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MicroRNAs (miRNA) are short non-coding RNA molecules
that regulate a variety of biological processes. The role of
miRNAs in BMP2-mediated biological processes is of consider-
able interest. A comparative miRNA array led to the isolation of
several BMP2-responsive miRNAs. Among them, miR-199a* is
of particular interest, because it was reported to be specifically
expressed in the skeletal system. Here we demonstrate that miR-
199a*is an early responsive target of BMP2: its level was dramat-
ically reduced at 5 h, quickly increased at 24 h and remained
higher thereafter in the course of BMP2-triggered chondrogen-
esis of a micromass culture of pluripotent C3H10T1/2 stem
cells. miR-199a* significantly inhibited early chondrogenesis, as
revealed by the reduced expression of early marker genes for
chondrogenesis such as cartilage oligomeric matrix protein
(COMP), type II collagen, and Sox9, whereas anti-miR-199a*
increased the expression of these chondrogenic marker genes. A
computer-based prediction algorithm led to the identification
of Smadl, a well established downstream molecule of BMP-2
signaling, as a putative target of miR-199a*. The pattern of
Smadl mRNA expression exhibited the mirror opposite of miR-
199a* expression following BMP-2 induction. Furthermore,
miR-199a* demonstrated remarkable inhibition of both endog-
enous Smad1 as well as a reporter construct bearing the 3-un-
translated region of Smadl mRNA. In addition, mutation of
miR-199a* binding sites in the 3’-untranslated region of Smad1l
mRNA abolished miR-199a*-mediated repression of reporter
gene activity. Mechanism studies revealed that miR-199a*
inhibits Smadl/Smad4-mediated transactivation of target
genes, and that overexpression of Smadl completely corrects
miR-199a*-mediated repression of early chondrogenesis. Taken
together, miR-199a* is the first BMP2 responsive microRNA
found to adversely regulate early chondrocyte differentiation
via direct targeting of the Smad1 transcription factor.

MicroRNAs (miRNAs)? are a class of short (~20—-24 nucle-
otide) non-coding single-stranded RNA molecules that are
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important regulators of cellular gene expression. First discov-
ered in 1993, they are thought to regulate the expression of
approximately one-third of all mammalian genes (1). Function-
ing at the post-transcriptional level, miRNAs inhibit mRNA
expression by binding to the 3'-untranslated region (3'-UTR)
of mRNA before directing the repression of translation and/or
mRNA degradation. They have been implicated as important
regulators of a variety of biological processes including cell pro-
liferation, differentiation, development, and tumorigenesis
(2-9).

Mature single-stranded miRNA is generated from a long pri-
mary genomic transcript (pri-miRNA), which is processed in
the nucleus by the enzymes Drosha and DGCRS, resulting in
the excision of a stem loop structure. The resulting 60— 80-
nucleotide precursor miRNA (pre-miRNA) is exported into the
cytoplasm by Exportin 5. In the cytoplasm, the RNase III
enzyme Dicer processes the precursor miRNA to generate a
short RNA duplex. One strand of the duplex is degraded, leav-
ing a single-stranded mature miRNA molecule, which com-
bines with members of the Argonaute protein family, to form
the RNA-induced silencing complex (10).

miRNAs play an important role in differentiation and devel-
opment across a whole range of organisms and tissue types.
However, little is known about the precise role of miRNAs in
cartilage development (10). It is known that miRNAs play a
significant role in chondrogenic differentiation, because differ-
ential disruption of the Dicer gene in mice results in highly
abnormal cartilage development (11). However, a specific
miRNA that regulates chondrogenesis has yet to be identified.
There have been various studies on the expression patterns of
miRNA in various tissues. For example, miR-140 is exclusively
expressed in the cartilage tissue of embryonic zebrafish (12).
However, direct evidence of the role of miRNA in directing
chondrogenic differentiation is lacking.

To determine the role of miRNAs in osteochondrogenic dif-
ferentiation, we developed a miRNA expression profile of mes-
enchymal stem cells induced by bone morphogenic protein
(BMP), by using a microarray approach. Using this profile, we
were able to identify potential candidate miRNAs. After screen-
ing these candidates, we have obtained experimental evidence
to present miR-199a* as a novel miRNA to be directly impli-

untranslated region; SBE, Smad-binding elements; Id, inhibitor of DNA
binding or inhibitor of differentiation; FZD6, frizzled homolog 6; COMP,
cartilage oligomeric matrix protein.
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cated in the chondrogenic differentiation process, acting as an
inhibitor of early chondrogenesis. We were also able to provide
evidence that miR-199a* inhibits early chondrogenesis by tar-
geting and suppressing the expression of the Smad protein fam-
ily 1 (Smad1), a key downstream mediator of BMP signaling and
a major regulator of bone and cartilage development (13, 14).

EXPERIMENTAL PROCEDURES

Construction of Plasmids—The miR-199a* expression plas-
mid, pSuper199a* was generated using standard DNA tech-
niques. The mouse miR-199a* precursor, including ~160 bp of
genomic flanking sequence, was cloned between the HindIII
and Xbal restriction sites of the pSuper-Basic vector (Oligo-
engine) using the following primer pair: 5'-TTGATAAGCTT-
CTCCCTGGCCTGTACCATG-3'; 5'-GATCTCGAGAAAA-
ATGGTCTGGAAGTTCCCACTG-3'. The primers contained
either a HindIII or Xhol (underlined) restriction site.

The anti-miR199a*-1 plasmid was generated by cloning a
sequence complementary to the hairpin sequence of the pre-
cursor miR-199a* molecule. The following primer pair was
used: 5'-GATCCCCTCAGGAGGCTGGGACATGTTTCAA-
GAGAACATGTCCCAGCCTCCTGATTTTTA-3', 5'-AGC-
TTAAAAATCAGGAGGCTGGGACATGTTCTCTTGAAA-
CATGTCCCAGCCTCCTGAGGG-3'. Because there exists
two distinct hairpin precursors for mir-199a*, a second plasmid
(anti-miR199a*-2) was generated using the following primer
pair: 5'-GATCCCCTCAGGACAATGCCGTTGTATTCAA-
GAGATACAACGGCATTGTCCTGATTTTTA-3', 5'-AGC-
TTAAAAATCAGGACAATGCCGTTGTATCTCTTGAAT-
ACAACGGCATTGTCCTGAGGG-3'. The control plasmid,
pSuper-control was generated by cloning an unrelated miRNA
into the pSuper plasmid using the following primer pair: 5’'-
GATCCCCATGGGTGTGAACCACGAGATTCAAGAGAT-
CTCGTGGTTCACACCCATTTTTTA-3', 5'-AGCTTAAA-
AAATGGGTGTGAACCACGAGATCTCTTGAATCTCGT-
GGTTCACACCCATGGG-3".

pGLSmad]1, which contains the luciferase reporter gene adja-
cent to the Smad1 3’-UTR, was generated by cloning the Smad1
3'-UTR sequence into the Xbal site of the pGL3-Control vector
(Promega) using the following primer pair: 5'-TAGACTCTA-
GAAAGACCTGTGGCTTCCGTCTC-3', 5'-CCGACTCTA-
GAAGTAGAGAAAAACCCTGCTAG-3'. Both primers con-
tained a Xbal restriction site (underlined).

Site-directed Mutagenesis—pGLSmadlmutl and pGLSmadl-
mut2 were each derived from pGLSmadl by mutating one of
the two miR-199a* seed sites within the Smadl 3'-UTR
sequence (see Fig. 5A for detail). The mutations were carried
out using the QuikChange XL Site-directed Mutagenesis kit
(Stratagene). Each mutation consisted of replacing four consec-
utive base pairs at the 3’ region of the seed site. The following
primer pair was used for pGLSmadlmutl: 5'-ACGATAATA-
CTTGACCTCTGTGACCATAATTTGGATTGAGAAACT-
GACAAGCCTTG-3', 5'-CAAGGCTTGTCAGTTTCTCAA-
TCCAAATTATGGTCACAGAGGTCAAGTATTATCGT-
3’; and for pGLSmadlmut2: 5'-TTCTGAAACTGTATGCTG-
GCTGTATATAAGTCAGAATGATGGCAGGCATATGC-
3, 5'-GCATATGCCTGCCATCATTCTGACTTATATACA-
GCCAGCATACAGTTTCAGAA-3'. pGLSmadlmutl,2 was
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derived from pGLSmadl by mutating both miR-199a* seed
sites, using the primers described above.

Total RNA and MicroRNA Isolation for Microarray—Total
cellular RNA was purified for microarray analysis by a modified
TRIzol reagent (Invitrogen) involving an enhanced precipita-
tion by adding 1 volume of isopropyl alcohol to the extracted
aqueous phase, precipitating at —20 °C overnight, and centri-
fuging the RNA for 30 min at 14,000 X gat 4 °C. For microRNA
array profiling, the microRNA population was prepared by the
TRIzol method as described above, followed by Flash-PAGE
(Ambion) fractionation of total RNA according to the manu-
facturer’s recommendations. The concentration, purity, and
integrity of total RNA and fractionated small RNA population
were determined by NanoDrop ND-1000 and Agilent 2100
Bioanalyzer.

Microarray MicroRNA and mRNA Profiling and Data
Analysis—Ambion mirVana TM labeling and the oligonucleo-
tide array system (15) were used to monitor expression profiles
of ~380 microRNAs in C2C12 cells, performed in duplicates.
GeneSpring GX (Agilent Technologies, Palo Alto, CA) and the
TM4 Microarray Software Suite (16) were used to identify dif-
ferentially expressed microRNAs in dye-swap experiments.
The miRBase Targets (17), TargetScan (18), PicTar (19), and
miRNAviewer (20) miRNA target prediction algorithms were
used to identify microRNA targets.

Real-Time PCR—Total RNA (including total microRNA)
was harvested from C3H10T1/2 cells using the mirVana
miRNA isolation kit (Ambion). The RNA was reverse tran-
scribed using the TagMan miRNA reverse transcription kit
(Applied Biosystems) and miRNA-specific primers (Applied
Biosystems). MicroRNA expression levels were then analyzed
using the appropriate TagMan miRNA assay (Applied Biosys-
tems) as per the manufacturer’s instructions. Quantitation of
the ubiquitously expressed miRNA, snoRNA202, was per-
formed as an endogenous control. To determine the expression
levels of Col2al and cartilage oligomeric matrix protein
(COMP), total RNA was analyzed using the ImProm-II Reverse
Transcription System (Promega) followed by real-time PCR
with SYBR Green chemistry. A reaction mixture containing the
SYBR Green Master Mix (Applied Biosystems) and the appro-
priate primers was added to a 96-well plate, together with 1 ul
of cDNA template, for a final reaction volume of 20 ul/well, and
run for an initial step at 95 °C for 10 min, followed by 40 cycles
of amplification at 95 °C for 15 s and 60 °C for 60 s. Absolute
quantization of glyceraldehyde-3-phosphate dehydrogenase
was performed as an endogenous control. All real-time PCR
were carried out in an ABI prism 7500 PCR amplification sys-
tem (PE Biosystems, Foster City, CA). Primer sequences are as
follows: glyceraldehyde-3-phosphate dehydrogenase forward,
5'-ATGACATCAAGAAGGTGGTG-3', glyceraldehyde-3-
phosphate dehydrogenase reverse, 5'-CATACCAGGAAATG-
AGCTTG-3'; Col2al forward, 5'-TGGTGGAGCAGCAAGA-
GCAA-3', Col2al reverse, 5'-CAGTGGACAGTAGACGGA-
GGAAA-3’; Smadl forward, 5'-GCTTCGTGAAGGGTTG-
GGG-3', Smadl reverse, 5'-CGGATGAAATAGGAT-
TGTGGGG-3'.

Reporter Gene Assay—Inhibition of Smadl reporter con-
structs was assayed by co-transfection of C3H10T1/2 cells with
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FIGURE 1. MicroRNA expression following BMP-2 induction. Panel A, expression profile of various micro-
RNAs in response to BMP-2 induction. Total microRNA was isolated from BMP2-treated C2C12 cells and hybrid-
ized to a microarray chip. The brightest green shading represents a 75% down-regulation in microRNA expres-
sion, whereas the brightest red shading represents a 400% up-regulation. The microRNAs are grouped accord-
ing to expression pattern. Panels B-D, real-time PCR measurement of miRNA expression following induction
with BMP-2 in C2C12 cells. Relative miRNA expression levels were measured at various time points, as indi-
cated, following BMP-2 treatment of C2C12 cells. Panels E and F, expression profile of miR-199a* and miR-374
following induction with BMP-2in C3H10T1/2 cells. Relative miRNA expression levels were measured at various

time points, as indicated, following BMP-2 treatment of C3H10T1/2 cells.

pGL3Smadl (1.5 pg), various amounts of pSupermir-199a%,
and a pSVGal control plasmid (1.5 pg). Additionally, pSuper
vector was used to bring the total amount of transfected DNA
to 11 pg. Co-transfections were carried out using Lipo-
fectamine 2000 (Invitrogen) in 6-well plates as per the manu-
facturer’s instructions. Cultures were harvested after 48 h of
incubation. Luciferase and B-galactosidase activities were
assayed using the Tropix Galacto-Star Reporter Gene Assay
system (Applied Biosystems) and Luciferase Assay Regent (Pro-
mega). Measurements were carried out in a Mini-Lum Lumi-
nometer (Bioscan). The assays were performed in triplicate.
Immunoblotting Analysis—To examine the expression of
So0x9, Col2A1, and COMP in the course of chondrogenesis,
total cell extracts prepared from micromass cultures of
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stored in a humidified incubator at
37 °C and 5% CO,.

A modified micromass culture
technique was carried out, as previ-
ously described (21-23). Transfec-
tions were carried out using Lipo-
fectamine 2000 (Invitrogen) in
6-well plates as per the manufactur-
er’s instructions. For each sample, 4
pg of plasmid and 10 ul of Lipo-
fectamine 2000 was diluted with serum-free Dulbecco’s modified
Eagle’s medium to reach a total volume of 500 wl. After incubation
for 20 min at room temperature, the mixture was introduced into
the well containing cells growing at ~90% confluence in 2 ml of
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum.
Following transfection with the specified plasmids, the cells were
incubated for 48 h. The cells were then trypsinized and brought
into suspension at a density of 10” cells/ml. 10 ul of the suspension
was placed into the center of each well on a standard 12-well pol-
ystyrene tissue culture plate. After incubation for 2 h at 37 °C and
5% CO.,, wells were flooded with 1 ml of culture medium (supple-
mented with fetal bovine serum) containing 100 ng/ml recombi-
nant BMP-2. Replacement with fresh medium containing BMP-2
was carried out every 2—3 days.
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Mouse prechondrogenic ATDCS5 cells were maintained in a
medium consisting of a 1:1 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s F-12 medium (Flow Laboratories,
Irvine, UK) containing 5% fetal bovine serum (Invitrogen), 10
pg/ml human transferrin (Roche Applied Science), and 30 nm
sodium selenite (Sigma) at 37 °C in a humidified atmosphere of
5% CO, in air. ATDCS5 cells transfected with either pSuper con-
trol encoding a nonrelated miRNA, pSuper-mirl99a* or
pSuper-anti-mir199a* plasmid, were seeded at a density of 3 X
10° cells per well in 6-well cell-culture plates (Corning, Slange-
rup, Denmark). To induce chondrogenesis, cells were cultured
in the medium supplemented with 10 ug/ml human insulin
(Sigma) (24-26). The medium was replaced every 2—3 days.
Within 3 days, both mRNA and protein of cells were collected
for real-time PCR and Western blot assay.

RESULTS

miRNAs Are Differentially Expressed following BMP-2 Treat-
ment of C2C12 Cells—To identify candidate miRNAs that reg-
ulate bone and/or cartilage differentiation and development,
the expression profile of numerous miRNAs was determined
via commercial microarray. C2C12 cells were exposed to
BMP-2 (200 ng/ml) and harvested within 24 h; total RNA was
extracted and used for array analysis. miRNA expression pat-
terns following BMP-2 treatment were then compared with ref-
erence levels obtained from cells prior to BMP-2 induction.
Microarray analysis revealed multiple miRNAs that were either
positively or negatively regulated by BMP-2 induction (Fig. 14).
Based on these results, the expression levels of selected miRNAs
were assayed using real-time PCR in C2C12 cells at various time
points following BMP-2 induction. The expression levels of miR-
374, miR-210, and miR-143 were largely consistent with the
microarray data (Fig. 1, B-D). Interestingly, although the microar-
ray showed the expression of miR-374 and miR-143 to be
increased and decreased, respectively, the TagMan real-time PCR
assay revealed that both miRNAs had similar expression profiles,
characterized by a significant increase in expression during the
first 12 h of BMP-2 induction, followed by a rapid decline to
extremely low expression levels (Fig. 1, B and D).

The microarray data showed that miR-199a* was signifi-
cantly up-regulated at 24 h following BMP-2 induction, with
expression levels that were ~4-fold greater than those in
untreated cells. miR-199a* is highly expressed in the embryonic
skeletal system of a wide range of organisms (27-29). There-
fore, using real-time PCR TagMan® miRNA assays, we sought
to verify the expression pattern of miR-199a* following BMP-2
treatment in C3H10T1/2 cells, a well established in vitro cell
model for studying chondrogenesis (22, 30). At 6 h following
BMP-2 treatment, the expression of miR-199a* was reduced
below the limit of detection of the assay (Fig. 1E); however, at
24 h, miR-199a* levels had risen dramatically and continued to
rise gradually over the following 6 days. The highest level of
expression occurred on the 7th day of BMP-2 induction and
was ~2-fold greater than that for untreated C3H10T1/2 cells.
In addition, to verify our results in other miRNAs, we also ana-
lyzed the expression pattern of miR-374 in BMP-2-treated
C3H10T1/2 cells. Such analysis showed miR-374 levels to be
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FIGURE 2. Overexpression of miR-199a" inhibits chondrogenesis of
C3H10T1/2 and ATDCS5 cells. Panel A, miR-199a* inhibition of chondrogenic
differentiation of a micromass culture of C3H10T1/2 cells. C3H10T1/2 cells
were transfected with an empty pSuper vector (control) or pSuper199a*.
After 24 h of treatment with BMP-2 (100 ng/ml), micromass cultures were
lysed and the expression of chondrogenic differentiation markers, Col2a1 (a)
and COMP (b), was measured via quantitative real-time PCR. Data in A and C
are the means of three independent cell culture experiments with S.D. indi-
cated. *, p < 0.05. Panel B, overexpression of miR-199a* inhibits chondrogen-
esis of ATDC5 cells, assayed by immunoblotting. Following transfection with
pSuper199a* or control plasmid, ATDC5 cells were maintained in 10 ug/ml
human insulin for 3 days, after which cultures were lysed and whole cell
lysates were analyzed for expression of Col 2A1, COMP, and Sox9. Tubulin is
used as an internal control. Panel C, overexpression of miR-199a* inhibits
chondrogenesis of ATDC5 cells, assayed by real-time PCR. ATDC5 cells were
processed as described in panel Band mRNA levels of Col2A1 (a), COMP (b),
and Sox9 (c) were determined by real-time PCR.

significantly increased following BMP-2 treatment, as expected
(Fig. 1F).

miR-199a* Overexpression Inhibits Chondrogenic Differen-
tiation—To determine whether miR-199a* mediates chondro-
genic differentiation, we constructed the miRNA expression
plasmid, pSuper199a*, by cloning the miR-199a* precursor into
the pSuper vector, followed by transfection into C3H10T1/2
cells, using techniques described previously (31). Real-time
PCR analysis of C3H10T1/2 cells transfected with pSuper199a*
revealed a significant decrease in the mRNA expression levels
of chondrogenesis markers Col2A1 and COMP, when com-
pared with control cells 24 h after induction with BMP-2 (100
ng/ml) (Fig. 24). This suggests that miR-199a* functions as an
inhibitor of the early stages of chondrogenic differentiation.

Because the cell models used thus far have relied on BMP-2
to induce chondrogenesis, we next sought to determine
whether the effects of miR-199a* were specific to the BMP-2
chondrogenic growth factor. To do so, we repeated the exper-
iment using murine prechondrogenic ATDC5 cells that
undergo chondrogenic differentiation in the presence of
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FIGURE 3. Suppression of miR-199a” enhances chondrogenesis of ATDC5
cells. Panel A, real-time PCR assay. Following transfection with anti-miR199a*
plasmids or control plasmid, ATDC5 cells were maintained in 10 pg/ml
human insulin for 3 days, after which cultures were lysed for real-time PCR
analysis of chondrogenesis markers Col2A1 (a), COMP (b), and Sox9 (c). Data
are the means of three independent experiments with S.D. indicated. *, p <
0.05. Panel B, immunoblotting analysis of chondrogenesis markers. ATDC5
cells were processed as described in panel A and protein levels of Col 2A1,
COMP, Sox9, and Tubulin (serving as a loading control) were determined by
Western blotting.

human insulin (10 mg/ml). We compared cells transfected with
pSuperl99a* or a control plasmid encoding an unrelated
miRNA, pSuper-control. Both immunoblotting analysis (Fig.
2B) and real-time PCR (Fig. 2C) revealed a significant decrease
in early chondrogenesis markers Col2A1, COMP, and Sox9 in
this ATDCS5 cell model. This suggests that miR-199a* functions
as a mediator of early chondrogenesis, and not as a general
response to BMP-2 signaling.

Inhibition of miR-199a* Enhances Chondrogenic Differen-
tiation—To further define the role of miR-199a* in chondro-
genic differentiation, we constructed a miRNA expression plas-
mid, anti-miR199a*-1, that generated a short RNA sequence
complementary to the hairpin sequence of the miR-199a* pre-
cursor molecule. By binding to the miR-199a* precursor, the
products of this plasmid would inhibit miR-199a* synthesis.
Because two distinct precursors have been identified for miR-
199a*, a second plasmid, anti-miR-199a*-2 was also generated.
ATDCS5 cells were transfected with either an equimolar mix-
ture of anti-miR199a*-1 and anti-miR199a*-2 or pSuper-Con-
trol and chondrogenesis was induced. Both real-time PCR and
Western blotting assays revealed a significant increase in chon-
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Gene Gene Name miRNA Species
Symbol
SMADI  SMAD family miR-199a* Mus musculus
member 1 miR-199b Rattus norvegicus
SMAD2  SMAD family miR-199a* Mus musculus
member 2 miR-199b
SMADS  SMAD family miR-199a* Homo sapiens
member 5 miR-199b*
FZD6 frizzled miR-199%a Homo sapiens
homolog 6 miR-199b Mus musculus
h’f””f.\' n(H"V(.‘gf{.'I!.\'
1D4 inhibitor of DNA  miR-19%a* Mus musculus
binding 4 miR-199b Homo sapiens
Rattus norvegicus
?bp 2|ﬂ0 bp 4?0 bp 5?0 bp 8?0 bp 1(|)DIJ bp 12|00 bp
miR-151*, 157
miR-199a*/b, 107
miR-26alb, 88 miR-199a*/b, 519
miR-880, 60 miR-210, 486 miR-654*, 937
miR-654*, 52 miR-143, 389 miR-880, 920
miR-26a/b, 31 miR-541, 301 miR-654", 543 miR-541, 836
AAAA
Smad1 3'UTR

FIGURE 4. Predicted targets of differentially regulated miRNA during dif-
ferentiation. Panel A, putative targets of the miR-199 family. Panel B, diagram
of miRNA targeting Smad1 mRNA. Selected miRNA are featured according to
their putative binding site in the Smad1 3’-UTR sequence. miRNAs that were
up-regulated following C2C12 induction by BMP-2 are bolded. Down-regu-
lated miRNAs are italicized.

drogenesis markers Col2A1, COMP, and Sox9, when compared
with the control (Fig. 3, A and B).

Smad Family 1 (Smadl) Is a Target of miR-199a*—The
miRNA target prediction program miRanda was utilized to
generate a list of predicted mRNA targets for miR-199a*. This
list was then used to identify putative miRNA target genes that
are coincidentally involved in BMP-2 signaling and chondro-
genic differentiation. Members of the miR-199 family were pre-
dicted to target members of the Smad gene family. Smadl and
Smad5, which are known downstream mediators of BMP sig-
naling in osteochondroprogenitor cells (3), were both identified
as putative targets of miR-199a* (Fig. 44). Smadl is an estab-
lished mediator of both osteoblastic and chondrogenic differ-
entiation of progenitor cells in response to stimulation by BMPs
(13, 14, 32). The putative repression of Smadl mRNA expres-
sion by miR-199a* would hinder BMP-2 signaling, and thus
serve to explain how overexpression of miR-199a* may inhibit
BMP-2-induced chondrogenic differentiation.

miRNA inhibits mRNA expression by binding to a specific
sequence with the 3'-UTR, also known as a “seed site.” Perfect
complementarity of a particular miRNA to the seed site is
thought to result in mRNA cleavage, whereas imperfect
complementarity generally results in translational repression,
without degrading the mRNA itself (33—35). miR-199a* binds
to a seed site within the Smadl 3'-UTR with near, but not
perfect complementarity (Fig. 5A4), suggesting that it may not
affect the level of Smadl mRNA. However, imperfect comple-
mentarity can also result in mRNA cleavage, in certain cases
(36 -38). In addition, the Smadl 3'-UTR contains two putative
miR-199a* seed sites, which would suggest a stronger associa-
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FIGURE 5. Repression of Smad1 by ectopic expression of miR-199a" in C3H10T1/2 cells. Panel A, schematic
of miR-199a* inhibition of Smad1 expression. Inhibition of Smad1 occurs via a specific miRNA binding site (seed
site) within the 3'-UTR of Smad1 mRNA. The 5’ end of mir-199a* contains a sequence complementary to the
seed site. The seed sites are shown in relation to the coding region of Smad1 mRNA. Panel B, schematic of
pGL3Smad1 reporter construct. The pGL3Smad1 vector was constructed by inserting a sequence that corre-
spondsto the 3'-UTR of Smad1 mRNA, immediately downstream of the luc reporter of the pGL3-Control vector.
Panel C, miR-199a* represses pGL3Smad1 reporter gene activity in a dose-dependent manner. C3H10T1/2 cells
were transfected with 1.5 g of pGL3Smad1 together with 1.5 pg of pSVGal internal control plasmid and
varying amounts of pSuper199a* expression plasmid, as indicated. Data are the means of three independent
cell culture experiments, with S.D. indicated. *, p < 0.05; **, p < 0.01 when compared with control. Panel D,
repression of Smad1 mRNA level by ectopic miR-199a*, assayed by real-time PCR. Cells transfected with the
empty pSuper vector alone (control) or with the miR-199a* overexpression plasmid were treated by BMP-2, as
indicated. Smad1 mRNA expression was measured by quantitative real-time PCR; the expression level of BMP-2
untreated cellsis set to 1. Data are the means of three independent cell culture experiments with S.D. indicated.
*,p < 0.05. Panel E, early down-regulation of miR-199a* after BMP-2 exposure correlates with up-regulation of
Smad1. C3H10T1/2 cells exposed to BMP-2 were harvested and lysed at various time points, as indicated.
Smad1 mRNA and miR-199a* expression were measured via quantitative real-time PCR; the expression level of
non-induced cells is set to 1. Panel F, repression of Smad1 protein level by ectopic miR-199a*, assayed by
immunoblotting. Following transfection with pSuper199a* or a control plasmid, C3H10T1/2 cells were har-
vested after 24 h of BMP-2 exposure. Total cell lysates were subjected to immunoblotting analysis with anti-
Smad1 or anti-tubulin antibody.

tion than if only one site were present (Fig. 4B). To determine
whether miR-199a* cleaves Smadl mRNA, the expression of
Smadl mRNA was measured via real-time PCR immediately
following BMP-2 induction of C3H10T1/2 cells. The pattern of
Smadl mRNA expression was found to be the mirror opposite
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of miR-199a* expression following
BMP-2 induction (Fig. 5E), suggest-
ing that the early down-regulation
of miR-199a* expression, immedi-
ately after BMP-2 treatment, may
serve to release its suppression of
Smadl mRNA levels.

To test this hypothesis, the
expression of Smadl mRNA in cells
transfected with pSuper199a* were
compared with expression in con-
trol cells via real-time PCR. Smadl
mRNA expression was significantly
lower in miR-199a* overexpressing
cells (Fig. 5D). This provides evi-
dence that miR-199a* may mediate
Smad1 gene expression by targeting
and degrading Smadl mRNA. This
was also confirmed via immuno-
blotting analysis, overexpression of
miR-199a* resulted in decreased
Smadl protein levels (Fig. 5F). To
further determine whether miR-
199a* targets Smadl, we con-
structed the vector pGLSmadl by
cloning the Smad1 3'-UTR adjacent
to a luciferase reporter gene
(Fig. 5B). Co-transfection of the
miR-199a* expression plasmid,
pSuper199a* into C3H10T1/2 cells
resulted in a significant suppression
of luciferase gene expression, when
compared with co-transfection with
a control vector (Fig. 5C). This
occurred in a dose-dependent man-
ner, and indicates that miR-199a*
acts as an inhibitor of Smadl gene
expression.

MicroRNAs are able to repress
gene expression by binding to seed
site sequences located within the
3'-UTR of mRNA. Thus, we
hypothesized that the inhibition of
luciferase reporter gene expression
by miR-199a* should occur via
binding of miR-199a* to seed sites
within the Smad1 3'-UTR sequence
of pGL3Smad]l. To test this hypoth-
esis, we mutated the two seed sites
within pGL3Smadl to generate 3
other reporter constructs (Fig.
6A). pGL3Smadlmutl contained a
mutation to one seed site, whereas

pGL3Smadlmut2 contained a mutation to the other site.
pGL3Smadlmutl,2 contained mutations to both seed sites. As
expected, miR-199a* significantly inhibited activity of the wild-
type reporter gene pGL3Smadl, whereas mutation of either
seed site largely abolished miR-199a*-mediated repression of
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Smad1 seed1 ACCTCTGTGACCAACTATTG
Smad1 seed1 mut ACCTCTGTGACCATAATTTG
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FIGURE 6. Alteration of one or two seed sites in the 3-UTR of Smad1 mRNA
results in a strong reduction or a complete loss of the miR-199a"-medi-
ated repression of Smad1 expression. Panel A, diagrams show the alter-
ations in the first and/or the second of the seed sites in the pGL3Smad1
reporter gene. Panel B, transient transfection assays in C3H10T1/2 cells. The
reporter gene specified and the pSVgal internal control plasmid were trans-
fected into C3H10T1/2 cells together with 3 ug of pSuper (CTR) or the
pSuper199a* expression plasmid. At 48 h after transfection, the cultures were
harvested and the luciferase and B-galactosidase activities were determined.
Data are the means of three independent cell culture experiments, with S.D.
indicated. *, p < 0.05; **, p < 0.001.

reporter gene activity. Furthermore, mutation of both seed sites
completely abolished this repression by miR-199a* (Fig. 6B).
This provides strong evidence that miR-199a* acts as an inhib-
itor of Smadl gene expression by direct binding to two distinct
seed sites within the 3’-UTR sequence.

To further confirm the role of Smadl in the miR-199a*-me-
diated inhibition of chondrogenic differentiation, we co-trans-
fected C3H10T1/2 cells with pSuper199a* along with a Smad1
expression plasmid. When compared with cells transfected
with pSuper199a* alone, these co-transfected cells expressed
chondrogenesis markers Col2A1 and COMP at much higher
levels (Fig. 7, A and B). Thus, the overexpression of Smad1 was
able to reverse the inhibition of chondrogenic differentiation by
miR-199a*, thus providing further evidence that miR-199a*
mediates the inhibition of chondrogenesis via targeting to
Smadl.

miR-199a* Inhibits Smad-dependent Transactivation of Its
Target Gene—We next sought to determine whether miR-
199a* inhibits Smad1-dependent transactivation of its target
genes. p204, a member of the interferon-inducible p200 protein
family, was previously found to be a direct target molecule of
Smad transcription factors, including Smadl and Smad4 (39).
p204 plays an important role in both osteogenesis and chondro-
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FIGURE 7. Smad1 overcomes miR-199"-mediated inhibition of chondro-
cyte differentiation. C3H10T1/2 cells were either transfected with
pSuper199a* or co-transfected with pSuper 199a* together with a Smad1
expression plasmid, as indicated. The micromass cultures were stimulated by
BMP-2, and the expression of chondrogenic differentiation markers Col2A1
(Panel A) and COMP (Panel B) were assayed by real-time PCR. Means from
three independent experiments are shown (error bars indicate S.D.). ¥, p <
0.05 when compared with cells transfected with pSuper199a* only.

genesis via its association with Cbfal, pRb, Ids (inhibitor of
DNA binding), and parathyroid hormone-related protein sig-
naling (40 —42). We thus examined whether miR-199a* inhib-
ited Smad-dependent activation of the p204-specific reporter
gene 204 —2SBE-luc. Smad-binding elements (SBEs) containing
segments from the 5'-flanking region of Ifi204 were linked to
the upstream end of a region encoding luciferase in the PGL3
vector (Fig. 84). In accordance with previous reports (39), co-
transfection of C3H10T1/2 cells with 204—-2SBE-luc and
Smad1 and Smad4 mammalian expression plasmids, displayed
markedly increased reporter gene activity when compared with
cells transfected with 204 —-2SBE-luc alone. In contrast, the
addition of pSuper199a* to the transfection mixture totally
abolished Smad-dependent transactivation of the p204
reporter gene (Fig. 8B). These results suggest that miR-199a*
efficiently represses Smad1l-dependent transactivation via tar-
geting to Smadl.

To further confirm this hypothesis, C3H10T1/2 cells were
transfected with Smadl and Smad4 mammalian expression
plasmids. This predictably resulted in the up-regulation of p204
expression, as determined by real-time quantitative PCR. The
addition of pSuper199a* resulted in the reversal of Smad1l and
Smad4-mediated p204 activation (Fig. 8C). This suggests that
miR-199a*, through its inhibition of the Smads pathway, is able
to inhibit the expression of downstream genes such as p204.

DISCUSSION

Chondrogenesis plays a fundamental role in skeletal pattern-
ing, bone formation, and joint development. Well orchestrated
chondrogenesis is controlled exquisitely by cellular interac-
tions with growth factors, surrounding matrix proteins, and
other environmental factors that mediate cellular signaling
pathways and transcription of specific genes in a temporal-spa-
tial manner (43-45). A number of miRNAs are highly
expressed in embryonic skeletal tissue, suggesting that they
may play an important role in chondrogenesis via targeting to

VOLUME 284 -NUMBER 17+APRIL 24, 2009



miR-199a* Inhibits Chondrogenesis by Targeting Smad1

&

"
—15|?'8

1324
204-2SBE-luc C s
B
G T =
2 o
8 82
o 41 s
] b
O o™
= o
3, 211
0 - R
2 S
o x
©
(4
0 4 o
Smad1 - + + Smad1
Smad4 - + + Smad4
miR-199a* - - + miR-199a*

FIGURE 8. miR-199a" inhibits Smad-dependent transactivation of p204 gene expression. Panel A, sche-
matic of p204-specific reporter construct. The indicated segments from the 5’-flanking region of the p204 gene
were linked to an SV40 promoter (SV) and a DNA segment encoding luciferase (Luc). Ovals represent SBEs. Panel
B, miR-199a* inhibits Smad-mediated activation of p204-specific reporter genes. The indicated reporter gene
construct was transfected into C3H10T1/2 cells together with either the indicated Smad expression plasmids
(i.e. Smad1, Smad4) alone or in addition to pSuper199a*, as well as a B-galactosidase internal control plasmid.
The luciferase activities were normalized to the B-galactosidase activities. The normalized values were then
calibrated against control values, which were arbitrarily set as 1. Panel C, miR-199a* completely abolishes
Smad-activated p204 expression in C3H10T1/2 cells. The indicated Smads expression plasmids and
pSuper199a* were transfected into C3H10T1/2 cells. Total RNA was extracted and expression of p204 was
assayed via real-time PCR. p204 expression was normalized against the endogenous control, glyceraldehyde-
3-phosphate dehydrogenase. The normalized values were then calibrated against control values, which were
arbitrarily set as 1. Means from three independent experiments are shown (error bars indicate S.D.).

the molecules critical for chondrogenesis. For example, miR-
140 was found to be expressed exclusively in the cartilage tissue
of embryonic zebrafish, medaka, mice, and chickens (27, 29,
46). Although miR-140 is known to target genes relevant to
cartilage biology, such as histone deacetylase 4, the exact role of
miR-140 in chondrogenic differentiation has yet to be defined
(46).

In addition to miR-140, miRNAs 146, 140%, 199a, 199a*, and
145 are all highly expressed in zebrafish embryonic skeletal ele-
ments (29). Interestingly, however, the only non-ubiquitously
expressed miRNAs that are abundant in the developing carti-
lage of zebrafish, medaka, and chicken embryos, are miR-140,
miR-199a, and miR-199a* (27, 29). Additional data obtained
from recent experiments involving the cloning and sequencing
of 64 mouse small RNA libraries extracted from different
organs and tissues, showed that miR-199a* is differentially
expressed in connective tissue cells (28, 47). Thus with the com-
bination of the array (Fig. 14) and real-time PCR data (Fig. 1E),
miR-199a* emerged as a candidate with significant potential to
be involved in the regulation of chondrogenic differentiation.
Certainly, other miRNAs such as miR-374 were found to be differ-
entially expressed following BMP-2 treatment (Fig. 1, A, B, and F).
Although these miRNAs are not specific to skeletal tissue, it would
be interesting to investigate their potential effects on chondrogen-
esis. In addition, we also performed a computer-based prediction
of the targets of miR-374 and miR-298. No members of the Smad
family were predicted to be their targets. Additionally, no signifi-
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cant overlaps in the targets of miR-
298, miR-374, or miR-199a* were
identified.

Our study has identified miR-
199a* as an inhibitor of early chon-
drogenic differentiation. We report
that overexpression of miR-199a*
results in the inhibition of chondro-
genic differentiation in C3H10T1/2
cells, as evidenced by the reduced
expression of early chondrogenic
markers, collagen type II «al
(Col2A1) and COMP. Furthermore,
inhibition of miR-199a* results in
enhanced expression of those same
chondrogenic markers. COMP

+ + encodes a noncollagenous extracel-
+ + lular matrix protein that is highly
- + expressed in cartilage. Sox9, a key

regulator of chondrogenesis, binds
directly to the COMP gene pro-
moter, and activates its expression
(30). Although we did not find a
statistically significant reduction
in Sox9 expression levels in
C3H10T1/2 cells, this may be due to
insufficient sampling, because Sox9
is known to be an essential tran-
scription factor of chondrogenic
differentiation.  Alternatively, a
recent study has found that the
BMP-2/Smads pathway regulates Sox9 activity, but does not
alter Sox9 mRNA expression levels (48). This may explain why
we were unable to observe decreased Sox9 mRNA expression in
C3H10T1/2 cells that were overexpressing miR-199a*. Never-
theless, in experiments involving a prechondrogenic cell line
(ATDCS5), Sox9 expression was significantly decreased follow-
ing miR-199a* overexpression (Fig. 2, B and C). Although the
reduction in chondrogenesis markers was often less than 40%,
this may be due to incomplete transfection by Lipofectamine
2000. Previous experience has shown transfection rates as low
as 25% with this system (data not shown).

The finding that miR-199a* also inhibits chondrogenesis in
ATDCS5 cells is particularly interesting. The clonal cell line
ATDCS5 exhibits type-II collagen expressing chondrogenic dif-
ferentiation in the presence of human insulin. Thus, mediation
of chondrogenesis by miR-199a* is not only restricted to BMP-2
stimulation.

We also reported that miR-199a* expression is decreased in
early chondrogenesis, which coincides with the increased
expression of Smad1 (Fig. 5E), a known downstream signaling
molecule of BMP-2 (32, 48, 49). Thus, we propose that miR-
199a* mediates early chondrogenesis by following the model
proposed by Li et al. (50). In accordance with the model, a
BMP-2-mediated reduction in miR-199a* expression serves to
release the post-transcriptional repression of Smadl by miR-
199a*, thereby allowing BMP-2 mediated intracellular signals
to reach their transcriptional targets and drive chondrogenesis.
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miR-199a* is able to repress Smad1l expression via its binding
with near-perfect complementary to the Smadl 3'-UTR (Fig.
5A) (47). Although miRNAs that bind with less than perfect
complementarity are generally thought to repress gene expres-
sion through translational inhibition, there is increasing evi-
dence that mRNA cleavage may also be a mechanism of action
for these miRNAs (36 —38).

Although this study indicates that miR-199a* is a negative
regulator of early chondrogenesis, the decrease in miR-199a*
expression immediately following BMP-2 induction was fol-
lowed by a gradual increase in miR-199a* levels over a few days
(Fig. 1E). This finding would seem to suggest that miR-199a*
may be necessary for the later stages of chondrogenesis, includ-
ing chondrocyte hypertrophy and maturation.

Stimulation of C3H10T1/2 cells with BMP-2 resulted in the
increased expression of Smad1 (Fig. 5E), a result that is consist-
ent with previous findings, which identify Smad1 as an intracel-
lular transducer of BMP-2 signaling (32, 48, 49). Smad]1 is also
an established mediator of osteoblast differentiation through
the activation of target genes, including p204, a factor that
binds Cbfal, pRb, and Ids (40 —42). We have shown that miR-
199a* is able to mediate p204 expression, at least in the setting
of chondrocyte differentiation. Thus, it is interesting to deter-
mine whether miR-199a* may also play an important role in
osteogenesis. Intriguingly, a recent report shows that miR-26a
inhibits osteoblast differentiation via targeting to Smad1 tran-
scription factor (51).

miR-199a* is also predicted to target several other genes that
are related to BMP-2 signaling, including frizzled homolog 6
(Fzd6) and inhibitor of DNA binding 4 (Id4) (Fig. 4A). FZD6 is
a receptor involved in the canonical Wnt signaling pathway,
which has been shown to play a key role in regulating chondro-
cyte and osteoblast differentiation (52-55). FZD6 exhibits
altered expression in response to the induction of chondrogen-
esis (56). It remains to be determined whether Fzd6, as a target
of miR-199a*, regulates chondrocyte differentiation. Id4 is part
of a larger family of inhibitor of differentiation proteins that
play a significant role in osteochondrogenic differentiation (30,
42,57). Thus, miR-199a* may regulate chondrogenic and osteo-
genic differentiation by suppressing multiple target genes.

Although the focus of this study has been on chondrogenesis,
it would be interesting to investigate the role of miR-199a* in
osteoblast differentiation as well, particularly because Smad
signaling is also involved in osteogenesis (13, 14, 40-42).
Although various studies have localized miR-199a* expression
to skeletal tissues (27-29), it remains to be determined whether
miR-199a* is differentially expressed in cartilage, bone, or both.
Future in vivo experiments in a mouse model are necessary to
address this important question.

In conclusion, we demonstrate that several miRNAs are dif-
ferentially regulated in response to BMP-2. Of these miRNAs,
we report that miR-199a* acts as a negative regulator of early
chondrogenic differentiation through its suppression of Smad1
transcription factor. To our knowledge, this is the first report
showing that a specific microRNA, ie. miR-199a*, plays a
crucial role in the course of chondrogenesis as well as the
molecular mechanism involved; in addition, this study also
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provides new insights into BMP/Smad signaling in control-
ling skeletogenesis.
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