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ABSTRACT

Matrix Gla-Protein (MGP) and Twisted Gastrulation (Twsg) are secreted proteins that
reside in the extracellular matrix. MGP is a potent inhibitor of mineralization in both soft-
and hard- tissues. MGP-/- mice exhibit numerous abnormalities, the most severe being
aortic calcification that leads to death by approximately two months of age. Despite
extensive studies using cartilage and cardiovascular tissues in these mice, little is known
about how MGP deficiency affects bone development, specifically the impact on
osteoblasts and osteoclasts. Twisted Gastrulation is a modulator of BMP signaling in
many tissues. Twsg1 deficient mice exhibit several phenotypes including craniofacial,
salivary gland defects, and skeletal defects. Twsg1 has also been implicated in embryo
patterning and cartilage development but to date, there has been no study of the bone in
these mice.  Preliminary analysis using faxitron (x-ray) analysis of MGP and Twsg1 wild
type and homozygous deficient mice revealed reduced bone and an osteopenic bone
phenotype. The goal of my thesis project was to characterize 1) the in vivo (both
dynamic and static) phenotype of Twsg-/- mice and 2) both in vivo and in vitro (static)
skeletal phenotype of MGP-/- mice. Using microcomputer tomography (µCT), both static,
and in the case of Twsg1, dynamic, histomorphometric analysis was performed to
characterize the skeletal phenotype in the animals. In both mouse models there was a
significant decrease in both cortical and trabecular bone present. Primary osteoblasts
and osteoclasts were used to further characterize the in vitro phenotype in the MGP-/-

mouse model. Primary osteoblasts showed premature mineralization and differentiation.
Bone sialoprotein (BSP) and osteoclacin (OCN) mRNA levels were both elevated.
Surprisingly, osteoclast differentiation also showed enhancement with increased number
and larger multinuclear TRAP+ osteoclasts. They also showed increases in DC-STAMP
and TRAP mRNA levels compared to the wild type animals.  The data collected in this
study was used to evaluate the skeletal phenotype of the MGP and Twsg1-knockout
mouse models to better understand the relationship of osteoporosis, BMP signaling, and
mineral metabolism.
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INTRODUCTION

Basic Concepts in  Skeletal  Biology

There are two different kinds of bone in the human body: flat bones, formed by

intramembranous ossification, and long bones that are formed by endochondral

ossification. Within the long bones there are two types of bone: spongy/trabecular

cancellous bone and cortical/compact bone. Each kind of bone has different functions:

trabecular bone, found in the metaphysis and calvaria, is mainly metabolic [1] whereas

cortical bone, found in the shaft (diaphysis), is mechanical and protective.[2]

Osteoblasts: Differentiation, Regulation, and Function

There are two main bone cells each having unique functions and properties, the

osteoblast (OB) and the osteoclast (OC). The osteoblast is the bone-matrix producing

cell and the osteoclast is responsible for resorbing old bone. Osteoblasts originate from

a mesenchymal stem cell (MSC) that arises from the mesodermal germ cell layer. The

MSC lineage also differentiates into adipocyte, muscle, or chondrocyte lineage. The

progression of cells through the proliferation and differentiation stages is tightly regulated

by signaling networks which involve transcription factors, co-repressors, and activators.

Runx2 and Osterix are the two main transcription factors that push the cells toward the

osteoblast lineage. The MyoD family induces the proliferation of MSC into myoblasts,

Sox 5,6 and 9 to chondrocytes, while PPARy pushes MSC towards the adipoctye

lineage [3].  There are distinct phases of osteoblast differentiation that induce

proliferation (pre-osteoblast), matrix maturation (ostoblast), and mineralization
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(osteoblast/osteocyte). The osteoblast cell changes its phenotype as it matures and

secretes extracellular matrix, which ultimately becomes mineralized [4].

Early pre-osteoblasts are induced by bone morphogenetic proteins (BMPs) -2 and -4

and rapidly proliferate. Other growth factors that induce osteogenesis include: fibroblast

growth factors (FGFs), platelet-derived growth factor (PDGF) and transforming growth

factor beta (TGF-β) [5]. Pre-osteoblasts express markers such as Type I Collagen, TGF-

β, c-Fos/c-Jun, and Twist. Upon commitment to become osteoblasts, the cells stop

proliferating and begin to differentiate. Markers of this matrix maturation phase include:

Type 1 Collagen, Runx2, and Dlx5 [6]. In the final phase, mineralization, osteoblasts

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

osteopontin (OPN), and osteocalcin (OCN) [7].  Some osteoblasts become osteoctyes,

which are terminally differentiated and become embedded in the matrix that they are

producing.  Until recently it was thought that osteocytes have little function in the mature

skeleton.  However, recent findings have shown that osteocytes have important roles in

mechanical sensing and response. [8]

Osteoclasts: Differentiation, Regulation, and Function

Osteoclasts (OC) are the only cells that can resorb bone matrix, and are derived from

the monocyte/macrophage lineage. There is a carefully regulated cascade of

transcriptional factors controlling differentiation of multinuclear mature OC from

mononuclear precursors. Early progenitors and mononuclear cells respond to RANKL

(receptor activator of NF-kappa B ligand) and M-CSF (macrophage colony stimulating
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factor) and are inhibited by osteoprotegrin (OPG).  RANKL, M-CSF, and OPG are all

secreted by osteoblasts and stromal cells.  Other osteoclastogenesis-promoting factors

include interferon gamma, granulocyte macrophage colony-stimulating factor (GM-CSF),

and Tumor necrosis factor alpha (TNF- α) [9]. Mature multinucleated functional

osteoclasts are comprised of several nuclei and show a characteristic morphology

containing “ruffled border” and strong tartrate resistant acid phosphatase (TRAP)-

positive staining. This ruffled border contains vacuolar H+ ATPase and acidifies the

surrounding bone, producing the “clear zone” that allows the osteoclasts to contact the

bone [10, 11]. During differentiation from mononuclear to multinuclear cells, the

osteoclasts are activated by RANKL and tumor necrosis factor alpha (TNF-α), and are

inhibited by OPG.  The cytoplasmic-tail of RANK receptor interacts with TNF-associated

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

and NF-κB pathways [12].   Numerous transcription factors have been shown to play a

role in the formation of mature osteoclasts including PU.1, Nfatc1, AP-1, and MITF which

are downstream of the kinase signaling cascades [13].

Fusion of cells is a very interesting phenomenon that allows for fertilization, myotube

formation, and bone resorption [14]. In osteoclasts this process is regulated (at least in

part) by CD44, CD47, ADAM12, MCP-1 CD9, ATPv6, and DC-STAMP (dendrirtic cell-

specific seven transmembrane protein) [15, 16]. During osteoclast differentiation in DC-

STAMP-deficient mice, although the mononuclear cells express TRAP, no functional

multinuclear osteoclasts are formed. RANKL, c-Fos, and Nfatc1 were induced in these

cells, which also showed actin ring formation and ruffled borders. The authors and

others showed that DC-STAMP is therefore important for fusion of osteoclasts and giant



4

cells [16].  Limiting or promoting fusion would lead to hypo or hyper reactive osteoclasts,

thereby creating an imbalance in osteoclasts/osteoblasts leading to defective bone

production. Other mechanisms such as inflammation, apoptosis, enhanced stem

cell/precursor population, and/or accelerated maturation of one cell type could also alter

bone remodeling leading to a pathological state [17]. Osteoblasts can promote the

formation of osteoclasts by producing RANKL, but can also inhibit by producing the

decoy ligand OPG, which competitively binds RANKL and prevents the activation of

osteoclasts.  This is probably the main mechanism by which osteoclast differentiation is

regulated [18].

Extracellular Matrix: Role in Bone and Mineralization

To maintain bone structure there must be a tightly regulated balance between mineral

deposition and resorption in the proper location of the body [19].  The extracellular matrix

(ECM) is involved in this regulation of mineralization and is comprised of proteins,

proteoglycans, and mineral deposits. Mineralized ECM is designed to provide support

and resist compression [20].  Physiological mineralization is a cell-mediated process that

occurs with contributions from both osteoblasts and chondrocytes. Extracellular matrix

mineralization (ECMM) is regulated by 1) MGP (Matrix Gla Protein) 2) Ank 3) NPPS 4)

pyrophosphate, and 5) Fetuin [21]. Mineralization in bone and tooth occur in ECM

vesicles that along with other components also contain calcium and phosphate ions.

Ectopic pathological mineralization is a disease state in which mineral disposition occurs

in soft tissue [22]. Mice deficient in MGP show ectopic mineralization of blood vessels

suggesting the significance of MGP in regulation of physiological ECMM [23].
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Structure, Function and Regulation of Matrix Gla Protein (MGP)

MGP is a 14 kDa secreted ECM protein that is an inhibitor of mineralization. The MGP

gene is located on chromosome 12p, is 3.9kb, and contains 4 exons [24]. 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 [25].   Human MGP has

nine glutamate residues and murine MGP has four glutamate residues. Along with these

glutamate residues MGP has one disulfide bond and multiple phosphoserine residues.

To be fully functional, MGP must undergo two post-translational modifications: the

production of gamma-glutamate (GLA) residues and serine phosphorylation. Vitamin K is

a cofactor for the post-translational modification of glutamate residues. If these residues

are not modified properly (no gamma glutamate present) there is a risk of osteoporosis

and vascular calcification in human patients undergoing anticoagulant therapy [28]. It is

hypothesized that the GLA residues allow MGP to bind to calcium, resulting in inhibition

of mineralization [25, 26].  It is well established that MGP is a developmentally regulated

inhibitor of cartilage mineralization that controls mineral quantity [22, 27].

MGP protein localization has been controversial. However, in vitro studies have localized

Mgp mRNA to osteoblasts, vascular smooth muscular cells (VSMC), calvaria,

chondrocytes, kidney, and lung using in situ hybridization techniques [29-32]. MGP

protein was localized to the skeletal and vascular systems in the marine fish Prionace

glauca using immunohistochemistry techniques (IHC) [32]. In zebra MGP protein was

expressed in ECM (bone), cartilage, and cementum [33]. The current study seeks to

better understand the influence of MGP on skeletal tissue, specifically bone.
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Phenotype of the MGP Deficient Mouse

MGP-deficient mice have been well characterized and show respiratory, cartilage and

vascular smooth muscle cell defects [34]. They die by 2 months 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 [35].

MGP-deficient 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 [34].  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 [36]. The mice had skeletal phenotypes

beyond the bone phenotype evaluated in this study including abnormal long bone

epiphyseal plate morphology [34]. 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
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hypertrophic zone due to abnormal calcification of the growth plate [34, 36]. 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 [34].

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

differentiation and function of osteoblasts and osteoclasts, and whether osteoblast

and/or osteoclasts contribute to the reduced bone density noted in MGP-/- mice.

Signaling mechanisms that underlie the osteopenic phenotype in MGP-deficient animals

remains unclear.

Twisted Gastrulation

Twisted gastrulation (Tsg, Twsg1) is an extracellular glycoprotein expressed by various

cells, including osteoblasts, that plays a key role in regulating BMP function [37].  The

protein was originally described in Drosophila and contains two evolutionarily conserved

cysteine-rich domains (CR) [38]. Twsg1 mRNA gene products have been identified in

Drosophila, human, mouse, Xenopus, zebrafish and chick.  Twsg1 plays a role in

craniofacial, skeletal, and salivary gland development [39-42], and influences

dorsal/ventral embryonic axis patterning by influencing morphogen gradients in the early

embryo [43]. BMP ligand and receptor interaction is mediated by Twsg1 and Chordin
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(Chd), another secreted BMP antagonist in addition to Noggin, Gremlin, Cerberus, and

Follistatin [37].  In the extracellular space a tertiary complex is formed form Twsg1, Chd

and BMP ligand. This prevents BMP2 from binding to the receptor thereby blocking

SMAD 1/5/8 signaling [37]. It is essential to understand this interaction as BMPs are

being used in orthopedic practice to induce spinal fusion, and possibly fracture repair,

periodontal regeneration, and prevention of bone loss [44]. Only recently, there have

been studies initiated to evaluate the role of Twsg1 in mammalian skeletal and

embryonic development [40, 41, 45, 46]. Twsg1 acts as both an agonist and antagonist

of BMP signaling. Acting as an antagonist, Twsg1 promotes the formation of stable

tertiary BMP/Chordin/Twsg1 complexes, which prevent binding of BMPs to their cell

surface receptors [47-51]. Second, when acting as an agonist of BMP signaling, the

stability of the inhibitory tertiary complex (BMP+ Chordin+ Twisted Gastrulation) is

controlled by the BMP-1/Tolloid metalloprotease enzyme, which cleaves Chordin at

specific sites [47-49, 52]. In the presence of Twsg1, Chordin is a better substrate for

cleavage by the BMP-1/Tolloid enzyme [50, 51]. By promoting Chordin degradation in

the presence of BMP-1/Tolloid, Twsg1 releases BMP that is now able to signal through

BMP receptors, thereby behaving as a BMP agonist [53]. This cleavage of Chordin by

the BMP-1/tolloid enzyme is the switch between the opposing functions of Twsg1.

Generation of Twsg1 Deficient Mouse and Phenotypes

 Twsg1-null (Twsg1 -/-) mice were produced by deleting the BMP2 binding domain

present in exon 3 in two different pure backgrounds: C57BL/6 and 129Sv/Ev. Twsg1-/-

C57BL/6 mice have severe craniofacial defects and die in the prenatal period, precluding

the study of the postnatal bone formation [40].  These mice exhibit forebrain defects
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including rostral truncations, holoprosencephaly, cyclopia, as well as alterations in the

first branchial arch leading to lack of jaw (agnathia).  Zakin and De Robertis observed a

similar phenotype in Twsg1-/- mice only when crossed with BMP4+/- mutants, indicating

that Twsg1 interacts genetically with BMP4 [41].  Twsg1-/- mice in the pure 129Sv/Ev

background, which were used in my studies, are viable and fertile but small in stature.

PROJECT SUMMARY

Characterize the in vivo skeletal phenotypes in the MGP and Twsg1 deficient mice and

understand the effect of MGP-deficiency on osteoblast and osteoclast differentiation and

function.

Aims of the Study

The first aim of the study was to characterize the in vivo skeletal phenotype of the

Twsg1-/- mouse using both static and dynamic histomorphometric analysis.  Static

measurements utilized µCt and histology preparations. Analysis was performed on 3

month old wild-type mice (WT) and Twsg1-/-, and dynamic histomorphometric analysis
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using tetracycline dye to evaluate the bone formation rate in 1-3-6 month old WT and

Twsg1-/- mice.

The second aim evaluated the in vivo skeletal phenotype of the MPG-/- using static

histomorphometric analysis on femurs of 2 and 4 week old mice, and determined the

status of osteoblast and osteoclast differentiation in MGP-/- mice.

MATERIALS AND METHODS

Generation and Maintenance of the Twsg1 Colony and Genotyping

Animals were created by Dr Anna Petryk as previously described [40, 47].  Twsg1

heterozygous (Twsg1+/-) 129Sv/Ev mice were bred to obtain WT and Twsg1-/- mice.

Genotyping was performed as previously described [54]. The conditions used for

genotyping were 940C for 3 min, 940C for 30sec, 580C for 40sec, 720C for 1min, repeat

for 39 cycles followed by 720C for 7 min. Primer sequences used for genotyping can be

found in Table 3.

Maintenance of MGP mouse Colony and Genotyping
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MGP+/- C57Bl/6 animals were obtained from the laboratory of Gerard Karsenty,

(Columbia University). Breeding pairs were maintained using MGG+/- males and females,

confirmed by genotype. Primers can be found in Table 3. The PCR conditions used for

genotyping were 940C for 3 min, 940C for 30sec, 580C for 40sec, 720C for 1min, repeat

for 39 cycles followed by 720C 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).

MicroCt Analysis

Micro CT 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 (mm), 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
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point within the distil femur. Tissue volume is a 3D measurement which 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 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.

Dynamic Histomorphometric Measurement of Twsg1 Wild type and Deficient Mice

Animals were injected with tetracycline dye (25mg/kg) 5 days apart and sacrificed 2 days

after the last injection. Image J and Photoshop were used to determine the mineral

apposition rate (MAR) in 1-3-6 month old WT and Twsg1-/- mice.

Primary Osteoblast Culture

Primary osteoblasts were isolated as previously described [54]. 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 x104 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.
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Primary Osteoclast Cultures

Osteoclasts were obtained as previously described [55] from bone and spleen cells.

Spleens were mechanically dissociated or bone marrow flushed from femurs. Resulting

cells were cultured for 3 days in the presence of 50 ng/mL M-CSF on non–tissue culture

dishes. The adherent cell population, containing the committed osteoclast precursors,

was cultured for the indicated amount of time with M-CSF (50 ng/mL) and 60 ng/mL

RANL to induce differentiation. This work was performed in collaboration with Julio

Sotillo.

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

a 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 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
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genes analyzed are provided in Table 3. The sequences were designed using Primer 3

[56] or obtained from previous publications [57].

Osteoblast Differentiation

Calvarial-derived osteoblast cells were plated at 25.000 cells/cm2 and were treated with

ascorbic acid (50 ug/ml) upon reaching confluence. Cells were allowed to differentiate

for 8 and 16 days.

Alkaline Phosphatase Assay

Primary calvarial-derived osteoblasts were washed in 1x PBS and harvested for alkaline

phosphatase activity in buffer containing 0.2mM 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 [37]. Briefly, cells were fixed in 95% alcohol for 15 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.

Osteoblast Gene Expression



15

Quantitative real-time RT-PCR of osteoblast and osteoclast genes (Bone sialoprotein

and osteocalcin) was performed using a Mx3000P QPCR System (Stratagene) This

analysis was performed using 1 µl of the cDNA with 12µl Brilliant SYBR Green master

mix which includes ROX reference dye. Osteoblast genes were normalized to GAPDH

mRNA. The data represented is the fold change between control and ascorbic acid

treated cells. Genes are listed in Table 3.

Osteoclast Differentiation Studies

Bone marrow and spleen-derived osteoclasts were plated in MEM containing M-CSF (10

ng/mL) and 60 ng/mL RANKL and allowed to differentiate for 5-7 days. The media was

changed every other day.

Histomorphometry of Osteoclast Number and Size

For in vivo evaluation femurs of 1 month old WT and Twsg-/- mice were fixed in 10%

neutral buffered formalin and embedded in paraffin. Sections of 5 micron thickness were

made using a microtome. Samples were TRAP stained using Acid Phosphatase,

Leukocyte (TRAP) Kit. Bone marrow cultures were used for in vitro analysis and TRAP

stained after 7 days in RANKL containing media. Representative images were taken

randomly using a Nikon CoolPix 990 digital camera. Image J was used to evaluate the

number and size of osteoblasts.

Osteoclast Gene Expression
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Quantitative real-time RT-PCR of osteoclast genes TRAP and DC-STAMP was

performed using the iQ Single-Color Real-Time PCR Detection System. This analysis

was performed using 1µ l of cDNA and 23ul iQ SYBR Green supermix (Bio-Rad,

respectively). Osteoclast genes were normalized to L4 mRNA. Primer sequences for all

genes analyzed are provided in Table 3. The sequences were designed using Primer 3

[56] or obtained from previous publications [57].

Evaluation of Serum Bone Markers in MGP-/- Mice

Blood was collected from WT and MGP-deficient mice and used to determine serum

levels of OPG and CTX by ELISA (OPG: Alpco, CTX: RatLaps™ Immunodiagnostics

Systems).

 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.
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DATA AND RESULTS

The first aim of the study was to characterize the in vivo skeletal phenotype of the

Twsg1-/- mouse using both static and dynamic histomorphometric analysis.  Static

measurements utilized µCt and histology preparations. Analysis was performed on 3

month old wild-type mice (WT) and Twsg1-/-, and dynamic histomorphometric analysis

using tetracycline dye to evaluate the bone formation rate in 1-3-6 month old WT and

Twsg1-/- mice.

Twsg1-/- mice were smaller in size compared to WT littermates (Figure 1A). These mice

also showed reduced bone density using X-ray as seen in femurs from 1 month old

animals (Figure 1B). Femurs from WT and Twsg1-/- mice were evaluated using µCt

technology and found to have significantly reduced bone volume as compared to WT

controls. A 3D image representing the femur of 3 month old WT and Twsg1-/- mouse can

be seen in Figure 1C.  An isoslice of both a cross-sectional image of the shaft and

longitudinal image of the distil image of the femur can be seen in Figure 1D, this image
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represents the cortical and trabecular bone. Quantification of 3 month WT and Twsg1-

deficient mice using common static bone parameters can be seen in Figure 2 and Table

1. The most striking differences can be seen in the reduction of cortical area, cortical

volume, and trabecular separation in the Twsg1-deficient mice (P < 0.001).

Mineral apposition rate (MAR) was measured at 1, 3, 6 month old mice to determine if

osteopenic phenotype was due to changes in osteoblast function. A representative

image (Figure 3A) shows cortical bone of the femur. As shown in Figure 3B and 3C

there is no significant change in MAR between WT and Twsg1-/- per day. This data

indicates that the osteopenia in Twsg1-/- mice is most likely not due to a defect in

osteoblast function.

The second aim evaluated the in vivo skeletal phenotype of MPG-/- using static

histomorphometric analysis on femurs of 2 and 4 week old mice, and determined the

status of osteoblast and osteoclast differentiation in MGP-/- mice

To understand the mechanism for the osteopenic phenotype in MGP-/- mice, micro

computer tomography (µCt) was utilized to quantify histomorphometric measurements of

MGP-deficient mice compared to WT.  Analysis was performed on WT and MGP-/- mice

at 2 -and 4 week time points.  As shown in Figure 4, the MGP-deficient mice exhibited

osteopenia in long bones when examined by x-ray (Figure 4B) and µCT (Figure 4A). The

distal portion of the femur is illustrated in 4A with both longitudinal (top) and cortical

images (bottom).  The heterozygous animals had a phenotype essentially identical to the

WT animal when examined by X-ray (data not shown) and therefore the

histomorphometric measurements were performed on only MGP-/- and WT animals. An
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outline of the bone parameters evaluated in both mouse lines is shown in Table 4, the

results of MGP histomorphometry is shown in Table 2 and Figure 5.

Our results show a significant reduction in cortical volume between WT and MGP-/-

(14.265 mm3 MGP+/+ vs. 5.07mm3 MGP-/- 4 week old animals, P < 0.05). Total bone

volume was significantly reduced in the MGP-/- animals at both 2 and 4 week age groups

(12.15mm3 MGP+/+ vs. 7.52mm3 MGP-/- 2 weeks, and 25.16mm3 MGP+/+ vs. 14.88mm3

MGP-/- 4 weeks, P< 0.05).  The bone diameter showed a significant reduction at 4 weeks

of age (1.45mm MGP+/+ vs. 1.2mm MGP-/-,  P < 0.05).

There was no difference in trabecular thickness between the genotypes at 2 week age

group. Similarly, only a slight difference, which was not significant, was observed in

trabecular thickness for the 4 week age group (0.167mm MGP+/+ vs. 0.045mm MGP-/-

NS). Trabecular separation was increased although not significantly in the MGP-/- at 4

weeks only   (0.11mm MGP+/+ vs. 0.805mm MGP-/- , NS). The WT animals had twice as

many trabeculae at 4 weeks as the MGP-/- mouse (20 MGP+/+ vs. 10 MGP-/-, P<0.05).

Cortical Volume/Tissue Volume showed a slight but non-significant reduction in the

MGP-deficient animals at 2 weeks, where as this parameter was significantly reduced in

the 4 week old MGP-/- mice compared to WT mice (0.429 mm3 MGP+/+ vs. 0.277 mm3

MGP-/-, P < 0.05). Cortical Volume/Total Bone Volume was lower, but not significantly, at

both time points  (0.317mm3 MGP+/+ vs. 0.276 mm3 MGP-/-, at two weeks and 0.566mm3

MGP+/+ vs. 0.349mm3 MGP-/- at four weeks). Our data clearly demonstrates disruption of

both the cortical and trabecular bone in the MGP-/- mice. We next sought to determine if
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the osteopenic phenotype in the MGP-/- was due to a defect in either osteoblast or

osteoclast differentiation and function.

Osteoblast differentiation is accelerated in primary osteoblasts from MGP-/- mice

To determine whether a defect in osteoblast function is responsible for the osteopenic

phenotype, primary calvarial cells were obtained from 5-9 day old pups. The cells were

differentiated for 2, 4 or 7- weeks, following which the ability of the cells to mineralize

was measured. Primary osteoblasts from MGP-/- mice show premature mineralization

after two weeks in Ascorbic Acid and Betaglycerol phosphate containing medium where

as the WT cells underwent mineralization at 4 weeks of age (Figure 6A).

MGP-deficiency leads to elevated OCN and BSP mRNA levels compared to WT

mice at 8 and 16 days

We next evaluated expression of bone sialoprotein (BSP) and osteocalcin (OCN), key

osteoblast differentiation genes, to determine if accelerated mineralization of MGP-/-

osteoblast cultures could be explained by enhanced differentiation using real time RT-

PCR. Figure 6B shows that there is a significant increase in BSP mRNA at both the 8

and 16 day time points, with a greater increase on day 8. OCN  (Figure 6C) mRNA

levels were also elevated at both time points, however the 8 day time-point was not

significant. There was a significant elevation in OCN at the 16 day time point (p< 0.001).
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MGP-/- osteoblasts have elevated levels of alkaline phosphatase at 8 and 16 days

compared to WT

 Alkaline phosphatase (ALP) activity was compared in primary osteoblasts obtained from

both WT and MGP-/- mice. MGP deficiency resulted in enhanced ALP activity at both 8

and 16 day time points as shown in Figure 6D.

It is not clear why MGP-/- bones that show an osteopenic penotype also show

enhancement of ALP activity, accelerated mineralization, and increased levels of

osteoblast gene expression. One reason is that the osteoblasts rapidly differentiate and

mature followed by apoptosis. Therefore they are not long lived and do not add

significant bone mass. The accelerated mineralization can be explained in part by early

differentiation of MGP-/- cells. Another explanation for an osteopenic phenotype with

accelerated mineralization and osteoblast differentiation is a concomitant increase in

bone resporption that exceeds bone formation. The status of osteoclast differentiation

was next investigated.

Mgp-/- mice show increased TRAP activity compared to WT mice

To determine if osteoclasts played a role in the osteopenic phenotype, various measures

of osteoclast differentiation and bone resorption were evaluated using bone sections,

and both spleen and bone marrow derived primary osteoclasts.
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As shown in Figure 7A, histological sections of femurs from WT and MGP-/- mice showed

an increase in both number and size of TRAP positive multinucleated osteoclasts.

Similarly, in vitro osteoclast cultures from Mgp-/- mice showed an increase in the number

and size of TRAP+ multinucleated osteoclasts relative to WT mice (Figure 7B).

Quantification of osteoclast size and number (Figure 7 C, D) illustrated an enhancement

in both measurements in MGP-deficient mice (P > 0.05). To evaluate whether increased

size of TRAP positive multinucleated osteoclasts is due to premature fusion of MGP-/-

mice, we performed a time course experiment comparing when fusion occurred in MGP-/-

osteoclasts compared to WT mice.  During culture, fusion occurred 24-hours earlier in

the MGP-deficient osteoclasts then in wild-type osteoclasts (Figure 7E).

Evaluation of DCSTAMP and TRAP mRNA in Mgp-/- osteoclasts compared to WT

 Next we evaluated the expression of osteoclast genes from WT and MGP -/- mice during

osteoclast differentiation. First we evaluated osteoclasts endogenously express MGP

mRNA, and whether this expression changes with RANKL exposure. It can be seen in

Figure 8A that wild type cells express MGP, and this expression does not change with

exposure to RANKL or stage of differentiation from pre-osteoclast to multinucleated

osteoclasts. mRNA from primary calvarial-derived osteoblast cells were used as

controls. This data shows that MGP is endogenously expressed and may have an

intrinsic role in the regulation of bone resorption.

To better understand possible molecular mechanisms behind the large multinuclear

osteoclasts, both TRAP and DC-STAMP mRNA were evaluated after 5 days in culture

(±60 ng/ml RANKL). TRAP mRNA levels were significantly elevated in MGP-/-  (Figure
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8B, P< 0.05) compared to wild type cells. DC-STAMP showed an even more significant

enhancement in MGP-deficient cells  (Figure 8C, P< 0.0001). These experiments show

osteoclastogenesis is significantly altered in MGP-/- mice

OPG/RANKL Levels in MGP-/- mice remained unchanged

Next, to evaluate whether changes in RANKL/OPG levels in MGP-/- mice are a possible

cause for increased osteoclastogenesis, RANKL and OPG levels were evaluated in WT

and MGP-/- mice. Serum OPG levels were not significantly different in WT and MGP-/- as

measured by ELISA (Figure 9A, NS). We also evaluated mRNA expression of RANKL

and OPG in WT and MGP-/- primary calvarial osteoblasts using real time RT-PCR. As

shown in Figure 9B, RANKL and OPG mRNA expression was not significantly different

in MGP-/- compared to WT osteoblasts. These findings suggest that enhanced

osteoclastogensis is a result of intrinsic changes in the osteoclast rather then through

contributions from osteoblasts.

Enhanced resorption in Mgp-/- osteoclasts

Next we evaluated whether enhanced osteoclastogenesis observed in MGP-/- was

associated with enhanced resorption. As shown in Figure 9C, serum CTX levels were

significantly elevated in MGP-/- mice compared to WT mice as determined by ELISA (P<

0.05). These results demonstrated that the absence of MGP causes a physiological

change in the animals with an enhancement of osteoclast differentiation leading to

osteoclasts that are both larger in size and greater in number, as well as activity.
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Measurement of calcium, phosphorus, and parathyroid hormone in MGP-/-

There are two possibilities that may explain this enhanced osteoclastogenesis in MGP-/-

mice. The first is that MGP-deficiency causes a direct effect on osteoclasts leading to

enhanced osteoclastogenesis. The excess calcium released from bone will cause

hypercalcemia resulting in ectopic mineralization throughout the vascular system (as

observed in MGP-/-). There would be no global changes in PTH or phosphate in this

situation.

The second possibility for enhanced osteoclastogensis, we propose, is due to secondary

hyperparathyroidism (SHPT) that results from an indirect mechanism. We propose that

vascular calcification in MGP-/- mice causes hypocalcemia, thereby causing secondary

hyperparathyroidism (SHPT) which activates osteoclasts and increases bone resorption.

The signs of SHPT include retention of phosphorus (hypophosphatemia), decrease in

serum calcium (hypocalcemia), decreased vitamin D metabolism, and increase in serum

PTH levels (hyperparathyroidism). We therefore evaluated the status of serum calcium,

phosphorus and PTH in Mgp-/- mice compared to WT mice. These experiments were

performed in collaboration with Dr Monsur Murshed. As shown in Figure 9 serum

calcium levels (D), inorganic phosphate levels (E), PTH levels (F) showed no significant

changes in Mgp-/- mice compared to WT animals. These results show that the enhanced

osteoclastogenesis is an intrinsic mechanism due to some change inherent to the
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osteoclast and not due to SHPT in these mice or global fluctuations in serum mineral

concentrations.

Hypothesis 1: Osteopenia occurs prior to aortic calcification

1. Lack of MGP protein leads to increased osteoclastogenesis
2. Release of calcium which moves to the aorta, leading to pathologic

mineralization

In summary, our results illustrate osteopenia in MGP-/- mice along with premature

osteoblast mineralization and enhanced osteoblast differentiation. Further, MGP-/-   mice

show hyperactive osteoclasts and increased bone resorption. MGP-/- mice show

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 the fusion step from mononuclear to multinuclear cells, and

these larger cells also produce more CTX fragments indicating they were functionally

 Hypothesis 2:  Bone phenotype secondary to SHPT

1. Aorta becomes calcified removing calcium from general circulation
2. Parathyroid gland senses drop in serum calcium (SHPT)

  3.   Secretion of PTH, activation of osteoclasts via osteoblasts
  4.   Bones become osteopenic
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changed. Future studies will focus on determining the signaling pathways regulating

fusion and also more detailed study of the molecules responsible for fusion.

CONCLUSIONS

In this study we used µCT technology to characterize the skeletal phenotypes of MGP

and Twsg1 deficient mice. Data revealed a striking loss in the amount of bone in both

MGP and Twsg1 deficient animals. The MGP-/- mice were further evaluated in vitro using

osteoblast and osteoclast cultures revealing enhanced osteoclastogenesis as one

possible cause of the osteopenic phenotype.  An additional explanation of the reduced

bone in MGP-deficiency could be accelerated osteoblast differentiation resulting in

premature mineralization and increased apoptosis. This would hypothetically reduce the

amount of bone-forming osteoblast cells and lead to net bone loss. The Twsg1-/- mouse

also showed reduction in both cortical and trabecular bone parameters compared to WT.

However, this reduction could not be explained by a change in osteoblast activity since

the mineral apposition rate was not altered with the loss of Twsg1. The Twsg1-/- has

since been studied in great detail in our laboratory, and the results concluded that the

osteopenic phenotype was due to enhanced osteoclastogenesis due to an increase in

BMP activity acting directly on the osteoclasts [44, 54].

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,
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osteoporosis, and calcification. MGP is a likely candidate to counter ectopic calcification.

MGP-/- mice also provide understanding to the molecular events surrounding the

relationship between vascular calcification and the loss of bone.
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Figure 1 Bone phenotype of Twsg-deficient mouse
In all images: wildtpye (L) and knockout (R )
A)  3month old Wildtype and Twsg -/-   siblings
B) Faxitron image of L and R femurs from 1-month old mice
C) Amira rendering of femurs (3 month old animlas)
D) Representation of uCT isoslice: Cross section showing cortical bone (top) and distil
femur longitudinal sections illustrating trabecular bone (bottom)

Twsg+/+    Twsg -/- Twsg+/+       Twsg -/-

Twsg+/+       Twsg -/- Twsg+/+       Twsg -/-
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Figure 2: Static Bone Parameters in 3 month old wildtype and Twsg-/- mice show less
bone present in Twsg-deficient animals (n=6)
A) Cortical area B) Cortical volume C) Trabecular volume D) Trabecular separation E)
Trabecular thickness F) Trabecular number G) Cortical width H) Bone Diameter (mm)
I. Tissue volume *p< 0.05;  ** p < 0.01; ***p < 0.001
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Table 1: Static histomorphometric analysis of 3 month old wildtype and Twsg-deficient
mice (N=6) noting significant changes in all bone parameters in the Twsg -/- mice

Twsg1+/+ Twsg1-/- P Value
Bone Diameter (mm) 1.35 ± 0.069 1.1932 ± 0.04 P < 0.01
Tissue Volume (mm3) 32.681 ± 2.347 24.838 ± 3.59 P < 0.01

Cortical Width (mm3) 0.223 ± 0.014 0.184 ± 0.033 P <  0.05
Cortical Area (mm2) 1.105 ± 0.107 0.718 ± 0.04 P< 0.001

Cortical Volume (mm3) 15.083 ± 1.99 10.390 ± 1.27 P< 0.001

Trabecular Thickness (mm) 0.0432 ± 0.007 0.0349 ± 0.0005 P < 0.01
Trabecular Separataion (mm) 0.101 ± .18 0.2646 ±  0.042 P< 0.001

Trabecular Number 40.566 ± 11.51 25.6 ± 6.14 P <  0.05
Trabecular Volume (mm3) 0.942 ± 0.30 0.444 ± 0.129 P < 0.01
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Twsg+/+                                    Twsg -/-

Black bar-WT
White bar-KO

Figure 3: Dynamic Histomorphometric analysis in 1-3-6 month old Wildtype and Twsg -/-
mice show no difference in MAR between genotypes. n = min of 3 animals
A. Tetracycline double label (5 days) showing no change in MAR between Wildtype (L)
and Twsg-/- (R )
B Graphical representation of  mineral apposition rate (MAR) in trabecular bone of femur
Black bar-WT White bar- Twsg-/-  Data not significant (NS)
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Figure 4 Bone phenotype of Wildtype and Mgp-/- animals
A) Micro-CT and X-ray (B) images of 4 week old femurs from Mgp-/- showing reduced bone
compared to Mgp+/+ mice
Table 2 Cortical and trabecular bone values for static histomorphometric analysis of the
femur in 2 and 4 week old animals (n=2) quantify the reduced bone in Mgp-/-  animals
*p< 0.05;  ** p < 0.01; ***p < 0.00

TABLE 2 2 week Mgp WT 2 week Mgp KO 4 week Mgp WT 4 week Mgp KO

Cortical Width (mm) 0.088 ± 0.01 0.065 ± 0.01 0.125 ± 0.01 0.079 ± 0.01 *
Cortical Volume (mm3) 4.48 ± 1.55 2.08 ± 0.62 14.27 ± 1.61 5.07 ± 3.05 *

Trabecular Thickness (mm) 0.043 ± .006 0.043 ± 0 0.167 ± 0.17 0.045 ± .004
Trabecular Separataion (mm) 0.144 ± 0.09 0.16 ± 0.07 0.11 ± .004 0.805 ± 0.84

Trabecular Number 12.65 ± 3.32 9.45 ± 0.21 20.815 ± 2.14 10.67 ± 0.47 *

Total Bone Volume (mm3) 12.15 ± 0.47 7.52 ± 1.79 25.16 ± 1.66 14.88 ± 1.13 **
Cortical Volume /Tissue Volume (mm3) 0.280 ± 0.10 0.181 ± 0.013 0.429 ± 0.027 0.277 ± 0.152 *

Cortical Volume /Total Bone Volume (mm3) 0.371 ± 0.14 0.276 ±  0.02 0.566 ±  0.03 0.349 ±  0.23
Bone Diameter (mm) 1.17 ± 0.03 1.11 ± 0 1.45 ± 0.03 1.2 ± 0.07 *
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Figure 5 Static Histomorphometric analysis of 2 and 4 week old wildtype and MGP-
deficient mice. A) Cortical width B) Cortical volume C) Trabecular thickenss D)
Trabecular separation E) Trabecular number F) Total bone volume G) Cortical bone
volume/ total tissue volume H) Cortical bone volume/total bone volume I) Bone diameter
*p< 0.05;  ** p < 0.01; ***p < 0.001
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Figure 7 Enhanced osteoclastogenesis in Mgp-/- mice.
A) In vivo analysis: Histological sections following TRAP stain of WT (L) and Mgp-/-   ( R) mice
showing intense staining in MGP-deficient bone
B) In vitro osteoclasts from bone marrow in WT (L) and Mgp-/-   ( R) mice
C) Quantification of size of TRAP-postive osteoclasts in vitro
D) Quantification of number of TRAP-positive osteoclasts in vitro
E) Time course experiment evaluating fusion in CSF ± RANKL cultures from MGP WT and
MGP-/-
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Figure 8  Gene expression levels in MGP osteoclasts
A) Wildtype cells illustrate that MGP mRNA does not change with RANKL treatment and
differentiation. Primary calvairial osteoblasts were used as a control. Data is relative to
CSF-1 alone. Up regulation of TRAP (B) and DC-STAMP (C) mRNA  in Mgp-/-

osteoclasts. Realtime PCR analysis in osteoclast cultures (mCSF 10 ng/ml) and RANKL
(60 ng/ml) for 5 days. Mean fold mRNA change (RANKL + mCSF/mCSF alone);
normalized to L4 gene. *p< 0.05;  ** p < 0.01; ***p < 0.001
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D
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Figure 9
A) OPG serum ELISA in MGP wildtype and MGP-deficient mice reveal no significant
differerence.(NS)
B) OPG and RANKL mRNA gene expression in both genotypes, results NS (P > 0.05).
C) Resorption analysis of osteoclasts by measuring CTX activity. (P < 0.05).
D) Serum calcium levels (n=4)  NS
E) Serum Inorganic phosphate levels (n=4) NS
F) Serum PTH levels (n=3) NS
NS-Not Significant
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TABEL 3   
PRIMER SEQUENCES Forward Reverse
MGP Wildtype allele GCCACAATTTCTGCATCCTGC CGGGAAAGATGAGGAAGAAGGG
MGP Mutant allele TGCCTGAAGTAGCGGTTGTA GAATGAACTGCAGGACGAGG
Twsg Wildtype allele GCATCGCTTCTATCGCTTTC TGAGGGATCCGCTGTAAGTC
Twsg Mutant allele TTTTCTGAGACAACAGGGTTTC CTGGTCTGCATTTGGGATCT
BSP GAAACGGTTTCCAGTCCAG CTGCATCTCCAGCCTTCTT
OCN GAACAGACTCCGGCGCTA AGGGAGGATCAAGTCCCG
OPG ctgcctgggaagaagatcag ttgtgaagctgtgcaggaac
RANKL agccgagactacggcaagta gcgctcgaaagtacaggaac
TRAP CGTCTCTGCACAGATTGCA GAGTTGCCACACAGCATCAC
DC-STAMP GGGCACCAGTATTTTCCTGA TGGCAGGATCCAGTAAAAGG
GAPDH tgcaccaccaactgcttag gatgcagggatgatgttc
L4 ccttctctggaacaaccttctcg aagatgatgaacaccgaccttagc
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TABLE 4
Parameters Evaluated in MGP and Twsg Mice

Trabecular Thickness 1D Calculated as the averaged thickness of the trabeculae present in the field analyzed for the bone volume (mm)
Trabcular Separation 1D The closest distance horizontally between two neighboring trabeculae (mm)
Trabecular Number 1D Evaluated as the number of trabeculae present in the field analyzed for the bone volume  
Cortical Area 2D Measurment evaluating the Cortical bone present in a saggital section midway through the bone (mm2) 
Cortical Volume 3D Cortical bone present in the femur (mm3)
Total Bone Volume 3D Cortical and trabecular bone present in the femur (mm3)
Cortical Volume/Tissue Volume 3D Cortical bone present in the femur (mm3) divided by the amount of marrow and bone present (mm3)
Cortcial Volume/Total Bone Volume 3D Cortical bone present in the femur (mm3) divided by the combination of trabecular and cortical bone (mm3)
Bone Diameter 1D Distance across the shaft at mid-diaphysis taken evaluatiing a cross sectional image (mm)
Cortical Width 1D Distance across the cortical bone at mid-diaphysisevaluating a cross sectional image (mm)
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