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Background: The BMP signaling pathway modulates the expression of protein coding genes and non-coding RNAs.
Results: BMP4-Smad pathway represses the transcription of miR-302~367 cluster and depresses the expression of the type II

BMP receptor.

Conclusion: BMP4 treatment facilitates the BMP signaling pathway by down-regulation of miR-302.
Significance: Autoregulatory mechanism of control of BMP signaling pathway via miRNA and its target.

The signaling pathway mediated by BMPs plays an essential
role during development as well as the maintenance of homeo-
stasis in adult. Aberrant activation or inactivation of BMP sig-
naling can lead to developmental defects and various human
disorders. To fine-tune its activity, BMP signaling is regulated
both positively and negatively by extrinsic and intrinsic regula-
tory factors that modulate binding of ligand to the receptors,
and the activity of receptors and their dedicated signal transduc-
ers, the Smad proteins. Upon BMP binding to the receptor com-
plex, Smad proteins translocate to the nucleus and modulate
gene expression transcriptionally by directly associating with
the promoter region of target genes, or post-transcriptionally
through modulation of microRNA (miRNA) synthesis. In this
study, we demonstrate that BMP signaling down-regulates tran-
scription of the miRNA-302~367 gene cluster. We show that
the type II BMP receptor (BMPRII) is a novel target of miR-302.
Upon overexpression, miR-302 targets a partially complemen-
tary sequence localized in the 3'-untranslated region (UTR) of
BMPRII transcripts and leads to destabilization of the tran-
scripts and down-regulation of BMP signaling. We propose that
the negative regulatory loop of BMP4-miR-302-BMPRII is a
potential mechanism for the maintenance and fine-tuning of the
BMP signaling pathway in various systems.

The TGEB-family of growth factors, including TGE, nodals,
activins, and bone morphogenetic protein 4 (BMP4),? play an
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essential role during development and maintenance of homeo-
stasis in multicellular organisms (1). For example, TGFf and
BMP4 transmit a critical signal that regulates the phenotype of
vascular smooth muscle (vSMCs) and endothelial cells (ECs) (2,
3). Abnormality in these signaling pathways can lead to vascular
disorders, such as pulmonary artery hypertension (PAH) and
hereditary hemorrhagic telangiectasia (HHT) (4). TGFB and
BMP4 bind to specific sets of heteromeric receptor complexes,
the type I and type Il receptors, which are both serine/threonine
kinases (4). Upon ligand stimulation, the type I receptor kinase
phosphorylates the downstream signal transducer Smad pro-
teins, which then translocate to the nucleus and modulate gene
expression as they bind DNA in a sequence specific manner and
modulate transcription (5). Recently, we found that Smads also
regulate the biogenesis of small noncoding miRNAs (6).
miRNA biogenesis begins by transcription of miRNA genes by
RNA polymerase II (RNA pol II) into long primary miRNA
transcripts (pri-miRNAs), which undergo two sequential pro-
cessing events to generate mature miRNAs (7). In the first pro-
cessing, pri-miRNAs are cropped by RNase III Drosha to gen-
erate precursor miRNAs (pre-miRNAs) in the nucleus. After
translocation to the cytoplasm, pre-miRNAs undergo a second-
ary cropping by RNase III Dicer, which generates mature
miRNAs (7). Smad proteins can control the biogenesis of a sub-
set of miRNA either transcriptionally or post-transcriptionally,
at the first stage of processing by Drosha in the nucleus (8).
The miR-302~367 cluster encodes several miR-302 family
members, including miR-302a/b/c/d and miR-367, which are
highly expressed in embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), but also expressed in other cell
types at lower level (9 —13). The level of expression of miR-302

scriptase-PCR; PASMC, pulmonary artery smooth muscle cell; MRE, miRNA
recognition element; PAR-CLIP, photoactivatable ribonucleoside-en-
hanced cross-linking and immunoprecipitation; EMT, epithelial-to-mesen-
chymal transition; GCT, germ cell tumor; ESC, embryonic stem cell; EC,
endothelial cell; vSMC, vascular smooth muscle cell; UTR, untranslated
region.
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is tightly regulated during the differentiation of ESCs and
iPSCs: the highest expression of miR-302 is observed in undif-
ferentiated cells and declines rapidly as they begin to differen-
tiate (12). This observation suggests that the miR-302 family of
miRNAs might play a role in the maintenance of pluripotency
or self-renewal. In agreement with its expression timeline, miR-
302 is transcriptionally controlled by ESC-specific factors, such
as Nanog, Oct4, and Sox2 (14-16). It is unclear, however, how
miR-302 level is regulated in cell types other than ESs and iPSCs
since Nanog, Oct4, and Sox2 are expressed only in undifferen-
tiated cells. In this study, we demonstrate that transcription of
the miR-302~367 gene cluster is repressed, upon BMP treat-
ment, by a Smad protein complex in a histone deacetylase
(HDAC)-dependent manner. We report that BMPRII tran-
scripts are targeted by the miR-302 family of miRNAs. These
results indicate that down-regulation of miR-302 by BMP sig-
naling leads to derepression of BMPRII expression, which in
turn augment responsiveness to BMP signaling in vSMCs.

EXPERIMENTAL PROCEDURES

Cell Culture—Human primary pulmonary artery smooth
muscle cells were purchased from Lonza (CC-2581) and main-
tained in Sm-GM2 media (Lonza) containing 5% fetal bovine
serum (FBS). COS7, C3H10T1/2, and P19 cells were main-
tained in Dulbecco’s modified Eagle media (DMEM) supple-
mented with 10% FBS. Cells were cultured at 37 °C in the pres-
ence of 5% CO.,.

Quantitative Reverse Transcriptase-PCR (qRT-PCR)—Total
RNAs were isolated using TRizol (Invitrogen) and reverse tran-
scribed using first-strand cDNA synthesis kit (Invitrogen)
according to the manufacturer’s instructions. qRT-PCR analy-
sis was performed in triplicates using the SYBR Green master
mix (Applied Biosystems). mRNA level was normalized to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH). For a quan-
titation of miRNAs, TagMan MicroRNA assay kit (Applied
Biosystems) was used according to manufacturer’s instructions
and results were normalized to U6 snRNA. Pri-miR-302~367:
5'-TGAATCCAATTTACTTCTCCA-3" and 5'-TCCTTTAA-
CCTGTAACAAGC-3’; Pri-miR-221: 5'-GCAACTGCTGCA-
CAAATACC-3" and 5'-TTGATAAAGGGCTGCTGGAC-3';
Pri-miR-380: 5'-CTGGAGGTGATGCTAGTGAG-3' and 5'-
GCCAGATCAGTGTGTCTCC-3'; ASMA: 5'-GCGTGGCT-
ATTCCTTCGTTA-3" and 5'-ATGAAGGATGGCTGGAAC-
AG-3'; SM22a: 5'-AACAGCCTGTACCCTGATGG-3' and
5'-CGGTAGTGCCCATCATTCTT-3";CNN: 5'-AGCTAAG-
AGAAGGGCGGAAC-3" and 5'-CATCTGCAGGCTGACA-
TTGA-3'; Smad4: 5'-AAGGTGAAGGTGATGTTTG-3" and
5'-GAGCTATTCCACCTACTGAT-3';1d3: 5'-GGAGCTTT-
TGCCACTGACTC-3" and 5'-TTCAGGCCACAAGTTCAC-
AG-3'; HDACI: 5'-CCAAATGCAGGCGATTCCT-3" and 5'-
AGAATCGGAGAACTCTTCCTCACA-3'. Primer sets for
Smadl, Smad5, BMPR1A, BMPR1B, and TBRII have been pub-
lished previously (17,18).

Luciferase Reporter Constructs—Luciferase reporter con-
structs containing promoter regions of miR-302c, -974-Luc,
and -525-Luc were previously published (19). SBE-Luc and
SBE(Mut)-Luc constructs were generated by PCR amplification
of —185 to +47 of human miR-302~367 promoter region.
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SBE(Mut) contains mutations in the SBE sequence as follows,
5'-GAAACC-3'. Predicted miR-302c MRE sequence of BMP-
RII [MRE(WT)]and its mutated sequence [MRE(Mut)] were
cloned into the pISO vector (Addgene) containing the luciferase
gene. 5'-GTTTTTTTTAAATAAAGCACTTT-3' and 5'-AAA-
GTGCTTTATTTAAAAAAAAC-3" were used for MRE(WT)
and 5'-GTTTTTTTTAAATAAAGGTGATT-3" and 5'-AATC-
ACCTTTATTTAAAAAAAAC-3" were used for MRE(Mut).

Luciferase Assay—Cos7 cells were transfected with luciferase
reporter constructs using Fugene6 (Roche) and a 3-galactosid-
ase (B-gal) expression plasmid as an internal transfection con-
trol. Twenty-four hours later, cells were treated with BMP4 or
transfected using RNAi Max (Invitrogen) with 5 nm miR-302c
mimic or control miRNA mimic. Luciferase assays were carried
out, and luciferase activities were presented after normalization
to B-galactosidase activities.

RNA Interference—Smad4#1siRNA: 5'-CCUGAGUAUUG-
GUGUUCCAUUGCUU-3" (Stealth siRNA, Invitrogen),
Smad4#2 siRNA: MISSION® esiRNA targeting human SMAD4
(esiRNA1; Sigma-Aldrich) and Smad1#1, #2, and Smad5#1, #2
siRNAs were described previously (20). Non-targeting scram-
bled siRNA (Qiagen) was used as a negative control#1 (cata-
logue# 1027280) and #2 (catalogue# 1027281). HDAC1#1
siRNA: 5'-UCCGUAAUGUUGCUCGAUGUU-3’ and HDAC1#2
siRNA: 5'-UGAACGAUCCUAUCCGCCA-3'. The siRNAs
were transfected at 40 nm using RNAi Max (Invitrogen) accord-
ing to manufacturer’s instruction.

miRNA Mimic and Antisense Oligonucleotides against
miRNA—Chemically modified double-stranded RNAs
designed to mimic the endogenous mature miR-302c and neg-
ative control miRNA were purchased from Ambion. 2'-O-
methyl modified RNA oligonucleotides complementary to
miRNA (anti-miR) or GFP (control) sequence were purchased
from IDT. 5 nMm miRNA mimics or 50 nM anti-miRs were trans-
fected using RNAi Max (Invitrogen) according to manufactur-
er’s directions. Anti-GFP: 5'-AAGGCAAGCUGACCCUGA-
AGU-3'. Anti-miR-302c: 5'-CCACUGAAACAUGGAAG-
CACUUA-3'.

Immunoblotting—Cells were lysed in TNE buffer and total
cell lysates were separated by SDS-PAGE, transferred to PVDF
membranes (Millipore), immunoblotted with antibodies, and
visualized using an enhanced chemiluminescence detection
system (Amersham Biosciences). Antibodies used for immuno-
blotting are: anti-GAPDH antibody (2E3-2E10, Abnova), and
anti-human BMPRII antibodies (#6979, Cell Signaling). Anti-
a-smooth muscle actin antibodies were previously described
(20). Protein bands were quantitated by image analysis soft-
ware, Image] (rsbweb.nih.gov/ij/).

Chromatin Immunoprecipitation (ChIP) Assay—ChlIP assay
was performed as described (18). After BMP4 stimulation for
4 h, soluble chromatin was prepared from PASMC following
crosslinking with 1% formaldehyde for 10 min, sonication, and
centrifugation. Soluble chromatin was incubated with anti-
Smad4 antibody (Clone H-552, Santa Cruz), anti-phos-
phoSmad1/5 antibody (41D10, Cell Signaling), or rabbit IgG as
negative control. miR-302 primer: 5'-CAGGATCATACATT-
CCCTGA-3' and 5'-TAGTTCCCAAAGATTCGTGT-3" and
a control primer (>2 kb upstream): 5'-TACAAAATGAGCT-
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FIGURE 1. Transcriptional regulation of miR-302~367 cluster by BMP4. A, total RNAs were harvested from PASMCs treated with 3 nm BMP4 for 24 h and
expression levels of pri-miR-302 or Id3 mRNA relative to GAPDH and mature miR-302a-d and miR-367 relative to U6 snRNA were measured by qRT-PCR. Data
represent the expression levels in BMP4-stimulated cells relative to untreated cells in triplicates. *, p < 0.01. B, PASMCs were treated with 3 nm BMP4, and total
RNAs were harvested at different time points. mMRNA levels of pri-miR-302 and Id3 relative to GAPDH were measured by qRT-PCR in triplicates. Data represent
mean * S.E. C, PASMCs were treated with a-amanitin for 4 h prior to the stimulation with 3 nm BMP4 for 2 h. Level of pri-miR-302 relative to GAPDH was
measured by gRT-PCR. Data represent mean * S.E. *, p < 0.01. ns: statistically not significant. D, different types of cells, including PASMC, C3H10T1/2,and P19,
were treated with 3 nm BMP for 24 h, and total RNAs were subjected to qRT-PCR analysis of miR-302c and miR-21 relative to U6 snRNA in triplicates. Data
represent fold changes of the expression levels in BMP4-treated cells in comparison with untreated cells in triplicates. *, p < 0.01.

GGGCGTGG-3" and 5'-TATACTCCAGCCTGAGTGA-3’
were used. As a control for Smad4/1/5 binding site, PCR prim-
ers for human miR-143~145 promoter were used (21).

Cell Proliferation and Migration Assay—Cell proliferation
assay and scratch wound migration assay was performed in
PASMC:s as described previously (22, 23).

Statistical Analysis—The results presented are an average of
at least three experiments each performed in triplicate with
standard errors. Statistical analyses were performed by analysis
of variance, followed by Tukey’s multiple comparison test or by
Student’s ¢ test as appropriate, using Prism 4 (GraphPAD Soft-
ware Inc.). p values of <0.05 were considered significant and
are indicated with asterisks.

RESULTS

Down-regulation of the miR-302 Cluster by BMP4—miRNA
expression profiling analysis in pulmonary artery smooth mus-
cle cells (PASMCs) indicated that multiple members of the
miR-302 family of miRNAs (miR-302a/b/c) are repressed upon
BMP4 stimulation (3 nm) for 24 h (data not shown) (24). As four
members of the miR-302 family of miRNAs (miR-302a/b/c/d)
and miR-367 are encoded in the miR-302~367 gene cluster and
transcribed as a single transcript, we hypothesized that BMP4
signaling may regulate the entire miR-302~367 gene cluster.
qRT-PCR analysis in PASMC confirmed the miRNA expres-
sion profiling result and showed a decrease in miR-302a/b/c/d
and miR-367 to ~50% of the basal level upon BMP4 stimulation
(Fig. 1A). The mRNA of Id3, a transcriptional target of BMP4-
Smad signaling (25), was increased ~2.5-fold, indicating a suc-
cessful treatment of cells with BMP4 (Fig. 14). The level of
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primary miR-302~367 cluster transcripts was decreased to less
than 40% upon BMP4 treatment, similarly to the levels of
mature miR-302a/b/c/d and miR-367 (Fig. 14, pri-miR-302). A
time-course analysis of pri-miR-302 in parallel with /d3 mRNA
(control) exhibits a rapid reduction of pri-miR-302 within 2 h
after BMP4 treatment (Fig. 1B), indicating that down-regula-
tion of miR-302a/b/c/d and miR-367 is likely to occur at the
transcriptional level. To test this possibility, PASMCs were
treated with the RNA polymerase II (RNA pol II) inhibitor
a-amanitin prior to 2 h BMP4 stimulation, followed by qRT-
PCR analysis of pri-miR-302. a-Amanitin treatment abolished
BMP4 treatment-induced repression of pri-miR-302 (Fig. 1C).
A similar result was obtained with another RNA pol Il inhibitor,
actinomycin D (data not shown). Repression of the miR-302
family by BMP4 is not cell type-specific as it was observed not
only in PASMCs but also mouse mesenchymal C3H10T1/2
cells or mouse embryonic carcinoma p19 cells, in which miR-
302 is expressed at higher levels than PASMCs (Fig. 1D).
miR-21 is shown as a control for BMP4 treatment as it is induced
by BMP4 (Fig. 1D) (20). These results demonstrate that transcrip-
tional repression of the miR-302 gene cluster by BMP4 signaling
occurs in both differentiated and less differentiated cells.
Smad-dependent Transcriptional Repression of miR-302—
To examine whether transcriptional repression of miR-302 by
BMP4 is mediated by the signal transducers of the BMP signal-
ing pathway, Smadl/5 or Smad4, the levels of these proteins
were reduced by two different small interfering RNAs (siRNAs)
(si-Smad1/5#1, #2, or si-Smad4#1,#2). qRT-PCR analysis indi-
cated a knock down of each Smad by siRNA (Fig. 24, Smad1/
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5/4). Both si-Smad1/5 and si-Smad4 abolished induction of /d3 miR-302 was blunted by both si-Smad1/5 and si-Smad4, sug-
by BMP4 (Fig. 24, Id3), indicating an inhibition of Smad activity =~ gesting that Smad proteins are essential for transcriptional
(Fig. 24, 1d3). Similarly, BMP4-induced down-regulation of pri- ~ repression (Fig. 24, pri-miR-302).
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To map the miR-302 cluster promoter region required for
the BMP4-Smad-dependent repression, luciferase constructs
containing different promoter regions (-974-Luc construct
(=974 to +50) and —525-Luc construct (—525— to +50)) (19)
were transfected into COS7 cells (Fig. 2B). As shown in Fig. 2C,
the —525-Luc construct is sufficient to recapitulate BMP4-me-
diated repression. Multiple positive regulatory elements,
including Oct4, Sox2, and Nanog binding sites, have been pre-
viously mapped to this region, (Fig. 2B) (14). Computational
analysis identified an evolutionarily conserved Smad binding
element (SBE, 5'-CAGACC-3) at position -191 (supplemental
Fig. S1 and Fig. 2B). To test the involvement of this putative SBE
in miR-302 cluster repression, we generated constructs con-
taining the wild type SBE sequence from the miR302 promoter
(SBE-Luc) or a mutated SBE sequence (5'-GAAACC-3") [SBE-
(Mut)-Luc] (Fig. 2B) and subjected them to the reporter assay.
While the SBE-Luc construct was repressed by BMP4 treat-
ment, similarly to the —525-Luc or —974-Luc reporters, muta-
tion in the SBE abolished regulation by BMP4 (Fig. 2C), pin-
pointing the —191 SBE as a critical target of BMP4-mediated
repression of the miR-302~367 cluster. To investigate whether
a Smad1/5-Smad4 complex was directly recruited to the —191
SBE upon BMP4 treatment, we performed a ChIP assay.
Genomic DNA fragments associated with phospho-Smadl/5
or Smad4 were immunoprecipitated with appropriate antibod-
ies, followed by PCR amplification with either a primer set rec-
ognizing the region containing the —191 SBE (miR-302 primer,
Fig. 2D, top) or a control primer set that recognizes a sequence
>2 kb upstream of the SBE (Fig. 2D, top). A primer set recog-
nizing the miR-143/145 promoter was included as control
because of its previously demonstrated association with a Smad
complex (21). As negative controls, DNA fragments precipi-
tated with nonspecific rabbit IgGs were also subjected to ampli-
fication with miR-302, control or miR-143/145 primers (Fig.
2D). The ChIP assay demonstrated BMP4-induced recruitment
of phospho-Smad1/5 and Smad4, to the miR-302 promoter, as
well as to the miR-143/145 promoter (Fig. 2D). It is known that
Smad proteins can repress transcription through recruitment
of HDACs to promoter regions. To examine the potential
involvement of HDACs in the repression of miR-302~367
transcription, cells were treated with the HDAC inhibitors tri-
chostatin A (TSA) or sodium butyrate (NaBu), followed by
BMP4 stimulation. Down-regulation of pri-miR-302 by BMP4
was abolished upon treatment with these HDAC inhibitors
(Fig. 2E), suggesting that the recruitment of HDACs is required
for transcriptional repression of miR-302 by Smads. It has been
previously shown that Smadl/Smad4 complex-mediated

recruitment of HDAC]1 is responsible for the BMP-dependent
transcriptional repression of the Nkx3.2 gene (26). HDAC1
belongs to class I HDACs, which are inhibited by TSA and
NaBu. To examine the potential role of HDAC1 in the repres-
sion of miR-302 upon BMP4 treatment, endogenous HDAC1 in
PASMCs was reduced by two independent siRNAs to <30%
(Fig. 2F). Under these conditions, repression of miR-302 by
BMP4 was greatly reduced, but not abolished (Fig. 2F). This
result suggests that HDACI is involved in the transcriptional
repression of miR-302~367 by BMP4; however, it is plausible
that other members of class I or class I HDACs might also be
necessary.

BMPRII Is a Novel Target of miR-302c—In a search for poten-
tial targets of the miR-302~367 family of miRNAs using the
TargetScan target prediction algorithm (supplemental Fig. S2),
we discovered an evolutionarily conserved miRNA recognition
element (MRE) partially complementary to miR-302a-e (Fig.
3A) in the 3'-UTR of the type Il BMP receptor (BMPRII) gene.
To examine whether this predicted MRE is targeted by miR-
302c, we generated a luciferase reporter construct containing
the putative 21-nt miR-302 MRE sequence at the 3'-end of the
luciferase cDNA [MRE(WT)-Luc] (Fig. 3B). We also designed a
control construct [MRE(Mut)-Luc] with 4-nt mutations in the
miR-302 MRE sequence (Fig. 3B, upper panel). These reporter
constructs were co-transfected into COS?7 cells with 2-O-meth-
ylated RNA oligonucleotides corresponding to either the miR-
302c sequence (miR-302¢ mimic) or a GFP sequence as control
(Control mimic). The luciferase activity of MRE(WT)-Luc was
reduced ~30% upon cotransfection with miR-302c, while the
activity of the mutated construct was not affected (Fig. 3B,
lower panel), demonstrating that the miR-302 MRE in the
BMPRII mRNA 3'-UTR can be targeted by miR-302c and pos-
sibly other members of the miR-302 family of miRNAs.

To assess whether endogenous miR-302 regulates the
expression of BMPR2, miR-302c was inhibited by transfection
of antisense RNA oligonucleotides complementary to the miR-
302c sequence (anti-miR-302c) in PASMCs. Anti-miR-302c
reduced the level of miR-302c to less than 10% of the basal level
(Fig. 3C, miR-302c). The level of type 11 TGF receptor (TBRII)
mRNA, a previously validated target of miR-302c (9), was ele-
vated ~2-fold by anti-miR-302c, presumably due to derepres-
sion by inactivation of miR-302c (Fig. 3C, TBRII, top panel).
Increased expression of TSRII led to an increase in the induc-
tion of the target gene Smad?7 by TGF3 (supplemental Fig. S3).
Similarly to TBRII, BMPRII mRNA (Fig. 3C, BMPRII, top left
panel), as well as its protein (Fig. 3C, top right panel) were ele-
vated ~2-fold upon anti-miR-302c transfection, while the

FIGURE 2. Transcriptional repression of miR-302 by BMP4 is Smad-dependent. A, PASMCs were transfected with non-targeting control siRNAs (si-Con-
trol#1 and #2), mixture of siRNAs against Smad1 and Smad5 (si-Smad1&5#1 and #2) or Smad4 (si-Smad4#1 and #2), followed by 3 nm BMP stimulation for 24 h.
Levels of pri-miR-302, pri-miR-221 (control), Id3, Smad1, Smad4, or Smad5 mRNAs relative to GAPDH were measured by qRT-PCR. Data represent mean = S.E.
*, p < 0.01. ns: statistically not significant. B, schematic diagram of luciferase reporter constructs containing human miR-302~376 gene promoter region.
C, Luciferase activity was examined in COS7 cells using the luciferase vector containing either long —974-Luc (—974-Luc) or short —525-Luc (—525-Luc). An
empty luciferase vector (control) was used as a control. Relative luciferase activity of each construct with BMP4 stimulation relative to unstimulated are shown.
Data represent mean = S.E. *, p < 0.01. ns: statistically not significant. D, schematic diagram of the miR-302~367 promoter region which is recognized by the
control or miR-302 ChIP primer is indicated as a black bar. PASMCs were stimulated with BMP4 for 4 h and subjected to ChIP assay using anti-Smad4 antibody.
gRT-PCR was then performed to measure enrichment of DNA fragment by primers, such as control, miR-302, or miR-143/145 promoter region. The data were
plotted as relative enrichment to input. Error bars indicate S.E. *, p < 0.01. E, PASMCs were treated with HDAC inhibitors; TSA or NaBu prior to BMP4 stimulation
and total RNAs were isolated. Levels of pri-miR-302 or pri-miR-380 relative to GAPDH were quantitated. Data represent mean = S.E.; ¥, p < 0.01. ns: statistically
not significant. F, PASMCs were transfected with control siRNA #1,2 or siRNA against HDAC1#1,2, followed by BMP4 treatment. Levels of pri-miR-302 and
HDAC1T mRNA relative to GAPDH were quantitated. Data represent mean = S.E. *, p < 0.01.
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FIGURE 3. miR-302 family targets BMPRII gene. A, miR-302 MRE sequence found in the 3'-UTR of BMPRII mRNA are conserved in different mammals. Hu:
human, Mmu: mouse, Ptr: chimpanzee, Rno: rat, Fca: cat, Bta: cow, and Dno: armadillo. B, sequence of wild type miR-302 MRE [MRE(WT)] and mutated MRE
[MRE(Mut)] cloned into the 3’-UTR of the luciferase gene is shown (upper panel). Luciferase activity was examined in COS7 cells transfected with MRE(WT)-Luc
or MRE(Mut)-Luc with miR-302 mimic or control mimic. Luciferase activity with miR-302 mimic relative to the activity with control mimic is shown. C, PASMCs
were transfected with 50 nm antisense against GFP (anti-Control) or anti-miR-302c, followed by BMP4 treatment. Levels of BMPRII, BMPRIA, BMPRIB, TA3RII, Id1,
1d3, or CNN mRNAs relative to GAPDH and miR-302c relative to U6 snRNA were quantitated by qRT-PCR analysis. Fold induction of Id 1, 1d3, or CNN mRNAs upon
BMP4 treatment is plotted (bottom panel). Data represent mean = S.E. of three independent experiments. *, p < 0.01. ns: statistically not significant. Total cell
lysates were subjected to immunoblot analysis of endogenous BMPRII and GAPDH (loading control) (top right panel). D, PASMCs were transfected with 5 nm
Control mimic or miR-302c mimic, followed by gRT-PCR expression analysis of BMPRII or TBRII mRNAs, relative to GAPDH and miR-302c relative to U6 snRNA.
Data represent mean * S.E.;*, p < 0.01. E, total cell lysates of PASMC transfected with 5 nm Control mimic or miR-302c mimic were subjected to immunoblot
analysis of endogenous BMPRII and GAPDH (loading control). Relative intensity of the band of BMPRII and GAPDH protein are quantitated by ImageJ and
shown at the bottom panel. F, PASMCs were transfected with Control mimic or miR-302c mimic, followed by qRT-PCR expression analysis to quantitate ASMA,
SM22a, and CNN mRNAs relative to GAPDH.

mRNAs of type IA or IB BMP receptors (BMPRIA or BMPRIB)
were unchanged (Fig. 3C, top left panel). The induction of BMP
target genes Id1, Id3, and calponinl (CNN) upon BMP4 treat-
ment was enhanced in anti-miR-302c-transfected cells in com-
parison with control cells, suggesting that increased expression
of BMPRII translates into an augmented downstream pathway
signaling (Fig. 3C, bottom panel). Conversely, when miR-302c
mimic was transfected, BMPRII and TBRII mRNA levels were
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reduced to 55 and 20% of the basal level, respectively (Fig. 3D).
Immunoblot analysis confirmed that miR-302c led to a reduc-
tion of BMPRII protein (Fig. 3E). These results demonstrate
that BMPRII is a novel target of miR-302c. To examine the
functional consequence of miR-302c-dependent down-regula-
tion of BMPRII on the BMP signaling pathway, BMP4 induc-
tion of contractile genes, such as ASMA, CNN, and SM22 was
examined upon overexpression of miR-302c or control. As
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FIGURE 4. Functional significance of the BMP-miR-302-BMPRII axis in the
BMP signaling. A, immunoblot analysis of BMPRII, ASMA, and GAPDH (load-
ing control) in PASMC with or without BMP4 treatment. B, PASMCs were trans-
fected with anti-Control, anti-miR-302¢, Control mimic, or miR-302¢ mimic,
starved for 24 h, followed by treatment with BMP4 for 48 h. Cells were trys-
pinized and counted using a hemacytometer. The relative number of cells
with BMP4 treatment compared with untreated cells was plotted as % inhibi-
tion of proliferation. Means = S.E. of triplicate measurements of three inde-
pendent experiments; *, p < 0.05. C, PASMCs transfected with anti-Control,
anti-miR-302¢, Control mimic or miR-302c mimic were subjected to the
scratch wound assay in the presence or absence of BMP4. Results are shown
as the relative migration distance with BMP4 treatment compared with
untreated cells and plotted as % inhibition of migration upon BMP4 treat-
ment; mean =+ S.E. of triplicate measurements of three independent experi-
ments; ¥, p < 0.05. D, schematic diagram of a positive regulatory loop of the
BMP signaling pathway via the miR-302-BMPRII axis.

shown in Fig. 3F, the induction of all 3 contractile genes was
reduced upon miR-302¢ mimic transfection (Fig. 3F). This
result demonstrates that forced expression of miR-302c nega-
tively regulates the BMP signaling pathway, likely due to the
decrease in BMPRII level (Fig. 3F).

To examine whether the BMP4-mediated down-regulation
of miR-302 modulates BMPRII expression, we stimulated
PASMCs with BMP4 for 24 h, followed by immunoblot analysis
of BMPRII (Fig. 4A). ASMA is shown as positive control of BMP
treatment (Fig. 4A4). As shown in Fig. 44, BMPRII protein was
elevated upon BMP4 treatment (Fig. 44). Next we examined
whether the BMP4-miR-302-BMPRII axis affects the modula-
tion of vSMC phenotype by BMP4. We have previously shown
that BMP4 inhibits proliferation and migration of PASMCs and
promotes a highly differentiated, contractile vSMC phenotype
(17, 21-23). PASMCs were transfected with miR-302c mimic
or anti-miR-302¢, followed by BMP4 stimulation and cell
counting (Fig. 4B) or scratch-wound migration assay (Fig. 4C).
BMP4-mediated inhibition of proliferation and migration was
augmented upon transfection of anti-miR-302c, while miR-302
mimic transfection reduced the inhibitory effects of BMP4 (Fig.
4, Band C). In summary, these results support a model in which
the BMP4-miR-302-BMPRII axis modulates the Smad signal-
ing pathway and affects vSMC phenotype (Fig. 4D).
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DISCUSSION

The BMP signaling pathway exhibits various biological activ-
ities via transcriptional regulation of protein-coding genes by
the Smad signal transducers. In general, Smads associate with
different co-factors and modulate gene transcription both pos-
itively and negatively (5). In addition to protein coding genes,
several miRNAs have been identified as transcriptional targets
of TGEB-specific Smads, such as miR-216, miR-29, miR-143/
145, and let-7a/d (8). In this study, we demonstrate that tran-
scription of the miR-302~367 gene cluster is repressed by the
BMP signaling pathway in a Smad-dependent manner. miR-
302 is most abundantly expressed in pluripotent hESCs and its
expression rapidly declines upon differentiation. Exogenous
expression of miR-302~367 cluster miRNAs can directly
reprogram somatic cells without the use of any transcription
factors to generate pluripotent cells, suggesting a critical role of
miR-302 and related miRNAs in the induction and mainte-
nance of pluripotency (9, 27, 28). A genome-wide identification
of miR-302 targets in human ESCs (hESCs) using a photoacti-
vatable ribonucleoside-enhanced cross-linking and immuno-
precipitation (PAR-CLIP) method identified miR-302 target
genes that act as antagonists of BMP signaling (13), such as
TOB2, DAZAP2, and SLAINI, and suggested that one of the
mechanisms by which miR-302 maintains pluripotency in
hESCs is through repression of BMP inhibitors and up-regula-
tion of BMP signaling (13). The same study also found BMPRII
as one of the transcripts associated with miR-302 expression in
hESCs, but did not confirm a functional relationship between
miR-302 and BMPRII (13). In addition to the maintenance of
pluripotency, miR-302 plays a role in lineage choice upon
induction of differentiation in hESCs (12). A previous study
suggests that miR-302 up-regulates BMP signaling to inhibit
neural differentiation (29). These result hints to a fine-balanc-
ing act of miR-302 for lineage choice during the differentiation
of mesoderm: maintaining high enough levels of BMP signaling
to prevent unintended neural induction but low enough levels
to avoid trophectoderm and mesendodermal induction, pre-
sumably by raising the threshold for differentiation. Our find-
ing that miR-302 is capable of down-regulating both the medi-
ator and the inhibitors of BMP signaling suggests that (i)
modulation of miR-302 can result in either reduction or activa-
tion of BMP signaling depending on the cellular context and
levels of expression of miR-302 targets and (ii) miR-302 can
cell-autonomously modulate the BMP signal.

It has been shown that miR-302 targets the type Il receptor of
TGEBs (TBRII) and enhances the efficiency of reprogramming
of somatic cells by inhibiting the TGF3-mediated epithelial-to-
mesenchymal transition (EMT) (9). A more recent study dem-
onstrates that miR-302 targets Lefty-1 and Lefty-2, which are
both inhibitors of the TGF/nodal signaling pathway, and pro-
motes the TGFB/nodal signaling to balance between pluripo-
tency and germ layer specification, similarly to the control of
BMP signaling pathway by miR-302 (15). This bifunctional role
of miR-302 in the regulation of the TGEFB/nodal pathway
through targeting both the mediator and the inhibitors of the
TGFB/nodal pathway is very similar to the regulation of BMP
signaling by miR-302. It is likely that the significant roles of

VOLUME 287 +NUMBER 46-NOVEMBER 9, 2012



miR-302 during reprogramming of somatic cells and early
embryogenesis are presumably due to the versatility of the miR-
302 family of miRNAs in modulating both BMP and TGESB
signaling pathways positively and negatively. Members of the
TGE family of growth factors, such as BMPs and nodals, act as
morphogens, with different concentrations responsible for
mediating different tissue types in distinct spatial order during
embryogenesis (30). Morphogen-regulated pathways have to be
tightly controlled in order to transmit a distinct signal by
orchestrating context- and spatial-specific changes in gene
expression. We speculate that the regulatory loop of BMP, miR-
302 and targets of miR-302 enables miR-302 to control the
intensity and the duration of the TGF or BMP signal, which is
critical for exhibiting precise gene expression profiles and cel-
lular outcomes.

Although the miR-302 family of miRNAs is expressed at a
low level in differentiated cells in general, it can be elevated
upon specific stimuli or pathological conditions. Our study sug-
gests that abnormal elevation of miR-302 can lead to down-
regulation of contractile genes in vSMCs, which is often
observed in the medial layer of the remodeled vasculature in
PAH or restenosis patients (3). miRNAs of the miR-302~367
cluster are also highly expressed in germ cell tumors (GCTs)
and serum samples from patients with GCTs (31, 32). Higher
expression of miR-302 is also observed in cancer stem cells (33).
Our study sheds light on a mechanism by which miR-302 and
its family of related miRNAs may be induced in GCTs or other
tumors in a BMP-dependent manner and on how miR-302 may
play a role in tumorigenesis through modulating the activities
of the BMP and TGES signaling pathway.
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