












TABLE 2
Effect of Foxo1 miRNA on developing tibia
Bone volume fraction (BVF), bone mineral density (BMD), and total mineral content (Min Cont) were determined by microCT. Expression of Foxo1 (Foxo 1 exp), Foxo3
(Foxo 3 exp), and Foxo4 (Foxo 4 exp)measured by semiquantitative RT-PCR in tibiae infectedwith Foxo1miRNA viral vector is presented relative to levels in tibiae infected
with control miRNA vector. Data are expressed as means � S.D. of three experiments.

Control Foxo 1 miRNA

Foxo 1 exp 1 0.32 � 0.06a
Foxo 3 exp 1 1.2 � 0.24
Foxo 4 exp 1 1.3 � 0.26
BVF (%) 13.7 � 1.87 8.54 � 0.94a
BMD (mg/cc) 263.1 � 18.27 232.3 � 15.54a
Min Cont (�g) 5.6 � 1.4 2.3 � 0.8a

a Significantly different from control miRNA values (p � 0.05).

FIGURE 4. Silencing Foxo1 impairs skeletal development in mouse embryos. Foxo1 miRNA silencing specificity was evaluated by EMSA in C3H10T1/2 cells
infected with Foxo1 miRNA or control miRNA lentiviral vectors (48 h) and stimulated with BMP2 (100 ng/ml) for 24 h (A). Foxo1 expression was reduced in vivo,
by tail vein injection of pregnant mice (E14.5) with these lentiviral vectors. Skeletons of E16.5 embryos were stained with alizarin red and Alcian blue. B, note the
overall decrease in size of skeletal structures in experimental animals (ii) compared with control (i). Black arrowheads show additional ossification centers in
control animals (i). C, clavicles from control (i) and experimental embryos (ii) were photographed side by side. D, axial view of cranial bones from control (i) and
experimental (ii) embryos after removing cranial vault structures are shown (Md � mandible, n � nasal bone, PM � pre-maxilla, Mx � maxilla, PP � palatine
process). Tibiae from experimental and control embryos were analyzed by microCT and 3D images created (E).
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compete with the labeled probe, whereas probe C produced
only partial competition (Fig. 6C). Additionally, four base
mutations introduced into the putative binding sites A, B, and
C, and the Runx2 promoter activity in response to Foxo1 over-
expressionwas reduced 92%, 89 and 74%, respectively (Fig. 6D).
A ChIP assay was used to investigate if Foxo1 binds directly

to the Runx2 promoter. C3H10T1/2 cells were treated with
BMP2 for 48 h, and their chromatin was immunoprecipitated
overnight with either anti-Foxo1 antibody or normal rabbit
IgG. Immunoprecipitates were analyzed byWestern blot using
anti-Foxo1 antibody (Fig. 6E). The PCR analysis using specific
primers flanking the putative Foxo1 binding sites in the Runx2,
ALP, or osteocalcin promoter showed a 14.2-fold (Fig. 6F), 2.7-
fold (Fig. 6G), and 9-fold (Fig. 6H) increase in the expression of
these markers in the Foxo1 precipitates when compared with
the IgG control. Analysis of promoter sequences of numerous
osteoblast markers (Biobase, Biological Databases, Beverly,

MA) revealed the presence of both Foxo1 and Runx2 putative
binding sites in close proximity (�100 bp) (data not shown)
suggesting the possibility of direct interaction between these
two transcription factors and cooperation during transcrip-
tional regulation of osteoblast differentiation. To investigate
this possibility, we conducted co-immunoprecipitation experi-
ments. Note the increase in Runx2 protein in the immunopre-
cipitates using anti-FLAG antibody (Fig. 6I, left panel) and
Foxo1 protein in the immunoprecipitates using anti-Runx2
antibody (Fig. 6I, right panel). To eliminate the possibility of
nonspecific interaction between Foxo1 and Runx2 due to over-
expression of Foxo1, immunoprecipitation experiments were
also performed using MC3T3-E1 cells treated with BMP2 (Fig.
6J). Results were in agreement with immunoprecipitation after
Foxo1 overexpression in C3H10T1/2 and support the direct
interaction between these transcription factors.
To further validate the cooperation of these 2 transcription

factors in gene regulation Foxo1 and Runx2 were co-trans-
fected into mesenchymal cells (Fig. 6K). Although the transfec-
tion with either Foxo1 or Rux2 resulted in an increase osteocal-
cin expression level as measured by RT-PCR (3.8- and 6.4-fold,
respectively), a synergistic response resulting in an 18-fold
increase in expression was observed in the presence of these
two transcription factors (statistically significant, p � 0.05).

DISCUSSION

The Foxo subfamily of forkhead box transcription factors
regulates expression of genes in a variety of physiological
events, but their role in growth and development, specifically
on skeletogenesis, is not well characterized. In this investiga-
tion, using differentmethods andmodelswehave defined a new
and important function for Foxo1 in skeletal development.
It has been previously reported that Foxo1 is expressed in

different tissues, such as brain (28), heart (29, 30), liver (29, 30),
lung (31, 32), muscle (33), and fat (18). Here, we show that,
during embryonic development, Foxo1 is expressed at its high-
est level in the areas of intramembranous bone formation, such
as calvaria, and endochondral bone formation, such as the
diaphysis of long bones.
Foxo1 knock-out animals would be ideal to evaluate the

effect of Foxo1 on skeletogenesis, but these animals do not sur-
vive past E10.5–11, which is before osteoblast differentiation
(34, 35) occurs. Because Foxo1 have awide variety of roles, early
conditional knock-out in mesenchymal cells could nonspecifi-
cally disturb developmental process. Also conditional knock-
out mice in specific cell types, such as osteoblasts, will not
determine early events before differentiation of mesenchymal
cells into osteoblasts. As a consequence, our strategy was to
down-regulate Foxo1 expression/activity around the time of
active skeletogenesis in developing embryos using microRNA
technology delivered through a lentivirus, to avoid disturbing
other developmental processes. Recent work on animal gene
therapy has demonstrated extensive gene silencing at the
tissue level (36, 37), which supports the use of lentivirus
and miRNA as a powerful tool for silencing in vivo models
and even non-dividing cells (38). Similarly, our finding sug-
gests a potential usage for miRNA in developmental biology
studies.

FIGURE 5. Silencing Foxo1 expression in tibia organ culture reduces
osteoblast markers and bone growth. The cartilaginous epiphysis and
bone forming region of the diaphysis of E15.5 mouse tibia (A) (cartilage
stained with Alcian blue, bone stained with alizarin red) were dissected.
Runx2 and Foxo1 activity levels were measured (B). Data are shown as activity
levels in diaphysis relative to the epiphysis. *, significantly different from
epiphysis (p � 0.05). In parallel experiments, tibiae were infected with either
miRNA Foxo1 or control miRNA lentiviral vectors or no vector at all (control).
Two days later tibiae were collected, mRNA was extracted from the two
regions (epiphysis and diaphysis), and expression levels of Foxo1, Runx2, and
alkaline phosphatase (ALP) were determined by semiquantitative RT-PCR (C).
Data are shown as expression levels in diaphysis relative to the epiphysis. *,
significantly different from epiphysis; **, significantly different from control
and control miRNA (p � 0.05). Some tibiae were also fixed and embedded in
paraffin, and sections were stained with hematoxylin & eosin (D) or von Kossa
and Alcian blue (E) to visualize mineralization of the bone forming region of
the diaphysis. Histological images of tibia collected at the initiation of the
experiments are also shown (E15.5).
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Because Foxo1 null mice show embryonic lethality and
defects in the formation of the vascular system of the embryo
and yolk sac (34, 35), it can be argued that silencing Foxo1
indirectly affects skeletogenesis through its impact on angio-

genesis. Although this possibility cannot be ruled out, the short
duration of our silencing approach and our in vitro and ex
vivo results supports the direct contribution of Foxo1 in
skeletogenesis.

FIGURE 6. Foxo1 regulates Runx2 promoter activity, binds to the promoter of Runx2, ALP, and Osteocalcin genes, and directly interacts with Runx2
protein. Shown are the schematic of potential Foxo1 binding sites in the Runx2 promoter, position of synthetic oligonucleotide probes, PCR primer location,
and mutations in three Foxo1 binding sites (A). C3H10T1/2 cells were co-transfected for 48 h with a plasmid containing either Foxo1 or control plasmid, and
Runx2 promoter luciferase plasmid (containing a 0.9- or 1.3-kb promoter fragment), in the absence of any osteogenic stimulant (B). Data are presented as a ratio
of experimental/control luciferase. Values relative to control vector are shown. *, significantly different from control (p � 0.05). Activation of Foxo1 was
measured by EMSA after C3H10T1/2 stimulation with BMP2 (100 ng/ml) for 24 h, using competitive DNA probes A, B, and C. C, unlabeled Foxo1 in excess was
used as a competitive inhibitor. A probe with a nonspecific sequence was used as non-competitive probe. Runx2 promoter luciferase constructs carrying a
four-base mutation in Foxo1 binding sites (M1, M2, and M3) were used to measure promoter activity in response to Foxo1 overexpression (D). Data are
presented as a ratio of experimental/control luciferase. Values relative to control vector are shown. Data are expressed as means � S.D. of three experiments.
*, significantly different from wild-type (WT) construct (p � 0.05). Foxo1 protein binding to the Runx2, ALP, and osteocalcin promoter was evaluated using ChIP
assay. C3H10T1/2 cells were treated with BMP2 (100 ng/ml) for 48 h. Chromatin was immunoprecipitated with either anti-Foxo1 antibody or normal rabbit IgG
as control. Western analysis of immunoprecipitates was performed using anti-Foxo1 antibody (E). DNA from each immunoprecipitation reaction was examined
by real-time PCR using specific primers flanking the putative Foxo1 binding site in the Runx2 (F) or ALP (G) or Osteocalcin (H) promoters. Results are presented
as amplification levels in relation to IgG control precipitates. Data are expressed as means � S.D. of three experiments. *, significantly different from IgG control
(p � 0.05). Nuclear extracts of C3H10T1/2 cells that have been transfected with pcDNA3 FLAG Foxo1 and treated with BMP2 (100 ng/ml) were immunopre-
cipitated (IP) with an anti-FLAG, anti-Runx2, or with nonspecific IgG antibodies. Immunoprecipitated complexes were analyzed by Western blotting with
anti-Runx2 (left panel) or anti-Foxo1 (right panel) antibodies (I). In similar experiments, MC3T3-E1 cells were treated with BMP2 (100 ng/ml) and nuclear extracts
were immunoprecipitated with anti-Foxo1 or with nonspecific IgG antibodies. Immunoprecipitated complexes were analyzed by Western blotting with
anti-Runx2 antibody (J). C3H10T1/2 cells were transfected for 48 h with a plasmid containing Foxo1, Runx2, or control plasmid. Some cells were co-transfected
with a Foxo1 and Runx2 plasmid. Expression of osteocalcin was measured by semiquantitative RT-PCR (K). Values relative to control vector are shown. Data are
expressed as means � S.D. of three experiments. *, significantly different from Foxo1 or Runx2 alone (p � 0.05) (I).
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Previously, we andothers have demonstrated that Foxo1may
play a role in apoptosis (39, 40) or cell cycle progression (41).
The effect of Foxo1 on proliferation and apoptosis was studied
at in vitro and in vivo levels to demonstrate that themechanism
through which silencing Foxo1 impairs skeletogenesis is not
related to these events. At the in vitro level Foxo1 silencing or
overexpression did not have a significant effect on apoptosis or
proliferation of osteoblasts in comparison with scrambled
siRNA. Similarly, embryos infected with Foxo1miRNA did not
demonstrate higher apoptosis in comparisonwith embryos that
received control miRNA. This is consistent with a recent study
that demonstrated Foxo1 conditional knock-out mice did not
show any adverse effect on apoptosis or proliferation (42).
Therefore, we conclude that it is possible for Foxo1 to affect
skeletogenesis through a direct role in the differentiation of
osteoblasts.
Our in vitro findings demonstrate that Foxo1 is critical dur-

ing BMP2-induced differentiation of mice mesenchymal cells
into osteoblasts. Although it cannot be ruled out that a percent-
age of these cells under BMP-2 stimulation can differentiate
into chondroblasts (43), at the cell densities used and the dura-
tion of our study (1 week) the expression of collagen type II
(chondrogenic marker) did not change significantly, which
argues in favor of activation of the osteogenic pathway.
Foxo1 activity is detected in vitro shortly after stimulation of

mesenchymal cells with SHH (25), or PTHrP (26), which sug-
gests that Foxo1 activity is stimulated by other osteogenic
agents in addition to BMP2. Activation of Foxo1 during differ-
entiation of MC3T3-E1 cells in response to ascorbic acid and
�-glycerophosphate or primary human mesenchymal cells in
response to dexamethasone demonstrates that activation of
Foxo1 is not an isolated phenomenon tied to a specific cell line.
Runx2 has been shown to play a critical role in osteoblast

differentiation (44–46). In this study we demonstrate that
Foxo1 directly interacts with Runx2 promoter through at least
three DNA binding sites and regulates its expression. The
observation that Foxo1protein levels and activitywere detected
earlier than Runx2 expression supports the model that Foxo1
activation is positioned as an upstream event in Runx2-medi-
ated osteoblast differentiation. This is in agreement with our in
vivo findings that demonstrated silencing of Foxo1 during
embryonic bone formation had a significant impact on many
skeletal elements, including long bones, clavicles, and bones in
the craniofacial area, which mimic, to some extent, the skeletal
abnormalities found inmice heterozygous for the Runx2muta-
tion (45). This phenotype is similar to the cleidocranial dyspla-
sia syndromeobserved in humans. It should be emphasized that
the effect of silencing Foxo1 on skeletogenesis can be due in
part to a direct effect on chondrocyte differentiation or matu-
ration, which has not been addressed in this report.Our current
work explores this possibility.
Although these data place Foxo1 upstream of Runx2 signal-

ing, the co-immunoprecipitation results, together with the pro-
moter sequence analysis of numerous osteogenic factors and
osteoblast marker genes, and the synergic effect of Foxo1 and
Runx2 on osteocalcin expression, strongly support the possibil-
ity of cooperation between these two transcription factors dur-
ing osteoblast differentiation. Indeed, recentwork (42) showing

that osteocalcin promoter has binding sites for both Runx2 and
Foxo1 argues in favor of functional interaction between Foxo1
and Runx2. Further functional analysis to clarify the nature of
this interaction is necessary. However, Foxo1 may also control
osteoblast differentiation through direct regulation of osteo-
genic genes such asALP (15). The presence of binding sites only
for Foxo1 in the promoters of some of these genes argues in
favor of a Runx2-independent effect of Foxo1.
Recently, it has been shown that Foxo1 represses peroxisome

proliferator-activated receptor-�, and through this mechanism
prevents the differentiation of preadipocytes (16–18, 30, 31).
Similarly, the expression of constitutively active Foxo1
decreases myoblast differentiation (30) and reduces muscle
mass in transgenic mice (49). Our data suggests that Foxo1
drives mesenchymal cells toward osteogenic differentiation by
up-regulating the expression of osteogenic markers. Taken
together, these studies suggest a role for Foxo1 as an early mol-
ecule in determining the destiny ofmesenchymal cells. The role
of Foxo1 in differentiation of osteoblasts also can explain the
mechanism of BMP2 inhibition of normal adipocyte differenti-
ation and concurrent stimulation of the osteogenic pathway
(50).
It has been shown that bone marrow at a very early age is

virtually devoid of adipocytes, whereas with aging, a decrease in
bone volume occurs with a reciprocal increase in fat deposits
within the marrow (observed, e.g. in age-related osteopenia)
(51–53). Because the adult organism does not possess a large
population of mesenchymal cells (54–56), understanding the
pathway controlling the balance between bone formation and
adipogenesis can lead to the development of novel therapeutic
approaches in the prevention or treatment of conditions
characterized by inadequate bone formation and excessive
marrow adipogenesis. In addition, controlling the commitment
and differentiation ofmesenchymal cells into osteoblasts is also
of considerable interest for enhancement of bone formation in
amyriad of clinical situations, including bone repair, treatment
of non-unions, and maintenance of bone mass during aging.
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