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Abstract 
 
Bone morphogenetic protein (BMP) is necessary for the development of mesenchymal tissue and 
mesoderm formation during development. BMP2 and BMP4 play critical roles in morphogenesis. On the 
other hand, BMP5, BMP6 and BMP7, which were discovered more recently, likely serve as specific 
modulators of the development of other tissues. There are several inhibitory molecules that seem able to 
target BMP functioning, including SOST, Tob, CIZ and Noggin. These molecules appear to help determine 
the levels of bone mass in adult mice. Further analysis is necessary to elucidate the specific functions of 
BMP inhibitors and BMPs in adult bone. BoneKEy-Osteovision. 2006 April;3(4):5-11.  
©2006 International Bone and Mineral Society 
 
 
 
Bone morphogenetic protein (BMP) was first 
identified by Urist in the 1960s as a protein 
within bone matrix that could induce bone 
formation in vivo when implanted in muscle 
or subcutaneous tissue (1). However, the 
molecular details of the protein’s function 
were not clearly defined until the later 
cloning of BMP genes. In the late 1980s, an 
American company, Genetics Institute, 
cloned several human BMP genes (2). 
Sequence analysis based on the cDNAs for 
BMP1, 2, 3 and 4 showed that BMP1 is not 
related to other BMP family members. 
However, the other BMPs were found to 
exhibit homology among their sequences, 
and most importantly, the BMP family 
members showed the presence of 
conserved cysteine residues that are 
characteristic of members of the TGF-β 
superfamily. Following the discovery of the 
BMP genes, receptors for BMPs were 
identified and genes encoding these 
receptors were cloned (3). Subsequently, 
Smad molecules that mediate BMP 
signaling have been identified. The Smad 
family members have been classified into R-
Smad, C-Smad, and I-(inhibitory) Smads (4-
8). 
 

BMP family members have been shown to 
be expressed during development. Each of 
the different BMPs, such as BMP2, 4, 5, 6 
and 7 is expressed in a distinctive pattern 
(5). Thus, although all BMPs are capable of 
forming bone in ectopic formation assays, 
such as subcutaneous implantation, specific 
functions likely exist for each of the BMPs. 
For instance, although BMP7 could be used 
as a bone morphogenetic protein to form 
bone ectopically, BMP7 knockout mice show 
altered phenotypes in kidney development 
and the number of digits, but there was no 
major alteration of bone phenotype (5). This 
result differs from the embryonic lethal 
phenotype observed in BMP2/BMP4 double 
knockout mice. The data suggest that 
specific functions may exist for each of the 
BMPs, although in the case of bone, the 
total amounts of BMP may be redundant.  
 
Conditional knockout experiments indicate 
that when BMP activity was knocked out 
using the Prx1-Cre system, bone formation 
in BMP2 and BMP4 Cre double knockouts 
could be observed (9). However, the basic 
patterns of skeletal formation were 
maintained. Thus, cartilaginous components 
in the limb bone could be formed almost 
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normally in the absence of BMP2 and BMP4. 
On the other hand, bone formation per se 
was significantly suppressed, especially in 
the BMP2 single knockout mice (9). In 
addition, there was a major delay in the 
healing of factures in conditional BMP2 
knockout mice. Thus, these observations 
reveal a functional role for BMP in adult 
bones.  
 
Downstream of BMP signaling, there are a 
number of molecules that are specific to the 
regulation of osteoblastic function. The most 
important transcription factors downstream 
of BMP are Runx2 and Osterix. Deletion of 
either of these two transcription factors 
resulted in loss of bone in the transgenic 
animals (10-17). In addition to the 
discoveries of BMP function in 
skeletogenesis, BMP has been found to play 
roles in many biological events, including 
morphogenesis (5) and determination of 
stemness (6). Therefore, BMP is regarded 
as a central cytokine that regulates not only 
bone formation but also a number of 
biological and physiological functions in the 
living organism. In terms of bone, however, 
BMP studies have revealed its critical role 
with respect to the developmental cues in 
the body (5;7;8). Furthermore, recent 
studies have shown the importance of BMP 
in the regulation of adult bone mass. By 
over-expression of the BMP antagonist 
Noggin, Canalis et al. revealed a reduction 
in adult bone mass and predicted that BMP 
is acting to determine adult bone mass (18-
20). 
 
Several inhibitory molecules appear to target 
the function of BMP. Among them is a group 
of BMP inhibitors that play a role in the 
determination of adult bone mass. SOST is 
one such molecule whose expression is 
related to pathology. SOST is expressed in 
osteoblastic cells, osteocytes (21) and 
osteoclasts (21). Although expressed in 
osteocytes, SOST may be transported 
through canaliculi in bone to reach 
osteoblasts on the surface of the bone. 
Loss-of-function mutations in the SOST 
gene result in the phenotype called van 
Buchem disease, or sclerosteosis (OMIM 
269500) (21), which is characterized by 

thickening of the bones. When the skull 
bones become thickened, brain herniation 
can occur due to the increase in intracranial 
pressure, leading to sudden death by 
compression of the brain stem. In the long 
bones of sclerosteosis patients, the cortex 
may be thickened, which usually results in 
fragility of cortical bone due to a reduction in 
sensitivity for receiving mechanical stress 
signaling. This paradoxical phenomenon is 
suspected to be caused by a reduction in 
mechanical strain when the cortical bones 
become too thick. SOST is expressed in the 
developmental period as well (22), around 
the vertebral body as well as cranial bone. 
These observations suggest that certain 
functions of SOST exist during development. 
Defects in developmental SOST function 
may be compensated for by an as yet 
unknown mechanism, since no major 
phenotype is reported in sclerosteosis 
patients at birth. Thus, the function of SOST 
has not yet been fully elucidated and should 
be pursued further in the future. 
Nonetheless, SOST is one example where 
bone formation as well as BMP could be 
regulated by certain factors in adult bone. 
Recent analysis of SOST indicated that it 
could bind to and inhibit the activity of BMP6 
and BMP7 (23), although the importance of 
this phenomenon is not known. It is 
intriguing that SOST is also expressed in 
osteoclasts (21). Furthermore, SOST was 
found to inhibit Wnt3A (24) and to bind to 
the YWTD-EGF repeat domains of LRP5 
and LRP6 thereby blocking the Wnt 
signaling pathway (25;26). This would be an 
alternative mechanism of its action on bone 
mass. It remains to be determined whether 
SOST acts mainly as an antagonist of BMP 
or Wnt signaling in adult bone. 
 
Other types of BMP modulators that 
determine the levels of bone mass in adult 
mice have been identified. One of these 
molecules is Tob, which was first identified 
by Yamamoto et al. as a protein that binds 
to erbB2 (27). Tob family members consist 
of Tob, Tob2, ANA, and other proteins, all of 
which contain a Tob homology domain as a 
motif (27). When Tob molecules are over-
expressed in cells, Tob shows inhibitory 
activity against proliferation (28). 
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Furthermore, BMP signaling is also blocked 
by Tob over-expression in osteoblastic 
cultures, based on alkaline phosphatase 
expression. Conversely, Tob deficiency 
promotes alkaline phosphatase activity at 
baseline or in response to BMP treatment. 
Co-localization of Tob and Smad within 
nuclei suggests that Tob acts by inhibiting 
Smad, at least in part by the co-translocation 
of Smad from the cytosolic to the nuclear 
compartment (27). 
 
In adult Tob knockout mice, bone mass is 
increased, suggesting that Tob regulates 
bone volume (27). When ovariectomy was 
carried out in Tob knockout mice, the 
reduction of bone mass was similar between 
Tob knockout and wild type mice (29). 
However, the baseline level of bone mass 
was higher in Tob knockout mice compared 
to wild type mice. Therefore, the resulting 
bone mass level, even after reduction due to 
ovariectomy in Tob knockout mice, was 
similar to that in wild type sham-operated 
mice. Time course studies indicated that 
over time, bone mass levels in Tob knockout 
mice were not reduced further and the final 
level of bone mass was comparable to 
sham-operated wild type mice. Thus, the 
increase in bone mass due to Tob deficiency 
was comparable to the decrease in bone 
mass due to ovariectomy, i.e., estrogen 
depletion in these mice. Therefore, at least 
in animal models, bone mass reduction due 
to estrogen deficiency could be almost 
completely compensated for by the absence 
of Tob, since Tob deficiency increased bone 
mass based on the release of inhibition of 
BMP activity. Based on histomorphometric 
analysis and bone formation parameters, 
Tob deficiency apparently enhanced the 
mineral apposition rate (MAR) and bone 
formation rate (BFR). In animal models of 
postmenopausal osteoporosis, ovariectomy 
enhances bone turnover both on the side of 
bone formation as well as on the side of 
bone resorption. This defines a high 
turnover osteoporosis state. In mice 
deficient in Tob, bone resorption occurred, 
as mentioned, at levels observed in wild 
type mice. The increase in bone resorption 
following ovariectomy is coupled to the 
increase in bone formation in wild type mice. 

Although Tob deficiency had already 
increased the levels of MAR and BFR by 
release of the blockage on BMP action, 
ovariectomy further enhanced BFR and 
MAR levels, suggesting the presence of a 
reservoir for bone formation activity in the 
animals. Such super-induction of bone 
formation parameters in vivo in bone is 
rarely observed in other circumstances 
(29;30). On the other hand, bone resorption 
parameters, such as osteoclast number 
(OcN/BS) or osteoclast surface (OcS/BS), 
were similar between the wild type and Tob 
knockout mice. Moreover, the levels of 
ovariectomy-induced enhancement in bone 
resorption parameters such as osteoclast 
number and osteoclast surface were similar 
between the wild type and Tob deficient 
mice. These observations indicate that Tob 
deficiency specifically affects osteoblastic 
activity rather than osteoclastic activity.  
 
In order to determine the cellular function of 
Tob, bone marrow cells were prepared from 
wild type and Tob knockout mice, either 
sham-operated or ovariectomized (29). The 
bone marrow cells were cultured for three 
weeks in the presence of ascorbate and β-
glycerophosphate to induce bone nodule 
formation in culture. Similar to the in vivo 
observations, ovariectomy increased bone 
nodule formation in cultures of bone marrow 
cells in wild type mice. In Tob knockout mice, 
baseline levels of bone nodule formation 
were already increased compared to sham-
operated wild type mice, and these levels 
were quite similar to what was observed in 
cultures of bone marrow cells taken from 
ovariectomized mice. Interestingly, 
ovariectomy in Tob knockout mice resulted 
in an exaggerated increase in nodule 
formation activity in vitro. This result is 
compatible with in vivo observations of bone 
formation parameters in Tob knockout mice 
in terms of the MAR and BFR. With regard 
to osteoclastic development in the bone 
marrow cell culture, ovariectomy enhanced 
osteoclast development in cultures of bone 
marrow in wild type mice. Sham-operated 
Tob knockout mice showed very similar 
levels of osteoclast development compared 
to sham-operated wild type mice. After 
ovariectomy, Tob knockout mice again 
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showed an increase in osteoclast 
development. However, this increase was 
quite comparable to what was seen in the 
wild type mice-derived bone marrow cells. 
Thus, with regard to the cell culture 
experiments, the Tob target was shown to 
be cells of the osteoblastic lineage. 
 
Several genes that encode proteins related 
to osteoblast phenotypes were examined by 
RT-PCR analysis of RNA taken from the 
bone marrow of mice that were either sham-
operated or ovariectomized (29). Both wild 
type and Tob knockout mice were evaluated 
in these studies. Compared to sham-
operated mice, ovariectomy in wild type 
mice enhanced expression of Runx2, type I 
collagen and other osteoblast marker-
related genes. After ovariectomy, Tob-
deficient mice exhibited an exaggerated 
increase in the expression of Runx2, type I 
collagen and other osteoblast marker genes. 
 
The expression of osteoclast-related genes, 
such as RANKL and RANK or OPG, was 
enhanced by ovariectomy. However, no 
difference was observed in terms of this 
increase between the wild type and Tob 
knockout mice. Tob deficiency did not alter 
the function or the response in osteoclasts. 
 
To determine the target sequences of Tob 
deficiency, Smad response elements such 
as GCCG were used to detect transcription 
of a luciferase reporter in osteoblastic cells 
(29). Tob deficiency clearly enhanced BMP 
or Smad-induced luciferase expression, and 
expression was suppressed by the presence 
of estrogen. Removal of Tob over-
expression or removal of the treatment with 
estrogen indicated additive effects on the 
increase in transcription levels, suggesting 
that the targets of Tob action and estrogen 
action converge on Smad responsive 
sequences. These observations suggested 
that Tob action suppresses bone mass 
levels in adult mice based, at least in part, 
on transcriptional events.  
 
Variety in BMP inhibitors would give rise to 
more variation with regard to the 
pathogenesis of osteoporosis (20;31). Tob is 
not the only inhibitory molecule to block 

BMP and to suppress bone mass levels in 
adult mice (27-29). Another molecule that 
has been regarded as a BMP inhibitor and 
that suppresses bone mass levels in adult 
mice is the Cas Interactive Zinc finger 
protein (CIZ) (32;33). This molecule was 
cloned by Nakamoto and Hirai by using the 
SH3 domain of p130 Cas as bait in West-
Western screening. The same molecule was 
identified by Bidwell et al. (34) as nuclear 
matrix protein (NMP) 4, which binds the 
regulatory region of the type I collagen gene. 
The CIZ molecule was found to colocalize 
with vinculin in adhesion plagues and has 
been shown to shuttle between cytosolic 
and nuclear compartments. Within the 
nuclear compartment, CIZ modulates 
expression of MMP genes through its 
interaction with the sequence C/GAAAAA. 
When CIZ is over-expressed in MC3T3E1 
osteoblastic cells, alkaline phosphatase 
activity is suppressed (35). Suppression of 
osteocalcin or Cbfa1 mRNA expression also 
was observed in response to BMP treatment 
(35). Furthermore, over-expression of CIZ 
was shown to suppress mineralized nodule 
formation induced by the treatment with β-
glycerophosphate and ascorbic acid in vitro. 
Thus, at the cellular level, CIZ was found to 
antagonize BMP activity. When CIZ 
knockout mice were produced, their body 
morphology was more or less normal, but 
spermatogenesis was suppressed in these 
mice (33). Furthermore, analysis of bone 
indicated that bone mass levels were 
increased in CIZ knockout mice compared to 
wild type mice (36). Histomorphometric 
analyses indicated that both the bone 
formation rate and mineral apposition rate 
were increased in CIZ knockout mice. 
However, osteoclastic parameters such as 
osteoclast number and osteoclast surface 
were not enhanced in these knockout mice. 
Thus, CIZ appears specifically to suppress 
bone formation activities in adult mice 
(35;36).  
 
The levels of messenger RNA encoding 
Osterix, type I collagen, alkaline 
phosphatase and osteocalcin were 
enhanced by the absence of CIZ (36). 
Furthermore, direct BMP injection to 
calvarial bone increased new bone 
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formation more in CIZ knockouts than in the 
wild type, suggesting that the function of CIZ 
is to block BMP action in vivo. Bone marrow 
ablation was conducted to study injury-
related bone formation. The amount of 
newly formed bone after bone marrow 
ablation in CIZ knockout mice was greater 
than in wild type mice. These observations 
in CIZ knockout mice suggested that bone 
mass levels were negatively regulated by 
endogenous factors (20;37). Intriguingly, CIZ 
was found to be identical to nuclear matrix 
protein 4 (34).  
 
Adult bone mass regulation by BMP also 
has been evaluated using a transgenic 
mouse system. In these experiments, the 
BMP antagonist Noggin was expressed 
specifically in osteoblastic cells by the 2.3 kb 
type I collagen promoter (18-20). Mice 
containing type I collagen promoter-
regulated Noggin exhibited reduced bone 
mass (19). Thus, these results indicate that 
BMP activity in adult bone is important for 
the maintenance of bone mass throughout 
adult life. Although simple Noggin knockout 
mice showed developmental defects in joints, 
the mutation is perinatally lethal (38) and 
thus, unsuitable to determine effects of 
Noggin on adult bone mass. These mice 
had joint spaces that were completely filled 
with severely disorganized hyperplastic 
cartilage. It is interesting to note that Noggin 
is highly expressed in cartilage but minimally 
expressed in bone (22). Therefore, during 
the development of bone as well as in the 
maintenance of adult bone mass, Noggin 
may not be a functional endogenous 
inhibitor for the determination of adult bone 
mass, even though transgenic mice 
indicated a potential function for Noggin in 
bone. Results from transgenic mouse 
experiments indicated that disruption of 
BMP function by Noggin could lead to 
suppression of bone mass levels, indicating 
that BMP acts throughout the life of adult 
mice. Our observation with the CIZ knockout 
mice may indicate that CIZ, instead of 
Noggin, may play the role of endogenous 
inhibitor.  
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