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            Abstract
Adipocyte development and differentiation have an important role in the aetiology of obesity and its co-morbidities1,2. Although multiple studies have investigated the adipogenic stem and precursor cells that give rise to mature adipocytes3,4,5,6,7,8,9,10,11,12,13,14, our understanding of their in vivo origin and properties is incomplete2,15,16. This is partially due to the highly heterogeneous and unstructured nature of adipose tissue depots17, which has proven difficult to molecularly dissect using classical approaches such as fluorescence-activated cell sorting and Creâ€“lox lines based on candidate marker genes16,18. Here, using the resolving power of single-cell transcriptomics19 in a mouse model, we reveal distinct subpopulations of adipose stem and precursor cells in the stromal vascular fraction of subcutaneous adipose tissue. We identify one of these subpopulations as CD142+ adipogenesis-regulatory cells, which can suppress adipocyte formation in vivo and in vitro in a paracrine manner. We show that adipogenesis-regulatory cells are refractory to adipogenesis and that they are functionally conserved in humans. Our findings point to a potentially critical role for adipogenesis-regulatory cells in modulating adipose tissue plasticity, which is linked to metabolic control, differential insulin sensitivity and type 2 diabetes.
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                    Fig. 1: ScRNA-seq reveals the heterogeneity of subcutaneous ASPCs in the mouse.[image: ]


Fig. 2: Aregs (CD142+ABCG1+ ASPCs) show a paracrine adipogenic inhibitory capacity.[image: ]


Fig. 3: Aregs and their inhibitory capacity are conserved in humans.[image: ]


Fig. 4: Aregs locate proximal to the vasculature and inhibit adipogenesis in vivo.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 ScRNA-seq reveals the heterogeneity of ASPCs (FluidigmÂ C1).
a, Number of aligned reads per cell for each of the three Fluidigm C1 (C1) scRNA-seq experiments. R1, nâ€‰=â€‰74; R2, nâ€‰=â€‰71; R3, nâ€‰=â€‰63 single cells from three independent biological replicates, each derived from a pool of mice. b, Correlations (corr, Spearmanâ€™s rho) between expression in single cells across all genes or only the artificial RNA spike-ins (ERCC). c, Correlation (Spearmanâ€™s rho) between expression in merged single cell (per individual biological replicate, R1â€“R3) and bulk population (nâ€‰=â€‰4 biological replicates) samples. d, Number of expressed genes/sample in each of the three biological scRNA-seq replicates (R1â€“R3), as well as the merged individual replicates (SC, nâ€‰=â€‰3) or the bulk population control samples (bulk, nâ€‰=â€‰4). e, Expression of ubiquitous Actb, negative (Ptprc and Pecam1) and positive (Cd34, Ly6a and Itgb1) FACS markers. f, g, Pathways47 significantly enriched (f) and top 10 significantly enriched GTEx48 tissue samples (g) among the top 200 genes specific to one of the three populations (P1, green; P2, red; P3, blue). Full enrichment results are listed in Supplementary TableÂ 3. h, t-SNE 2D maps of all analysed cells (C1), highlighting the expression of the stem cell marker Cd34 and the adipogenic marker Fabp4 (black). i, Bean plots showing the distribution of adipogenic scores across cells belonging to one of the three populations (P1, nâ€‰=â€‰83; P2, nâ€‰=â€‰96; P3, nâ€‰=â€‰29 cells). **PÂ â‰¤Â 0.01, Wilcoxon rank-sum test. j, Stem cell (lower panel) and adipogenic (upper panel) score distributions across all analysed cells, highlighting a single outlier cell not expressingâ€”or expressing very low levels ofâ€”Itgb1 (CD29), Cd34 and Ly6a (SCA1) as well as very high levels of the mature adipogenic markers Adipoq, Restn and Cidec. k, Correlation (Spearmanâ€™s rho) between the expression of 12 (pre-)adipogenesis-related genes and the expression of Fabp4; significant (Bonferroni multiple testing adjusted PÂ â‰¤Â 0.01) correlations in black. l, t-SNE 2D maps of all analysed cells, highlighting the expression of RFP and various genes previously used to mark adipogenic precursors or pre-adipocytes (black); microscopic RFP status also displayed. In e, h, j, l, nâ€‰=â€‰208 cells from three independent biological experiments, each based on a pool of mice.

                          Source Data
                        


Extended Data Fig. 2 ScRNA-seq reveals the heterogeneity of ASPCs (10x Genomics).
a, b, Number of aligned reads per cell (a) and number of expressed genes per cell (b) for the scRNA-seq experiment performed using the 10x Genomics Chromium instrument. c, Expression of ubiquitous Actb, negative (Ptprc and Pecam1), positive (Cd34, Ly6a and Itgb1) FACS markers and adipocyte markers (Adipoq, Retn and Cidec). d, Number of cells in each of the four 10x Genomics populations (G1â€“G4). e, Percentage of the top 100 marker genes of the 10x Genomics populations (G1 and G4, G2, and G3) that overlap the top 100 marker genes of the C1 cell populations (P1â€“P3). f, Bean plots showing the distribution of adipogenic scores across cells that belong to one of the four 10x Genomics populations (G1â€“G4). Only P values for G2 comparisons are marked. g, Box plots showing the distribution of log(normalized expression) values of pre-adipogenic and ASPC markers across the four 10x Genomics populations (G1â€“G4). *PÂ â‰¤Â 0.05, **PÂ â‰¤Â 0.01, Wilcoxon rank-sum test. In eâ€“g, G1, nâ€‰=â€‰699; G2, nâ€‰=â€‰664; G3, nâ€‰=â€‰122; and G4, nâ€‰=â€‰319 cells. h, t-SNE 2D maps of all analysed cells (10x Genomics), highlighting the expression of the pre-adipogenic markers Pdgfra and Pdgfrb (black). In c, h, nâ€‰=â€‰1,804 cells from one biological experiment based on a pool of mice.

                          Source Data
                        


Extended Data Fig. 3 Three ASPC subpopulations with distinct adipogenic differentiation capacity.
a, Box plots showing the distribution of log(normalized expression) values for surface markers with available FACS-grade antibodies selected for subpopulation follow-up: CD55 and IL13RA1 (P1, G1 and G4), VAP1 and ADAM12 (P2 and G2) and ABCG1 (P3 and G3). *PÂ â‰¤Â 0.05, **PÂ â‰¤Â 0.01, Wilcoxon rank-sum test. P1, nâ€‰=â€‰83; P2, nâ€‰=â€‰96; P3, nâ€‰=â€‰29; G1, nâ€‰=â€‰699; G2, nâ€‰=â€‰664; G3, nâ€‰=â€‰122; and G4, nâ€‰=â€‰319 cells. b, FACS-based sorting strategy to isolate the three identified populations. c, qPCR-based expression fold-changes (log2(fold-changeÂ (FC) marker-positive versus marker-negative ASPCs)) for a panel of P1-, P2- and P3-specific genes. d, Microscopy images of distinct ASPC fractions after adipogenic differentiation; CD55+ (P1 or G1 and G4), VAP1+ (P2 or G2), and ABCG1+ (P3 or G3). Nuclei are stained with DAPI (blue) and lipids with LD540 (yellow). Scale bar, 50â€‰Î¼m. e, Bean plots showing the distribution of the fraction of differentiated cellsÂ (Fr. diff.) per each ASPC subpopulation shown in d, nâ€‰=â€‰4 independent wells. Mâˆ’, marker negative; M+, marker positive.Â *PÂ â‰¤Â 0.05, **PÂ â‰¤Â 0.01, t-test. f, qPCR-based expression fold-changes (log2(fold-change, marker-positive versus marker-negative ASPCs)) upon adipogenic differentiation for a panel of adipogenic marker genes. g, Bean plots showing the distribution of the mean nuclei number for the four differentiated ASPC fractions shown in d, e and Fig.Â 2c, d. nâ€‰=â€‰4 or 5 independent wells. In d, e, g, the experiments were repeated independently three times, yielding similar results; representative images are shown. All panels, population 1 (P1, green), population 2 (P2, red), population 3 (P3, blue).

                          Source Data
                        


Extended Data Fig. 4 Aregs (CD142+ABCG1+ ASPCs) show adipogenic inhibitory capacity.
a, Mean and s.d. of number of nuclei per experiment; x axis represents the percentage of Linâˆ’SCA1+CD142+ABCG1+ cells (P3, Aregs) mixed in with Linâˆ’SCA1+CD142âˆ’ABCG1âˆ’ cells; nâ€‰=â€‰4 independent wells. b, Schematic of sample collection aiming at a detailed characterization of CD142+ ASPCs versus CD142âˆ’ ASPCs and all ASPCs, after sorting (D0), upon plating (5â€‰h), after culturing (D1) and after adipogenic differentiation (D12). c, Number of aligned reads (top) and number of expressed genes per sample (bottom) across barcoded RNA-seq samples. d, Correlation (Spearmanâ€™s rho) between the barcoded mRNA-seq samples after sorting, and the merged scRNA-seq P3 cells; nâ€‰=â€‰4 biological replicates (top). Example of the correlation (Spearmanâ€™s rho) between the log(normalized expression) estimates across merged scRNA-seq P3 cells and one barcoded mRNA-seq replicate (bottom). e, Number of genes (Ã—103) that were significantly differentially expressed (FDR 0.05, fold-change 2) in all comparisons between all ASPCs, CD142+ ASPCs and CD142âˆ’ ASPCs, after sorting (D0), upon plating (5â€‰h), after culture (D1) and after adipogenic differentiation (D12) (left) as well as upon adipogenic induction (D0 versus D12, D0â€“D12, and 5â€‰h versus D12, 5 hâ€“D12), in all ASPCs, CD142+ ASPCs and CD142âˆ’ ASPCs (right). f, Venn diagram showing overlaps between significantly differentially expressed genes (FDR 0.05, fold-change 2) in CD142+ ASPCsÂ (+) versus CD142âˆ’ ASPCsÂ (âˆ’) and all ASPCsÂ (ASPC), after sorting (D0) and after adipogenic differentiation (D12). g, Heat map of the expression (row-wise z-scores of log(normalized expression), blue-to-red) of genes significantly differentially expressed (FDR 0.05, fold-change 2) in CD142+ ASPCs versus CD142âˆ’ ASPCs and versus all ASPCs upon adipogenic differentiation (D12). Adipogenic marker genes are highlighted. h, i, Pathways47 (h) and top 10 significantly enriched GTEx tissue samples (i) that are significantly enriched among the genes displayed in f. j, Venn diagram showing overlaps between significantly differentially expressed genes (FDR 0.05, fold-change 2) in CD142+ ASPCs versus CD142âˆ’ ASPCs at all four time points that wereÂ assessed. k, Heat map of the expression (row-wise z-scores of log(normalized expression), blue-to-red) of genes that were expressed at significantly higher levels (FDR 0.05, fold-change 2) in CD142+ ASPCs versus CD142âˆ’ ASPCs after sorting (D0). Genes encoding transcription factorsÂ (TFs) and secreted factors (Secr.) are highlighted. l, Top 10 significantly enriched GTEx tissue samples among the genes that were expressed at significantly higher levels (FDR 0.05, fold-change 2) in CD142+ ASPCs versus CD142âˆ’ ASPCs after sorting, plating and culture (D0, 5â€‰h and D1, respectively) (left) as well as after sorting only (D0) (right). m, Pathways47 significantly enriched among the genes displayed in k. For h,Â i, l, m, full enrichment results are listed in Supplementary TableÂ 12. n, Heat map of the expression (row-wise z-scores of log(normalized expression), blue-to-red) of a panel of endothelial marker genes. In g, k, n, nâ€‰=â€‰4â€“8, 4 biological replicates, 1â€“3 independent wells each.

                          Source Data
                        


Extended Data Fig. 5 The adipogenic inhibitory capacity of Aregs is paracrine.
a, Microscopy images (after adipogenic differentiation) of mouse ASPCs co-cultured in transwells with all ASPCs, CD142âˆ’ ASPCs or CD142+ ASPCs. Nuclei are stained with Hoechst (blue) and lipids with Bodipy (yellow). Scale bar, 50â€‰Î¼m. The experiments were repeated independently two times, yielding similar results; representative images are shown. b, Bean plots showing the extent of differentiation (arbitrary units, a.u.) per each ASPC fraction shown in a, as well as an additional independent biological replicate. **PÂ â‰¤Â 0.01, Wilcoxon rank-sum test. Experiment S1: ASPCs and CD142âˆ’ ASPCs, nâ€‰=â€‰8; CD142+ ASPCs, nâ€‰=â€‰7 fields of view; experiment S2: ASPCs and CD142âˆ’ ASPCs, nâ€‰=â€‰5; CD142+ ASPCs, nâ€‰=â€‰7 fields of view. c, qPCR-measured gene expressionÂ (Rel. expr.) of knockdowns of Fgf12, Rtp3, Spink2 (nâ€‰=â€‰4) and Vit (nâ€‰=â€‰6) in total SVF. Two biological replicates, 2 or 3 independent wells each. d, Microscopy images of plated SVF cells with knockdowns of Fgf12, Rtp3, Spink2 and Vit, as well as control (scramble siRNA) knockdowns, after adipogenesis. Nuclei are stained with DAPI (blue) and lipids are stained with LD540 (yellow). Scale bars, 50â€‰Î¼m. e, Bean plots showing the distribution of the fraction of differentiated SVF cells with knockdowns of Fgf12, Rtp3, Spink2 and Vit, as well as control knockdowns. f, Bean plots showing the distribution of the mean number of nuclei for the differentiated fractions shown in e. In e, f, for Fgf12, Rtp3 and Spink2 in experiment S1: nâ€‰=â€‰7, 2 biological replicates, 3 or 4 independent wells each; in experiment S2: nâ€‰=â€‰8, 2 biological replicates, 4 independent wells each; for Vit: nâ€‰=â€‰6, 2 biological replicates, 3 independent wells each. g, qPCR-measured gene expression of Fgf12, Rtp3, Spink2 and Vit in Aregs of the experiments shown in Fig. 2h, i; nâ€‰=â€‰6, 2 biological replicates, 3 independent wells each. h, Bean plots showing the distribution of the fraction of differentiated cells, as measured in the CD142- ASPCs underneath Aregs with the knockdowns of Fgf12, Rtp3, Spink2, and control; nâ€‰=â€‰6, 2 biological replicates, 3 independent wells each (independent replication of the experiment shown in Fig. 2h, i). i, Bean plots showing the distribution of the mean number of nuclei for the differentiated fractions shown in Fig. 2h, i (experiment S1) and Extended Data Fig. 5h (experiment S2). nâ€‰=â€‰6, 2 biological replicates, 3 independent wells. j, Expression of adipogenic markers measuredÂ using qPCR in the CD142âˆ’ ASPCs underneath Aregs with knockdown of genes shown in Fig. 2h, i; nâ€‰=â€‰6: 2 biological replicates, 3 independent wells each; Experiments were repeated two times, yielding similar results. In câ€“j, *PÂ â‰¤Â 0.05, **PÂ â‰¤Â 0.01, t-test.

                          Source Data
                        


Extended Data Fig. 6 Aregs and their inhibitory capacity are conserved in humans.
a, FACS-based strategy to isolate human (one individual is shown) ex vivo CD142+ ASPCs and CD142âˆ’ ASPCs. b, qPCR-based expression fold-changes (log2(fold change)) of CD142+ ASPCs versus CD142âˆ’ ASPCs for F3 and ABCG1 after sorting (left) and F3, PPARG and FABP4 after differentiation (right). nâ€‰=â€‰3 biological replicates (distinct individuals). *PÂ â‰¤Â 0.05, one-sided paired t-test. c, FACS-based strategy to isolate the human (one individual is shown) in vitro CD142+ ASPCs and CD142âˆ’ ASPCs. d, Venn diagram showing overlaps between significantly differentially expressed genes (FDR 0.1, fold-change 2) in CD142+ ASPCs versus CD142âˆ’ ASPCs and all ASPCs after adipogenic differentiation (D12). e, f, Pathways47 (e) and top 10 GTEx tissue samples (f) significantly enriched among the genes that were expressed at significantly higher levels (FDR 0.1, fold-change 2) in CD142âˆ’ ASPCs versus CD142+ ASPCs after adipogenic differentiation (Fig. 3e). g, Heat map of the expression (row-wise z-scores of log(normalized expression), blue-to-red) of genes that were expressed at significantly higher levels (FDR 0.1, fold-change 2) in CD142+ ASPCs versus CD142âˆ’ ASPCs after adipogenic differentiation (D12). h, i, Pathways47 (h) and top 10 GTEx tissue samples (i) significantly enriched among the genes that were expressed at significantly higher levels (FDR 0.1, fold change 2) in CD142+ ASPCs versus CD142âˆ’ ASPCs after adipogenic differentiation (D12) and displayed in g. For e, f, h, i, full enrichment results are provided in Supplementary TableÂ 16. In dâ€“i, nâ€‰=â€‰4 biological replicates (distinct individuals). j, Microscopy images (after adipogenic differentiation) of human ex vivo ASPCs co-cultured with mouse Areg-Â (CD142+) or Areg-depletedÂ (CD142âˆ’) ASPCs. Nuclei are stained with Hoechst (blue) and lipids with Bodipy (yellow). Scale bar, 50â€‰Âµm. The experiment was performed once. k, Bean plots showing the extent of adipogenic differentiation (arbitrary units, a.u.) per each ASPC fraction shown in j. nâ€‰=â€‰35 fields of view. All panels except b: *PÂ â‰¤Â 0.05, **PÂ â‰¤Â 0.01, Wilcoxon rank-sum test.
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Extended Data Fig. 7 Aregs locate proximal to the vasculature and inhibit adipogenesis in vivo.
aâ€“g, Microscopy images of the in vivo localization of CD31 (orange), CD142 (green) and SCA1 (pink) markers in mouse subcutaneous white adipose tissue. Nuclei are stained with Hoechst (blue). Scale bar, 50â€‰Î¼m. The experiments were repeated independently at least three times, yielding similar results; representative images are shown. Negative control (a) or tissue cryosections stained with the indicated secondary antibodies only (b). In c, perfused (left) versus non-perfused (right) tissue stained for the indicated markers. In d, arrows indicate CD142+ around big vessels within the adipose parenchyma (left), outside the lymph nodes (middle) and within individual cells (right); in eâ€“g, arrows indicate individual cells presenting both CD142 and SCA1 staining (white). h, Total SVF and Areg-depleted SVF cells (CD142âˆ’ABCG1âˆ’) were implanted into the subcutaneous adipose depot in Matrigel. Microscopy images of Matrigel plugs with total SVF or CD142âˆ’ABCG1âˆ’ SVF cells. Scale bar, 100â€‰Î¼m. Individuals 3 to 5 are shown, and individuals 1 and 2 are presented in Fig. 4g. i, Mean and s.d. of the percentage of mature adipocytes developed within the plugs composed of either Linâˆ’SCA1+ or Linâˆ’SCA1+CD142âˆ’ ASPCs (nâ€‰=â€‰7 biological replicates) analysed using CellProfiler25. *PÂ â‰¤Â 0.01, paired t-test. Mean and s.d. are shown. j, Microscopy images of Matrigel plugs corresponding to i. Scale bar, 100â€‰Î¼m. k, Microscopy images of Matrigel plugs stained with isolectin GS-IB4 (green) and Hoechst (blue) corresponding to i. Scale bar, 100â€‰Î¼m. l, Quantification of vascularisation within the plugs, composed of either Linâˆ’SCA1+ or Linâˆ’SCA1+CD142âˆ’ ASPCs (nâ€‰=â€‰6 biological replicates) analysed using CellProfiler25.

                          Source Data
                        


Extended Data Fig. 8 Supplementary methods for the scRNA-seq analyses.
a, b, t-SNE 2D maps of all analysed cells (Fluidigm C1), highlighting the four subpopulationsÂ (P1â€“P4) obtained when clustering analysis was performed with kâ€‰=â€‰4 (a) and cells belonging to one of three biological replicates (b) (pink, R1; green, R2; blue, R3). c, For each of the four clusters shown in a, the number of cells stemming from each biological replicate is highlighted. d, Silhouette analysis results for kâ€‰=â€‰3 and kâ€‰=â€‰4. e, Venn diagram showing the overlap between the 527 significantly differentially expressed genes identified using M3Drop in the Letter, and the 1,827 genes showing high variabilityÂ (HVG). f, For each cluster shown in Fig. 1b, we determined the number of cells contained in the alternative clustering obtained by considering 1,827 highly variable genes for SC3 analysis. The vast majority of cells are similarly attributed, irrespective of gene set choice. g, Percentage of the top 100 marker genes of the three subpopulations described in the Letter that overlap with the top 100 marker genes of the subpopulations derived from the analysis based on highly variable genes. h, t-SNE 2D maps of all analysed cells (C1) considering only the highly variable genes, highlighting the three subpopulations (P1â€“P3) identified by cluster analysis in the Letter (M3Drop, right) and using the highly variable genes (HVG, left). In a, b, h, nâ€‰=â€‰208 cells from three independent biological experiments, each based on a pool of mice. i, Marker gene expression across all 10x Genomics cells, including a housekeeping gene (Actb), the negative FACS markers Ptprc (Cd45) and Pecam1 (Cd31), the positive FACS markers Cd34, Ly6a (Sca1) and Itgb1 (Cd29), and the mature adipogenic markers Adipoq, Retn and Cidec. j, t-SNE 2D maps of all 10x Genomics cells highlighting the expression of Xist and the cell division marker Mki67 (black). k, Sum of squares for distinct number of clusters (2 to 15) in the 10x Genomics data. In i, j, nâ€‰=â€‰2,919 cells from one biological experiment based on a pool of mice, before G1, Xist, Krt18 or Krt19 and Epcam filtering. l, Silhouette width for distinct number of clusters (2 to 13) in the 10x Genomics data. m, Percentage of the top 100 marker genes of the 10x Genomics populations (G1â€“G4) that overlaps with the top 100 marker genes of the populations (P1â€“P3) derived from the C1 data based on the highly variable genes.
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