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MicroRNA 182 is a Novel Negative Regulator of 
Adipogenesis by Targeting CCAAT/Enhancer-Binding 
Protein α
Meijuan Dong1,2*, Yuqing Ye1,2*, Zhinan Chen1,2, Ting Xiao1,2, Wei Liu3, and Fang Hu 1,2,4

Objective: Recent studies have shown that microRNAs (miRNAs/
miRs) play key roles in adipogenesis. This study aimed to investigate 
the role and underlying mechanism of miR-182 in adipogenesis.
Methods: This study used the 3T3-L1 cell line and human visceral 
adipose tissue (VAT)-derived adipocytes to determine the role of 
miR-182 in adipogenesis. Adipose tissues from mice with high-fat 
diet–induced obesity, ob/ob mice, or human individuals with obesity 
were used to determine the association of miR-182 levels with obe-
sity. A luciferase reporter assay was used to determine the target of 
miR-182.
Results: The expression level of miR-182 was greatly downregu-
lated during white adipogenesis and markedly lower in the VAT of 
mice and humans with obesity. Ectopic expression of miR-182 in 
3T3-L1 cells and human adipocytes suppressed the formation of 
lipid droplets and the expression of adipogenic genes. The lucif-
erase reporter assay showed that miR-182 targeted the 3′-untrans-
lated sequence of CCAAT/enhancer-binding protein α (C/EBPα) 
directly. In addition, glucocorticoids negatively regulated miR-182 
expression, which, in turn, suppressed the glucocorticoid-induced 
expression of C/EBPα.
Conclusions: Taken together, our studies identified miR-182 as a 
novel negative regulator of adipogenesis and a potential therapeutic 
target for obesity.
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Introduction
Obesity, a risk factor for many diseases, such as insulin resistance, 
type 2 diabetes (T2D), and cardiovascular diseases, has become a 
major health problem worldwide (1).Obesity is associated with ad-
ipocyte hypertrophy (increases in cell size) and/or hyperplasia (ex-
panding the numbers of adipocytes), 2 processes largely dependent 
on the dysregulation of adipocyte differentiation (2). As adipose 

tissue is crucial not only as an energy reservoir but also as an en-
docrine organ that secretes numerous biologically active factors, in-
cluding adiponectin, leptin, resistin, and many other cytokines (3), 
phenotypic and functional changes of this tissue may lead to met-
abolic dysfunction (4). Thus, the elucidation of molecular mecha-
nisms underlying adipogenesis is important, as it may lead to the 
identification of novel therapeutic targets for the treatment of obesity 
and related diseases.

© 2020 The Authors. Obesity published by Wiley Periodicals LLC on behalf of The Obesity Society (TOS). 
This is an open access article under the terms of the Creat ive Commo ns Attri butio n-NonCo mmerc ial-NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Received: 5 January 2020; Accepted: 21 April 2020; Published online 23 June 2020. doi:10.1002/oby.22863

*Meijuan Dong and Yuqing Ye contributed equally to the work.

1 Department of Metabolism and Endocrinology, National Clinical Research Center for Metabolic Diseases, The Second Xiangya Hospital, Central South University, 
Changsha, China. Correspondence: Fang Hu (hu_fang98@csu.edu.cn) 2 Metabolic Syndrome Research Center, The Second Xiangya Hospital, Central South 
University, Changsha, China 3 Minimally Invasive Surgery Center, The Second Xiangya Hospital, Central South University, Changsha, China 4 Key Laboratory of 
Diabetes Immunology, Ministry of Education, The Second Xiangya Hospital, Central South University, Changsha, China.

Original Article
OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY

Study Importance

What is already known?

►	Obesity is associated with the dysregulation 
of adipogenesis.

►	MicroRNAs (miRNAs/miRs) play important 
roles in adipogenesis and the functional 
maintenance of adipocytes.

What does this study add?

►	miR-182 levels are markedly lower in adi-
pose tissues of mice and humans with 
obesity.

►	miR-182 negatively regulates adipogenesis 
by directly targeting the key regulator of 
adipogenic genes, CCAAT/enhancer-binding 
protein α (C/EBPα).

►	miR-182 mediates glucocorticoid-induced 
C/EBPα expression.

How might these results change the di-
rection of research?

►	As miR-182 is a novel negative regulator of 
adipogenesis, it might be a potential thera-
peutic target for obesity.

mailto:
https://orcid.org/0000-0002-5343-4596
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hu_fang98@csu.edu.cn


Obesity

1468     Obesity | VOLUME 28 | NUMBER 8 | AUGUST 2020 www.obesityjournal.org

miR-182 Negatively Regulates Adipogenesis Dong et al.

Adipogenesis in vitro is a highly ordered and well-characterized tem-
poral process. Transcription factors, such as peroxisome proliferator–
activated receptor γ (PPARγ) and CCAAT/enhancer-binding protein 
(C/EBP) family members, including C/EBPα, C/EBP β, and C/EBPδ, 
have been shown to play critical roles in determining adipocyte dif-
ferentiation and maturation (for reviews, see (5-7)). During the early 
stage of adipogenesis, the expression of C/EBPβ is induced rapidly, 
and this transcription factor initiates clonal expansion and the expres-
sion of C/EBPα and PPARγ. The expression of C/EBPα and PPARγ 
functions as a master regulator of various adipogenic genes, allowing 
cells to acquire characteristics of mature adipocytes through terminal 
differentiation (7).

Glucocorticoids (GCs), important anti-inflammatory and immuno-
suppressive agents, are potent stimuli for adipogenesis (8). GCs pro-
mote visceral obesity in humans by increasing the number of newly 
formed adipocytes, and prolonged hypercortisolemia has been shown 
to lead to truncal obesity in patients with Cushing syndrome (9,10). 
Dexamethasone (DEX), a synthetic GC, accelerates adipogenesis by 
promoting the expression of C/EBPδ, C/EBPβ, C/EBPα, and PPARγ in 
the early phase of differentiation (11). However, the molecular mecha-
nisms underlying GC-induced adipogenesis have yet to be elucidated.

MicroRNAs (miRNAs/miRs) play key roles in the differentiation, 
growth, and apoptosis of various cells. Recently, an accumulating num-
ber of miRNAs have been identified as playing a role in the regulation 
of adipogenesis, and some were shown to be involved in human adipo-
cyte differentiation (12,13). Some other miRNAs are important for lipid 
homeostasis (14) and the regulation of insulin sensitivity. The dysreg-
ulation of miRNAs is associated with metabolic disorders, including 
obesity and T2D (15,16).

miR-182 belongs to the miR-183 cluster, which comprises miR-96, 
miR-182, and miR-183. Its sequence is highly conserved among mice, 
humans, and zebra fish (17). In patients with T2D and in T2D animal 
models, the levels of miR-182 are markedly suppressed in sera and 
insulin-response tissues, such as the liver, adipose tissue, and skele-
tal muscle, compared with respective controls (18). The lipid-synthesis 
regulator sterol regulatory element–binding protein (SREBP)2 acti-
vates miR-182 transcription, which, in turn, causes the negative regu-
lation of F-box and tryptophan–aspartic acid repeat domain–containing  
7 expression, a known negative factor involved in nuclear SREBP accu-
mulation (19). To conclude, this miRNA plays an important role in the 
regulation of nuclear SREBP levels and endogenous lipid synthesis. 
Zhang et al. (20) reported that muscle-enriched miR-182 regulates glu-
cose use in muscles by targeting forkhead box O1 (FoxO1) and pyru-
vate dehydrogenase kinase 4. Sun and his colleagues (21) found that 
miR-182 is required for brown adipocyte development and the mainte-
nance of brown fat features. However, the role of miR-182 in adipogen-
esis has not been addressed.

In this study, we investigated the role of miR-182 in adipogenesis in 
3T3-L1 cells and human visceral adipocytes. Our results have shown 
that, in the adipose tissues of mice and human patients with obesity, 
expression levels of miR-182 were reduced greatly. Overexpression 
of miR-182 inhibited adipocyte differentiation by directly targeting  
C/EBPα, one of the master genes that regulate lipid formation and adi-
pocyte maturation. We also found that GCs suppressed the expression 
of miR-182, which caused negative expression of GC-induced C/EBPα 
and adipogenesis in vitro. Our results identified miR-182 as a novel 
negative regulator of adipogenesis.

Methods
Cell culture and Oil Red O staining
3T3-L1 preadipocytes were maintained in DMEM (Gibco, Life 
Technologies, Grand Island, New York) culture medium supplemented 
with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin and 
streptomycin (Gibco). After the cells reached 100% confluence (day 0),  
the culture medium was converted to a differentiation cocktail con-
taining isobutylmethylxanthine, DEX, and insulin (Sigma-Aldrich, St. 
Louis, Missouri). On day 4 after induction, the medium was replaced 
by fresh DMEM containing 10% FBS and insulin only. After 10 days 
of induction, 3T3-L1 preadipocytes reached complete maturation, with 
large amounts of lipid formation.

Human stromal vascular fraction (SVF) cells were isolated from vis-
ceral adipose tissue (VAT) by collagenase digestion, according to 
our previous report (22). Isolated preadipocytes were plated and cul-
tured in DMEM containing 10% FBS and a differentiation cocktail. 
The cells were induced to differentiation according to the aforemen-
tioned procedure. The adipose tissues were obtained from Chinese 
patients who underwent abdominal minimally invasive surgery at the 
Minimally Invasive Surgery Center at The Second Xiangya Hospital of 
Central South University. All recruited human participants underwent 
BMI measurement (calculated as body weight in kilograms divided by 
height in meters squared) and were given forms for written informed 
consent, and the protocol was approved by the ethics committee of 
The Second Xiangya Hospital of Central South University, Changsha, 
China. Written informed consent was received from participants prior 
to inclusion in the study.

For Oil Red O staining, mature adipocytes were washed twice with phos-
phate-buffered saline and fixed in 4% paraformaldehyde for 1 hour, which 
was followed by Oil Red O staining for 1 hour. The images were visu-
alized by light microscopy (Olympus, Tokyo, Japan) and photographed.

Transfection and treatment
For transfection, the duplex oligonucleotide (mimic) or single-stain 
antisense oligonucleotide (inhibitor) designated for miR-182 or non-
specific control (NC) (GenePharma, Shanghai, China) was added to 
the cultured cells with 70% to 80% confluence at a final concentra-
tion of 50 nM using FuGENE HD Transfection Reagent (Promega, 
Madison, Wisconsin). For hormonal treatment, the preadipocytes 
cultured in DMEM were treated with DEX, a synthetic GC; mife-
pristone (RU486; Sigma-Aldrich), a GC receptor (GR) antagonist; 
or DMEM control for 6 hours for gene expression or for 6 days for 
lipid-droplet formation.

Animals
Six-week-old male C57BL/6J mice were purchased from Shanghai 
Laboratory Animal Center Laboratory Animal Co., Ltd. (Shanghai, 
China) and housed in a temperature-controlled environment with a 
12:12-hour light/dark cycle. The mice had access to food and water 
ad libitum. After an adaptive period of 1 week, the mice were ran-
domly distributed into weight-matched groups and fed either a nor-
mal chow diet or a high-fat diet (HFD) (60% of kilocalories from fat; 
Research Diets Inc., New Brunswick, New Jersey). After 16 weeks 
of feeding, animals were sacrificed, and perigonadal VAT was re-
moved rapidly, immediately frozen in liquid nitrogen, and stored at 
−80 °C for further analyses. The 8-week-old male ob/ob mice were 
purchased from the National Resource Center for Mutant Mice 
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(Nanjing, China), and fat tissues were collected as described ear-
lier. All procedures involving animals were conducted in accordance 
with the guidelines of the Central South University Committee on the 
Care and Use of Animals.

RNA isolation and real-time quantitative reverse 
transcription–polymerase chain reaction
Total RNA was extracted by using TRIzol Reagent (Invitrogen, Life 
Technologies) and following the manufacturer’s instructions, and  
1 μg of RNA was reverse-transcribed by using the Takara One Step 
PrimeScript miRNA complementary DNA (cDNA) synthesis kit 
(Takara Bio Inc., Shiga, Japan) to obtain cDNA for miRNAs and 
by using the RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific, Beijing, China) to obtain cDNA for mRNA, re-
spectively. A SYBR green (Takara) polymerase chain reaction (PCR) 
method with specific pairs of primers was used to determine gene 
expression levels on a 7900HT Fast Real-Time PCR System (Applied 
Biosystems, Foster City, California). Relative expression of mRNA 
or miRNA was calculated using the comparative cycle-threshold 
method (23). The mRNA levels of designated genes were normalized 
to β-actin, and the miRNA levels were normalized to small nuclear 
RNA U6.

The gene-specific primer pairs used in the experiment were: actin, 
forward primer (FP) 5′-CAACGAGCG GTTCCGATG-3′ and reverse 
primer (RP) 5′-GCCACAGGATTCCA TACC CA-3′; acetyl–coenzyme 
A carboxylase (Acc) α, FP 5′-GCT ACCCCAGCAGTATTTGAAC-3′ 
and RP 5′-GAC ATCAGCCACCATCTCTGTA-3′; Accβ, FP 5′-TT 
TCTGACTTGCCTGGTTTCT-3′ and RP 5′-GAGATTGGCTTCCAC 
CTTACTG-3′; adiponectin, FP 5′-CCCAAGGGA ACTTGTGCAGGT 
TGGATG-3′ and RP 5′-GTTGGTATCATGGTAGAGAAGAA AGCC-
3′; C/EBPα, FP 5′-GAAGTC GGTGGACAAGAACAG-3′ and 
RP 5′-GTTTGGCTTTATCTCGGCTCT-3′; C/EBPβ, FP 5′-GACT 
TCCTCTCCGACCTCTTC-3′ and RP 5′-GAGGCTCACGTAACCGTA 
GTC-3′; fatty acid–binding protein 4 (Fabp4), FP 5′-GATT 
TCCTTCAAACTGGGC G-3′ and RP 5′-CACATTCCACCACCAG 
CTTG-3′; fatty acid synthase, FP 5′-ATTCGTGATGGAGTCGTG 
AAG-3′ and RP 5′-GGT CTTGGAGATGGCAGAA AT-3′; forkhead 
box protein O1 (Foxo1), FP 5′-GGACAGCA AATCAAGTTACGG-3′ 
and RP 5′-ATTGTGGGG AGGAGAGTCAGA-3′; and Pparγ, FP 
5′-GCCTGCGGAAGCCCTTTGGT-3′ and RP 5′-AAGCCTGG 
GCGGTCTCCACT-3′. The mature miRNA sequence for mouse miR-
182-5p (UUUGGCAAUGGUAGAACUCACACCG; miRbase acces-
sion number MIMAT0000211) and the quantitative PCR primers 
against mature miRNAs (catalog number MmiRQP0895) were pur-
chased from GeneCopoeia (Rockville, Maryland).

Western blotting
To examine protein expression levels, cells were lysed in radioimmu-
noprecipitation assay lysis buffer (Beyotime, Shanghai, China) and 
centrifuged at 12,000g for 10 minutes at 4 °C. Protein concentrations 
were determined using a standard bicinchoninic acid assay. The same 
number of protein samples was separated on 10% sodium dodecyl sul-
fate–polyacrylamide gels and transferred to polyvinylidene difluoride 
membranes (Bio-Rad, Hercules, California). The primary antibody for 
C/EBPα was obtained from Santa Cruz Biotechnology (Santa Cruz, 
California), and the primary antibody for α-tubulin was obtained from 
Sigma-Aldrich. Signals were detected and analyzed using ChemiDoc 
XRS+ with the Image Lab system (Bio-Rad).

Luciferase constructs and reporter assay
Mouse 3′-untranslated sequences (UTRs) for CEBP/α were PCR-
amplified with specific primers: wild type, FP 5′-CC GCTCGAGGGCGC
GCGGCTGCGGGAC-3′ and RP 5′-GAATGC GGCCGCGAGTTTGA 
TATGTTTATATTATAGATATAATACATACGACATCTAG CATG-3′; 
mutant, FP 5′-TGATTC GACCGAGACTGAGACTCTTCACTAAC-3′ 
and RP 5′-AGTCTCAGTCTCGGTCGAAT CAGAGCAAAACC-3′. 
The wild type or mutant (MUT) of 3′-UTR was cloned into the pmiR-
RB-Report vector (Ribobio, Guangzhou, China) between the Xhol 
and Notl sites downstream of the Renilla luciferase gene. To generate 
the MUT reporter, 5 nucleotides in the CEBP/α (1,020-1,030) of the 
miR-182 seed region were point-mutated using the Site-directed Gene 
Mutagenesis Kit (Beyotime, Suzou, China), and the mutations were 
verified by sequencing.

HEK 293T cells were seeded in 24-well plates and cotransfected with 
3′-UTR reporter or MUT construct and miR-182 mimic or NC using 
Lipofectamine 2000 (Invitrogen, Carlsbad, California), according to 
the manufacturer’s protocol. Luciferase activities in the cell lysate 
were measured using the Dual-Glo luciferase assay system, in accor-
dance with the manufacturer’s instructions (Promega). The firefly 
luciferase activity was normalized with Renilla luciferase activity for 
each well.

Construction of the C/EBPα expression vector
cDNA for the mouse C/EBPα gene was obtained from total RNA, 
which was prepared from mouse tissues using a RevertAid First Strand 
cDNA Synthesis Kit–supported reverse transcription (RT)–PCR tech-
nique (Thermo Fisher Scientific, Shanghai, China). The FP sequence 
was 5′-CTTGGATC CGCCATGGAGTCGGCCGACTTC TACG-3′, 
and the RP sequence was 5′-CATGAGCTCAGTGCGCG TCAACG 
GGTAC-3′. The PCR products were digested with BamH I and Xho I 
(Takara), purified from agarose gels, and subcloned into plasmid-clon-
ing DNA 3.1+ (Invitrogen). The cells were transfected with expres-
sion plasmids or plasmid-cloning DNA 3.1 control plasmids using 
Lipofectamine 2000.

Statistical analyses
All results were presented as means ± SEMs. Comparisons between  
2 groups were assessed using the 2-tailed Student t test for indepen-
dent samples, and comparisons among multiple groups were analyzed 
by using 1-way ANOVA. The linear correlation between 2 variables 
was analyzed by using the Pearson correlation coefficient. Statistical 
analyses were carried out using SPSS Statistics Software (version 19.0; 
IBM Corp., Armonk, New York). P < 0.05 was considered statistically 
significant.

Results
Expression levels of miR-182 in adipogenesis and 
adipose tissues
To investigate the role of miR-182 in adipocyte differentiation, we 
examined miR-182 expression during 3T3-L1 adipocyte differen-
tiation. The expression levels of miR-182 decreased significantly 
after induction during days 2, 4, 6, and 8 compared with the initia-
tion of differentiation (day 0) (Figure 1A). Similar expression pat-
terns were observed in the human visceral fat SVF–derived primary 
adipocytes (Figure 1B). However, a moderate increase occurred at 
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Figure 1 Expression levels of miR-182 in adipogenesis and adipose tissues. (A) Expression levels of miR-182 during the differentiation of 3T3-L1 cells (n = 4 independent 
experiments; *P < 0.05, **P < 0.01 vs. day 0). (B) Expression levels of miR-182 during the differentiation of human VAT stromal vascular fraction–derived adipocytes (n = 4; 
*P < 0.05, **P < 0.01 vs. day 0). (C) Expression levels of miR-182 in the perigonadal visceral white adipose tissues of C57BL/6 mice. Left graph: HFD- and ND-fed mice (n = 6; 
*P < 0.05, **P < 0.01 vs. ND). Right graph: ob/ob and littermate WT mice (n = 4) (D) Expression levels of miR-182 in the human intra-abdominal VAT of Chinese people (n = 35, 
Pearson correlation analysis). HFD, high-fat diet; miR, microRNA; ND, normal chow diet; VAT, visceral adipose tissue; WT, wild type.
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Figure 2 Effects of miR-182 on adipogenesis. (A) Expression levels of miR-182 in adipocytes transfected with miR-182 mimic or an NC oligo 
(n = 4; **P < 0.01, ***P < 0.001 vs. NC). (B) Representative images of Oil Red O staining of mature 3T3-L1 cells (upper) or adipocytes derived from 
human white adipose tissues (lower). The 3T3-L1 or human adipose stromal vascular fraction–derived preadipocytes transfected with miR-182 
mimic or NC were cultured and induced to differentiation. Mature adipocytes were fixed and stained with Oil Red O (scale bar = 50 µm). (C) mRNA 
levels of the key adipogenic genes in 3T3-L1 cells (left) and in human adipocytes (right) transfected with miR-182 mimic or NC (n = 4; *P < 0.05, 
**P < 0.01 vs. control). Accα, acetyl–coenzyme A carboxylase; C/EBP, CCAAT/enhancer-binding protein; Fabp4, fatty acid–binding protein 4; 
NC, nonspecific control; PPARγ, peroxisome proliferator–activated receptor γ; Srebp1, sterol regulatory element–binding protein 1. [Color figure 
can be viewed at wileyonlinelibrary.com]
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day 10 in both 3T3-L1 and human adipocytes (40% ± 0.396% and 
32% ± 0.205%, respectively, vs. day 0), which was not significantly 
higher than that of day 0 (P = 0.067 and P = 0.0825, respectively, vs. 
day 0).

To determine the expression levels of miR-182 in the fat tissues of 
mice with obesity, we collected perigonadal VAT from C57BJ/6 mice 
fed with an HFD or from ob/ob mice. We found that the mice fed 
an HFD for 16 weeks showed a significant increase in body weight 
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(45.52 ± 0.68 g vs. 26.62 ± 0.88 g in controls). In the meantime, when 
compared with those of the control mice, it was observed that miR-
182 levels decreased dramatically in the fat pads (Figure 1C, left 
graph). Similarly, miR-182 levels were also decreased in the fat 
tissues of ob/ob mice (Figure 1C, right graph). We also found that 
miR-182 levels in human intra-abdominal VAT decreased in over-
weight (BMI > 25 kg/m2) and obesity (BMI > 30 kg/m2), and there 
was a negative correlation between the miR-182 level and BMI 
(Figure 1D), suggesting that downregulation of miR-182 is associ-
ated with increased adiposity in obesity.

miR-182 inhibits adipogenesis and decreases 
adipogenically related gene expression
To determine the role of miR-182 in adipocyte differentiation, we 
transfected 3T3-L1 or human fat SVF–derived preadipocytes with 
miR-182 mimic or an NC oligo (Figure 2A) and induced cells to 
go through differentiation. Overexpression of miR-182 significantly 
decreased triglyceride accumulation as analyzed by Oil Red O stain-
ing in both rodent and human adipocytes (Figure 2B). Compared 
with those of control cells, the expression levels of adipocyte-related 
genes, such as early-response gene C/EBPβ; late-response genes 
PPARγ and C/EBPα; lipogenic genes Srebp1, fatty acid synthase, 
and Accα; and mature-adipocyte genes Fabp4 and adiponectin, de-
creased dramatically in miR-182–transfected 3T3-L1 and human ad-
ipocytes (Figure 2C). These data suggest that miR-182 has a negative 
effect on adipogenesis.

miR-182 directly targets C/EBPα
We used the TargetScan version 6.2 computational program (http://
www.targe tscan.org/) to analyze potential targets of miR-182. The in 
silico analysis identified C/EBPα, a key regulator of adipocyte differ-
entiation, as a potential target of miR-182. miR-182 recognizes the  
3′-UTR sequence of the C/EBPα gene that is highly conserved in many 
mammalian species, including humans, mice, rats, chimpanzees, and 
dogs (Figure 3A). To investigate whether miR-182 targets C/EBPα di-
rectly, we performed luciferase reporter assays using the firefly lucif-
erase reporter gene, which was fused with C/EBPα 3′-UTR or 3′-UTR 
binding-site MUTs. Compared with the blank control or C/EBPα 3′-
UTR MUT, cotransfection of the miR-182 mimic significantly reduced 
the luciferase activity of the firefly luciferase gene containing the C/
EBPα 3′-UTR (Figure 3B), indicating that miR-182 could directly tar-
get the 3′-UTR sequence of C/EBPα.

We observed that both mRNA and protein levels of C/EBPα were 
upregulated during 3T3-L1 adipocyte differentiation started from 
induction day 2 (Figure 3C-3D), which were, in part, negatively 
correlated with the expression pattern of miR-182 (Figure 1A). 
Consistent with these findings, overexpression of miR-182 caused C/
EBPα mRNA (Figure 2B) and protein levels (Figure 3E) to decrease 
in the adipocytes.

Next, we examined whether C/EBPα mediates the negative effects of 
miR-182 on adipogenesis in 3T3-L1 cells. We transfected preadipo-
cytes with C/EBPα expression vector with or without miR-182 mimic 
(Figure 3E) and induced cells to differentiation. Although miR-182 
downregulated C/EBPα expression, overexpression of C/EBPα rescued 
the reduced protein levels (Figure 3E) in adipocytes. In line with this, 
the results of Oil Red O staining showed that overexpression of C/EBPα 
recovered the abolished lipid-droplet formation caused by miR-182 
(Figure 3F), suggesting that C/EBPα mediates the effect of miR-182 
on adipogenesis.

miR-182 represses GC-induced C/EBPα 
expression and adipogenesis
GCs are powerful regulators of white adipocyte differentiation, but 
the underlying mechanisms remain elusive. To determine whether 
miR-182 plays a role in GC-induced adipogenesis, we treated 3T3-
L1 cells with the synthetic GC DEX at different concentrations and 
found that DEX treatment caused miR-182 levels (Figure 4A) to 
reduce dramatically. However, when cells were cotreated with GR 
antagonist RU486, the suppressive effect of DEX on miR-182 was 
reversed (Figure 4B), suggesting that GC-GR signaling could reg-
ulate miR-182 expression in a negative manner. We also found that 
insulin treatment had no such effects on miR-182 expression (data 
not shown). Because DEX can induce the expression of C/EBPα, to 
determine whether miR-182 plays a role in DEX-regulated C/EBPα 
expression, we treated 3T3-L1 cells with DEX with or without miR-
182 and found that DEX treatment significantly induced C/EBPα ex-
pression (Figure 4C). However, this effect had diminished with the 
cotreatment of miR-182 mimic (Figure 4D), suggesting that miR-182 
mediates the effects of DEX on C/EBPα expression. Finally, to deter-
mine whether miR-182 is involved in DEX-induced adipogenesis, we 
transfected 3T3-L1 preadipocytes with or without miR-182 before 
DEX treatment and induced cells to differentiation. The analysis of 
Oil Red O staining showed that overexpression of miR-182 caused 
a reduction in the DEX-induced formation of lipid droplets in 3T3-
L1 cells (Figure 4E). In line with this, the DEX-induced expression 
of adipogenic genes was suppressed when cotreated with miR-182 
mimic (Figure 4F). These results suggest that miR-182 plays a nega-
tive role in DEX-induced C/EBPα expression and adipogenesis.

Discussion
miRNAs play an important role in the regulation of adipogenesis 
(12,13). In the present study, we demonstrated that miR-182 is down-
regulated during adipocyte differentiation and is markedly lower in the 
VAT of mice and humans with obesity. In addition, overexpression of 
miR-182 caused a significant decrease of triglyceride accumulation and 
inhibited the expression of genes involved in adipocyte differentiation 
and lipogenesis by targeting C/EBPα. Our results suggest that miR-182 
is a negative regulator of adipogenesis.

Figure 3 miR-182 directly targets C/EBPα. (A) Conserved sequences of the miR-182 binding site in the C/EBPα 3′-UTR of mammalians. The miR-182 seed-match region 
in indicated by the gray box. Asterisks indicate the mutation sites of the seed sequence in the luciferase reporter construct. (B) Luciferase activity of the C/EBPα 3′-UTR 
in the presence of miR-182 mimic or NC (n = 5; **P < 0.01 vs. blank or mutant vector control). The (C) mRNA (n = 3; **P < 0.01 vs. day 0) and (D) protein levels of C/EBPα 
during the differentiation of 3T3-L1 cells (*P < 0.05, **P < 0.01 vs. day 0). (E) Protein levels of C/EBPα in the 3T3-L1 cells transfected with C/EBPα expression vector in the 
presence of miR-182 mimic or NC. (F) Representative Oil Red O–stained microscopic images of mature adipocytes transfected with C/EBPα expression or blank vector 
in the presence of miR-182 mimic or NC. C/EBPα, CCAAT/enhancer-binding protein α; Cfa, Canis familiaris; Has, Homo sapiens; Mmu, Mus musculus; NC, nonspecific 
control; Ptr, chimpanzee; Rno, Rattus norvegicus; UTR, untranslated region; WT, wild type. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4  miR-182 is negatively regulated by glucocorticoids and suppresses glucocorticoid-induced C/EBPα expression and adipose 
differentiation in 3T3-L1 cells. (A) Expression levels of miR-182 in 3T3-L1 cells treated with the synthetic glucocorticoid DEX for 6 hours 
with the designated concentration (n = 4; **P < 0.01, ***P < 0.001 vs. DMEM control). (B) Expression levels of miR-182 in 3T3-L1 cells 
treated with DEX or the combination of DEX and RU486 (n = 4; ***P < 0.001 vs. DMEM control). (C) Expression levels of C/EBPα in 3T3-
L1 cells treated with DEX for 6 hours with the designated concentration (n = 4; **P < 0.01, ***P < 0.001 vs. DMEM control). (D) Expression 
levels of C/EBPα treated with DEX in the presence of miR-182 mimic (n = 4). (E) Representative Oil Red O–stained microscopic images of 
adipocytes transfected with miR-182 mimic or NC and treated with DEX for 6 days. (F) mRNA levels of the adipogenic genes in 3T3-L1 
cells transfected with miR-182 mimic or NC and treated with DEX for 6 days (n = 4; *P < 0.05, **P < 0.01 vs. control). C/EBPα, CCAAT/
enhancer-binding protein α; DEX, dexamethasone; NC, nonspecific control; PPARγ, peroxisome proliferator–activated receptor γ; Srebp1, 
sterol regulatory element–binding protein 1. [Color figure can be viewed at wileyonlinelibrary.com]
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Adipogenesis is a highly ordered and well-characterized temporal 
process under the delicate control of several key transcription factors, 
including the early-response genes C/EBPβ and C/EBPδ, followed by 
later-response genes PPARγ and C/EBPα, which activate de novo or 
enhance expression of most genes that characterize the mature-adipo-
cyte phenotype (5,7). It has been well established that C/EBPα plays an 
essential role in adipogenesis. Overexpression of C/EBPα in 3T3-L1 
preadipocytes induces cell differentiation (24), and knockdown of this 
gene by antisense RNA blocks this process (24). By working together 
with PPARγ, C/EBPα functions as a pleiotropic transcriptional activa-
tor of a large group of genes associated with adipocyte differentiation 
and maturation (5,7). In this study, we found that miR-182 decreased 
mRNA and protein levels of C/EBPα and also decreased levels of many 
adipocyte-associated genes, including adiponectin, Fabp4, Srebp1, Fas, 
and Accα, suggesting that miR-182–induced downregulation of C/
EBPα might cause transcriptional repression of genes related to adi-
pocyte phenotypes. We also identified that miR-182 could directly tar-
get the 3′-UTR of C/EBPα and that overexpression of this gene could 
reverse the anti-adipogenic effect of miR-182. Taken together, our data 
suggest that targeting C/EBPα might be the underlying mechanism of 
miR-182–repressed adipogenesis. However, it should be pointed out 
that, except when downregulated by miR-182, expression of C/EBPα 
is also regulated by some transcriptional regulators, including C/EBPβ 
and C/EBPδ, which are the early responsive transcription factors at the 
initiation of adipocyte differentiation (5,7). It is possible that the C/
EBPα level increases quickly following the induction of C/EBPβ and C/
EBPδ, whose effects might exceed the action of miRNA during adipo-
genesis. It should also be pointed out that C/EBPα is unlikely to be the 
only target of miR-182 during adipocyte differentiation. For example, 
FoxO1, a known target of miR-182 in osteoblast and helper T cells (25-
27), was also found to be significantly decreased at both the mRNA 
level and the protein level in miR-182–overexpressed 3T3-L1 preadi-
pocytes (data not shown). miR-182 could regulate FoxO3 in melanoma 
cells (28), BRCA1 in breast cancer cells, and fibroblast growth factor 
9 and neurotrimin in Schwann cells (29). Whether these proteins are 
involved in regulating adipogenesis remains to be elucidated.

Studies have shown that enhancing the transcription of C/EBPα is an 
important mechanism of GC-stimulated adipogenesis (30). DEX treat-
ment activates the transcriptional activity of C/EBPβ at the C/EBPα 
promoter and increases adipogenesis (30). It has also been reported 
that DEX could shift the differentiation of bone-marrow stromal cells 
to favor adipocytes over osteoblasts by upregulating the expression 
level of C/EBPα in vitro and in vivo (31). In this study, we discovered 
that DEX suppressed the expression of miR-182, whereas it upregu-
lated C/EBPα in adipocytes. In addition, overexpression of miR-182 
repressed DEX-induced C/EBPα and adipogenesis, suggesting that 
DEX may promote adipogenesis by suppressing miR-182 and leading 
to the upregulation of C/EBPα. Currently, it is not understood how the 
GR-related signaling pathway suppresses miR-182 expression in adipo-
cytes. Interestingly, transcriptional regulator PPARγ may target binding 
sites of several miRNA loci, including the miR-183 cluster, and upreg-
ulate expression of these miRNAs (32). As it is well established that 
there is a transcriptional network in adipogenesis involving the sequen-
tial activation of C/EBPs and PPARγ in response to hormone stimuli  
(5-7), it is possible that the expression of miR-182 is under combinato-
rial regulation of several transcription factors or pathways that together 
lead to the expression pattern in adipocytes.

Previous findings have shown that miR-182 expression levels are 
decreased in the liver, adipose tissue, and skeletal muscle in rats and 

patients with T2D (18) and that miR-182 is involved in insulin signaling 
in muscle (20). We found that miR-182 levels are markedly reduced in 
the adipose tissues of mice with obesity and humans with overweight 
or obesity. This is the first evidence showing that adipose miR-182 
is involved in adiposity. However, whether and how dysregulation of  
miR-182 may contribute to adipose dysfunction in obesity is still 
unknown. In addition, the physiological function of miR-182 in vivo 
has not been studied yet and deserves further investigation.

In conclusion, our findings demonstrate that miR-182 is a novel neg-
ative regulator of adipogenesis and that this molecule inhibits C/EBP-
dependent adipocyte differentiation via suppression of GC-induced  
C/EBPα expression. When taken together with the finding that the 
expression levels of miR-182 were dramatically decreased in the adi-
pose tissues of mice and humans with obesity, our results suggest that 
targeting miR-182 may be a strategy for the treatment of obesity and 
obesity-associated disorders.O
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