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Abstract Preadipocyte factor 1 (Pref-1), also known as a
delta-like 1 protein, is a transmembrane and secreted pro-
tein containing the epidermal growth factor-like repeat.
Pref-1 inhibits adipocyte differentiation by activating the
ERK1/2 pathway. MicroRNAs, a new class of small non-
coding RNAs of 20-24 nucleotides, act as negative regu-
lators of gene expression and result in mRNA degradation
or translational repression. MicroRNA-143 (miR-143) is
known to induce adipocyte differentiation; however, miR-
143 targets in the regulation of adipocyte differentiation
remain unknown. In this study, we investigated whether
pref-1 is a miR-143 target to regulate adipogenesis. After
the induction of adipocyte differentiation the level of miR-
143 was increased, whereas the expression of pref-1
mRNA was decreased. The pref-1 protein level was also
down-regulated in preadipocytes ectopically expressing
miR-143, and recovered by miR-143 inhibitor. The binding
region for miR-143 was predicted to be located between
positions 247 and 252 in the 3’-UTR of pref-1. The lucif-
erase activity of the vector containing the wild-type 3'-

Electronic supplementary material The online version of this
article (doi:10.1007/s11033-014-3807-0) contains supplementary
material, which is available to authorized users.

Y.-J. Kim - S. H. Kim (X))

Department of Biology, Research Institute for Basic Science,
Kyung Hee University, Seoul 130-701, Korea

e-mail: shkim@khu.ac.kr

T. S. Min
National Research Foundation of Korea, Seoul 137-748, Korea

K.-S. Seo (I)

Department of Animal Science and Technology, Sunchon
National University, Sunchon, Jeollanam-do 540-950, Korea
e-mail: sks@suchon.ac.kr

UTR of pref-1 was decreased by 65 % in cells transfected
with miR-143 mimic compared to that of the corresponding
control. In contrast, the activity of the pref-1 mutant cells
was not affected by the treatment with miR-143 mimic.
The ectopic expression of miR-143 mimic suppressed the
phosphorylation of ERK1/2 induced by pref-1 in 3T3-L1
cells. However, the suppressed phosphorylation was
restored by miR-143 inhibitor. Taken together, these data
suggest that miR-143 promotes adipogenesis by directly
modulating the pref-1 expression in adipocytes.
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Introduction

Adipocyte differentiation is the result of transcriptional
remodeling leading to the activation of a large number of
adipose-related genes. Preadipocyte factor 1 (Pref-1), a
member of epidermal growth factor-like repeat family, is a
transmembrane and secreted protein. Pref-1 plays an
important role in the regulation of adipocyte differentiation
[1, 2]. Since pref-1 is highly expressed in preadipocyte but
not in mature adipocyte, it is used as a preadipocyte marker
in adipose tissue [3]. Overexpression of pref-1 in mice is
shown to reduce adipose tissue mass [4]. Pref-1 activates
the MEK/ERK pathway to inhibit adipocyte differentiation
[5]; therefore, repression of pref-1 is required for the
induction of adipocyte differentiation. However, the
molecular regulation of pref-1 expression during adipo-
genesis is not yet fully understood.

MicroRNAs (miRNAs) are endogenous noncoding
RNAs of 20-24 nucleotides in length and play an important
role in the negative regulation of gene expression by base-
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pairing to the complementary site on the target mRNAs,
which in turn causes an inhibition of translation or the
degradation of target mRNAs [6]. The role of miRNAs in
adipogenesis is first found by a study of miR-143, which
induces adipogenesis in adipocytes [7]. Further studies
showed that several miRNAs, including the miR-17/92
cluster, miR-103, and miR-125a, were also upregulated in
mature adipocytes [8, 9]. Recently, miRNA profiling
studies have identified novel miRNAs that are involved in
adipogenesis and associated with obesity [10—12]; how-
ever, the challenge remains to determine the mechanism
how these miRNAs regulate their targets in adipose tissue.
Therefore, in this study, we demonstrated that miR-143
regulates the pref-1 expression during adipogenesis.

Materials and methods
Materials

The pGL3-control firefly luciferase vector, the pRL-TK
Renilla luciferase vector, and the dual luciferase reporter
assay system were purchased from Promega (Madison, W1,
USA). A mouse 3T3-L1 cell line was obtained from
American Type Culture Collection (Rockville, MD, USA).
Dulbecco’s modified Eagle’s medium (DMEM), calf serum
and fetal bovine serum (FBS) were acquired from Gibco/
BRL (Grand Island, NY, USA). Lipofectamine 2000
transfection reagents and oligofectamine reagents were
obtained from Invitrogen (Carlsbad, CA, USA). 3-Isobutyl-
I-methylxanthine (MIX), dexamethasone (DEX), and
insulin were purchased from Sigma (St. Louis, MO, USA).
The QuikChange site-directed mutagenesis kit was
obtained from Stratagene (La Jolla, CA, USA).

Plasmid constructs

The pGL3-control vector was used to construct pGL3-pref-1
wt, which contained the 3’-UTR of mouse pref-1 (GenBank
accession No. NM003836). Briefly, DNA fragments gener-
ated by polymerase chain reaction (PCR) were digested with
the restriction enzyme Xbal to generate appropriate pro-
truding ends. Site-directed mutagenesis of the pref-1 3’-UTR
was performed using the QuikChange site-directed muta-
genesis kit following the supplier’s instructions. The original
sequence TCATCTC in the miR-143-binding site of the pref-
1 3’-UTR was mutated to TCAGACC. Successful muta-
genesis was confirmed by the sequence analysis.

Cell culture

3T3-L1 preadipocytes cultured in DMEM supplemented
with 10 % calf serum were allowed to reach confluence.
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Two days after reaching confluence (designed as day 0),
the differentiation of preadipocytes was initiated by adding
10 pg/ml insulin, 1 uM DEX, and 0.5 mM MIX in DMEM
supplemented with 10 % FBS. After 48 h (day 2), culture
media were replaced with DMEM supplemented with 10 %
FBS and 1 pg/ml insulin, and cells were then fed every
other day. By day 8, cells were fully differentiated, and
cytoplasmic triglyceride droplets were visible.

Real-time reverse transcription-PCR

Total RNA was isolated from 3T3-L1 cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). The synthesis of
cDNA was performed using MMLYV reverse transcriptase
(Takara, Shinga, Japan) and oligo dT primers (Invitrogen,
Carlsbad, CA, USA). Real-time quantitation was per-
formed using the iCycleriQ system (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s protocol. The
fluorescence threshold value was calculated using the
iCycleiQ system software. Reverse transcription reaction
mixtures were incubated with iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA). Data processed by the
comparative cycle threshold method were expressed as fold
increases relative to the basal transcription level. The
amount of target mRNA was normalized to GAPDH
mRNA. Oligonucleotides used in this study were as fol-
lows: pref-1, 5-TGG CTT CTC AGG CAA CTT CT-3'
and 5'-CTT GCA CAG ACA CTC GAA GC-3'; GAPDH,
5'-GAC TTC AAC AGC AAC TCC CAC-3 and 5'-TCC
ACC ACC CTG TTG CTG TA-3'.

For quantitative RT-PCR of microRNAs, total RNA was
extracted using TRIzol reagent as described before and was
processed reverse transcription. The cDNA products were
used for PCR. Tagman primers and probes for miR-143
were purchased from Applied Biosystems (Foster City,
CA, USA). The amplification and detection of miR-143
were performed using the iCycleriQ system with 40 cycles
of denaturation at 95 °C for 15 s and annealing/extension
at 60 °C for 60 s. U6 snRNA was used as the internal
control. Real-time PCR was performed in triplicate. Data
were analyzed by the relative quantification (AAC))
method.

Transient transfection and luciferase reporter assays

For transient miRNA transfection, 3T3-L1 cells were
transfected with miR-143 mimic, miR-143 inhibitor
(GenePharma, Shanghai, China), or scrambled oligonu-
cleotides as a control using oligofectamine reagent (Invit-
rogen, Carlsbad, CA, USA) following the manufacturer’s
instructions. For luciferase report assay COS7 cells were
co-transfected with reporter plasmids in combination with
either pcDNA3.1 or pcDNA3.1-miR-143 plasmids.
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Luciferase activities were measured at 48 h post-transfec-
tion using the dual-luciferase assay system (Promega,
Madison, WI, USA) with a GloMax20/20 luminometer
(Turner BioSystem, Sunnyvale, CA, USA).

Western blot analysis

Cells were lysed in ice-cold lysis buffer [SO mM Tris—HCI,
150 mM NaCl, 1 % NP-40, 0.1 % SDS, protease inhibitor
cocktail (Roche, Indianapolis, IN, USA), 50 mM NaF, and
0.2 M NazVQ,]. Protein extracts were separated by SDS-
PAGE and blotted onto nitrocellulose transfer membranes.
Blocking was performed at room temperature for 1 h in
TBS-T with 5 % BSA, followed by incubation with anti-
ERK1/2 (Cell Signaling Technology, Beverly, MA, USA),
anti-phospho-ERK1/2 (Cell Signaling Technology, Bev-
erly, MA, USA), anti-pref-1/dlk1 (Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, USA), or anti-actin (Sigma, St.
Louis, MO, USA) antibodies in TBS-T. After washes with
PBS, membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibodies. Protein signals were
then visualized using an enhanced chemiluminescence kit
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).
Intensity of each protein band was quantified by
densitometry.

Bioinformatics

The analysis of miR-143 predicted targets was determined
using the algorithms of TargetScan 6.2 (http://www.tar
getscan.org) and miRanda (http://www.microrna.org).
According to these algorithms, microRNA with the highest
mirSVR score was selected for further study.

Statistics

Data are presented as mean = SE of three independent
experiments. The statistical significance of between two
groups was assessed using the Student ¢ test. All statistical
analysis was carried out using SPSS version 11.0 software
(SPSS, Chicago, IL, USA).

Results

The expression of pref-1 and miR-143 in 3T3-L1 cells
during adipocyte differentiation

To determine target microRNAs of pref-1, in silico algo-
rithms (miRanda and TargetScan program) were used; as a
result, miR-143 was predicted to be a regulator of pref-1

because miR-143 had the highest mirSVR score among
candidate genes. We next investigated the expression of
both miR-143 and pref-1 in 3T3-L1cells before and after
adipocyte differentiation. As shown in Fig. 1a, the level of
pref-1 mRNA was strongly expressed in preadipocytes
compared to mature adipocytes. On day 8 after adipocyte
differentiation, the expression of pref-1 mRNA was almost
undetectable, whereas the level of miR-143 mRNA was
increased exponentially. The protein level of pref-1 in
mature adipocytes was also decreased gradually by day 8
post-differentiation (Fig. 1b). These results suggest that the
expression of both genes may be correlated with the dif-
ferentiation stage of adipocytes.

Suppression of pref-1 gene expression in cells
transfected with miR-143

To investigate whether miR-143 regulates the pref-1
expression, miR-143 mimic was transfected into 3T3-L1
cells, and the pref-1 mRNA expression was then measured.
As a result, the pref-1 mRNA level in miR-143-over-
expressing cells was reduced by 50 % compared to the
control (Fig. 2a). Similarly, the pref-1 protein level was
also decreased by 60 % in cells exposed to miR-143
mimic, whereas miR-143 inhibitor recovered dose-depen-
dently the down-regulated pref-1 expression in 3T3-L1
cells (Fig. 2b). In mouse primary pre-adipocytes, the level
of pref-1 expression was down-regulated by miR-143
mimic (Fig. Suppl a and b). These results suggest that miR-
143 regulates the pref-1 gene expression in adipocytes.

Identification of miR-143 target sites in the 3’- UTR
of pref-1

Based on the expression study of both genes described
above, the TargetScan program was used to predict miR-
143-binding sites in the 3’-UTR region of pref-1. As shown
in Fig. 3a, the region between positions 247 and 252 of the
pref-1 3’-UTR was expected to be a seed match of miR-
143. Subsequently, this putative miR-143-interacting
region in the pref-1 3’-UTR was constructed into reporter
plasmids and the potential binding site was also mutated by
site-directed mutagenesis (Fig. 3b). In the presence of
miR-143 mimic, the luciferase activity was measured in
COS7 cells transfected with these reporter plasmids. The
activity of the reporter plasmid containing the wild-type 3'-
UTR of pref-1 was decreased by 65 % compared to that of
the control (Fig. 3c). However, the activity of the mutant
construct was almost similar to the control in miR-143-
overexpressing cells. These results indicate that miR-143
binds to the pref-1 3’-UTR to regulate the post-transcrip-
tional expression of pref-1.
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Fig. 1 Expression of pref-1 and miR-143 in 3T3-L1 cells during
adipogenesis. Preadipocyte cells were stimulated to undergo adipo-
cyte differentiation at 2 days post-confluence. a After the induction of
differentiation total RNA prepared from 3T3-L1 cells at indicated
time points was subjected to quantitative real-time RT-PCR. The
amount of pref-1 mRNA and miR-143 were normalized to GAPDH
mRNA and U6 snRNA, respectively. Data shown represent fold
changes of mRNA or miRNA levels between day 0 and day 8 after the

Relative expressionlevel

Control miR-143

Fig. 2 Effects of miR-143 overexpression on the pref-1 expression in
3T3-L1 cells. a Cells were transfected with 50 nM miR-143 mimic,
and then incubated for 48 h. The pref-1 expression was measured by
quantitative real-time RT-PCR. The amount of pref-I mRNA was
normalized to GAPDH mRNA. Results are expressed as mean & SE
of three independent experiments. * p < 0.05. b The pref-1 protein
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induction of differentiation. Results are expressed as mean £ SE;
n=3. *p<0.05 **p<001. b The pref-1 protein levels were
measured by western blotting at indicated time points after adipocyte
differentiation. Actin was used as a loading control. The graph
represents the quantification of pref-1 protein resulting from western
blot data. Experiments were performed in triplicate and representative
results are shown
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levels in cells treated with miR-143 or miR-143 inhibitor were
measured by western blotting at 48 h post-transfection. The graph
indicates the band intensities of pref-1 normalized to actin. Repre-
sentative blots from three independent experiments are shown. NC
negative control Inh inhibitor
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Fig. 3 The interaction of miR-143 with the pref-1 3’-UTR. a The
putative miR-143-binding site in the 3'-UTR of mouse pref-1 is
matched with the miR-143 seed region. b Schematic representation of
the reporter vector carrying the pref-1 3’-UTR. The 3'-UTR region of
pref-1 was cloned into the downstream of the firefly luciferase gene
(Luc+) in the reporter vector pGL3 (pGL3-pref-1 wt), and a mutant
construct was obtained by changing 3 base pairs of the miR-143 seed

Reduced functional activity of pref-1 in response
to miR-143

To determine whether the reduced expression of pref-1 is
dependent on miR-143 during adipogenesis, the pref-1
mRNA level was measured in mature adipocytes exposed
to the miR-143 inhibitor (anti-miR-143). After transfec-
tion, the cells were incubated with growth medium or
differentiation medium and the pref-1 level was examined
2 days later. As we expected, the cells grown in growth
medium expressed high levels of pref-1 mRNA, whereas
those grown in differentiation medium showed decreased
pref-1 expression (Fig. 4a). The pref-1 expression affected
by the miR-143 inhibitor in the cells grown in growth
medium was negligible, consistent with the fact that the
miR-143 expression in preadipocytes is weak, and there-
fore the effect of miR-143 inhibitor is thought to be little.
In contrast, during the differentiation process, the miR-143
inhibitor was found to increase the pref-1 expression in the
cells grown in differentiation medium (Fig. 4a).

sequence (pGL3-pref-1 mu). ¢ COS7 cells were co-transfected with a
reporter vector (pGL3-control, pGL3-pref-1 wt, or pGL3-pref-1 mu)
and the pcDNA-miR-143 expression vector. Luciferase activities
were measured using the dual-luciferase reporter assay at 48 h post-
transfection and then normalized to the Renilla luciferase. Results are
presented as mean £ SE of three independent experiments.
** P < 0.01

The inhibition of adipocyte differentiation by pref-1 is
known to induce the phosphorylation of ERK1/2 [5]. To
investigate the function of miR-143 in adipocytes, the level
of ERK1/2 phosphorylation was measured after the cells
were transfected with miR-143 mimic. As shown in Fig. 4b
and Fig Suppl ¢, ERK1/2 phosphorylation in miR-143-
overexpressing cells was reduced by 50 % compared to the
control, even though the total ERK1/2 protein level was not
changed. However, in the presence of miR-143 inhibitor,
the phosphorylation of ERKI1/2 was dose-dependently
restored in the miR-143 overexpressing cells (Fig. 4b).
Taken together, these results suggest that miR-143 plays a
role as a negative regulator of pref-1 expression during
adipocyte differentiation.

Discussion

Adipocyte differentiation is occurred by systemically
coordinated gene expressions [13]. Although PPARY and
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Fig. 4 Suppression of ERKI1/2 phosphorylation by miR-143 in
adipocytes. a 3T3-L1 adipocyte cells were transfected with either
50 nM miR-143 inhibitor (anti-miR-143) or scrambled control. At
48 h post-transfection, cells were incubated in growth medium (GM)
or differentiation medium (DM) for 2 days. Total RNA was isolated
from cell lysates and subjected to RT-PCR. b Cells were transfected

C/EBPo have been identified as key regulators in adipo-
genesis, the detailed molecular mechanism including mi-
croRNAs remains to be fully elucidated. MicroRNAs exert
their actions primarily at the post-transcriptional level via
translational repressor and/or mRNA degradation [6, 14].
Some microRNAs such as miR-17/92 cluster, miR-103,
and miR-143 are known to enhance adipocyte differentia-
tion [9, 15]. It is well known that miR-143 is up-regulated
after the induction of adipocyte differentiation. MiR-143
inhibitor induces the suppression of adipocyte differentia-
tion, reduces the storage of fat droplets, and decreases the
expression of key adipogenic genes such as CEBPa and
FABP4 [16]. In this study, we analyzed the mechanism by
which miR-143 involves the transition of 3T3-L1 preadi-
pocytes to adipocytes. One of the miR-143 targets is
reported as ERKS in human adipocytes [7]. ERKS is
known to promote cell growth and proliferation in response
to tyrosine kinase signaling [7, 17]. Similar results were
obtained in our study where miR-143 suppressed ERK1/2
phosphorylation in 3T3-L1 cells via downregulated pref-1
level. The ERK activation phosphorylates PPARYy and
C/EBP, thereby inducing a decrease in PPARY transcrip-
tional activity [18]. Pref-1 induces the phosphorylation of
ERK1/2 and in turn inhibits adipocyte differentiation [5].
The MAPK signaling pathways activate a variety of genes
involved in adipocyte growth and differentiation [19, 20].
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The activation of ERKs in the process of adipocyte dif-
ferentiation is tightly and temporally controlled, and
depends on many parameters, since under certain condi-
tions ERK activity may be required for adipogenesis, while
in other conditions ERK activity may impair adipocyte
differentiation [21, 22]. In the terminal differentiation stage
of adipocyte, the activation of ERKs inhibits cell differ-
entiation via the phosphorylation of PPARy [23]. The
upstream kinase that directly phosphorylates ERKS is
identified as MAP2KS [23, 24], which is a direct target of
miR-143. During the terminal differentiation stages, the
overexpression of miR-143 blocks the MAP2K5-ERKS
and ERK1/2 signaling pathways, so the ERK-mediated
phosphorylation of PPARY is reduced. Further studies are
required to determine the molecular mechanism of the
miR-143-mediated MAPK signaling pathway in adipocyte
differentiation.

In the present study, we showed the expression pattern
of pref-1 level in 3T3-L1 cells. Pref-1 was strongly
expressed in preadipocytes but drastically reduced at day 8
after the induction of differentiation. To date, the pref-1
expression is reported to be transcriptionally regulated by
the Rb-associated E2F1 complex via the phosphorylation
of Rb [25, 26]. Interestingly, during adipogenesis the
reduced expression of E2F1 is accompanied by the
diminished level of pref-1. However, at late stage of
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adipocyte differentiation the expression patterns of E2F1
and pref-1 are inconsistent; this is, the E2F1 expression is
increased, whereas the level of pref-1 expression is
decreased. These discordant observations indicate that
other mechanisms may exist to regulate the pref-1
expression. One of regulatory mechanisms for the pref-1
stability is microRNA process, which regulates post-tran-
scriptional gene expression. Some microRNAs play a role
in modulating adipocyte differentiation. In previous study,
miR-15 is reported to regulate the expression of pref-1,
even though the direct interaction between pref-1 and miR-
15 is not showed [27]. In this study, we reported that miR-
143 was expressed more strongly at day 8§ after differen-
tiation than preadipocytes and affected the expression of
pref-1 by binding its 3’-UTR region. Consistent with our
study, it is reported that miR-143 is predominantly
expressed at late stage of differentiation [15]. These results
indicate that the level of pref-1 expression at the late ter-
minal differentiation stage is regulated by miR-143. Fur-
thermore, by using in silico TargetScan miRNA prediction
program (version 6.2), 23 putative target miRNAs against
mouse pref-1/dlk-1 were found a conserved binding site in
the 3/-UTR of pref-1, leading to the putative repression of
pref-1 level by several different microRNAs. Therefore,
further analysis is necessary to elucidate the regulatory
mechanism of pref-1 expression in  adipocyte
differentiation.

In conclusion, our data suggest that miR-143 promotes
the ERK-mediated adipocyte differentiation by modulating
the adipogenic inhibitor pref-1 in 3T3-L1 cells. Based on
our study, the molecular mechanism of miR-143 may
contribute to the prevention of obesity and its related
diseases.
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