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 The aim of this thesis was to examine how both OPG and DKK-1 production are 

regulated in osteoblastic cells in health and disease.  Control of endogenous OPG and 

DKK-1 production and expression and Wnt expression were investigated in response to 

various cytokines, hormones and growth factors.  This chapter will discuss each of the 

results chapters in turn before integrating the results in the final conclusion. 

 

8.1 OPG and DKK-1 production is dependent upon a factor present in serum  

 The results presented in chapter 3 demonstrate that the regulation of both OPG 

and DKK-1 production in osteoblastic cells is dependent on FCS whilst under culture 

conditions.  OPG production in MG63 cells was inhibited 65% compared to control 

when cultured in the absence of FCS for 24 hours.  OPG production in the presence of 

FCS ceased after 24 hours, but upon the addition of further FCS OPG production was 

stimulated by 30%.  Other media constituents such as amino acids, vitamins, glucose 

and nucleotides were shown to have no effect on the production of OPG in MG63 cells.  

Therefore, FCS must contain a particular component, such as a growth factor, cytokine 

or hormone responsible for inducing OPG production.   

 It was demonstrated that FCS-induced production of OPG was mediated via 

ERK, P38MAPK and possibly JNK, but not PI3K or NFκB as demonstrated by specific 

inhibitors (see Table 8.1A).  The stimulation of OPG production in response to cytokines 

such as IL-1β is also mediated through ERK and P38MAPK (Lambert et al., 2007).  

Steady state transcription of the mouse OPG gene is maintained by the c-Jun 

homodimer bound to the AP-1 site in the OPG promoter (Kondo et al., 2004).  

Therefore inhibition of JNK should limit nuclear c-Jun availability and reduce OPG 

transcription.  In contrast to this, these results demonstrated an increase in OPG 

production with a JNK inhibitor.  However, c-Jun can be activated via a JNK-

independent signalling cascade such as that mediated by the COP9 signalosome 

(Naumann et al., 1999).  COPS3, a subunit of the COP9 signalosome is raised in 

osteosarcoma and is associated with tumour size and p53 mutation (Yan et al., 2007).  

It is therefore possible that inhibition of JNK could stimulate COP9 signalosome 

transcription of OPG, although there is no literature to support this hypothesis. 
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DKK-1 production in MG63 cells was inhibited 88% compared to control when 

cultured in the absence of FCS for 24 hours.  qRT-PCR analysis revealed FCS 

starvation also had an effect on the expression of various Wnt ligands, in particular 

Wnt4, Wnt7b and Wnt11 while the expression of Wnt3a, Wnt5a and Wnt16 was not 

affected by FCS starvation.  Wnt1 and Wnt2 were not detected in either control or FCS 

starved cells and so were not analysed in any further experiments.  In response to FCS 

starvation, both Wnt4 and Wnt11 were significantly up-regulated whereas Wnt7b and 

DKK-1 were significantly down-regulated.   

The results also demonstrate that FCS-induced DKK-1 production in MG63 cells 

is mediated via PI3K, P38MAPK, JNK and ERK as demonstrated by specific inhibitors 

(see Table 8.1A and Fig 8.1).   In colon cancer cells, shear-stress induced expression 

of DKK-1 requires activation of P38MAPK (Avvisato et al., 2007).  Inhibiting P38MAPK 

in multiple myeloma cells has been shown to decrease myeloma cell-induced 

osteoclastogenesis by inhibiting RANKL expression (Nguyen et al., 2006).  Although 

neither of these two studies investigated the effects of DKK-1 in response to P38MAPK 

inhibition, the results presented here suggest it is very likely that inhibition of P38MAPK 

in myeloma cells would also inhibit DKK-1 production.  The increase in DKK-1 

production but not expression in response to the inhibition of JNK is in contrast to a 

recent study where oxidative stress was shown to induce the expression of DKK-1 in 

multiple myeloma cells via activation of the JNK pathway (Colla et al., 2007).   

Very few studies have actively investigated the regulation of DKK-1 production.  

The main emphasis appears to be the use of DKK-1 as a Wnt antagonist to investigate 

the effects of canonical Wnt signalling or to investigate the effects of over-expressed 

DKK-1 in disease states such as rheumatoid arthritis (Diarra et al., 2007) and multiple 

myeloma (Tian et al., 2003).  These results demonstrate for the first time that DKK-1 

regulation in osteoblasts is stimulated by a component in FCS and such stimulation is 

mediated via PI3K, P38MAPK, JNK and ERK.       

RT-PCR demonstrated that the same Wnts affected by serum starvation are 

also regulated via PI3K, P38MAPK, JNK and ERK (see Table 8.1B and Fig 8.1).  Some 

Wnts that were not affected by serum starvation were also regulated via these 

signalling intermediaries.  Inhibiting PI3K significantly up-regulated the expression of 

Wnt4 and Wnt11 and significantly down-regulated the expression of Wnt5a and DKK-1.  

Inhibiting P38MAPK significantly up-regulated the expression of Wnt4, Wnt7b and 
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Wnt11 and significantly down-regulated the expression of Wnt5a and DKK-1.  Inhibiting 

JNK significantly up-regulated the expression of Wnt4 and Wnt7b and had no effect on 

the expression of DKK-1.  Inhibiting ERK significantly up-regulated the expression of 

Wnt3a, Wnt7b and Wnt11 and significantly down-regulated the expression of Wnt4 and 

DKK-1.  

Taken together, these results demonstrate a potential link between the 

expression of Wnt4, Wnt7b, Wnt11 and DKK-1 in osteoblastic cells.  Table 8.1 

summarises the results discussed thus far.  In general, it appears that when Wnt4 and 

Wnt11 are up-regulated, Wnt7b and DKK-1 are down-regulated and vice versa.  

However, these observations may not be true linkage as inhibition of ERK up-regulated 

the expression of Wnt7b, but expression and production of DKK-1 was down-regulated.   

However, results obtained from the use of specific inhibitors should be analysed 

with caution.  The inhibition of an important protein within the cell could potentially 

initiate an alternative biologically potent signalling mechanism that may or may not bear 

a true resemblance to the “real” effect of an agent, in other words, an indirect effect.  

For example, in the presence of SP600125, the expression of DKK-1 did not alter but 

detection of DKK-1 in the culture medium was increased.  Additionally, any given 

specific inhibitor may not be truly specific.  SP600125 (JNK inhibitor) for example has 

been demonstrated to also be a potent ligand and antagonist of the aryl hydrocarbon 

receptor transcription factor (Joiakim et al., 2003).  Therefore, the results obtained from 

the use of specific signalling inhibitors should be repeated with more than one inhibitor 

or even other techniques such as siRNA to eliminate the possibility of any non-specific 

interactions.   
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Table 8.1    Summary of the signalling inhibitors used in chapter 3 and their effect 
on OPG and DKK-1 production (A), DKK-1 expression and Wnt expression (B).  
Signalling intermediaries inhibited were PI3K (LY294002), ERK (U0126), P38MAPK 

(SB202190), NF-кB (BAY11-7082) and JNK (SP600125).  ↑ = 51-100% and ↑↑ = 

>100% stimulation above no effector control.  ↓ = 1-50% and ↓↓ = 51-99% inhibition 

below no effector control.  + = 1-2 fold and ++ = >7 fold up regulation in gene 

expression compared to no effector control.  NE = no effect.  ND = not detected (100% 

inhibition).   

 
A 
 

Effector OPG DKK-1 

Serum starvation ↓↓ ↓↓ 
LY294002 NE ↓↓ 

U0126 ↓ ↓ 
SB202190 ↓↓ ↓↓ 

BAY11-7082 NE NE 
SP600125 ↑↑ ↑ 

 

B 

Effector DKK-1 
(mRNA) 

Wnt3a Wnt4 Wnt5a Wnt7b Wnt10 Wnt11 

Serum 
starvation ↓↓ NE ++ NE ND NE ++ 

LY294002 ↓↓ NE + ↓ NE NE + 
U0126 ↓↓ + ↓↓ NE + NE + 

SB202190 ↓↓ NE + ↓ + NE + 
SP600125 NE NE + NE + NE NE 
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Fig 8.1  Signalling pathways and their effect on OPG and DKK-1 production, DKK-
1 expression and Wnt expression in response to serum.  The addition of serum to 

culture medium regulates OPG and DKK-1 production, DKK-1 expression and Wnt 

expression as observed by the addition of various inhibitors.  The ligand/s and 

receptor/s involved are unknown and denoted by Factor X and Receptor Y.  

Proteins/genes observed to be up-regulated are denoted in blue, whereas those that 

were down-regulated are denoted in red.  Genes are denoted in italics. 
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Wnt ligands generally fall into one of two categories depending on their ability to 

activate certain signalling cascades: the Wnt1 class or the Wnt5a class.  The Wnt1 

class activates canonical Wnt signalling by utilising both Fzd and LRP receptors and 

therefore results in the nuclear translocation of β-catenin.  This canonical class includes 

Wnt1, Wnt2a, Wnt2b, Wnt3, Wnt3a, Wnt7a, Wnt7b, Wnt8a, Wnt8b, Wnt9a, Wnt9b, 

Wnt10a and Wnt10b.  The Wnt5a class on the other hand binds only Fzd and therefore 

initiates the β-catenin independent non-canonical pathway.  This non-canonical class 

includes Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt 11 and Wnt16.  Some studies however 

indicate that the action of Wnts in each class may not be totally exclusive.  The non-

canonical Wnt4 for example, has been found to activate β-catenin in the Müllerian duct, 

the mammary gland and the kidney (Vainio et al., 1999; Brisken et al., 2000; Lyons et 

al., 2004), whilst in mice the canonical Wnt7b has been shown to act non-canonically to 

stimulate bone formation via PKC (Tu et al., 2007) and nerve outgrowth via JNK 

(Brynczka and Merrick, 2007).  In addition, non-canonical Wnt11 is also able to activate 

both non-canonical (Pandur et al., 2002) and canonical pathways (Tao et al., 2005) in 

cardiogenesis and xenopus axis formation respectively.  

Wnt3a was shown here to be significantly up-regulated in response to ERK 

inhibition.  In contrast, Wnt3a was found to activate both ERK and P38MAPK during 

osteogenesis in the mouse embryonic mesenchymal stem cell line C3H10T1/2 via an 

LRP5/6 independent mechanism (Caverzasio and Manen, 2007).  ERK has also been 

shown to be activated indirectly by Wnt3a in the mouse fibroblast cell line NIH3T3 via 

the production of epidermal growth factor (EGF; Kim and Choi, 2007).  In neither case 

was the activation of ERK inhibited by DKK-1.  DKK-1 has been shown to be a 

downstream transcriptional target for β-catenin upon stimulation of canonical Wnt 

signalling with Wnt3a-conditioned medium (Gonzalez-Sancho et al., 2005).  The 

presence of Wnt3a in FCS cannot be excluded, but the possibility of Wnt3a in FCS 

inducing the production of DKK-1 in FCS-containing cell culture is unlikely.  Autocrine 

stimulation of DKK-1 production by Wnt3a in FCS-starved cells is dubious as Wnt3a 

expression was unaffected by FCS-depletion whilst DKK-1 expression was inhibited.  

Wnt4 was shown here to be significantly up-regulated during serum starvation, 

significantly up-regulated in response to the inhibition of PI3K, P38MAPK and JNK 

whilst down-regulated in response to inhibition of ERK.   As expected, non-canonical 

Wnt4 has been shown to activate JNK in mouse kidney development (Osafune et al., 

2006).  In the osteoblast, p63 and p73, members of the p53 family, have been shown to 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Caverzasio%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Manen%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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bind and activate the Wnt4 promoter (Osada et al., 2006).  p53 is a tumour suppressor 

protein and regulates the cell cycle in response to DNA damage and either halts the cell 

cycle or induces apoptosis.  p53 also induces the expression of DKK-1 in non-

transformed cells and is thought to play a role in suppressing Wnt-mediated tumour 

formation (Wang et al., 2000).   Wnt1 induces expression of anti-apoptotic proteins such 

as IGF-1 and IGF-II in pre-adipocytes which allows them to resist apoptosis in response 

to serum deprivation (Longo et al., 2002).  It is possible that Wnt4 is perhaps initiating a 

similar mechanism here. 

Wnt5a was shown here to be significantly down-regulated in response to 

inhibition of PI3K and P38MAPK.  Wnt5a, PI3K and P38MAPK are all involved in non-

canonical Wnt signalling.  Studies have demonstrated that Wnt5a acts through PI3K to 

protect cells against serum-starvation induced apoptosis (Almeida et al., 2005) and 

promote human dermal fibroblast adhesion (Kawasaki et al., 2007).  Wnt5a has also 

been shown to activate P38MAPK to regulate the non-canonical Wnt signalling pathway 

(Ma and Wang, 2007).  Taken together, these results indicate that inhibition of non-

canonical Wnt signalling inhibits DKK-1 production.  Although JNK is also involved in 

non-canonical Wnt signalling, expression of Wnt5a was not affected by inhibition of 

JNK.  Wnt5a has been shown to activate JNK in hMSC’s (Matsushanky et al., 2007), to 

promote and maintain their osteogenic potential while inhibiting adipogenesis (Bilkovski 

et al., 2010).  However, although Wnt5a may act via PI3K, P38MAPK and JNK, 

inhibition of such proteins does not necessarily mean that the expression of Wnt5a 

should be altered.     

 The expression of Wnt7b was shown here to be significantly inhibited during 

serum starvation and significantly up-regulated in response to the inhibition of 

P38MAPK, JNK and ERK.  Wnt7b is essential for heart valve development (Alfieri et al., 

2010), regulates vascular development in the lung (Shu et al., 2002) and regulates 

MSC proliferation (Salazar et al., 2009).  An increase in Wnt7b expression has been 

linked to increased apoptosis in vascular endothelial cells (Lobov et al., 2005).  In bone, 

Wnt7b is secreted by osteoblasts and acts upon them in an autocrine fashion to 

regulate osteogenesis (Zhang et al., 2004).  As previously stated, Wnt7b is capable of 

activating both canonical and non-canonical Wnt signalling pathways.  There is no 

literature linking Wnt7b with either p38MAPK or ERK and so further investigation into 

the link between these proteins may increase our understanding of Wnt signalling and 

the mechanisms involved.  
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The expression of Wnt11 was shown here to be significantly up-regulated in 

response to serum starvation and inhibition of PI3K, P38MAPK and ERK.  The non-

canonical Wnt11 has been shown to activate canonical Wnt signalling to promote 

osteoblast maturation and mineralisation (Friedman et al., 2009) and is up-regulated in 

response to glucocorticoids (Mak et al., 2009).  Wnt11 is known to activate JNK during 

cardiogenesis (Flaherty et al., 2008), but these results demonstrate for the first time a 

link between Wnt11 expression and PI3K, P38MAPK and ERK.       

 To further investigate the effects of FCS starvation on DKK-1 and Wnt 

expression, a time course was performed.  In the presence of FCS, DKK-1 expression 

was quickly up-regulated at 0.5 hours in response to the media change at the beginning 

of the experiment (time 0), before gradually falling away in a time-dependent manner.  

The increase in DKK-1 expression correlated with an increase in DKK-1 production, 

after a short time lag.  DKK-1 production also gradually reduced in a time-dependent 

manner.  In the absence of FCS however, there was no peak of stimulated expression 

of DKK-1 and over time the residual levels of DKK-1 had slowly faded to almost zero at 

24 hours.  DKK-1 production exhibited a small increase in production at 3 hours, 

although this was much less prominent than the peak in the presence of FCS. This is 

probably due to residual DKK-1 mRNA within the cell at the start of the experiment.  

Taken together, these results indicate that there is some component in FCS stimulating 

the expression of DKK-1.  This component also appears to be in limited supply as the 

stimulation of DKK-1 expression is short-lived.   

 The expression of Wnt4, Wnt7b and Wnt11 was also analysed over a serum 

starvation time course.  The expression of Wnt4 and Wnt11 were both significantly up-

regulated in a time-dependant manner, but their response was not quick.  Wnt11 was 

up-regulated 3 hours earlier than Wnt4, indicating that these two Wnts are not 

responding to the same signals in the absence of FCS.  The up-regulation of Wnt4 and 

Wnt11 expression occurred many hours after the down-regulation of DKK-1, indicating 

that the up-regulation of Wnt4 and Wnt11 are not the cause for the down-regulation of 

DKK-1.  It is possible however, that the up-regulation of Wnt4 and Wnt11 are in 

response to the down-regulation of DKK-1.  The expression of Wnt7b was down-

regulated 1.5 hours after DKK-1, 3 hours before the up-regulation of Wnt11 and 6 hours 

before the up-regulation of Wnt4.  Taken together, these results suggest that DKK-1 

may be required for Wnt7b expression, but Wnt7b is not required for Wnt4 and Wnt11 

expression.  These results also suggest that during serum starvation, non-canonical 
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Wnt signalling is stimulated and canonical Wnt signalling is inhibited via mechanisms 

other than DKK-1 inhibition.   

Interestingly, the up-regulation of Wnt4 and Wnt11 expression in response to 

serum starvation was quickly abrogated by the addition of FCS in a time-dependent 

manner.  Wnt4 was down-regulated quicker than Wnt11.  This was mirrored with a time-

dependent up-regulation of both Wnt7b and DKK-1 expression.  DKK-1 expression was 

up-regulated immediately after re-addition of FCS, further supporting the suggestion 

that some component in FCS stimulates the production of DKK-1.  The increase in 

DKK-1 expression correlated with an increase in secreted DKK-1 protein detected in the 

culture medium.  The results also show up-regulation of DKK-1 earlier than Wnt7b in 

response to re-addition of FCS, again suggesting that production of DKK-1 may be 

required for the expression of Wnt7b.   

 These results have demonstrated that the expression of Wnt4, Wnt7b and 

Wnt11 can all be modulated by component(s) in FCS.  Although initially a clear 

relationship appears in that serum deprivation up-regulates expression of the non-

canonical Wnt4 and Wnt11 and down-regulates expression of the canonical Wnt7b, all 

three of these Wnt proteins have demonstrated uncharacteristic behaviour when it 

comes to initiation of either canonical or non-canonical signalling as previously 

mentioned.  This in turn requires more a cautious approach when analysing the results.  

No complete conclusion can be drawn from these results before assessing levels of 

active β-catenin and perhaps the expression of other Wnt genes and the production of 

other Wnt inhibitors such as sFRP’s and WIF-1 and Wnt-related receptors such as Frz 

and LRP5/6 during serum starvation.   
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8.2 OPG and DKK-1 production can be regulated by a number of cytokines 

OPG is a homodimeric protein essential in the regulation of bone turnover by 

inhibiting osteoclastic activity.  Over-expression of OPG results in a lack of osteoclastic 

resorption and leads to osteosclerosis (Chagraoui et al., 2003) whereas reduced OPG 

expression results in excessive osteoclastic resorption and leads to osteoporosis 

(Bucay et al., 1998).  For many years, the regulation of OPG production has been 

studied due to its importance in maintaining healthy bone, but these are the first results 

to demonstrate that the addition of FCS during cell culture is able to modulate the 

production of OPG.  FCS is a complex mixture of many hormones, cytokines and 

growth factors although its exact constituents remain unknown.  Due to the effects of 

FCS on the stimulation of both OPG and DKK-1 production, some hormones, cytokines 

and growth factors known for their effect on bone that could well be present in FCS 

were investigated for their ability to stimulate OPG and DKK-1 production.   

TGFβ-superfamily members BMP-2 and BMP-7 have received Food and Drug 

Administration (FDA) approval for use in clinical trials for the healing of spinal fusion 

and both delayed and non-union fractures (Govender et al., 2002; Ristiniemi et al., 

2007; White et al., 2007), although it has been reported that osteoblastic production of 

BMP-7 is not required for skeletal homeostasis (Tsuji et al., 2010).  A novel BMP-

2/BMP-7 heterodimer construct was found to be more potent at inducing ALP activity 

than BMP-2 or BMP-7 alone (Zhu W et al., 2006; Kawai et al., 2009).  BMP-2 has been 

shown to stimulate ectopic bone formation when injected into muscle tissue (Wang et 

al., 2009) by inhibiting myogenesis and stimulating osteogenesis in multipotent muscle 

cells (Katagiri et al., 1994).  BMP-2 has also been shown to synergise with the 

canonical Wnt signalling pathway to promote bone formation (Mbalaviele et al., 2005) 

and stimulate the production of OPG (Hofbauer et al., 1998).   

In agreement with these studies, the results presented here also demonstrate 

the ability of BMP-2 to induce OPG production in both MG63 and Saos-2 cell lines.  

DKK-1 production was also stimulated in response to BMP-2 in MG63 cells but not 

Saos-2 cells.  Noggin, a potent specific inhibitor of BMP’s inhibited the ability of BMP-2 

to stimulate OPG and DKK-1 production in MG63 cells.  These results are consistent 

with other studies that demonstrate the expression of OPG and DKK-1 is up-regulated 

by BMP-2 treatment in osteoblasts (Hofbauer et al., 1998; Kamiya et al., 2010).  BMP-7 

on the other hand stimulated DKK-1 production in both MG63 and Saos-2 cells but had 
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no effect on the production of OPG in either cell type.  Although the results presented 

here do not show the effect of BMP’s on cells in the absence of FCS, the fact that 

noggin did not inhibit either OPG or DKK-1 production in the absence of a BMP, 

suggests that BMP’s are not the component in FCS responsible for inducing OPG and 

DKK-1 production.  It would still be beneficial however, to investigate the effects of both 

BMP-2 and BMP-7 in the absence of FCS. 

TGFβ is well known for its roles in osteoblastogenesis (Roelen and Diljke et al., 

2003; Fox and Lovibond et al., 2005).  These results demonstrated the ability for TGFβ 

to stimulate the production of OPG in MG63 cells both in the presence and absence of 

FCS, but not Saos-2 cells.  This is consistent with other studies that have demonstrated 

a stimulation of OPG production by osteoblasts in response to TGFβ (Murakami et al., 

1998; Schwartz et al., 2009) although in human vascular smooth muscle cells, OPG 

production is inhibited in response to TGFβ (Nguyen et al., 2007).  Even though TGFβ 

stimulated the production of OPG in MG63 cells in the absence of FCS, at the 

maximum concentration used OPG production remained 75% below that of FCS only 

control.   

These results also demonstrated the ability of TGFβ to stimulate the production 

of DKK-1 in both MG63 and Saos-2 cells in a biphasic manner when in the presence of 

FCS.  This is in contrast to endometrial stromal cells, where DKK-1 production is 

inhibited in response to TGFβ (Kane et al., 2008).  TGFβ signalling cooperates with Wnt 

signalling to regulate osteoblast maturation (McCarthy and Centrella, 2010) and hMSC 

differentiation into chondrocyte and adipcyte lineages (Zhou et al., 2004).  Although the 

expression of various Wnt genes was not analysed here, TGFβ has previously been 

shown to up-regulate the expression of Wnt2, Wnt4, Wnt5a, Wnt7a, and Wnt10a in 

KM101 cells, a hMSC cell line (Zhou et al., 2004).  In the absence of FCS, these results 

have shown that TGFβ stimulated DKK-1 production in MG63 cells but not Saos-2 cells.  

However, at the maximum concentration used DKK-1 production remained 54% below 

that of FCS only control.   

 Activin A, another member of the TGFβ superfamily, enhances the effects of 

BMP-induced bone formation (Ogawa et al., 1992), promotes osteoblast proliferation 

(Centrella et al., 1991) and increases bone mass in ovariectomised rats (Sakai et al., 

2000).  In human embryonic stem cells (hESC), Activin A maintains hESC self-renewal 

and pluripotency, whilst up-regulating the expression of Wnt3a and bFGF and down-
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regulating the expression of BMP-7 (Xiao et al., 2006).  To date, no study has reported 

a link between Activin A, OPG or DKK-1.  These results demonstrate that Activin A 

stimulates OPG in Saos-2 cells only whilst in the presence of FCS.  There was no effect 

of Activin A on OPG production in MG63 cells either with or without FCS.  Activin A had 

no effect on the production of DKK-1 in Saos-2 cells either with or without FCS.  In 

MG63 cells, Activin A only stimulated DKK-1 in the absence of FCS.   

 TNFα is a well known as a mediator of inflammatory responses in a range of 

diseases.  TNFα also inhibits osteoblast differentiation (Gilbert et al., 2000) by inhibiting 

the expression of RUNX2, an essential osteoblastic transcription factor (Gilbert et al., 

2002) and promotes osteoclastogenesis by stimulating RANKL (Nakashima et al., 

2000) and IL-6 (Webb et al., 2002) production in osteoblasts.  These results have 

demonstrated very little effect on the production of OPG in osteoblastic cells in 

response to TNFα.  OPG production in MG63 cells was increased slightly but 

significantly in the absence of FCS after TNFα stimulation, but there was no effect in the 

presence of FCS.  OPG production in Saos-2 cells was significantly increased in a 

biphasic manner in the presence of FCS after TNFα stimulation, but there was no effect 

in the absence of FCS.  Expression of OPG has previously been reported to be up-

regulated in hFOB’s 6-fold in response to TNFα compared to control (Hofbauer et al., 

1998).   

In a mouse model of rheumatoid arthritis, TNFα has been shown to be a key 

regulator of DKK-1 production (Diarra et al., 2007).  The results presented in this thesis 

also demonstrate a significant dose-dependent increase in DKK-1 production in 

response to TNFα in the presence and absence of FCS in both MG63 and Saos-2 cells.  

However, at the maximum concentration used, TNFα-induced DKK-1 production in the 

absence of FCS remained 79% and 94% below that of the FCS only control in MG63 

and Saos-2 cells respectively suggesting TNFα present in serum is unlikely to be 

responsible for the FCS-stimulated elevation of DKK-1.   

Insulin promotes a healthy bone mass although the effect of insulin on bone 

remodelling / repair is not completely understood.  People with diabetes are known to 

have poor bone health with an increased fracture risk (Vestergaard et al., 2009) and 

impaired fracture repair (Funk et al., 2000).  The results presented in this thesis 

demonstrate the ability for insulin to inhibit the production of OPG in the presence and 

absence of FCS in both MG63 and Saos-2 cells.  Insulin also inhibits OPG production in 
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adipocytes (An et al., 2007).  Elevated serum OPG has been reported in type 2 

diabetes (Browner et al., 2001), although this is believed to be as a consequence of 

diabetes-related arthersclerosis (Avignon et al., 2005) rather than a result of the 

diabetes as serum OPG is also elevated in cardiovascular disease (Jono et al., 2002; 

Schoppet et al., 2003). 

Diabetic patients receiving roziglitazone treatment have increased levels of 

serum DKK-1 which is thought to contribute to diabetic-induced loss of bone by 

promoting adipogenesis and inhibiting osteogenesis (Gustafson et al., 2010).  The 

results presented in this thesis have also demonstrated the ability for insulin to inhibit 

the production of DKK-1 in the presence and absence of FCS in MG63 cells and the 

presence but not absence of FCS in Saos-2 cells.  

Insulin-like growth factors (IGF) are widely accepted as key players in skeletal 

physiology.  IGFII is produced by both chondrocytes and osteoblasts (Fisher et al., 

2005) although its role in bone is poorly understood as studies have reported increases 

in both osteoblastic proliferation (Sun et al., 2005) and apoptosis (Gronowicz et al., 

2004).  IGFII inhibits OPG production in periodontal ligament cells (Ling and Li, 2004).  

The results presented in this thesis have shown that IGFII can induce the production of 

OPG in MG63 and Saos-2 cells in the presence of FCS.  In the absence of FCS, IGFII 

increased OPG production in Saos-2 cells but not MG63 cells.  These results have also 

demonstrated for the first time an effect on DKK-1 production in osteoblastic cells in 

response to IGFII.  DKK-1 production in MG63 cells was increased in a bi-phasic 

manner in the presence of FCS, but was inhibited in the absence of FCS.  DKK-1 

production in Saos-2 cells was inhibited in both culture conditions.  

IL-6, produced by osteoblasts, is a potent inducer of osteoclastogenesis (Ishimi 

et al., 1990).  IL-6 is found to be raised in osteolytic diseases such as rheumatoid 

arthritis (Diarra et al., 2007), multiple myeloma (Kuku et al., 2005), Paget’s disease of 

bone (Roodman et al., 1992; Neale et al., 2002) and bone metastases from both breast 

and prostate cancer (Kinder et al., 2008; Tumminello et al., 2009). It has been observed 

that DKK-1 induces the production of IL-6 which mediates the osteolytic response 

(Gunn et al., 2006).  IL-6 however, does not induce the production of either OPG or 

DKK-1 in MG63 cells as demonstrated by the results presented in this thesis.   

 FGF-1 is a known activator of ERK signalling and a potent inducer of 

proliferation (Chang et al., 2005). FGF-1 also induces new bone formation in 
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ovariectomised rats (Dunstan et al., 1999) and has been shown to inhibit canonical Wnt 

signalling in osteoblasts in a DKK-1 independent manner (Ambrosetti et al., 2008).  

These results demonstrate that FGF-1 inhibits both OPG and DKK-1 production in the 

presence of FCS but has no effect in the absence of FCS.  Considering the previous 

observations where inhibition of ERK resulted in the inhibition of both OPG and DKK-1 

production, it is therefore unlikely that in this scenario, FGF-1 is exerting its effects 

through ERK. 

Serotonin, a monoamine neurotransmitter derived from the amino acid 

tryptophan, has two different roles depending on its site of synthesis.  Brain-derived 

serotonin, produced by neurons, is essential in cognitive functions such as memory and 

regulates mood, appetite, sleep and muscle contraction.  Gut-derived serotonin, 

produced by the enterochromaffin cells in the duodenum, is responsible for maintaining 

intestinal motility.  Regardless of the site of production, serotonin does not cross the 

blood-brain barrier.   

Recently, a controversial but fascinating study in mice demonstrated that the 

production of serotonin in the gut, controlled via LRP5, is responsible for regulating 

bone mass (Yadav et al., 2008).  This study demonstrated that gut-specific but not 

osteoblast-specific inactivation of LRP5 decreased bone formation, whilst osteoblastic 

disruption of β-catenin had no effect on bone formation.  Non-canonical Wnt signalling 

in enterochromaffin cells in the duodenum was found to inhibit the rate-limiting enzyme 

tryptophan hydroxyalse I (Tph1) required for serotonin synthesis via the expression of 

LRP5.  Serotonin influences the extent of bone formation by inhibiting osteoblast 

proliferation via the Htr1b receptor which regulates CREB-induced expression of 

CyclinD1 (Yadav et al., 2008).   

The results presented in this thesis demonstrate no effect of either OPG or 

DKK-1 production in MG63 or Saos-2 cells in response to serotonin.  This is in contrast 

to previous studies where serotonin was demonstrated to increase OPG production in 

both primary human osteoblasts and murine pre-osteblasts MC3T3-E1 (Gustafsson et 

al., 2006) and pulmonary artery smooth muscle cells (Lawrie et al., 2008).  However, it 

is possible that due to the transformed nature of the osteosarcoma cell lines used in this 

thesis, they no longer express the Htr1b receptor and so are unresponsive to serotonin.  

No other study has reported an effect on DKK-1 production in response to serotonin.   



CHAPTER 8:  DISCUSSION 
 

 

- 182 - 
 

Stem cell factor (SCF), signalling via its receptor c-kit, is essential for 

haematopoiesis.  Mice not expressing SCF die in utero from severe anaemia (Broudy, 

1997).  SCF enhances the proliferation and differentiation of bone marrow stromal cells 

(Shiozawa et al., 2008) and osteoblasts have been demonstrated to support 

haematopoietic development by secreting SCF into the local bone environment 

(Shiozawa et al., 2008).  A β-catenin deficient bone marrow environment suppressed 

haematopoiesis and this was correlated with decreased osteoblast number and 

decreased osteoblast production of SCF (Nemeth et al., 2009).  Increased levels of 

SCF have also been reported in MM (Zhu BD et al., 2006).  The results presented in 

this thesis demonstrate that SCF increases OPG production in MG63 cells in the 

presence of FCS, but not the absence of FCS.  There was no effect of SCF on DKK-1 

production.  No other study has reported the ability for SCF to increase OPG production 

in osteoblastic cells.   

Hepatocyte growth factor (HGF) was originally identified as a potent hepatocyte 

mitogen (Nakamura et al., 1984).  Fibroblast growth factor-2 (FGF-2) has been found to 

stimulate osteoblastic production of HGF (Blanquaert et al., 1999).  Hydroxyapaptite 

(HA) coated with HGF has been demonstrated to increase osteoblastic activity 

compared with HA alone (Zambonin et al., 2000; Hossain et al., 2005).  During fracture 

healing, HGF has been shown to be activated and expressed at the fracture site and 

induces the expression of BMP receptors on infiltrating MSCs (Imai et al., 2005).  

However, more recently it has been shown that HGF can in fact inhibit BMP-induced 

osteogenic differentiation of MSCs by maintaining them in a highly proliferative state 

(Standal et al., 2007).  HGF is elevated in the serum of both RA (Feuerherm et al., 

2001) and MM (Kara et al., 2006) patients and is thought to contribute to secondary 

osteoporosis in RA patients and the decreased bone formation seen in MM. 

 The results presented in this thesis have demonstrated that HGF inhibited the 

production of OPG 11% compared to control in the absence of FCS, whilst having no 

effect in the presence of FCS.  In addition, HGF did not have any effect on DKK-1 

production in either the presence or absence of FCS.   

Bradykinin, a potent vasodilator and mediator of pain and smooth muscle 

contraction in a variety of tissues (Regoli and Barabe, 1980), causes the release of 

prostaglandins, particularly in response to inflammation (Ricupero et al., 1992).  Its 

effects are mediated via two G-protein coupled receptors namely B1 and B2
 and MG63 
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osteoblastic cells have been found to express both types of receptor (Brechter and 

Lerner, 2002).  Bradykinin has been demonstrated to increase bone resorption in vitro 

in mouse calvaria (Lerner et al., 1987) by stimulating the production of prostaglandin-E2 

and IL-6 (Kondo and Togari, 2004).  

 These results demonstrate that bradykinin significantly stimulated the production 

of OPG 67% compared to control in a dose responsive manner in the absence of FCS.  

In the presence of FCS however, although a slight dose-responsive effect was 

observed, it was shown not to be significant.  This is consistent with other studies that 

do not observe a significant effect of bradykinin on OPG production in MG63 cells 

(Kondo and Togari, 2004; Brechter and Lerner 2007), although a significant increase in 

RANKL expression in response to bradykinin was observed (Brechter and Lerner, 

2007).  Bradykinin in the presence of FCS significantly stimulated the production of 

DKK-1 29% compared to control, but had no effect in the absence of FCS.  There is no 

other literature reporting the stimulation of DKK-1 production in osteoblastic cells in 

response to bradykinin.   

 Taken together, these results demonstrate that neither BMP-2, BMP-7, TGFβ, 

activin a, TNFα, insulin, IGFII, IL-6, FGF-1, serotonin, SCF, HGF nor bradykinin are 

responsible for inducing OPG or DKK-1 production in the presence of FCS in standard 

culture conditions (See Tables 8.2 and 8.3 for a summary overview).  The investigation 

into FCS-stimulated OPG and DKK-1 production is difficult because as stated 

previously, FCS is an extremely complex mixture of many different cytokines, growth 

factors and hormones.  The responsible constituent could be something already known 

to stimulate bone formation, something novel or a combination of different constituents.   

 There are many ways to pursue the identity of the factor responsible for 

stimulating OPG and DKK-1.  Two possible options would be the candidate approach 

would be where purified cytokines or growth factors are tested for the ability to increase 

production, or the fractionation approach whereby FCS is separated into fractions, for 

instance by ion exchange chromatography, and then the fractions tested as above.  

Other approaches could include mass spectroscopy of FCS and the use of antibody 

arrays.  Although mass spectroscopy would yield an overwhelming assortment of 

potential factors to investigate, it would take a lot of time, effort and cost to pursue this 

route.  Antibody arrays on the other hand would be more cost effective but the success 
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of the strategy would still depend on the user selecting the correct proteins to screen 

for.   

 Even though these results do not categorically demonstrate the identity of a 

specific factor present in FCS responsible for inducing OPG and DKK-1 production, 

they have still shown the ways in which osteoblastic cells can be regulated by different 

cytokines, growth factors and hormones, and that different osteoblastic cell lines are 

regulated differently. 
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Table 8.2    Summary of the effectors used in chapter 3 and their significant effect 
on OPG and DKK-1 production in MG63 cells both with (A) and without FCS (B). ↑ 

= 1-50%, ↑↑ = 51-100% and ↑↑↑ = >100% stimulation above no effector control.  ↓ = 1-

50% and ↓↓ = 51-99% inhibition below no effector control.  NE = no significant effect.  
A 

Effectors OPG DKK-1 

BMP-2 ↑↑↑ ↑↑↑ 
BMP-7 NE ↑↑↑ 
TGFβ ↑↑↑ ↑↑ 

Activin A NE NE 
TNFα NE ↑ 

Insulin ↓ ↓ 
IGFII ↑ ↑ 
IL-6 ↓ NE 

FGF-1 ↓↓ ↓ 
Serotonin NE NE 

HGF NE NE 
SCF ↑ NE 

Bradykinin NE ↑ 
 

B 

Effectors OPG DKK-1 

TGFβ ↑↑↑ NE 
Activin A NE ↑↑↑ 
TNFα ↑↑↑ ↑↑↑ 

Insulin ↓ ↓↓ 
IGFII NE ↓ 
IL-6 NE ↓ 

FGF-1 NE NE 
Serotonin NE NE 

HGF ↓ NE 
SCF NE NE 
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Bradykinin ↑↑ NE 
Table 8.3    Summary of the effectors used in chapter 3 and their significant effect 
on OPG and DKK-1 production in Saos-2 cells both with and without FCS. ↑ = 1-

50%, ↑↑ = 51-100% and ↑↑↑ = >100% stimulation above no effector control.  ↓ = 1-50%, 

↓↓ = 51-100% and ↓↓↓ = >100% inhibition below no effector control.  NE = no significant 

effect. 

A 

Effectors OPG DKK-1 

BMP-2 ↑ NE 
BMP-7 NE ↑↑↑ 
TGFβ NE ↑↑ 

Activin A NE ↓ 
TNFα ↑↑ ↑↑ 

Insulin ↓ ↓ 
IGFII ↑ ↓↓ 
IL-6 NE ↓ 

 

B 

Effectors OPG DKK-1 

TGFβ NE ↑↑↑ 
Activin A NE NE 
TNFα NE ↑ 

Insulin ↓ NE 
IGFII ↑ ↓↓↓ 
IL-6 NE NE 
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8.3 PDGF-AB stimulates OPG production in osteoblastic cells 

 The results presented here demonstrate that PDGF-AB stimulates the 

production of OPG in a variety of osteoblastic cells via its receptor, PDGFR, as 

demonstrated with a receptor antagonist.  PDGF-AB signals through PI3K, ERK, 

P38MAPK and PKC to stimulate the production of OPG (Fig 8.2).  PDGF-AB induced 

OPG production was found to be both dose- and time-dependent in osteoblastic cells 

but did not affect cell number in confluent cultures.  PDGF-AB was found to only 

enhance proliferation in sub-confluent cell cultures presumably due to contact inhibition 

of proliferation in confluent cultures.  PDGF-AB also stimulated OPG production in 

murine pre-osteoblastic cells and hMSC but not hFOBs or human skin fibroblasts 

suggesting not only a cell type specific response but also a response that was 

dependent on stage of differentiation as hFOBs are a more differentiated osteoblastic 

cell line than either MG63 or Saos-2.   

 VEGF, a member of the PDGF family, did not stimulate OPG production, despite 

reports suggesting VEGF is capable of activating PDGFR (Ball et al., 2007).  

Additionally, PDGF-induced OPG production was inhibited by AG1296, a specific 

PDGFR inhibitor that does not prevent PDGF binding to the receptor, but prevents 

PDGFR autophosphorylation (Kovalenko et al., 1994).  This was demonstrated by 

ELISA and RT-PCR showing the increase in OPG observed is PDGF/PDGFR specific 

as PDGF-induced OPG production and expression was abrogated by the addition of 

AG1296.  The observation that PDGF signals through PKC, PI3K, ERK and p38 and 

not JNK or NFkB is consistent with other studies (Kratchmarova et al., 2005; Kobayashi 

et al., 2007; Hollinger et al., 2008). 

 Although OPG is primarily involved in the regulation of bone resorption, it also 

has other biological functions such as the prevention of arterial calcification (reviewed in 

Collin-Osdoby, 2004; McGonigle et al., 2008).  It has also been reported that OPG is 

capable of acting in an angiogenic manner both in vitro (Cross et al., 2006) and in vivo 

(McGonigle et al., 2008).   

PDGF plays an important role in fracture healing by stimulating the recruitment, 

migration and proliferation of stem cells (Wlodarski and Galus, 2005).  PDGF has been 

shown to enhance fracture healing (Celotti et al., 2006; Kasten et al., 2006) and has 

been used to treat non-union fractures (Bielecki et al., 2008).  In spite of this however, 
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Fig 8.2  Mechanisms of PDGF-induced OPG production in osteoblastic cells.  
PDGF-AB stimulates the production of OPG via PI3k, ERK, P38MAPK and PKC and is 

inhibited by the receptor-competitive AG1296. 
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PDGF-induced activation of ERK in MC3T3-E1 cells has shown to inhibit matrix 

mineralisation (Kono et al., 2007).  mRNA expression for OPG in the fracture callus of a 

mouse model has been reported to be up regulated 24 hours after fracture occurrence 

before returning to basal levels by 28 days (Kon et al., 2001).  A more recent study 

investigating the influence of intravenous OPG treatment on callus formation in a 

fracture model in rat (Ulrich-Vinther and Andreassen, 2005) observed that in early 

stages of fracture healing (~3 weeks) OPG treatment significantly reduced osteoclast 

number in the callus compared with control mice with no detrimental effect on fracture 

strength.  However, during the later phases of fracture healing (~8 weeks), OPG 

treatment hindered the deposition of new woven bone at the fracture site and the 

subsequent bone remodelling processes. 

 The results presented here are consistent with the above studies.  PDGF 

released from platelets at the fracture site may be responsible for the initial rise in OPG 

production from surrounding stromal cells and pre-osteoblasts.  This may be important 

early in fracture healing to conserve bone that might otherwise be lost during the 

inflammatory phase of healing.  Inflammatory cytokines such as IL-1 and TNFα are 

potent stimulators of bone resorption (Kobayashi et al., 2000; Kwan et al., 2004; 

Knudsen et al., 2007).  PDGF-stimulated OPG production could also be beneficial for 

the growth of blood vessels at the fracture site (Cross et al., 2006; McGonigle et al., 

2008).  These results suggest an additional role for PDGF at the site of fracture, namely 

the production of OPG to enhance local angiogenesis and/or preserve bone in the short 

term that might otherwise be lost during the wound healing and remodelling process.   

PDGF also stimulated OPG production in murine pre-osteoblastic cells and 

hMSC but not hFOBs or human skin fibroblasts suggesting not only a cell type specific 

response but also a response that was dependent on stage of differentiation.  When 

Saos-2 cells were stimulated to differentiate into a mineralising phenotype using 

osteogenic medium, ALP activity increased and positive alizarin red staining for 

mineralised nodules was observed.  However, when differentiated Saos-2 cells were 

stimulated with PDGF-AB, no increase in OPG production was observed.  Saos-2 cells 

incubated in complete medium also showed some increase in ALP activity and positive 

alizarin staining at 21 days, although they failed to produce any mineralised nodules.  

The expression of differentiated features with time was accompanied by a gradual loss 

of PDGF-AB responsiveness.   
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The loss of responsiveness to PDGF-AB with differentiation may be in part due 

to the changes in expression of the receptors for PDGF on the cell surface.  The results 

presented here demonstrate that the expression of both PDGFRα and PDGFRβ is up-

regulated as osteogenic differentiation progresses.  It is therefore possible that the 

apparent loss of responsiveness of differentiated osteoblastic cells to PDGF-AB in 

terms of its ability to stimulate OPG production may be due to alterations in receptor 

availability.  The PDGFR functions as either a homodimer or a heterodimer and so can 

form three different receptors, namely -αα, -αβ and -ββ.  Each of the PDGF isoforms 

has a different affinity and/or binding ability to the different receptors.  PDGF-AA will 

only bind -αα, PDGF-AB will bind both -αα and -αβ and PDGF-BB will bind all three 

receptors.  As a result, osteoblastic cells may be more responsive to other isoforms of 

PDGF, such as PDGF-BB, as they become more differentiated and the expression 

profile of the receptors alters.  All three isoforms of PDGF initially showed equivalent 

ability to stimulate OPG production in osteoblastic cells, but as the receptor availability 

alters with differentiation, the effect of the other isoforms on differentiated osteoblastic 

cells needs to be investigated. Although Wnt expression was not investigated here in 

response to PDGF, Wnt7b has been shown to be required for the expression of 

PDGFRα and PDGFRβ in mouse pulmonary smooth muscle cells precursors (Cohen et 

al., 2009).  It may therefore be beneficial to investigate the expression of various Wnts 

with osteoblast differentiation alongside changes in PDGFR expression.  

These results have demonstrated how differentiation alters an osteoblastic cell’s 

response to PDGF-AB.  PDGF-induced activation of ERK in MC3T3-E1 cells has shown 

to inhibit matrix mineralisation (Kono et al., 2007).  Fig 4.9 however shows that PDGF-

AB induced OPG production in MC3T3-E1 cells was not inhibited by U0126, the 

inhibitor for ERK.  This indicates, in contrast to the previous study, that in MC3T3-E1 

cells, PDGF-AB induced OPG production is not mediated through ERK and may 

therefore not inhibit matrix mineralisation.  

It is also interesting to note that whilst determining through which signalling 

pathway PDGF-AB was eliciting its response, inhibition of ERK in MG63 cells under 

standard culture conditions had no effect on OPG production (Table 4.1).  This is in 

contrast to results presented in chapter 3 (Fig 3.3) where inhibition of ERK was shown 

to inhibit OPG production.  This demonstrates the somewhat temperamental nature of 

the behaviour of transformed cell lines and that data collected from them should be 
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analysed with caution.  It would therefore be beneficial to repeat these experiments with 

primary osteoblastic cells.  
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8.4   DKK-1; a product of canonical or non-canonical Wnt signalling? 

 Very few studies have investigated either the regulation of DKK-1 or the 

mechanisms of its production.  DKK-1 is being revealed as important in the detection 

and pathogenesis of a range of diseases, including rheumatoid arthritis (Diarra et al., 

2007), multiple myeloma (Tian et al., 2003; Terpos et al., 2006), osteosarcoma (Lee et 

al., 2007) and PDB (Naot et al., 2007, Marshall et al., 2009).  As DKK-1 is a potent 

soluble inhibitor of canonical Wnt signalling, this pathway was manipulated to examine 

the mechanism and effects of DKK-1 production in MG63 osteoblastic cells.   

 Normally, in the absence of a stimulatory canonical Wnt, GS3Kβ phosphorylates 

β-catenin thus marking it for proteosomal degradation and thus inhibiting canonical Wnt 

signalling.  In the presence of a canonical Wnt, GS3Kβ is inhibited and β-catenin can 

proceed to the nucleus to activate target genes.  By inhibiting GS3Kβ with 6-

Bromoindirubin-3’-monoxime (BIO), canonical Wnt signalling is simulated as β-catenin 

remains free to translocate into the nucleus and initiate gene transcription in complex 

with the transcription factors TCF/LEF.  The inhibition of DKK-1 production with BIO in a 

dose responsive manner observed in the results presented here appear to conflict with 

another study, where the production of DKK-1 in colon cancer cells was stimulated by 

ectopically expressed β-catenin (Gonzáles-Sancho et al., 2005).  TCF/LEF 

transcriptional binding sites were found in the promoter region of DKK-1 which was 

thought to contribute to its activation (Gonzáles-Sancho et al., 2005).  This discrepancy 

could be attributed to transformed nature of the two cell lines used.   

 The results presented here demonstrate that the expression of Wnt5a is up-

regulated 7-fold in response to BIO.  These results suggest several possibilities: in the 

presence of BIO; either the up-regulation of Wnt5a causes the down-regulation of DKK-

1, or the down-regulation of DKK-1 results in an up-regulation of Wnt5a, or the two 

results are independent.    There are several ways in which to begin distinguishing 

between these possibilities: performing a time-course experiment in the presence of 

BIO and monitor the expression of both Wnt5a and DKK-1 to see which is up-/down-

regulated first; incubate with cycloheximide, a protein synthesis inhibitor, in the 

presence of BIO and monitor the effects of Wnt5a and DKK-1 expression; add rDKK-1 

in the presence of BIO and observe if Wnt5a expression is altered.  Although the 

aforementioned study by Gonzáles-Sancho et al., did not observe an effect on the 

production of DKK-1 with Wnt5a, it is possible that colon cancer cells as used in that 
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study behave differently to osteosarcoma cell lines as used in this thesis as already 

demonstrated by the differences in their responses to ß-catenin.   

 The complexities of the relationships involved in Wnt signalling are plain to see 

here, as the relationship demonstrated here between Wnt5a and DKK-1 in response to 

BIO was not observed in response to serum starvation;  expression of Wnt5a was 

unaffected by serum starvation whereas the expression and production of DKK-1 was 

inhibited.  Although DKK-1 production is affected in both scenarios, the mechanisms 

involved are different.  

 sFRPs are a family of secreted glycoproteins capable of antagonising both 

canonical and non-canonical Wnt signalling by binding to Wnt proteins extracellularly 

resulting in a reduction of β-catenin nuclear translocation.  sFRP-1, also known as FrzA, 

has been demonstrated to antagonise canonical Wnt signalling via interaction with 

Wnt1 but not Wnt5a in vascular endothelia cells (Dennis et al., 1999) and control 

vascular cell proliferation both in vitro and in vivo (Ezan et al., 2004).  Although the 

exact role of sFRP-1 in osteoblasts remains somewhat elusive, sFRP-1 is capable of 

binding with RANKL and inhibiting osteoclastogenesis, whilst osteoblast expression of 

sFRP-1 in murine calvaria has been shown to be up-regulated by both prostaglandin E2 

and IL-11 (Hausler et al., 2004).  Additionally, the over-expression of sFRP-1 has been 

demonstrated to antagonise Wnt signalling and induce apoptosis in human osteoblasts 

(Bodine et al., 2005).   

 If the production of DKK-1 is purely as a result of Wnt signalling (either 

canonical or non-canonical) and not by any other mechanism, the addition of sFRP-1 to 

MG63 cells in culture should abrogate DKK-1 production.  The results presented in this 

thesis demonstrate that exposure of MG63 cells to sFRP-1 in culture results in the slight 

but significant stimulation of DKK-1 production.  This suggests that the small amount of 

endogenous Wnt signalling is slightly inhibiting DKK-1 production and is consistent with 

the effect of BIO described earlier which simulates canonical Wnt signalling and blocks 

DKK-1 production.  If this is correct then adding a canonical Wnt such as Wnt3a to 

MG63 cells should inhibit DKK-1 production; this would need to be investigated.  In 

spite of this, the increase in DKK-1 production was not correlated with an increase in 

DKK-1 expression; possibly because the effect was too small to be detected by qRT-

PCR or occurred at an earlier time point than when examined and so the effect would 
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have been missed.  Cell number was not affected by the addition of sFRP-1 (results not 

shown). 

 Of the Wnt genes analysed, only Wnt7b was up-regulated in response to sFRP-

1.  As mRNA was analysed at the end of the 24 hour incubation period, it is very 

possible that the peak of DKK-1 expression happened hours earlier and levels had 

returned to normal by the time of analysing expression.  By the same reasoning, Wnt7b 

expression levels could also be much higher if analysed earlier.  To investigate this 

further, increase the maximum concentration of sFRP-1 used and perform a time 

course experiment with mRNA analysed at each time point.  Performing this experiment 

may also shed light on the previously identified relationship between Wnt7b expression 

and DKK-1 expression.  No other study has investigated the effects of sFRP-1 on the 

production of DKK-1.   

 The effect of other sFRP’s could also be investigated as studies have 

demonstrated they all have different affinities for different Wnts, again with some 

contrasting results.  For example, sFRP-3 inhibits Wnt1 and Wnt8, but does not inhibit 

Wnt3a nor Wnt5a (Wang et al., 1997).  sFRP-2 and sFRP-4 have been shown to 

actually increase Wnt3a-mediated ALP expression in osteoblasts (Cho et al., 2008).  

While the authors could not fully explain their results, it is possible that sFRP-2 and 

sFRP-4 antagonised other Wnts leaving Wnt3a more abundant and exert more potency 

upon the frizzled/LRP ligands due to less competition.  On the contrary, Wnt3a can be 

inhibited by sFRP-1 and sFRP-2 but not sFRP-3 in neuronal cells (Galli et al., 2006) 

and in mammary epithelial cells sFRP-4 inhibits Wnt3a (Constantinou et al., 2008). 

 Protein kinase C (PKC) is an intermediary signalling molecule in the non-

canonical Wnt signalling pathway and once activated has been demonstrated to 

promote bone formation (Tu et al., 2007).  PKC inhibitors bisindolylmaleamide (BIM) 

and staurosporine (STS) were used to investigate the role of PKC in the production of 

DKK-1.  Both inhibitors significantly inhibited the production of DKK-1 compared to 

control and this correlated with a significant reduction in DKK-1 expression.  Expression 

of Wnt5a was significantly up-regulated almost 5-fold compared to control in response 

to BIM, but significantly down-regulated compared to control in response to STS.  This 

demonstrates differences in the mechanisms of action between the two inhibitors.  

These results show a similar situation to those observed with BIO: an increased 

expression of Wnt5a with a decreased production of DKK-1.  Again, a time course in 
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the presence of BIM would help to identify if expression of Wnt5a regulates DKK-1 

expression or vice versa.   

     Phorbol ester (PE) is a well known stimulator of PKC.  DKK-1 production in 

MG63 cells was significantly increased in response to PE.  PE-induced DKK-1 

production was inhibited by both BIM and STS.  In addition to stimulation of DKK-1 

production, expression of DKK-1, Wnt4, Wnt7b and Wnt16 was also significantly up-

regulated in response to PE.  The up-regulation of these four genes was inhibited by 

BIM but not STS, again indicating a different mechanism of inhibiting DKK-1 production 

between the two inhibitors.  Taken together, these results suggest that STS is not 

inhibiting DKK-1 production via the inhibition of PKC, but via another mechanism. 

 STS is commonly used as a potent inducer of apoptosis and a strong inhibitor of 

many protein kinases by competing with ATP for its binding site.  Kinases known to be 

inhibited by STS include calmodulin (CaM) kinase, myosin light-chain kinase (MLCK) 

and protein kinases A (PKA), -C (PKC) and –G (PKG).  The extent to which STS 

inhibits these kinases is variable, with some such as PKC believed to be inhibited at 

much lower concentrations than those required to inhibit CaM kinase.  According to the 

manufacturer’s data sheet, the STS IC50 values for CaM kinase, MLCK, PKA, PKC and 

PKG are 20nM, 1.3nM, 7nM, 0.7nM and 8.5nM respectively.  Therefore at 10nM STS, 

the optimum concentration used in these results, the strongest inhibitory effects would 

be observed with PKC and MLCK.  It is perhaps therefore a little surprising therefore 

that STS does not have the same effects on Wnt expression as observed with BIM.    

 Although the exact mechanism of STS-induced apoptosis remains inconclusive, 

STS-induced apoptosis in osteoblasts has been attributed to the activation of caspase-3 

and an increase in JNK activity (Chae et al., 2000).  As observed in chapter 4, STS 

caused a decrease in cell number at 50nM, probably due to apoptosis, although STS 

inhibited the production of DKK-1 at concentrations as low as 5nM.  Therefore, the 

decrease in DKK-1 production observed in response to STS is unlikely to be as a result 

of STS-induced apoptosis.  As observed in chapter 3, the inhibition of JNK stimulated 

the production of DKK-1.  Therefore, one would expect that an increase in JNK activity 

would inhibit the production of DKK-1; perhaps the mechanism by which STS is 

inhibiting the production of DKK-1.   

 In summary, it appears likely that DKK-1 expression can be the result of 

different signalling pathways with both canonical and non-canonical Wnt pathways 
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involved, particularly via PKC in the non-canonical pathway (chapter results 

summarised in Table 8.4 and Fig 8.3).  These results have demonstrated that 

simulation of canonical Wnt signalling with BIO inhibits the production of DKK-1 and 

inhibiting Wnt signalling with sFRP-1 stimulates DKK-1 production, suggesting the 

potential for a positive feedback mechanism in the signalling pathway.  In other words, 

increased Wnt signalling leads to decreased DKK-1 which itself may allow more Wnt 

signalling.  Decreased Wnt leads to increased DKK-1 which leads to a further decrease 

in Wnt signalling ie amplifying the direction of signalling rather than feedback inhibition. 
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Table 8.4    Summary of the effectors used in chapter 5 and their significant effect 
on DKK-1 production, DKK-1 expression and Wnt expression.  ↑ = 1-50%, ↑↑ = 

>100% stimulation above no effector control.  + = 1-2 fold, ++ = 3-6 fold and +++ = >7 

fold up regulation in gene expression compared to no effector control.  ↓ = 51-100% 

inhibition below no effector control.  NE = no significant effect. 

Effector 
DKK-1 

(protein) 
DKK-1 

(mRNA) 
Wnt3a Wnt4a Wnt5a Wnt7b Wnt11 Wnt16 

BIO ↓ ↓ NE NE +++ NE - NE 
sFRP-1 ↑ NE NE NE NE + NE NE 

BIM ↓ ↓ NE NE ++ NE - NE 
STS ↓ ↓ NE NE ↓ NE - NE 
PE ↑↑ ++ NE + NE + - ++ 

PE+BIM ↓ NE NE NE NE NE - NE 
PE+STS ↓ NE NE + NE + - ++ 
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Fig 8.3  The regulation of DKK-1 production, DKK-1 expression and Wnt 
expression by PKC.  Proteins/genes observed to be up-regulated are denoted in blue, 

whereas those that were down-regulated are denoted in red.  Genes are denoted in 

italics. 
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8.5   Calcium-induced secretion of DKK-1 

 The results presented here show that calcium significantly increased OPG and 

DKK-1 production in MG63 cells (chapter results summarised in Table 8.5).  This effect 

was observed both in the presence and absence of FCS, although a more significant 

effect on the stimulation of OPG and DKK-1 production in response to calcium was 

observed in the absence of FCS compared to the presence of FCS.  Addition of EDTA, 

a calcium chelator, only slightly inhibited OPG and DKK-1 production in both culture 

conditions.  Although the maximum concentration of EDTA used was only 2mM, the 

culture medium used (α-MEM) contains approximately 1.8mM calcium in the form of 

CaCl2.2H2O.  This will not have been a high enough concentration of EDTA to have 

inhibited calcium-induced OPG or DKK-1 production in the presence of additional 

calcium, but it should have been sufficient to chelate the free calcium ions within the 

culture medium without the additional calcium.  These results also suggest that calcium 

is not the component in FCS responsible for inducing OPG and DKK-1 production. 

 A time course experiment demonstrated that calcium-induced DKK-1 production 

could be observed after only 1 hour of stimulation.  At one hour, the rate DKK-1 

production in calcium-stimulated cells was 72% more than in non-stimulated (control) 

cells.  Both calcium-stimulated and control cells exhibited a time-dependent decrease in 

the rate of DKK-1 production over the 24 hours.  This is presumably as a result of a 

change of medium at the beginning of the experiment, as FCS is known to stimulate the 

production of DKK-1 (chapter 3).     

 Calcium-induced OPG production in osteoblastic cells via the activation of PKC 

has previously been reported (Takami et al., 2000) so only the mechanisms of calcium-

induced DKK-1 production were investigated here.  The signalling inhibitors for JNK, 

P38MAPK, ERK/MEK, PI3K, NF-kB, PKC and GS3Kβ all failed to prevent calcium-

induced DKK-1 production.  Inhibitors for P38MAPK, ERK/MEK, PI3K, PKC and 

GS3Kβ, as previously observed, inhibited constitutive / FCS-induced DKK-1 production.  

Calcium has been reported to rapidly induce the activation of ERK, P38MAPK and PKC 

in MC3T3-E1 osteoblastic cells (Caverzasio, 2008).  The non-canonical Wnt/Ca2+ 

signalling pathway relies upon intracellular calcium as a signalling intermediary to 

activate calcium-sensitive proteins such as calmodulin kinase and PKC (Kohn and 

Moon, 2005).  I have already demonstrated the ability of activators of PKC to stimulate  
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Table 8.5    Summary of the significant effect of calcium on OPG and DKK-1 
production (A) and DKK-1 expression and Wnt expression (B).  ↑ = 1-50% and ↑↑ = 

>100% stimulation above no effector control.  ↓ = 1-50% and ↓↓ = 51-99% inhibition 

below no effector control.  + = >7 fold up regulation in gene expression compared to no 

effector control.  NE = no significant effect. 

A 

 Effector OPG DKK-1 

Control Calcium ↑↑ ↑ 
 EDTA ↓ ↓ 

 Nifedipine - ↓ 

 NPS2390 - ↓ 

 Ionomycin - ↓ 

 Cycloheximide - ↓↓ 

Serum starved Calcium ↑↑ ↑↑ 
 EDTA ↓ ↓↓ 

Calcium stimulated Nifedipine - ↓ 
 NPS2390 - NE 

 Ionomycin - NE 

 Cycloheximide - ↑↑↑ 

 Triton-X - ↓↓ 

 

B 

Effector DKK-1 
(mRNA) 

Wnt3a Wnt4 Wnt5a Wnt7b Wnt10 Wnt11 

Calcium NE NE NE NE + ↓ ↓↓ 
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the production of DKK-1 (chapter 5), but inhibitors for PKC did not prevent calcium-

induced DKK-1 production.   

 Although DKK-1 production was inhibited in the presence of the inhibitors for 

ERK, P38MAPK and PKC, the concentrations used may not have been sufficient to 

inhibit calcium-induced activation of such signalling mediators. Additionally, as most of 

the inhibitors used in this experiment had inhibitory effects on DKK-1 production, it may 

have been more suitable to have used a shorter incubation time than 24 hours, 

particularly as the effects of calcium can be observed very quickly.  A shorter incubation 

time with each of the inhibitors may have indicated a potential mechanism for calcium-

induced DKK-1 production, prior to observing the effect of the inhibitors themselves.   

 The calcium-sensing receptor (CaSR) is reported to play a large role in bone 

biology (for review, see Sharan et al., 2008; Theman and Collins, 2009) and is a G 

protein-coupled receptor which transduces its signal via several different signalling 

pathways.  The CaSR is expressed on both human and murine osteoblastic cell lines 

such as Saos-2 (Yamaguchi et al., 1998b), MG63 (Yamaguchi et al., 2001) and 

MC3T3-E1 (Yamaguchi et al., 1998a).  Expression of the CaSR has been shown to be 

essential for calcium-induced osteoblastic chemotaxis, proliferation and mineralisation 

(Yamaguchi et al., 1998a; Yamaguchi and Sugimoto, 2007).  Although stimulatory 

effects on cell proliferation in response to calcium have been reported, no significant 

effect on cell proliferation was observed in these experiments with the use of calcium.  

This may be attributed to the fact that cells exposed to calcium were already confluent 

and the exposure time was limited to 24 hours.    

 The CaSR however is not the only route for calcium-induced stimulation of 

osteoblasts.  Osteoblasts also express voltage-sensitive calcium channels (VSCC), 

more specifically the L-type VSCC (Loza et al., 1999).  The L-type VSCC is implicated 

in bone development and remodelling.  This was demonstrated in growing rabbits 

where the inhibition of such channels using nifedipine resulted in reduced mineral 

apposition rates and reduced epiphyseal growth plate thickness (Duriez et al., 1993).  

The L-type VSCC has also been shown by the use of nifedipine to regulate OPG 

expression and secretion in osteoblastic cells (Bergh et al., 2004).  CaSR activation has 

been shown to regulate DKK-1 production in myofibroblasts via the EGFR and Src 

pathways (Pacheco and MacLeod, 2008).  The results presented in this thesis however 
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demonstrate that inhibitors for the L-type VSCC and the CaSR (nifedpine and NPS2390 

respectively) also failed to inhibit calcium-induced DKK-1 production.   

 Ionomycin is a calcium ionophore and facilitates the movement of calcium into 

the cell thus increases the intracellular calcium concentration.  Ionomycin has been 

shown to increase both OPG and RANKL expression in osteoblasts via activation of 

PKC (Takami et al., 2000).  Ionomycin has also been shown to down-regulate β-

catenin/TCF signalling in colon cancer cells (Park et al., 2005).  These results 

demonstrate that ionomycin did not have any effect on calcium-induced DKK-1 

production, but slightly inhibited DKK-1 production in unstimulated cells.  This is 

perhaps in agreement with studies that have suggested DKK-1 is a product of canonical 

Wnt signalling (Chamorro et al., 2005; Gonzáles-Sancho et al., 2005; Katoh and Katoh, 

2005), contrary to results presented in chapter 5 where the stimulation of PKC up-

regulated DKK-1 via non-canonical Wnt signalling. 

 RT-PCR demonstrated that the increased DKK-1 observed in the culture 

medium of MG63 cells after stimulation with calcium was not mirrored with an up-

regulated expression of DKK-1.  This suggests that calcium may be having an effect on 

the secretion of DKK-1, such as release from internal stores rather than stimulating new 

protein formation.  Cycloheximide, a protein synthesis inhibitor confirmed the RT-PCR 

results in that it did not prevent calcium-induced DKK-1 production.  Extraction of MG63 

cells with Triton X-100 after 24 hours stimulation with calcium revealed significantly less 

DKK-1 in the cell lysate than cells that had not been calcium-stimulated.  Therefore, 

calcium stimulates the secretion of DKK-1 and not its production.  Taken together these 

results suggest that the possibility of DKK-1 being held within intracellular stores is 

feasible, although there is no literature at the present time to support this theory.  It 

would be beneficial to continue the investigation of calcium-stimulated DKK-1 secretion 

using inhibitors of secretion such as Brefeldin A to monitor secretion from the golgi-

apparatus. 

 RT-PCR analysis of Wnt expression demonstrated that the expression of Wnt7b 

was up-regulated in response to calcium and the expression of Wnt10a and Wnt11 

were down-regulated in a time dependent manner.  There was no significant effect on 

the expression of Wnt3a, Wnt4, or Wnt5a in response to calcium.  Although there are 

no data presented for the expression of these Wnts in the absence of calcium over the 

time course, calcium was added to the cells 24 hours after a medium change to allow 
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any medium change / FCS-induced change in Wnt expression to return to basal level 

by the time the experiment began.  In hindsight however, the no calcium control should 

have been included to observe any endogenous changes in Wnt expression.  

 The observed ability for calcium to modulate the expression of some Wnts was 

not unexpected as calcium is a signalling intermediary in the non-canonical Wnt 

signalling pathway.  As previously described, Wnt7b has been reported to act in both a 

canonical (Wang et al., 2005) and non-canonical (Tu et al., 2007) fashion depending on 

cell type.  In response to calcium however, it is unknown if the increased expression of 

Wnt7b induces canonical or non-canonical signalling.  This would require further 

investigation, perhaps by analysing active (un-phosphorylated) β-catenin in response to 

calcium.  Throughout these results a possible co-regulation has appeared between the 

expression of Wnt7b and DKK-1.  Thus, considering calcium had no effect on the 

expression of DKK-1, it is perhaps surprising to see an effect on Wnt7b expression in 

response to calcium.  

 Wnt10a is a canonical Wnt (Martinez et al., 2009), and has been shown to be 

involved in odontoblast differentiation (Yamashiro et al., 2007), vertebrate limb 

development (Narita et al., 2005) and is up-regulated in many cases of esophageal, 

gastric, and colorectal cancer (Kirikoshi et al., 2001).  Although detected in bone and 

tooth development, there have been very few studies involving Wnt10a and the 

osteoblasts.  For this reason it is difficult to explain the calcium-dependent down-

regulation of Wnt10a in these osteoblastic cells.        

 DKK-1 has been demonstrated to regulate the expression of both Wnt11 and 

Wnt5a by down-regulating (at different times) both canonical and non-canonical 

signalling during xenopus development (Cha et al., 2008).  The down-regulation of 

Wnt11 observed in chapter 6 in response to calcium, could possibly be attributed to 

more DKK-1 being present extracellularly, although this will need further investigation: 

for example a neutralising antibody against DKK-1 could be used to see if it prevented 

the calcium-induced down-regulation of Wnt11. 

 Wnt5a production is stimulated by the CaSR in colon cancer cells (MacLeod et 

al., 2007; Pacheco and MacLeod, 2008).  The results presented in this thesis 

demonstrate that the expression of Wnt5a was not significantly affected in response to 

calcium.  However there may be the possibility, as with DKK-1 in response to calcium, 

that there could have been an increase in Wnt5a secretion without an increase in 
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expression.  This does, in part, support the earlier finding that the effects observed in 

response to calcium are not as a result of the CaSR.  
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8.6 Paget’s disease of bone and DKK-1 

The results presented here show that DKK-1 concentration is significantly 

elevated in the serum from patients with PDB (Marshall et al., 2009).  These results 

however, are in contrast to another study which concludes that DKK-1 is not elevated in 

patients with PDB (Polyzos et al., 2009).  However, the study by Polyzos et al. 

consisted of only 11 PDB patients compared with 58 PDB patients analysed in these 

results.   

As anticipated, tsALP was also significantly elevated in the serum of patients 

with PDB.  TsALP is commonly used in PDB as a sensitive indicator of disease severity 

and levels significantly decline upon commencing treatment with bisphosphonates.  The 

results presented here show however that the concentration of serum DKK-1 was not 

significantly affected by bisphosphonate treatment and therefore did not significantly 

correlate with tsALP.  The increase in DKK-1 concentration was also independent of 

age or sex of the patients although both tsALP and DKK-1 were significantly higher in 

control women than men.  This observation could be attributed to that fact that most of 

the control women in the study were of a post-menopausal age when bone turnover is 

known to increase (Worsfold et al., 1999).  The same process may explain the 

increased Dkk-1 in control women versus control men. Osteoblasts and osteocytes are 

a major source of DKK-1 in mature mice (Li J et al., 2006) but whether this is also true 

in humans remains an area of investigation. 

Dkk-1 is a soluble antagonist of canonical Wnt signalling (Mao and Niehrs, 

2003) and an important determinant of bone mass (MacDonald et al., 2007).  Elevated 

production of DKK-1 has been associated with osteolytic disease in rheumatoid arthritis 

(Diarra et al., 2007), multiple myeloma (Tian et al., 2003), prostate cancer (Roato et al., 

2008) and breast cancer (Voorzanger-Rousselot et al., 2007).  DKK-1 acts to inhibit 

canonical Wnt signalling and hence osteogenesis, but also stimulates bone resorption 

by inducing RANKL and inhibiting OPG (Qiang et al., 2008).  DKK-1 significantly 

correlates with the bone resorption marker CTX-1 in serum of patients with multiple 

myeloma (Terpos et al., 2006).  Commencement of treatment with the proteosome 

inhibitor bortezomib, caused markers of bone resorption and DKK-1 to decline over a 

24 week period and those of new bone formation, ALP and osteocalcin, were observed 

to increase (Terpos et al., 2006).  In this case, there is evidence that the source of the 

Helen
Cross-Out
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Dkk-1 was the myeloma cells and not the osteoblasts as previously observed (Tian et 

al., 2003).   

Immunohistochemical staining for the localisation of DKK-1 production in bone 

sections from Paget’s patients and fracture callus demonstrated a high level of 

cytoplasmic staining in plump osteoblasts and newly embedded osteocytes, 

presumably a vestige of their previous life as an osteoblast.  Histologically, PDB 

sections showed a large quantity of spindle-shaped fibrotic cells within the marrow 

cavity compared with fracture callus.  Many of these PDB fibrotic cells also stained 

positive for DKK-1, particularly in areas of paratrabecular fibrosis.  The intensity of 

positive DKK-1 staining was observed to increase towards the bone surface.  It is 

therefore likely (although not conclusive) that the elevated serum DKK-1 observed in 

PDB patients arises from the pagetic osteoblasts and fibrotic cells within the marrow 

cavity.   

The osteoblasts in the bone sections from Paget’s patients were typically great 

in number and variable in size and shape.  Osteoblasts present in PDB make more 

bone and for a longer time than normal osteoblasts (Parfitt, 2005).  They produce 

abnormal woven bone that is replaced by small areas of randomly oriented lamellar 

bone and is not seen in any other condition (Parfitt, 2005).  These unusual osteoblasts 

are associated with areas of fibrotic cells again not seen in normal bone (Demulder et 

al., 1993; Seitz et al., 2009) as observed here.      

Immunohistochemical staining for β-catenin in bone sections from Paget’s 

patients and fracture callus demonstrated striking positive staining in the intercellular 

membranes of plump osteoblasts, but not the membrane in contact with the bone 

surface.  Although β-catenin is primarily known for its role in canonical Wnt signalling, 

β-catenin is also an integral protein in cell adhesion complexes.  β-catenin complexes 

with α-catenin, cadherins and the actin cytoskeleton to control cell adhesion, migration 

and fate determination (Pötter et al., 1999).  The subcellular localisation of β-catenin is 

regulated by cell density and is involved in cell contact growth inhibition (Dietrich et al., 

2002).  Cell adhesion between the bone surface and the osteoblast is predominantly 

mediated integrin α2β1 which does not interact with β-catenin (Feng 2009).  This 

explains the lack of positive staining for β-catenin on this membrane. 

Osteoblasts are of a mesenchymal lineage, and MSCs have been shown to 

secrete DKK-1 during the lag phase of proliferation in vitro (Gregory et al., 2003).  This 
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rise in DKK-1 inhibits canonical Wnt signalling and permits entry into the cell cycle.  

When MSCs are cultured in medium rich in DKK-1, production of tumourigenic colonies 

has been reported (Matsushanky et al., 2007).  On the contrary, when Wnt signalling is 

re-established in a mesenchymally-derived tumour by inhibiting DKK-1, the cells revert 

to a more normal phenotype allowing adipogenic and osteogenic differentiation to 

proceed (Matsushanky et al., 2007).   

From these results, it is reasonable to suggest that PDB may consist of an 

aberrant population of mesenchymally derived cells that depend for their proliferation on 

autonomously produced DKK-1.  This proposed population of aberrant mesenchymally 

derived cells may behave like multiple myeloma cells that promote osteolysis via the 

production of DKK-1, inhibition of OPG and stimulation of RANKL production in 

osteoblasts (Qiang et al., 2008). This would explain the initial lytic phase observed in 

PDB.  Subsequently, homeostatic coupling of new bone formation to areas of bone 

resorption could result in the sclerotic phase of PDB and the distinctive rise in tsALP.  

There is however, also the possibility that dysregulated Wnt signalling could be the 

result of other soluble Wnt inhibitors such as sFRP’s or a change in expression of Wnt 

receptors such as Fzd and LRP5/6, although this has yet to be explored.  Dkk-1 has 

also been shown in MM, osteosarcoma and RA to bring about vigorous bone resorption 

by elevation of RANKL and osteoclast differentiation.  This may account for the 

conspicuous lytic phase of PDB.  Coupling of new bone formation to the excessive 

bone resorption would complete the cycle of turnover that is the hall mark of PDB.   

In concordance with these results, it has previously been demonstrated that 

osteoblastic cell and stromal cell cultures from pagetic lesions have elevated levels of 

DKK-1 expression and protein production compared to unaffected bone from the same 

patients and other control subjects (Naot et al., 2007).  Therefore, the source of 

elevated serum DKK-1 in Paget’s patients may arise from the affected bone.  If the 

source of the elevated DKK-1 in the serum of Paget’s patients originates from these 

spindle-shaped fibrotic cells within the bone marrow, potentially aberrant in nature, then 

perhaps it is not surprising that there was no significant correlation between serum 

DKK-1 and tsALP in bisphosphonate treated patients.  Bisphosphonates bind to the 

surface of the bone and are subsequently internalised by resorbing osteoclasts and 

exert a toxic effect.  By this mechanism, bisphosphonates would not be expected to 

have an effect on the proposed aberrant mesenchymal cell population, thus allowing 

the production of DKK-1 to continue unchecked.  Serum DKK-1 could also potentially 
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be used as a diagnostic indicator of disease severity, although this would require further 

validation.  This proposed aetiology of PDB is consistent with the characteristics of the 

disease, namely for lesions to occur at a small number of sites, do not cross bone 

boundaries and have been reported to transform into osteosarcoma (Mangham et al., 

2009).  High levels of DKK-1 can also be found in the serum of patients with 

osteosarcoma (Lee et al., 2007).  The fibrotic overgrowth characteristic of PDB could be 

a manifestation of this mechanism in that ectopic expression of DKK-1 may be 

interfering with osteoblastic differentiation.   

Pagetic osteoblasts have also been found by microarray analysis to have 

significantly increased expression of IL-1, IL-6 and ALP compared with control 

osteoblasts and further gene analysis revealed differences in other Wnt-related genes 

(Naot et al., 2007).  Elevated levels of IL-6 have been found in both bone marrow 

plasma (Roodman et al., 1992) and serum (Neale et al., 2002) from PDB patients. This 

IL-6-rich serum was also found to dose-dependently stimulate osteoclastogenesis in 

vitro (Neale et al., 2002). 

IL-6 and DKK-1 have been implicated in osteolytic diseases such as MM (Tian 

et al., 2003; Kuku et al., 2005), RA (Diarra et al., 2007) and bone metastases from both 

breast cancer (Voorzanger-Rousselot et al., 2007; Kinder et al., 2008) and prostate 

cancer (Hall et al., 2008; Tumminello et al., 2009).  DKK-1 produced by myeloma cells 

is capable of increasing IL-6 expression in undifferentiated bone marrow stromal cells 

(Gunn et al., 2006).  Taken together, these results suggest that a very similar 

mechanism involving DKK-1 and/or IL-6 could contribute to the development of PDB in 

both the lytic and sclerotic phases.   

Mice with an osteoblast-specific conditional deletion of β-catenin have increased 

numbers of osteoclasts (Holmen et al., 2005).  Cultured osteoblasts from these mice 

were found to express high levels of RANKL and low levels of OPG compared to control 

mice, resulting in increased osteoclastogenesis.  Although DKK-1 was not analysed in 

this study, other studies have demonstrated a co-regulation between DKK-1 and 

RANKL expression in a range of diseases including osteosarcoma (Lee et al., 2007), 

prostate cancer (Roato et al., 2008), MM (Heider et al., 2005) and in vitro studies using 

vascular progenitor cells (Aicher et al., 2008) and murine MSCs (Fujita et al., 2007).  It 

is therefore feasible to propose that increased expression and production of RANKL 

and DKK-1 in Paget’s patients is a contributory cause of the increased 
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osteoclastogenesis and bone resorption observed in the disease.  It does not however, 

account for the pre-osteoclast hypersensitivity to RANKL (Menaa et al., 2000).  Based 

on these observations, it seems likely that DKK-1 could serve as a therapeutic target for 

the treatment of PDB as it has done for multiple myeloma (Terpos et al., 2006; reviewed 

in McCarthy and Marshall, 2010).  

The hypothesis described above is in contrast with the current belief for the 

cause of PDB which is that it arises from an aberrant population of osteoclasts.  Current 

research into the aetiology of PDB has primarily focused on the osteoclast as this has 

shown to be over-active in the disease.  Consequently, the treatment for PBD had 

primarily focused on reducing osteoclast activity.  The exact aetiology of PDB remains 

unknown, despite vast numbers of studies focusing on the osteoclast and its 

morphological and functional abnormalities.  A convincing mouse model of PDB has yet 

to be established, despite many transgenic models of osteoclast defects, including 

measles nucleocapsid protein and sequestosome 1 (SQSTM1) modifications, OPG, 

RANK and RANKL changes.  Osteoclasts derive from circulating haematopoietically 

derived cells.  Also, osteoclasts are normally short lived, about 1 – 2 weeks (Parfitt, 

1994) and their precursors are non-proliferating and recruited to bone from the 

circulation so that a defective osteoclast precursor might be expected to affect all 

resorbing bones, which doesn’t conform to the focal nature of PDB. 

In PDB, osteoclasts are abundant in number, can contain as many as 100 nuclei 

per cell compared with three to five in normal osteoclasts and are hyper-responsive to 

both 1,25(OH)2D3 (Kukita et al., 1990) and RANKL (Menaa et al., 2000).  Very large 

multinucleated osteoclasts have been seen in culture and in vivo providing there are 

enough precursors with which to fuse.  Therefore some factor may be causing an over-

recruitment of osteoclast precursors in PDB patients in order for them to form very large 

multinucleated osteoclasts.  The osteoblast to osteoclast crosstalk, although not well 

understood, is vital for controlling the bone resorption/formation cycle.  Only upon 

receiving the appropriate signals from osteoblasts and stromal cells are monocytes 

recruited to bone and differentiate into osteoclasts and resorb bone.  This sequence of 

events underlines the crucial role osteoblastic cells play in controlling bone turnover.      

Inclusion bodies, highly ordered paracrystalline tubular structures have been 

observed in both the nucleus and cytoplasm of some, but not all osteoclasts in PDB 

(Helfrich and Hocking, 2008).  Nuclear inclusions were often thought to represent viral 
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nucleocapsids, but they have also been found in hereditary oxalosis (Bianco et al., 

1992), osteopetrosis (Mills et al., 1988) and degenerative nerve and muscle diseases 

(Layfield et al., 2001).  It has since been proposed that these nuclear inclusions are in 

fact not viruses but aggregates of abnormally degraded cellular proteins (Helfrich and 

Hocking, 2008).  An intact virus has yet to be isolated from Pagetic bone (Birch et al., 

1994; Matthews et al., 2008), transgenic mice with the measles virus nucleocapsid 

gene targeted to cells of the osteoclast lineage using the TRACP promoter showed the 

development of bone lesions with some similarities to PDB (Kurihara et al., 2006) but 

not all transgenic mice showed bone changes. 

SQSTM1 encodes p62, a scaffold protein involved in the RANKL-induced NF-kB 

signalling pathway. There are approximately 15 different mutations to date (Rea et al., 

2009), most of which are found in the C-terminal ubiquitin-associated (UBA) domain 

and results in an impaired ability for SQSTM1 to bind ubiquitin (Cavey et al., 2006).  

The prevalence of SQSTM1 mutations however in PDB patients is low, ranging from 18 

to 46% in familial PDB (Hocking et al., 2002; Good et al., 2004) and 0 to 16% in 

sporadic PDB (Rea et al., 2009) meaning the majority of familial and sporadic PDB 

patients investigated do not have mutations in SQSTM1.  On the contrary, there have 

been reports of individuals carrying SQSTM1 mutations that have not developed PDB 

(Johnson-Pais et al., 2003).  A more recent study also concludes that somatic 

mutations in SQSTM1 are not commonly present in PDB (Matthews et al., 2009).  

Incorporation of the murine equivalent of the most common human SQSTM1 mutation 

(p62P392L) into mouse osteoclasts, resulted in them displaying general PDB 

characteristics such as increased number of RANKL-hypersensitive osteoclasts but 

they did not contain any nuclear inclusions and failed to induce osteolytic lesions 

(Kurihara et al., 2007).  It was only when the full UBA domain was removed from 

SQSTM1 that mice exhibited phenotypic osteolytic lesions reminiscent of PDB (Rojas et 

al., 2007). Thus, although there is an association of SQSTM1 mutations with the 

pathogenesis of PDB, there is little convincing evidence of a causal relationship. There 

is no disputing the fact that the osteoclast plays a large part in the progression of the 

disease but there is the possibility that mutations found in SQSTM1 predispose to 

osteoblastic lineage instability.  Considering this, it would be interesting to analyse the 

immunolocalisation of DKK-1 and ß-catenin in samples from PDB patients with known 

SQSTM1 mutations and compare them to PDB patients with no known SQSTM1 

mutations.  
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The treatment of PDB aims to reduce serum ALP to within normal ranges and 

reduce bone pain.  Typically, bisphosphonates (BPs) are prescribed for the 

management of PBD, administered either orally or intravenously.  BPs are toxic to 

resorbing osteoclasts and once ingested, BPs result in osteoclast apoptosis and an 

overall reduction in bone resorption.  Due to the tightly coupled nature of bone 

resorption with bone formation, normalisation of serum ALP then occurs.  Side effects 

of long term BP therapy include skin rashes, renal impairment and in very rare cases, 

osteonecrosis of the jaw.  BPs are effective in approximately 90% of patients in 

reducing serum ALP and lessening bone pain (Merlotti et al., 2007).  The most popular 

choice of BP is Zolendronate, a relatively “new” BP roughly 10,000 times more potent 

than Etidronate at inhibiting bone resorption and in terms of reducing serum ALP 

(Rogers, 2004).   

Although many reports have indicated the success of BPs in the management of 

PDB, there still remains one underlying problem: there is no evidence that BPs cure 

PDB.  Recurrence of PDB is common in many patients after BP treatment and other 

patients are either resistant or develop resistance to a particular BP (Merlotti et al., 

2007).  If future research demonstrates the aetiology of PDB to be of a mesenchymal 

origin as these results suggest, then it perhaps not surprising that BPs do not cure PDB 

and recurrence of the disease after treatment is common as BPs do not have any direct 

effect on the activity of the osteoblast.  BP therapy has traditionally become a way of 

controlling the abnormal bone resorption rates rather than treating the cause of the 

disease directly as the exact aetiology of PDB remains unknown.  

 The PRISM trial, comparing symptomatic versus intensive treatment for PDB 

has recently published data from a trial consisting of cohort of 1324 patients with PDB 

with a follow up after 3.5 years (Langston et al., 2010).  Patients treated 

symptomatically for pain were treated with analgesics or anti-inflammatory drugs, only 

being given a BP if they did not respond.  The intensive group were treated with 

Zolendronate regardless of symptoms to reduce serum ALP levels to within the normal 

range.  Results from the study indicate that there was no clinical evidence providing a 

significant difference or improvement in bone/bodily pain, quality of life (as determined 

by the SF36 questionnaire), hearing thresholds, fracture incidence or surgical 

intervention between the two treatments.  BPs do not have any direct effect on the 

activity of the osteoblast and so this is key to explaining why BPs do not cure PDB and 

recurrence of the disease after treatment is common.   
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New studies are slowly emerging that demonstrate the osteoblast having a role 

in the cause of PDB but as of yet no progress has been made therapeutically to target 

the osteoblast.  It is hoped that these results may aid the progress in discovering the 

true aetiology of PDB and developing a new, effective treatment.  Adopting DKK-1 as a 

therapeutic target has been successful in other diseases such as MM (Tian et al., 2003) 

and RA (Diarra et al., 2007) and so it may be possible that these drugs can be used to 

treat PDB. 
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8.7 Conclusion 
 

In summary, the results presented in this thesis have demonstrated that both 

OPG and DKK-1 production in osteoblastic cells is dependent upon FCS and that FCS-

induced OPG and DKK-1 production is mediated via a number of different signalling 

pathways.  The factor in FCS responsible for the production of OPG and DKK-1 in 

osteoblastic cells was investigated.  Although the results did not confirm a suitable 

candidate, PDGF-AB was identified to have a significant effect on stimulating the 

production of OPG. 

Further investigation into the regulation of DKK-1 production demonstrated that 

the production and expression of DKK-1 could be manipulated by the use of inhibitors / 

stimulants specific to intermediaries of the canonical and non-canonical Wnt signalling 

pathways.  DKK-1 was observed to be inhibited by BIO, BIM and STS and stimulated 

by PE and sFRP-1.  Whilst the results presented here indicated the production of DKK-

1 to be a product of non-canonical Wnt signalling, the effect of stimulating osteoblastic 

cells with recombinant Wnts (either canonical or non-canonical) was not investigated 

here.  If these experiments were to be performed, it may help to clarify the mechanism/s 

of DKK-1 production.  The secretion of DKK-1 could also be stimulated with the addition 

of calcium without increasing DKK-1 expression.  Furthermore, the immunolocalisation 

of DKK-1 and β-catenin were demonstrated in distinctly different areas in the pagetic 

osteoblast and also in fibrotic cells.    

 These results have notably demonstrated the intricate and complicated nature of 

Wnt signalling.  It is clear from these results that any one particular Wnt does not 

control the expression of DKK-1 or vice versa.  For example, in the absence of FCS, 

Wnt4 and Wnt11 are up-regulated whilst DKK-1 and Wnt7b are down-regulated.  In 

response to agents that inhibit DKK-1 production such as BIO and BIM, Wnt5a is up-

regulated whilst DKK-1 is down regulated, but in the presence of STS, both Wnt5a and 

DKK-1 are down regulated.  Agents that result in the stimulation of DKK-1 production 

such as PE, Wnt4, Wnt7b and Wnt16 are up-regulated.  Finally, calcium, which 

stimulates DKK-1 secretion not expression, results in the up-regulation of Wnt7b and 

the down regulation of Wnt10a and Wnt11. 

 Throughout these results however, a pattern of expression between DKK-1 and 

Wnt7b has emerged, in at least 4 different situations.  Very early on it was established 
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that both the production and expression of DKK-1 and the expression of Wnt7b were 

dependent upon serum in the culture medium.  It was then observed that stimulation of 

osteoblastic cells with sFRP-1 resulted in an increase in DKK-1 production and an up-

regulation in Wnt7b expression.  Although DKK-1 expression did not alter at the time 

point investigated, expression of DKK-1 may have occurred at an earlier stage in the 

experiment.  Additionally, PE was observed to increase both the production and 

expression of DKK-1 and the expression of Wnt7b and the addition of calcium 

increased both DKK-1 production and Wnt7b expression.  Whilst this has not shown to 

be a true co-regulation, there appears to be a strong correlation and the relationship 

between DKK-1 and Wnt7b should be investigated further.   

 This study is just one of many that clearly demonstrate that the classification of 

the different Wnt proteins into the traditional canonical and non-canonical agonists of 

the different Wnt proteins is too rigid and that each Wnt has the potential to activate 

either pathway depending on the context.  Individual Wnt proteins do not have any 

distinctive sequence or structural motif to determine them as being either canonical or 

non-canonical.  This distinction was originally made by biological functional assays on 

the ability of a Wnt to stimulate secondary axis formation in early developing xenopus 

embryos.  This makes full interpretation and understanding of the results presented 

here somewhat difficult, particularly without further investigation into the corresponding 

expression of other Wnt proteins, Wnt signalling receptors and/or inhibitors and nuclear 

β-catenin in response to agents such as those used in this thesis.   

 Perhaps the most practical observation to have been generated from the work 

presented in this thesis is the work on PDB.  This thesis has identified a significantly 

elevated level of DKK-1 present in the serum of patients with PDB compared to healthy 

controls and that DKK-1 levels are not abrogated by standard BP therapy.  

Immunolocalisation of DKK-1 and ß-catenin demonstrated an alternative, plausible 

hypothesis for the progression of PDB, in that there is an aberrant population of 

mesenchymally-derived cells that produce high amounts of DKK-1, and due to their 

dysregulated Wnt signalling may well proceed to differentiate into dysfunctional 

osteoblasts and contribute to the aetiology of the disease.  These observations have 

application and implication for not only understanding the cause of PDB, but the 

treatment of the disease also.    
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Wnt signalling has been shown on multiple occasions to be important for 

regulating osteoblast activity and thus producing and maintaining a healthy bone mass.  

This thesis has highlighted that the mechanisms responsible for the regulation of DKK-1 

production in osteoblastic cells requires further clarification.  Understanding such 

mechanisms could be beneficial in developing treatment for patients with diseases like 

rheumatoid arthritis, multiple myeloma and Paget’s disease where DKK-1 is found to be 

over expressed.    
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8.8 Further work 
 
 

• Analyse the level of unphosphorylated (active) β-catenin in response to the 

agents used in this thesis to determine the level of canonical Wnt signalling. 

• Look at the expression of other Wnt proteins, Wnt-related receptors and other 

Wnt inhibitors in response to the agents used in this thesis.  

• Investigate the potential co-regulation between the expression of Wnt7b and 

DKK-1. 

• Continue investigating the mechanism/s of DKK-1 production in respect to it 

being a product of canonical or non-canonical Wnt signalling, perhaps by 

stimulating osteoblastic cells with recombinant Wnt proteins and monitoring 

levels of active ß-catenin and the expression and production of DKK-1.  

• Repeat PDGF-AB experiments on primary cells to further evaluate the 

mechanism by which PDGF-AB stimulates OPG production in osteoblastic cells. 

• Continue to analyse FFPE sections from PDB patients (with and without known 

SQSTM1 mutations) for the immunolocalisation of DKK-1 and ß-catenin to 

obtain a statistically adequate sample size.  

• Analyse the immunolocalisation of other proteins in FFPE sections from PDB 

patients such as ALP, Hsp27, Hsp72 and RANKL. 

 




