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cAMP-MicroRNA-203-IFNg network regulates
subcutaneous white fat browning and glucose
tolerance
Xiaolong Guo 1, Zhichun Zhang 1,2, Ting Zeng 1, Yen Ching Lim 2, Yumeng Wang 1, Xinxin Xie 1, Song Yang 1,
Chenglong Huang 1, Min Xu 1, Linfen Tao 1, Hongxiang Zeng 1, Lei Sun 2,**, Xi Li 1,*
ABSTRACT

Objective: Brown and beige adipocytes in humans and rodents are specialized to burn lipids for heat generation as a natural defense against
cold and obesity, which is advantageous to metabolic homeostasis. MicroRNAs as another regulatory layer to regulate metabolic homeostasis
attracted a lot of attentions. Our previous work revealed microRNA (miR)-203 as a brown adipocyte-enriched microRNA involved in brown
adipocytes development. However, the potential role of miR-203 in adipose tissue metabolic homeostasis has not been determined in vivo. In this
study, we investigate the potential role of miR-203 in subcutaneous white adipose tissue (sub-WAT) browning and metabolic homeostasis.
Methods: We investigated the relationship between miR-203 and energy homeostasis in adipose tissue from cold exposed, high fat diet (HFD)
fed, ob/ob and db/db mice. The functions of miR-203 on sub-WAT browning were validated through miR-203 knockdown or overexpression. The
miR-203 targeted signal pathway was screened by RNAseq analysis. Luciferase report assay, western blot, and qPCR were performed to
establish the miR-203 related upstream and downstream signal pathway in vivo and in vitro. The functions of miR-203 on obesity and metabolic
homeostasis were validated through GTT/ITT and western blot on high fat diet-induced obesity in C57 mice. ELISA was used to determine the
concentration of IFN-g. Flow cytometry analysis was performed to determine the infiltration of macrophages in adipose tissue.
Results: MiR-203 expression positively correlates with energy expenditure, and overexpression of miR-203 could enhance sub-WAT browning in
normal diet (ND) condition. Mechanistically, the expression of miR-203 is activated by cAMP-dependent C/EBPb up-regulation. Subsequently,
miR-203 inhibits IFN-g signal pathway activation by directly targeting Lyn, which is an activator of Jak1-Stat1. Moreover, the forced expression of
miR-203 could improve insulin sensitivity and resist high fat diet-induced obesity by inhibiting IFN-g.
Conclusions: MicroRNA-203 (miR-203) promotes white adipose tissue browning in cold exposed mice and improves glucose tolerance in HFD
fed mice by repressing IFN-g. Since miR-203 is activated by cAMP-dependent C/EBPb up-regulation and directly represses IFN-g signal
pathway, we declare that miR-203 acts as a messenger between cAMP signal pathway and IFN-g signal pathway.

� 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The prevalence of obesity with a high risk of metabolic dysfunction is a
health burden all over the world [1,2]. However, available treatments
for obesity are limited. Rodents and humans possess at least two
populations of Ucp1-positive thermogenic adipocytes: classical brown
adipocytes and beige adipocytes [3,4]. Beige adipocytes reside within
white adipose tissue and usually emerge in response to chronic cold
exposure and physical exercise [5]. This kind of Ucp1 positive adipo-
cyte exhibits BAT-like qualities, multilocular lipid droplet morphology,
higher mitochondrial content, and thermogenic capacities which in-
crease energy expenditure and defend against obesity [6,7].
A variety of transcriptional regulators such as C/EBPb, PPARg,
and PRDM16 control the brown- and beige-selective thermogenic
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gene program [8]. Additionally, a new class of regulatory mole-
cules, miRNAs, are reported to regulate metabolic homeostasis
through interacting with transcriptional control mechanisms [8e
10]. In particular, several miRNAs have recently emerged as
important regulators of brown and beige adipocyte differentiation
and function [11,12]. Meanwhile, our previous work revealed that
microRNAs were required for the feature maintenance and dif-
ferentiation of brown adipocytes [13]. With microarray analysis,
we identified miR-203 as a brown fat-enriched microRNA. Inhi-
bition of miR-203 in primary brown adipocytes resulted in
impaired brown adipogenesis [13]. However, the function of miR-
203 on fat metabolism has not been determined in vivo and the
mechanism by which miR-203 regulates adipose tissue thermo-
genesis is not known.
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Lately, an important study reveals that targeting neuro-innate signaling
between the sympathetic nervous system and the immune system
may offer new approaches to mitigate chronic inflammation-induced
metabolic impairment [14]. We know that sympathetic neurons exo-
cytose catecholamines, leading to cyclic AMP (cAMP) enrichment and
fat burning, characterized by the up-regulation of Ucp1 [15,16].
Additionally, it is reported that IFN-g signaling severely disturbs the
white-to-brown conversion [17,18] and metabolic homeostasis by
increasing the adipose inflammation response [19,20]. However, the
relationship between the sympathetic nervous system and the IFN-g
signaling pathway remains unclear.
Here we show that knockdown of miR-203in vivo significantly impairs
subcutaneous white fat browning, while overexpression of miR-203
promotes the browning process under ND condition. The expression
of miR-203 is transcriptionally wired into the thermogenic program by
C/EBPb during cAMP signaling activation. Subsequently, miR-203
repressesthe IFN-g signal pathway via the tyrosine-protein kinase
Lyn, an activator of Jak1-Stat1 [21]. Importantly, overexpression of
miR-203 can improve insulin sensitivity and prevent high fat diet-
induced obesity. Hence, we report that miR-203 could promote sub-
cutaneous white fat browning and that miR-203 has a beneficial effect
on metabolic homeostasis.

2. MATERIALS AND METHODS

2.1. Animals and treatment
Four to six-week-old male C57BL/6J mice were purchased from the
Experimental Animal Center of Chongqing Medical University
(Chongqing, China). Mice were maintained under 12-hour light/12-
hour dark cycles and fed with ND or HFD (60% kcal in fat, begin-
ning at age 6 week). CL-316243 disodium salt (sigma) was admin-
istered via daily intraperitoneal injection (1 mg kg�1) for a week. 8-
weekold mice were treated with Locked Nucleic Acids (LNAs) micro-
RNA inhibitors (8 mg kg�1) (Exiqon), adenovirus (1� 108 to 1010 PFU),
or Saracatinib (25 mg kg�1) (Selleck) into inguinal fat pat. Adenovirus
constructs were designed from our laboratory; for more details, please
refer to the adenovirus section. All studies were approved by the
Animal Care and Use Committee of the Chongqing Medical University
and followed the National Institute of Health guidelines on the care and
use of animals.

2.2. Adipose stromal vascular fraction cells isolation and culture
The stromal vascular fractions (SVFs) cells from white fat tissue and
brown fat tissue were isolated as described before with few modifi-
cations [22]. Briefly, minced tissue depots were treated with 0.2%
collagenase (Sigma) digestion at 37 �C for 25e30 min. Digested
tissues were filtered through a 100 mm mesh filter. After centrifuga-
tion, the mature adipocytes floating above on the supernatant, and
cellular pellet involving the SVFs was resuspended with an ammonium
chloride lysis buffer to remove red blood cells. Both SVFs and adipo-
cytes were washed with 0.5% calf serum in phosphate-buffered saline
(PBS). The freshly isolated SVFs cells were seeded and cultured in
DMEM containing 10% FBS (Gibco)and 0.5% penicillin/streptomycinat
37 �C with 5% CO2. On confluence, the cells were induced to differ-
entiate for 2 days with DMEM containing 10% FBS, 5 mg/mlinsulin
(Roche),1 mmol/Ldexamethasone (Sigma), 0.5 mmol/L of 3-isobutyl-
methylxanthine (Sigma) and 5 mmol/L rosiglitazone (Sigma). The in-
duction medium was replaced with DMEM containing 10% FBS
and5 mg/ml insulinfor 2 days. Then cells were incubated in DMEM with
10% FBS.
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2.3. Cell culture
For 3T3-L1 induction and treatment, 3T3-L1 preadipocytes were
propagated and maintained in DMEM containing 10% calf serum (CS;
Gibco). Two days post-confluence (designated day 0), cells were
induced to differentiate with DMEM containing 10% FBS (Gibco), 1 mg/
ml insulin, 1 mmol/L dexamethasone, and 0.5 mmol/L 3-isobutyl-1-
methylxanthine until day 2. Cells were fed DMEM supplemented
with 10% FBS and 1 mg/ml insulin for 2 days and then incubated in
DMEM with 10% FBS. Expression of adipocyte genes and acquisition of
adipocyte phenotype began at day 3 and reached a maximum at day 6.
For drug treatment, cells were incubated with 50 mmol/L forskolin
(Sigma) or 10 mmol/L isoproterenol (Sigma) for 6e8 h for RNA and
protein analyses, respectively.
For T cell culture with conditional medium, Jurkat immortalized
human T cellswere cultured in RPMI 1640 medium (Gibco) containing
10% FBS (Gibco) and maintained in 5% CO2 at 37 �C. For the adi-
pocytesconditional medium, 3T3-L1 preadipocytes were induced to
differentiation as described above. Ad-miR-203 and Ad-Vector were
transfected at the fourth day after induction, respectively. Cells were
then washed and fresh medium was replaced after 24 h. The me-
dium was then collected at the seventh day after induction. The
conditional medium was filtered and used at a 1:1dilution with fresh
medium for T cell culture; cells were collected for RNA and protein
analyses after 48 h.

2.4. Adenovirus constructs
The miR-203 knockdown adenovirus was constructed by using a
BLOCK-iT�-U6-Entry-Vector (Invitrogen) according to manufacturer’s
instructions. The miR-203 overexpression adenovirus was constructed
by using an pDC316-mCMV-EGFP-vector (Biowit, Shenzhen, China)
according to manufacturer’s instructions. The overexpression adeno-
virus vector was a generous gift from the Dr. Li Gang lab.
Overexpression vector insert sequence: CAGGAGGGCGCTGAGCTGTG-
GCTCCGGAGCTCCGGGCTGTGCAGAACTTCTGTGTGCAGGCGCGCCTGGT-
CCAGTGGTTCTTGACAGTTCAACAGTTCTGTAGCACAATTGTGAAATGTTT-
AGGACCACTAGACCCGGCGCGCACGGCGGCGACGACAGCAGCGACGGGG-
CGGCCCCGACGGCCAAGGTCGGCTTGAGAGGGGCGCGGGGGTGGGGTGG-
GGGCACCCGGATCGCCGAGACTCG.
Knockdown vector insert sequence: CACCGCTAGTGGTCCCCACATTTC-
ACCGATCTAGTGGTCCCCACATTTCACACCGGTCTAGTGGTCCCCACATTT-
CACTCACCTAGTGGTCCCCACATTTCAC.

2.5. Adenovirus amplification and purification
The adenovirus was amplified in 293A cells. In brief, 293A cells
cultured in 10% fetal bovine serum about 90% confluence were added
with adenovirus seed. 48 h post-infection, visible regions of cytopathic
effect (CPE) are observed. Harvest adenovirus stock until approxi-
mately 70% CPE is observed (typically 3 days post-infection). Frozen
at �80 �C for long-term preservation, the adenovirus stock was pu-
rified by Adenovirus Purification Kits (Sartorius, UK) according to
manufacturer’s instructions.

2.6. Western blotting and antibodies
Tissue homogenate or cellslysate in lysis buffer containing 2% SDS
and 50 mM TriseHCl (pH6.8). Lysates were then quantitated and equal
amounts of protein were subjected to SDS-PAGE and immunoblotted
with antibodies against b-actin, Ucp1, C/EBP-b, Jak1, Stat1, and Lyn.
Antibodies against b-actin (4967s) and Lyn (2796s) were from Cell
SignalingTechnology, antibodies against Stat1 (sc-346) were from
Santa Cruz Biotechnology, antibodies against Jak1 (ab133666) and
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Ucp1 (ab23841) were from Abcam, and antibodies against C/EBP-b
were from the Department of Biological Chemistry, Johns HopkinsU-
niversity School of Medicine.

2.7. RNA-seq analysis
Sequencing reads were first aligned against mm10 using tophat-
2.0.11 [23] followed by gene quantification into FPKM units using
cufflinks-2.1.1 [23]. Lowly expressed protein-coding genes (Average
FPKM � 1) in both control and miR-203 inhibition groups were filtered
off from all downstream analyses. For the remaining set of genes, we
adjusted the basal average expression to FPKM 1 and used for all
downstream analyses thereafter. Statistical analysis for differential
gene expression was performed using Cuffdiff [24]. Genes were
considered significantly differentiated when q-value <0.05 and fold
change of at least 1.5.

2.8. Gene set enrichment analysis
GSEA [25] was performed on a pre-ranked log2 (mir-inhibition/control)
list and compared against “GO gene sets” (C5) from MsigDB [25,26].
Redundant enriched gene ontologies were removed using REVIGO [27]
with default parameters.

2.9. Quantitative real-time PCR assay
Total RNAs were extracted with TRIzol (Invitrogen). For mRNA analysis,
1 mg total RNAs was reverse transcribed by using a Revert Aid first
strand cDNA synthesis kit (Thermo Scientific). The cDNA was analyzed
using the Power SYBR green PCR master mix (Applied Biosystems,
Carlsbad, CA) with the ABI Prism 7500 qPCR machine (Applied Bio-
systems). mRNA qPCR data were normalized to the rpl23.
For miRNA analysis, 8 ng total RNAs was reverse-transcribed, and
qPCR was operated with particular TaqMan primers according to the
manufacturer’s instruction (Applied Biosystems). miRNA qPCR data
were normalized to the snoRNA202. Details of primers are available on
request.

2.10. Histological analysis of tissues
Paraffin-embedded adipose tissues were cut into 5 mm thick sections,
adhered onto glass slides, deparaffinized, and rehydrated by
decreasing ethanol concentrations. Tissue-embedded slides were
stained with hematoxylin and eosin (H&E). For immuno-histochemistry,
rehydrated tissues were washed with PBS, boiled in a Citrate solution,
and blocked with 4% serum before overnight incubation at 4 �C with
primary antibodies against Ucp1 (ab23841-R, 1:500). Horseradish
peroxidase labeled secondary antibodies were used (SP-9000, ZSGB-
BIO). The slides were thoroughly washed and counterstained with
hematoxylin, then examined under a microscope (Leica).

2.11. Luciferase reporter assay
For promoter luciferase reporter assay, full length miR-203 promoter
(1480 bp) including two predicted binding sites was amplified from
normal mouse genomic DNA (Toyobo) and cloned into PGL3-Basic
vector (Promega). The two truncated vectors with different promoter
lengths were also amplified from genomic DNA. The specific site
mutated vector was constructed by HUADA genes. The pcDNA-C/EBPb
plasmid was preserved in our laboratory.3T3-L1 or 293T cells were
seeded in 24-well plates (NEST) at an appropriate density one day
before transfection. 300 ng each reporter construct were co-
transfected with 2 ng renilla per well. Luciferase activity was
measured at 36 h after transfection via a dual luciferase reporter assay
kits (Promega), with firefly luciferase activity normalized to renilla
activity.
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For miR-203 binding luciferase reporter assay, 293T cells were seeded
in 24-well plates (NEST) at an appropriate density one day before
transfection. Two sequences including predicted binding sites on the
Lyn 30UTR were cloned into psiCheck-2 vector respectively (Promega).
The specific site mutated sequences were processed by SANGON
(Shanghai, China) and also cloned into psiCheck-2 vector. 100 ng
reporter construct was co-transfected with 50 nM miR-203 mimic or a
mimic control (GenePharma) into 293T cells using Lipofectamine 2000
according to the manufacturer’s protocol (Invitrogen). Renilla and
Firefly luciferase signals were measured at 48 h post-transfection via
the Dual-Luciferase Reporter Assay kits (Promega).

2.12. Body temperature and body weight
8-week-old mice were housed at 4 �C for 48 h. The rectal body
temperature was recorded at indicated time with a thermometer probe
(BAT-12, PHYSITEMP INSTRUMENTS INC). Body weight and food
intake mice were measured every week or before sacrifice.

2.13. Glucose and insulin tolerance tests
For the glucose tolerance test (GTT), mice were fasted overnight,
followed by intraperitoneal glucose injection (2 mg/g body weight), and
tail blood glucose levels were monitored at the indicated time. For the
insulin tolerance test (ITT), mice fed ad libitum, followed by intraper-
itoneal human insulin injection (Novo Nordisk) (0.75 mU/g body weight)
at around 2 p.m, and tail blood glucose levels were monitored at the
indicated time.

2.14. Flow cytometry analysis
After isolation of adipose SVFs, single-cell were resuspended in PBS/
3% BSA (FACS buffer) and treated with anti-CD16/32 for 15 min at
4 �C to block non-specific binding. Macrophages staining was per-
formed for 15 min at 4 �C using the following antibodies: CD45, F4/80,
CD11c, CD206 (Bioscience). Flow cytometry analysis was performed
using a FACS instrument (BD Bioscience) to measure the fluorescence
intensity.

2.15. Statistical analysis
Results are expressed as mean� S.E.M Comparisons between groups
were made by unpaired two-tailed Student’s t-test, where P < 0.05
was considered as statistically significant.

3. RESULTS

3.1. MiR-203 expression positively correlates with energy
expenditure
Our previous work demonstrated that microRNAs are required for
feature maintenance and differentiation of brown adipocytes using
tissue-specific Dgcr8 knockout mice [13]. With microarray analysis
and experiment in vitro, we found that miR-203 may be a candidate for
BAT activity. We confirmed that miR-203 expression was significantly
induced in interscapular brown adipose tissue (iBAT) and sub-WAT
after 4 �C cold exposure (Figure 1A) or with a b3-adrenoceptor
agonist CL-316243(CL) treatment (Figure1B). Therefore, miR-203
expression is positively correlated with enhanced energy expenditure
in adipose tissue. Additionally, we illustrated that the expression of
miR-203 mainly existed in differentiated adipocytes compared to pre-
adipocytes (Figure 1C). Similarly, miR-203 was highly expressed in
mature adipocytes isolated from sub-WAT and iBAT rather than SVFs
(Figure 1D).
To examine whether miR-203 was affected by obesity, we detected
miR-203 expression in mice fed with HFD. Interestingly, miR-203 was
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: miR-203 expression positively correlates with energy expenditure. A, B qPCR analysis of miR-203 in sub-WAT and iBAT from 1-week 4 �C-treated or 1-week CL-
316243 treated mice compared to respective controls (n ¼ 5/group). C qPCR analysis of miR-203 in differentiated white and brown adipocytes compared to undifferentiated white
and brown adipocytes isolated from sub-WAT or iBAT, respectively (n ¼ 4/group). D qPCR analysis of miR-203 in SVFs or mature adipocytes isolated from sub-WAT or iBAT,
respectively, (n ¼ 5/group). E, F qPCR analysis of miR-203 in sub-WAT or iBAT from HFD (n ¼ 5/group), ob/ob (n ¼ 8/group) and db/db (n ¼ 8/group) mice compared to respective
controls, Sno-202 served as an internal control. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test. Data presented as mean � s.e.m.
markedly downregulated in sub-WAT and iBAT of mice upon HFD
(Figure 1E). Consistent with these findings, miR-203 also decreased in
the sub-WAT and iBAT of ob/ob and db/db mice (Figure 1F) comparing
with wild type mice. These findings indicate that altered miR-203
expression may play a role in adipose tissue remodelingduring en-
ergy expenditure.

3.2. MiR-203 regulates subcutaneous white adipose tissue
browning
To investigate the influence of miR-203 on thermogenic program, miR-
203 inhibitor was injected into mouse inguinal fat and then these
animals were housed in 4 �C or room temperature (RT) for 24 h before
sacrifice (Figure 2A). MiR-203 was markedly reduced in sub-WAT
injected with miR-203 inhibitor (Figure 2B). Although major brown
fat markers such as Ucp1 and Pgc1a were markedly increased upon
cold exposure, the extent of induction was significantly attenuated in
miR-203 knockdown adipose tissue compared with the control sam-
ples (Figure 2C). Western blot also confirmed that the blunted induction
of Ucp1 expression was present in miR-203 knockdown sub-WAT after
cold exposure (Figure 2D). In contrast to the changes observed in
brown fat markers, the expression of adipogenesis genes was less
influenced by miR-203 knockdown (Figure 2C). To further confirm the
effects of miR-203 inhibition on white fat browning, we knocked down
miR-203 with miR-203-sponge adenoviral and exposed mice to 4 �C
for 24 h (Figure 2E). Consistent with the inhibitor experiment, the
mRNA levels of browning markers and protein level of Ucp1 were
markedly reduced in miR-203-sponge injected sub-WAT (Figure 2F,
G). H&E staining and immunostaining analysis indicated that the lipid
droplet in adipocytes waslarger and the number of Ucp1 positive cells
was lower in miR-203 knockdown sub-WAT (Figure 2H). Although
knockdown of miR-203 did not change the body weight (Figure 2J) and
inguinal fat mass in the short term (Supplemental Figure 1A, B),
inhibiting miR-203 did impair body thermogenic response, as the body
MOLECULAR METABOLISM 28 (2019) 36e47 � 2019 The Authors. Published by Elsevier GmbH. This is an open ac
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temperature of the miR-203 knockdown mice was lower than that of
control animals upon cold exposure (Figure 2I).
In order to investigate the influence of miR-203 overexpression on
thermogenic program and exclude the influence of sympathetic acti-
vation, mice were forced to express miR-203 with the adenovirus and
recovered without cold exposure (Figure 2K). We found that the level of
miR-203 was upregulated by adenovirus injection (Supplemental
Fig. 1C). Notably, several browning markers and protein level of
Ucp1 were elevated by miR-203 overexpression (Figure 2L, M). These
data indicate that miR-203 has the potential to regulate thermogenic
program in sub-WAT.

3.3. cAMP signaling promotes miR-203 expression through C/
EBPb
Our data demonstrate that miR-203 up-regulation is linked to cold
stimulation. Upon cold stimulation, the sympathetic nervous system is
activated to elevate intracellular cAMP levels, which promotes lipolysis
as well as the up-regulation of Ucp1 in white adipose tissue. To
examine the role of cAMP signaling in miR-203 expression, differen-
tiated 3T3-L1 adipocyteswere treated with forskolin, a cAMP agonist.
Forskolin significantly increased the expression of miR-203 and Ucp1
(Figure 3B) (Figure 3A, D). In order to identify which specific regulator
is involved in cAMP signaling andmiR-203 expression, the pri-miR-203
promoter was explored through transcriptional factor prediction tool
Generatrix, and two potential binding sites of C/EBPb were found.
Consistently, forskolin could promote C/EBPb expression in mRNA and
protein levels (Figure 3C, D). We also observed similar results in 3T3-
L1 adipocytes treated with isoproterenol, a b3 adrenergic receptor
agonist (Figure 3E, F, G & H).
Notably, the miR-203 expression was also robustly induced in differ-
entiated white adipocytes by C/EBPb overexpression (Figure 3I). The
luciferase reporter with pri-miR-203 promoter was constructed
(Figure 3J) and transfected into 3T3-L1 or 293T cell lines,
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 39
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Figure 2: MiR-203 regulates subcutaneous white adipose tissue browning. A Schematic shows the inhibitor injection strategy used in figure (B), (C) and (D). Mice recovered
for 24 h after injection and housed in room temperature (RT) (n ¼ 5/group) or 4 �C, respectively (n ¼ 7/group) for 24 h and then sacrificed. B qPCR analysis of miR-203 in inhibitor
injected sub-WAT from mice housed in RT (n ¼ 5/group) or 4 �C (n ¼ 7/group) (24hr) compared with control side. C qPCR analysis of BAT selective genes (ucp1, pgc1a, prdm16,
cidea, dio2, elovl3, ppara, cox4, cox7a, and cox8b) and common adipogenesis genes (pparg, fabp4, adipoQ, c/ebpa) in miR-203 inhibitor injected sub-WAT from mice housed in
RT (n ¼ 5/group) or 4 �C (n ¼ 7/group) (24hr) compared with control side. D Western blot analysis of Ucp1 in miR-203 inhibitor injected sub-WAT from mice housed in RT or 4 �C
(24hr) compared with control side. E Schematic shows the Ad-miR-203 sponge injection strategy used in figure (F), (G) and (H). Mice recovered for 24 h after injection and
accepted 4 �C cold exposure for 24 h and then sacrificed (n ¼ 8/group). F qPCR analysis of BAT selective genes (ucp1, pgc1a, prdm16, cidea, dio2, elovl3, ppara, cox4, cox7a,
and cox8b) in miR-203 sponge injected sub-WAT from 4 �C treated mice (24hr) compared with Ad-lacZ injected side (n ¼ 8/group). G Western blot analysis of Ucp1 in miR-203
sponge injected sub-WAT from 4 �C treated mice (24hr) compared with Ad-lacZ injected side. H Histological analysis of adipocyte morphology (H&E) and Ucp1 expression (IHC) in
Ad-lacZ- and miR-203 sponge injected sub-WAT from 4 �C treated mice (24hr) (n ¼ 3/group). I, J Body temperatures (�C) and body weights of Ad-lacZ or miR-203 sponge injected
mice upon 4 �C treated (48hr) are shown (n ¼ 6/group). K Schematic shows the Ad-miR-203 injection strategy used in figure (L) and (M). L qPCR analysis of BAT selective genes
(ucp1, pgc1a, prdm16, cidea, dio2, elovl3, ppara, cox4, cox7a, and cox8b) in Ad-miR-203 injected sub-WAT from mice housed in RT (n ¼ 6/group) compared with Ad-vector
injected side. M Western blot analysis of Ucp1 in Ad-miR-203 injected sub-WAT from mice housed in RT compared with Ad-vector injected side. *P < 0.05, **P < 0.01, and
***P < 0.001 by Student’s t-test. Data presented as mean � s.e.m.
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Figure 3: cAMP signaling promotes miR-203 expression through C/EBPb. A, E qPCR analysis of ucp1 in forskolin or isoproterenol treated 3T3-L1 adipocytes compared with
PBS treated cells (n ¼ 3/group). B, F qPCR analysis of miR-203 in forskolin or isoproterenol treated 3T3-L1 adipocytes compared with PBS treated cells (n ¼ 3/group). C, G qPCR
analysis of c/ebpb in forskolin or isoproterenol treated 3T3-L1 adipocytes compared with PBS treated cells (n ¼ 3/group). D, H Western blot analysis of Ucp1 and C/EBPb in
forskolin or isoproterenol treated 3T3-L1 adipocytes compared with PBS treated cells. I qPCR analysis ofmiR-203 in 3T3-L1 adipocytes with C/EBPb overexpression compared with
negative controls (n ¼ 3/group). J Diagram to show the insert sequence and where C/EBPb binding sites are in the promoter region of pri-miR-203; K, L Full length reporter
construct was co-transfected with pcDNA-C/EBPb vector in 3T3-L1 or 293T cells, After 36 h, luciferase activity was analyzed and plotted (n ¼ 3/group). M Reporter constructs
containing full length of miR-203 promoter were co-transfected with different concentration of pcDNA-C/EBPb vector in 293T cells. After 36 h, luciferase activity was analyzed and
plotted (n ¼ 3/group). N Reporter constructs containing different length of miR-203 promoter or mutated construct were co-transfected with pcDNA-C/EBPb vector in 293T cells.
After 36 h, luciferase activity was analyzed and plotted (n ¼ 3/group).*P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test. Data presented as mean � s.e.m.
andluciferase activity was increased in a dose dependent manner with
C/EBPb overexpression (Figure 3K, L & M). To further investigate the
precise binding site of C/EBPb in miR-203 promoter, we constructed
two truncated and one mutational luciferase reporter constructs. With
MOLECULAR METABOLISM 28 (2019) 36e47 � 2019 The Authors. Published by Elsevier GmbH. This is an open ac
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C/EBPb overexpression, luciferase activity was markedly reduced in
truncated and mutated groups compared with the full-length con-
structs (Figure 3N). Briefly, these data suggest that cAMP signaling
promotes miR-203 expression through C/EBPb.
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3.4. MiR-203 represses IFN-g signaling activation and reduces M1
macrophage infiltration
To gain detailed information about the targeted signal pathway by miR-
203, we conducted RNA-seq on the miR-203 knockdown and control
RNA samples of sub-WAT. Then, we performed a genome-wide mRNA
profiling analysis. MiR-203 inhibition induced alterations in a range of
Figure 4: MiR-203 represses IFN-g signaling activation and reduces M1 macrophag
and down-regulated genes have been colored in red and blue respectively. Genes involved
have been labeled on the volcano plot. B Top five most enriched up- and down-regulate
tribution of expression changes (log2 (Mir-203_Inhibition/Control)) of all genes with detecta
value<0.05) are colored in blue and the level of significance is proportional to the size of th
and green representing up- and down-regulated processes. C Heatmap depicting express
Gamma” biological pathway between control and Mir-203 inhibition. Only genes with q-val
blue respectively. D qPCR analysis of IFN-g signal pathway (stat1, stat2, cxcl10, isg15, rsa
(24hr) compared with NC side (n¼ 7/group). E qPCR analysis of IFN-g signal pathway (stat
from 4 �C treated mice (24hr) compared with Ad-lacZ injected side (n ¼ 8/group). F We
treated mice (24hr) compared with Ad-lacZ injected side. G qPCR analysis of IFN-g signal
housed in 4 �C (n ¼ 7/group)or room temperature (n ¼ 5/group). H qPCR analysis of IFN-g
injected sub-WAT from mice housed in RT (n ¼ 6/group) compared with Ad-vector injected
mice housed in RT compared with Ad-vector injected side. J, K The adipose total macrop
examined by flow cytometry analysis (n ¼ 5/group).*P < 0.05, **P < 0.01, and ***P <

42 MOLECULAR METABOLISM 28 (2019) 36e47 � 2019 The Authors. Published by Elsevier GmbH. T
biological processes; among the most upregulated ones were many
IFN-g signal pathway-related genes such as Stat1 and Stat2
(Figure 4A). Gene set enrichment analysis (GSEA) confirmed that
GSEAs related to brown fat metabolism were repressed while the
GSEAs related to interferon signal pathway were activated (Figure 4B,
C). Q-PCR analysis successfully validated the down-regulation of
e infiltration. A Volcano plot of all genes with detectable expression. Significantly up-
in IFN-g signaling processes, Stat1, Stat2, Mx1, Ifit2, Ifit1, Rsad2, Isg15, and Cxcl10,
d biological processes obtained from GSEA analysis. Each boxplot represents the dis-
ble expression found within the respective gene set. Genes with significant q-value (q-
e dot. The boxplot is colored by the level of normalized enrichment score (NES), with red
ion changes of the genes included in the gene set of “Cellular Response to Interferon
ue<0.05 have been included. Down- and up-regulated genes are colored by yellow and
d2, ifit1, ifit2, and mx1) in miR-203 inhibitor injected sub-WAT from 4 �C treated mice
1, stat2, cxcl10, isg15, rsad2, ifit1, ifit2, and mx1) in miR-203-sponge injected sub-WAT
stern blot analysis of Jak1 and Stat1 in miR-203-sponge injected sub-WAT from 4 �C
pathway (stat1, stat2, cxcl10, isg15, rsad2, ifit1, ifit2, and mx1) in sub-WAT from mice
signal pathway (stat1, stat2, cxcl10, isg15, rsad2, ifit1, ifit2, and mx1) in Ad-miR-203
side. I Western blot analysis of Jak1 and Stat1 in Ad-miR-203 injected sub-WAT from
hages (F4/80 þ CD11bþ) and M1 macrophages (F4/80 þ CD11cþ) from SVFs were
0.001 by Student’s t-test. Data presented as mean � s.e.m.
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brown fat markers and up-regulation of IFN-g signal-related genes
(Figures 2C & 4D). We observed accordant results in the miR-203-
sponge injected sub-WAT in which IFN-g induced genes such as
Jak1 and Stat1 were increased at the mRNA and protein levels
(Figure 4E, F). Conversely, the inflammation related IFN-g signal
pathway was strongly repressed by cold exposure (Figure 4G). This
beneficial situation may be attributed to the activation of sympathetic
and increased miR-203 level partly. Similar results were obtained by
forced expression of miR-203 in inguinal fat at room temperature
(Figure 4H, I), which almost excludes the influences of sympathetic
activation. These results demonstrate that IFN-g signaling severely
disturbs white-to-brown conversion, and suppression of IFN-g
signaling significantly enhances the browning process [17]. These data
suggest that miR-203 could be a linker connecting sympathetic ner-
vous system and IFN-g signaling activation.
Because IFN-g signaling is a potent stimulus to drive M1 polarization
and elicits the production of inflammatory mediators [28], we evalu-
ated the proportion of macrophages in sub-WAT, Although the M2 (F4/
80 þ CD206þ) macrophage content did not change (Supplemental
Fig. 1D), quantification of FACS data revealed a significant reduce of
total macrophage (F4/80 þ CD11bþ) and M1 macrophage (F4/
80 þ CD11cþ) infiltration in the sub-WAT by miR-203 overexpression
(Figure 4J, K). These data suggest that up-regulation of miR-203
repressesIFN-g signaling activation and attenuates M1 macrophages
infiltration.

3.5. MiR-203 directly blocks Lyn expression and inhibits Jak1-
Stat1 signal pathway
Since miR-203 regulated Jak1-Stat1 signal pathway, we suspected
miR-203 might directly target Jak1 or Stat1. However, the luciferase
reporter assay with the putative miR-203 binding site of Jak1 or Stat1
did not support our hypothesis (Supplemental Figs. 1E and F). Then we
screened for the upstream signaling of Jak1-Stat1 and found that
knockdown of miR-203 significantly increased the expression of a Src
family tyrosine kinase, Lyn (Figure 5A,B), which can directly trigger
Jak1-Stat1 [21,29]. Conversely, the forced expression of miR-203
strongly repressed Lyn expression (Figure 5C, D). Based on micro-
RNA target prediction tool (microRNA.org), Lyn may be a direct
target of miR-203 (Figure 5E), and we found that miR-203 significantly
repressed the luciferase activity with vectors containing a high score
miR-203 binding site (bs1) of Lyn 30UTR but did not affect the lucif-
erase activity with vectors containing mutated binding sites or a low
score miR-203 binding site (bs2) (Figure 5F).
To investigate the influence of Lyn on Jak1-Stat1 signaling activation, a
Lyn inhibitor, Saracatinib, was injected into sub-WAT and the
expression of Lyn was down-regulated (Figure 5G). Notably, the
expression of Jak1 was strongly repressed in sub-WAT by Saracatinib
(Figure 5H, I). Although the protein level of Stat1 was slightly reduced,
our findings suggest a clearly effect of Lyn on Jak1-Stat1 signaling.
Previous studies show that miR-203 could be secreted into plasma
[30]. In adipose tissue, miR-203 is mainly expressed in mature ad-
ipocytes (Figure 1D), but IFNg is mainly secreted by T cells and NK
cells [31]. In order to clarify the communication of miR-203 and
IFNgsignaling among adipocytes and non-adipocytes, Jurkat cells
were cultured with conditional medium (CM) from adipocytes over-
expressing miR-203 or control adipocytes. We found that the
expression of Lyn and protein level of Jak1 were strongly repressed
in CM of adipocytes overexpressing miR-203 compared with controls
(Figure 5J,K). We also found that the expression of Lyn and protein
level of Jak1 were down-regulated when Jurkat cells were trans-
fected with miR-203 mimics (Figure 5L, M) [21]. These results
MOLECULAR METABOLISM 28 (2019) 36e47 � 2019 The Authors. Published by Elsevier GmbH. This is an open ac
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suggest that miR-203 could repress Jak1 expression through Lyn
in vivo and vitro.

3.6. MiR-203 overexpression defends against obesity and
improves glucose tolerance
Diet-induced obesity is associated with loss of tissue homeostasis and
development of type 1 inflammatory responses in adipose tissue,
characterized by IFN-g induction. We found that the expression of Lyn
and IFN-g signaling were induced in HFD induced obese mice.
(Figure 6AeC). These data suggest that the decreased miR-203
expression may contribute to activation of IFN-g signal pathway.
To investigate whether miR-203 overexpression can be manipulated to
improve metabolic homeostasis in HFD induced obesity, mice were
injected with an adenovirus overexpressing miR-203 (Figure 6D); the
injection was into inguinal fat of mice fed a ND or HFD for 12 weeks
(twice/week). Forced expression of miR-203 did not affect body weight
and glucose homeostasis under the ND condition (Figure 6EeI).
However, up-regulation of miR-203 did protect mice against HFD
induced obesity as these mice had lower body weight and less inguinal
fat accumulation (Figure 6E,F). Overexpression of miR-203 improved
glucose tolerance (Figure 6G) and insulin sensitivity (Figure 6H), and
the insulin-signaling pathway was also enhanced in HFD fed mice
(Figure 6I). Notably, protein levels of Lyn and Stat1 were strongly
repressed by miR-203 overexpression (Figure 6J), and the negative
influence of miR-203 on serum IFN-g level also validated by ELISA in
HFD fed mice (Figure 6K). In the current study, we propose a model in
which miR-203 plays a role in controlling IFN-g signaling (Figure 6L).
These findings provide a novel insight into the role of miR-203 in
regulating glucose tolerance and whole-body metabolic homeostasis
through IFN-g signaling suppression.

4. DISCUSSION

Brown and beige adipocytes attract great interest due to their favorable
characters and therapeutic significance [32,33]. The recent confir-
mation that adult humans have brown adipose tissue has transformed
our understanding of how adipose tissue regulates metabolism and
energy balance [34,35]. Many researchers emphasize that fat burning
in adipose tissue can improve obesity induced metabolic impairment
[36,37]. In fact, inflammation and the immune system also play
essential role in energy expenditure and metabolic syndrome [38e40].
The IFN-g signaling pathway is one of the most important inflam-
matory pathways involved in obesity as it is associated chronic low-
level inflammation and metabolic impairments [41,42]. The activa-
tion of the IFN-g signaling pathway attenuates insulin sensitivity and
results in metabolic disorder via sustained Jak1-Stat1 pathway acti-
vation [43]. Previous work has suggested that IFN-g stimulated genes
directly repressed the expression of Ucp1 andthermogenic-related
genes [17]. Interestingly, the ectopic activation of type I IFN
signaling in brown adipocytes induces mitochondrial dysfunction and
reduces Ucp1 expression [18]. These data suggest that regulation of
IFN signaling has an important influence on sub-WAT browning. We
found that miR-203 was up-regulated in subcutaneous white fat
browningand RNA-seq analysis showed that the IFN-g signaling
pathway was significantly activated under miR-203 inhibition. In vivo,
overexpression of miR-203 also repressed the IFN-g signaling
pathway and enhanced the thermogenic program in ND fed mice.
Mechanistically, miR-203 targeted tyrosine-protein kinase Lyn, an
activator of Jak1-Stat1 [21,29,44] and repressed IFN-g signal pathway
which enhances sub-WAT browning ultimately. Unfortunately, in HFD
fed mice we did not observe the same upregulation of thermogenic
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 43
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Figure 5: MiR-203 directly blocks Lyn expression and inhibits Jak1-Stat1 signal pathway. A qPCR analysis of lyn in miR-203-sponge injected sub-WAT from 4 �C treated
mice (24hr) compared to Ad-lacZ injected side (n ¼ 8/group). B Western blot analysis and quantification of Lyn in miR-203-sponge injected sub-WAT from 4 �C treated mice (24hr)
compared to Ad-lacZ injected side. C qPCR analysis of lyn in Ad-miR-203 injected sub-WAT from mice housed in RT (n ¼ 6/group) compared with Ad-vector injected side. D
Western blot analysis and quantification of Lyn in Ad-miR-203 injected sub-WAT from mice housed in RT compared with Ad-vector injected side. E Upper panel: Alignment details
of miR-203 to Lyn 30 UTR binding site 1 (bs1) and binding site 2 (bs2). Lower panel: red mark nucleotides in bs1 and bs2 that were mutated to generate Mut-bs1 and Mut-bs2
constructs. F MiR-203 mimics or NC were co-transfected with psiCHECK2-Lyn-bs1, psiCHECK2-Lyn-Mut-bs1, psiCHECK2-Lyn-bs2 and psiCHECK2-Mut-bs2 vectors in 293T cell.
After 48 h, renilla luciferase activity was quantified and normalized to firefly luciferase activity (n ¼ 3/group). G, HqPCR analysis the mRNA levels of lyn, jak1, and stat1 in sub-WAT
derived from Saracatinib injected side compared with control side (n ¼ 6/group). I Western blot analysis of Jak1 and Stat1 in sub-WAT derived from Saracatinib injected side
compared with control side. J qPCR analysis the mRNA levels of lyn, jak1, and stat1 in Jurkat cellscultured with conditional medium from miR-203 overexpression adipocytes
compared with control adipocytes (n ¼ 6/group). K Western blot analysis of Lyn and Jak1 in Jurkat cellscultured with conditional medium from miR-203 overexpression adipocytes
compared with controladipocytes. L qPCR analysis the mRNA levels of lyn, jak1 and stat1 in Jurkat cellstransfected with miR-203 mimicscompared with control group (n ¼ 6/
group). M Western blot analysis of Lyn and Jak1 in Jurkat cellstransfected with miR-203 mimicscompared with control group. *P < 0.05, **P < 0.01, and ***P < 0.001 by
Student’s t-test. Data presented as mean � s.e.m.
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Figure 6: MiR-203 overexpression defends against obesity and improves glucose tolerance. A, B qPCR analysis the mRNA levels of lyn andIFN-g signal pathway in sub-
WAT derived from HFD mice compared with normal chow (n ¼ 6/group). CWestern blot analysis of Lyn, Jak1, and Stat1 in sub-WAT derived from HFD mice compared with normal
chow. D qPCR analysis of miR-203 expression in Ad-miR-203 injected sub-WAT from mice feeding HFD (n ¼ 8/group) or ND (n ¼ 6/group) compared with Ad-vector injected mice
respectively. E Body weightsof Ad-miR-203 injected (twice a week) mice feeding HFD (n ¼ 8/group) or ND (n ¼ 6/group) compared with Ad-Vector injected mice respectively. For
Ad-Vector þ HFD group vs. Ad-miR-203 þ HFD group: *P < 0.05; **P < 0.01. Fsub-WAT weights of Ad-miR-203 injected mice feeding HFD (n ¼ 8/group) or ND (n ¼ 6/group)
compared with Ad-Vector injected mice respectively. G, H GTT and ITT assays were conducted among Ad-miR-203 and Ad-Vector injected mice feeding HFD (n ¼ 8/group) or ND
(n ¼ 6/group). For Ad-Vector þ HFD group vs. Ad-miR-203 þ HFD group: *P < 0.05; **P < 0.01; ***P < 0.001. I Western blot analysis of p-Akt and Akt in Ad-miR-203 injected
sub-WAT (twice a week) from mice feeding HFD or ND compared with Ad-Vector injected mice respectively. J Western blot analysis of Lyn and Stat1 in Ad-miR-203 injected sub-
WAT from mice feeding HFD or ND compared with Ad-vector injected mice respectively. K Serum levels of IFN-g among Ad-miR-203 and Ad-Vector injected mice feeding HFD
were examined by ELISA kit (n ¼ 8/group). L A working model for the cAMP-miR-203-IFN-g network.*P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test. Data presented
as mean � s.e.m.
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genes as ND mice (Supplemental Fig. 1G) but still found a decrease of
serum IFN-g and animprovement in the insulin resistance. This may be
attributed to the complex lipid metabolism environment between cold
exposure and HFD feeding condition.
Recent studies in inflammation and immune system have revealed that
targeting neuro-innate signaling may offer new approaches to mitigate
chronic inflammation-induced metabolic impairments [14]. Physical
exercise elicits a potent anti-inflammatory effect, which improves insulin
sensitivity and lipid metabolism [45e50]. Cold exposure has many
similarities to physical exercise and gives rise to sustained stimulation of
the sympathetic nervous system, causing catecholamines release from
synapse terminals and activation of cAMP signaling [51e53]. Our results
show that cAMP signaling promotes miR-203 up-regulation which
isconsistent with the expression being dependent upon C/EBPb.The
inflammation related IFN-g signaling pathway was strongly repressed by
cold exposure and the cAMP-miR-203-IFN-g network did involve neuro-
immuno-metabolic signaling. Our results show that miR-203is mainly
expressed in adipocytes and responds to cAMP signaling. Meanwhile
IFNg is mainly secreted by T cells and NK cells in adipose tissue [31]. We
tried to clarify the communication between miR-203 and IFN-g among
adipocytes and non-adipocytes and found that the expressions of Lyn
and Jak1 in T cell were repressed through conditional medium experi-
ments. However, we have not defined experimentally whether miR-203
is secreted from adipocytes through exosomes or in other ways; this
needs further exploration. In brief, we declare that miR-203 acts as a
messenger between thecAMP signaling pathway and the IFN-g signaling
pathway. This work supports the idea that targeting neuro-immuno-
metabolic signaling between the sympathetic nervous system and the
immune system may offer a new approach to ameliorate chronic
inflammation-induced metabolic impairments.
In summary, our studyfinds that up-regulation of miR-203 could be
used for the suppression of the IFN-g signaling pathway. Our findings
also provide mechanistic insights that the cAMP-miR-203-IFN-g
network regulates inflammation response and sub-WAT browning,
which could be exploited for new therapies against obesity and
metabolic syndrome.
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