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This year’s meeting catalogued the steady 
progress in our understanding of osteoblast 
biology. Now that many of the key factors 
controlling this cell lineage are known, 
studies are increasingly focused on the 
control of osteoblast activity by a wide range 
of signal transduction pathways and factors. 
 
They’re Alive!  
 
Early in the meeting, we were treated to 
beautiful video images showing the dynamic 
nature of osteoblasts and their osteocyte 
descendants – a far cry from the static 
histology we’re used to seeing. Different 
colored GFPs driven by the 3.6kb Col1a1 
and DMP1 promoters were used to visualize 
calvarial osteoblasts and osteocytes, 
respectively, in real time (1;2). The 
continuum between these two cell types was 
emphasized as we watched an individual 
osteoblast gradually become surrounded by 
extracellular matrix, take on the DMP1 
marker and mineralize. Interesting studies 
from the same group also suggest that a 
function we normally attribute to osteoblasts, 
induction of mineralization, may, in fact, be a 
role of the osteocytes that secrete matrix 
vesicle-like structures associated with 
hydroxyapatite crystallite nucleation (3).  
 
Signaling and More Signaling  
 
A number of presentations continued the 
recent trend of focusing on osteoblast 
regulatory mechanisms. The essential roles 

of a number of key signal transduction 
pathways in osteoblast function were 
revealed using a combination of in vitro 
biochemical analysis and in vivo gene 
deletion/transgenic studies. 
 
G protein-coupled receptors, also known as 
GPCRs, regulate many pathways, including 
those required for PTH signaling in 
osteoblasts. However, the functional roles of 
specific G proteins in bone are poorly 
understood. Designer GPCRs provide 
powerful tools for dissecting the roles of 
these G proteins in osteoblasts. A 
transgenic approach was used to selectively 
express in osteoblasts an engineered GPCR 
(Rs1) that signals through the 
Gs/cAMP/PKA pathway. These mice 
displayed a massive and progressive 
increase in bone formation and bone mass 
(4). Likewise, mice lacking Gsα have 
impaired bone formation, resulting in marked 
bone fragility (5). Transgenic expression of 
Gi in osteoblasts using the Col I 2.3 kb 
promoter negatively affected bone formation 
(6). Lastly, transgenic mice expressing the 
Gαq subunit in osteoblasts, the major 
mediator of PTH-dependent 
phosphoinoside/PKC signaling, have 
osteopenia due to impaired osteoblast 
differentiation and reduced matrix formation 
(7). Taken together, these data suggest 
opposing roles of Gs vs. Gi or Gq signaling 
in osteoblasts. The knowledge obtained 
from these studies will help define new 
potential therapeutic targets for improved 
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treatment of metabolic bone diseases such 
as osteoporosis.  
 
It is well established that canonical Wnt 
signaling increases osteoblast activity and 
bone formation. Wnts signal by blocking 
GSK3 activity and stabilizing β-catenin, 
thereby increasing osteoblast 
proliferation/differentiation and osteogenesis 
(8). However, much less is known about 
interactions between Wnt and other 
signaling pathways. Studies showed the Wnt 
pathway to be firmly intertwined with other 
important signals. Notably, Wnt3a stimulated 
phosphorylation of S6K in osteoblasts, one 
of the two major downstream targets of 
mTOR signaling. Furthermore, mTOR 
activity is markedly increased in Wnt10b 
transgenic mice. Interestingly, Wnt activated 
mTOR in a β-catenin-independent manner 
(9). The non-canonical Wnt signaling 
pathway component, Wnt5a, also increased 
osteoblast differentiation of human 
mesenchymal stem cells in vitro (10). PTH, 
a major regulator of calcium homeostasis 
and osteoblast activity, significantly 
increased levels of β-catenin protein and β-
catenin-dependent transcriptional activity in 
cultured osteoblasts by recruiting LRP5/6, 
coreceptors of Wnt canonical signaling, to 
the PTH1R and stabilizing β-catenin. 
Furthermore, intermittent PTH rapidly 
increased levels of LRP5/6 phosphorylation 
and β-catenin protein in vivo (11). Osterix 
(Osx), a critical osteoblast differentiation 
factor, was shown to inhibit cell proliferation 
by antagonizing Wnt signaling. This was 
accomplished by induction of the Wnt 
inhibitor, Dkk1. Osx(-/-) calvarial osteoblasts 
failed to express Dkk1 while Osx activated 
Dkk1 gene expression. Consistent with this 
finding, Osx inhibited β-catenin-dependent 
TOPFLASH reporter activity and β-catenin-
induced secondary axis formation in 
Xenopus embryos, supporting the notion 
that Osx inhibits osteoblast proliferation by 
blocking Wnt signaling, thereby allowing 
differentiation to proceed (12). 
 
Because type I diabetics exhibit defects in 
bone formation, it has long been suspected 
that insulin may have direct actions on bone. 
However, insulin can cross-react with the 

IGF-1 receptor, also active in bone, so it has 
not previously been possible to establish 
direct actions for insulin. A  clever use of 
IGF-1 receptor (IGF-1R) and insulin receptor 
(IR)-deficient mice allowed investigators to 
clearly establish that insulin can stimulate 
osteoblast proliferation and differentiation in 
the absence of IGF-1 signaling (13). Effects 
of insulin, as in other systems, were 
mediated by Akt and GSK3β and resulted in 
up-regulation of Runx2. These workers also 
showed that mice lacking the IR in 
osteoblasts have decreased bone volume. A 
related study further explored the basis for 
Akt actions in osteoblasts. Akt1(-/-) mice 
have a low-turnover osteopenia associated 
with increased osteoblast apoptosis. Akt1 
was shown to protect osteoblasts from 
apoptosis by stimulating phosphorylation of 
cytoplasmic FoxO3a, thereby blocking its 
nuclear translocation and up-regulation of 
Bim, a pro-apoptotic factor whose 
expression is largely dependent upon the 
active FoxO3a in the nucleus (14).   
 
The central position of GSK3β as a kinase 
involved in both insulin/Akt and Wnt 
signaling was further emphasized by a 
presentation describing the results of 
GSK3β haploinsufficiency (15). These mice 
have greater bone mass and formation rates 
and their osteoblasts show accelerated rates 
of differentiation in vitro when compared with 
wild-type littermates. Although levels of the 
Runx2 transcription factor were not affected 
by GSK status, transcriptional activity was 
severely attenuated by GSK over-
expression. This regulation may be the 
consequence of direct phosphorylation of 
Runx2 by GSK, in that mutation of 3 
consensus GSK phosphorylation sites 
rendered Runx2 no longer sensitive to 
GSK3β inhibition.   
 
You Gotta Carry That Load 
 
Polycystin-1 (PC1) and connexin 43 (Cx43) 
have both been implicated in the response 
of osteoblasts/osteocytes to mechanical 
signals. PC1 is a component of the primary 
cilia thought to form a mechanosensing 
complex in bone, while Cx43 mediates the 
gap junctional communication linking 
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osteocytes to each other and to surface 
osteoblasts. Two presentations described 
the consequences of PC1 (16) and Cx43 
(17) deficiency. PC1-deficient mice have 
osteopenia and decreased expression of the 
bone-related type II Runx2 isoform. 
Furthermore, a genetic link was established 
between Runx2 and PC1 by showing that 
double heterozygous PC-1/Runx2 mice 
have a more severe osteopenia than was 
seen with haploinsufficiency of either gene. 
Furthermore, PC1 overexpression 
stimulated the promoter controlling type II 
Runx2 via a mechanism involving both PI3K 
and Akt. Disruption of gap junctional 
communication via osteoblast-specific 
deletion of Cx43 also caused an osteopenia 
that the authors suggest may be due to an 
inability of knockout animals to properly 
adapt to ambulatory loads. The canonical 
MAP kinase pathway is also a component of 
the response of osteoblasts to mechanical 
loads/matrix signals and transgenic 
manipulation of this pathway can alter bone 
development and osteoblast differentiation 
(18). This requirement for canonical MAPK 
signaling in osteoblast differentiation was 
confirmed by analysis of ERK1/2 inactivation 
in mesenchymal precursors using a Prx1-
Cre (19). ERK-deficient mice showed delays 
in the formation of primary ossification 
centers in long bones while Prx1-driven 
MEK1 over-expression led to accelerated 
osteogenesis, synostoses of long bones and 
premature lambdoid suture closure. 
 
I Can’t Breathe 
 
As one of the most metabolically active cells 
in the body, osteoblasts require an adequate 
blood supply whose formation precedes 
overt bone formation. This year, a number of 
studies emphasized the intimate relationship 
between angiogenesis and bone formation. 
The pericyte, a cell in intimate contact with 
the vasculature, has long been suspected of 
being an osteogenic progenitor (20). A 
smooth muscle actin-GFP mouse was used 
to track pericytes into osteoblast and 
adipocyte lineages in vitro and in vivo, 
thereby confirming that this cell type is an 
osteoprogenitor (21). The hypoxia inducible 
factor-1α transcriptional regulator (HIF-1α) 
induces angiogenesis genes under 

conditions of low oxygen tension. Several 
presentations established the important 
function of this factor in osteoblasts. HIF-1α-
deficient osteoblasts expressed reduced 
levels of VEGF and osteoblast differentiation 
markers in vitro. Introduction of a HIF-1α 
mutation into osteoblasts in vivo reduced 
bone volume and bone formation 
parameters and increased osteoclast 
numbers, effects that were exacerbated by 
ovariectomy (22). Interestingly, stimulation 
of HIF-1α activity was also shown to 
stimulate bone regeneration in a distraction 
osteogenesis model (23).  
 
Other Players 
 
Calcium receptors (CaRs) play a key role in 
sensing circulating ionized calcium 
concentrations. It is now clear that they are 
also critical for bone development. Mice 
lacking the CaR in osteoblasts had smaller, 
undermineralized skeletons and, depending 
on the stage of osteoblast differentiation at 
which gene excision took place, either 
reduced or increased levels of osteoblast 
differentiation markers (24;25). ATF4, an 
osteoblast-enriched transcription factor 
required for normal differentiation and bone 
formation, was shown to mediate the 
anabolic actions of PTH in long bones and 
calvaria in studies using an ATF4-deficient 
mouse model. This study also demonstrated 
that ATF4 is a novel downstream target of 
PTH in osteoblasts; PTH increased Atf4 
gene expression and ATF4-dependent 
transcriptional activity through multiple 
signaling pathways mainly involving PKA 
and C (26). Ephrin B2, produced by 
osteoclast precursors, was recently shown 
to enhance osteoblast differentiation and 
bone formation via interactions with its 
osteoblastic receptor, EphB4 (27). 
Interestingly, mice lacking Ephrin B1 in 
osteoblasts displayed reduced peak bone 
mass. Conversely, overexpression of Ephrin 
B1 enhanced osteoblast proliferation in vitro 
(28). These results suggest that factors 
coupling osteoblast-osteoclast 
communication play important roles in bone 
formation, an underexplored area of bone 
biology. A number of new factors interacting 
with the Runx2 transcription factor were also 
identified. Among these are Nell-1, a 
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downstream Runx2 target that can partially 
compensate for Runx2 haploinsufficiency 
(29), Zfp521, a FosB interacting protein that 
antagonizes Runx2 transcriptional activity 
(30) and TGFβ Inducible Early Gene (TIEG) 
that directly stimulates expression of Runx2 
and its downstream targets (31). 
 
Conflict of Interest: None reported. 
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