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Recent studies have identified growing importance of microRNAs as key regulators
of adipocyte differentiation. We have previously reported that miR-20a-5p is able to
induce adipogenesis of established adipogenic cell lines and bone marrow derived
mesenchymal stem cells (BMSCs). However, the molecular mechanisms by which
miR-20a-5p controls adipogenesis and by which miR-20a-5p expression is regulated
need to be further explored. In the current study we found that miR-20a-5p expression
was induced during adipocyte differentiation from preadipocyte 3T3-L1 and was
increased in epididymal white adipose tissue from either ob/ob mice or high fat
diet-induced obese mice. Functional studies identified miR-20a-5p as a positive regulator
of adipocyte differentiation and lipogenesis in 3T3-L1 by using either synthetic mimics to
supplement miR-20a-5p, or using synthetic inhibitor or sponge lentivirus to inactivate
endogenous miR-20a-5p. Luciferase activity assay revealed that TOB2 is a novel
target of miR-20a-5p and functional experiment demonstrated its negative regulatory
role in adipocyte differentiation. Moreover, Tob2 overexpression significantly attenuated
adipocyte formation induced by miR-20a-5p supplementation. In-depth investigation of
mechanisms that govern miR-20a-5p expression clarified that C/EBPa transcriptionally
activated miR-20a-5p expression via binding to the promoter of miR-20a-5p. Taken
together, we conclude that a novel C/EBPa/miR-20a-5p/TOB2 circuit exists and
regulates adipogenesis and lipogenesis.

Keywords: microRNA, adipocyte differentiation, lipogenesis, TOB2, C/EBP«

INTRODUCTION

Obesity is a widespread health problem, characterized by excessive body fat mass, and is strongly
correlated with health disorders such as cardiovascular disease, hypertension, diabetes mellitus type
2, and metabolic syndrome (1). Fat accumulation primarily depends on the increasing number
(hyperplasia) and/or size of adipocytes (hypertrophy) (2). Adipocytes are regarded as one of the
major targets in the prevention and treatment of obesity and related metabolic syndrome (3). Thus,
it is an urgent task to understand the molecular genetic mechanisms involved in adipogenesis.
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Adipocyte differentiation is a program regulated by a cascade
of multiple transcription factors, among which two major
transcription factors, i.e., peroxisome proliferator-activated
receptor y (PPARy) and CCAAT/enhancer-binding protein a
(C/EBPa) are of critical importance (4-7). C/EBPa and PPARy
positively regulate each other and mediate the activation of
a variety of downstream targets, such as adipocyte protein 2
(aP2) (8). Besides, sterol regulatory element binding protein
1 (SREBP1) also plays an important role in adipocyte
differentiation and lipogenesis through modulating some key
lipogenic enzymes including acetyl-CoA carboxylase 1 (ACC1)
and fatty acid synthase (FASN), leading to synthesis and storage
of lipid droplets (9).

microRNAs (miRNAs) function as key regulators of gene
expression in a variety of metabolism-regulatory tissues
and cell types including adipocytes (10, 11). Different
microRNAs may either promote or inhibit adipogenesis
through targeting different downstream signals (12-16).
Moreover, some microRNAs have been implicated in diet-
induced obesity. Data from Price et al. showed that miR-33
null mice had increased food intake, enhanced adipose tissue
expansion, and a predisposition to develop diet-induced
obesity and insulin resistance (17). miR-143 was found to
be upregulated in mesenteric fat of high-fat diet-induced
mice (18).

miR-20a-5p, as a member of the miR-17-92 gene cluster,
has critical roles in tumorigenesis and development (19, 20).
We have recently demonstrated that miR-20a-5p regulates
adipogenesis in preadipocytes as well as marrow stromal cells
(21, 22). However, the mechanism underlying the function
of miR-20a-5p in governing adipogenesis, as well as the
mechanism how miR-20a-5p is regulated, has not yet been
fully elucidated.

In this research, we have characterized miR-20a-5p to
be a downstream transcriptional target of C/EBPa and
further investigated its role in adipocyte differentiation and
lipogenesis in preadipocyte 3T3-L1. We have for the first time
demonstrated that transducer of ERBB2, 2 (Tob2) is a novel
target of miR-20a-5p and negatively regulates adipogenesis
and lipogenesis. We propose a regulatory machinery in
which C/EBPa/miR-20a-5p/TOB2 circuit controls the cell fate
of preadipocytes.

MATERIALS AND METHODS

Cell Cultures

3T3-L1 preadipocytes were grown in Dulbecco’s modified
Eagle medium (DMEM, GIBCO) containing 10% Fetal
Bovine Serum (FBS, Invitrogen, Carlsbad, CA, USA). For
adipogenic differentiation, the cells at 100% confluence
were induced for 3 days to allow adipocyte differentiation
in the medium of a-MEM containing 10% FBS, 0.5pM
dexamethasone, 5pg/ml insulin, 50uM  indomethacin,
and 0.25mM methylisobutylxanthine. Then the cells were
cultured in the presence of 5pg/ml insulin alone for 2
more days.

Bone marrow stromal cells (BMSCs) were isolated from
femurs and tibias of 3-month-old mice and cultured to induce
adipocyte differentiation as previously described (23).

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted with a total RNA isolation
kit (Omega Bio-Tek, Norcross, GA, USA). First-strand
cDNA synthesis and PCR amplifications were performed
following a previously reported protocol (21). The relative
expression levels of the target genes were determined by
the comparative Ct (AACt) method using p-actin as the
internal control.

For miRNA analysis, RNA was isolated using a miRNA
extraction kit (Omega Bio-Tek, Norcross, GA, USA), and
reverse-transcribed into cDNA wusing the stem-loop RT
primer, 5-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGC
ACTGGATACGACCTACCTGCACTATA-3'. Quantitative
PCR amplifications were done using a SYBR Green master
mix (Sangon, Shanghai, China). The cycling scheme included
40 cycles of denaturation at 95°C for 10s, annealing at
60°C for 10s, and extension at 72°C for 10s. U6 was
employed as internal control. The PCR primers used are listed
in Table S1.

Luciferase Reporter Assays

The prediction of target mRNAs was done online (http://
www.targetscan.org/). We PCR-amplified the fragment of Tob2
3’-UTR carrying the putative miR-20a-5p binding sequence
with ¢cDNA of 3T3-L1 cells as the template. The PCR
fragment was subcloned into pMir-report vector (Invitrogen)
at Sacl/HindIII restriction sites using the ClonExpress II One
Step Cloning Kit (Vazyme, Nanjing, China). Each transfection
was done in HEK-293 cells with the miR-20a-5p mimics or
the negative control, the Tob2 3’-UTR construct, along with
Renilla luciferase reporter vector pRL-SV40 using Attractene
Transfection Reagent (Qiagen, USA). Thirty-six hours after
transfection, the cells were harvested and subjected to luciferase
assays using a dual-luciferase reporter assay kit (Promega, San
Luis Obispo, CA, USA). The relative luciferase activity was
determined by dividing the firefly luciferase activity with Renilla
luciferase activity.

For the miR-20a-5p promoter study, the mouse miR-20a-
5p promoter fragment (1.2kb, —1,240~ +3) was generated by
PCR using specific primers (Table S1). The product was then
subcloned into the vector pGL3-basic (Promega, San Luis, CA,
USA) at the restriction sites of Xhol and HindIII. PCR-based
point mutations to the three potential C/EBPa binding sequences
were made by using a kit (Vazyme, Nanjing, China) with the wild-
type promoter construct as the template. The potential binding
sequences of C/EBPa were mutated to 11-mer dT. To verify the
role of C/EBPa in miR-20a-5p transcription, 3T3-L1 cells were
transfected with the mutant or the wild-type constructs of miR-
20a-5p promoter and C/ebpa siRNA (Jima Biotech, Shanghai,
China), or the negative control siRNA using Lipofectamine
3000 (Invitrogen). The sequences of C/ebpa siRNA are as
follows: sense, 5'-GCUUUAUCAUCCGAUAUCAACACTT-3';
antisense, 5'- AAGUGUUGAUAUCGG AUGAUAAAGCAA-3'.
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pRL-SV40 was also included to monitor the efficiency of
the transfection. The luciferase activity was measured 36h
after transfection.

Transfection of miRNA Mimics, Inhibitor,

and Constructs

The mimics and inhibitor of miR-20a-5p and their negative
controls were synthesized by Genepharma (Shanghai, China).
These small molecules were transfected for 16h into 3T3-
L1 cultures using lipofectamine RNAi-max (Invitrogen),
respectively. The mimics and inhibitor was used at final
concentration of 50 and 100 nM, respectively. When reaching
100% confluence, the cultures were induced with adipogenic
medium to allow differentiation.

To investigate the involvement of TOB2 in the function
of mir-20a-5p, Tob2 construct was made by incorporating the
translated region of mouse Tob2 into pcDNA3.1(+) vector
at the restriction sites of BamHI and EcoRI. Tob2 construct
or the vector was singly transfected or cotransfected with
the miR-20a-5p mimics or the negative control into 3T3-L1
cultured in a 24-well plate using Attractene Transfection Reagent.
16h after transfection, the culture medium was refreshed.
Adipogenic agents were added to the confluent cultures to
allow differentiation.

Lentiviral Packaging and Infection

Sponge oligos containing 6 tandem antisense sequences of miR-
20a-5p were synthesized and cloned into the shRNA lentiviral
transfer vector pLVX-shRNA2 (Clontech, Palo Alto, CA, USA).
The lentiviruses expressing miR-20a-5p sponge or the empty
vector were packaged as previously described (21). The 3T3-L1
cells were infected with the lentiviruses at an MOI (multiplicity of
infection) of 10. Then, the cells of 100% confluence were allowed
to differentiate in presence of adipogenic medium.

Oil-Red O Staining and Triglyceride Assay
Differentiated adipocytes were washed with phosphate-buffered
saline (PBS), then fixed for 10 min in 4% paraformaldehyde. After
washing with deionized water, we stained the cells for 5 min with
0.3% oil-red O in 60% saturated isopropanol.

To quantify the lipid storage of the cells, triglyceride
content was measured using the Triglyceride GPO-PAP kit
(Jiancheng Biotechologies, Nanjing, China). The absorbance was
measured at 510 nm, and triglyceride was normalized to the total
protein concentration measured by a BCA assay kit (Biomed
Biotechologies, Beijing, China).

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) experiment was done
using a kit from Cell signaling Technology (Danvers, MA,
USA). Cell lysates containing soluble chromatin were incubated
overnight with 4 g rabbit anti-C/EBPa antibody (Proteintech,
Wuhan, China) or rabbit IgG. The DNA was de-cross-linked,
then subjected to PCR amplification of mouse miR-20a-5p
promoter-specific sequences. The primers are listed in Table S1.

Western Blotting

Western blotting experiments were performed as previously
described (23). The primary antibodies used are: rabbit
monoclonal or polyclonal antibodies by Cell Signaling
Technology: anti-PPARy (#2443, 1:1000), anti-Perilipin
(#9349, 1:1000), anti-C/EBPa (#8178, 1:1000) and anti-ACC1
(#4190, 1:1000); rabbit monoclonal or polyclonal antibodies by
Proteintech (Wuhan, China): anti-aP2 (12802-1-AP, 1:1000),
anti-FASN  (10624-2-AP, 1:1000), anti-SREBP1  (66875-1-
Ig, 1:2000) and anti-B-actin (66009-1-Ig, 1:5000); rabbit
polyclonal antibody by Abclonal (Wuhan, China): anti-
TOB2 (A7223, 1:1000). Protein bands were visualized using a
chemiluminescence reagent (Advansta, Menlo Park, CA) and
analyzed with Image ] software.

Mice

Three-month-old ob/ob mice and their WT litternates were
purchased from Biomedical Research Institute of Nanjing
University (Nanjing, China). Healthy C57BL6/] mice were
purchased from Hua Fu Kang Biological Technology (Beijing,
China) and fed with normal-fat diet (NFD), or high-fat
diet (HFD) for 8 weeks as previously described (24). The
animal experiments were done in accordance with the Chinese
guidelines for animal welfare and experimental protocol, and
was approved by the Animal Ethics Committee of Tianjin
Medical University.

Statistics Analysis

The results are represented as means &+ SD. Independent ¢-test or
one-way ANOVA was performed after the test of homogeneity of
variances. If the one-way ANOVA indicates significant difference,
the Student-Newman-Keuls test was further done to make a
post-hoc comparison. The difference was considered statistically
significant if p < 0.05.

RESULTS

miR-20a-5p Was Upregulated During
Adipocyte Differentiation and in the White

Adipose Tissue of Obese Mice

miR-20a-5p was expressed in various tissues in 9-week-old-
mice and its level was high in spleen, heart, intestine and
colon, moderate in kidney, bone and various white fat and
interscapular brown fat tissues (Figure 1A). miR-20a-5p and
Cl/ebpa. mRNA were synchronously increased at day 2 and
3 during adipogenesis of 3T3-L1 (Figures 1B,C). In primary
cultured BMSCs, the expression patterns of miR-20a-5p and
C/ebpa were similar to those in 3T3-L1 (Figures 1D,E).
Moreover, miR-20a-5p level was induced in epididymal white
adipose tissue (WAT) of ob/ob mice and HFD-fed obese mice as
compared with non-obese controls (Figures 1E,G). By contrast,
it was reduced in interscapular brown adipose tissue (BAT) of
ob/ob mice and HFD-fed mice (Figure S1). These data suggest
a potential role of miR-20a-5p in adipocyte differentiation
and obesity.
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FIGURE 1 | miR-20a-5p was upregulated during adipocyte differentiation and in the WAT of obese mice. (A) miR-20a-5p expression in various tissues of mice was
analyzed by qRT-PCR. The level of miR-20a-5p in brain was set at 1. (B-E) Expression levels of miR-20a-5p and C/EBPa during adipogenesis of 3T3-L1
preadipocytes (B,C) or BMSC (D,E) were analyzed by gRT-PCR. (F,G) miR-20a-5p level was analyzed in epididymal WAT of ob/ob mice and HFD-fed mice. The levels
of the measurements at day O were set as 1 in (B-E). Values are the means + SD, n = 3 in (B-F), n = 5 in (G). *Significant vs. day 0 (B-E) or WT (F) or NFD (G),
p < 0.05.

miR-20a-5p Regulated Adipocyte
Differentiation and Lipogenesis of 3T3-L1
Cells Mainly at the Early Stage

Transfection of miR-20a-5p mimics to undifferentiated 3T3-L1
resulted in efficient conversion to mature adipocytes, with
significant increase in triglyceride content (Figures 2A,B). The
level of miR-20a-5p was increased by 83-fold in 3T3-L1 cells
3 days after adipogenic induction (Figure 2C). 72h following
adipogenic treatment, the mRNA levels of adipogenic factors
Ppary, C/ebpa and aP2 were 1.8-, 2.1-, and 3.2-fold, respectively,
greater in cells supplementing miR-20a-5p mimics than in
those transfected with negative control (NC) mimics. Similarly,

lipogenic factors including Srebp1, Fasn, Accl and lipid droplet-
containing protein Perilipin were increased by 2.2-, 1.5-, 1.8-, and
2.3-fold, respectively, in cells supplementing miR-20a-5p mimics
vs. control cells (Figure 2D). Consistently, miR-20a-5p mimics
increased the protein levels of these adipogenic and lipogenic
factors 72 h after adipogenic induction (Figures 2E,F).
Transfections were also carried out in differentiated 3T3-L1
under adipogenic treatment for 3 days. Two days after
transfection, QRT-PCR revealed a 80-fold increase of miR-20a-5p
level in the cells transfected with miR-20a-5p mimics vs. those
with control mimics, demonstrating the efficacy of transfection
(Figure S2A). However, the supplementation of miR-20a-5p
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FIGURE 2 | Supplementing miR-20a-5p promoted adipogenesis and lipogenesis. (A,B) Differentiated adipocytes were stained with oil-red O and intracellular
triglyceride contents were measured 5 days after adipogenic induction. (C) gRT-PCR verified the level of miR-20a-5p in 3T3-L1 3 days after adipogenic induction. The
mRNA (D) and protein (E) levels of adipogenic and lipogenic factors were analyzed by gRT-PCR and Western blotting. (F) Protein expression levels were quantified.
Scale in (B) 200 um. Values are the means + SD (n = 3). *Significant vs. negative control (NC), p < 0.05.

failed to further enhance adipocyte differentiation and to
potentiate the mRNA and protein expression of the adipogenic
factors (Figures S2B-F).

In contrast, transfection of miR-20a-5p inhibitor into
undifferentiated 3T3-L1 reduced the formation of mature
adipocytes (Figure 3A), along with significant decrease in
triglyceride content (Figure 3B). Three days after adipogenic
induction, the level of miR-20a-5p did not significantly change
in the cells transfected with miR-20a-5p inhibitor (Figure 3C).

The mRNA and protein expression of adipogenic and lipogenic
factors was significantly declined in cells transfected with miR-
20a-5p inhibitor vs. those transfected with NC 72h after
adipogenic treatment (Figures 3D-F).

Transfections of miR-20a-5p inhibitor were also carried
out in differentiated 3T3-L1 under adipogenic treatment for
3 days. The inhibition of miR-20a-5p did not alter adipocyte
differentiation and attenuate the mRNA and protein expression
of the adipogenic and lipogenic factors (Figures S3A-E). The
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(C) gRT-PCR detected the level of miR-20a-5p in 3T3-L1 3 days after adipogenic
were analyzed by gRT-PCR and Western blotting. (F) Protein expression levels

data suggested that miR-20a-5p promotes adipogenesis mainly at
early stage of differentiation.

In addition, the miR-20a-5p sponge lentivirus (Sponge LV)
were made according to previously published protocol (22).
Oil-red O staining showed that the sponge LV infection resulted
in fewer differentiated adipocytes and less triglyceride content
as compared with control LV (Figures 4A,B). Gene expression
assays revealed that miR-20a-5p Sponge LV inhibited the mRNA
(Figure 4C) and protein (Figures 4D,E) expression of adipogenic
and lipogenic factors in presence of adipogenic medium.

Tob2 Was a Direct Target Gene of
miR-20a-5p

Kdméb, Tgfbr2 and KlIf3 have been demonstrated to be the
direct targets of miR-20a-5p in our previous studies (21, 22).
In this study, Tob2 was predicted to be a potential target
of miR-20a-5p and the potential pairing between miR-20a-5p
and Tob2 is shown in Figure 5A. The luciferase activity of
Tob2 3/-UTR reporter construct was significantly decreased
in HEK-293 cells supplemented with miR-20a-5p mimics, but
increased in the cells transfected with miR-20a-5p inhibitor
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(Figure 5B). Furthermore, the protein level of TOB2 was reduced
in undifferentiated 3T3-L1 supplemented with miR-20a-5p
mimics, but induced in cells either transfected with miR-20a-5p
inhibitor or infected with Sponge LV (Figures 5C,D). However,
no significant change in the mRNA level of Tob2 was observed
in the cells either transfected with miR-20a-5p mimics or
inhibitor, or infected with Sponge LV (Figure 5E). These findings
suggested that miR-20a-5p could regulate TOB2 expression via
post-transcriptional repression. In differentiated 3T3-L1 cells
after 3-day adipogenic treatment, transfection with miR-20a-
5p mimics decreased TOB2 protein while miR-20a-5p inhibitor
or Sponge LV increased TOB2 protein as well (Figures 5EG),
demonstrating the efficacy of transfection or infection in the
differentiated cells.

It is reported that TOB2 inhibits PPARy2 transcription
by suppressing BMP2-induced Smadl/5 phosphorylation
(25). We investigated the effect of miR-20a-5p on Smadl/5
phospharylation and the results showed that the level of
phosphorylated Smadl/5 was increased in 3T3-L1 cells
transfected with miR-20a-5p mimics while declined in cells
transfected with miR-20a-5p inhibitor (Figures 5H-K).

Then, experiments were conducted to further investigate the
role of TOB2 in adipocyte differentiation. We first demonstrated
the efficient overexpression of Tob2 in 3T3-L1 cells after
transfection (Figure 6A). In presence of adipogenic agents, Tob2
overexpression restrained adipocyte formation and triglyceride
storage (Figures 6B,C). The mRNA and protein levels of the
adipogenic and lipogenic factors were decreased in the cells
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FIGURE 5 | TOB2 was a direct target of miR-20a-5p. (A) Schematic representation of the alignment of Tob2 3'UTR and mir-20a-5p. (B) The activity of the Tob2
3’-UTR construct was detected in HEK-293 after co-transfection with miR-20a-5p mimics or inhibitor. The protein (C,D) and mRNA (E) levels of TOB2 were analyzed
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FIGURE 5 | by Western blotting and gRT-PCR in undifferentiated 3T3-L1 transfected with miR-20a-5p mimics or inhibitor, or infected with sponge lentivirus. 3T3-L1
cells were allowed for 3 days of adipogenic differentiation, then treated with miR-20a-5p mimics or inhibitor, or sponge lentivirus for 2 days. The protein level of TOB2
was analyzed by Western blotting (F) and quantified (G). Phosphorylated Smad1/5 protein was analyzed using Western blotting and quantified in undifferentiated
3T3-L1 transfected with miR-20a-5p mimics (H,l) or inhibitor (J,K). Values are the means + SD (n = 3). *Significant vs. NC, p < 0.05.
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FIGURE 6 | TOB2 inhibited adipocyte formation. (A) gRT-PCR verified the overexpression of Tob2 construct. (B,C) Tob2 overexpression inhibited adipocyte formation
from 3T3-L1 cells after adipogenic treatment. The mRNA (D) and protein (E,F) levels of adipogenic factors and lipogenesis were analyzed. Scale in (B): 200 pm.
Values are the means + SD (n = 3). *Significant vs. Vector, p < 0.05.

overexpressing TOB2 (Figures 6D-F). These results reveal the  experiment verified the increase of TOB2 in cells cotransfected
anti-adipogenic role of TOB2 in 3T3-L1 preadipocytes. with Tob2 construct. Supplementing miR-20a-5p reduced
the protein level of TOB2 either in absence or presence of

. Tob2 construct (Figures 7A,B). The subsequent functional
Tob2 Overexpression Attenuated the studies revealed that Tob2 overexpression significantly

Pro-Adipogenic and Pro-Lipogensic Effect attenuated adipocyte formation and triglyceride storage
of miR-20a-5p induced by miR-20a-5p supplementation (Figures7C,D).
Cells were cotransfected with miR-20a-5p or control mimics  Consistently, the cotransfection of miR-20a-5p mimics
and Tob2 expression construct or vector. Western blotting and Tob2 construct significantly downregulated the mRNA
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FIGURE 7 | Overexpression of Tob2 attenuated miR-20a-5p stimulation of adipocyte differentiation and lipogenesis. (A,B) The expression of TOB2 was detected by
Western blotting following cotransfection of miR-20a-5p or NC mimics and Tob2 construct or vector. (C,D) QOil-red O staining was done and triglyceride contents were
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expression of the adipogenic and lipogenic factors as compared C/EBP« Regulated miR-20a-5p in 3T3-L1

to the cotransfection of miR-20a-5p mimics and vector Preadipocytes

(Figure 7E). The data suggest that the downregulation  As shown in Figure 8A, the promoter construct of miR-20a-
of TOB2 mediates the adipogenic and lipogenic role  5p showed transcriptional activity in 3T3-L1 cells, with 26-
of miR-20a-5p. fold increase of luciferase activity vs. the pGL3-basic vector
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(Figure 8A). The search of cis-acting elements revealed three
putative C/EBPa binding motifs at —756, —645, and —620
nt, respectively (Figure 8B), suggesting that miR-20a-5p might
be transcriptionally regulated by C/EBPa. We then studied if
C/EBPa transactivates miR-20a-5p expression. The silencing
efficacy of C/ebpa siRNA was demonstrated by using qRT-
PCR (Figure 8C). Luciferase assay revealed that the depletion
of C/EBPa significantly decreased the activity of the miR-
20a-5p promoter (Figure 8D). Consistently, C/ebpa siRNA
downregulated miR-20a-5p expression (Figure 8E). The point
mutation of the C/EBPa binding motifs at either —756 or —645
nt attenuated the transcriptional activity of the promoter. By
contrast, the mutation at —620 nt did not alter the promoter
activity (Figure 8F). Furthermore, the cotransfection of C/ebpa
siRNA did not further alter the promoter activity of the mutant
construct with point mutation at —645, indicating the absence
of other binding motifs within the construct. In contrast, the
depletion of C/EBPa further decreased the activity of the mutant
with mutation at —756 nt, suggesting the presence of other
binding sites beyond this motif (Figure 8F). Taken together, the
data suggest that the motif at —645 nt is the major response
element for C/EBPa.

Then we examined the physical association of C/EBPa with
the miR-20a-5p promoter by chromatin immunoprecipitation
assay (ChIP) in 3T3-L1. The cells were transfected with
either C/ebpa siRNA or control siRNA. PCR was done to
amplify the promoter region harboring the C/EBPa binding
site (—645 nt) using the DNA from the immunoprecipitates as
the template. The expected fragment was successfully amplified
in the samples incubated with anti-C/EBPa rather than with
IgG. C/EBPa depletion attenuated the yield of the PCR
product. By contrast, the expected fragment was not amplified
in these samples using the negative control primers located
far from the —645 nt region. These data demonstrate that
C/EBPa physically bind the promoter at the —645 nt region
(Figure 8G).

Moreover, we further assessed if C/EBPa affects TOB2
expression. The results showed that the depletion of C/EBPa
induced TOB2 protein expression (Figures 8H,I).

DISCUSSION

In the current study, we found that the expression of miR-20a-5p
was increased synchronously with C/EBPa in preadipocyte 3T3-
L1 or precursor cells during adipogenesis. Moreover, miR-20a-5p
level was upregulated in WAT of ob/ob mice and the mice fed
with HFD. The data suggest miR-20a-5p may have an regulatory
role in adipocyte differentiation.

We first tested the function of miR-20a-5p in adipogenesis
and lipogenesis. Our data revealed that supplementing miR-
20a-5p before adipogenic treatment promoted adipogenesis and
lipogenesis of 3T3-L1 cells, as evidenced by the potentiated
differentiation of adipocytes, excess triglyceride content, and
upregulation of adipogenic and lipogenic factors. Conversely,
inhibition of endogenous miR-20a-5p before the adipogenic
induction suppressed adipogenesis and lipogenesis. Of note, in

differentiated cells after 3 days of adipogenic treatment, either
supplementation or inhibition of miR-20a-5p did not show any
effect on the phenotypes of the mature adipocytes. These data
suggest that miR-20a-5p promotes adipogenesis mainly at the
early stage of differentiation.

We have recently reported that the miR-20a-5p sponge
lentivirus inhibited adipogenesis of BMSCs (22). Consistently,
in this research, we clarified that miR-20a-5p sponge LV had a
negative effect on adipocyte differentiation as well as lipogenesis.
These results suggest miR-20a-5p may be a novel target for the
treatment of obesity and impaired lipid profiles.

miRNAs exert translational inhibition or degradation of the
target mRNAs through binding to the complementary sites in
the 3’-UTRs or the translated regions of the transcripts (10). To
explore the mechanisms through which miR-20a-5p modulates
adipogenesis and lipogenesis, the reporter construct of Tob2
3’-UTR was made that harbored the putative binding site of miR-
20a-5p sequence. Luciferase assay showed that supplementing
miR-20a-5p significantly suppressed, while inhibiting miR-
20a-5p stimulated the luciferase activity of Tob2 3/-UTR
reporter. Furthermore, supplementing miR-20a-5p in 3T3-L1
downregulated, while inhibiting miR-20a-5p upregulated TOB2
protein. These results confirmed that miR-20a-5p directly
targets TOB2.

TOB2 is a member of TOB/BTG family, which consists
of six antiproliferative proteins, i.e., TOB, TOB2, ANA/BTG3,
BTG1, BTG2, and PC3B. TOB2 has recently been identified
as a player in bone metabolism through suppressing both
osteoclastogenesis (26) and osteogenesis (27). Moreover, TOB2
has regulatory effect on adipocyte. Takahashi et al. reported
increased adiposity and increased expression of type 1A BMP
receptor (BMPR1A) and PPARY2 in Tob2 null mice. Accelerated
adipogenesis was observed in primary tob2™/~ preadipocytes.
TOB?2 inhibits PPARy2 expression by repressing BMP2-induced
Smadl/5 phosphorylation and by sequestering C/EBPa from
the promoter of Ppary2 (26). In this research, we investigated
the effect of miR-20a-5p on Smad1/5 phosphorylation and the
data revealed the induction of phosphorylated Smad1/5 by miR-
20a-5p. Thus, as the downstream signal of TOB2, Smadl/5
may also be implicated in the role of miR-20a-5p. In addition,
we have previously reported that miR-20a-5p stimulated the
expression of PPARy in absence of adipogenic treatment, which
might be partly due to the inhibitory effect of miR-20a-5p on
TOB2 translation.

The current research revealed that miR-20a-5p at least
partially lost its potential to stimulate adipocyte differentiation
and lipogenesis under the background of Tob2 overexpression.
In brief, Tob2 overexpression significantly attenuated adipocyte
differentiation and triglyceride storage in cells induced by
miR-20a-5p  supplementation. The induced expression
levels of the adipogenic and lipogenic factors after miR-
20a-5p supplementation was suppressed when the cells was
cotransfected with Tob2 construct. These results suggest that
miR-20a-5p functions as a positive regulator of adipogenesis and
lipogenesis through blocking TOB2 translation.

By now what interests us is the mechanism that controls
transcriptional regulation of miR-20a-5p. To elucidate this, we
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made the promoter construct of miR-20a-5p and performed
bioinformatics analysis. Several potential binding sites for
C/EBPa were found within the promoter, three of which
with highest scores are located at the regions —756, —645,
and —620 nt. The results of luciferase assay showed that
the knockdown of C/EBPa significantly decreased both the
transcriptional activity of the wild-type miR-20a-5p promoter,
and consistently, the expression level of miR-20a-5p. Further
luciferase assays of the transfections with mutant promoter
constructs under the background of C/ebpa silencing revealed
the identity of the binding site at —645 nt as the response
element of C/EBPa. Furthermore, ChIP experiment confirmed
that C/EBPa physically binds this region within the miR-20a-
5p promoter.

We thus develop a model that delineates how miR-
20a-5p works. During adipogenesis and lipogenesis, the
key transcription factor C/EBPa is expressed which then
transcriptionally upregulates miR-20a-5p expression. In
return, miR-20a-5p stimulates adipogenesis and lipogenesis
via blocking the translation of TOB2, an inhibitor
of adipogenesis and lipogenesis, which functions by
inhibiting Smadl/5 phosphorylation and by suppressing
C/EBPa  recruitment to the PPARy2 promoter. The
upregulation of C/EBPa and PPARy finally leads to
adipocyte differentiation and lipogenesis (Figure S4). Thus,
an novel regulatory circuit forms among C/EBPa, miR-
20a-5p, and TOB2, which in concert regulates adipogenesis
and lipogenesis.

CONCLUSION

In summary, the present work has provided evidences that miR-
20a-5p plays an important role in the regulation of adipogenesis
and lipogenesis in vitro, which is based on a novel regulatory
circuit of C/EBPa/miR-20a-5p/TOB2. Although many questions
remain yet to be answered, our data suggest that serum miR-
20a-5p might be a potential biomarker for obesity. It also
suggests that fine-tuning miR-20a-5p level might be a beneficial
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