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FOXOG3A Regulation by miRNA-29a Controls
Chondrogenic Differentiation of Mesenchymal Stem Cells
and Cartilage Formation

David Guérit,? Jean-Marc Brondello,"? Paul Chuchana,? Didier Philipot,"? Karine Toupet,'?
Claire Bony,"? Christian Jorgensen,'® and Daniele Nogl'?

Skeletal development and cartilage formation require stringent regulation of gene expression for mesenchymal
stem cells (MSCs) to progress through stages of differentiation. Since microRNAs (miRNAs) regulate bio-
logical processes, the objective of the present study was to identify novel miRNAs involved in the modulation
of chondrogenesis. We performed miRNA profiling and identify miR-29a as being one of the most down-
regulated miRNAs during the chondrogenesis. Using chromatin immunoprecipitation, we showed that SOX9
down-regulates its transcription. Moreover, the over-expression of miR-29a strongly inhibited the expression of
chondrocyte-specific markers during in vitro chondrogenic differentiation of MSCs. We identified FOXO3A as
a direct target of miR-29a and showed a down- and up-regulation of FOXO3a protein levels after transfection
of, respectively, premiR- and antagomiR-29a oligonucleotides. Finally, we showed that using the siRNA or
premiR approach, chondrogenic differentiation was inhibited to a similar extent. Together, we demonstrate that
the down-regulation of miR-29a, concomitantly with FOXO3A up-regulation, is essential for the differentiation
of MSCs into chondrocytes and in vivo cartilage/bone formation. The delivery of miRNAs that modulate MSC
chondrogenesis may be applicable for cartilage regeneration and deserves further investigation.

Introduction pathways is needed for developing efficient strategies of
cartilage engineering.
URING SKELETAL DEVELOPMENT, recruitment and con- Recently, microRNAs (miRNAs) have emerged as key

densation of multipotent mesenchymal stromal cells or  regulators of diverse biological functions, including differ-
mesenchymal stem cells (MSCs) precede chondrocyte dif- entiation processes. miRNAs are small noncoding RNAs of
ferentiation and subsequent cartilage and bone formation. about 22 nucleotides length, which act by annealing to
This process is controlled by a program of gene activation mRNAs and trigger their degradation or repress translation
that enables the commitment of MSCs in response to multiple  [3]. Currently, ~ 1,500 miRNAs are considered to be ex-
environmental factors. Thus, the differentiation of MSCs to  pressed in humans. Each miRNA putatively targets hundreds
chondrocytes is influenced by cell-cell and cell-matrix of mRNAs, suggesting a regulatory role in gene expression
interactions with surrounding tissues, particularly the epi- pathways rather than single genes. The first evidence of the
thelium [1]. Many of the genes that pattern the distribution, impact of miRNAs on chondrogenesis emerged from ex-
proliferation, and differentiation of MSCs have been de- periments with knock-out mice, where the Dicer gene was
scribed. Among them, fibroblast growth factor, hedgehog, conditionally disrupted in chondrocytes [4]. Dicer deficiency
bone morphogenetic proteins, and Wnt pathways are se- induced defects in skeletal growth, resulting from a reduced
quentially expressed. The master transcription factor (TF) number of proliferating chondrocytes through two distinct
SOX9 is one of the earliest markers expressed in cells un- mechanisms: decreased proliferation and accelerated differ-
dergoing condensation and is required for the expression of entiation into postmitotic hypertrophic chondrocytes. Since
cartilage-specific matrix proteins [2]. However, the mecha- then, a few miRNAs have been identified [S]. Most of them
nisms regulating these cellular pathways at the transcrip- have been studied in chondrocytes and shown to be involved
tional and post-transcriptional levels are not completely in maintaining cartilage integrity and homeostasis [6]. Only a
understood. A better understanding of these regulatory few miRNAs, such as miR-140, —145, —194, and —199a
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were described as being modulated during the chondrogenic
differentiation of MSCs. The best characterized miRNA is
miR-140, which was first shown to be up-regulated during the
differentiation of human MSCs (hMSCs) and down-regulated
in osteoarthritic (OA) cartilage [7]. Next, the same group
generated miR-140~'~ mice that were characterized by short
stature and age-related OA-like changes; conversely, trans-
genic mice over-expressing miR-140 in cartilage were resistant
to antigen-induced arthritis [8]. Interestingly, miR-145, —194,
and —199a were shown to repress chondrogenesis [9—11].

Several miRNAs have been reported as modulating MSC
differentiation along other lineages. The miR-29 family is one
of the best characterized families of positive regulators of
osteogenesis. The expression of all three members (miR-29a,
-b, and -c) increased during osteogenesis, and miR-29a and
—29c were induced by canonical Wnt signaling [12,13].
MiR-29 members contribute to osteogenic differentiation
by targeting fibrosis-associated markers (collagens I, III, and
osteonectin) and inhibitors of osteoblast differentiation
[Dikkopf-1 (DKKI), secreted frizzled-related protein 2
(sFRP2), histone deacetylase 4 (HDAC4), and transforming
growth factor (TGF)-3,...] [12-14]. Up-regulation of miR-
29b and —29c also plays important roles during myogenesis
by inhibiting up-regulation of HDAC4, an inhibitor of muscle
differentiation and SMAD3 expression [15—17]. In myoblasts,
miR-29 is negatively regulated by a complex containing Yin
Yangl (YY1) and on differentiation toward myotubes, the
derepression and accumulation of miR-29 leads to YY1 in-
activation through a regulatory feedback loop [17].

In the present study, a transcriptomic analysis revealed the
down-regulation of several members of the miR-29 family
during chondrogenesis, with miR-29a being the mostly highly
modulated. We reported that the transcription of miR-29a
was negatively regulated by SOX9, and subsequent analyses
demonstrated that over-expression of miR-29a inhibited the
differentiation of hMSCs toward chondrocytes in vitro. Fur-
thermore, FOXO3A was identified as a new direct target of
miR-29a. Our findings support a previously uncharacterized
function of miR-29a to suppress chondrogenic differentiation
of hMSCs likely by repressing FOXO3A and its downstream
signaling.

Materials and Methods
Cell culture

Cartilage, primary chondrocytes, and bone marrow-
derived MSCs were isolated from healthy or OA patients
after informed consent and approval by the Local ethics
committee (registration number: DC-2009-1052). Primary
human and C3H10T1/2 murine MSCs were cultured as
previously described [18]. Typically, primary human MSCs
were characterized by the expression of classical markers:
CD13, CD73, CD90, and CD105 and the absence of he-
matopoietic and endothelial markers: HLA-DR, CDI11b,
CD14, CD31, CD34, CD45, and CD106. They were also
shown to differentiate into the three main skeletal lineages:
adipocytes, osteoblasts, and chondrocytes (data not shown).
Chondrogenesis of MSCs was induced by culture in pellets
in the presence of 10ng/mL TGF-B3 for 21 days, and the
osteogenesis of MSCs was initiated by culture in inductive
medium as already reported [19].
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Chondrocytes were isolated from cartilage cut into small
pieces and treated with 2.5 mg/mL pronase (Sigma, L’Isle
d’Abeau, France) in Dulbecco’s modified eagle medium
(DMEM) at 37°C for 1 h followed by 250 U/mL collagenase
type II (Sigma) at 37°C overnight (3 mL enzymatic solution/
g cartilage). The cell suspension was filtered through a cell
strainer (pore size: 70 um; BD Biosciences, Le Pont-De-
Claix, France), centrifuged at 300 g for 10 min, and plated at
2% 10° cells/75 cm?. Primary chondrocytes and the cell line
C-20A/4 [20] were cultured in DMEM that was supple-
mented with 10% fetal calf serum, 2mM glutamine, and
100U penicillin/streptomycin (Lonza, Amboise, France).

miRNA arrays and data processing

Total RNA was extracted from hMSCs at day O or from
chondrogenesis-induced cell pellets at day 3 using miRNeasy
kit (Qiagen S.A., Courtaboeuf, France). RNA samples were
labeled with Cy3 or Cy5, and paired samples were hybridized
to dual-channel microarray containing probes from Sanger
miRBase Release version 11.0 using a service provider (LC
Sciences, Houston, TX). Raw data were normalized by the
service provider, and additional data analysis was performed as
previously described [21]. Differential regulation of miRNAs
in prechondrocytes at day 3 was expressed as a fold change
(FC) according to the following formulae: Log, pre-
chondrocytes signal/MSC signal (d0); P<0.01. A list of dif-
ferentially expressed miRNA transcripts was produced with a
threshold of 1.4 (Supplementary Table S1; Supplementary
Data are available online at www.liebertpub.com/scd).

RNA isolation and real time-quantitative polymerase
chain reaction

RNA was extracted using the miReasy kit according
to the manufacturer’s instructions (Qiagen). Total RNA
(500ng), including miRNAs, was polyadenylated using
E. coli poly(A) polymerase (NEB, Evry, France). After
acid phenol/chloroform purification, RNA was reverse
transcribed with a poly(T) adapter using the MMLYV reverse
transcriptase (Life technologies, Saint Aubin, France) and
used in SYBR Green PCR (Applied Biosystem, Meylan,
France) using the miRNA-specific forward primer and the
sequence complementary to the poly(T) adapter as the re-
verse primer [22]. Briefly, 50 ng cRNA were amplified using
specific primers with the SYBR Green PCR kit. The fol-
lowing primers were used: miR-29a, F-TAGCACCATCTG
AAATCGGTTA and R-GCGAGCACAGAATTAATACG
ACT; miR-29b, F-TAGCACCATTTGAAATCAGTGTT
and R-GCGAGCACAGAATTAATACGACT; miR-29c,
F-TAGCACCATTTGAAATCGGTTA and R-GCGAGCAC
AGAATTAATACGACT; RPS9, F-AAGGCCGCCCGGG
AACTGCTGAC and R-ACCACCTGCTTGCGGACCCTG
ATA. For differentiation markers, the primers used were as
follows: Collagen 2al.2, F- CAGACGCTGGTGCTGCT
and R-TCCTGGTTGCCGGACAT; Collagen 10al, F-TGC
TGCCACAAATACCCTTT and R-GTGGACCAGGAGTA
CCTTGC; Aggrecan, FFATGCCCAAGACTACCAGTGG
and R- TCCTGGAAGCTCTTCTCAGT; YY1, F-GGCAA
CAAGAAGTGGGAGCA and R-CCGTGGGTGTGCAGA
TGTTT; SOX9, F-AGTGCTCAAAGGCTACGAC and R-
GTAATCCGGGTGGTCCTTCT; FOXO3A, F-AGTGGAT
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GGTGCGCTGTGT and R-CTGTGCAGGGACAGGTTGT;
p21, F-ACCGAGGCACTCAGAGGAG and R-CAGGTC
CACATGGTCTTCCT; p27, F-GGACCAAATGCCTGAC
TCGT and R-GGACCAAATGCCTGACTCGT. Analysis of
mRNA expression level was performed using the Roche
LightCycler® 480 softwarel.5. The expression level of
cDNA samples was normalized to the expression of ref-
erence RPS9 mRNA usir}/g the formulae 2~ 2" or as FC
using the formulae 2~ 44,

DNA constructs and cell transfection

MSCs were transfected with 50nM of premiR, antag-
omiR, or siRNA oligonucleotides using Oligofectamine™
reagent following the manufacturer’s instructions (Life
Technologies). Transfection was done twice, on days —4
and — 1 before inducing the differentiation of hMSCs on day
0, by culture in pellets with 10 ng/mL TGF-3 for 21 days.

C-20/A4 chondrocytes (50,000 cells) were transfected
with 1 pg expression plasmids or reporter plasmids using
Lipofectamine™ reagent (Life Technologies). SOX9- and
YYI-expressing vectors (pcDNA3-SOX9 and pcDNA3-
YYI-HA) were previously described [23,24]. FOXO3A
3’UTR was amplified using the platinium taq polymerase kit
(Life Technologies) and primers carrying restriction sites for
Xhol (forward primer 5’-CCGCTCGAGGCAGTGAGAAA
TGTGCGAAG) and Notl (reverse primer 5-ATAAGAATG
CGGCCGCTCCCAACTATTCCGTCTACCA) and cloned
into the psiCHECK-2™ reporter plasmid (Promega, Char-
bonniéres, France). Mutated FOXO3A 3'UTR was obtained
by mutating the miR-29a seed sequence (5'-GTTGTGTTT
TCAAAAAGTTATAATATTGTATAGGTGCTTCTGTTT
AACCTTGTGAAAGTGTGATTATATTCG), using the
QuickChange® Site-Directed Mutagenesis Kit according to
the manufacturer’s recommendations (Stratagene, Massy,
France). Luciferase activity was assessed using the Dual Lu-
ciferase® Reporter Assay System (Promega) and expressed as
the mean ratio of Firefly luciferase to -galactosidase activity.
For premiR or antagomiR over-expression, chondrocytes were
transfected with 50nM oligonucleotides using Lipofectamine
reagent (Life Technologies).

Chromatin immunoprecipitation

C-20/A4 cells were transfected with pcDNA3-SOX9 or
pcDNA3-YYI-HA vectors for 48h and fixed with 1% para-
formaldehyde. Nuclei were lysed using RIPA buffer [10 mM
Tris-HCl pH8, 1mM ethylene diamine tetracetic acid
(EDTA), 500 M EGTA, 140mM NaCl, 1% tritonx 100,
0.1% Na-deoxycholate, 0.1% SDS, protease inhibitor cocktail
(Sigma)] followed by chromatin sonication. Chromatin was
immunoprecipitated with 2 pug of antibodies that were specific
for SOX9 or HA (Cell Signaling, Ozyme, Saint-Quentin en
Yvelines, France) and 25 L. of protein A coupled agarose
beads (Sigma), at 4°C, overnight. DNA was then digested
with 20 pg/mL of proteinase K (Sigma) and purified by
phenol/chloroform extraction (Sigma). Immunoprecipitated
DNA (1/100) was used as a template for real time-quantitative
polymerase chain reaction (RT-qPCR). The sets of primers
were as follows: SOX9-1, F-GCATCAAATTAAAGCTGTGG
GTACA and R-CAGCAAGGGGAGGGTTAGGA; SOX9-11,
F- CAGGCCCCAAGGAAAGTGAC and R-TGCATGGC

AAAAGCTGAACA; SOX9-111, F-CTCAAACCCCAGGGGA
AGTG and R-CGCCAGGTACTCCTGTGTGG; SOX9-1V, F-
GGAGCAGTGTATGTATGGGTGGTT and R-TTCCTTT
TTATCATGTTTTGCTTT; YYI, F-CACTGGTTCAGATG
GCTTCATCA and R-GAAATCGCGCCACTGCAC; negative
Ctrl, F-TCCTAGGAGGTTGCAGGGACA and R- GGA
AGCTGCTGGGAAGTCCT.

Immunoprecipitation and western blot analysis

Cells were lysed using immunoprecipitation (IP) buffer
[20mM Tris-HCI pH8, 137mM NaCl, 1% Nonidet P-40,
2mM EDTA, and protease inhibitor cocktail (Sigma)] and
incubated at 4°C, overnight, with 2 pg of anti-SOX9 or anti-
HA antibodies and 25 pL of protein A-coupled agarose
beads (Sigma). After five rinses in IP buffer, 20 ug proteins
were loaded on a 10% poly-acrylamide gel and allowed to
migrate before transfer onto a PVDF membrane. Western
blot analysis was performed using the following antibodies:
anti-SOXO9 (1:1,000; Cell Signaling), anti-HA (1:1,000; Cell
Signaling), anti-FOXO3a (1:500; Abcam, Paris, France),
and anti-phosphoFOXO3a (1:500; Millipore, Molsheim,
France). Membranes were incubated at 4°C, overnight, with
primary antibody in 5% milk (SOX9) or BSA (others),
0.1% tween 20, and, subsequently, with horseradish
peroxidase-conjugated secondary antibody at room tem-
perature for 1h.

Cell cycle analysis

Human MSCs were transfected with specific pre-miRs,
antagomiRs, or siRNA as described earlier. Forty-eight hours
later, cells were detached with 0.05% trypsin and 0.53 mM
EDTA. Subsequently, the cells were fixed with 70% ethanol
for 15 min on ice. DNA was stained with 50 pg/mL propidium
iodide as previously described [25]. FACS analysis was per-
formed using a Gallios cytometer (Beckman Coulter, Ville-
pinte, France), and results were expressed as the percentage of
cells in the GO/G1 or S+ G2/M phases of the cell cycle.

Statistical analysis

Statistical analysis was performed with GraphPad Soft-
ware (San Diego, CA). Values are given as mean+ SEM of
separate experiments. A comparison between several groups
used one-way analysis of variance followed by Dunnett
post-hoc test or a Student’s r-test for two groups. Differ-
ences were considered significant when P <0.05.

Results

Identification of miR-29a as a down-regulated
miRNA during early chondrocyte commitment

We investigated the miRNAs that might be involved in
the early chondrocyte commitment, using MicroRNA Ar-
rays. We compared miRNA expression profiles between
undifferentiated hMSCs (day 0) and prechondrocytes (day 3)
and found that among the 109 miRNAs which were sig-
nificantly modulated, 33 were up-regulated and 76 were
down-regulated at day 3 (Fig. 1A and Supplementary Table
S1). The mostly highly down-regulated miRNA was miR-
29b with an FC: —5.16; while the other two members of the
family, miR-29¢ and miR-29a, were down-regulated with an
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miR-29a is down-regulated during chondrogenesis. (A) Modulated miRNAs from miRNA profiling data in

hMSCs (day 0) and prechondrocytes (day 3). Black points indicate miRNAs that are significantly modulated between day 0
and 3, while gray points are not modulated. (B) Relative expression of the three members of miR-29 family in hMSCs from
individual patients as normalized to RPS9 (n=6). (C) Relative expression of miR-29a in hMSCs or cartilage from healthy or
osteoarthritic (OA) individual subjects (n=4-7) as normalized to RPS9. (D) Relative expression of miR-29a at different
time points during differentiation of hMSCs towards osteoblasts as normalized to day 0 (n=2). (E-H) Relative expression
of miR-29a (E) or chondrocyte specific markers [Collagen type II, variant 2 (COL2A1A42; F); aggrecan (ACAN; G), SOX9
(H)] at different time points during the differentiation of 3 different individual towards chondrocytes as normalized to day 0;
*P<0.05. miRNAs, microRNAs; hMSCs, human mesenchymal stem cells.

FC of —3.14 and —1.42, respectively. However, miR-29a
was the single member of the family, which was highly
expressed in hMSCs (Supplementary Table S1), and this
result was confirmed by RT-qPCR (Fig. 1B). We next
compared its expression level in hMSCs and primary
chondrocytes and found fourfold more miR-29a in hMSCs
than in normal or OA cartilage, validating its down-
regulation in chondrocytes (Fig. 1C). In agreement with
published data, we confirmed that the expression of miR-29a
increased by a 5- to 10-fold factor during the osteogenic
differentiation of hMSCs and showed that globally, the level
was maintained from day 3 till day 21 (Fig. 1D). Finally, we
explored the expression kinetics of miR-29a during TGF-
B3-induced chondrogenic differentiation of hMSCs. The
time-dependent down-regulation of miR-29a was associated
with up-regulation of aggrecan (ACAN) and collagen type 11
variant 2 (COL2A142), which is the transcript that is spe-
cifically expressed in chondrocytes (Fig. 1E-G). The up-
regulation of the master regulator of chondrogenesis SOX9
required for the transcription of these genes [26] occurred at
day 3 of chondrogenesis and declined thereafter (Fig. 1H).
Indeed, the expression of miR-29a is specifically down-
regulated during the chondrogenic differentiation of hMSCs.

Negative regulation of miR-29a by Sox9 and YY1

To identify potential TFs regulating the expression of
miR-29a, we analyzed the regulatory regions of miR-29a
promoter using the MIR@nt@n software [27]. Analysis
revealed one putative binding sequence for YY1 and four for
SOX9 (Fig. 2A); two TFs whose expression was shown to be
up-regulated at day 3 of chondrogenesis in a previous
analysis [19]. YY1 is a transcriptional repressor of chon-
dromodulin I, a cartilage-specific gene [29]. We, therefore,

postulated that the expression of these TFs might down-
regulate miR-29a levels. To investigate the role of these
TFs, we used the C-20A/4 chondrocyte line, in which the
machinery of gene expression is tightly regulated. After the
transfection of SOX9 alone or along with YY1, we observed
a huge up-regulation of SOX9 (Fig. 2B). Similarly, the up-
regulation of YY/ was detected when YY/ was transfected
alone or with SOX9 (Fig. 2C). Interestingly, significant
down-regulation of miR-29a expression was obtained after
the transfection of SOX9 or YYI but a dramatic effect was
observed when both TFs were over-expressed (Fig. 2D). To
confirm the regulation of miR-29a by the TFs and determine
whether direct binding of the TFs to the miR-29a promoter
exists, we performed chromatin immunoprecipitation ex-
periments using anti-SOX9 or anti-HA-tagged YY1 anti-
bodies. As a control, we used COL2AI as a known target
gene of SOX9. While YY1 did not physically bind to its
putative binding sequence, SOX9 bound to three out of four
binding sites in the miR-29a promoter (Fig. 2E, F). How-
ever, using co-immunoprecipitation technique, we revealed
that YY1 co-immunoprecipitated with SOX9, suggesting
that these two proteins physically interact (Fig. 2G). Alto-
gether, these results demonstrated that SOX9 binds to the
promoter region of miR-29a and negatively regulates its
transcription via an additive action of YY1.

Inhibitory role of miR-29a in chondrogenesis

To evaluate the functional role of miR-29a, we trans-
fected hMSCs with specific premiR and antagomiR oligo-
nucleotides twice on days —4 and —1 before initiating the
chondrogenic differentiation on day 0. Transfection of pre-
miR-29a induced huge up-regulation of miR-29a at day 7
and 14 in the three individual samples, though variability
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between samples was observed (Fig. 3A). This was related
to a significant inhibition of the chondrocyte markers ACAN
and COL2A142 by day 14 and a trend to reduced expression
of these markers and of that of COLIOAI at day 7 (Fig. 3A).
A twofold decrease in the expression of SOX9 was also
detected as soon as day O after premiR-29a transfection as
compared with premiR-Ctrl (Fig. 3B). Moreover, after ini-
tiating the differentiation, a huge down-regulation of SOX9
expression was observed at day 1 (100-fold factor) and day
3 (200-fold factor). Using the antagomiR approach, we
observed no significant induction of chondrocyte markers,
although the average down-regulation of miR-29a by more
than 10°-fold factor was detected from day O to 14 (data not
shown). This is likely due to the high down-regulation of
miR-29a observed when hMSCs are cultured in chondro-
genic conditions.

Since premiR-29a has been reported to be pro-osteogenic
[12,13], we investigated the expression of osteoblastic genes
during the early stages of chondrogenic differentiation. As
expected, we noticed a high up-regulation of RUNX2, ALPL,
and OC after the transfection of premiR-29a (day 0) (Fig.
3B). However, as soon as chondrogenesis was initiated, all
these genes were rapidly down-regulated with expression
levels similar or close to those observed with premiR-Ctrl.
Indeed, the pro-osteogenic effect of premiR-29a was not
sufficient to counterbalance the down-regulation of the

osteogenic program by chondrogenesis-inducing culture
conditions. These data suggest that during chondrogenic
differentiation, the inhibitory effect of miR-29a is not as-
sociated with a switch of differentiation toward the osteo-
blast lineage but rather to a inhibition of differentiation.

miR-29a targets Foxo3a and downstream signaling

To understand the molecular signaling underlying the
regulation of MSC differentiation by miR-29a, we evaluated
the expression of several target genes that have been already
validated. We confirmed that over-expressing miR-29a led
to the down-regulation of COLIAI, COL4A2, and SPARC
expression; while the expression of VEGFA was not mod-
ulated (Fig. 4). These results confirmed the down-regulation
of the osteogenic program (decrease of COLIAI and
SPARC), while other target genes, such as DKKI or SMAD3,
were not regulated by miR-29a over-expression (data not
shown). We also searched for potential new targets and
identified FOXO3A using the TargetScan prediction algo-
rithm. To determine whether FOXO3A is a direct target of
miR-29a, we cloned the wild-type or mutated 3'UTR seed
sequence for FOXO3A-binding site into the 3’UTR of a
luciferase reporter plasmid. The reporter plasmids were
cotranfected with premiR-29a oligonucleotides into C-20A/
4 chondrocytes, and luciferase activity was quantified. We
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found that miR-29a ectopic expression highly reduced lu-
ciferase activity of the wild-type 3’UTR reporter plasmid as
compared with that of the control or mutated reporter
plasmids, implying that FOXO3A is a direct target of miR-
29a (Fig. 5A). To further confirm that miR-29a negatively
regulated FOXO3A expression, we used a reporter plasmid
where the luciferase expression was dependent on an
FOXO3A-responsive promoter [29]. We, therefore, co-
transfected this reporter plasmid along with premiR-29a,
antagomiR-29a, or siFOXO3A oligonucleotides into C-20A/
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during chondrogenesis. Expression of already validated
target genes for miR-29a [collagens type I and type IV
(COLIAI and COLA4A2); osteonectin (SPARC); and vascular
epithelial growth factor alpha (VEGFA)] at different time
points during the chondrogenic differentiation of three in-
dividual hMSC samples previously transfected with premiR-
control (P-C) or premiR-29a (P-29). #P<0.01.

4 chondrocytes. In these experiments, we revealed the
down-regulation of luciferase activity with premiR-29a and
siFOXO3A compared with that observed with respective
controls (Fig. 5B). The transfection of antagomiR-29a re-
sulted in opposite results. At the protein levels, the trans-
fection of premiR-29a oligonucleotides into hMSCs led to a
significant down-regulation of endogenous FOXO3a; while
phosphoFOXO3a proteins were increased as compared with
premiR-Ctrl. The transfection of antagomiR-29a signifi-
cantly up-regulated expression of both forms (Fig. SD-E).

In parallel, we evaluated the kinetics of FOXO3A ex-
pression during chondrogenesis. We previously described
that the expression of FOXO3A progressively increases
during chondrogenesis of murine MSCs [30]. Here, we
confirmed the up-regulation of FOXO3A, which was nega-
tively correlated with miR-29a expression, during the
chondrogenic differentiation of hMSCs (Fig. 5C). Finally,
we showed a negatively correlated expression of miR-29a
and FOXO3A in hMSCs transfected with premiR-29 as
compared with premiR-Ctrl and cultured in chondrogenic
conditions (Fig. 5G, H). In these experiments, even though
the down-regulation of FOXO3A was not significant due to
variability in transfection efficiencies of primary MSCs
from different individuals, the expression of FOXO3A ten-
ded to decrease by a 5.7-fold factor. Together, these results
suggest that FOXO3A is a target of miR-29a.

Down-regulation of Foxo3a inhibits chondrogenic
differentiation

Finally, we aimed at evaluating how miR-29a-mediated
down-regulation of FOXO3A may result in chondrogenesis
inhibition. First, we wanted to confirm the effect of FOXO3A
down-regulation on chondrogenesis by investigating the
effect of siRNAs against FOXO3A on the differentiation of
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FIG. 5. FOXO3A is a target of miR-29a. (A) C-20A/4 chondrocytes were transfected with premiR-29a oligonucleotides and
PsiCHECK-2 luciferase reporter plasmids carrying null (Ctrl), wild-type (wt), or mutated FOXO3A 3’UTR seed sequences.
Renilla luciferase activity was first normalized as the ratio of Renilla to firefly luciferase activity (Rluc/fluc) and expressed here as
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after transfection with premiR- or antagomiR-control (P-C or A-C respectively) or premiR- or antagomiR-29a (P-29 or A-29,
respectively), or siRNAs control or against FOXO3A (si-C or si-Foxo, respectively) and a reporter plasmid with the luciferase
gene under control of a promoter containing FOXO3A responsive elements. Results are expressed as relative luciferase unit
(RLU) normalized to B-Galactosidase reporter gene under control of CMV promoter (n=3). (C-E) Western blotting analysis
with anti-FOXO3A, -pFOXO3A (phosphorylated FOXO3A), or—ACTIN antibodies on C-20A/4 cell extracts after transfection of
premiRs or antagomiRs. Quantitative analysis of FOXO3A (C) and pFOXO3A (D) normalized to P-C or A-C and representative
photographs of three independent experiments (E). (F) Relative expression of FOXO3A mRNA during the chondrogenic
differentiation of three individual hMSCs assessed by RT-qPCR. (G, H) Fold-change expression of miR-29a (G) or FOXO3A
mRNA (H) during the chondrogenic differentiation of three individual hMSCs previously transfected with premiR-Ctrl or
premiR-29a (P-C or P-29 respectively); *P <0.05; **P <0.01; and ***P <0.001.

hMSCs. We found that siFOXO3A transfection resulted in
impaired formation of cartilaginous pellets from hMSCs.
Pellets were flat and yellowish instead of round and glossy as
observed with control siRNA (Fig. 6A). Accordingly, FOX-
O3A down-regulation inhibited chondrogenesis with lower
expression of the chondrocyte specific markers, COL2A142
and ACAN (Fig. 6B). In subsequent experiments, we observed
that FOXO3A over-expression in C-20A/4 chondrocytes up-
regulated SOX9 expression, while miR-29a was repressed
(Fig. 6C). We previously showed that SOX9 inhibited miR-
29a, which, in turn, inhibited FOXO3A; the overall effect of
SOX9 is, therefore, FOXO3A induction. These results sug-
gested that FOXO3A expression is important for SOX9 reg-
ulation and exerts a positive feedback loop to enhance SOX9
levels and, as a result, FOXO3A during chondrogenesis. In-
terestingly, FOXO3A up-regulation and related enhanced
SOX9 expression was associated with increased expression of
FOXO3A-targeted genes, p21 and p27, which exhibit anti-
proliferative function. Due to this and data reporting that
deletion of FOXO3A leads in some stem cell populations to
increased cell cycle progression (for review, see Ref. [31]),
we evaluated the effect of premiR-29a or siFOXO3A on the
cell cycle of hMSCs. Using both approaches, the down-reg-
ulation of FOXO3A resulted in enhanced cell proliferation as
shown by lower percentage of cells in the GO/G1 phases (Fig.
6D) and higher percentage of cells in the S+ G2/M phases
(Fig. 6E). These results enabled us to conclude that FOXO3A

is required for MSC commitment toward chondrocytes by
repressing cell cycle progression.

Discussion

Here, we report a previously uncharacterized role of miR-
29a in the inhibition of chondrogenic differentiation
of MSCs. The key finding of our study is that miR-29a
negatively regulates chondrogenesis likely by targeting
FOXO3A, which mediates the survival and proliferation of
MSC:s. In other words, miR-29a expression and FOXO3A
inhibition are required for the maintenance of the undiffer-
entiated, proliferative state of MSCs.

There are four miR-29 members: miR-29a and —29b1, on
the one hand, and miR-29¢ and miR-29b2, on the other hand,
which are transcribed within two different pri-miRNAs. miR-
29b1 and miR-29b2 have identical mature sequences, which
are together called miR-29b. All mature miR-29s share
identical seed sequences, and, therefore, predicted target
genes for the family members largely overlap [32]. There is
now strong evidence that the members of the miR-29 family
play important roles in regulating fibrosis by targeting several
genes related to extracellular matrix, immune response, apo-
ptosis/cell proliferation through the inhibition of oncogenes or
anti-apoptotic genes, and differentiation. For example, miR-
29s were previously attributed a pro-osteogenic function in
MSCs or osteoblast progenitors as well as a pro-myogenic
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FIG. 6. FOXO3A is required for chondrogenic differentiation. (A) Photographs of MSC-derived chondrocyte pellets at day
14 after transfection of hMSCs with siRNA control (upper panel) or siRNA-FOXO3A (lower panel). (B) Relative expression of
collagen type II (Col2A142) and aggrecan (ACAN) mRNAs in pellets of two individual hMSCs transfected with siRNA control
or siRNA-FOXO3A (si-Ctrl or si-Foxo3a, respectively). (C) Expression of different transcripts in C-20A/4 chondrocytes
after transfection with a plasmid expressing FOXO3A, assessed by RT-qPCR (n=3). P21 and p27 are targets of FOXO3A (D,
E) Percentage of hMSCs at the GO/G1 stage (D) or S+ G2/M stage (E) of the cell cycle after transfection with premiR-control
or —29a (P-C or P-29), antagomiR-control or —29a (A-C or A-29), si-control or si-FOXO3A (si-C or si-Foxo).

effect in primary muscle cells [13—15], while they inhibit the
differentiation of naive T lymphocytes toward Thl pro-
inflammatory lymphocytes [33]. Indeed, the expression of
miR-29 increases during osteoblastic differentiation, and
miR-29 over-expression up-regulates osteogenesis [12,13].
The activation of osteogenic differentiation functions pri-
marily by directly targeting inhibitors of signaling pathways
that are required for osteogenesis (TGF-f3, HDAC4, DKK-1,
KREMEN?2, and SFRP2) and attenuating collagen expression
(COLIAI, COL4A2, and COL5A3) in mature osteoblasts to
maintain the differentiated phenotype [13]. During myogen-
esis, the expression of miR-29 is also up-regulated [15].
The increased expression of miR-29 reduces HDAC4 pro-
tein, which acts as a co-repressor of muscle regulatory fac-
tors through the direct inhibition of MEF2. Furthermore,
treatment with TGF-B1, a well-characterized inhibitor of
myogenesis, induces increased expression of HDAC4 by
down-regulating miR-29 expression. Interestingly, in that
study, the authors found that miR-29 can dominantly suppress
TGF-p signaling through the inhibition of Smad3 expression,
explaining the fact that miR-29 can reduce HDAC4 expres-
sion required for induction of the myogenic program despite
potentially high levels of TGF-f. Its role during the differ-
entiation of MSCs toward chondrocytes has not been ad-
dressed. In the present study, we, therefore, investigated the
role of miR-29 during the chondrogenic differentiation of
MSCs. We found that the expression of miR-29a was high in
MSCs and progressively decreased during chondrogenesis,
while markers of chondrocytes appeared. We further dem-
onstrated that over-expression of miR-29a resulted in the
inhibition of chondrogenesis in vitro and of endochondral
ossification in vivo (data not shown). We, therefore, provided

evidence that miR-29a is a negative regulator of the chon-
drogenic differentiation of MSCs.

One important finding of our study relates to the tran-
scriptional regulation of miR-29a in chondrocytes. Previous
studies have reported the negative regulation of miR-29
expression by various transcriptional regulators and signal-
ing pathways such as C-MYC, HEDGEHOG, WNT, or
NF-KB signaling [32]. On the other hand, CCAAT/enhancer
binding protein alpha (CEBPA) was reported to activate
miR-29 transcription [34]. Here, we demonstrated that
SOX9 can physically bind to at least three out of its four
putative binding sites within the proximal miR-29a/bl
promoter and negatively regulate miR-29 transcription. This
finding strongly suggests that SOX9 is the direct regulator of
miR-29a transcription. During the chondrogenesis of MSCs,
SOX9 likely acts as the missing link between TGF-p-
induced Smad3 signaling, as shown in muscle cells [15], and
negative regulation of miR-29a. Moreover, we found that
SOXO9 acts in synergy with the TF YY1 to suppress miR-29a
expression. Although we observed the regulation of miR-29
transcription by YY1, we were unable to detect direct
binding of YY1 within the promoter of miR-29. However,
during chondrogenesis, YY1 may recruit SOX9, as sug-
gested by the co-immunoprecipitation experiment, and act
as a transcriptional corepressor of miR-29. This last hy-
pothesis is further supported by one study reporting that in
MSCs, YY1 binds to the core-promoter region of chon-
dromodulin (ChM)-I, which is a specific gene for cartilage
tissue, and represses ChM-I transcription; whereas in
chondrocytes, the transcriptional repression of YY1 is re-
lieved by p300 [28,35]. We, thus, may hypothesize that,
during chondrogenic differentiation, the binding of YY1 to
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the miR-29 promoter is displaced and YY1 preferentially
binds to SOX9 and acts as a transcriptional co-repressor of
miR-29a, resulting in chondrocyte differentiation.

The other new finding of our study is the demonstration
that FOXO3A is a direct target of miR-29a. Several targets
of miR-29s have already been described in other cell
models that may explain their effect on chondrogenesis.
Indeed, the regulation of extracellular matrix genes, in
particular several collagen isoforms and integrin 1, which
have important functions for the generation and stability of
the chondrocyte phenotype as well as a role in fibrosis
occurrence, has been reported [36]. In addition, miR-29s
target known inhibitors of osteoblast differentiation, among
which are TGF-B3, activin A receptor ITA, DUSP2, and
antagonists of the pro-osteoblastic canonical WNT pathway
[12,13]. The importance of this signaling pathway was
reported several years ago when genetic inactivation of
B-catenin was reported to cause ectopic formation of
chondrocytes at the expense of osteoblast differentiation
[37]. Therefore, after the inhibition of miR-29a by SOX9,
WNT-induced signaling pathways will be shut off by en-
hanced expression of antagonists, resulting in osteogenesis
inhibition. Interestingly, miR-29a directly targets HDAC4,
which inhibits the TFs RUNX2 and MEF2C, which are
involved, respectively, in osteogenic and myogenic differ-
entiation of mesenchymal progenitors as well as terminal
differentiation of chondrocytes toward hypertrophy [38,39].
Moreover, in the presence of TGF-f1, HDAC4 was re-
ported to speed up and maintain high levels of chon-
drogenesis [40]. In the present study, we confirmed the
down-regulation of some of the miR-29a targets during
chondrogenesis that might participate in controlling chon-
drogenesis inhibition. However, in addition to the mecha-
nisms earlier, we propose that miR-29a may inhibit
chondrogenesis by controlling the expression of FOXO3A.
Although FOXO3A is the only member of the FOX family
having a putative target sequence for miR-29a, we also
checked that at least two other family members, FOXA3 and
FOXOIA, are not regulated by miR-29a (data not shown).
As a result of miR-29a inhibition by SOX9, FOXO3A ex-
pression increased during chondrogenesis, and we have
previously reported that it was correlated with increased
apoptosis [30]. In this last study, the down-regulation of
FOXO3A resulted in increased differentiation. We confirmed
here, using human MSCs, the up-regulation of FOXO3A
during chondrogenesis, which was negatively correlated
with miR-29a expression. Moreover, the forced expression
of miR-29a reduced FOXO3A mRNA expression at early
steps of MSC differentiation, and this resulted in chon-
drogenesis inhibition. While this result may appear contra-
dictory with our previous report, it is likely that transient
down-regulation of FOXO3A by RNA interference did not
lead to a similar effect of stable expression of an siRNA
in cell clones. Moreover, we demonstrate that the down-
regulation or over-expression of FOXO3A, respectively,
resulted in the up- or down-regulation of SOX9, ACAN, and
COL2AI. These three genes were identified as putative
targets, as they contain FOXO3A-binding sequences on their
genomic sequences. Although we cannot exclude that
FOXO3A and miR-29a may use different mechanisms of
action, we demonstrate, for the first time, that FOXO3A is
required for the chondrogenesis of adult MSCs.

FOXO3 expression in osteoblasts has been shown to be
indispensable for skeletal homeostasis in mice [41]. The
deletion of FoxO3 resulted in decreased number of osteo-
blasts and bone formation. Conversely, the over-expression
of a FoxO3 transgene in mature osteoblasts increased bone
formation. However, the function of FoxO3a during chon-
drogenesis is not fully clarified, even though some studies
have been performed on mesenchymal cells isolated from
mouse embryos at stages E12.5 or E15.5 [42]. In that study,
the authors nicely showed that the Akt-FoxO pathway en-
hanced chondrocyte proliferation but inhibited chondrocyte
maturation and cartilage matrix production. More recently,
another study reported that continued expression of Sox9 in
differentiated chondrocytes was essential to sustain survival
mechanisms by binding to the Pik3ca promoter, inducing
AKT phosphorylation [43]. During the chondrogenic dif-
ferentiation of adult MSCs, in parallel to the activation of
the PI3K-Akt pathways, Sox9 might up-regulate FoxO3a
expression via the inhibition of miR-29a. This dual activa-
tion could result in an enhanced phosphorylated form
of FOXO3a, inducing survival mechanisms and differenti-
ation. The fact that over-expressing FOXO3A results in
SOX9 up-regulation strongly suggests that it may control
chondrogenesis, but FOXO3A may also act via a regulatory
feedback loop mechanism and maintain SOX9 expression
(Fig. 7). Indeed, although not formally proved in the present
study, we could hypothesize that SOX9 induction of cell
survival mechanisms through FOXO3A might be a regulator
for chondrogenic differentiation.

In conclusion, we report here that the down-regulation of
miR-29a by SOX9 is required for MSCs to differentiate into
chondrocytes, and this might be mediated through FOXO3A
up-regulation. Both over-expression of miR-29a and inhi-
bition of FOXO3A, using a specific siRNA, in MSCs causes
a decrease of chondrocyte markers in vitro. These findings
imply that FOXO3A inhibition is likely to be involved in the
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FIG. 7. A proposed model of the mechanisms by which
miR-29a expression controls chondrogenesis commitment.
The inhibitory effect of TGF-f on miR-29 expression
through Smad3-dependent pathway and up-regulation of
HDAC4 expression, as previously reported '> (normal case), is
directly mediated via SOX9 during chondrogenesis (bold case).
YY1 cooperates with SOX9 and inhibits miR-29 expression,
resulting in FOXO3A induction and chondrogenesis (bold
case). HDAC4, histone deacetylase 4; TGF, transforming
growth factor.
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maintenance of the multipotent state of MSCs. As a con-
sequence, the increase of FOXO3A expression is required
for chondrogenesis. This may be of relevance for the use of
MSC:s in tissue engineering approaches.
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