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Abstract: Proliferation and migration of vascular smooth muscle cells (VSMCs) are implicated in blood
vessel development, maintenance of vascular homeostasis, and pathogenesis of vascular disorders.
MicroRNAs (miRNAs) mediate the regulation of VSMC functions in response to microenvironmental
signals. Because a previous study reported that miR-101, a tumor-suppressive miRNA, is a critical
regulator of cell proliferation in vascular disease, we hypothesized that miR-101 controls important
cellular processes in VSMCs. The present study aimed to elucidate the effects of miR-101 on VSMC
function and its molecular mechanisms. We revealed that miR-101 regulates VSMC proliferation
and migration. We showed that miR-101 expression is induced by bone morphogenetic protein
(BMP) signaling, and we identified dedicator of cytokinesis 4 (DOCK4) as a novel target of miR-101.
Our results suggest that the BMP-miR-101-DOCK4 axis mediates the regulation of VSMC function.
Our findings help further the understanding of vascular physiology and pathology.
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1. Introduction

MicroRNAs (miRNAs) are small noncoding RNAs that regulate a wide range of cellular processes,
including development, cell growth, and differentiation. Individual miRNAs generally repress target
genes by promoting mRNA destabilization or inhibiting translation [1]. The dysregulation of miRNA
expression is associated with various developmental abnormalities and human diseases, including
cardiovascular diseases [2]. For example, expression of miR-21 and miR-221 are elevated during
vascular neointimal lesion formation following vessel injury, whereas expression of the miR-143/-145
gene cluster is downregulated in the carotid artery after mechanical injury [3-6].

MicroRNA-101 (miR-101) acts as a tumor suppressor in various cancers. By targeting multiple
oncogenes, including EZH? (enhancer of zeste homolog 2) and COX2 (cyclooxygenase-2), miR-101
inhibits cell proliferation, migration, and invasion [7-15]. During cancer progression, expression
of miR-101 is often suppressed, leading to concomitant upregulation of target gene expression.
In glioblastoma, retinoblastoma, prostate, head and neck, bladder, and lung cancers, downregulation
of miR-101 causes overexpression of EZH2, a mammalian histone methyltransferase that mediates
epigenetic gene silencing, which in turn promotes tumorigenesis. [7-10,13,15]. COX2 is implicated
in cancer development; miR-101 has been reported to modulate COX2 in glioma, colorectal,
and lung cancers [11,12,14]. In addition, miR-101 acts as an endogenous proteasome inhibitor
by targeting proteasome maturation protein (POMP), a key component of the proteasome biogenesis.
The miR-101-mediated interference with proteasome assembly and activity suppresses tumor cell
growth [16].
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While the importance of miR-101 in cancer progression has been demonstrated, little is known about
its functions other than as a tumor suppressor. According to arecent report, miR-101 has antiproliferative
effects in vascular cells [17]. IL-6-stimulated activation of JAK/STAT3 signaling promoted cell
proliferation in pulmonary microvascular endothelial cells (PMVECs) with hepatopulmonary syndrome.
In a rat model of the hepatopulmonary syndrome, miR-101 inhibited the JAK2/STAT3 signaling pathway
by targeting JAK2, thereby inhibiting the proliferation of PMVECs. Thus, miR-101 may represent a
therapeutic target in vascular disorders, including the hepatopulmonary syndrome.

Vascular smooth muscle cells (VSMCs), which compose the majority of the walls of arterial blood
vessels, maintain vessel structures and control blood pressure through contractile and relaxation
activities [18]. VSMCs can switch from a contractile phenotype to a proliferative, synthetic phenotype
in response to environmental conditions [19]. Differentiated contractile VSMCs lose their quiescence
and increase their proliferation and migration during vascular repair or development of vascular
pathologies [20]. The phenotypic transition of VSMCs is regulated by several miRNAs, whose aberrant
expression can disrupt critical intracellular gene expression networks [2]. For example, bone
morphogenetic protein (BMP)-signaling-modulated miRNAs, including miR-21, miR-302, and miR-96,
induce differentiation of VSMCs into the contractile phenotype by inhibiting their proliferation
and migration [21-23]. In contrast, hypoxia-induced miRNAs, such as miR-92b-3p, miR-1260b,
miR-497, miR-1268a, and miR-665, promote VSMC proliferation or migration under low oxygen
conditions [24-26]. However, the involvement of miR-101 in the regulation of VSMC functions remains
unclear. Therefore, we aimed to investigate the role of miR-101 in VSMCs and examine the underlying
molecular mechanisms.

2. Results

2.1. miR-101 Affects Functions of VSMCs

To determine whether miR-101 is involved in the regulation of VSMC functions, we first
investigated the effects of miR-101 on the migration activity of VSMCs. Pulmonary artery smooth muscle
cells (PASMCs) were transfected with negative control miRNA, miR-101 mimic, or antisense inhibitor
RNA (anti-miR-101) for 24 h, and then subjected to an in vitro scratch wound assay. The migration
distance was reduced by 40% in cells transfected with 5 nM miR-101 mimic compared to the migration
distance in those transfected with negative control miRNA. (Figure 1A). In contrast, when miR-101
expression was downregulated using anti-miR-101, the cell migration rate was increased by 1.6-fold
compared to that of control cells (Figure 1B). These findings indicate that miR-101 inhibits VSMC
migration. Since no inhibitor of proliferation was used, effects of miR-101 and/or anti-miR-101 on
proliferation cannot be ruled out, but PASMCs migration was inhibited by miR-101 and enhanced by
anti-miR-101 as early as 4 h after the scratch was made (Supplementary Figure S1). The difference in
distance of migration between controls seems to be due to the differences in concentrations of control
mimic used.

Subsequently, we examined whether miR-101 affects the proliferation of VSMCs. PASMCs
were transfected with negative control miRNA, miR-101 mimic, or anti-miR-101 for 72 h and then
subjected to a cell proliferation assay using the CellTiter-Glo Luminescent Cell Viability Assay kit.
Cell proliferation rate was reduced by 60% in cells transfected with miR-101 mimic (Figure 1C) and
enhanced by 3-fold in those transfected with anti-miR-101 (Figure 1D). Thus, miR-101 appears to impair
VSMC proliferation. Expression of exogenous miR-101 and knockdown of miR-101 were confirmed by
gqRT-PCR (Figure 1EF).

Taken together, these data suggest that miR-101 is likely to have antimigratory and antiproliferative
functions in VSMCs. Thus, miR-101 may mimic the effects of BMP signaling, which induces the
contractile phenotype of VSMCs.
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Figure 1. miR-101 regulates vascular smooth muscle cell (VSMC) functions. (A,B) Pulmonary artery
smooth muscle cells (PASMCs) transfected with control, miR-101 mimic (A), or anti-miR-101 (B) were
subjected to the scratch wound assay. The distance of the migration was measured using Image] at 24 h
after a scratch wound was introduced. The left panel shows representative images, and the right panel
shows the quantification graph of the migration distance. The means =+ S.E. of triplicate measurements
of three independent experiments are shown. *, p < 0.05. (C,D) Luminescent signals for viable PASMCs
transfected with control, miR-101 mimic (C), or anti-miR-101 (D) for 3 days. *, p < 0.05. (E,F) Levels of
miR-101 relative to U6 snRNA measured by qRT-PCR in PASMCs 24 h after transfection of control,
miR-101 mimic (E), or anti-miR-101 (F) The data represent the means + S.E. of triplicates. *, p < 0.05.

2.2. Expression of miR-101 is Induced by BMP Signaling

As BMP signaling can control the VSMC phenotype through regulating miRNA expression,
we investigated whether miR-101 expression is regulated by BMP signaling [21-23]. BMP4, which is
known to potently induce expression of contractile genes in PASMCs, was used to activate BMP
signaling. PASMCs were treated with 6 nM BMP4 for 24 h, before their miR-101 levels were measured
by qRT-PCR. BMP4 treatment increased miR-101 levels by approximately 5-fold (Figure 2A). miR-21
and miR-486, the miRNAs whose expression is stimulated by BMP signaling or platelet-derived growth
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factor (PDGF) signaling, respectively, were included as controls [21,27]. As expected, miR-21 levels
were increased, while miR-486 levels were unaffected by BMP4 treatment. These results imply that
BMP signaling promotes miR-101 expression.
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Figure 2. Bone morphogenetic protein (BMP) signaling regulates miR-101 expression. (A,B) Levels of
miRNAs relative to U6 snRNA measured by qRT-PCR in PASMCs 24 h after treatment with BMP4 (A)
or PDGF-BB (B). The data represent the means + S.E. of triplicates. *, p < 0.05.

As PDGEF signaling antagonizes BMP signaling and induces a synthetic phenotype in VSMCs,
we examined whether miR-101 expression is affected by PDGF signaling. Levels of miR-101, miR-21,
and miR-486 were analyzed in PASMCs treated with 40 ng/mL PDGF-BB for 24 h. As expected,
miR-486 levels were increased by 3-fold, whereas miR-101 levels were decreased by 88% following
the treatment (Figure 2B). These results imply that modulation of miR-101 expression by signaling
pathways is important in the regulation of VSMC phenotype and functions. Considering that miR-101
expression is induced by BMP signaling and inhibited by PDGF signaling, miR-101 could be a key
mediator of the effects of BMP signaling in VSMCs. Thus, PDGF-induced downregulation of miR-101
may serve to intensify the effects of PDGF signaling.

According to a previous study, miR-101 is upregulated in response to laminar shear stress in
vasculature and regulates endothelial cell proliferation [28]. Therefore, our finding that miR-101
expression is induced by BMP signaling in VSMCs suggests the possibility that miR-101 may be
involved in regulation of vascular physiology or atherosclerotic diseases associated with VSMC
proliferation and migration.

2.3. BMP Signaling Induces miR-101 Expression in a Smad-Dependent Manner

To test whether BMP signaling stimulates miR-101 expression through transcriptional regulation,
the level of primary miR-101 (pri-miR-101) was measured in PASMCs after 6 h of BMP4 treatment
(Figure 3A). Pri-miR-101 levels were increased by 1.5-fold upon BMP4 stimulation, which suggests
that the upregulation of miR-101 occurs at the transcriptional level. To test this possibility, PASMCs
were treated with actinomycin D (RNA polymerase II inhibitor) prior to BMP4 stimulation. When new
transcription was blocked, pri-miR-101 levels were 55% lower than they were in control cells, and no
significant increase in pri-miR-101 expression was observed upon BMP4 exposure. These results
support the role of BMP signaling in inducing miR-101 expression through transcriptional regulation.

Since BMP-specific signal transducers Smad 1 and Smad 5 are required for the activation of
SMC-specific genes by BMP signaling [29], we subsequently examined whether the transcriptional
regulation of miR-101 depends on Smad1/5. PASMCs were transfected with negative control siRNA
(si-Control) or siRNAs targeting Smad 1 and Smad 5 (si-Smad1/5) for 24 h, before pri-miR-101 levels were
measured in the presence or absence of BMP signals using qRT-PCR. Knockdown of Smad 1 and Smad
5 was confirmed by qRT-PCR and immunoblotting (Figure 3B,C). In cells transfected with si-Control,
the levels of pri-miR-101 increased by 1.7-fold in response to BMP4 stimulation compared with MOCK
control. In contrast, when Smad1/5 was downregulated by siRNAs, the pri-miR-101 levels were reduced
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by 68% compared with control, and the induction of pri-miR-101 expression by BMP signals was
abolished (Figure 3D). The expression level of mature miR-101 was consistent with that of pri-miR-101.
BMP4-induced upregulation of miR-101 was dampened in si-Smad1/5-transfected cells (Figure 3E).
These results suggest that BMP signaling induces miR-101 expression in a Smad1/5-dependent manner.
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Figure 3. Smads are essential for the regulation of miR-101 expression by BMP signal. (A) PASMCs
were treated with 25 ng/mL actinomycin D (ActD) for 2 h prior to BMP4 stimulation for 6 h. Levels
of pri-miR-101 transcripts relative to 185 rRNA were measured by qRT-PCR. *, p < 0.05. (B) Levels
of Smad1l and Smadb relative to 185 rRNA in PASMCs transfected with si-Control or siRNAs against
Smad1 and Smad5 (si-Smad1/5) were measured by qRT-PCR. *, p < 0.05. (C) Immunoblot analysis
of lysates from PASMCs transfected with si-Control or si-Smad1/5 with anti-Smad1, anti-Smad5,
or anti-B-actin antibodies. (D,E) PASMCs transfected with si-Control or si-Smad1/5 were treated with
BMP4. The level of pri-miR-101 transcripts relative to 185 rRNA (D) and the level of miR-101 relative
to U6 snRNA (E) were measured by qRT-PCR. *, p < 0.05.

To elucidate the mechanisms governing Smad-dependent regulation of miR-101 expression,
we mapped the miR-101 promoter region. The putative promoter region was searched through the
Ensembl genome browser. Five overlapping regions of the putative miR-101 promoter were cloned into
the pGL3-Basic luciferase reporter vector (Figure 4A). The generated luciferase constructs (Luc #1-#5)
were transfected into COS7 cells. The luciferase activities of constructs #2, #3, and #4 were 10-, 6.3-,
and 9-fold higher than that of the empty reporter vector (Vector), respectively, which implies that
the region spanning construct #2 to #4 is involved in promoting miR-101 expression (Figure 4B).
In addition, the luciferase activity of construct #2 was increased by BMP4 treatment, while that of
the other constructs was unaffected (Figure 4C). These results suggest that the sequence of reporter
construct #2 is essential for the BMP-mediated regulation of miR-101 expression.
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Figure 4. Smad1/5 mediates transcriptional regulation of miR-101. (A) Schematic diagram of luciferase
reporter constructs containing putative promoter region of the miR-101 gene. A conserved Smad-binding
element (5’-CAGAC-3’) is shown as an open circle. (B) Luciferase activities of constructs, such as Luc
#1~5, were examined in Cos? cells. An empty vector was used as a control (Vector). The data represent
the mean + S.E. of triplicates. *, p < 0.05. (C) The relative luciferase activity of each construct with
BMP4 stimulation relative to unstimulated is shown. The data represent the mean + S.E. of triplicates.
*,p <0.05. (D) Cos7 cells were cotransfected with an empty vector or Luc #2 construct and si-Control or
si-Smad1/5 for 24 h, followed by BMP4 treatment for 24 h. Luciferase activities were then measured.
The data represent the mean + S.E. of triplicates. ¥, p < 0.05.

To investigate whether Smad-dependent regulation occurs through the sequence of reporter
construct #2, si-Smad1/5-transfected cells were subjected to a luciferase assay in the presence or absence
of BMP signals. Smad1/5 knockdown inhibited the BMP4-induced increase in luciferase activity of
construct #2 (Figure 4D). These results suggest that BMP signals regulate miR-101 expression via Smad
and provide evidence for a critical role of the sequence of reporter construct #2 in this process. Indeed,
computational analysis revealed an evolutionarily conserved Smad-binding element (5'-CAGAC-3’) in
the sequence of reporter construct #2 (Figure 4A).

2.4. DOCK4 Is a Novel Target of miR-101

To further explore the molecular mechanisms underlying miR-101-mediated regulation of VSMC
function, we searched for potential targets of miR-101 using target prediction algorithms, including
TargetScan and miRWalk. Interestingly, all members of the dedicator of cytokinesis (DOCK) protein
family, except for DOCK3 and DOCKS, were predicted. BMP signaling promotes VSMC contractility
by activating miR-21 and, in turn, downregulating the expression of DOCK family proteins [21].
In particular, DOCK4, 5, and 7, as targets of miR-21, are involved in VSMC migratory function.
To examine whether DOCK4, 5, and 7 are also targeted by miR-101, PASMCs were transfected with an
exogenous miR-101 mimic, and DOCK expression was assessed using qRT-PCR. The mRNA levels of
DOCK4, but not those of DOCKS or 7, decreased by 50% upon transfection (Figure 5A). When miR-101
activity was inhibited using anti-miR-101, the mRNA levels of endogenous DOCK4 increased 1.4-fold
(Figure 5B). Thus, miR-101 appears to target and destabilize DOCK4 mRNA. In line with the mRNA
results, protein levels of DOCK4 were reduced by the exogenous miR-101 mimic and enhanced by
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anti-miR-101 (Figure 5C,D). To further validate that DOCK4 is a novel target of miR-101, we measured
the expression of the luciferase reporter construct containing the 3’-UTR of DOCK4 in the presence of
the miR-101 mimic (Figure 5E). The luciferase activity of the 3’-UTR construct was reduced by miR-101,
which demonstrates that miR-101 directly targets DOCK4 via the 3’-UTR. Collectively, these findings
imply that the BMP-miR-101 axis regulates VSMC migration by suppressing DOCK4 expression,
which in turn may contribute to the inhibition of VSMC migration.
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Figure 5. miR-101 targets the 3’-UTR of dedicator of cytokinesis 4 (DOCK4) mRNA. (A,B) Levels
of DOCK4, 5, and 7 relative to 18S rRNA in PASMCs transfected with control, miR-101 mimic (A),
or anti-miR-101 (B) were measured by qRT-PCR. *, p < 0.05. (C,D) Total cell lysates from PASMCs
transfected with control, miR-101 mimic (C), or anti-miR-101 (D) were subjected to immunoblot analysis
with anti-DOCK4 or anti-B-actin antibodies. By densitometry, relative amounts of DOCK4 protein
normalized to (3-actin were quantitated. *, p < 0.05. (E) The luciferase activity of a construct containing
the 3’-UTR of DOCK4 was examined in Cos7 cells by transfecting control or miR-101 mimic. A luciferase
vector without 3'-UTR sequence (Vector) was used as a negative control. The data represent the
mean + S.E. of triplicates. *, p < 0.05. (F) Schematic diagram of the function of miR-101-mediated
downregulation of DOCK4 in VSMCs.
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3. Discussion

The proliferative and migratory abilities of VSMCs are critical in the regulation of VSMC phenotype
and maintenance of vascular homeostasis [19]. miRNAs, which act as post-transcriptional regulators
of gene expression, mediate the changes to the VSMC phenotype and contribute to the pathogenesis of
various vascular proliferative diseases [2]. In this study, we discovered that miR-101, a well-known
tumor-suppressive miRNA, participates in the regulation of VSMC proliferation and migration.
We showed that miR-101 expression is induced by BMP signaling in a Smad-dependent manner and
that VSMC migration is regulated by the BMP-miR-101 axis through DOCK4 (Figure 5F).

BMP signaling is critical for normal vascular development and homeostasis, and the regulation of
miRNAs by BMP signaling is implicated in these processes [30]. BMP signaling stimulates miR-21
production by facilitating the processing of pri-miR-21 to precursor miR-21 through the binding of
Smad proteins to a conserved DNA binding sequence (5’-CAGAC-3’) in the miR-21 promoter [31].
Transcriptional regulation of miR-302 by BMP signaling has also been reported [22]. Smad proteins
mediate the transcriptional repression of miR-302 by recruiting histone deacetylase to its promoter.
Herein, it was shown that BMP signaling upregulated miR-101 expression at the transcriptional level
in a Smad-dependent manner via a conserved Smad-binding motif in the promoter region of miR-101.
Thus, BMP signaling may regulate VSMC functions by controlling the overall process of miRNA
biogenesis through Smad proteins.

We demonstrated that miR-101 inhibits VSMC migration and reduces both the mRNA and
protein levels of DOCK4. Thus, BMP-induced miR-101 may inhibit VSMC migration by targeting
DOCK4 transcripts. DOCK guanine nucleotide exchange factors regulate cell migration, myogenesis,
and clearance of apoptotic cells in mammals [32]. In particular, DOCK4 is a potent regulator of VSMC
migration, and its expression is markedly augmented by PDGF signaling [21]. In our study, BMP4
upregulated miR-101, whereas PDGF-BB downregulated miR-101. Since miR-101 suppresses DOCK4
expression, the miR-101-DOCK4 axis may be a critical regulator of VSMC migration.

Emerging evidence suggests that miRNAs act as switches for differentiation and cell fate
decisions [33]. BMP and PDGEF signaling pathways regulate the transition between the contractile and
synthetic phenotype of VSMCs, and their dysregulation can lead to various vascular disorders [19].
As cell migration is a key feature of VSMC phenotype transition, the miR-101-DOCK4 axis may serve
as a switch that mediates BMP- and PDGF-induced changes to VSMC phenotype.

4. Materials and Methods

4.1. Cell Culture

Human primary pulmonary artery smooth muscle cells (PASMCs) were purchased from Lonza
(CC-2581, Basel, Switzerland) and were maintained in Sm-GM2 medium (Lonza, CC-3182) containing
5% fetal bovine serum (FBS). Recombinant human BMP4 and PDGF-BB were purchased from R&D
Systems (314-BP and 220-BB, Minneapolis, MN, USA). The cells were treated with 6 nM BMP4 or
40ng/mL PDGF-BB under starvation conditions. For starvation conditions, cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, SH30243.01) containing 0.2% FBS for 16 h.

4.2. Reverse Transcription Quatitative PCR (gRT-PCR)

Quantitative analysis of the change in expression levels was performed using real-time PCR.
The primers used were as follows: pri-miR-101, 5'-GGGGAGCCTTCAGAGAGAGT-3" and 5-AGCCA
CCTGTTTCACATTCC-3"; DOCK4, 5-TCTGAACTGCTGAAACTTCC-3’ and 5-GTAGCGGGT
AGTATCCTGAA-3’; DOCKS5, 5-AACTCACAGAGCAGCTGAAG-3" and 5-TGACTGAGGTGAT
GGACAAC-3; DOCK?, 5-GCAGAACGGTGGCAGCCGAA-3" and 5'-TCGGTAAGGGGCACTGT
GGTGT-3'. The mRNA levels were normalized to 185 rRNA. For quantification of mature miR-101,
the miScript PCR assay kit (Qiagen, MS00008379, Hilden, Germany) was used according to the
manufacturer’s instructions. Data analysis was performed using a comparative Ct method in the
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Bio-Rad software (Bio-Rad CFX manager 3.1, Hercules, CA, USA). miRNA levels were normalized to
U6 small nuclear RNA. The average of three experiments, each performed in triplicate, is presented
with standard errors.

4.3. miRNA Mimics and Anti-miRNA Oligonucleotides

Chemically modified double-stranded RNAs designed to mimic the endogenous mature miR-101
(5- CAGUUAUCACAGUGCUGAUGCU -3) and negative control miRNA were purchased from
Genolution (Seoul, Republic of Korea). Antisense inhibitor RNAs (anti-miR-101) were purchased
from Bioneer (anti-SMI-002, Daejeon, Republic of Korea). The miRNA mimics and anti-miRNA
oligonucleotides were transfected at 5 and 100 nM, respectively, using RNAi Max (Invitrogen, 13778150,
Carlsbad, California, CA, USA) according to the manufacturer’s protocol.

4.4. RNA Interference

Small interfering RNA (siRNA) duplexes were synthesized by IDT Pharmaceuticals (Coralville, IA,
USA). The duplex sequences of siRNAs were as follows: Smad1, 5~ AUAUCAAGAACCUGUUUAG
UUUACA-3" and 5- UGUAAACUAAACAGGUUCUUGAUAUCA-3’; Smad5, 5- CAUCAUG
AGCUAAAGCCGUUGGATA-3" and 5-UAUCCAACGGCUUUAGCUCAUGAUGAC-3'. Negative
control siRNA (Genolution, Seoul, Republic of Korea) was used as a control.

4.5. Immunoblotting

Cells were lysed in TNE buffer (50 mM Tris—-HCI (pH 7.4), 100 mM NaCl, 0.1 mM EDTA), and
total cell lysates were separated by SDS-PAGE, transferred to PVDF membranes, immunoblotted
with antibodies, and visualized using an enhanced chemiluminescence detection system (Amersham
Biosciences, Little Chalfont, UK). The antibodies used for immunoblotting were an anti-DOCK4
(sc-100718) and an anti-B-actin (sc-47778) from Santa Cruz Biotechnology (Dallas, TX, USA). Smad1
antibody (#6944) and Smad5 antibody (#12534) were purchased from Cell Signaling Technology
(Danvers, MA, USA).

4.6. Cell Proliferation Assay

CellTiter-Glo Luminescent Cell Viability Assay (Promega, G7572, Madison, WI, USA) was used
to determine the number of viable cells in culture. Briefly, 5 x 103 cell/well were seeded in 96-well
plates in triplicate. After transfection of miRNAs for 3 days, a volume of CellTiter-Glo reagent equal
to the volume of cell culture medium was added to each well. The plates were shaken for 2 min to
induce cell lysis and further incubated for 10 min to stabilize the luminescent signal. As there is a linear
relationship between the luminescent signal and the number of cells, cell proliferation was measured
by reading the absorbance at 490 nm using a GloMax 96 Microplate Luminometer (Promega, Madison,
WI, USA). Fold change was calculated as the ratio of recorded luminescence values.

4.7. In Vitro Scratch Wound Assay

PASMCs plated in six-well plates were transfected with miR-101 or anti-miR-101, and three scratch
wounds were generated with a 1 mL disposable pipette tip. Scratch wounds were photographed over
24 h with a ZEISS inverted microscope with an attached digital camera (ZIESS, Oberkochen, Germany),
and their widths were quantitated with ImageJ software (Wayne Rasband, National Institutes of Health,
USA). Distance of migration was calculated by subtracting the width measured at a given time from
the width initially measured.

4.8. Luciferase Reporter Constructs

To map the miR-101 promoter, five overlapped regions of the putative promoter sequence of
miR-101 (~5.2 kb) were cloned into the pGL3-Basic vector containing the luciferase gene (Addgene,
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Watertown, Massachusetts, USA). PCR was used to amplify the promoter sequence of miR-101 from
genomic DNA isolated from PASMCs. Primers used are as follows: Luc #1, 5-AATCTCGAGCAA
CACCAGGCACAATCTAATG-3" and 5-CACACGCGTAGTCCTCTTTTGCCTGCTCA-3’; Luc #2,
5-CATCTCGAGGCTAACAACAACAAACCCAGTC-3" and 5-CATACGCGTCATTAGATTGTGC
CTGGTGTTG-3’; Luc #3, 5-ATTCTCGAGGGTAGCAGAGTGAGGGAAAGAA-3" and 5-CATA
CGCGTGACTGGGTTTGTTGTTGTTAGC-3’; Luc #4, 5-ACTCTCGAGCAAGTTCAAATAAGCCTG
CAAA-3 and 5-ATGACGCGTCTTCTCCCTGCCTTCCTGT-3’; Luc#5, 5-ATGCTCGAGGTATTTTCTG
CTCCACTTCCAA-3" and 5-ATGACGCGTTTGCAGGCTTATTTGAACTTG-3".

For luciferase assay of the 3’-UTR of DOCK4, the 3’-UTR sequence of DOCK4 (1215bp)
was cloned into the pISO vector containing the luciferase gene (Addgene). RT-PCR was used to amplify
the 3’-UTR sequence of DOCK4 from cDNA isolated from PASMCs using 5-ATGGAGCT
CGTCACTTTTCTATGTACCTGCG-3" and 5-CTCGGCCGGCCATTTACCATTCAGCAGCAAC-3’ [21].

4.9. Luciferase Assay

For the miR-101 promoter analysis, Cos7 cells were transfected with luciferase reporter constructs
using Lipofectamine 2000 (Life technologies, Carlsbad, California, USA) for 16 h and then treated
with 6 nM BMP4. For the miR-101 target validation, Cos7 cells were cotransfected with 5 nM miR-101
or control mimic and luciferase reporter constructs using Lipofectamine 2000 (Life technologies).
A (-galactosidase expression plasmid was used as an internal transfection control. Twenty-four hours
later, luciferase assays were performed, and luciferase activity was presented after normalization to
(3-galactosidase activity.

4.10. Statistical Analysis

For each of the assays, three experiments were performed in triplicate, and the results were
presented as the average with standard error. Statistical analyses were performed by an analysis of
variance followed by Student’s t-test using Prism 8 software (GraphPad Software Inc., San Diego,
California, USA). P values of < 0.05 were considered significant and are indicated with asterisks.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/13/4764/s1.

Author Contributions: Conceptualization, H.K.; methodology, N.P,; validation, N.P.; formal analysis, N.P. and
H.K.; investigation, H.K.; writing—original draft preparation, H.K.; writing—review and editing, N.P. and HK;
visualization, N.P. and H.K,; supervision, H.K.; project administration, H.K.; funding acquisition, H.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the Incheon National University Research Grant in 2018 and
the Basic Science Research Program through the National Research Foundation of Korea (NRF) grant funded by
the Korea government (MSIT) (2019R1A2C1004053) to HK.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215-233. [CrossRef]
[PubMed]

2. Small, E.M,; Frost, R.J.; Olson, E.N. MicroRNAs add a new dimension to cardiovascular disease. Circulation
2010, 121, 1022-1032. [CrossRef]

3.  Boettger, T.; Beetz, N.; Kostin, S.; Schneider, J.; Kruger, M.; Hein, L.; Braun, T. Acquisition of the contractile
phenotype by murine arterial smooth muscle cells depends on the Mir143/145 gene cluster. ]. Clin. Investig.
2009, 119, 2634-2647. [CrossRef]

4. Cheng, Y.; Liu, X,; Yang, J.; Lin, Y.; Xu, D.Z;; Lu, Q.; Deitch, E.A.; Huo, Y.; Delphin, E.S.; Zhang, C.
MicroRNA-145, a novel smooth muscle cell phenotypic marker and modulator, controls vascular neointimal
lesion formation. Circ. Res. 2009, 105, 158-166. [CrossRef]


http://www.mdpi.com/1422-0067/21/13/4764/s1
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.889048
http://dx.doi.org/10.1172/JCI38864
http://dx.doi.org/10.1161/CIRCRESAHA.109.197517

Int. ]. Mol. Sci. 2020, 21, 4764 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ji, R;; Cheng, Y,; Yue, J.; Yang, J.; Liu, X.; Chen, H.; Dean, D.B.; Zhang, C. MicroRNA expression signature and
antisense-mediated depletion reveal an essential role of MicroRNA in vascular neointimal lesion formation.
Circ. Res. 2007, 100, 1579-1588. [CrossRef]

Xin, M.; Small, E.M.; Sutherland, L.B.; Qi, X.; McAnally, J.; Plato, C.F,; Richardson, ]J.A.; Bassel-Duby, R.;
Olson, E.N. MicroRNAs miR-143 and miR-145 modulate cytoskeletal dynamics and responsiveness of
smooth muscle cells to injury. Genes Dev. 2009, 23, 2166-2178. [CrossRef] [PubMed]

Banerjee, R.; Mani, R.S.; Russo, N.; Scanlon, C.S.; Tsodikov, A ; Jing, X.; Cao, Q.; Palanisamy, N.; Metwally, T.;
Inglehart, R.C.; et al. The tumor suppressor gene raplGAP is silenced by miR-101-mediated EZH2
overexpression in invasive squamous cell carcinoma. Oncogene 2011, 30, 4339-4349. [CrossRef] [PubMed]
Cho, HM.; Jeon, H.S,; Lee, S.Y.; Jeong, K.J.; Park, S.Y.; Lee, H.Y.; Lee, ].U.; Kim, J.H.; Kwon, S.J.; Choi, E.;
et al. microRNA-101 inhibits lung cancer invasion through the regulation of enhancer of zeste homolog 2.
Exp. Ther. Med. 2011, 2, 963-967. [CrossRef]

Kottakis, F.; Polytarchou, C.; Foltopoulou, P; Sanidas, I.; Kampranis, S.C.; Tsichlis, PN. FGF-2 regulates cell
proliferation, migration, and angiogenesis through an NDY1/KDM2B-miR-101-EZH2 pathway. Mol. Cell
2011, 43, 285-298. [CrossRef] [PubMed]

Lei, Q.; Shen, F; Wu, J.; Zhang, W.; Wang, J.; Zhang, L. MiR-101, downregulated in retinoblastoma, functions
as a tumor suppressor in human retinoblastoma cells by targeting EZH2. Oncol. Rep. 2014, 32, 261-269.
[CrossRef] [PubMed]

Lv, P; Zhang, P; Li, X.; Chen, Y. Micro ribonucleic acid (RNA)-101 inhibits cell proliferation and invasion of
lung cancer by regulating cyclooxygenase-2. Thorac. Cancer 2015, 6, 778-784. [CrossRef] [PubMed]

Ma, C.; Zheng, C.; Bai, E.; Yang, K. miR-101 inhibits glioma cell invasion via the downregulation of COX-2.
Oncol. Lett. 2016, 12, 2538-2544. [CrossRef] [PubMed]

Smits, M.; Nilsson, J.; Mir, S.E.; van der Stoop, PM.; Hulleman, E.; Niers, ].M.; de Witt Hamer, P.C;
Marquez, V.E,; Cloos, J.; Krichevsky, A.M.; et al. miR-101 is down-regulated in glioblastoma resulting in
EZH2-induced proliferation, migration, and angiogenesis. Oncotarget 2010, 1, 710-720. [CrossRef] [PubMed]
Strillacci, A.; Griffoni, C.; Sansone, P.; Paterini, P.; Piazzi, G.; Lazzarini, G.; Spisni, E.; Pantaleo, M.A ;
Biasco, G.; Tomasi, V. MiR-101 downregulation is involved in cyclooxygenase-2 overexpression in human
colon cancer cells. Exp. Cell Res. 2009, 315, 1439-1447. [CrossRef]

Varambally, S.; Cao, Q.; Mani, R.S.; Shankar, S.; Wang, X.; Ateeq, B.; Laxman, B.; Cao, X,; Jing, X,;
Ramnarayanan, K.; et al. Genomic loss of microRNA-101 leads to overexpression of histone methyltransferase
EZH2 in cancer. Science 2008, 322, 1695-1699. [CrossRef]

Zhang, X.; Schulz, R.; Edmunds, S.; Kruger, E.; Markert, E.; Gaedcke, J.; Cormet-Boyaka, E.; Ghadimi, M.;
Beissbarth, T.; Levine, A.].; et al. MicroRNA-101 Suppresses Tumor Cell Proliferation by Acting as an
Endogenous Proteasome Inhibitor via Targeting the Proteasome Assembly Factor POMP. Mol. Cell 2015, 59,
243-257. [CrossRef]

Wang, L.; Zhuang, L.; Rong, H.; Guo, Y.; Ling, X.; Wang, R.; Yu, X.; Zhang, W. MicroRNA-101 inhibits
proliferation of pulmonary microvascular endothelial cells in a rat model of hepatopulmonary syndrome by
targeting the JAK2/STAT3 signaling pathway. Mol. Med. Rep. 2015, 12, 8261-8267. [CrossRef]

Waldo, K.L.; Hutson, M.R.; Ward, C.C.; Zdanowicz, M.; Stadt, H.A.; Kumiski, D.; Abu-Issa, R.; Kirby, M.L.
Secondary heart field contributes myocardium and smooth muscle to the arterial pole of the developing
heart. Dev. Biol. 2005, 281, 78-90. [CrossRef]

Owens, G.K.; Kumar, M.S.; Wambhoff, B.R. Molecular regulation of vascular smooth muscle cell differentiation
in development and disease. Physiol. Rev. 2004, 84, 767-801. [CrossRef]

Beamish, J.A.; He, P.; Kottke-Marchant, K.; Marchant, R.E. Molecular regulation of contractile smooth muscle
cell phenotype: Implications for vascular tissue engineering. Tissue Eng. Part B Rev. 2010, 16, 467-491.
[CrossRef]

Kang, H.; Davis-Dusenbery, B.N.; Nguyen, PH.; Lal, A.; Lieberman, J.; Van Aelst, L.; Lagna, G.; Hata, A. Bone
morphogenetic protein 4 promotes vascular smooth muscle contractility by activating microRNA-21 (miR-21),
which down-regulates expression of family of dedicator of cytokinesis (DOCK) proteins. . Biol. Chem. 2012,
287,3976-3986. [CrossRef] [PubMed]

Kang, H.; Louie, J.; Weisman, A.; Sheu-Gruttadauria, J.; Davis-Dusenbery, B.N.; Lagna, G.; Hata, A. Inhibition
of microRNA-302 (miR-302) by bone morphogenetic protein 4 (BMP4) facilitates the BMP signaling pathway.
J. Biol. Chem. 2012, 287, 38656-38664. [CrossRef] [PubMed]


http://dx.doi.org/10.1161/CIRCRESAHA.106.141986
http://dx.doi.org/10.1101/gad.1842409
http://www.ncbi.nlm.nih.gov/pubmed/19720868
http://dx.doi.org/10.1038/onc.2011.141
http://www.ncbi.nlm.nih.gov/pubmed/21532618
http://dx.doi.org/10.3892/etm.2011.284
http://dx.doi.org/10.1016/j.molcel.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/21777817
http://dx.doi.org/10.3892/or.2014.3167
http://www.ncbi.nlm.nih.gov/pubmed/24807198
http://dx.doi.org/10.1111/1759-7714.12283
http://www.ncbi.nlm.nih.gov/pubmed/26557918
http://dx.doi.org/10.3892/ol.2016.4939
http://www.ncbi.nlm.nih.gov/pubmed/27698824
http://dx.doi.org/10.18632/oncotarget.205
http://www.ncbi.nlm.nih.gov/pubmed/21321380
http://dx.doi.org/10.1016/j.yexcr.2008.12.010
http://dx.doi.org/10.1126/science.1165395
http://dx.doi.org/10.1016/j.molcel.2015.05.036
http://dx.doi.org/10.3892/mmr.2015.4471
http://dx.doi.org/10.1016/j.ydbio.2005.02.012
http://dx.doi.org/10.1152/physrev.00041.2003
http://dx.doi.org/10.1089/ten.teb.2009.0630
http://dx.doi.org/10.1074/jbc.M111.303156
http://www.ncbi.nlm.nih.gov/pubmed/22158624
http://dx.doi.org/10.1074/jbc.M112.390898
http://www.ncbi.nlm.nih.gov/pubmed/22988237

Int. ]. Mol. Sci. 2020, 21, 4764 12 0of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kim, S.; Hata, A; Kang, H. Down-regulation of miR-96 by bone morphogenetic protein signaling is critical
for vascular smooth muscle cell phenotype modulation. J. Cell. Biochem. 2014, 115, 889-895. [CrossRef]
[PubMed]

Lee, J.; Heo, J.; Kang, H. miR-92b-3p-TSC1 axis is critical for mTOR signaling-mediated vascular smooth
muscle cell proliferation induced by hypoxia. Cell Death Differ. 2019, 26, 1782-1795. [CrossRef] [PubMed]
Lee, J.; Kang, H. Hypoxia Promotes Vascular Smooth Muscle Cell Proliferation through microRNA-Mediated
Suppression of Cyclin-Dependent Kinase Inhibitors. Cells 2019, 8, 802. [CrossRef]

Seong, M.; Kang, H. Hypoxia-induced miR-1260b regulates vascular smooth muscle cell proliferation by
targeting GDF11. BMB Rep. 2020, 53, 206-211. [CrossRef]

Heo, J.; Yang, H.C.; Rhee, W].; Kang, H. Vascular Smooth Muscle Cell-Derived Exosomal MicroRNAs
Regulate Endothelial Cell Migration Under PDGF Stimulation. Cells 2020, 9, 639. [CrossRef]

Chen, K; Fan, W.; Wang, X.; Ke, X.; Wu, G.; Hu, C. MicroRNA-101 mediates the suppressive effect of laminar
shear stress on mTOR expression in vascular endothelial cells. Biochem. Biophys. Res. Commun. 2012, 427,
138-142. [CrossRef]

Lagna, G.; Ku, M.M,; Nguyen, PH.; Neuman, N.A.; Davis, B.N.; Hata, A. Control of phenotypic plasticity of
smooth muscle cells by bone morphogenetic protein signaling through the myocardin-related transcription
factors. J. Biol. Chem. 2007, 282, 37244-37255. [CrossRef]

Kang, H.,; Hata, A. MicroRNA regulation of smooth muscle gene expression and phenotype.
Curr. Opin. Hematol. 2012, 19, 224-231. [CrossRef]

Davis, B.N.; Hilyard, A.C.; Nguyen, PH.; Lagna, G.; Hata, A. Smad proteins bind a conserved RNA sequence
to promote microRNA maturation by Drosha. Mol. Cell 2010, 39, 373-384. [CrossRef] [PubMed]

Laurin, M.; Cote, J.E. Insights into the biological functions of Dock family guanine nucleotide exchange
factors. Genes Dev. 2014, 28, 533-547. [CrossRef] [PubMed]

Ivey, K.N.; Srivastava, D. MicroRNAs as regulators of differentiation and cell fate decisions. Cell Stem Cell
2010, 7, 36-41. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jcb.24730
http://www.ncbi.nlm.nih.gov/pubmed/24375867
http://dx.doi.org/10.1038/s41418-018-0243-z
http://www.ncbi.nlm.nih.gov/pubmed/30518907
http://dx.doi.org/10.3390/cells8080802
http://dx.doi.org/10.5483/BMBRep.2020.53.4.136
http://dx.doi.org/10.3390/cells9030639
http://dx.doi.org/10.1016/j.bbrc.2012.09.026
http://dx.doi.org/10.1074/jbc.M708137200
http://dx.doi.org/10.1097/MOH.0b013e3283523e57
http://dx.doi.org/10.1016/j.molcel.2010.07.011
http://www.ncbi.nlm.nih.gov/pubmed/20705240
http://dx.doi.org/10.1101/gad.236349.113
http://www.ncbi.nlm.nih.gov/pubmed/24637113
http://dx.doi.org/10.1016/j.stem.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20621048
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	miR-101 Affects Functions of VSMCs 
	Expression of miR-101 is Induced by BMP Signaling 
	BMP Signaling Induces miR-101 Expression in a Smad-Dependent Manner 
	DOCK4 Is a Novel Target of miR-101 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Reverse Transcription Quatitative PCR (qRT-PCR) 
	miRNA Mimics and Anti-miRNA Oligonucleotides 
	RNA Interference 
	Immunoblotting 
	Cell Proliferation Assay 
	In Vitro Scratch Wound Assay 
	Luciferase Reporter Constructs 
	Luciferase Assay 
	Statistical Analysis 

	References

