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Foxo1 Mediates Insulin-like Growth Factor 1 (IGF1)/Insulin
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in Osteoblasts™
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In this study, we determined the molecular mechanisms
whereby forkhead transcription factor Foxol, a key downstream
signaling molecule of insulin-like growth factor 1 (IGF1)/insulin
actions, regulates Runx2 activity and expression of the mouse
osteocalcin gene 2 (Bglap2) in osteoblasts in vitro. We showed
that Foxol inhibited Runx2-dependent transcriptional activity
and osteocalcin mRNA expression and Bglap2 promoter activity in
MC-4 preosteoblasts. Co-immunoprecipitation assay showed that
Foxol physically interacted with Runx2 via its C-terminal region in
osteoblasts or when co-expressed in COS-7 cells. Electrophoretic
mobility shift assay demonstrated that Foxol suppressed Runx2
binding to its cognate site within the Bglap2 promoter. IGF1 and
insulin prevented Foxo1 from inhibiting Runx2 activity by promot-
ing Foxol phosphorylation and nuclear exclusion. In contrast, a
neutralizing anti-IGF1 antibody decreased Runx2 activity and
osteocalcin expression in osteoblasts. Chromatin immunoprecipi-
tation assay revealed that IGF1 increased Runx2 interaction with a
chromatin fragment of the proximal Bglap2 promoter in a PI3K/
AKT-dependent manner. Conversely, knockdown of Foxol
increased Runx2 interaction with the promoter. This study estab-
lishes that Foxol1 is a novel negative regulator of osteoblast-specific
transcription factor Runx2 and modulates IGF1/insulin-depend-
ent regulation of osteocalcin expression in osteoblasts.

Foxol is a forkhead transcription factor that is defined by its
amino forkhead DNA binding domain and carboxyl trans-acti-
vation domain. Foxo1 plays a pivotal role in mediating the effect
of insulin or insulin-like growth factor 1 (IGF1)? on the expres-
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sion of genes involved in cell growth, differentiation, metabo-
lism, and longevity (1-5). Insulin or IGF1 exerts its inhibitory
effect on gene expression via a highly conserved sequence (TG/
ATTTT/Q), termed the insulin response element (IRE), in the
promoter of genes that are negatively regulated by insulin/
IGF1. In the absence of insulin/IGF1, Foxol resides in the
nucleus and binds as a trans-activator to the IRE, enhancing
promoter activity. In response to insulin, Foxol is phosphory-
lated at three highly conserved phosphorylation sites (Thr-24,
Ser-256, and Ser-319) through the PI3K-dependent pathway,
resulting in its nuclear exclusion and inhibition of target gene
expression (1, 2, 6). Except for Foxo6 (7), all members of the
Foxo superfamily undergo insulin/IGF1-dependent phosphor-
ylation and nuclear exclusion. Failure to phosphorylate Foxol
results in its permanent nuclear localization and constitutive
trans-activation of gene expression. This phosphorylation-de-
pendent Foxol translocation has been viewed as an acute
mechanism for insulin or growth factors to inhibit gene expres-
sion, as insulin-induced Foxol phosphorylation is kinetically
coupled to its subsequent translocation to the cytoplasm (1, 8).

Osteoblasts, the bone-forming cells, originate from multipo-
tential mesenchymal cells. Osteoblast activity and function are
regulated by a number of growth factors and hormones includ-
ing IGF1, insulin, bone morphogenetic proteins (BMPs), basic
fibroblast growth factor 2 (FGF-2), parathyroid hormone
(PTH), tumor necrosis factor-a (TNF-«), and extracellular
matrix signals (9-21). At the molecular level, osteoblast func-
tion is controlled by several key transcription factors including
Runx?2, osterix, and ATF4 (22-29). Runx2 is a runt domain-
containing transcription factor that is characterized as a tran-
scriptional activator of osteoblast differentiation and master
gene for bone development (22-26). Runx2 expression and
activity are controlled by a number of factors including IGF1,
BMPs, FGF-2, PTH, TNF-a, and extracellular matrix signals (9,
12-14, 30, 31) as well as by nuclear factors via protein-protein
interactions (29, 32—46).

Recent studies showed that osteocalcin, an osteoblast-spe-
cific product encoded by the Bglap2 (bone y-carboxyglutamate
protein) gene plays a critical role in regulating glucose metab-
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olism (10, 11, 47). Using mice lacking Foxo1 selectively in osteo-
blasts, Rached et al. (48) recently showed that Foxo1 expressed
in osteoblasts regulates glucose homeostasis through an osteo-
calcin-dependent mechanism. Specifically, osteoblast-condi-
tional inactivation of Foxol increased f-cell proliferation and
insulin secretion and sensitivity. Importantly, osteoblastic
osteocalcin protein, which is active in the absence of 8-carbox-
ylation, was found to be responsible for the metabolic actions of
Foxol in regulating glucose homeostasis. Foxol decreases
osteocalcin mRNA expression and increases osteocalcin car-
boxylation. Foxol achieves the latter by increasing the expres-
sion of Esp, a gene that encodes a protein that decreases osteo-
calcin function (i.e. increases its carboxylation). Therefore,
Foxol negatively regulates both osteocalcin production/ex-
pression and function. However, the molecular mechanism
whereby Foxol suppresses the Bglap2 gene is undefined. In this
study, we hypothesized that Foxol inhibits Bglap2 gene expres-
sion and promoter activity, at least in part, via suppression of
Runx2, a major transcriptional activator of the Bglap2 gene (25,
49). To address this hypothesis, we analyzed the molecular
interplay between Runx2 and Foxol in Bglap2 gene expression
in osteoblasts. We demonstrate that Foxol physically binds to
and functionally antagonizes Runx2 from driving Bglap2
expression. Furthermore, we demonstrate that IGF1/insulin
prevents Foxol from inhibiting Runx2, probably by promoting
Foxol phosphorylation and nuclear exclusion in osteoblasts.
This effect results in inhibition of Foxo1 action, which contrib-
utes to increased osteocalcin expression in osteoblasts and
favors glucose homeostasis.

EXPERIMENTAL PROCEDURES

Reagents and Cell Lines—Tissue culture media and fetal
bovine serum were obtained from HyClone (Logan, UT).
Mouse MC3T3-E1 subclone 4 (MC-4) cells were described pre-
viously (31, 50) and maintained in AA (ascorbic acid)-free
a-modified Eagle’s medium (a-MEM), 10% fetal bovine serum
(FBS), and 1% penicillin/streptomycin and were not used
beyond passage 15. COS-7 cells and rat UMR106 — 01 osteosar-
coma cells were described (46, 51, 52). IGF1 was purchased
from R&D Systems, Inc (Minnepolis, MN). Insulin and
LY294002 were purchased from Sigma Aldrich.

DNA Constructs—Wild-type (wt) or mutated (mt)
6XRUNX2-LUC (also known as p6OSE2-luc (49)) or BGLAP2-
LUC (also known as p657mOG2-luc (49)), which contains 2-bp
substitution mutations in the OSE2 sites that abolishes Runx2
binding, 4XATF4-LUC (p4OSE1-luc (53, 54)), pPCMV5/3-gal,
pCMV/Runx2 expression plasmids (wt, amino acids 1-410,
amino acids 1-330, amino acids 1-286, amino acids 1-258)
containing cDNAs encoding either wt Runx2 or C-terminal
deletions under CMV promoter control, and full-length GST-
Runx2 and GST-Foxol fusion protein expression vectors were
previously described (29, 46, 49, 53, 55, 56). HA-tagged pCMV/
Runx2 expression plasmids containing cDNAs encoding wt or
N-terminal deletions (AN97, AN242, and AN326) under CMV
promoter control were previously described (57). To generate
pCMV/Foxol expression plasmids expressing truncated forms
of Foxol (amino acids 1-558, amino acids 1-456, amino acids
1-360, amino acids 1-258), a stop code (TAA, TAG, or TGA)
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that results in premature stop of Foxol protein at indicated
amino acid residues was introduced into Foxol cDNA by PCR
using pCMV/Foxol as a template. The pCMV/Foxol(3A)
expression plasmid expressing a mutant Foxol protein in
which three insulin/AKT-dependent phosphorylation sites
(Thr-24, Ser-256, and Ser-319) were mutated from Thr or Ser
to Ala, was described previously (58). Adenovirus expressing
Foxol under control of a CMV promoter (AdCMV/Foxol) was
constructed by subcloning full-length Foxol ¢DNA into
pAdlox plasmid followed by CRE-mediated recombination as
previously described (55, 56). Expression of Foxol protein was
confirmed by Western blot analysis (data not shown). All
sequences were verified by automatic DNA sequencing.

Transfection and Dual Luciferase Assay—Cells were plated
on 35-mm dishes at a density of 5 X 10* cells/cm?. After 24 h,
cells were transfected with Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instructions. Each transfection
contained 0.25 pg of the indicated reporter plasmids plus 0.01
pg of pRL-SV40, containing a cDNA for Renilla Reformis lucif-
erase to control for transfection efficiency. Cells were harvested
and assayed using the Dual Luciferase Assay kit (Promega,
Madison, WI) on a Module™ Microplate Multimode Reader
(Turner Biosystem, Sunnyvale, CA). For all transfection exper-
iments, the amount of plasmid DNAs was balanced as necessary
with B-galactosidase (3-gal) expression plasmid such that the
total DNA was constant in each group. Experiments were per-
formed in triplicates and repeated 3—4 times.

Adenoviral Infection—Adenoviral vectors for B-galactosid-
ase (Ad-B-gal), Foxol (Ad-Foxol), Foxol RNAi (Ad-Foxoli),
or control RNAi (USi) were described previously (29, 55, 56,
59). MC-4 cells were infected with adenovirus as described pre-
viously (29, 55, 56). Briefly, virus was added to cells in 1% FBS
and incubated for 1 h at 37 °C. Dishes were rotated every 5 min
for the first 15 min to ensure that all of the cells were exposed to
virus. After 1 h, media were aspirated, and cultures were rinsed
twice with serum-free medium, and then fresh media supple-
mented with 10% FBS were added to the dishes. The amount of
adenovirus was balanced as necessary with a control adenovirus
expressing 3-galactosidase such that the total amount was con-
stant in each group.

RNA Isolation, Reverse Transcription (RT), Quantitative RT-
PCR, and Western Blot Analyses—RNA isolation, RT, and
quantitative real-time RT-PCR were performed to measure the
relative mRNA levels using SYBR Green kit (Bio-Rad) as previ-
ously described (46, 54, 60). Samples were normalized to Gapdh
expression. The DNA sequences of mouse primers used for
real-time PCR were as follows: Bglap2: 5'-TAG TGA ACA
GACTCC GGCGCT A-3’ (forward), 5'-TGT AGG CGG TCT
TCA AGC CAT-3' (reverse); Runx2: 5'-TAA AGT GAC AGT
GGA CGG TCCC-3' (forward), 5'-TGC GCC CTA AAT CAC
TGA GG-3' (reverse); Gapdh: 5'-CAG TGC CAG CCT CGT
CCC GTA GA-3' (forward), 5'-CTG CAA ATG GCA GCC
CTG GTG AC-3' (reverse). Western blot analysis was per-
formed as previously described (46, 54). Antibodies used in this
study were from the following sources: antibodies against
Foxol, Runx2, HA, anti-IGF1 neutralizing antibody, normal
control IgG, and anti-rabbit or anti-mouse antibodies conju-
gated with horseradish peroxidase from Santa Cruz Biotech-

VOLUME 286+NUMBER 21+-MAY 27,2011



nology, Inc., and mouse monoclonal antibody against B-actin
and M2 antibody from Sigma Aldrich.

Nuclear Extracts (NE) Preparation and Electrophoretic
Mobility Shift Assay (EMSA)—Nuclear extracts were prepared
from rat UMR106 — 01 osteosarcoma cells, which express high
level of Runx2 protein, and EMSA was performed as previously
described (21, 31). GST-Runx2, GST-Foxol, and GST proteins
were purified using the Bulk GST Purification Module kit (GE
Healthcare/Amersham Biosciences) as previously described
(46). The DNA sequences of the oligonucleotides used for
EMSA were as follows: OSE2 (Runx2 binding site) (49): 5-GAT
CCG CTG CAA TCA CCA ACC ACA GCA-3. IRE (Insulin
Response Element that contains a Foxol binding site) (55):
5-TGT AGT TTG TTT TGT TTT GTT GGC ATG-3. DNA
oligonucleotide was labeled using a biotin 3’-end DNA labeling
kit (cat: 89818, Pierce Biotechnology Inc.). 2 ug of nuclear
extracts and 20 fmol biotin-labeled DNA probe were incubated
in the presence and absence of indicated amounts of purified
GST-Foxol or GST protein in 1x binding buffer for 30 min at
room temperature. For supershift assay, 1 ug of IgG or anti-
Runx2 antibody was first incubated with nuclear extracts prior
to addition of DNA probe. Protein-DNA complexes were sep-
arated on 4% polyacrylamide gels in 0.5X TBE buffer, and
transferred onto Biodyne B Nylon Membrane (cat: 77016,
Pierce). The membrane was blocked in 1X blocking buffer,
washed five times with 1X wash buffer, and visualized by a
Chemiluminescent Nucleic Acid Detection Module (cat:
89880, Pierce).

Immunoprecipitation (IP) and Chromatin Immunoprecipita-
tion (ChIP) Assays—Whole cell extracts and purified GST
fusion proteins were used for immunoprecipitation using spe-
cific antibodies as previously described (46). ChIP assays were
performed as described previously (21, 46). Briefly, the equiva-
lent of 10 ug of DNA was used as starting material (input) in
each ChIP reaction with 2 ug of the appropriate antibody
(Runx2 or control rabbit IgG). Fractions of the purified ChIP
DNA (5%) or inputs (0.02—0.05%) were used for PCR analysis.
The reaction was performed with AmpliTaq Gold DNA Poly-
merase (Applied Biosystems) for 30 cycles of 15 s at 95 °C, 30 s
at 60 °C, and 15 s at 72 °C. PCR primer pairs were generated to
detect DNA segments located near the Runx2-binding site at
—137/—131 (primers P1 and P2) and the Bglap2 cDNA region
(primers P3 and P4) (46). The PCR products were separated on
3% agarose gels and visualized with ultraviolet light. All ChIP
assays were repeated at least three times.

Statistical Analysis—Results were expressed as means *
standard deviation (S.D.). Students’ ¢ test was used to test for
differences between two groups. Differences with a p < 0.05
was considered as statistically significant. All experiments were
repeated a minimum of three times with triplicate samples.

RESULTS

Foxol Decreases Bglap2 Expression and Promoter Activity
and Runx2-dependent Transcriptional Activity—To determine
the effect of Foxol on Bglap2 expression in osteoblasts,
MC3T3-E1 subclone 4 (MC-4) preosteoblasts were infected
with equal amount of adenovirus expression vectors for Foxol
(Ad-Foxol) or B-galactosidase (Ad-B-gal), followed by RNA
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FIGURE 1. Foxo1 inhibits osteocalcin expression and Bglap2 promoter
activity and Runx2-dependent transcriptional activity. A, MC3T3E-1 cells
were infected with and without adenovirus expressing Foxo1. Adenovirus
expressing B-galactosidase was used as control. Cells were then differenti-
ated in AA-containing a-MEM media for 5 days, followed by quantitative real-
time RT/PCR for Bglap2 and Runx2 mRNAs, which were normalized to Gapdh
mRNA. *, p < 0.05, versus Ad-B-gal. B and C, COS-7 cells were transiently
transfected with 6XRUNX2-LUC, 6XRUNX2mt-LUC (B) in which the Runx2-
binding sequence was mutated, or 4XATF4-LUC (C), pRL-SV40 (for normaliza-
tion), and Runx2 expression plasmid with and without Foxo1 expression plas-
mid. B-Galactosidase expression plasmid was used as control. After 48 h, cells
were harvested for dual luciferase assay. Firefly luciferase was normalized to
Rotylenchulus reniformis luciferase to control the transfection efficiency. *, p <
0.05, versus 0 ug Foxo1; #, p < 0.05, versus wt. D, COS-7 cells were transfected
with 6XRUNX2-LUC and pRL-SV40 and increasing amounts of Foxo1 plasmid
with and without Runx2 expression plasmid. *, p < 0.05, versus Runx2.
E, COS-7 cells were transfected with BGLAP2-LUC or BGLAP2mt-LUC in which
two previously defined Runx2-binding sites were mutated (29), pRL-SV40,
and FLAG-Runx2 plasmid with and without increasing amounts of Foxo1
expression plasmid. *, p < 0.05, versus 0 ug Foxo1; #, p < 0.05, versus wt.

preparation and quantitative real-time RT/PCR for Bglap2 and
Runx2 mRNAs, which were normalized to Gapdh mRNA. Con-
sistent with the result from a recent study (48), adenoviral over-
expression of Foxol dramatically reduced the level of Bglap2
mRNA in the MC-4 cells (Fig. 1A4). Surprisingly, Foxo1l did not
alter the mRNA level of Runx2, a major upstream transcrip-
tional activator of the Bglap2 (25, 26, 49, 61). A similar result
was observed in rat UMR106 — 01 osteoblast-like cells (data not
shown). Therefore, we next evaluated whether Foxol modu-
lated Runx?2 activity. To this end, COS-7 cells were co-trans-
fected with 6XRUNX2-LUC, previously known as p60OSE2-luc,
a reporter plasmid containing 6 copies of OSE2 (osteoblast-
specific element 2, a well-defined Runx2-response element
(49)) upstream of a minimal 34 bp Bglap2 promoter (19, 25, 31),
pRL-SV40 (for normalization), and pCMV/Runx2 with and
without expression vector for Foxol. For these studies, we used
COS-7 cells because they contain undetectable levels of endog-
enous Runx?2 and Foxol proteins (20) and data not shown). As
shown in Fig. 1B, Foxol significantly reduced the Runx2-de-
pendent transcriptional activity. The repression was totally lost
with mutations in the Runx2 DNA binding core sequence from
AACCACA to AAGAACA in the reporter plasmid, which abol-
ishes Runx2 DNA binding (29). Foxol inhibition of Runx2 is
specific because Foxol did not suppress ATF4 (activating tran-
scription factor 4)-dependent OSE1 (osteoblast-specific ele-
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FIGURE 2. Foxo1 physically interacts with Runx2. A and B, IP assays using
nuclear extracts from UMR106-01 osteoblast-like cells (A) or from COS-7 cells
overexpressing Foxo1 and Runx2 (B). Extracts were immunoprecipitated with
control rabbit IgG or indicated antibodies, followed by Western blot analysis
using respective antibodies. C, IP assays using GST fusion proteins. Mixture of
purified GST-Foxo1, GST-Runx2 or GST proteins was immunoprecipitated by
control IgG (lanes 1, 3, 5, and 7), Foxo1 antibody (/anes 2 and 6) or Runx2
antibody (/anes 4 and 8), followed by Western blot for Runx2 (lanes 1 and 2),
Foxo1 (lanes 3 and 4) or GST (lanes 5-8).

ment 1, an ATF4-response element from the Bglap2 promoter
(49)) activity (Fig. 1C). Further supporting the specificity of this
regulation, Foxol had no effect on basal promoter activity in
the absence of Runx2 (Fig. 1D). As shown in Fig. 1E, Foxol also
inhibited the 657-bp Bglap2 promoter activity, which was
dependent upon the presence of the intact Runx2 DNA binding
sites in the promoter. The result with the 657-bp Bglap2 pro-
moter is of particular significance because this promoter frag-
ment contains sufficient information to direct osteoblast-spe-
cific expression in transgenic mice (62). Notably, high
concentration of Foxo1(1.5 ug) slightly, but significantly, inhib-
ited the luciferase activity driven by the 657-bp Bgalp2 pro-
moter in which the Runx2 DNA binding sites were mutated,
indicating that a small part of Foxol inhibition of the promoter
activity is Runx2-independent. Collectively, these results dem-
onstrate that Foxol suppresses Bglap2 gene expression, at least
in part, through Runx2 inhibition.

Foxol Physically Interacts with Runx2—To define the molec-
ular mechanism through which Foxol inhibits Runx2, we next
determined whether Foxol interacted with Runx2 by perform-
ing immunoprecipitation (IP) assays using nuclear extracts
from the rat UMR106 — 01 osteoblastic cells. As shown in Fig.
2A, Runx2 protein was present in an anti-Foxol antibody
immunoprecipitate (lanes I and 2). Reciprocal IP assay showed
that an anti-Runx2 antibody, but not control IgG, immunopre-
cipitated the Foxol protein (lanes 3 and 4). As expected, ATF4
protein, a known Runx2-interacting factor (29), was present in
the anti-Runx2 antibody immunoprecipitate (lanes 5 and 6). In
contrast, an NFATcl antibody failed to immunoprecipitate
Runx?2 (lanes 7 and 8). As shown in Fig. 2B, Foxol and Runx2
can also be co-immunoprecipitated from COS-7 cells exoge-
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nously expressing both factors. To determine if Foxol directly
interacted with Runx2 in the absence of other nuclear proteins,
we conducted IP assays using purified GST-Foxol and GST-
Runx2 and GST proteins. As shown in Fig. 2C, GST-Runx2
protein was immunoprecipitated by an anti-Foxol antibody
(lanes 1 and 2) and, vice versa, GST-Foxol was immunoprecipi-
tated by an anti-Runx2 antibody (lanes 3 and 4). In contrast,
GST protein was not immunoprecipitated by antibodies against
Runx2 or Foxol or normal IgG (lanes 5-8), thus demonstrating
a direct interaction between Foxol and Runx2.

Deletion Analysis of the Runx2 cDNA—To identify the
Foxol-binding domain within the Runx2 molecule, COS-7 cells
were co-transfected with the Foxol expression plasmid and wt
FLAG-Runx2 or various FLAG-Runx2 C-terminal deletion
mutant expression vectors. Forty hours later, nuclear extracts
were prepared for IP using an anti-Foxo1 antibody, followed by
Western blot analysis using a M2 antibody. As shown in Fig. 3B,
deletion of Runx2 from amino acid 528 (wt) to amino acid 258
did not abolish the Foxo1 binding. This result was confirmed by
the reciprocal IP using a M2 antibody, followed by Western blot
for Foxol (Fig. 3C). As shown in Fig. 3E, the deletion of the
N-terminal 242 amino acid of Runx2 did not reduce its ability to
bind to Foxol. However, further deletion from amino acid 242
to amino acid 326 completely abrogated the Foxol-Runx2
interaction. Collectively, these results suggest that the amino
acid 242-258 region of Runx2 is critical for interaction with
Foxol.

Deletion Analysis of the Foxol cDNA—Several C-terminal
Foxol deletion mutant expression vectors were generated and
tested for their ability to suppress Runx2 activity in COS-7 cells.
As shown in Fig. 44 (top), the deletion of Foxol cDNA from
amino acids 653 (wt) to 456 did not alter its inhibition of Runx2
activity. However, further deletion from amino acids 456 to 360
completely abolished its Runx2 inhibitory activity. As shown in
Fig. 4A (bottom), Western blot analysis showed that both wt
and mutant Foxol proteins were expressed at comparable lev-
els. Likewise, co-expression of wt or mutant Foxol expression
vectors did not markedly alter the level of Runx2 protein. Con-
sistent with the results from the functional study, IP assays
revealed that the deletion from amino acids 456 to 360 of Foxol
also abolished the Foxol-Runx2 interaction (Fig. 4, B and C).
These results suggest that the C-terminal region (amino acids
360 —-456) is essential for Foxol to bind to and inhibit Runx2
activity.

Foxol Inhibits Runx2 Binding to Its Cognate Site (OSE2)
within the Bglap2 Promoter—To study the mechanism whereby
Foxol inhibits Runx2 as demonstrated above, we next deter-
mined whether Foxol affected Runx2 DNA binding activity by
performing EMSA using the wild-type (wt) OSE2 (Osteoblast-
Specific Element 2) oligo, a well-established Runx2 binding ele-
ment from the Bglap2 promoter (49), as probe and 2 ug of
nuclear extracts (NE) from UMR106-01 cells in the presence
and absence of increasing amounts of purified GST-Foxol pro-
tein. As shown in Fig. 54, while GST-Foxo1 protein itself did
not bind to the OSE2 oligo (lane 6), it dose-dependently inhib-
ited the binding of Runx2 to the OSE2 oligo (lanes 3-5). This
inhibition was specific because the GST protein neither altered
the Runx2 DNA binding activity (lanes 7 and 8) nor bound to
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FIGURE 3. Deletion analysis of the Runx2 cDNA. A, schematic showing the domain structure of Runx2 and the C-terminal deletion mutants. Runx2 contains
three transcriptional activation domains (AD1, 2, 3), a transcriptional repression domain (RD) containing a VWRPY motif at C-terminal, a RUNT domain
responsible for DNA binding, a nuclear localization sequence (NLS), and a large C-terminal PST domain which is rich in serine/threonine/tyrosine residues. Band
C, whole cell extracts from COS-7 cells cotransfected with expression vectors for Foxo1 and wt FLAG-Runx2 or various FLAG-Runx2 C-terminal deletion mutants
(amino acid 1-410, amino acid 1-330, amino acid 1-286, and amino acid 1-258) were immunoprecipitated with Foxo1 antibody, followed by Western blot
using M2 antibody (B). In reciprocal IP, the same extracts were immunoprecipitated with control IgG (lane 1) or M2 antibody (lanes 2-6), followed by Western
blot using Foxo1 antibody (C). D, schematic showing the domain structure of Runx2 and its N-terminal deletion mutants. £, whole cell extracts from COS-7 cells
cotransfected with expression vectors for Foxo1 and wt HA-Runx2 or various HA-Runx2 N-terminal deletion mutants (AN97, AN242, and AN326) were immu-
noprecipitated with control IgG (lane 1) or Foxo1 antibody (lanes 2-5), followed by Western blot using HA antibody.
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FIGURE 4. Deletion analysis of the Foxo1 cDNA. A, COS-7 cells were tran-
siently transfected with 6XRUNX2-LUC and pRL-SV40 with and without Runx2
plasmid as well as with and without wt or various deletion mutant Foxo1
plasmids (amino acids 1-558, amino acids 1-456, amino acids 1-360, and
amino acids 1-258), followed by dual luciferase assay (top) and Western blot
(bottom). *, p < 0.05, versus 0 ug Foxol. B and C, whole cell extracts from
COS-7 cells overexpressing FLAG-Runx2 and wt or two C-terminal deletion
Foxo1 mutants (amino acids 1-558 and amino acids 1-360) were immuno-
precipitated with control IgG (lane 1) or M2 antibody (lanes 2- 4), followed by
Western blot using an anti-Foxo1 antibody (B). In reciprocal IP, the same
extracts were immunoprecipitated with control IgG (lane 1) or Foxo1 anti-
body (lanes 2-4), followed by Western blot using a M2 antibody (C).

the OSE2 DNA itself (lane 9). In contrast, purified GST-Runx2
or GST did not inhibit the binding of Foxol to its cognate site
(Fig. 5C). The existence of Runx2 or Foxol in the shifted DNA-
protein complexes was confirmed by antibody analyses that
either supershifted the complex (anti-Runx2 antibody, Fig. 5B)
or reduced the complex (anti-Foxol antibody, Fig. 5D), in con-
trast to the control IgG.

IGF1 Prevents Foxol from Inhibiting Runx2 in Osteoblasts—
IGF1 or insulin phosphorylates Foxol through the PI3K-de-
pendent pathway, which results in Foxol nuclear exclusion in
many cell types (1, 2, 6). To determine whether this also occurs
in osteoblasts, MC-4 cells were electroporated with expression
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plasmids for Foxol-GFP or GFP proteins as previously
described (63). Thirty hours later, cells were treated with and
without 10 ng/ml mouse recombinant IGF1 or 100 nm insulin
for the indicated times. As shown in Fig. 64, top and middle,
GFP-Foxol protein was rapidly translocated from the nucleus
to the cytoplasm 0.5-1 h after IGF1 or insulin addition to the
MC-4 cells, which contain a high level of endogenous Runx2
(12, 20). Conversely, IGF1 treatment did not alter subcellular
distribution of the GFP protein in the same cells (Fig. 6A4, bot-
tom). A similar result was observed in insulin-treated MC-4
cells (data not shown). Based on these observations, we rea-
soned that IGF1 or insulin should abolish or reduce Foxol inhi-
bition of Runx2 by phosphorylation and subsequent transloca-
tion of Foxo1 to the cytoplasm from the nucleus where Runx2 is
located and activates Bglap2 transcription. To test this, MC-4
cells were co-transfected with 6XRUNX2-LUC (Fig. 6B) or
BGLAP2-LUC (Fig. 6C) and pRL-SV40 with and without
expression vector for Foxol. Twenty hours later, cells were
treated with and without 10 ng/ml IGF1 as well as with and
without 0.5 ug/ml of IGF1 neutralizing antibody or control IgG
for 6 h, followed by dual luciferase assay. Importantly, Foxol-
mediated inhibition of Runx2 activity was completely reversed
by the addition of IGF1 (Fig. 6B) or insulin (Fig. 7E). Further-
more, the effect of IGF1 was completely blocked by the addition
of a specific IGF1 neutralizing antibody, but not by the control
IgG. A similar result was obtained when the 657-bp BGLAP2-
LUC was used in MC-4 cells (Fig. 6C). The IGF1 neutralizing
antibody significantly diminished the level of Bglap2 but not
Runx2 mRNAs in the MC-4 cells (Fig. 6D and E), which sug-
gests that endogenous IGF1 signaling, probably via an auto-
crine mechanism, plays a critical role for maintaining the
Bglap2 mRNA expression in osteoblasts. Taken together, these
results suggest that IGF1/insulin favors Bglap2 expression
probably by preventing Foxol from inhibiting Runx2 in
osteoblasts.

IGF1 Increases Runx2 Interaction with the Bglap2 Promoter
in a PI3K/AKT-dependent Manner in the MC-4 Cells—To
determine whether Runx2 associates with the endogenous
Bglap2 promoter in vivo, we performed ChIP assays using
MC-4 cells with and without IGF1 treatment for the indicated
times. Consistent with our previous observation (46), Runx2
specifically interacted with a chromatin fragment of the proxi-
mal Bglap2 promoter that contains the Runx2-binding site
(primers P1/P2) (Fig. 7A). Importantly, this interaction was
markedly stimulated by IGF1 treatment. In contrast, Runx2
antibody failed to immunoprecipitate a 3’ chromatin fragment
from the transcribed region of the Bglap2 that contains no
Runx2-binding sites (primers P3/P4) (46) (Fig. 7A, bottom).
Further, the IGF1-induced increase in Runx2 binding to the
Bglap2 promoter was abolished by treatment with LY294002, a
specific inhibitor of the PI3K/AKT pathway (Fig. 7B). We next
determine the effect of Foxol knockdown on Runx2 interaction
with the Bglap2 promoter in MC-4 cells. Adenoviral overex-
pression of a mouse Foxol RNAi (Foxoli) dramatically reduced
the level of Foxol protein in MC-4 cells (supplemental Fig. S3).
As shown in Fig. 7C, knockdown of Foxol markedly increased
Runx2 binding to the Bglap2 promoter. As shown in Fig. 7D, the
PI3K/AKT inhibition abrogated IGFl-induced reversal of
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Foxol1 inhibition of Runx2 activity. Foxo1 is phosphorylated at
three highly conserved phosphorylation sites (Thr-24, Ser-256,
and Ser-319) through the PI3K/AKT-dependent pathway,
resulting in its nuclear exclusion and inhibition of target gene
expression (1, 2, 6). To further study the role of the PI3K/AKT
pathway in Foxol modulation of Runx2 activity, we compared
the effects of wt Foxol and a mutant Foxo1(3A), in which the
PI3K/AKT-dependent phosphorylation sites were mutated
from either Thr or Ser to Ala, on Runx2 activity in the presence
and absence of IGF1 or insulin. Significantly, in contrast to
result from the wt Foxol group, neither IGF1 nor insulin pre-
vented the mutant Foxol(3A) from inhibiting Runx2 in the
MC-4 cells (Fig. 7E).

DISCUSSION

This study identifies Foxol as a negative regulator of the
bone transcription factor Runx2 in osteoblasts. Foxol physi-
cally interacts with Runx2 and inhibits Runx2 activity and
decreases expression of the Bglap2 gene encoding osteocalcin
Most importantly, we demonstrated that both IGF1 and insu-
lin, which phosphorylate and export Foxol from the nucleus to
the cytoplasm, prevent Foxol from inhibiting Runx2 and
increase Runx2 activity, thereby favoring osteocalcin expres-
sion, an osteoblast-secreted hormone that plays a critical role in
regulating glucose metabolism via its actions in B-cells in the
pancreas.

Results from the present study established that Foxol indi-
rectly down-regulates osteocalcin expression, at least in part, by
inhibiting Runx2, a major upstream transcriptional activator of
the Bglap?2 gene in osteoblasts. Foxo1 interaction with Runx2 in
osteoblasts, or when coexpressed in COS-7 cells, requires the
presence of the Foxol C-terminal 360 —456 amino acid region
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(96 amino acids) and the 242—258 amino acid (17 amino acids)
region of Runx2. Using highly purified GST-fusion proteins in
pull-down assays, we were able to demonstrate a direct physical
interaction between Foxol and Runx2 proteins in vitro. Addi-
tionally, EMSA clearly revealed that purified GST-Foxol, but
not GST, dose-dependently inhibited Runx2 binding to its cog-
nate site within the Bglap2 promoter. Therefore, our results
demonstrate a novel molecular mechanism through which
Foxol modulates Runx2 activity and thereby Bglap2 expression
in osteoblasts. It should be noted that Foxol also decreases
osteocalcin function by altering the carboxylation state. It is the
uncarboxylated form of circulating osteocalcin that plays a crit-
ical role in regulating glucose homeostasis (i.e. enhanced insu-
lin secretion by B-cells, insulin sensitivity and energy expendi-
ture) (47). Foxol increases the expression of Esp (48), a gene
that encodes a protein called protein tyrosine phosphatase
(OST-PTP), which decreases the function of the osteocalcin
protein by increasing its carboxylation through an as-yet-un-
known mechanism (47). Therefore, Foxol regulates both
osteocalcin expression and function.

A recent study showed that Foxol interacted with the Bglap2
promoter and the first intron region as demonstrated by ChIP
assay in primary osteoblast cultures (48). However, potential
Foxol DNA binding site(s) in the Bglap2 promoter were not
identified and characterized in this study. Our study clearly
established that Foxol inhibits Bglap2 expression, at least in
part, via Runx2, a well-established transcriptional activator of
the Bglap2 gene, and intact Runx2 DNA binding sites in the
Bglap2 promoter.
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Insulin signaling in osteoblasts was recently shown to be crit-
ical for postnatal bone acquisition and remodeling (10, 11). Ful-
zele et al. (10) recently showed that the insulin receptor (IR) is
expressed in osteoblasts and that osteoblast-specific deletion of
the IR severely impairs osteoblast differentiation. Mice lacking
the IR in osteoblasts have reduced bone mass with increased
adiposity and insulin resistance. Importantly, this study further
revealed that the metabolic dysregulation in these mice was
caused by reduced osteocalcin expression/function. Our results
from the present study suggest that insulin favors osteocalcin
expression by preventing Foxol from inhibiting Runx2, a key
activator of the Bglap2 gene. This notion is strongly supported
by: (i) the well-established role of IGF1/insulin signaling via the
PISK/AKT pathway that phosphorylates and exports Foxol
from the nucleus to the cytoplasm, where it binds to 14-3-3
proteins; (ii) Foxol inhibition of Runx2 activity and Bglap2
expression was completely prevented by IGF1 treatment in
osteoblasts, which expresses both the IR and IGF1 receptors;
(iii) IGF1 neutralizing antibody reduced Runx2 activity and
Bglap2 expression in osteoblasts; and (iv) IGF1 increased
Runx?2 interaction with the Bglap2 promoter in osteoblasts,
which was abolished by PI3K/AKT inhibition. Interestingly, IR
deficiency in osteoblasts caused increased expression of Twist2,
a known Runx2 inhibitor (45). However, the molecular mecha-
nism whereby insulin signaling modulates the expression of
Twist2 is still unknown. Additionally, IGF1 and probably insu-
lin were shown to activate Runx2 activity via the Erk1/2 MAPK
pathway (30), a major signaling route in osteoblasts (14, 19).
Erk1/2 phosphorylation sites in Runx2 were recently identified
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FIGURE 8. Molecular model of Foxo1 and IGF1/insulin regulation of
osteocalcin expression. In osteoblasts, in the absence of IGF1/insulin signal-
ing, Foxo1 binds to Runx2 and inhibits Runx2 DNA binding to the OSE2 sites
of the Bglap2 promoter, resulting in a reduction of osteocalcin (Ocn) expres-
sion. In the presence of IGF1/insulin signaling, Foxo1 is phosphorylated via
the PI3K/AKT pathway and translocated from the nucleus to the cytoplasm
where it binds to the 14-3-3 protein, thus eliminating the inhibition of Runx2.
Runx2 serves as a transcriptional activator that binds to the Bglap2 promoter
and increases osteocalcin expression, which favors glucose metabolism.

and characterized (57). This phosphorylation is critical for
Runx2 activity and osteoblast differentiation as well as bone
formation (57, 64). Collectively, these studies suggest that
IGF1/insulin signaling favors Runx2 activity and Bglap2
expression via at least three distinct molecular mechanisms.
Therefore, our findings from this study add a new layer to the
molecular mechanisms through which IGF1/insulun signaling
in osteoblasts modulates glucose homeostasis as well as bone
metabolism.

Based on the findings from this and other studies, we propose
the following molecular model for Foxol modulation of osteo-
calcin expression in osteoblasts and the effect of IGF1/insulin
signaling on this function of Foxol (Fig. 8). Binding of IGF1/
insulin to their receptors, which are expressed in osteoblasts
(10, 11), activates the PI3K/AKT pathway, which phosphory-
lates and translocates Foxol from the nucleus to the cytoplasm,
where it binds to 14-3-3 chaperone proteins (65). This nuclear
exclusion prevents Foxol from binding to and inhibiting
Runx2, which results in enhanced Bglap2 expression. In the
meantime, insulin and probably IGF1 down-regulate the
expression of Twist2 (10), a known Runx2 suppressor, and
thereby increase Runx2 activity (not shown), which further up-
regulates osteocalcin expression. Finally, the uncarboxylated
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form of osteocalcin, via the circulation, regulates glucose home-
ostasis (i.e. insulin secretion and production and sensitivity)
(47). It should be noted that Foxol can also bind independently
to its target genes (not shown). In summary, we, for the first
time to our knowledge, demonstrate that Foxol is a novel neg-
ative regulator of Runx2 and mediates IGF1/insulin actions in
regulating osteocalcin expression in osteoblasts.
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