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Human hair follicle mesenchymal stem cells (hHF-MSCs) are capable of differentiating into smooth mus-
cle cells (SMCs) in response to transforming growth factor-b (TGF-b), and thus can be used for cardiovas-
cular tissue engineering and regenerative medicine. However, the precise molecular mechanisms
underlying SMC conversion of hHF-MSCs are still undefined. MicroRNAs (miRNAs) are small noncoding
RNAs that modulate gene expression post-transcriptionally by binding to the complementary sequences
of targeted mRNAs. Accumulating evidence indicates that miRNAs are associated with SMC differentia-
tion in vitro andin vivo. In this study, we revealed that miR-18b was significantly downregulated during
TGF-b1-induced hHF-MSCs differentiation into SMC using miRNA array profiling and quantitative RT-
PCR (qRT-PCR). Over-expression of miR-18b in hHF-MSCs led to remarkable downregulation of SMC-spe-
cific markers such as SMA and calponin proteins. On the contrary, inhibition of endogenous miR-18b by
its antisense oligonucleotide antagomir-18b reversed the changes of SMA and calponin proteins. We also
showed that SMAD2, a key transcription regulator in TGF-b signaling which was involved in SMC differ-
entiation, is regulated by miR-18b. miR-18b could suppress the expression of SMAD2 protein by targeting
the 30UTR of SMAD2 gene without affecting its mRNA level in hHF-MSCs. Moreover, knockdown of
SMAD2 by RNA interference could block the effect of inhibition of miR-18b on SMC differentiation, indi-
cating that SMAD2 contributed to miR-18b mediated regulation of TGF-b-induced SMC differentiation. In
conclusion, this study demonstrated that miR-18b regulated the TGF-b1-induced differentiation of hHF-
MSCs into SMCs by targeting SMAD2 gene, and provided novel insights into the regulatory mechanisms of
TGF-b-induced SMC differentiation.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

hHF-MSCs can be easily obtained from hair follicle and may be
an applicable source of autologous smooth muscle cells (SMCs).
We have previously reported that hHF-MSCs can differentiate in
response to transforming growth factor-b1 (TGF-b1) and display
phenotypes of mature smooth muscle cells (SMCs) [1]. TGF-b1 is
one of the members of the TGF-b super family, which consists of
various multifunctional cytokines related to a wide range of cellu-
lar processes such as adhesion, proliferation, differentiation, and
apoptosis [2–5]. It has been shown that TGF-b1 plays a pivotal role
in vasculogenesis and SMC specification during embryonic devel-
opment [6], and potently promotes differentiations of various stem
cell types into SMCs or SMC-like cells in vitro [7–11]. TGF-b1 medi-
ates signaling by binding to cell surface TGF-b type I and type II
Ser/Thr kinase receptors, and leads to the phosphorylation of the
receptor-regulated SMADs, i.e., SMAD2 and SMAD3 [12]. The phos-
phorylated SMAD2 and SMAD3 bind to SMAD4 and form a hetero-
oligomer, and the hetero-oligomer then translocates into the nu-
cleus, where it regulates the expression of TGF-b1 target genes
[13]. However, the precise regulatory mechanisms underlying this
process are still undefined, and further investigations about the
regulation of TGF-b1-induced differentiation are imminently
required.

MicroRNAs (miRNAs) are 18-25-nucleotide small non coding
RNAs. To date, more than 1,400 human miRNAs have been identified
and they participate in diverse physiologic and pathophysiologic

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bbrc.2013.07.090&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.07.090
mailto:songleisl@163.com
http://dx.doi.org/10.1016/j.bbrc.2013.07.090
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


552 X. Liu et al. / Biochemical and Biophysical Research Communications 438 (2013) 551–556
processes [14,15]. Interestingly, recent studies have revealed that
miRNAs are critical regulators of SMC differentiation. For example,
miR-24 suppresses the expression of contractile proteins during
the induction of platelet-derived growth factor (PDGF) [16],
whereas miR-1 promotes retinoid acid-induced SMC differentiation
by targeting Kruppel-like factor 4 (KLF4) [17]. In vitro over-expres-
sion of miR-143/miR-145 caused upregulation of SMC-specific
markers such as smooth muscle actin (SMA) and calponin [18].

Although TGF-b1 is a robust inductor of stem cells, little is
known about the involvement of miRNAs in TGF-b/SMAD signaling
during SMC differentiation. In the present study, we analyzed
miRNA expression during TGF-b1-induced SMC differentiation of
hHF-MSCs and focused on miR-18b as a potential inhibitor of
SMC differentiation. Our data demonstrated that miR-18b was
downregulated during hHF-MSCs differentiation into SMCs, and
the differentiation was repressed when miR-18b was binding to
its target sequence in the 30UTR of SMAD2.
2. Materials and methods

2.1. Cell isolation and culture

hHF-MSCs were isolated and characterized as previously de-
scribed [19]. The investigation conformed to the principles out-
lined in the Declaration of Helsinki. Isolated hHF-MSCs were
cultured in growth medium (GM). To induce SMC differentiation,
hHF-MSCs were shifted from GM into differentiation medium
(DM) and cultured for 7 days. GM consisted of DMEM/F12 and
bFGF (10 ng/lL) supplemented with 10% fetal bovine serum (Ther-
mo, Waltham, USA), and DM comprised of DMEM/F12, 10% fetal
bovine serum and TGF-b1 (5 ng/lL).

HEK-293 cells were routinely cultured in RPMI 1640 medium
(Gibco, California, USA) supplemented with 10% FBS, 100 units/
mL penicillin and 100 g/mL streptomycin.

2.2. Lentivirus and oligonucleotide transfection

Human Smad2 shRNA lentiviral particles and the control cop-
GFP lentiviral particles were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA), and stored at �80 �C. According to
the manufacturer’s protocol, hHF-MSCs were seeded in a 24-well
plate, grown overnight in GM, and exposed for 12 h to the shRNA
lentiviral particles in the presence of polybrene (5 lg/mL). After
the exposure, transduced cells were selected with puromycin
(8 ng/mL) (Santa Cruz, CA, USA). The resistant clones were ex-
panded and assayed for stable shRNA expression using fluorescent
microscopy (Leica, Wetzlar, Germany).

The hHF-MSCs and HEK-293 cells were transfected with miRNA
negative control, miR-18b mimics or miR-18b inhibitors (RiboBio,
Guangzhou, China), respectively, using Lipofectamine 2000 (Invit-
rogen, Carlsbad, USA) following the manufacturer’s protocol. To
investigate the effect of miR-18b on the differentiation of hHF-
MSCs or SMAD2-deficient hHF-MSCs, 200 nM of agomir-18b, ago-
mir-NC, antagomir-18b or antagomir-NC was added into DM be-
fore induction. Agomir and antagomir were chemically modified
and cholesterol-conjugated RNA molecules that could be easily
transfected into cells without Lipofectamine 2000, and activated
and inhibited endogenous miRNA, respectively.

2.3. Quantitative RT-PCR analysis

Total RNAs (miRNA and mRNA) were reverse transcribed into
cDNAs using EasyScript First-Strand cDNA Synthesis SuperMix
(TransGen Biotech, Beijing, China) according to the manufacturer’s
instructions. To determine the expression levels of miR-18b, SMA,
calponin and SMAD2, real-time quantitative-PCR was performed
using TransStartTM SYBR Green qPCR Supermix (TransGen Biotech,
Beijing, China). GAPDH and U6 small nuclear RNA was used as an
internal normalized reference of mRNAs and miRNAs, respectively.
The PCR reactions were performed in PCR System 7300 (ABI, Carls-
bad, USA). The expressions of mRNAs and miRNAs were measured
using the CT (cycle threshold) values and then the results were
converted to fold changes.
2.4. Immunofluorescent staining

Cultured hHF-MSCs were fixed in 4% paraformaldehyde for
10 min. After cell membrane was permeablized with 0.1% Triton
X-100 for 10 min, followed by incubation with anti-SMA or anti-
calponin primary antibody (Abcam, Cambridge, UK) (1:100 dilu-
tion) overnight. After washes, the cells were incubated with Alexa
fluor 488-conjugated goat anti-mouse or anti-rabbit secondary
antibody (Abcam, Cambridge, UK) (1:200 dilution) for another
hour. The cells were then stained with Hoechst 33342 (BD, New-
York, USA) for 2 min, mounted on glass slides with glycerol, and
observed under a fluorescent microscope.
2.5. Luciferase reporter assay

The 30UTR sequence of the human SMAD2 gene containing the
miR-18b binding sites was PCR amplified using the SMAD2 primers
50-TCT AGA GTA GCC TCA TAC TCA TAA GGT GC-30 and 50-GCG GCC
GCC ATG GTA AAC AAC TCA AAT GGC-30, and was cloned into the
HindIII and SacI sites downstream of the luciferase reporter gene
on the pMIR-REPORT miRNA expression reporter vector (Ambion,
CA, USA). The resultant plasmid was named SMAD2-30UTR-wt.
Mutagenesis of different nucleotides within the predicted miR-
18b binding sites was performed using an Easy Mutagenesis Sys-
tem kit (TransGen Biotech, Beijing, China), and the resultant plas-
mids were named SMAD2-30UTR-mut1, SMAD2-30UTR-mut2 and
SMAD2-30UTR-mut3.

HEK 293T cells were seeded in 24-well plates and transfected
with a mixture of 400 ng of luciferase reporter vector and 20 ng
of pRL-TK following the recommended protocol for the Lipofect-
amine 2000 transfection system (Invitrogen, Carlsbad, CA). After
48 h, luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI). The experiments
were performed in triplicate.
2.6. Western blot analysis

hHF-MSCs were lysed and the protein concentration was quan-
tified with BCA assay reagent (Pierce Chemical Co., Rockford, IL).
Protein samples were separated in 10% sodium dodecyl sulfate–
polyacrylamide gels and transferred to polyvinylidene difluoride
membranes. After blocked in phosphate-buffered saline/Tween-
20 containing 5% nonfat milk, the membranes were incubated with
antibodies for SMAD2 or GAPDH (Santa Cruz, CA, USA). GAPDH was
used as an internal control. The blots were then incubated with
peroxidase-conjugated secondary antibodies, and then the protein
signals were developed with an enhanced chemiluminescent
method (Pierce Chemical Co., Rockford, IL).
2.7. Statistical analysis

Data are expressed as mean values ± standard deviations. The
differences between groups were assessed using two-tailed stu-
dent0s t test. A difference with p < 0.05 was considered significant.
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3. Results

3.1. miR-18b level was developmentally regulated during hHF-MSCs
differentiation

As described previously, after 7 days of induction, the hHF-
MSCs treated with TGF-b1, but not the untreated control cells,
were positively stained by SMC-specific makers SMA and calponin
proteins (Fig. 1A), indicating that TGF-b1 potently induced the dif-
ferentiation of hHF-MSCs into SMCs. In an attempt to examine
miRNAs involved in regulating TGF-b-induced SMC differentiation,
we performed miRNA microarray analysis using total RNA har-
vested from hHF-MSCs treated with TGF-b1 at 5 ng/lL for 7 days.
Several established SMC differentiation-related miRNAs such as
miR-143, miR-145, and miR-146a were present, other miRNAs
were also highly regulated, including miR-18b, which is functional
but has not yet been studied in SMC differentiation. In order to
confirm miR-18b expression changes observed in the microarray
analysis, we performed quantitative RT-PCR assay to measure the
dynamic expression of miR-18b at different time points during
the differentiation process. The result showed that the level of
miR-18b decreased for 3-fold 3 days after TGF-b1 induction in
the differentiated SMCs, and kept decreasing as the incubation
time extended (Fig. 1B). These findings suggested that miR-18b
might play a role in the differentiation of hHF-MSCs into SMCs.

3.2. miR-18b inhibited TGF-b1-induced differentiation of HFMSCs

To investigate whether forced expression of miR-18b is able to
modulate TGF-b1-induced SMC differentiation, hHF-MSCs were
transfected with agomir-18b or antagomir-18b, and stimulated
with TGF-b1 (5 ng/ll) for 7 days. (Fig. 2A) showed that in vitro
overexpression of miR-18b obviously inhibited the expression of
SMA and calponin during SMC differentiation of hHF-MSCs in-
duced by TGF-b1, whereas inhibition of miR-18b with its comple-
mentary RNA analogs (antagomir-18b) resulted in enhancing SMC
differentiation by a significant increase in SMA and calponin
expression. Moreover, accompanied by the changes in proteins lev-
els, SMA and calponin mRNAs levels were also markedly decreased
or increased in hHF-MSCs transfected with agomir-18b or antag-
mir-18b, respectively (Fig. 2B). In addition, cells transfected with
negative control miRNAs failed to show changes in mRNA and pro-
tein expressions of SMA and calponin. These results suggested that
miR-18b was a key negative regulator of TGF-b1-induced hHF-
MSCs differentiation into SMC.
Fig. 1. miR-18b level was developmentally regulated during hHF-MSCs differentiation. (
detected by immunofluorescence staining over 7-day period after culture in GM and DM
determined by qRT-PCR at different stage of SMC differentiation (0 d, 3 d, 5 d, 7 d). Data
Bars indicate SD. ⁄Compared to the untreated hHF-MSCs (0 d), p < 0.05.
3.3. The SMAD2 gene was the target of miR-18b

In order to explore the underlying molecular mechanism by
which miR-18b promoted TGF-b1-induced hHF-MSCs differentia-
tion into SMC, we performed a computational analysis using Tar-
getscan (http://www.targetscan.org/) and miRBase (http://
www.mirbase.org) to predict the possible target gene of miR-
18b. We found that the human SMAD-2 gene contained two theo-
retic miR-18b binding sites in its 30 UTR (Fig. 3A). To confirm that
these sites contributed to the regulation of SMAD2 mRNA, we con-
structed a luciferase reporter vector with the SMAD2 30UTR and
performed the luciferase reporter activity assay. We also con-
structed plasmids in which the conserved miR-18b binding se-
quence, the poorly conserved miR-18b binding sequence, or both
were mutated. When a wild type SMAD2 30-UTR luciferase reporter
was co-transfected with miR-18b mimics into HEK-293 cells, the
relative luciferase activity was significantly reduced by almost
60% compared with that of the negative control, whereas mutation
of one sequence or the other attenuated the repression mediated
by the miR-18b mimics. In contrast, the luciferase activity in cells
transfected with empty vector or the reporter carrying both mu-
tant sequences was not affected (Fig. 3B).

Furthermore, we found that transfection of hHF-MSCs with
miR-18b mimics efficiently reduced SMAD2 protein levels,
whereas transfection with miR-18b inhibitors notably increased
the expression of SMAD2 (Fig. 3C). On the contrary, there was no
significant alteration in SMAD2 mRNA expression in cells transfec-
ted with both miR-18b mimics and inhibitors (Fig. 3D). These data
indicated that miR-18b directly bound to the 30UTR of SMAD2
mRNA and inhibited translation.
3.4. SMAD2. silencing abrogated the effect of antagomir-18b

To further investigate whether SMAD2 contributed to the effect
of mir-18b in regulating hHF-MSCs differentiation, we transfected
antagomir-18b into hHF-MSCs after SMAD2 knockdown (KD) and
then performed TGF-b1-induced differentiation. Results of immu-
nofluorescent staining (Fig. 4A) and qRT-PCR analysis (Fig. 4B)
showed that adoption of antagomir-18b after transfection of NC
could improve the TGF-b1-induced differentiation, whereas knock-
down of SMAD2 inhibits the effects of antagomir-18b in promoting
SMC differentiation. From a sidewise approach, these results dem-
onstrated that depletion of the target could abrogate the effect of
antagomir-18b, further implicating that the negative role of
A) The expression of the SMC specific markers SMA and calponin in hHF-MSCs were
. (B) Downregulated expression of miR-18b in hHF-MSCs induced by TGF-b1 was

were presented as means ± SD values from at least three independent experiments.
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http://www.mirbase.org


Fig. 2. The regulatory role of miR-18b in the expression of SMA and calponin in differentiated hHF-MSCs. (A) After 7 days treatment with TGF-b1 (5 ng/ll), the detection of
SMA and calponin in hHF-MSCs transfected with agomir-NC, agomir-18b, antagomir-NC and antagomir-18b by immunofluorescence staining. (B) Quantitative PCR analysis of
the effects of miR-18b on the levels of SMA and calponin mRNAs in hHF-MSCs treated with TGF-b1 (5 ng/ll) at day 7. Data were presented as means ± SD values from at least
three in dependent experiments. Bars indicate SD. ⁄Compared to the agomir-NC group, p < 0.05, #compared to the antagomir-NC group, p < 0.05.
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miR-18b in the TGF-b1-induced SMC differentiation of hHF-MSCs
is at least partially mediated via repressing SMAD2.
4. Discussion

Accumulating evidences have supported the idea that miRNAs
play a crucial role in modulating stem cell self-renewal and differ-
entiation by repressing the post-transcriptional regulation of tar-
get genes in stem cells and differentiating daughter cells. In this
study, we focused on miR-18b, a miRNA markedly downregulated
in response to TGF-b1 treatment and subsequently, quantitative
RT-PCR analysis confirmed expression changes of miR-18b, impli-
cating its potential negative role in SMC differentiation.

miR-18b belongs to the miR106a-363 cluster. Lately, it has been
shown that miR-18b is also associated with germ cell maturation,
embryonic development and stem cells differentiation. For in-
stance, miR-18 directly targets heat shock factor 2 (HSF2) and reg-
ulates spermatogenesis [20]. Using microarray profiling of
microRNAs, Knelangen et al. have uncovered that miR-18b is sig-
nificantly downregulated during adipogenic differentiation of the
mouse embryonic stem cells [21]. Additionally, the level of miR-
18b is markedly increased after hormonal stimulation and acceler-
ated adipogenic differentiation of mouse preadipocytes 3T3L1 [22].
Here, we explored a new role of miR-18b in hHF-MSCs differentia-
tion. We found that cells transfected with miR-18b had reduced
levels of SMC-specific markers, and that the antagonism of miR-
18b with antagmir-18b promoted TGF-b1-induced conversion of
hHF-MSCs into SMCs. Interestingly, our data showed that miR-
18b was significantly downregulated upon TGF-b1 treatment,
which created a positive feedback loop of TGF-b1/SMADs signaling,
and therefore facilitated SMC differentiation.

To identify the potential miR-18b targeting gene that is related
to TGF-b1-induced differentiation of hHF-MSCs into SMCs, a search
with Targetscan and miRBase online software for prediction were
performed. It was revealed that SMAD2, a transcription regulator
in the TGF-b signaling cascade, might be a possible target with du-
ple match sites (one conserved and one poorly conserved) comple-
mentary to miR-18b in the 30UTR of its mRNA. Our luciferase
reporter analysis demonstrated that over-expression of miR-18b
downregulated the luciferase activity when miR-18b miRs regula-
tory elements (MREs) from SMAD2 30UTR was inserted into the
luciferase reporter vector, and that the effect was reduced when
mutated MREs sequence was utilized. Furthermore, we examined
the effect of miR-18b on the mRNA and protein levels of SMAD2.
Our data showed that both miR-18b mimic and miR-18b inhibitor
regulated SMAD2 expression at the protein level without markedly
affecting mRNA levels, suggesting that miR-18b inhibited SMAD2
at the post-translational level.

SMAD proteins are the classical intracellular mediators of TGF-b
signaling, and can be divided into three functional subclasses:
receptor-activated SMADs (R-SMADs), common partner SMADs
(Co-SMADs) and inhibitory SMADs (I-SMADs) [23,24]. After the li-
gands bind to the TGF-b receptors, R-SMADs are directly activated
via phosphorylation, and the phosphorylated R-SMADs bind to Co-
SMADs to form a homomeric complex [25]. The hetero-oligomer
translocates to the nucleus and then positively or negatively regu-
lates the transcription of target genes. SMAD2 and SMAD3 are R-
SMADs that corporately involved in TGF-b1-induced differentia-
tion of various types of stem cells into SMCs. Chen et al. have



Fig. 3. miR-18b posttranscriptionally downregulates SMAD2 expression by directly targeting its 30-UTR. (A) The two predicted miR-18b binding sites within the SMAD2 30-
UTR, including a conserved sequence and a poorly conserved sequence. The wild type SMAD2 30UTR and 3 different mutated sequences (mut1, mut2 and mut3) were cloned
into the region downstream of the luciferase gene to construct the luciferase assay reporter. (B) Dual luciferase assay was performed on HEK293 cells transfected with empty
vector (control), SMAD2-30UTR-wt, SMAD2-30UTR-mut1, SMAD2-30UTR-mut2 and SMAD2-30UTR-mut3. (C) Western blot assays of the SMAD2 protein levels in hHF-MSCs
(control) or those infected with miR-18b mimic, miR-18b inhibitor or miR negative control. (D) The influences of miR-18b mimic or miR-18b inhibitor on the mRNA level of
SMAD2 gene. Data were presented as means ± SD values from at least three in dependent experiments. Bars indicate SD. ⁄Compared to the mimic-NC group, p < 0.05,
⁄⁄compared to the agomir-NC group, p > 0.05, #compared to the antagomir-NC group, p > 0.05.

Fig. 4. SMAD2 knockdown (KD) blocked the effects of miR-18b on TGF-b-induced differentiation. (A) Transfected with antagomir-18b and antagomir-NC, wild type hHF-
MSCs and SMAD2 KD hHF-MSCs were stained to show SMA (upper) and calponin (lower) expression over 7-day period after TGF-b1 (5 ng/ll) stimulation. (B) The expression
of SMA and calponin were analyzed by qRT-PCR among four groups. Data were presented as means ± SD values from at least three independent experiments. Bars indicate SD.
⁄Compared to the antagomir-NC group, p < 0.05, #compared to the antagomir-NC group, p > 0.05.
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shown that SMAD2 and SMAD3 are rapidly phosphorylated after
TGF-b stimulation, and that knockdown of SMAD2 or SMAD3
expression lead to a loss of a-SMA expression in neural crest stem
cells [26]. Likewise, Huang et al. have demonstrated that knock-
down of SMAD2 by short hairpin RNA results in downregulation
of response gene to complement 32 (RGC-32) and SMC marker
genes [27]. However, SMAD2 and SMAD3 have distinct roles in
promoting embryonic SMC specification and in regulating SMC dif-
ferentiation. Smad2-deficient mice embryos die early at embryonic
day 7.5–12.5 due to defective primitive streak and mesoderm for-
mation [28,29]. In comparison, SMAD3 knockout mice are born
with a normal vasculature [30]. Furthermore, Sinha et al., have
found that the SMA activity is dependent on both SMAD2 and
SMAD3, whereas the SM-MHC activity is only SMAD2-dependent
during SMC differentiation of mouse embryonic stem cells [31].
All these reports suggest that SMAD2, but not SMAD3, is indispens-
able for SMC development and gene expression. In this study, we
performed SMAD2 knockdown and detected significant downregl-
ulation of SMC-specific makers, supporting the key role of SMAD2
in the differentiation of hHF-MSCs into SMCs. Besides, deletion of
SMAD2 significantly abrogated the effect of miR-18b inhibition,
which suggested that SMAD2 was a major, if not the only, down-
stream target of miR-18b that contributed to miR-18b mediated
regulation of TGF-b1-induced SMC differentiation.

In conclusion, for the first time we demonstrated that miR-18b
was downregulated during TGF-b1-induced differentiation of hHF-
MSCs into SMCs, and that the downregulation of miR-18b posi-
tively regulated its direct target gene SMAD2 and promoted the
differentiation of hHF-MSCs into SMCs. These findings indicate
the key role of miR-18b in TGF-b1-induced SMC differentiation, re-
veal the molecular mechanism of directed differentiation of stem
cells and provide new insights into the differentiation mechanism.

Acknowledgment

This work was supported by the National Program of Key Basic
Research Project (2011CB606201), the Key Project of the National
Natural Science Foundation (30930026/C100101), and the Science
and Technology Development Fund of Jilin Province (200905180).

References

[1] J.Y. Liu, H.F. Peng, S.T. Andreadis, Contractile smooth muscle cells derived from
hair-follicle stem cells, Cardiovasc. Res. 79 (2008) 24–33.

[2] S. Ogata, J. Morokuma, T. Hayata, G. Kolle, C. Niehrs, N. Ueno, K.W. Cho, TGF-
beta signaling-mediated morphogenesis: modulation of cell adhesion via
cadherin endocytosis, Genes Dev. 21 (2007) 1817–1831.

[3] S. Salm, P.E. Burger, E.L. Wilson, TGF-beta and stem cell factor regulate cell
proliferation in the proximal stem cell niche, Prostate 72 (2012) 998–1005.

[4] J. Massague, Q. Xi, TGF-beta control of stem cell differentiation genes, FEBS
Lett. 586 (2012) 1953–1958.

[5] L.C. Spender, D.I. O’Brien, D. Simpson, D. Dutt, C.D. Gregory, M.J. Allday, L.J.
Clark, G.J. Inman, TGF-beta induces apoptosis in human B cells by
transcriptional regulation of BIK and BCL-XL, Cell Death Differ. 16 (2009)
593–602.

[6] M.C. Dickson, J.S. Martin, F.M. Cousins, A.B. Kulkarni, S. Karlsson, R.J. Akhurst,
Defective haematopoiesis and vasculogenesis in transforming growth factor-
beta 1 knock out mice, Development 121 (1995) 1845–1854.

[7] Y. Han, N. Li, X. Tian, J. Kang, C. Yan, Y. Qi, Endogenous transforming growth
factor (TGF) beta1 promotes differentiation of smooth muscle cells from
embryonic stem cells: stable plasmid-based siRNA silencing of TGF beta1 gene
expression, J. Physiol. Sci. 60 (2010) 35–41.
[8] A. Wang, Z. Tang, X. Li, Y. Jiang, D.A. Tsou, S. Li, Derivation of smooth muscle
cells with neural crest origin from human induced pluripotent stem cells, Cells
Tissues Organs 195 (2012) 5–14.

[9] C. Wang, S. Yin, L. Cen, Q. Liu, W. Liu, Y. Cao, L. Cui, Differentiation of adipose-
derived stem cells into contractile smooth muscle cells induced by
transforming growth factor-beta1 and bone morphogenetic protein-4, Tissue
Eng. Part A 16 (2010) 1201–1213.

[10] Z. Gong, G. Calkins, E.C. Cheng, D. Krause, L.E. Niklason, Influence of culture
medium on smooth muscle cell differentiation from human bone marrow-
derived mesenchymal stem cells, Tissue Eng. Part A 15 (2009) 319–330.

[11] H. Yang, L. Zhang, S.M. Weakley, P.H. Lin, Q. Yao, C. Chen, Transforming growth
factor-beta increases the expression of vascular smooth muscle cell markers in
human multi-lineage progenitor cells, Med. Sci. Monit. 17 (2011) 55–61.

[12] G. Lagna, A. Hata, A. Hemmati-Brivanlou, J. Massague, Partnership between
DPC4 and SMAD proteins in TGF-beta signalling pathways, Nature 383 (1996)
832–836.

[13] A. Nakao, T. Imamura, S. Souchelnytskyi, M. Kawabata, A. Ishisaki, E. Oeda, K.
Tamaki, J. Hanai, C.H. Heldin, K. Miyazono, P. ten Dijke, TGF-beta receptor-
mediated signalling through Smad2, Smad3 and Smad4, EMBO J. 16 (1997)
5353–5362.

[14] M.S. Ebert, P.A. Sharp, Roles for microRNAs in conferring robustness to
biological processes, Cell 149 (2012) 515–524.

[15] J.T. Mendell, E.N. Olson, MicroRNAs in stress signaling and human disease, Cell
148 (2012) 1172–1187.

[16] M.C. Chan, A.C. Hilyard, C. Wu, B.N. Davis, N.S. Hill, A. Lal, J. Lieberman, G.
Lagna, A. Hata, Molecular basis for antagonism between PDGF and the TGFbeta
family of signalling pathways by control of miR-24 expression, EMBO J. 29
(2010) 559–573.

[17] C. Xie, H. Huang, X. Sun, Y. Guo, M. Hamblin, R.P. Ritchie, M.T. Garcia-Barrio, J.
Zhang, Y.E. Chen, MicroRNA-1 regulates smooth muscle cell differentiation by
repressing Kruppel-like factor 4, Stem Cells Dev. 20 (2011) 205–210.

[18] K.R. Cordes, N.T. Sheehy, M.P. White, E.C. Berry, S.U. Morton, A.N. Muth, T.H.
Lee, J.M. Miano, K.N. Ivey, D. Srivastava, MiR-145 and miR-143 regulate
smooth muscle cell fate and plasticity, Nature 460 (2009) 705–710.

[19] J.Y. Liu, H.F. Peng, S. Gopinath, J. Tian, S.T. Andreadis, Derivation of functional
smooth muscle cells from multipotent human hair follicle mesenchymal stem
cells, Tissue Eng. Part A 16 (2010) 2553–2564.

[20] J.K. Bjork, A. Sandqvist, A.N. Elsing, N. Kotaja, L. Sistonen, MiR-18, a member of
Oncomir-1, targets heat shock transcription factor 2 in spermatogenesis,
Development 137 (2010) 3177–3184.

[21] J.M. Knelangen, M.B. van der Hoek, W.C. Kong, J.A. Owens, B. Fischer, A.N.
Santos, MicroRNA expression profile during adipogenic differentiation in
mouse embryonic stem cells, Physiol. Genomics 43 (2011) 611–620.

[22] Q. Wang, Y.C. Li, J. Wang, J. Kong, Y. Qi, R.J. Quigg, X. Li, MiR-17-92 cluster
accelerates adipocyte differentiation by negatively regulating tumor-
suppressor Rb2/p130, Proc. Natl. Acad. Sci. USA 105 (2008) 2889–2894.

[23] B. Schmierer, C.S. Hill, TGFbeta-SMAD signal transduction: molecular
specificity and functional flexibility, Nat. Rev. Mol. Cell Biol. 8 (2007) 970–982.

[24] C.H. Heldin, A. Moustakas, Role of Smads in TGFbeta signaling, Cell Tissue Res.
347 (2012) 21–36.

[25] D.L. Bruce, G.P. Sapkota, Phosphatases in SMAD regulation, FEBS Lett. 586
(2012) 1897–1905.

[26] S. Chen, R.J. Lechleider, Transforming growth factor-beta-induced
differentiation of smooth muscle from a neural crest stem cell line, Circ. Res.
94 (2004) 1195–1202.

[27] W.Y. Huang, W. Xie, X. Guo, F. Li, P.A. Jose, S.Y. Chen, Smad2 and PEA3
cooperatively regulate transcription of response gene to complement 32 in
TGF-beta-induced smooth muscle cell differentiation of neural crest cells, Am.
J. Physiol. Cell Physiol. 301 (2011) C499–506.

[28] J. Heyer, D. Escalante-Alcalde, M. Lia, E. Boettinger, W. Edelmann, C.L. Stewart,
R. Kucherlapati, Postgastrulation Smad2-deficient embryos show defects in
embryo turning and anterior morphogenesis, Proc. Natl. Acad. Sci. USA 96
(1999) 12595–12600.

[29] W.R. Waldrip, E.K. Bikoff, P.A. Hoodless, J.L. Wrana, E.J. Robertson, Smad2
signaling in extraembryonic tissues determines anterior-posterior polarity of
the early mouse embryo, Cell 92 (1998) 797–808.

[30] X. Yang, J.J. Letterio, R.J. Lechleider, L. Chen, R. Hayman, H. Gu, A.B. Roberts, C.
Deng, Targeted disruption of SMAD3 results in impaired mucosal immunity
and diminished T cell responsiveness to TGF-beta, EMBO J. 18 (1999) 1280–
1291.

[31] S. Sinha, M.H. Hoofnagle, P.A. Kingston, M.E. McCanna, G.K. Owens,
Transforming growth factor-beta1 signaling contributes to development of
smooth muscle cells from embryonic stem cells, Am. J. Physiol. Cell Physiol.
287 (2004) C1560–1568.

http://refhub.elsevier.com/S0006-291X(13)01252-7/h0005
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0005
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0010
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0010
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0010
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0015
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0015
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0020
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0020
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0025
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0025
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0025
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0025
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0030
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0030
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0030
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0035
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0035
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0035
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0035
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0040
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0040
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0040
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0045
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0045
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0045
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0045
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0050
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0050
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0050
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0055
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0055
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0055
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0060
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0060
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0060
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0065
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0065
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0065
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0065
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0070
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0070
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0075
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0075
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0080
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0080
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0080
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0080
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0085
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0085
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0085
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0090
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0090
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0090
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0095
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0095
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0095
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0100
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0100
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0100
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0105
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0105
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0105
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0110
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0110
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0110
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0115
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0115
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0120
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0120
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0125
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0125
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0130
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0130
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0130
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0135
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0135
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0135
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0135
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0140
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0140
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0140
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0140
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0145
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0145
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0145
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0150
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0150
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0150
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0150
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0155
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0155
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0155
http://refhub.elsevier.com/S0006-291X(13)01252-7/h0155

	miR-18b inhibits TGF-β1-induced differentiation 
	1 Introduction
	2 Materials and methods
	2.1 Cell isolation and culture
	2.2 Lentivirus and oligonucleotide transfection
	2.3 Quantitative RT-PCR analysis
	2.4 Immunofluorescent staining
	2.5 Luciferase reporter assay
	2.6 Western blot analysis
	2.7 Statistical analysis

	3 Results
	3.1 miR-18b level was developmentally regulated during hHF-MSCs differentiation
	3.2 miR-18b inhibited TGF-β1-induced differentia
	3.3 The SMAD2 gene was the target of miR-18b
	3.4 SMAD2. silencing abrogated the effect of antagomir-18b

	4 Discussion
	Acknowledgment
	References


