Given that beige adipocytes are hardly observed in EAT, we

postulated that beige adipocyte precursors would be rarely pre-

sent in EAT ASCs, and differentiation pathways of beige adipo-

cyte precursors might differ from white adipocyte differentiation.

To identify the IAT-specific beige adipocyte precursors, we con-

ducted a projection analysis in which EAT ASCs were projected

onto similar IAT ASCs (Figure 5A). This comparative analysis

showed that cluster EN1 was projected onto clusters IN1–3, clus-

ters EN2–3 projected onto cluster IN5, and cluster EN4 projected

onto clusters IN6–7 (Figure 5A). Notably, there appeared to be no

EAT clusters that projected onto cluster IN4 (Figure 5A). An inde-

pendent analysis using batch correction corroborated that clus-

ter IN4 was distinct from the other IAT and EAT clusters (Fig-

ure S5A). Cells in the IAT-specific IN4 cluster highly expressed

Tmem26 and Il33, which are related to beige adipocytes (Brest-

off et al., 2015; Wu et al., 2012) (Figures 5B and 5C). In addition,

cells in cluster IN4 seemed to have a differentiation fate distinct

from that of other IAT ASCs (Figure 5D). To affirm that IAT-spe-

cific cluster IN4 would exhibit beige adipocyte precursor fea-

tures, we tried to isolate and characterize these ASCs by

FACS. The IAT-specific cluster IN4 abundantly expressed

the surface marker Bst2 (Figure 5E). Consistent with the
nd 10-week HFD-fed mice. n = 2�6.

e the statistical differences between ES1, ES2, and ES3 ASCs. n = 4�7.

ce. n = 4�7.

ed mice. n = 3.

n levels of ligand were analyzed from NCD- and 3-day HFD-fed mice (GEO:

el compared to ES2 and ES3.

) from primary EAT adipocytes. ES1 was transfected with siRNA for Fgfr1 and

he statistical differences between IS1, IS2, and IS3 ASCs. n = 2�16.

98; EAT 10-week HFD, 8,766; IAT NCD, 5,568; IAT 2-week HFD, 14,256; IAT 10-

s t test (C and D) or one-way ANOVA (E–G, I, and J). *p < 0.05, **p < 0.01, ***p <
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Figure 4. In obesity, EAT-specific SDC1+ and IAT-specific CXCL14+ ASCs regulate fibrosis and inflammation in a depot-specific manner

(A) In silico pseudotime analysis and EAT Fate 1 probabilistic analysis of EAT ASCs from NCD, 2-week HFD, and 10-week HFD-fed mice. Pseudotime (arbitrary

units) is depicted from white to red.

(legend continued on next page)
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scRNA-seq data, BST2high ASCs were abundantly detected in

IAT, whereas BST2high ASCs were barely observed in EAT (Fig-

ures 5F, 5G, and S5B). As BST2high ASCs largely expressed clus-

ter IN4markers such as Il33 and Tmem26 (Figures 5H andS5C), it

seemed that BST2 would be a suitable marker for isolating clus-

ter IN4. Although differentiated adipocytes from BST2high ASCs

highly expressed Ucp1 and Dio2 compared to those from

BST2low ASCs, the mRNA level of adipocyte marker genes and

lipid accumulation were comparable between differentiated

adipocytes from BST2high and BST2low ASCs (Figures 5I and

S5D–S5F). Moreover, the proportion of BST2high ASCs was

increased by cold exposure, whereas that of BST2high ASCs

was downregulated in HFD-fed mice in which Ucp1 expression

was dampened (Figures 5J, 5K, S5G, and S5H), implying that

BST2high ASCs might be important to modulate in vivo beige

fat formation in IAT upon metabolic stimuli. Together, these re-

sults suggested that IAT-specific ASC subpopulations, distinct

from EAT and other IAT ASCs, can differentiate into beige adipo-

cytes, and the beige adipocyte precursors could be sorted

based on the cell surface marker, BST2.

Notably, we found that Cxcl13 and Pdpn, associated with the

development of ASCs into LN fibroblastic reticular cells (Béné-

zech et al., 2012; van de Pavert et al., 2009), were also highly ex-

pressed in IN4 cells (Figure 5L). As LN is found in IAT, but not EAT,

we asked whether IAT-specific IN4 cells might be present near

LN. To test this, we anatomically divided IAT into peri-LN IAT

(PL-IAT) and distal-LN IAT (DL-IAT) (Figure 5M). As shown in Fig-

ure 5N, the proportion of BST2high ASCs in total ASCswas signif-

icantly higher in PL-IAT than in DL-IAT. Ucp1 mRNA expression

was also higher in PL-IAT, accompanied by an enrichment of

multilocular adipocytes, at room temperature and after cold

exposure (Figures 5O, 5P, and S5I–S5K). The spatial relationship

between BST2high ASCs and LNs led us to investigate the roles of

LNs in biogenesis of BST2high beige adipocyte precursors, using

LN dissection (Figure 5Q). Although it is still possible that LN

dissection might induce surgical damages in IAT, it seemed

that LN dissection did not significantly affect sympathetic nerve
(B) Split heatmap of upregulated genes along EAT Fate 1 or Fate 2.

(C) Gene ontology of ENH10 cluster-enriched genes.

(D) Pathway analysis of upregulated genes along with EAT Fate 1.

(E) Gene expression levels of Sdc1.

(F) Proportion of SDC1+ cells from NCD- and 15-week HFD-fed mice. n = 3�4.

(G) Differentially expressed genes of immune-related secretory factors (CCLs, C

(H) A violin plot showing Cxcl14 expression levels in ASC clusters from EAT and

(I) mRNA levels of Cxcl14. Left: EAT and IAT from 10-week HFD-fed mice. n = 5. C

mice. n = 3. Right: sorted Lin� (CD31�/CD45�) ASCs in EAT and IAT from 10-we

(J) mRNA levels of Cxcl12 in EAT and IAT from 10-week HFD-fed mice. n = 6.

(K) Left: representative images of monocyte infiltration in the absence and prese

bar, 100 mm.

(L) Monocyte migration in the absence and presence of CXCL14 and CXCL12

monocytes before migration assay. Top: representative images of monocyte infilt

CM from HFD-fed EAT and IAT. Bottom: quantification of monocyte migration. R

(M) Top: representative images of monocyte infiltration by Cxcl14 siRNA in IAT A

(N) Top: representative images of monocyte infiltration assay byCxcl14 siRNA in E

Scale bar, 100 mm.

(O) Experimental scheme for in vivo monocyte migration assay.

(P) Quantification of in vivo monocyte migration with or without Cxcl14 knockdow

Data are represented as mean ± SD. Significance was determined using ANOVA (

**p < 0.01, ***p < 0.001; n.s., non-significant.

See also Figure S4.
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innervation in PL-IAT (Wang et al., 2019) (Figure S5L). Further, LN

removal decreased the proportion of BST2high ASCs in IAT

(Figure 5R), implying that the LN would regulate formation of

beige adipocyte precursors. Accordingly, LN removal reduced

UCP1 expression in IAT and dampened the induction of

UCP1+ beige adipocytes at room temperature and upon expo-

sure to cold as well as upon b3-adrenergic agonist CL316,243

treatment (Figures 5S and S5M–S5R). In humans, it has been re-

ported that UCP1 and thermogenic gene expression levels were,

unexpectedly, high in VAT (Zuriaga et al., 2017), in which

lymphatic vessels are highly developed, compared to SAT (Re-

dondo et al., 2020). In line with these, our analysis of human

VAT and SAT showed that UCP1 expression was high in human

VAT compared to SAT, accompanied by relatively high expres-

sion of TMEM26, IL33, BST2, CXCL13, and PDPN in VAT

compared to SAT (Figure S5S). Taken together, these data pro-

pose that IAT-specific BST2high ASCs would give rise to beige

adipocytes, and LN might regulate the thermogenic features of

IAT through, at least in part, biogenesis of IAT-specific BST2high

beige adipocyte precursors.

DISCUSSION

In mice, EAT and IAT have a similar appearance and lipid storage

function as WAT. However, emerging evidence suggests that

EAT and IAT have distinct roles in the regulation of energy ho-

meostasis (Gesta et al., 2007; Hwang and Kim, 2019; Tchkonia

et al., 2013). Furthermore, human epidemiological studies have

shown that the anatomical distribution of fat tissues, rather

than whole-body fat mass, is critical in metabolic syndromes

(Pischon et al., 2008; Shungin et al., 2015).

In this study, we analyzed EAT and IAT ASCs in response to

metabolic stimuli at the single-cell resolution. Several lines of ev-

idence suggest that the distinct properties of ASC subpopula-

tions determine the fat depot-specific features. First, side-by-

side comparison and transplantation experiments demonstrated

that the intrinsic features of DPP4+ ES1 and IS1 ASCs would
XCLs, and ILs) in EAT and IAT ASCs.

IAT of NCD-, 2-week, or 10-week HFD-fed mice.

enter: FPKM value in SVFs and adipocyte (AD) fraction from 10-week HFD-fed

ek HFD-fed mice. 2�3 mice were pooled to each sample.

nce of CXCL14 peptides. Right: quantification of monocyte migration. Scale

peptides. Negative control siRNA or CXCR4 siRNA was treated with THP-1

ration assay in the absence and presence of CXCL14 and CXCL12 peptides in

ed, cell tracker. Scale bar, 100 mm.

SCs. Bottom: quantification of monocyte migration. Scale bar, 100 mm.

AT and IAT ASCs with CXCL12. Bottom: quantification of monocyte migration.

n in IAT. n = 5. A connected line means data from the same mouse.

F, I, and K–N), Student’s t test (I and J), or paired Student’s t test (P). *p < 0.05,
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primarily determine their adipogenic potential. Second, at the

onset of obesity, DPP4+ ES1-specific proliferation stimulated

by FGF and TGFb signaling would induce EAT-selective de

novo adipogenesis. Third, upon prolonged exposure to obeso-

genic stimuli, EAT-specific SDC1+ ASCswould promote fibro-in-

flammatory remodeling, and IAT-specific CXCL14+ ASCs would

repressmonocyte infiltration. Lastly, IAT-specific BST2high ASCs

appear to be pivotal in IAT-selective beige adipocyte biogenesis.

Collectively, these data suggest that the distinct properties of

ASC clusters from EAT and IAT would determine the fat depot-

specific metabolic features.

ASC hierarchy is of importance to reveal the regulatory

mechanisms of de novo adipogenesis in WAT. Although recent

studies have revealed the ASC hierarchy in either EAT or IAT

(Burl et al., 2018; Hepler et al., 2018; Merrick et al., 2019; Sár-

vári et al., 2021; Schwalie et al., 2018), comparative analysis of

EAT and IAT ASC hierarchy and analysis of fat depot-specific

regulatory mechanisms of ASC hierarchy have not been at-

tempted. Our data showed that mouse EAT and IAT ASCs

and their human counterparts can be largely categorized into

three adipogenic stages. Nevertheless, gene expression pro-

files and cell populations in ASC clusters of each stage of

EAT and IAT ASCs were strikingly different. ES1 ASCs con-

sisted of about 15% of EAT ASCs, whereas IS1 ASCs were

composed of more than 60% IAT ASCs, implying that regulato-

ry mechanisms of ASC differentiation, including preadipocyte

commitment, might differ between EAT and IAT ASCs. Trans-

plantation experiments revealed that ES1 ASCs were innately

prone to differentiation into ES2 and ES3 committed preadipo-

cytes, whereas IS1 ASCs would be less likely to differentiate

into IS2 and IS3 committed preadipocytes, probably due to

intrinsic factors such as WNT signaling in IS1 ASCs. In line

herewith, a genome-wide association study showed that

SNPs in the WNT2 promoter/enhancers are related to the

waist-to-hip ratio in humans (Figure S2I). Together, these data

suggest that the intrinsic features of ASC clusters in EAT and

IAT would drive the fat depot-selective ASC hierarchy and de

novo adipogenesis.
Figure 5. In IAT, BST2high ASCs are beige fat precursors whose biogen

(A) Projection plot of EAT ASCs to IAT ASCs. EAT ASC clusters are projected to m

shown in color. IN4 cluster marked by blue.

(B) Heatmap showing IN4 cluster-specific genes.

(C) Expression levels of Tmem26 and Il33.

(D) In silico pseudotime analysis and IAT Fate 1 and Fate 2 probabilistic analysis

(E) Expression levels of Bst2 in ASCs.

(F and G) Representative FACS plots and proportion of BST2high cells from ASC

(H) mRNA levels of Il33 and Tmem26 in the sorted BST2high and BST2low ASCs.

(I) mRNA levels of Ucp1 and Adipoq in the differentiated BST2high and BST2low A

(J) Proportion of BST2high ASCs from mice at room temperature (RT) and upon c

(K) Proportion of BST2high ASCs from NCD- and 8-week HFD-fed mice. n = 4.

(L) Expression levels of genes related to lymphoid tissue organizer cell markers C

(M) A representative macroscopic image of IAT. Lymph node (LN), peri-LN IAT (PL

the PL-IAT region.

(N) FACS analysis of BST2high cells from DL-IAT and PL-IAT ASCs. n = 3.

(O and P) Representative histological images of adipose tissues and Ucp1 expre

(Q) A representative macroscopic image of IAT. IAT of sham operation and LN d

(R) FACS analysis of BST2high cells from sham and LN dissection IAT. n = 4.

(S) Representative macroscopic images and whole-mount microscopic images o

Data are represented as mean ± SD. Significance was determined using Studen

See also Figure S5.
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In the presence of chronic overnutrition, EAT and IAT undergo

different remodeling processes, such as adipogenesis, fibrosis,

and inflammation. In this study, we identified fat depot-specific

ASCs responsible for the depot-specific remodeling processes.

For example, DPP4+ ES1 ASCs selectively proliferate, at least in

part, through FGF and TGFb signaling, leading to EAT-selective

enhanced de novo adipogenesis in obesity. Consistent with this,

it has been reported that Fgf1whole-body knockout mice exhibit

dysregulated fat expansion in obesity (Jonker et al., 2012). Also,

trajectory analysis indicated that EAT ASCs, not IAT ASCs, are

fated to EAT-specific SDC1+ fibro-inflammatory ASCs, a sub-

population of CD9+ fibrogenic ASCs (Hepler et al., 2018; Marce-

lin et al., 2017), upon HFD. SDC1 has been reported to promote

fibrosis by facilitating TGFb signaling in the lungs (Parimon et al.,

2019), implying that SDC1 would directly potentiate the fibrotic

features of SDC1+ ASCs. Moreover, we demonstrated that

IAT-specific CXCL14+ ASCs could mediate the anti-inflamma-

tory effects in obese IAT by inhibiting the CXCL12-CXCR4

pathway in monocytes (Kim et al., 2014; Tanegashima et al.,

2013), corroborating the recent findings that IAT ASCs could

repress monocyte infiltration in obesity (Hwang et al., 2019).

Thus, our analyses with lean and obese fat tissues have identi-

fied key ASC clusters that would be crucial for depot-selective

adipose tissue remodeling in obesity.

Thermogenic beige adipocyte precursors would be distinct

fromwhite adipocyte precursors in IAT (Chen et al., 2019; Inagaki

et al., 2016; Shapira and Seale, 2019; Sohn et al., 2018a; Wang

and Seale, 2016; Wu et al., 2012; Yoneshiro et al., 2019). Here,

our data show that IAT-specific BST2high ASCs would serve as

beige adipocyte precursors. IAT-specific BST2high ASCs had

distinct molecular profiles and progressed into different cell fates

from other IAT ASCs. IAT-specific BST2high ASCs highly ex-

pressed Cxcl13, Il33, and beige adipocyte precursor marker

genes, including Tmem26 (Wu et al., 2012). It is noteworthy

that BST2high ASCs were enriched near LNs, which are a distinct

anatomical feature of IAT. Through LN dissection experiments,

we showed that IAT LNs would potentiate BST2high ASC biogen-

esis. It is plausible to speculate that IAT-specific BST2high ASCs
esis is regulated by lymph nodes

ost similar IAT ASCs. IAT ASCs are shown in gray, and EAT ASC clusters are

of IAT ASCs from NCD-fed mice.

s in EAT and IAT. n = 4.

n = 3.

SCs. n = 4.

old exposure for 3 days. n = 5�6.

xcl13 and Pdpn.

-IAT), and distal-LN IAT (DL-IAT) are represented. DL-IAT means IAT excluding

ssion from adult male mice at RT. n = 4. Scale bar, 5 mm or 100 mm.

issection were presented. An arrow indicates LN.

f sham and LN dissection experiments 2 weeks after surgery at RT.

t’s t test. *p < 0.05, **p < 0.01.
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might recruit immune cells such as type 2 innate lymphoid cells

through IL33 secretion, which is important for beige fat formation

(Brestoff et al., 2015; Rajbhandari et al., 2019; Rajbhandari et al.,

2018; Villarroya et al., 2018). In accordance with this, human

thermogenic beige adipocytes are abundant in the neck and

supraclavicular regions, which are rich in LNs (Cypess et al.,

2009). Further, human LNs are abundant in VAT, but rare in

SAT (Redondo et al., 2020). Thus, human LNs near fat depots

might also contribute to beige adipocyte biogenesis upon cold

exposure. Together, these data propose that IAT-specific

BST2high ASCs would be important for the formation of IAT-spe-

cific thermogenic adipocytes and that IAT LNswould be involved

in thermogenesis through enrichment of IAT-specific BST2high

beige precursors. Nonetheless, further studies are needed to

elucidate the detailed mechanism(s) by which LNs could affect

BST2high ASCs in IAT.

In conclusion, we examined and scrutinized heterogeneous

ASCs in two white fat depots and elucidated specific ASC clus-

ters that contribute to fat depot-selective features. Our data indi-

cate that the distinct characteristics of fat depot-specific ASC

subpopulations are critical for the different pathophysiological

features of EAT and IAT upon metabolic stimuli. Taken together,

our comprehensive ASC map provided by this study broadens

our understanding of ASC heterogeneity, which is pivotal for

the different features of EAT and IAT in the regulation of systemic

metabolism.

Limitations of study
The primary goal of this study was to identify and characterize fat

depot-specific ASC clusters through comparative analyses.

Although we extensively explored ASC clusters and molecular

properties of the key ASC clusters that modulate fat depot-spe-

cific features, such as de novo adipogenesis, fibrosis, inflamma-

tory responses, and thermogenesis, exclusive investigations of

these ASC clusters through selective removal of ASC clusters

or genetic manipulation of key genes in each ASC cluster were

not performed. In addition, as our dataset did not include the

adipocyte fraction and SVFs other than ASCs, the effects of

distinct ASC clusters in EAT and IAT on the different features

of EAT and IAT adipocytes were not thoroughly covered. In addi-

tion, we cannot exclude the possibility that surgical interventions

such as LN dissection might damage sympathetic nerves in PL-

IAT. Lastly, investigations in genetically modified animal models

will be informative to uncover the pathophysiological signifi-

cance of each ASC cluster in systemic energy homeostasis.
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Type 2 diabetes genetics dataset Type 2 diabetes genetics http://www.type2diabetesgenetics.org

Experimental models: Organisms/strains

C57BL/6 mice Central Lab Animal Inc N/A

GFP-Tg mice The Jackson Laboratory Cat# 003291

Oligonucleotides

For a full list of qRT-PCR primers, see Table S1 This paper N/A

Software and algorithms

DropletUtils (Lun et al., 2019) N/A

FlowJo software Version 10.5.3 BD https://www.flowjo.com/

GraphPad Prism GraphPad https://www.graphpad.com/

Harmonypy (Korsunsky et al., 2019) N/A

Monocle2 (Qiu et al., 2017) N/A

Palantir (Setty et al., 2019) N/A

Progeny (Schubert et al., 2018) N/A

R R Development Core Team https://cran.r-project.org

Scater (McCarthy et al., 2017) N/A

Scran (Lun et al., 2016) N/A

Seurat (Stuart et al., 2019) N/A

TopGO N/A https://doi.org/10.18129/B9.bioc.topGO

Other

High-fat diet Research Diets Cat# D12492
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jae Bum

Kim (jaebkim@snu.ac.kr).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
d Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession

numbers are listed in the key resources table.

d All original code has been depositied at https://github.com/scg-dgist/CELL-METABOLISM-adipose-stem-cell.

d 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
Eight-to-ten-week-old C57BL/6 mice were purchased from Central Lab Animal Incorporation (Seoul, Korea). C57BL/6 background

GFP+ transgenic (Tg) mice were generously gifted by Gou Young Koh (KAIST, Daejeon, South Korea). The mice were housed in a

specific pathogen-free, temperature- and humidity-controlled animal facility at 22�C under a 12-h/12-h light/dark cycle. The mice

were used directly after importing into the facility and their health status was checked 3 times a week during the experiment.

High-fat diet feeding experiments were performed using 8-week-old mice fed a diet consisting of 60% calories from fat (D12492,

Research Diets). BrdU (559619, BD Biosciences) was administered in the drinking water at 0.8 mg/mL for one week. For in vivo

Cxcl14 suppression, NCD- and 10-week HFD-fed mice received a dose of 20 mg/single IAT pad of control siRNA (siNC) or siCxcl14

complexed with in vivo-jetPEI (Polyplus Transfection, Cat# 201-50G) every 3 days for 2 weeks (Nguyen et al., 2021). Control siRNA

was injected into IAT in the left flanks and siCxcl14was injected into IAT in the right flanks. 2 weeks after siRNA injection, GFP+ blood

mononuclear cells were intravenously injected into mice and sacrificed on the following day. The animal study was approved by the

Institutional Animal Care and Use Committee of the Seoul National University.

Human Subjects
Human adipose tissue samples were obtained during weight reduction laparoscopic bypass surgery at theMetabolic Surgery Center

in Seoul National University Bundang Hospital (SNUBH). This study was conducted in accordance with the Declaration of Helsinki

and was approved by the Ethics Committee of the SNUBH (IRB No. B-1801445301 & B-1812513302). All subjects agreed to provide

their written informed consent. All subjects were female, aged 30-50 years. Tissue samples consisted of 25-mg tissue blocks. Disso-

ciation of the human adipose tissues was immediately processed (within 3 h of removal from the patients) without snap-frozen or

cryo-preservation.

METHOD DETAILS

scRNA-seq Library Preparation
scRNA-seq libraries were generated using the Chromium Single Cell 30 Library & Gel Bead Kit (PN-1000092, 10X Genomics), Chro-

mium Single Cell B Chip kit (PN-1000074, 10X Genomics), and Chromium i7 Multiplex Kit (PN-120262, 10X Genomics). Cells were

resuspended in reverse transcription enzyme mix and loaded onto the Chromium Single Cell B Chip to generate gel beads-in-emul-

sion of 6,000 cells per channel. Reverse transcription was performed using a Bio-Rad C1000 Thermal Cycler. cDNA purification and

library generation were performed according to the manufacturer’s instructions. Libraries were sequenced on an Illumina NovaSeq

6000 instrument (paired-end 100-bp reads), with an average of 50,000 read pairs per cell.

scRNA-seq Data Processing
Raw reads weremapped to amouse reference genome (GRCm38) using the Ensembl GRCm38.95 GTF file and the Cell Ranger soft-

ware (v3.0.2). For each sample, a gene-by-cell count matrix was generated with default parameters, except for expected cells =

6000. Using the emptyDrops function of the DropletUtils (v1.6.1) R package (Lun et al., 2019) with a false discovery rate (FDR) <

0.01, empty droplets were removed. To filter out low-quality cells, cells with > 5% (EAT NCD, EAT 10-week HFD, and IAT NCD)

or > 3% (EAT 2-week HFD, IAT 2-week HFD, IAT 10-week HFD) of unique molecular identifiers (UMIs) assigned to mitochondrial

genes, < 1,000 total UMI counts, or < 1,000 detected genes were excluded using the calculateQCMetrics function of the scater

(v1.14.6) R package (McCarthy et al., 2017). To normalize cell-specific biases, cells were clustered using the quickCluster function

of the scran (v1.14.6) R package (Lun et al., 2016). Then, cell-level size factors were calculated using the computeSumFactors func-

tion of the same package. Raw UMI counts were normalized by size factors and then log2-transformed with a pseudocount of 1.
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Highly variable genes (HVGs) were identified using the modelGeneVar function of the scran package, with FDR < 0.05 for biological

variability. All cells across the fat depot and diet conditions were clustered into 17 clusters using the FindClusters function of the

Seurat (v3.2.3) R package (Stuart et al., 2019) on the first 15 principal components (PCs) of HVGs with resolution = 0.8. Cells

were visualized in a two-dimensional UMAP plot using the RunUMAP function of the same package. Two clusters (clusters 14

and 16) annotated as immune cells and mesothelial cells were removed. Cells from EAT samples were further clustered using the

method described above with the top 10 PCs. Cluster 12, annotated as testis cells, was removed. All remaining cells were visualized

in the UMAP plot from the top 15 PCs. Cells in the normal chow diet were grouped into 11 clusters and visualized in the UMAP plot

using the above method, with the top 25 PCs of 1,000 HVGs.

scRNA-seq Data Analysis
Stage-specificmarker genes were identified using the FindAllMarkers function of the Seurat package, with default parameters. Pseu-

dotime analysis was performed for each condition using the run_palantir function of the Palantir (v0.2.6) python package (Setty et al.,

2019). For Palantir t-SNE plots in EAT or IATNCD, diffusion components (DCs) were computed using the run_diffusion_maps function

with the first 200 PCs for EAT NCD and the first 100 PCs for IAT NCD. Then, a k-nearest neighbor (k-NN) graph (k = 30) was

constructed from the first 10 DCs. The coordinates for the t-SNE plots were computed using the run_tsne function with perplexity =

300 (for EAT NCD) or 200 (for IAT NCD). Gene ontology analysis was performed using the runTest function of the topGO (v2.38.1) R

package. For Palantir t-SNE plots in the EAT and IAT samples, batch effects across diet conditions were corrected using

the run_harmony function of the Harmonypy (v0.0.4) Python package on 300 PCs (Korsunsky et al., 2019). Then, a k-NN graph

(k = 30) was constructed from the first 10 DCs. The coordinates for the t-SNE plots were computed using the run_tsne function

with perplexity = 400 (for EAT) or 300 (for IAT). To identify differentially expressed genes (DEGs) between the two fates, cells from

EAT samples were grouped into early (0–0.35), intermediate (0.35–0.75), or late (0.75–1), according to their pseudotime. Cells

were assigned into one of two differentiation fates by binomial sampling based on branch probabilities, which were calculated for

each cell using the run_palantir function. DEGs between the two fates were identified for each pseudotime stage (early, intermediate,

and late) using the FindAllMarkers function of the Seurat package. Signaling pathway activity for each cluster was inferred using the

progeny function of the progeny (v1.12.0) R package (Schubert et al., 2018). For Monocle2 trajectory analysis, batch effects across

diet conditions were corrected using the reduceDimension function of themonocle2 (v2.14.0) R package (Qiu et al., 2017), regressing

out the number of total UMIs and detected genes. To project EAT NCD cells onto IAT NCD cells, k-NNs (k = 10) of each EAT NCD cell

were obtained from IAT NCD cells with respect to the Pearson correlation coefficients of normalized expression profiles of HVGs be-

tween EAT and IAT NCD cells, by applying the knn.index.dist function of the KernelKnn (v 1.0.8) R package. For every EAT NCD cell,

two-dimensional coordinates of 10-NNs in the t-SNE plot of IAT NCD cells were averaged to obtain the projection of the EAT NCD

cell. Cells from IAT and EAT NCD samples were also integrated using the RunHarmony function of the harmony (v1.0) R package on

the top 15 PCs of HVGs. The corrected PCs were used as inputs for clustering and visualization.

Adipose Tissue Fractionation
EAT and IAT were obtained from age-matched NCD-fed and 2- or 10-week HFD-fed mice. Adipose tissues were fractionated as

described previously (Jeon et al., 2020). Briefly, adipose tissues were minced and digested with collagenase buffer [0.1 M HEPES,

0.125 M NaCl, 5 mM KCl, 1.3 mM CaCl2, 5 mM glucose, 1.5% (w/v) bovine serum albumin, and 0.1% (w/v) collagenase I (Worthing-

ton, 49A18993)] in a shaking water bath at 37�C for 30–60 min. After centrifugation at 2003 g, room temperature (RT) for 5 min, the

pelleted stromal vascular fraction (SVF) was collected. The SVF was incubated in red blood cell lysis buffer (1.7 M Tris, pH 7.65, and

0.16 M NH4Cl) for 15 min. Then, the SVFs were washed with phosphate-buffered saline (PBS) several times, passed through a 100-

mM filter (93100, SPL), and collected by centrifugation at 200 3 g for 5 min.

Fluorescence-Activated Cell Sorting (FACS)
FACS was carried out as previously described (Sohn et al., 2018b), with minor modifications. SVFs were stained with anti-CD31

(1:100, 102405, 102409 and, 102419 BioLegend), anti-CD45 (1:100, 103107, 103111, and 103131, BioLegend), anti-DPP4 (1:100,

137809, BioLegend), anti-ICAM1 (1:100, 116107, BioLegend), anti-SDC1 (1:100, MA5-23527, Thermo Fisher), anti-CD9 (1:100,

124811, BioLegend) and anti-BST2 (1:100, 127015, BioLegend) for 30 min. To detect Ki67+ cells, the SVFs were co-stained with

anti-Ki67 (1:100, 151211, BioLegend). The cells were analyzed using a FACS Canto II instrument (BD Biosciences).

Isolation of SVFs from Human Adipose Tissue
Human adipose tissues were rinsed in PBS twice, manually minced, and digested with collagenase buffer [0.1 M HEPES, 0.125 M

NaCl, 5 mM KCl, 1.3 mM CaCl2, 5 mM glucose, 1.5% (w/v) bovine serum albumin, and 0.1% (w/v) collagenase I (Worthington,

49A18993)] in a shaking water bath at 37�C for 30–60 min. The subsequent steps were the same as those for preparing mouse

adipose tissue fractionation.

Immunocytochemistry and Immunohistochemistry
Samples were incubated with fluorescently labeled Hoechst 33342 (ab228551, Abcam) and stained with fluorescein isothiocyanate-

conjugated BODIPY 493/503 (D3922; Thermo Fisher Scientific). BODIPY staining was performed as previously with minor

modifications (Han et al., 2019). Adipogenesis was assessed by staining with BODIPY 493/503 (D3922, Invitrogen) for lipid droplet
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accumulation and by staining with Hoechst 33342 for nucleus number at 8 days post induction (mouse cells) and 2 weeks post in-

duction (human cells) in individual wells of a 384-well plate (37384, SPL). The cells were imaged using aCQ1microscope (Yokogawa).

Coherent anti-Stokes Raman scattering was used to measure lipids (Kong et al., 2020).

Whole-mount imaging was carried out as previously with minor modifications (Park et al., 2019). A small fraction of fat tissue was

fixed in 4% paraformaldehyde for 10 min and permeabilized with 0.5% Triton X-100 in PBS for 5 min. The fixed tissues were incu-

bated with a primary antibody against UCP1 (14670; Cell Signaling, 1:300) and a primary antibody against tyrosine hydroxylase

(818007, BioLegend, 1:500) overnight. The tissues were thenwashed three times for 10min each, incubatedwith secondary antibody

for 1 h, washed three times for 5 min each, and mounted on slides in 8-well plates (155409, Nunc Lab-Tek II) with Hoechst 33342.

Tissues were observed and imaged using a CQ1 microscope (Yokogawa).

For immunohistochemistry, small fractions of fat tissues were isolated frommice, fixed in 4%paraformaldehyde, and embedded in

paraffin. The paraffin blocks were cut into 5-mmsections and stained with hematoxylin and eosin. Tissues were imaged using a digital

slide scanner (Axio Scan Z1, Carl Zeiss).

Isolation of Adipocyte Nuclei
BrdU (559619, BD Biosciences) was administered in the drinking water at 0.8mg/mL for one week. Adipocytes were fractioned using

collagenase treatment. Floating adipocyte fractions were washed with collagenase buffer three times and centrifuged at 2003 g for

10min. Isolation of intact adipocytes was verified by quantitative reverse transcription (RT-q)PCR analysis of adipocytemarker genes

(Adipoq, Plin1), and endothelial cell marker gene (Pecam1/CD31), and a lymphocyte marker gene (Ptprc/CD45). CD31 and CD45

were expressed in the SVF, but not in the adipocyte fraction. Nuclei isolated from adipocyte fractions were processed using the

FITC BrdU Flow Kit (559619, BD Biosciences) according to the manufacturer’s instructions. Following antibody incubation, the sam-

ples were washed and analyzed using a FACS Aria II instrument (BD Biosciences). The proportion of BrdU+ nuclei among total nuclei

(7-AAD+) was measured.

Cell Culture
ASCs were cultured at 37�C and 5% CO2 in a humidified cell incubator. ASCs were seeded in 96-well plates at 3,000 cells/well and

cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS for two days until confluence. For adipogenic differ-

entiation, the cells were incubated in adipogenic media (1 mM dexamethasone, 520 mMmethylisobutylxanthine, 850 nM insulin, and

1 mM rosiglitazone). Two days after adipogenic induction, the culture mediumwas replaced with FI medium (850 nM insulin and 1 mM

rosiglitazone), and the cells were analyzed after 8–10 days of differentiation (Lee et al., 2018). For osteogenic differentiation, cells

were cultured in DMEM with 10% FBS, 50 mM ascorbic acid, and 10 mM b-glycerophosphate for 10 days. For beige adipocyte dif-

ferentiation, the cells were incubated in beige adipogenic media (1 mM dexamethasone, 520 mMmethylisobutylxanthine, 850 nM in-

sulin, 1 nM T3, 125 mM indomethacin, and 1 mM rosiglitazone) (Lee et al., 2018). After adipogenic induction for two days, the culture

medium was replaced with FI medium (850 nM insulin, 1 nM T3, and 1 mM rosiglitazone), and the cells were analyzed after 8–10 days

of differentiation.

Cell Proliferation Assay
Cell proliferation was assayed as described previously (Lee et al., 2017) withminormodifications. Briefly, cells were seeded in 96-well

plates at 100 cells/well. CCK-8 (Dojindo, CK04) assays were performed according to the manufacturer’s instructions. For cell pro-

liferation assay using CM, adipocytes and SVFs were isolated from IAT and EAT of NCD- and 3-day HFD-fed mice. Adipocytes

and SVFs were incubated in DMEM containing 10% FBS for 24 h and CM was collected. Both adipocytes CM and SVF CM were

normalized by fat mass (5 mL of media per adipocytes and SVFs from 1 g of fat tissue).

Monocyte Migration Assay
In vitromonocytemigration was performed using THP-1monocytes. For CMpreparation, chopped fat tissues or IAT ASCswere incu-

bated in serum-free DMEM for 24 h and CMwas harvested. CM from fat tissue was normalized by fat mass (5 mL of media per 1 g of

fat tissue). Synthetic CXCL12 or CXCL14 peptides were dissolved in serum-free DMEM. In CM experiments. THP-1 cells were pre-

stained with 2 mM of CellTracker-Red CMTPX (C34552; Thermo Fisher Scientific) to distinguish THP-1 cells and cells from CM. In

each sample group, 2 3 105 (per well of the 6-well culture plate) or 5 3 104 (per well of the 24-well culture plate) THP-1 cells were

loaded on the surface of the upper layer of Trans-well insert. 4 �12 h after incubation, the upper layer and Trans-well insert were

carefully removed. Migrated THP-1 cells were stained with Hoechst dye (H3570; Thermo Fisher Scientific) and quantified using

the CQ1 confocal microscope.

In vivomonocyte infiltration was performed using GFP+ bloodmononuclear cells. To isolate blood mononuclear cells fromGFP-Tg

mice, blood was collected by heart puncture andmixed with 20 mL of 0.5 M EDTA. Blood samples were pooled in a Greiner Leucosep

tube (GN163290, Sigma Aldrich) pre-equilibrated with 3mL of NycoPrep 1.077 (1114550, Axis-Shield PoC AS). After centrifugation at

2,500 rpm for 10 min, the middle layer was carefully isolated and washed with RoboSep buffer (20104, STEMCELL Technologies).

Mononuclear cells in RoboSep buffer were intravenously injected into mice. 1 day after GFP+ blood mononuclear cell injection, fat

tissues were subjected to FACS analysis.
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siRNA Treatment
siRNAs were purchased from Bioneer (Daejeon, South Korea). Cells were mixed with siRNA or vectors and transfected with a single

pulse of 1100 V for 30 ms using a Microporator MP-100 (Digital Bio, Seoul, Korea) according to the manufacturer’s instructions.

Sequence information for the siRNAs is provided in Table S1.

RT-qPCR
Total RNA was isolated using Direct-zol RNA MiniPrep (Zymo Research). The RNA was reverse-transcribed using the ReverTra Ace

qPCRRTKit (Toyobo). RT-qPCRswere run using SYBRGreenmaster mix (DQ384-40 h, Biofact). Target gene expression levels were

normalized to Tbp expression. Primer sequences are listed in Table S1.

Transplantation and Lymph Node (LN) Dissection
DPP4+/GFP+ ES1 and IS1 ASCs were purified (donor cells) by FACS from EAT and IAT of GFP-Tg adult male mice. GFP+ and DPP4+

S1 cells were concentrated to�5,000 cells/ml by centrifugation and thenmixed 1:1withMatrigel (356230, Corning) on ice. Donor cells

(10-20 ml) were injected into the fat pads ofWTC57BL/6 adult malemice. Donor GFP+ cells were harvested from the recipient animals

3 h or 10 days after transplantation and subjected to FACS analysis.

For the LN dissection experiment, the skin near the IATwas incised, and the LNwas removed. Oneweek after LN removal, themice

were exposed to a cold environment (6�C) for 4 or 7 days or treated with a dose of 1 mg/kg body weight of CL316,243 compound

for 7 days.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as themean ± standard deviation (SD).N-values indicated in the figures refer to biological replicates. All datawere

tested for normal distribution with D’Agostino-Pearson omnibus normality test. If the data were not normally distributed, Mann-Whit-

ney test was performed. Means of two groups were compared using a two-tailed Student’s t test. Means of multiple groups were

compared using one-way ANOVA followed by Tukey’s post hoc test. Two independent variables were compared using two-way

ANOVA followed by Sidak’s multiple comparisons test. Statistical analyzes were performed using GraphPad Prism (GraphPad

Software).
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