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MicroRNAs (miRs) have been reported to play a critical role in
muscle differentiation and function. The purpose of this study is
to determine the role of miRs during smooth muscle cell (SMC)
differentiation from embryonic stem cells (ESCs). MicroRNA
profiling showed that miR-10a expression is steadily increased
during in vitro differentiation of mouse ESCs into SMCs. Loss-
of-function approaches using miR-10a inhibitors uncovered
that miR-10a is a critical mediator for SMC lineage determina-
tion in our retinoic acid-induced ESC/SMC differentiation sys-
tem. In addition, we have documented for the first time that
histone deacetylase 4 is a novel target of miR-10a and mediates
miR-10a function during ESC/SMC differentiation. To deter-
mine the molecular mechanism through which retinoic acid
induced miR-10a expression, a consensus NF-kB element was
identified in the miR-10a gene promoter by bioinformatics anal-
ysis, and chromatin immunoprecipitation assay confirmed that
NEF-kB could bind to this element. Finally, inhibition of NF-«B
nuclear translocation repressed miR-10a expression and de-
creased SMC differentiation from ESCs. Our data demonstrate
for the first time that miR-10a is a novel regulator in SMC dif-
ferentiation from ESCs. These studies suggest that miR-10a may
play important roles in vascular biology and have implications
for the diagnosis and treatment of vascular diseases.

Embryonic stem cells (ESCs)” have been widely used as an
effective tool to study the molecular mechanisms governing cell
differentiation (1, 2). The reason why ESCs are such a valuable
tool is that each stage of early development is recapitulated in
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the process of ESC differentiation to a specific cell lineage (3, 4).
ESCs have been shown to be able to differentiate into smooth
muscle cells (SMCs) through embryoid body formation under
various differentiation conditions with combinations of molec-
ular modifications (5-10). We have recently developed a highly
efficient and reproducible differentiation protocol, indepen-
dent of embryoid body formation or additional molecular
modifications, to generate relatively pure and functional SMC
populations by treating ESCs with a high concentration of ret-
inoid acid (RA) (5, 7). This ESC/SMC differentiation system has
provided a valuable platform to explore molecular mechanisms
of SMC differentiation in vitro, which can be instructive to in
vivo disease models related to SMC differentiation.

SMCs express a number of smooth muscle-specific genes,
referred to as SM markers, which include SM «-actin (SMA),
SM22a, calponin, and SM myosin heavy chain (11). SMCs can
exhibit a spectrum of phenotypes ranging from the more differ-
entiated “contractile” state in which high levels of SMC differ-
entiation markers are expressed to the less differentiated “syn-
thetic” state in which SMC markers are down-regulated (11-13).
Alterations in SMC differentiation state play a major role in the
development of a number of cardiovascular diseases such as
atherosclerosis, restenosis, hypertension, and aneurysm (14).
Therefore, a better understanding of the molecular mecha-
nisms that controls SMC differentiation is very important to
help develop new ways to prevent and treat these diseases. SMC
differentiation has been documented to be tightly regulated
through a complex and synergistic combination of 1) DNA
binding transcription factors, 2) accessory cofactors for the
DNA-binding proteins, and 3) DNA/histone modifications
present within promoter chromatin. This multilayered orches-
tra works to coordinate regulation of the multiple transcrip-
tional programs that underlie differentiation and plasticity of
the SMC phenotype (15). Recent works have identified a new
layer of post-transcriptional regulation involving miR-medi-
ated mechanisms, which in turn are involved in the control of
SMC differentiation players (16). Specifically, several miRs,
including miR-21 (17, 18), 143 and 145 (19-22), and 221 and
222 (23, 24), have been shown to be involved in vascular SMC
development and related-disease progression. Here, we have
documented for the first time that miR-10a is a novel mediator
of SMC differentiation from ESCs.

EXPERIMENTAL PROCEDURES

SMC in Vitro Differentiation System—We have previously
reported the ESC/SMC in vitro differentiation system (7).
Briefly, mouse ESCs were dissociated into individual cells and
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resuspended and plated on 6-well, gelatin-coated plastic Petri
dishes (Falcon) at a density of ~3 X 10*/cm?. Cells were then
incubated at 37 °C with 5% of CO,, in a differentiation medium.
The differentiation medium consisted of Dulbecco’s modified
Eagle’s medium/F-12 supplemented with 10% of fetal calf
serum, 1 mmol/liter L-glutamine, 0.1 mmol/liter nonessential
amino acids, penicillin/streptomycin (Invitrogen), 0.1 mmol/
liter B-mercaptoethanol, and added 10~® mol/liter RA (Sigma).
The cells were cultured for 8 —-10 days with a daily change of
fresh differentiation medium. A404 cells (kindly provided by
Dr. Gary K. Owens at the University of Virginia) were induced
to differentiate into SMCs following the previous report, with
minor modification (25). Briefly, A404 cells were treated with 1
uM RA for 4 days.

RNA Extraction and Quantitative Real-time (qRT)-PCR—
Total RNA from cultured cells was extracted by using the
RNeasy mini kit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized from 5 pg of total RNA
with Superscript III first-strand synthesis system (Invitrogen).
cDNA samples were subjected to qRT-PCR amplification using
custom primers on an Bio-Rad MyIQ detection system (Bio-
Rad) according to the protocol provided by the manufacturer.
Quantitative RT-PCR custom primers are described in
supplemental Table 1. 18 S RNA served as an internal standard.

TagMan miR Assay for Mature miR Expression Analysis—
To measure mature miR expression, total RNA, including
mature miRs, was extracted from cultured cells by using the
microRNeasy mini kit (Qiagen) according to the manufactur-
er’s instructions. Primers specific for miRs and U6 (Applied
Biosystems) were used, and each mature miR expression was
quantified using TagMan microRNA assays (Applied Biosys-
tems) following the manufacturer’s protocol. In brief, TagMan
microRNA assays include two steps; that is, stem-loop RT fol-
lowed by real-time PCR. For each 15-ul RT reaction, 10 ng of
purified total RNA, 1X RT primer, 1 X RT buffer, 1 mm dNTPs,
0.2 units/pul RNase inhibitor, and 3.33 units/ul MultiScribe
reverse transcriptase from the TagMan microRNA reverse
transcription kit were added and incubated for 30 min at 16 °C
followed by 30 min of incubation at 42 °C. qRT-PCR was per-
formed using a standard protocol on a Bio-Rad MyIQ System
(Bio-Rad). All TagMan microRNA assays were performed in
triplicate. Total RNA input was normalized based on the cycle
threshold values of the U6 assay as an endogenous control. The
-fold change was calculated based on delta cycle threshold
between endogenous U6 control and miR-10a.

Fluorescence-activated Cell Sorting Analysis—Fluorescence-
activated cell sorting analysis was performed as previously
reported (26). Briefly, cell pellets were fixed, permeabilized
using a BD Biosciences cytofix/cytoperm™™ kit, and incubated
overnight with anti-SMA antibody (Millipore). Mouse 1gG,,
served as isotypic control (Dakocytomation), whereas rat
vascular SMCs served as positive controls. Goat anti-mouse
IgG Alexa Fluor 488 was used as the secondary antibody
(Molecular Probes). Finally, fluorescence was analyzed using
the FACSCalibur™ system (BD Biosciences) following the
user’s guide.

Construction of Reporter Plasmids and Reporter Assays—To
generate the miR-10a-luciferase reporter plasmid, an ~900-bp
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fragment (—868 to +110 bp) containing the NF-kB putative
binding site was amplified from C57/B6L mouse genomic DNA
and then cloned into Kpnl and HindIII sites of the pGL4.10
[Luc2] vector (Promega). The following primers were used for
cloning the miR-10a promoter: ggaggggtaccagaatcccattttggcca
(forward primer) and ggaggaagcttgcggagtgtttatgtcaact (reverse
primer). For the construction of the p65mut-miR-10a lucifer-
ase plasmid, the NF-«B binding site was mutated from the
miR-10a- luciferase construct using QuikChange XL mutagen-
esis (Stratagene) following the manufacturer’s instructions.
Primers used were as follows, resulting in the mutation of the
putative NF-kB element (capitalized is the partial mutated
region from the predicted miR-10a promoter): NF-«kB-mF
(forward primer, cttcttctcaggttgtaaacggaattTTT Agtcattaaa-
tatggg) and NF-kB-mR (reverse primer, cccatatttaatgacTA-
AAaattccgtttacaacctgagaagaag). A DNA fragment contain-
ing the HDAC4 3'-UTR sequence with a putative miR-10a
binding site was cloned into the Sacl and HindIII restriction
sites of the pMIR-REPORT ™ vector (Promega) to generate
the HDAC4-3'-UTR reporter plasmid. Primers used to
amplify the DNA fragment containing the HDAC4 3'-UTR
from cDNA were HDAC4-F (forward primer, atactcagaagg-
gacatcaag) and HDACA4-F (reverse primer, ccaaggcggccaga-
agagc). Site-directed mutagenesis against the putative miR-10a
binding site located in the HDAC4-3'-UTR was generated by
standard PCR to generate the HDAC4-mut-3'-UTR reporter
plasmid. Primers used for site-directed mutagenesis are as fol-
lows: HDAC4-mF (forward primer, ctgaatttggtggcatttacagCC-
GCgatgggaactgggtcaagc) and HDAC4-mR (reverse primer,
gcttgacccagttcccatcGCGGcetgtaaatgecaccaaattcag). The final
sequences of all constructed plasmids were confirmed by DNA
sequencing. Constructed plasmids (0.2 ug of plasmid/well of
24-well plates) together with Renilla luciferase control reporter
vector (pRL-TK) were transfected into HEK 293 cells using
Lipofectamine 2000 (Invitrogen) for 4 h. Luciferase activity was
measured 48 h after transfection using the Dual-Luciferase
assay kit (Promega) with a TD-20/20 luminometer (Turner
Designs). Individual luciferase activity was normalized to the
responding TK promoter-Renilla-luciferase activity.

Western Blot Analysis—Whole cell lysate samples were
extracted from cells using the mammalian protein extraction
reagent M-Per (Promega) supplemented with a protease inhib-
itor mixture (Roche Applied Science). Cytoplasmic and nuclear
fractions were obtained using NE-PER nuclear and cytoplasmic
extraction reagents (Pierce) following the manufacturer’s in-
structions. Antibodies against p65 (Santa Cruz Biotechnology,
1:1000), SMA (Millipore, 1:3000), SM-myosin heavy chain
(SMMHC, BT1, 1:2000), glyceraldehyde-3-phosphate dehydro-
genase (Santa Cruz Biotechnology, 1:1000), lamin A/C (Santa
Cruz Biotechnology, 1:1000), and HDAC4 (Abcam, 1:500) were
used for testing individual protein expression. Immuno-activity
and band density was visualized by the enhanced chemilumi-
nescence detection system (Amersham Biosciences) or Odys-
sey system (LI-COR Biosciences, Lincoln, NE) according to the
manufacturer’s instructions.

Expression Plasmids, miR Inhibitors, and Transfection—A
complex of plasmids or oligonucleotides was transfected using
Lipofectamine 2000 (Invitrogen) following the manufacturer’s
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protocol. miR-10a inhibitor and inhibitor negative control were
purchased from Dharmacon. These inhibitors are RNA oligo-
nucleotides with novel secondary structure designed to inhibit
the function of endogenous miR (27). HDAC4, p65, Sp1, and
SMAD3 expression plasmids were purchased from Addgene.
PathDetect NF-kB Cis-Reporter Plasmid was purchased from
Stratagene (NF-«B binding site luciferase).

MicroRNA Target Prediction—Target genes for miR-10a
were predicted using the free software PicTar and TargetScan
4.2 with the cutoff set at p values less than 0.05.

Chromatin Immunoprecipitation (ChIP) Assay—Mouse ESCs
were treated with 10 um RA. After 6 h, cellular proteins were
cross-linked, and a ChIP assay was performed by using the EZ-
ChIP assay kit (Millipore). The size of the sonicated DNA frag-
ments used for immunoprecipitation was between 500 and
1000 bp in length as determined by ethidium bromide gel elec-
trophoresis. Purified chromatin was immunoprecipitated using
anti-p65 antibody (Santa Cruz Biotechnologies). Eluted DNA
fragments were purified to serve as templates for the PCR
amplification. The input fraction corresponded to 2% of the
chromatin solution before immunoprecipitation. IgG control
serves as the negative control to the p65 antibody. By using
rVista software to analyze conserved regions on the pre-mmu-
miR-10a promoter, we identified a potential NF-«B binding
site, which is located in the —638 to —627-bp region upstream
of the transcription start site. The primers used to amplify the
area containing this NF-«B binding site are: forward primer
(5'-gctgcaacttttatggttec-3') and reverse primer 5'-gggagaggtg-
tctgggtgtg-3'), resulting in a 225-bp fragment.

Statistical Analysis—Data were analyzed for statistical signif-
icance by the Student-Newman-Keuls test using SYSTAT soft-
ware (SYSTAT Inc.) with values of p < 0.05 considered to be
significant. All experiments were independently repeated at
least three times.

RESULTS

miR-10a Is Up-regulated during SMC Differentiation from
Mouse ESCs—Recently, we have established the ESC/SMC in
vitro differentiation system (7). To determine whether miRs
regulate RA-induced ESC/SMC differentiation, we profiled
miR expression levels during ESC/SMC differentiation at days
0, 1, and 3 using a TagMan miR assay. Among 226 commer-
cially available miR primer sets profiled in our assay, the expres-
sion levels of 11 miRs were increased, and 7 miRs decreased by
more than 3-fold (supplemental Table S2). Interestingly, miR-
10a was among the most strongly up-regulated miRs during
RA-induced ESC/SMC differentiation (supplemental Table
S2). The TagMan miR assay showed that miR-10a is up-regu-
lated during RA-induced SMC differentiation by ~20-fold at
day 3 and continued to increase during later stages of differen-
tiation (supplemental Fig. S1). DMSO-treated cells also showed
moderate up-regulation of miR-10a (5-fold by day 6); however,
it was not as remarkable or sustained as the up-regulation
observed in the RA-treated cells. The up-regulation observed in
the DMSO-treated cells may result from a low percentage of
spontaneously differentiated SMC population.
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FIGURE 1. miR-10a regulates SMC differentiation from ESCs. A and B, miR-
10a inhibitor represses SMC differentiation. 50 nm miR-10a inhibitor or nega-
tive control was transfected into ESCs. Twenty-four hours after transfection,
the cells were treated with 10 um RA for 6 days and harvested for analysis
of SMC markers expression, including SMA and SM myosin heavy chain
(SMMHC), as evidenced by gqRT-PCR (A) and Western blotting (B). NC, negative
control. *, p < 0.05. 18 S RNA and glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) served as internal controls for gRT-PCR and Western blot, respec-
tively. C, miR-10a inhibitor reduces SMC differentiation efficiency. Mouse
ESCs were transfected with either miR-10a inhibitor or miR inhibitor negative
control, treated with RA for 6 days, and subjected to fluorescence-activated
cell sorting analysis. The proportion of SMA-positive cells is shown in the
histograms, representing RA alone (left panel), RA + inhibitor negative con-
trol (central panel), and RA + miR-10a inhibitor (right panel). n = 4. Normal
IgG2a served as the fluorescence-activated cell sorting analysis control. FITC,
fluorescein isothiocyanate.

Inhibition of miR-10a Impairs SMC Differentiation from
Mouse ESCs—To examine the potential role of miR-10a during
RA-induced ESC/SMC differentiation, a miR-10a inhibitor was
transfected into ESCs. After 24 h of the transfection, ESCs were
treated with RA for 3, 6, and 8 days and subjected to analysis of
SMC markers by qRT-PCR for mRNA levels and Western blots
for protein levels. The miR-10a inhibitor effectively reduced the
expression of miR-10a to less than 20% that of control cells
transfected with an inhibitor negative control (supplemental
Fig. S2A). Intriguingly, when mature miR-10a levels were
repressed, SMC marker expression during RA-induced ESC/
SMC differentiation dramatically declined (Fig. 1, A and B) and
differentiation efficiency to SMCs reduced, as evidenced by a
decreased percentage of SMA-positive cell population in the
derived cells (61.73 = 3.38% in miR-10a inhibitor group versus
87.45 £ 2.45% in miR negative control, p < 0.05, Fig. 1C). In
addition, no effect on other cell lineage-specific marker expres-
sion was observed during miR-10a repression in the context of
this ESC/SMC differentiation system by day 6 (supplemental
Fig. S2B). Interestingly, miR-10a expression was also up-regu-
lated upon the RA treatment in the A404-SMC differentiation
system (supplemental Fig. S3A). Furthermore, blockage of miR-
10a expression with miR-10a inhibitor impaired SMC differen-
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tiation in this A404 system, as evidenced by down-regulation of
SMC-specific markers (supplemental Fig. S3, B and C). Taken
together, these results suggest that miR-10a is important for the
RA-induced SMC differentiation process, probably by target-
ing specific genes involved in the SMC phenotype.

miR-10a Mediates SMC Differentiation through Targeting
on HDAC4—To better understand the miR-10a-dependent
molecular mechanism regulating SMC differentiation, we per-
formed a bioinformatics search for targets that might mediate
this effect. Remarkably, one of the targets consistently predicted by
two different algorithms, TargetScan 4.0 (28) and PicTar (29),
was HDAC4. The predicted hybridization site was to a seed
sequence in the HDAC4 3’-UTR that is evolutionarily con-
served among vertebrate species (supplemental Fig. S44). This
result suggests that miR-10a may act to suppress HDAC4 and
its activity during SMC differentiation. Secondary structure
analysis also showed a favorable minimum free energy (—29.1
kcal/mol) in the formation of the miR-10a; HDAC4 3'-UTR
duplex stem-loop (supplemental Fig. S4B). Consistent with this
prediction, our results uncovered an inverse relationship be-
tween miR-10a expression and HDAC4 protein levels (supple-
mental Fig. S4C) during ESC/SMC differentiation without a
significant change of HDAC4 mRNA levels (supplemental Fig.
$4D). Furthermore, down-regulation of HDAC4 protein level
was rescued when mature miR-10a expression was blocked by
miR-10a inhibitor in this ESC/SMC differentiation system (Fig.
2A), without changes to HDAC4 mRNA levels (data not
shown). This result is consistent with the functional prediction
that miR-10a binding to the HDAC4 3’-UTR would lead to
HDAC4 translational repression.

We next tested whether HDAC4 was a target for repression
by miR-10a by cloning a fragment of the HDAC4 3'-UTR, con-
taining either wild type or a mutant (mut) miR-10a binding site,
downstream from the firefly luciferase gene in the pMIR-
Report™ vector (supplemental Fig. S4A4). Co-transfections of
miR-10a mimic with the HDAC4 -3'-UTR reporter resulted in
the repression of luciferase activity when compared with the
mimic negative control (p < 0.05) (Fig. 2B). On the other hand,
the HDAC4-mut-3'-UTR reporter was not repressed by miR-
10a mimic. Neither mutation of the putative miR-10a comple-
mentary seed sequence nor the miR mimic negative control
repressed luciferase activity, indicating that the repression was
specific for miR-10a binding.

Although HDAC4 has been shown to mediate platelet-de-
rived growth factor-BB pro-proliferation of SMCs (30), the
function of HDAC4 on ESC/SMC differentiation is unclear. To
further explore the function of HDAC4 on SMC differentiation
in this differentiation system, the down-regulated HDAC4
expression was rescued by transient transfection of a HDAC4
expression plasmid in mouse ESCs, and subsequently, trans-
fected cells were induced to differentiate with RA. As shown in
Fig. 2C and supplemental Fig. S5, A—C, the expression of SMC-
specific markers, including SM myosin heavy chain and SMA
on both mRNA and protein levels, were significantly reduced
after HDAC4 overexpression. Taken together, these results
indicate that miR-10a represses the expression of HDAC4 at
the post-transcriptional level during ESC/SMC differentiation,
thus preventing its HDAC4-antimyogenic effects.
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FIGURE 2. HDAC4 is a miR-10a target during SMC differentiation from
ESCs. Mouse ESCs were transfected with miR-10a mimic or mimic negative
control (NC) and treated with RA for 6 days. A, cells were harvested at day 6,
and cell lysate was used for the Western blot with an anti-HDAC4 antibody, or
an anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was
used as the internal control. Representative Western blots are shown. B, either
wild type or mutant HDAC4-3'-UTR reporter constructs were cotransfected
into HEK 293 cells together with miR-10a mimic or mimic negative control
(NQ), as indicated. Forty-eight hours after transfection, cells were lysed, and
luciferase activity was determined. Individual luciferase activity was normal-
ized to the responding TK promoter-Renilla-luciferase activity. Relative lucif-
erase activities were expressed as the mean = S.D. Data shown are represent-
ative samples from at least three independent experiments, each done in
triplicate. *, p < 0.05. C, representative Western blots in mouse ESCs were
transfected with HDAC4. Mouse ESCs were transfected with human HDAC4-
FLAG and subsequently induced to differentiate into SMCs with RA. The
derived cells were subject to Western blot analysis. The expression of SMC
markers was detected in extracts from cells differentiated for 6 days. Glycer-
aldehyde-3-phosphate dehydrogenase served as the internal control for
Western blot. The right panel shows the quantitative analysis of SMC specific
markers from Western blots. *, p < 0.05. SMMHC, SM-myosin heavy chain.

NF-kB Transcriptionally Regulates miR-10a Expression dur-
ing RA-induced SMC Differentiation—Although the effects of
miRs on the regulation of their targets have been extensively
studied, the transcriptional regulation of miRs themselves is
only beginning to be elucidated. In this study, we were particu-
larly interested in the transcriptional regulation of the miR-10a
gene. We used rVISTA (31) to find potential transcription fac-
tor binding sites within ~1 kb upstream region of the miR-10a
gene, which is conserved among species (supplemental Fig.
S6A). One NF-kB consensus binding site was identified in —638
to —627 bp upstream of the miR-10a gene (supplemental Fig.
S6A). This 1-kb miR-10a promoter also contains several conserved
cis-elements for other transcription factors, including Spl and
SMAD3. Among these transcription factors, p65 was shown to be
able to transactivate the miR-10a promoter (Fig. 3A).

To test whether p65 could bind to the predicted NF-«B bind-
ing site in the miR-10a promoter, either the wild type or the
mutated p65 binding site miR-10a-luciferase reporter plasmid
was individually transfected into HEK 293 cells together with
the p65 expression plasmid. As shown in Fig. 3B, p65 was able to
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FIGURE 3. NF-kB transcriptionally regulates miR-10a expression. A, HEK
293 cells were cotransfected with miR-10a-luciferase reporter plasmid and
expression plasmids encoding pdDNA3.1, p65, Sp1, or Smad3. Luciferase
activity was determined 48 h after transfection. Individual luciferase activity
was normalized to the responding TK promoter-Renilla-luciferase activity.
Relative luciferase activities were expressed as the mean = S.D. Data shown
are representative samples from at least three independent experiments,
each done in triplicate. *, p < 0.05. B, either the miR-10a-luciferase (wt) or the
p65mut-miR-10a-luciferase (mut) reporter plasmid was cotransfected with
pcDNA3.1 or p65 expression plasmid, as indicated. Luciferase activity was
determined 48 h post-transfection. Individual luciferase activity was normal-
ized to the responding TK promoter-Renilla-luciferase activity. Relative lucif-
erase activities were expressed as the mean =+ S.D. Data shown are represent-
ative samples from at least three independent experiments, each done in
triplicate. *, p < 0.05. C and D, mouse ESCs were treated with p65 inhibitor
pyrrolinedithiocarbamate (PDTC, 10 um) for 30 min and then treated with RA
to induce SMC differentiation. The expression of mature miR-10a levels was
measured by TagMan miR assay at different time points (C), and the expres-
sion of SMC markers was determined by Western blotting after 6 days of RA
treatment (D). n = 3. *, p < 0.05. SMMHC, SM-myosin heavy chain; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

enhance miR-10a-luciferase reporter activity. However,
when the p65 binding site was mutated, p65 could no longer
activate the expression of the miR-10a-luciferase reporter. In
addition, the mature miR-10a expression in HEK 293 was sig-
nificantly increased by overexpression of p65 in a separate
experiment (data no shown). Moreover, p65 nuclear transloca-
tion inhibitor, pyrrolinedithiocarbamate, reduced miR-10a
expression levels and negatively regulated SMC differentiation
marker expression, as shown in Fig. 3, C and D.

To determine whether NF-kB binding sites are a direct target
of RA signaling, we used a plasmid containing the NF-«B bind-
ing element followed by the luciferase reporter gene (referred to
as NF-«B binding site luciferase). As shown in Fig. 44, NF-«B
binding site luciferase reporter activity was increased by RA
treatment in HEK 293 cells as determined by luciferase reporter
assay (p < 0.05). Furthermore, the expression of a list of NF-«B
target genes was up-regulated in ESCs in response to RA treat-
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FIGURE 4. RA enhances p65 binding to its target gene promoters during
SMC differentiation from ESCs. A, HEK 293 cells were transfected with
NF-kB-binding site-luciferase reporter plasmid and treated with either 10 um
RA or vehicle for 24 h. Luciferase activity was determined and normalized to
the responding TK promoter-Renilla-luciferase activity. Relative luciferase
activities were expressed as the mean =+ S.D. Data shown are representative
samples from atleast three independent experiments, each done in triplicate.
*,p < 0.05. B, mouse ESCs (mESCs) were treated with either vehicle (DMSO) or
RA for 6 h, and ChIP was performed with primers specific for a putative p65
binding site on the miR-10a promoter. Undifferentiated mouse ESCs were
used as a control. Total inputs are indicated. /, input; N, negative control. C, a
model depicts the role of the RA-p65-miR-10a-HDAC4 regulatory pathway in
SMC differentiation from ESCs. In this in vitro differentiation system, RA
induces binding of p65 to the miR-10a promoter, leading to an increase in
miR-10a expression levels. Enhanced miR-10a expression suppresses HDAC4
expression, therefore relieving its repression on SMC markers and driving
differentiation into SMC lineage.

ment (supplemental Fig. S6B). To determine whether NF-«B
binds to the miR-10a promoter in response to RA, a ChIP assay
was performed with extracts prepared from mouse ESCs
treated with RA for 6 h. Results indicated that RA treatment can
induce NF-«B binding to its consensus element in the miR-10a
promoter (Fig. 4B). In summary, RA can promote nuclear
translocation of NF-«B, which then binds to the miR-10a pro-
moter and enhances miR-10a expression, consequently modu-
lating SMC differentiation.

DISCUSSION

In this study we investigated the function of miRs during
SMC differentiation from ESCs. The results shown here re-
vealed that RA triggered NF-«B nuclear translocation, which in
turn leads to up-regulation of NF-kB target genes including
miR-10a. Furthermore, up-regulated miR-10a enhanced SMC
differentiation via repression of HDAC4, which is a negative
regulator of SMC differentiation. Thus, our data have demon-
strated that miR-10a is a novel regulator in SMC differentiation
from ESCs.

The miR-10a gene and mature miR-10a sequence are highly
evolutionarily conserved. The function of miR-10a has been
indicated in apoptosis (32), protein synthesis (33), embryo
development and differentiation (34, 35), hematopoietic stem
cell mobilization (36), inflammation (37), and various tumori-
genesis including hematopoietic (38, 39), liver (40), and urinary
(41). Although miR-10a has been shown to be highly expressed
in rat artery and slightly down-regulated by day 7 after angio-
plasty (18), there is no further literature available dissecting the
intrinsic relationship between miR-10a and SMC differentia-
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tion. Here, we provide novel evidence showing that miR-10a is
induced during SMC differentiation from both ESCs and A404,
whereas the miR-10a inhibitor dramatically repressed SMC dif-
ferentiation. These results indicate that miR-10a expression
can modulate SMC differentiation. Interestingly, miR-10a
mimic per se cannot drive SMC differentiation in the absence of
RA treatment (data no shown), which implies that miR-10a
up-regulation is elegantly integrated in harmony with other
regulatory mechanisms operating during RA-induced SMC dif-
ferentiation. As previously reported (35, 42— 44), there is a list of
miRs that show the same dynamic change as miR-10a during
the differentiation of ESCs. More studies are needed to unravel
the function of these miRs during this differentiation process.

We also showed that the molecular mechanism by which
miR-10a function to modulate SMC differentiation is by target-
ing HDAC4. Here we showed an inverse relationship in the
expression pattern between miR-10a and HDAC4 during ESC/
SMC differentiation. Luciferase assays further demonstrated
that the mature miR-10a was able to bind to the ACAGGGU
seed sequence in the HDAC4 3'-UTR. Furthermore, inhibition
of miR-10a expression resulted in up-regulation of HDAC4
protein levels. Remarkably, HDAC4 was consistently predicted
by two algorithms, TargetScan (28) and PicTar (29), as a target
of miR-10a. HDACs are part of a vast family of enzymes that
have critical roles in diverse biological processes, largely
through transcriptional repression (45). Results of several pre-
vious studies have shown HDAC4 negative function in terms of
SMC differentiation. For example, the HDAC inhibitor tricho-
statin A has been shown to increase the activity of the SM22«
gene in 10T'1/2 embryonic fibroblasts (46). Furthermore, stud-
ies have shown that HDAC4 can be recruited to enhance the
platelet-derived growth factor-BB-mediated repression of SM
a-actin gene expression (30) through the activation of ERK1/2
(extracellular signal-regulated kinase 1/2) pathway (47). In
addition, HDAC4 has been shown to interact with serum
response factor (48) and its coactivator myocardin (49).

Here we showed that overexpression of HDAC4 inhibited
ESC/SMC differentiation, as shown by the down-regulated
expression of SMC markers. However, the detailed mechanism
through which HDAC4 is able to regulate SMC differentiation
in this ESC/SMC differentiation system remains to be deter-
mined. The data shown here indicate that miR-10a mediates its
positive effects in the modulation of SMC differentiation by
targeting HDAC4. However, it is difficult to know whether the
effects of miR-10a on SMC differentiation is primarily medi-
ated through HDAC4 or whether HDAC4 could serve simulta-
neously as a target for miR-10a and other co-regulatory miRs. It
should be noted that overexpression or inhibition of miR-10a
could have also affected other cell factors in the differentiating
cultures. Further studies are needed to identify and character-
ize additional miR-10a target genes.

Although miR biology has been greatly advanced in the last
few years, much of the effort has focused on exploring the tar-
gets of miRs rather than understanding the regulation of miR
genes themselves. To determine cis regulatory elements in
volved in the up-regulation of miR-10a, we have documented
for the first time that NF-«B can bind to a consensus site on the
miR-10a promoter region and transactivate miR-10a expres-
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sion. The NF-«B family of transcription factors is essential in a
broad range of physiological processes, including immunity,
inflammation, development, and differentiation (50, 51).
Recent data suggests that NF-«kB plays a role in proliferation,
migration, and differentiation of stem cells (52). Previous stud-
ies have shown that the NF-«B pathway is up-regulated upon
withdrawal of LIF and that impaired NF-«B signaling delays
loss of pluripotency markers (53). The NF-«kB activity has also
been shown to be inhibited in undifferentiated ES cells by
Nanog (one of critical transcription factors to maintain stem
cell pluripotency) and up-regulated during differentiation to
function as a positive differentiation stimulus (53, 54), which is
consistent with the finding that the activation of NF-«B may
contribute to changes in cell adhesion and cytokine production
during ESC differentiation (55). Here, our data have showed
that RA can induce the expression of NF-«B target genes
including miR-10a in ESCs. Inhibition of NF-kB nuclear trans-
location blocked miR-10a up-regulation and impaired SMC
differentiation as indicated by reduced expression of SMC
markers. Taken together, these results shed further light on the
role of NF-«kB in ESC/SMC differentiation.

In summary, the results presented here show for the first
time the involvement of NF-«kB-miR-10a-HDAC4 in a regula-
tory signaling pathway (Fig. 4C) relevant in positively modulat-
ing SMC differentiation from ESCs. These findings not only
provide new insights into the interplay between transcription
factors and miRs during ESC/SMC differentiation but also have
implications for the diagnosis and treatment of cardiovascular
diseases.
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