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Predicted secreted protein analysis reveals synaptogenic
function of Clstn3 during WAT browning and BAT activation

1n mice

Shu-gin Chen’, Qiang Niu?, Li-ping Ju', Miriayi Alimujiang’, Han Yan', Ning-ning Bai', Jun Xu?, Qi-chen Fang’, Jun-feng Han',

Ying Yang' and Wei-ping Jia'

Promoting white adipose tissue (WAT) browning and enhancing brown adipose tissue (BAT) activity are attractive therapeutic
strategies for obesity and its metabolic complications. Targeting sympathetic innervation in WAT and BAT represents a promising
therapeutic concept. However, there are few reports on extracellular microenvironment remodeling, especially changes in nerve
terminal connections. Identifying the key molecules mediating the neuro-adipose synaptic junctions is a key point. In this study, we
used bioinformatics methods to identify the differentially expressed predicted secreted genes (DEPSGs) during WAT browning and
BAT activation. These DEPSGs largely reflect changes of cytokines, extracellular matrix remodeling, vascularization, and adipocyte-
neuronal cross-talk. We then performed functional enrichment and cellular distribution specificity analyses. The upregulated and
downregulated DEPDGs during WAT browning displayed a distinctive biological pattern and cellular distribution. We listed a cluster
of adipocyte-enriched DEPSGs, which might participate in the cross-talk between mature adipocytes and other cells; then identified
a synaptogenic adhesion molecule, Clstn3, as the top gene expressed enriched in both mature white and brown adipocytes. Using
Q-PCR and immunohistochemistry, we found significantly increased Clstn3 expression level during WAT browning and BAT
activation in mice subjected to cold exposure (4 °C). We further demonstrated that treatment with isoproterenol significantly
increased Clstn3 and UCP1 expression in differentiated white and beige adipocytes in vitro. In conclusion, our study demonstrates
that the secretion pattern was somewhat different between WAT browning and BAT activation. We reveal that Clstn3 may be a key

gene mediating the neuro-adipose junction formation or remodeling in WAT browning and BAT activation process.
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INTRODUCTION

Obesity is a major risk factor for multiple disorders, including type 2
diabetes, cardiovascular diseases, dyslipidemias, and cancer [1]. A
better understanding of adipose tissue biology is crucial to identify
novel therapeutic targets for the management of obesity and other
metabolic complications. Adipose tissue plays central roles in energy
homeostasis [2]. There are two particular types of adipose tissue:
white adipose tissue (WAT), which is characterized for storing excess
energy, and brown adipose tissue (BAT), which is specialized to
consume energy as heat. The murine BAT depot is mainly located in
the interscapular region, and the human BAT depot is concentrated
in the supraclavicular and mediastinal regions [3-5]. Recent studies
have identified beige or brite (brown in white) cells that exist within
WAT in mice and rats as an intermediate type of adipocytes [6].
These cells acquire BAT features in response to cold exposure,
including highly expressed UCP1 (uncoupling protein 1) and
multilocular lipid droplets [7]. In BAT, cold exposure increases the

UCP1 expression and mitochondrial biogenesis, resulting in an
increase of thermogenic capacity [8]. Adipose tissue represents a
complex tissue in terms of its resident cellular composition: mature
adipocytes and various other cells that comprise the stromal-
vascular fractions (SVFs). Mature adipocytes are specialized meta-
bolic cells and are surrounded by various components of the
extracellular matrix wherein nerve terminals coexist with non-
adipose cells [9]. The microenvironment remodeling during WAT
browning and BAT activation influences the structure and function
of many cell types to perform vital metabolic and endocrine
functions of the adipose tissue [10]. The thermogenic function of
mature adipocytes (beige and brown adipocytes) has been
recognized by many researchers. However, the extracellular micro-
environment remodeling, particularly changes in nerve terminal
connections, has received less attention.

It is noteworthy that increased sympathetic innervation in
inguinal WAT and BAT after a cold challenge has been reported
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[11-13]. A breakthrough study recently reported that sympathetic
nerve fibers can establish neuro-adipose junctions by directly
forming synapse-like structures in mouse WAT, and neuro-adipose
junctions are necessary and sufficient for leptin-stimulated
lipolytic responses of WAT [14]. A subsequent study also indicated
a dense network of sympathetic arborization in inguinal WAT
using the volume fluorescence-imaging technique and confirmed
that the dense sympathetic arborizations are essential for cold-
induced WAT browning [11]. To date, the key molecules that
mediate the neuro-adipose synaptic junctions have not been
identified.

In our study, we obtained a predicted secreted protein (n=
3171) list from the Tissue-Based Map Of Human Proteome [15]. A
whole-proteome scan was used to predict the complete set of
human secreted proteins using three methods for signal-peptide
prediction: SignalP4.0 [16], Phobius [17], and SPOCTOPUS [18]. The
signal peptide is a short peptide present at the N-terminal of the
majority of proteins that are targeted to the endoplasmic
reticulum and eventually destined to the secretory pathway [19,
20]. These proteins include those that are secreted from the cell
(extracellular or periplasmic), inserted into most cellular mem-
branes, or reside inside certain organelles (the endoplasmic
reticulum, Golgi or endosomes). Thus, we suggest secretory
protein changes can largely reflect the changes of cytokines, the
extracellular matrix and the connections of cells, which can
represent the extracellular microenvironment remodeling and
may help us identify key molecules that mediate the neuro-
adipose junction.

Here, we identified DEPSGs during WAT browning and BAT
activation using GEO DataSets and predicted secreted protein list.
We subsequently compared the DEPSGs between WAT browning
and BAT activation and further performed functional enrichment
analysis to identify the key GO terms and pathways. In addition,
we determined the cellular distribution specificity of the
upregulated and downregulated secreted genes that had a neat
segregated pattern. Based on these analyses and validated
experiments, we identified that Clstn3 may be a key molecule in
neuro-adipose synapse formation or remodeling during WAT
browning and BAT activation.

The calsyntenin family has three members (Clstn1, Clstn2, and
Clstn3). Clstn3 is the only one identified as a synaptogenic cell
adhesion molecule (CAM) and has been confirmed to promote
synapses [21, 22]. It is a transmembrane protein localized in part to
the postsynaptic membrane, with extracellular domains that
contain two cadherin repeats and sex hormone-binding globulin
[21-23]. Previous research has mainly focused on its function in
the brain, while the function of Clstn3 in peripheral tissue and
organs has not been studied. Here, our work first explored its
function in adipose tissue. These findings may advance our
knowledge of the physiological process of WAT browning and BAT
activation and may provide therapeutic enlightenment for the
treatment of obesity.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum,
penicillin/streptomycin solution and trypsin were obtained from
Gibco (Grand Island, NY, USA). Type Il collagenase, isobutylmethyl-
xanthine, dexamethasone, rosiglitazone, T3, and insulin were
obtained from Sigma (St Louis, MO, USA). Antibodies against UCP1
and Clstn3 were obtained from Abcam (Cambridge, MA, USA).

Data extraction and processing

The National Center for Biotechnology Information Gene Expres-
sion Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) is a
public dataset that stores curated gene expression resources,
such as array- and sequence-based data, and is freely available to
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users [24]. The gene expression profiles of GSE86338 by high-
throughput sequencing were downloaded from GEO. The
differentially expressed genes (DEGs) of GSE86338 were identified
by EBSeq algorithms. Genes were considered significantly
differentially expressed under the following criteria: (1) fold
change (FC)>1.2 and (2) FDR<0.05.

The gene expression profile of GSE44059 by microarray was
obtained from the GEO. This dataset contains gene expression
data of the adipocyte and SVFs of the interscapular brown,
inguinal subcutaneous and visceral epididymal adipose tissue
depots of young adult male C57BL/6 [25]. GEO2R (https://www.
ncbi.nim.nih.gov/geo/geo2r/) was applied to screen DEGs
between mature adipocyte and SVF samples in GSE44059 [26].
P-values < 0.05 were set as the cut-off criterion.

A predicted secreted protein list was obtained from Tissue-
Based Map of Human Proteome [15]. It is an integrative genomic
resource that describes proteomes and transcriptomes across
diverse tissues and organs of the human body, providing a spatial
atlas of the expression for thousands of genes down to the single-
cell level [15, 27]. To build their resource, Uhlén et al. used samples
from 44 human tissues (representing all major tissues and organs),
each of which was probed with ~24,000 different antibodies,
complemented with RNA-sequencing data for 32 of the tissues. In
Uhlén’s study, a whole-proteome scan was used to predict the
complete set of human secreted proteins (“secretome”) using
three methods for signal-peptide prediction. The data from this
study are freely available at http://www.proteinatlas.org, providing
the possibility to aid future studies [15, 28].

Functional enrichment and pathway enrichment analysis

GO enrichment analysis is a common useful method for the
identification of overrepresented (or underrepresented) biological
attributes for high-throughput genome or transcriptome data [29,
30]. Pathway enrichment analysis is a systematic analysis of gene
function, and it links genomic information with functional
information [31]. GO and pathway enrichment analysis was
performed using the SBC analysis system (http://enrich.shbio.
com/index/index.asp). The Shanghai Biotechnology Corporation
(SBC) Analysis System is an online system for the analysis of
microarrays and integrates various datasets that contain gene
ontology, KEGG, and the BioCarta database.

Quantitative real-time polymerase chain reaction (qQRT-PCR)
analysis

Total RNAs were extracted using Trizol reagent (Invitrogen, Carlsbad,
CA, USA), and cDNA was generated using an iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA). gRT-PCR analysis was performed
with a Roche LightCycler 480 system using SYBR Premix Ex Taq
(Takara Bio, Shiga, Japan). The primers used to detect the
expressions of target genes are listed as follows: mouse Clstn3,
sense 5'-CGATACTCCAGCAACGAATTCA-3/, and antisense 5-CCAC
CCGGTTCATGCTATG-3’; mouse 36B4, sense 5-AAGCGCGTCCTGGC
ATTGTCT-3’, and antisense 5-CCGCAGGGGCAGCAGTGGT-3'.

Cell culture and differentiation

3T3-L1 cell lines were purchased from the ATCC, routinely cultured
in DMEM supplemented with 10% FBS and penicillin/streptomycin
solution and maintained in a humidified incubator at 37 °C and 5%
CO,. For induction to white adipocytes, 3T3-L1 cells were
incubated with medium that contained 5 pg/mL insulin, 0.5 mM
isobutylmethylxanthine, and 1 uM dexamethasone for two days
and were subsequently cultured with 5pug/mL insulin for the
following 6 days.

SVFs were isolated from the inguinal WAT of C57/BL6J mice. The
inguinal WAT was minced and then digested with type Il
collagenase for 1 h at 37 °C with gentle shaking. Digested adipose
tissue was filtered through a 40 uM cell strainer. After centrifuga-
tion at 500 x g for 10 min at 4 °C, the SVF cells were resuspended
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Identification of DEPSGs during WAT browning and BAT activation using GEO dataset GSE86338 and predicted secreted protein lists.

a Flowchart describing the process of data extraction and processing. b Venn analysis of DEGs during WAT browning induced by the three
treatments. ¢ Schematic representation of the two treatments (6 h of cold exposure or 30 °C for 7 days) used to induce contrasting thermal
shifts in BAT. d, e Overlap of DEGs due to contrasting thermal shifts in BAT. f Venn diagram comparing the overlap among DEGs of browning

WAT, activated BAT, and predicted secreted genes

with DMEM medium and plated onto 24-well plates. For the
induction of brown adipocytes, two days after reaching con-
fluence, the SVF cells were incubated with medium that contained
5ug/mL insulin, 0.5mM isobutylmethylxanthine, 1uM dexa-
methasone, 1 nM T3, and 1 uM rosiglitazone for 2 days and were
subsequently cultured in medium with insulin, T3, and rosiglita-
zone for an additional 4 days.

Mice and treatments

Male C57BL/6 mice, 5 weeks old, were purchased from Shanghai
SLAC Laboratory Animal Company and maintained with a 12h
light-dark cycle. One week after arrival, the mice were randomly
divided into different groups according to the experiment. For the
browning experiment, the mice were subjected to cold exposure
(4°C) for 24 h or 7 days, respectively. All animal procedures were
approved by the Animal Care Committee of Shanghai Jiao Tong
University.

Immunohistochemistry

Adipose tissue was fixed by immersion in 4% paraformaldehyde
and then dehydrated, cleared, and paraffin embedded. The
paraffin sections were obtained. To inactivate endogenous
peroxidase, the sections were immersed in 0.3% hydrogen

Acta Pharmacologica Sinica (2019) 40:999 - 1009

peroxide solution. The sections were blocked with goat serum
to reduce nonspecific staining and then incubated with anti-UCP1
(1:500, ab10983) and anti-Clstn3 (1:200, ab101955) antibodies at
4°C overnight. The HRP-conjugated secondary antibody was goat
anti-rabbit 1gG (PV-6001, ZSGB-BIO, Beijing, China). The sections
were counterstained with hematoxylin.

Statistical analysis

All data are presented as the means = SEM for three independent
experiments. Individual comparisons were performed using
Student’s t test, and multiple comparisons were assessed using
one-way ANOVA with Dunnett's post hoc test. A P-value <0.05
was considered statistically significant.

RESULTS

Identification of DEPSGs during WAT browning and BAT activation
The gene expression profile of GSE86338 downloaded from the
GEO database includes two types of adipose tissue samples from
C57BL/6 mice: white adipose tissue with three widely used
browning treatments (chronic cold exposure, -adrenergic agonist
treatment, and intense exercise) and brown adipose tissue with
activation or inactivation treatment (acute cold exposure and
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Fig.2 The enrichment analysis of DEPSGs of browning WAT. GO (a) and pathway (c) enrichment analyses of upregulated DEPSGs during WAT
browning. GO (b) and pathway (d) enrichment analyses of downregulated DEPSGs during WAT browning

thermoneutrality, respectively) [32]. The data processing methods
of GEO863338 are shown in Fig. 1a, and the detailed program-
ming is presented in the Materials and Methods section.
Comparing the DEGs during WAT browning with three conditions,
we obtained an overlap of 1315 common DEGs (Fig. 1b).
Eliminating 104 DEGs that were regulated in opposite directions,
the remaining 1211 DEGs were used for further analysis
(Supplementary Table S1).
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Parallel to WAT, we examined the DEGs during BAT activation or
inactivation (6 h of cold exposure or 30 °C for 7 days). We selected
the genes simultaneously regulated by these two stimuli in
opposite directions (Fig. 1c—e) for further research. Overall, 1316
mRNAs downregulated in BAT activation and upregulated in BAT
inactivation were identified; moreover, 1399 mRNAs upregulated
in BAT activation and downregulated in BAT inactivation were
identified (Supplementary Table S2).

Acta Pharmacologica Sinica (2019) 40:999 - 1009



Top 30 of GO Enrichment

transforming growth factor beta receptor signaling pathway - *
transferase activity, transferring hexosyl groups - il
transferase activity, transferring glycosyl groups il

ribonucleoprotein complex binding= =

pvalue
response 1o transforming growth factor beta - *
response to endoplasmic reticulum stress - [ ] & 0.009
regulation of cellular response to growth factor stimulus - * 1
& 0.006
proteinaceous extracellular matrix -‘
protein folding- ® 0.003
positive regulation of peptidyl-tyrosine phosphorylation - «
positive regulation of ERK1 and ERK2 cascade - *
oxidoreductase activity, acting on paired donors, with incorporation o efc... < n GO_domain
myelin sheath - A * biological_process
monosaccharide binding - n

4 cellular_componen
metalopeptidase activty - I = molecular_function
lipase activity - *
iron ion binding -

hydrolase activity, hydrolyzing O-glycosyl compounds - [l diff_gene_count

hydrolase activity, acting on glycosyl bonds - [l g 4

growth factor binding- Ml ®s

dioxygenase activity - | | [ ]

connective tissue development - @ [ X

cellular response to transforming growth factor beta stimulus - « . 8
cell redox homeostasis - °

®:

cartilage development - @&
carboxylic ester hydrolase activity -=
carbohydrate binding- [l
basement membrane - 4

@

anchored component of membrane -
6 9 12
enrich factor

BAT activation up-regulated DEPSGs

Top 30 of Pathway Enrichment

Ubiquitin mediated proteolysis - ®
Sulfur metabolism -
Steroid biosynthesis -

Renal cell carcinoma -

.

Regulation of actin cytoskeleton - @
Pyrimidine metabolism - °
Purine metabolism- @

Protein processing in endoplasmic reticulum - [ ]
Protein digestion and absorption - ° pvalue
Pentose phosphate pathway - L ] . 190
Pathways in cancer - @ s 0.75
and rlocihami o S =
N-Glycan biosynthesis - [ ] 950

Metabolic pathways - .
MAPK signaling pathway - @

Lysosome - @
Lysine degradation - ° diff_gene_count
Jak-STAT signaling pathway - [ ] @4
Glycosaminoglycan biosynthesis - o ®:
Glycolysis / Gluconeogenesis - .
Glycerolipid metabolism - [ ] . 12
Fructose and mannose metabolism - . @
Focal adhesion - [ ]
ECM-receptor interaction - [ ]

Cytokine-cytokine receptor interaction- @
Bladder cancer -
Arginine and proline metabolism - [ ]
Antigen processing and presentation - °
Amoebiasis - L]
Alzheimer's disease - ®
3 6 9 12
enrich factor

BAT activation up-regulated DEPSGs

Synaptogenic role of Clstn3 during WAT browning
SQ Chen et al.

b Top 30 of GO Enrichment

Wht signaling pathway, planar cell polarity pathway - *
trehalase activity -
starch alpha-glucosidase activity -
regulation of establishment of planar polarity - *

GO_domain
proteoglycan metabolic process - .

* biological_process

proteoglycan bining - . 4 cellular_component
negative regulation of endothelial cell apoptotic process - L =
negative jon of = molecular_function
lytic transglycosylase activity - | ]
interstitial matrix - A diff_gene_count
heparan sulfate proteoglycan metabolic process - ° ol
heparan sulfate proteoglycan binding - ®s
glucosidase activity -
glucan endo-1,4-beta-glucosidase activity - ®s
galactosidase activity - [ | (
fucosidase activity - ®:
fibronectin binding - @

extracellular matrix disassembly -
dextrin alpha-glucosidase activity -

@

convergent extension - .
pvalue

g 1.0e-04
o .
= | 7.50-05

=

| 5.00-05
i 25e-05

collagen catabolic process -

collagen binding -

chondroitin sulfate metabolic process -

branching involved in salivary gland morphogenesis -

beta-glucosidase activity -

beta-glucanase activity -

activity -
axis elongation- @

amylase activity -

alpha-glucosidase activity -

beta-6-sulfate-N-

125 150 175 200 225
enrich factor

BAT activation down-regulated DEPSGs

Top 30 of Pathway Enrichment

Wnt signaling pathway - @
Toxoplasmosis - @
TGF-beta signaling pathway - ®
Rheumatoid arthritis - *
Renal cell carcinoma -
Protein digestion and absorption - *
PPAR signaling pathway - ®

Pathways in cancer- () pvah;ﬁ 6
Pancreatic cancer - ! 0.12
Other types of O-glycan biosynthesis - ° =
Other glycan degradation - ® 000
Notch signaling pathway - I 0.04
Melanoma - °
Melanogenesis -
Lysosome - o diff_gene_count
Hedgehog signaling pathway - ([ ] .2
Glycosphingolipid biosynthesis - . L o4
Glycosaminoglycan degradation - ° ®:
Glycosaminoglycan biosynthesis - O ®:
Glycine, serine and threonine metabolism - . @
Focal adhesion- @ . i
ECM-receptor interaction - [ ]
Cytokine-cytokine receptor interaction - .
Cysteine and methionine metabolism - .
Colorectal cancer -
Bladder cancer - .
Basal cell carcinoma - L ]

Axon guidance - @
5 10 15 20 25
enrich factor

BAT activation down-regulated DEPSGs

Fig. 3 The enrichment analysis of DEPSGs of activated BAT. GO (a) and pathway (c) enrichment analyses of upregulated DEPSGs during BAT
activation. GO (b) and pathway (d) enrichment analyses of downregulated DEPSGs during BAT activation

To investigate the DEPSGs, we took advantage of the
predicted secreted protein list from Tissue-Based Map of Human
Proteome [15] and identified 307 DEPSGs during WAT browning
and 334 DEPSGs during BAT activation or inactivation, respec-
tively (Fig. 1f, Supplementary Table S3). Venn analysis of the
overlap between WAT and BAT showed that 65 DEPSGs were
identified (Fig. 1f, Supplementary Table S3). The common
DEPSGs occupied ~20% of the total DEPGSs during WAT
browning and BAT activation, which indicates that the secreted
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gene profiles of WAT browning and BAT activation had a
relatively small similarity.

GO and pathway enrichment analysis of the DEPSGs during WAT
browning and BAT activation

To gain further insight into the biological function of the identified
DEPSGs, functional and pathway enrichment analyses were
performed. We uploaded DEPSGs during WAT browning to the
SBC analysis system. Gene ontology (GO) enrichment analysis
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showed that the upregulated DEPSGs (62 genes, of which 62
genes were annotated with GO terms) were significantly enriched
in biological themes associated with mitochondrion energy
metabolism, including Mitochondrion (CC), oxidation-reduction
process (BP), and oxidoreductase activity (MF) (Fig. 2a). Moreover,
the downregulated DEPSGs (245 genes downregulated, of which
243 genes were annotated with GO terms) were annotated mainly
by GO terms related to the extracellular domain, including
extracellular matrix (CC), collagen fibril organization (BP), and
collagen binding (MF) (Fig. 2b). Pathway enrichment analysis
annotated upregulated DEPSGs (62 genes, of which 29 genes were
annotated in the SBC analysis system) by categories related to
metabolism pathways, as well as oxidative phosphorylation, while
the downregulated DEPSGs (245 genes downregulated, of which
243 genes were annotated in the SBC analysis system) by
categories  associated  with  the extracellular domain
(cytokine—cytokine receptor interaction and focal adhesion)
(Fig. 2¢, d).

We subsequently used the same methods to analyze the
biological function of DEPSGs during BAT activation. The
upregulated DEPSGs during BAT activation (122 genes, of which
121 genes were annotated with GO terms) were annotated by GO
terms, such as carbohydrate binding (MF), proteinaceous extra-
cellular matrix (CC) and response to ER stress (BP) (Fig. 3a). The
downregulated DEPSGs (212 genes, of which 209 genes were
annotated with GO terms) were enriched mainly in categories
such as collagen binding (MF) and proteoglycan metabolism
process (BP) (Fig. 3b). The examination of the pathway analysis
indicated that the upregulated DEPSGs (122 genes, of which 53
genes were annotated in the SBA analysis system) were enriched
mainly in metabolic pathways, while the downregulated DEPSGs
(212 genes, 78 genes were annotated in the SBC analysis system)
were annotated mainly in cytokine-cytokine receptor interaction
and pathways in cancer (Fig. 3¢, d). These results indicated that
the enrichment analysis of the DEPSGs during WAT browning had
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Table 1. Top 10 DESGs highly expressed in white mature adipocytes
Gene name WAT cold exposure (log,FC) Adipocytes vs SVFs (log,FC)
Vnn1 —1.81004 4.03

Clstn3 0.54405 3.86

Apocl 0.702009 3.76

Tshr —0.75075 3.61

Stégalnac5 —1.06722 2.67

Slc2a5 0.866748 233

Fam132a 0.389696 217

Apcdd1 —2.37274 1.9

Sdhb 0.931638 1.85

Msra 0.384735 1.81

a neat segregated biological pattern. Thus, the upregulated
biological themes were mainly associated with energy metabo-
lism, while the downregulated biological themes were mainly
associated with the extracellular matrix. The enrichment analysis
of the DEPSGs during BAT activation did not show such an
obvious segregated biological pattern similar to WAT browning,
further highlighting that the secreted gene profiles of WAT
browning and BAT activation were somewhat different.

From the GO and pathway enrichment analysis, we found that
most of the DEPSGs were annotated with extracellular matrix
(ECM). The ECM is an obligatory component of the adipose tissue
stroma that provides structural support and biochemical signals to
maintain proper adipose tissue function. Extracellular matrix
remodeling may play a beneficial role in adipose tissue thermo-
genesis. In addition, our results showed that inflammation and the
fibrosis-related signaling pathways (TGFB and Wnt signaling
pathways) were decreased during WAT browning and BAT
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Table 2. Top 10 DESGs highly expressed in brown mature adipocytes
Gene name BAT cold exposure (log,FC) Adipocytes vs SVFs (log,FC)
Clstn3 1.849704 344
117re —2.22518 2.82
Ltbp2 —1.26776 241
Glb112 —-1.27115 24
Adipoq —0.40483 2.29
Dio2 7.58599 214
Vegfb —0.50319 2.14
Echdc1 0.296433 2.1
Cdnf —2.9189 2.08
Calr3 —0.64257 2.07
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activation, thus indicating that the process of adipose tissue
browning shifts the extracellular microenvironment into a good
and healthy state.

Cellular distribution of the upregulated and downregulated
DEPSGs

As a distinctive biological pattern of enrichment analysis was
observed for the upregulated and downregulated DEPSGs during
WAT browning, we sought to determine the cellular distribution of
the two types of influenced genes. We took advantage of the
GSE44059 datasets that contain microarray gene expression data
performed in mature adipocytes and SVFs of the interscapular
brown, inguinal subcutaneous and visceral epididymal adipose
tissue depots of young adult male C57BL/6 to explore the specific
cellular enrichment of the two groups of genes (upregulated and
downregulated genes) in isolated WAT or BAT cellular fractions

[25]. GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) was
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Fig. 5 Tissue expression profile of Clstn3 and the validation of its expression during WAT browning and BAT activation. a, b Tissue expression
profile of Clstn3 gene in human (a) and mouse (b) tissues. Human data were obtained from The Human Protein Atlas (http://www.proteinatlas.
org). Mouse data were obtained from the GEO dataset GSE9954. c-e Q-PCR analysis of clstn3 expression in WAT (c), BAT (d), and brain (e) after
24 h or 7 days cold exposure. The results are presented as the mean + SEM. Statistical comparisons were made using one-way ANOVA, and
multiple comparisons were conducted using Dunnett’s post hoc test. *P < 0.05 and **P < 0.01 versus control group
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1006

Fig. 6 Detection of Clstn3 protein by immunohistochemistry in WAT and BAT. Immunohistochemistry of inguinal WAT (a) and BAT (b) without
or with cold exposure for 7 days using UCP1 and Clstn3 antibody. Images are representative of two to three different mice per group

applied to screen DEGs enriched in mature adipocytes versus SVFs
[26]. A P-values < 0.05 was set as the cut-off criterion. Log,FC >0
indicated that the genes were mainly expressed in mature
adipocytes, while log,FC < 0 indicated that the genes were mainly
expressed in SVFs. The detailed program of data processing is
shown in Fig. 4a.

After eliminating genes that did not appear in the microarray
data GSE44059 and genes filtered by the cut-off criterion (P-value
<0.05), we obtained an overlap of 166 genes between WAT
browning DEPSGs and cellular distribution specifically DEGs
(Supplementary Table S4). Comparing the gene expression
changes (log,FC) during WAT browning and the cellular distribu-
tion of specific genes, we found that upregulated DEPSGs
annotated with biological themes related to mitochondrion
energy metabolism were predominantly expressed in mature
adipocytes, while downregulated DEPSGs annotated with biolo-
gical themes associated with the extracellular domain were mainly
expressed in the SVF of WAT (Fig. 4b). We also used the same
methods to analyze the DEPSGs of BAT activation (Supplementary

SPRINGERNATURE

Table S5). However, for BAT activation, the DEPSGs did not show
an obvious manifestation similar to WAT browning (Fig. 4b).

Clstn3 may function as a key molecule in neuro-adipose synapse
formation or remodeling during WAT browning and BAT
activation

We then sought to identify the key molecules that can reflect the
cross-talk between mature adipocytes and other types of cells. As
mature adipocytes are the most important functional cells in WAT
and BAT and the composition of fat cells is relatively single
compared to SVFs, we choose mature adipocytes for further
analysis. We listed the top 10 genes that were highly expressed in
white mature adipocytes (Table 1) and brown mature adipocytes
(Table 2) and found that Clstn3 was the only gene highly
expressed in both white and brown fat cells. We explored the
Human Protein Atlas database (www.proteinatlas.org) and
GSE9954 to view the tissue expression profiles of human and
mouse Clstn3 [15]. As shown in Fig. 5a, b, the Clstn3 gene was
predominantly expressed in the brain and widely expressed in
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Fig. 7 The expression of Clstn3 during adipocyte differentiation and after exposure to ISO in vitro. a—e Q-PCR analyses of Clstn3, PPARy, and
UCP1 expression during differentiation of 3T3-L1 to white adipocytes (a, b) and SVFs to brown adipocytes (c-e). f-i Relative mRNA levels of
Clstn3 and UCP1 in white adipocytes (f, g) differentiated from 3T3-L1 preadipocytes with or without ISO treatment (1 ym for 6 h) and in brown
adipocytes (h, i) differentiated from SVFs with or without ISO treatment (10 um for 6 h). The results are presented as the mean + SEM.
Statistical comparisons of induced white and beige adipocytes were made using one-way ANOVA, and multiple comparisons were performed
using Dunnett’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001 versus O days group. Statistical comparisons between two groups were
made using the unpaired Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control group

other tissues and organs with relatively low levels. The RNA-Seq
data and Q-PCR results showed that the Clstn3 expression was
increased during WAT browning and BAT activation, whereas the
expression levels of Clstn3 in the brain did not change when mice
were exposed to cold (Fig. 5¢, d).

To further explore the expression changes of Clstn3 protein
during browning and identify its localization in adipose tissue, we
performed immunohistochemistry experiments. As shown in
Fig. 6a, the staining for Clstn3 and UCP1 are significantly increased
in WAT after cold exposure. Cold-induced mature adipocytes with
multilocular lipid droplets generally exhibit cytoplasm and
membrane staining. The expression of Clstn3 in BAT is higher
than in WAT. Similar to WAT, the expressions of Clstn3 and UCP1
are increased in BAT after cold exposure for 7 days (Fig. 6b).

Clstn3 was identified as a synaptogenic adhesion molecule, and
the increased expression of Clstn3 may reflect new synaptic
structure formation during WAT browning and BAT activation [21,
22]. To evaluate the function of Clstn3 in mature adipocytes, the
3T3-L1 preadipocytes were differentiated toward mature white
adipocytes and SVF cells were differentiated toward beige
adipocytes using the protocols described in the Materials and
Methods section. We found that the Clstn3 gene expression was
increased and in parallel with the induction of PPARy and UCP1
when preadipocytes were differentiated to mature adipocytes [33,
34] (Fig. 7a-e). To simulate the effects of cold exposure on mouse
fat cells, white and beige adipocytes were stimulated with
isoproterenol (ISO) in vitro. Here, we found that ISO treatment
could induce white and beige adipocyte Clstn3 expression in
parallel with the induction of UCP1 [34-36] (Fig. 7f-i). Recent
studies have reported that Clstn3 promotes synapse development
[21, 22]. Thus, we speculated that Clstn3 may promote neuro-
adipose synapse formation or remodeling during WAT browning
and BAT activation. We also analyzed other candidate genes
(Supplementary Table S6) that have been reported to induce
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presynaptic differentiation in heterologous synapse-formation
assays [21]. We found that Clstn3 was the only gene for which
the expression changed during WAT browning and BAT activation,
which indicates its important roles in this process.

DISCUSSION
The enhancement of BAT activity and the promotion of WAT
browning, which are believed to increase an organism’s energy
expenditure, are attractive therapeutic strategies for obesity and
its complications. Defining the signals and the function changes of
the extracellular microenvironment can advance our understand-
ing of the browning process. Targeting sympathetic innervation in
WAT and BAT represents an attractive concept to combat obesity
and its complications. Neuro-adipose synaptic junctions are the
key microstructures that mediate sympathetic innervation in
adipose tissue. Our study identified DEPSGs during WAT browning
and BAT activation, which can represent the extracellular
microenvironment remodeling. Using bioinformatic methods, we
found that the secreted gene expression profiles between WAT
browning and BAT activation had a relatively small similarity. In
addition, enrichment analysis showed that upregulated DEPSGs
during WAT browning were mainly related to mitochondrion
energy metabolism, while downregulated DEPSGs were generally
associated with the extracellular domain. Furthermore, the cellular
distribution analysis demonstrated that upregulated secreted
genes were predominantly expressed in mature adipocytes, while
downregulated secreted genes were mainly expressed in the SVFs
of WAT. Through this data analysis, combined with a preliminary
experimental exploration, we successfully identified that Clstn3
may act as a key molecule in neuro-adipose synapse formation or
remodeling during WAT browning and BAT activation.

Synapse formation and elimination remain active throughout
the lifetime of an organism [37]. To date, the research on synapses
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mainly focuses on nerve tissue, while research on adipose tissue is
relatively rare. The neuro-adipose synaptic microstructure is very
important to mediate sympathetic inputs to adipose tissues.
However, the developmental signals and molecular mechanisms
that guide nerve terminals to mature adipocytes remain
incompletely understood. Here, our study showed that the
expression of Clstn3, a synaptogenic CAM, increases during cold
exposure, which implies the formation and remodeling of
synapses in adipose tissue. We suggest this is a manifestation of
the adaptive function of adipose tissue to cope with changes in
the external environment. In addition, previous studies have
explored the function of Clstn3, which is believed to promote
synapse development [21, 22]. Combined with our experimental
results, these findings indicate that Clstn3 may play a key role in
the formation and development of synapses in adipose tissue in
response to a cold challenge.

The thermogenic function of WAT browning and BAT activation
has been recognized by many researchers. However, the
extracellular microenvironment changes during WAT browning
and BAT activation have received less attention. Here, our study
primarily focuses on the changes of the extracellular microenvir-
onment. Previous research has investigated the extracellular
microenvironment mainly via mass spectrometry to detect cell
supernatant or tissue supernatant. This method cannot detect the
cross-talk between cells. Our study employed a different strategy
of using predicted secreted protein profiles, which can largely
reflect the extracellular microenvironment remodeling. This
method is relatively convenient, and it is capable of detecting
the connection changes between cells. As the prediction principle
of the secreted protein is based on signal peptides, some of these
predicted genes inevitably reside inside the endoplasmic reticu-
lum, Golgi or endosomes. Overall, it does not affect our
subsequent analysis and outcome judgment. Our research results
suggested that Clstn3 plays an important role in the formation
and remodeling of synapses in adipose tissue. However, further
animal experiments are essential to verify this conclusion. In
addition, the specific mechanism by which Clstn3 plays a role in
adipose tissue remains unclear, and further research is required.

The current study has indicated the DEPSG profiles during WAT
browning and BAT activation. Key GO terms and pathways were
identified using enrichment analysis. The cellular distribution
specificity analysis showed that upregulated and downregulated
secreted genes have segregated cell distribution patterns. Most
importantly, our work provided new evidence at the molecular
levels to support the increased nerve innervation in adipose tissue
and suggests that the synapse-organizing molecule CLSTN3 may
play a key role in neuro-adipose synapse formation or remodeling
during WAT browning and BAT activation. Our study may provide
new drug targets for the treatment of obesity and other metabolic
disorders.
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