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Skeletogenesis depends on the activity of bone-forming cells
derived from mesenchymal cells. The pathways that control
mesenchymal cell differentiation are not well understood. We
propose that Foxol is an early molecular regulator during mes-
enchymal cell differentiation into osteoblasts. In mouse
embryos, Foxol expression is higher in skeletal tissues, while
Foxol silencing has a drastic impact on skeletogenesis and
craniofacial development, specially affecting pre-maxilla, nasal
bone, mandible, tibia, and clavicle. Similarly, Foxo1 activity and
expression increase in mouse mesenchymal cells under the
influence of osteogenic stimulants. In addition, silencing Foxol
blocks the expression of osteogenic markers such as Runx2,
alkaline phosphatase, and osteocalcin and results in decreased
culture calcification even in the presence of strong osteogenic
stimulants. Conversely, the expression of these markers
increases significantly in response to Foxol overexpression.
One mechanism through which Foxo1 affects mesenchymal cell
differentiation into osteoblasts is through regulation of a key
osteogenic transcription factor, Runx2. Indeed, our results show
that Foxol directly interacts with the promoter of Runx2 and
regulates its expression. Using a tibia organ culture model, we
confirmed that silencing Foxol decreases the expression of
Runx2 and impairs bone formation. Furthermore, our data
reveals that Runx2 and Foxo1 interact with each other and coop-
erate in the transcriptional regulation of osteoblast markers. In
conclusion, our in vitro, ex vivo, and in vivo results strongly sup-
port the notion that Foxol is an early molecular regulator in the
differentiation of mesenchymal cells into osteoblast.

Undifferentiated mesenchymal cells can differentiate into
osteoblasts (bone-forming cells), adipocytes (fat cells), chon-
drocytes (cartilage cells), and myocytes (muscle cells) under the
influence of various hormones and growth factors (1). Commit-
ment and differentiation of mesenchymal cells into osteoblasts
is crucial during skeletal development and bone growth.

Whether mesenchymal cells differentiate along the osteo-
genic or other pathway depends on the activation of specific
transcription factors. The importance of transcription factors
in controlling skeletal development can be appreciated in the
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human skeletal disorder cleidocranial dysplasia. In this condi-
tion, deregulation of an important osteogenic transcription fac-
tor, Runx2, produces a striking phenotype with anterior fonta-
nelle, hypoplasia or aplasia of the clavicle, wide pubic
symphysis, and short stature (2).

Although some of the transcription factors that control
osteoblast differentiation are well characterized, the role of oth-
ers remains unclear. One such factor is Foxol (forkhead box
class O). Foxol belongs to the winged helix/forkhead family of
transcription factors that is characterized by a 100-amino acid
monomeric DNA-binding domain called the FOX domain.
Other portions of the forkhead proteins, such as the DNA
transactivation or DNA transrepression domains, are highly
divergent (3). The functions of Foxol are dynamically regulated
by post-transcriptional modification. Foxol is phosphorylated
at the three sites: Thr-24, Ser-253, and Ser-316 (4—8). The
phosphorylation of Foxo1 leads to its cytoplasmic retention and
the inhibition of its transcriptional activity. On the other hand,
dephosphorylation localizes Foxo1 to the nucleus, where Foxol
binds to the forkhead response element in the promoter of tar-
get genes and interacts with transcriptional coactivators,
resulting in transcriptional regulation (9).

In vitro and in vivo studies have shown that FOXO transcrip-
tion factors control the regulation of many genes involved in
fundamental cellular processes, including cell cycle regulation,
cell death, modulation of inflammation, metabolism, protec-
tion from oxidative stress, and cell survival (10—15). Recently,
the role of Foxol in differentiation of mesenchymal cells started
to unravel. It has been shown that activation of Foxol prevents
mesenchymal cells from differentiating into fat or muscle cells
(16-18). We hypothesize that inhibition of adipogenesis or
myogenesis by Foxol concurrently signals mesenchymal cells
toward osteogenesis. This possibility is supported by the obser-
vation that the alkaline phosphatase gene, a marker of osteo-
blast differentiation, contains a forkhead response element in
its promoter (19).

In the present study, we demonstrate that Foxo1 is expressed
during skeletogenesis in mouse embryos and that Foxol activ-
ity increases in the early hours of differentiation of mesenchy-
mal cells into osteoblasts in vitro. Silencing Foxol significantly
disturbs skeletogenesis iz vivo and ex vivo and prevents expres-
sion of osteoblast markers and subsequent matrix calcification.
In addition, Foxol controls Runx2 expression, and can directly
interact with this transcription factor, suggesting that Foxol
induces osteoblast differentiation through regulation and inter-
action with Runx2. Based on these findings, we propose that
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Foxol is an early and important regulator of mesenchymal cell
differentiation into osteoblasts.

EXPERIMENTAL PROCEDURES

Study Design—The first series of experiments evaluated
Foxo1 expression in mouse skeletal tissues at E15.5, a period of
active bone formation, by RT-PCR and immunohistochemis-
try. Foxol expression was silenced in vivo and ex vivo (tibia
organ culture) using a lentiviral vector carrying miRNA. The
silencing level and specificity were determined by RT-PCR and
EMSA, and the impact on bone formation was studied by RT-
PCR, histological methods, whole embryo staining, and
microCT.?

A mouse embryonic cell line treated with the osteogenic
stimulants BMP2, SHH, and PTHrP was used to demonstrate
that Foxol regulates mesenchymal cell differentiation into
osteoblasts. Foxol expression, protein levels, and activity were
measured over time and in parallel with Runx2, alkaline phos-
phatase, type I collagen (osteoblast markers), and type II colla-
gen (chondrocyte marker). The effect of Foxol overexpression
and silencing on osteogenic markers such as Runx2, alkaline
phosphatase, osteocalcin, and mineral deposition was exam-
ined in vitro by RT-PCR, ELISA, and biochemical staining. The
specificity of the gene silencing was confirmed by RT-PCR,
EMSA, ELISA, proliferation, and apoptosis studies. The inter-
action of Foxol with Runx2 was investigated by means of pro-
moter reporter constructs, mutagenesis, EMSA, ChIP assay,
RT-PCR, and co-immunoprecipitation studies.

Cell Culture Models—Mouse embryonic C3H10T1/2 cells
(ATCC, Manassas, VA) were maintained in Basal Medium
Eagle (Sigma-Aldrich) containing 10% fetal bovine serum (FBS)
and antibiotics at 37 °C, in a 5% CO,, atmosphere. The murine
osteoblastic cell line, MC3T3-E1, subclone 14(CRL-2549,
ATCC) was cultured in alpha modified Minimum Essential
Medium (a-MEM) supplemented with 10% FBS, and antibiot-
ics. Osteogenic differentiation was induced using 100 ng/ml
BMP2 (Genscript, Piscataway, NJ). In some experiments SHH
(500 ng/ml) or PTHrP (10~ M) was added to medium. Calcifi-
cation studies were performed in presence of ascorbic acid (50
png/ml) and 10 mm B-glycerophosphate. Alizarin red staining
was performed for visualization of calcium deposits. Primary
human mesenchymal cells were cultured in a-MEM supple-
mented with 10% FBS and 10~ 7 M dexamethasone as previously
described (20). Cell proliferation was measured by counting
cells after fixation and staining with toluidine blue. Apoptosis
was measured by detecting cytoplasmic histone-associated
DNA (Roche Applied Science).

Foxol and Runx2 Activity—Foxol and Runx2 activity was
measured using an ELISA-based kit (Active Motif, Carlsbad,
CA). Briefly, nuclear proteins were extracted, and their protein
content was measured (Pierce Protein Assay, ThermoFisher
Scientific Inc., Rockford, IL). Nuclear extracts were incubated
with immobilized oligonucleotides that bind Foxol or Runx2
followed by successive incubations with primary (anti-Runx2

2 The abbreviations used are: microCT, micro computed tomography; SHH,
sonic hedgehog; PTHr, parathyroid hormone-related peptide; ALP, alka-
line phosphatase; miRNA, microRNA.
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and anti-Foxol) antibody, horseradish peroxidase-conjugated
secondary antibody, and measuring the colorimetric reaction
by spectrophotometry. Wild-type consensus oligonucleotides
at a higher concentration were used as a specific competitor
and mutated consensus oligonucleotides were used as
non-competitor.

EMSA—Interactions between nuclear proteins and Foxol
DNA probe (CAAAACAA) were investigated using an EMSA
kit (Panomics Redwood City, CA) following the manufacturer’s
instructions. Specificity was demonstrated for each reaction by
adding 100-fold molar excess of unlabeled competitive oligo-
nucleotide or unlabeled nonspecific oligonucleotide. Three
potential Foxol DNA binding sites were identified in the Runx2
promoter using Biobase (Biobase, Biological Databases, Bev-
erly, MA) and three unlabeled oligonucleotides corresponding
to these sites were created: synthetic probe A: CCATTATA-
AACAACAAAAACTTACAGTTTC (—1204 to —1233), syn-
thetic probe B, AGAATTATACAAAACATTTTCTTT-
GAAAAGAT (—1071 to —1100), and synthetic probe C,
CCTGACATTTGTTTTTTAAGATCTTCAAAG (—986 to
—1015). In some experiments nuclear proteins were incubated
with a 100-fold excess of unlabeled probes A, B, and C.

Silencing Foxol in Vitro Using siRNA—C3H10T1/2 cells
were incubated with Foxol siRNA or scrambled siRNA mixed
with HiPerFect Reagent (Qiagen, Valencia, CA) following the
manufacturer’s protocol. For calcification study, cells were
incubated with Foxol siRNA (or scrambled siRNA) once a
week and stimulated with BMP2 for 14 days.

Foxol Overexpression and Runx2 Promoter Studies—
C3H10T1/2 cells were transfected with Lipofectamine2000
(Invitrogen, Carlsbad, CA) following the manufacturer’s proto-
col with pcDNA3 Flag Foxol (Addgene, Cambridge, MA) or
pcDNA3.1 as a control. Transfection efficiency was determined
using pcDNA3-EGFP (Addgene, Cambridge, MA), and Foxol
protein levels were evaluated by Western blot using polyclonal
antisera against Foxol (Cell Signaling Technology, Danvers,
MA). Runx2 promoter activity was determined using a pGL4.10
firefly luciferase reporter plasmid (Promega, Madison, WI)
containing two different fragments of the mouse Runx2 pro-
moter region (—0.9 kb or —1.3 kb upstream of transcription
starting site), and pGL4.74 basic plasmid (Renilla luciferase) for
control of transfection efficiency. In some experiments a muta-
tion was introduced in potential binding sites of Foxol in the
Runx2 promoter. Cells were harvested 24 h post-transfection
and tested using a luciferase assay system (Dual-Glo, Promega,
Madison, WI) and a Synergy HT Multi-Mode Microplate
Reader (BioTek, Winooski, VT). Data were expressed as the
ratio of experimental sample’s luminescence/control luciferase
luminescence.

RT-PCR—Expression of alkaline phosphatase (ALP), osteo-
calcin, type I and type II collagen, Foxol, Foxo3, Foxo4, and
Runx2 was analyzed by semiquantitative real-time RT-PCR.
mRNA was isolated using the RNeasy Kit, and RT-PCR was
conducted using the QuantiTect SYBR Green RT-PCR kit (Qia-
gen) on a DNA Engine Optican 2 System (M] Research, Wal-
tham, MA). Specific primers for these genes were designed
using the murine sequences and for GAPDH as a reference
“housekeeping gene” for quantification. Relative expression
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levels are reported as “-fold change” (x in the following formula)
in gene expression and calculated using the threshold cycle (C,)
and the following formula, in which ctl = control, exp = exper-
imental, and GAPDH = the housekeeping gene: x = 244,
where AAC, = AE — AC, AE = C,.,, = Cigappry and AC =
Ciet — Cigarpu- The absolute number for AAC, was used in the
calculation, and a negative AAC, was considered an increase
while a positive AAC, was considered a decrease in gene
expression.

ChIP Assay—Formaldehyde (1% final concentration) was
added directly to culture medium for 10 min at ambient tem-
perature to cross-link DNA and bound protein. The cells were
lysed and sonicated on ice followed by immunoprecipitation
overnight with anti-Foxol antibody or normal rabbit IgG (Cell
Signaling Technology, Danvers, MA), mixed with Protein G
Magnetic Beads and collected by centrifugation at 1000 X g.
Protein-DNA complexes were eluted from the beads followed
by a cross-link reversal step. DNA from each immunoprecipi-
tation reaction was examined by semiquantitative PCR. The
Foxol-responsive region of the mouse ALP, osteocalcin, and
Runx2 promoters was mapped for primer design using Geno-
matix Software (Munich, Germany). The specificity of the
immunoprecipitation was confirmed by Western blot analysis
using antibody against Foxol (Cell Signaling Technology, Dan-
vers, MA).

Co-immunoprecipitation and Western Blot  Analysis—
C3H10T1/2 cells were transfected with pcDNA3 FLAG Foxol
(Addgene, Cambridge, MA) as described above. BMP2 was added
after 24 h (100 ng/ml), and after an additional 48-h nuclear extracts
were collected and co-immunoprecipitation performed (Univer-
sal Magnetic Co-IP kit, Active Motif, Carlsbad, CA). Briefly,
nuclear extracts were combined either with rabbit monoclonal
FLAG antibody (Sigma-Aldrich), rabbit polyclonal Runx2 or spe-
cies matched normal IgG (Santa Cruz Biotechnology, Santa Cruz,
CA). Immunoprecipitates were collected with protein G-coated
magnetic beads. Co-immunoprecipitation experiments were also
conducted with MC3T3-E1 cells treated with BMP2 (100 ng/ml)
for 48 h (without transfection). Total nuclear extracts or immuno-
precipitates were fractionated by electrophoresis on a 10%
SDS-polyacrylamide gel and transferred onto a PVD membrane
(polyvinylidene difluoride membrane, Bio-Rad), probed with
monoclonal antibodies against either Runx2 or Foxol, and visual-
ized with horseradish peroxidase-conjugated secondary antibody
and chemiluminescence.

Silencing Foxol Using miRNA—The tail vein of CD1 timed-
pregnant mice (Charles River Laboratories, Wilmington, MA)
at E14.5 were injected with lentivirus (pLenti6/V5-DEST,
Invitrogen) containing an engineered microRNA (miRNA) for
silencing Foxo1 or negative control miRNA (virus titer, 5 X 10°
TU/ml). The miRNA insert was designed to target and cleave
Foxol mRNA. The control miRNA can form a hairpin struc-
ture, but does not target any known vertebrate gene.

Skeletal Staining—Embryos were collected at E16.5 for whole
embryo staining with alizarin red and Alcian blue. Embryos
were dissected and tissues, including tibia, were used to extract
mRNA. Embryos were fixed in 70% ethanol overnight, and
placed 0.05% alizarin red, 0.015% Alcian blue, 5% acetic acid, in
70% ethanol overnight. Soft tissues were removed by incuba-
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tion with 1% KOH before storage in glycerol. Digital images of
stained bones were analyzed using digital image analysis soft-
ware (Image], National Institutes of Health) to quantify the area
of stained bones.

Organ Culture—For organ culture studies, tibiae were iso-
lated from E15.5 embryos using a stereomicroscope (Nikon,
Melville, NY) and allowed to equilibrate overnight in serum-
free @-MEM media containing 0.2% bovine serum albumin
(BSA), 0.55 mm L-glutamine, 40 units/ml penicillin, and 40
pg/ml streptomycin as described by Serra et al. (21). Tibiae
were infected with the lentiviral system described above, con-
taining either engineered microRNA for silencing Foxol, neg-
ative control miRNA, or no vector and were kept in culture for
48 h before histological analysis. Experiments were repeated at
least 3 times, with 6 -9 bones per treatment. Tibiae were also
microdissected, to separate the cartilage region (epiphysis)
from the region of active bone formation (diaphysis) and RNA
or nuclear proteins were extracted for real time RT-PCR or
studies of transcription factor activity.

microCT—Embryos were isolated, and tibiae were collected
for microCT analysis 48 h post-tail injection, fixed in 4%
paraformaldehyde in PBS overnight, and scanned using the
Enhanced Vision Systems Model MS-8 In Vitro micro com-
puted tomography (microCT) scanner (Amersham Bio-
sciences) at the Imaging Core of the Hospital for Special Sur-
gery (New York, NY). microCT was used to obtain mineral
content and density, bone volume fraction, density of bone, and
cross-sectional geometry using the instrument’s software.

Immunohistochemistry—Embryos were collected from three
CD1 timed-pregnant mice (Charles River Laboratories, Wilm-
ington, MA) at E15.5 fixed with 4% paraformaldehyde, embed-
ded in paraffin, and cut into 5-um sections. Immunohisto-
chemistry staining was performed as previously described (22)
using a Vectastain ABC kit (Vector Laboratories, Burlingame,
CA) and polyclonal antibody specific for mouse Foxol (Santa
Cruz Biotechnology, Santa Cruz, CA). Sections were counter-
stained with Mallory Trichrome stain, mounted, and scanned
on Scan Scope G optical microscope (Aperio, Bristol, UK) at
10X. Cultured tibiae were also fixed, embedded in paraffin, and
sectioned. Sections were stained with hematoxylin & eosin to
visualize cellular structures, Alcian blue to detect cartilage
matrix, and von Kossa to detect mineral deposition.

Statistical Analysis—Each experiment was carried out with
at least three replicate samples per group, and each experiment
was performed three times. Each value represents the mean *
S.D. of three independent experiments (z = 3). Significance was
tested by non-parametric analysis at the p < 0.05 level using the
Mann-Whitney test.

RESULTS

Mouse embryonic mesenchymal cells (C3H10T1/2 cells)
that have the potential to differentiate into adipocytes, myo-
blasts, chondroblasts, and osteoblasts were used to study early
events in the commitment of mesenchymal cells into osteo-
blast. These cells differentiate into osteoblasts in response to
BMP2 (23, 24), sonic hedgehog (SHH) (25), and parathyroid
hormone-related peptide (PTHrP) (26). When mesenchymal
cells were treated with BMP2, Foxol activity increased 2.5-fold
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FIGURE 1.Foxo1 activity and expression increase during osteogenic differentiation. Mouse mesenchymal cells (C3H10T1/2 cells) were treated with BMP2
(100 ng/ml) to induce osteoblast differentiation. At different time points (h = hours, d = days), cells were collected, and nuclear extracts were isolated and used
to measure Foxo1 and Runx2 activities (A) and Western blot analysis (B). In parallel experiments, mRNA levels for Foxo1, Runx2, and ALP were determined by
semiquantitative RT-PCR (C). mRNA levels for type | and type Il collagen were also measured during the first week in culture (D). Foxo1 activity was also
determined in nuclear extracts of C3H10T1/2 cells stimulated with SHH (500 ng/ml) and PTHrP (10”7 m) (E). mRNA levels for Foxo1 in human mesenchyme
primary cells stimulated with dexamethasone (10~ m), determined by semiquantitative RT-PCR (F). Relative expression values to unstimulated cells are shown.
Data are expressed as means = S.D. of three experiments. *, significantly different from unstimulated cells (p < 0.05).

in comparison with cells that did not receive BMP2 after 12 h
(Fig. 1A), continued to increase in activity after 1, 3, and 7 days,
and decreased to 1.8-fold by day 14. The increase in Foxol
activity relative to control, at all time points studied was statis-
tically significant (p < 0.05). Runx2 activity at 3, 6, and 12 h was
not statistically significant. Runx2 activity increased to 2.5-fold
and 1.9-fold at days 3 and 7, respectively, and these changes
were statistically significant (p < 0.05). At day 14, Runx2 activ-
ity returned to control levels. Similarly Western blotting dem-
onstrates early detection of Foxo1 protein in nuclear extracts of
cells treated with BMP2 (Fig. 1B).

In cells that were treated with BMP2, Foxol expression
increased from 1.3-fold at 6 h to 3.7-fold at day 14 with a peak of
4.1-fold at day 7 (Fig. 1C). Similar to Foxo1l, expression of Runx2
and ALP increased significantly during the time course of study
and peaked at 3.1- and 5.2-fold, respectively, at day 7. In addi-
tion, a 4.5-fold increase in type I collagen expression (p < 0.05)
was observed in the first week in culture, while type II collagen
expression did not change significantly at the cell densities used
in these study (Fig. 1D).

Activation and expression of Foxol in C3H10T1/2 was not
limited to BMP2 stimulation. Similar results were obtained in
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response to other osteogenic stimulants. SHH and PTHrP
increased Foxol activity 2.7- and 2.3-fold, respectively, in the
first 24 h (Fig. 1E). To demonstrate that this phenomenon was
not limited to mouse mesenchymal cells, activation of Foxol
was also measured in primary human mesenchymal cells in
response to dexamethasone with similar results (Fig. 1F).
Foxol expression was down-regulated in vitro in both
C3H10T1/2 and MC3T3-E1 cells with siRNA to obtain insight
into Foxol function. This strategy successfully reduced Foxol
binding activity in MC3T3-E1 cells as demonstrated by EMSA
(Fig. 2A). Specificity of binding was demonstrated by the com-
petitive inhibition with excess unlabeled probe. Silencing
Foxol did not affect the expression of other members of the
FOXO family, Foxo3, and Foxo4 (Fig. 2B), or affect cell prolif-
eration or cell death significantly (Table 1). Foxol expression
decreased in C3H10T1/2 mesenchymal cells by 76% (Fig. 2C).
Silencing of Foxo1 expression in mesenchymal cells was able to
reduce the up-regulation of Runx2, ALP, and osteocalcin
expression in response to BMP2 treatment by 68%, 71%, and
63%, respectively (Fig. 2C). Foxol silencing also decreased
the activity of Foxol and Runx 2 by 79 and 62%, respectively
(Fig. 2D). In addition, cells that were transfected with Foxol
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siRNA showed markedly less calcium accumulation in the The effect of Foxol on Runx2 protein levels in nuclear
extracellular matrix (Fig. 2E), as visualized by alizarin red extracts, key osteoblast marker, in the absence of BMP2 stimu-
staining. lation was evaluated by overexpression of Foxol in C3H10T1/2
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TABLE 1
Effect of Foxo1 siRNA on apoptosis and proliferation

Apoptosis (+/— Proliferation (+/—
S.D.) S.D.)
on* %

Control 143+/-12 200+/—4.8

Scr siRNA 175+/-23 171+/-2.3

Foxol siRNA 181+/—31 175+/-56

“ OD, optical density.
A i . .
cells (Fig. 2F). Compared with controls, Foxol overexpression @7 *
also significantly up-regulated the expression of Runx2 (2.2- ::‘J- e .
fold), ALP (2.7-fold), and osteocalcin (4.6-fold) (Fig. 2G) (p < #hae
0.05). N "
Silencing of Foxol Impairs Normal Skeletogenesis—The ; 57
expression of Foxol was evaluated during active skeletal devel- 5
opment, E15.5 (Fig. 34), because this stage has the most ossifi- A Higin noue epbhvalr. [ikse "dRsitiveR cahla
cation centers present in the mouse embryonic skeleton (27).
The results demonstrated that Foxol is expressed in multiple B tfri'" lengue epip;ysis liver=  digphyess Caj""afia
tissues, i.e. brain, tongue, liver, and cartilage, with the highest  Fpoxo1 ,ﬁ'{, @; Q&-‘ﬁ% @ % ,52,"'-’;.
expression levels in areas of mesenchymal cell differentiation e o y W = e
into bone, such as the developing calvaria (7-fold) and diaphysis S F g et o
(7-fold) of long bones. Immunohistochemical staining of these ~ Control '?é:.%:- #’: ) e s
3 4 = CEa

tissues (Fig. 3B) confirmed these observations.

Pregnant mice were injected with either Foxol miRNA or
control miRNA to evaluate the role of Foxol on skeletogenesis.
The specificity of the Foxol miRNA was first tested in
C3H10T1/2 cells by EMSA (Fig. 4A). Foxol expression in cal-
varia and tibia was silenced 68% (Table 2). Foxo3 and Foxo4
expression did not change with Foxol miRNA (Table 2). Whole
skeleton staining with alizarin red and Alcian blue showed that
silencing Foxol impaired skeletal development (Fig. 4B).
Embryos that received the Foxol miRNA lentiviral vector were
smaller in size with delayed ossification of supraoccipitale and
forelimbs (arrowheads in Fig. 4B, panel i). In addition, in the
craniofacial area, the nasal bone, premaxilla, and mandible
were on average 20% smaller, which was statistically significant
(Fig. 4B). Also, in embryos exposed to Foxol miRNA, there
were 35 and 40% decrease in ossification of the clavicles (Fig.
4C) and palatine process (Fig. 4D), respectively (p < 0.05). The
microCT scans of the tibiae from these embryos reveal a 38%
decrease in the bone volume fraction, a 12% decrease in the
bone mineral density, and a striking 59% decrease in the overall
mineral content of the tibiae (Table 2). The three-dimensional
reconstruction of microCT data from representative tibiae
shows the considerably different appearance of these embry-
onic bones (Fig. 4E).

Foxol Regulates Runx2 Expression and Directly Interacts
with Runx2—Organ culture was used to examine the Foxol
mechanism of action on skeleton development. The ex vivo
culture of developing bones is a versatile three-dimensional
model to study the effect of Foxol expression/activity on bone
formation. Indeed, we found that in comparison with regions
that remain cartilaginous (epiphysis) (Fig. 54), the activity of
Foxol in the areas of active bone formation (diaphysis) was
3.4-fold higher (Fig. 5B) and, interestingly, the activity of Runx2
in the same nuclear extracts was 6.7-fold higher (Fig. 58). When
mouse embryonic tibiae were incubated with lentivirus
expressing Foxol miRNA for 48 h, the expression of Foxol was
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FIGURE 3. Foxo1 expression is elevated in skeletal tissues during mouse
development. Mouse embryos (E15.5) were collected and mRNA extracted
from different tissues for semiquantitative RT-PCR (A). Results are presented
as Foxo1 expression levels relative to expression in brain. *, significantly dif-
ferent from brain levels (p < 0.05). Some embryos were fixed and embedded
in paraffin, and sections were used for immunohistochemistry staining with
anti-Foxo1 antibody (Foxo1) or pre-immune serum (control). Foxo1-positive
cells are stained brown in different tissues (B).

reduced 76%, Runx2 expression decreased 63%, and ALP
expression decreased 61% (Fig. 5C) in the areas of active bone
formation. The histological appearance of tibia exposed to
Foxol miRNA was also very different from tibia exposed to
control miRNA. Silencing of Foxol ex vivo resulted in shorter
(Fig. 5D) and less mineralized tibiae as shown by von Kossa
staining of the diaphysis of these long bones (Fig. 5E).

A luciferase reporter plasmid containing different fragments
of the Runx2 promoter was used to investigate the possibility of
Foxol controlling Runx2 expression. Sequence analysis of the
Runx2 promoter suggested the presence of three putative
Foxo1 binding sites between —900 to —1300 kb (Fig. 6A4) and
two binding sites below —900 kb region of the promoter. In the
first step of screening for potential binding sites, C3H10T1/2
cells were co-transfected with a plasmid containing either
Foxo1 or control plasmid, and the Runx2 promoter luciferase
plasmid (0.9 or 1.3 kb) for 48 h, in the absence of any osteogenic
stimulant. Fig. 6B shows that overexpression of Foxol in com-
parison to control plasmid resulted in a statistically significant
increase in Runx2 promoter activity (p < 0.05) based on lucif-
erase activity (2.7-fold). This effect was observed only with the
promoter fragment that included the Foxol binding sites
between —900 and —1200 kb (1.2-kb fragment). To further
characterize the binding sites in the region between —900 and
—1300 kb, three potential sequences were identified (Fig. 6A4),
and three synthetic oligonucleotide were created. (probes A, B,
and C) for EMSA, encompassing these three regions. EMSA
results demonstrated that probes A and B had the ability to
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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 (/). C, clavicles from control (i) and experimental embryos (i) 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).

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 Foxol (Foxo 1 exp), Foxo3
(Foxo 3 exp), and Foxo4 (Foxo 4 exp) measured by semiquantitative RT-PCR in tibiae infected with Foxol miRNA 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 = 0.06"
Foxo 3 exp 1 1.2 +0.24
Foxo 4 exp 1 1.3 +0.26
BVEF (%) 13.7 = 1.87 8.54 * 0.94"
BMD (mg/cc) 263.1 £ 18.27 232.3 * 15.54"
Min Cont (ug) 56+ 14 2.3 +0.8“

“ Significantly different from control miRNA values (p < 0.05).
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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 () 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).

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 Foxol over-
expression was reduced 92%, 89 and 74%, respectively (Fig. 6D).

A ChIP assay was used to investigate if Foxol 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-Foxol antibody or normal rabbit
IgG. Immunoprecipitates were analyzed by Western blot using
anti-Foxol 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 Foxol precipitates when compared with
the IgG control. Analysis of promoter sequences of numerous
osteoblast markers (Biobase, Biological Databases, Beverly,
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MA) revealed the presence of both Foxol 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. 6/, left panel) and
Foxol protein in the immunoprecipitates using anti-Runx2
antibody (Fig. 61, right panel). To eliminate the possibility of
nonspecific interaction between Foxol and Runx2 due to over-
expression of Foxol, immunoprecipitation experiments were
also performed using MC3T3-E1 cells treated with BMP2 (Fig.
6J). Results were in agreement with immunoprecipitation after
Foxol 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 Foxol and Runx2 were co-trans-
fected into mesenchymal cells (Fig. 6K). Although the transfec-
tion with either Foxo1l 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 different methods and models we have defined a new
and important function for Foxo1 in skeletal development.

It has been previously reported that Foxol 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, Foxol 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.

Foxol knock-out animals would be ideal to evaluate the
effect of Foxol on skeletogenesis, but these animals do not sur-
vive past E10.5-11, which is before osteoblast differentiation
(34, 35) occurs. Because Foxol have a wide 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 Foxol 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.
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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 (/P) 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 (/). 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) (/).

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 Foxol in
skeletogenesis.

Because Foxol 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 Foxol
indirectly affects skeletogenesis through its impact on angio-
ACEVEN
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Previously, we and others have demonstrated that Foxol may
play a role in apoptosis (39, 40) or cell cycle progression (41).
The effect of Foxol on proliferation and apoptosis was studied
at in vitro and in vivo levels to demonstrate that the mechanism
through which silencing Foxol impairs skeletogenesis is not
related to these events. At the in vitro level Foxol silencing or
overexpression did not have a significant effect on apoptosis or
proliferation of osteoblasts in comparison with scrambled
siRNA. Similarly, embryos infected with Foxol miRNA did not
demonstrate higher apoptosis in comparison with embryos that
received control miRNA. This is consistent with a recent study
that demonstrated Foxol conditional knock-out mice did not
show any adverse effect on apoptosis or proliferation (42).
Therefore, we conclude that it is possible for Foxol to affect
skeletogenesis through a direct role in the differentiation of
osteoblasts.

Our in vitro findings demonstrate that Foxol 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.

Foxol activity is detected in vitro shortly after stimulation of
mesenchymal cells with SHH (25), or PTHrP (26), which sug-
gests that Foxol activity is stimulated by other osteogenic
agents in addition to BMP2. Activation of Foxol during differ-
entiation of MC3T3-E1 cells in response to ascorbic acid and
B-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
Foxol directly interacts with Runx2 promoter through at least
three DNA binding sites and regulates its expression. The
observation that Foxo1 protein levels and activity were detected
earlier than Runx2 expression supports the model that Foxol
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 Foxol 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 in mice heterozygous for the Runx2 muta-
tion (45). This phenotype is similar to the cleidocranial dyspla-
sia syndrome observed in humans. It should be emphasized that
the effect of silencing Foxol 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 Foxol 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 Foxol and
Runx2 on osteocalcin expression, strongly support the possibil-
ity of cooperation between these two transcription factors dur-
ing osteoblast differentiation. Indeed, recent work (42) showing
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that osteocalcin promoter has binding sites for both Runx2 and
Foxol argues in favor of functional interaction between Foxol
and Runx2. Further functional analysis to clarify the nature of
this interaction is necessary. However, Foxol may also control
osteoblast differentiation through direct regulation of osteo-
genic genes such as ALP (15). The presence of binding sites only
for Foxol in the promoters of some of these genes argues in
favor of a Runx2-independent effect of Foxol.

Recently, it has been shown that Foxo1 represses peroxisome
proliferator-activated receptor-vy, and through this mechanism
prevents the differentiation of preadipocytes (1618, 30, 31).
Similarly, the expression of constitutively active Foxol
decreases myoblast differentiation (30) and reduces muscle
mass in transgenic mice (49). Our data suggests that Foxol
drives mesenchymal cells toward osteogenic differentiation by
up-regulating the expression of osteogenic markers. Taken
together, these studies suggest a role for Foxol as an early mol-
ecule in determining the destiny of mesenchymal cells. The role
of Foxol 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 of mesenchymal 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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