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ABSTRACT 

The regulation signaling activity of osteoblasts and osteoclasts has been linked 

to extracellular proteins, including twisted gastrulation (TWSG1) and matrix γ-

carboxyglutamic acid protein (MGP).  TWSG1 is a regulator of bone morphogenetic 

proteins (BMPs) signaling activity.  Previous studies have shown that TWSG1 is an 

essential modulator of not only skeletal development but also soft tissue development 

(i.e. salivary gland).  MGP is a vitamin K-dependent protein previously characterized 

as a potent inhibitor of biomineralization.  Numerous cells types produce MGP, 

including osteoblasts, chondrocytes, vascular smooth muscle cells and endothelial 

cells.  Despite current research, little is known about the effects of TWSG1 and MGP 

on the regulation of osteoblasts and osteoclasts.  Both of which are cells that maintain 

bone remodeling.  

In this dissertation, we assessed the role of both TWSG1 and MGP in 

postnatal bone homeostasis as well as in vitro functional analysis of TWSG1 and 

MGP on osteoblasts and osteoclasts.  We were able to determine that the C57BL/6 

MGP deficient mice and 129Sv/Ev TWSG1 deficient mice exhibited an osteopenic 

skeletal phenotype.  This phenotype was explained by an imbalance in the cellular 

regulatory patterns associated with the regulation of homeostatic bone remodeling.  

Further, we characterized cellular pathways which explained how, in both TWSG1 

and MGP deficient mice, excessive osteoclastic activity was the name culprit in the 

osteopenic phenotypes.  Taken together, our results highlight the importance in the 

modulation of osteoblastic and osteoclastic activity by TWSG1 and MGP. 
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INTRODUCTION  

AND STATEMENT OF PURPOSE 
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INTRODUCTION 

The dynamic nature of bone remodeling maintains the integrity of bone tissue 

throughout life.  Osteoblasts and osteoclasts serve as integral components of bone 

remodeling.  New bone matrix is synthesized, deposited and mineralized by 

mesenchymal derived osteoblasts.  Conversely, osteoclasts, derived from 

hematopoietic stem cells, mediate the removal of old bone and facilitate the systemic 

maintenance of mineral homeostasis.  When osteoblastic and osteoclastic activity 

becomes uncoupled, pathological conditions arise that are associated with decreased 

skeletal integrity, such as osteoporosis, osteolytic malignancies and periodontitis.  

Individuals afflicted with such diseases experience deterioration of bone tissue, 

resulting in increased bone fragility, susceptibility to fractures, bone pain and 

periodontal bone loss.  These clinical consequences represent a global health concern; 

hence, there is a great need for experimental systems that will investigate molecular 

signals that mediate skeletal remodeling.  

 

OSTEOBLAST DIFFERENTIATION 

The bony architecture is tightly regulated by a balance between mineral 

deposition and resorption (1).  Mesenchymal stem cells (MSCs) are the multipotent 

cells that through a number of transcription factors, repressors, and activators, they 

give rise to osteoblasts, chondrocytes, and adipocytes.  Examples of such factors 

include the Sox 9 that promotes MSCs into a chondrogenic lineage, and peroxisome 

proliferator-activated receptor gamma (PPARγ), which promotes MSCs into 

adipocyte lineage (2).  Additionally, runt-related transcription factor (Runx2) or core-
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biding factor (Cbfa1) and Osterix are transcription factors that facilitate MSCs into an 

osteoblastic lineage.  Acting as a positive transcriptional regulator, the α-subunit of 

Runx2 binds DNA via the Runt domain and regulates sequences of osteocalcin and 

collagen genes, which are expressed by differentiated osteoblasts (3).  Osterix, a zinc 

finger containing transcription factor, is expressed by osteoblasts and required for 

endochondral and intramembranous bone formation as studies from Osterix-null mice 

show reduced skeletal mineralization from decreased osteoblast differentiation (3).  

Other studies have shown a role for homeobox genes (Bapx, Msh family, Dlx5) and 

which are important for craniofacial bone development (3).    

Three distinct phases of osteoblast differentiation occurs.  These include 

proliferation (pre-osteoblast), matrix maturation (osteoblast), mineralization 

(osteoblast/osteocyte), and cell death (Fig.1).  The osteoblast cell changes its 

phenotype as it matures and secretes extracellular matrix, which ultimately becomes 

mineralized by the formation of hydroxyapitite crystals (4).  Early pre-osteoblasts are 

induced by bone morphogenetic proteins (BMPs)-2 and -4. Other growth factors that 

promote osteoblastogenesis include: fibroblast growth factors (FGFs), platelet-

derived growth factor (PDGF) and transforming growth factor beta (TGF-β) (5). Once 

committed to become osteoblasts, the cells stop proliferating and begin to 

differentiate.  It is during this phase that osteoblasts express markers of matrix 

maturation, including Type 1 Collagen, Runx2, and Dlx5 (6).  Lastly, osteoblasts 

produce extracellular matrix (ECM) proteins such as bone sialo protein (BSP), 

osteopontin (OPN), and osteocalcin (OCN) during the mineralization stage (7).  

During terminal stages, some osteoblasts become osteocytes, which are cells that 
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become embedded in the ECM and aid in mechanical  

 

 

 

  

 

Figure 1. Osteoblast differentiation. Osteoblast differentiation from osteoblast 

precursors to fully differentiated osteoblasts and associated differential gene 

expression during specific stages.  These stages include proliferative, matrix 

maturation, mineralization and apoptosis.  
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sensing and response (8). 

OSTEOCLAST DIFFERENTIATION 

  Osteoclasts (OC) are a type of bone cell that potentiate the catabolic effects of 

bone homeostasis. Derived from mononuclear monocytic precursors, these 

multinucleated cells secrete enzymes responsible to the degradation of the ECM.  

During differentiation from mononuclear to multinuclear cells, osteoclasts are 

activated by receptor activator of nuclear factor-κB ligand (RANKL) and tumor 

necrosis factor-alpha (TNF-α), and are inhibited by OPG.  The cytoplasmic-tail of 

receptor activator of nuclear factor-κB (RANK) receptor interacts with TNF-

associated factor (TRAF) 1, 2, 5 and 6 in the cytoplasm, and these interactions 

regulate the Jun N-terminal kinases (JNK) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) pathways (12).  Through the regulation of 

these kinase pathways, PU.1, nuclear factor of activated T-cells (Nfatc1), activator 

protein 1(AP-1), and microphthalmia-associated transcription factor (MITF) 

transcription factors are involved in the regulation of mature osteoclast formation 

(13).  However, the fusion of monocytic-macrophage cell line has previously been 

shown as regulated by CD44, CD47, ADAM12, MCP-1 CD9, ATPv6, and dendritic 

cell- specific seven transmembrane protein (DC-STAMP) (14, 15).  For example, 

during osteoclast differentiation in DC-STAMP-deficient mice, no functional 

multinuclear osteoclasts are formed even in the presence of mononuclear cells 

express tartrate resistant acid phosphatase (TRAP).  Furthermore, RANKL, c-Fos, 

and Nfatc1 were induced in these cells, which also showed ruffled border formation. 
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Consequently, authors showed that DC-STAMP is important for fusion of osteoclasts 

and giant cells (15).  

Like osteoblasts, osteoclasts delineation and differentiation is tightly regulated 

by a number of transcription factors and extracellular proteins.  Early progenitors and 

mononuclear cells respond to stromal cell derived receptor activator of NF-kappa B 

ligand (RANKL) and macrophage colony stimulating factor (M-CSF) and are 

inhibited by osteoprotegrin (OPG) (Fig. 2).  RANKL, M-CSF, and OPG are all 

extracellular proteins secreted by osteoblasts and stromal cells.  Other 

osteoclastogenesis-promoting factors include interferon gamma (IFN-γ), granulocyte 

macrophage colony-stimulating factor (GM-CSF), and Tumor necrosis factor alpha 

(TNF- α) (9).  Once fully differentiated, multinucleated osteoclasts can be 

characterized by the presence of both a “ruffled border” and the production of TRAP 

enzyme.  It is through this “ruffled border” that, once bound to the surface of bone, 

osteoclasts create an acidic environment via vacuolar H+ ATPase capable of ECM 

degradation and bone resorption (10, 11). 

 

MINERALIZATION 

The extracellular matrix (ECM) is involved in regulation of mineralization 

and is comprised of proteins (namely glycoproteins) and mineral deposits.  This 

physiological mineralization process, which occurs in bone, teeth and hypertrophic 

cartilage, is a cell-mediated process that transpires through contributions from both 

osteoblasts and chondrocytes.  Specifically, recent findings have shown that for both 

physiological and pathological mineralization, matrix vesicles (membrane-enclosed  
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Figure 2. Osteoclast differentiation. Unifying model illustrating process of 

osteoclast differentiation via RANKL, M-CSF, and OPG regulation (adapted from 

Yasuda 1998 et al.). 
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particles released from osteogenic cells, like osteoblasts and chondrocytes) function 

as initiators of mineralization (37).  These matrix vesicles have been shown to 

compose a number of regulators that directly maintain ECM.   

Extracellular matrix mineralization (ECMM) is regulated by a number of  

factors including 1) matrix γ-carboxyglutamic acid (MGP) 2) ankylosis (Ank) 3) 

nucleotide pyrophosphatase (NPP) 4) pyrophosphate, and 5) Fetuin (2).  It is through 

these factors and deposition of hydroxyapitite (HA) crystals, calcium and phosphate 

ions, which maturation of ECM occurs throughout life.  To clarify, MGP, a vitamin 

K-dependent protein, is a known potent calcification inhibitor, which is expressed in 

bone, vascular smooth muscle, kidney, lung, and heart (34).  Fetuin, on the other 

hand, has been shown to bind MGP and these complexes further act as an inhibitor of 

mineralization (36).  Ank is a transmembrane protein that is expressed in joints and 

other tissues.  This protein has been shown to control pyrophosphate levels thereby 

regulating tissue calcification as in its absence studies have shown possible 

susceptibility to pathological condition like arthritis (37).  Another regulator of 

pyrophosphate is NPP.  Although seven NPP isoenzymes have been found, the 

majority of plasma membrane-derived mineralization secretory vesicles NPP activity 

is derived from NPP1.  Through this enzyme, HA nucleation and propagation is 

maintained by directly regulating pyrophosphate activity (38).  Equally important to 

the above, tissue nonspecific alkaline phosphatase (TNAP) breaks down 

pyrophosphate in the extracellular milieu.  Taken together, it is clear that by 

regulating the action of inorganic pyrophosphate, a potent inhibitor of mineralization, 

proper homeostasis of skeletal morphology can be obtained. 
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Despite current evidence of factors that regulate the cellular activity 

contributing to the mineralization process, the overall course for skeletal 

mineralization initiation is not well understood.  However, two theories exist which 

look to highlight how this process occurs.  First, the nucleation theory states that 

calcium phosphate crystals are deposited by cells at type I collagen fibrils (41).  

Supporting evidence for the involvement of cells in this mineralization process was 

indicated by the fact that mitochondria from bone-forming cells could produce rise in 

levels of mineral ions and contain enzymes associated with calcification (i.e. alkaline 

phosphatase) (42).  The second theory, matrix vesicle theory, centers on idea that 

osteoblasts produce small vesicular organelles that come in contact and aggregate to 

form mineral crystals.  Contents of these vesicles include high levels of alkaline 

phosphatase, pyrophosphatase, and calcium (43).  In support of this theory, studies 

have shown mineralization by budding of membrane bound calcium vesicles from 

processes of osteoblasts (43).  To date however, speculation exists where the two 

theories work actually hand in hand with how bony tissue becomes calcified (44). 

 

BONE REMODELING 

Through coordinated series of events, the actions of osteoblasts and 

osteoclasts maintain the balance between bone formation and resorption.  As the bone 

is remodeled, the cycle of ECM deposition and mineralization follows resorption.  

This process of bone modeling is initiated by local events that lead increased 

osteoclastic activity through four phases: activation, resorption, reversal, and 

formation (39). 
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The initiating event of bone remodeling is termed activation phase.  During 

this stage, the surface of resting bone is converted into a remodeling surface.  This 

process involves the recruitment of osteoclast precursors to the bone surface, 

differentiation and fusion into mature functional osteoclasts.  During the next phase, 

resorption phase, osteoclasts work to remove mineralized and organic components of 

bone matrix (39).  This is evident by the presence of scalloped eroded bone surface, 

otherwise called Howship’s lacuna.  Studies have shown that this phase takes about 

two-three weeks (40).  Upon completion of the resorption phase, the reversal phase 

begins where coupling of bone resorption to formation occurs.  During this stage, 

bone resorption by osteoclasts is seized and osteoblast precursors are recruited to 

resorption lacuna.   

As formation follows resorption, increased attraction and proliferation of 

osteoblast precursors is followed by differentiation to mature osteoblasts during the 

formation phase.  Deposition of osteiod, organic matrix primarily made up of type I 

collagen, is the first stage of the formation phase.  This is then followed by 

mineralization of this newly deposited matrix.  New bone is formed to levels nearly 

equal to amount removed.  As a result, old bone is tissue is replaced by new bone 

tissue and the resilience of bone tissue is maintained. 

 

TWISTED GASTRULATION 

First described in Drosophila, twisted gastrulation (TWSG1) is an 

extracellular glycoprotein that regulates the function of mesoderm inducer BMP -4 

and bone cell regulator BMP-2 (16).  Among such growth factors, BMPs are able to 
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induce bone cell differentiation of the osteoblastic lineage into functionally active 

osteoblasts.  BMPs belong to the transforming growth factor beta (TGF-β) 

superfamily of polypeptides that include TGF-βs, activins and inhibins.  BMP-2, -4, 

and -6 are highly expressed by osteoblasts.  BMP mediated signaling occurs by direct 

interaction with two distinct serine/threonine kinase receptors, type I and type II 

receptors.  Stimulation of these receptors results in initiation of cytoplasmatic Smad 

1, 5 and 8 proteins and various protein kinase pathways.  Three known classes of 

Smads are known: 1) receptor regulated Smads (Smad 1, 5 and 8 proteins), 2) TGF-β 

mediator Smads (Smad 4), and 3) inhibitory Smads (Smad 6 and 7).  Smads bind 

DNA directly and via interaction with other transcription factors and regulate nuclear 

factors from DNA binding sites (3).  Smad-independent pathways, such as mitogen-

activated protein kinase (MAPK), are also regulated by BMPs.  Specifically, BMP-2 

has been shown to stimulate Ras activity and therefore ERK and P38 (3).  As a result, 

upregulation of activating transcription factor-2 (ATF-2) occurs and via interaction 

with activating protein-1 (AP-1), various gene sequences are regulated.   

Twsg1 mRNA gene products have been identified in Drosophila, human, 

mouse, Xenopus, zebrafish and chick; and most pertinent to the context of this 

publication, osteoblasts.  In addition to regulating craniofacial, skeletal and salivary 

gland development (17-19), TWSG1 also influences dorsal/ventral embryonic axis 

patterning by influencing morphogen gradients in the early embryo (20).  TWSG1 

functions by binding to BMP-2, BMP-4 and chordin (another secreted BMP 

antagonist), displaying both antagonistic and agonistic capabilities.  By forming a 

tertiary complex with chordin and BMP, TWSG1 blocks BMP binding to its receptor  
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Figure 3. Craniofacial defects present in Twsg1-/- mice. Representative image 

depicting spectrum of craniofacial defects associated with deficiency in Twsg1.  
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thereby blocking SMAD 1/5/8 signaling (22).  On the other hand, TWSG1 can act as 

an agonist by promoting the cleavage of chordin by BMP-1 (17-19).  Doing so, 

Twsg1 releases BMP that is now able to signal through BMP receptors (23).  

Mouse TWSG1 mutations results in a range of craniofacial defects and  

significant skeletal phenotypes (45).  These include micrognathia, agnathia, cyclopia, 

and midline facial defects (23, 45) (Fig. 3).    Recently, Billington et al. 2011 found 

that this variability is due to differential expression of developmental genes (46).  

Additionally, authors were able to partly rescue craniofacial defects by reducing level 

of tumor suppressor p53, as others have in a murine model of Treacher-Collins 

syndrome.  The authors conclude that differential expression of transcripts causes the 

distinct patterns of craniofacial defects associated with TWSG1 deficiency and by 

targeting the p53 signaling cascade, prevention of craniofacial defects is possible. 

Not until recent studies was it known that a molecular and functional 

explanation for the variation in TWSG1 regulation of BMP activity is mediated by 

glycosylation of TWSG1 (43).  Specifically, Billington et al. 2011 noted that exon 4 

encodes mTWSG1 sequences where N-glycosylation occurs.  They also noted that 

this glycosylation process is critical for regulation of BMP binding and activity.  

 

MATRIX γ-CARBOXYGLUTAMIC ACID PROTEIN  

Biomineralization is controlled by interaction between collagenous matrix and 

non-collagenous proteins like bone sialo protein (BSP), osteocalcin (OCN), 

osteopontin (OPN) and matrix γ-carboxyglutamic acid protein (MGP).  Per previous 

studies, the role of BSP has been difficult to determine as BSP has be shown to 
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induce HA crystal formation while BSP-deficient mice show little defect in 

mineralization (24-26).  The inhibitory effect of OCN on mineralization was shown in 

vitro and further explained by the noted increase in bone formation exhibited by 

OCN-deficient mice (27 and 28).  Like OCN, OPN has been shown to behave as an 

inhibitor of mineralization in vitro yet OPN-deficient mice show marginal increase in 

mineralization (29 and 30). 

MGP, a 14 kDa secreted protein, has been shown as inhibitor of 

mineralization.  MGP is expressed in vascular tissue, growth plate cartilage, 

cementum and bone during distraction osteogenesis and their corresponding cell types 

(osteoblasts, chondrocytes, vascular smooth muscle cells and endothelial cells) (31-

33).  Because MGP is a vitamin K-dependent protein, gamma carboxylase regulates 

posttranslational carboxylation of the five Gla residues present on MGP (34).  It is 

through the γ-carboxyglutamic acid (Gla) residues/calcium interaction that MGP is 

able to function as an inhibitor of mineralization by blocking propagation of mineral 

deposition.  Further evidence suggesting the role of MGP as an inhibitor of 

mineralization is evident with studies conducted on MGP-deficient mice.  These mice 

exhibit abnormal calcification of cartilage and vascular tissue, which result in early 

death (35).  Others have shown that as MGP expression is restored in arteries, arterial 

mineralization of the MGP-deficient mice is rescued (48).  At the same time, it was 

noted that the expression of MGP in osteoblasts prevents bone mineralization. 

Retrovirus-mediated overexpression of MGP was found to decrease mineralization in 

chondrocytes and consequently inhibited cartilage mineralization, endochondral and 

intramembranous ossification in chick limb bud  (47). 
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Evidence also exists that MGP binds BMP-2 and -4, which ultimately limit 

BMP function and activity (33-36).  Indirectly, this action has been shown to prevent 

transformation of osteoblast precursor to mature functional cells.  Others have shown 

direct effects of MGP on BMP activity.  Specifically, Zebboudj et al. 2002 showed 

direct MGP-BMP interaction (49).  This interaction was quantified by noting dose 

dependent attenuation of BMP activity by MGP resulting in strong inhibition of 

osteoinduction.   Furthermore, the regulation of BMP activity occurred via Smad 

signaling cascade.  All in all, current evidence suggests that MGP functions not only 

as an inhibitor of mineralization but also as a BMP regulatory protein. 

 

STATEMENT OF PURPOSE 

There is a growing concern for more and more individuals that are affected by 

osteolytic diseases and therefore this has become an important health problem.  Such 

diseases have been able to impact the overall health and well-being of people afflicted 

by osteoporosis, osteolytic cancers, and periodontitis.  To this end, the proposed 

research is significant because it adds to existing knowledge of the regulation of 

TWSG1 and MGP and how they maintain the integrity of bony architecture.  

As noted in previous studies, both TWSG1 and MGP have significant effects 

on postnatal bone development.  Yet, there is a lack of experiments explaining the 

etiology of these effects.  The mechanism by which the absence of TWSG1 or MGP 

results in an osteopenic phenotype is not known.  Consequently, the purpose of these 

studies is to investigate the role of TWSG1 and MGP in postnatal bone homeostasis 

and their importance in the regulation of cellular activity sustaining bone remodeling.  
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By defining their roles, optimized protocols for currently treatment paradigms (i.e. 

BMPs induced bone regeneration) could be better optimized. 

 

HYPOTHESIS 

  We hypothesize that both TWSG1 and MGP deficient mice exhibit alterations 

in bone content through variation of cellular cascades mediating 1) osteoblastic 

activity, 2) osteoclastic activity or a combination of both 1) and 2).  

 

SPECIFIC AIMS 

1. To define the in vivo skeletal phenotype of TWSG1 and MGP -deficient             

mice. 

2. To determine the cellular mediators sustaining the osteopenic phenotype of 

TWSG1 and MGP –deficient mice.  

3. To define the mechanism of action contributing to the altered cellular function in 

TWSG1 and MGP. 

 

 In the next chapter, we will discuss the cell-mediated effects contributing to 

the osteopenic phenotype of TWSG1-deficient mice.  The experimental methods and 

results of this study are presented in Chapter 2. 
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CHAPTER 2 

ROLE OF TWISTED GASTRULATION  

IN BONE REMODELING 
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The uncoupling of osteoblastic and osteoclastic activity is central to disorders 

such as osteoporosis, osteolytic malignancies and periodontitis.  Numerous studies 

have shown explicit functions for bone morphogenetic proteins (BMPs) in 

skeletogenesis.  Their signaling activity has been shown in various contexts to be 

regulated by extracellular proteins, including twisted gastrulation (TWSG1).  

However, experimental paradigms determining the effects of BMP regulators on bone 

remodeling are limited.  In this study, we assessed the role of TWSG1 in postnatal 

bone homeostasis. Twsg1-deficient (Twsg1-/-) mice developed osteopenia that could 

not be explained by defective osteoblast function, as mineral apposition rate and 

differentiation markers were not significantly different compared to wild type (WT) 

mice.  Instead, we discovered a striking enhancement of osteoclastogenesis in Twsg1-

/- mice, leading to increased bone resorption with resultant osteopenia.  Enhanced 

osteoclastogenesis in Twsg1-/- mice was due to increased cell fusion, differentiation 

and function of osteoclasts.  Furthermore, receptor activator of nuclear factor-κB 

ligand (RANKL)-mediated osteoclastogenesis and phosphorylated Smad1/5/8 levels 

were enhanced when WT osteoclasts were treated with recombinant BMP2, 

suggesting direct regulation of osteoclast differentiation by BMPs.  Increase in 

detectable levels of phosphorylated Smad 1/5/8 was noted in osteoclasts from Twsg1-

/- mice compared to WT mice.  Further, the enhanced osteoclastogenesis in Twsg1-/- 

mice was reversed in vitro in a dose dependent manner with exposure to Noggin, a 

BMP antagonist, strongly suggesting that the enhanced osteoclastogenesis in Twsg1 

mutants is attributable to increased BMP signaling.  Thus, we present a novel and 
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previously uncharacterized role for TWSG1 in inhibiting osteoclastogenesis through 

regulation of BMP activity.   

 

INTRODUCTION 

 Osteoblasts and osteoclasts are both subject to paracrine and autocrine 

regulation mediated by numerous cytokines and growth factors (50).  Although bone 

morphogenetic proteins (BMPs) are indispensable for osteoblast differentiation and 

function, controversy exists regarding their role in osteoclast activation (51, 52).  As 

reviewed by Giannoudis et al., the limited data available show both positive and 

negative influences of BMPs on osteoclasts (53).   Further, it remains unclear whether 

BMP effects on osteoclast precursors are direct or is mediated indirectly by 

osteoblasts through altered expression of receptor activator of nuclear factor-κB 

ligand (RANKL) and osteoprotegrin (OPG).  Evidence for the role of BMPs in 

osteoclast function was provided by Mishina et al. where 10-month old mice 

harboring an osteoblast-specific BMP receptor type IA gene ablation showed a 

decrease in osteoclastic bone resorption (54).  This has led to the speculation that loss 

of BMP signaling in osteoblasts leads to impairment of osteoclast-supporting 

activities, causing downregulation of osteoclast function as the mice age.  The 

interactions between the BMPs and osteoclast were shown by Abe et al., when they 

reported that Noggin, a BMP antagonist, dose-dependently inhibited osteoclast 

formation in co-culture experiments showing that Noggin’s effect was indirect 

through stromal cells (55).  Apart from the indirect regulation of osteoclasts, several 

reports indicate that osteoclasts express BMP receptors and that, BMPs directly 
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stimulate osteoclast differentiation in vitro (56-58). Osteoclast differentiation 

supported by macrophage colony-stimulating factor (M-CSF) and RANKL is 

enhanced in the presence of BMPs. Kaneko et al. further showed that BMP2 can 

directly stimulate pit-formation even in the absence of exogenous RANKL (58).  Itoh 

et al showed that osteoclast progenitors expressed endogenous BMP2, however they 

noted that RANKL was essential for BMP2 stimulation of osteoclastogenesis (56).  

Recently, Okamoto et al. showed decreased osteoclast number and reduced 

osteoclastic bone resorption in mice overexpressing Noggin, a well documented 

extracellular BMP antagonist, specifically in osteoblasts using a 2.3 kb Col1A1 

promoter (59).  The authors also showed that the impaired osteoclast formation 

caused by Noggin overexpression was rescued by BMP2 administration in vitro.  This 

suggested that Noggin inhibits osteoclast activity via attenuating BMP signaling.  

Authors furthermore showed increased Smad 1/5/8 phosphorylation in osteoclast 

precursor cells following BMP2 treatment.  Feeley et al. in a recent study showed that 

Noggin decreased PC-3 prostate cancer cell induced bone resorption in a bone tumor 

model suggesting a regulatory function for BMPs on osteoclasts (60).   

BMPs exert their biological activities by signaling through type I and II 

serine/threonine kinase transmembrane receptors (56,61,62).  This signaling is subject 

to precise regulation at the intracellular and extracellular levels (63,64).  Intracellular 

regulation occurs through inhibition of Smad-mediated signaling cascades by 

inhibitory Smads and Smad ubiquitination inhibitory factors (65-67).  Extracellular 

modulation occurs through several secreted proteins such as Noggin, Chordin and 

Twisted gastrulation (TWSG1) that physically interact and limit accessibility of 
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BMPs to their cell surface receptors (63,68).  Twsg1, originally identified in 

Drosophila, encodes a 23.5 kD glycoprotein that is expressed by numerous cell types, 

including osteoblasts, and as shown for the first time in this report, by osteoclasts 

(Fig. 6D and E) (69-71).  In addition to its BMP antagonism, TWSG1 also exhibits 

BMP agonist activity depending on the stage of development or concentration of 

interacting proteins in various species (72-77). 

 We generated Twsg1-deficient mice in two different pure backgrounds: 

C57BL/6 and 129Sv/Ev.  Twsg1-/- mice in C57BL/6 background have severe 

craniofacial defects and show high perinatal mortality, limiting the study of the 

postnatal bone formation (78). These mice exhibit pronounced forebrain defects 

(holoprosencephaly), and a spectrum of craniofacial defects that stem from abnormal 

morphogenesis and increased apoptosis in the first branchial arch as early as E9.5 

(79).  On the other hand, Twsg1-/- mice in the pure 129Sv/Ev background, which were 

used in the current study, are viable and fertile with a very low frequency of 

craniofacial defects.   

The goal of this study was to assess the role of TWSG1 in postnatal bone 

homeostasis and its importance in the regulation of cellular activity sustaining bone 

remodeling.  Since survival of Twsg1-/- mice depends largely on genetic background, 

we chose mice in the 129/SvEv background, based on our previous observation that 

the majority of mutant mice in this background survive to adulthood (78).   

 

MATERIALS AND METHODS 



 

22 

Mice. Twsg1-/- mice were generated and genotyping performed as previously 

described (29). Briefly, Twsg1-heterozygous (Twsg1+/-) 129Sv/Ev mice were bred to 

obtain WT and Twsg1-/- mice.  Animals were sacrificed via CO2 inhalation.  Use and 

care of the mice in this study was approved by the University of Minnesota 

Institutional Animal Care and Use Committee.  

 

Radiographic and µCT analyses. We performed X-ray analysis of femurs from 

Twsg1-/- and WT mice using a Specimen Radiography System Model MX-20 

(Faxitron X-ray Corporation).  µCT analysis was performed at MicroCT Facility & 

Micromechanics Laboratory, University of Connecticut Health Center, Farmington, 

CT. 

 

Primary osteoblast cultures. Primary osteoblasts were isolated as previously 

described (31).  Calvaria from 7-10 day old WT or Twsg1-/- mice were dissected and 

subjected to sequential digestions with 2 mg/ml of collagenase A (Roche Molecular 

Biomedicals) in MEM solution containing 0.25% trypsin (Gibco) for 20, 40 and 90 

minutes.  The third digestion was plated at 1.5 x 104 cells/cm2.  Cells were maintained 

at 37 °C in a humidified atmosphere of 5% CO2, in MEM media containing 10% 

FBS, 1% penicillin/streptomycin, and 1% non-essential amino acids.  Upon 

confluency, cells were differentiated with ascorbic acid (50 µg/ml)-containing media 

(Sigma-Aldrich).   
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Primary osteoclast cultures and CD11b-enrichment. Primary osteoclast cultures 

were prepared from bone marrow and spleen of WT or Twsg1-/- mice as previously 

described (82).  Spleens and bone marrow flushed from femurs were isolated and 

mechanically dissociated.  Resulting cells were cultured for 3 days in the presence of 

50 ng/ml CSF-1 on non-tissue culture dishes.  The adherent cell population, 

containing the committed osteoclast precursors, was cultured for the indicated amount 

of time with indicated amounts of CSF-1 (R&D Systems) and RANKL (R&D 

Systems).  Osteoclast resorption ability was assessed on dentine discs 

(Immunodiagnostic Systems).   

CD11b enrichment of osteoclast precursor cells was performed after culturing 

the cells for 3 days in 50 ng/ml CSF-1 according to manufacturer instructions 

(Miltenyi Biotec). Briefly, 1X107 bone marrow cells were resuspended in 90 µl of 

MACS buffer (2mM EDTA, 0.5% BSA in PBS) and incubated with 20 µl of CD11b+ 

microbeads for 20 minutes on ice.  Cells/beads mixture were mixed every 5 minutes.  

After cells were brought up to a volume of 2 ml using MACS buffer (2ml/1x107 

cells), 100 µl of cells were removed for FACS analysis.  Cells were then pelleted and 

resuspended in 500 µl MACS buffer/ 1X108 cells.  Supernatants were saved 

following placement of the columns in a magnetic field.  Following removal of a 

wash sample for FACS analysis, the remaining fraction of magnetically labeled cells 

were resuspended in 5 ml of MACS buffer and flushed from the column.  A small 

fraction of the eluate was saved for FACS analysis.  Cells were counted and equal 

number of cells were plated for osteoclast differentiation and resorption assays. 
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Histology and dynamic histomorphometric analysis. Histological sections from 1-

month old decalcified mouse femurs and primary osteoclast cultures were stained for 

TRAP activity using a commercially available kit (Sigma-Aldrich).  Twsg1 protein in 

osteoclast cultures was detected by immunofluorescence using rat anti-mouse Twsg1 

antibody (R&D Systems) at 1:200 dilution according to method described previously 

(81).  Dynamic histomorphometry was assessed by double-label procedure [2 

injections of 25mg/kg tetracycline (Sigma-Aldrich) five days apart] and undecalcified 

sections were analyzed by Osteomeasure system (OsteoMetrics) and NIH ImageJ 

(82,83).  

Serum bone formation and resorption markers.  Blood was collected from WT 

and Twsg1-/- mice and used to determine serum levels of tartrate resistant acid 

phosphatase (TRAP), osteocalcin (OCN) and osteoprotegrin (OPG) via ELISA (SBA 

Sciences-TRAP;BTI Biomedical Technologies-OCN; Alpco Ltd-OPG). 

 

Proliferation.  Osteoclast proliferation was assessed by CellTiter 96 AQueous One 

Solution Cell Proliferation kit (Promega Corporation) according to manufacturer’s 

instructions.   

 

Quantitative real-time PCR.  Status of cellular differentiation was assessed by real-

time RT-PCR.  Total RNA was isolated from cells using TRIzol reagent (Invitrogen 

Life Technologies) and quantitated by UV spectroscopy.  Reverse transcription (RT) 

was performed using 1 µg of RNA and the iScriptTM cDNA Synthesis kit (Bio-Rad).  

Quantitative real-time RT-PCR was performed using Mx 3000P QPCR System (Stratagene 
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Corporation) for osteoblast analysis and MyiQTM Single-Color Real-Time PCR Detection 

System (Bio-Rad) for osteoclast analysis, using 1 µl of the cDNA with 1x Brilliant 

SYBR Green master mix (osteoblast) or 2x iQTM SYBR Green supermix (osteoclast) 

(Stratagene Corporation; Bio Rad respectively).  Osteoblast genes were normalized to 

Gapdh mRNA and osteoclast genes were normalized to L4  mRNA.  Primer sequences 

for all genes analyzed are provided in Table 1.  The sequences were designed using 

Primer3 (84) or obtained from previous publications (85).  

 

In Situ hybridization. Mouse Twsg1 probes were generated from a 214-bp cDNA 

fragment (bp 256-469 of the coding sequence, GenBank No. NM023053) subcloned 

into pCR II TOPO vector (Invitrogen). To generate the antisense probe, the plasmid 

was linearized with BamHI and transcribed with T7, and to generate the sense probe 

the plasmid was linearized with NotI and transcribed with SP6 polymerase using the 

Maxiscript kit (Ambion) and labeled with Digoxigenin RNA labeling mixture 

(Roche).  Hybridization was performed as previously described (86) and Twsg1 

mRNA signal detected with BM Purple (Roche) following the manufacturer’s 

instructions.  Photomicrographs were taken with a Nikon Eclipse 50i microscope and 

the images captures using SPOT imaging software (Diagnostics Instruments, Inc.).  

 

Western blotting.  Western blot analysis was performed to determine phosphorylated 

Smad 1/5/8 levels in primary osteoclasts differentiated in the presence of 60 ng/mL 

RANKL for three days.  Whole cell extracts were prepared by lysing cells in  
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Table 1. Real-Time RT-PCR primer sequences. 
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modified RIPA buffer supplemented with phosphatase (Roche) and protease (Sigma-

Aldrich) inhibitors.  To prepare nuclear extracts, cells were collected in PBS and  

lysed in ice for 5 minutes in Iso-Hi Buffer (10 mM tris pH7.8, 140 mM NaCl, 1.5 

mM MgCl2, 0.5% NP-40) supplemented with protease and phosphatase inhibitor 

cocktails.  Nuclei were then pelleted by centrifugation at 5000 rpm and resuspended 

in SDS-PAGE loading buffer.  Proteins were resolved by SDS-PAGE, transferred to 

PVDF membrane (Millipore) and immunobloted with rabbit anti-phosphorylated 

Smad 1/5/8 (1:1000; Cell Signaling, Cat #: 9511) antibody, anti-total Smad 1/5/8 

antibody (1:1000; Santa Cruz, Cat # SC-6031R) or anti-actin antibody (1:5000, Santa 

Cruz, Cat # SC-1616) and appropriate horseradish peroxidase conjugated secondary 

antibodies (1:10,000; Santa Cruz).  Immunoreactive bands were visualized using ECL 

Plus substrate (GE Health Systems).  

 

Statistical analysis.  All statistical analyses were performed using Prism 4 (Graphpad 

Software, Inc.).  Real-time RT-PCR analysis is reported as the mean ± SD of triplicate 

independent RNA samples.  All experiments were repeated three times.  ANOVA and 

Student’s t-test were used to assess significance between groups (NS = not 

significant; a P < 0.05; b P < 0.005; c P < 0.001).  

 

RESULTS 

Deficiency in Twsg1 results in severe osteopenia.  Radiographic analysis revealed 

that Twsg1-/- mice were osteopenic at one (Fig. 1A), three (data not shown) and six 

months (data not shown).  Micro-computed tomography (µCT) analysis (Fig. 1B), 
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which illustrates the integrity of trabecular and cortical morphology, showed 49% 

reduction in bone volume fraction (BV/TV) of Twsg1-/- mice when compared to WT 

mice at three months (Fig. 1C).  Reduced cancellous bone was apparent, as femurs 

from Twsg1-/- mice showed decreased trabecular thickness (Fig. 1D), trabecular 

number (Fig. 1E), increased trabecular spacing (Fig. 1F) and reduced connectivity 

density (Fig. 1G).  Similarly, cortical bone was also severely reduced, as femurs from 

Twsg1-/- mice showed decreased cortical area (Fig. 1H) and cortical thickness (Fig. 

1I).  Although µCT analysis was performed only on three-month old females, x-ray 

analysis clearly showed reduced bone mass at one and six months (data not shown).  

Further, x-ray analysis clearly showed that both male and female Twsg1-/- mice 

exhibited a similar reduction in bone mass compared to WT mice (data not shown).  

As shown in Fig 1 J and 1K, both female and male Twsg1-/- mice showed 

significantly reduced body weights when compared to WT and heterozygous mice at 

1, 3 and 6-month time points. 

 

Osteopenia in Twsg1-/- mice is not due to a defect in osteoblast function.  To 

determine whether osteopenia in Twsg1-/- mice was due to reduced osteoblast 

function, in vivo and in vitro indices of bone formation were determined.  The mineral 

apposition rates of 1-, 3-, and 6-month-old Twsg1-/- mice were not significantly 

different from age-matched WT mice (Fig. 2A and Fig. 2B).  Correspondingly, levels  
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Figure 1. Bone phenotype of Twsg1-/- mice. (A) Representative faxitron image from 

1-month old WT and Twsg1-/- mouse femurs. (B) µCT images from 3-month old WT 

and Twsg1-/- mouse femurs. Trabecular bone is shown in top panels and cortical bone 

is shown in bottom panels (Scale bar 1mm). Static histomorphometric parameters 

reflecting trabecular and cortical bone integrity from WT (■; n = 3) and Twsg1-/- (□; n 

= 3) bones, including (C) bone volume fraction, (D) trabecular thickness, (E) 

Western blotting

Western blot analysis was performed to determine
phosphorylated Smad 1/5/8 levels in primary osteoclasts
differentiated in the presence of 60 ng/ml RANKL for 3
days. Whole cell extracts were prepared by lysing cells in
modified RIPA buffer supplemented with phosphatase
(Roche) and protease (Sigma-Aldrich) inhibitors. To pre-
pare nuclear extracts, cells were collected in PBS and lysed
in ice for 5 min in Iso-Hi Buffer (10 mM Tris, pH 7.8, 140
mMNaCl, 1.5 mMMgCl2, 0.5%NP-40) supplemented with
protease and phosphatase inhibitor cocktails. Nuclei were
pelleted by centrifugation at 5000 rpm and resuspended
in SDS-PAGE loading buffer. Proteins were resolved by
SDS-PAGE, transferred to PVDF membrane (Millipore),
and immunoblotted with rabbit anti-phosphorylated Smad
1/5/8 (1:1000; catalog 9511; Cell Signaling) antibody, anti-
total Smad 1/5/8 antibody (1:1000; catalog SC-6031R; Santa
Cruz), or anti-actin antibody (1:5000, catalog SC-1616; Santa
Cruz) and appropriate horseradish peroxidase–conjugated
secondary antibodies (1:10,000; Santa Cruz). Immunoreac-
tive bands were visualized using ECL Plus substrate (GE
Health Systems).

Statistical analysis

All statistical analyses were performed using Prism 4
(Graphpad Software). Real-time RT-PCR analysis is
reported as the mean ± SD of triplicate independent RNA

samples. All experiments were repeated three times.
ANOVA and Student’s t-test were used to assess signifi-
cance between groups (NS = not significant; ap < 0.05;
bp < 0.005; cp < 0.001).

RESULTS

Deficiency in Twsg1 results in severe osteopenia

Radiographic analysis showed that Twsg12/2 mice were
osteopenic at 1 (Fig. 1A), 3 (data not shown), and 6 mo
(data not shown). mCT analysis (Fig. 1B), which shows the
integrity of trabecular and cortical morphology, showed
49% reduction in bone volume fraction (BV/TV) of
Twsg12/2 mice compared with WT mice at 3 mo (Fig. 1C).
Reduced cancellous bone was apparent, because femurs
from Twsg12/2mice showed decreased trabecular thickness
(Fig. 1D) and trabecular number (Fig. 1E), increased tra-
becular spacing (Fig. 1F), and reduced connectivity density
(Fig. 1G). Similarly, cortical bonewas also severely reduced,
because femurs from Twsg12/2 mice showed decreased
cortical area (Fig. 1H) and cortical thickness (Fig. 1I). Al-
though mCT analysis was performed only on 3-mo-old fe-
males, X-ray analysis clearly showed reduced bone mass at
1 and 6 mo (data not shown). Furthermore, X-ray analysis
clearly showed that both male and female Twsg12/2 mice
exhibited a similar reduction in bone mass compared with
WT mice (data not shown). As shown in Figs. 1J and 1K,

FIG. 1. Bone phenotype of Twsg12/2 mice.
(A) Representative faxitron image from 1-
mo-oldWT and Twsg12/2 mouse femurs. (B)
Representative mCT images from 3-mo-old
WT and Twsg12/2 female mouse femurs.
Trabecular bone is shown in top panels and
cortical bone is shown in bottom panels (scale
bar = 1 mm). Static histomorphometric pa-
rameters reflecting trabecular and cortical
bone integrity from WT (j; n = 3) and
Twsg12/2 (u; n = 3) bones, including (C)
bone volume fraction, (D) trabecular thick-
ness, (E) trabecular number, (F) trabecular
spacing, (G) connective density, (H) cortical
mask, and (I) cortical thickness. (J and K)
Average body weight measurements of WT,
heterozygote, and Twsg12/2 females and
males, respectively. ap < 0.05; bp < 0.005; cp <
0.001.
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trabecular number, (F) trabecular spacing, (G) connective density, (H) cortical mask, 

and (I) cortical thickness. (J and K) Average body weight measurements of WT, 

heterozygote, and Twsg1-/- female and males, respectively. ap < 0.05; bp < 0.005; cp < 

0.001. 
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of serum OCN, a marker of osteoblast function, were indistinguishable between the 

two genotypes (Fig. 2C).  In vitro studies using WT and Twsg1-/- primary calvarial 

osteoblasts revealed no differences in mRNA expression of the osteoblast markers 

alkaline phosphatase (Alp) and Ocn (Fig. 2D).  Therefore, consistent with a previous 

report, we found no impairment in osteoblast function in Twsg1-/- mice (87). 

 

Osteopenia in Twsg1-/- mice results from enhanced osteoclast maturation and 

function.  As osteoblast function did not explain the osteopenic phenotype, we next 

examined whether deficiency of Twsg1 alters bone resorption.  As shown in Fig. 3A 

and Fig. 3B, bone sections from Twsg1-/- mice showed an increase in number and size 

of TRAP-positive multinucleated osteoclasts relative to WT mice.  Similarly, levels 

of serum TRACP 5b (a marker of osteoclast number) (Fig. 3C) and carboxy-terminal 

collagen crosslinks (CTX: a marker of collagen degradation indicative of bone 

resorption) (Fig. 3D) were higher in Twsg1-/- mice relative to WT mice. 

 

The in vivo osteoclast phenotype of Twsg1-/- mice correlated with in vitro experiments 

using CD11b-enriched bone marrow osteoclast precursors.  CD11b enrichment 

experiments were performed to select for osteoclast precursors of 

monocyte/macrophage lineage without contamination with stromal cells.  As shown 

in Fig. 3E and Fig. 3F, relative to WT osteoclast cultures, multinucleated TRAP- 

positive osteoclasts from Twsg1-/- mice were increased in number and size when 

allowed to differentiate in the presence of 60 ng/ml RANKL and 10 ng/ml colony 

stimulating factor-1 (CSF-1).  Additionally, Twsg1-/- osteoclasts exhibited increased  
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Figure 2. In vivo and in vitro characterization of osteoblast function from WT 

and Twsg1-/- mice. WT and Twsg1-/- mice were injected 5 days apart with 25mg/kg 

tetracycline (n = 7-11). (A) Representative fluorescent images from 3-month old WT 

and Twsg1-/- femurs (Scale bar = 200µm). (B) Mineral apposition rate (MAR) of 1-, 

3-, and 6-month old WT and Twsg1-/- mice. (C) Serum OCN measured by ELISA. (D) 

Gene expression profile of ALP and OCN from 8-day osteoblast cultures. WT (■); 

Twsg1-/- (□). NS, not significant. 
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Figure 3. In vivo and in vitro characterization of osteoclast function from WT 

and Twsg1-/- mice. (A) TRACP-stained bone sections from WT and Twsg1-/- femurs 

(Scale bar = 200µm).  (B) Histomorphometric analysis of TRACP-stained bone 

sections from WT and Twsg1-/- femurs. (C) Serum TRACP 5b measured by ELISA. 

(D) Serum CTX measured by ELISA (E) TRACP stained osteoclasts following 

differentiation after 7-days in culture of CD-11b enriched bone marrow cultures 
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(Scale bar = 200µm). (F) Histomorphometric analysis of TRAP-stained osteoclasts. 

(G) Expression profile of NFAT-C1, cathepsin K, and Acp5 (encoding for TRACP) 

mRNA from 3-day osteoclast cultures. (H) Representative photomicrograph of 

toluidine blue stained resorption pits on dentine discs (Scale bar = 200µm). (I) Pit 

area quantitation of resorption pits. (Scale bar = 50µm). WT (■); Twsg1-/- (□). *p < 

0.05; **p < 0.005; ***p < 0.001. 
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mRNA expression of differentiation genes, nuclear factor of activated T-cells-C1 

(Nfat-c1; 3.6-fold), Cathepsin K (Ctk; 2.4-fold) and acid phosphatase 5 (Acp5 which 

encodes TRAP; 4.5-fold) (Fig. 3G).  Consistent with increased serum CTX levels, 

Twsg1-/- derived osteoclasts cultured on dentine discs showed increased resorption pit 

area relative to WT osteoclasts (Fig. 3H and Fig. 3I).  Similar results were obtained 

when in vitro experiments were repeated using osteoclast precursors from spleen 

(data not shown).  Our data demonstrate for the first time that the osteopenic 

phenotype observed in Twsg1-deficient mice occurs as a direct result of increased 

formation, differentiation and function of multinucleated osteoclasts. 

 

Enhanced osteoclast phenotype in Twsg1-/- mice is mediated by increased cell-cell 

fusion.  We next examined whether the enhanced osteoclastogenesis in Twsg1-/- mice 

was due to increased proliferation and/or fusion of osteoclast precursors.  As shown 

in Fig. 4A, osteoclast precursors from Twsg1-/- mice did not show increased 

proliferation compared to WT mice.  Although the total number of nuclei was not 

significantly different (Fig. 4B), osteoclasts from Twsg1-/- mice contained 

significantly more nuclei per multinucleated cell (1.6-fold, p<0.005) than osteoclasts 

from WT animals (Fig. 4C), suggesting that the increased osteoclastogenesis in 

Twsg1-/- mice results from enhanced fusion of osteoclast precursors rather than 

enhanced proliferation.  Increased fusion in Twsg1-/- mice was further evidenced by a 

concomitant 13-fold (p<0.005 increase in expression of dendritic cell-specific 

transmembrane protein (DC-STAMP) mRNA, encoding a key protein necessary for 

cell fusion (Fig. 4D) (88).  
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Figure 4. Regulation of enhanced osteoclastogenesis by increased cell-cell fusion. 

(A) Cell proliferation assay. Day 5 osteoclast cultures were DAPI stained and 

histomorphometry was performed to assess the total number of nuclei (B) and the 

total number of nuclei per multinucleated cell (C) within 0.25 of a 2 cm2 dish. (D) 

Expression profile of DCSTAMP mRNA from 3-day osteoclast cultures.  WT (■); 

Twsg1-/- (□). NS, not significant, **p < 0.005. 
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Expression of RANKL and OPG by osteoblasts is unaffected in Twsg1-/- mice.  

Osteoclast maturation is regulated by osteoblasts through secretion of the RANKL 

and its decoy receptor OPG (51,90).  Our results revealed that serum OPG levels (WT 

= 2.084±0.101 pmol/L; Twsg1-/- = 2.181±0.186 pmol/L) and fold expression of 

RANKL (WT = 0.202±0.086; Twsg1-/- = 0.189±0.104) and OPG (WT = 0.807±0.225; 

Twsg1-/- = 0.760±0.310) in primary osteoblast cultures were not significantly different 

in Twsg1-/- mice relative to WT mice.  These results demonstrate that the osteopenia 

observed in Twsg1-/- mice cannot be explained by an increased ability of osteoblasts 

to stimulate osteoclastogenesis. 

 

BMP signaling regulates enhanced osteoclastogenesis.  As TWSG1 specifically 

regulates BMP signaling, we investigated whether the observed increase in 

osteoclastogenesis in Twsg1-/- mice was due to altered BMP activity.  Osteoclast 

precursors derived from WT or Twsg1-/- mice were treated with 60 ng/ml RANKL for 

3 days.  Nuclear protein extracts were used for detection of phosphorylated 

Smad1/5/8 by Western blot analysis.  We detected an increase in phosphorylated 

Smad1/5/8 levels in Twsg1-/- osteoclasts compared to WT osteoclasts (Fig. 5A).  

Further, we observed a dose-dependent attenuation of osteoclast size and number 

(Fig. 5B-D) in cultures containing Noggin, a specific BMP-2 and -4 antagonist (90), 

revealing that the phenotype in Twsg1-/- osteoclasts is due to enhanced BMP signals 

received by the Twsg1-/- osteoclast precursors, and that TWSG1 acts as a BMP 

antagonist during normal osteoclast maturation.  To further understand the functional 

significance of TWSG1, we investigated its expression in osteoclasts relative to  
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Figure 5. BMP signaling is associated with enhanced osteoclastogenesis in Twsg1-

/- mice. (A) Representative Western blots of nuclear proteins from WT and Twsg1-/- 

osteoclast cultures differentiated with RANKL (60ng) for 3 days and immunobloted 

against phospho- and total, SMADs1/5/8. (B) TRACP staining (Scale bar = 200 µm) 

and histomorphometry (C and D) from 7 day Twsg1-/- osteoclast cultures treated with 

or without Noggin (0.1, 0.5, 1.0 µg/ml). ap < 0.05; cp < 0.001. 

 

 

of TWSG1 in osteoclasts (Fig. 6B). It seems that the pro-
tein was localized primarily to the cell membrane, which
would be consistent with its regulatory function toward
BMPs. Furthermore, expression of BMP2 and its receptors
were detected by real-time RT-PCR in WT osteoclasts as
previously shown by others(9,42) (data not shown). To
confirm the absence of Twsg1 mRNA in osteoclasts from
Twsg12/2 mice, a nonradioactive in situ hybridization was
used (Fig. 6C). Hybridization with antisense probe to
Twsg1 showed a positive signal in 1-day-old WT calvaria.
Conversely, Twsg1 mRNA was not detected in calvarial
sections from 1-day-old Twsg12/2 mice. TRACP staining
of serial sections from the same animals were used to lo-
calize the osteoclasts. No signal was obtained in sections
hybridized with Twsg1 sense probe, which was used as a
negative control (data not shown).
To determine whether BMPs could directly activate

differentiation of WT osteoclast precursors into multinu-
clear TRACP+ cells, we examined differentiation of WT

osteoclast precursors in the presence of 30 ng/ml of BMP2
and suboptimal levels of RANKL (30 ng/ml). We found
significantly increased numbers of and larger-sized
TRACP+ multinucleated osteoclasts relative to WT oste-
oclast precursors exposed only to RANKL (30 ng/ml; Figs.
7A and 7B). Osteoclast precursors that were treated with
BMP2 alone did not undergo differentiation, because no
TRACP+ mononuclear or multinuclear cells were ob-
served (data not shown). We next examined whether
BMP2 increases levels of phosphorylated Smad1/5/8 in WT
osteoclasts. WT spleen and bone marrow–derived osteo-
clasts were cultured in the presence of 60 ng/ml RANKL
for 3 days, after which primary osteoclasts or MC3T3-E1
pre-osteoblasts, which were used as positive control, were
treated with recombinant human BMP2 (R&D Systems) at
100 ng/ml for 30 min. As shown in Fig. 7C, phosphorylated
Smad1/5/8 levels were increased in cultures treated with
BMP2 compared with RANKL-treated cultures alone.
These results show that BMP2 can increase phosphorylated

FIG. 5. BMP signaling is associated with
enhanced osteoclastogenesis in Twsg12/2

mice. (A) Representative Western blots of
nuclear proteins from WT and Twsg12/2 os-
teoclast cultures differentiated with RANKL
(60 ng/ml) for 3 days and immunoblotted
against phospho- and total- SMADs1/5/8. (B)
TRACP staining (scale bar = 200 mm) and
histomorphometry (C and D) from 7 day
Twsg12/2 osteoclast cultures treated with or
without Noggin (0.1, 0.5, and 1.0 mg/ml). ap <
0.05; cp < 0.001.

FIG. 6. Expression of Twsg1 in WT and
Twsg12/2 osteoclasts. (A) Real-time RT-
PCR analysis of day 5 osteoclasts for ex-
pression of TWSG1,Noggin, and Chordin. (B)
Twsg1 immunofluorescence staining (green)
of day 5 osteoclast cultures counterstained
with DAPI (yellow). Secondary-antibody
only negative control is represented in the
right panel (scale bar = 50 mm). (C) In situ
hybridization showing absence of Twsg1
mRNA in calvarial sections of 1-day-old
Twsg12/2 mice. TRACP staining of respec-
tive serial sections identifies the osteoclasts.
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Noggin and Chordin.  Real time RT-PCR analysis showed that Twsg1 mRNA was 

expressed in osteoclasts at significantly higher levels than Noggin or Chordin (Fig. 

6A).  Immunofluorescence localization confirmed the expression of TWSG1 in 

osteoclasts (Fig. 6B).  It appears that the protein was localized primarily to the cell 

membrane, which would be consistent with its regulatory function towards BMPs.  

Further, expression of BMP2 and its receptors were detected by real time RT-PCR in 

WT osteoclasts as previously shown by others (58,91) (data not shown). To confirm 

the absence of Twsg1 mRNA in osteoclasts from Twsg1-/- mice, a non-radioactive in 

situ hybridization was utilized (Fig. 6C).  Hybridization with antisense probe to 

Twsg1 showed a positive signal in one-day old WT calvaria.  Conversely, Twsg1 

mRNA was not detected in calvarial sections from one-day old Twsg1-/- mice.  TRAP 

staining of serial sections from the same animals were utilized to localize the 

osteoclasts.  No signal was obtained in sections hybridized with Twsg1 sense probe, 

which was used as a negative control (data not shown). 

To determine if BMPs could directly activate differentiation of WT osteoclast 

precursors into multinuclear TRAP-positive cells, we examined differentiation of WT 

osteoclast precursors in the presence of 30 ng/ml of BMP2 and suboptimal levels of 

RANKL (30 ng/ml).  We found significantly increased numbers of and larger-sized 

TRAP-positive multinucleated osteoclasts relative to WT osteoclast precursors 

exposed only to RANKL (30 ng/ml) (Fig. 7A,B).  Osteoclast precursors that were 

treated with BMP2 alone did not undergo differentiation, as no TRAP-positive 

mononuclear or multinuclear cells were observed (data not shown).  We next 

examined if BMP2 increases levels of phosphorylated Smad1/5/8 in wild type  
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Figure 6. Expression of Twsg1 in WT and Twsg1-/- osteoclasts. (A) Real-time RT-

PCR analysis of day 5 osteoclasts for expression of TWSG1, Noggin, and Chordin. 

(B) Twsg1 immunofluorescence staining (green) of day 5 osteoclast cultures 

counterstained with DAPI (yellow).  Secondary-antibody only negative control is 

presented in the right panel (scale bar = 50 µm). (C) In situ hybridization showing 

absence of Twsg1 mRNA in calvarial sections of 1-day-old Twsg1-/- mice. TRACP 

staining of respective serial section identifies the osteoclasts. 

 
 

 

 

of TWSG1 in osteoclasts (Fig. 6B). It seems that the pro-
tein was localized primarily to the cell membrane, which
would be consistent with its regulatory function toward
BMPs. Furthermore, expression of BMP2 and its receptors
were detected by real-time RT-PCR in WT osteoclasts as
previously shown by others(9,42) (data not shown). To
confirm the absence of Twsg1 mRNA in osteoclasts from
Twsg12/2 mice, a nonradioactive in situ hybridization was
used (Fig. 6C). Hybridization with antisense probe to
Twsg1 showed a positive signal in 1-day-old WT calvaria.
Conversely, Twsg1 mRNA was not detected in calvarial
sections from 1-day-old Twsg12/2 mice. TRACP staining
of serial sections from the same animals were used to lo-
calize the osteoclasts. No signal was obtained in sections
hybridized with Twsg1 sense probe, which was used as a
negative control (data not shown).
To determine whether BMPs could directly activate

differentiation of WT osteoclast precursors into multinu-
clear TRACP+ cells, we examined differentiation of WT

osteoclast precursors in the presence of 30 ng/ml of BMP2
and suboptimal levels of RANKL (30 ng/ml). We found
significantly increased numbers of and larger-sized
TRACP+ multinucleated osteoclasts relative to WT oste-
oclast precursors exposed only to RANKL (30 ng/ml; Figs.
7A and 7B). Osteoclast precursors that were treated with
BMP2 alone did not undergo differentiation, because no
TRACP+ mononuclear or multinuclear cells were ob-
served (data not shown). We next examined whether
BMP2 increases levels of phosphorylated Smad1/5/8 in WT
osteoclasts. WT spleen and bone marrow–derived osteo-
clasts were cultured in the presence of 60 ng/ml RANKL
for 3 days, after which primary osteoclasts or MC3T3-E1
pre-osteoblasts, which were used as positive control, were
treated with recombinant human BMP2 (R&D Systems) at
100 ng/ml for 30 min. As shown in Fig. 7C, phosphorylated
Smad1/5/8 levels were increased in cultures treated with
BMP2 compared with RANKL-treated cultures alone.
These results show that BMP2 can increase phosphorylated

FIG. 5. BMP signaling is associated with
enhanced osteoclastogenesis in Twsg12/2

mice. (A) Representative Western blots of
nuclear proteins from WT and Twsg12/2 os-
teoclast cultures differentiated with RANKL
(60 ng/ml) for 3 days and immunoblotted
against phospho- and total- SMADs1/5/8. (B)
TRACP staining (scale bar = 200 mm) and
histomorphometry (C and D) from 7 day
Twsg12/2 osteoclast cultures treated with or
without Noggin (0.1, 0.5, and 1.0 mg/ml). ap <
0.05; cp < 0.001.

FIG. 6. Expression of Twsg1 in WT and
Twsg12/2 osteoclasts. (A) Real-time RT-
PCR analysis of day 5 osteoclasts for ex-
pression of TWSG1,Noggin, and Chordin. (B)
Twsg1 immunofluorescence staining (green)
of day 5 osteoclast cultures counterstained
with DAPI (yellow). Secondary-antibody
only negative control is represented in the
right panel (scale bar = 50 mm). (C) In situ
hybridization showing absence of Twsg1
mRNA in calvarial sections of 1-day-old
Twsg12/2 mice. TRACP staining of respec-
tive serial sections identifies the osteoclasts.
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Figure 7. BMP2 directly enhances RANKL-stimulated osteoclastogenesis and 

pSmad1/5/8 levels in primary osteoclasts. (A) TRACP staining and (B) 

histomorphometry from 7-day WT osteoclast cultures differentiated with half-optimal 

levels of RANKL (30 ng/ml) treated with or without 30 ng/ml of BMP2 [RANKL 30 

ng/ml (■); RANKL 30 ng/ml + BMP2 30 ng/ml (□)]. Scale bar = 200 µm. (C) 

Representative Western blots of nuclear proteins from primary spleen and bone 

marrow osteoclasts cultures differentiated with RANKL (60 ng/ml) for 3 days and 

immunoblotted against phospho- and total Smad 1/5/8. ap < 0.05; bp < 0.005. 

Smad levels in primary osteoclasts and BMP signaling can
enhance RANKL-mediated osteoclastogenesis and pro-
vide evidence for a positive direct regulatory role of BMPs
in osteoclast formation.

DISCUSSION

In this study, we investigated the role of TWSG1 in bone
using a mouse model that is deficient for the Twsg1 gene.
We showed that loss of Twsg1 caused profound osteopenia
that could not be explained by decreased osteoblast func-
tion but rather was caused by enhanced osteoclastogenesis
and increased bone resorption. We also showed that the
enhanced osteoclastogenesis in Twsg12/2 mice was from

increased BMP signaling and BMP2 can cooperate with
RANKL to enhance WT osteoclast differentiation.
Osteopenia has previously been reported in other

Twsg1-deficient mouse models.(38,43) Along with osteope-
nia, Nosaka et al.(43) reported severe growth retardation
that was attributed primarily to impaired cartilage differ-
entiation and subsequent delayed endochondral bone for-
mation in their Twsg12/2 mice. The osteopenia in the
Twsg12/2 mouse model reported by Gazzero et al.(38) was
transient, with 40% reduced trabecular bone volume at
4 wk but not at 7 wk. The authors did not see a defect in
osteoblast or osteoclast function (the data to support the
latter were not shown) and reported that the transient
trabecular bone phenotype could be explained by a defect
in endochondral bone formation. Our results are the first
to show that enhanced osteoclastogenesis and increased
bone resorption through increased BMP activity is a
mechanism for osteopenia in mice deficient for Twsg1.
This finding does not exclude a possibility of an addi-
tional cartilage defect also contributing to the skeletal
phenotype.
Although the role of BMPs as potent inducers of oste-

oblast differentiation and ectopic bone formation has been
well studied, only recently has the involvement of BMPs in
osteoclast maturation and function been studied.(4) As re-
viewed in the Introduction, several reports have provided
evidence for the role of BMPs in osteoclast function by
either directly regulating osteoclasts or modifying osteo-
clast-supporting activities of osteoblasts. Our data showed
that osteoclast differentiation sustained by RANKL is di-
rectly enhanced in the presence of BMP2 or the absence
of TWSG1, which acts as a BMP inhibitor in osteoclasts.
We provide evidence that the levels of phosphorylated
Smad 1/5/8 are increased in osteoclast cultures from
Twsg12/2 mice compared with WT cultures, consistent
with an increase in BMP signaling. Likewise, the levels of
phosphorylated Smad1/5/8 are increased in primary WT
osteoclasts (both spleen and bone marrow derived) incu-
bated with BMP2, further supporting direct activation of
BMP signaling in osteoclasts.
It is intriguing that osteoblasts appeared unaffected in

vivo, whereas our previously published in vitro experi-
ments showed that TWSG1 could regulate osteoblast dif-
ferentiation and function.(22) It is conceivable that other
BMP antagonists such as Chordin and Noggin compensate
for the lack of TWSG1 in osteoblasts in vivo, where their
expression is abundant, but not in osteoclasts, where their
levels are much lower relative to TWSG1. Spatiotemporal
expression of BMP antagonists within the bone architec-
ture or the degree to which these secreted proteins can
diffuse to affect neighboring bone cells present alternative
explanations that will be areas of future studies.
Our study has significant clinical implications because

excessive osteoclast activity underlies loss of bone in os-
teoporosis, osteolytic bone tumors, and periodontitis.
Whereas our studies focused on the deficiency of Twsg1,
it remains to be determined whether administration of
TWSG1 could inhibit excessive osteoclast function intro-
ducing a potential therapeutic approach for osteolytic
diseases.

FIG. 7. BMP2 directly enhances RANKL-stimulated osteoclas-
togenesis and pSmad1/5/8 levels in primary osteoclasts. (A)
TRACP staining and (B) histomorphometry from 7-day WT os-
teoclast cultures differentiated with half-optimal levels of RANKL
(30 ng/ml) treated with or without 30 ng/ml of BMP2 [RANKL 30
ng/ml (j); RANKL 30 ng/ml + BMP2 30 ng/ml (u)]. Scale bar =
200 mm. (C) Representative Western blots of nuclear proteins
from primary spleen and bone marrow osteoclast cultures differ-
entiated with RANKL (60 ng/ml) for 3 days and immunoblotted
against phospho- and total-Smad 1/5/8. ap < 0.05; bp < 0.005.
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osteoclasts.  Wild-type spleen and bone marrow-derived osteoclasts were cultured in 

the presence of 60 ng/mL RANKL for three days, following which primary 

osteoclasts or MC3T3-E1 pre-osteoblasts, which were used as positive control, were 

treated with recombinant human BMP2 (R&D Systems) at 100 ng/mL for 30 minutes.  

As shown in Fig. 7C, phosphorylated Smad1/5/8 levels were increased in cultures 

treated with BMP2 compared to RANKL-treated cultures alone.  These results show 

that BMP2 can increase phosphorylated Smad levels pathway in primary osteoclasts 

and BMP signaling can enhance RANKL-mediated osteoclastogenesis and provide 

evidence for a positive direct regulatory role of BMPs in osteoclast formation. 

 

DISCUSSION 

In this study, we investigated the role of TWSG1 in bone using a mouse 

model that is deficient for the Twsg1 gene.  We showed that loss of Twsg1 caused 

profound osteopenia that could not be explained by decreased osteoblast function but 

rather was due to enhanced osteoclastogenesis and increased bone resorption.  We 

also showed that the enhanced osteoclastogenesis in Twsg1-/- mice was due to 

increased BMP signaling and BMP2 can cooperate with RANKL to enhance WT 

osteoclast differentiation. 

Osteopenia has previously been reported in other Twsg1-deficient mouse 

models (87,92).  Along with osteopenia, Nosaka et al. reported severe growth 

retardation that was attributed primarily to impaired cartilage differentiation and 

subsequent delayed endochondral bone formation in their Twsg1-/- mice (92).  The 

osteopenia in the Twsg1-/- mouse model reported by Gazzero et al. was transient with 
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40% reduced trabecular bone volume at 4 weeks but not at 7 weeks (87).  The authors 

did not see a defect in osteoblast or osteoclast function (the data to support the latter 

was not shown) and reported that the transient trabecular bone phenotype could be 

explained by a defect in endochondral bone formation.  Our results are the first to 

show that enhanced osteoclastogenesis and increased bone resorption through 

increased BMP activity is a mechanism for osteopenia in mice deficient in Twsg1.  

This finding does not exclude a possibility of an additional cartilage defect also 

contributing to the skeletal phenotype. 

 Although the role of BMPs as potent inducers of osteoblast differentiation and 

ectopic bone formation has been well studied, only recently has the involvement of 

BMPs in osteoclast maturation and function been investigated [reviewed in (53)].  As 

reviewed in the introduction, several reports have provided evidence for the role of 

BMPs in osteoclast function by either directly regulating osteoclasts or modifying 

osteoclast-supporting activities of osteoblasts.  Our data shows that osteoclast 

differentiation sustained by RANKL is directly enhanced in the presence of BMP2 or 

the absence of TWSG1, which acts as a BMP inhibitor in osteoclasts.  We provide 

evidence that the levels of phosphorylated Smad 1/5/8 are increased in osteoclast 

cultures from Twsg1-/- mice compared to WT cultures, consistent with an increase in 

BMP signaling.  Likewise, the levels of phosphorylated Smad1/5/8 are increased in 

primary WT osteoclasts (both spleen and bone marrow derived) incubated with 

BMP2 further supporting direct activation of BMP signaling in osteoclasts. 

It is intriguing that osteoblasts appeared unaffected in vivo, while our 

previously published in vitro experiments showed that TWSG1 could regulate 
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osteoblast differentiation and function (71).  It is conceivable that other BMP 

antagonists such as Chordin and Noggin compensate for the lack of TWSG1 in 

osteoblasts in vivo, where their expression is abundant, but not in osteoclasts, where 

their levels are much lower relative to TWSG1.  Spatiotemporal expression of BMP 

antagonists within the bone architecture or the degree to which these secreted proteins 

can diffuse to affect neighboring bone cells present alternative explanations that will 

be areas of future studies. 

Our study has significant clinical implications because excessive osteoclast 

activity underlies loss of bone in osteoporosis, osteolytic bone tumors and 

periodontitis.  While our studies focused on the deficiency of Twsg1, it remains to be 

determined whether administration of TWSG1 could inhibit excessive osteoclast 

function introducing a potential therapeutic approach for osteolytic diseases. 
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CHAPTER 3 

MATRIX GLA PROTEIN REGULATION  

OF OSTEOBLAST FUNCTION AND 

BONE REMODELING 
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 As a secreted extracellular matrix (ECM) protein, it is thought that matrix γ-

carboxyglutamic acid protein (MGP) inhibits mineralization by binding to calcium 

thereby limiting the formation, propagation and maintenance of ECM.  Mice deficient 

in MGP show severe vascular calcification and abnormalities in bone mineralization.  

Though expression of MGP has been shown to be limited to some mesenchymal 

derived cells, its role in regulation of ECM in bone as it relates to osteoblast function 

is inconclusive.  Specifically, the role of MGP in the regulation of bone 

mineralization via activation and inhibition of osteoblast activity needs to be defined.  

As our lab previously established a regulatory role of MGP by parathyroid hormone 

(PTH), we looked to study how inhibition of mineralization is regulated PTH as it 

relates to MGP function.  Consequently, the current study looks to better define the 

influence of MGP in bone tissue. 
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INTRODUCTION   

Matrix γ-carboxyglutamic acid protein (MGP) is a member of the mineral 

binding family which includes coagulation factors prothrombin, factor VII, factor IX, 

factor X, protein C, protein S and protein Z (93).  MGP is also a Vitamin K-

dependent protein.  Vitamin K cofactor regulates MGP activity via posttranslational 

modification of glutamate residues, which are responsible for calcium binding.  MGP 

must undergo two post-translational modifications, (93) the production of gamma-

glutamate (GLA) residues and (94) serine phosphorylation.   

MGP has been found in chondrocytes, cementum, vascular smooth muscle 

cells, and bone (94, 95).  Further, MGP has been previously shown as expressed by 

osteoblasts, chondrocytes, vascular smooth muscle cells, and endothelial cells (96-

99).  MGP functions as an inhibitor of mineralization both in vitro and in vivo (100).  

Over-expression of MGP in cultured chondrocytes mediated by retrovirus inhibited 

cartilage mineralization as well as endochondral ossification in developing chick limb 

bud (101).  MGP-deficient mice (MGP-/-) show respiratory, cartilage and vascular 

defects (102).  They die by 6 to 8 weeks of age due to rupture and subsequent 

hemorrhage of the thoracic and abdominal aorta.  The MGP-/- mice exhibit extensive 

calcification of elastic fibers and collagen fibrils in the media of the aortic wall.  This 

calcification originates at several points and involves all elastic and muscular arteries, 

but not arterioles, capillaries, or veins. There is no appearance of atherosclerotic 

plaques in this tissue, and the myocardium appears to be spared. The aortic smooth 

muscles also show a defect in spatial arrangements and do not form the proper layers 

in the vessel wall (103).    
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MGP-/- mice show an increased heart rate beginning at 2 weeks of age in 

homozygotes as well as a shortened stature.  The differences become more apparent 

as the animals get older, until death, at which time homozygotes are noticeably 

smaller than wild-type littermates. In addition, the growth rate peaks at 2-3 weeks of 

age, but gradually slows down thereafter and the homozygotes exhibit postnatal 

growth retardation (103).  An osteopenic phenotype was also noted, along with 

decreased bone density and increased incidence of fracture. However, this reduction 

in bone was attributed to improper growth plate formation (104).  At 8 weeks the 

homozygotes displayed accelerated calcification of the growth-plate cartilage.  This 

calcification of the growth plate abnormally extends into the zone of proliferating 

chondrocytes.  The mice also exhibited an abnormal long bone epiphyseal plate 

proliferative zone, a decreased or absent hypertrophic zone due to abnormal 

calcification of the growth plate (103, 104).  The columnar appearance of the 

proliferating zone was not seen, and the cells were very disorganized.  Cartilage 

morphology was not only disrupted in the bone but also in the trachea where the 

lower end of the trachea was calcified prematurely.  The respiratory system also 

revealed defects including abnormal bronchus morphology in which the mice display 

inappropriate calcification of cartilage in the main bronchi, and abnormal tracheal 

cartilage morphology (103).    

Parathyroid hormone (PTH) is an 84-amino acid hormone secreted in response 

to activation of calcium sensing receptor in parathyroid cells (112). PTH regulates 

calcium homeostasis by regulating biologic activity of target organs like kidney, 

intestine and bone.  Specifically, PTH has a dual effect on bone metabolism where 
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with high continuous PTH treatments there is net decrease in bone while low, 

intermittent PTH results in net increase in bone formation (113).  Previously 

published data had shown a link between the in vitro catabolic actions of PTH on 

mineralization and mRNA expression of MGP.  Specifically, with enhanced 

differentiation of MC3T3-E1 osteoblast-like cells and concomitant treatment of PTH, 

we noted increasing expression of MGP (99).  These findings suggested a role for the 

inhibitory action of PTH on bone by MGP.  

  Previously, our lab has shown that MC3T3-E1 osteoblast-like cells express 

MGP (99).  We have also shown evidence for the regulation of MGP activity by PTH.  

Despite several publications, there is little understanding of the effect of MGP on the 

differentiation and function of osteoblasts and osteoclasts.  Furthermore, it is 

unknown whether the bony phenotype is a result of altered osteoblast and/or 

osteoclasts function in MGP-/- mice.  To understand the effect of MGP on osteoblast 

and osteoclast function, we performed both in vitro and in vivo studies.  Through 

these studies we looked to further understand the role of MGP in bone homeostasis 

and postnatal bone development.  

  

MATERIALS AND METHODS  

 

Maintenance of MGP mouse Colony and Genotyping.  MGP+/- C57Bl/6 animals 

were obtained from the laboratory of Gerard Karsenty, (Columbia University).  

Breeding pairs were maintained using MGP+/- males and females, confirmed by 

genotype.  Primers can be found in Table 1. The PCR conditions used for genotyping  
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Table 1. Real-Time 
PCR Primer Sequences 

  

Gene Forward Reverse 

MGP Wild-type allele GCCACAATTTCTGCATCCTGC CGGGAAAGATGAGGAAGAAGGG 

MGP Mutant allele  TGCCTGAAGTAGCGGTTGTA GAATGAACTGCAGGACGAGG 

BSP GAAACGGTTTCCAGTCCAG CTGCATCTCCAGCCTTCTT 

OCN GAACAGACTCCGGCGCTA AGGGAGGATCAAGTCCCG 

Alkaline Phosphatase GCTGATCATTCCCACGTTTT CTGGGCCTGGTAGTTGTTGT 

GAPDH TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC 

All Sequences are 5’-3’.   

 

Table 1. Real-Time RT-PCR primer sequences. 
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were 94ºC for 3 min, 94ºC for 30sec, 58ºC for 40sec, 72ºC for 1min, repeat for 39 

cycles followed by 72ºC for 7 min.  

  

Digital Photos and Faxitron Analysis. Whole animal digital photos were taken 

using an Olympus Eclipse scope and CoolPix990 digital camera. X-rays were taken 

of the femur and tibia upon dissection using a Specimen Radiography System Model 

MX-20 (Faxitron X-ray).  

  

Micro-computed tomography Analysis. Micro-computed tomography (µCT) 

analysis of femurs was performed at the Physiological Imaging Center, Rochester, 

MN. The bones were reconstructed and static parameters were measured using Amira 

4, Analyze 6, Matlab, Image J, and Photoshop.  Parameters measured include cortical 

thickness, which is a direct measurement of mid-diaphysis cortical thickness, and 

bone diameter, which measures the total distance across the cortical bone and marrow 

of the same region. Trabecular measurements include separation, thickness, and 

number present on the distil end of the femur viewed in the middle of the bone on a 

longitudinal plane.  Trabecular thickness is a measurement of the average trabecular 

thickness at the widest point of all trabeculae in the represented bone slice. Trabecular 

number is the average of all the trabeculae present in one femur. Trabecular spacing 

measures the average surface-to-surface trabecular separation at the closest point 

within the distil femur.  Tissue volume is a 3D measurement that takes into account 

all the marrow space and all the bone present within articular cartilage with the 

material subtracted above the growth plate.  Total bone volume represents the volume 
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of cortical bone added to the volume of trabecular volume.  Tissue and total bone 

volume parameters take into account the entire bone minus the area above the growth 

plate. Cortical area is a 2D measurement that contains only the shaft of the bone with 

the trabeculae removed.   

 

Primary Osteoblast Culture.  Primary osteoblasts were isolated as previously 

described (13).  Calvaria from 7- to 10- day-old WT or knockout mice were dissected 

and subjected to sequential digestions with 2 mg/ml of collagenase A in MEM 

solution containing 0.25% trypsin for 20, 40, and 90 min. The third digestion was 

plated at 1.5 x 104 cells/cm2. Cells were maintained at 37°C in a humidified 

atmosphere of 5% CO2, in MEM media containing 10% FBS, 1% 

penicillin/streptomycin, and 1% nonessential amino acids. On reaching confluency, 

cells were differentiated with ascorbic acid (50ug/ml)–containing media.  

 

RNA Isolation. Status of cellular differentiation was assessed by real-time RT-PCR. 

Total RNA was isolated from cells using TRIzol reagent and quantitated by UV 

spectroscopy. RT was performed using 1ug of RNA and the iScript cDNA Synthesis 

kit.   

  

Real-Time Quantitative PCR. Quantitative real-time RT-PCR of osteoblast and 

osteoclast genes was performed using Mx3000P QPCR System for osteoblast analysis 

and MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad) for osteoclast 

analysis. This analysis was performed using 1 µl of the cDNA with 13 Brilliant 
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SYBR Green master mix (osteoblast) or 23 iQ SYBR Green supermix (osteoclast). 

Osteoblast genes were normalized to GAPDH mRNA, and osteoclast genes were 

normalized to L4 mRNA. Primer sequences for all genes analyzed are provided in 

Table 1.  The sequences were designed using Primer 3 (107). 

  

Osteoblast Differentiation. MC3T3-E1 cells and calvarial-derived osteoblast cells 

were plated at 25,000 cells/cm2 and were treated with ascorbic acid (50 µg/ml) upon 

reaching confluence.  Cells were allowed to differentiate for 8 and 16 days.   

 

siRNA Transfection. MC3T3-E1 cells were transfected per manufacturer 

instructions (109).  Briefly, cells were plated and cultured until 60-70% confluence 

and then transfected with Lipofectamine 2000 (2 µg/ml) and 100 nM siRNA Control 

or siRNA MGP mixture.  Samples were incubated for 24 hours with mixture and then 

allowed to differentiate for up to 8-days. 

  

Alkaline Phosphatase Assay. MC3T3-E1 cells and primary calvarial-derived 

osteoblasts were washed in 1x PBS and harvested for alkaline phosphatase activity in 

buffer containing 0.2 mM Tris and 0.004% NP-40. Following sonication the cell 

lysate was exposed to the substrate p-nitrophenylphosphate and colorimetric readings 

were taken.   

  

Mineralization Assay. Mineralization of primary cells was evaluated by Von Kossa 

staining as previously described (108). Briefly, cells were fixed in 95% alcohol for 15 
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minutes at 37°C. The plates were stained with 5% AgNO3 for 1 hour at 37°C. 

Following washing with water, the plates were exposed to bright light overnight and 

evaluated for staining.    

 

Proliferation.  Osteoblast proliferation was assessed by CellTiter 96 AQueous One 

Solution Cell Proliferation kit (Promega Corporation) according to manufacturer’s 

instructions.   

 

PTH experiments. For in vitro experiments where treatment of PTH was conducted, 

cells were treated with or without PTH 10-7 M.  In vivo PTH experiments were 

performed as previously described (114).  Briefly, mice were given subcutaneous 

injections of hPTH (1-34) or vehicle (0.9% saline) at 70 µg / kg x day starting at day 

4 post-birth and continued to day 14 post-birth.  Femurs were harvested at 2 weeks 

and 4 weeks post-birth and used for x-ray and µCT analysis.  

 

 Statistical Analysis. All statistical analysis was performed using Prism 4 (Graphpad 

Software, Inc., San Diego, CA). Real-time RT-PCR analysis is reported as mean ±SD 

of duplicate independent samples from at least two independent RNA experiments. 

ANOVA and Student’s t-test were used to assess significance between groups.  

 

RESULTS  

 

Osteoblasts differentially express MGP.  In order to first determine the effect of 
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MGP on osteoblast function, MC3T3-E1 osteoblast-like cells and primary calvarial 

osteoblasts were cultured and differentiated in the presence of ascorbic acid (AA).  

RNA from 2-, 4- and 8-day differentiated MC3T3-E1 osteoblast-like cells and 4-, 8-, 

16-, and 24-day differentiated primary calvarial osteoblasts was isolated.  RT-PCR 

analysis shows that for both MC3T3-E1 osteoblast-like cells (Fig. 1A) and primary 

calvarial osteoblasts (Fig. 1B) MGP is differentially expressed.  For both cell types, 

this expression is highest during early differentiation and decreases with late stages of 

differentiation.  

 

Transient knockdown of MGP via siRNA in MC3T3-E1 cells. MC3T3-E1 cells 

were transfected with siRNA in order to knockdown cellular levels of MGP.  These 

cells were plated, transfected, and cultured for up to 8 days with and without AA.  

Total RNA was isolated from cultured samples at 1-, 3-, 6-, and 8-days. RT-PCR 

analysis of MGP expression shows decrease of MGP throughout 8-day differentiation 

of MC3T3-E1 cells (Fig. 2A).  Levels of knockdown were greater than 75%. 

 

Enhanced differentiation exhibited by MC3T3-E1 cells depleted in MGP. In 

order to begin to understand the significance of MGP in osteoblast function, MC3T3-

E1 cells depleted in MGP via siRNA were differentiated in the presence of AA for 4 

and 8 days.  Total RNA was isolated from these samples and used to assess the 

mRNA expression of osteoblast specific and associated genes of differentiation.  Both 

early (bone sialo protein - BSP, Fig. 2C) and later (osteocalcin - OCN, Fig. 2B)  

 



 

56 

 

 

 

Figure 1. Differential expression of MGP in MC3T3-E1 cells and primary 

calvarial osteoblasts. (A) Fold (AA/CNT) MGP expression RT-PCR analysis from 

2-, 4-, and 8-day differentiated MC3T3-E1 cells.  (B) Fold (AA/CNT) MGP 

expression RT-PCR analysis from 4-, 8-, 16-, and 24-day differentiated primary 

osteoblasts.  
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Figure 2. Transient knockdown of MGP via siRNA in MC3T3-E1 cells results in 

increased expression of osteoblast differentiation makers. MC3T3-E1 cells were 

transfected with siRNA control and siRNA directed against MGP and allowed to 

differentiate with AA. (A) Percent MGP expression (MGP siRNA/CNT siRNA) from 
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1-, 3-, 6-, and 8-day differentiated MC3T3-E1 cells. Fold (AA/CNT) Osteocalcin (B) 

and Bone Sialo protein (C) mRNA expression RT-PCR analysis from 4- and 8-day 

differentiated MC3T3-E1 cells. (D) Alkaline phosphatase mRNA RT-PCR expression 

from 8-day differentiated MC3T3-E1 cells. Control siRNA (); MGP siRNA (). 

*p < 0.05, **p < 0.005, ***p < 0.0005. 
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markers of osteoblast differentiation, were expressed at significant higher levels in 

cells that had decreased MGP levels when compared to controls. 

 Further indication of enhanced osteoblast differentiation is evident as MC3T3-

E1 cells, transfected with siRNA against MGP, exhibit increased activity levels of the 

hydrolytic enzyme alkaline phosphatase when compared to control siRNA (Fig. 2D).  

Alkaline phosphatase acts by removing phosphate groups thereby probably 

potentiating ECM mineralization.  All together, this in vitro data indicates that MGP 

normally acts as an inhibitor of osteoblast differentiation.  

 

MGP-deficient osteoblasts exhibit enhanced proliferation.  To better understand 

the role of MGP in bone homeostasis, we set out to obtain a more complete 

description of the characteristics associated with osteoblast function in the complete 

absence of MGP.  Consequently, primary calvarial osteoblasts were isolated from 

MGP-/- and compared to those with physiological levels of MGP.  Since the integrity 

of bone architecture can be impacted by the number of cells that contribute to its 

formation, proliferation studies of osteoblasts were performed.  We noted that 

osteoblasts deficient in MGP exhibited increased proliferation when compared to 

wild-type counterparts (Fig. 3).  Because the population of cells depends on three 

major factors (110): (1) rate of cell division, (2) fraction of cells within population 

undergoing cell division, and (3) rate of cell loss due to death, this data indicates that 

MGP-deficient osteoblasts exhibit any combination of the following: (1) increased 

cell division, (2) increased growth fraction, and/or (3) decreased cell death.  
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Figure 3. MGP-deficient primary osteoblasts show enhanced proliferative 

activity.  Primary calvarial osteoblasts from MGP wild-type (WT) or MGP-deficient  

(KO) mice.  Fold (AA/CNT) proliferative activity from control (CNT) and 2-day AA 

differentiated primary calvarial osteoblasts. MGP WT (); MGP KO (). ***p < 

0.0001. 
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Enhanced differentiation exhibited by MGP-deficient primary calvarial 

osteoblasts. The in vitro differentiation phenotype of MC3T3-E1 cells transfected 

with siRNA against MGP correlated with in vitro differentiation experiments from 

primary calvarial osteoblasts isolated from MGP-deficient mice.  Osteoblasts isolated 

from mice calvaria were cultured in the presence or absence of AA and allowed to 

differentiate for 8- or 16-days and RNA was isolated from these time points.  RT-

PCR analysis reveals increased levels of early (bone sialo protein) and late 

(osteocalcin) osteoblast differentiation markers in MGP-deficient osteoblasts 

compared to WT counterparts (Fig. 4A, Fig. 4B).  Coinciding with this data, alkaline 

phosphatase activity of 16-day differentiated MGP-deficient osteoblasts was 

significantly increased when compared to WT cells (Fig. 4C). 

 

Osteoblasts deficient in MGP show premature mineralization. To determine 

whether osteoblast function impacted by the absence of MGP, primary calvarial cells 

were obtained from MGP-deficient and wild-type mice.  The cells were differentiated 

for 2, 4 or 7- weeks, at which point the ability of the cells to mineralize was 

measured.  Primary osteoblasts from MGP KO mice show premature mineralization 

after two weeks in ascorbic acid and Beta-glycerol phosphate containing medium 

where as the WT cells underwent mineralization at 4 weeks (Fig. 5).   

 

MGP-deficiency does not rescue PTH inhibition of mineralization. To determine 

whether the inhibitory actions of PTH on mineralization are mediated by the presence 

of MGP, primary calvarial cells were obtained from MGP-deficient and wild-type  
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Figure 4. MGP-deficient osteoblasts exhibit increased expression of 

differentiation markers.  Primary osteoblasts were isolated from WT and MGP-

deficient mice and allowed to differentiate with AA. Fold (AA/CNT) bone sialo 

protein (A) and osteocalcin (B) expression RT-PCR analysis from 8- and 16-day 

differentiated primary osteoblasts. (c) Fold (AA/CNT) alkaline phosphatase 

expression RT-PCR analysis from 16-day differentiated primary osteoblasts. Wild-

type (); MGP KO (). *p < 0.05, **p < 0.005. 
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Figure 5. MGP-deficient osteoblasts exhibit premature mineralization. Primary 

osteoblasts were isolated from WT and MGP-deficient mice and allowed to 

differentiate with AA for 2-, 4-, or 7-weeks.  Cultures were allowed to mineralize in 

the presence of AA and Beta-glycerol phosphate. Representative image from 3 

separate experiments. 
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mice.  The cells were differentiated for 2, 4 or 7- weeks, at which point the ability of 

the cells to mineralize was measured with and without PTH.  Primary osteoblasts 

from MGP KO mice treated with PTH show no rescue of mineralization after 2, 4 and 

7- weeks in ascorbic acid and Beta-glycerol phosphate containing medium (Fig. 6).  

Consequently, we concluded that although MGP was not present, we still saw an 

inhibitory effect of PTH on mineralization.  Therefore, this prompted us to study the 

effect of PTH in vivo in MGP-deficient mice.  

 

Mice deficient in MGP are osteopenic.  A limiting factor to the study of MGP in 

bone homeostasis is that fact that MGP deficient mice die by 6 to 8 weeks of age 

because of rupture and subsequent hemorrhage of the thoracic and abdominal aorta.  

Consequently, studies were limited in this regard.  However, consistent radiographic 

and micro-computed tomography (µCT) analysis revealed that MGP-/- mice were 

osteopenic (decreased bone volume, Table 2) at two- (data not shown) and four-

weeks (Fig. 7A and B) of age.  µCT analysis (Fig. 7A), which illustrates the integrity 

of trabecular and cortical morphology, showed reduced cancellous bone, as femurs 

from MGP-/- mice showed decreased trabecular number and increased trabecular 

spacing (Table 2).  Similarly, cortical bone was also severely reduced, as femurs from 

MGP-/- mice showed decreased cortical width and cortical volume (Table 2). Further, 

x-ray analysis clearly showed that both male and female MGP-/- mice exhibited a 

similar reduction in bone mass compared to WT mice (data not shown).   
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Figure 6. MGP-deficiency does not rescue PTH catabolic response. Primary 

osteoblasts were isolated from WT and MGP-deficient mice and allowed to 

differentiate with AA for 2-, 4-, or 7-weeks.  Cultures were allowed to mineralize in 

the presence of AA and Beta-glycerol phosphate with or without PTH. Representative 

image from 3 separate experiments. 
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Figure 7. MGP-deficient mice are osteopenic. Mouse bones (femurs, tibias and 

fibulas) were dissected from WT and MGP-/- (KO) mice.  Shown is a representative 

µCT and faxitron image of wild-type (MGP+/+) and MGP-/- 4-week-old mice. 
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Table 2. Decreased skeletal integrity in MGP-deficient mice evident by 

histomorphometric parameters. 
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Absence of PTH anabolic response in MGP-deficient mice.  WT and MGP 

deficient mice were treated with intermittent anabolic doses of PTH.  Consistent with 

radiographic and µCT analysis, WT mice treated with PTH exhibited increased bone 

while those deficient in MGP had decreased bone parameters (Table 3, Fig. 8).  

Further, MGP-/- mice treated with PTH had even lower levels of bone than MGP-/- 

mice treated with vehicle control. µCT analysis (Table 3, Fig. 8), which illustrates the 

integrity of trabecular and cortical morphology, showed reduced cancellous bone, as 

femurs from MGP-/- mice showed decreased trabecular number and increased 

trabecular spacing when compared to both WT groups and MGP-/- mice treated with 

vehicle (Table 3, Fig. 8). 

 

DISCUSSION 

In this study, we investigated the role of MGP in bone using both osteoblast-

like cells and a mouse model that is deficient for the MGP gene.  We showed that 

MC3T3-E1 cells differentially express MGP with highest levels early in 

differentiation and lowest at late stages.  Adding to the significance of MGP in 

osteoblast function, through siRNA directed depletion of MGP, we noted significant 

enhancement MC3T3-E1 cell differentiation when compared to control groups.  

Similar results were obtained from studies performed on primary calvarial osteoblasts 

from MGP-/- mice and wild-type littermates.  Markers of osteoblast differentiation 

were significantly increased in MGP-/- osteoblasts when compared to WT osteoblasts.   

As previously established as an inhibitor of mineralization (99), we next set 

out to understand the importance of MGP in osteoblast-mediated mineralization.   
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Figure 8. Anabolic PTH treatment of MGP-/- mice results in decreased bone. 

Mouse bones (femurs, tibias and fibulas) were dissected from WT and MGP-/- (KO) 

mice treated with vehicle (0.9% saline) or PTH.  Shown is a representative µCT 

image of wild-type (+/+) and MGP-/- (-/-) from 4-week old mice. 
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Table 3. Decreased skeletal integrity in MGP-deficient mice evident by 

histomorphometric parameters is not rescued by anabolic PTH treatment. 
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Through Von Kossa cell culture experiments, we noted premature mineralization of 

AA differentiated MGP-/- osteoblasts at 2 weeks when compared to WT cultures.  

Interestingly, later time points, 4- and 7-weeks, there was equal amount of 

mineralized nodules between WT and MGP-/- osteoblasts.  This suggests that MGP 

has significant implications in early stages of mineralization.  We next set out to see if 

in the absence of MGP, there is increased proliferative activity that results in 

increased number of osteoblasts.  We noted that MGP-/- osteoblasts exhibit significant 

increased proliferative activity when compared to WT cells. All together, we 

hypothesize that the premature osteoblast-mediated mineralization is significantly 

regulated at early stages of osteoblast deposition through increased cell number. 

Though significant data exists to suggest the significance of MGP in vascular 

calcification, in vivo data characterizing MGP-/- mice bone development as it pertains 

to osteoblast function is limited.  µCT and radiographic analysis shows that MGP-/- 

mice are significantly osteopenic when compared to WT mice. The altered effects 

exhibited by MGP-/- osteoblasts cannot explain this phenotype.  To this end, 

subsequent studies supported by work done by Ann Emery in fulfillment of Master of 

Science degree, it was concluded that the enhanced osteopenia exhibited by MGP-/- 

mice is due to increased osteoclastogenesis.  Further, this effect is an intrinsic 

mechanism due to some change inherent to the osteoclast and not due to secondary 

hyperparathyroidism or global fluctuations in serum mineral concentrations.  

With previous implication of PTH function mediated by MGP, we set out to 

understand the biological in vitro and in vivo function of PTH on mineralization and 

bone homeostasis.  As previously stated, through Von Kossa cell culture experiments, 
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we noted premature mineralization of AA differentiated MGP-/- osteoblasts at 2 

weeks when compared to WT cultures.  Interestingly, later time points, 4- and 7-

weeks, there was equal amount of mineralized nodules between WT and MGP-/- 

osteoblasts.  At all time points, MGP-/- osteoblast samples treated with PTH showed 

inhibition of mineralization.  This suggests that although PTH has been shown to 

regulate MGP expression, PTH exploits other unknown inhibitory mechanisms of 

mineralization.   

In vivo data characterizing the role of PTH as it relates to MGP function was 

studied in MGP-/- mice.  µCT and radiographic analysis shows that with WT mice 

treated with intermittent doses of PTH (anabolic regimen) there was an increase in 

bone integrity.  On the other hand, MGP-/- mice treated with intermittent doses PTH 

showed decreased levels of bone relative to WT treated with vehicle or PTH and 

MGP-/- mice treated with vehicle control.  This suggests that MGP does play a role in 

PTH anabolic response.  However the precise role of MGP-deficiency in PTH 

anabolic response is not known.  The altered effects exhibited by MGP-/- mice treated 

with PTH cannot be explained by previously established inhibitory role of MGP.  In 

other words, we expected to see little to no difference between mineralization status 

of MGP-/- mice treated with vehicle control or PTH in the assumption that the 

inhibitory role of PTH is mediated by MGP.  It is possible that there is another 

unknown inhibitory mechanism of mineralization for PTH in the absence of MGP 

even with the anabolic regimen.   

The mechanism of increased osteoclastogenesis in MGP-/- mice (as 

determined by Ms. Ann Emery in the lab towards fulfillment of her MS thesis) is not 
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known.  Further, the impact of osteoclasts in the PTH anabolic response is not known.  

It is also plausible that PTH may be regulating the RANKL/OPG signaling cascade in 

osteoblasts and consequently altering osteoclast function in MGP-/- mice.  These 

questions are in need of future studies. 

This study has significant clinical implications because altered cellular 

functions that sustain bone homeostasis underlies loss of bone in osteoporosis, 

osteolytic bone tumors and periodontitis.  While these studies focused on the 

deficiency of MGP, it remains to be determined whether administration of MGP 

could be used to regulate bone homeostasis. 
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CHAPTER 4 

FINAL DISCUSSION 

AND FOLLOW UP STUDIES 
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As part of my dissertation, we looked to characterize the role and function of 

two extracellular proteins, TWSG1 and MGP, in cells that sustain bone remodeling, 

osteoblasts and osteoclasts.  Previous studies described a role of TWSG1 in 

craniofacial, glandular, and embryonic development (115-118) however importance 

of how this protein not only regulates but also maintains the integrity of bone was not 

known.  Preliminary results suggested that TWSG1 along with Chordin (Chd) act as 

an inhibitors of MC3T3-E1 osteoblast-like cell differentiation and mineralization 

(119,120).  However, this cell-protein interaction does not explain the osteopenic 

phenotype exhibited by Twsg1-/- mice.  In fact, we noted that both mineral apposition 

rate and markers of osteoblast differentiation (mRNA levels of OCN and ALP, serum 

levels of OCN) were not different between WT and Twsg1-/- mice.  From this we 

concluded that, in the absence of TWSG1, the resultant decrease in bone integrity is 

not attributed to altered osteoblast function. 

We next showed novel results that the profound osteopenia exhibited by 

Twsg1-/- mice was due to enhanced osteoclastogenesis and increased bone resorption.  

Specifically, in vitro and in vivo indices of osteoclast function (mononuclear cell 

fusion markers, differentiation markers, bone resorption indices) were significantly 

higher in Twsg1-/- mice when compared to WT littermates.  We also showed that the 

enhanced osteoclastogenesis in Twsg1-/- mice was due to increased BMP signaling via 

Smad 1/5/8 phosphorylation signaling cascade.  In support of this data, we also noted 

that BMP2 could cooperate with RANKL to enhance WT osteoclast differentiation.  

We lastly wanted to determine if the effect exhibited by Twsg1-/- osteoclasts was as 

result of osteoblast ability to sustain osteoclast activity.  Through ELISA analysis, we 
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found that serum levels of RANKL and OPG (osteoblast factors that regulate 

osteoclast maturation) were non-contributory to the enhanced osteoclastogenesis.  To 

this end, we hypothesize that osteoblasts activity is completely spared in the absence 

of TWSG1 and has no effect on the osteopenic phenotype exhibited by Twsg1-/- mice.  

As indicated in Chapter 2, it is intriguing that osteoblasts are unaffected in vivo.  To 

this end, spatiotemporal expression of other BMP antagonists within bone 

architecture is an interesting area of future study.  

Since the completion of studies outlined in this dissertation, subsequent 

experiments have shown supporting evidence for the role of TWSG1 in the regulation 

of osteoclast function (121).  Through RT-PCR and immunohistochemistry, we have 

shown that TWSG1 is differentially expressed (in an increasing manner) during 

osteoclast maturation and differentiation.  We have also demonstrated that by over 

expressing TWSG1 via adenoviral vector, osteoclasts decrease in number and size, 

differentiation makers, and resorptive ability.  Cellular signaling cascades directly 

associated with TWSG1 regulation of BMP activity is further explained as pSmad 

1/5/8 levels significantly decreased with the over expression of TWSG1 in primary 

osteoclasts.  On the other hand, with the addition of BMP2 to osteoclasts that over 

express TWSG1, not only is the defective phenotype reversed but BMP mediated 

pSmad 1/5/8 pathways are also rescued.  We have furthermore, been able to define a 

direct effect of BMPs on osteoclasts (122).  Specifically, we have noted that 

exogenous BMP2 treatment enhances osteoclast precursor fusion and early 

differentiation without an effect on proliferative status of bone marrow-derived 

cultures.  Additionally, we have been able to determine that pSmad1/5/8, BMP2 and 
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BMP receptors expression increases with differentiation.  Consequently, by 

suppression of Type II BMP receptor via shRNA or treatment with another BMP 

antagonist, noggin, we show decreased TRAP-positive cells.  All together, in Jensen 

et al. 2010 and Pham et al. 2011, we have further shown that TWSG1 regulates 

osteoclast activity via regulation of BMP signaling and that BMP direct regulates 

osteoclast activity. 

Like TWSG1, MGP is an extracellular protein whose function has been 

characterized as an inhibitor of mineralization.  Specifically, numerous studies have 

outlined the role of MGP in vascular, kidney and skeletal disease (123-125). However 

functional regulation of MGP as it pertains to osteoblast proliferation, differentiation 

and mineralization was unknown.  Our studies show that both MC3T3-E1 osteoblast-

like cells and primary calvarial osteoblasts differentially express MGP during 

differentiation.  This expression pattern seems to coincide with the increased 

proliferative and differentiation (mRNA expression of BSP and OCN, ALP activity) 

activity exhibited by siRNA transfected MC3T3-E1 cells against MGP and MGP-/- 

osteoblasts.  We noted also noted that with osteoblasts deficient in MGP, there was 

premature mineralization when compared to osteoblasts with physiologic levels of 

MGP.  However, this osteoblastic activity did not explain the osteopenic phenotype 

exhibited by MGP-/- mice.  To this end, we hypothesized two possible reasons for the 

osteopenic phenotype in spite of osteoblast modulation: (1) osteoblasts rapidly 

differentiate and mature followed by apoptosis. Therefore they are not long lived and 

do not add significant bone mass; (2) concomitant increase in bone resorption that 

exceeds bone formation and premature mineralization.  
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Follow up studies conducted by Ann Emery per fulfillment of requirements 

for Master of Science degree, identified the status of osteoclast function in MGP-/- 

mice. MGP-/- mice showed hyperactive osteoclasts and increased bone resorption. 

Further, MGP-/- mice showed increased number and size of TRAP-positive 

multinuclear osteoclasts with elevated levels of both DCSTAMP and TRAP mRNA. 

These results show the phenotype is in part due to enhancement of fusion from 

mononuclear to multinuclear cells responsible for increased bone resorption.  Lastly, 

it was noted that the enhanced osteoclastogenesis is an intrinsic mechanism due to 

some change inherent to the osteoclast and not due to secondary hyperparathyroidism 

in these mice or global fluctuations in serum mineral concentrations.  Collectively, we 

note that enhanced osteoclastogenesis as a possible cause of the osteopenic 

phenotype.  Future studies will focus on determining the signaling pathways 

regulating fusion and also more detailed study of the molecules responsible for the 

enhanced osteoclast activity.   

Previous studies from our lab showed that parathyroid hormone (PTH) 

induces MGP mRNA expression in MC3T3-E1 osteoblast-like cells in a time-

dependent manner and that this induction is critical for PTH-mediated inhibition of 

osteoblast mineralization (126).  Furthermore, the induction of MGP by PTH is 

regulated by both PKA- and ERK- dependent pathways (127).  As part of this 

dissertation, we showed that in vitro and in vivo function of PTH on mineralization 

and bone homeostasis is not mediated through MGP activity.  Specifically, in vitro 

analysis MGP-/- osteoblast samples treated with PTH showed inhibition of 

mineralization.  We consequently suggested that although PTH regulates MGP 
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expression, other unknown inhibitory mechanisms of mineralization are exploited by 

PTH.  In collaboration with this in vitro data, in vivo data characterizing the role of 

PTH as it relates to MGP function was studied in MGP-/- mice.  µCT and radiographic 

analysis shows that with WT mice treated with intermittent doses of PTH (anabolic 

regimen) there was an increase in bone integrity.  On the other hand, MGP-/- mice 

treated with intermittent doses PTH showed decreased levels of bone relative to WT 

treated with vehicle or PTH and MGP-/- mice treated with vehicle control.  This 

suggests that there was no rescue of mineralization status in the absence of MGP 

when mice are treated with PTH.  We expected to see little no difference between 

mineralization status of MGP-/- mice treated with vehicle control or PTH in the 

assumption that the inhibitory role of PTH is mediated by MGP.  As stated earlier, we 

suggest another unknown inhibitory mechanism of mineralization for PTH in the 

absence of MGP even with the anabolic regimen.  It is also plausible that PTH may 

be regulating the RANKL/OPG signaling cascade in osteoblasts and consequently 

altering osteoclast function in MGP-/- mice.   

Skeletal characterization of both Twsg1-/- and MGP-/- mice provide an 

understanding into the function of both Twsg1 and MGP protein, respectively.  

Twsg1 study has the potential to be used in clinical therapies as an anti-resorptive. 

MGP-/- mice are relevant in understanding clinical processes such as regulation of 

mineral homeostasis, osteoporosis, and calcification.  MGP is a likely candidate to 

counter ectopic calcification.  
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O Osteoclast 

O Osteoclast 

How lovely are your multinuclear cells 

BMPs we thought only gave us bone 

Formation 

But a funny protein named twisted gastrulation  

Showed us BMPs also promote osteoclast 

Differentiation. 

 

O Osteoblast  

O Osteoblast 

How lovely are your mineralized nodules 

MGP stops mineralization, Loss of MGP gives us 

A mouse with osteopenia and increased osteoblast 

Differentiation 

 

Now Julio will become a dentist for kids 

O osteoclast, O osteoblast hopefully he wont’  

Forget you 

Or all the nice folks at Minnesota too. 

We miss your smiling ways 

Until we meet again someday. 

       Dr. Kim Mansky   


