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General Discussion
For the treatment of osteoporosis, novel anabolic drugs are necessary. One of the prime 
candidates for this is parathyroid hormone (PTH) and its related peptide (PTHrP). It has 
been shown that PTH can have both catabolic and anabolic effects on bone depending 
on administration time and dosage (reviewed in 1,2). However, the way in which PTHrP 
mediates its effects on bone is less well studied. In order to study the mechanism by 
which PTHrP and PTH act, we first need to know more about the regulation and 
formation of the bone-forming cell, the osteoblast.
In this thesis, we have studied various aspects of osteoblast differentiation, focusing on 
the role of three major morphogenic signaling pathways and their modulation by PTH 
and PTHrP. Members of the Bone Morphogenic Protein (BMP), Hedgehog (Hh) or 
Wnt family of morphogens have been shown to play an important role in the initiation 
and progression of osteoblast differentiation 3-8. Downstream targets of the BMP and 
Hh pathways are the transcription factors RunX2 and osterix (osx); lack of these 
factors has been shown to impair osteoblast differentiation 9-14. How these different 
signal transduction pathways interact and cooperate during osteoblastic differentiation 
remains an area that needs more exploration. With the results of these studies, a basis 
could be provided for improved diagnosis of skeletal disease and treatment that is 
targeted to specific cells in bone tissue. 
The major findings of the studies described in this thesis are (1) autocrine BMP signaling 
is pivotal for all phases of KS483 osteoblastic differentiation, (2) another osteogenic 
signaling pathway, the Hh pathway, only stimulates early osteoblastic differentiation 
while mature KS483 cells are unaffected by Hh signals, (3) Wnt/β-catenin signaling 
inhibits matrix maturation and mineralization and downregulation of this pathway 
during osteoblast differentiation is, at least partly, mediated by induction of the 
expression of the secreted Wnt antagonists Dickkopf (Dkk)-1 and Dkk –2, (4) PTHrP 
and PTH inhibit KS483 osteoblastic differentiation by influencing the major signaling 
pathways activated by BMP and Hh, downstream of early BMP signaling, but possibly 
via downregulation of mRNA expression of components of the Hh signaling pathway 
in undifferentiated cells, (5) besides transcriptional repression of RunX2 and osx also 
other mechanisms are involved in the inhibition of osteoblast differentiation and matrix 
mineralization by PTHrP and PTH, these may act in parallel with or downstream of 
RunX2 and osx.
In the following chapter, first the implications of these findings will be discussed 
in more detail. In addition a system will be described for Flp-mediated, targeted 
homologous recombination that can be used to either overexpress or silence specific 
genes in isogeneic lines. When applied to the mesenchymal progenitor cell-like KS483 
cell line this system can be used to study signaling pathways important for osteoblast-, 
adipocyte- and chondrocyte differentiation. 
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Part I Regulation of osteoblast differentiation 
The role of the major morphogenic pathways 
Unraveling the pathways involved in osteoblast differentiation and understanding how 
they interact is likely to provide insights that will enable new therapeutic approaches 
for anabolic treatment of osteoporosis. In this thesis, we first investigated the effects 
and mechanisms of action of three major morphogenic pathways, BMP-, Hh- and Wnt 
signaling, on the various stages of KS483 osteoblastic differentiation. Subsequently, we 
investigated how PTHrP and PTH signaling might modulate osteoblast differentiation. 
For these studies mainly the KS483 cell line has been used, which can differentiate in 
vitro towards mature, mineralizing osteoblasts, fat droplets containing adipocytes or 
cartilaginous matrix producing chondrocytes depending on the culture conditions 15-17 

BMP signaling
In chapter 2, we first addressed the role of the BMP pathway during osteoblast 
differentiation. The mRNA expression of various components of the BMP pathway during 
KS483 differentiation into osteoblasts was characterized. Several BMPs, BMP receptors 
and signaling molecules were found to be expressed throughout KS843 osteoblastic 
differentiation. Although it has been widely recognized that BMPs are involved in 
the initiation of osteoblast differentiation, their role during matrix formation and 
mineralization has remained largely unknown 4,18-20. The expression of BMP signaling 
components during later stages of KS483 osteoblastic differentiation suggested that BMP 
signaling might also be involved during matrix formation and mineralization. These 
data are in line with the expression of BMP-2 and –4 and BMP receptors during late 
phases of rat calvarial osteoblast differentiation 21. In addition, it has already been shown 
that BMP signaling is involved in apoptosis, suggesting a role in regulation of the life 
span of osteoblasts 22. Treatment with BMP antagonists resulted in decreased initiation 
of osteoblast differentiation in several cell types, such as murine bone marrow cells and 
KS483 cells 3,23. In addition, treatment with BMP antagonists decreased the formation 
of ALP positive and mineralized nodules in KS483 cells in all phases of differentiation 
3. Notably, the BMP antagonists noggin, truncated soluble BMPR-IA or -IB inhibited 
mineralization of already existing nodules. Furthermore, we showed that addition of 
BMPs stimulated not only the initiation of differentiation, but also matrix formation 
and mineralization. Addition of BMPs during late stage osteoblast differentiation still 
increased mineralization. 

Hedgehog signaling
Hedgehog, like BMPs, not only induces the commitment of precursor cells towards 
the osteoblast lineage, but also stimulates osteoblastic differentiation of uncommitted 
precursor cells 6,24. However, the role of Hh during the successive stages of osteoblast 
differentiation has not been elucidated previously. We studied this in the KS483 cell line 
(chapter 3). First, we showed that mRNA of members of the IHh signaling pathway were 
expressed throughout osteoblastic differentiation. We demonstrated that in KS483 cells, 
IHh, as well as Ptc1 and Gli1 mRNA were expressed more abundantly in mature than 
in less differentiated osteoblasts. This was in line with findings of Jemtland et al. who 
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showed that IHh was expressed in UMR106, ROS 17/2.8, and SaOS-2 cells, lines with 
an mineralizing osteoblast-like phenotype, whereas less differentiated mouse MC3T3-
E1 cells did not express IHh 5,24. Previous studies showed that Hh induced osteoblast 
differentiation, suggesting that IHh, produced by osteoblasts, stimulates osteoblast 
differentiation and might recruit precursor cells towards the osteoblast lineage 25-28. In 
line with these previous studies, addition of recombinant Hh to KS483 cells significantly 
increased osteoblast differentiation, as indicated by a modest increase in ALP activity. 
Moreover, addition of recombinant Hedgehog resulted in a strong increase in matrix 
mineralization and increased expression of osteoblast markers in KS483 cells. This is in 
marked contrast with BMP signaling, which potently stimulated both ALP activity and 
mineralization (chapter 2), suggesting that 1) ALP activity and matrix mineralization 
can be distinctly regulated, and that 2) Hh and BMP have a different mode of action. 
There were also other marked differences between the two pathways; first, BMPs 
were shown to have an effect at all phases of differentiation (chapter 2), while only 
undifferentiated KS483 cells responded to Hh. In addition, autocrine Hh signaling 
did not play a role in osteoblast differentiation, as shown by the lack of effect of the 
Hh antagonist cyclopamine, while autocrine BMP signaling appeared to be crucial for 
osteoblast differentiation. 
After we had found these differences between the effects of Hh and BMPs at various 
osteoblast differentiation stages, we wanted to investigate potential crosstalk between 
the two pathways. Before describing our findings we will discuss interactions 
between Hh and BMPs, which had previously been demonstrated in chondrocytes. 
In chondrocytes, BMPs can increase mRNA expression of IHh. Furthermore, in vivo, 
exposure of cartilage to the BMP antagonist noggin has been shown to reduce IHh 
expression 29,30 and the IHh promoter contains multiple Smad binding sites which 
can be activated by BMP treatment. Taken together these observations demonstrate 
that BMPs can directly regulate IHh expression 31. In its turn, IHh maintains BMP 
expression in these cells, indicating the existence of a positive feedback loop between 
BMPs and IHh. This feedback loop might be cell type specific, since our experiments 
in KS483 cells did not provide evidence for a similar mechanism. In proliferating 
chondrocytes, overexpression of IHh in murine cartilage caused increased expression 
of BMPs 29,30. Furthermore, Gli transcription factors (which are intracellular mediators 
of Hh signaling) activated BMP-4 and -7 promoter activity 32. There is even evidence 
supporting synergy between BMP and IHh signaling. In C3H10T1/2 cells, SHh, increases 
Smad1-dependent transcriptional activity 6 (Smad1 is a factor generally associated 
with BMP signal transduction). Moreover, immuno-precipitation studies showed that 
Smad1 directly associated with truncated forms of Gli3 proteins, suggesting a possible 
mechanism for the observed synergy between IHh and BMP pathways 33. However, 
neither pathway completely mediates the other’s functions. For example, BMPs and 
IHh act independently of each other to regulate chondrocyte proliferation, and IHh 
regulates PTHrP expression independently of BMP signaling 30. 
As described for the chondrocytes, also in KS483 osteoblasts, the effects of IHh on 
osteoblast differentiation could be completely blocked by BMP antagonists. On the 
other hand only high doses of cyclopamine inhibited BMP-induced differentiation, 
suggesting that Hh signaling required functional BMP signaling. However, the Hh 
pathway did not exclusively function via BMP since Hh and BMP synergistically 
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induced ALP activity, suggesting that Hh can also act via a BMP independent pathway 
in KS483 cells. This synergy occurred at the level of Hh response, and not at the level 
of early BMP response, as shown by transient reporter assays with BRE-luciferase and 
Gli-luciferase (chapter 3). 

Wnt signaling
Recently, the Wnt pathway, a third major morphogenic signaling pathway, was found to 
be involved in bone development 7. It was shown that in osteoblast progenitor cells, low 
levels of Wnt/β-catenin signaling stimulated proliferation and increased the amount of 
committed osteoblasts 34. Higher levels were needed for the initiation of osteoblastic 
differentiation, as determined by ALP activity 34. However, it turned out, that the effects 
of this pathway on osteoblast differentiation were very complex and dosage, cell type and 
differentiation stage dependent. In chapter 5, we described the effects of Wnt/β-catenin 
signaling on various phases of osteoblastic differentiation of KS483 and murine bone 
marrow cells in vitro. Undifferentiated KS483 cells already expressed sufficient levels 
of Wnt signaling to induce ALP activity, as indicated by the inability of Wnt3A or LiCl 
to affect ALP activity. However, both Wnt3A and LiCl did induce nuclear translocation 
of β-catenin as well as Wnt reporter activation. Furthermore, addition of the Wnt 
antagonist Dkk-1 dose-dependently decreased basal ALP activity. Interestingly, in long-
term experiments, LiCl inhibited bone nodule formation and mineralization dose-
dependently in both KS483 and (murine) bone marrow cells. In contrast, treatment 
with Wnt3A only inhibited nodule formation and mineralization in KS483 cells. In 
addition, Wnt3A could only inhibit undifferentiated, but not differentiated KS483 
cells whereas LiCl inhibited irrespectively of differentiation stage. Interestingly, during 
late phase osteoblast differentiation, mRNA expression of the Wnt antagonists Dkk-1 
and Dkk-2 increased in a specific pattern, while expression of the Frizzled receptors 
remained unchanged. In stable KS483 cells carrying an FRT insertion site (see below), 
nodule formation and matrix mineralization was completely blocked by insertion of 
an RNAi sequence to silence either Dkk-1 or Dkk-2. However, some differences were 
observed between Dkk-1 and Dkk-2 in the initiation of osteoblast differentiation; Dkk-
2si decreased proliferation and initiation of differentiation, while Dkk-1si had no effect. 
Taken together, these data demonstrated that Wnt/β-catenin signaling needs to be 
downregulated to enable matrix maturation and mineralization. This downregulation 
was, at least in part, mediated by increased mRNA expression of the Wnt antagonists 
Dkk-1 and Dkk-2. In addition, these data suggest that Dkk-1 and Dkk-2 may have 
distinct functions in osteoblast differentiation. Whereas Dkk-1 may antagonize Wnt(s) 
induced ALP activity and block the transition of an ALP-positive into a mineralizing 
osteoblast, Dkk-2 may specifically antagonize Wnt(s) involved in cell proliferation and 
the initiation of osteoblast differentiation. 

Modulation of osteoblast differentiation by PTH/PTHrP signaling
Changes in osteoblast differentiation in PTHrP and PTH1R receptor knockout and 
transgenic animals indicated that PTHrP signaling also plays a role in osteoblastic 
bone formation. For example, PTH1R null mice showed decreased trabecular bone, 
and abnormal bone mineralization 35. Several groups showed that PTH increased the 
proliferation of osteoprogenitor cells and osteoblasts in vitro, and decreased apoptosis 
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of pre-osteoblasts and osteoblasts, thereby increasing the number of osteoblasts 36-38. 
In addition, in the majority of the osteoblast differentiation studies, PTH inhibited 
osteoblast differentiation as measured by alkaline phosphatase (ALP) activity and 
nodule formation in various in vitro models 39-41. Increased osteoblast differentiation 
has been found in few studies, and current data suggests that the effects of PTH are cell 
type, differentiation stage, dosage and exposure time dependent 40-43. 
In our KS483 model, treatment with PTH or PTHrP resulted in inhibition of osteoblastic 
differentiation irrespectively of differentiation stage, exposure time and dosage (chapter 
6). In figure 1, the possible interactions between PTH(rP) and major morphogenic 
signaling pathways are depicted and our observations regarding these interactions will 
be discussed below.
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Figure 1 Possible mechanisms by which PTHrP or PTH can interfere with osteoblast differentiation 
Inhibition of osteoblast differentiation by PTHrP and PTH signaling pathways can occur at the level of 1) IHh expression; 2) 
expression of BMPs; 3) IHh induced signal transduction; 4) signal transduction mediated by BMPs, 5) expression of RunX2, 6) 
posttranslational modification of RunX2, 7) expression of osterix or 8) posttranslational modification of osterix. In turn, IHh may 
induce PTHrP expression by an as yet unresolved mechanism, and RunX2 may be involved in the regulation of PTH1R, constituting 
a negative feedback loop.
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BMP and PTH/PTHrP signaling
Since autocrine BMP signaling is important during all phases of KS483 osteoblastic 
differentiation 3,44, we proposed that PTHrP and PTH might inhibit differentiation by 
interfering with the BMP signaling pathway. Indeed, in KS483 cells, BMP signaling 
could be inhibited by PTHrP or PTH and vice versa  (chapter 6). These data are in 
line with observations in chondrocytes, where BMP signaling stimulated chondrocyte 
maturation and could partially overcome the inhibitory effects of PTHrP on chondrocyte 
maturation 45. Further studies showed that, in KS483 cells,  PTHrP or PTH-mediated 
inhibition was downstream of early, Smad-dependent BMP signaling as well as of BMP-
induced p38 MAPK signaling, suggesting that the PTHrP or PTH-induced inhibition 
on BMP signaling is an indirect response. Prolonged exposure to 10-7 M hPTHrP (1-34) 
decreased mRNA expression of BMP-8A, but not of BMP-4 and BMP-7 (chapter 6). 
However, as BMP-8A is a differentiation marker, its inhibition could also be due to the 
inhibitory effect of PTHrP or PTH on osteoblast differentiation. 

Hedgehog and PTH/PTHrP signaling
PTHrP and PTH could also affect the Hh pathway. Interactions between the Hh and 
PTHrP have already been described in the growth plate, where they interact in a negative 
feedback loop. 
In this feedback loop, IHh induces the expression of PTHrP at the peri-articular 
cartilage and PTHrP acts, through the PTH1R throughout the growth plate, and in 
particular, in the pre-hypertrophic chondrocytes, to prevent hypertrophic chondrogenic 
differentiation and decreases IHh expression 46. Addition of N-terminal SHh, which 
contains the biological active part of Hh, can also increase the expression of PTHrP 
in osteoblasts-like cells and primary calvarial osteoblasts in vitro 24. The SHh-induced 
expression of PTHrP might be part of a negative feedback loop counteracting Hh 
induced differentiation as has been described in chondrocytes 46. 
In KS483 cells, Hh-induced ALP activity as well as nodule formation and mineralization 
could be inhibited by PTHrP or PTH and vice versa. In undifferentiated KS483 cells, 
PTHrP inhibited expression of IHh. In addition, mRNA expression of the Hh target genes 
Ptc1 and Gli1 was also decreased after PTHrP treatment, suggesting that IHh signaling 
was also inhibited, either directly or indirectly via inhibition of Hh expression.  
The mechanism by which Hh acts during osteoblast differentiation strongly resembles 
its action in CFK-2 chondrocytic cells where IHh induces chondrogenic differentiation, 
and PTHrP antagonizes Hh-mediated differentiation through a PKA-dependent 
mechanism 47. 

Wnt and PTH/PTHrP signaling 
Preliminary studies have been done regarding the interactions between PTHrP and 
Wnt signaling, the third morphogenic pathway. In KS483 cells neither PTH nor PTHrP 
showed any effect on nuclear β-catenin translocation in undifferentiated KS483 cells 
and furthermore, neither altered basal or Wnt3A-induced Wnt reporter activation 
(unpublished observations). This is in line with data from osteoblast progenitor cells 
which showed that PTHrP did not regulate β-catenin expression 48. However, it remains 
possible that PTH and/or PTHrP interact with Wnt signaling in mature differentiated 
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osteoblasts. One publication showed that hPTH treatment dramatically induced a Wnt 
reporter in chondrocytes at the centre of the rudiments 49. Further studies would be 
required to address the interactions between Wnt and PTHrP signaling in differentiated 
osteoblasts. In addition, it would be interesting to investigate whether PTH or PTHrP 
treatment could affect nuclear β-catenin translocation in vivo. 

RunX2 and PTH/PTHrP signaling
One of the downstream targets of the Hh and BMP pathway is the MASN splice variant 
of RunX2. It is known that Runx2 can stimulate transcription of osteoblast related 
genes. In addition, Runx2, at least in part, regulates the response of pre-osteoblasts to 
extracellular matrix signals 50,51. Several pathways can modulate the expression levels 
of RunX2, as well as its activity posttranslationally. Moreover, Runx2 has been shown 
to interact with co-regulatory proteins for gene activation and repression, such as AP-
1, Lef-1, Smad complexes, and Groucho 52-55. For example, BMPs can increase Runx2 
expression, but can in addition, also activate other signaling pathways that, together 
with Runx2, stimulate osteoblastic gene expression 11,12. The Hh pathway, has also been 
shown to be involved in regulation of RunX2 13,14 and recently, the Wnt transcription 
factor Lef-1 has been shown to inhibit RunX2-dependent activation of the osteocalcin 
promoter 53. 
The relation between RunX2 and PTH/PTHrP signaling is more complex. It has been 
shown that PTHrP inhibits RunX2 expression both at the mRNA and protein level in 
chondrocytes 56. However, in the osteosarcoma cell line UMR 106, no changes were 
found in RunX2 mRNA or protein expression levels after PTH treatment. 
In addition, PTHrP and PTH could regulate RunX2 activity by posttranslational 
modifications 56,57. PTH can phosphorylate RunX2 in a PKA and MAPK dependent 
manner. These events are, however, associated with activation of the transactivation 
functions of RunX2. It seems, therefore, unlikely that these actions are involved in the 
inhibitory actions of PTHrP or PTH on osteoblast differentiation of KS483 cells 57,58.
More promising in this respect is the observation that PTH can also increase proteasomal 
proteolysis of Runx2 via the E3 ligase (ubiquitin-protein isopeptide ligase) (Smurf1) 
that targets Runx2 for degradation 59. In addition, PTHrP or PTH might also indirectly 
affect RunX2 activity via the major morphogenic pathways BMP, Hh or Wnt. 
In our studies, we first checked whether PTHrP interfered with RunX2 transcription 
in KS483 cells. In chapter 6 we show that treatment with hPTHrP (1-34) for up to 
24h had no significant effect on mRNA expression of RunX2. In contrast, treatment 
of undifferentiated KS483 cells with hPTHrP (1-34) for 72 hours prevented the 
increase in RunX2 mRNA and protein expression normally observed during osteoblast 
differentiation. This suggested that transcriptional regulation of RunX2 was indirectly 
involved in the inhibitory effects of PTHrP or PTH on osteoblast differentiation. 
Remarkably, overexpression of RunX2 under control of the EF1α promoter could not 
reverse the inhibitory effects of PTHrP or PTH on osteoblast differentiation. PTHrP 
and PTH inhibited ALP activity to a similar extent in control and RunX2 overexpressing 
clones. This could be due to the PTHrP or PTH-induced modest decrease in RunX2 
mRNA and protein expression. However, matrix mineralization was almost completely 
blocked in the RunX2 overexpressing clone, suggesting that other mechanisms may be 
involved, such as posttranslational modification of RunX2, mechanisms downstream 
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of RunX2 or RunX2 independent mechanisms. Since we did not observe dissociation 
between RunX2 mRNA and protein expression, it seemed unlikely that proteasomal 
degradation played an important role in the PTHrP or PTH-mediated inhibition of 
osteoblast differentiation. Another way in which PTHrP might also decrease RunX2 
activity could be by inducing an antagonist of RunX2, such as Twist 60,61. Interestingly, 
the Twist promoter contains a putative CRE near its transcription start site (our 
unpublished observation 62,63). Whether PTHrP-mediated inhibition of RunX2 activity 
occurs via induction of Twist expression will be subject of further studies. 

Osterix and PTH/PTHrP signaling
PTHrP and PTH could also regulate the expression or activity of other genes involved in 
matrix mineralization acting downstream of RunX2, such as osterix (osx). 
Osx has been shown to be indispensable for osteoblast differentiation and bone 
formation 10 and is expressed in cells associated with trabecular bone of growing mice 
and with early osteoblast markers, such as type I collagen and bone sialoprotein. Osx 
expression in vitro has been found in differentiating fetal rat calvarial cells stimulated 
with dexamethasone. Osx mRNA expression appeared at day 11, increased up to day 15 
and decreased thereafter. RunX2 expression in these cells appeared earlier, at day 5, and 
followed a similar pattern for the later time points 64. In contrast, during osteoblastic 
differentiation of KS483 cells, no significant changes were found in mRNA levels of 
osx (chapter 6). Overexpression of osx cells resulted in increased osteocalcin mRNA 
expression in C2C12 and C3H10T1/2 cells but only increased collagen I expression in 
C2C12 cells 10. In addition, the formation of mineralized bone nodules increased when 
osx was overexpressed in murine embryonic stem cells 65. 
The relationship between osx and PTHrP is not very clear yet. In mice, treated 
intermittently with PTH, no significant changes were observed in RunX2 mRNA 
expression, whereas PTH increased osx as well as osteocalcin expression 66. Whether 
PTHrP or PTH affects osx activity has not been described. 
In chapter 6, we show that, in vitro, PTHrP can inhibit osx mRNA expression in 
differentiated KS483 cells already after 6 hours treatment, suggesting that this is an 
intermediate-early response. In undifferentiated KS483 cells, PTHrP did not affect osx 
mRNA expression. This could be due to low levels of PTH1R mRNA expression and the 
low cAMP response after PTHrP treatment in undifferentiated KS483 cells (chapter 6). 
In our system, overexpression of osx predominantly stimulated late stage osteoblast 
differentiation, as shown by increased matrix mineralization (chapter 6), although to a 
lesser extent than RunX2 overexpression. Early osteoblast differentiation, as assayed by 
ALP activity, was only borderline increased in the osx overexpressing clone. 
Forced overexpression of osx under control of the EF1α promoter could not rescue the 
inhibition of ALP activity caused by PTHrP or PTH treatment, in line with the absence 
of an effect on osx on early osteoblast differentiation. In addition, osx overexpression 
could not reverse the PTHrP or PTH-induced inhibition of matrix mineralization. These 
data suggest that several mechanisms probably acting simultaneously or in parallel are 
responsible for the inhibition of matrix mineralization by PTHrP or PTH. Furthermore, 
we cannot exclude that PTHrP and PTH represses osx at the posttranslational level by 
inhibiting its transactivation functions. 
The inhibitory effects of PTHrP and PTH on matrix mineralization, in which inhibition 
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of osx expression may play a role, might be a relevant finding with respect to the anabolic 
actions of PTHrP and PTH on bone. In particular it should be noted that PTHrP and 
PTH potently inhibited matrix mineralization in mouse bone marrow cultures without 
affecting ALP-activity in long-term cultures, indicating that this action of PTHrP and 
PTH is not restricted to KS483 cells.
This observation may be clinically relevant as anabolic treatment regimes using PTH 
induce new bone formation which is relatively under-mineralized 67. 

Interaction between PTH/PTHrP signaling and major morphogenic 
pathways. 
In our system the modulation of osteoblast differentiation by PTHrP and PTH 
occurred downstream of early BMP signaling and prolonged exposure to PTHrP or 
PTH had no effect on the mRNA expression of BMP-4 and –7. However, whether 
PTHrP or PTH  treatment can affect the mRNA expression of other BMPs still has 
to be examined. In addition, our data showed that in undifferentiated cells, PTHrP 
and PTH might act via downregulation of mRNA expression of components of the 
Hh signaling pathway (fig. 2, arrow 1) and that PTHrP and PTH had an inhibitory 
effect on Hh signaling either directly or indirectly by downregulation of Hh expression 
(arrow 3). Moreover, we showed that PTHrP and PTH had no direct effect on RunX2 
mRNA expression. PTHrP and PTH might therefore instead inhibit RunX2 activity via 
posttranslational modification (arrow 6) or might act downstream of RunX2 or even 
via RunX2 independent mechanisms. On the other hand PTHrP did downregulate the 
mRNA expression of the downstream transcription factor osx, in differentiated, but not 
in undifferentiated KS483 cells (arrow 7). In addition to its effects on osx expression, 
PTHrP or PTH might also affect osx activity itself (arrow 8). 
Taken together, these data show that PTHrP or PTH-mediated inhibition of osteoblast 
differentiation can occur via multiple mechanisms. Besides direct effects on the 
expression of osx and the function of RunX2  also other mechanisms are involved that act 
in parallel with or downstream from these transcription factors. As all these mechanisms 
are involved in the inhibition of osteoblast differentiation and matrix mineralization by 
PTHrP and PTH these issues require further study. Finally, although we showed that 
the Wnt pathway was not affected by PTH/PTHrP signaling in undifferentiated KS483 
cells, the effect of PTHrP and PTH on Wnt signaling in differentiated KS483 cells was 
not studied and still requires further investigation. 

Time window of action of the morphogenic pathways.
We demonstrated that the BMP signaling pathway is important during all phases of 
KS483 osteoblastic differentiation. On the other hand, the Hh pathway affects only early 
stages of osteoblast differentiation, while terminal differentiation remains unaffected. 
Our data and previous literature suggest that the Wnt signaling pathway stimulates 
early osteoblast differentiation, whereas for terminal differentiation and mineralization 
Wnt signaling needs to be downregulated. The time window of action of each of these 
pathways is shown in figure 2.  
Taken together, the three major osteogenic signaling pathways discussed, differ in their 
effect on osteoblast differentiation, in their time window of action (fig. 2) and in their 
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interaction with PTHrP or PTH (fig. 3). 
How these data can be extrapolated to the in vivo situation still needs to be studied. After 
continuous addition of PTHrP or PTH both bone formation and resorption increase, 
although the increase in bone resorption is higher than the increase in bone formation, 
leading to bone loss 1. The formation of mature osteoblasts is repressed after continuous 
treatment. 
In recent randomized controlled clinical trials of intermittent PTH treatment, PTH 
decreased incidence of vertebral and non-vertebral fractures in postmenopausal 
women 68. In addition, intermittent treatment resulted in a marked increase in BMD 
at trabecular bone sites, an increase in cortical thickness and enhanced bone as shown 
by and early rise of bone formation markers followed by significant increases in bone 
resorption. The increase in bone formation is higher than the increase in resorption 
resulting in new bone tissue, which is initially under-mineralized. However, osteoblast 
maturation is not completely blocked by PTH. PTHrP might keep osteoblastic cells 
longer in a proliferative competent state (reviewed in 67). 
In the end, when the anabolic and catabolic mechanisms of PTH or PTHrP are 
elucidated, both mechanistically and in molecular terms, it might be possible to develop 
PTH analogues that are more anabolic.

Figure 2 Mechanisms by which PTHrP and PTH can interfere with osteoblast differentiation 
Interaction of PTHrP and osteogenic signaling pathways can occur at the level of Hh expression and signaling in undifferentiated 
KS483 cells, since PTH or PTHrP downregulated mRNA expression of components of the Hh signaling pathway (arrow 1) and 
PTHrP or PTH affect early Hedgehog signaling, since PTHrP treatment downregulated Hh target gene expression (arrow 3). PTHrP 
had no direct effect on RunX2 mRNA expression, but probably acts posttranslationally (arrow 6). PTHrP downregulated Osx mRNA 
expression in differentiated, but not in undifferentiated KS483 cells (arrow 7). Furthermore, the inhibitory effects of PTHrP could not 
be overcome by overexpression of either RunX2 or Osterix, suggesting that PTHrP or PTH act on posttranslational modification of 
these transcription factors or downstream of these factors (arrows 6 and 8). 
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Part II KSFrt model for the generation of stable 
cell lines using Flp-mediated homologous 
recombination
Flp-mediated homologous recombination 
To investigate the role of major signaling pathways in osteoblast differentiation and 
potential crosstalk between these pathways, pharmacologic experiments involving e.g. 
recombinant growth factors or specific inhibitors can be used. However, there are several 
limitations to these methods, such as the lack of available recombinant proteins or the 
limited specificity of the inhibitors 69. In addition, transient transfections can be used to 
insert vectors in the cell for overexpression studies or gene knock down using RNAi or 
dominant negative constructs. However, using transient transfections, not all cells are 
transfected, thereby blunting the effect on markers such as ALP activity. Moreover, for 
these experiments only undifferentiated, proliferating cells can be used. 
To study effects of gene overexpression or knock down during the whole differentiation 
period, stable cell lines need to be generated. However, stable transformants often 
show extreme variability in expression of the introduced transgene due to the highly 
variable number of copies integrated into the genome and to positional effects on gene 
expression. Furthermore, integration can occur at a genomic locus involved in the 
regulation of differentiation or other cellular functions, thereby interfering with or even 
disrupting the function of these genes independently of the transgene function. All this 
compromises direct comparison of different expression constructs in clones obtained 
from the same parental cell line. 
Some drawbacks in generation of stable cell lines could be circumvented by site-specific 
integration of DNA at a pre-selected site in the genome such as used in Flp-mediated 
homologous recombination. This method requires the introduction of a unique FRT 
site in the genome of the cell since these sites are not present in the mammalian genome 
70. First a single FRT site is introduced in the cell’s genome as an integral part of the 
open reading frame of a blasticidin resistance gene, thus creating an Frt host cell line. 
This site can subsequently be used for targeted insertion of a transgene by Flp-mediated 
recombination. The sequence specificity mediates the in frame fusion of the genomic 
FRT site with a homologous site in a crippled hygromycin resistance gene present in the 
transgene construct thereby reconstituting a functional enzyme. This allows positive 
selection for stable integrants and simultaneously negative selection for random 
integrants in a single step. 

KSFrt model 
In chapter 4, we generated various KSFrt host clones. As expected, likely due to the 
random nature of insertion as well as clonal variability, the host clones displayed 
considerable variation in basal and BMP-induced ALP activity as well as in the formation 
of a mineralized bone matrix when cultured in osteogenic conditions. The 3B2 clone 
was indistinguishable from the parental KS483 cell line in osteoblastic and adipogenic 
culture conditions, whereas the amount of cartilaginous matrix production was relatively 
increased. In the second clone, 4C3, the basal amount of ALP-positive and mineralized 
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nodules was lower than that of the parental cells, although BMP-induced differentiation 
was augmented. Furthermore, a relative increase in adipocytes was found under both 
basal and indomethacin-stimulated conditions, whereas chondrogenic differentiation 
was similar to the parental KS483 cell line. The third clone, 4D3, displayed increased 
basal osteoblast differentiation, which could still be further increased by BMPs. Basal 
adipogenic properties were similar to parental KS483 cells, whereas indomethacin-
induced adipogenesis was modestly increased. Finally, the amount of cartilaginous 
matrix was relatively increased in the 4D3 clone compared to the parental line.
We showed that these different KSFrt host clones could be used for overexpression 
or knock down of any gene of interest. In addition, the KSFrt clones can be used for 
promoter-reporter studies and in vivo studies. In the following paragraphs, this will be 
discussed using some examples. 

Overexpression studies
Overexpression of a luciferase reporter gene using the EF1α promoter showed that 
in the KSFrt host cell lines the FRT site was integrated in a genomic region which 
was transcriptionally active and relatively insensitive to positional effects on EF1a-
promoter driven transgene expression. Proof of principle for gene function studies by 
overexpressing a more relevant transgene was obtained in KSFrt clones overexpressing 
RunX2. When a single copy of a RunX2 gene was inserted in the unique FRT site 
of either KSFrt host cell line, in all three cases this was sufficient to cause increased 
osteogenic and accelerated hypertrophic chondrocyte differentiation, while adipogenic 
differentiation was blocked. These effects are fully in line with the described effects 
of RunX2 on differentiation of mesenchymal cell lineages (reviewed in 71,72). In 
addition, overexpression of osx, another important transcription factor for osteoblast 
differentiation, also resulted in increased osteoblast differentiation, although to a lesser 
extent than RunX2 overexpressing KSFrt cells (chapter 6). 

Knock down studies using RNA interference
Human RNAse H1 and mouse U6 promoters driving short hairpin oligo’s have been 
used previously for successful knock-down of gene expression 73,74. Use of this RNAse 
H1 promoter in KSFrt clones, resulted in an RNAi response in transiently transfected 
cells, but not in stably transfected cells, indicating that one copy of this vector was not 
sufficient to elicit a biological response. 
Since the presence of an upstream enhancer is required for transcriptional regulation 
of the “natural” RNAse H1 promoter, we added extra copies of this enhancer, and 
thus generated the p5HI vector 75. Stable integration of this vector containing the 
human RNAseH1 promoter and the enhancers efficiently silenced the expression of 
endogenously expressed genes in a sequence-specific manner. The increased efficiency 
is most likely explained by increased transcription of the hairpin oligonucleotides. 
Proof of principle was obtained in isogenic stable cell lines expressing an RNAi 
construct targeting RunX2 (RunX2si) or a mutant construct (mtRunX2si). Osteoblast 
differentiation was impaired in the RunX2si cell lines, while adipocyte differentiation 
was unaffected. These data are in line with data from RunX2 deficient mice, of which 
the calvarial cells express very low levels of early osteoblast markers (ALP/osteonectin), 
and no osteocalcin and osteopontin, which are markers for mature osteoblasts 9,76,77. 
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Although delivery of siRNA cassettes into mammalian cells has been shown earlier 
using adenovirus, retrovirus or lentivirus, these systems appeared to require larger copy 
numbers of siRNA per genome, whereas our data clearly demonstrated that one copy of 
an RNAi vector is sufficient for silencing endogenously expressed genes  78-81.  

Using the KSFrt system to study the Wnt signaling pathway
An example how the KSFrt model could be used is shown in chapter 5, where we used 
the KSFrt system to silence the Wnt antagonists Dkk-1 and Dkk-2. Our data showed 
that these Wnt antagonists play an important role during osteoblastic differentiation. 
It would be interesting to further define the role of the respective Dkk proteins during 
differentiation. Moreover, it would be interesting to investigate whether other Wnt 
antagonists also play an important role in this process, such as the soluble Frizzled 
related proteins (sFRPs) or the Wnt inhibitory factor-1 (Wif-1), which bind directly to 
Wnts 82,83. In a pilot experiment KSFrt cells were generated stably expressing an RNAi 
construct targeting either the Wnt antagonist Wif-1 (Wif-1si) or the Adenomatous 
Polyposis Coli gene (APCsi), which is part of an intracellular complex involved in Wnt 
signaling. Preliminary data demonstrated that silencing Wif-1 results in extremely 
inhibited proliferation and cell death likely due to apoptosis since they phenotypically 
showed rounded cells that contain membrane blebbing (unpublished data). In the APCsi 
line, the proliferation rate as well as the initiation of osteoblast differentiation were 
significantly decreased compared to controls. These data are in line with the absence of 
bone in teratocarcinomas of APC-/- embryonic stem cells 84. Further studies are needed 
to define the role of APC and Wif-1 during osteoblastic differentiation. 

Other applications of the KSFrt model
We have demonstrated that KSFrt cells can be used for lineage-specific promoter 
studies. Luciferase activity driven by an adipocyte-specific promoter fragment (aP2) 
was increased during adipogenic differentiation and could be induced by stimulators 
of adipogenesis such as indomethacin, whereas the promoter-less construct had 
no luciferase activity. We are currently generating osteocalcin (OC)-luciferase and 
Collagen X-luciferase reporter lines to monitor respectively osteoblast and chondrocyte 
differentiation. Other promoter-reporter cell lines might also be generated, such as 
reporter lines coupling luciferase with the BMP responsive element (BRE) to study BMP 
signaling, the CREB binding responsive element (CRE) to study PTHrP signaling, the 
TCF/LEF binding element (TBE) to study Wnt signaling or the Hh responsive element 
to study Hh signaling 85-88. 
In addition to the in vitro studies, these reporter lines and other genetically modified 
KSFrt cells can be used for in vivo studies, as has been shown by the intra-osseous 
injection of KSFrt cells overexpressing luciferase. 
Taken together, with this model, individual genes and their role in the differentiation 
process towards different mesenchymal lineages can be studied in a fast and reproducible 
way using either overexpression or RNAi knock down. This model can be used for 
instance to study the function of novel genes that were identified by microarray analysis 
or to further examine cooperation between different morphogenic pathways. 



General Discussion

185

References 
1. Bilezikian,J.P. & Silverberg,S.J. Primer on the Metabolic Bone Diseases and Disorders of Mineral Me-
tabolism. Favus,M.J. (ed.), pp. 230-235 (American Society for Bone and Mineral Research, Washington 
DC USA,2003).
2. Rubin,M.R. & Bilezikian,J.P. New anabolic therapies in osteoporosis. Endocrinol. Metab Clin. North 
Am. 32, 285-307 (2003).
3. van der Horst,G. et al. Differentiation of murine preosteoblastic KS483 cells depends on autocrine bone 
morphogenetic protein signaling during all phases of osteoblast formation. Bone 31, 661-669 (2002).
4. Hughes,F.J., Collyer,J., Stanfield,M. & Goodman,S.A. The effects of bone morphogenetic protein-2,-4 
and -6 on differentiation of rat osteoblast cells in vitro. Endocrinology 136, 2671-2677 (1995).
5. van der Horst G., Farih-Sips,H., Lowik,C.W. & Karperien,M. Hedgehog stimulates only osteoblastic dif-
ferentiation of undifferentiated KS483 cells. Bone 33, 899-910 (2003).
6. Spinella-Jaegle,S. et al. Sonic hedgehog increases the commitment of pluripotent mesenchymal cells into 
the osteoblastic lineage and abolishes adipocytic differentiation. J. Cell Sci. 114, 2085-2094 (2001).
7. Gong,Y. et al. LDL receptor-related protein 5 (LRP5) affects bone accrual and eye development. cell 107, 
513-523 (2001).
8. Rawadi,G., Vayssiere,B., Dunn,F., Baron,R. & Roman-Roman,S. BMP-2 Controls Alkaline Phosphatase 
Expression and Osteoblast Mineralization by a Wnt Autocrine Loop. J Bone Miner Res 18, 1842-1853. 
2003. 
9. Komori,T. et al. Targeted disruption of Cbfa1 results in a complete lack of bone formation owing to 
maturational arrest of osteoblasts. cell 89, 755-764 (1997).
10. Nakashima,K. et al. The novel zinc finger-containing transcription factor osterix is required for osteo-
blast differentiation and bone formation. Cell 2002. Jan. 11. ;108. (1. ):17. -29. 108, 17-29 (2002).
11. Ducy,P., Zhang,R., Geoffry,V., Ridall,A.L. & Karsenty,G. Osf2/Cbfa1: a transcriptional activator of 
osteoblast differentiation. cell 89, 747-754 (1997).
12. Tsuji,K., Ito,Y. & Noda,M. Expression of the PEBP2alphaA/AML3/CBFA1 gene is regulated by 
BMP4/7 heterodimer and its overexpression suppresses type I collagen and osteocalcin gene expression in 
osteoblastic and nonosteoblastic mesenchymal cells. Bone 22, 87-92 (1998).
13. St-Jacques,B., Hammerschmidt,M. & McMahon,A.P. Indian hedgehog signaling regulates proliferation 
and differentiation of chondrocytes and is essential for bone formation. Genes & Development 13, 2072-
2086 (1999).
14. Krishnan,V. et al. Bone anabolic effects of sonic/indian hedgehog are mediated by bmp-2/4-dependent 
pathways in the neonatal rat metatarsal model. Endocrinology 142, 940-947 (2001).
15. Dang,Z.C., Van Bezooijen,R.L., Karperien,M., Papapoulos,S.E. & Lowik,C.W. Exposure of KS483 cells 
to estrogen enhances osteogenesis and inhibits adipogenesis. J Bone Miner Res 17, 394-405 (2002).
16. Deckers,M.M.L. et al. Expression of vascular endothelial growth factors and their receptors during 
osteoblast differentiation. Endocrinology 141, 1667-1674 (2000).
17. Yamashita,T. et al. Subcloning of three osteoblastic cell lines with distinct differentiation phenotypes 
from the mouse osteoblastic cell line KS-4. Bone 19, 429-436 (1996).
18. Asahina,I., Sampath,T.K., Nishimura,I. & Hauschka,P.V. Human osteogenic protein 1 induces both 
chondroblastic and osteoblastic differentiation of osteoprogenitor cells derived from newborn rat calvaria. 
J. Cell Biol. 123, 921-933 (1993).
19. Chen,D. et al. Bone morphogenetic protein 2 (BMP-2) enhances BMP-3, BMP-4, and bone cell differ-
entiation marker gene expression during the induction of mineralized bone matrix formation in cultures 
of fetal rat calvarial osteoblasts. Calcif. Tissue Int 60, 283-290 (1997).
20. Okubo,Y., Bessho,K., Fujimura,K., Iizuka,T. & Miyatake,S. Expression of bone morphogenetic protein-
2 via adenoviral vector in C2C12 myoblasts induces differentiation into the osteoblast lineage. Biochem. 
Biophys. Res. Commun. 262, 739-743 (1999).
21. Wada,Y. et al. Changes in osteoblast phenotype during differentiation of enzymatically isolated rat 
calvaria cells. Bone 22, 479-485 (1998).



Chapter 7 

186

22. Chen,S. et al. Suppression of tumor necrosis factor-mediated apoptosis by nuclear factor kappaB-inde-
pendent bone morphogenetic protein/Smad signaling. J Biol Chem 276, 39259-39263 (2001).
23. Abe,E. et al. Essential requirement of BMP 2 / 4 for both osteoblast and osteoclast formation in murine 
bone marrow cultures from adult mice: antagonism by noggin. J. Bone Min. Res. 15, 663-673 (2000).
24. Jemtland,R., Divieti,P., Lee,K. & Segre,G.V. Hedgehog promotes primary osteoblast differentiation and 
increases PTHrP mRNA expression and iPTHrP secretion. Bone 32, 611-620 (2003).
25. Nakamura,T. et al. Induction of osteogenic differentiation by hedgehog proteins. Biochem Biophys Res 
Commun 237, 465-469 (1997).
26. Murone,M., Rosenthal,A. & de Sauvage,F.J. Sonic hedgehog signaling by the patched-smoothened 
receptor complex. Curr. Biol. 9, 76-84 (1999).
27. Kinto,N. et al. Fibroblasts expressing Sonic hedgehog induce osteoblast differentiation and ectopic 
bone formation. FEBS Lett. 404, 319-323 (1997).
28. Katsuura,M. et al. The NH2-terminal region of the active domain of sonic hedgehog is necessary for its 
signal transduction. FEBS Lett. 447, 325-328 (1999).
29. Pathi,S., Rutenberg,J.B., Johnson,R.L. & Vortkamp,A. Interaction of Ihh and BMP/Noggin signaling 
during cartilage differentiation. Dev Biol 209, 239-253 (1999).
30. Minina,E. et al. BMP and Ihh/PTHrP signaling interact to coordinate chondrocyte proliferation and 
differentiation. Development 128, 4523-4534 (2001).
31. Seki,K. & Hata,A. Indian hedgehog gene is a target of the bone morphogenetic protein signaling path-
way. J. Biol. Chem. 279, 18544-18549 (2004).
32. Kawai,S. & Sugiura,T. Characterization of human bone morphogenetic protein (BMP)-4 and -7 gene 
promoters: activation of BMP promoters by Gli, a sonic hedgehog mediator. Bone 29, 54-61 (2001).
33. Liu,F., Massague,J. & Ruiz. Carboxy-terminally truncated Gli3 proteins associate with Smads. Nat. 
Genet. 20, 325-326 (1998).
34. De Boer,J., Wang,H.J. & Van Blitterswijk,C. Effects of Wnt signaling on proliferation and differentiation 
of human mesenchymal stem cells. Tissue Eng 10, 393-401 (2004).
35. Soegiarto,D.W. et al. Partial rescue of PTH/PTHrP receptor knockout mice by targeted expression of 
the Jansen transgene. Endocrinology 142, 5303-5310 (2001).
36. Swarthout,J.T., D’Alonzo,R.C., Selvamurugan,N. & Partridge,N.C. Parathyroid hormone-dependent 
signaling pathways regulating genes in bone cells. Gene 282, 1-17 (2002).
37. Chen,H.L. et al. Parathyroid hormone and parathyroid hormone-related protein exert both pro- and 
anti-apoptotic effects in mesenchymal cells. J. Biol. Chem. 277, 19374-19381 (2002).
38. Manolagas,S.C. Birth and death of bone cells: basic regulatory mechanisms and implications for the 
pathogenesis and treatment of osteoporosis. Endocr. Rev. 21, 115-137 (2000).
39. Zerega,B., Cermelli,S., Bianco,P., Cancedda,R. & Cancedda,F.D. Parathyroid hormone [PTH(1-34)] 
and parathyroid hormone-related protein [PTHrP(1-34)] promote reversion of hypertrophic chondrocytes 
to a prehypertrophic proliferating phenotype and prevent terminal differentiation of osteoblast-like cells. J. 
Bone Miner. Res. 14, 1281-1289 (1999).
40. Ishizuya,T. et al. Parathyroid hormone exerts disparate effects on osteoblast differentiation depending 
on exposure time in rat osteoblastic cells. J. Clin. Invest 99, 2961-2970 (1997).
41. Isogai,Y. et al. Parathyroid hormone regulates osteoblast differentiation positively or negatively de-
pending on the differentiation stages. J. Bone Miner. Res. 11, 1384-1393 (1996).
42. Jongen,J.W., Bos,M.P., van der Meer,J.M. & Herrmann-Erlee,M.P. Parathyroid hormone-induced 
changes in alkaline phosphatase expression in fetal calvarial osteoblasts: differences between rat and 
mouse. J. Cell Physiol 155, 36-43 (1993).
43. Terakado,A. et al. Elevation of alkaline phosphatase activity induced by parathyroid hormone in osteo-
blast-like cells from the spinal hyperostotic mouse TWY (twy/twy). Calcif. Tissue Int. 56, 135-139 (1995).
44. Suzawa,M. et al. Extracellular matrix-associated bone morphogenetic proteins are essential for differ-
entiation of murine osteoblastic cells in vitro. Endocrinology 140, 2125-2133 (1999).
45. Grimsrud,C.D. et al. BMP signaling stimulates chondrocyte maturation and the expression of Indian 



General Discussion

187

hedgehog. J Orthop. Res 19, 18-25 (2001).
46. Van der Eerden,B.C., Karperien,M. & Wit,J.M. Systemic and local regulation of the growth plate. 
Endocr. Rev. 24, 782-801 (2003).
47. Deckelbaum,R.A., Chan,G., Miao,D., Goltzman,D. & Karaplis,A.C. Ihh enhances differentiation of 
CFK-2 chondrocytic cells and antagonizes PTHrP-mediated activation of PKA. J Cell Sci 115, 3015-3025 
(2002).
48. Mount,G., Allen,S.P., Muzylak,M., Althnaian,T. & Price,J.S. Localisation of Beta Catenin in Regenerat-
ing Bone Supports a Role for the Canonical Wnt Pathway in Regulating Progenitor Cell Function, Intra-
membranous Ossification and an Interrelationship with PTHrP. J.Bone Miner.Res. 19(suppl 1), S355. 2004. 
49. Guo,J., Bringhurst,F.R. & Kronenberg,H.M. PTH Receptor Activates Wnt/beta-catenin Signaling Path-
way in Growth Plate Chondrocytes ex vivo. J Bone Miner Res 19(suppl 1), S338. 2004. 
50. Xiao,G., Cui,Y., Ducy,P., Karsenty,G. & Franceschi,R.T. Ascorbic acid-dependent activation of the 
osteocalcin promoter in MC3T3-E1 preosteoblasts: requirement for collagen matrix synthesis and the 
presence of an intact OSE2 sequence. Mol. Endocrinol. 11, 1103-1113 (1997).
51. Xiao,G., Wang,D., Benson,M.D., Karsenty,G. & Franceschi,R.T. Role of the alpha2-integrin in osteo-
blast-specific gene expression and activation of the Osf2 transcription factor. J. Biol. Chem. 273, 32988-
32994 (1998).
52. Franceschi,R.T. & Xiao,G. Regulation of the osteoblast-specific transcription factor, Runx2: Respon-
siveness to multiple signal transduction pathways. J Cell Biochem 88, 446-454 (2003).
53. Kahler,R.A. & Westendorf,J.J. Lymphoid enhancer factor-1 and beta-catenin inhibit Runx2-dependent 
transcriptional activation of the osteocalcin promoter. J. Biol. Chem. 278, 11937-11944 (2003).
54. Hess,J., Porte,D., Munz,C. & Angel,P. AP-1 and Cbfa/runt physically interact and regulate parathyroid 
hormone-dependent MMP13 expression in osteoblasts through a new osteoblast-specific element 2/AP-1 
composite element. J Biol Chem 276, 20029-20038 (2001).
55. Wang,W. et al. Groucho homologue Grg5 interacts with the transcription factor Runx2-Cbfa1 and 
modulates its activity during postnatal growth in mice. Dev. Biol. 270, 364-381 (2004).
56. Li,T.F. et al. Parathyroid hormone-related peptide (PTHrP) inhibits Runx2 expression through the 
PKA signaling pathway. Exp. Cell Res. 299, 128-136 (2004).
57. Krishnan,V. et al. Parathyroid hormone bone anabolic action requires Cbfa1/Runx2-dependent signal-
ing. Mol. Endocrinol. 17, 423-435 (2003).
58. Chen,C. et al. Impact of the mitogen-activated protein kinase pathway on parathyroid hormone-re-
lated protein actions in osteoblasts. J. Biol. Chem. 279, 29121-29129 (2004).
59. Bellido,T. et al. Proteasomal degradation of Runx2 shortens parathyroid hormone-induced anti-apop-
totic signaling in osteoblasts. A putative explanation for why intermittent administration is needed for 
bone anabolism. J. Biol. Chem. 278, 50259-50272 (2003).
60. Kronenberg,H.M. Twist genes regulate Runx2 and bone formation. Dev. Cell 6, 317-318 (2004).
61. Bialek,P. et al. A twist code determines the onset of osteoblast differentiation. Dev. Cell 6, 423-435 
(2004).
62. Wolf,C. et al. The M-twist gene of Mus is expressed in subsets of mesodermal cells and is closely re-
lated to the Xenopus X-twi and the Drosophila twist genes. Dev. Biol. 143, 363-373 (1991).
63. Li,L., Cserjesi,P. & Olson,E.N. Dermo-1: a novel twist-related bHLH protein expressed in the develop-
ing dermis. Dev. Biol. 172, 280-292 (1995).
64. Igarashi,M. et al. Inductive effects of dexamethasone on the gene expression of Cbfa1, Osterix and 
bone matrix proteins during differentiation of cultured primary rat osteoblasts. J. Mol. Histol. 35, 3-10 
(2004).
65. Tai,G., Polak,J.M., Bishop,A.E., Christodoulou,I. & Buttery,L.D. Differentiation of osteoblasts from 
murine embryonic stem cells by overexpression of the transcriptional factor osterix. Tissue Eng 10, 1456-
1466 (2004).
66. Tanaka,S. et al. Skeletal unloading alleviates the anabolic action of intermittent PTH(1-34) in mouse 
tibia in association with inhibition of PTH-induced increase in c-fos mRNA in bone marrow cells. J. Bone 



Chapter 7 

188

Miner. Res. 19, 1813-1820 (2004).
67. Rosen,C.J. What’s new with PTH in osteoporosis: where are we and where are we headed? Trends 
Endocrinol. Metab 15, 229-233 (2004).
68. Miyakoshi,N. Effects of parathyroid hormone on cancellous bone mass and structure in osteoporosis. 
Curr. Pharm. Des 10, 2615-2627 (2004).
69. Davies,S.P., Reddy,H., Caivano,M. & Cohen,P. Specificity and mechanism of action of some commonly 
used protein kinase inhibitors. Biochem. J. 351, 95-105 (2000).
70. O’Gorman,S., Fox,D.T. & Wahl,G.M. Recombinase-mediated gene activation and site-specific integra-
tion in mammalian cells. science 251, 1351-1355 (1991).
71. Komori,T. Requisite roles of Runx2 and Cbfb in skeletal development. J. Bone Miner. Metab 21, 193-
197 (2003).
72. Kobayashi,H., Gao,Y., Ueta,C., Yamaguchi,A. & Komori,T. Multilineage differentiation of Cbfa1-defi-
cient calvarial cells in vitro. Biochem. Biophys. Res. Commun. 273, 630-636 (2000).
73. Brummelkamp,T.R., Bernards,R. & Agami,R. A System for Stable Expression of Short Interfering RNAs 
in Mammalian Cells. science 296, 550-553 (2002).
74. Yu,J.Y., DeRuiter,S.L. & Turner,D.L. RNA interference by expression of short-interfering RNAs and 
hairpin RNAs in mammalian cells. Proc. Natl. Acad. Sci. U. S. A 99, 6047-6052 (2002).
75. Sturges,M.R., Bartilson,M. & Peck,L.J. Enhancer of RNA polymerase III gene transcription. Nucleic 
Acids Res. 27, 690-694 (1999).
76. Otto,F. et al. Cbfa1, a candidate gene for cleidocranial dysplasia syndrome is essential for osteoblast 
differentiation and bone development. cell 89, 765-771 (1997).
77. Choi,J.Y. et al. Subnuclear targeting of Runx/Cbfa/AML factors is essential for tissue-specific differen-
tiation during embryonic development. Proc. Natl. Acad. Sci. U. S. A 98, 8650-8655 (2001).
78. Xia,H., Mao,Q., Paulson,H.L. & Davidson,B.L. siRNA-mediated gene silencing in vitro and in vivo. 
Nat. Biotechnol. 20, 1006-1010 (2002).
79. Brummelkamp,T.R., Bernards,R. & Agami,R. Stable suppression of tumorigenicity by virus-mediated 
RNA interference. Cancer Cell 2, 243-247 (2002).
80. Barton,G.M. & Medzhitov,R. Retroviral delivery of small interfering RNA into primary cells. Proc. 
Natl. Acad. Sci. U. S. A 99, 14943-14945 (2002).
81. Miyagishi,M., Sumimoto,H., Miyoshi,H., Kawakami,Y. & Taira,K. Optimization of an siRNA-expres-
sion system with an improved hairpin and its significant suppressive effects in mammalian cells. J. Gene 
Med. 6, 715-723 (2004).
82. Moon,R.T., Brown,J.D., Yang-Snyder,J.A. & Miller,J.R. Structurally related receptors and antagonists 
compete for secreted Wnt ligands. cell 88, 725-728 (1997).
83. Zorn,A.M. Wnt signalling: antagonistic Dickkopfs. Curr. Biol 11, R592-R595 (2001).
84. Kielman,M.F. et al. Apc modulates embryonic stem-cell differentiation by controlling the dosage of 
beta-catenin signaling. Nat. Genet. 32, 594-605 (2002).
85. Korchynskyi,O. & ten Dijke,P. Identification and functional characterization of distinct critically 
important bone morphogenetic protein-specific response elements in the Id1 promoter. J. Biol. Chem. 277, 
4883-4891 (2002).
86. Rupp,E., Mayer,H. & Wingender,E. The promoter of the human parathyroid hormone gene contains a 
functional cyclic AMP-response element. Nucleic Acids Res. 18, 5677-5683 (1990).
87. He,T.C. et al. Identification of c-MYC as a target of the APC pathway. science 281, 1509-1512 (1998).
88. Sasaki,H., Nishizaki,Y., Hui,C., Nakafuku,M. & Kondoh,H. Regulation of Gli2 and Gli3 activities by an 
amino-terminal repression domain: implication of Gli2 and Gli3 as primary mediators of Shh signaling. 
Development 126, 3915-3924 (1999).



Nederlandse 
samenvatting


