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            Abstract
The sympathetic nervous system drives brown and beige adipocyte thermogenesis through the release of noradrenaline from local axons. However, the molecular basis of higher levels of sympathetic innervation of thermogenic fat, compared to white fat, has remained unknown. Here we show that thermogenic adipocytes express a previously unknown, mammal-specific protein of the endoplasmic reticulum that we term calsyntenin 3β. Genetic loss or gain of expression of calsyntenin 3β in adipocytes reduces or enhances functional sympathetic innervation, respectively, in adipose tissue. Ablation of calsyntenin 3β predisposes mice on a high-fat diet to obesity. Mechanistically, calsyntenin 3β promotes endoplasmic-reticulum localization and secretion of S100b—a protein that lacks a signal peptide—from brown adipocytes. S100b stimulates neurite outgrowth from sympathetic neurons in vitro. A deficiency of S100b phenocopies deficiency of calsyntenin 3β, and forced expression of S100b in brown adipocytes rescues the defective sympathetic innervation that is caused by ablation of calsyntenin 3β. Our data reveal a mammal-specific mechanism of communication between thermogenic adipocytes and sympathetic neurons.
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                    Fig. 1: Clstn3b encodes an adipocyte-specific protein.[image: ]


Fig. 2: CLSTN3β localizes to the endoplasmic reticulum.[image: ]


Fig. 3: Ablation of Clstn3b impairs adipose thermogenesis.[image: ]


Fig. 4: Transgenic expression of CLSTN3β enhances adipose thermogenesis.[image: ]


Fig. 5: CLSTN3β promotes functional sympathetic innervation of the adipose tissues.[image: ]


Fig. 6: CLSTN3β promotes secretion of S100b, an adipocyte-derived neurotrophic factor.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Clstn3b encodes an adipocyte-specific protein.
a, Quantitative PCR analysis of Clstn3b expression in wild-type and Lsd1-knockout BAT (n = 3 mice). b, Histone marker and transcription regulator ChIP–seq at the Clstn3 locus from BAT. c, Quantitative PCR analysis of Clstn3b expression in inguinal subcutaneous WAT from mice acclimatized to room temperature or 4 °C (n = 4 mice). d, Mass spectrometry identification of CLSTN3β peptides. e, Conservation of CLSTN3β within the mammalian class. The red cross and green ticks indicates the absence and presence, respectively, of homologues of CLSTN3β in mammalian subclasses. f, Sequence alignment between the unique exon of Clstn3b from human, and a fragment, in an intron upstream of the penultimate exon of Clstn1, in the genome of Chinese softshell turtle. Note how the position of this fragment corresponds to the β-selective exon in Clstn3. All data are mean ± s.e.m. Statistical significance was calculated by unpaired Student’s two-sided t-test.
Source data


Extended Data Fig. 2 CLSTN3β localizes to the endoplasmic reticulum.
a, b, Electron microscopy analysis of primary brown adipocytes that express CLSTN3β–APEX2. In a, arrows denote the Golgi apparatus. In b, arrows denote peroxisomes. Scale bars, 100 nm. c, Western blot analysis of the fractionation pattern CLSTN3β. Asterisk denotes a nonspecific band. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 3 Ablation of Clstn3b impairs adipose thermogenesis.
a–d, Sanger sequencing (a), western blot (b), quantitative PCR (c) (n = 4 mice) and immunofluorescence (d) confirmation of CRISPR–Cas9 deletion of Clstn3b. Scale bars, 10 μm. e, Quantitative PCR analysis of Clstn3 expression in a panel of wild-type mouse tissues, and wild-type and Clstn3b-knockout brain (n = 2 mice for surveying tissue specificity in wild-type mouse; n = 3 mice for wild type and knockout). The primers target the junction between the third and the penultimate exons. f, g, Body weight curve (f) and body composition (g) of wild-type and Clstn3b-knockout mice on chow diet (n = 8 mice). h, Rates of CO2 production from indirect calorimetry analysis of wild-type and Clstn3b-knockout mice (n = 6 mice). i, j, Movement (i) and daily food intake (j) of wild-type and Clstn3b-knockout mice in metabolic chambers (n = 6 mice). k, Oxygen consumption response to acute β3 agonist injection, of wild-type and Clstn3b-knockout mice (n = 6 mice). All data are mean ± s.e.m. Statistical significance was calculated by unpaired Student’s two-sided t-test.
Source data


Extended Data Fig. 4 Transgenic expression of Clstn3b increases adipose thermogenesis.
a, b, Western blot (a) and quantitative PCR (b) confirmation of transgenic overexpression of CLSTN3β in BAT (n = 5 mice). c, d, Body-weight curve (c) and body composition (d) of wild-type and Clstn3b-transgenic mice on chow diet (n = 6 mice). e, Rates of CO2 production from indirect calorimetry analysis of wild-type and Clstn3b-transgenic mice (n = 4 mice). f, g, Movement (f) and daily food intake (g) of wild-type and Clstn3b-transgenic mice in metabolic chambers (n = 4 mice). h, Oxygen consumption response to acute β3 agonist injection of wild-type and Clstn3b-transgenic mice (n = 4 mice). All data are mean ± s.e.m. Statistical significance was calculated by unpaired Student’s two-sided t-test.
Source data


Extended Data Fig. 5 CLSTN3β increases sympathetic innervation of thermogenic adipose tissue.
a, Gene expression analysis of wild-type and Clstn3b-knockout BAT upon 5 h of acute cold exposure, following mice being pre-acclimatized to thermoneutrality (n = 4 mice). Blue, wild-type; orange, knockout. b, Indirect calorimetry analysis of Clstn3b-knockout mice with or without Adipoq-cre, receiving AAV-DIO-Clstn3b injection (n = 4 mice). c, Whole-mount tyrosine hydroxylase staining of the inguinal region of the posterior subcutaneous WAT from wild-type and Clstn3b-knockout mice, acclimatized at 4 °C for 1 week. Scale bars, 50 μm. All data are mean ± s.e.m. Statistical significance was calculated by unpaired Student’s two-sided t-test.
Source data


Extended Data Fig. 6 CLSTN3β promotes secretion of S100b, an adipocyte-derived neurotrophic factor.
a, b, Quantitative PCR analysis of S100b expression in various fat depots (a) and in inguinal subcutaneous WAT (b), from mice acclimatized to room temperature or 4 °C (n = 4 mice). c, Quantitative PCR analysis of S100b expression in control or Prdm16-transgenic inguinal subcutaneous WAT (n = 4 mice). d, Quantitative PCR analysis of S100b expression in control or Prdm16-knockout inguinal subcutaneous WAT (n = 4 mice). e, PRDM16 ChIP–seq showing binding at the S100b locus. f, Indirect calorimetry analysis of Clstn3b-knockout mice with or without Adipoq-cre, receiving AAV-DIO-S100b injection (n = 4 mice). g, Tyrosine hydroxylase immunostaining of salivary gland from wild-type and S100b-knockout mice. h, Quantitative PCR analysis of S100b expression in wild-type and Clstn3b-knockout BAT from mice housed at room temperature (n = 4 mice). Note that this is a different housing condition from that used for experiments in Extended Data Fig. 5a. i, Western blot analysis of intracellular level of S100b in Clstn3b-knockout brown adipocytes that express S100b alone, or co-expressing S100b with CLSTN3β. j, Western blot analysis of S100b protein level in HEK293T cells transfected with various constructs as indicated. k, Western blot analysis of S100b and complement factor D secretion from HEK293T cells co-transfected with or without CLSTN3β. All data are mean ± s.e.m. Statistical significance was calculated by unpaired Student’s two-sided t-test.
Source data


Extended Data Fig. 7 Clstn3b is specifically expressed in human adipose tissue.
RNA sequencing in human tissues that shows adipose-specific expression of Clstn3b. RNA sequencing of 13 human tissue types was analysed for reads that uniquely map to the Clstn3b-specific exon.
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