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General introduction 
 

I. DEVELOPMENT OF THE ENDOCHONDRAL SKELETON 
 

The formation of most of the vertebrate skeleton occurs via endochondral bone 

formation, a process which begins with the aggregation, proliferation and condensa-

tion of mesenchymal cells (MCs) at specific locations within the embryo where the 

skeletal elements will arise. MCs can be of three origins: the neural crest (forming 

some craniofacial bones), the sclerotome of the paraxial mesoderm (forming the axial 

skeleton), or the lateral plate mesoderm (forming the appendicular skeleton). MCs 

commit to the skeletal lineage once they differentiate into skeletal precursor cells 

(SPCs), cells from which both chondrocytes and osteoblasts can derive. At the periph-

ery of these condensations, SPCs form a perichondrial layer, while in the core they 

differentiate into chondrocytes that start producing cartilage-specific extracellular 

matrix (ECM) proteins and continue to proliferate. Continuous division of chondrocytes 

and further secretion of ECM together contribute to the elongation of the cartilage 

template, which prefigures the shape of the future bone. Once the cartilaginous tem-

plate is formed, the innermost chondrocytes mature, exit from the cell cycle, and be-

come hypertrophic, secreting a progressively calcified ECM. Simultaneously with the 

onset of hypertrophic chondrocyte differentiation, perichondrial SPCs differentiate into 

osteoblasts, forming a tight, yet adaptable sheath (later called periosteum), which 

modulates the final size and shape of the cartilage template. When the cartilage ECM is 

mineralized, concurrent vascular invasion and apoptosis of terminal hypertrophic 

chondrocytes together contribute to the formation of the primary ossification centre, 

the first region of the cartilaginous anlage that will be replaced by bone. This complex 

differentiation program radiates centrifugally, leading to the development of trabecu-

lar bone (the primary spongiosa) (1-6) (Figure 1). 

Vascular invasion of the primary spongiosa continues via the so-called “periosteal 

buds” that provide SPCs (later forming osteoblasts), hematopoietic cells (later forming 

osteoclasts) and blood vessels, which grow from the periosteum to reach the primary 

ossification center. Osteoblasts attach to spicules of calcified scaffolds left behind by 

dying chondrocytes and begin producing osteoid, a gelatinous substance made up of 

collagen and mucopolysaccharide. Soon after the osteoid is laid down, inorganic salts 

are deposited in it to form mineralized bone. In turn, osteoclasts break down spongy 

bone to form the medullary cavity filled with bone marrow, the main site for haemato-

poiesis in post-natal life (7;8). 
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Figure 1. Schematic diagram of endochondral ossification. (A, B) Mesenchymal cells condense and differentiate into chondrocytes to form the 
cartilaginous model of the bone. (C) Chondrocytes in the center of the shaft undergo hypertrophy and apoptosis while they change and miner-
alize their extracellular matrix. Their death allows blood vessels to enter. (D, E) Blood vessels bring in osteoblasts, which bind to the degenerat-
ing cartilaginous matrix and deposit bone matrix. (F-H) Bone formation and growth consist of ordered arrays of proliferating, hypertrophic, and 
mineralizing chondrocytes. Secondary ossification centers also form as blood vessels enter near the tips of the bone, physically separating AC 
from GP. Reprinted with permission from Gilbert SF, Developmental Biology, 6th edition, Sunderland (MA): Sinauer Associates; 2000 
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The fascinating multi-step process of endochondral bone formation described 

above, continues postnatally in the growth plates (GP). This highly specialized cartilage 

structure develops at the distal ends of any growing endochondral bone, secondary to 

the ordered buildup of the diaphyseal bone from the primary ossification centre. GP 

activity leads to the persistent formation of chondrocytes and cartilage ECM. This does 

not, however, lead to a perpetual increase in GP height, since the process of tissue 

production is balanced by a tightly regulated process of tissue resorption at the epi-

physeal/metaphyseal interface (9). GPs are spatially polarized biological structures, 

comprising several distinct chondrocyte layers: resting, proliferating, prehypertrophic, 

and hypertrophic, proceeding from the cartilaginous epiphysis to the bony diaphysis 

(Figure 2). Chondrocyte proliferation, matrix production and hypertrophy in the GP is 

responsible for the rate of longitudinal growth as well as for the ultimate length of all 

endochondral bones until the end of puberty, when GPs disappear and bone growth 

ceases (10;11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Section of the epiphyseal growth plate from the proximal tibia of a three-week-old 
mouse depicts the different chondrocyte layers within the growth plate. 
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Upon a certain trigger, MCs from the resting zone differentiate into chondrocytes 

assuming a flattened shape and organizing into longitudinal columns. These chondro-

cytes proliferate at a high rate until they exit the cell cycle and start to mature and 

increase in size, undergoing prehypertrophy followed by full hypertrophy. Ultimately, 

hypertrophic chondrocytes undergo cell death allowing primary ossification centers to 

expand. During the development and growth of endochondral bones, most of the ske-

letal cartilage is therefore an ephemeral tissue, with two main functions: 1) to com-

pute the size and the shape of the future bone, and 2) to provide the scaffold in which 

bone will form. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the surfaces of diarthrodial joints permanent articular cartilage (AC) maintains 

joint function throughout life (Figure 3). In marked contrast with the GP, AC retains a 

stable phenotype, providing the tissue with functional adaptability. During embryo-

genesis, joint development begins at specific skeletal sites before any chondrocyte 

differentiation occurs from MCs. At the site of the future joint, condensed MCs do not 

differentiate into chondrocytes, become highly packed and flattened to form the so-

called “interzone”. In the middle of the interzone, a cavity will shape via apoptosis, 

separating the two skeletal elements to be articulated. On each epiphyseal end of 

these skeletal elements, chondrocytes start differentiating from a layer of perichon-

drium-like cells to give rise to AC. These articular chondrocytes are responsible for the 

initial longitudinal lengthening of the elements through appositional growth, until GPs 

are fully functional and become the source of self-renewing proliferating chondrocytes 

and the main mechanism of longitudinal growth. Through a process of endochondral 

Figure 3. Longitudinal section through a synovial joint depicts its main components. 
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bone formation, chondrocytes in the centre of the epiphysis will form the scaffold for 

the second ossification centre, so that only the most epiphyseal among them will sur-

vive to become authentic articular chondrocytes (12-14). 

 

 

II. DEVELOPMENTAL REGULATION OF SKELETOGENESIS 
 

The vertebrate skeleton contains three different cell types spread within the ECM: 

chondrocytes (cartilage cells), osteoblasts (bone cells) and osteoclasts (cartilage- and 

bone-resorbing cells). Once differentiated, chondrocytes, osteoblasts and osteoclasts 

complete one another’s functions to accomplish longitudinal bone growth, and main-

tain skeletal remodeling (formation following resorption), matrix mineralization and 

bone mass. Regulation of the various steps of skeletal cell differentiation, proliferation 

and survival is the result of a very complex and formidable interaction between tran-

scription factors, systemic hormones, growth factors, the surrounding matrix, but also 

environmental and mechanical signals. 

 

 

II. a. Transcriptional regulation of skeletogenesis 

Initially identified due to its inactivating mutations in patients with campomelic 

dysplasia, Sex determining region Y (SRY)-box 9 (Sox9) is generally accepted as the 

master transcription factor for the commitment of MCs to the chondrogenic lineage 

(15;16). Sox9 can first be detected in MCs condensing at the site of the future endo-

chondral bone and continues to be expressed by chondrocytes throughout their sub-

sequent differentiation steps until they become hypertrophic (17). Although this spa-

tio-temporal expression pattern resembles the one of α1(II) collagen (Col2a1), Sox9 

expression begins scarcely earlier (18). Besides stimulating and coordinating the forma-

tion of mesenchymal condensations, Sox9 also regulates the expression of Col2a1¸ but 

also of other chondrocyte markers, like Aggrecan (Acan), and α1(XI) collagen (Col11a1) 

(19-24). Furthermore, it has been shown that Sox9 not only controls proliferation and 

differentiation of chondrocytes, but it also prevents them from entering hypertrophy 

(25-27). L-Sox5 and Sox6, two other high-mobility group (HMG) domain-containing 

transcription factors, are also expressed in all precartilaginous condensations and in 

nonhypertrophic chondrocytes (28). Like Sox9, they are essential for chondrogenesis 

and together promote the expression of chondrocytic genes, like Col2a1 and Acan 

(22;29). 

Hypertrophy, the last chondrocytic differentiation step during endochondral bone 

formation, is induced by a member of the Runt domain family of transcription factors 

(RunX2), also known as core binding factor α1 (Cbfa1). RunX2, which is transiently 

expressed by prehypertrophic chondrocytes, is essential for chondrocytes to enter 

maturation and for the expression of α1(X) collagen (Col10a1), a typical marker for 

hypertrophic chondrocytes (30-33). However, RunX2 is not the sole transcription factor 

known to stimulate chondrocyte hypertrophy, as genetic studies indicate similar roles 
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for RunX3, another member of the Runt domain family of transcription factors, and 

also for Twist-1 (34;35). 

Already introduced as a dominant regulator of chondrocyte hypertrophy, 

RunX2/Cbfa1 was originally identified and described as the critical transcription factor 

for the commitment of MCs to the osteogenic lineage (36). During development, 

RunX2 begins to be expressed in mesenchymal condensations, while later during de-

velopment it is expressed at high levels in osteoblasts and at much lower levels in pre-

hypertrophic chondrocytes, but never in other cells (37). Osteoblasts do not develop in 

RunX2 null mice, while heterozygous RunX2 mutants display skeletal anomalies similar 

to those observed in patients with cleidocranial dysplasia: hypoplastic clavicles and 

delayed closure of the fontanelles (37-40). RunX2 promotes osteogenesis, by positively 

regulating nearly all osteogenic genes, like Osteocalcin (Ocn) and bone sialoproteins 

(36). 

Besides Runx2, Osterix (Osx), a zinc finger–containing transcription factor, is also 

essential for osteoblast differentiation (41). Specifically expressed in osteoblasts, Osx 

acts downstream of RunX2 during osteoblast differentiation and its expression is regu-

lated by RunX2 (42). Osx inactivation in mice leads to perinatal lethality due to a com-

plete absence of bone formation (41). Unlike Runx2-deficient mice whose skeleton is 

entirely nonmineralized, the Osx-deficient mice lack a mineralized matrix in intramem-

branous bones only. This suggests that Osx, unlike Runx2, is not required for chondro-

cyte hypertrophy, thereby demonstrating that Osx specifically induces osteoblast dif-

ferentiation and bone formation in vivo. 

 

 

II. b. Paracrine regulation of skeletogenesis 

Besides transcription factors, a wide variety of locally produced growth factors 

play a crucial role during skeletal development and maintenance. Such regulating 

growth factors are Indian Hedgehog (IHh), parathyroid related hormone (PTHrP), bone 

morphogenetic proteins (BMPs) and members of the Wnt family of morphogens. 

Within the growth plate, chondrocyte proliferation and maturation are tightly re-

gulated by a negative feedback loop between IHh and PTHrP. PTHrP inhibits the rate at 

which chondrocytes proliferate and are converted to post-proliferative hypertrophic 

chondrocytes. PTHrP’s expression in periarticular chondrocytes is dependent on IHh, 

which is expressed at the prehypertrophic–hypertrophic boundary so that cells that 

escape the inhibitory action of PTHrP signaling in the growth plate express Ihh, which 

in turn will stimulate PTHrP expression (43-46). 

BMPs are members of the TGFβ superfamily of growth factors initially isolated 

from demineralized bone and osteosarcomas. They are best known for their chondro- 

and osteoinductive effects during skeletal development and patterning (47;48). BMPs 

bind to type II and type I serine/threonine kinase receptors, thereby initiating intracel-

lular signaling by activating Smad proteins. Early in skeletal development, BMPs pro-

mote the condensation step of MCs by stimulating cell–cell interaction through upre-

gulation of N-cadherin function and expression (49). Studies have demonstrated the 

requirement of BMPs for Sox gene expression in chondrogenesis (50;51) and their 

stimulatory effect on Sox9 and Col2a1 in multipotential mesenchymal C3H10T1/2 cells 
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and monopotential chondroprogenitor MC615 cells (52). Additionally, BMPs increase 

the expression of the specific hypertrophic chondrocyte marker Col10a1 by inducing its 

promoter activity (53-55). BMPs also induce osteoblastogenesis from MCs to promote 

osteoblastic maturation and function (56;57), a process that requires interactions of 

Smad 1/5 and RunX2 (58;59).  

Wnts are a family of highly conserved secreted glycoproteins with important roles 

during cell specification, formation of the body plan, cell growth, differentiation and 

apoptosis (60). Up to date 19 human Wnt genes have been identified in humans and 

mice. Wnts can activate a number of different signal transduction pathways, the so-

called non-canonical pathways, which include the planar cell polarity and Ca
2+

 path-

ways, and the canonical Wnt/β-catenin pathway (61). Several members of this growth 

factor family have inhibitory effects on chondrogenesis (62-66), while their effect on 

osteoblastogenesis remains heterogeneous. Wnt3a promotes osteoblast proliferation, 

but suppresses osteoblastogenesis from human mesenchymal stem cells in vitro 

(67;68). Furthermore, Wnt3a and Wnt5a prevent osteoblast apoptosis (69). At the 

same time, Wnt-10b stimulates osteoblast differentiation from bi-potential skeletal 

precursor cells (SPCs) by activating RunX2, Osterix and Dlx5 and inhibits adipocyte 

formation (70). 

 

 

III. SKELETAL PATHOLOGY 
 

III. a. Growth disorders 

Growth is the key characteristic that distinguishes children from adults, and 

growth disturbances are frequently presented to health personnel at all levels (youth 

health care, general practitioners, paediatricians, paediatric endocrinologists). Distur-

bances of longitudinal bone growth occur quite frequently with a high diversity in eti-

ology. Both short and tall stature disorders are divided into primary (skeletal defect), 

secondary (non-skeletal defect), or idiopathic (cause unknown) (71). Whereas primary 

growth disorders may have a prenatal onset and may be of chromosomal or genetic 

origin, secondary growth syndromes are frequently the result of hormonal distur-

bances. Although growth disorders do not necessarily lead to clinical problems, rela-

tively often they are considered a disability by the affected individuals resulting in 

psychological, social, educational and professional consequences in childhood, adoles-

cence, but also adulthood.Exposure of patients to gluten prevents healing of gut mu-

cosa, reactivation of specific T cells and reappearance of symptoms. Although not 

every patient is equally sensitive to gluten exposure, it was reported that exposure to 1 

mg of gluten prevented mucosal recovery (35). Therefore, to safeguard patients from 

gluten exposure, sensitive methods for gluten detection are required and have been 

developed.  
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III. b. Osteoarthritis 

Osteoarthritis (OA) represents one of the two most frequent chronic skeletal dis-

eases and is undoubtedly by far the most common cause limiting the daily activities of 

the elderly population (72). OA is characterized by a progressive loss of articular carti-

lage, synovial proliferation, osteophyte formation and subchondral sclerosis that may 

culminate in pain, loss of joint function, and disability (73). A variety of risk factors and 

pathophysiologic processes contribute to the progressive nature of the disease and 

serve as targets for behavioral and pharmacologic interventions. Risk factors such as 

age, sex, trauma, overuse, genetics, and obesity can each make contributions to the 

process of injury in different compartments of the joint (74;75). Although the etiology 

of OA is not completely understood, it appears to be the result of mechanical, bio-

chemical and enzymatic factors. The final common pathway of these interactions is the 

failure of the chondrocytes to maintain a homeostatic balance between cartilage for-

mation and resorption (76;77). Loss of articular cartilage is mainly due to proteolytic 

enzymes that can degrade both proteoglycans (aggrecanases) and collagen (colla-

genases) (78). Cartilage collagen is cleaved by matrix metalloproteinase (MMP) 1, 8, 

and 13 (79). Of these three MMPs, MMP13 appears to be the most important in OA 

because it preferentially degrades type II collagen (80) and its expression is significantly 

increased in OA (81). Typical phenotypic changes in OA cartilage include the develop-

ment of the hypertrophic chondrocyte phenotype normally not present in articular 

cartilage, characterized by increased production of MMP-13, type X collagen, and alka-

line phosphatase (ALP) (75). 

 

 

III. c. Osteoporosis 

Osteoporosis is the other most frequent chronic skeletal disease, characterized by 

low bone mass, concurrent disruption of the bone micro-architecture, and decreased 

bone strength. Consequently, osteoporotic bones are more fragile and there is in-

creased risk of fracture, particularly of the spine, hip, wrist, humerus, and pelvis (82). 

Osteoporosis affects an estimated 300 million people worldwide (83). About one in 

two white women will experience an osteoporotic fracture in her lifetime (84), while 

older men affected by osteoporosis have a higher mortality from hip fractures and a 

lower frequency of screening and treatment (85). The risk of fractures increases dra-

matically with age and most of those affected are over 75 (86). Since the elderly consti-

tute the fastest-growing age group in the world, the number of osteoporotic fractures 

is predicted to increase considerably with the continued aging of this population in 

future decades (87;88). Physiological age-related bone loss starts in the 4
th

 or 5
th

 dec-

ade of life, as a result of increased bone breakdown by osteoclasts and decreased bone 

formation by osteoblasts (89). The role of oestrogen deficiency in menopausal bone 

loss in women is well documented, and bone mass in elderly men is also related to 

oestrogen levels. Vitamin D insufficiency and secondary hyperparathyroidism are 

common in elderly people and may also contribute. Other possible factors are reduced 

physical activity with ageing and decreased production of insulin-like growth factors. 

As described above, osteoporosis installs due to involutional changes of aging and to 
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hormonal changes of menopause, being thereby classified as primary. However, os-

teoporosis can also be caused or worsened by other diseases or medications, when it is 

referred to as secondary (90). 

Bone mineral density (BMD) represents the average concentration of minerals per 

unit area of bone (measured in g/cm
2
). In 1994, the World Health Organization estab-

lished operational definitions of osteoporosis and osteopenia based on BMD (91). 

According to this classification normal BMD is defined above -1.0 SD of the young adult 

reference mean (T-score above –1.0), osteopenia is defined between -1.0 and -2.5 SD 

of the young adult reference mean (T-score between –1.0 and –2.5), osteoporosis is 

defined below -2.5 SD of the young adult reference mean (T-score at or below –2.5), 

while severe osteoporosis requires an osteoporotic BMD in the presence of 1 or more 

fragility fractures. Different treatments for osteoporosis are available, all aimed at 

reducing the risk of fractures. Estrogen treatment in post-menopausal women, selec-

tive modulators of estrogen receptors (especially raloxifene), calcitonin, a recombinant 

form of parathormone (teriparatide), strontium ralenate, and especially bisphospho-

nates, are drugs widely used in clinical practice (92). 

 

 

IV. CANONICAL WNT SIGNALING DURING SKELETOGENESIS 
 

Increasing amount of evidence points out to the important role of the canonical 

Wnt/β-catenin signaling in essentially all aspects of skeletal development and mainte-

nance. This pathway is composed of evolutionarily-conserved cellular components, and 

controls cell proliferation and cell fate determination by inducing changes in gene 

expression (93). Signaling through this pathway depends on the intracellular levels of 

its core component, β-catenin. β-catenin is a molecule involved in cell adhesion via its 

interaction with E-cadherin and α-catenin (94). In the absence of the Wnt ligand, β-

catenin is phosphorylated at the NH2-terminus by glycogen synthase kinase 3 beta 

(GSK3β) and casein kinase 1 (CK1) in a “destruction” complex brought together by two 

scaffolding proteins, Axin and Adenomatous polyposis coli (APC). This phosphorylation 

ultimately results in the ubiquitylation and proteasomal degradation of β-catenin (Fig-

ure 4A). When Wnts bind to the 7 transmembrane Frizzled receptors and LDL related 

protein 5 or 6 (LRP5/6) co-receptors, Dishevelled (Dsh) is activated, leading to suppres-

sion of GSK3β activity. As a result, β-catenin will not undergo phosphorylation any-

more. Cytoplasmic β-catenin stabilizes and upon reaching a certain level it will translo-

cate into the nucleus where it interacts with transcription factors such as lymphoid 

enhancer-binding factor 1/T cell-specific transcription factor (LEF/TCF) to initiate the 

transcription of target genes (95) (Figure 4B). Cells also secrete several Wnt antago-

nists like secreted frizzled-related proteins (SFRPs), Dickkopf (DKK) and Sclerostin 

(SOST) (96-98). 

APC is involved in a wide variety of cellular processes such as signal transduction, 

cytoskeletal organization, apoptosis, cell adhesion and motility, cell fate determination 

and chromosomal stability (99). However, biochemical and genetic evidence was pro-

vided showing that APC’s main suppressor activity resides in its ability to bind to β-
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catenin and induce its degradation, thereby acting as a strong negative regulator of the 

canonical Wnt pathway (100). The failure of mutated APC to direct cytosolic β-catenin 

to degradation causes cytoplasmic accumulation of β-catenin and, subsequently, its 

translocation to the nucleus. Apc influences the differentiation capacity of mouse em-

bryonic stem (ES) cells in a quantitative and qualitative fashion depending on the dose 

of β-catenin signalling (101;102). The differentiation ability and sensitivity of ES cells is 

inhibited by increasing dosages of β-catenin signaling, ranging from a severe differen-

tiation blockade in severely truncated Apc alleles, to more specific neuroectodermal, 

dorsal mesodermal and endodermal defects in more hypomorphic alleles. Exclusive 

levels of APC/β-catenin signaling differentially affect stem cell differentiation (100). 

Identified originally as a regulator of glycogen metabolism, GSK3β is now a well-

established negative modulator of the canonical Wnt signaling pathway, by inducing 

degradation of β-catenin (103;104). It also plays important roles in protein synthesis, 

cell proliferation, cell differentiation, microtubule dynamics and cell motility by phos-

phorylating initiation factors, components of the cell-division cycle, transcription fac-

tors and proteins involved in microtubule function and cell adhesion (105). It is consti-

tutively active and unlike many kinases that are activated following stimulus-

dependent phosphorylation, GSK3β is inactivated following phosphorylation (106). 

 

 

 

 

Figure 4. The canonical Wnt/β-catenin pathway. (A) In the absence of a Wnt signal, β-catenin is 
phosphorylated and targeted for proteasomemediated degradation (details in the text). (B) 
Upon binding of Wnt to the receptors Fz and LRP, the destruction complex does not form any-
more leading to stabilization of β-catenin (details in the text). 
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The role of canonical Wnt/β-catenin signaling at subsequent stages of skeleto-

genesis has been suggested based on the expression patterns of many Wnt pathway 

members, as well as Wnt reporter expression in the mouse (107-113). It is well estab-

lished that many members of the Wnt family of growth factors, like Wnt1, Wnt3a, 

Wnt4, Wnt7a, Wnt9a and Wnt 11 inhibit chondrogenesis ex vivo, while stabilization of 

β-catenin has similar effects in vivo (62-66;107;110;114-117). However, the detrimen-

tal effect of increased canonical Wnt signaling on chondrogenesis is not universal since 

mouse embryonic fibroblasts (MEFs) lacking the Wnt inhibitor Sfrp1 display an in-

creased potential to form chondrocytes (118). Besides inhibiting differentiation of MCs 

into chondrocytes, activation of Wnt/β-catenin signaling also leads to dedifferentiation 

of chondrocytes, a process associated with downregulation of Col2a1 and decrease in 

glycosaminoglycans (GAGs) in the cartilage matrix (64;115;116;119-121). Not only does 

the canonical Wnt/β-catenin signaling pathway control chondrocyte differentiation 

and maintenance, it is also highly active in promoting chondrocyte maturation. In this 

fashion, in vivo overexpression of Wnt4 and Wnt8 or of a stabilized form of β-catenin 

accelerates chondrocyte hypertrophy (122;123). Moreover, Sfrp1
-/- 

MEFs display in-

creased chondrocyte hypertrophy and mineralization, while Wnt9a positively regulates 

Ihh expression, known for its stimulating role on chondrocyte proliferation and inhibit-

ing role on maturation (116;118;124). Interestingly, overexpression of Wnt9a, besides 

positively regulating chondrocyte hypertrophy, also increases osteoblast differentia-

tion in the surrounding perichondrium, suggesting thereby a stimulating effect of 

Wnt/β-catenin pathway on this step of endochondral bone formation (108). 

In the past decade many studies have identified an important role for the canoni-

cal Wnt/β-catenin pathway in joint formation as well. Wnt9a is the molecular marker 

currently viewed as the earliest “inducer” of joint formation since its expression has 

been validated in vivo at day 5 of embryonic development in a single stripe of the fu-

ture diartroidal joint (4). Interestingly, Wnt9a misexpression in vivo induces the forma-

tion of ectopic joints through up-regulation of articular chondrocyte markers like 

Col3a1, and joint specific markers such as Chordin (Chdr), Autotaxin (Atx), and growth 

differentiation factor 5 (Gdf5), together with down-regulation of non-articular chon-

drocyte markers like Col2a1, Col9a1, Aggrecan (Acan), Sox9 and Bmp4 (4;123). Knock-

out of both Wnt9a and Wnt4 results in limited joint fusions indicating that possibly 

Wnt16 (the 3
rd

 Wnt growth factor known to be expressed in joint interzones) may 

compensate for the absence of Wnt9a and Wnt4 (116). When no signal is possible 

through the canonical Wnt/β-catenin signaling pathway at various stages of limb de-

velopment and joint induction, a severe skeletal phenotype occurs, including chondro-

dysplasia, ectopic cartilage formation, together with absent or delayed endochondral 

ossification (107;108;114). Surprisingly, inactivation of β-catenin only in the joints leads 

to limited fusions in hip joints (125). It is very well possible that joint induction is regu-

lated in a β-catenin-dependent (via Wnt9a and Wnt16) and -independent way (via 

Wnt4) (62). Alternatively, Wnt/β-catenin signaling might not be exclusively required 

for the initial induction of joint formation. This observation is sustained by expression 

of early joint interzone markers in the limbs of conditional mouse embryos lacking β-

catenin function in the whole limb mesenchyme (126). 
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Not less fascinating is the concert regulation of osteoblastogenesis by the multi-

potent Wnt/β-catenin signaling pathway. LRP5 has a crucial role in BMD accrual and 

bone metabolism (127). In bone, LRP5 expression is restricted to osteoblasts of the 

endosteal and trabecular bone surface and regulates osteoblast proliferation, survival 

and activity (128). Targeted disruption of Lrp5 in mice leads to a significant reduction in 

the osteoblast surface density in both primary and secondary spongiosa (129). Surpris-

ingly, although Wnt3a upregulates the levels of canonical Wnt signaling in human mes-

enchymal stem cells (hMSCs) in vitro, it inhibits their osteoblast differentiation, but it 

stimulates the proliferation of already differentiated osteoblasts (67;68;130). Signaling 

through Wnt10b induces osteoblast formation from SPCs, while inhibiting adipogene-

sis; Wnt10b
-/-

 mice have a decreased trabecular bone volume and serum osteocalcin 

levels (70). In agreement with this, Sfrp
-/-

 adult mice display enhanced trabecular bone 

accrual, as a result of increased osteoblast proliferation and differentiation and de-

creased osteoblast apoptosis (96). Similarly Sfrp4 was shown to be a negative regulator 

of BMD in mice, by inhibiting Wnt signaling (131). By antagonizing the levels of Wnt/β-

catenin transduced signal, Dkk-1 and Dkk-2 are also established regulators of os-

teoblastogenesis in vitro (132). In vitro knock-down of Dkk-1 and Dkk-2 results in a 

complete blockade of osteoblast differentiation and matrix mineralization. Another 

well established antagonist of the Wnt/β-catenin is sclerostin, encoded by the SOST 

gene, whose expression is confined to osteocytes (133). Sclerostin was shown to nega-

tively regulate bone formation both in vitro and in vivo (133-136). 

By far the most investigated component of the canonical Wnt signaling pathway 

during skeletal development remains its central molecule, β-catenin. Several lines of 

evidence, especially generated by observation in conditional mouse lines, indicate an 

indubitable role for β-catenin in the differentiation of osteoblasts from SPCs (107;110-

112;117;137;138). Lack of β-catenin in precursor cells impairs osteoblastogenesis and 

affected SPCs will follow instead the chondrogenic pathway, regardless of the time 

when β-catenin is inactivated, prior (Prx1-Cre) or after (Dermo1-Cre, Col2a1-Cre) carti-

lage condensation has occurred (107;110;112). Interestingly, the shift to the chondro-

genic lineage of the osteoblast precursors also takes place when β-catenin is deleted in 

Osx-expressing, and therefore committed osteoblasts (137). One would imagine based 

on these data that activation of β-catenin would have beneficial impact on osteoblast 

differentiation. This is however not entirely true, since stabilization of β-catenin in Osx-

positive osteoblast precursors leads to a marked increase in proliferation and an accel-

erated bone matrix accumulation, yet these osteoblasts fail to express the mature 

osteoblast marker Osc (137). Moreover, the constitutive expression of a stabilized form 

of β-catenin in the limbs using Prx1-Cre mice also negatively affects osteoblastogene-

sis, leading to the formation of tiny remnants of skeletal elements (110). All these data 

suggest that β-catenin levels must be finely tuned during subsequent stages of skeletal 

development for proper osteoblast formation. 
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V. CANONICAL WNT SIGNALING DURING SKELETAL PATHOLOGY  
 

Initial evidence for a role of the canonical Wnt signaling pathway in skeletal pa-

thology was provided by the identification
 
of mutations in the LRP5 gene inducing 

either the Osteoporosis-Pseudoglioma Syndrome (OPPG) or the hereditary High Bone 

Mass Syndrome (HBMS) in humans. OPPG is a rare autosomal recessive disorder affect-

ing the skeleton and the eye associated with loss-of function mutations in the LRP5 

gene, which prevents Wnt from binding to the receptor (127). Children with the OPPG 

have a very low BMD and easily develop fractures and deformations. In agreement 

with this, Lrp5
–/–

 mice have a low BMD due to reduced proliferation of precursor cells 

(129). Interestingly, low bone mass in Lrp5
–/–

 mice is further exacerbated by loss of an 

Lrp6 allele, suggesting that Wnts signal through both the LRP5 and LRP6 co-receptors 

to influence bone mass (139). Recently, LRP-6 mutations have been found to cause 

metabolic syndrome with osteoporosis (140). In contrast, gain-of-function mutations in 

LRP5 are associated with increased BMD in the autosomal dominant HBM trait (141-

143). These individuals display not only increased BMD, but also increased bone syn-

thesis and excessive bone accrual, yet normal bone resorption, bone architecture, 

serum calcium, phosphate, PTH and vitamin D levels (128;143;144). These human bone 

phenotypes were later confirmed by animal models with overexpression of LRP5. For 

instance, mice that overexpress the HBM LRP5 variant LRP5G171V in osteoblasts have 

enhanced osteoblast activity, reduced osteoblast apoptosis, and a high BMD support-

ing the observations in humans with this mutation (145). 

Mutations in the SOST gene have been shown to result in high bone mass (146). 

SOST truncation abolishes its inhibitory effect, leading to hyperactivation of canonical 

Wnt signaling, resulting in the disease sclerosteosis. Furthermore, a 52-kb deletion 

downstream of the SOST gene gives rise to Van Buchem disease. In both these rare and 

related diseases there is overproduction of bone (147;148). Clinical features of scleros-

teosis include: syndactyly as well as very thick and dense bones, particularly in the 

skull. This can lead to cranial nerve entrapment, resulting in deafness and facial nerve 

palsy, increased intracranial pressure, and greater risk of stroke (134;149). Patients 

with Van Buchem disease have similar characteristics, yet in this syndrome syndactyly 

was not described (134;149). Nevertheless, some Van Buchem patients carry muta-

tions in the LRP5 gene (149). The HBM LRP5 variant LRP5G171V exhibits reduced SOST 

binding, suggesting that LRP5 HBM mutations render LRP5 more resistant to SOST 

inhibition (147;150). Importantly, this resistance to SOST inhibition may be responsible 

for most of the pathogenesis associated with increased Wnt signaling in the LRP5 mu-

tants. The relationship between SOST and LRP5 represents the hope of many research-

ers in the area of anti-osteoporotic drugs, since the administration of a therapeutic 

agent that could alter the ability of SOST to bind to LRP5 might lead to increased bone 

formation (151;152). That this approach is a very attractive basis for developing future 

osteoporosis therapeutics is proven by the increased bone formation, BMD, and bone 

strength in several animal models of osteoporosis after administration of sclerostin-

neutralizing monoclonal antibodies (153-155). 
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Another major skeletal disease on which the canonical Wnt signaling lays its fin-

gerprint is osteoarthritis. Recent findings indicate that this pathway responds to me-

chanical injury to cartilage and is associated with postnatal cartilage matrix degrada-

tion, chondrocyte dedifferentiation and apoptosis (119;121;156;157). Upon several 

whole genome studies, the Wnt antagonist FRZB has emerged as a candidate gene 

associated with an increased risk for OA (158-161). Although not developing a note-

worthy developmental phenotype, Frzb
−/−

 mice display greater cartilage loss in com-

parison to wild-type controls when exposed to factors known to induce OA, like enzy-

matic treatment (papain-induced osteoarthritis), accelerated instability (collagenase-

induced ligament and meniscal damage) or inflammation (mBSA induced monoarthri-

tis) (96;162). Cartilage degradation in the Frzb
−/−

 mice is associated with up-regulation 

of β-catenin and Mmp9. Interestingly, it was also shown in vitro that cartilage injury 

results in increased Wnt activity and lower expression of FRZB (163). While Wnt-7a is 

associated with cartilage destruction by regulating the maintenance of differentiation 

status and the apoptosis of articular chondrocytes (119), Wnt-7b expression is upregu-

lated in OA cartilage (164). Mechanical stress resulting in acutely injured cartilage, 

leads to upregulation of Wnt16, downregulation of FrzB, upregulation of Wnt target 

genes, and nuclear localization of β-catenin (157). Once canonical Wnt signaling was 

associated with OA, the question arose whether an animal model with abnormal β-

catenin in AC would show an OA phenotype. For this purpose, Zhu and colleagues have 

generated conditional mice carrying either lower (ICAT) or higher (β-catenin cAct) lev-

els of β-catenin in Col2a1-expressing chondrocytes (165;166). Interestingly, both con-

ditional mouse lines displayed OA features, suggesting that precisely regulated canoni-

cal Wnt levels are mandatory during AC maintenance. While conditional β-catenin 

inactivation led to AC destruction and chondrocyte apoptosis, forced expression of a 

stabilized form of β-catenin resulted in a time-dependent AC degeneration and 

upregulation of Mmp13. Nevertheless, β-catenin protein expression is upregulated in 

knee joint samples from patients with OA (165). 
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VI. OUTLINE OF THIS THESIS 
 

In view of the complex roles of the canonical Wnt signaling during skeletal devel-

opment and disease, it is important to accurately distinguish the specific roles of this 

signaling cascade at specific time windows during embryogenesis as well as postnatally 

in the maintenance of the skeleton. Moreover, a proper understanding of these multi-

faceted roles will ultimately aid us in identifying new therapeutic targets for the treat-

ment of growth disorders, osteoporosis and osteoarthritis. 

Most of the animal models that furnish our knowledge of the effects of canonical 

Wnt signaling during skeletal development and maintenance use the forced expression 

of a stabilized and thereby oncogenic β-catenin. The roles of intracellular β-catenin 

regulators and thereby of wild type β-catenin levels during skeletogenesis, bone mass 

accrual or AC maintenance are largely unknown. The research described in this thesis 

aimed at describing the role of two major intracellular regulators of β-catenin, namely 

Apc and Gsk3β in regulation of SPC differentiation, bone mass accrual and cartilage 

maintenance. 

To investigate whether Apc is involved in lineage commitment of SPCs, we gener-

ated conditional knockout mice lacking functional Apc in Col2a1-expressing cells (115). 

Our data presented in chapter 2 indicate that a tight Apc-mediated control of β-

catenin levels is essential for differentiation of skeletal precursors as well as for the 

maintenance of a chondrocytic phenotype in a spatio-temporal regulated manner. 

Next we investigated the skeletal development of compound Apc mutant embryos 

with one conditional mutant allele (Apc
15lox

) and one hypomorphic Apc mutant allele 

(Apc
1638N

 or Apc
1572T

) resulting in differential levels of transduced canonical Wnt signal-

ing in SPC (167). We show in chapter 3 that precise dosages of Wnt/β-catenin
 
signaling 

distinctly influence the differentiation of SPC. In order to reveal the molecular mecha-

nisms by which Apc regulates the differentiation of SPCs in vitro, we have knocked 

down Apc in the murine mesenchymal stem cell-like KS483 cells by stable expression of 

Apc-specific small interfering RNA (168). Our results described in chapter 4 demon-

strate that Apc is essential for the proliferation, survival and differentiation of KS483 

cells. We next conducted a cross-sectional study evaluating skeletal status in FAP pa-

tients with a documented APC mutation to determine if APC mutations affect bone 

mass (169). We demonstrate in chapter 5 that FAP patients display a significantly 

higher than normal mean BMD compared to age- and sex-matched healthy controls in 

the presence of a balanced bone turnover. Finally, to investigate the role of Gsk3β in 

cartilage maintenance we conducted ex vivo and in vivo experiments in which we 

treated chondrocytes with GIN, a selective GSK3β inhibitor (170). Our results described 

in chapter 6 suggest that, by down-regulating β-catenin, Gsk3β preserves the chondro-

cytic phenotype, and is involved in maintenance of the cartilage extracellular matrix. In 

chapter 7 we summarize the major findings comprised in this thesis. At the same time 

several possible future research lines are hypothesized, that might help us in more 

profoundly understanding the function of APC and GSK3β during skeletal development 

and maintenance. 



Chapter 1 

28 

 

 

REFERENCES 
 
1. Olsen BR, Reginato AM, Wang W. Bone development. Annu Rev Cell Dev Biol 2000; 16:191-

220. 

2. Cohen MM, Jr. The new bone biology: pathologic, molecular, and clinical correlates. Am J 
Med Genet A 2006; 140(23):2646-706. 

3. Karsenty G. Genetics of skeletogenesis. Dev Genet 1998; 22(4):301-13. 

4. Karsenty G, Wagner EF. Reaching a genetic and molecular understanding of skeletal devel-
opment. Dev Cell 2002; 2(4):389-406. 

5. Zelzer E, Olsen BR. The genetic basis for skeletal diseases. Nature 2003; 423(6937):343-8. 

6. Hall BK, Miyake T. All for one and one for all: condensations and the initiation of skeletal 
development. Bioessays 2000; 22(2):138-47. 

7. Land C, Schoenau E. Fetal and postnatal bone development: reviewing the role of mechani-
cal stimuli and nutrition. Best Pract Res Clin Endocrinol Metab 2008; 22(1):107-18. 

8. Kronenberg HM. The role of the perichondrium in fetal bone development. Ann N Y Acad 
Sci 2007; 1116:59-64. 

9. Hunziker EB. Mechanism of longitudinal bone growth and its regulation by growth plate 
chondrocytes. Microsc Res Tech 1994; 28(6):505-19. 

10. Kronenberg HM. Developmental regulation of the growth plate. Nature 2003; 
423(6937):332-6. 

11. van der Eerden BC, Karperien M, Wit JM. Systemic and local regulation of the growth plate. 
Endocr Rev 2003; 24(6):782-801. 

12. Pacifici M, Koyama E, Iwamoto M. Mechanisms of synovial joint and articular cartilage 
formation: recent advances, but many lingering mysteries. Birth Defects Res C Embryo 
Today 2005; 75(3):237-48. 

13. Pacifici M, Koyama E, Shibukawa Y, Wu C, Tamamura Y, Enomoto-Iwamoto M et al. Cellular 
and molecular mechanisms of synovial joint and articular cartilage formation. Ann N Y Acad 
Sci 2006; 1068:74-86. 

14. Pacifici M, Koyama E, Iwamoto M, Gentili C. Development of articular cartilage: what do we 
know about it and how may it occur? Connect Tissue Res 2000; 41(3):175-84. 

15. Wagner T, Wirth J, Meyer J, Zabel B, Held M, Zimmer J et al. Autosomal sex reversal and 
campomelic dysplasia are caused by mutations in and around the SRY-related gene SOX9. 
Cell 1994; 79(6):1111-20. 

16. Foster JW, Dominguez-Steglich MA, Guioli S, Kwok C, Weller PA, Stevanovic M et al. Cam-
pomelic dysplasia and autosomal sex reversal caused by mutations in an SRY-related gene. 
Nature 1994; 372(6506):525-30. 

17. Wright E, Hargrave MR, Christiansen J, Cooper L, Kun J, Evans T et al. The Sry-related gene 
Sox9 is expressed during chondrogenesis in mouse embryos. Nat Genet 1995; 9(1):15-20. 



  General introduction 

29 

18. Cheah KS, Lau ET, Au PK, Tam PP. Expression of the mouse alpha 1(II) collagen gene is not 
restricted to cartilage during development. Development 1991; 111(4):945-53. 

19. Lefebvre V, Huang W, Harley VR, Goodfellow PN, de Crombrugghe B. SOX9 is a potent acti-
vator of the chondrocyte-specific enhancer of the pro alpha1(II) collagen gene. Mol Cell Biol 
1997; 17(4):2336-46. 

20. Sekiya I, Tsuji K, Koopman P, Watanabe H, Yamada Y, Shinomiya K et al. SOX9 enhances 
aggrecan gene promoter/enhancer activity and is up-regulated by retinoic acid in a carti-
lage-derived cell line, TC6. J Biol Chem 2000; 275(15):10738-44. 

21. Hall BK, Miyake T. All for one and one for all: condensations and the initiation of skeletal 
development. Bioessays 2000; 22(2):138-47. 

22. Bell DM, Leung KK, Wheatley SC, Ng LJ, Zhou S, Ling KW et al. SOX9 directly regulates the 
type-II collagen gene. Nat Genet 1997; 16(2):174-8. 

23. Ng LJ, Wheatley S, Muscat GE, Conway-Campbell J, Bowles J, Wright E et al. SOX9 binds 
DNA, activates transcription, and coexpresses with type II collagen during chondrogenesis in 
the mouse. Dev Biol 1997; 183(1):108-21. 

24. Bridgewater LC, Lefebvre V, de Crombrugghe B. Chondrocyte-specific enhancer elements in 
the Col11a2 gene resemble the Col2a1 tissue-specific enhancer. J Biol Chem 1998; 
273(24):14998-5006. 

25. Bi W, Deng JM, Zhang Z, Behringer RR, de Crombrugghe B. Sox9 is required for cartilage 
formation. Nat Genet 1999; 22(1):85-9. 

26. Bi W, Huang W, Whitworth DJ, Deng JM, Zhang Z, Behringer RR et al. Haploinsufficiency of 
Sox9 results in defective cartilage primordia and premature skeletal mineralization. Proc 
Natl Acad Sci U S A 2001; 98(12):6698-703. 

27. Huang W, Chung UI, Kronenberg HM, de Crombrugghe B. The chondrogenic transcription 
factor Sox9 is a target of signaling by the parathyroid hormone-related peptide in the 
growth plate of endochondral bones. Proc Natl Acad Sci U S A 2001; 98(1):160-5. 

28. Lefebvre V, Li P, de Crombrugghe B. A new long form of Sox5 (L-Sox5), Sox6 and Sox9 are 
coexpressed in chondrogenesis and cooperatively activate the type II collagen gene. EMBO J 
1998; 17(19):5718-33. 

29. Smits P, Li P, Mandel J, Zhang Z, Deng JM, Behringer RR et al. The transcription factors L-
Sox5 and Sox6 are essential for cartilage formation. Dev Cell 2001; 1(2):277-90. 

30. Ueta C, Iwamoto M, Kanatani N, Yoshida C, Liu Y, Enomoto-Iwamoto M et al. Skeletal mal-
formations caused by overexpression of Cbfa1 or its dominant negative form in chondro-
cytes. J Cell Biol 2001; 153(1):87-100. 

31. Takeda S, Bonnamy JP, Owen MJ, Ducy P, Karsenty G. Continuous expression of Cbfa1 in 
nonhypertrophic chondrocytes uncovers its ability to induce hypertrophic chondrocyte dif-
ferentiation and partially rescues Cbfa1-deficient mice. Genes Dev 2001; 15(4):467-81. 

32. Kim IS, Otto F, Zabel B, Mundlos S. Regulation of chondrocyte differentiation by Cbfa1. 
Mech Dev 1999; 80(2):159-70. 

33. Enomoto H, Enomoto-Iwamoto M, Iwamoto M, Nomura S, Himeno M, Kitamura Y et al. 
Cbfa1 is a positive regulatory factor in chondrocyte maturation. J Biol Chem 2000; 
275(12):8695-702. 

34. Bialek P, Kern B, Yang X, Schrock M, Sosic D, Hong N et al. A twist code determines the 
onset of osteoblast differentiation. Dev Cell 2004; 6(3):423-35. 



Chapter 1 

30 

35. Yoshida CA, Yamamoto H, Fujita T, Furuichi T, Ito K, Inoue K et al. Runx2 and Runx3 are 
essential for chondrocyte maturation, and Runx2 regulates limb growth through induction 
of Indian hedgehog. Genes Dev 2004; 18(8):952-63. 

36. Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. Osf2/Cbfa1: a transcriptional activator of 
osteoblast differentiation. Cell 1997; 89(5):747-54. 

37. Ducy P. Cbfa1: a molecular switch in osteoblast biology. Dev Dyn 2000; 219(4):461-71. 

38. Lee B, Thirunavukkarasu K, Zhou L, Pastore L, Baldini A, Hecht J et al. Missense mutations 
abolishing DNA binding of the osteoblast-specific transcription factor OSF2/CBFA1 in cleido-
cranial dysplasia. Nat Genet 1997; 16(3):307-10. 

39. Mundlos S, Otto F, Mundlos C, Mulliken JB, Aylsworth AS, Albright S et al. Mutations involv-
ing the transcription factor CBFA1 cause cleidocranial dysplasia. Cell 1997; 89(5):773-9. 

40. Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, Rosewell IR et al. Cbfa1, a candidate 
gene for cleidocranial dysplasia syndrome, is essential for osteoblast differentiation and 
bone development. Cell 1997; 89(5):765-71. 

41. Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Behringer RR et al. The novel zinc finger-
containing transcription factor osterix is required for osteoblast differentiation and bone 
formation. Cell 2002; 108(1):17-29. 

42. Nishio Y, Dong Y, Paris M, O'Keefe RJ, Schwarz EM, Drissi H. Runx2-mediated regulation of 
the zinc finger Osterix/Sp7 gene. Gene 2006; 372:62-70. 

43. Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin CJ. Regulation of rate of 
cartilage differentiation by Indian hedgehog and PTH-related protein. Science 1996; 
273(5275):613-22. 

44. Karp SJ, Schipani E, St-Jacques B, Hunzelman J, Kronenberg H, McMahon AP. Indian hedge-
hog coordinates endochondral bone growth and morphogenesis via parathyroid hormone 
related-protein-dependent and -independent pathways. Development 2000; 127(3):543-8. 

45. Lanske B, Karaplis AC, Lee K, Luz A, Vortkamp A, Pirro A et al. PTH/PTHrP receptor in early 
development and Indian hedgehog-regulated bone growth. Science 1996; 273(5275):663-6. 

46. St-Jacques B, Hammerschmidt M, McMahon AP. Indian hedgehog signaling regulates prolif-
eration and differentiation of chondrocytes and is essential for bone formation. Genes Dev 
1999; 13(16):2072-86. 

47. Urist MR. Bone: formation by autoinduction. Science 1965; 150(698):893-9. 

48. Rosen V, Thies RS. The BMP proteins in bone formation and repair. Trends Genet 1992; 
8(3):97-102. 

49. Haas AR, Tuan RS. Chondrogenic differentiation of murine C3H10T1/2 multipotential mes-
enchymal cells: II. Stimulation by bone morphogenetic protein-2 requires modulation of N-
cadherin expression and function. Differentiation 1999; 64(2):77-89. 

50. Zehentner BK, Dony C, Burtscher H. The transcription factor Sox9 is involved in BMP-2 sig-
naling. J Bone Miner Res 1999; 14(10):1734-41. 

51. Chimal-Monroy J, Rodriguez-Leon J, Montero JA, Ganan Y, Macias D, Merino R et al. Analy-
sis of the molecular cascade responsible for mesodermal limb chondrogenesis: Sox genes 
and BMP signaling. Dev Biol 2003; 257(2):292-301. 

52. Hatakeyama Y, Nguyen J, Wang X, Nuckolls GH, Shum L. Smad signaling in mesenchymal 
and chondroprogenitor cells. J Bone Joint Surg Am 2003; 85-A Suppl 3:13-8. 



  General introduction 

31 

53. Volk SW, Luvalle P, Leask T, Leboy PS. A BMP responsive transcriptional region in the chick-
en type X collagen gene. J Bone Miner Res 1998; 13(10):1521-9. 

54. Shukunami C, Ohta Y, Sakuda M, Hiraki Y. Sequential progression of the differentiation 
program by bone morphogenetic protein-2 in chondrogenic cell line ATDC5. Exp Cell Res 
1998; 241(1):1-11. 

55. Grimsrud CD, Romano PR, D'Souza M, Puzas JE, Reynolds PR, Rosier RN et al. BMP-6 is an 
autocrine stimulator of chondrocyte differentiation. J Bone Miner Res 1999; 14(4):475-82. 

56. Yamaguchi A, Ishizuya T, Kintou N, Wada Y, Katagiri T, Wozney JM et al. Effects of BMP-2, 
BMP-4, and BMP-6 on osteoblastic differentiation of bone marrow-derived stromal cell 
lines, ST2 and MC3T3-G2/PA6. Biochem Biophys Res Commun 1996; 220(2):366-71. 

57. Gitelman SE, Kirk M, Ye JQ, Filvaroff EH, Kahn AJ, Derynck R. Vgr-1/BMP-6 induces os-
teoblastic differentiation of pluripotential mesenchymal cells. Cell Growth Differ 1995; 
6(7):827-36. 

58. Lee KS, Kim HJ, Li QL, Chi XZ, Ueta C, Komori T et al. Runx2 is a common target of transform-
ing growth factor beta1 and bone morphogenetic protein 2, and cooperation between 
Runx2 and Smad5 induces osteoblast-specific gene expression in the pluripotent mesen-
chymal precursor cell line C2C12. Mol Cell Biol 2000; 20(23):8783-92. 

59. Leboy P, Grasso-Knight G, D'Angelo M, Volk SW, Lian JV, Drissi H et al. Smad-Runx interac-
tions during chondrocyte maturation. J Bone Joint Surg Am 2001; 83-A Suppl 1(Pt 1):S15-
S22. 

60. Macsai CE, Foster BK, Xian CJ. Roles of Wnt signalling in bone growth, remodelling, skeletal 
disorders and fracture repair. J Cell Physiol 2008; 215(3):578-87. 

61. Logan CY, Nusse R. The Wnt signaling pathway in development and disease. Annu Rev Cell 
Dev Biol 2004; 20:781-810. 

62. Church V, Nohno T, Linker C, Marcelle C, Francis-West P. Wnt regulation of chondrocyte 
differentiation. J Cell Sci 2002; 115(Pt 24):4809-18. 

63. Hartmann C, Tabin CJ. Wnt-14 plays a pivotal role in inducing synovial joint formation in the 
developing appendicular skeleton. Cell 2001; 104(3):341-51. 

64. Hwang SG, Yu SS, Lee SW, Chun JS. Wnt-3a regulates chondrocyte differentiation via c-
Jun/AP-1 pathway. FEBS Lett 2005; 579(21):4837-42. 

65. Rudnicki JA, Brown AM. Inhibition of chondrogenesis by Wnt gene expression in vivo and in 
vitro. Dev Biol 1997; 185(1):104-18. 

66. Tufan AC, Daumer KM, DeLise AM, Tuan RS. AP-1 transcription factor complex is a target of 
signals from both WnT-7a and N-cadherin-dependent cell-cell adhesion complex during the 
regulation of limb mesenchymal chondrogenesis. Exp Cell Res 2002; 273(2):197-203. 

67. de Boer J, Siddappa R, Gaspar C, van Apeldoorn A, Fodde R, van Blitterswijk C. Wnt signaling 
inhibits osteogenic differentiation of human mesenchymal stem cells. Bone 2004; 
34(5):818-26. 

68. Boland GM, Perkins G, Hall DJ, Tuan RS. Wnt 3a promotes proliferation and suppresses 
osteogenic differentiation of adult human mesenchymal stem cells. J Cell Biochem 2004; 
93(6):1210-30. 

69. Almeida M, Han L, Bellido T, Manolagas SC, Kousteni S. Wnt proteins prevent apoptosis of 
both uncommitted osteoblast progenitors and differentiated osteoblasts by beta-catenin-



Chapter 1 

32 

dependent and -independent signaling cascades involving Src/ERK and phosphatidylinositol 
3-kinase/AKT. J Biol Chem 2005; 280(50):41342-51. 

70. Bennett CN, Longo KA, Wright WS, Suva LJ, Lane TF, Hankenson KD et al. Regulation of 
osteoblastogenesis and bone mass by Wnt10b. Proc Natl Acad Sci U S A 2005; 102(9):3324-
9. 

71. Drop SL, Greggio N, Cappa M, Bernasconi S. Current concepts in tall stature and overgrowth 
syndromes. J Pediatr Endocrinol Metab 2001; 14 Suppl 2:975-84. 

72. Verbrugge LM, Patrick DL. Seven chronic conditions: their impact on US adults' activity 
levels and use of medical services. Am J Public Health 1995; 85(2):173-82. 

73. Aigner T, Zien A, Gehrsitz A, Gebhard PM, McKenna L. Anabolic and catabolic gene expres-
sion pattern analysis in normal versus osteoarthritic cartilage using complementary DNA-
array technology. Arthritis Rheum 2001; 44(12):2777-89. 

74. Creamer P, Hochberg MC. Osteoarthritis. Lancet 1997; 350(9076):503-8. 

75. Goldring MB, Goldring SR. Osteoarthritis. J Cell Physiol 2007; 213(3):626-34. 

76. Aigner T, Kurz B, Fukui N, Sandell L. Roles of chondrocytes in the pathogenesis of os-
teoarthritis. Curr Opin Rheumatol 2002; 14(5):578-84. 

77. Loeser RF. Molecular mechanisms of cartilage destruction: mechanics, inflammatory media-
tors, and aging collide. Arthritis Rheum 2006; 54(5):1357-60. 

78. Hamerman D. The biology of osteoarthritis. N Engl J Med 1989; 320(20):1322-30. 

79. Rengel Y, Ospelt C, Gay S. Proteinases in the joint: clinical relevance of proteinases in joint 
destruction. Arthritis Res Ther 2007; 9(5):221. 

80. Knauper V, Lopez-Otin C, Smith B, Knight G, Murphy G. Biochemical characterization of 
human collagenase-3. J Biol Chem 1996; 271(3):1544-50. 

81. Tetlow LC, Adlam DJ, Woolley DE. Matrix metalloproteinase and proinflammatory cytokine 
production by chondrocytes of human osteoarthritic cartilage: associations with degenera-
tive changes. Arthritis Rheum 2001; 44(3):585-94. 

82. Dolan P, Torgerson DJ. The cost of treating osteoporotic fractures in the United Kingdom 
female population. Osteoporos Int 1998; 8(6):611-7. 

83. Cummings SR, Bates D, Black DM. Clinical use of bone densitometry: scientific review. JAMA 
2002; 288(15):1889-97. 

84. Elliott ME, Meek PD, Kanous NL, Schill GR, Weinswig PA, Bohlman JP et al. Osteoporosis 
screening by community pharmacists: use of National Osteoporosis Foundation resources. J 
Am Pharm Assoc (Wash ) 2002; 42(1):101-10. 

85. Bone fractures after menopause. Hum Reprod Update 2010; 16(6):761-73. 

86. Makras P, Hamdy NA, Zwinderman AH, Ballieux BE, Papapoulos SE. Bisphosphonate dose 
and incidence of fractures in postmenopausal osteoporosis. Bone 2009; 44(5):766-71. 

87. Kanis JA, Brazier JE, Stevenson M, Calvert NW, Lloyd JM. Treatment of established osteopo-
rosis: a systematic review and cost-utility analysis. Health Technol Assess 2002; 6(29):1-146. 

88. O'Neill TW, Felsenberg D, Varlow J, Cooper C, Kanis JA, Silman AJ. The prevalence of verte-
bral deformity in european men and women: the European Vertebral Osteoporosis Study. J 
Bone Miner Res 1996; 11(7):1010-8. 

89. Compston JE. Sex steroids and bone. Physiol Rev 2001; 81(1):419-47. 



  General introduction 

33 

90. Osteoporosis prevention, diagnosis, and therapy. JAMA 2001; 285(6):785-95. 

91. Assessment of fracture risk and its application to screening for postmenopausal osteoporo-
sis. Report of a WHO Study Group. World Health Organ Tech Rep Ser 1994; 843:1-129. 

92. Cosman F. The prevention and treatment of osteoporosis: a review. MedGenMed 2005; 
7(2):73. 

93. Miller JR. The Wnts. Genome Biol 2002; 3(1):REVIEWS3001. 

94. Hirohashi S, Kanai Y. Cell adhesion system and human cancer morphogenesis. Cancer Sci 
2003; 94(7):575-81. 

95. Clevers H. Wnt/beta-catenin signaling in development and disease. Cell 2006; 127(3):469-
80. 

96. Bodine PV, Zhao W, Kharode YP, Bex FJ, Lambert AJ, Goad MB et al. The Wnt antagonist 
secreted frizzled-related protein-1 is a negative regulator of trabecular bone formation in 
adult mice. Mol Endocrinol 2004; 18(5):1222-37. 

97. Tian E, Zhan F, Walker R, Rasmussen E, Ma Y, Barlogie B et al. The role of the Wnt-signaling 
antagonist DKK1 in the development of osteolytic lesions in multiple myeloma. N Engl J 
Med 2003; 349(26):2483-94. 

98. Staehling-Hampton K, Proll S, Paeper BW, Zhao L, Charmley P, Brown A et al. A 52-kb dele-
tion in the SOST-MEOX1 intergenic region on 17q12-q21 is associated with van Buchem dis-
ease in the Dutch population. Am J Med Genet 2002; 110(2):144-52. 

99. Fodde R. The multiple functions of tumour suppressors: it's all in APC. Nat Cell Biol 2003; 
5(3):190-2. 

100. Gaspar C, Fodde R. APC dosage effects in tumorigenesis and stem cell differentiation. Int J 
Dev Biol 2004; 48(5-6):377-86. 

101. Kielman MF, Rindapaa M, Gaspar C, van Poppel N, Breukel C, van Leeuwen S et al. Apc 
modulates embryonic stem-cell differentiation by controlling the dosage of beta-catenin 
signaling. Nat Genet 2002; 32(4):594-605. 

102. Fodde R, Smits R. Cancer biology. A matter of dosage. Science 2002; 298(5594):761-3. 

103. Embi N, Rylatt DB, Cohen P. Glycogen synthase kinase-3 from rabbit skeletal muscle. Sepa-
ration from cyclic-AMP-dependent protein kinase and phosphorylase kinase. Eur J Biochem 
1980; 107(2):519-27. 

104. Wodarz A, Nusse R. Mechanisms of Wnt signaling in development. Annu Rev Cell Dev Biol 
1998; 14:59-88. 

105. Doble BW, Woodgett JR. GSK-3: tricks of the trade for a multi-tasking kinase. J Cell Sci 2003; 
116(Pt 7):1175-86. 

106. Gao C, Chen YG. Dishevelled: The hub of Wnt signaling. Cell Signal. 2010 May;22(5):717-27. 

107. Day TF, Guo X, Garrett-Beal L, Yang Y. Wnt/beta-catenin signaling in mesenchymal progeni-
tors controls osteoblast and chondrocyte differentiation during vertebrate skeletogenesis. 
Dev Cell 2005; 8(5):739-50. 

108. Guo X, Day TF, Jiang X, Garrett-Beal L, Topol L, Yang Y. Wnt/beta-catenin signaling is suffi-
cient and necessary for synovial joint formation. Genes Dev 2004; 18(19):2404-17. 



Chapter 1 

34 

109. Hens JR, Wilson KM, Dann P, Chen X, Horowitz MC, Wysolmerski JJ. TOPGAL mice show that 
the canonical Wnt signaling pathway is active during bone development and growth and is 
activated by mechanical loading in vitro. J Bone Miner Res 2005; 20(7):1103-13. 

110. Hill TP, Spater D, Taketo MM, Birchmeier W, Hartmann C. Canonical Wnt/beta-catenin 
signaling prevents osteoblasts from differentiating into chondrocytes. Dev Cell 2005; 
8(5):727-38. 

111. Hill TP, Taketo MM, Birchmeier W, Hartmann C. Multiple roles of mesenchymal beta-
catenin during murine limb patterning. Development 2006; 133(7):1219-29. 

112. Hu H, Hilton MJ, Tu X, Yu K, Ornitz DM, Long F. Sequential roles of Hedgehog and Wnt sig-
naling in osteoblast development. Development 2005; 132(1):49-60. 

113. Parr BA, McMahon AP. Dorsalizing signal Wnt-7a required for normal polarity of D-V and A-
P axes of mouse limb. Nature 1995; 374(6520):350-3. 

114. Akiyama H, Lyons JP, Mori-Akiyama Y, Yang X, Zhang R, Zhang Z et al. Interactions between 
Sox9 and beta-catenin control chondrocyte differentiation. Genes Dev 2004; 18(9):1072-87. 

115. Miclea RL, Karperien M, Bosch CA, van der Horst G, van der Valk MA, Kobayashi T et al. 
Adenomatous polyposis coli-mediated control of beta-catenin is essential for both chon-
drogenic and osteogenic differentiation of skeletal precursors. BMC Dev Biol 2009; 9:26. 

116. Spater D, Hill TP, O'sullivan RJ, Gruber M, Conner DA, Hartmann C. Wnt9a signaling is re-
quired for joint integrity and regulation of Ihh during chondrogenesis. Development 2006; 
133(15):3039-49. 

117. Tamamura Y, Otani T, Kanatani N, Koyama E, Kitagaki J, Komori T et al. Developmental 
regulation of Wnt/beta-catenin signals is required for growth plate assembly, cartilage in-
tegrity, and endochondral ossification. J Biol Chem 2005; 280(19):19185-95. 

118. Gaur T, Rich L, Lengner CJ, Hussain S, Trevant B, Ayers D et al. Secreted frizzled related 
protein 1 regulates Wnt signaling for BMP2 induced chondrocyte differentiation. J Cell Phy-
siol 2006; 208(1):87-96. 

119. Hwang SG, Ryu JH, Kim IC, Jho EH, Jung HC, Kim K et al. Wnt-7a causes loss of differentiated 
phenotype and inhibits apoptosis of articular chondrocytes via different mechanisms. J Biol 
Chem 2004; 279(25):26597-604. 

120. Hwang SG, Yu SS, Ryu JH, Jeon HB, Yoo YJ, Eom SH et al. Regulation of beta-catenin signaling 
and maintenance of chondrocyte differentiation by ubiquitin-independent proteasomal de-
gradation of alpha-catenin. J Biol Chem 2005; 280(13):12758-65. 

121. Ryu JH, Kim SJ, Kim SH, Oh CD, Hwang SG, Chun CH et al. Regulation of the chondrocyte 
phenotype by beta-catenin. Development 2002; 129(23):5541-50. 

122. Enomoto-Iwamoto M, Kitagaki J, Koyama E, Tamamura Y, Wu C, Kanatani N et al. The Wnt 
antagonist Frzb-1 regulates chondrocyte maturation and long bone development during 
limb skeletogenesis. Dev Biol 2002; 251(1):142-56. 

123. Hartmann C, Tabin CJ. Dual roles of Wnt signaling during chondrogenesis in the chicken 
limb. Development 2000; 127(14):3141-59. 

124. Lai LP, Mitchell J. Indian hedgehog: its roles and regulation in endochondral bone develop-
ment. J Cell Biochem 2005; 96(6):1163-73. 

125. Koyama E, Shibukawa Y, Nagayama M, Sugito H, Young B, Yuasa T et al. A distinct cohort of 
progenitor cells participates in synovial joint and articular cartilage formation during mouse 
limb skeletogenesis. Dev Biol 2008; 316(1):62-73. 



  General introduction 

35 

126. Spater D, Hill TP, Gruber M, Hartmann C. Role of canonical Wnt-signalling in joint formation. 
Eur Cell Mater 2006; 12:71-80. 

127. Gong Y, Slee RB, Fukai N, Rawadi G, Roman-Roman S, Reginato AM et al. LDL receptor-
related protein 5 (LRP5) affects bone accrual and eye development. Cell 2001; 107(4):513-
23. 

128. Koay MA, Brown MA. Genetic disorders of the LRP5-Wnt signalling pathway affecting the 
skeleton. Trends Mol Med 2005; 11(3):129-37. 

129. Kato M, Patel MS, Levasseur R, Lobov I, Chang BH, Glass DA et al. Cbfa1-independent de-
crease in osteoblast proliferation, osteopenia, and persistent embryonic eye vascularization 
in mice deficient in Lrp5, a Wnt coreceptor. J Cell Biol 2002; 157(2):303-14. 

130. de Boer J, Wang HJ, van Blitterswijk C. Effects of Wnt signaling on proliferation and differen-
tiation of human mesenchymal stem cells. Tissue Eng 2004; 10(3-4):393-401. 

131. Nakanishi R, Shimizu M, Mori M, Akiyama H, Okudaira S, Otsuki B et al. Secreted frizzled-
related protein 4 is a negative regulator of peak BMD in SAMP6 mice. J Bone Miner Res 
2006; 21(11):1713-21. 

132. van der Horst G., van der Werf SM, Farih-Sips H, van Bezooijen RL, Lowik CW, Karperien M. 
Downregulation of Wnt signaling by increased expression of Dickkopf-1 and -2 is a prerequi-
site for late-stage osteoblast differentiation of KS483 cells. J Bone Miner Res 2005; 
20(10):1867-77. 

133. van Bezooijen RL, Roelen BA, Visser A, van der Wee-Pals L, de Wilt E, Karperien M et al. 
Sclerostin is an osteocyte-expressed negative regulator of bone formation, but not a classi-
cal BMP antagonist. J Exp Med 2004; 199(6):805-14. 

134. van Bezooijen RL, ten Dijke P, Papapoulos SE, Lowik CW. SOST/sclerostin, an osteocyte-
derived negative regulator of bone formation. Cytokine Growth Factor Rev 2005; 16(3):319-
27. 

135. Winkler DG, Sutherland MS, Ojala E, Turcott E, Geoghegan JC, Shpektor D et al. Sclerostin 
inhibition of Wnt-3a-induced C3H10T1/2 cell differentiation is indirect and mediated by 
bone morphogenetic proteins. J Biol Chem 2005; 280(4):2498-502. 

136. Winkler DG, Sutherland MK, Geoghegan JC, Yu C, Hayes T, Skonier JE et al. Osteocyte con-
trol of bone formation via sclerostin, a novel BMP antagonist. EMBO J 2003; 22(23):6267-
76. 

137. Rodda SJ, McMahon AP. Distinct roles for Hedgehog and canonical Wnt signaling in specifi-
cation, differentiation and maintenance of osteoblast progenitors. Development 2006; 
133(16):3231-44. 

138. Mak KK, Chen MH, Day TF, Chuang PT, Yang Y. Wnt/beta-catenin signaling interacts differ-
entially with Ihh signaling in controlling endochondral bone and synovial joint formation. 
Development 2006; 133(18):3695-707. 

139. Holmen SL, Giambernardi TA, Zylstra CR, Buckner-Berghuis BD, Resau JH, Hess JF et al. 
Decreased BMD and limb deformities in mice carrying mutations in both Lrp5 and Lrp6. J 
Bone Miner Res 2004; 19(12):2033-40. 

140. Mani A, Radhakrishnan J, Wang H, Mani A, Mani MA, Nelson-Williams C et al. LRP6 muta-
tion in a family with early coronary disease and metabolic risk factors. Science 2007; 
315(5816):1278-82. 



Chapter 1 

36 

141. Gong Y, Vikkula M, Boon L, Liu J, Beighton P, Ramesar R et al. Osteoporosis-pseudoglioma 
syndrome, a disorder affecting skeletal strength and vision, is assigned to chromosome re-
gion 11q12-13. Am J Hum Genet 1996; 59(1):146-51. 

142. Boyden LM, Mao J, Belsky J, Mitzner L, Farhi A, Mitnick MA et al. High bone density due to a 
mutation in LDL-receptor-related protein 5. N Engl J Med 2002; 346(20):1513-21. 

143. Little RD, Carulli JP, Del Mastro RG, Dupuis J, Osborne M, Folz C et al. A mutation in the LDL 
receptor-related protein 5 gene results in the autosomal dominant high-bone-mass trait. 
Am J Hum Genet 2002; 70(1):11-9. 

144. Levasseur R, LaCombe D, de Vernejoul MC. LRP5 mutations in osteoporosis-pseudoglioma 
syndrome and high-bone-mass disorders. Joint Bone Spine 2005; 72(3):207-14. 

145. Babij P, Zhao W, Small C, Kharode Y, Yaworsky PJ, Bouxsein ML et al. High bone mass in 
mice expressing a mutant LRP5 gene. J Bone Miner Res 2003; 18(6):960-74. 

146. Balemans W, Ebeling M, Patel N, van Hul E, Olson P, Dioszegi M et al. Increased bone den-
sity in sclerosteosis is due to the deficiency of a novel secreted protein (SOST). Hum Mol 
Genet 2001; 10(5):537-43. 

147. Semenov M, Tamai K, He X. SOST is a ligand for LRP5/LRP6 and a Wnt signaling inhibitor. J 
Biol Chem 2005; 280(29):26770-5. 

148. Lowik CW, van Bezooijen RL. Wnt signaling is involved in the inhibitory action of sclerostin 
on BMP-stimulated bone formation. J Musculoskelet Neuronal Interact 2006; 6(4):357. 

149. Ott SM. Sclerostin and Wnt signaling--the pathway to bone strength. J Clin Endocrinol Me-
tab 2005; 90(12):6741-3. 

150. Ellies DL, Viviano B, McCarthy J, Rey JP, Itasaki N, Saunders S et al. Bone density ligand, 
Sclerostin, directly interacts with LRP5 but not LRP5G171V to modulate Wnt activity. J Bone 
Miner Res 2006; 21(11):1738-49. 

151. Semenov MV, He X. LRP5 mutations linked to high bone mass diseases cause reduced LRP5 
binding and inhibition by SOST. J Biol Chem 2006; 281(50):38276-84. 

152. Baron R, Rawadi G. Wnt signaling and the regulation of bone mass. Curr Osteoporos Rep 
2007; 5(2):73-80. 

153. Li X, Warmington KS, Niu QT, Asuncion FJ, Barrero M, Grisanti M et al. Inhibition of scle-
rostin by monoclonal antibody increases bone formation, bone mass, and bone strength in 
aged male rats. J Bone Miner Res 2010; 25(12):2371-80. 

154. Li X, Ominsky MS, Warmington KS, Morony S, Gong J, Cao J et al. Sclerostin antibody treat-
ment increases bone formation, bone mass, and bone strength in a rat model of postmeno-
pausal osteoporosis. J Bone Miner Res 2009; 24(4):578-88. 

155. Ominsky MS, Vlasseros F, Jolette J, Smith SY, Stouch B, Doellgast G et al. Two doses of scle-
rostin antibody in cynomolgus monkeys increases bone formation, bone mineral density, 
and bone strength. J Bone Miner Res 2010; 25(5):948-59. 

156. Yuasa T, Otani T, Koike T, Iwamoto M, Enomoto-Iwamoto M. Wnt/beta-catenin signaling 
stimulates matrix catabolic genes and activity in articular chondrocytes: its possible role in 
joint degeneration. Lab Invest 2008; 88(3):264-74. 

157. Dell'accio F, De Bari C, Eltawil NM, Vanhummelen P, Pitzalis C. Identification of the molecu-
lar response of articular cartilage to injury, by microarray screening: Wnt-16 expression and 
signaling after injury and in osteoarthritis. Arthritis Rheum 2008; 58(5):1410-21. 



  General introduction 

37 

158. Valdes AM, Loughlin J, Oene MV, Chapman K, Surdulescu GL, Doherty M et al. Sex and 
ethnic differences in the association of ASPN, CALM1, COL2A1, COMP, and FRZB with ge-
netic susceptibility to osteoarthritis of the knee. Arthritis Rheum 2007; 56(1):137-46. 

159. Loughlin J, Dowling B, Chapman K, Marcelline L, Mustafa Z, Southam L et al. Functional 
variants within the secreted frizzled-related protein 3 gene are associated with hip os-
teoarthritis in females. Proc Natl Acad Sci U S A 2004; 101(26):9757-62. 

160. Lane NE, Lian K, Nevitt MC, Zmuda JM, Lui L, Li J et al. Frizzled-related protein variants are 
risk factors for hip osteoarthritis. Arthritis Rheum 2006; 54(4):1246-54. 

161. Min JL, Meulenbelt I, Riyazi N, Kloppenburg M, Houwing-Duistermaat JJ, Seymour AB et al. 
Association of the Frizzled-related protein gene with symptomatic osteoarthritis at multiple 
sites. Arthritis Rheum 2005; 52(4):1077-80. 

162. Lories RJ, Peeters J, Bakker A, Tylzanowski P, Derese I, Schrooten J et al. Articular cartilage 
and biomechanical properties of the long bones in Frzb-knockout mice. Arthritis Rheum 
2007; 56(12):4095-103. 

163. Dell'accio F, De Bari C, El Tawil NM, Barone F, Mitsiadis TA, O'Dowd J et al. Activation of 
WNT and BMP signaling in adult human articular cartilage following mechanical injury. Ar-
thritis Res Ther 2006; 8(5):R139. 

164. Nakamura Y, Nawata M, Wakitani S. Expression profiles and functional analyses of Wnt-
related genes in human joint disorders. Am J Pathol 2005; 167(1):97-105. 

165. Zhu M, Tang D, Wu Q, Hao S, Chen M, Xie C et al. Activation of beta-catenin signaling in 
articular chondrocytes leads to osteoarthritis-like phenotype in adult beta-catenin condi-
tional activation mice. J Bone Miner Res 2009; 24(1):12-21. 

166. Zhu M, Chen M, Zuscik M, Wu Q, Wang YJ, Rosier RN et al. Inhibition of beta-catenin signal-
ing in articular chondrocytes results in articular cartilage destruction. Arthritis Rheum 2008; 
58(7):2053-64. 

167. Miclea RL, Robanus-Maandag EC, Löwik CW, Fodde R, Oostdijk W, Wit JM et al. Adenoma-
tous Polyposis Coli-Gene Dosage Controls beta-catenin-Mediated Differentiation of Skeletal 
Precursors. (in preparation). 

168. Miclea RL, van der Horst G, Robanus-Maandag EC, Löwik CW, Oostdijk W, Wit JM et al. Apc 
bridges the Wnt/beta-catenin to BMP signaling pathway during osteoblast differentiation of 
KS483 cells. Exp Cell Res. 2011; 317(10):1411-21. 

169. Miclea RL, Karperien M, Langers AM, Robanus-Maandag EC, van Lierop A, van der Hiel B et 
al. APC mutations are associated with increased bone mineral density in patients with famil-
ial adenomatous polyposis. J Bone Miner Res 2010; 25(12):2348-56. 

170. Miclea RL, Robanus-Maandag EC, Goeman JJ, Finos L, Bloys H, Löwik CW et al. Inhibition of 
Gsk3β in cartilage induces osteoarthritic features through activation of the canonical Wnt 
signaling pathway. Osteoarthritis Cartilage 2011. 

 



 

 


