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Bone morphogenetic proteins (BMPs) are potent morphogens that
activate transcriptional programs for lineage determination. How
BMP induction of a phenotype is coordinated with microRNAs
(miRNAs) that inhibit biological pathways to control cell differen-
tiation, remains unknown. Here, we show by profiling miRNAs
during BMP2 induced osteogenesis of C2C12 mesenchymal cells,
that 22 of 25 miRNAs which significantly changed in response to
BMP2 are down-regulated. These miRNAs are each predicted to
target components of multiple osteogenic pathways. We charac-
terize two representative miRNAs and show that miR-133 directly
targets Runx2, an early BMP response gene essential for bone
formation, and miR-135 targets Smad5, a key transducer of the
BMP2 osteogenic signal, controlled through their 3'UTR sequences.
Both miRNAs functionally inhibit differentiation of osteoprogeni-
tors by attenuating Runx2 and Smad5 pathways that synergisti-
cally contribute to bone formation. Although miR-133 is known to
promote MEF-2-dependent myogenesis, we have identified a sec-
ond complementary function to inhibit Runx2-mediated osteogen-
esis. Our key finding is that BMP2 controls bone cell determination
by inducing miRNAs that target muscle genes but mainly by
down-regulating multiple miRNAs that constitute an osteogenic
program, thereby releasing from inhibition pathway components
required for cell lineage commitment. Thus, our studies establish a
mechanism for BMP morphogens to selectively induce a tissue-
specific phenotype and suppress alternative lineages.
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keletal development requires stringent control of a program
for gene activation and suppression in response to physio-
logical cues. The potent osteogenic bone morphogenetic pro-
teins (BMPs) (BMP2/7) and canonical Wnt signaling activate
skeletal-related genes for formation of cartilage and bone (1-3).
BMPs regulate the differentiation of multiple cell types (4-6)
but will also drive commitment of mesenchymal stem cells into
a specific lineage. BMP2, for example, supports osteoblastogen-
esis (7, 8). There has been a principal focus on identifying the
mechanisms by which only one cell phenotype is activated by
BMP2. BMP2 intracellular receptor Smads, particularly Smads,
activates osteoblast-essential genes, including the transcription
factors required for in vivo bone formation Runx2 (Cbfal/
AML3) and Osterix (9-11). The contribution of global mecha-
nisms for suppression of alternative lineages is equally important
for understanding tissue development and diseases.
MicroRNAs (miRNAs) have emerged as key negative regu-
lators of diverse biological and pathological processes, including
developmental timing, organogenesis, apoptosis, cell prolifera-
tion, and differentiation (reviewed in ref. 12) and in the control
of tumorigenesis (13, 14). miRNAs are small (22-nt) endogenous
noncoding RNAs that anneal to the 3’ UTR of target mRNAs
to mediate inhibition of translation and lower protein levels. It
remains to be established how specific miRNAs contribute to
regulate the onset of a tissue-specific phenotype in response to
a multifunctional morphogen.
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Using BMP2-induced osteogenesis from premyoblast mesen-
chymal cells, miRNA profiling during the initial stages of
osteoblast phenotype development showed up-regulation of a
limited cohort of miRNAs that have predicted targets for muscle
differentiation. Twenty-two miRNAs were down-regulated in
response to the BMP2 signal. All of these miRNAs had related
and overlapping predicted targets that are positive regulators of
bone formation, including mediators of the Wnt, BMP, and FGF
signaling pathways, and transcriptional regulators of osteogen-
esis. Here, we show miR-133, essential for myogenesis (reviewed
inref. 15), has a complementary role in suppressing osteogenesis
by directly targeting Runx2, and miR-135 directly targets Smad5,
the intracellular BMP2 receptor for osteoblast differentiation
(10). Both Runx2 and Smad1/5 are essential for osteogenesis and
synergize for activation of bone-specific genes (10, 11). Thus, our
studies support a previously uncharacterized function for mor-
phogens to promote cell lineage determination through regula-
tion of miRNASs by both suppressing alternative phenotypes and
releasing from inhibition the targets of miRNAs required for
differentiation of a tissue-specific phenotype.

Results

Osteogenesis-Related miRNAs Are Down-Regulated During BMP2-
Mediated C2C12 Osteogenic Differentiation. To detect miRNAs
related to the osteogenic differentiation program, miRNA pro-
filing (16) was performed by using total RNA from BMP2-
treated C2C12 cells that are induced into osteoblasts by 8 h based
on expression of muscle and bone phenotypic genes (Fig. 1.4 and
B). In the control group, Runx2 mRNA and protein rapidly
decline during myoblast differentiation. In response to BMP2
treatment, Runx2 mRNA continually increased to 6-fold in
mRNA and 2-fold in protein together with osteoblast markers
that include alkaline phosphatase and osteocalcin. For the array
studies, RNA from control and BMP2-treated samples were
collected at 2, 4, 8, and 16 h. In two separate experiments under
the same conditions, 22 of the 25 miRNAs that exhibited
maximal change in response to BMP2 were down-regulated in
the C2C12 samples that underwent osteoblast differentiation
(Fig. 1C). Table 1 shows selected gene targets from the top 7%
of potential targets listed in the miRanda, TargetScan, or PicTar
databases, which play positive roles in osteoblast differentiation.
These predicted targets included bone-related regulatory pro-
teins Runx2 (9), Msx2 (17), DIx3 (18), SMADI1 and SMADS
(19); members of the Wnt/B-catenin pathway (WNT, CTNNB1)
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Fig. 1. A program of miRNAs is expressed during C2C12 osteogenic differ-
entiation. (A and B) Expression profile of osteoblastic and myogenic markers
during C2C12 differentiation. (A) Western blot of Runx2 and -actin (as
control) expression in control and BMP2-treated groups. Right shows Runx2
densitometry quantitation normalized to B-actin. (B) mRNA levels (Q-PCR
normalized to GAPDH) of osteoblastic markers Runx2, alkaline phosphatase
(AP), osteocalcin (OC), and fibromodulin (Fmod), and muscle related genes
myogenin (Myog) and cadherin 15 (Cdh 15) during the time course experi-
ments used for miRNA profiling. Relative levels are expressed setting 0 time to
1 (B). (C and D) BMP2 down-regulated (C) and up-regulated (D) miRNAs from
miRNA profiling data combined from two independent experiments. For
presentation of hierarchical clustered gene, dChip software was used. See
Materials and Methods for normalization of each miRNA data point.

(3); BMPs and their receptors (BMP2, BMPR2, BMPR1A);
JAK/STAT signaling components, including JAK2, STAT3, and
STATG6 ; and MAPK (ERK1, ERK2, MAPK14) signaling path-
ways, which have all been reported to promote osteogenesis (20,
21). Only a limited number of miRNAs were up-regulated, and
these miRs targeted putative myoblast related genes (22) (Fig.
1D, Table 1). Thus, BMP2 induced miRs to suppress muscle
differentiation but principally inhibited miRNAs which targeted
mRNAs that contribute to induction of osteoblastogenesis.

miR-133 and miR-135 Expression Profiles During Bone and Muscle
Phenotype Development. To provide evidence that BMP2 inhibi-
tion of specific miRs supports progression of osteoblast differ-
entiation, we functionally characterized two down-regulated
miRNAs, miR-133 and miR-135, which share several predicted
targets with down-regulated miRs (Fig. 1C, Table 1). miR-133
was predicted to target osteogenic transcription factors, whereas
miR-135 was predicted to target many components of BMP
signaling. Precursors of miR-133 (mmu-miR-133a-1, mmu-miR-
133a-2 and mmu-miR-133b) and miR-135 (mmu-miR-135a-1)
were robustly down-regulated (>2-fold) by BMP2 treatment
during osteoblast differentiation and increased during the time
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Table 1. Putative targets of significantly changed microRNAs
in C2C12 osteogenic differentiation

miRNA Putative targets

mir-106a BMP2, BMPR2, FZD1, FZD4, FZD7, SMADS5, STAT3,
TGFBR2

mir-106b BMP2, FZD1, FZD4, FZD7, SMADS5, STAT3

mir-133a FGFR1, ID3, RUNX2, TCF7, TGFBR2

mir-133b FGFR1, RUNX2, TCF7

mir-135a BMPR1A, BMPR2, JAK2, MSX2, SMADS5, STAT6

mir-138 JUND, SMAD3, TCF7, TGFBR3

mir-17-5p BMP2, BMPR2, JAK1, SMAD5, STAT3,TGFBR2

mir-181a BMPR2, FOS, MAPK1, TGFBR1

mir-182 ACTR2, FZD3, SFRP1, SMAD1

mir-27a BMPR1A, BMPR2, DKK2, ID2, JUN, MAPK14, SMAD2,
TGFBR1, WNT3A

mir-29b COL1A1, COL1A2, COL2A1, COL4A2, DLX5, FOS, TGFB3

mir-30-3p FZD1, FZD7, JUN, SFRP-1, SMAD2, STAT1

mir-320 BMPR1A, CTNNB1, DLX3, JAK1, JAK2, MAPK1

mir-96 FZD3S, LRP6, MAD1, TGFBR1

mir-216 MEF2D

mir-326 MEF2D, MYO1C, MYO1D

mir-9 MYOD1, MYO1C, MYO1D, MYH1, MTPN

course in the absence of BMP2 in myoblasts [supporting infor-
mation (SI) Fig. S1]. We validated the decreased expression of
mature miR-133 and miR-135 during BMP2-induced osteogenic
differentiation from a replicate study during 48 h (Fig. 2). RNA
blot analysis shows a significant up-regulation of miR-133 (Fig.
2 A and B) and miR-135 (Fig. 2 C and D) throughout myoblast
differentiation. These miRNAs were abruptly down-regulated
early during BMP2 commitment to the osteoblast phenotype.
Consistent with loss of miR-133 and miR-135 in C2C12-
differentiated osteoblasts, we observed that miR-133 is not
expressed in committed and differentiating MC3T3 osteoblasts,
and miR-135 is found at very low levels at the preosteoblast stage
(data not shown). These findings suggest that miR-133 and
miR-135 actively inhibit the osteogenic phenotype in pluripotent
cells and during muscle differentiation by targeting essential
osteogenic factors. Thus, for osteogenesis to proceed, there is a
requirement for down-regulation of miR-133 and miR-135 and
other miRNAs in the dataset responsive to BMP2 to release the
osteogenic factors from miRNA inhibition.
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Fig.2. miR-133 and miR-135 expression during BMP2-induced C2C12 osteo-
genic differentiation. Validation of the array data shown for miR-133 (A and
B) and miR-135 (C and D) was performed with RNA from replicate time course
up to 48 h. Northern blot analysis of miR-133 and miR-135 expression in control
or BMP2 treatment is shown (A and C). U6 snRNA was used as a loading control
and for normalization after densitometric quantitation plotted in B and D.
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Fig. 3.  miR-133 and miR-135 functional activity on target genes. (A) Sche-
matic of miR-133 putative target site in mouse Runx2 3’UTR and alignment of
miR-133a with wild-type (WT) and mutant (MUT) 3’UTR region of Runx2
showing complementary pairing. The 3 mutated nucleotides are underlined.
(B) MC3T3 cells were cotransfected with the luciferase reporters carrying
wild-type Runx2 3’UTR or mutated Runx2 3'UTR, phRL-null (Renilla plasmid)
and 100 nM RNA oligonucleotides of miR-Control (miR-C), the miR-133a or
miR-34c as an irrelevant control. Effects of mir-133a and control miRNAs on
the reporter constructs were shown after 36 h. The ratio of reporter (Firefly)
to control phRL-null plasmid (Renilla) in relative luminescence units was
plotted. Error bars represent the standard error for n = 3. (C) miR-133 directly
targets and regulates Runx2 and inhibits osteoblastogenesis. MC3T3 osteo-
blast cells were transfected with miR-133a, miRNA-Control or transfection
reagent only (Mock) at the indicated concentrations. Western blots for Runx2
and Lamin B1 (as control) were performed on total cell lysates collected at 48 h.
(D) Quantitative mRNA levels (normalized by GAPDH) by Q-PCR for Runx2,
alkaline phosphatase (Alk Phos), osteocalcin (OC) and histone H4 in 100 nM
oligo transfection. Values represent mean = SD of n = 3 from two indepen-
dent experiments. (E) Schematic of the miR-135 putative target site in the
mouse Smad5 mRNA 3’'UTR and alignment of miR-135a with wild-type (WT)
and mutant (MUT) 3’ UTR region of Smad5. Complementary pairing between
miR-135a and Smad5 is illustrated. Mutated 3’UTR nucleotides (n = 3) are
underlined. (F) Functional activity of the luciferase reporter plasmid carrying
wild-type or mutated Smad5 3'UTR was assessed as described above in B. Error
bars represent the standard error for n = 3. (G) MC3T3 cells were transfected
with miR-135a and miRNA-Control as described in C. (H) The mRNA levels of
osteoblast marker genes after transfection of miR-Control and miR-135a were
determined as described in D.

miR-133 Directly Targets Runx2, and miR-135 Directly Targets Smad5.
The putative targets of miR-133 (Runx2) and miR-135 (Smad5)
reside in parallel but interconnected pathways (9, 11). Smad5, an
intracellular BMP2 coreceptor, was selected as the target for
validation based on its role in osteoblast differentiation and
ability to form a coregulatory complex with the bone-essential
transcription factor Runx2 (10, 11). One putative miR-133-
binding site is located in the Runx2 3'UTR (Fig. 34), and one
miR-135 putative target site is contained in the mouse Smad5
mRNA 3'UTR (Fig. 3E). We investigated whether these miRs
regulate their predicted targets by testing miR-133 activity on
Runx2 (Fig. 3 A-D) and miR-135 activity on Smad5 (Fig. 3 E-H).

13908 | www.pnas.org/cgi/doi/10.1073/pnas.0804438105

These studies were performed by using a reporter plasmid in
which the wild-type or mutated putative 3'UTR coding se-
quences for Runx2-binding sites (miR-133 “seed region”) or
those for Smad5 (miR-135 “seed region”) are cloned into the 3’
UTR of the luciferase gene (shown in Fig. 3 4 and E). We find
miR-133 ectopic expression significantly repressed luciferase
activity of the wild-type Runx2 3'UTR reporter plasmids but not
that of the mutated-Runx2 3'UTR reporters (Fig. 3B; Fig. S2).
Functional activity of miR-133 was specific because neither the
miRNA-control (miR-C) nor miR-34c (which does not target
Runx2) affected wild-type and mutant constructs, which vali-
dated that miR-133 directly regulates Runx2 mRNA through its
3'UTR. A similar functional luciferase activity assay showed that
ectopic expression of miR-135a significantly repressed the lu-
ciferase activity of wild-type Smad5 3'UTR reporter plasmids,
but had no effect on mutated Smad5 3'UTR reporters (Fig. 3F;
Fig. S2). Specificity was confirmed by two types of control
miRNAs, which had no effect. In complementary studies, we
transfected anti-miR-133 and anti-miR-135 in C2C12 cells,
which express these miRs. We observed a 2-fold increased
reporter activity of the Runx2 and Smad5 3"UTR-luc reporters
and a 2-fold decrease by miRs (Fig. S2). Thus, by overexpression
of the miRs and anti-miRs on Runx2 and Smad5 3'UTR
wild-type and mutant sequences in both osteoblasts and pre-
myoblasts, we show these genes are direct targets of miR-133 and
miR-135, respectively.

To address the hypothesis that miR-133 and miR-135 nega-
tively regulated osteoblast differentiation by targeting key signal
transduction factors, we introduced the miRNAs into mouse
MC3T3 osteoblasts, which express abundant Runx2 protein (Fig.
3C, mock lane). Expression of miR-133 down-regulated endog-
enous Runx2 protein (Fig. 3C) with no effect on mRNA levels
(Fig. 3D), consistent with the mechanism of miRNA regulation.
Alkaline phosphatase and osteocalcin mRNA, which are Runx2
target genes, were also down-regulated, whereas histone H4/n
mRNA reflecting cell proliferation was not affected in MC3T3
cells overexpressing miR-133 (Fig. 3D). When miR-135 was
expressed in MC3T3 cells (Fig. 3G), Smad5 protein was signif-
icantly down-regulated which consequently reduced expression
of early markers of osteoblast differentiation (Fig. 3H). Because
of redundant Smadl and Smad5 activities in osteoblasts, the
effect of miR-135a (50% inhibition) was not as striking as
miR-133 repression of Runx2 on osteoblastogenesis (80% inhi-
bition). These observations further support the concept that
multiple miRNAs are required for regulation of phenotype
development. Taken together, our results indicate that miR-133
directly inhibits expression of Runx2 protein and miR-135
inhibits Smad5 protein and as a consequence together signifi-
cantly decrease osteoblast differentiation.

miR-133 and miR-135 Inhibit BMP2-Induced Osteogenic Differentia-
tion. To determine whether miR-133 and miR-135 are directly
coupled to BMP2-induced C2C12 osteoblastogenesis through
their targets, C2C12 cells were treated with BMP2 for 24 and
48 h after expressing miR-133 for 12 h. As expected, Runx2
protein level is enhanced by BMP2 in cells transfected with
miR-Control (Fig. 4 A and C). However, miR-133 expression
restrained the increase of Runx2 protein (Fig. 44) but not Runx2
mRNA after BMP2 treatment (data not shown). MiR-133a
ectopic expression affected BMP2 signaling as both Smad5 and
p-Smadl/5 protein and Smad5 mRNA decreased in control cells
and the increase in response to BMP2 was further decreased by
miR-133 expression (Fig. 4 4 and B). The cell cycle regulator
p27XIPL which promotes osteoblast differentiation (23), is also
up-regulated by BMP2 and inhibited by miR-133. MyoD protein
is present in controls, and expression is decreased by BMP2
treatment at 24 h, again supporting the reciprocal relationship
between muscle and osteoblast differentiation. The miR-133
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Fig. 4.

miR-133 and miR-135 inhibit BMP2-induced C2C12 osteogenic differentiation. (A) miR-133a overexpression restrained BMP2-induced Runx2, p-Smad1/5,

and p27 protein increase. C2C12 cells transfected with 100 nM miR-133a and miRNA-Control (miR-C) for 12 h, then cultured in 0.25% albumin serum-free medium,
which contains 300 ng/ml BMP2. Western blots for indicated proteins were performed on total cell lysates as shown. (B) miR-133 inhibits osteoblast markers
Smad5, alkaline phosphatase (Alk Phos), Osteocalcin, and Hoxa10 mRNA (Q-PCR normalized by GAPDH), but has no effect on H4 and HPRT (hypoxanthine guanine
phosphoribosyl transferase 1). (C) mir-135 down-regulates the BMP2 transducer Smad5. C2C12 cells transfected with 100 nM miR-135a were harvested and for
consequences on the indicated proteins under conditions described in A. Western blots for Runx2, Smad5, p-Smad1/5, p27, MyoD, and B-actin (as control) were
performed on total cell lysates as shown. (D) miR-135 decreases osteogenesis. mMRNA levels of osteoblast markers Runx2, alkaline phosphatase (Alk Phos),
Osteocalcin and Hoxa10, and H4 and HPRT were detected as described in B. (E) Model of miR-133 and miR-135-mediated regulation of osteoblast differentiation.
MiR-133 and miR-135 targeted osteogenic factors Runx2 and Smad5, respectively. BMP2 treatment down-regulates expression of miR-133 and miR-135 and
releases expression of Runx2 and Smad5 to promote osteoblast differentiation.

block Runx2 protein translation. Thus, the BMP2 mediated
down-regulation of miR-133 becomes essential for induction of
Runx2 and osteogenic BMP2 signaling. This finding was con-
firmed by observing that miR-133a overexpression decreased the
markers of osteoblast differentiation, including alkaline phos-
phatase, osteocalcin, and Hoxal0O, which were all induced by
BMP2, and this induction was prevented by miR-133 (Fig. 4B).
However, H4/n mRNA, which is coupled to DNA synthesis, was
not affected, nor was the HPRT gene control. Thus, the observed
response of p27 to miR-133 supports a role for miR-133 in
differentiation directly and not by affecting changes in prolifer-
ation or as a nonspecific effect. Taken together, our results
suggest that miR-133 functions as a negative regulator of osteo-
genic differentiation by repressing Runx2 and thereby inhibiting
expression of osteoblast-related genes.

Using the strategy described for miR-133, we tested the
functional activity of miR-135 during BMP2-induced C2C12
osteogenic differentiation (Fig. 4 C and D). Western blot results
showed that Smad5 protein (Fig. 4C) but not RNA (data not
shown) was down-regulated in cells ectopically expressing miR-
135. P-Smad1/5 and Runx2 protein were enhanced after BMP2
treatment of the control cells, but this increase was restrained by
miR-135a expression (Fig. 4C). Consequently, osteoblast mark-
ers of differentiation (Alk Phos, Osteocalcin, and Hoxa10) (Fig.
4D) were inhibited by miR-135. The cell cycle regulator p27 was
not affected by miR-135a overexpression (Fig. 4C), suggesting
that miR-135 does not have a direct effect in the transition from
proliferation to differentiation controlled by p27 (23). These
results demonstrate that miR-135a, like miR-133, inhibited
C2C12 osteogenic differentiation, and that down-regulation of
miR-135 even after BMP2 treatment permits BMP2 signaling
through the receptor-SMADS target. Together, the functional
characterization of two representative BMP2 down-regulated
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miRNAs, miR-135 and miR-133, demonstrate a previously un-
described pathway for regulation of induced osteoblastogenesis,
which is illustrated in Fig. 4E.

Discussion

Our studies have identified a global mechanism by which miRNAs
control BMP induction of cell lineage determination as illus-
trated by BMP2 initiating a selective program of osteoblast
differentiation. The mechanism involves BMP2 down-regulation
of multiple miRNAs that inhibit translation of bone-forming
genes that include essential transcription factors and develop-
mental signaling molecules and their receptors that are required
for the complex process of osteoblastogenesis. Through BMP2-
inhibited expression of numerous miRNAs with overlapping
signal transduction pathway-related components, an osteogenic
program is released from repression to drive tissue specific
differentiation.

During BMP2-induced osteogenic differentiation of the mes-
enchymal C2CI12 cells, our microarray analysis revealed, first,
three up-regulated miRNAs that inhibit myogenesis but 22
miRNAs significantly down-regulated during osteogenic differ-
entiation from ~318 mouse miRNAs on the array; second, the
down-regulated miRNAs were each predicted to target mainly
regulatory factors that function to promote osteoblast differen-
tiation; third, the different down-regulated miRNAs shared
many common targets, suggesting that this set of BMP2 down-
regulated miRNAs constitute a program of miRs required to
suppress osteogenesis. Hence, BMP2 osteogenic activities not
only involve transcription of bone-promoting factors through
Runx2, Smad and MAPK signaling, but BMP2 is also releasing
a protein translational block in osteogenic signaling factors
required for bone formation. In support of the concept that miRs
play a key role in osteogenesis, a recent miRNA profiling study
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of calvarium, muscle and limb tissues (24) shows the presence of
several miRs that we have identified are responsible to BMP2.

miRNAs mediate translational inhibition and alter the levels
of critical regulators of biological pathways, thereby providing a
mechanism for spatiotemporal control of developmental and
homeostatic events across a wide range of plants and animals
(25). The developmental morphogen BMP2 regulates growth
and differentiation of distinct cell populations, e.g., in intestinal
crypts, keratinocytes, osteocyte, dermal papilla cells, and skel-
etal cells (4-7). Here, we have shown that BMP2 can commit
mesenchymal cells to the osteoblast lineage and inhibit myoblast
differentiation by both increasing miRNAs to inhibit one cell
type and down-regulating other miRNAs that will allow pro-
gression of a specific cell phenotype.

The muscle-specific miRNAs, miR-1 and miR-133, were
studied in C2C12 cells and shown to control the proliferation
and differentiation of the muscle phenotype (26, 27). Our
studies demonstrate miR-133 is a negative regulator of the
bone-essential Runx2 transcription factor by directly targeting
the 3'UTR putative binding sequence for miR-133 “seed
region,” important for miRNA-mRNA interactions via
Watson-Crick base pairing (28). The binding of miR-133 to
Runx2 inhibited translation of Runx2 and by decreasing cel-
lular protein inhibited BMP2-induced C2C12 osteogenic dif-
ferentiation. Notably, miR-133 and miR-181 in our profile
(which we validated; Fig. S3), are muscle-related, contributing
to functional activation of muscle-specific transcription factors
for differentiation (22). Indeed, we show a complete absence
of miR133 and very low levels of miR-135 in committed
MC3T3 osteoblasts. Taken together, miR-133 represents a key
mechanism for suppressing the osteoblast phenotype in non-
osseous cells by its ability to target and negatively regulate
Runx2 and likely several osteogenic factors (Table 1) and be
responsive to down-regulation by BMP2.

miR-135a, also down-regulated by BMP2, is predicted to
target Smad5, a BMP intracellular receptor essential for osteo-
genesis. A reduction in activated p-Smad and Runx2 expression
occurs, but the reduced Runx2 was not a consequence of direct
miR-135 targeting to Runx2 3" UTR (data not shown). De-
creased Runx2 levels and functional activity can occur, resulting
from decreased phosphorylated Smad1/5, which is necessary for
Runx2-Smad5 interactions (29). Cooperation between Runx2
and sustained p-Smad5 is clearly established for osteoblast-
specific gene expression (10, 11). In addition, the BMP-Smad
pathway contributes to induced Runx2 expression through in-
duction of homeodomain transcription factors (30). Hence,
reduced Smad5 protein by miR-135 decreases Runx2 expression,
coregulatory protein interactions, and transactivation functions
that result in inhibited expression of many osteoblast-related
genes that synthesize the bone matrix (9). Thus, miR-135 has a
broad range of inhibitory effects on osteoblastogenesis by tar-
geting Smad5 and its down-regulation by BMP2 facilitates
activation of the required Smad5 osteogenic signals for bone
formation (10).

In this study, we have identified osteoblast-related miRNAs
that are critical for regulation of the osteoblast phenotype. Our
data indicate that these BMP2-repressible “osteomiRs” atten-
uate common osteogenic pathways, and that some miRNAs,
like mir-133, have dual functions by promoting myogenesis and
actively inhibiting osteogenesis. In addition BMP2 up-
regulates miRNAs that actively inhibit muscle differentiation.
The myogenic and osteogenic miRNAs may compete at early
stages of lineage commitment when cells still have consider-
able plasticity to differentiate to distinct lineages until a
morphogen regulates a set of miRNA for commitment to one
lineage. An important implication of our studies is that
multiple miRNAs are needed to maintain suppression of one
phenotype at the expense of another phenotype. Using the
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model of osteoblast differentiation, we have provided direct
functional evidence for the powerful control of lineage direc-
tion by BMP2 through miRNAs.

To conclude, after BMP2 treatment of nonosseous cells,
down-regulation of multiple miRNAs with common target genes
that are mediators of many signaling pathways required for bone
formation, identifies a mechanism for rapid induction of the
osteoblast phenotype. These studies have clinical relevance in
that anti-miRNA therapies directed to inhibit miR-133 and
miR-135 could increase allocation of mesenchymal stem cells
into the osteogenic lineage for rebuilding the skeleton.

Materials and Methods

Cell CultureMouse premyogenic C2C12 cells were maintained in regular
growth medium (DMEM, 10% FBS and antibiotics) and differentiate in low
serum conditions (7). Osteogenesis was induced by a detailed protocol (8).
Cells were cultured in 0.25% BSA containing media for 24 h then treated with
300 ng/ml recombinant human BMP2 (Wyeth Research Genetics Institute) or
vehicle (as control) and harvested at the indicated times. The MC3T3 osteo-
progenitor cell line established from mouse calvaria (31) were maintained as
described in ref. 30.

Protein and mRNA Analyses. Western blot. Procedures were described in ref. 32.
Primary antibodies used are shown in Table S1. The signal was detected by
using a chemiluminescence detection kit (PerkinElmer).

Real-time PCR. RNAs were analyzed by quantitative RT-PCR as described (30,
32). Briefly, TRIzol reagent (Invitrogen) was used for RNA isolation and puri-
fied with the DNA-free RNA kit (Zymo Research). Purified total RNA was used
to make cDNA by reverse transcription reaction with oligo(dT) primers (Ap-
plied Biosystems). Real-time PCR was performed with SYBR green reagents
(Bio-Rad). mRNA levels were normalized to GAPDH (32). Primers used for
amplification are listed in Table S2.

miRNA Microarray and Data Analysis. Microarray procedure and data analysis
was performed at Ohio State University as described inref. 16. Total RNA (5 n.g)
from each control or BMP2-treated C2C12 groups at selected times (2, 4, 8, and
16 h) were labeled with biotin and hybridized in triplicate by using miRNA
microarray chips containing >634 probes corresponding to 316 human and
318 mouse miRNA genes. Detection and quantification of hybridization sig-
nals are detailed elsewhere (16). For each miRNA, the relative fold change in
each time point was equal to the value of fluorescence in the BMP2 treatment
group normalized by the value of fluorescence in controls. The average fold
changes of two separate experiments were hierarchically clustered by using
dChip software (33).

Northern Blot. Two independent C2C12 time courses were examined (up to 48 h)
for validation of miRNA profiling studies. Total RNA was separated on a 12%
acrylamide/urea gel and transferred onto Hybond-XL membranes (Amersham
Biosciences). [y-32P]JATP 5’-end-labeled oligonucleotide probes corresponding to
mature miR-133 or miR-135 were used to hybridize RNA blots in Rapid-Hyb Buffer
(Amersham Biosciences) following the manufacturer’s instructions. The blots
were reprobed for U6 RNA to control for equal loading. Band intensity was
measured by using Alphalmager software (Alpha Innotech) followed by exposure
to x-ray film (Kodak), and the relative expression of the specific miRNA samples
was normalized to U6 snRNA and plotted as fold change setting 0 time as 1. All
probes are listed in Table S3.

DNA Constructs. For functional analyses of miR-133 and miR-135, segments of
the mRNA 3’UTR sequences of the Runx2 and Smad5 genes were PCR-
amplified from mouse genomic DNA by using the sense and antisense primers.
This product was then subcloned into the Xbal-Fsel site immediately down-
stream of the stop codon in the pGL3-Control Firefly Luciferase reporter vector
(Promega). Sequences of these and mutagenic primers for each target gene
are listed in Table S4. The mutated sites were confirmed by digestion of
plasmid with Sall (for miR-133) and with Stul (for miR-135), and plasmid DNA
controls were sequenced to ensure authenticity.

Transfection Assay. Double-stranded RNA oligos representing mature se-
quences that mimic endogenous miRNAs of miR-133a, miR-135a, and
miRNA negative control #2 (obtained from Ambion) were transfected into
MC3T3-E1 at 30-50% confluence at 50 or 100 nM concentration with
Oligofectamine (Invitrogen). Cells were harvested 48 h after transfection
for protein and mRNA analysis. miR-34c (irrelevant control), the miRNA
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inhibitors anti-miR-133a and anti-miR-135a, designed to inhibit endoge-
nous miR-133a and miR-135a, respectively, and anti-miR negative control
#1 were also obtained from Ambion. For luciferase activity analysis, miR-
NAs or anti-miRNAs and plasmid DNAs were cotransfected into cells with
Lipofectamine 2000 (Invitrogen) for 36 h. The Dual-luciferase reporter
assay system (Promega) was used to quantify luminescent signal by using a
luminometer (Glomax, Promega). Each value from the firefly luciferase
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