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Mutations	in	the	coactivator	CREB-binding	protein	(CBP)	are	a	major	cause	of	the	human	skeletal	dysplasia	
Rubinstein-Taybi	syndrome	(RTS);	however,	the	mechanism	by	which	these	mutations	affect	skeletal	mineral-
ization	and	patterning	is	unknown.	Here,	we	report	the	identification	of	3-phosphoinositide-dependent	kinase	1		
(PDK1)	as	a	key	regulator	of	CBP	activity	and	demonstrate	that	its	functions	map	to	both	osteoprogenitor	
cells	and	mature	osteoblasts.	In	osteoblasts,	PDK1	activated	the	CREB/CBP	complex,	which	in	turn	controlled	
runt-related	transcription	factor	2	(RUNX2)	activation	and	expression	of	bone	morphogenetic	protein	2	
(BMP2).	These	pathways	also	operated	in	vivo,	as	evidenced	by	recapitulation	of	RTS	spectrum	phenotypes	
with	osteoblast-specific	Pdk1	deletion	in	mice	(Pdk1osx	mice)	and	by	the	genetic	interactions	observed	in	mice	
heterozygous	for	both	osteoblast-specific	Pdk1	deletion	and	either	Runx2	or	Creb	deletion.	Finally,	treatment	
of	Pdk1osx	and	Cbp+/–	embryos	with	BMPs	in	utero	partially	reversed	their	skeletal	anomalies	at	birth.	These	
findings	illustrate	the	in	vivo	function	of	the	PDK1-AKT-CREB/CBP	pathway	in	bone	formation	and	provide	
proof	of	principle	for	in	utero	growth	factor	supplementation	as	a	potential	therapy	for	skeletal	dysplasias.

Introduction
Rubinstein-Taybi syndrome (RTS) was first described in 1963 
as a condition characterized by impaired intellectual function, 
broad thumbs and halluces, craniofacial dysmorphism, and fre-
quent fractures (1, 2). Characteristic craniofacial defects include 
a short philtrum, micrognathia, a high arched palate, and dental 
defects such as talon cusps, enamel hypoplasia, and abnormalities 
in tooth number (3). Genetically, RTS is associated with micro-
deletions, inversions, and translocations involving chromosome 
16p13.3 (4). Mapping of the 16p13.3 region in patients with RTS 
has identified heterozygous mutations in CREB-binding protein 
(CBP) that account for approximately 40% of RTS cases (5). Cbp+/– 
mice show a similar range of defects as those in RTS, including 
neurodevelopmental and behavioral defects; oligodactyly; extra, 
split, or asymmetric vertebrae; calvarial hypomineralization; and 
delayed ossification at several sites (6–9). However, despite these 
advances in understanding the genetic basis of RTS, the mecha-
nism by which these defects arise is unclear, and we have little 
insight into which pathways might function upstream and down-
stream of CBP during development.

CBP was originally  identified as a protein that binds to the 
phosphorylated form of its partner, the c-AMP response element-
binding protein (CREB) (10). CBP functions as a CREB coactiva-
tor, and its histone acetyltransferase activity and the degree of 
interaction between CBP and CREB are critical determinants of 
the overall transcriptional activity of the CREB/CBP complex. This 
CREB/CBP interaction is governed by various upstream kinases, 
such as PKA (10), AKT (11), p90RSK (12), and cyclin-dependent 
kinases (13) that phosphorylate CREB at S133. The consequences 
of disrupting CREB/CBP function are demonstrated by the skel-
etal and cognitive defects in RTS. Despite this, little is understood 
about how CREB/CBP activity is linked in osteoblasts to the ana-
bolic cues that regulate skeletal mineralization and patterning.

In particular, one set of  such cues,  IGF-1 and  insulin, have 
received attention as important anabolic regulators of skeletal 
development and mineralization during embryogenesis and adult 
life. IGF-1 evokes an increase in bone mass in response to physi-
ologic growth cues, and circulating IGF-1 levels correlate with 
bone mass in humans and mice (14, 15). In mice, loss of both Igf1 
and Igf2 or Igf1r deficiency result in delayed skeletogenesis during 
embryonic development (16). Recently, insulin receptor signaling 
has been shown to function in osteoblasts through its regula-
tion of runt-related transcription factor 2 (RUNX2, also known 
as CBFA1) and osteocalcin, which is essential for whole-body glu-
cose metabolism (17, 18). Looking downstream of these receptors, 
mice with a double deletion of Irs1 and Irs2 or Akt1 and Akt2, key 
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signaling components of the IGF-1 and insulin pathways, display 
delayed bone development (19–22).

One challenge to studying insulin/IGF-1 signaling pathways is 
that many key mediators, such as IRSs, PI3Ks, and AKTs, have sever-
al isoforms, complicating genetic studies. Signaling though IGF-1  
and insulin receptors, IRSs, and PI3Ks converges at the kinase  
3-phosphoinositide-dependent kinase 1 (PDK1), which has only 
a single isoform. PDK1 in turn activates AGC kinase family mem-
bers, which themselves phosphorylate a wide range of substrates. 
Here we report that selective PDK1 deletion in either mature osteo-
blasts or in osteoprogenitor cells leads to a spectrum of phenotypes 
consistent with RTS. These defects map to the CREB/CBP complex 
via AKT, which in turn controls RUNX2 activation and bone mor-
phogenetic protein 2 (BMP2) expression. These pathways operate 
in vivo, as evidenced by genetic interaction between Pdk1fl/+osx and 
either Runx2+/– or Creb+/– alleles. Treatment of Pdk1osx or Cbp+/– 
embryos in utero with recombinant human BMP2/7 (rhBMP2/7) 
partially reverses their craniofacial abnormalities upon birth, dem-
onstrating both that BMP2 is a functionally important target of 
a PDK1-AKT-CREB/CBP signaling axis and that growth factor 
supplementation is a valid therapeutic approach for the correc-
tion of skeletal dysplasia phenotypes of RTS.

Results
PDK1 is required for skeletogenesis during embryonic development. We first 
localized PDK1 expression in bone using immunohistochemistry 
(IHC). In the calvarium, PDK1 was expressed in osteoblasts along 
the osteogenic front, nasal bone, and zygomatic arch and by osteo-
cytes embedded in the bone matrix (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI59466DS1). This signal was specific, as mice lacking PDK1 
expression in osteoblasts (see below) showed no staining.

Since germline deletion of Pdk1 results in early embryonic lethal-
ity (23), we generated mice lacking PDK1 expression in osteoblasts 
by crossing mice carrying the PDK1 floxed allele with the osterix-
cre deleter strain (Pdk1osx mice) (24, 25). Pdk1osx mice displayed mul-
tiple skeletal anomalies and died around P2 due to impaired feed-
ing (Figure 1, A and B; Supplemental Figure 2A; and Supplemental 
Table 1). Pdk1osx mice displayed several features characteristic of 
patients with RTS and murine models of RTS, such as hypominer-
alization of the frontal, nasal, and maxillary bones; a high arched 
palate; micrognathia; and a shortened philtrum due to midface 
hypoplasia (8). Additionally, Pdk1osx mice displayed feeding diffi-
culties and altered morphogenesis of the sphenoid bone in the base 
of the skull, a specific feature reported in some patients with RTS 
(26). These defects were apparent during embryonic development, 
as E16.5 and E18.5 Pdk1osx embryos had a substantial delay in ossi-
fication of the calvarium, ribs, vertebrae, and mandible, along with 
mildly delayed ossification of the femur (Figure 1C and Supple-
mental Figure 2, B–D). In addition to calvarial hypomineralization, 
Pdk1osx mice displayed hypoplasia of the clavicle, a feature often 
associated with reduced expression and/or activity of RUNX2, 
the master regulator of osteoblast differentiation (27), as well as 
spontaneous fractures, a feature of RTS (28) (Figure 1B, bottom). 
No significant abnormalities were observed in mice expressing the 
osterix-cre transgene alone (Osx mice; Supplemental Figure 4).

The early onset of skeletal anomalies in Pdk1osx mice suggests that 
PDK1 plays an important role during embryonic skeletal develop-
ment. To extend these observations, we generated mice lacking 
PDK1 expression in osteoprogenitor cells by crossing Pdk1 floxed 

allele mice with the dermo1-cre deleter strain (Pdk1dm1 mice) that 
targets undifferentiated mesenchyme, including osteoblast and 
chondrocyte precursors (29). The resulting mutant mice showed 
shortening of both the axial and appendicular skeleton and a severe 
impairment in ossification of the skull, vertebrae, ribs, clavicle, and 
long bones (Figure 1D, Supplemental Figure 2E, and Supplemental 
Figure 3A). In addition to the craniofacial RTS features noted in 
Pdk1osx mice, Pdk1dm1 mice displayed asymmetric alignment at the 
sternocostal junction, a feature of the Cbp+/– model of RTS (8). His-
tologic analysis of E18.5 Pdk1dm1 mice showed delayed ossification, 
with persistent unossified remnants of the primitive cartilage tem-
plate in the diaphysis (Supplemental Figure 3B). Likewise, remodel-
ing of the growth plate cartilage into bony trabeculae was delayed, 
with increased amounts of cartilage present in the metaphysis. 
Despite the reduction in the overall size of long bones in Pdk1dm1 
mice, growth plate architecture was only minimally disrupted, with 
similarly sized hypertrophic and proliferative zones. Due to the 
severity of these defects, Pdk1dm1 mice died at birth due to respira-
tory failure. All of these abnormalities were more severe than those 
observed using osterix-cre that deletes after commitment to the 
osteoblast lineage, implying that PDK1 has additional functions 
in osteoprogenitors during embryonic development. However, we 
cannot exclude that deletion in chondrocytes or chondrocyte pre-
cursors contributes to the severity of the phenotype.

Recently, 2 populations of osteoprogenitors that give rise to 
bone tissue have been isolated from fetal bones (30). One popu-
lation of the progenitor cells with surface markers CD45–Tie2–

αv+CD105+Thy1.2– (CD105+Thy1–) produces bone through a car-
tilage intermediate (endochondral ossification), whereas a second 
population, CD45–Tie2–αv+CD105+Thy1.2+ (CD105+Thy1+), forms 
bone without a cartilage intermediate (intramembraneous ossifi-
cation). We fractionated fetal bone cells from E17.5 Pdk1dm1 and 
Pdk1osx embryos and littermate controls and analyzed the expres-
sion of these surface markers using flow cytometry (Figure 2A and 
Supplemental Figure 2F). Consistent with the reduction in skel-
etogenesis observed in E18.5 Pdk1dm1 embryos, absolute numbers 
of both populations of osteoprogenitors were reduced in Pdk1dm1 
embryos, whereas Pdk1osx embryos showed only a very modest 
decrease in CD105+Thy1+ intramembranous precursors. Thus, 
by comparing the phenotypes of Pdk1dm1 and Pdk1osx embryos and 
their corresponding levels of osteoprogenitors, we conclude that 
PDK1 likely functions both in the specification of osteoprogeni-
tors and in later stages of osteoblast differentiation.

PDK1 is essential for osteoblast differentiation. We next examined 
expression of osteoblast-specific markers  in  the calvarium of 
Pdk1osx mice. Consistent with a severe delay in skeletal mineral-
ization of Pdk1osx mice, expression of bone sialoprotein 2 (Bsp2), 
osteocalcin (Bglap, also known as Ocn), osterix (Osx), and type 1 
collagen α (Col1a1) was all reduced. Likewise, in situ hybridiza-
tion analysis of Pdk1osx calvarium showed a substantial decrease in 
secreted phosphoprotein 1 (Opn) and Ocn expression in the osteo-
genic front, nasal bone, and zygomatic arch (Figure 2, B and C, 
and Supplemental Figure 5A). In contrast with previous reports 
(31–34), transcript and protein levels of RUNX2 were unaffected 
both in vivo and in vitro in cultured Pdk1osx calvarial osteoblasts 
(CalvObs), arguing that any influence of PDK1 on RUNX2 activ-
ity must occur by influencing RUNX2 activity and not RUNX2 
expression (Supplemental Figure 5B).

To directly probe the function of PDK1 in osteoblast differentia-
tion, CalvObs were isolated from Pdk1fl/fl neonates and transduced 
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with lentiviruses expressing either EGFP control or cre recombi-
nase. Efficient reduction of Pdk1 expression was confirmed by 
quantitative PCR and immunoblotting with an anti-PDK1 anti-
body (Supplemental Figure 5C). Lentiviral infection of CalvObs 
did not affect cell viability (Supplemental Figure 5D, top). Both 
cre-induced  Pdk1 deletion and treatment with PI3K or PDK1 
inhibitors blocked osteoblast differentiation, as determined by 

decreased alkaline phosphatase (ALP) activity and extracellular 
matrix mineralization (Figure 3A; Supplemental Figure 5D, bot-
tom; and Supplemental Figure 6). Likewise, acquisition of the 
osteoblast differentiation markers Osx, Bsp2, Col1a1, and Ocn was 
reduced (Figure 3B). These defects required the kinase activity of 
PDK1, as the effect of PDK1 deletion could be rescued by enforced 
expression of WT but not kinase-dead PDK1 (Supplemental Fig-

Figure 1
Abnormal skeletogenesis in PDK1-deficient mice. (A) Ossification of P2 Pdk1fl/fl and Pdk1osx skulls was analyzed by μCT. Arrowheads indicate 
the nasal bone. (B) Alizarin Red/Alcian Blue–stained skeletal preps demonstrating calvarial hypomineralization and clavicular hypoplasia in 
P2 Pdk1osx mice. Arrows indicate the zygomatic bone (top). Hematoxylin and eosin–stained longitudinal section of the femur in P2 Pdk1fl/fl and 
Pdk1osx mice (middle). Pdk1osx mice display low bone mass and spontaneous fractures (bottom). Original magnification, ×40. (C and D) Alizarin 
Red/Alcian Blue–stained skeletal preps of the indicated mice.
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ure 5, E and F). Together with skeletal anomalies in Pdk1osx mice, 
these data confirm that PDK1 activity is essential for osteoblast 
differentiation and skeletal mineralization in vivo.

PDK1 is a key mediator of IGF-1 and insulin signaling in osteoblasts. 
In order to determine which pathways function upstream and 
downstream of PDK1 in osteoblasts, WT and PDK1-deficient  
CalvObs were stimulated with various ligands relevant to osteo-
blast function, including IGF-1, insulin, FGF-2, BMP2/7, TGF-β,  
and a WNT/Frizzled fusion protein.  In the absence of PDK1, 
stimulation with IGF-1 failed to increase osteoblast differentia-
tion, as shown by ablated induction of ALP activity, extracellular 
matrix mineralization, and osteoblast marker gene expression, 
whereas the responsiveness to FGF-2, BMP2/7, and TGF-β was 
relatively normal in PDK1-deficient CalvObs (Figure 3, C and D, 
and Supplemental Figure 7). To probe the importance of PDK1 for 
the phosphorylation of AKT substrates, lysates from IGF-1–stimu-
lated osteoblasts were blotted with an antibody recognizing the 
RXXS/T motif characteristic of AKT phosphorylation sites (Figure 
4A and ref. 35). IGF-1 stimulation failed to upregulate phosphor-
ylation of AKT (T308) and several AKT substrates, including S6 
(S235/236), in PDK1-deficient CalvObs (Figure 4A and Supple-
mental Figure 7F). Similar results were seen in WT CalvObs treated  
with PI3K, PDK1, or AKT inhibitors (Supplemental Figure 8A). 
AKT requires phosphorylation of both the PDK1-mediated T308 
site and the S473 site, which is targeted by several other kinases 
(35, 36). Phosphorylation of AKT (S473), ERK1/2 and p38 MAPKs, 
and the mTOR target 4E-BP1 (T37/46) was unaffected or mod-
estly increased in response to IGF-1, indicating that MAPK and 
mTOR signal transduction downstream of IGF-1 does not require 
PDK1. Glycogen synthase kinase-3β (GSK-3β) showed a substan-
tial decrease under basal conditions but only a slight defect after 

IGF-1 stimulation (Supplemental Figure 7F). Further examination 
of Wnt/β-Catenin signaling showed that PI3K or PKD1 inhibitors 
did not affect or slightly increased the ability of a Wnt/Frizzled 
fusion protein to activate the β-catenin–responsive reporter gene 
(Top flash-luc) (Supplemental Figure 7G). Similarly, protein levels 
of β-Catenin and basal Top flash reporter activity were minimally 
altered in PDK1-deficient CalvObs (Supplemental Figure 7H). 
Thus, PDK1 appears to play a selective role in regulation of the 
AKT pathway downstream of IGF-1 signaling.

CalvObs lacking PDK1 display similar defects in response to 
insulin (Figure 4B and Supplemental Figure 7F). As a sequela of 
impaired osteoblast responsiveness to insulin, Pdk1osx mice displayed 
an increase in nonfasting serum glucose levels and a decrease in 
nonfasting serum insulin levels, a pattern previously observed with 
impaired insulin signal transduction in osteoblasts (Supplemental 
Figure 4D). Thus, PDK1 expression in osteoblasts contributes to sys-
temic glucose metabolism (17, 37). All together, these results dem-
onstrate that PDK1 selectively regulates the AKT pathway responses 
to IGF-1 and insulin but not to other osteoblast-activating stimuli, 
such as FGF-2, BMP2/7, TGF-β, or WNTs.

PDK1 regulates CREB activity via AKT in osteoblasts. To define the 
downstream targets of PDK1 in IGF-1 and insulin signaling path-
ways, we probed the activation of various signaling intermediates. 
In particular, AKT was considered, because it is a well-character-
ized PDK1 substrate (35) and its importance in osteoblast function 
has been previously described (22, 32–34). Likewise, treatment with 
an AKT inhibitor completely abolished basal and IGF-1–induced 
phosphorylation of AKT substrates, resulting in impaired osteo-
blast differentiation (Supplemental Figure 6A and Supplemental 
Figure 8A). As with other ACG family kinases, AKT requires phos-
phorylation at 2 separate sites for full activity — the T308 site, which 

Figure 2
Characterization of osteoprogenitors and gene expression in Pdk1osx mice. (A) Representative FACS profiles on pregated, live CD45–Ter119– lin-
eage cells harvested from long bones of E17.5 Pdk1fl/fl and Pdk1dm1 embryos. Percentages represent the percentage of cells within that quad-
rant. Values are mean ± SD of biologic replicates. (B) Sections from the sagittal suture of P2 Pdk1fl/fl and Pdk1osx neonates analyzed for the 
expression of Opn by in situ hybridization. Original magnification, ×100. The osteogenic front (OF) and sutural mesenchyme (SM) are labeled. (C) 
Total RNA was extracted from calvaria of P2 Pdk1fl/fl and Pdk1osx mice, and osteoblast gene expression was analyzed by quantitative PCR. The 
value of each sample, each from a different mouse, is indicated with a circle, and the average value of each group indicated with a red line.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 122      Number 1      January 2012  95

is PDK1 mediated, and the S473 site, which is targeted by several 
other kinases, including mTOR and PDK2 (35, 36). In PDK1-defi-
cient osteoblasts, levels of AKT phosphorylation at the T308 site 
were substantially reduced, whereas S473 phosphorylation was 
unaffected. Additional downstream targets examined, such as ERK, 
p38, and JNK MAPKs, showed unaltered or increased phosphoryla-
tion (Figure 5A). Surprisingly, despite the reduction in AKT T308 
phosphorylation, the vast majority of AKT substrates were unaf-

fected by the absence of PDK1. Only 3 bands at approximately 40 
to 45 kDa and 32 kDa showed markedly decreased phosphoryla-
tion levels. Through published information of AKT substrates con-
taining the RXXS/T* motif, these were independently identified 
though phospho-specific Western blotting to represent phospho–
GSK-3β (S9), phospho-CREB (S133) (11, 38, 39), and phospho-S6 
(235/236), respectively (Figure 5, A and B, and refs. 11, 35, 40). This 
was confirmed in vivo by performing IHC analysis in the calvarium 

Figure 3
Characterization of PDK1-deficient osteoblasts. (A and B) Pdk1fl/fl CalvObs infected by control (con) or Cre-expressing lentivirus (ΔPDK1) were 
cultured for 6 days and analyzed for ALP activity and Von Kossa staining or were analyzed by quantitative PCR. (C and D) Pdk1fl/fl CalvObs were 
infected with control or Cre-expressing lentivirus, cultured for 6 days in the absence or presence of IGF-1 (25 ng/ml), and (C) analyzed for ALP 
activity or (D) analyzed by quantitative PCR. Original magnification, ×100.
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of Pdk1osx and littermate control mice. Phosphorylation levels of 
CREB (S133), AKT (T308), GSK-3β (S9), and S6 (S235/236) were all 
decreased in osteoblasts lining the osteogenic fronts near the crani-
al sutures, nasal bones, and zygomatic arches (Figure 5B, right, and 
Supplemental Figure 8, B–E). Likewise, basal and IGF-1–induced 
phosphorylation of AKT substrates, including CREB, GSK-3β, and 
S6, was all abolished in WT CalvObs treated with an AKT inhibitor 
(Supplemental Figure 8A and data not shown). Thus, the PDK1-
AKT signaling axis has a very specific role in regulating a small sub-
set of AKT substrates in osteoblasts.

The CREB transcriptional factor has been shown to be a reg-
ulatory target for AKT, and its activity is modulated by AKT-
mediated phosphorylation at S133 (11, 38, 39). We tested CREB 
transcriptional activity  in PDK1-deficient CalvObs using the 
CREB-responsive luciferase reporter (CREB-Luc). Consistent with 
decreased CREB S133 phosphorylation in vivo and in vitro in the 
absence of PDK1, CREB activity was markedly reduced (Figure 
5C). Likewise, IGF-1 stimulation failed to upregulate CREB S133 
phosphorylation in the absence of PDK1 (Figure 5D). Insulin did 
not induce substantial CREB S133 phosphorylation, even in WT 
CalvObs (data not shown). Expression of Creb and Cbp was rela-
tively unchanged in the absence of PDK1 (Supplemental Figure 
9A). In PDK1-deficient CalvObs, CREB phosphorylation was nor-
mal or modestly increased in response to other CREB activators, 
such as FGF-2, isoproterenol (a β2-adrenergic receptor agonist), 
and forskolin (a PKA agonist) (Supplemental Figure 9D). There-
fore, Pdk1 deletion results in selective impairment in CREB phos-
phorylation downstream of IGF-1.

Another AKT substrate, S6, had reduced phosphorylation levels 
in vivo and in vitro (Supplemental Figure 7F and Supplemental 

Figure 8, B–D). To assess whether this was functionally relevant, 
we used the observation that S6 phosphorylation is a critical regu-
lator of cell size (41). Despite decreased S6 phosphorylation levels, 
cell size was unaltered in PDK1-deficient CalvObs (Supplemental 
Figure 9E). Thus, the decreased S6 phosphorylation levels do not 
alter function in PDK1-deficient osteoblasts, implying that other 
mechanisms may compensate for this defect.

To determine the physiologic contribution of CREB to bone 
formation in vivo, we examined the skeletal phenotype of Creb 
knockout mice. Since germline deletion of Creb results in perina-
tal lethality (42), we analyzed skeletal mineralization in embryonic 
Creb–/– and Creb+/+ mice. E18.5 Creb–/– embryos displayed hypo-
mineralization of the frontal, parietal, and maxillary bones and a 
mild delay in ossification of the femur (Figure 6, A and B). Unlike 
E18.5 Pdk1osx and Cbp+/– embryos, gross mineralization of the axial 
skeleton and clavicle was relatively normal in the absence of CREB 
(Supplemental Figure 9B), which perhaps reflects compensatory 
effects from other CREB family members (43).

To determine whether there is a direct relationship between 
PDK1 and CREB activity in osteoblasts in vivo, we analyzed the 
genetic interaction between CREB and PDK1 by comparing WT, 
Creb+/–, and Pdk1fl/+osx mice heterozygous for PDK1 and Pdk1fl/+osx; 
Creb+/– double heterozygous mice. Dual heterozygosity for Creb 
and Pdk1 resulted in a substantial decrease in both femoral bone 
mass and calvarial mineralization beyond that seen with heterozy-
gosity for either gene alone. The craniofacial and clavicular phe-
notypes were only minimally altered in Pdk1fl/+osx;Creb+/– double 
heterozygous mice  (Figure 6C and Supplemental Figure 9C). 
Taken together, we conclude that PDK1 plays a key role in regula-
tion of CREB activity via the AKT pathway in osteoblasts.

Figure 4
Altered responses to IGF-1 and insulin in osteoblasts lacking PDK1. Pdk1fl/fl CalvObs infected by control or Cre-expressing lentivirus, serum starved 
for 12 hours, and stimulated with (A) IGF-1 (25 ng/ml) or (B) insulin (10 nM). Cell lysates were immunoblotted with the indicated antibodies.
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PDK1 regulates RUNX2 activity via the CREB/CBP complex. Previ-
ously, CBFA1/RUNX2 missense mutations were observed to have 
atypical manifestations, resulting in a syndrome sharing features 
of cleidocranial dysplasia (CCD) and RTS (44). Similarly, Pdk1osx 
mice display CCD phenotypes, such as clavicular hypoplasia and 
craniofacial hypomineralization. Pdk1osx mice also display RTS 
phenotypes resembling Cbp haploinsufficiency (Figure 1). These 
findings suggest that PDK1 functions upstream of both RUNX2 
and CBP in osteoblasts. To test this hypothesis, we first measured 
RUNX2 activity in PDK1-deficient CalvObs using the RUNX2-
responsive luciferase reporter (OSE2). As expected, RUNX2 activ-
ity was substantially reduced in the absence of PDK1, while the 
ATF4-responsive OSE1 luciferase reporter showed unaltered or 
modestly increased activity (Figure 7A). Accordingly, the defects 
in induction of ALP and osteoblast gene expression in PDK1-defi-
cient osteoblasts could be partially rescued by enforced RUNX2 
expression (Figure 7, B and C).

To extend the evidence that PDK1 regulates RUNX2 activity in 
osteoblasts from in vitro to in vivo systems, we analyzed the genetic 
interaction between RUNX2 and PDK1 by comparing WT, Runx2+/–, 
and Pdk1fl/+osx mice heterozygous for PDK1 and Pdk1fl/+osx;Runx2+/– 
double heterozygous mice. Compound Pdk1 and Runx2 heterozy-

gosity resulted in a substantial reduction in both femoral bone 
mass and calvarial hypomineralization beyond that seen with Pdk1 
or Runx2 heterozygosity alone. Furthermore, the clavicular hypo-
plasia seen in Runx2+/– mice was further exacerbated by the addition 
of Pdk1 heterozygosity (Figure 8, A and B). Last, Runx2 and Pdk1 
compound heterozygotes developed spontaneous rib fractures, 
providing functional evidence for the physiologic significance of 
this genetic interaction (Figure 8C). Thus, both in vivo and in vitro 
approaches confirm that PDK1 is a key regulator of RUNX2 tran-
scriptional activity and, by extension, osteoblast function.

The above studies validate that PDK1 is required for activation of 
both RUNX2 and CREB, with CREB activation occurring via AKT 
(11, 39). To examine the relationship between CREB activation and 
RUNX2 activity in osteoblasts, we first tested the ability of CREB 
to induce RUNX2 activation using a RUNX2-responsive reporter 
(OSE2) (Figure 9A). Expression of a constitutively active mutant 
CREB, VP16/CREB (45), evoked an increase in RUNX2 activity, 
either alone or in combination with RUNX2 itself. Likewise, RUNX2 
DNA-binding affinity was increased in the presence of CBP and 
VP16/CREB but not A-CREB, a dominant-negative CREB mutant 
(Figure 9B and ref. 46). VP16/CREB overexpression increased the 
interaction of RUNX2 with CBP in HEK293 cells (Figure 9C), where-

Figure 5
PDK1 activates CREB via AKT in osteoblasts. (A) Pdk1fl/fl CalvObs were infected with control or Cre-expressing lentivirus, cultured for 6 days, 
and immunoblotted with the indicated antibodies. Arrowheads indicate predicted phosphorylated GSK-3β and S6 proteins. (B) Primary CalvObs 
were isolated from Pdk1fl/fl and Pdk1osx neonates and immunoblotted with anti–phospho-CREB antibody. Alternatively, IHC was performed to 
show phosphorylation levels of CREB in a coronal section of the calvaria of P2 Pdk1fl/fl and Pdk1osx mice. Original magnification, ×100. (C) Pdk1fl/fl 
CalvObs infected by control or Cre-expressing lentivirus were transfected with CREB-Luc and Renilla luciferase genes. Luciferase activity was 
analyzed 6 days after culture in differentiation medium. Results were normalized to a Renilla control. (D) Pdk1fl/fl CalvObs infected by control 
or Cre-expressing lentivirus were serum starved for 12 hours prior to IGF-1 stimulation (25 ng/ml). Cell lysates were then immunoblotted with 
anti–phospho-CREB (S133) antibody.



research article

98	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 122      Number 1      January 2012

as in the RUNX2/CBP interaction, CREB phosphorylation, and 
transcriptional activity were all decreased in the absence of PDK1 
(Figure 5, B and C, Figure 9D). Therefore, PDK1-mediated CREB 
activation can promote RUNX2 interaction with CBP in osteoblasts, 
thereby increasing RUNX2 transcriptional activity.

CREB transactivates BMP2 expression in osteoblasts. Spontaneous 
bone fractures observed in Pdk1osx neonates and compound Pdk1 
and Runx2 heterozygotes resemble the fractures resulting from 
limb-specific deletion of BMP2 (47). Additionally, recent in vitro 
analyses have suggested that BMP2 is a target of activated CREB in 
osteoblasts (48). To explore whether the PDK1 pathway is linked 
to the regulation of Bmp2 expression, human mesenchymal stem 
cells (hMSCs) or CalvObs were cultured under osteoblast differ-
entiation conditions and treated with either PDK1 or PI3K inhibi-
tors (Supplemental Figure 10A). Treatment with these inhibitors 
suppressed expression of Bmp2 in both systems. Similarly, Bmp2 
transcript levels were markedly reduced in Pdk1osx calvaria and 
PDK1-deficient CalvObs (Figure 10A, left, and Supplemental Fig-
ure 10B). Immunoblotting and IHC for phosphorylation of the 
BMP-responsive SMAD1/5/8 demonstrated a substantial reduc-
tion both in vitro and in vivo in the absence of PDK1 (Figure 10B). 
Likewise, Bmp2 transcript levels were reduced in Creb–/– calvaria 
(Figure 10A). Taken together, these results suggest that PDK1 acts 
through CREB to mediate Bmp2 transactivation in osteoblasts. 
To test this further, we examined the ability of CREB to induce 
Bmp2 expression using a luciferase reporter containing the dis-
tal and proximal promoter of the murine Bmp2 gene, BMP2-Luc  
(–2712/+165 bp)  (ref. 49 and Figure 10C). Luciferase activity 
showed a dose-dependent increase with expression of either WT 

CREB or the constitutively active mutant VP16/CREB (Supple-
mental Figure 10C, top, and ref. 50). In addition, CREB activ-
ity was further increased in the presence of CBP, suggesting that 
CREB functions along with its coactivator CBP to upregulate 
Bmp2 expression (Supplemental Figure 10C, bottom). To identify 
the CREB-responsive elements (CREs) in the murine Bmp2 pro-
moter, we compared CREB-induced luciferase activation of the 
extended (–2712/+165 bp) and proximal (–150/+165 bp) promoter 
constructs (Supplemental Figure 10D and ref. 49). Induction of 
CREB-mediated luciferase activation was similar, indicating that 
the CRE sites are localized in the proximal promoter. Two putative 
CRE sites in the proximal promoter at –66/62 bp and +38/42 bp 
were mutated in every combination of single and double mutants 
(Figure 10D). Mutation of the –66/62 bp site (mut1) or both sites 
(–66/62 bp and +38/42 bp, mut1 and mut2) abolished responsive-
ness to WT CREB and VP16/CREB. Mutation of the +38/42 bp 
site alone did not affect CREB responsiveness, localizing the func-
tionally relevant CRE site to –66/62 bp. Accordingly, biotinylated 
oligonucleotides containing the WT but not the mutated –66/62 
bp CRE site were able to pull-down CREB (Figure 10E). Thus, 
CREB transactivates Bmp2 by directly interacting with the CRE site 
(–66/62 bp) in the Bmp2 proximal promoter. We conclude that the 
CREB/CBP complex increases RUNX2 activity, both by promoting 
RUNX2 DNA binding and by directly transactivating Bmp2 expres-
sion through binding the Bmp2 promoter (see schematic below).

rhBMP2/7 partially reverses the skeletal defects in Pdk1osx and Cbp+/– 
embryos. rhBMP2 induces ectopic formation of bone and cartilage 
in vivo, osteogenic differentiation of mesenchymal stem cells to 
mature osteoblasts in vitro, and reverses bone loss in aged mice 

Figure 6
Characterization of skeletal defects in Creb–/– mice. (A) Ossi-
fication of E18.5 Creb+/+ and Creb–/– skulls was analyzed by 
μCT, and the 3D reconstruction is displayed. (B) Hematoxylin 
and eosin–stained longitudinal section of the femur in E18.5 
Creb+/+ and Creb–/– embryos. Original magnification, ×100. 
(C) μCT analysis of the femurs from 4-week-old Pdk1fl/+, 
Pdk1fl/+osx, Creb+/–, and Pdk1fl/+osx;Creb+/– mice. BV/TV, 
bone volume fraction; Tb.Th, trabecular thickness; Tb.N, 
trabecular number; C.Th, cortical thickness. **P < 0.005, 
Student’s t test.
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(51–53). Given the evidence that BMP2 expression is downstream 
of the PDK1 pathway in osteoblasts, we tested whether the pheno-
type of Pdk1osx mice can be rescued by treatment with rhBMP2/7. 
We used rhBMP2/7 instead of rhBMP2, as the rhBMP2/7 het-
erodimer is more potent than the rhBMP2 monomer (54). It has 
been reported that iodinated BMP7 injected into pregnant mice 
was able to pass across the placenta and successfully localized in 
developing fetal organs (55). Thus, we treated pregnant mice with 
either rhBMP2/7 (1 μg per mouse per day) or 0.1% BSA/PBS daily 
from E8.5 to E18.5 and sacrificed neonates at birth for analysis 
of skeletal phenotypes. Remarkably, treatment with rhBMP2/7 
partially reversed the entire spectrum of skeletal anomalies seen 
in Pdk1osx pups, including rescue of calvarial hypomineralization, 

clavicular hypoplasia, and spontaneous fracture of the femur (Fig-
ure 11A). Furthermore, the defects in differentiation and marker 
gene expression seen in PDK1-deficient osteoblasts were partially 
reversed by rhBMP2/7 in vitro (Figure 11B). Thus, rhBMP2/7 
treatment partially reverses the PDK1 phenotype both in vivo and 
in vitro, demonstrating that the PDK1 pathway is a physiological 
regulator of BMP2 expression.

Mutations in the Cbp gene cause RTS and Cbp+/– mice to reca-
pitulate many of the skeletal features of RTS (1, 8, 56, 57). The 
finding that rhBMP2/7 can partially reverse the phenotype of 
Pdk1osx mice suggests that a similar approach might be used to 
prevent the skeletal defects seen in the murine model of RTS, 
Cbp+/– mice. Similar to the strategy used above, pregnant mice 

Figure 7
PDK1 functions upstream of RUNX2 in 
vitro. (A) Pdk1fl/fl CalvObs infected by 
control or Cre-expressing lentivirus were 
transfected with OSE2-Luc or OSE1-Luc 
along with Renilla luciferase gene. Lucif-
erase activity was analyzed 6 days after 
culture in differentiation medium. Results 
were normalized to a Renilla control. (B 
and C) Pdk1fl/fl CalvObs were infected 
with either control or Cre-expressing lenti-
virus, together with Myc-RUNX2–express-
ing lentivirus, and (B) analyzed by colori-
metric assay (top) and Fast Blue staining 
(bottom) for ALP activity. Original magnifi-
cation, ×100. (C) Alternatively, RNA tran-
script levels of the indicated genes were 
analyzed by quantitative PCR.
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were treated daily with rhBMP2/7 at gestational 
ages E8.5 through E17.5 and sacrificed at E18.5 
for  analysis  of  skeletal  phenotypes.  Treatment 
with rhBMP2/7 successfully ameliorated the skel-
etal anomalies seen  in Cbp+/–  embryos at a high 
frequency, including calvarial hypomineralization 
and clavicular hypoplasia (Figure 12A). Rescue of 
the CBP phenotype with rhBMP2/7 treatment in 
vivo demonstrates that the CREB/CBP pathway is 
a key biological regulator of BMP2 expression and 
provides proof of principle that in utero BMP2/7 
administration may be a  treatment strategy  for 
heritable skeletal dysplasia syndromes.

Discussion
Our study defines a PDK1-dependent pathway in 
osteoblasts that acts to connect IGF-1 and insu-
lin  signaling  to  transcriptional  activity  of  the 
CREB/CBP complex via AKT, thereby upregulating 
RUNX2 activity and BMP2 expression. Comparison 
of Pdk1osx and Pdk1dm1 phenotypes indicates that 
this pathway likely functions both in osteoblast 
precursors and in later stage osteoblasts. Accord-
ingly, treatment of Pdk1 conditional knockout or 
Cbp+/– embryos in utero with rhBMP2/7 partially 
reverses their skeletal defects, demonstrating both 
that BMP2  is a physiological  target of a PDK1-
AKT-CREB/CBP signaling axis and that growth 
factor supplementation is able to correct skeletal 
dysplasia phenotypes in utero. However, despite 
the remarkable functional importance of BMPs, the 
CBP/CREB complex downstream of PDK1 almost 
certainly has additional targets,  likely  including 
many of the osteoblast marker genes affected by the 
absence of PDK1.

PDK1 is a potential causative gene of RTS. The func-
tion of IGF-1 and insulin in regulating adult bone 
mass may be mediated by the PDK1-AKT-CREB/
CBP pathway, offering new targets for the treat-
ment of osteoporosis. Furthermore,  the finding 
that CBP acts as an adjunct to CREB suggests that 
RTS (5) reflects the skeletal effects of disrupting 
the PDK1-AKT-CREB/CBP signaling axis. Whether 
impairment of this signaling axis in other tissues 
would also phenocopy the nonskeletal features of 
RTS is unknown.

Figure 8
PDK1 regulates RUNX2 in vivo. (A) μCT analysis of 
the calvaria (top) and Alizarin Red/Alcian Blue–stained 
skeletal preps of clavicles (bottom) from 4-week-old 
Pdk1fl/+, Pdk1fl/+osx, Runx2+/–, and Pdk1fl/+osx;Runx2+/– 
mice. (B) μCT analysis of the femurs from 4-week-old 
Pdk1fl/+, Pdk1fl/+osx, Runx2+/–, and Pdk1fl/+osx;Runx2+/– 
mice. 3D reconstructions of trabecular bone (left) and 
midshaft cortical bone (right) are displayed. *P < 0.05, 
Student’s t test. **P < 0.005. (C) Spontaneous rib 
fractures of 4-week-old Pdk1fl/+, Pdk1fl/+osx, Runx2+/–, 
and Pdk1fl/+osx;Runx2+/– mice. *P < 0.05, Student’s  
t test. **P < 0.005.
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Approximately 40% and 3% of patients with RTS have been 
reported to carry heterozygous mutations in either the Cbp gene or 
the gene encoding p300, a CBP paralog, respectively (5, 58). Intrigu-
ingly, the human PDK1 gene is also located in the same chromo-
somal 16p13.3 region associated with RTS, approximately 1.1 Mbp 
apart from the 5′ end of the Cbp gene. Given that microdeletion at 
chromosome 16p13.3 is frequently observed in RTS (59), a search 
for null or hypomorphic mutations of the PDK1 gene in patients 
with RTS without an identifiable CBP lesion may be warranted.

PDK1 is a key regulator downstream of IGF-1 and insulin signaling in 
osteoblasts. Although the role of insulin family members in regu-
lating osteoblast activation has been a subject of much interest 
recently,  how  this  signal  is  integrated  to  alter  the  osteoblast 
transcriptional program remains to be fully elucidated. Here, we 
demonstrate that PDK1 functions selectively to regulate signal 
transduction by insulin family members, including IGF-1 and 
insulin, in osteoblast biology. First, PDK1 acts downstream of 
IGF-1 to regulate a subset of AKT substrates, especially the phos-
phorylation of CREB at S133. Biochemical and genetic interaction 
studies confirm that this PDK1-AKT pathway acts through CREB 
phosphorylation to regulate osteoblast differentiation.

Notably, our findings contrast with previous in vitro studies 
showing that the PI3K/AKT pathway regulates osteoblast dif-
ferentiation through upregulation of RUNX2 expression but not 
RUNX2 transcriptional activity (31–34). This discrepancy might 
result from artifacts of in vitro experiments using osteoblast cell 
lines and inhibitors. Alternatively, whereas a broad range of AKT 
substrates are affected by treatment with inhibitors or RNAi-
induced knockdown in cell lines, PDK1 deletion blocks activation 
of AKT substrates in a selective manner. Therefore, this selective 
signaling impairment by PDK1 deletion might not affect RUNX2 
expression but rather target RUNX2 activity in osteoblasts.

We also uncovered previously unappreciated roles for CREB in 
bone formation. As a RUNX2-independent pathway, CREB phos-
phorylation recruits its coactivator CBP to the promoter of BMP2 
through  its direct binding to CRE,  thereby promoting BMP2 
transactivation. Whereas prior studies have shown that BMP2 
production is RUNX2 dependent (60), this is likely due to indirect 

effects of RUNX2 on the overall progression of osteoblast differen-
tiation, as RUNX2 overexpression was unable to transactivate the 
BMP2 gene (data not shown). Dysregulation of CREB/CBP activity 
may decrease endogenous BMP2 levels, thereby leading to skeletal 
anomalies, including delayed ossification during embryonic devel-
opment and impaired fracture healing during adult life.

In insulin signaling pathways, PDK1 regulates RUNX2 tran-
scriptional activity through downregulation of TWIST2, a nega-
tive regulator of RUNX2 (61). This role requires AKT activation 
and is independent of the CREB/CBP complex. Increased RUNX2 
activity  via  TWIST2  downregulation  upregulates  osteocalcin 
expression and activity, leading to increased bone formation and 
glucose metabolism (37). Previous studies show that osteoblast-
specific deletion of the insulin receptor results in reduced bone 
acquisition and metabolic anomalies due to decreased osteocalcin 
expression and activity (18, 37, 62). Our findings build upon those 
observations by revealing that PDK1/AKT is the specific pathway 
by which insulin downregulates TWIST2. Thus, PDK1 is a major 
pathway for coupling insulin family signaling to multiple down-
stream pathways regulating osteoblast activity.

The use of in utero growth factor supplementation for skeletal dysplasias. 
As with nearly all skeletal dysplasias, considerable recent advances 
in the understanding of the genetics of RTS have failed to trans-
late into therapeutic advances. This is despite demonstrations that 
embryonic developmental defects can in fact be corrected by direct-
ed supplementation of relevant growth factors (63). A major barrier 
to the implementation of such an approach is that a reliable meth-
od of fetal screening needs to be developed and implemented. Fetal 
ultrasound has an excellent capacity to visualize the degree of fetal 
skeletal development, and in utero screening for developmental 
skeletal dysplasias is already the de facto standard of care in most 
developed countries. With respect to skeletal dysplasias, this tech-
nology has yet to be coupled with therapeutic interventions due to 
the absence of a method to intervene, even if the particular disor-
der tracking within a pedigree is known. Here, we provide proof of 
principle that growth factor supplementation in utero can correct 
skeletal dysplasias. In particular, we demonstrate that rhBMP2/7 
partly corrects the skeletal abnormalities seen in a mouse model of 

Figure 9
PDK1 regulates RUNX2 activity and BMP2 expression via the CREB/CBP complex. (A) C3H10T1/2 cells were transfected with the indi-
cated constructs. Luciferase activity was measured and normalized to Renilla control. (B) A DNA pull-down assay with a biotinylated oligo 
containing the RUNX2-binding site (OSE2). HEK293 cells were transfected with Myc-RUNX2 in combination with HA-CBP, VP16/CREB, or 
A-CREB. Nuclear proteins were immunoprecipitated by a biotinylated OSE2 oligo and immunoblotted with anti-Myc antibody. The amount 
of Myc-RUNX2 protein was measured as an input control. (C) RUNX2 interaction with CBP is increased by the constitutively active CREB. 
HEK293 cells were transfected with Myc-RUNX2 in combination with VP16/CREB and HA-CBP. Cells were lysed, immunoprecipitated with 
anti-HA–conjugated beads, and immunoblotted with the indicated antibodies. (D) Primary Pdk1fl/fl CalvObs were infected with either control or 
Cre-expressing lentivirus and cultured under differentiation conditions. Nuclear proteins were immunoprecipitated by either IgG or anti-CBP 
and immunoblotted with anti-RUNX2.
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RTS. Thus, understanding the targets downstream of CBP enables 
directed growth factor replacement, an approach which may be 
generalizable to developmental disorders outside of RTS. Addition-
ally, these insights may also translate into biomarker discovery for 
RTS, allowing improved diagnostics beyond the current methods 
of CBP sequencing or FISH for 16p13 deletions.

Methods
Cells, plasmids, and antibodies. hMSCs were cultured under osteoblast differ-
entiation conditions, as instructed by the user’s manuals (Lonza). Primary 
CalvObs and the C3H10T1/2 cell line (mouse mesenchymal fibroblast-like 
cell line) were cultured in α-MEM medium (Cellgro) containing 10% FBS, 
2 mM l-glutamine, 1% penicillin/streptomycin, 1% HEPES, and 1% nones-
sential amino acids and differentiated with ascorbic acid and β-glycero-
phosphate. HEK293 cells (human kidney embryonic cells) and HEK293 FT 
cells were purchased from ATCC and Invitrogen, respectively. Myc-PDK1 
(WT, K111A, and L155E), VP16/CREB, A-CREB, and mouse BMP2-Luc 
(–150/+165 bp and –2712/+165 bp) cDNAs were gifts from Dan R. Littman 

(New York University, New York, New York, USA), Angel Barco (Instituto de 
Neurociencias de Alicante, Alicante, Spain), Charles Vinson (National Can-
cer Institute, Bethesda, Maryland, USA), and Stephen E. Harris (University 
of Texas Health Science Center at San Antonio), respectively. Flag-CREB 
(WT) cDNA was a gift from Marc Montminy (Addgene plasmid no. 22968). 
Cre recombinase, Myc-PDK1 (WT and K111A), and Myc-RUNX2 cDNAs 
were PCR amplified and cloned into pHASE/PGK-PURO lentiviral vector. 
The following antibodies were used: anti-PDK1, anti–phospho-AKT (T308 
and S473), anti–phospho–GSK-3β (S9), anti–β-catenin, anti–phospho-AKT 
substrates (RXXS/T*), anti–phospho-S6 (S235/236), anti–phospho-4EBP1 
(T37/T46),  anti–phospho-CREB  (S133),  anti–phospho-SMAD1/5/8, 
anti–phospho-ERK1/2, anti–phospho-JNK1/2, and anti–phospho-p38 
(all from Cell Signaling Technology); anti-HSP90, anti-HA–conjugated 
agarose, anti-c-Myc–conjugated HRP, and anti-HA–conjugated HRP (all 
from Santa Cruz Biotechnology Inc.); anti-Flag (M2) and anti-VP16 (both 
from Sigma-Aldrich); anti-CBP, anti-Tie2, anti-CD45, anti-Ter119, anti-
CD105, and anti-Thy1.2 (all from Biolegend); anti-RUNX2 (Calbiochem); 
and anti-GAPDH (Affinity Bioreagents). As indicated, cells were treated 

Figure 10
BMP2 is a target of the PDK1/CREB axis. (A) Total RNA was extracted from calvaria of P2 Pdk1fl/fl and Pdk1osx mice or E18.5 Creb+/+ and 
Creb–/– embryos. Transcript levels of Bmp2 were analyzed by quantitative PCR. Each dot represents the value from an independent embryo. 
The horizontal line represent mean ± SD. (B) Primary CalvObs were isolated from Pdk1fl/fl and Pdk1osx pups, lysed, and immunoblotted with 
anti–phospho-Smad1/5/8 antibody. Alternatively, IHC shows phosphorylation levels of SMAD1/5/8 in a coronal section of the calvaria of P2 Pdk1fl/fl 
and Pdk1osx mice. Original magnification, ×40. (C) C3H10T1/2 cells were transfected with the BMP2-Luc (–2712/+165 bp) and Renilla luciferase 
genes, along with vector, Flag-CREB (WT), or VP16/CREB. Results are expressed as relative luciferase activity normalized to Renilla control. (D) 
C3H10T1/2 cells were transfected with either WT or mutant BMP2-Luc (–150/+165 bp) containing the CREB-binding site mutations (mut1 or mut2; 
mut1, –66/62 bp; mut2, +38/42 bp; WT, CGTCC; mutant, GGGCC) and Renilla luciferase genes along with Flag-CREB (WT) or VP16/CREB (ca). 
Results are expressed as relative luciferase activity normalized to Renilla control. (E) HEK293 cells were transfected with either Flag-CREB or 
Myc-RUNX2, and nuclear proteins were immunoprecipitated by biotinylated oligos containing the WT or mutant CREB-binding site.
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Figure 11
rhBMP2/7 treatment reverses skeletal anomalies in Pdk1osx embryos and osteoblasts. (A) Rescue of skeletal anomalies in P1 Pdk1osx neo-
nates by rhBMP2/7. Ossification of P1 Pdk1osx skulls treated with either 0.1% BSA/PBS or rhBMP2/7 was analyzed by μCT (top). Alizarin 
Red/Alcian Blue–stained skeletal preps of the clavicle (middle) and hematoxylin and eosin–stained P1 Pdk1fl/fl and Pdk1osx femurs (bottom) 
are shown. The arrow indicates a spontaneous fracture. Original magnification, ×100. *P < 0.01, Student’s t test; P < 0.02 (for clavicle mea-
surements) and P < 0.0001 (for fontanelle measurements), 1-way ANOVA. (B) Rescue of impaired differentiation in PDK1-deficient CalvObs 
by rhBMP2/7. Pdk1fl/fl CalvObs were infected with control or Cre-expressing lentivirus and cultured for 6 days under in the presence of 0.1% 
BSA/PBS or rhBMP2/7 (100 ng/ml). ALP activity and RNA transcript levels of the indicated genes were analyzed. Original magnification,  
×40 (A, right); ×100 (B).
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with rhBMP2/7, human IGF-1, human FGF-2, and murine TGF-β (R&D 
Systems); insulin, forskolin, and isoproterenol (Sigma-Aldrich); and inhibi-
tors for PI3K, PDK1, and AKT (Calbiochem).

Breeding of mouse strains. Pdk1fl/fl mice were intercrossed with the Osx-cre 
deleter strain (a gift from Andrew McMahon, Harvard University, Boston, 
Massachusetts, USA) to generate Pdk1osx mice (25). Runx2+/– mice were 
gifts from Bjorn Olsen (64), and Creb+/– mice and the Dermo1-cre deleter 
strain were purchased from The Jackson Laboratory. All mice analyzed, 
including Pdk1osx, Runx2+/–, Creb+/–, and Cbp+/– mice, were maintained on 
the C57BL/6 background.

Skeletal preparation and μCT analysis. For skeletal preparation, skeletons 
were prepared for gross analysis using the method of McLeod (65). Briefly,  
mice were skinned, eviscerated, and fixed in 95% ethanol. Then, skeletons 
were stained by Alizarin Red S/Alcian Blue and sequentially cleared in  
1% potassium hydroxide.

For μCT analysis, a Scanco Medical μCT 35 system with an isotropic voxel 
size of 7 μm was used to image the distal femur. Scans were conducted in 
70% ethanol and used an X-ray tube potential of 55 kVp, an X-ray intensity 
of 0.145 mA, and an integration time of 600 ms. From the scans of the distal 
femur, a region beginning 0.28 millimeters proximal to the growth plate 
and extending 2.1 millimeters proximally was selected for trabecular bone 
analysis. A second region 0.6 millimeters in length and centered at the mid-
point of the femur was used to calculate diaphyseal parameters. A Gaussian 
filter, with a support of 0.8 and sigma of 1, was applied to the femur images. 
In order to distinguish cortical from trabecular bone, a semiautomated con-
touring approach was used. A contour was drawn by hand a few voxels from 
the endocortical surface every 20 slices. Contours on slices in this range 
were interpolated by the software. The region of interest was thresholded 
using a global threshold that set the bone/marrow cutoff at 438.5 mgHA/
cm3 for trabecular bone and 589.4 mgHA/cm3 for cortical bone. Unbiased, 

3D microstructural properties of trabecular bone, including bone volume 
fraction, trabecular thickness, trabecular number, and trabecular separa-
tion, were then calculated for the trabecular region of the metaphysis of the 
distal femur as well as midshaft bone volume fraction and cortical thickness 
for the diaphysis, using methods based on distance transformation of the 
binarized images (66). Scans of the skulls were performed using isotropic 
voxel sizes of 12 μm and 20 μm. A Gaussian filter, with a support of 0.8 
and sigma of 1, was applied to the skull images. A contour was created that 
encompassed the entire skull, and the volume of interest was thresholded 
using a global threshold that set the bone/air cutoff at 136.8 mgHA/cm3. 
All images presented are representative of the respective genotypes.

Isolation of fetal osteoprogenitor cells. Fetal osteoprogenitor cells were iso-
lated from E17.5 Pdk1fl/fl, Pdk1osx, Pdk1dm1, or Pdk1fl/+dm1 embryos as previ-
ously described (30). Briefly, both hind and fore limbs from E17.5 embry-
os were digested with type I collagenase (Sigma-Aldrich) and dispase II 
(Roche) for 40 minutes at 37°C. The cells were stained with antibodies 
specific to Tie2, CD45, Ter119, Cd105, αν-integrin, and Thy1.2 after lysing 
red blood cells. Data were acquired on LSRII and analyzed using Flowjo 
Flow Cytometry Analysis software.

Inducible PDK1 deletion and osteoblast differentiation analysis. Primary osteo-
blast precursors were isolated from calvaria of P2 Pdk1fl/fl neonates by using 
the digestion solution containing type I collagenase (Sigma-Aldrich) and 
dispase II (Roche). For inducible deletion of the Pdk1 gene, Pdk1fl/fl osteo-
blast precursors were transduced with either EGFP-expressing lentivirus 
(control) or Cre-recombinase–expressing lentivirus (Cre) at the same MOI 
and cultured in osteoblast differentiation media containing ascorbic acid 
and β-glycerophosphate. Forty-eight hours after infection, the transduced 
cells were selected by puromycin.

For osteoblast differentiation assay, ALP activity, extracellular matrix 
mineralization, and osteoblast marker gene expression were analyzed as 

Figure 12
rhBMP2/7 treatment reverses skeletal anomalies in Cbp+/– embryos. (A) Rescue of skeletal anomalies in E18.5 Cbp+/– embryos by rhBMP2/7. 
Ossification of E18.5 Cbp+/– skulls treated with either 0.1% BSA/PBS or rhBMP2/7 was analyzed by μCT, and the 3D reconstruction is displayed 
(top). Alizarin Red/Alcian Blue–stained skeletal preps demonstrate a rescue of clavicular hypoplasia in Cbp+/– embryos treated with rhBMP2/7 
(bottom). P < 0.0001, 1 way ANOVA; *P < 0.01, Student’s t test. (B) Schema depicting the PDK1 pathway in osteoblasts. Black arrows indicate 
the IGF-1 signaling pathway; red arrows and lines indicate the insulin-signaling pathway.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 122      Number 1      January 2012  105

previously described (67). Briefly, for ALP staining, osteoblasts were fixed 
with 10% neutral buffered formalin and stained with a solution contain-
ing Fast Blue and Naphthol (Sigma-Aldrich). Alternatively, osteoblasts 
were incubated with Alamar Blue solution, washed, and incubated with 
a phosphatase substrate solution (Sigma-Aldrich), and ALP activity was 
measured by luminometer (Thermo Electron Co.). For Von Kossa stain-
ing of extracellular matrix mineralization, cells were fixed with 10% neu-
tral buffered formalin and stained with a solution containing 2.5% silver 
nitrate (Sigma-Aldrich). For osteoblast marker gene expression, total 
mRNAs were purified from osteoblast cultures for use in quantitative RT-
PCR reactions that measure the expression level of several genes that are 
regulated during osteoblast differentiation.

Histology, in situ hybridization, and IHC. For histological analyses, paraf-
fin sections of bones were produced from E16.5, E18.5, P1, and 4-week-
old mice. Limb tissues were dissected and fixed in 4% paraformaldehyde 
in PBS. They were then decalcified by daily changes of 15% tetrasodium 
EDTA, until soft and pliable. Tissues were dehydrated by passage through 
an ethanol series, cleared twice in xylene, embedded in paraffin, and sec-
tioned. For morphological analyses, tissue sections were stained with 
hematoxylin and eosin.

For in situ hybridization, DIG-labeled probes were prepared to detect 
osteocalcin and osteopontin mRNA expression using the DIG-labeling 
Kit (Roche), per the manufacturer’s instructions, and the probes were 
hybridized with paraffin sections. DIG-labeled probe was then detected by 
immunostaining with anti-DIG-POD and streptadvidin-HRP (67).

For IHC, paraffin tissue sections were dewaxed, and endogenous per-
oxidase was quenched, as in preparation for in situ hybridization. Sections 
were blocked with 3% goat serum, 1% BSA, 0.1% Triton X-100 in PBS for 
1 hour at room temperature and incubated with antibodies specific for 
PDK1, phospho-AKT (T308), phospho–GSK-3β (S9), phospho-S6, phos-
pho-CREB (S133), and phospho-SMAD1/5/8 at 4°C overnight. Sections 
were then treated with TSA-biotin (Perkin Elmer) and streptavidin-HRP, 
as per manufacturer’s instructions, and HRP visualized with 2,2′-diamino-
benzidine tetrahydrochloride.

Luciferase reporter assay.  Luciferase  reporter  assay  was  performed  as 
described previously (67). Briefly, C3H10T1/2 cells were transfected using 
Effectene (Qiagen) with the indicated reporter genes and the Renilla lucif-
erase gene (Promega), together with plasmids of VP16/CREB, Flag-CREB 
(WT), CBP, or RUNX2. Total DNA concentration in each experiment was 
maintained by adding the appropriate control vector to the DNA mixture. 
Forty-eight hours after transfection, cells were lysed, and luciferase activity 
was measured using the Dual-Luciferase Assay Kit (Promega). Alternatively,  
primary osteoblast precursors isolated from calvaria of Pdk1fl/fl neonates 
were transduced with either EGFP- or Cre-recombinase–expressing lenti-
virus and cultured in the medium containing puromycin. Puromycin-resis-
tant cells were transfected using Effectene (Qiagen) with various reporter 
genes and the Renilla luciferase gene. Six days after culture in differentia-
tion medium, cells were lysed, and luciferase activity was measured using 
the Dual-Luciferase Assay Kit (Promega).

DNA binding assay. DNA binding assay was performed as described 
previously (68). Briefly, HEK293 cells were transfected with either Flag-
CREB or Myc-RUNX2 cDNA, and nuclear proteins were extracted from 
the cells by using nuclear and cytoplasmic extraction reagents (Thermo 

Scientific). 150 μg nuclear protein was incubated with biotinylated probe 
conjugated to streptavidin-agarose (Invitrogen) bound to protein contain-
ing the RUNX2-binding (OSE2-binding) site and WT or mutant CREB-
binding site (CRE) for 1 hour at 4°C in binding buffer (100 mM NaCl, 10 
mM Tris-HCl [pH 7.6], 0.1 mM EDTA, 1 mM DTT, 5% glycerol, 1 mg/ml 
BSA, 20 μg/ml poly dI/dC plus protease inhibitors). The coimmunopre-
cipitates were washed 3 times in binding buffer, resolved by SDS-PAGE, 
and immunoblotted for overexpressed Flag-CREB and Myc-RUNX2. The 
following primer sequences were used: OSE2-WT, GATCCGCTGCCAT-
CACCAACCACAGCA;  CRE-WT,  CGCGGCCCAGCTAACGCAGAAC-
GTCCGTCCCTCGCCCGGCGAG; and CRE-MUT, CGCGGCCCAGCTA-
ACGCAGAAGCCCCGTCCCTCGCCCGGCGAG.

Treatment of animals with rhBMP2/7. For  treatment of animals with 
rhBMP2/7, 10 μg rhBMP2/7 (R&D Systems) was dissolved in a total 
volume  of  1  ml,  and  a  dose  of  1 μg  rhBMP2/7  per  day  was  injected 
intraperitoneally into pregnant mice on E8.5 through E18.5. Injection of 
PBS was used as a control.

Statistics. Where appropriate, 1-way ANOVA was performed, and 2-tailed, 
unpaired Student’s t tests were used as a post-test for the select biologi-
cally relevant comparisons. Otherwise, unpaired Student’s t tests were used 
directly. A P value equal to or less than 0.05 was considered significant. All 
data graphed are represented as mean ± SD. Quantification of repeats for 
all Western blots shown is provided in Supplemental Figure 11.

Study approval. All animals were maintained in accordance with the NIH 
Guide for the Care and Use of Laboratory Animals and were handled 
according to protocols approved by the Harvard University and University 
of Texas Health Science Center at San Antonio subcommittees on animal 
care (IACUC).
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