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ABSTRACT_________________________________________ 
 

When you say osteoporosis, people think of their grandma’s brittle bones, but scientists think of the 

osteoclast. When you say cancer, people think of death, but before this, many succumb to the osteoclast. 

The fact is all these things are true yet it is even truer to say that each disease in fact also has more of the 

other – osteoporosis and death, and cancer and brittle bones. However, the commonality is undeniably the 

osteoclast. Scratching the surface of the osteoclast reveals that it is the basis of a diversity of bone-related 

disorders yet the osteoclast itself is, even given the large amount of effort devoted to it to this day, an ill-

defined cell. Not surprisingly, deaths related to osteoporotic fractures and skeletal pain due to metastases to 

bone remain far higher than ideal. Today’s dogma describes the osteoclast as a multinucleated cell derived 

from the haematopoietic cell lineage that is capable of bone resorption. It is suspected that it is through 

multiple signalling mechanisms, that this bone-resorbing activity is augmented in certain bone diseases 

eventually causing osteolysis or the break down of bone. Currently, it still stands that any way to advance 

our understanding of the osteoclast will provide stepping stones for eventual treatments and perhaps cures 

for these diseases. Thus the goal of this thesis was to better characterise the osteoclast. For this, four 

different projects were undertaken; analysis in the osteoclast of (1) the chemokine MCP-1, (2) the 

RhoGTPase family, (3) DMSO and (4) genes dependent on RANKL (by array). Project results are 

summarised in order.  

 

Following literature reviews of MCP-1 and preliminary results attained, it was hypothesised that 

MCP-1 was not vitally important for osteoclastogenesis or function. Experiments first established that MCP-

1 was not upregulated by RANKL in the osteoclast and that exogenous MCP-1 could not induce 

multinucleated giant cells from osteoclast precursors. Furthermore, mice harbouring gene knockouts of 

MCP-1 or CCR2 did not appear to have any significant differences in their bone mineral densities when 

controlled to wild-type mice of the same sex, age and background. Ex vivo differentiation from bone 

marrow cells extracted from MCP-1 or CCR2 gene knockouts into osteoclasts proved that there was no 

difference in osteoclastogenic potential when compared to wild-type control ex vivo differentiations. In the 

same context, blockade of CCR2 by pharmaceutical means did not affect osteoclastogenesis in murine 

osteoclasts. However, in human osteoclast precursors, the RS102895 CCR2b antagonist was either not 

effective at doses below its IC50 (1.7 μM) or lethal to osteoclast monocyte precursors at doses where the 
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compound was expected to work (~10-15 μM) before non-specifically inhibiting CCR1, the major 

chemokine receptor expressed and important for osteoclast formation. This negated any data accumulation 

for human CCR2 blockade. In murine bone marrow macrophages from c57bl/6 mice, 100 ng/ml MCP-1 

could not synergise with RANKL. Furthermore, by transcriptional and protein assays, it was shown that 

CCR2 was not expressed in the human or mouse osteoclast negating the possibility of MCP-1 interacting 

with this receptor in the osteoclast, but only its monocyte/macrophage precursors, that do express CCR2. 

Lastly, the knock-out mice of CCR2 or MCP-1 also did not show any gross skeletal abnormalities (normal 

bone development, bone mineral densities and tooth eruption). Collectively, the results attained suggest that 

the MCP-1 is not specific to the osteoclast and that the MCP-1/CCR2 axis is redundant or not required in 

the osteoclast. However, a recent study (Schilling et al, 2009) showed that single knock outs of either MCP-

1 or CCR2 had no effect on macrophage migration, but that the double MCP-1/CCR2 KO animal resulted in 

virtual absence of blood-borne macrophage recruitment. This warranted the investigation of this double KO 

in osteoclast experiments which could potentially reveal a role for the MCP-1/CCR2 axis but could not be 

done due to time constraints. Nevertheless, while this thesis was put together, Binder et al, 2009 analysed 

the single MCP-1 and CCR2 KO mice and showed that indeed there are less osteoclasts both in vivo and in 

vitro (both by 40 %) with increased bone mass (also by 40 %) due to defective osteoclast differentiation. 

Moreover, MCP-1 KO mice showed a less severe phenotype than CCR2 KO mice suggesting that another 

chemokine could rescue MCP-1 which they give evidence for to be MCP-3. In addition, they showed that 

CCR2 in macrophages (which they term preosteoclasts) increased the expression of RANK thus enhancing 

RANKL-mediated osteoclastogenesis. Furthermore, CCR2 knock out mice were resistant to ovariectomy-

induced bone loss based on osteoclast and not osteoblast insufficiency signifying the importance of CCR2 in 

osteoclast and bone homeostasis. Most of these results were in disagreement with the results in this thesis. 

However, Binder et al showed that the mechanism of CCR2 was shown to be via macrophages and not 

osteoclasts themselves. The focus of this thesis was the osteoclast, not the macrophage and Binder et al, 

2009 did not show that CCR2 was expressed or could be modulated in the mature osteoclast. They also 

demonstrated that the effects on osteoclastogenesis due to defective CCR2 was ~ 40% different to wild type, 

an effect could have easily been missed herein due to the subjectiveness in osteoclast counting. In 

conclusion, results herein support that MCP-1 is not specific to the osteoclast and that the MCP-1/CCR2 

axis is redundant or not required in the osteoclast however, maybe vitally important for macrophage 

(osteoclast precursors) as suggested by Binder et al, 2009. 
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The next part of this thesis was to study the effect of DMSO on osteoclast differentiation and 

function. Since DMSO is known to regulate the differentiation of many different cell types, it was 

hypothesised that DMSO could modulate osteoclastogenesis. To this, it was found that not only did DMSO 

affect osteoclastogenesis, but also that of the osteoblast. As such it was decided to include the osteoblast in 

this study. Experiments showed that although DMSO could not induce differentiation of either osteoclasts 

or osteoblasts, it potently dose-dependently enhanced their differentiation when normal cultures were 

substituted DMSO. Maximal effects occurred at 0.35% and 0.55% respectively. With increased 

differentiation also came at least doubled alkaline phosphatase activity and mineralisation in DMSO-derived 

osteoblasts associated with classical osteoblast function. These osteoblasts also expressed Bone Sialoprotein 

and Osteocalcin which are hallmarks of osteoblasts. In a similar fashion, DMSO-osteoclasts expressed 

classical osteoclasts genes such as TRAP, CTSK, c-Src and NFATc1 although none of these genes seemed 

significantly affected. In addition, DMSO increased osteoclast fusion (by >10 times), size (by > 2.5 times), 

TRAP activity and bone resorbing activity. The results of these DMSO studies exemplified that DMSO can 

genuinely augment both osteoblast and osteoclast differentiation and function, however the mechanism by 

which this occurs is not understood.  

 

The third part of this thesis studied the family of RhoGTPases in the osteoclast. In this investigation, 

the expression of all 22 RhoGTPases was determined in the osteoclast. Of these, only one standout gene 

“Wrch-1” was upregulated by RANKL more than 300 fold in RAW264.7 cells. This induction was verified 

in primary murine bone marrow cell derived osteoclasts. Knockdown of Wrch-1 by shRNA caused a 

decrease in osteoclast formation showing that this novel gene participates grossly in osteoclast 

differentiation. Brazier et al, 2009 subsequently showed that Wrch-1 is needed for macrophage (osteoclast 

precursors) migration and that by associating with beta3 integrin tails (but not fibronectin), it negatively 

regulated adhesion and formation of the podosome belt. These results confirmed the findings of this thesis: 

that Wrch-1 participates in osteoclast formation. 

 

The last thesis chapter sort to identify all genes within the mouse genome dependent on RANKL 

using microarray technology and QPCR. Two hypotheses were drawn; (1) many more genes than currently 

reported are specifically regulated by the osteoclast and (2) monocytes/macrophages lose immune functions 

as they differentiate into osteoclasts. 1370 genes were identified and interestingly, of these, only 28 had 

been already attributed to the osteoclast. This confirmed the first hypothesis and validated the specificity of 
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the array since the 28 known osteoclast genes were almost all classical osteoclast genes (i.e. TRAP, 

NFATc1). More than 20 immune genes were downregulated or lost which confirmed the second hypothesis 

of this chapter; monocytes/macrophages lose immune functions as they differentiate into osteoclasts. Also in 

this chapter was the identification of another potential ATPase gene ATP6v1d which was highly expressed 

and upregulated by RANKL. This gene has not yet been tied into the osteoclast proton pump and may form 

a putative pharmaceutical target for osteoclast resorption disorders. Three other genes, Ndst1, Hbegf and 

Syndecan1 were upregulated by RANKL and are linked to multiple myeloma in the literature. It was 

suggested that it is possible for the osteoclast to potentiate multiple myeloma directly by these three genes 

and warrants further analysis. Lastly, this chapter compared four genes relating the osteoclast to the 

osteoblast. It was found that IGF1, CD36, CD71 and CCR2 displayed the same or opposite expression when 

comparing osteoclasts to osteoblasts. While IGF1 most downregulated gene in the osteoclast, it is highly 

expressed during osteoblast formation suggesting that this gene is not important in the osteoclast. In the 

osteoclast, the immune-related antigen CD36 is highly downregulated but is highly upregulated in the 

osteoblast showing that CD36 may play a role other than immune-in-origin in the osteoblast. CD71 

(transferrin receptor) was upregulated in both the osteoclast and the osteoblast suggesting that both cells 

require an increase in iron. The latter was just confirmed in the osteoclast (Roodman, 2009., Cell). Last but 

not least, CCR2, the chemokine receptor for MCP-1, was downregulated/turned off in both the osteoclast 

and the osteoblast. This suggests that in mature cells of the bone remodelling environment, the CCL2-CCR2 

axis is not required, the major conclusion of chapter 4 in this thesis. 

 

To close, the MCP-1/CCR2 axis was studied but did not show any strong or significant effects with 

respects to the mature osteoclast. On the other hand, Wrch-1, a novel RhoGTPase was identified and has 

subsequently been confirmed by others as important in the osteoclast. Furthermore, DMSO was identified to 

modulate potently both osteoclast and osteoblast differentiation. The summed results of this thesis have 

permitted the identification of multiple novel genes adding considerably to the current field of knowledge 

and allowed further characterisation of the osteoclast. 
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RESUME_________________________________________ 
 
L'ostéoclaste est la base d'une diversité de maladies liées à l os allant de l’ostéoporose aux cancers 

métastatiques. Malheureusement, le nombre de décès liés aux fractures ostéoporotiques et à des douleurs 

osseuses dues à des métastases reste très élevé. Le dogme d’aujourd’hui décrit l’ostéoclaste comme étant 

une cellule multinucléée dérivée de la lignée hématopoïétique et capable de résorber l’os. On suspecte que 

ce soit à travers de multiples voies de signalisation que cette résorption s’accroit ce qui engendre par la suite 

une décomposition de l’os. Bien que beaucoup d’efforts aient été faits à ce jour, l'ostéoclaste reste une 

cellule mal définie. De ce fait, toute façon d’avancer la connaissance de l’ostéoclaste constituera un pas de 

plus vers d’éventuels traitements voire remèdes pour ces maladies. Par conséquent, le but de cette thèse était 

de mieux cerner l’ostéoclaste. Pour ce faire, nous avons entrepris quatre projets différents dont; l’analyse 

dans l’ostéoclaste de (1) la chimiokine MCP-1, (2) la famille GTPase Rho, (3) la DMSO et (4) les gènes 

dépendants de RANKL (par puce). Les résultats y sont résumés dans cet ordre. 

 

En suivant des revues d’articles de MCP-1 et des résultats préliminaires atteints, nous avons émis 

l’hypothèse que MCP-1 n’était pas d’une importance vitale pour la différentiation ou la fonction des 

ostéoclastes. Les expériences ont d’abord démontré que MCP-1 n’était pas régulé positivement par RANKL 

dans l’ostéoclaste, que l'exogène MCP-1 ne pourrait pas induire des cellules géantes multinucléés à partir de 

précurseurs d’ostéoclastes et dans les macrophages de moelle osseuse de souris c57bl/6, 100 ng/ml MCP-1 

ne rentrait pas en synergie avec RANKL. De plus, les densité minérale osseuse (DMO) de souris K.O. de 

MCP-1 ou CCR2 ne semblent pas avoir de différence notable par rapport aux contrôle sauvages (WT) de 

même sexe, même âge et mêmes antécédents. La différenciation ex vivo provenant de la moelle osseuse 

extraites des KO de MCP-1 ou CCR2 prouve qu’il n’y a aucune différence dans leur capacité 

ostéoclastogénique lorsqu’on les compare au WT. Dans le même contexte, le blocus de CCR2 par voie 

pharmacologique n’affecte pas l’ostéoclastogénèse dans les ostéoclastes murins. Cependant, dans les 

précurseurs d’ostéoclastes humains, l’antagoniste RS102895 CCR2b n’était pas non plus effectif sous des 

doses inférieures à son IC50 (1.7 μM) ou mortel pour les précurseurs de monocytes d’ostéoclastes à des 

doses où le composé était sensé marcher (~10-15 μM) avant d’inhiber CCR1, de façon non spécifique, le 

récepteur de chimiokine ayant déjà un rôle très important pour la formation d’ostéoclastes et notamment 

fortement exprime dans l’ostéoclaste. Cela niait toute accumulation de données pour un blocus de CCR2. 

Par contre, par dosage transcriptionnel et par dosage de protéines, on trouve que CCR2 n’était pas exprimé 
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dans l’ostéoclaste humain ni murin - ce qui nie la possibilité que MCP-1 interagisse avec ce récepteur dans 

l’ostéoclaste - mais seuls ses précurseurs de monocyte et de macrophage exprimant CCR2. Enfin, les souris 

KO CCR2 ou MCP-1 ne montraient pas non plus d’anomalie grave du squelette (développement normal des 

os, DMO normales également et éruption des dents). 

 

Au total, les résultats atteints montrent que MCP-1 n’est pas spécifique à l’ostéoclaste et que l’axe 

MCP-1/CCR2 est superflu ou pas nécessaire dans l’ostéoclaste. Cependant, une étude récente (Schilling et 

al, 2009) a démontré que les KO seuls, que ce soit de MCP-1 ou de CCR2, n’ont aucun effet dans la 

migration de macrophage, mais que l’absence virtuelle de recrutement de macrophage résultaient de 

macrophage provenant du double KO MCP-1/CCR2. L’analyse de ce double KO éventuellement pourrait 

révéler un rôle pour l’axe MCP-1/CCR2 dans ostéoclaste. 

 

Or, lorsque cette thèse a été écrite, Binder et al, 2009 ont analysé les KOs MCP-1 et CCR2, puis ont 

démontré qu’en effet, il y a moins d’ostéoclastes in vivo et in vitro (les deux ~ -40%) avec une masse 

osseuse accrue (+ 40%) à cause de la différenciation défective de l’ostéoclaste. De plus, les souris KO 

MCP-1 présentaient un phénotype moins sévère que les souris KO CCR2, ce qui incite à penser qu’une 

autre chimiokine pourrait complémenter le rôle de MCP-1 (qui selon eux, serait MCP-3). Ensuite, ces 

chercheurs ont démontré que CCR2, dans les macrophages, (qu’ils ont appelés des préostéoclastes) accroit 

l’expression de RANK et donc améliore l’ostéoclastogénèse par l’intermédiaire de RANKL. En outre, les 

souris KO CCR2 étaient résistantes à la perte de masse osseuse normalement induite par l’ovariectomie et 

cette résistance grâce a l’ostéoclaste et non de l’insuffisance ostéoblastique. Cela signifie que CCR2 a une 

importance notable dans l’homéostase de l’ostéoclaste.  

 

La plupart des résultats de Binder et al, étaient en désaccord avec la présente thèse. Cependant, ils 

avaient démontré que le mécanisme de CCR2 était via macrophages et non via les ostéoclastes elles-mêmes. 

L’intérêt principal de cette thèse était l’ostéoclaste et non le macrophage. Binder et al, n'ont pas montré que 

CCR2 était exprimé ou pouvait être modulé dans l’ostéoclaste mature, mais ils ont démontré que les effets 

de CCR2 défectif sur l’ostéoclastogénèse différent d’environ 40% par rapport à la version sauvage – un effet 

qui aurait facilement pu manquer ici étant donné la subjectivité du comptage des ostéoclastes. Enfin, les 

présents résultats démontrent que MCP-1 n’est pas spécifique à l’ostéoclaste et que l’axe MCP-1/CCR2 est 



x 

redonnant ou non nécessaire dans l’ostéoclaste mais qu’il peut cependant être d’une importance vitale pour 

le macrophage (précurseurs d’ostéoclaste) comme suggéré par Binder et al, 2009. 

 

La partie suivante de cette thèse consistait en l’étude de l’effet de la DMSO sur la différenciation et 

la fonction de l’ostéoclaste. Vu que la DMSO est connue pour réguler la différenciation de nombreuses 

cellules, on a émis l’hypothèse que la DMSO peut moduler l’ostéoclastogénèse. Pour ce faire, on a trouvé 

que non seulement la DMSO pouvait affecter l’ostéoclastogénèse mais aussi l’ostéoblaste, d’où son 

introduction dans cette étude. Les expériences ont montré que bien que la DMSO ne pouvait pas induire la 

différenciation d’ostéoblaste ou d’ostéoclaste, leur différenciation est augmentée d’une manière dose-

dépendante lorsque les cultures normales sont traites avec de la DMSO. Les effets maximaux s’observent 

quand les ostéoblastes et les ostéoclastes son traitées avec des concentrations de DMSO de 0.35% et 0.55% 

respectivement. Cette différenciation accrue par la DMSO double au moins la fonction de l’ostéoblaste dont 

la minéralisation et l’activité de phosphatase d’alcaline. Similairement, la DMSO accroit la fusion de 

l’ostéoclaste (plus de 10 fois plus), sa taille (plus de 2.5 fois plus), l’activité de TRAP et la capacité de 

résorption de l’os. Par contre, l’effet de la DMSO ne semble pas fonctionner a travers les gènes classiques 

de l’ostéoclaste  étant donne que les ostéoclastes traitées avec de la DMSO expriment les gènes classiques 

tels que TRAP, CTSK, c-Src et NFATc1 a un niveau de façon non-significative par rapport aux contrôles. 

Les résultats des études de la DMSO illustrent que la DMSO peut véritablement augmenter la différentiation 

et la fonction de l ostéoblaste et de l ostéoclaste. Cependant, le mécanisme par lequel cela se produit reste 

incompris.  

 

La troisième partie de cette thèse porte sur la famille des GTPases Rho dans l ostéoclaste. Dans cette 

recherche, l'expression de la totalité des 22 GTPases Rho est déterminée dans l'ostéoclaste. De tous, seul un 

gène est effectivement induit par RANKL plus de 100 fois dans les cellules RAW264.7. Cette induction a 

été vérifiée dans des ostéoclastes primaires dérivées de moelle osseuse de souris c57bl/6. Pour étudier les 

effets de Wrch-1 dans l’ostéoclaste, le knockdown de Wrch-1 par shRNA a été employé et a causé une 

décroissance dans la formation de l’ostéoclaste. Cela dévoile que ce tout nouveau gène participe de façon 

notable à la différenciation de l’ostéoclaste. Effectivement, Brazier et al, 2009 a démontré par la suite que 

Wrch-1 est nécessaire à la migration du macrophage (précurseurs d'ostéoclaste) et qu’en l’associant avec β3 

integrin (et non pas à fibronectine), cela régule négativement l’adhésion et la formation de la ceinture de 
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podosomes. Ces résultats confirment ceux que cette thèse affirme : Wrch-1 participe à la formation de 

l’ostéoclaste. 

 

 

Le dernier chapitre a pour but d’identifier tous les gènes dépendant de RANKL dans le génome de la 

souris, et ce, en utilisant les techniques de puce et de QPCR. Deux hypothèses ont été émises : (1) beaucoup 

plus de gènes que ceux actuellement listés sont spécifiquement régulés par RANKL dans l’ostéoclaste et (2) 

les monocytes/macrophages diminuent leur fonctions immunitaires lorsqu’ils se différentient en 

ostéoclastes.  

 

1370 gènes ont été identifiés et ce qui est surprenant c’est que seuls 28 d’entre eux ont déjà été  

attribués à l ostéoclaste. Cela confirme la première hypothèse et valide la spécificité de la puce vu que 28 

gènes d’ostéoclastes connus sont presque tous des gènes classiques d’ostéoclastes (ex : TRAP, NFATc1). 

Plus de vingt gènes immunitaires ont apparu comme étant régulés négativement ou perdus. Cela confirme la 

seconde hypothèse de ce chapitre comme quoi les monocytes/macrophages diminuent ou perdent leurs 

fonctions immunitaires lorsqu'ils se différentient en ostéoclastes. Par ailleurs, un très grand nombre parmi 

ces 1370 gènes trouvés étaient associes au cytosquelette, le système immunitaire et au transport des 

électrons. Ces trois catégories correspondent aux fonctions de l’ostéoclaste qui nécessitent une 

réorganisation du cytosquelette, une perte des gènes immunitaires étant moins/n’étant plus utiles et bien sûr 

des gènes nécessaires aux demandes élevées en énergie de l’ostéoclaste. 

 

La puce a aussi dévoile un autre gène éventuel notamment l’ATPase ATP6v1d hautement exprimé et 

régulé positivement par RANKL. Ce gène n'a pas encore été lié à la pompe de proton de l'ostéoclaste et peut 

former une cible pharmaceutique putative pour les maladies de résorption de l'ostéoclaste. Par ailleurs, trois 

autres gènes, Ndst1, Hbegf et Syndecan1 sont régulés positivement par RANKL et s’avèrent être liés au 

myélome multiple. Nous avons suggéré la possibilité que l'ostéoclaste potentialise le myélome multiple 

directement par ces trois gènes.  

 

Enfin, ce chapitre compare quatre gènes reliant l'ostéoclaste à l'ostéoblaste. Alors que IGF1 apparaît 

comme étant le gène le plus régulé négativement dans l'ostéoclaste, il est en revanche hautement exprimé 

pendant la formation de l ostéoblaste, ce qui suggère (nous a laissé penser) que ce gène n'est pas important 
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dans l'ostéoclaste. Dans l'ostéoclaste, l'antigène immunitaire CD36 est hautement régulé négativement, alors 

qu'il est fortement régulé positivement dans l'ostéoblaste ce qui suggere peut etre CD36 dans l’ostéoblaste 

effectue une fonction autre qu’immunitaire.. CD76 (récepteur de transferrine) est quand à lui régulé 

positivement dans l'ostéoclaste ainsi que dans l'ostéoblaste, ce qui suggère que les deux cellules nécessitent 

une augmentation en fer. Cette dernière a seulement été confirmée dans l'ostéoclaste (Roodman, 2009., Cell) 

Enfin, CCR2 qui est le récepteur chimiokine CCL2, a apparu comme étant régulé négativement voire éteint 

dans l'ostéoclaste et dans l'ostéoblaste. Ceci laisse penser que dans les cellules matures de l'environnement 

remodelé de l'os, l'axe CCL2-CCR2 n'est pas nécessaire, ce qui constitue la conclusion majeure du chapitre 

4 de cette thèse. 

 

 Pour conclure, l'axe  MCP-1/CCR2 a été étudié mais n'a pas d'effet significatif par rapport à 

l'ostéoclaste mature. D'autre part, Wrch-1, qui est une nouvelle GTPase Rho, a été identifiée ce que d'autres 

ont ensuite confirmé comme étant aussi important dans l'ostéoclaste. De plus, DMSO a été identifié comme 

étant hautement responsable de l’augmentation de la différentiation de l'ostéoclaste mais aussi de 

l'ostéoblaste. Les résultats obtenus dans cette thèse ont permis l'identification de nombreux nouveaux gènes 

et constituent un apport notable aux recherches (aux connaissances que l'on a) sur le sujet et permet une 

meilleure compréhension de l'ostéoclaste. 
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Chapter 1     AIMS  AND SIGNIFICANCE_______________ 
 

Bone appears simply as a structural material forming the skeleton and otherwise to many an inert 

“dead, white and hard” matter. However this is far from the case. Bone serves as a place for 

haematopoiesis, storage of minerals, calcium phosphates and lipids. Even more complex is how bone is 

regulated. Many hormones within the body affect bone such as gonadal hormones, parathyroid hormones, 

vitamin D, PGE2 and adrenal hormones are constantly finely tuning bone metabolism. Then comes the 

variability engendered by ethnic differences, sex, age, activity performed by oneself and diet.  

 

Summarising the above is a good overview of bone and opens the path to understanding that even 

if just one of these parameters regulating bone is altered, the effects on bone homeostasis could be 

devastating. Unfortunately this is in fact the case. Classic diseases of bone such as age-related bone loss 

(often called osteoporosis) are perhaps best known. However there is more than meets the eye. Paget’s 

disease of bone is an example of in which there is massive amounts of bone loss through increases in 

activity of a particular bone cell, the osteoclast, which is a normal cell within bone that “eats away” or 

resorbs bone. This often leaves the affected individual severely disabled for life. Bone is an extremely 

common site of cancer metastasis and often manifests itself with bone loss also through activation of the 

osteoclast not to mention the pain felt by the individuals in this particularly painful site. Unfortunately, 

even for osteoporosis, treatments are far from optimum. 

 

 Much research has gone into understanding bone and even though we are far from curing disease, 

we are closer to it. We know osteoclasts break down bone and much research has targeted this cell in 

order to decrease bone loss seen in many bone-related disorders. However, with almost 15,000 articles to 

its name to date in the NCBI PubMed database, the osteoclast is still poorly understood and 

pharmaceutically modulated. Nevertheless, there are many areas in osteoclast research that can be 

improved on – a simple one of which is to better characterise and describe the osteoclast. To this, the aim 

of this thesis was to better characterise the osteoclast. For this, four different areas were concentrated 

on and researched;  

(1) MCP-1 in the osteoclast,  

(2) DMSO in bone,  

(3) RhoGTPases in the osteoclast and  
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(4) Large-scale identification of genes in the osteoclast. 

 

(1) MCP-1 is a potent mediator of monocyte migration to sites of inflammation and has been 

linked to various inflammatory disorders including bone-destroying disorders such as arthritis. In 

addition, MCP-1 is hypothesised to participate in metastases of tumours to bone. Since metastatic bone 

tumours are inherently associated to osteolytic lesions, it is important to identify the potential role of 

MCP-1 in the osteoclast, the sole cell responsible for bone resorption (and therefore the drastic destructive 

activities of osteolytic lesions). If MCP-1 indeed positively modulates the osteoclast, then it is possible 

that MCP-1 directly or its signalling pathways could then serve as therapeutic targets of osteoclast 

diseases and cancer. To date, work concerning MCP-1 in the osteoclast has been minimal and does not 

warrant human trials of its inhibition. Thus, further investigations remain open to reveal the exactitude of 

MCP-1 signalling in the osteoclast and bone in general.  

 

Literature review reveals that few articles on MCP-1 in the osteoclast have been published. These 

articles show that MCP-1 can indeed modulate osteoclast differentiation and in particular, it was shown 

that MCP-1 without RANKL, could induce the formation of TRAP+ve multinuclear cells from human 

osteoclast precursors. However the latter has yet to be confirmed by another group*. Thus the aim herein 

was to further verify published findings and further investigate the potential implications of MCP-1 in the 

osteoclast.  

 

(2) DMSO, a simple low molecular weight solvent can modulate or induce the differentiation of 

many cell types. These cells range from erythrocytes, myelocytes, metamyelocytes, neutrophils, 

cardiomyocytes, intestinal adenocarcinoma cells, melanoma cells to adipocytes. The exact mechanism by 

which DMSO operates is still undefined but it is known that other polar planar compounds such as 

hexamethylene bisacetamide (HMBA), particularly hypoxanthine and actinomycin-D, like DMSO, induce 

the differentiation of HL-60 cells. Furthermore, there is evidence to suggest DMSO operates by activating 

the central signalling PI3K pathway or by inhibition of histone deacetylases (HDACs). The mechanism by 

which DMSO works is currently investigated with pharmaceutical molecules supposedly mimicking 

DMSO which could bring about treatments for many diseases. With such diverse target cells at its 

disposition, it was aimed to determine whether the osteoclast and the osteoblast could be modulated by 

DMSO and thus maybe form the target of DMSO-related drugs developed in future. 

*During the final revisions before submission of this thesis, Miyamoto et al, 2009; showed that MCP-1 cannot induce osteoclastogenesis 
without RANKL.  
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(3) RhoGTPases are partly activated via prenylation by farnesyl pyrophosphate synthase.  

Farnesyl pyrophosphate synthase is in fact one of the targets of bisphosphonates, which are drugs used to 

treat bone loss (osteoporosis, cancer etc) and functions by inducing loss of osteoclast function and 

osteoclast apoptosis. This suggests a potential RhoGTPase-dependent mechanism by which 

bisphosphonates regulate the osteoclast. In addition, differentiation of the osteoclast and glucocorticoid-

induced bone loss has been linked to RhoGTPase function. With the strong implication of RhoGTPases 

regulating the osteoclast, it is of interest to identify novel RhoGTPase members important in the 

osteoclast which could ultimately form the basis of new pharmaceutical targets and eventual treatments of 

osteoclast-related diseases. Furthermore, one of the prominent functions of RhoGTPases is cytoskeletal 

rearrangement. The latter is a major event during osteoclastogenesis, as mononuclear cells fuse to produce 

large multinucleated cells.  Since only very few RhoGTPases (Rac and Rho) have been reported to 

modulate the osteoclast and that the family of RhoGTPases forms a group of 22, there was an interest in 

assessing whether other members could participate in osteoclastogenesis or function. As such the aims 

were to globally analyse the RhoGTPases during osteoclastogenesis and determine if any were important 

in this differentiation process.  

  

(4) RANKL Array. Medical research is based on the goal of formulating treatments and cures for 

current untreatable or difficult-to-treat diseases. For many years, the approach for medical treatment was 

based on phenotypic presentations and remains so today. However, with the advent of genetic 

exploitation, medicine has gone a step further combining both diagnosis and treatment of disease linked to 

genes. Knowledge that a ‘certain gene’ causes a ‘certain disease’ yields the possibilities of pharmaceutical 

targeting of this gene and therefore disease. The osteoclast is the basis of many bone-related disorders and 

many genes linked to the osteoclast remain to be identified. To date, there have been at least 10 gene array 

studies of osteoclasts across the human, mouse and rat species. Of the ~20000 genes found in a high-order 

mammalian genome, only very few genes have been implicated in the differentiation and function of the 

osteoclast. The small number of genes related to the osteoclast does not fit with the notion of such a 

highly specialised cell that must acquire or lose the expression of many genes as it differentiates from 

mononuclear monocytes to large multinuclear osteoclasts. In addition, the literature that describes arrays 

already used to study the osteoclast is not consistent either due to failure to detect a positive effect or 

simply from author bias not to disclose. With the many genes left to discover associated to the osteoclast, 
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the aim herein was to identify genes in the osteoclast on a global scale. These new genes would form 

potential treatments for bone-related disorders notwithstanding osteolysis caused by deadly diseases such 

as multiple myeloma and prostate cancer. In addition, if proving itself as a large-scale gene analysis tool 

in the osteoclast, the array could be used to characterise and/or monitor metastatic bone lesions of cancer 

victims. The significance of this project is thus both diagnostic and treatment-based. 
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2.1    INTRODUCTION______________________________ 
 

2.1.1  Bone 

Bone is a specialised connective tissue constituting the majority of the human skeleton (Banse et 

al, 2002., Loveridge, 1999). Contrary to its appearance, bone is in fact a highly metabolically-active 

organ. Every year 3% of cortical bone and 25% of trabecular bone is replaced with new bone (Manolagas 

& Jilka, 1995). On top of this, bone serves as a reservoir of minerals (in particular calcium and 

phosphate), lipids and as the site of haematopoiesis (Weiner et al, 1999.,  Mundy, 1999., Loveridge, 

1999). The calcium and phosphate stored within bone act as buffers to maintain physiological serum 

calcium and acidity (i.e. phosphate binds to excess hydrogen ions) respectively (Raisz, 1999). Bone has 

two functions; a metabolic function as described above and a mechanical function. The latter operates by 

providing structural support, protection and leverage (sites for muscle attachment). It thus requires a 

certain strength which it certainly does not fall short of. It can withstand remarkable forces namely 11,000 

psi in tension or 15,000 psi in compression. Yet it is substantially flexible bearing a modulus of elasticity 

that is between 2,000,000-3,000,000 psi compared to steel whose figure is about 30,000,000 psi (the 

lower the modulus of elasticity, the more flexible) (Dempster & Liddicoat, 1952). What this equates to in 

“real life” is strength similar to steel but ten times more flexible yet being three times lighter (Doblaré et 

al, 2002). 

 

As mentioned above, bone is constantly replaced. This occurs via a process called bone 

remodelling and functions to maintain a competent skeleton so that it can adapt to changes in loading, 

damage and physiology. (Howell, 1999., Dobbins et al, 2002). Bone remodelling consists of “breaking 

down” bone followed by “replacing” new bone. The specialised bone cells that mediate these events are 

osteoclasts and osteoblasts respectively. In general bone remodelling (Figure 2.1) is referred to as four 

distinct sequential phases; activation (osteoclast differentiation and activation), resorption (by the 

osteoclast), reversal (mononuclear cells complete resorption process) and formation (by the osteoblast) 

(Raisz, 1999., Parfitt, 1994). Osteoclast precursors are drawn from the intricate capillary network within 

bone while osteoblast precursors are said to come also from bone marrow and pluripotent mesenchymal 

stem cells that permanently reside within the connective tissue (Parfitt, 1994).  
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Figure 2.1. Bone remodelling. The four stages of bone remodelling consist of activation, resorption, 
reversion and formation. During activation (0), osteoclasts differentiate and adopt the correct 
morphology (polarise) in order to resorb bone during the resorption phase (1). Osteoclastic resorption 
is followed by reversal where mononuclear cells complete the resorption process (2). During 
formation, preosteoblasts (3) assemble at the resorbed site and differentiate into mature osteoblasts 
(4) which secrete new bone. Older osteoblasts (5) sitting on top of mineralised bone eventually 
becoming lining cells (6). Figure composed from Parfitt, 1994., Stevenson & Marsh, 2007. 
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2.1.2 Osteoporosis  

The activities of osteoclasts and osteoblasts are finely tuned. An imbalance in the activity of 

osteoblasts and/or osteoclasts causes many aberrant phenotypes characterised by high bone mass states 

such as osteopetrosis and osteosclerosis or low states of bone mass such as osteopenia or osteoporosis 

(Gramatikoff, 2002., Ducy et al, 2000). However, osteoporosis, which affects 10 million American people 

over the age of 50 is most likely the best-known disease (Harvey et al, 2006). Coming from the Greek 

words “osteo” and “porosis” meaning bone and porous respectively, osteoporosis describes a chronic 

degenerative disease of bone, which under histological analysis appears porous (Figure 2.2) (Davidson et 

al, 2003., McClung et al, 2003., Jordan et al, 2002). The term osteoporosis was employed as far back as 

the 19th century by German and French physicians when illustrating the porous nature of bone affected by 

osteoporosis (Jordan et al, 2002). Osteoporosis is accurately described as “a disease characterised by low 

bone mass and microarchitectural deterioration of bone tissue, leading to enhanced bone fragility and a 

consequent increase in fracture risk” (Consensus Development Conference 1991) (Korkia, 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Normal and osteoporotic bone architecture. The porosity exhibited by normal 
trabecular bone (left panel) is far less accentuated compared to bone affected by osteoporosis 
(middle panel) The increase in porosity is the basis for an increased rate of fracture in individuals 
suffering from osteoporosis. Figure adapted from Stevenson & Marsh, 2007. 

                        Normal                                                  Osteoporosis             
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The significance of osteoporosis may be overseen. Without diagnostic intervention, it remains 

silent until clinically presenting itself as low trauma fractures. Fractures in particular of the spine and hip 

are the most devastating resulting in substantial morbidity and excess mortality (McClung et al, 2003., 

Fleming et al, 2002). As many as 20% of women and a greater percentage of men die within one year 

following an osteoporosis-related hip fracture (Davidson et al, 2003., Biggers et al, 2002). Furthermore, 

osteoporosis not only dramatically impacts on health, but also significantly places a burden on society 

with respects to health costs (Ethgen et al, 2003., Jordan et al, 2002). In the United States, it is estimated 

that health care costs associated to osteoporosis will exceed 62 billion dollars (U.S) in 2020 (Biggers et al, 

2002). 

 

Osteoporosis is common in both men and women (Smith et al, 2003). However, it does 

predominantly affect older women (Reid, 2002). Nevertheless, indiscriminately of sex, the incidence of 

fractures increases exponentially with age (McClung et al, 2003). As bone tissue slowly degrades, 

eventually minimal trauma from everyday-life activities is sufficient to cause fracture (Korkia, 2002., 

Fernandes et al, 2003). Therefore it is deeply important to attempt to predict or diagnose osteoporosis so 

as to avoid its costly manifestations in both health and financial well-being. 

 

The diagnosis of osteoporosis is accomplished by assessing bone mineral density (BMD) as 

supported by the World Health Organization (WHO) (Biggers et al, 2002., Kanis et al, 2000., Ralston, 

2003., Chen et al, 2003). Table 2.1 shows the four general diagnostic categories for osteoporosis. 

Individuals who possess BMDs less than 1 standard deviation (SD) below the mean of young adults are 

considered normal. Those that possess BMDs 1 – 2.5 SD below the mean of young adults are classified to 

have low bone mass (osteopenia) (Ferretti et al, 2003).  

 

Finally, individuals who possess a BMD value of more than 2.5 SD (t score   -2.5) below the 

population average in young adults is said to have osteoporosis (Rubin et al, 2001., Kanis et al, 2000). An 

extension of the latter definition exists where the patient has also experienced one or more low-trauma 

fractures rendering them classified as individuals with severe or established osteoporosis (Korkia, 2002). 

The advantage of using BMD scores is that diagnosis of osteoporosis can now be made before fractures 

occur. In addition, BMD-based diagnosis can also reveal other major disorders of bone, sometimes fatal, 

which often manifest themselves with BMD values -2.5 SD below the mean. Some disorders within this 
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description are osteomalacia, osteogenesis imperfecta and multiple myeloma (often fatal) (McClung, 

2003). 

 
 

 

 

 

 

 

 

 

 

Osteoporosis is the most preventable metabolic bone disease among developed countries (Gennari 

et al, 2002). There are several treatments/prophylactics and management strategies currently in use 

(McClung, 2003., Davidson, 2002., Reid, 2002). Non-pharmacological therapy is executed by the 

administration vitamin D and calcium and maintaining regular weight-bearing exercise. In addition, 

lifestyle changes such as ceasing smoking and consumption of high alcohol doses, both bone-loss 

accelerants, are common practice. Pharmacological therapy is provided by supplementing 

estrogen/estrogen-like agents and testosterone in women and men respectively, bisphosphonates, 

calcitonin or parathyroid hormone (McClung, 2002., Korkia, 2002., Enriori et al, 2002., Davidson, 2003., 

Reid, 2002). Collectively, the principle mechanism by which treatments for osteoporosis operate is by 

decreasing bone resorption activity thereby maintaining a skeleton less prone to bone loss and therefore 

less susceptible to osteoporosis and fracture (McClung, 2003., Davidson, 2002., Korkia, 2002., Azria, 

2003). 

 

 

 

Category Definition 

Normal BMD no more than 1 SD below the mean for young 

adults 

Low bone mass  

(osteopenia) 

BMD more than 1 SD below the young adult mean 

but not less than 2.5 SD below this mean 

Osteoporosis BMD more than 2.5 SD below the young adult mean 

Severe osteoporosis 

(established osteoporosis) 

BMD more than 2.5 SD below the young adult mean 

in the presence of one or more fragility fractures 

Table 2.1. Diagnostic categories for osteoporosis. Table adapted from 
Korkia, 2002. 
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2.1.3 Structure and Function of Bone 

Bone is composed from a combination of calcium salts and collagen. Each of these composites 

bear an important structural role in either strength or flexibility (Banse et al, 2002.,  Bailey et al, 1999). 

Calcium phosphate and other calcium salts, account for almost two-thirds by weight of bone and interact 

with calcium hydroxide to form crystals of hydroxyapatite. It is these hydroxyapatite crystals form the 

basis of strength in bone, but offer little resistance to flexion (Loveridge, 1999., Martini, 1998). 

 

The inflexible nature of hydroxyapatite is buffered by collagen. Collagen, in particular type I 

collagen makes up almost one-third percent by weight of bone (Loveridge, 1999., Martini, 1998). It is the 

main structural protein in bone and is responsible for providing flexibility to bone (Garnero et al, 2003., 

Fathima et al, 2003). In addition to its flexible property, collagen forms the mandatory framework for 

calcium crystals to form upon (Weiner et al, 1999). Without this collagen framework, successful bone 

growth can not occur (Bailey et al, 1999). Together, hydroxyapatite and collagen compliment one another 

yielding strength and flexibility - a combination dynamic enough to resist shattering due to forced direct 

trauma and the forces of movement placed upon it from its residing organism (Loveridge, 1999., Martini, 

1998). 

 

2.1.4   Cells of Bone 

In bone there are four different cell types – osteoblasts, osteocytes, bone lining cells and 

osteoclasts (Marks et al, 2002). Each cell holds specialised functions in maintaining bone integrity and is 

discussed individually in below. Figure 2.3 diagrammatically represents the appearance of the four bone 

cell types. Osteoblasts, osteocytes and bone lining cells originate from osteoprogenitor cells while 

osteoclasts form from haemopoietic precursors (Marks et al, 2002., Nicholson et al, 2000). 

 

       Osteocyte                           Osteoblast                           Lining Cell                                 Osteoclast 

                  

Figure 2.3. Bone cells. In bone, there is four cell types: the osteocyte, osteoblast, 
lining cell and osteoclast (sketched from left to right), which perform different 
specialised functions. Figure adapted from http://depts.washington.edu. 
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2.1.4.1  Osteoprogenitor Cells 

Mesenchymal in origin, osteoprogenitor or pluripotent stem cells are give rise to osteoblasts, bone 

lining cells and osteocytes. As such, osteoprogenitor cells maintain the bone cell population other than 

osteoclasts. Furthermore, osteoprogenitor cells play a role in bone repair by providing a reservoir of 

preosteoblasts needed for bone repair following damage such as fractures (Marks et al, 2002., Martini, 

1998., Makie, 2003). In Figure 2.4, osteoprogenitor cells are depicted in a bone section that also contains 

osteoblasts and osteocytes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Osteoprogenitor cells, osteoblasts and osteocytes. Paraffin section stained 
with H&E through the upper jaw of a foetal pig. Osteoprogenitor cells (m) are condensing and 
differentiating into osteoblasts. Black arrowheads indicate rows of osteoblasts. Orange arrow 
points to an osteoblast in the process of becoming embedded in the bone matrix as an 
osteocyte. Figure  adapted from Makie, 2003.   
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2.1.4.2   Osteoblasts 

 

Osteoblasts are specialised bone-forming cells. They lay down new bone by secreting type I 

collagen as well as a number of non-collagenous proteins such as sialoprotein, osteocalcin and ostenectin 

(Karsenty, 2000., Loveridge, 1999., Marks et al, 2002). Osteoblasts appear cuboidal with a single round 

nucleus and are usually found in a single layer adherent to periosteal (outer bone layer) or endosteal (inner 

bone layer) surfaces of bone (Figure 2.5) (Makie, 2003). Genetically, osteoblasts are very similar to 

fibroblasts and it has even been postulated that all genes expressed in osteoblasts are also expressed in 

fibroblasts except that that osteoblasts express two transcripts exclusively in addition. These were said to 

be Cbfa1 or Runx2, a transcription factor and osteocalcin, an autocrine secreted molecule with inhibitory 

effects on the osteoblast (Ducy et al, 2000). However we now know this is false; in a recent study which 

compared the primary osteoblast transcriptome to primary fibroblasts, a total of 486 unique genes were 

identified in higher expression in the osteoblast (Grundberg et al, 2008). Nevertheless, Runx2 is 

mandatory for the differentiation of chrondrocytes and osteoblasts (Karsenty, 2008). 

 

Runx2 is especially important for osteoblasts as it is required for the expression of osteoblast-

specific genes (Makie, 2003). The importance of Runx2 for bone development was demonstrated through 

the study of Runx2 knockout mice (Figure 2.5). Though Runx2-deficient mice develop to term, their 

skeleton is made exclusively of cartilage and with a lack of osteoclasts (Loveridge, 1999., Ducy et al, 

2000). The results of studying such mice are two fold – first, it demonstrates that osteoblasts cannot fully 

differentiate without Runx2 since the bony skeleton fails to develop in its absence and second, that 

osteoblasts also are mandatory for the differentiation of osteoclasts. The latter is discussed in section 2.5, 

osteoclastogenesis.  
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Figure 2.5. Skeletal morphology of Runx2 knockout 
mice. From left to right, wild type, heterozygous and 
recessive Cbfa1 genotypes. Note normal development of 
wild type, decrease in bone deposition in heterozygous 
knockout and complete lack of bone formation in 
recessive knockout. Figure adapted from Max Plank 
Institute for Molecular Genetics. 
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2.1.4.3  Osteocytes 

Osteocytes are in essence imprisoned osteoblasts. After fulfilling their activities, osteoblasts can 

undergo apoptosis or differentiate either into bone lining cells or become embedded in the bone matrix to 

form osteocytes (Makie, 2003., Marks, 2002). These cells account for most of the bone cell population; 

90-95% of all bone cells compared to 4-6% osteoblasts and 1-2% osteoclasts (Bonewald, 2008). 

Osteocytes have finger-like or dentritic projections (Figure 2.6) which allows them to stay in contact and 

“feel” other osteocytes and collectively sense changes in the bone environment in particular mechanical 

stress where they then send resorption to osteoclast or formation signals in order to maintain bone 

homeostasis (Bonewald, 2008).  

 

Osteocytes are situated within the bone matrix recycling calcium salts surrounding them and given 

their sensory nature, participate in the repair of damaged bone (Marks et al, 2002., Martini, 1998). For 

bone repair, the osteocyte must first dissociate from the lacunae (a specialised region in bone where the 

osteocyte resides) and then convert to either an osteoblast or an osteoprogenitor cell thereby directly and 

indirectly providing the means for bone formation (Martini, 1998). Figure 2.6 (right panel) shows an 

electron micrograph of a bone section representing osteocytes. 

Figure 2.6. Osteocytes. Osteocytes communicate with other osteocytes via their cytoplasmic intricate 
extentions (left panel, Figure from Helfrich & Ralston, 2003). In vivo, osteocytes form from mineralising 
osteoblasts that become trapped within their own secreted matrix (right panel A,B, transmission electron 
micrograph, original magnification 2100, 1-5 are osteoblasts, Figure is a modified version from Marks et al, 
2002).  
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Osteocytes express sclerostin (SOST) and Dkk1 which inhibit bone formation by hindering BMP 

and Wnt signalling important in osteoblasts (ten Dijke P et al, 2008). Interestingly, osteocytes almost 

specifically express genes that regulate phosphate metabolism such as FGF23, DMP1 and MEPE (Pereira 

et al, 2009., Nobel, 2008). The specificity of DMP1 to the osteocyte has enabled a GFP-DMP1 transgenic 

mouse which is now a central tool used for studying osteocyte biology (Kalajzic et al, 2004, ASBMR 

meeting 2009). Since the osteocyte is a “new” cell in research, much remains to be learnt concerning this 

cell.   

 

2.1.4.4 Bone Lining Cells 

 

Like osteocytes bone lining cells are derived from osteoblasts. However, morphologically, they 

have no resemblance rather appearing flat and elongated (Figure 2.7). Lining cells “line” or cover a 

substantial proportion of the bone surface (Makie, 2003., Marks et al, 2002., Loverdige, 1999). Little is 

known about bone lining cells however it is acknowledged that they stem from the osteoblast, are inactive 

and do not actively execute bone formation nor resorption (Makie, 2003.,  Marks et al, 2002). 

 

 

 

 

 

 

 

 

 

Figure 2.7. Bone lining cells. Two 
bone lining cells (asterisks) displaying 
their classic flat elongated phenotype. 
Original magnification 3000 by 
transmission electron microscopy. 
Figure adapted from Marks et al, 2002. 
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2.1.4.5  Osteoclasts 

 

Albert Kölliker first described osteoclasts in 1873 (Kölliker, 1873).  Osteoclasts as seen in Figure 

2.8 are large, multinucleated, highly motile tissue-specific macrophages exclusively responsible for 

resorbing bone (Boissy et al, 2002., Lerner, 2000., Boyle et al, 2003). Once fully differentiated, 

osteoclasts occupy two states – the active, polarised resorbing state or the non-active, non-polarised non-

resorbing state (at rest) as depicted in Figure 2.9 (Väänänen et al, 1995).  

 

Reference to cell polarity as a description of active or resting states exists as a result of the 

dramatic changes in cellular polarisation that occur when an osteoclast becomes activated. The polarised 

osteoclast forms two more membrane domains over its non-polarised counterpart. These are the sealing 

zone (Figure 2.9) and the ruffled border (Figure 2.8 and 2.9) (Väänänen et al, 1995). The sealing zone 

also called the clear zone, is a specialised region of the activated osteoclast membrane used to tightly 

attach to bone through vitronectin receptors amongst others (Figure 2.10) (Reinholt et al, 1999., Rouselle 

et al, 2002). The sealing zone attaches to bone in a circular pattern concentrated at the periphery of the 

cell thereby effectively sealing a microenvironment of bone underneath the osteoclast. The milieu 

encompassed by the sealing zone is called the resorption lacunae and is specifically where bone resorption 

occurs. The sealed environment created by the sealing zone is important to disallow the leakage of 

protons and other potential cellular toxins produced by the osteoclast during resorption into extracellular 

fluids and unnecessarily killing other and potentially very important cells of the body (Itzstein et al, 

2000.,  Domon et al, 2002). 
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Figure 2.9. Non-polarised and polarised osteoclasts. Substantial phenotypic differences 
exist between non-polarised (left) and polarised (right) osteoclasts. The non-polarised or 
resting osteoclast lacks the structures (ruffled border and sealing zone) responsible for 
resorption as found in polarised active osteoclasts. The ruffled border is accountable for 
resorption while the sealing zone is used to adhere to and seal the bone where resorption is to 
take place. Figure is a modified version adapted from Väänänen et al, 1995. 

Figure 2.8. Transmission electron micrograph of an activated rat osteoclast. The 
activated osteoclast creates a “water-tight” sealing zone (also called clear zone) and 
surrounds the ruffled border which directly opposes bone resorption. The ruffled border does 
not form in vitro unless osteoclasts are allowed to come into contact with calcium matrix 
substrates. Figure adapted from Ross, 2008. 
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2.1.4.5.1 Osteoclast Bone Resorption  

 

Bone resorption requires the introduction of an acidic environment in the resorption lacunae. The 

significance of an acidic extracellular compartment is two fold – first it is essential for the solubilisation 

of alkaline hydroxyapatite crystals and second, it is necessary for the activation of lysosomal enzymes 

secreted by osteoclasts (Rousselle et al, 2002). 

 

The primary mechanism responsible for acidification of the bone matrix is vacuolar H+-adenosine 

triphosphatase  proton (H+) pump (vATPase) (Figure 2.10) located within the ruffled border of the 

osteoclast (Ilvesaro et al, 1998., Rousselle et al, 2002). Coupled with Cl-
 conductance, the vATPase 

extrudes protons into the extracellular matrix sealed by the osteoclast sealing zone creating the resorption 

lacunae and thereby acidifying the environment necessary for resorption (Figure 2.11) (Rousselle et al, 

2002., Nakagawa et al, 2003). During this process, the HCO3-/Cl- exchanger maintains normal 

intracellular pH. The source of protons for the vATPase and the source of bicarbonate (HCO3
-) for the 

HCO3
-/Cl- exchanger are both provided by carbonic anhydrase II (CAII) which does so by catalysing the 

hydration of CO2 to HCO3
- and H+ (Ochi et al, 1998., Quélo et al, 2000). In addition to the ruffled border 

housing the vATPase, it also serves as the passageway for the secretion of proteases needed to breakdown 

bone matrix proteins (Nakagawa et al, 2003., Kurodo et al, 1996., Väänänen et al, 1995). 

 

 

Figure 2.10. Osteoclast vATPase. ATPase 
is located within the cell membrane of the 
ruffled border. It is the primary mechanism 
for providing the acidic environment 
necessary for bone resorption by extruding 
protons into the extracellular matrix. A, B, C, 
and D represent different the ATPase 
cytoplasmic domains. The ATPase 
transmembrane domain is composed of 116, 
39 and 17 kDa subunits. Modified Figure 
adapted from Rousselle et al, 2002 
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Figure 2.11. Osteoclast bone resorption. ATPase extrudes protons (H+) into the resorption lacunae 
thereby providing the necessary pH for activation of lysosomal enzymes and solubilisation of alkaline 
hydroxyapatite crystals. Intracellular pH is maintained by the bicarbonate/chloride exchanger, which 
accepts bicarbonate (HCO3

-) produced by carbonic anhydrase II (CAII). CAII also provides the source 
of protons for ATPase. Vitronectin receptors (red) embedded in the membrane of the clear zone, is 
used to attach to and seal the bone resorbed. Modified Figure adapted from Rousselle et al, 2002. 
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In vitro, osteoclastic resorption can be tested for by culturing osteoclasts onto bone, dentine slices 

or other calcium phosphate-derived substrates. After approximately 1-3 weeks in culture (depending on 

whether osteoclasts are murine or human respectively), the bone or dentine chips are analysed for 

resorption pits by microscopy (Figure 2.12). Resorption pit assays are used to exclusively distinguish 

osteoclasts from other cells since only the osteoclast can resorb bone (Lerner, 2000). 

 

 

 

 

2.1.5 Osteoclastogenesis 

Osteoclastogenesis is the elaborate multistage differentiation process of osteoclast generation. 

Osteoclastogenesis only takes place close to mineralised bone where preosteoclasts interact with the 

osteoblastic syncytium. As a result, multinucleated osteoclasts never appear in the circulation (Lerner, 

2000). Osteoclasts are derived from mononuclear precursor cells of the 

monocyte/macrophage/granulocyte cell lineage (colony-forming unit granulocyte-macrophage [CFU-

GM]), a cell lineage upstream of the bone marrow precursor cell lineage colony-forming unit spleen 

(CFU-S) (Lerner, 2000., Yamazaki et al, 2001., Boyle et al, 2003). There are four distinct stages of 

osteoclastogenesis – (1) proliferation, (2) differentiation, (3) survival and fusion and (4) activation (Figure 

2.13). Stage 3 involves the fusion of mononuclear prefusion osteoclast precursors to form multinucleated 

cells, a major phenotype of the osteoclast (Suda et al 1999.,  Takashi et al, 1999., Boyle et al, 2003). 

Interestingly, the fusion process isn’t one that is necessary for osteoclast function. Osteoclasts from DC-

Figure 2.12. Osteoclast resorption pit. 
Electron micrograph shows an obvious 
resorption pit created by a human osteoclast 
(OC). Detection of resorption pits is a crucial 
marker for osteoclasts and the most 
exclusive. Figure adapted from The 
Osteoclast - Osteoclasts on Bone [online]. 
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STAMP null mice, which are completely mononuclear, can adhere to and resorb bone (Yagi et al, 2005). 

However, in multinuclear normal osteoclasts, nuclei are constantly changing within osteoclasts in vivo 

dying by apoptosis and replaced by new preosteoclasts which fuse into the osteoclast. 8% of nuclei are 

said to turnover per day while it only takes 3.5 days for preosteoclasts to differentiate to a stage where 

they can fuse into the osteoclast to replace dead nuclei (Parfitt, 1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Four stages of osteoclastogenesis. Osteoclastogenesis differentiates 
precursor cells derived from the bone marrow precursor cell line (CFU-S), a cell line 
immediately upstream to the monocyte/macrophage/granulocyte lineage (CFU-GM). Activated 
osteoclasts are formed through the distinct stages of proliferation, differentiation, 
survival/fusion and activation. During osteoclastogenesis, MCSF and RANKL are the only 
necessary factors required to produce activated resorbing osteoclasts, which possess CTR, 
TRAP, B3 (vitronectin receptor) and a ruffled border. Figure by Sebastien Stephens. 
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2.1.5.1          MCSF and RANKL – Two Necessary Cytokines 

Though a complex intricate process responding to both internal and external stimuli, 

osteoclastogenesis requires the presence of only two osteoblast-related proteins for successful osteoclast 

development (Itoh et al, 2001., Mancino et al, 2001., Nagata et al, 2003). These are macrophage colony-

stimulating factor (MCSF) and receptor activator of nuclear factor kappa B ligand (RANKL). Both MCSF 

and RANKL are now well-characterised and commercially available as recombinant soluble proteins for 

use in scientific investigations (Myers et al, 1999). 

 

2.1.5.1.1 MCSF  

MCSF, previously known as colony stimulating factor-1 (CSF-1), is a glycoprotein with a 

molecular weight of 85000 Daltons. It is expressed by a variety of cell types including macrophages, 

endothelial cells, fibroblasts, lymphocytes and most importantly when regarding osteoclastogenesis, 

osteoblasts/stromal cells (Plesner, 2003., Suehiro et al, 1999., Tojo et al, 1999). MCSF promotes the 

proliferation and differentiation of the monocyte/macrophage cell lineage and also participates in 

promoting the survival and fusion of immature osteoclasts and thus is an essential growth factor for 

osteoclast formation (Figure 2.13) (Tojo et al, 1999., Baron et al, 1999., Jimi et al, 1998). 

 

In vivo, MCSF is secreted by osteoblasts/stromal cells where it subsequently binds its target 

receptor, c-Fms, located on the cell membrane of osteoclast precursor cells (Baron et al, 1999). MCSF is 

absolutely necessary for osteoclast differentiation and formation. The indispensable nature of MCSF 

during osteoclast formation was demonstrated in 1990 by Yoshida et al using the osteopetrotic (op/op) 

mutant mouse model. Yoshida et al proved that the route of the osteopetrotic phenotype (increased bone 

mineral density and lack of osteoclasts) of the op/op mouse was a simple frameshift mutation in the 

coding region of the MCSF gene. The frameshift mutation was due to a thymidine insertion at base pair 

262 and resulted in a TGA stop codon 21 base pairs downstream. Subsequently, the op/op mouse 

expressed functionally inactive MCSF. These findings were consolidated by the study conducted by Felix 

et al also in 1990, which described that administration of recombinant MCSF to op/op mice in vivo 

restored the lack of osteoclasts. Felix et al showed that the op/op mice, now bearing MCSF and therefore 

osteoclasts, begun to resorb bone followed by the formation of bone marrow cavities. Collectively, the 

evidence put forward by Yoshida et al and Felix et al, gave strong justification of the extreme importance 

and dependence of MCSF in osteoclastogenesis.   
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2.1.5.1.2 RANKL  

Belonging to the tumour necrosis factor ligand family, RANKL (OPGL/ODF/TRANCE) 

stimulates the differentiation, survival, fusion, activation of osteoclasts (stages 2, 3 and 4 of 

osteoclastogenesis) and lengthens their lifespan by inhibiting apoptosis (Li et al, 2000., Roux et al, 2002., 

Hofbauer et al, 2000). However, in contrast to MCSF, RANKL is not required for the proliferation of the 

monocyte/macrophage cell lineage, the first stage of osteoclastogenesis (Figures 2.13 and 2.15).  

 

RANKL is a trimeric protein complex. Each monomer consists of two flat antiparallel β-pleated 

sheets joined by loops. The resulting structure of RANKL as seen in Figure 2.14, is necessary for the 

cognate interaction with RANK (Lam et al, 2001).The sources of RANKL in bone come from bone 

marrow stromal cells, osteoblasts, chondrocytes, mesenchymal cells of the periosteum, osteoclasts, 

endothelial cells and T cells. However, RANKL production is most abundant in stromal cells and 

osteoblasts (Hofbauer et al, 2000). Nevertheless, RANKL-producing cells other than stromal cells and 

osteoblasts still interact significantly with osteoclasts. For example, the ability of T cell-derived RANKL 

osteoclast stimulation is seen in diseases such as arthritis and periodontal disease through osteoclastic 

mediated bone resorption (Theill et al, 2002., Darnay et al, 1998). 

 

 

In contrast to MCSF, RANKL is not secreted in vivo, but embedded within the surface membrane 

of osteoblasts/stromal cells as depicted in Figure 2.15. Subsequently, within the context of bone 

remodelling, direct cell-cell association between osteoblasts/stromal cells and osteoclast precursor cells is 

absolutely necessary for osteoclast differentiation, development and survival in vivo. Direct cell-cell 

Figure 2.14. Protein ribbon 
diagram of the RANKL trimer. 
Each monomer bears two β-
pleated sheets (green, A-H) joined 
by connecting loops (orange, DE, 
AA’, CD and EF). The other two 
RANKL monomers are cyan and 
magenta, respectively. Figure 
adapted from Lam et al, 2001. 
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association makes it possible for RANKL to stimulate its complimentary receptor RANK, like c-Fms, 

located on the outer membrane of osteoclast precursor cells. An exception to membrane-bound RANKL 

however exists. Both B and T cells express and secrete soluble (non membrane-bound) RANKL which 

can contribute to osteoclast resorption in periodontal and arthritic diseases (Kawai et al, 2006., Kotake et 

al, 2001) 

 

Other than its direct expression, RANKL is also regulated by a decoy receptor, osteoprotegerin 

(OPG). OPG is a molecule secreted by osteoblasts/stromal cells (Figure 2.15 and 2.17) and directly 

associates with RANKL preventing the interaction necessary between the RANKL/RANK complex for 

stimulation of osteoclastogenesis. The result is inhibition of osteoclastogenesis and promotion of 

osteoclast apoptosis (Simonet et al, 1997., Tsuda et al, 1997., Romas et al, 2002). Since RANKL is a 

positive mediator of resorption while OPG is not, the RANKL:OPG ratio is used as a study variable in 

bone research and it has been shown that the balance between the expression of RANKL and OPG 

dictates the quantity of bone resorbed (Teitelbaum, 2000).  

 

The importance of RANKL during osteoclastogenesis can be demonstrated by the examination of 

functionally active and inactive RANKL in a comparative setting. Osteoclast precursors treated with 

inactive RANKL exhibited a complete lack of osteoclasts with only a few very small multinucleated cells. 

In comparison, the stimulation of osteoclast precursors with functionally active RANKL resulted in the 

development of large multinucleated osteoclasts (Figure 2.16) (Lam et al, 2001). In addition, mutant mice 

harbouring targeted disruption of either RANKL or RANK display extreme osteopetrosis accompanied by 

a total lack of osteoclasts (Kong et al, 1999., Dougall et al, 1999., Hsu et al, 1999). Collectively, the study 

conducted by Lam et al and the findings from RANK-/-/RANKL-/- mutant mice demonstrated the 

obligatory nature of RANKL for osteoclast development. 
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Figure 1.16. TRAP-
stained osteoclast 
cultures treated with (a) 
active or (b) inactive 
RANKL. When treated with 
RANKL, osteoclasts are 
large and multinucleated. 
Comparatively, osteoclasts 
fail to develop when treated 
with biologically inactive 
RANKL. Figure adapted 
from Lam et al, 2001. 
 

a b 

Figure 2.15. RANKL, MCSF 
and OPG regulation of 
osteoclast function. The 
osteoblast secretes MCSF (red), 
which binds its receptor, c-fms, 
located on osteoclast precursor 
cells. RANK also embedded on 
the surface of osteoclast 
precursor cells accepts its ligand, 
RANKL, located on the surface 
of an osteoblast/stromal cell thus 
obligating a close interaction 
between the osteoclast and 
osteoblasts/stromal cells. OPG 
inhibits osteoclastogenesis by 
inhibiting stages 2,3 and 4 and 
blocking the inhibitory effect of 
RANKL on apoptosis (stage 5).  
Figure is a modified version 
adapted from Hofbauer et al, 
2000. 

Osteoblast 
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2.1.5.2   PTH, 1,25(OH)2-D3 and CT 

Three calcium-regulating hormones responsible for modulation of osteoclastogenesis are parathyroid 

hormone (PTH), 1,25(OH)2-D3 (the biological active form of vitamin D3) and calcitonin (CT). PTH and 

1,25(OH)2-D3 both stimulate osteoclastogenesis through interaction with the osteoblastic syncytium and 

stromal cells (Figure 2.17) (Lerner, 2000). On the contrary, CT produced by parafollicular cells (C cells) 

of the thyroid gland, inhibits osteoclastogenesis through activation of the CT receptor (CTR) embedded 

within the osteoclastic membrane (Copp et al, 1962., Boissy et al, 2002).  

 

 

 

 

 

 

 

Figure 2.17. Participation of PTH, 1,25(OH)2-D3 and OPG in osteoclastogenesis. PTH 
and 1,25(OH)2-D3 via osteoblasts/stromal cells stimulate osteoclastogenesis by producing 
MCSF and RANKL and interacting with the macrophage cell line (CFU-M [colony-forming unit-
macrophage]). OPG (osteoprotegerin), coloured red, is secreted by the osteoblast/stromal cell 
in an autocrine fashion inhibiting osteoclastogenesis by competing for RANKL, the ligand 
needed for stimulation of RANK on osteoclasts. Figure is a modified version adapted from 
Suda et al, 1999.  

RANKL 
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2.1.5.3   Genes of Osteoclastogenesis 

 

Although MCSF and RANKL are exclusively required for osteoclastogenesis, additional proteins 

and transcription factors of specific genes activated as a result of MCSF and RANKL stimulation are 

equally important in maintaining a functional differentiation pathway. At least 24 genes or loci have been 

shown to participate in osteoclastogenesis and osteoclast activation (Boyle et al, 2003). Some of these 

factors and gene products are depicted in Figure 2.18 in relative order in the osteoclast differentiation 

pathway and discussed in proceeding sections. For a more thorough listing of genes that participate in 

osteoclast (and osteoblast) differentiation identified by gene knock out, refer to Table 2. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.18. Gene products activated surrounding and subsequent to MCSF and 
RANKL stimulation. The role of NFATc in osteoclastogenesis is yet to be fully 
understood including identification of genes dependent on NFATc during osteoclast 
formation.  Figure is a modified version adapted from Teitelbaum, 2000. 
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Differentiation Function Bone formation Tooth eruption Ref.

  RANKL ↓ − − ↑ No 1

  M-CFS (op/op) ↓ − − ↑ No 2

  OPG ↑ ↑ − ↓ Yes 3

  IFNβ ↑ − ↔ ↓ Yes 4

↔ − ↔ ↔ ? 5

↓ − − − ? 6

  IL-7 ↑ − ↔ ↓ ? 7

RANK ↓ − − ↑ no 8

cFMS ↓ − − ↑ no 9

DAP12/FcRγ ↓ ↓ ↓ ↑ yes 10

DCSTAMP ↓ ↓ − ↑ yes 11

Plexin-A1 ↓ ↓ ↔ ↑ ? 12

β3-Integrin ↑ ↓ − ↑ ? 13

CIC7 − ↓ − ↑ no 14

OSTM1 (gl/gl) ↓ ↓ − ↑ yes 15

ATP6i (oc/oc) ↔ ↓ ↔ ↑ no 16

IFNα/βR1 ↑ − ↔ ↓ yes 4

IFNγR1 ↑ − − − ? 17

↔ − − ↔ ? 18

↓ − − − ? 19

TNFR1 ↔ − − ↔ ? 18

IL-11R ↓ − ↓ ↑ ? 5

CD44* ↑ − ↑ ↓ ? 20

gp130 ↑ − ↑ ↓ ? 21

EPHB4** ↓ ↓ ↑ ↑ ? 22

B7-H3 − − ↓ ↓ yes 23

RAGE ↓ ↓ − ↑ ? 24

Receptors/Channels/Membrane factors

Cytokines/Secreted proteins
  Gene  

Osteoclast Osteoblast
Bone volume

  IL-6

IL-1R1

Table 2.2. Genes of osteoclasts an osteoblasts identified by gene knock-outs. ↑ (increase), ↔ (no 
change), ↓ (decrease), − (not studied/reported), *analysed in models of inflammatory bone loss, **data in transgenic 
mice. Table modified from Takayanagi et al, 2007 (supplementary material). Refer to appendix A for references. 
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Differentiation Function Bone formation Tooth eruption Ref.  Gene  
Osteoclast Osteoblast

Bone volume

↔ ↓ − ↑ no 25

↓ − − ↑ no 26

p62* ↓ − − ↑ ? 27

GAB2 ↓ − ↔ ↑ ? 28

STAT1 ↑ − ↑ ↑ ? 29

SOCS1/3 ↓* − − − ? 30

SOCS3 ↑ − ↑ ↓ ? 31

↑* − − ↓ ? 32

↔ − ↓ ↓ ? 33

MyD88 ↓ − ↓ ↓ ? 34

BCL2 ↓ − − ↑ ? 35

VAV3 ↑ ↓ − ↑ ? 36

− ↓ − ↑ partial 37

↑ − ↑ ↑ no 38

NIK ↓* − − ↔ ? 39

IKKβ ↓ − ↓ ↑ ? 40

IRAK-M ↑ − ↑ ↓ ? 41

↑ − − ↓ no 42

↑ − ↓ ↓ ? 43

SHIP1 ↑ ↑ − ↓ ? 44

PLCγ2 ↓ ↓ ↔ ↑ ? 45

↔ ↓ − ↑ ? 46

↑ ↓ ↑ ↑ ? 47

TRAP ↔ ↓ ↓ ↑ yes 48

  PU.1 ↓ − − ↑ ? 49

  MITF (mi/mi ) ↓ − − ↑ no 50

  NFκB (p50/p52) ↓ − ↔ ↑ no 51

  cFos ↓ − − ↑ ? 52

  FRA1 ↔ ↔ ↓ ↓ ? 53

  JUNB ↓ ↔ ↓ ↓ ? 54

  ATF4 ↑ − ↓ ↓ ? 55

  RUNX2 ↓ − ↓ ↓ ? 56

  CBFB − − ↓ ↓ ? 57

  OSTERIX − − ↓ ↓ 58

  NFATc1 ↓ − ↓ ↑ no 59

  NFATc2 ↔ ↔ ↓ ↓ ? 60

  SHN3 ↔ ↔ ↑ ↑ ? 61

  EBF2 ↑ − ↔ ↓ ? 62

  PAX5 ↑ − − ↓ yes 63

  p53 ↑ − ↑ ↑ ? 64

Trancription factors

Other enzymes

Kinases/Phosphatases

Adaptor/Signalling molecules

  Cathepsin K

TRAF6

FHL2

SHP1 (meˇ/meˇ)

cSrc
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2.1.5.3.1  Genes Encoding Transcription Factors 

 

Gene expression in eukaryotes is commonly controlled by multiprotein complexes that recognise 

and bind specific DNA sequences (Batchelor et al, 1998., Ogata et al, 2003). Since the control of gene 

expression is mediated at the transcriptional level (enhance or inhibit mRNA synthesis), these regulatory 

multiprotein complexes are also termed transcription factors. Gene control by these multiprotein 

transcription factors is a hallmark of gene regulation in eukaryotes and can be mediated by structurally 

similar proteins, such as the c-Fos and c-Jun heterodimer AP-1 complex or structurally dissimilar proteins 

as found in the complex formed by MATα2 with MCM1 MADS box proteins (Batchelor et al, 1998., 

Glover et al, 1995., Keleher et al, 1988).  

 

2.1.5.3.1.1   PU.1 

PU.1 is a gene expressed in immature precursors of and mature macrophages, granulocytes and B 

lymphocytes (Dahl et al, 2003., Marden et al, 2003). PU.1 is essential for the commitment of 

haematopoietic progenitor cells to both macrophage and osteoclast development (Xue et al, 1998., McIvor 

et al, 2003., Teitelbaum, 2000). Studies have shown that PU.1-/- mice exhibit osteopetrosis and lacked 

both macrophages and osteoclasts (Teitelbaum, 2000). These results confirmed that PU.1 is therefore 

critical for the development of both the macrophage and osteoclasts.  

 

2.1.5.3.1.2   AP-1 (c-Fos/c-Jun heterodimer complex) 

Activated protein-1 (AP-1) is a transcription factor heterodimer consisting of the immediate early 

gene products c-Fos and c-Jun (Takahashi et al, 2002., Manna et al, 2000, Mazière et al, 1999., Zhou et 

al, 2000). AP-1 is only considered active following two crucial steps. First, it must form into a dimer from 

c-Fos and c-Jun. Secondly, both c-Fos and c-Jun must be phosphorylated for the activation of the AP-1 

complex (Fleegal et al, 2003). Following activation, AP-1 translocates to the nucleus inducing the 

transcription of osteoclastic genes amongst others required for further progenitor cell differentiation, an 

effect distal to PU.1 (Lee et al, 2003). Studies have proven that individually, c-Fos and c-Jun targeted 

disruption in mice results in an elevated number of macrophages with a related decrease of osteoclasts 

(Obata et al, 2003., Johnson et al, 1992). c-Fos/c-Jun deficient mice were observed to develop to term but 

also progressed to severe osteopetrosis as a result of inactive AP-1 demonstrating AP-1 directly 

participates in the process of osteoclastogenesis (Udagawa et al, 1996). Fos-like antigens (FRAs) such as 
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FRA-1 and FRA-2 can substitute for c-Fos by dimerizing with c-Jun to form a functional AP-1 complex 

and thereby activating osteoclast differentiation (Bakiri et al, 2007., Matsuo et al, 2000). In a similar 

context, Jun-B and Jun-D can compensate for c-Jun in the AP-1 complex (Pang et al, 2007). 

 

2.1.5.3.1.3   MYC 

MYC is a proto-oncogene central to the transcription network of the eukaryotic cell and is involved 

in the regulation of cellular proliferation, growth, differentiation and apoptosis (Oster et al, 2002., Dang, 

1999., Eisenman, 2001., Grandori et al, 2000). The critical nature of MYC in cell regulation is 

demonstrated by targeted deletion of MYC in mice resulting in embryonic lethality (Davis et al, 1993). 

Perhaps MYC is best known through its association with the genesis of a range of human cancers. 

However, this is only the case when MYC is no longer normally regulated (Oster et al, 2002).  

 

MYC expresses a nuclear transcription factor, c-Myc, which is induced by an assorted list of 

mitogens but attenuated during differentiation (Oster et al, 2002). Recent studies demonstrate that c-Myc 

directly participates in osteoclastogenesis by specifically regulating the expression of TRAP (Battaglino et 

al, 2002., Daumer et al, 2002). In addition, c-Myc was found to be strongly up regulated in a RANKL-

dependent manner in cultured osteoclasts (Battaglino et al, 2002). 

 

 

2.1.5.3.1.4   c-Src 

c-Src is highly expressed in osteoclasts. It is the cellular (or normal) counterpart of the 

transforming protein of the Rous sarcoma retrovirus or v-Src (Amling et al, 2000., Golden et al, 1988., 

Jove et al, 1987). Unlike c-Fos/c-Jun knockouts (inactive AP-1), mice harbouring targeted c-Src 

disruption continue to form osteoclasts (Soriano et al, 1991., Lowe et al, 1993). However the osteoclasts 

within these mutant mice fail to properly organise their actin cytoskeleton resulting in the lack of the 

sealing zone and ruffled border (Figure 2.19) (Amling et al, 2000). Consequently, c-Src-/- mice like c-

Fos/c-Jun knockouts display osteopetrosis, but a unique osteopetrosis due to defective osteoclast function 

rather than differentiation (Soriano et al, 1991., Lowe et al, 1993). 
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2.1.5.3.2   Genes Encoding Proteases or Antigens 

2.1.5.3.2.1   MMP9 

The matrix metalloprotinases (MMPs) are a family of enzymes accountable for the proteolytic 

degradation of the extracellular matrix components (Choi et al, 2003). More than 20 different MMPs have 

been identified, however MMP-9, is the most abundantly expressed MMP in osteoclasts (Choi et al, 

2003., Swiss-Prot: P14780, 2003., Chen et al, 1998). The function of MMP-9 in osteoclasts is yet to be 

fully defined. However several studies show that MMP-9 is essential for recruitment of the immature 

osteoclast to developing bone resorption sites (Blavier et al, 1995., Yu et al, 2003). In addition, evidence 

suggests that MMP-9 may also play a role in mature osteoclasts by initiating the bone resorption process 

through a mechanism yet to be established (Yu et al, 2003).  

 

2.1.5.3.2.2   CD14 

Monocyte differentiation antigen CD14 or simply CD14 is situated on human chromosome 5 

(OMIM: 158120, 2003., Swiss-Prot: P08571, 2003., Ferrero et al, 1990). CD14 is expressed by 

monocytes, macrophages and activated granulocytes (Goyert et al, 1988., Gupta et al, 1996).  CD14+ve 

monocytes constitute in part the collection of precursor cells for osteoclasts that incidentally in their 

mature state, downregulate CD14 (Athanasou et al, 1990.,  Horton et al, 1985). Since mature osteoclasts 

express less CD14, the expression of CD14 in cultured osteoclasts can be used to determine the extent of 

osteoclast maturity.  

 

Figure 2.19. (a) Wild type osteoclasts. The wild-type osteoclast seals a resorbing 
compartment and forms an extensive ruffled border. (b) c-Src-/- osteoclasts. c-Src-/- 
osteoclasts do not form a ruffled border and do not possess the ability to resorb bone 
Figure is a modified version adapted from Amling et al, 2000. 

a b 
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2.1.5.3.2.3   CD44 

The CD44 gene expresses the main cell surface receptor for hyaluronate. CD44 is also used to 

adhere to mucosal high endothelial venule and to types I and VI collagen (Schmits et al, 1997., Swiss-

Prot: P16070, 2003).  CD44 is expressed in lymphocytes, haematopoietic cells and is suggested to be 

involved in matrix adhesion, lymphocyte activation and lymph node homing (recruiting lymphocytes to 

the lymph nodes) (Schmits et al, 1997., Swiss-Prot: P16070, 2003).  Several studies have linked CD44 to 

osteoclastogenesis.  Day et al., (2004) recently showed that CD44 is up regulated during 

osteoclastogenesis. In addition, through the use of osteopontin (OPN)-null and CD44-null cells, it was 

shown that CD44 is required for migration and cell fusion of osteoclasts via interaction with OPN (Sodek 

et al, 2002., Chellaiah et al, 2003a). Alternatively, by over expression of CD44, it was demonstrated that 

bone resorption by the osteoclast increased (Chellaiah et al, 2003b). CD44 is at this stage is the only non-

integrin receptor found within the podosome core where it probably serves as an anchoring receptor for 

actin filaments to cluster to (Chabadel et al, 2007., Saltel et al, 2008). CD44 is also a negative regulator of 

inflammatory bone loss via TNF regulation (Hayer et al, 2005). 

 

2.1.5.3.3    Classical Osteoclast Genes  

2.1.5.3.3.1   TRAP 

Tartrate-resistant acid phosphatase (TRAP, Figure 2.20) is a lysosomal enzyme greatly expressed 

in terminally differentiated osteoclasts, late osteoclast precursor cells and activated human macrophages 

(Erben, 1996., Halleen et al, 1998., Janckila et al, 2002., Reddy et al, 1995). Its total deletion in mice 

causes mild osteopetrosis due to a deficit in osteoclast resorption (Hayman et al, 1996). Exactly how this 

occurs remains obscure since the biological function of TRAP in the osteoclast remains poorly 

characterised (Räisänen et al, 2001., Hollberg et al, 2002., Igarashi et al, 2001). It is proposed that TRAP 

may operate to dephosphorylate bone matrix phosphoproteins in the resorption lacunae (Janckila et al, 

2002), maintaining the integrity of the ruffled border and participating in normal intracellular vesicular 

transport of osteoclasts (Hollberg et al, 2002). It is also known that TRAP is as important for macrophage 

function as it is for osteoclasts, through a proposed TRAP-dependent processing of osteopontin (reviewed 

by Hayman et al, 2003). Two isoforms of TRAP exist – TRAP5a and TRAP5b. Both are encoded by the 

same gene. However 5a is macrophage-specific while 5b is osteoclast-specific. Differences in optimal 

pHs of each isoform (5a ~5.2., 5b 5.8) and substrate specificity have allowed microplate biochemical or 
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immunological assays through the use of higher pH and Naphthol-ASBI phosphate (and heparin) to 

quantify TRAP activities (Janckila et al, 2001.,  

 

 

 

 

 

 

 

 

 

2.1.5.3.3.2   CTSK  

Cathepsin K (CTSK) is a lysosomal cysteine protease highly expressed in osteoclasts (Mendonca 

et al, 2002., Setti et al, 2003). CTSK is the predominant effector of organic bone matrix degradation and 

actively participates in bone resorption following its release from osteoclasts into the resorption lacunae 

(Corisdeo et al, 2001., Rieman et al, 2001). Once translocated to the resorption lacunae, CTSK degrades 

type I collagen, which constitutes 90% of the bone matrix and other important bone proteins (Claveau et 

al, 2001., Altmann et al, 2003). The selective abundance of CTSK within osteoclasts makes for an 

excellent marker to identify osteoclasts (Lark et al, 2002., Rieman et al, 2001). Recently, CTSK has been 

a major target as an antiresorptive therapy and has proven unlike other antiresorptives to increase bone 

formation at he same time as decreasing bone resorption (Fuller et al, 2008). 

 

 

 

Figure 2.20. Three-dimensional 
representation of TRAP. The 
biological function of TRAP 
remains to be defined although it 
is proposed that TRAP 
dephosphorylates bone matrix 
proteins, a process required for 
bone resorption. Figure adapted 
from Oddie et al, 2000. 
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2.1.5.3.3.3   CTR 

Calcitonin (CT) is a peptide hormone of the seven-transmembrane domain G-protein coupled 

receptor superfamily and is classically found on differentiated osteoclasts (Pondel, 2000., Lee et al, 1995). 

It inhibits osteoclast mediated bone resorption through binding to its cell surface receptor CTR (calcitonin 

receptor) and disrupting the F actin ring (discussed in 2.5.3.3.5), inducing osteoclast retraction (Figure 

2.21) and reducing motility (Zhang et al, 2002., Pondel, 2000). The action of CT is specific and fast 

(within minutes) and thus it is used as an antiresorptive therapy by injection or nasal inhalation but 

unfortunately, the “escape phenomenon” most likely due to receptor desensitisation greatly diminishes 

this therapy  (Karsdal et al, 2008).  

2.1.5.3.3.4   VNR 

For bone resorption to initiate, osteoclasts must first adhere to the bone matrix (Hoffman et al, 

2002., Takami et al, 2003). This adhesion is mediated in part by the integrin vitronectin receptor (v3, 

VNR). Like other integrins, it is composed of an α subunit and a β subunit (two separate genes) and is 

found on the plasma membrane of many cells and also the osteoclast where it initiates first step in 

inducing the polarization of osteoclasts (Medhora et al, 1993., Sabokbar et al, 2003., Takami et al, 2003). 

VNR recognises and binds motifs containing RGD (arginine-glycine-aspartate) sequences found in bone-

residing proteins such as osteopontin and sialoprotein (Medhora et al, 1993., Hermann et al, 1999). VNR 

is upregulated by RANKL in in the osteoclast and its expression is critical for the successful recognition 

of and binding to the bone matrix (Rodan et al, 1997., Medhora et al, 1993., Horton et al, 1997). 

Disruption of VNR results in the inhibition of resorption of bone both in vitro and in vivo (Hoffman et al, 

2002., Rodan et al, 1997., Medhora et al, 1993). 

Figure 2.21. Calcitonin inhibits the osteoclast. Calcitonin within minutes induces osteoclast retraction, 
disrupts the F-actin ring and results in decreased resorption. Figure adapted from Zhang et al, 2002. 
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2.1.5.3.3.5   F-Actin Ring 

Though not the product of one particular gene, the F-actin belt and sealing zone are used as 

important markers of osteoclasts (Figure 2.22). Following binding to bone, an osteoclast rapidly forms the 

F-actin sealing zone (Murakami et al, 1997., Fuller et al, 2002) within the clear zone of the osteoclast 

surrounding the ruffled border and consists mainly of podosomes concentrated towards the cell periphery 

(Takami et al, 2003., Murakami et al, 1995., Nakagawa et al, 2003). The F-actin sealing zone is used to 

adhere to bone and always forms preceding the commencement of bone resorption (Murakami et al, 

1997., Francis et al, 2002). In addition, F-actin belts (similar to sealing zones) in osteoclasts also form in 

vitro on surfaces such as glass, plastic, bone or dentine slices and are not present in non-resorbing 

osteoclasts (Murakami et al, 1997., Nakagawa et al, 2003., Fuller et al, 2002).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22. F-actin sealing zone 
of an osteoclast. The F-actin 
sealing zone is a circular structure 
used by osteoclasts to adhere to 
bone. Since the F-actin sealing zone 
is only present in resorbing 
osteoclasts, it is used as a marker for 
activated osteoclasts. Figure 
adapted from Ilvesaro et al, 1998.
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2.1.6   NFATc in Osteoclastogenesis 

 

2.1.6.1  NFB 

As the name suggests, the association of RANK (receptor activator of NFB) with RANKL results 

in the activation of NFκB, a ubiquitous transcription factor (Lee et al, 2003., Koseki et al, 2002). The 

activation of NFB occurs via the phosphorylation and degradation of IB, the major regulatory protein 

of NFB (Komarova et al, 2003., McCracken et al, 2003). When inactive, NFκB is confined to the 

cytosol by IB (Clohisy et al, 2004). However, once free from IB, NFB translocates to the nucleus 

activating the osteoclastic signalling cascade including genes encoding c-Fos, c-Jun and c-Src (Khosla, 

2001., Abbas et al, 2003). In addition, NFB translocation to the nucleus results in an increase of 

intracellular calcium levels (Myers et al, 1999). This increase of calcium concentration is the key 

mediator in NFATc activation via both calmodulin and calcineurin enzymes (Figure 2.23). For a more 

detailed review of NFB signalling,  please refer to Nakashimi & Takayanagi, 2009.  

 

Figure 2.23. Signalling pathway required for NFATc activation via calcineurin in the 
osteoclast. The activation of NFATc in vivo relies on the binding of RANKL to RANK on 
the osteoclast precursor. This results in phosphorylation of the IB/NFB complex yielding 
free NFB in the cytoplasm. NFB subsequently locates to the nucleus activating genes 
responsible for increasing intracellular calcium levels. Resulting increase in calcium acts 
via calmodulin to activate calcineurin. In turn, calcineurin dephosphorylates NFATc and 
phosphorylates IB. Phosphorylation of IB frees NFB to the nucleus. Dephosphorylation 
of NFATc activates NFATc allowing it to locate to the nucleus and induce transcription of 
genes needed for osteoclastogenesis. Cyclosporin A (CsA) inhibits calcineurin and 
therefore subsequently inhibits both NFATc and NFB independently of RANK. 
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2.1.6.2  Calmodulin 1 

Calmodulin 1 (CALM1) is an enzyme that possesses 4 calcium-binding domains (Swiss-Prot: 

P02593, 2003., OMIM: 114180, 2002). CAML1 is found in many human tissues and participates in cell 

growth, the cell cycle, signal transduction and the synthesis/release of neurotransmitters (Rhyner et al, 

1994., OMIM: 114180, 2002). In the osteoclast, CALM1 is concentrated at the ruffled border, is activated 

in response to an intracellular calcium increase mediated by NFB (Figure 2.22) (Boyle et al, 2003., 

Radding et al, 1994) and when inhibited, results in the repression of osteoclast formation (Zhang et al, 

2003). When normally activated, CAML1 triggers the catalytic action of calcineurin (Biwas et al, 2003).  

 

1.1.6.3  Calcineurin 

Calcineurin (CALN) is a Ca2+/CALM1-dependent phosphatase heterodimer of calcineurin A 

(CALNA) and B (CALNB) subunits (OMIM: 114105, 2003). The phosphatase activity of CALN is 

positively mediated through the binding of its catalytic subunit, CALNA, to CALM and binding of its 

calcium-sequestering subunit, CALNB, to Ca2+ (Rusnak et al, 2000). In contrast, CALN is potently and 

specifically inhibited by cyclosporin A (CsA), an immunosuppressant (Figure 2.24) (Luo et al, 1996., 

Chow et al, 1999., Rusnak et al, 2000). The inhibition of CALN is consequential to the association of 

CsA with cyclophilin, the calcineurin receptor (Rusnak et al, 2000). 

 

 

 

 

Once activated in the osteoclast, CALN stimulates NFATc1 by dephosphorylation of several 

phosphorylated sites on NFATc1 (Beals et al, 1997., Jain et al, 1993., Loh et al, 1996). However, the 

activity of CALN is not just limited to NFATc1 activation in the osteoclast. Recently, CALN has been 

Figure 2.24. The chemical 
structure of CsA. The specific 
inhibition of calcineurin by CsA is 
mediated by the binding of CsA 
to the calcineurin cytoplasmic 
receptor cyclophilin. Figure 
adapted from Rusnak et al, 
2000. 
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shown to directly phosphorylate IκB, subsequently freeing NFκB to the nucleus to exert its osteoclastic 

transcriptional effects as shown in Figure 2.23 (Biwas et al, 2003., Alzuherri et al, 2002). This finding 

demonstrates that CALC acts as both a phosphatase and kinase. 

 

 

 

 

2.1.6.4  NFATc1  

The nuclear factor of activated T cells (NFAT) protein is a family of transcription factors 

responsible for regulating the expression of many genes encoding proteins during the immune response 

(Viola et al, 1998). The NFAT family comprises of four members – NFATc1 (NFATc, NFAT2), NFATc2 

(NFAT1, NFATp), NFATc3 (NFAT4, NFATx) and NFATc4 (NFAT3) (Horsely et al, 2002., Ranger et 

al, 2000). NFAT proteins are highly related within a 290 amino-acid domain which is responsible for 

DNA binding. Thus NFATc1-c4 recognise and bind almost identical DNA sequences within target 

promoters (Ronny et al, 1995., Park et al, 1996). As discussed previously, NFATc1 is involved in the 

regulation of osteoclastogenesis via activation controlled by calcineurin (Horsely et al, 2002., Trevillyan 

et al, 2001., Ishida et al, 2002). NFATc1 is substantially upregulated during osteoclastogenesis and is 

especially important for the production of multinucleated osteoclasts (Takayanagi, et al, 2002., Ishida et 

al, 2002). NFATc1, in its inactive form remains localised to the cytoplasm (Crabtree, 2001). The 

administration of CsA in osteoclast culture inhibits NFATc thus resulting in continual localisation of 

NFATc within the cytoplasm. As such, NFATc is unable to exert its transcriptional effects in the nucleus 

and stimulate osteoclast genes. In 2002, Ishida et al treated osteoclasts in culture with CsA in differing 

concentrations (10-1000 ng/ml) proving that NFATc is mandatory for osteoclast differentiation and in 

particular for production of multinucleated cells in a dose-dependent manner. They noted that most cells 

remained mononuclear and TRAP positive at the CsA dosage of 1000 ng/ml (Figure 2.25). NFATc1 is 

now proposed as the “master regulator” of osteoclastogenesis and has been shown on its own to produce 

(i.e. without RANKL) osteoclasts while its knock out results in total lack of osteoclasts (reviewed in 

Takayanagi et al, 2007). 
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Figure 2.25. Effects of CsA on 
osteoclast multinucleation. 
Resultant morphologies of TRAP 
stained osteoclasts under the 
dosage effects of CsA (a) without 
CsA, (b) CsA (10ng/ml), (d) CsA 
(100ng/ml) and (e) CsA 
(1000ng/ml). Multinucleation of 
osteoclasts decreases significantly 
with increasing CsA concentration. 
Most cells are mononuclear at 
1000ng/ml CsA dosage.   Figure 
adapted from Ishida et al, 2002. 



Chapter 3                                                      Methods                                                                   42 

 

 

   

CHAPTER 3 

 

METHODS  



Chapter 3                                                      Methods                                                                   43 

Methods_______________________________________ 
 

Methods for studying the Osteoclast 

  Murine primary osteoclast culture 

Osteoclast precursors used for murine experiments were bone marrow macrophages. WT, 

CCR2 KO or MCP-1 KO males or females of the backgrounds c57bl/6 or DBA varying from 6 

to 24 weeks old were used as bone marrow donors. Mice were first anaesthetised by a lethal dose 

of ketamine followed by cervical dislocation. Bone marrow was extracted from mice of interest 

using complete media for flushing and rinsing bones in-between steps with 70% Ethanol. Bone 

marrow cells were resuspended in 30-50 ml complete media and filtered with 70-100 µm cell 

strainer into a 50 ml Falcon tube (BD Biosciences). Once filtered, cells were spun at 80-100g for 

down 5 mins. Centrifuged tubes were discarded of their supernatant exposing the bone marrow 

cell pellet. The pellet was resuspended in 50 ml complete media (Alpha MEM, 10% foetal calf 

serum and 1% penicillin/streptomycin [all from Gibco-Invitrogen]) and counted. The expected 

cell count from one mouse was usually 1 x 108 cells. Bone marrow cells were the plated out with 

5 ng/ml MCSF (Peprotech) at 6 x 107 per 15 cm cell culture dish or 2 x 107 per 10 cm cell culture 

dish (BD Falcon) for 16-20  h (usually over-night). The non-adherent bone marrow cell fraction 

was collected gently aspirating the media in the culture dish being careful. The recuperated non-

adherent bone marrow cells were spun down for 5 minutes at 80-100g in 50 ml in a Falcon tube. 

The supernatant was discarded and the bone marrow cell pellet resuspended in 25-30 ml 

complete media. Generally, 50% of cells were recuperated ie 5 x 107 cells. Non-adherent bone 

marrow macrophages were plated out in at 2 x 107 per 10 cm dish in complete MEM for 48 

hours in 30 ng/ml Peprotech MCSF. After 48 hours, macrophages were formed and were 

strongly adherent. Media was removed and the macrophages rinsed several times with PBS. The 

final PBS wash was replaced with 5 ml of cold complete media and the cells were then scrapped 

(scrapper from TPP) and collected in a 50 ml Falcon tube. The dishes were rinsed once or twice 

plate to remove all cells and added to the collected fraction of scrapped macrophages. Once all 

collected, the macrophages were spun down (80-100g, 5 minutes) and the pellet was resuspended 

in 5 ml of complete media. A 90 µl sample was added to 10 µl of trypan blue to permit a live cell 

count. Approximately 20% (1 x 107) of cells were recuperated. These bone marrow macrophages 

were used as osteoclast precursors. To generate osteoclasts, bone marrow macrophages were 
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plated out a 3 x 104 per 24W well in 30 ng/ml MCSF (Peprotech). The cells were allowed to 

adhere for 2 hour before the addition of 10 ng/ml RANKL (R&D). MCSF-only controls were 

identical to those treated for osteoclast generation but without the addition of RANKL. 

Osteoclasts were maximal between 58-60 hours. All animal work was carried as per guidelines 

and animal ethics protocols of Griffith University and the Health Science Centre of Texas. 

Chemical inhibitors of CCR2 COMPOUND-X (company withheld) and RS102895 (Sigma) were 

used at concentrations indicated in the results section. 

 

RAW264.7 osteoclast culture 

RAW264.7 cells (American Type Culture Collection, ATCC) were used between 

passages 9-11 for experiments. For osteoclast differentiation, RAW264.7 cells were plated at a 

density of 1.1 x 104 cells per 24W well, allowed to adhere 2 hours and then treated with 50 ng/ml 

of RANKL (R and D systems). DMSO when required was added at the same time as RANKL. 

 

Human osteoclast culture 

Osteoclast precursors used for human experiments were CD14+ve monocytes. Blood was 

collected by a registered nurse in the number of vacuette EDTA tubes required (1 tube of blood ~ 

8 ml will suffice for 8-10 wells of a 24W). Blood was ½ diluted in PBS, gently mixed and then 

layered on top of 15 ml Ficoll-Paque (Amersham Biosciences) in a 50 ml Falcon tube (BD 

Biosciences) to the 50 ml mark. Careful not to disrupt the blood-PBS and Ficoll-Pacque interface, 

the tubes were spun at 1000g for 20-30 minutes at room temperature. Once tubes recuperated, 

plasma was removed with a sterile transfer pipette to approximately the buffy coat (white blood 

cell interface). Buffy coats were removed using a new sterile transfer pipette and collected in a 

new 50 ml Falcon tube. Buffy coats were washed twice with 8-10 times volumes of PBS. The 

washing procedure consists of adding PBS, centrifuging cells 5 minutes at 80-100g, removing 

PBS to expose white blood cell pellet and repeating once. After white blood cells were collected, 

CD14+ve cells were separated using MACs beads as per manufacturer’s instructions (Miltenyi 

Biotec). CD14+ve cells were then plated out in 24W plates (Greiner Bio One) at a density of 1 x 

105 per well. Cells were incubated at 37 degree celcius and 5% CO2 and induced in macrophages 

or osteoclasts by addition of 25 ng/ml hMCSF or 40 ng/ml hRANKL + 25 ng/ml hMCSF (both 

Peprotech) respectively. Media was changed at 4-5 days of culture. Osteoclasts were visible by 
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4-5 days and were maximal at 7 days and bearing appropriate osteoclast markers. The collection 

of blood by human donor was approved by Griffiths University guidelines and national ethics. 

 

Notes on osteoclast differentiation 

Density 

Density is crucial to the differentiation of osteoclasts. Osteoclast generation is extremely 

sensitive to seeded precursor density and the presence of ½ or 2x “optimal” density will almost 

fail to produce osteoclasts while the “optimal” density will produce 100s of osteoclasts per 24W 

well. We have found that it is always best to include triplicate densities and then choosing the 

density for a particular experiment that worked best, which can vary from one experiment to 

another most likely due to operator error and/or different proliferative potentials from mouse to 

mouse. Surprisingly, the total number of osteoclasts does not differ when using this method, 

despite having seeded at different densities. 

 

FCS 

Osteoclastogenesis is extremely sensitive to fetal calf serum (FCS). Certain lots will 

allow for strong osteoclast formation while other lots will yield little to no osteoclasts. We 

suggest testing available FCSs and then reserving a lot that allows production of 100s osteoclasts 

per 24W within a time frame of 48-60 hours with 0.35% DMSO. We have tested, reserved and 

matched other serums (using Invitrogen serum matching) to these lots successfully:  Gibco 

cat# 16000, lot 1329599, Fetal bovine serum certified, USA origin and Gibco cat# 10099, lot 

1280182, Fetal bovine serum qualified, Australian origin. 

 

Incubation times 

It is important to respect the allocated incubation times. Selection of non-adherent cells 

should never be allowed to surpass 24 hours as we have found this to reduce osteoclast 

generation. The generation of bone marrow cell macrophages can be varied a little, allowing an 

additional incubation of 24 hours in 30 ng/ml MCSF, however, the best osteoclast precursors are 

from the pool of cells generated at 48 hours.  
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Bone-Resorption Assays 

Human osteoclasts were differentiated as described in this methods section with the 

following differences: 10000 cells were plated directly on 6 mm bone chips (IDS) in 200 µl of 

media ± treatments per 96W well. Supernatants were collected and frozen and media replaced 

every 48 or 72 hours. The Crosslaps CTX-1 kit (IDS) was used to determine to CTX-1 quantities 

in supernatants as per manufacturer’s instructions. Calcium concentrations were measured by 

Nordic Bioscience laboratories. TRAP supernatant assays were prepared by adding 80 μl of 

TRAP solution to 20 μl of sample supernatant. 8 ml TRAP solution was prepared for per 96W 

and consisted of 1 ml of 8.8 mg/ml L-ascorbic acid, 1 ml of 44 mg/ml disodium tartrate, 1 ml of 

18 mg/ml 4-nitrophenylphosphate, 2 ml of reaction buffer (5.9 ml pure acetic acid, 500 μl triton 

X-100, 5.8 g NaCl, 0.372 g EDTA, 70 ml pure water, adjusted pH to 5.5 with 6M NaOH, then 

made up to 100 with pure water). Once samples and TRAP solution were mixed, plates were 

covered with adhesive tape, carefully shaken and then incubated away from light for 1 h at 37oC. 

Reactions were stopped with 100 μl of 0.3 N NaOH. TRAP activity was measured at 405/650 nm. 

 

BMD determination 

To grossly evaluate the bone homeostasis in vivo of CCR2 KO and MCP-1 KO mice 

compared to WT mice, BMDs were determined for each genotype. To explore if there were any 

differences in BMD between sexes, ages and mouse background, both males and females were 

investigated and also the DBA and C57 backgrounds. Mice were anaesthetised using non-lethal 

doses of ketamine by intramuscular injection into the hind leg. BMD scans were executed using 

a Lunar PIXImus II Densitometer (GE Medical Systems) as per manufacturer’s instructions. The 

heads of animals were not included for overall BMD analysis. 

 

 

Cell Staining 

Fixing  

Cells were fixed 10 minutes in PBS containing 3.7% formalin and 0.55% DMSO (0.55% 

DMSO preserves the integrity of the osteoclast membrane while fixing). 

Permeation  

Cells were then permeabilised 5 minutes with PBS containing 0.1% Triton X and then 

washed several times with PBS to remove excess Triton X. Cells were kept in PBS until needed. 
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TRAP staining  

5 mg of Napthol AS-MX phosphate was weighed in an Eppendorf 1.5 ml tube and then 

dissolved in 500 µl DMF (N,N-dimethylformamide), this was called solution 1. 30 mg of Fast 

Red Violet LB was dissolved into 50 ml 0.1 M sodium acetate containing 50 mM Sodium 

Tartrate pH 5, this was called solution 2. Finally, solution 1 was added to solution 2 and mixed. 

The resulting mixture was used to cover cells of interest to stain for TRAP. Incubation times 

with TRAP solution were 10 minutes (and no more) for murine osteoclasts and ~ 1 hour for 

osteoclasts of human origin. Positive TRAP activity was indicated by purple/pink stains.  

 

NFATc1 Staining  

Cells were blocked with blocking solution for 30 minutes. A rabbit NFATc primary 

antibody (Santa Cruz) was diluted 1/50 in blocking solution and incubated with cells for 2h. 

Cells were rinsed 3-4 times with PBS and then were exposed to an Alexa 488 anti-rabbit 

secondary antibody diluted 1/500 in blocking sol for 30 minutes. Cells were rinsed 3-4 times 

with PBS and then if desired stained for the F-actin ring and nuclei.Cells were kept in clean PBS 

and protected from light until visualised using standard fluorescence microscopy. 

 

Actin and nuclei staining  

Rhodamine phalloidin (Molecular probes) was diluted 1/500 in blocking solution (3% 

BSA or 3% FCS in PBS) to stain for F-actin. In the same solution, DAPI (Molecular probes) was 

diluted 1/1000 for staining nuclei. Cells were incubated for 2-5 minutes and the washed 3-4 

times in PBS. The cells were kept in clean PBS and protected from light until use. Cells were 

used was almost immediate due to limited phalloidin stability and visualised using standard 

fluorescence microscopy. 
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Methods for studying the Osteoblast 

Osteoblast Differentiation 

MC3T3-E1 cells are a murine fibroblast-preosteoblastic cell line derived from calvaria of 

C57bl/6 mice. MC3T3-E1 cells (sub clone 14) were maintained in Minimum Essential Medium 

(MEM) α Medium (Invitrogen) containing 10% Fetal Bovine Serum (Invitrogen), 1% 

Penicillin/Streptomycin solution (Invitrogen) and 1 mM Sodium Pyruvate (Invitrogen). For 

osteoblast differentiation, cells were seeded in 24-well culture plates at a density of 2.5 x 104 

cells/well in a total volume 0.5 ml of standard media. 48 hours post-seeding, the media was 

changed with fresh media containing 50 µg/ml ascorbic acid (AA) and 10 mM beta-

glycerophosphate (osteogenic media) and various concentrations of DMSO. Media was changed 

every 72 hours. Cells were fixed/lysed at indicated time points for staining, quantitative assays 

and QPCR. 

 

Alkaline Phosphatase Activity 

Alkaline phosphatase activity was assessed via the spectrophotometric quantitation of p-

nitrophenol generated through the hydrolysis of p-nitrophenyl phosphate (pNPP). Briefly, cells 

were washed with one volume of PBS and lysed with the addition of 200 µl 50mM Tris-HCl, pH 

8.0 and 0.5% Triton X-100 (per well, 24-well plate). 10 µl of cell lysate was incubated with 200 

µl of 1 M diethanolamine, 0.5 mM MgCl2, pH 9.8 containing 10 mM pNPP for 15-30 min. The 

reaction was stopped by the addition of 50 µl 3M NaOH and the absorbance was measured at 

450 nm. Enzyme activity was standardised using purified calf intestinal ALP (NEB) and 

normalised to protein content as measured by the DC protein assay kit (Bio-Rad). 

 

Mineralisation Assays 

Matrix mineralization was assessed using Alizarin Red S staining according to Gregory et 

al, 2004. Briefly, cells were washed with one volume of PBS and fixed with 10 % formaldehyde 

in PBS for 15 min. Fixed cells were washed twice with dH2O and incubated with 200 µl of 40 

mM Alizarin Red S, pH 4.1 with gentle shaking for 20 min. The dye solution was removed and 

cells were washed four times with 1.5 ml dH2O with gentle shaking for 5 min/wash. The red 

stain was extracted via the addition of 160 µL of 10% (v/v) acetic acid with gentle shaking for 30 

min. The extracted dye solution was transferred to microfuge tubes and overlayed with 150 µL 
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of mineral oil before being placed in an 85ºC water bath for exactly 10 min. The dye solution 

was cooled on ice for 5 min and 100 µL was aliquoted into a 96-well microtitre plate. The dye 

was neutralized via the addition of 10 µL of 10% (v/v) ammonium hydroxide and the absorbance 

was measured at 450 nm. 
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Transcript quantitation by QPCR 

RNA extraction and purification 

RNA was extracted using a protocol devised by Dr Alexandre Stephens, a protocol 

termed “Guanidinium thiocyanate and acid-phenol RNA extraction”. During this protocol, all 

solutions and lysates were kept ice cold. A total volume of 200 µl and 400 µl of lysis solution 

(4.0 M Guanidinium thiocyanate in 0.1 M Tris-Cl (pH 7.5)) was used for lysing cells in 24-well 

and 12-well plates respectively and transferred into DNase-RNase-free 1.5 ml Eppendorf tubes. 

10% SLS (sodium lauryl sarcosine) was 1/5 diluted in the lysates to a final concentration of 2% 

(ie 100 µl SLS for 400µl of lysate) followed by gentle pipetting of lysates to shear protein (200 

µl pipette tip).  Lysates were acidified by addition of 1/10th volume of 2 M NaAc pH 4.0 (to 

prepare 50 ml of 2 M NaAc pH 4.0, the required amount of NaAc was added to a 50 ml tube and 

then acidified with ~30 ml glacial acetic acid to a target of pH 4 and finally made up to 50 ml 

with water. This solution was not required to be made fresh every time for RNA extraction). An 

equal volume of acid phenol (pH 4.3, Sigma) was added. At this stage, conditions were within a 

pH of 4-4.3 which forced DNA to the organic phase. 1/2 volume chloroform was added and the 

resulting mixture gently tapped for mixing. Organic and inorganic (aqueous) phases were 

allowed to form by incubation of tubes on ice for 2 mins. Lysates were then spun for 3 minutes at 

4oC at 14000 rpm on a standard bench top centrifuge placed in a fridge. Organic and aqueous 

phases were apparent with a thin white band separating the two phases (phase containing both 

hydrophilic and hydrophobic proteins). The organic phase contained DNA while the aqueous 

phase contained the RNA of interest. Thus the aqueous-supernatant was removed with special 

care not to disturb the protein and inorganic phase as to avoid protein and/or DNA contamination. 

Collected aqueous-supernatants were re-extracted using an equal volume of acid phenol followed 

by addition of ½ volume chloroform. Again phases were allowed to separate on ice followed by 

centrifugation for 3 minutes. The aqueous phase was collected and added to ½ volume 

chloroform only and spun for 3 minutes as a phenol-cleaning step. Resulting aqueous phase was 

removed and the RNA within this was precipitated with 2 volumes of -80oC ethanol. RNA was 

kept at -20oC overnight if low yields (ie <1 µg per sample) were expected. RNA was spun down 

at maximum RPM (~14,000g) for 15 minutes at 4oC. Ethanol was removed and rinses with ice 

cold 70% ethanol and spun at maximum rpm (~14,000g) for 5 min at 4oC. 70% ethanol was 

removed and RNA allowed to air dry. RNA was then resuspended in DNase-RNAse-free water 

(30 µl for RNA originating from both 12-well and 24-well plates). 3 µl (10%) RNA was run on a 
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1% agarose gel and checked for integrity by visually assessing the 28S:18S rRNA ratio. Intact 

pure RNA was only considered when two distinct non-fragmented bands, 28S rRNA and 18S 

rRNA were present in a ratio of at least 2:1 respectively. Higher ratios indicated extremely pure 

RNA while less, indicated some degradation *“Biomedicalgenomics.org” states that in the 

human, 28S rRNA has 5034 bases and the 18S rRNA species has 1870 bases and that the exact 

ratio should be 2.7 and for mouse rRNA this should be 2.5)  

 

* specifically (http://biomedicalgenomics.org/RNA_quality_control_Bioanalyzer.html) 

 

 

  cDNA synthesis  

1 µg RNA quantitated by gel and spectrophotometry was used to make cDNA in a 20 µl 

reaction. The reaction composed of 1 µl of Improm II reverse transcriptase (Promega), 4 µl of 

Improm II 5x buffer, 500 ng of random primers, 500 ng of oligoDTs, dNTPs (0.5 mM each), 3 

mM MgCl2, 1 µl of RNasein (Promega) and made up to 20 µl using DNase-RNase- free water. 

To generate cDNA, the RNA, random primers, oligoDTs and water were mixed and incubated at 

65oC for 5 minutes followed immediately by quick chilling on ice. Reverse transcriptase, MgCl2, 

4x buffer, RNasein and finally dNTPs were added, gently tapped to mix and incubated at 42oC 

for 50 minutes. Reverse transcriptase activity was then destroyed by heating mixture to 70oC for 

10 minutes. Until needed, RNA was frozen at -80oC. 

 

 

  QPCR  

Reactions were composed of 2 µl of purified ½-diluted RNA (50 ng), 10 µl of SYBR-

Green Supermix (Biorad), 2 µl of combined forward + reverse primer (combined stock of 5 μM, 

final concentration 500 nM of each primer) and then complemented with 2 µl of DNase/RNase-

free water to a volume of 20 µl. Primers used are listed below and were verified for specificity 

by sequencing QPCR products respectively for each primer. 

 

For QPCR cycling and analysis, the Biorad iCycler was used. The cycle utilised was a 

pseudo-2-step cycle consisting of a 0 second dwell period at 95oC, 5 seconds at annealing 

temperature, by 15 seconds at 72oC followed by camera detection of fluorescence (8 seconds). 
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Once 40 cycles were repeated consecutively, melt-curve analysis by the Biorad iCycler was 

performed by camera detection of fluorescence starting from at least 5oC higher than the PCR 

amplicon melting temperature down to 50oC at a rate of 1oC intervals. Each 1oC interval carried a 

dwell time of 8 seconds. Single peak products displayed by melt curve analysis and verified by 

10% polyacrylamide gel electrophoresis were regarded as pure and utilised for analysis. 

 

 

 

 

 

 

 

 

 

GENE FORWARD REVERSE 

mTRAP GCCTACCTGTGTGGACATGA GACCTTTCGTTGATGTCGCAC 

mNFATc1 TAGTGTCACCTCGACCCT GGGATGATTGGCTGAAGGAAC 

mCTSK TGTATAACGCCACGGCAAAGG CATGGTTCACATTATCACGGTCA

mc-Src AGGTTCACCATCAAGTCGGAT CACTGGCACATAAGGTCATGC 
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GENE FORWARD REVERSE 

Cdc42 tgacagactacgaccgctaa caacaagcaagaaaggagtc 

Rac1 aagagatcggtgctgtcaaa ttacaacagcaggcattttc 

Rac2 gcctggcactggccaaggat ggcgcttctgctgtcgtgtg 

Rac3 gacaaggatacgattgaacg tacagtgcacttcttgcctg 

RhoA ttcggaatgacgagcacacg gtctagcttgcagagcagct 

RhoB cgccatggcggtgcgcatcc tcatagcaccttgcagcagt 

RhoC ggcaagatgagcataccagg ccctccggcgcttattcttc 

RhoD cgcgtcccaggttgcgggag gcccggctgtgtcccagatt 

RhoE/Rnd3 catatgaccagggggcaaat tgctaggcatgtgcgaaatc 

RhoF/Rif ccgagcactacgccccgtcg agcaccgtggggatccctcg 

RhoG gagtgcggttgatgggcgca acctctgggtgccatttgtg 

RhoH gcgtgctggtaggggacagt caggggccggatacttctga 

RhoJ/TCL acaaccagctgcggccactc tgtacagcagacgcgccaag 

RhoN/Rnd2 ttcctcccgatcttctgagc ggccgtcccgacagttgagt 

RhoQ/TC10 ggggcaagcagtacctcttg gcgcatattcctttagctct 

RhoU/Wrch-1 gagaagccggtgcctgaaga ctttggctgtagctgggagt 

RhoV/Chp1 tccgcactcacaacccccaa gcggatcttctcagccagac 

Rnd1 catcagccgtccagagacca cacccgctgctcgtaggaga 

Gapdh acagtccatgccatcactgcc gcctgcttcaccaccttctt 

Src gaactatgtgcaccgggacc gagctcggtcagcagaatcc 

Trap cacgatgccagcgacaagag tgaccccgtatgtggctaac 
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Protein quantitation 

MCP-1 ELISA (Supernatant assay) 

Supernatants were generated from C57bl/6 mouse bone marrow macrophage precursor 

cells treated with MCSF-only or MCSF and RANKL. Supernatants of cultures were collected at 

12h, 24h, 48h, 36h, 48h, 60h and 72h time points in triplicates and frozen at -20oC until needed. 

Murine MCP-1-specific ELISAs (BIOSOURCE) were then performed as per manufacturer’s 

instructions to determine levels of secreted MCP-1 in supernatants.  

 

FACs Analysis of CCR2  

 

Due to confidentiality agreements, this protocol cannot be revealed.  

 

shRNA Retroviral Vector Construction And Infection 

 

To silence Wrch-1, shRNAs were designed according to the Clontech Bioinformatics Sever 

available at: 

 

http://bioinfo.clontech.com/rnaidesigner/frontpage.jsp 

 

First, the open reading frame of Wrch-1 was entered into the “RNAi Target Sequence 

Selector”. This program defined many potential shRNA sequences for Wrch-1. Two sequences 

were chosen and designated Wr-1 and Wr-2. After, the chosen Wr-1 and Wr-2 sequences were 

entered into the “shRNA Sequence Designer” which automatically designed the full shRNA 

oligonucleotide with the recommended TTCAAGAGA hairpin loop sequence and the BamH I 

and EcoR I overhangs for cloning into the retroviral vector, pSIREN retro Q (Clontech). An 

additional Mlu I restriction site was added for subsequent validation by restriction enzyme 

analysis. 

 

The designed sequences were synthesised by Invitrogen and subsequently cloned into 

pSIREN retro Q via the aforementioned restriction sites. As a control, the pSIREN retro Q 

luciferase was purchased from Clontech. The three pSIREN constructs harboured ampillcin and 
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puromycin resistance genes. Constructs were eletroporated into electrocompetant E-coli for large 

scale purification by selecting for ampicillin and using the Nucleospin Quick pure Kit (Clontech). 

Viral particles were then produced by co-transfecting the shRNA constructs, Gag-Pol (pC57GP) 

and VSV-G (pCSIG) using JetPEI (QBiogen) into 293T cells. Viral supernatants were collected 

72 hours post transfection, filtered (0.45 µM, BD Falcon) and 1.5 ml of the appropriate 

supernatant inoculated for 4 hours on RAW264.7 cells prepared the night before seeded at 2 x 

105 cells per 6cm dish (BD Falcon). 500 µl of complete media was used to complement the total 

volume to 2ml. Note that the RAW264.7 cells were pretreated 2 hours with 8 µg/ml of polybrene 

and also during the infection to aide in efficient infection. After 4 hours of infection, the media 

was replaced with fresh complete media for 24 hours allowing the cells to recover, begin to 

express puromycin resistance and shRNA genes. 3 µg/ml puromycin was added to the cells for 

24 hours, cells were scrapped and reseeded at 5 x 104 cells per 6 well for differentiation with or 

without RANKL. All apparatus that came into contact with viral liquids were inactivated in 

bleach for 1 hour before autoclaving and eventual disposal. Investigators were double-gloved. 

 

Statistics 

All experiments created data which lay within the confinements of a normal distribution. 

To the significance of an effect, the students T test was executed using SPSS or Microsoft excel. 

The tests were 2-tailed and utilised an alpha of 0.01 unless otherwise stated. 

 

Methods for Affymetrix Arrays  

RAW264.7 cells (ATCC), passage 10, were used as osteoclast precursors. In complete 

MEM (alpha-MEM, 1% penicillin streptomycin and 10% foetal calf serum all from Gibco), 

3.5x104 cells were plated out per 6W well. Cells were induced into osteoclast formation by the 

addition of 50 ng/ml RANKL (R&D). In parallel, control cells without RANKL treatment were 

also cultured. After 72 hours, RANKL-treated cultures were verified for the presence numerous 

osteoclasts and RNA was purified. Purified RNA was sent on dry ice to the Australian Research 

Genome Facility (AGRF). The AGRF verified RNA quality through the use of a Bioanalyser, 

and then prepared the gene chip arrays as per the protocols suggested in the Affymetrix 

GeneChip® Expression Analysis, Data Analysis Fundamentals manual. Data was extracted into 

a Microsoft Excel file using Affymetrix software available at www.affymetrix.com. The default 

significance values were used (alpha 1 p = 0.05, alpha 2 p = 0.065, Tau p = 0.015). Genes first 
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selected for analysis were present and regulated at least 5 fold (+5 fold or more or -5 fold or less) 

when assessing the RANKL-control ratio. An exception to the present call was allowed when 

genes were either induced into expression or turn off completely by RANKL but for these genes, 

no RANKL-control ratio could be calculated. Furthermore, the 11 individual oligomeric 

nucleotide sequences (available from NetAffx, http://www.affymetrix.com/analysis/index.affx) 

used to make up the probe set of a gene of interest were blasted for specificity. Only genes 

whose 11 individual oligomeric sequences blasted perfectly to the same gene were allocated as a 

gene of interest. In addition, if genes blasted to the same gene but was not the gene suggested by 

the Affymetrix array, this gene was changed to the gene suggested by blast. Less than 0.1% of 

genes fit this description. In total 1370 genes were blasted over a period of 2 months. The 1370 

genes were broken up into 12 categories according to their expression level. Genes were 

considered highly expressed when they were present in excess of 800 fluorescence units, 

medium expressed when present between 80-799 and lowly expressed when present in less than 

80 fluorescence units. The 12 categories were as follows: 

(1) Known osteoclast genes or markers, 
(2) vATPase subunits and their accessory subunits in the osteoclast, 
(3) Top 20 genes highly expressed and highly upregulated by RANKL, 
(4) Top 20 genes turned on by RANKL, 
(5) Top 20 genes highly expressed in the macrophage and highly downregulated by RANKL, 
(6) Top 20 genes turned off by RANKL, 
(7) Genes highly expressed and upregulated by RANKL (excluding the top 20),
(8) Genes medium expressed and upregulated by RANKL,
(9) Genes medium expressed and upregulated by RANKL, 
(10) Genes highly expressed in the macrophage and downregulated by RANKL (excluding the top 20),
(11) Genes medium expressed in the macrophage and downregulated by RANKL,
(12) Genes lowly expressed in the macrophage and downregulated by RANKL  

 

 

For simplicity, categories 1-7 are reported here individually but categories 7-9 and 10-12 

were tabulated together (Tables 7.7 and 7.8 respectively and also contained the top 20 found in 

other categories). For categories 2-6, a PubMed search was executed for each gene and its 

relation or potential relation to the osteoclast and/or bone was determined. The function of each 

gene in the osteoclast was, if possible, then inferred.  
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4.1    MCP-1 – AN INTRODUCTION__________ 
 

4.1.1     CHEMOKINES 
 

Chemotactic cytokines, or simply chemokines, form a family of small proteins (8-14 kDa) 

which induce leukocyte chemotaxis. There are almost fifty chemokines to date and most are 

known by their original names. However, each of many chemokines has multiple names and for 

the most part, these names do not denote any relation to their family counterparts. To remedy this, 

the World Health Organization (WHO) put in place a nomenclature system which refers to 

chemokines by using a family prefix (C, CC, CXC or CX3C) followed by a numerical suffix  

(Table 1) (IUIS/WHO, 2003., Laing and Secombes, 2004). This simplified the way researchers 

could refer to chemokines and is now the standard chemokine nomenclature system accepted 

today.  

 

Chemokines can be found in a variety of species including mammals, shark, zebrafish, 

jawless fish genomes and functional homologues can be encoded by viruses and bacteria 

(Zlotnik et al, 2006., Laing and Secombes, 2004). Inline with their common property of 

leukocyte chemoattraction, chemokines are secreted in vast amounts by the cells that express 

them. This allows a chemokine concentration gradient to form along which responding cells 

migrate (Figure 4.1). This is important in processes such as inflammation for in the calling of 

monocytes and other white blood cells to sites of injury. 
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Chemokine-producing cell 
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Figure 4.1. Chemokines induce migration. In response to a stimulant/signal, chemokine-producing cells 
produce large amounts of chemokine. Many chemokine molecules diffuse from the cell that produces them 
“calling” other cells which express the chemokine receptor towards the chemokine gradient. This is one of the 
processes that allow the migration of white blood cells to sites of inflammation. Figure by Sebastien Stephens. 
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Table 4.1. C, CC, CXC, CX3C chemokine ligands and receptors. Almost 50 chemokine ligands 
exist but only 18 receptors have so far been identified. The systemic name as dictated by the WHO 
has been put in place to replace the older and more common chemokine ligand names as shown 
under the human and mouse ligand columns. Note that CCR1 is also a receptor for CCL9, the latter 
mouse-specific. Table adapted from IUIS/WHO, 2003. 
 

Systematic Name Human Chromosome Human Ligand Mouse ligand Chemokine Receptor(s)

CXC   chemokine/receptor family
CXCL1 4q21.1 GROα/MGSA-α GRO/MIP-2/KC? CXCR2 > CXCR1
CXCL2 4q21.1 GROß/MGSA-ß GRO/MIP-2/KC? CXCR2
CXCL3 4q21.1 GROα/MGSA-У GRO/MIP-2/KC? CXCR2

CXCL4 4q21.1 PF4 PF4 Unknown
CXCL5 4q21.1 ENA-78 CGP-2/LIX? CXCR2
CXCL6 4q21.1 GCP-2 CGP-2/LIX? CXCR1,CXCR2
CXCL7 4q21.1 NAP-2 Unknown CXCR2
CXCL8 4q21.1 IL-8 Unknown CXCR1,CXCR2
CXCL9 4q21.1 Mig Mig CXCR3a

CXCL10 4q21.1 IP-10 IP-10/CRG-2 CXCR3a

CXCL11 4q21.1 I-TAC I-TAC CXCR3a

CXCL12 10q11.21 SDF-1 α/ß SDF-1/PBSF CXCR4b

CXCL13 4q21.1 BCA-1 BLC CXCR5
CXCL14 5q31.1 brak/bolekine BRAK Unknown
(CXCL15) Unknown Lungkine/WECHE Unknown
CXCL16 17p13 CXCR6

C   chemokine/receptor family
XCL1 1q24.2 Lymphotactin/SCM-1α/ Lymphotactin XCR1

ATAC
XCL2 1q24.2 SCM-1ß Unknown XCR1

CX 3 C  chemokine/receptor family
CX3CL1 16q13 Fractalkine Neurotactin/ABCD-3 CX3CR1

CC  chemokine/receptor family
CCL1 17q11.2 I-309 TCA-3/P500 CCR8
CCL2 17q11.2 MCP-1/MCAF/TDCF JE? CCR2
CCL3 17q12 MIP-1α/LD78α MIP-1α CCR1, CCR5
CCL3L1 17q12 LD78ß Unknown CCR1, CCR5
CCL4 17q12 MIP-1ß MIP-1ß CCR53

CCL5 17q12 RANTES RANTES CCR1, CCR3, CCR5c

(CCL6) Unknown C10/MPR-1 Unknown
CCL7 17q11.2 MCP-3 MARC? CCR1, CCR2, CCR3
CCL8 17q11.2 MCP-2 MCP-2? CCR3, CCR5c

(CCL9/10) Unknown MRP-2/CCF18/MIP-1У CCR1

CCL11 17q11.2 Eoxatin Eotaxin CCR3
(CCL12) Unknown MCP-5 CCR2
CCL13 17q11.2 MCP-4 Unknown CCR2, CCR3
CCL14 17q12 HCC-1 Unknown CCR1, CCR5
CCL15 17q12 HCC-2/Lkn-1/MIP-1 Unknown CCR1, CCR3
CCL16 17q12 HCC-4/LECLCC-1 Unknown CCR1, CCR2
CCL17 16q13 TARC TARC/ABCD-2 CCR4
CCL18 17q12 DC-CK1/PARC/AMAC-1 Unknown Unknown
CCL19 9p13.3 MIP-3ß/ELC/exodus-3 MIP-3ß/ELC/exodus-3 CCR7d

CCL20 2q36.3 MIP-3α/LARC/exodus-1 MIP-3α/LARC/exodus-1 CCR6
CCL21 9p13.3 6Ckine/SLC/exodus-2 6Ckine/SLC/exodus-2 CCR7d

TCA-4
CCL22 16q13 MDC/STCP-1 ABCD-1 CCR4
CCL23 17q12 MPIF-1/CKß8/CKß8-1 Unknown CCR1
CCL24 7q11.23 Eotaxin-2/MPIF-2 MPIF-2 CCR3
CCL25 19p13.3 TECK TECK CCR9
CCL26 7q11.23 Eotaxin-3 Unknown CCR3
CCL27 9p13.3 CTACK/ILC ALP/CTACK/ILC/ESkine CCR10
CCL28 5p12 MEC CCR3/CCR10
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Chemokines can vary from 20-95% amino acid sequence homology but all take on a 

similar tertiary structure, which is characteristic of the chemokine family. The chemokine 

structure consists of an N-terminal followed by conserved cysteine residues which allow the 

interaction via disulfide bonds with its of three-beta sheet core and an alpha helix C-terminal 

(Colobran et al, 2007., Laing and Secombes, 2004). Depending on the number and the placement 

of their N-terminal cysteine residues, chemokines are classed into four subgroups; C, CC, CXC 

and CX3C. “C chemokines” have one conserved N-terminal cysteine residue. On the other hand, 

CC, CXC and CX3C chemokines have two conserved N-terminal residues but are further 

differentiated by separation of their two conserved residues: the cysteine residues of “CC 

chemokines” are not separated, while in “CXC” and “CX3C chemokines”, the cysteine residues 

are separated by one or three other amino acids (Figure 4.2) (Zlontnik et al, 2006).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The four chemokine families are further sub-grouped into two categories; (1) homeostatic 

(constitutive) and (2) inflammatory (induced). Homeostatic chemokines are expressed and 

secreted constitutively and are responsible for immune surveillance, lymphocyte trafficking and 

pinpointing antigen-bound lymphocytes. In contrast, inflammatory chemokines are induced by 

inflammation or cell injury, the result allowing leukocyte migration to the distressed site for 

Figure 4.2. Chemokine structure. 
Chemokines are classed into four 
groups determined by distinct 
cysteine residues, which permit the 
formation of disulphide bonds. “CC” 
and “C” chemokines have one and 
two cysteine residues on the N 
terminus respectively while “CXC” 
and “CX3C” also on the N terminus 
have two cysteine residues 
separated by any other one or three 
amino acids. Figure by Sebastien 
Stephens. 
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removing cellular debris and allowing wound healing (Laing and Secombes, 2004., Colobran et 

al, 2007) only at crucial times. Though generally chemokines fall into either homeostatic or 

inflammatory groups, a number of chemokines can belong to both categories. These multi-task 

chemokines are termed dual-function chemokines such as CCL20 (Allen et al, 2007., Moser et al, 

2004., Wolf et al, 2008). 

 

 

4.1.1.1     CHEMOKINE RECEPTORS 

To exert their effects, chemokines bind via G-coupled receptors known as chemokine 

receptors. These receptors fall into four families depending on which type of chemokine ligand 

family they bind (Table 1). Thus CR, CCR, CXCR and CX3R receptors bind families of 

chemokine ligands C, CC, CXC and CX3C respectively. Multiple chemokines can bind the same 

receptor and a multitude of receptors can bind the same ligand, however, this only occurs within 

the same chemokine/receptor family i.e. CC chemokines will only bind CCRs but not CRs, 

CXCRs or CX3CRs (Figure 4.3). Interestingly, in general, ligands that bind the same receptor 

possess their respective genes on the same chromosome. For example, CCR4 binds both CCL17 

and CCL22 – both CCL17 and CCL22 are located on the human chromosome 16q13. This 

multitude of chemokine ligand and receptor cross-talk has opened the door to significant 

redundancy of the chemokine system and for many ligand or receptor deficiencies, another set of 

ligand/receptors can maintain their biological functions (Zlotnik et al, 2006., Colobran et al, 

2007). In addition, the complexity of this multi-communicating redundant system makes it 

difficult to assign the role of a single receptor or ligand.    
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Figure 4.3. Multiple chemokine ligand/receptor interaction. Chemokine receptors (shown in boxes) 
can bind multiple ligands (circles located to the right of the chemokine receptors). Chemokine ligands of 
a certain family will not cross-react with receptors of a different family (i.e. CCR2 will not bind to XCR, 
CXCR or CX3CR family members). Thus in this table, circled numbers to the right of a specified 
chemokine receptor indicate chemokine ligands that belong to the same family of that receptor. For 
example, “12” next to CXCR4 means CXCL12 binds to CXCR4. “3” next to CCR1 indicates CCL3 binds 
to CCR1. Note that CCL3 also binds to CCR5 (and as such is located as a circled “3” to the right of 
CCR5). The different colours indicate different chromosomal locations in the human (refer to Table 1 for 
chromosome locations of each chemokine). The stand out chemokine-containing chromosomes are 17 
(purple) and 4 (red). Murine-specific CCL9 which binds CCR1, is not coloured as it is not found in the 
human genome.  Note the “C” family is sometimes referred to as “XC”. Table modified from Zlotnik et al, 
2006. 

CXCR1

CXCR2

CXCR3

CXCR4

CXCR5

CXCR6

CXCR7

XCR1

CX3CR1 CCR10

CCR9

CCR8

CCR7

CCR6

CCR5

CCR4

CCR3

CCR2

CCR16 8

1 2 3 5 6 7 8

9 10 11

3 3L1 5 97 8 13 14 15 16 23

12

13

16

11

1

1 2

2 7 8 13 16

5 7 8 11 13 15 24 26 28

17 22

19 21

27 28

20

1

25

3 3L1 4 4L1 5 8

12



Chapter 4                                         MCP-1 in the osteoclast                                                60 

4.1.1.2     CHEMOKINE REGULATION 

Chemokines are regulated at five levels: (1) gene expression, (2) protein secretion, (3) 

decoy receptors (neutralising non-signalling receptors), (4) interaction with GAGs 

(glycosaminoglycans) and finally (5) proteolytic processing. At the gene level, the more active 

the promoter for the gene concerned, the more respective chemokine is expressed. Regulating 

chemokines by secretion is slightly more complicated. Once chemokines are translated they are 

either stored in granules and respond to the correct stimuli for secretion or are membrane-bound 

as inactive forms for exportation (Wolf et al, 2008).  

 

Chemokines are also regulated by decoy receptors. This regulation follows very much the 

same logic as the decoy receptor for RANKL, OPG. Chemokine decoy receptors scavenge 

chemokine ligands by binding to them with high affinity rendering the bound chemokine unable 

to translate its messages due to its inability to bind its cognate receptor. Three decoy chemokine 

receptors, DARC, D6 and CCX-CKR have been identified to date and each one is specific for 

given chemokines (Comerford and Nibbs, 2005). DARC binds to inflammatory CC and CXC 

chemokines, D6 binds inflammatory CC chemokines and CCX-CKR favours homeostatic CC 

chemokines (Comerford et al, 2007).  

 

In a similar way to binding decoy receptors, chemokines are bound by GAGs which 

sequester chemokines to the cell surface or the extracellular matrix. However, GAGs are not 

thought to inhibit chemokines but augment their effects by increasing local concentrations to 

levels needed for activation of their receptors (Proudfoot, 2006).  

 

Lastly, chemokines are regulated by proteolytic processing. The NH2 terminus of 

chemokines is crucial for the binding and activity of the chemokine-receptor complex. Thus 

truncation of the N-terminal can affect the activity of the chemokine processed. Interestingly, 

proteolytic cleavage of chemokines is a natural process in vivo by enzymes such as MMPs and 

Cathepsins. The net effect of N-terminal proteolytic processing by these enzymes is remarkably 

variant and can lead to four possibilities: (1) no change in activity, (2) increased activity, (3) 

decreased activity or (4) no activity at all (Wolf et al, 2008). With the knowledge that N-terminal 

truncation could affect chemokine activity, man-made constructs such as 7ND have been and 

still are employed to study chemokine activity in vitro and in vivo (see section 4.2.1). 
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4.1.2     MCP-1 

MCP-1 also known as CCL2 is a chemokine ligand of the CC family. MCP-1 was first 

described in 1983 in the mouse as a platelet growth factor-induced gene termed JE. Platelet 

growth factor could rapidly induce the expression of JE (10-20 fold and 60 fold within 1 and 4 

hours respectively) (Cochran et al, 1983). Later in 1989, two groups independently cloned 

human MCP-1 (Furutani et al, 1989., Yoshimura et al, 1989). Early studies into MCP-1 revealed 

that it was essentially a monocyte-specific chemokine both in vitro and in vivo since it did not 

impose chemotactic effects on either neutrophils or lymphocytes but only on monocytes (Rollins, 

1991). However, it has since been shown that MCP-1 can indeed attract lymphocytes and in 

addition cause the release of histamine from basophils (Carr et al, 1994., Kuna et al, 1993).  

 

Interestingly, MCP-1 has also been encoded by microbes including bacteria and viruses 

in order to “call” or recruit their host cells (monocytes/macrophages) for infection (Krathwohl et 

al, 1997., Rao et al, 2002). Other chemokines are also encoded by both viruses and bacteria and 

can also act to antagonise human chemokine receptors (a common feature of the herpes viruses) 

(Laing and Secombe, 2004). 

 

The most studied MCP-1 form is the murine form which is composed of 148 amino acids. 

Murine MCP-1 has highest homology with rat MCP-1 (both 148 amino acids of which 121 are 

conserved, 81.2% homologous). The lesser studied human homologue is significantly smaller at 

only 99 amino acids in length. However, both human and mouse MCP-1 can induce chemotaxis 

of human monocytes in the low nanomolar range (Charo et al, 1994, Boring et al, 1996) at least 

demonstrating that the extra residues in murine MCP-1 does not seem to interfere with its 

specific chemotactic functions.  

 

In addition to human and mouse forms, MCP-1 exists in many other species and is 

especially well-conserved in mammals at the protein level (Tables 2 and 3). The chimpanzee and 

rhesus monkey MCP-1 proteins are strikingly similar to their human counterpart with 

homologies of 96% and 97% respectively. Furthermore, MCP-1 proteins of the rabbit, pig, horse, 

cow and dog all bear 72-80% homology with human MCP-1. When back-compared to human 

MCP-1, the species of with least conserved MCP-1 proteins are the guinea pig, mouse and rat. 

However, the conservation is still ~50%. Note that all N-terminal “CC” residues are conserved 
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and all bar one of the C-terminal cysteine residues are conserved. It is indeed these cysteine 

residues that are responsible for the tertiary structure of MCP-1 (and chemokines in general) and 

thus given the high homology between species, the function of MCP-1 is most likely conserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2. Percent homology of human MCP-1 to different species. When compared to human, protein 
sequences of MCP-1 for most mammalian species shown herein are relatively well conserved. The exceptions 
are of the rodents; mouse, rat and guinea pig which on top of their lower homology (~50%), also are significantly 
larger (120-148 amino acids). The chimpanzee and rhesus monkey MCP-1s vary by only 2-3 amino acids 
compared to the human and represent a homology of 97 and 96 percent respectively. Percent homology data 
derived from ClustalW alignments in table 3. Table by Sebastien Stephens. 
 

Organism Common name Accession # GI # Length % 
(amino acids)  to human

Homo sapiens Human NP_002973 gi:4506841 99 100
Mus musculus Mouse NP_035463 gi:6755430 148 52
Rattus norvegicus Rat NP_113718 gi:13928714 148 52
Canis lupus familiaris Dog NP_001003297 gi:50979120 101 77
Bos Taurus Cow NP_776431 gi:27806711 99 72
Equus caballus Horse NP_001075400 gi:126352516 99 78
Pan troglodytes Chimpanzee XP_001174545 gi:114668182 92 96
Macaca mulatta Rhesus Monkey NP_001027993 gi:74136203 99 97
Sus scrofa Pig NP_999379 gi:47523512 99 80
Cavia porcellus Guinea Pig AAA37047 gi:349821 120 49
Rabbit (general) Rabbit P28292                   gi:126845 125 73
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Homo_sapiens                MKVSAALLCLLLIAATFIPQGLAQPDAINAPVTCCYNFTNRKISVQRLAS 
Pan_troglodytes             MKVSAALLCLLLIAATFIPQGLAQPDAINAPVTCCYNFTNRKISVQRLAS 
Macaca_mulatta              MKVSAALLCLLLIAATFSPQGLAQPDAINAPVTCCYNFTNRKISVQRLAS 
Bos_Taurus                  MKVSAALLCLLLTVAAFSTEVLAQPDAINSQVACCYTFNSKKISMQRLMN 
Sus_scrofa                  MKVSAALLCLLLTAATFCTQVLAQPDAINSPVTCCYTLTSKKISMQRLMS 
Equus_caballus              MKVSAALLCLLLTAAAFSTQVLAQPDAINSPVTCCYTFTGKKISSQRLGS 
Canis_lupus_familiaris      MKVSAALLCLLLIAAALTTQVLTQPDAIISPVTCCYTLTNKKISIQRLAS 
Rabbit                      MKVSATLLCLLLIAVAFSSHVLAQPDAVNSPVTCCYTFTNKTISVKRLMS 
Mus_musculus                MQVPVMLLGLLFTVAGWSIHVLAQPDAVNAPLTCCYSFTSKMIPMSRLES 
Rattus_norvegicus           MQVSVTLLGLLFTVAACSIHVLSQPDAVNAPLTCCYSFTGKMIPMSRLEN 
Cavia_porcellus             MQRSSVLLCLLVIEATFCSLLMAQPDGVNTP-TCCYTFN-KQIPLKRVKG 
                            *     ** **            ***       ***      *   *   
 
 
 
Homo_sapiens                YRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT- 
Pan_troglodytes             YRRITSSN-------FKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT- 
Macaca_mulatta              YRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQIQTPKP- 
Bos_Taurus                  YRRVTSSKCPKEAVIFKTILGKELCADPKQKWVQDSINYLNKKNQTPKP- 
Sus_scrofa                  YRRVTSSKCPKEAVIFKTIAGKEICAEPKQKWVQDSISHLDKKNQTPKP- 
Equus_caballus              YKRVTSSKCPKEAVIFKTILAKEICADPEQKWVQDAVKQLDKKAQTPKP- 
Canis_lupus_familiaris      YKRVTSSKCPKEAVIFKTVLNKEICADPKQKWVQDSMAHLDKKSQTQTAK 
Rabbit                      YRRINSTKCPKEAVIFMTKLAKGICADPKQKWVQDAIANLDKKMQTPKTL 
Mus_musculus                YKRITSSRCPKEAVVFVTKLKREVCADPKKEWVQTYIKNLDRNQMRSEPT 
Rattus_norvegicus           YKRITSSRCPKEAVVFVTKLKREICADPNKEWVQKYIRKLDQNQVRSETT 
Cavia_porcellus             YERITSSRCPQEAVIFRTLKNKEVCADPTQKWVQDYIAKLDQRTQQKQNS 
                            * *  *         * *      ** *   ***     *        
 
 
 
Homo_sapiens                ------------------------------------------------ 
Pan_troglodytes             ------------------------------------------------ 
Macaca_mulatta              ------------------------------------------------ 
Bos_Taurus                  ------------------------------------------------ 
Sus_scrofa                  ------------------------------------------------ 
Equus_caballus              ------------------------------------------------ 
Canis_lupus_familiaris      P----------------------------------------------- 
Rabbit                      TSYSTTQEHTTNLSSTRTPSTTTSL----------------------- 
Mus_musculus                TLFKTASALRSSAPLNVKLTRKSEANASTTFSTTTSSTSVGVTSVTVN 
Rattus_norvegicus           VFYKIASTLRTSAPLNVNLTHKSEANASTLFSTTTSSTSVEVTSMTEN 
Cavia_porcellus             TAPQTSKPLNIRFTTQDPKNRS-------------------------- 

Table 4.3. ClustalW alignment of mammalian MCP-1s. ClustalW alignment of several mammalian MCP-
1s shows that both cysteine residues that categorise “CC” chemokines such as MCP-1 are conserved 
(shown by green). Yellow-highlighted “C” are conserved C-terminal cysteine residues required for disulphide 
bond formation with the N-terminal “CC” residues. Stars (*) show 100% homology between all species 
evaluated. Human (Homo sapiens) MCP-1 is almost identical to the rhesus monkey (Macaca mulata) and 
chimpanzee (Pan troglodytes) and highly homologous to all other species except the rat (Rattus norvegicus), 
mouse (Mus musculus) and guinea pig (Cavia Porcellus). Red encapsulations show differences to the 
human sequence. ClutsalW was executed using the server available at align.genome.jp and the sequences 
used were from accession/gi numbers outlined in table 2. Table by Sebastien Stephens. 
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4.1.2.1     7ND – a MCP-1/CCR2 antagonist 

Like other chemokines, MCP-1 lends itself to proteolytic cleavage. MMP3 cleaves MCP-

1 at the following sequence QPDA▼IISPVTCC (indicated by the triangle) and results in 

reduced MCP-1 activity (Moser et al, 2004). Another variant of MCP-1 dubbed 7ND is produced 

through artificial means by deletion of residues 2-8 at the N terminus of the human MCP-1. 7ND 

was first described as a dominant negative of MCP-1 (Zhang et al, 1995) and though it is a 

truncated form of human MCP-1, it also works as an inhibitor of MCP-1 in the mouse (personal 

communication from Barrett Rollins).  

 

Later work has shown that 7ND functions more like a conventional CCR2 antagonist and 

thus acts to block all CCR2 ligands rather than MCP-1 alone. The mechanism of action of 7ND 

is through competitive inhibition of MCP-1 homodimer formation. In its wild type and functional 

state, MCP-1 monomers form dimmers and bind CCR2 to induce signalling. 7ND monomers 

compete for MCP-1 monomers forming 7ND/MCP-1 heterodimers which cannot activate the 

CCR2 receptor and thus inhibits CCR2-related signalling as shown in Figure 4.4 (Zhang et al, 

1996). Unfortunately, 7ND possesses inefficient CCR2 antagonist activity requiring a 

7ND:MCP-1 molar ratio of 75:1 and 400:1 to reduce chemotaxis of monocytes to 50% and 20% 

respectively (Zhang et al, 1994., Zhang et al, 1995). However, given this high molar ratio, 

tumour-related angiogenesis and melanoma formation of implanted human tumour cells (which 

are normally responsive to MCP-1) in mice were still significantly reduced by overexpression of 

7ND (Koga et al, 2008). 

 
 

Figure 4.4. 7ND is a CCR2 antagonist by competitive inhibition of MCP-1. Wild-type MCP-1 (WT) 
exists as a homodimer, which can activate signalling via its receptor CCR2 (turquoise). 7ND, an N-
terminal truncated form of human MCP-1 competes with wild-type MCP-1 monomers to form 
7ND/MCP-1 heterodimers which bind to but cannot activate the CCR2 receptor. This complex 
remaining bound to CCR2 inhibits the binding of all CCR2 ligands including MCP-1. Thus 7ND is a 
CCR2 antagonist rather than a pure MCP-1 inhibitor. Figure modified from Zhang et al, 1996. 

Signal No Signal

WTWT 7ND WT WT WT D7ND
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4.1.2.2     MCP-1 POLYMORPHISMS IN THE HUMAN 

MCP-1 contains single nucleotide polymorphism (SNP) located in its promoter (the 5′ 

distal regulatory region of the gene) at position -2518. Wild type alleles are -2158A while SNPs 

found entail a substitution of -2518AG (-2158A/G). This -2518G allele in homozygous and 

heterozygous forms has been linked to increased MCP-1 production at transcriptional/protein 

levels and has been linked to many different diseases (listed in Table 4) (Rovin , 1999., Jibiki , 

2001., Gonzalez et al, 2002., and Mühlbauer et al, 2003). Interestingly numerous negative 

reports show a lack of association of this SNP with some of the various diseases cited. 

 

Polymorphisms in MCP-1 also manifest themselves in phenotypes related to bone. In a 

study linking MCP-1 SNPs to juvenile rheumatoid arthritis, cells obtained from individuals with 

a homozygous GG genotype or AG heterozygous individuals were found to produce more MCP-

1 than those isolated from individuals of AA genotype (wild-type patient controls) (Rovin, 1999., 

and Jibiki et al, 2001). Very similar results were attained in a Korean study linking increased 

MCP-1 serum levels to a MCP-1 SNP and osteoarthritis of the knee (Park, 2007). In psoriasis, a 

disease that often manifests itself by arthritis, a very recent report demonstrated a link of the GG 

and GA alleles to increased disease severity and MCP-1 serum levels compared to that of 

controls (AA) (Wang, 2008). 

 

 

 

 

 
 
 
 
  
 
 
 
 
 
 
 
 
 

Table 4.4. Diseases and procedures 
linked to the MCP-1 polymorphism -
2518G/A. The MCP-1 promoter is open 
to a single nucleotide polymorphism at 
position -2518. This polymorphism has 
been linked to increased serum 
concentrations of MCP-1 and certain 
diseases and medical procedures 
endured by patients.  

Disease/procedure

Systemic sclerosis
Asthma
Systemic lupus erythematosus
Rheumatoid arthritis
Bone metastasis
Renal transplantation
Breast cancer
Long-term haemodialysis
IgA nephropathy
HLA-B27 associated disease
Coronary artery disease
Myocardial infarction
Alzheimer’s disease association
Major depressive disorder
Type 1 diabetes
Type 2 diabetes
HIV-1 infection
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4.1.2.3     MCP-1 IN BONE 

4.1.2.3.1     MCP-1 IN TOOTH ERUPTION 

Osteoclasts are mandatory for tooth eruption. OP/OP mice and other KOs devoid of 

osteoclasts are edentulous (without teeth) due to lack of bone-resorption at sites where tooth 

eruption should occur resulting in failed tooth eruption. MCP-1 has been implicated in the role of 

tooth eruption and not only is found but also upregulated at sites of newly protruding teeth. 

(Garlet et al, 2008., Wise et al, 2002). MCP-1 and MCSF have been nominated as prime 

candidates of osteoclast precursor (monocytes) recruitment during tooth eruption. However since 

MCSF also serves as a chemokine of osteoclast precursors during tooth eruption, it maybe that 

MCP-1’s biological role could be entirely substituted by MCSF alone (Garlet et al, 2008), and in 

fact mice KOs devoid of MCP-1 or its receptor (CCR2), develop teeth normally confirming that 

at least, MCP-1 is not mandatory for tooth eruption (tooth eruption information gathered from 

Jackson Laboratories). 

 
 

4.1.2.3.2     MCP-1 IN ARTHRITIS 

MCP-1 is a major mediator of many autoimmune diseases and is highly expressed (with 

RANTES) in the joints of patients with rheumatoid arthritis (Shahrara et al, 2008). In the 

MRLlpr mouse model of arthritis, blockade of MCP-1 by daily injection of an MCP-1 antagonist 

“MCP-1(9-76)” decreased arthritis in vivo (Gong et al, 1997). Moreover, a novel MCP-1 

inhibitor (P8A-MCP-1) reduced adjuvant-induced arthritis in the rat (Shahrara et al, 2008). In 

contrast, studies of BALB/c mice lacking the MCP-1 receptor (CCR2 KO) developed a more 

severe form of collagen-induced arthritis. This unexpected or surprising result was attributed to 

the regulatory function of T cells in autoimmune disorders. Normally (ie in WT mice), T cells 

are able to resolve inflammation by means of inhibitory signalling via CCR2. However in CCR2 

KO mice, this inhibition does not occur and results in exacerbation of arthritis (Quinones et al, 

2005). However, the “expected” decrease in arthritis in CCR2 KO mice is formed from the bias 

towards MCP-1 being the sole or the major mediator of CCR2 signalling.  It is most likely that 

complete blockade of CCR2 renders the organism deficient of many the biological processes 

mediated by the CCR2, which not only binds to MCP-1, but also CCL7, CCL8, CCL13 and 

CCL16.  
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To further complicate the understanding of the role of MCP-1 in arthritis, further work by 

Quinones and colleagues showed that arthritis brought on by a different means (intradermal 

infection with Mycobacterium avium), was similar to that of collagen-induced arthritis 

previously observed CCR2 KO mice. However, this arthritis was present only in the DBA/1j but 

not BALB/c backgrounds (Quinones et al, 2006). These studies collectively show that different 

mice strains possess altered susceptibilities to arthritis and in the short term, it maybe more 

important to block MCP-1 than CCR2 for arthritis therapy.  

 
 
 

4.1.2.3.3     MCP-1 IN BONE METASTASES 

MCP-1 has been linked to many cancers including multiple myeloma, a B-cell cancer 

characterised by hypercalcemia, disturbed bone remodelling (Silvestris et al, 2003) and up to 

90% metastasis to bone where it causes osteolytic lesions (Roodman, 2008). Due to its 

significant involvement in tumour formation and metastasis of several solid tumours, it has been 

suggested that MCP-1 plays a key role in homing of metastatic cells to bone (Craig and Loberg, 

2006). This was recently supported by evidence that metastatic lesions in bone derived from 

prostate cancer cells were reduced by an MCP-1 neutralising antibody (Figure 4.4 in Loberg et al, 

2007). Furthermore, though not directly related to bone metastases, others have shown that 

inhibition of MCP-1 reduces osteoclast differentiation and prostate cancer cell proliferation and 

invasion in vitro (Lu et al, 2006., Lu et al, 2007) maintaining the link between bone, prostate 

cancer metastasis and MCP-1. Though the focus of bone metastasis is largely linked to multiple 

myeloma, prostate cancer and breast cancer, it remains that many other cancer types also 

metastasise to bone (Table 4.5). Thus it could very well be that MCP-1 also partakes in the 

homing of these cancer cells to bone. Since osteoclasts are the sole cells to resorb bone and that 

bone metastases often cause osteolytic lesions, it would suggest that a link exists between the 

osteoclast and MCP-1. 
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4.1.2.3.4     MCP-1 IN THE OSTEOCLAST 

Little work regarding MCP-1 in the osteoclast has been accomplished. However, 

collectively, research shows that the osteoclast is indeed responsive to MCP-1. MCP-1 is shown 

to be induced by RANKL in RAW264.7 and murine bone marrow cells by microarray analysis 

but findings were without QPCR confirmation (Ishida et al, 2002., Capellen et al, 2002).  

However, in human cells, the upregulation of MCP-1 in the osteoclast by RANKL was validated 

by QPCR (Kim et al, 2005). The authors extended by reporting that MCP-1 without RANKL 

could induce large TRAP-positive cells displaying most osteoclast markers including nuclear 

NFATc, however, that these are unable to resorb bone (Figure 4.5) (Kim et al, 2006A). 

Furthermore, they demonstrated synergy between RANKL and MCP-1 during osteoclast 

formation, a finding confirmed by Li et al, 2007 (Figure 4.6). However Li and colleagues 

showed that MCP-1 is a factor produced by osteoblasts in response to PTH in an anabolic 

protocol (intermittent daily injections of PTH in vivo) and they suggested that it would be 

unlikely that the osteoclast produce any meaningful or biologically significant MCP-1. 

Interestingly, no one has yet proven through which receptor MCP-1 activates the osteoclast. Kim 

et al, 2006B show that CCR2a and CCR2b are expressed in the osteoclast, but did not block 

either (by any means) to confirm MCP-1 activates the osteoclast via these. 

Cancer type % patients of bone 
metastases 

Cancer type % patients of bone 
metastases 

Adrenal  20       Prostate  65-80  

Bladder  35-42  Renal  19-47  

        Breast  60-80  Skin  45  

Colon  4-48  Stomach  22  

Liver  38  Thyroid  1.4-60  

Lung  20-40  Uterine  25-50  

Ovary  11  Vagina 35 

Pancreas  7.3-17        Multiple myeloma Up to 90 

 

Table modified from Craig and Loberg, 2006. Statistic on multiple myeloma sourced from (Roodman, 2008). 

Table 4.5. Percent metastases to bone related to cancer type. Many different cancers 
metastasise to bone. Many of these cause osteolytic lesions. The most prominent bone-
metastasising cancers are of prostate and breast origins with up to 80 percent homing their way 
to bone. 
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Figure 4.5. MCP-1-treated human 
osteoclast precursors form 
multinucleated cells. Human 
MCSF-treated PBMCs on addition of 
MCP-1 can form small 
multinucleated cells that (a) possess 
nuclear NFATc1 (green) but no actin 
ring and (b) fail to resorb bone. In 
contrast, MCSF and RANKL-treated 
cells possess (c) an actin ring and 
(d) the possibility to resorb bone. 
Figure is a modified version from Kim 
et al, 2006A. 

B D 

C A 

Figure 4.6. MCP-1 and RANKL synergy. Addition of 100ng/ml of MCP-1 to osteoclast 
precursors treated with RANKL (right) significantly enhances osteoclast formation 
compared to RANKL-only treated cells (left). Figure from Li et al, 2007. 
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4.1.3     CCR2 – THE MCP-1 RECEPTOR 

CCR2 is the high affinity receptor for MCP-1. It is a member of the G-protein-coupled 

receptor family and at first was described in humans as two distinct isoforms rather than a single 

receptor. (Tanaka et al, 2002). These two variants (not present in mouse) were named CCR2A 

and CCR2B and were shown to differ only in the C-terminal cytoplasmic domain and as splice 

variants of a single gene (Boring et al, 1996., Wong et al, 1997). The CCR2 variant that 

predominates the monocyte outer plasma membrane (cell surface) is CCR2B and makes up 90% 

of all CCR2 in the membrane. On the other hand, the majority of CCR2A is confined to the 

cytoplasm. Studies of overall expression revealed that CCR2B is 10 times more expressed than 

CCR2A. In addition, as the monocyte differentiates into a macrophage, both CCR2A and 

CCR2B are downregulated (Wong et al, 1997., Tanaka et al, 2002). Collectively, these studies 

suggest CCR2B is the principle mediator of paracrine MCP-1 signalling in the monocyte since 

MCP-1 is a soluble cytokine that must bind its cognate cell surface receptor to exert its effects.  

 

Further investigations into CCR2 demonstrated that only a single CCR2 receptor existed 

in the mouse and in 1997 this simplified the generation of a pure CCR2 KO mouse. The CCR2 

KO mouse has formed the basis of many studies relating MCP-1 to a myriad of inflammatory 

diseases such as seen in Table 4 (Boring et al, 1996., Boring et al, 1997). 

 

Whether of human or mouse origin, CCR2 induces chemotaxis in response to nanomolar 

concentrations of respective MCP-1 (1 nM human MCP-1 = ~ 11 ng/ml and 1 nM mouse MCP-1 

= ~16.3 ng/ml) (Charo et al, 1994, Boring et al, 1996). Once activated, CCR2 induces 

chemotaxis by downstream signalling via calcium release and/or by inhibition of adenylyl 

cyclase. However controversy exists as to whether both receptors are capable inducing calcium 

release (Wong et al, 1997) or that only CCR2B specifically induces calcium mobilisation 

(Sanders et al, 2000). 
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4.2    Hypotheses_____________________________ 

(1) MCP-1 is not induced by RANKL in osteoclast precursors 

 

(2) MCP-1 cannot induce the formation of TRAP+ve cells from osteoclast precursors 

without RANKL 

 

(3) There are no differences between bone mineral densities of wild-type, CCR2 KO 

and MCP-1 KO mice 

 

(4) There are no differences between the number of osteoclasts generated by wild-type, 

CCR2 KO and MCP-1 KO mice osteoclast precursors treated with RANKL 

 

(5) Treatment with the specific CCR2 receptor antagonists compound-X/RS102895 do 

not reduce osteoclast formation 

 

(6) Murine MCP-1 does not synergise with RANKL in c57bl/6 mice  

 

(7) The MCP-1 receptor CCR2 is not expressed in the osteoclast 
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4.3     RESULTS________________________________ 
 
 
 

4.3.1  QPCR/SUPERNATANT ASSAYS OF MCP-1 IN 

OSTEOCLASTS  

 

To evaluate if MCP-1 was dependant on RANKL, analyses were carried at both 

transcriptional and protein levels. For transcriptional analyses, time-course QPCRs were 

executed from cells of both human and murine systems. For this, human CD14+ve and C57bl/6 

mouse bone marrow macrophages were used respectively as osteoclast precursor cells. Cells 

were treated with MCSF only (control) or MCSF and RANKL (osteoclast-like cells) as per the 

methods section. 

 

The comparison of RANKL-treated cells to MCSF-only control cells is outlined in 

Figures 4.7A and 4.7B. In human CD14+ve cells, RANKL treatment for 2, 4 or 7 days did not 

significantly induce transcription of MCP-1 more than that of the MCSF-only control. In fact, 

there was a slight tendency (though not significant) for decreased MCP-1 levels on treatment 

with RANKL at 7 days of culture.   

 

In murine c57bl/6 osteoclast precursors, RANKL treatment rapidly and increasingly 

decreased MCP-1 transcripts with maximum inhibition occurring at 36 hours and then began 

normalising back to basal levels by 58 hours (Figure 4.7A). At 36 hours, MCP-1 was 

downregulated by 450 fold (<10 fold SE) by RANKL and this effect was highly significant (p = 

0.001). 

 

To verify the transcriptional effects of RANKL on MCP-1 indeed translated to the 

protein level, the concentrations of MCP-1 in supernatants of C57bl/6 mouse bone marrow 

macrophage precursor cells treated with MCSF-only or MCSF and RANKL were measured in 

triplicates by ELISA (Figure 4.7C and 4.7D). From 12 hours (earliest time point) to 72 hours 

(maximum time point), cells treated with RANKL possessed less MCP-1 in supernatants than 

MCSF-controls. The concentration of MCP-1 at 12 hours in RANKL-treated cells was equal to 

1.1 ng/ml ± 0.004 SE while MCSF control cells secreted MCP-1 to a concentration of 1.7 ng/ml 

± 0.028 SE.  Up to 60 hours, supernatant concentrations of cells treated with RANKL remained 



Chapter 4                                         MCP-1 in the osteoclast                                                73 

flat between 1.1-1.5 ng/ml ± <0.028 SE. However, at 72 hours (when osteoclasts had fully 

formed), MCP-1 levels rose to 2.5 ng/ml ± 0.300 SE but still were significantly lower than 

MCSF-only controls (4.5 ng/ml ± 0.020 SE) . In contrast, the MCP-1 concentration in 

supernatants of MCSF control cells time-dependently increased from 1.7 ng/ml ± 0.028 SE at 12 

hours to 4.5 ng/ml ± 0.020 SE at 72 hours. At all time points, MCP-1 concentrations in 

supernatants of RANKL-treated cells were significantly reduced compared to MCSF-control 

cells (p <0.01). These results closely mimicked transcriptional findings by QPCR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. MCP-1 is not upregulated by RANKL. (A) In repeats of 3, murine (C57bl/6) bone marrow 
macrophages were treated with either MCSF (M) or MCSF and RANKL (MR) at the time points indicated. 
QPCR was then used to quantitate mRNA transcripts of MCP-1. During the course of differentiation, MCP-1 
mRNA levels in MR cells were significantly downregulated compared to M cells and then normalised once 
osteoclasts fused by the 58 hour mark. To maintain legibility, standard errors were not shown were equal to 
less than 10 fold at each time point. (B) Human CD14+ cells treated with M or MR for quantitation of MCP-1 
transcripts showed no significant differences between M and MR cells at any time point. Error bars represent 
the SEM (N=3) and have been shown for MR at all three time points but for simplicity not for M at time points 2 
and 4 days since these are overlapped by MR time points. (C) MCP-1 proteins were measured by ELISA in 
triplicates in supernatants of C57bl/6 M and MR cells. M only cells time-dependently upregulated MCP-1 from 
1.7ng/ml to 4.5ng/ml. However MR cells remain between 1-1.5ng/ml until the 72 hour mark where they peaked 
at 2.5ng/ml. All M and MR time points are significantly different (p<0.01) and SEM for each time point was 
equal to less than 0.3 ng/ml. (D) An example of a single repeat of the raw ELISA assay obtained showing 
MCP-1 concentrations (the darker the blue, the greater the concentration of MCP-1).  

B 

Q‐PCR quantitation of murine MCP1‐500

‐450

‐400

‐350

‐300

‐250

‐200

‐150

‐100

‐50

0

0 10 20 30 40 50 60 70

Time (hours)

Fo
ld
 o
v
er
 M

MR

Q-PCR quantitation of human MCP1
-10

-8

-6

-4

-2

0

2

4

6

8

10

0 1 2 3 4 5 6 7 8

time (days)

F
o

ld
 o

v
er

 M
 4

8
h

M

MR

Supernatant concentration

 of murine MCP1 in C57bl/6 WT

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 20 40 60 80

Time (hours)

C
o
n
ce
n
tr
a
ti
o
n
 (
p
g
/m

l)

MCSF MCSF+RANKL

                              (hours)    
12         24         36        48         60         72  

MR 
 
 
  M  

D 

C A 

mRNA levels of murine MCP-1 

mRNA levels of human MCP-1 

Time (hours) 

24        48         72        96       120      144 

• • • • • • • •

• M 
MR 



Chapter 4                                         MCP-1 in the osteoclast                                                74 

 

 

 

 

 

4.3.2   MULTINUCLEAR CELL COUNTS OF MCSF-ONLY 

VERSUS MCSF AND MCP-1 TREATMENTS           

 

To test whether MCP-1 could induce the formation of multinucleated TRAP-positive 

cells independently of RANKL, human CD14+ve or c57bl/6 mouse bone marrow macrophage 

precursor cells were exposed to MCSF only or MCSF + MCP-1. MCSF + RANKL was used a 

positive control. These experiments were repeated twice (total N = 3). In human and mouse cells, 

100 ng/ml of MCP-1 was used. Only cells that contained 3 or more nuclei and stained positive 

for TRAP were considered were as multinuclear TRAP+ve cells. 

 

In human CD14+ve cells cultured for 7 days, when treated with MCSF only, the number 

of multinuclear TRAP+ve CD14+ve cells was equal to 8 ± 0.56 SE (Figure 4.8). On treatment with 

MCP-1, this number was 8.3 ± 0.89 SE. These were not significantly different to one another (p 

= 0.77). The effect of multinucleation as a whole was very weak when compared to RANKL-

treated cells which after 7 days produced 742 ± 50 SE multinuclear TRAP+ve cells (both p 

= >0.00124). Though not measured, cells of MCSF + RANKL treatments were overtly larger 

than MCSF-only or MCSF + MCP-1 treatments (Figure 4.8A). Interestingly, the multinuclear 

cells present in MCSF or MCSF + MCP-1 treatments were NFATc1+ve by immunofluorescence 

by contained no F-actin ring (Figure not shown).  

 

Expecting an increase in osteoclastogenesis on the addition MCP-1 to osteoclast cultures 

treated with MCSF and RANKL, C57bl/6 bone marrow macrophages of WT, MCP-1 KO and 

CCR2 KO genotypes were cultured for 3 days with or without MCP-1 treatment. In either 

genotype, no multinuclear TRAP+ve cells were detected in MCSF or MCSF + MCP-1 treatments. 

However, cultures treated with RANKL produced many multinuclear cells (Table 7). These 

results show that there is no induction of MNGC by MCP-1 (i.e. same as MCSF).   
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Figure 4.8. MCP-1 cannot induce multinuclear TRAP+ cells.  Human CD14+ cells were cultured for 7 
days with (Ai) MCSF alone, (Aii) MCSF + 100ng/ml MCP-1 or (Aiii) MCSF + RANKL. When counted, these 
cells exhibited multinuclear TRAP+ cell counts of 8 ± 0.56, 8.3 ± 0.89 and 742 ± 50 respectively as seen in 
(B). MCSF and MCSF + MCP-1 treatments did not differ (p = 0.77). However, both MCSF and MCSF + 
MCP-1 differed significantly when compared to MCSF and RANKL-treated cells (for both p = >0.00124). In 
c57bl/6 murine bone marrow macrophages (C), no multinuclear TRAP+ cells were seen in either MCSF or 
MCSF + MCP-1 treatments. However, MCSF + RANKL induced significant numbers of multinuclear TRAP+ 
cells (p = <0.000) when compared to both MCSF and MCSF + MCP-1 treatments. 
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4.3.3  BMD DETERMINATION - CCR2-/-, MCP-1-/- AND WT 

MICE 

 

To grossly evaluate the bone homeostasis in vivo of CCR2 KO and MCP-1 KO mice 

compared to WT mice (controls), BMDs were determined for each genotype. To explore if there 

were any differences in BMD between sexes, ages and mouse background, both males and 

females were investigated and also the DBA and C57 backgrounds. Unfortunately, each KO-age-

sex-background combination could not be studied due to time constraints, nevertheless it was 

assumed that if either CCR2 or MCP-1 were highly important for bone homeostasis, overt 

differences would be seen in the combinations studied herein. When BMDs were scanned, the 

heads of the animals were not included.  

 

For CCR2 KO in the background of C57bl/6, 6-month old males were compared to age-

sex matched controls. CCR2 KO BMDs were lower and approached significance  compared to 

controls 0.0496 g/cm2 ± 0.000436 SE versus 0.0532 g/cm2 ± 0.000805 SE respectively (p = 

0.032, alpha = 0.01, Figure 4.9A). In the other three groups tested, no differences were seen 

either. In 3-month old DBA female mice, CCR2 KO and WT BMDs equalled 0.0438 g/cm2 ± 

0.000876 SE and 0.042375 g/cm2 ± 0.00163 SE respectively (p = 0.619, Figure 4.9B). In 2-

month C57bl/6 MCP-1 KO and WT male mice, BMDs were 0.045825 g/cm2 ± 0.000829 SE and 

0.0465 g/cm2 ± 0.000265 SE respectively (p = 0.532, Figure 4.9C). Finally, 2-month old C57bl/6 

CCR2 KO and WT female mice exhibited BMDs of 0.04402 g/cm2 ± 0.000428 SE and 0.0438 

g/cm2 ± 0.000755 respectively (p = 0.791, Figure 4.9D). 
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Figure 4.9.  BMDs of WT, MCP-1-/- and CCR2-/- mice. To evaluate if CCR2 or   
MCP-1 were important in regulating BMD in the mouse, BMDs of CCR2-/-, MCP-
1-/- and WT were scanned. (A) Six-month old male mice with the CCR2 KO in 
the C57bl/6 background, (B) Three-month old female CCR2 KO of the DBA 
background, (C) Two-month old MCP-1 KO of the C57bl/6 background and (D) 
Two-month old CCR2 KO females in the C57bl/6 background. Error bars equal 
the SEM. NS denotes no significant difference (p 0.032 > 0.01).  
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4.3.4  IN VITRO OSTEOCLASTOGENIC POTENTIAL OF 

CCR2-/-, MCP-1-/- AND WT MICE 

 

To test if osteoclastogenesis in vitro from mice with gene knockouts of CCR2 or MCP-1 

differed to WT mice, bone marrow cells from WT, MCP-1 KO and CCR2 KO were used as 

precursor cells to induce osteoclast formation. These experiments were done a total of three 

times independently. When treated with RANKL; WT, MCP-1 KO and CCR2 KO bone marrow 

cells all formed osteoclasts efficiently and on average, each produced more than 130 osteoclasts 

from five fields of view at a total magnification of 40x (Figure 4.10). In addition, the 

morphology of osteoclasts in from each mouse type appeared standard bearing extended cell 

spreading, multinucleation and a defined F-actin cell border. The cell counts from cultures of 

WT mice equalled 140 ± 18 SE osteoclasts. Osteoclast counts from cultures of MCP-1 KO and 

CCR2 KO mice equalled 151 ± 10 SE and 132 ± 8 SE respectively. When compared to WT, 

MCP-1 KO and CCR2 KO counts did not differ (p = 0.65 and 0.72 respectively, Figure 4.10). 

These results show that there is no difference in the in vitro osteoclastogenic potential between 

WT, MCP-1 KO and CCR2 KO mice.   
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Figure 4.10.  Osteoclasts produced in vitro from WT, 
MCP-1-/- and CCR2-/- mice. To assess if any differences in 
osteoclastogenic potential existed in bone marrow 
precursors of WT, MCP-1 KO and CCR2 KO mice, these 
precursors were plated in the presence of either MCSF 
alone or with MCSF and RANKL. There were no overt 
differences in phenotype or number of osteoclasts 
produced (MCP-1 KO vs WT, p = 0.65 and CCR2 KO vs 
WT, p = 0.72. N = 3.  
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4.3.5  CCR2 ANTAGONISTS COMPOUND-X AND RS102895 

– EFFECT ON OSTEOCLASTOGENESIS 

 

To mediate its effects, MCP-1 binds to and activates CCR2. Consequently, to investigate 

if the blockade of CCR2 affected osteoclastogenesis, chemical inhibitors of CCR2 

COMPOUND-X (murine) and RS102895 (human CCR2b) were used at doses of 10, 100, 1000, 

4000 (human only) and 10000 nm of osteoclast precursors. In the mouse, per five microscopic 

fields at a total magnification at 40x, 142 ± 5.3 SE, 140 ± 4.4 SE, 145 ± 7.4 SE, 148 ± 5.2 SE and 

150 ± 10.3 SE osteoclasts were produced in response to 0 (MR), 10, 100, 1000 and 10000 nm 

COMPOUND-X treatments respectively. In all treatments, osteoclasts showed normal 

morphology (spread out, multinucleated and defined F-actin borders). When compared to 0 nm 

control (MCSF and RANKL), no significant differences in cell counts were found between 

treatments as seen in Figure 4.11 (p = 0.54, N = 3 per treatment, one-way ANOVA).  

 

In human osteoclast precursors, pilot experiments (not shown) initially tested RS102895 

in logarithmic intervals at concentrations of 0, 10, 100, 1000 and 10000 nm. When taking into 

account cell morphology and cell counts, these experiments showed that 0-1000 nm of 

RS102895 had no effect on osteoclastogenesis. However, at 10000 nm (10 µM), all osteoclast 

precursors died within 24 hours of the inhibitor’s addition. Since all precursors died, there was 

no possibility of osteoclast formation and thus assessment of osteoclastogenesis. An intermediate 

point between 1000 and 10000 nm was added in further experiments in order to identify if 

osteoclasts could survive at this concentration. This intermediate point was designated 4000 nm. 

Further experiments, as shown herein, once again, showed that between concentrations of 0-1000 

nm, RS102895 did not affect osteoclastogenesis (79 ± 3 SE, 83 ± 3.7 SE, 80 ± 2.6 SE and 82 ± 

2.4 respectively, Tukey’s LSD p>0.5, Figure 4.12). In addition as seen before, 10000 nm 

RS102895 was toxic to osteoclast precursor cells and no osteoclasts were formed at this 

concentration. However, at 4000 nm, the intermediate point allocated for distinguishing living 

and toxicity of osteoclast precursors, showed a significant decrease in osteoclast cell count was 

seen and osteoclasts were reduced by 50% (41 ± 2.3 SE, p = 0.000 “compared to control”, Figure 

4.12).  
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Figure 4.11.  Inhibition of CCR2 in murine osteoclasts by 
COMPOUND-X. To see if inhibition of the MCP-1 receptor, CCR2, 
could effect murine osteoclast formation, bone marrow from c57bl/6 
mice were treated with MCSF and RANKL (MR) and concentrations of 
10-10000nm of the specific murine CCR2 inhibitor COMPOUND-X. In 
all treatments, almost 150 osteoclasts were formed (per five fields at a 
total magnification of 40x). Using a one-way ANOVA, no significant 
differences were found between treatments (p = 0.54, N = 3 per 
treatment). 
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Figure 4.12.  Inhibition of CCR2b in human osteoclasts by RS102895. To see if human osteoclast formation was 
affected by the inhibition of CCR2b, human osteoclast precursors were treated with RS102895 at concentrations of 10, 
100, 1000, 4000 and 10000nm. Between 10-1000 nm, there was no effect on cell morphology or number of 
osteoclasts formed. However, at 4000nm, a 50% reduction in osteoclast formation was seen (p = <0.01). Furthermore, 
at 10000 nm, all osteoclast precursors had died within 24h of the addition of RS102895. 
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4.3.6  ADDITION OF MURINE MCP-1 TO OSTEOCLAST 

PRECURSORS ALREADY TREATED WITH RANKL 

 

It has been reported that MCP-1 synergises with RANKL in human PBMC and murine 

129.B6 osteoclast cultures (Kim et al, 2006 and Li et al, 2007 respectively). However none of 

these investigations used murine MCP-1 in their studies. Thus, murine MCP-1 was added to 

cultures of c57bl/6 bone marrow macrophages already treated with MCSF and RANKL. Having 

already established that the numbers of osteoclasts generated from WT, MCP-1 KO and CCR2 

KO mice were not significantly different (section 5.4) and thus no differences in osteoclastogenic 

potential, WT, MCP-1 KO and CCR2 KO were treated as the same genotypes and their results 

pooled together with respects to MCSF-only, MCSF + MCP-1 and MCSF + RANKL and MCSF 

+ MCP-1 + RANKL treatments. Combining WT, MCP-1 KO and CCR2 KO treatments as a 

single population, precursors treated with MCSF and RANKL alone on average produced 141 ± 

11.6  osteoclasts. Addition of 100 ng/ml MCP-1 on top of MCSF and RANKL produced 134.5 ± 

9.8 osteoclasts. This effect was not significant (p = 0.48, Table 7). Furthermore, nor MCSF-only 

or MCSF + MCP-1 could produce multinucleated cells. 

 
 

MR 

M MR M+MCP1 MR+MCP1
Experiment 1 12-01-08, 61hours WT 0 122 0 113

CCR2KO 0 124 0 130
MCP1KO 0 141 0 128

Experiment 2 17-01-08, 61hours WT 0 158 0 147
CCR2KO 0 140 0 138
MCP1KO 0 161 0 151

Ave 141 134.5
SD 16.37070554 13.8960426
SE 11.5758369 9.825985956

ttest p value = 0.475463324
(comparing MR to MR+MCP1100ng/ml)

Table 4.7.  Murine MCP-1 does not synergise with RANKL. To investigate if murine MCP-1 could 
enhance osteoclastogenesis, bone marrow macrophages from c57bl/6 were treated with MCSF and 
RANKL or on top of this combination, 100ng/ml murine MCP-1. When compared to cells treated with 
MCSF and RANKL (MR control), no significant differences were seen on the addition of MCP-1 (p = 0.48). 
Note that WT, CCR2 KO and MCP-1 KO genotypes were pooled since their osteoclastogenic potentials 
are not significantly different (section 5.4). In addition, substituting RANKL with MCP-1 (M + MCP-1) did 
not produce any multinuclear cells.  
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4.3.7  EXPRESSION OF CCR2 IN THE OSTEOCLAST – 

TRANSCRIPTIONAL AND FACS ANALYSES   

 

With the overlap of the interaction of chemokines and their receptors, at first glance, 

there seems to be a possibility that MCP-1 could bind multiple receptors. However, since its 

discovery in 1983 (>25 years ago), no other receptor for MCP-1 other than CCR2 has been 

discovered. With this in mind, assessing the expression of CCR2 in osteoclasts is valuable to 

ascertain if MCP-1 could indeed modulate the osteoclast directly. Thus the expression of CCR2 

in the osteoclast was investigated at both transcriptional and protein levels. 

 

Using human PBMCs treated with MCSF and RANKL for 3 weeks, the transcript 

quantities of both CCR2a and CCR2b were determined. Using three different donors and 

consequently three independent experiments, neither CCR2a or CCR2b were detected. In 

contrast, TRAP, CTSK and MMP9 were all highly expressed (Figure 4.13A). 

 

To analyse the expression of CCR2 at the protein level, FACS was used. The analyses 

made use of a specific non-commercially-available antibody tagged. This antibody was tagged 

with a secondary antibody that was quantitated using the FL4 FACS setting (infrared setting).  In 

c57bl/6 bone marrow macrophages treated to 72 hours of MCSF only or MCSF with RANKL, 

CCR2 expression was determined. In macrophages (control cells), the there were a large number 

of cells positive for CCR2 compared to isotype control. This is seen by a clear shift to the right 

(indicating increased expression of CCR2) in the population of macrophages incubated with 

CCR2 antibody compared to isotype control (Figure 4.13B). However, osteoclasts did not show a 

difference to isotype control indicating that within the detection limits of FACs, CCR2 is not 

expressed in the osteoclast. This experiment was done twice. 
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Figure 4.13.  CCR2 is not expressed in the osteoclast. (a) In human PBMCs treated with MCSF and 
RANKL for 21 days, osteoclast genes MMP9, CTSK and TRAP were expressed. However, both CCR2A 
and CCR2B were not detected (N = 3). (b) Lean and colleagues., (2002) have already shown that CCR2 is 
not expressed in the osteoclast but only at the transcriptional level. Here by FACS analysis, protein levels 
of CCR2 and isotype control quantities were determined by the infra red spectrum (FL4). The population of 
murine osteoclasts (derived from c57bl/6 bone marrow macrophages) that expressed CCR2 (shown in 
grey) did not differ to the isotype negative control (red). In contrast, macrophages, MCSF-only treated 
cells, were CCR2-positive as shown by the shift grey population away from and towards to right of the 
isotype control.   
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4.4      DISCUSSION____________________________ 
 
 
 

4.4.1 MCP-1 IS NOT INDUCED BY RANKL 
 

By microarray analysis, it has been shown that MCP-1 is induced by RANKL in murine-

derived osteoclast cells (Ishida et al, 2002 & Capellen et al, 2002) but these analyses were at 

single time points and were never validated by QPCR. On the other hand, an increase in MCP-1 

in response to RANKL in a human osteoclast model (hPBMCs) was shown by QPCR (Kim et al, 

2005) and at the supernatant level (Hounoki et al, 2008). The latter group also showed an 

increase in MCP-1 in the supernatants of osteoclasts due to TNFalpha. However, there is 

evidence to suggest that MCP-1 is not responsive to RANKL. First, a very recent study reported 

that MCP-1 is not responsive to RANKL in the osteoclast system and that MCP-1 in bone is 

more likely an osteoblast-responsive gene (Li et al, 2007). Secondly, using multiple osteoclast 

models (RAW264.7, murine bone marrow macrophages, human PBMCs and human CD14+ve 

monocytes), multiple investigators within our lab have never observed an induction of MCP-1 by 

RANKL. Thus to clarify the relationship between MCP-1 and RANKL in the osteoclast, the 

objective herein was to quantify MCP-1 at both the transcript and protein levels at multiple time 

points during osteoclastogenesis. For this, human CD14+ve monocytes and c57bl/6 bone marrow 

macrophages were used as osteoclast precursors to represent human and murine osteoclast 

models respectively. MCSF only (control) or MCSF with RANKL was added to these osteoclast 

precursors whereby MCP-1 levels were quantitated at set points during osteoclast differentiation 

(which encompassed pre- and post-fusion of osteoclast precursors).  

 

In human CD14+ve purified monocytes, QPCR showed that the addition of RANKL did 

not significantly affect the expression of MCP-1 compared to MCSF-only controls. This finding 

was consistent at the three time points tested, 2, 4 and 7 days (Figure 4.7B). In fact, there was a 

trend for decreased MCP-1 expression with time. These results showed that in human CD14+ve 

monocytes, RANKL does not induce the expression of MCP-1. 

 

 Having found that MCP-1 could not be induced by RANKL in a human osteoclast model, 

the next goal was to verify if possible, this finding in a murine osteoclast system. Using c57bl/6 

bone marrow macrophages treated with MCSF or MCSF + RANKL for 3h, 6h, 12h, 24h, 36h, 

48h or 58h, a time-course of MCP-1 transcript expression in response to RANKL was 
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determined by QPCR. Surprisingly, data showed that RANKL significantly downregulates MCP-

1 compared to M-only cells. Another investigator of MCP-1 in the osteoclast also corroborated 

with these results (Personal communication, Dr Takeshi Miyamoto, 14th September 2009).  

 

Not only was the downregulation of MCP-1 unexpected but the peak level at which 

MCP-1 was downregulated, -450 fold, was also as astonishing (Figure 4.7A, p < 0.001). 

Interestingly, this peak downregulation occurred at 36 hours of RANKL which in the system 

utilised herein, corresponds to beginning of fusion of precursor cells into osteoclasts. When 

taking into consideration all time points studied, the relationship between MCP-1 transcript 

levels and time of RANKL treatment appeared to be close to a positive quadratic function (i.e. 

x2). As such, during the first 36 hours (0 - 36 hours) , MCP-1 levels in RANKL treated cells 

compared to MCSF-only cells, dropped in an exponential manner to -450 fold. In the second 36 

hours (36 - 72 hours), MCP-1 levels rose back to levels almost that of control which also 

corresponded to when osteoclasts have fully formed. These results showed that not only is MCP-

1 downregulated by RANKL, but this downregulation occurs specifically in a fusion-related 

manner (MCP-1 is downregulated maximally during fusion and then re-expressed to near-on 

basal levels once osteoclasts have formed).  

 

To ascertain that the downregulation of MCP-1 by RANKL is indeed translated to the 

protein level, supernatant concentrations of MCP-1 were measured by ELISA, also in a time-

course fashion.  The supernatant protein concentrations of MCP-1 closely resemble that of MCP-

1 transcripts; MCP-1 decreases on the addition of RANKL with maximum inhibition occurring 

at 60 hours and eventually begin catching up to MCSF-only cells by the 72 hour mark. Most 

likely an additional 12 hour point (i.e. 84 hours) in the supernatant assay of MCP-1 would have 

seen MCP-1 normalise to basal MCSF-only levels as there is always a lag time between gene 

transcription and translation of the transcript to a functional protein. These results confirmed that 

the RANKL-dependent downregulation of MCP-1 at the transcriptional level was indeed 

translated to reduced protein levels.   

 

Collectively, the results herein show that MCP-1 in both human and murine systems, is 

not upregulated or induced by RANKL during osteoclastogenesis. Furthermore, in the mouse, 

RANKL actually downregulates or suspends upregulation of MCP-1 in osteoclast precursor cells 

both at the transcriptional and protein level which is only transitory and correlates with the 
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fusion process. However a limitation of the study herein was that no investigations into the 

concentration of MCP-1 in human supernatants were conducted. It is possible that indeed a rise 

in MCP-1 could form in supernatants of human osteoclasts in response to RANKL which has 

recently been shown even though this was not RANKL specific as TNFα also had the same 

effect (Hounoki et al, 2008,). Nevertheless, the results attained here prove that MCP-1 is not 

induced by RANKL in osteoclast precursors at the transcriptional level.  
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4.4.2  MCP-1 CANNOT INDUCE THE FORMATION OF TRAP+ve 

MULTINUCLEAR CELLS 
 

It has been reported that MCP-1, substituted for RANKL, can induce the differentiation 

of monocytes/macrophages into TRAP+ve multinuclear cells (Kim et al, 2005). However 

Miyamoto and colleagues (2009) and others within our laboratory could not reproduce this 

finding. As such, the objective here was to clarify the fusion-mediating nature of MCP-1 using 

human CD14+ve monocytes and murine c57bl/6 bone marrow macrophages as osteoclast 

precursors. To test the effects of MCP-1 in these osteoclast models, the number of 

multinucleated TRAP+ve cells were counted in osteoclast precursors treated only with MCSF 

(control) or MCSF + 100 ng/ml MCP-1. The dose at which MCP-1 was used (100 ng/ml) was 

higher than used by Kim et al., 2005 (40 ng/ml) but equivalent to Li et al., 2007 which these 

groups used to induce effects on osteoclast precursors. In addition, given that both human and 

murine MCP-1 both activate the CCR2 receptor (inducing chemotaxis) in the low nM range, the 

100 ng/ml dose herein corresponds to ~ 10 nM which would fit in on the higher side of the 

expected concentrations of MCP-1 to induce its effects.  

 

In this investigation, c57bl/6 bone marrow macrophages treated with MCSF only (control) 

or MCSF + 100 ng/ml, MCP-1 did not yield any TRAP+ve multinuclear cells. In fact, as with 

MCSF-only-treated cells, no multinuclear cells were observed at all. This lack of induction into 

multinuclear cells by MCP-1 was also proven by Figure 2.5 of Li et al., (2007) at the same time 

results were collected for this thesis. These investigators not only showed that osteoclast 

precursors treated with MCP-1 did not differentiate into multinuclear cells, but that these MCP-

1-treated cells also could not upregulate the transcription of the murine osteoclast marker 

“TRAP” while cells treated with RANKL did so significantly. Collectively, results herein and 

those by Li et al., (2007) demonstrate that murine osteoclast precursors of the 

monocyte/macrophage lineage, do not fuse into multinuclear cells in response to MCP-1 in a 

RANKL-free system. 

 

At this point it was noted that the induction of multinuclear cells by MCP-1 had only 

been proven in a human osteoclast precursor system (Kim et al, 2005) and that perhaps there 

were differences between murine and human species. As such, we next set out to investigate 

whether MCP-1 could exert its fusion-inducing effects in human CD14+ve macrophages, a pure 

cell isolate of the same cells used by Kim et al., (2005). When treated with both MCSF and 100 
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ng/ml MCP-1, a very small number of TRAP+ve multinucleated cells were noted (8-9 

multinucleated /24W well) (Figure 4.8A,B). However, when compared to MCSF-only controls, 

there were no significant differences in number of multinucleated cells generated (p = 0.77). It 

was however intriguing that these multinuclear cells were TRAP+ve, which in the murine system 

is a very strong marker of osteoclasts. However, by nature of their phenotype, unlike murine 

cells, human macrophages or monocytes treated with MCSF express TRAP and are therefore for 

the most part TRAP+ve regardless of they are mononuclear or multinuclear or RANKL treatment. 

TRAP is thus an inappropriate marker in the context of identifying osteoclasts in vitro. As such, 

the meaning of TRAP+ve multinuclear cells supposedly induced by MCP-1 alone by Kim et al., 

(2005), does not substantiate any link to the human osteoclast, but more so just to the human 

macrophage.  

 

At least within the murine c57bl/6 bone marrow macrophage and human CD14+ve 

macrophage systems, the results herein collectively support the second hypothesis - MCP-1 

cannot induce the formation of TRAP-positive cells from osteoclast precursors without RANKL. 

This of course disagrees with Kim et al., (2005) for which possible explanation is outlined below. 

 

4.4.2.1  SPONTANEOUS OSTEOCLAST / MULTINUCLEATED 

GIANT CELL FORMATION 
 

In the absence of RANKL, mononuclear cells of monocyte/macrophage origin of many 

species (rat, chicken, human but interestingly not the mouse) exposed or unexposed to 

inflammatory conditions can spontaneously form multinuclear cells but only given they reach a 

critical density (in fact, this was a protocol used to study osteoclast-like cells before RANKL 

became commercially available using chicken monocytes (Alvarez et al, 1991., Woods et al, 

1995). These cells also called multinucleated giant cells (MNGC) and macrophage polykaryons 

however can cannot resorb bone (Vignery, 2000., Boissy et al, 2001). Though these 

spontaneously formed MNGC are not osteoclasts, spontaneous osteoclast formation has also 

been reported in the human model derived from PBMCs (Roato et al, 2007., D'Amelio, et al 

2005). It has also been noted that human monocytes passing by a dendritic lineage intermediate, 

can also fuse into langerhan-like cells (also multinucleated cells) or foreign body giant cells 

(large multinucleated cells). Human monocytes exposed solely to IL4 + GMCSF/or IL3 

differentiate into large foreign body giant cells which phenotypically resemble osteoclast-like 

cells in vitro which is IL4-dependent (Yyriakides et al, 2004., McNally & Anderson, 1995). 
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Under different conditions, that is IFNγ (interferon gamma) + IL3 or IL4, human monocytes 

differentiate into smaller but still multinucleated langerhan-type cells which is IFNγ-dependent 

and cannot be blocked by neutralising IL4 (McNally & Anderson, 1995). Very recently, a major 

downstream modulator of IFNγ in langerhan cell fusion from human monocytes was shown to be 

IL17A which like IFNγ could induce ~ 50% multinucleation of GMCSF-treated monocytes 

(Coury et al, 2007). However, other cytokines such as TNFα and IL1 do not induce or enhance 

dendritic cell fusion, but enhance osteoclastogenesis (Rivollier et al, 2004., Brodbeck and 

Anderson, 2009).  

 

Collectively, the above shows that without RANKL, there is the definite possibility of 

fusion of monocyte-derived cells into multinucleated cells via a dendritic intermediate or not. 

But in this investigation, it was shown that MCP-1 could not promote fusion. With this in mind, 

it is likely that the MCP-1 derived MNGC by Kim et al are either spontaneous osteoclasts or 

spontaneously-formed MNGCs (non-resorbing) mediated through other signalling pathways 

(MCP-1 independent). Reasoning is as follows:  

 

When PBMCs or CD14+ve monocytes are cultured using cell densities used to promote 

osteoclastogenesis, it is in the centre of the well where multinuclear cells mostly occur in MCSF-

only treated cells (Stephens, unpublished observation). This “high” density resembles the high 

density of inflammatory conditions such as inflammatory bowel disease where dense infiltrates 

of mononuclear cells invade the lamina propria to form granulomas of which the hallmark is the 

presence of MNGCs (Vignery, 2000). This critical density is exactly what is needed to elicit 

adequate cell-cell contact/paracrine signalling in order to activate fusion of 

monocytes/macrophages into MNGC (Vignery, 2000). These PBMC/CD14+ve-derived MNGC 

formed from high density are incapable of bone resorption as they do not harbour an actin ring 

but do TRAP and nuclear NFATc1 (results section MCSF vs MCP-1 counts). This presents an 

identical phenotype to the MCP-1-induced osteoclast-like cells described by Kim et al (see 

Figure 4.5A). High density is one of the explanations that could have yielded multinuclear cells 

forming from MCP-1 in cultures by Kim et al., (2005). 

 

Human PBMCs are a heterogenous population possessing many contaminating cells 

(other than osteoclast precursors) such as lymphocytes, neutrophils, basophils, eosinophils etc. In 

fact, the buffy coat method of PBMC purification yields massively high contamination of 
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monocytes by lymphocytes. Washed buffy coats, contain consistently over 50% and up to 87% 

contamination with lymphocytes (Repnik et al, 2003., de Almeida et al, 2000). Even after 

vigorous washing in selection of monocytes by adherence (lymphocytes are generally non-

adherent), 25% of lymphocytes remain contaminating the monocyte culture (de Almeida et al, 

2000). These lymphocytes collectively produce inflammatory cytokines such as RANKL, TNFα 

(which in turn induces the expression of RANKL from mesenchymal cells), IFNγ, IL3, IL4, and 

GMCSF (Nakashima et al, 2008., Nishinakamura et al, 1996). Thus the impure PBMC cultures 

derived from Kim et al, could have been contaminated with the aforementioned cytokines 

including RANKL and TNFα, which on addition, MCP-1 could have synergised with (thus 

lowering the RANKL threshold) to produce osteoclast-like cells. However, these osteoclast-like 

cells should have resorbed bone, but it was specifically reported by Kim et al., (2005) that 

resorption did not occur. Thus it is more likely, that IFNγ, IL3, IL4, and GMCSF, which are 

inhibitory to osteoclastogenesis (Nakashima et al, 2008., Yogesha et al, 2005., Khapli et al, 2003., 

Shinoda et al, 2003) drove the monocytes found within the impure culture to differentiate into 

dentritic cells which subsequently fused into langerhan cell or FBGCs depending on whether 

IFNγ or IL4 was prominent. It is possible that MCP-1 could have synergised in this dentritic 

fusion pathway, but this yet remains to be proven. This discussion shows the distinct possibility 

of other cytokines mediating fusion of either osteoclasts, langerhan cells or FBGCs from human 

PBMCs. The lack of these excess cytokines found in the CD14+ve macrophages and pure murine 

bone marrow macrophages used herein to study MCP-1 may explain why there was no 

significant differences between control and MCP-1 treatment. 
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4.4.3  BONE MINERAL DENSITY IN WILD-TYPE, CCR2 KO AND MCP-1 

KO DO NOT DIFFER 
 

MCP-1 has been shown to be induced by RANKL during osteoclast formation (Ishida et 

al, 2002., Kim et al, 2005., Capellen et al, 2002) and that MCP-1 can synergise with RANKL to 

enhance osteoclastogenesis and resorption (Kim et al, 2005., Li et al, 2007) . If MCP-1 is indeed 

induced by RANKL and can potentiate RANKL-mediated signalling, then MCP-1 could play an 

important regulatory role in RANKL-mediated osteoclast formation both in vivo and in vitro. 

One would thus expect a reduced number of osteoclasts in mice of CCR2 KOs and MCP-1 KOs 

since CCR2 KOs do not express the receptor for MCP-1 and obviously MCP-1 KOs do not 

express MCP-1. If a decrease in osteoclastogenesis is expected, then accordingly an increase in 

BMD is expected in CCR2 KOs and MCP-1 KOs.  

 

To explore if an increase in BMD occurred in CCR2 KO and MCP-1 KO mice compared 

to WT mice, all three mice types were scanned for full body BMD (head not included). When 

compared to respective age-sex-matched WT controls, c57bl/6 males of MCP-1 KOs and 

females of CCR2 KOs in DBA and C57bl/6 backgrounds did not possess different BMDs 

(Figure 4.9). However c57bl/6 males with the CCR2 knock-out exhibited slightly decreased 

BMDs that approached significance however, the effect was not significant and the mean BMDs 

were less than 10% that of control. 

 

If CCR2 was vital for osteoclast formation, a drastic difference in BMD would be seen in 

both males and females and more than the 10% decrease seen in the males CCR2 KO. More over, 

MCP-1 KO and CCR2 KO mice would be edentulous, which they were not. One should also use 

caution when taking into account the lower BMD attained in the CCR2 KO male mice. The 

reasoning is as follows: First if the MCP-1-CCR2 axis is important for potentiating 

osteoclastogenesis and function, then one should detect an increase in BMD and not a decrease 

as seen here. Secondly, female CCR2 KO mice did not show any tendency for a decrease in 

BMD regardless of the c57bl/6 and DBA backgrounds tested. 

 

Giving the benefit of a doubt to the decrease in BMD found CCR2 KO male mice, it 

could be possible that give more repeats, a decrease of BMD in CCR2 KO mice could be 

significant and male-dependent. This type of observation has already been noted and 
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interestingly was also in a knockout of a CC chemokine receptor. The study showed that CCR1 

KO females had greater turnover osteoporosis than males (Lorenzo et al, 2007). Note that the 

effect due to genders by these investigators was reversed (i.e. they showed a decrease in BMD in 

females with the CCR1 KO genotype while herein, there was a tendency for CCR2 KO males to 

display decreased BMD). With this information in mind and the results attained herein, it cannot 

be proven without a doubt that CCR2 KO males do not possess significantly lower BMDs than 

WT controls. More work needs to be done in order to achieve a concrete result in particular 

increasing N (the number of mice in the study). It can however be concluded that there are no 

differences in BMDs in female mice harbouring the CCR2 knockout and in the same context, 

there are no differences between BMDs of male MCP-1 KO and WT mice. However, until 

repeats are engendered for CCR2 KO males, the results herein collectively support hypothesis 3 - 

there are no differences between bone mineral densities of wild-type, CCR2 and MCP-1 KO 

mice  
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4.4.4  NUMBER OF OSTEOCLASTS GENERATED FROM WILD-TYPE, 

CCR2 KO AND MCP-1 KO DO NOT DIFFER 
 

As explained beforehand in section 4.3, a dependency of MCP-1 on RANKL and the 

enhancement of osteoclast formation/function by MCP-1 would suggest MCP-1 participates in 

osteoclast differentiation. As such, in vitro, one would expect a decrease in osteoclast formation 

from both CCR2 KO and MCP-1 KO mice. To test if MCP-1 could indeed participate in 

osteoclastogenesis, bone marrow macrophages derived from WT mice or with gene knockouts of 

CCR2 or MCP-1 were differentiated in vitro and analysed for potential differences in osteoclast 

numbers. The number of osteoclasts from cultures of bone marrow macrophages derived from 

CCR2 KO mice did not differ compare to the number of osteoclasts produced in WT control 

mice (Figure 4.10). Investigating the MCP-1 KO genotype, bone marrow macrophages derived 

from this KO mouse also did not differ in osteoclastogenic potential compared to WT control 

mice. Furthermore, the osteoclastogenic potentials from MCP-1 KO mice did not differ to those 

of CCR2 KO mice. This showed that the in vitro osteoclastogenesis does not differ from bone 

marrow macrophages of WT, CCR2 KO and MCP-1 KO mice and suggests that the MCP-

1/CCR2 axis is not important for osteoclastogenesis in vitro.  

 

Further evidence to support that CCR2 may not be important in the osteoclast has already 

been collected elsewhere. Wong et al., (1997) showed that CCR2 is downregulated when human 

monocytes differentiate into macrophages, an intermediary step that invariably must occur in the 

differentiation of osteoclasts. Lean et al., (2002) also observed that CCR2 is downregulated but 

specifically by RANKL, to a level they describe as “not expressed” as mouse precursor cells 

differentiate into mature osteoclasts. Thus, the collation of this information and results attained 

herein support the 4th hypothesis - there are no differences between the number of osteoclasts 

generated by wild-type, CCR2 KO and MCP-1 KO mice osteoclast precursors treated with 

RANKL.  

 

However, though the above hypothesis is correct within the limitations of the 

experiments performed, it may not systematically entail that MCP-1 or CCR2 can not affect the 

osteoclast. It is possible that results attained herein are due to receptor/ligand redundancy, a 

common feature of the chemokine system. If redundancy is occurring, the most likely 
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compensating receptor and ligand would be CCR1 and CCL9 respectively (for the mouse species) 

or CCR1 and CCR1-binding ligands (for the human species). There is ample evidence to suggest 

that the major chemokine ligand and chemokine receptor in the osteoclast is CCL9 and CCR1: 

 

(1) Nomiyama et al., (2005) proved CCL9 is the major chemokine in murine RAW264.7-

derived osteoclasts, (2) Yang et al., (2006) showed CCL9 and CCR1 are the major 

ligand/receptor in the rat osteoclast, (3) Lean et al., (2002) studied murine bone marrow cell-

derived osteoclasts in which they also ascertained that CCL9 and CCR1 are the major chemokine 

ligand and receptor combination, (4) Lorenzo et al., (2007) directly studied CCR1 KO mice and 

showed that in vitro, there are less osteoclasts generated from these CCR1-deficient bone 

marrow cells, (5) Vallet et al., (2007) used a new inhibitor of CCR1, MLN3897, and proved that 

human PBMC-derived osteoclastogenesis is reduced by 40% and that osteoclast interaction with 

multiple myeloma cells is also reduced by blockade of CCR1, (6) Stephens unpublished data 

(refer array chapter), showed that CCR1 was by the highest expressed and upregulated 

chemokine receptor in osteoclasts derived from murine RAW264.7 cells stimulated with 

RANKL, (7) Votta et al., (2000) studied the chemotactic potential of 16 chemokines in human 

osteoclastoma derived osteoclast precursors and showed that 10 CC chemokines (MIP-1b, MCP-

1, MCP-2, MCP-3, MCP-4, HCC-1, eotaxin-2, PARC, SLC, ELC) and 3 CXC chemokines (IL-8, 

GROa, SDF-1) were inactive but on the other hand, that CKb-8 (CCL23), RANTES, and MIP-1a 

induced significant chemoattraction via a receptor they suggest and support to be CCR1, (8) 

Ishida et al., (2006) showed that CCR1 was NFATc1-dependant and that addition of MET-

RANTES, a CCR1 antagonist, caused a decrease in osteoclastogenesis. 

 

The authors of each group in the above studies used different methodologies and overall 

these were not limited to one species nor one type of cell line, but used cells from human, mouse 

and rat and two different cell lines. As such, these vast methodologies of attack strongly support 

that CCR1 and CCR1-binding ligands are conserved and important in the osteoclast. In addition, 

collectively these studies also investigated CCR2 and MCP-1 and found there to be no role for 

this chemokine receptor-ligand combination which supports results in this thesis. The high 

importance of the CCR1/CCR1-binding ligand axis in the osteoclast could indeed compensate 

for the CCR2/MCP-1 axis if the latter is important, however this remains to be proven. This 

could easily be investigated by use of both CCR1 and CCR2 antagonists and then compared back 

to cells treated only with a CCR1 antagonist. Alternatively, an investigator could utilise cells 
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derived from CCR1 KO mice treated without (control) or with CCR2/MCP-1 blockers. Finally, 

the ultimate experiment would be the creation of the double KOs CCR1 + CCR2 and CCR1 + 

MCP-1 and the comparing osteoclast cells counts in vivo and ex vivo to single KO mice of CCR1. 
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4.4.5   SPECIFIC CCR2 ANTAGONISTS DO NOT INHIBIT 
OSTEOCLASTOGENESIS 
 

Section 6.4 of this chapter showed that osteoclast precursors with the gene knockout of 

CCR2 or MCP-1 did not differ in their osteoclastogenic potential. To consolidate these findings, 

blockade of CCR2 was initiated via pharmaceutical means. This approach has several advantages 

(ease of administration, cost, control effect by dose) but in particular can be used to study the 

human osteoclast model in addition to the murine species. To antagonise murine CCR2, 

COMPOUND-X was employed while to inhibit human CCR2, RS102895 was used. The 

blockade of CCR2 in either murine or human species would therefore block the action of CCR2, 

MCP-1 and other CCR2-binding chemokines. Given this inhibitory profile, the results were 

expected to replicate or resemble strongly the findings in section 4.4.   

 

The IC50 value of the rodent-specific COMPOUND-X is 10 nM with more than 90% of 

chemotaxis inhibition occurring at only 90 nM (Brodmerkel et al, 2005). To test if 

COMPOUND-X could affect murine osteoclast formation, RANKL-induced osteoclastogenesis 

from mouse bone marrow macrophages were treated with 0, 10, 100, 1000 and 10,000 nm of 

COMPOUND-X on top of MCSF and RANKL treatment. The drug was very well tolerated and 

at concentrations of 10,000 nm (10 μM), no toxic effects were observed even though it far 

exceeds its IC50 value. The osteoclast counts were equal to 142 ± 5.3 SE, 140 ± 4.4 SE, 145 ± 7.4 

SE, 148 ± 5.2 SE and 150 ± 10.3 SE respectively for the aforementioned doses. By one-way 

ANOVA, none of the treatments differed (p = 0.54) including the 0 nm treatment which was the 

MCSF + RANKL-only control (Figure 4.11). These results show that blockade of CCR2 by 

pharmaceutical means in a murine osteoclast model confirms the findings of section 6.4 – there 

is no significant difference in the in vitro osteoclast counts generated by CCR2 KO and WT mice. 

This further consolidates that the CCR2-MCP-1 axis is not vitally important in murine 

osteoclastogenesis.  

 

 

Next, to verify that CCR2 could participate in human osteoclast formation, the CCR2 

antagonist, RS102895 was used. Rather than antagonising both CCR2a and CCR2b isoforms as 

found in the human monocytes, RS102895 is a specific inhibitor of CCR2b. It blocks the binding 

of MCP-1 to CCR2b with an IC50 value of 1.7 μM but also binds to CCR1 with an IC50 of 17.8 

μM (Mirzadegan et al, 2000). Given the highly-established positive role CCR1 in the osteoclast, 
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it is thus mandatory to maintain experimental concentrations of RS102895 as far below 17.8 μM 

as possible so to limit false-positive results created by inhibition of CCR1. Furthermore, since 

RS102895 targets CCR2b, but not CCR2a, one could stipulate that the RS102895 compound 

would be insufficient to study CCR2-mediated signalling in the osteoclast. However, the 

objective herein is to study whether soluble MCP-1 can activate the osteoclast and since MCP-1 

is a secreted soluble factor, it must bind to CCR2 on the outer plasma membrane of its targets 

cells. It so happens to be that in human monocytes (as used herein), CCR2b is the dominating 

outer membrane CCR2 isotype. In fact, not only does it predominate the outer membrane, but its 

overall expression is 10 times higher than CCR2a, which in the human monocyte is found almost 

exclusively in the cytoplasm (Wong et al, 1997., Tanaka et al, 2002). Thus RS102895 was 

considered a good antagonist for CCR2b in human CD14+ve monocytes used as osteoclast 

precursor cells.  

 

To block CCR2b in a human osteoclast model, CD14+ve monocytes were treated with 

RANKL and 0, 10, 100, 1000, 4,000, 10,000 nm RS102895. The resulting osteoclast counts 

equalled 79 ± 3 SE, 83 ± 3.7 SE, 80 ± 2.6 SE, 82 ± 2.4 SE, 41 ± 2.3 SE and 0 ± 0 osteoclasts for 

the aforementioned doses respectively (Figure 4.12). The RS102895 treatments between 10-1000 

nm did not differ significantly to control (0 nm). This null result may have been due to falling 

short of the IC50 (1.7 μM) of RS102895. As such higher concentrations were studied, however 

toxicity problems began. Unlike COMPOUND-X, concentrations above 4,000nm (4 μM) 

became highly toxic to cells treated. At 5 μM, over 50% of precursor cells were apoptotic/dead 

(data not shown) within 24 hours of drug administration. At 10 μM, the majority of cells (>95%) 

were dead. Since toxicity between 5-10 μM began early (within 24 hours of treatment), it was 

evident that osteoclasts could not form since their precursors died before any fusion events could 

occur. Unfortunately, it is at these concentrations (2-5 times IC50) where RS102895 would be 

expected to have an effect on osteoclast differentiation. Thus with regards to RS102895 and 

osteoclast formation, no conclusions can be drawn.   

 

Though these results do not allow one to conclude on the role of CCR2b in the osteoclast, 

they show that the CCR2b receptor maybe be vital at least in human monocytes for survival and 

differentiation into osteoclast precursor macrophages. This would explain why no subsequent 

osteoclast formation could be seen in concentrations where RS102895 is most active (RS102895 

killed osteoclast precursors before they could fuse at 2-5 times its IC50). It is doubtful that 
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RS102895 is toxic on it own above 1μM as it has been used on a human cell line up to 100 μM 

without notable effects (Mirzadegan et al, 2000). It is known that as monocytes differentiate into 

macrophages, CCR2 is downregulated (Wong et al, 1997) and that in macrophages, one of the 

survival receptor/ligand combinations is c-Fms/MCSF. As such once macrophages are formed, 

they may no longer be sensitive to apoptosis by the CCR2b receptor as they receive survival 

signals by MCSF. Subsequently, to properly test if RS102895 inhibits osteoclast via CCR2b, 

macrophages should first be differentiated with MCSF alone and tested for toxicity by RS102895. 

If no toxic effects are seen, macrophages can then be induced into osteoclasts by RANKL and 

treated with RS102895.  

 

Though it is difficult to conclude on the function of human CCR2 in the osteoclast, 

recently a phase IIa clinical trial studied the effects of blocking CCR2 by using specific human 

CCR2 antibody in a bid to reduce rheumatoid arthritis. The CCR2 antibody worked very well (it 

reduced the levels of free CCR2 on CD14+ve monocytes by at least 57% and up to 94% (P < 

0.001), however, after 6 weeks of closely-monitored treatment, there was no amelioration in 

arthritis. The investigators also reported that “there was no clear decrease in macrophage 

numbers, expression of CCR2, or number of CCR2-positive cells/mm2 after anti-CCR2 

treatment” (Vergunst et al, 2008). However they also observed that there was a reduction in 

monocytes from peripheral blood. Two conclusions can be drawn from this study. First, blockade 

of CCR2 in humans is not toxic to macrophages but does reduce peripheral blood monocytes. 

The latter is due to inhibition of monocyte egress (leakage) from bone marrow into the blood 

stream and results in the accumulation of monocytes in bone marrow (Tsou et al, 2007). As such 

CCR2 inhibition does not induce death of monocytes or macrophages and thus, it is likely that 

RS102895 used in this thesis, is indeed cytotoxic rather than specific. Secondly, the significant 

reduction in free-CCR2 on monocyte/macrophages should also have been translated to the 

osteoclast, if osteoclasts indeed express CCR2. However, CCR2 blockade could not at all 

ameliorate arthritic inflammation which shows that CCR2 is not a valuable target for this disease 

whether it binds to the monocyte/macrophage or osteoclast. It is important to note however, that 

increased CCR2 blockade also showed significant increases in MCP-1 production (up 7 times 

more than control) and this may have maintained a high enough MCP-1-“free CCR2” ratio for 

disease to remain unchanged.  
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4.4.6  MURINE MCP-1 DOES NOT SYNERGISE WITH RANKL IN 

C57BL/6 MICE  
 

Two reports show that MCP-1 synergises with RANKL to enhance osteoclastogenesis 

(Kim et al, 2005., Li et al, 2007). However, in this investigation, using bone marrow 

macrophages derived from c57bl/6 mice, no such enhancement of osteoclastogenesis was 

observed (Table 7). In fact, even though there is moderate basal expression of MCP-1 in both 

precursors and osteoclasts, mice harbouring MCP-1 gene knockouts were able to differentiate as 

well as WT controls indicating again that in c57bl/6 mice, MCP-1 does not seem to play a vital 

regulatory role in osteoclastogenesis (Figure 4.10). On the other hand, although not reported here, 

we were able to enhance the differentiation of RANKL-treated human CD14+ve monocytes with 

100 ng/ml human MCP-1 but not consistently indicating that indeed, MCP-1 may on occasion 

given yet-to-be determined conditions enhance osteoclastogenesis. The question then was why 

could we not enhance osteoclastogenesis from bone marrow macrophages (as reported in section 

5.6)? To answer this, one must take into account the differences in the methodologies used by 

Kim et al., (2005), Li et al., (2007) and the methods in this thesis as shown below: 

 

 

  
 
 
 
 
 
 
 

This thesis Li et al., Kim et al.,

MCP-1 100 ng/ml 100 ng/ml 40 ng/ml
Mouse Rat Human
(Peprotech) (Chemicon) (Peprotech)

Osteoclast model c57bl/6 B6/129 Human
Bone marrow Bone marrow cells PBMCs
macrophages

Cytokine treatment 2 days M only Directly M,R,MCP-1 Directly M,R,MCP-1
then for 6 days for 10-14 days

3 days M,R,MCP-1
M = MCSF

R = RANKL
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Difference #1 – MCP-1s were different 

It can be seen that the MCP-1s used by each investigator were different, namely by 

species. Methods in this thesis used murine MCP-1, Li et al., used rat MCP-1 while Kim et al., 

used human MCP-1. As noted in section 4.2 of this chapter, MCP-1 from mouse and rat are 

81.2% homologous yet are both only 52% homologous to human MCP-1. When using murine 

MCP-1 during experiments devised in this thesis, the activity of MCP-1 was not verified (by 

chemotaxis or receptor internalisation assays). It could very well be that the MCP-1 used was not 

active or that MCP-1-RANKL synergy only works with MCP-1 from rat and human species and 

this may explain why even though Li et al., demonstrated enhanced osteoclastogenesis in mouse 

osteoclast precursors, they chose to use rat MCP-1. Telling future experiments would test each of 

murine, rat and human MCP-1s in the c57bl/6 in vitro osteoclast model. 

 

Difference #2 – Background/species of osteoclast precursors were different 

The background/species of osteoclast precursors used for experimentation of MCP-1 

enhancement of osteoclastogenesis were different in Li et al., and Kim et al., and methods in this 

thesis. A possibility exists that the MCP-1 could work differently in one background/species 

compared to another. Differences in response in the MCP-1/CCR2 axis have already been 

reported within different backgrounds of mice (Mus musculus). Quinones et al., (2006) showed 

that by bacterial injection, it is possible to induce arthritis in CCR2 KO mice of the DBA but not 

BALB/c backgrounds. Thus it is plausible that MCP-1-RANKL synergy may not occur in 

c57bl/6 mice as used in this thesis. To ascertain this, different background mice could be 

employed in particular the arthritis-prone DBA background. 

 

Difference #3 – Osteoclast precursor maturity was different 

When conducting their experiments, Li et al., and Kim et al., directly added all cytokines 

MCSF, RANKL including MCP-1 to osteoclast precursors that were in a premacrophage state 

(i.e. bone marrow stem cells and monocytes respectively). On the other hand, in this thesis, 

macrophages were first produced by treatment of MCSF alone for 2 days before the addition of 

MCSF, RANKL and MCP-1. The state of maturity may influence the point at which MCP-1 can 

influence osteoclastogenesis. It is known that macrophages express less CCR2 than their 

monocyte ancestors (Wong et al, 1997) and thus it may be possible that the explanation for 

success by Li et al and Kim et al is that they initiated MCP-1 signalling in cells that were 
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immature myeloid cells. This could be studied simply by using bone marrow cells rather than the 

bone marrow macrophages used in this thesis. 

 
Despite the differences discussed above, the results attained within this thesis show that 

in bone marrow macrophages from c57bl/6 mice, murine MCP-1 cannot enhance RANKL-

mediated osteoclastogenesis. Therefore, hypothesis 6 is accepted - Murine MCP-1 does not 

synergise with RANKL in c57bl/6 mice. 
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4.4.7  CCR2 IS NOT EXPRESSED IN THE OSTEOCLAST  

Assessing the expression of CCR2 in the osteoclast is perhaps the first experiment that 

should have been conducted in this thesis. However, the sequence of experiments was carried out 

in a way to complement previous work in our laboratory. Of this previous work was the 

demonstration that in human osteoclasts both CCR2a and CCR2b were expressed, and 

additionally, CCR2b was specifically upregulated (>12 fold) by RANKL (Kim et al, 2006B). 

However, after more than a year of experimentation and never being able to repeat previously-

reported effects of MCP-1 in the osteoclast or osteoclast precursors (such as induction of 

multinucleated giant cells by substitution of MCP-1 for RANKL), we tested the expression of 

CCR2a and CCR2b in human osteoclasts. It is at this point it was realised that both these MCP-1 

receptors were in fact not at all expressed (not detected via QPCR) using the primers published 

in Kim et al., (2006B). To ascertain this, the expression of CCR2a and CCR2b was determined 

three more times (3 different donors) where it was obvious that these genes were not expression 

in the osteoclast (while other osteoclast genes were highly expressed, Figure 4.13).  

 

With the above in mind, we next sort to determine if CCR2 was expressed in the mouse 

osteoclast. It turns out that the lack of expression (at the transcriptional level) of CCR2 in mouse 

osteoclasts had already been reported (Lean et al, 2002). However, to verify that osteoclasts did 

not express CCR2 at the protein level, CCR2 was quantitated by FACs on murine osteoclasts and 

their macrophage precursors. This experiment showed that CCR2 was expressed in murine 

macrophages, but not at all (within the detection limits of FACs) in the osteoclast (Figure 4.13) 

showing specific downregulation of CCR2 in the osteoclast by RANKL.  

 

Collectively, these results give rise to two conclusions. First; if MCP-1 only operates 

through CCR2, then it cannot affect the mature osteoclast, but only its precursor cells. Second; if 

MCP-1 indeed modulates osteoclast activity, then it must operate through a receptor other than 

CCR2. Indeed it has been reported that MCP-1 can activate CCR1 (Neote et al, 1993) or CCR4 

(Power et al, 1995). However these reports indicate µM concentrations of MCP-1 required to 

activate either CCR1 or CCR4 which although is not reported, may not be possible at least for 

extended periods of time even in very localised settings. Furthermore, even if CCR1 is 

classically expressed in the osteoclast, CCR4 is not (Stephens et al, Manuscript in preparation). 

In a laboratory setting, μM concentrations of MCP-1 would represent at least 100x (i.e 1 μM = 
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10 μg/ml) the concentrations of MCP-1 that was used by either Li et al., (2007) and Kim et al., 

2005 (this experiment would also be prohibitively expensive costing at least $ 300 (Aus) per ml). 

It is thus unlikely that MCP-1 operates via CCR1.  
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4.5    CONCLUSION__________________________ 
 

Chemokines are small proteins that induce the migration or chemotaxis of white blood 

cells for homeostatic purposes or to sites of injury/inflammation. Certain chemokines are 

implicated in the function of osteoclasts namely CCR1 and CCR1-binding ligands amongst all 

species studied; human, rat and mouse. Recently, MCP-1 and its receptor CCR2 have been 

studied in arthritis and osteoclast models suggesting this ligand-receptor combination may 

indeed regulate the osteoclast, but exactly how and their exact effects remain inconclusive if not 

confusing. Some claim MCP-1 can on itself (without RANKL) induce multinucleated giant cells 

from osteoclast precursors, but others claim other wise. However, there is a general trend that 

MCP-1 can synergise with RANKL during osteoclastogenesis but the receptor(s) through which 

MCP-1 functions has not been proven. The objective of this thesis chapter was therefore to 

further characterise MCP-1 and CCR2 in human as well as mouse osteoclasts.  

 

It was established that MCP-1 is not upregulated by RANKL in the osteoclast and that 

exogenous MCP-1 could not induce multinucleated giant cells from osteoclast precursors. In 

murine bone marrow macrophages from c57bl/6 mice, 100 ng/ml MCP-1 could not synergise 

with RANKL showing that MCP-1 in this mouse background may not play a vital role in the 

osteoclast. Next, blockade of CCR2 by pharmaceutical means did not affect osteoclastogenesis in 

murine osteoclasts and in human osteoclast precursors, the RS102895 CCR2b antagonist was 

either not effective at doses below its IC50 or lethal to osteoclast monocyte precursors at doses 

where the compound was expected to work negating any data accumulation.  

 

Mice harbouring gene knockouts of MCP-1 or CCR2 did not appear to have any 

significant differences in their bone mineral densities when controlled to wild-type mice of the 

same sex, age and background. Ex vivo differentiation from bone marrow cells extracted from 

MCP-1 or CCR2 gene knockouts into osteoclasts proved that there was no difference in 

osteoclastogenic potential when compared to wild-type control ex vivo differentiations. However 

there were many limitations in this thesis that were addressed by others while this thesis was put 

together, and CCR2 and MCP-1 KO mice were shown to indeed possess increased bone mass 

and decreased osteoclast numbers (Binder et al, 2009). These opposite findings could be 

attributed to certain differences in the ways data was acquired. In this thesis, methods were 

limited to only whole-body BMD determination as opposed to pQCT and 
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immunohistomorphometry which are both extremely sensitive and much better measures of bone 

phenotype. Overall BMD studies as executed in this thesis may have missed a significant effect 

due to these gene knockouts. Furthermore, osteoclast cell counting is often quite subjective and 

given the relatively low difference detected in osteoclast numbers in CCR2 KO compared to wild 

type (<~40-45%), this could have been within the error of the number of repetitions used (N) or 

subjective cell counting. A such results are unclear and repetitions are obviously needed in order 

to concur with Binder et al, 2009. 

 

Lastly, by transcriptional and protein assays, it is shown that CCR2 is not expressed in 

the human or mouse osteoclast negating the possibility of MCP-1 interacting with the receptor in 

the osteoclast, but only its monocyte/macrophage precursors, that do express CCR2 which is 

supported by Binder et al, 2009. 

 

Collectively, the results attained in this chapter suggest that the MCP-1/CCR2 axis is 

redundant or not required in the mature osteoclast. Binder et al, 2009 however show that this 

signalling pathway is indeed important in osteoclast and bone homeostasis via macrophages 

(preosteoclasts) but not by mature osteoclasts. Further work may include analysing if MCP-1 can 

augment the dentritic fusion (IL4 or IFNγ) pathway. 
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5.1   INTRODUCTION________________________ 
 

 

The differentiation of bone cells either primary or of cell-line origins for the most part 

is the starting point of current in vitro bone research. Over the past decade, thousands of 

researchers in the bone community have published their methods whereby in general it can be 

concluded that osteoblasts, bone-forming cells, can be induced from precursor cells lines into 

mature mineralising osteoblasts in 15-16 days. On the other hand, osteoclasts, bone-resorbing 

cells, differentiate from monocyte/macrophage precursors on average in 5-7 days. An “over 2 

week wait” for differentiation of osteoblasts is a frustrating process and even though it is very 

rarely mentioned, the differentiation of osteoclasts in cell culture is highly variable, often 

dismal at the best and only yielding very impure osteoclast populations of low counts. 

 

Dimethylsulfoxide (DMSO), a polar solvent conventionally used for cryogenic 

preservation of cells. Its involvement in cell differentiation is not new and for almost 4 

decades, DMSO has been shown to differentiate erythroid cells from the Friend mouse 

erythroleukemia precursor cell line (Friend et al, 1971). Later HL-60 cells, another leukemia 

cell line but of human origin also positively responded to DMSO-induced differentiation but 

into myelocytes, metamyelocytes and neutrophils (Collins et al, 1978). Non-leukemia-type 

precursor cells also have been reported to differentiate in response to DMSO ultimately 

producing cells such as melanomas (Siracký et al, 1985), duodenal and colon 

adenocarcinomas (Joshi et al, 1985), cardiomyocytes (Edwards et al, 1983) and osteoblasts 

(Cheung et al, 2006). Though is mostly thought of an inducer of differentiation, it can also 

inhibit differentiation of certain cells such as adipocytes (Wang and Scott, 1993).  The exact 

mechanism by which DMSO initiates its effects on differentiation remains to be elucidated 

though there is evidence to suggest that that the PI3K pathway play a role (Zhaowei et al, 
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1995., Cataldi et al, 2000., & Naito et al, 2005) or that growth arrest and terminal 

differentiation of transformed cells by DMSO occurs by inhibition of histone deacetylases 

(HDACs) (Marks PA & Breslow R, 2007). 

 

 By investigating the mechanisms by which DMSO can induce differentiation, we 

noted that DMSO could accelerate and enhance the differentiation of both osteoblasts and 

osteoclasts and thus have established protocols using DMSO for (1) differentiating 

mineralising osteoblasts that express common osteoblast markers in 11 days as opposed to 16 

days normally needed by simply adding 0.55% DMSO to osteogenic media and (2) 

differentiating TRAP-positive osteoclasts that are capable of bone resorption in 48 hours as 

opposed to 5-7 days by supplementing RANKL-containing media with 0.35% DMSO.  

 

 

5.11   HYPOTHESIS________________________ 

DMSO can modulate the differentiation of osteoclasts 
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5.2    RESULTS_____________________________ 

 

5.2.1   DMSO IN THE OSTEOBLAST  

5.2.1.1 DMSO DOSE-DEPENDENTLY INCREASES OSTEOBLAST 

FORMATION 

Using the protocol described in the methods section, MC3T3 cells were treated with 

various concentrations of DMSO in osteogenic media for 10 days. To assess whether cells 

indeed were osteoblast-like in nature, MC3T3 cells were fixed and assayed for mineralisation 

and alkaline phosphatase (routine markers of osteoblasts). Mineralisation assessed by Von 

Kossa (data not shown) and alizarin red (Figure 5.1) showed a dose-dependent increase from 

0.05% to 0.55% DMSO but with a decline by 1% DMSO. Along the same lines, alkaline 

phosphatase staining/activity paralleled that of mineralisation (Figure 5.2). The results 

conferred that DMSO dose-dependently increased formation of cells that phenotypically 

resembled osteoblasts. From these results, it was established that concentrations of between 

0.55-0.8% could be used to super propagate osteoblast-like cells from MC3T3 cells.  

 

5.2.1.2    DMSO SUPER INDUCES OSTEOBLAST FUNCTION 

Of note was the early time point at which significant mineralisation occurred when 

treated with optimal concentrations of DMSO (0.55-0.8%). From this, it was decided that the 

lowest concentration for the maximum effect would be used to study the effects of DMSO in 

a time course fashion. Using 0.55% DMSO, a time course analysis showed that at 

approximately 11 days of DMSO treatment, mineralisation of MC3T3 cells in osteogenic 

conditions resembled that of control cells of at least 16 days, a significant effect (alizarin red 

quantitative stain, p = 0.001, Figure 5.3). Similarly, alkaline phosphatise activity was also 
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prematurely induced by addition of 0.55% DMSO, by days 5, DMSO-treated cells already 

possessed the same activity as day 7 control cells. Interestingly, even at the 3 week end point, 

control MC3T3 cells were unable to reach the mineralisation levels or alkaline phosphatase 

levels of DMSO-treated cells. Alkaline phosphatise activity and mineralisation were in 

essence doubled. This suggested that DMSO not only accelerates differentiation, but also 

increases function. 

 

(% DMSO)   0          0.05         0.15         0.25       0.35         0.55         0.8          1.0

Figure 5.1.  DMSO dose-
dependently increases 
osteoblast 
mineralisation. 
MC3T3 cells were 
exposed to several 
concentrations of DMSO 
for a period of 10 days in 
osteogenic media and then 
fixed for staining of Alizarin 
red stain (top) and 
quantitation by absorbance 
(bottom). Error bars 
represent standard errors 
from data of 3 independent 
experiments. 

Figure 5.2.  DMSO dose-
dependently increases 
alkaline phosphatase. 
MC3T3 cells for a period of 10 
days in osteogenic media were 
treated with various DMSO 
concentrations and then 
stained for alkaline 
phosphatase (top) and 
quantitation by absorbance 
(bottom). Error bars represent 
standard errors from data of 3 
independent experiments. 
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5.2.1.3    DMSO-TREATED OSTEOBLASTS REQUIRE OSTEOGENIC 

MEDIA AND EXPRESS COMMON OSTEOBLAST TRANSCRIPTS 

To establish if DMSO on its own could induce osteoblast differentiation, MC3T3 

cells were treated with DMSO alone. While cells treated with osteogenic medium +/- DMSO 

(positive controls) increased in alkaline phosphatase activities and mineralisation, DMSO-

only treated cells could not differentiate into osteoblast-like cells at any time point according 

to alkaline phosphatase activities and mineralisation which remained at basal levels (Figure 

5.3).  

Having established DMSO requires osteogenic medium in order to super-propagate 

the differentiation of osteoblast-like cells that exhibit osteoblast characteristics 

(ALP+ve/mineralisation), we set out to determine if DMSO-osteoblast-like cells also 

expressed the transcriptional osteoblast markers bone sialoprotein (BSP) and osteocalcin. 

Compared to MC3T3 cells in standard non-osteogenic medium, QPCR showed that in 

osteogenic controls (MZ), BSP and osteocalcin were upregulated in by 16 fold ± 5 SE and 4.2 

fold ± 1 SE respectively while DMSO-treated (0.55%) MC3T3 cells in osteogenic media 

further upregulated BSP and osteocalcin to folds of 80 ± 13 SE and 15 ± 3.1 SE. This showed 

that DMSO-osteoblast-like cells also express osteoblast transcriptional markers and that their 

increased expression correlates with accelerated differentiation of DMSO-osteoblast-like 

cells seen in Figure 5.3 (time course ALP/mineralisation assays).  
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Figure 5.3.  DMSO accelerates osteoblast formation and function. MC3T3-E1 cells were kept in 
standard non-osteogenic media plus 0.55% DMSO (DMSO only), in osteogenic media alone 
(Osteogenic) or osteogenic media plus 0.55% DMSO during the time points indicated. Both alkaline 
phosphatase activity and mineralisation rates and maximums were increased by DMSO in osteogenic 
media. 
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Figure 5.4.  DMSO treatment of osteogenic MC3T3-E1 cells possess common osteoblast 
markers. The transcripts of bone sialoprotein (BSP) and osteocalcin were quantified by QPCR from 
MC3T3-E1 that were grown for 12 days in standard media (NM; non-mineralising), osteogenic media 
(MZ; mineralising) and 0.55% DMSO in osteogenic media (+DMSO). BSP and osteocalcin were 
upregulated in by 16 fold ± 5 SE and 4.2 fold ± 1 SE respectively while DMSO-treated (0.55%) 
MC3T3 cells in osteogenic media additionally upregulated BSP and osteocalcin to folds of 80 ± 13 
SE and 15 ± 3.1 SE (p = <0.01 in all conditions).
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5.2.2    DMSO IN THE OSTEOCLAST     

5.2.2.1   DMSO DOSE-DEPENDENTLY ENHANCES RANKL-INDUCED 

OSTEOCLAST FORMATION 

To test the effects of DMSO on RANKL-mediated osteoclastogenesis, DMSO was 

examined in three different RANKL-treated osteoclast precursors:  

(1) Murine cell line – RAW264.7 monocyte-macrophages,  

(2) Murine primary cells – c57bl/6 bone marrow macrophages and, 

(3) Human primary cells – peripheral blood CD14+ve monocytes. 

 

To investigate the effects of DMSO on RANKL-treated RAW264.7, DMSO was 

added at concentrations of 0%, 0.000005%, 0.00005%, 0.0005%, 0.005%, 0.05%, 0.15%, 

0.25%, 0.35% and 0.55% 58 hours. Between 0% and 0.05% DMSO, the number of 

osteoclasts produced did not differ significantly to an average of 120 osteoclasts (one-way 

ANOVA, p >0.5). However, at 0.15% DMSO, there was a significant dose-dependent 

increase to 0.35% and 0.55% DMSO. At 0.15%, osteoclast generation equalled 280 ± 47 

osteoclasts. This effect was significantly different to 0% DMSO (p = 0.01 tested by LSD, 

tukey and bonforroni). At 0.25% DMSO, there was an increase to 485 ± 88 osteoclasts, an 

enhancement of 4 fold (p= 0.0006, N=3, tested by LSD, tukey and bonforroni). At 0.35% and 

0.55% DMSO, there was also a significant increase in osteoclast formation when compared 

to control with counts equal to 560 ± 89 and 509 ± 34 respectively (p = 0.005 and 0.006 

respectively, both N=3, tested by LSD, tukey and bonforroni). Concentrations over 0.55% 

DMSO were inhibitory to osteoclastogenesis (data not shown). The EC50 of DMSO in 

RANKL-treated RAW264-7 cells was integrated from the DMSO dose-curve in Figure 5.5 

and equalled 0.19%. 
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Having established that DMSO could significant potentiate osteoclastogenesis, 

DMSO, we studied whether DMSO could also increase osteoclast size and fusion. Using 

maximum cell width as data, control osteoclasts equalled 245 ± 14.5 µm. On the addition of  

0.35% DMSO, osteoclast maximum cell width increased to 628 ± 25.0 µm. This effect was 

highly significant (p = 5.8 x 10-12, Figure 5.6). Combined with an increase in cell size, DMSO 

also increased fusion. While non-DMSO-treated osteoclasts fused to cover 8.22 ± 2.5% of the 

culture well, osteoclasts treated with 0.35% DMSO fused to cover 94 ± 3.5% of the well. 

Compared to control, this effect was strongly significant (p = 3.83 x 10-5, Figure 5.6). 

 

To verify that DMSO was not an aberration of the RAW264.7 cell line, DMSO was 

added to c57bl/6 primary bone marrow macrophages treated with MCSF and RANKL. The 

addition of DMSO also significantly increased RANKL-induced osteoclastogenesis (Figure 

5.7). At 48 hours, the maximal effect occurred at a DMSO concentration of 0.35% showing a 

sizeable acceleration in osteoclast formation compared to MCSF + RANKL control. As the 

dose increased from 0.35% to 0.55%, DMSO, the number of osteoclasts decreased. At 

DMSO concentrations between 0.05% to 0.25%, more than 50% of osteoclasts had died at 58 

hours post RANKL addition while MCSF + RANKL controls, lagging behind in 

differentiation, reached their maximal point in osteoclast formation. NFATc1 expression used 

as an indicator of live osteoclasts portrayed this difference (Figure 5.9). The effect of DMSO 

to osteoclastogenesis was not limited to primary osteoclasts of murine species but was also 

found to enhance human osteoclastogenesis (Figure 5.8, CD14+ve monocytes treated with 

RANKL +/- DMSO). 
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Figure 5.5.  DMSO dose-dependently increases osteoclastogenesis in RAW264.7 
cells. Osteoclasts generated from RANKL-treated RAW264.7 cells significantly increased 
with greater concomitant DMSO addition. 
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Figure 5.7.  DMSO dose-dependently increases osteoclastogenesis in human CD14+ve monocytes. Human 
CD14+ve monocytes treated with RANKL reacted positively on addition of 0.15% DMSO. At 0.15% DMSO, 
osteoclasts were more numerous, were much larger while remaining TRAP+. 
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Figure 5.6. DMSO increases osteoclast cell width and fusion. (a) RAW264.7 cells treated 
with RANKL alone differentiated in cells with a maximum width of 245 ± 14.5 µm by 58 hours. 
In contrast, the addition of 0.35% significantly increased maximum osteoclast cell width to 628 
± 25.0 µm (p = 5.8 x 10-12). (b) The increase in cell width by DMSO treatment was 
accompanied by an increase in the area of fused cells in the culture well. While control cells 
covered a culture well area of 8.22 ± 2.5%, osteoclasts treated with 0.35% DMSO represented 
94 ± 3.5% of the culture well (p = 3.83 x 10-5). 
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Figure 5.8. DMSO dose-dependently increases osteoclastogenesis in c57bl/6 bone marrow 
macrophages. Osteoclasts generated bone marrow precursors of C57bl/6 mice treated with RANKL 
significantly increased in number with DMSO addition. The maximum visual increase in 
osteoclastogenesis was at 0.35% DMSO at 48 hours after both DMSO and RANKL addition. 
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5.2.2.2    DMSO OSTEOCLASTS EXPRESS COMMON OSTEOCLAST 

MARKERS  

To verify that osteoclasts derived from the treatment of DMSO were genuine 

osteoclasts and not artefactual foreign body giant cells, cells were assessed for common 

osteoclast markers at the transcriptional, protein levels and in addition osteoclast function 

was tested by quantitative resorption assays. In c57bl/6 bone marrow control osteoclasts 

(MCSF + RANKL), mRNA transcripts of osteoclast genes TRAP, CTSK, c-Src and NFATc1 

were induced in a time-dependent manner post RANKL addition controlled to MCSF-only 

treatments (TRAP >700 fold, CTSK 600 fold, c-Src 100 fold and NFATc1 15 fold 

respectively). This was paralleled in DMSO treatments except that at 58 hours, 10 hours after 

maximal osteoclast formation in these treatments and where more than 50% osteoclasts had 

died, NFATc1 was reduced also more than 50% (Figure 5.9). Despite the acceleration of 

osteoclast formation by DMSO, when osteoclasts were alive in DMSO treatments (i.e. 

between 0-48 hours), the temporal kinetics and expression of genes measured in DMSO 

treatments compared to controls did not differ significantly (p = <0.05).  

 

5.2.2.3    DMSO OSTEOCLASTS RESORB BONE 

To test if DMSO-osteoclasts were capable of resorption, DMSO-enhanced osteoclasts 

were differentiated from human CD14+ve cells on bone chips. The supernatant of these cells 

were assessed for TRAP activity, calcium concentration and CTX-1 release. The bone chips 

were also stained for pit scoring.  The first resorption parameter determined was TRAP 

activity. TRAP activity was determined by the ability of endogenous TRAP in supernatants to 

dephosphorylate p-nitrophenly phosphate into a compound whose absorbance is quantifiable 

by spectrophotometry at 405/650nm. In supernatants of CD14+ve cells treated with RANKL 

for 2 or 4 days, there was no visible change in TRAP activity. At 7 and 9 days, while 
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RANKL treatments did not produce more than MCSF-only controls, 0.25% DMSO 

treatments possessed greater TRAP activity, (p = <0.001). At 11 days, there was a significant 

trend for a DMSO dose-dependent increase in TRAP activity (r2 = 0.9346, p = <0.001). At 14 

days, the trend was lost and DMSO treatments between 0.1% to 0.25% did not differ 

significantly but were still more elevated than RANKL controls bordering on significance (p 

= 0.05). By 16 days, there was no difference between RANKL and DMSO treatments 

indicating that by this time, RANKL only treatments “caught up” to DMSO treatments in 

terms of TRAP activity.  

 

Calcium measurements showed a similar profile to that of TRAP activities, however, 

at no stage was a significant difference was found (Figure 5.11). Thus to specifically test if 

resorption had occurred with increasing amounts of DMSO, the CTX-1 assay was used. The 

controls used for this examination were MCSF only (negative control) and MCSF and 

RANKL (positive control). While at 9 and 11 days there was no detectable CTX-1 fragments 

found in MCSF controls, RANKL-only supernatants possessed 0.515 ± 0.275 ng/ml and 

5.415 ± 1.80 ng/ml CTX-1 respectively. On addition of 0.15% DMSO, this rose to 4.3925 ± 

3.3025 ng/ml and 10.6925 ± 2.4525 ng/ml respectively. However, these DMSO 

measurements were not significantly different to RANKL-only controls. In contrast, addition 

of 0.25% induced a significant increase in CTX-1 release over RANKL-only control (but not 

0.15% DMSO) yielding supernatant concentrations of 9.7775 ± 0.8475 ng/ml and 15.63 ± 

0.455 ng/ml respectively for 9 and 11 days of treatment (p < 0.01 and 0.03). 

 

In parallel, pit staining of bone chips was assayed at 16 days post RANKL addition. 

Since at TRAP activity at 16 days showed that there was no change between 0.1% - 0.25% 

DMSO treatments (Figure 5.10), 0.1% DMSO was used as the maximum concentration to 
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measure used for pit formation. MCSF-only control did not produce any meaningful pits, 

however the addition of RANKL produced numerous pits and showed convincing visual 

osteoclast migration.  

 

 

 

 

 

 

 

Figure 5.9.  DMSO-derived osteoclasts express common osteoclast transcripts. The transcript levels of c57bl/6 
bone marrow macrophages treated with MCSF only were used as a control to determine mRNA expression levels in 
treatments of RANKL ± DMSO. The expression levels are shown as a ratio of treatment levels over MCSF levels. TRAP, 
CTSK, c-Src and NFATc1, all osteoclast marker genes were upregulated in MCSF+RANKL (MR) treatments as expected 
in osteoclast cells. The addition of DMSO to MR did not significantly effect the expression nor the kinetics compared to 
MR control (measurements for each treatment at specific time points did not vary more than 2 fold, the error of QPCR 
measurement and p = >0.5). 
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Figure 5.10.  DMSO-derived osteoclasts possess TRAP activity. Using human CD14+ve precursors seeded on 
bone, osteoclasts treated with DMSO during differentiation were assayed for supernatant TRAP activity. Between 2-4 
days, there was no visible TRAP activity. At 7 days, while MR treatments did not produce more than MCSF-only 
controls, 0.25% DMSO treatments possessed greater TRAP activity. The greater TRAP activity by 0.25% DMSO 
carried on to the last measured time point of 16 days. At 11 days, there was a trend for a DMSO dose-dependent 
increase in TRAP activity and by 16 days, treatments between 0.1-0.25% DMSO seemed to have reached a saturation 
point while MR and 0.05% treatments possessed less, but still significantly more TRAP activity than MCSF-only 
control
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Figure 5.11.  DMSO-derived osteoclasts resorb bone – Ca2+ as a resorption marker. Human CD14+ve 
cells treated with DMSO during osteoclastogenesis and plated on bone were assayed for supernatant 
concentrations of calcium (Ca2+)    
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Figure 5.12.  DMSO-derived osteoclasts resorb bone – CTX-1 as a resorption marker. Human CD14+ve 
cells treated with DMSO during osteoclastogenesis and plated on bone were assayed for CTX-1 release in 
supernatants.    
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Figure 5.13.  DMSO-derived osteoclasts resorb bone – resorption pits as resorption markers. Bone 
slices used as a substrate for human CD14+ve cells treated with DMSO during osteoclastogenesis were 
analysed for pit formation after 16 days RANKL treatment. Since, calcium and TRAP assays (figures 10 and 
11) had shown that a 16 days of RANKL, there were no differences between 0.1-0.25% DMSO treatments, 
0.1% DMSO is shown here as the maximum concentration of DMSO used. At 2x, more than 90% of the bone 
chip is visible and is shown below. From the 2x photos, in MCSF-only control, no resorption pits were formed 
while in cells treated with RANKL, resorption pits were present. In addition to RANKL treatment, 0.05% DMSO, 
did not seem to differ to RANKL-only treatments. However, at 0.1% DMSO, visible increases in pit formation 
were seen. In addition, there was obvious osteoclast movement. 
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5.3    DISCUSSION__________________________ 

From 1971, DMSO was noted to induce the differentiation of the Friend mouse 

erythroleukemia precursor cell line into erythrocytes (Friend et al, 1971). In the decades that 

followed, DMSO was also shown to induce the differentiation numerous other cell types 

including myelocytes, metamyelocytes and neutrophils (from human leukemia HL-60 cells, 

Collins et al, 1978), cardiomyocytes (Edwards et al, 1983), intestinal adenocarcinoma cells 

(Joshi et al, 1985), melanoma cells (Siracký et al, 1985), osteoblasts (Cheung et al, 2006) but 

inhibit the differentiation of adipocytes (Wang and Scott, 1993). The exact mechanism by 

which DMSO operates is still undefined by it is known that other polar planar compounds 

such as hexamethylene bisacetamide (HMBA), particularly hypoxanthine and actinomycin-D, 

like DMSO, induce the differentiation of HL-60 cells (Collins et al, 1980). Furthermore, 

there is evidence to suggest DMSO operates by activating the central signalling PI3K 

pathway (Zhaowei et al, 1995., Cataldi et al, 2000., & Naito et al, 2005) or by inhibition of 

histone deacetylases (HDACs) (Marks PA & Breslow R, 2007).  

 

While trying to elucidate the differentiation mechanism exerted by DMSO, we noted 

that DMSO could enhance the differentiation of both osteoblasts and osteoclasts. Given the 

time it takes to differentiate osteoblasts and the low-yield osteoclast protocols available today 

we sort to define protocols to differentiate these bones cells rapidly and efficiently. Before 

establishing these protocols, we tested if DMSO did in fact genuinely enhance osteoblast and 

osteoclast differentiation and not into other cell types that appeared similar.  

 

To study DMSO-enhancement of osteoblast differentiation, MC3T3-E1 cells were 

used as preosteoblasts. Incremental concentrations of DMSO (0%-1%) saw that on its own, 

DMSO could not induce the differentiation of osteoblast-like cells but required osteogenic 
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media (ascorbic acid and beta glycerophosphate) (Figure 5.3). In osteogenic media, DMSO 

dose-dependently enhanced mineralisation with the maximum effect occurring at 0.55% and 

then quickly tapering by 0.8% (Figure 5.1). The effect of DMSO was similar on alkaline 

phosphatase activity (ALP) except that it was more efficient requiring only 0.35% DMSO for 

maximal alkaline phosphatase activity. These results showed 0.55% DMSO could be used to 

super-propagate the differentiation of MC3T3 cells into cells that possessed the same 

function (mineralisation) and phenotypic marker (ALP). As such, further experiments 

concerning osteoblast differentiation used 0.55% DMSO. Comparatively, we could not 

enhance the differentiation of osteoblast-like cells using 1% as previously reported by 

Cheung et al., (2006).   

 

To establish exactly how much faster DMSO could differentiate MC3T3-E1 cells into 

osteoblast-like cells, the differentiation kinetics of cells in osteogenic media, DMSO-treated 

cells in non-osteogenic media and DMSO-treated cells in osteogenic media were examined. 

As noted before, DMSO-treated cells were unable to differentiate into osteoblast-like cells 

when grown in non-osteogenic media. This showed that DMSO cannot induce the 

differentiation of osteoblast-like cells but is merely a significant enhancer. In contrast, both 

non-treated and DMSO-treated cells in osteogenic media time-dependently increased ALP 

activity and mineralisation (Figure 5.3). However in each treatment, there was a large 

difference between the rates and activities at which these events occurred. At day 5, ALP 

activity for DMSO-treated cells already equalled the maximal ALP activity of non-DMSO-

treated cells. This represented a 2-day gain in differentiation time. Furthermore, by day 21, 

the ALP activity in DMSO-treated cells was almost double that of non-treated cells. The ALP 

results were almost juxtaposed onto the mineralisation results but with a delay in kinetics. By 

day 16, non-treated MC3T3-E1 cells reached their maximal mineralisation. This level of 
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mineralisation was attained at only 11 days in the DMSO-treated cells representing a 5-day 

acceleration in differentiation. Comparing the extent of mineralisation at the same time 

points, DMSO-treated cells almost doubled the mineralisation levels of non-treated cells at 16 

days while at 21 days, DMSO-treated cells exhibited more than 2.4 times mineralisation. 

These results collectively showed that 0.55% DMSO not only accelerates differentiation, 

but also increases function of osteoblast-like cells.  

 

Although DMSO-treated MC3T3-E1 cells resembled osteoblast-like cells by virtue of 

their positive ALP activity and extensive mineralisation, we wanted to ascertain that these 

cells upregulated appropriate osteoblast transcripts. For this, the mRNAs of bone sialoprotein 

(BSP) and osteocalcin were quantified using QPCR. Using MC3T3-E1 treated for 12 days in 

osteogenic media, the latter genes were upregulated 16 fold ± 5 SE and 4.2 fold ± 1 SE 

respectively when controlled to cells in non-osteogenic media. In contrast, DMSO-treated 

MC3T3 cells in osteogenic media further upregulated BSP and osteocalcin to folds of 80 ± 13 

SE and 15 ± 3.1 SE. These results showed that DMSO-treated MC3T3-E1 cells also 

upregulated the common osteoblast markers at the transcriptional level further confirming 

that these cells were osteoblast-like in nature. The overall effect of DMSO on transcription of 

osteoblast-specific genes equalled ~ 4 fold which coincides with the increases in 

differentiation and function seen by ALP/mineral assays of DMSO treated cells.  

 

These results collectively drove to formulating a consistent and efficient protocol for 

rapidly differentiating MC3T3-E1 cells into osteoblast-like cells. This protocol simply 

requires the addition of 0.55% DMSO to osteogenic media which yields osteoblast-like cells 

in 11 days that are equivalent to fully mature (16-21 days) MC3T3-E1 cells in plain 

osteogenic media. 
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Next to formulate methods for fast-differentiating osteoclasts, DMSO was studied in 

the RAW264.7 murine monocyte/macrophage cell line and primary murine or human 

osteoclasts. Although not shown, in either osteoclast model, DMSO at any concentration 

cannot induce osteoclastogenesis without RANKL. Thus like in the osteoblast, DMSO is an 

enhancer of differentiation but not an inducer. 

 

In RAW264.7 cells, DMSO synergised with RANKL between concentrations of 0.15 

– 0.35% with an EC50 of 0.19% (Figure 5.5). Concentrations below or higher than these 

resulted in less osteoclast-like cell formation. At 0.25% DMSO, osteoclastogenesis was 

enhanced 4 fold (p = 0.0006) and at 0.35% enhanced 4.5 fold (p = 0.005). Not only were the 

number of osteoclast-like cells increased but also their size and the extent of fusion (Figure 

5.6). 0.35% DMSO more than doubled osteoclast-like cell size and raised the fusion process 

for osteoclast-like cells to become 94% confluent from otherwise less than 10% confluency 

of untreated osteoclasts. 

 

In primary murine and human osteoclasts, DMSO also enhanced osteoclastogenesis. 

Specifically, murine bone marrow macrophages treated with RANKL, like RAW264.7 cells, 

responded best to 0.35% DMSO (Figure 5.8) while human CD14+ve monocytes treated with 

RANKL differentiated most efficiently with 0.25% DMSO when plated on bone as measured 

by their CTX-1 release (Figure 5.12). Interestingly, we noted that if plated on plastic, these 

cells were more sensitive to DMSO and responded positively from 0.15% DMSO (Figure 

5.7). 

 

To assess if DMSO-treated osteoclast-like cells resembled genuine osteoclasts, we 

assessed common osteoclast markers, structural features and function. DMSO osteoclast-like 
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cells upregulated TRAP significantly (Figure 5.9) that was functional as measured by the 

TRAP stain (Figure 5.7) and TRAP activity within osteoclast supernatants (Figure 5.10). 

Osteoclast-like cells treated with DMSO were also large, multinucleated cells with a defined 

F-actin ring (Figure 5.8). The latter is an osteoclast-specific podosome structure required for 

cell adhesion, formation of the sealing zone and subsequent resorption. Transcriptionally, 

DMSO-treated osteoclast-like cells significantly upregulated CTSK, c-Src, NFATc1 on top of 

TRAP to levels that are within the norm of genuine osteoclasts (Figure 5.9). Lastly, DMSO-

treated osteoclast-like cells were able to resorb bone (Figure 5.13) and produce meaningful 

amounts of bone degradation product CTX-1 (Figure 5.12). The osteoclast is the sole bone-

resorbing cell and thus these results collectively support that DMSO-derived cells treated 

with RANKL appear phenotypically and functionally similar to genuine osteoclasts.   

 

Since it had previously been reported in other cell types that DMSO functions via the 

histone deacetylase (HDAC) inhibition (Marks PA & Breslow R, 2007), we researched if 

HDAC could modulate osteoclastogenesis. Indeed it HDACs can affect osteoclastogenesis, 

however, HDAC inhibition significantly suppresses osteoclast formation (Rahman et al 

2003); the opposite that would be expected if DMSO functioned via HDAC inhibition. 

Another pathway that DMSO has been shown to induce its differentiative effects is through 

the PI3K protein (Zhaowei et al, 1995., Cataldi et al, 2000., & Naito et al, 2005). Thus, using 

specific inhibitors for PI3K (LY294002) and other known osteoclast kinases p38 (SB203580) 

and MEK1/2 (U0126), we demonstrate that DMSO-enhancement of osteoclastogenesis can 

be blocked with both LY294002 and SB203580 (both p <0.001) but not U0126 indicating 

that DMSO targets directly PI3K and p38 or pathways below these signalling proteins but 

does not function through MEK1/2. 
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5.4   CONCLUSION ___________________________ 

The effect of DMSO on cell differentiation of many different types is not a new idea. 

From over 30 years ago to this day, many cell types have been shown to be responsive to 

DMSO. Though most of these cells were not of bone origin, one study showed that DMSO 

could induce the differentiation of osteoblasts. In our primary experiments while trying to 

elucidate mechanisms by which DMSO could induce its differentiative effects, it was also 

noted that DMSO affects osteoblasts but in addition to this, effects were found also on 

osteoclasts. The goal of this thesis chapter was thus to further characterise the effects of 

DMSO on osteoblasts and in the same context, apply this approach to osteoclasts. It was 

found that although DMSO could not induce differentiation of either osteoblasts or 

osteoclasts, it potently enhanced their differentiation when normal cultures were substituted 

with 0.55% and 0.35% DMSO respectively. DMSO-derived osteoblasts and osteoclasts 

possessed the necessary markers of form and function which exemplified that these cells 

were indeed genuine and not “artefactual-like” cells. The signalling cascade by which DMSO 

works remains to be understood. Nevertheless, enhancement of osteoblast and osteoclast 

formation occurs maybe through transcription factors (manuscript draft complete) and p38 

and PI3K pathways respectively. The collection of the results within this chapter have 

enabled the implementation of protocols in which osteoblast and osteoclast formation can be 

fast tracked.  
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6.1   RhoGTPases – An Introduction______________ 

 

6.1.1    THE RhoGTPase FAMILY  

 

The Ras proto-oncogene was the first oncogene discovered. It was independently 

described by two groups in 1982 as an oncogene of human bladder cancers (Parada et al, 

1982., Reddy et al, 1982., for review see Malumbres & Barbacid, 2003). Its potent link to 

oncogenesis prompted the search of other Ras-like proteins and in this search, five other 

family members were identified; Rab, Ral, Ran, Arf and Rho (the RhoGTPase family). 

Together with Ras, these six families make up the Ras superfamily of proteins (Figure 6.1, 

Aspenstrom et al, 2004., Wannerberg & J. Der, 2005). 

 

RhoGTPases, like other members of the Ras superfamily GTPases, are a family of 

well-characterised enzymes that harbour intrinsic activity for the nucleotide they specifically 

bind: GTP. The intrinsic GTPase activity hydrolyses GTP to GDP, which changes the activity 

of the RhoGTPase from active to inactive respectively (see section 1.2). RhoGTPases 

regulate functions varying from modulation of the actin filament system (cell motility, 

adhesion), cellular proliferation, gene transcription, differentiation and apoptosis. To date 

there are 22 human RhoGTPase proteins subdivided into 8 groups: CDC42 (CDC42, TC10, 

TCL, Chp Wrch-1), Rac (Rac1,2,3, RhoG), Rho (RhoA,B,C), Rnd (Rnd1,2,3), RhoD (RhoD 

and Rif), RhoH/TTF, RhoBTB (RhoBTB1,2,3) and Miro (Miro1,2) (Figure 6.1) 

(Aspenstrom et al, 2004).  
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Amongst the 20 RhoGTPases, most research over the past decade has focussed 

primarily on RhoA, Rac1 and CDC42 (Aspenstrom et al, 2004). Thus there remains a lot 

more to learn from the remaining less-studied GTPases which may possibly reveal novel 

“GTPase” functions and obviously aide in the understanding in these mysterious proteins. 

 

 

 

 

 

 

Figure 6.1. The RhoGTPases and other Ras-like families. The Ras superfamily consists of six subgroups; 
Rho, Arf, Ran, Rab, Ras and Ral. The Rho subgroup consists of 22 members further divided into 8 groups: 
Miro, Rnd, RhoD, Rho, CDC42, Rac, RhoBTB and RhoH/TTF. Figure adapted from Wennerberg and J. Der, 
2004. 
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6.1.2     REGULATION OF RhoGTPases 

 

The activity of the RhoGTPases is essentially that of an “on-off” basis. When coupled 

to GTP, RhoGTPases are active and adopt a conformation that allows them to interact with 

their effector proteins. In contrast, RhoGTPases are rendered inactive when they are bound to 

GDP. Thus in essence, the GTPases are modulated through the concentration of circulating 

GTP/GDP and their natural intrinsic GTPase activity (Aspenstrom et al, 2004; Wannerberg 

and J. Der, 2005). However, additional mechanisms of regulation exist, in particular by 

regulatory enzymes (Figure 6.2). Three families of RhoGTPase-regulatory enzymes have 

been identified: (1) Guanidine nucleotide exchange factors or simply GEFs, activate 

RhoGTPases by dislodging bound GDP for circulating GTP. There are 76 GEFs in the mouse 

which are subdivided into two families: (1) The Dbl (diffuse B cell lymphoma) domain 

family (65 members) which is responsible for binding to and activating its target GTPase and 

(2) the CZH family (11 members) (Brazier et al, 2006., for review see Cerione & Zheng, 

1996). (2) GTPase activating proteins (GAPs) stimulate the intrinsic GTPase activity of a 

RhoGTPase. The net effect is the hydrolysis of bound GTP to GDP thereby inactivating the 

RhoGTPase concerned. This is especially important for members with low intrinsic GTPase 

activity such as Arf (Donovan et al, 2002). RhoGAPs (GAPs specific for the RhoGTPase 

family) all contain a ~ 170 amino acid RhoGAP domain and perhaps the most well known of 

the RhoGAPs are BCR and p190RhoGAP (for review on GAPs see Donovan et al, 2002., & 

Lamarche & Hall, 1994). At this stage GAPs are mostly putative and most remain to be 

cloned (Brazier et al, 2006). (3) Guanidine nucleotide dissociation inhibitors (GDIs) are 

negative regulators of RhoGTPases that work by inhibiting nucleotide exchange. Thus in 

given time, RhoGTPases bound to GDIs flaunt their intrinsic GTPase capacity hydrolysing 

GTP  GDP and the GDI not permitting nucleotide exchange maintains the RhoGTPase in 

an inactive GDP-bound state. It is not until the GDI is released that the RhoGTPase may 
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become active again and in resting cells, RhoGTPases are thought to remain in this inactive 

complex coupled to RhoGDIs.  (Aspenstrom et al, 2004; Wannerberg and J. Der, 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Regulation of RhoGTPases 
by GEFs, GAPs and RhoGDIs. The 
RhoGTPase is activated by GEFs which 
exchange Rho-bound GDP for GTP. In 
contrast, GAPs inactivate the 
RhoGTPase by stimulating the intrinsic 
GTPase activity of the RhoGTPase 
concerned thereby hydrolysing GTP to 
GDP. RhoGDIs also inhibit RhoGTPases 
but by preventing nucleotide exchange 
therefore holding RhoGTPases in an 
inactive GDP form. When stimulated with 
the appropriate signal, RhoGDI releases 
the RhoGTPase which can then bind 
GTP and become active. Figure by 
Sebastien Stephens. 
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6.1.3    RhoGTPases IN THE OSTEOCLAST 

 

Of the RhoGTPase family, to this day only the Rho and Rac families have a 

demonstrated role in the osteoclast. The first report linking a member of the RhoGTPase 

family the osteoclast was by Zhang et al., (1995). They collectively studied RhoA,B,C by 

using the C3 exoenzyme. This enzyme is derived from the bacterium Clostridium botulinum 

which specifically ADP-ribosylates RhoA,B,C rendering them functionally inactive. On 

addition of C3 exoenzyme, they showed a dose-dependent inhibition of both the osteoclast F 

actin ring and bone resorption. They furthered their studies by revealing that RhoA was 

preferentially expressed in the osteoclast and that of the Rho family, it was most likely 

through RhoA that took part in regulating the osteoclast F actin ring. Four years later, the first 

study on Rac in the osteoclast was founded (Razzouk et al., 1999). Through the use of Rac 

antibodies, it was illustrated that Rac can modulate the F actin ring and resorptive activity of 

the osteoclast. The regulatory roles of RhoA and Rac in the osteoclast were confirmed by Ory 

et al in 2000 who showed that RhoA and Rac1 were necessary to maintain the F-actin. In 

addition, Chellaiah et al., (2000) demonstrated that RhoA is critical for osteoclast podosome 

organisation (and thus the F actin ring), osteoclast motility and bone resorption.  

 

Activation of the Rho subfamily of RhoGTPases has been reported via the vitronectin 

receptor (αvβ3). The vitronectin receptor co-localises with the F actin ring and is used by the 

osteoclast to anchor to bone. Amongst its many ligands, vitronectin receptor initiates the Rho 

activation sequence by binding to osteopontin (a common component of the bone matrix). 

Once bound, the Rho groups are activated and stimulate Rho kinase (ROKα) which in turn 

increases the surface expression of CD44 (a surface antigen). The net result is increased 

osteoclast motility and bone resorption (Figure 6.3, Chellaiah et al, 2003).  
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The latest studies into RhoGTPases unveiled that the manifestations of glucocorticoid 

bone loss occurs via the osteoclast and not the osteoblast. Treatment of mice with 

dexamethasone showed the usual increase in bone loss seen by glucocorticoid treatment. 

However, mice harbouring the osteoclast-specific glucocorticoid receptor knockout were 

protected from bone loss that would otherwise occur on dexamethasone treatment. The 

mechanism was shown to be via the inactivation of RhoA and Rac and the GEF Vav3 (Kim 

HJ et al., 2006). This also confirmed that on top of RhoA and Rac, the recently identified 

Vav3 (Faccio et al, 2005) was an important mediator of RhoGTPase signalling in the 

osteoclast.  

 

 

αvβ3 + 
osteopontin 

Rho 

ROKα 

Increased CD44 
expression 

Increased osteoclast 
motility and resorption 

Figure 6.3. Activation of Rho group GTPases via vitronectin. The vitronectin receptor, on 
binding to osteopontin, activates Rho group RhoGTPases. The latter activate Rho-dependent 
kinase ROKα to increase expression of CD44 on the cell surface. This activates osteoclast 
motility and resorption. Figure by Sebastien Stephens. 
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6.2 Hypotheses_______________________________ 

 

RhoGTPase members other than Rho and Rac are important for osteoclastogenesis 
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6.3  RESULTS_______________________________ 

 

6.3.1    TRANSCRIPTIONAL EXPRESSION OF THE 

RhoGTPase FAMILY DURING OSTEOCLASTOGENESIS 

   

To identify RhoGTPases dependent on RANKL in the osteoclast, primers were 

designed for each RhoGTPase and RAW264.7 cells were treated with RANKL for 3, 6 and 8 

days. At these time points, RNA was collected and QPCRs executed using non-treated 

RAW264.7 cells as control. When expressed as a ratio to GAPDH, the osteoclast markers 

TRAP and Src were significantly upregulated  by >300 fold and ~ 100 fold respectively 

(Figure 6.4). This validated that the cells used were osteoclastic in nature. Also expressed as a 

ratio to GAPDH, the RhoGTPases Rac2, RhoA, RhoG, RhoC, CDC42, Rac1, RhoB, Rnd2, 

and Rnd1 varied although varied within a maximum of 8 fold, were not found to be 

significantly different to controls. Moreover, RhoD, RhoH, Rac3, TCL and Rnd3 were not 

expressed. However, Rif, Chp, Wrch-1 and TC10 were all significantly (p <0.05) regulated 

by RANKL. Rif and Chp were both upregulated ~ 4 fold while TC10 was downregulated by 

about 5 fold but only at the 72 hour mark. The stand out gene was Wrch-1 which was induced 

more than 300 fold (2.5 logs). From these findings, it was decided to focus solely on Wrch-1 

and pursue its role in the osteoclast. 
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Figure 6.4. Transcriptional expression of RhoGTPases in the developing 
osteoclast. Using RAW264.7 cells as osteoclast precursors, RANKL was added and 
cultures stopped at the indicated time points where RhoGTPase expression was 
determined by QPCR. Src and TRAP were both upregulated (~100 fold and >300 fold 
respectively) confirming successful osteoclast formation. Of the RhoGTPases, Wrch-1 
was the highly upregulated at 2.5 logs or ~300 fold above control cells.  
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6.3.2    VERIFICATION THAT WRCH-1 IS RANKL-INDUCED 

IN PRIMARY OSTEOCLASTS 

 

RAW264.7 is a macrophage cell line derived from a tumour in a BALB/c mouse  

induced by the infection with the Abelson murine leukemia virus (MuLV) (Raschke et al, 

1978). As with many cell lines, aberrant gene expression is observed and thus any interesting 

gene, such as Wrch-1 in the preceding section, should be confirmed in primary cells. For 

example, P-selectin (SELP), a gene induced by RANKL in the RAW264.7 cell line by more 

than 2000 fold, is merely expressed by 4 fold in primary RANKL-treated bone marrow 

macrophages. Another example is RhoBTB1, expressed by 30 fold in the RAW264.7 cell line, 

but with no significant change in bone marrow macrophages by RANKL (SELP and 

RhoBTB1 observations by Stephens unpublished data).  

 

To verify the expression of Wrch-1 in primary cells, two different types of ex vivo 

primary osteoclast precursors were used: CD117+ bone marrow stem cells and bone marrow 

macrophages. Both the precursors were extracted from mice of the c57bl/6 background and 

treated with either MCSF only (control) or MCSF and RANKL. In CD117+ precursors 

treated for 6 days with RANKL, Wrch-1 was upregulated by 34.1 fold (Figure 6.5). In bone 

marrow macrophages treated with RANKL for 5 days, Wrch-1 was also upregulated, at 16.9 

fold compared to MCSF-only control. In both primary osteoclast models, the upregulation of 

Wrch-1 was significant (*p <0.05). As a control, the mRNA levels of the CDC42, a 

RhoGTPase closely related to Wrch-1, were also determined and found not to differ 

significantly due to RANKL. 
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Figure 6.5. Wrch-1 is upregulated in primary osteoclasts. Using CD117+ 
and bone marrow macrophages derived from c57bl/6 mice as primary cells, 
osteoclasts were differentiated using RANKL. Assessing the expression of 
Wrch-1 in CD117+ and bone marrow macrophages showed that Wrch-1 was 
upregulated by RANKL while CDC42, a closely-related RhoGTPase to Wrch-
1 did not change. *p <0.05 
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6.3.3    shRNA KNOCKDOWN OF WRCH-1 DURING 

OSTEOCLASTOGENESIS  

 

To verify the function of Wrch-1 during osteoclast formation, shRNA was designed, 

cloned into appropriate vectors and expressed by retroviruses into RAW264.7 cells treated 

with RANKL. Two shRNA constructs were used denoted Wr-1 and Wr-2. First, shRNAs 

were tested for functionality of knock-down against Wrch-1 in RAW264.7 cells. Both 

constructs significantly reduced the levels by over 80% of Wrch-1 mRNA when compared to 

shRNA luciferase control (Figure 6.6 B). Content that shRNA constructs were functional, the 

effect of these constructs on osteoclastogenesis were then analysed at the microscopic level. 

The silencing of Wrch-1 significantly reduced the formation of osteoclasts controlled to both 

luciferase shRNA treated cells and RANKL-control cells (Figures 6.6 C, D and E). The 

fusion indices due to Wr-1 and Wr-2 equalled 3 ± 1 and 4.1 ± 1.2 % respectively of total cells 

fused compared to shRNA luciferase control in which cells fused to 13.6 ± 1 %. This 

reduction total cell fusion was significant for both Wrch shRNA constructs (*p = <0.05, 

Figure 6.6 A).  
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Figure 6.6. Knock-down of Wrch-1 by shRNA.  (A) The total percent of cells fused, indicated 
by the fusion index studied in RANKL-exposed RAW264.7 treated with shRNA of luciferase 
(control) or the two shRNAs for Wrch-1 (Wr-1 and Wr-2) illustrated a significant reduction 
(*p<0.05) in cell fusion by the silencing of Wrch-1. (B) At the mRNA level, the knockdown of 
Wrch-1 was equal to more than 80% in comparison to luciferase controls. The white bars show 
RAW264.7 cells not treated with RANKL as base controls. Blacked-coloured bars represent 
repeats of the same shRNA treatments. (C, D, E ) RAW264.7 cells not treated with RANKL (base 
control) and lucifcerase shRNA-treated cells were both able to differentiate into osteoclasts while 
silencing Wrch-1 by shRNA Wr-1 caused significant reduction of osteoclast formation. 
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6.4 Discussion________________________________  

 
The RhoGTPase family consists of 22 members whose roles are diverse in many 

different cellular systems. In the osteoclast, both RhoA and Rac1 regulate the actin ring, yet 

most other members of the RhoGTPase family have not been studied. Accordingly, the aim 

of this project was to analyse all RhoGTPases at the mRNA level that were dependent on 

RANKL, and thus potentially important in the osteoclast. 

 

6.4.1  WRCH-1 IS STRONGLY INDUCED BY RANKL 

To determine whether RhoGTPases were dependent on RANKL, RAW264.7 cells 

were treated with or without RANKL for 3, 6 and 8 days. QPCR from these treatments 

revealed that RhoD, RhoH, Rac3, TCL and Rnd3 were not expressed in the osteoclast and 

therefore it is unlikely that GTPases play any role in the osteoclast. In contrast, the following 

RhoGTPases were expressed but not significantly regulated by RANKL; CDC42, Rac1, Rac2, 

RhoA, RhoB, RhoC, RhoG, Rnd1 and Rnd2. The nature of these GTPase proteins dictates 

that their function and effects in a cell like the osteoclast need not be regulated by a specific 

cytokine such as RANKL, but merely that these RhoGTPases just be present or expressed. 

After that, they can be regulated by the circulating GTP/GDP pool and by their regulators 

GEFs, GAPs and GDIs. To consolidate this point, there is already ample evidence showing 

that, Rac1 and RhoA regulate the osteoclast cytoskeleton (Zhang et al, 1995., Razzouk et al, 

1999., Ory et al, 2000., Chellaiah et al, 2000) yet both these GTPases are not regulated by 

RANKL as seen above. With this in mind, it is indeed possible that the aforementioned 

expressed GTPases could contribute functions in the osteoclast.  
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RhoGTPases that were both expressed and regulated by RANKL were 3 upregulated 

genes (Rif, Chp, Wrch-1) and 1 downregulated gene (TC10). Rif and Chp were upregulated 

by about 4 fold while TC10 was downregulated 5 fold by RANKL. Interestingly, TC10 was 

downregulated 18 fold in the RANKL microarray (gene #10 from Table 2.5 of chapter 2) 

which was 72-hour time point preparation and in the time course, TC10 was specifically 

downregulated at 72 hours then normalising back to basal levels (same as control). This 

suggests that TC10 could be “turned off” specifically at a time point during 

osteoclastogenesis.  

 

Of the 3 upregulated genes, Wrch-1 was the most induced. RANKL gave rise to levels 

of Wrch-1 mRNA that were more than 300 fold greater than control. This gene stood out 

considerably and suggested that it could play an important role in the osteoclast. Because of 

this, it was decided that further studies would concentrate solely on Wrch-1. To verify that 

Wrch-1 was not simply an artefact due to the RAW264.7 cell line, gene expression studies 

were carried out in CD117+ and bone marrow macrophage primary osteoclast precursors. In 

both precursor types, RANKL significantly induced Wrch-1 34 fold and almost 17 fold 

respectively confirming that this gene is highly upregulated by RANKL in genuine primary 

osteoclasts. The increases in Wrch-1 at the transcriptional level in three different osteoclast 

models prompted the study of this gene’s function or effects in the osteoclast. 

 

6.4.2  WRCH-1 REGULATES OSTEOCLASTOGENESIS 

To study whether Wrch-1 participated in the osteoclastogenesis, shRNAs for Wrch-1 

were successfully designed and tested for efficacy in the RAW264.7 cell line. Both shRNAs 

Wr-1 and Wr-2 were able to knock down Wrch-1 by more than 80% in RAW264.7 cells 

treated with RANKL (Figure 6.6). The effect of this knockdown almost completely abolished 
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osteoclast formation by either shRNA construct. The total number of cells fused (fusion index) 

in samples treated with shRNA luciferase control equalled 13.6 ± 1 %. In contrast, the fusion 

indices in RANKL-treated cultures exposed to Wr-1 and Wr-2 were both significantly 

reduced (3 ± 1% and 4.1 ± 1.2 % respectively, p<0.05. The reduction in the fusion index 

observed by Wr-1 and Wr-2 also corresponded with the visual appearance of reduced 

osteoclast formation (Figure 6.6). These results demonstrate that RANKL-induced Wrch-1 

regulates osteoclast formation and supports the hypothesis herein: there are RhoGTPases 

other Rac1 and RhoA that are important for osteoclastogenesis.  

 

6.4.3  WRCH-1 FUNCTION INFERRED FROM OTHER MODELS 

The mechanism by which Wrch-1 could regulate osteoclast formation was not 

investigated. However, its function can be inferred from other studies. Wrch-1, unlike other 

RhoGTPases has no detectable GTPase activity but extremely high intrinsic guanine 

nucleotide exchange activity (Saras et al, 2004., Shutes et al, 2004). This suggests that Wrch-

1 is in essence a natural “dominant active” remaining in a constitutively active GTP-bound 

state. In addition it implies that Wrch-1 does not really lend itself to regulation by GEFs, 

GAPs or GDIs but more so by its expression. Therefore the function of Wrch-1 is also 

directly related to its concentration of mRNA. The results attained in this thesis show that 

Wrch-1 is considerably upregulated by RANKL at the transcriptional level indicating that in 

the osteoclast, an increase in Wrch-1 function occurs. 

 

While putting together this thesis, others showed that GFP-tagged Wrch-1 colocalised 

to both podosomes in the osteoclast and focal adhesions in Hela cells (Ory et al, 2007). 

Podosomes are adhesion structures found in a limited number of cells such as osteoclasts and 

Src-transformed cells. However, focal adhesions, also used as adhesion structures are 
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expressed by most cells and like podosomes in osteoclasts, are used for cell motility. Ory and 

colleagues and another independent group showed that increasing the function of Wrch-1 

increased cell migration (by decreasing the number of focal adhesions) and that the silencing 

of Wrch-1 significantly decreased cell migration (increased focal adhesions) (Ory et al, 2007., 

Chuang et al, 2007). More specifically, Wrch-1 was recently shown to negatively regulate 

osteoclast precursor migration and adhesion leading to aggregation of cells proposed to be in 

part responsible for Wrch-1 dependent fusion (Brazier et al, 2009). This group also showed 

that overexpression of Wrch-1 in osteoclasts leads to inhibition of the podosome F actin ring 

but could not do so enough to prevent bone resorption. 
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6.5   CONCLUSION___________________________ 

The osteoclast is a multinucleated cell that forms from the fusion of mononuclear 

myeloid precursors. As the osteoclast participates in remodelling, it undergoes significant 

changes in its cell morphology and accordingly its cytoskeleton. Genes that are implicated in 

cytoskeletal regulation in almost cell types are those of the RhoGTPase family. It thus made 

sense for a link to exist between the RhoGTPases and the osteoclast. Indeed RhoA and Rac 

have already been implicated in regulating the osteoclast actin ring. Furthermore, mice 

carrying knock-outs of Vav3, an activator of RhoA, carried substantial defects in osteoclast 

activity and associated significant osteopetrosis in vivo. However there has never been a 

global analysis of the RhoGTPases in the osteoclast. In this investigation, the expression of 

all 22 RhoGTPases was determined in the osteoclast. Of these, Wrch-1 was upregulated 

specifically by RANKL more than 300 fold in RAW264.7 cells. To study the function of 

Wrch-1 in the osteoclast, shRNAs were constructed and showed that Wrch-1 positively 

regulated the formation of osteoclasts. Studies by Ory et al, 2007 and Brazier et al, 2009 have 

subsequently shown the importance of Wrch-1 in the osteoclast. This shows that a novel 

RhoGTPase participates in osteoclast differentiation. 
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7.1     RANKL-DEPENDENT GENES IN THE 

          OSTEOCLAST 

7.1.1     RANKL ARRAY HISTORY 

The microarray, oligoarray or gene array is a very powerful tool for determining the 

transcriptional expression of thousands of genes “in one shot” and companies such as Affymetrix 

offer for many species a complete genome-fishing tool. Many of the genes highly studied and 

used as osteoclast markers today exist as the result of gene array analysis on osteoclasts. For 

example, in 2002 NFATc1 was independently founded as the major osteoclast transcription 

factor by two groups and both by gene array (Ishida et al, 2002., Takayanagi et al., 2002). The 

osteoclast associated receptor, OSCAR was also identified in 2002 by gene array (Rho et al, 

2002) and CCL9 and CCR1 were confirmed to exist in the rat osteoclast (Yang et al, 2006). To 

date, there have been at least 10 gene array studies of osteoclasts across the human, mouse and 

rat species (Ishida et al, 2002., Takayanagi et al., 2002., Capellen et al, 2002., Lean et al, 2002., 

Rho et al, 2002., Day et al, 2004., Nomiyama et al, 2005., Yang et al, 2006., Fujikado et al, 

2006., and Yang et al, 2008). However, of the ~20000 genes found in a high-order mammalian 

genome, only very few so far have been attributed specifically to or at least found in important 

amounts in the osteoclast and this does not fit with the notion of such a highly specialised cell. In 

addition, the arrays already executed to study the osteoclast have not been especially consistent. 

For example, though both Ishida et al and Takayanagi et al described NFATc1 in 2002 by use of 

the Affymetrix array, Lean et al (2002) was unable to find NFATc1 expressed in the osteoclast, 

or at least failed to report it even though the array used for their experiment harboured 3 probes 

for NFATc1 and also was of Affymetrix origin. This opened the avenue for further large scale 

investigation of osteoclast genes. 

 

7.1.2     AFFYMETRIX ARRAY 

Affymetrix offer either 3’ expression arrays or whole transcript expression arrays. 3’ 

arrays focus on determining the expression of genes by targeting sequences of the gene of 

interest mostly within 500bp of the 3’ end of the gene of interest (personal communication, Dr 

Geoff Scopes, Affymetrix, UK). On the other hand, whole transcript arrays (also known as exon 
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arrays) target certain exons of a specific gene and thus not only gives an indication of transcript 

quantity of the gene probed (like the 3’ array), but also can identify single nucleotide 

polymorphisms, alternative splicing and so on. However for the sake of a simple general 

approach in determining the expression of the whole genome, the 3’ array is mostly used. 

 

7.1.2.1    AFFYMETRIX MOUSE GENOME 430 2.0 ARRAY 

To analyse the full mouse genome, Affymetrix provides the Mouse Genome 430 2.0 

Array. A total of 45,101 probe sets analyse the expression level of more than 39,000 transcripts 

(for certain genes, there are several probe sets) and variants from more than 34,000 well-

characterised mouse genes and UniGene clusters. The detection sensitivity of the probe sets on 

this array is 1:100,000 as stipulated by Affymetrix by detection of pre-labelled transcripts 

derived from murine cDNA clones. There are controls for every major preparative step. During 

labelling of sample RNA, Poly-A gene controls dap, lys, phe and thr are added to quantify the 

efficiency the RNA quality and labelling. During hybridisation, bioB, bioC, bioD and cre are 

incorporated which establishes the amount of non-specific hybridisation. For normalisation of 

array probe set placements, 100 normalisation probe sets are included. Finally, 5 house keeping 

genes are used to normalise one array sample to another. These housing keeps are GAPDH, beta-

Actin, transferrin receptor, pyruvate carboxylase and 18S (GeneChip® Mouse Genome 430 data 

sheet). 

 

7.1.2.2    THE AFFYMETRIX PROBE SET 

To assay gene expression in the order of many thousands, Affymetrix arrays use a “probe 

set” rather than a single oligonucleotide per gene/exon. Each probe set consists of multiple probe 

pairs (the exact number of pairs dependent on the array type chosen) to determine the expression 

of a single transcript. For example, in this investigation, the Mouse Genome 430 2.0 Array (a 3’ 

expression array) was used and consisted of 11 probe pairs (Figure 7.1). Each probe pair is made 

up of two 25-mer oligonucleotides, one that is 100% complementary to probed gene (known as 

the perfect match or PM) and the other identical to the PM except for a single nucleotide 

transversion (i.e. AT, GC or vive versa) of the central (13th) nucleotide (personal 

communication, Dr Geoff Scopes, Affymetrix, UK). The latter oligonucleotide is known as the 
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mismatch (MM) and the purpose of transversion is important to maintain that the melting 

temperature of the MM is identical to that of the PM. Thus the 11 PM-MM probe pairs of the 

Mouse Genome 430 2.0 array equate to twenty-two 25-mer oligonucleotides used to determine 

the expression of a single transcript (GeneChip® Expression Analysis, Data Analysis 

Fundamentals). 
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Figure 7.1. The Affymetrix probe set. The Affymetrix probe set is the physical quantifier of a single gene. 
Each probe set consists of multiple probe pairs that collectively target the same single gene. In the Mouse 
Genome 430 2.0 Array, each probe set contains 11 probe pairs as shown above. A probe pair is broken 
into two 25-mer oligonucleotides – one that perfectly matches the gene target (PM, shown in black) and 
the other which mismatches the gene target (MM). The MM, shown in blue, is identical to the PM, except 
for the transversion of the 13th nucleotide (AT, GC or vice versa) shown by the red M. For gene 
expression analysis, sample RNA is converted to biotinylated copy RNA which hybridises to PM and/or 
MM depending on complementarity. Following addition of streptavidin-phycoerythrin biotinylated anti-
streptavidin antibody, an intensity signal (measured by absorbance) proportional to the transcript quantity 
is generated. Differences in intensities between the PM and MM are compared, collated for each probe set 
and allocated for whether a transcript measured is statistically present, marginally present, or absent via 
the use of the Wilcoxon’s Signed Rank test. By default, genes with a p value of less than 0.05 are 
considered as present. 
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7.1.2.3  PERFECT-MISMATCH PAIR, A TOOL OF 

SPECIFICITY 

 

In the Mouse Genome 430 2.0 array, as mentioned before there are 11 PM-MM (perfect 

match-mismatch) pairs making up a single probe set.  The purpose of the PM-MM pair is not 

only to determine the expression of a transcript, but also the specificity of the probed transcript. It 

is in fact this specificity, of the Affymetrix probe-pair, that places the Affymetrix array one the 

best arrays on the market. The PM-MM pair determines specificity of a transcript by comparing 

the fluorescence intensity of the PM to the MM for each given probe pair. If a probe pair is 

specific to a transcript, then the fluorescence of the PM is far greater than that of the MM and 

vice versa. The difference in intensities of the PM and MM are mathematically compared and 

done so for the 11 probe pairs within each probe set. The results are pooled for the assignment of 

specificity by a vote or call. The 3 possible calls are present, marginal or absent and are 

determined according to the results of a probability allocated by the Wilcoxon’s Signed Rank test 

(Figure 7.2). The default probability cut-off points for a present call is <0.05. For a marginal call 

this is >0.05 to <0.065 and for absent calls, probabilities are greater than 0.065 (personal 

communication, Dr Geoff Scopes, Affymetrix, UK). These probability cut off points are user-

definable and can be fine-tuned to include a greater number of genes as present or marginal, but 

with an increase false positive outcomes. Additionally, an absent call may not necessarily denote 

that the probes used by Affymetrix were not specific, but that the transcript assayed was either 

not present or below the detection limits of the array. 
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Alpha1  0.05 

Alpha2  0.065 

 

 

7.1.2.4  ARRAY PREPARATION – BRIEF OUTLINE 

The most important concept to grasp about Affymetrix array preparation is that sample 

RNA is converted to an antisense biotinylated copy RNA which by nature of its biotin tag can be 

quantitated. More specifically, sample RNA used to detect gene expression in the 3’ Affymetrix 

array is first converted to complementary first strand cDNA using a T7-promoter-oligodT primer 

(5”3” direction, i.e. T7 is 5”). At the same time polyadenlyated genes from B. subtilis lys, phe, 

thr, and dap, are added to the reaction for use as poly-A RNA “spike-in” controls. These are 

added in specific “copy number” staggered dilutions in the order of 1:100000, 1:50000, 1:25000 

and 1:6667 respectively. Since these genes are not present in the eukaryote genome, they serve to 

monitor the first strand in vitro transcription synthesis and quality of sample RNA. Expected 

relative signal strength follows the order of lys < phe < thr < dap during final analysis 

(quantitation of genes). Following first strand synthesis of sample and spike-in controls, second 

strand cDNA synthesis takes place and produces a cDNA copy of the initial sense RNA. If 

starting RNA is low (11-100 ng), then this sense copy cDNA undergoes another round of cDNA 

synthesis. If starting RNA is in modest quantities (1-15 µg), then sense cDNA is directly 

PRESENT MARGINAL ABSENT 

Figure 7.2. Perfect match versus mismatch – transcript specificity. In the Mouse Genome 430 2.0 
Array, there are 11 perfect match-mismatch (PM-MM) pairs within a single probe set used the determine 
the expression of a single transcript. The purpose of the PM-MM pair is simple; determine specificity of the 
probed transcript. It determines transcript specificity by exploiting the expected difference in fluorescence 
intensity in the MM created by the single nucleotide difference compared to the PM. In the notion that the 
PM-MM probe pair perfectly targeted a transcript, and thus specific, the fluorescence generated by the PM 
would be far greater than that of the MM. In contrast, if the probe pair hybridised to a non-specific 
transcript, then the fluorescence intensities of the PM would not differ to than those of the MM. Statistically, 
the pooled differences of the 11 PM-MM probe pairs within a given probe set are determined by the 
Wilconxin Signed Rank test. Calls for present, marginal and absent probe sets are based on the probably 
calls of the Wilcoxin test and equal <0.05, >0.05 to <0.065 and >0.065 respectively. 
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converted to biotinylated antisense copy RNA (cRNA) by the use of biotinylated ribonucleotides 

and T7 RNA polymerase which binds the T7 promoter of the second strand sense cDNA (Figure 

7.3). Biotinylated cRNA is then washed and hybridised to the array and cRNA of genes bind 

oligonucleotide probes (if complementary) present on a glass matrix (the array). The addition of 

streptavidin-phycoerythrin biotinylated anti-streptavidin antibody (streptavidin, like avidin binds 

strongly to biotin) binds to hybridised cRNA and due to the red protein-phycoerythrin, absorbs 

light at 570 nm, which of the amount of light absorbed is directly proportional to the gene 

quantity. Special scanners such as the scanned by the GeneArray® Scanner or the GeneChip® 

Scanner 3000 are used for determining the signal strength of the thousands of probe sets present 

on Affymetrix arrays (GeneChip® Expression Analysis Technical Manual). 
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Figure 7.3. Affymetrix array preparation. Figure adapted from GeneChip® Expression Analysis Technical Manual
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7.2 Aims/Hypotheses____________________________ 

 

Hypothesis 1 

Many more genes than currently reported are specifically regulated by the osteoclast 

 

 

 

Hypothesis 2 

Monocytes/macrophages lose immune functions as they differentiate into osteoclasts 
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7.3  Results____________________________________ 
 

It total, 1370 genes were methodically fished as potential genes dependent on RANKL.  These 

genes were broken up into 12 categories according to their expression level; genes were 

considered highly expressed when they were present in excess of 800 fluorescence units, 

medium expressed when present between 80-799 and lowly expressed when present in less than 

80 fluorescence units. The expression cut-off points were not arbitrarily chosen, however were 

related to the fluorescence emitted by the osteoclast marker TRAP (̴ 8000 units in this array). 

Therefore genes that were highly expressed possessed an expression detected by the array that 

was at least larger than 1/10th of TRAP expression.  

 

The 12 categories were as follows: 

 

 

 

For simplicity, categories 1-7 are reported here individually but categories 7-9 and 10-12 

were tabulated together (Tables 7.7 and 7.8 respectively and also contained the top 20 found in 

other categories). For categories 2-6, a PubMed search was executed for each gene and its 

relation or potential relation to the osteoclast and/or bone was determined. The function of each 

gene in the osteoclast was, if possible, then inferred.  

 

 

 

 

(1) Known osteoclast genes or markers, 
(2) vATPase subunits and their accessory subunits in the osteoclast, 
(3) Top 20 genes highly expressed and highly upregulated by RANKL, 
(4) Top 20 genes turned on by RANKL, 
(5) Top 20 genes highly expressed in the macrophage and highly downregulated by RANKL, 
(6) Top 20 genes turned off by RANKL, 
(7) Genes highly expressed and upregulated by RANKL (excluding the top 20),
(8) Genes medium expressed and upregulated by RANKL,
(9) Genes medium expressed and upregulated by RANKL, 
(10) Genes highly expressed in the macrophage and downregulated by RANKL (excluding the top 20),
(11) Genes medium expressed in the macrophage and downregulated by RANKL,
(12) Genes lowly expressed in the macrophage and downregulated by RANKL
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Table 7.1. Known osteoclast genes or markers.  RAW264.7 cells treated with RANKL for 72 hours gave rise to expression of numerous known 
osteoclast genes. These genes’ expressions are noted here in fluorescence “counts” determined by Affymetrix and are ranked in order of their expression 
in the osteoclast (OC). Genes that could not be quantified in a sample were absent "A". The ratio of gene expression in the osteoclast of a particular gene 
is expressed as OC/MAC. The symbol "∞ ", infinity denotes that the fold ratio is theoretically equal to infinity (i.e. the expression of a gene “x” divided by 
zero, x/0 = infinity). Such a gene is the calcitonin receptor (CTR), which is only expressed on RANKL stimulation. QPCR verification of certain genes are 
represented in fold (MCSF+RANKL/MCSF-only) and were derived from c57bl/6 bone marrow macrophages mice with treated RANKL for 58.5 hours.  
     

Gene # Gene Full gene name Type of gene OC count MAC count OC/MAC Q-PCR Affy Position
1 TRAP Acid phosphatase 5, tartrate resistant Acid phosphatase 7990 A  1320 1431609_a_at
2 CTSK Cathepsin K Cysteine-type endopeptidase 7894 114 69.2 776 1450652_at
3 CCL9 Chemokine C-C ligand 9 Chemokine receptor 6864 1693 4.1 - 1448898_at
4 ATP6V0D2 ATPase, H+ transporting, lysosomal V0 subunit D2 V-ATPase vATPase 5179 33 157.7 - 1444176_at
5 ZFP216 Zinc finger protein 216 Zinc finger protein 4689 1234 3.8 - 1416085_s_at
6 JUNDM2 Jun dimerization protein 2 AP1-related transcription factor 4072 459 8.9 - 1450350_a_at
7 NFATC1 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 Transcription factor 4049 397 10.2 15.1 1417621_at
8 MMP9 Matrix metalloproteinase 9 Cysteine protease 3583 A  - 1416298_at
9 FOSL2 Fos-like antigen 2 AP1-related transcription factor 3553 273 13.0 - 1437247_at

10 CCR1 Chemokine C-C receptor 1 Chemokine receptor 2447 26 93.6 - 1419609_at
11 CLCN7 Chloride channel 7 Note: colocalises to ruffled border in OC Chloride channel 2274 243 9.3 - 1452702_at
12 CAR2 Carbonic anhydrase 2 Carbonic anhydrase 1996 434 4.6 - 1448752_at
13 OC STAMP Osteoclast stimulatory transmembrane protein Transmembrane protein 1713 A  - 1425386_at
14 DC STAMP Dendritic cell-specific transmembrane protein Transmembrane protein 1569 102 15.3 - 1431970_at
15 NHEDC2 Na+/h+ exchanger domain containing 2 Na+/H+ exchanger 1399 A  - 1439995_at
16 MST1R Macrophage stimulating 1 receptor c-met-related tyrosine kinase Receptor  1316 A  - 1420461_at
17 OSCAR  Osteoclast associated receptor Receptor 860 A  - 1451710_at
18 TGFBR1 Transforming growth factor, beta receptor I Receptor 704 26 27.3 - 1420894_at
19 C-MYC Myelocytomatosis oncogene Transcription factor 653 49 13.3 - 1424942_a_at
20 C-SRC Rous sarcoma oncogene Tyrosine kinase 644 A  228 1450918_s_at
21 CD200 Cd200 antigen Antigen 575 A  - 1448788_at
22 SLC6A4 Solute carrier family 6 member 4 Serotonin transporter 534 A  - 1417150_at
23 ITGAV Integrin Alpha V (alpha chain of VNR aka cd51) Integrin 401 36 11.3 - 1432296_a_at
24 WRCH1 Wnt responsive cdc42 homolog 1 RhoGTPase 315 A  154 1449028_at
25 ITGB3 Integrin beta 3 (beta chain of vnr aka cd61) Integrin 67 A  - 1455257_at
26 CTR Calcitonin receptor Membrane receptor 56 A   1418688_at
27 CCR5 Chemokine C-C receptor 5 Chemokine receptor 21 A  - 1424727_at
28 MAFB v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B Transcription factor A 648 0 - 1451716_at
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Table 7.2. vATPase subunits and their accessory subunits in the osteoclast 

 

 

 

 

 

 

 

 

 

 

Gene name Full gene name OC count MAC count OC/MAC Affy Position

Atp6ap1 ATPase, H+ transporting, lysosomal accessory protein 1 2551 1529 1.6688 1449622_s_at
Atp6ap2 ATPase, H+ transporting, lysosomal accessory protein 2 4754 1876 2.5339 1423662_at

Atp6v0a1 ATPase, H+ transporting, lysosomal V0 subunit A1 40 43 0.9167 1460650_at
Atp6v0a2 ATPase, H+ transporting, lysosomal V0 subunit A2 201 262 0.7654 1434791_at
Atp6v0a3 ATPase, H+ transporting, lysosomal V0 subunit A3 3073 970 3.1694 1420635_a_at
Atp6v0a4 ATPase, H+ transporting, lysosomal V0 subunit A4 5 7 0.7833 1422030_at
Atp6v0b ATPase, H+ transporting, lysosomal V0 subunit B 2319 1171 1.9797 1416769_s_at
Atp6v0c ATPase, H+ transporting, lysosomal V0 subunit C 8453 5163 1.6374 1416392_a_at
Atp6v0d1 ATPase, H+ transporting, lysosomal V0 subunit D1 1864 1553 1.2005 1415671_at
Atp6v0d2 ATPase, H+ transporting, lysosomal V0 subunit D2 5179 33 157.7167 1444176_at
Atp6v0e1 ATPase, H+ transporting, lysosomal V0 subunit E1 4000 1630 2.4543 1416328_a_at
Atp6v0e2 ATPase, H+ transporting, lysosomal V0 subunit E2 264 412 0.6412 1448211_at

Atp6v1a ATPase, H+ transporting, lysosomal V1 subunit A 6885 2554 2.6960 1450634_at
Atp6v1b1 ATPase, H+ transporting, lysosomal V1 subunit B1 11 11 0.9931 1419373_at
Atp6v1b2 ATPase, H+ transporting, lysosomal V1 subunit B2 6959 2310 3.0128 1415814_at
Atp6v1c1 ATPase, H+ transporting, lysosomal V1 subunit C1 5479 2550 2.1485 1419545_a_at
Atp6v1c2 ATPase, H+ transporting, lysosomal V1 subunit C2 3 11 0.2870 1430306_a_at
Atp6v1d ATPase, H+ transporting, lysosomal V1 subunit D 2533 353 7.1736 1416951_a_at
Atp6v1e1 ATPase, H+ transporting, lysosomal V1 subunit E1 145 68 2.1143 1449711_at
Atp6v1e2 ATPase, H+ transporting, lysosomal V1 subunit E2 58 54 1.0738 1450552_at
Atp6v1f ATPase, H+ transporting, lysosomal V1 subunit F 2756 1018 2.7068 1423993_at
Atp6v1g1 ATPase, H+ transporting, lysosomal V1 subunit G1 3650 1457 2.5063 1423256_a_at
Atp6v1g2 ATPase, H+ transporting, lysosomal V1 subunit G2 28 29 0.9507 1417799_at
Atp6v1g3 ATPase, H+ transporting, lysosomal V1 subunit G3
Atp6v1h ATPase, H+ transporting, lysosomal V1 subunit H 1924 872 2.2060 1415826_at
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No Affymetrix probes exist for this gene 

Yellow  =  known osteoclast vATPase gene 
           Red  =  vATPase gene absent in the osteoclast 
     Light violet  =  proposed osteoclast vATPase 
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Table 7.3. Top 20 genes highly expressed and highly upregulated by RANKL 

 

 

 

 

 

 

 

 

Gene # Gene Full gene name Type of gene OC count MAC count OC/MAC Affy Position
1 Prdm1 PR domain containing 1, with ZNF domain Immune 1113 20 55.1 1420425_at
2 Ndst1 N-deacetylase/N-sulfotransferase heparan glucosaminyl 1 Sulfotransferase 1885 59 32.0 1460436_at
3 Lnx1 Ligand of numb-protein X 1 Ubiquitin ligase 1031 33 31.3 1455825_s_at
4 Del1 Developmentally-regulated endothelial cell locus 1 protein Cell adhesion 1389 50 28.0 1433474_at
5 Scin Scinderin Cytoskeleton regulator 572 22 25.9 1450276_a_at
6 Eeig1 Early estrogen-induced gene 1 protein Estrogen-responsive 1300 60 21.5 1426893_at
7 Ifi202b Interferon activated gene 202B NFkB activator 3975 189 21.0 1457666_s_at
8 Xpr1 Xenotropic and polytropic retrovirus receptor 1 MLV receptor 1811 118 15.4 1450130_at
9 Slc37a2 Solute carrier family 37 glycerol-3-phosphate transporter, member 2 Sugar transporter 5762 437 13.2 1452492_a_at
10 Bhlhb2 Basic helix-loop-helix domain containing, class B2 Transcription factor 1918 166 11.6 1418025_at
11 Slc6a8 Solute carrier family 6 neurotransmitter transporter, creatine, member 8 Creatine transporter 2425 250 9.7 1448596_at
12 Myo1d Myosin ID Actin motor 1588 171 9.3 1435463_s_at
13 Tmem65 Transmembrane protein 65 Transmembrane protein 1455 164 8.9 1452942_at
14 Plxnd1 Plexin D1 Sema3E receptor 1736 201 8.6 1451475_at
15 Ndg2 Nur77 downstream gene 2 Unknown 2989 370 8.1 1436990_s_at
16 Hsd3b7 Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 7 Steroid oxidoreductase 1538 213 7.2 1416968_a_at
17 Prr13 Proline rich 13 Anti-apoptotic 2715 376 7.2 1423686_a_at
18 Tgm2 Transglutaminase 2, C polypeptide Cell motility/adhsion regulator 1589 229 6.9 1417500_a_at
19 IL-1ra Interleukin 1 receptor antagonist IL-1 antagonist 1793 287 6.3 1423017_a_at
20 Bcar3 Breast cancer anti-estrogen resistance 3 RhoGEF 2344 396 5.9 1415936_at
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Table 7.4. Top 20 genes turned on by RANKL 

 

 

 

 

 

 

 

Q-PCR
Gene # Gene Full gene name Type of gene Gene function OC count MAC count Affy Position (fold)

1 Serpinb6b Serine or cysteine peptidase inhibitor, clade B, member 6b Unknown Unknown 1205.6 A 1422804_at
2 Pde4dip Phosphodiesterase 4D interacting protein myomegalin Structural protein Localises components to golgi/centrosome region 949.2 A 1417626_at
3 Apbb1 Amyloid beta A4 precursor protein-binding, family B, member 1 Adaptor protein Various (depending on what protein it binds) 718.5 A 1423893_x_at
4 Trp53inp2 Transformation-related protein 53 inducible nuclear protein 2 p53-induced Apoptosis (inferred) 701.4 A 1452646_at
5 Adrbk2 Adrenergic receptor kinase, beta 2 GPCR kinase GPCR receptor desensitization 681.2 A 1434450_s_at
6 Cabc1 Chaperone, ABC1 activity of bc1 complex like S. Pombe Protein kinase (putative) Ubiquinone synthesis/apoptosis 667.1 A 1417066_at
7 Acy1 Aminoacylase 1 Aminoacylase Amino acid deacetylation 625.4 A 1419173_at
8 Nckap1  NCK-associated protein 1 Adaptor protein +ve/-ve regulator of actin nucleation 625.0 A 1452196_a_at
9 Hbegf Heparin-binding EGF-like growth factor EGF-family ligand +ve proliferation mesenchymal stem cells 608.4 A 1418350_at
10 SELP Selectin platelet Antigen Cell adhesion/recruitment 593.1 A 1420558_at 2100
11 Akap6 A kinase PRKA anchor protein 6 PKA anchor NFATc activation 560.9 A 1440859_at
12 Col27a1 Collagen, type XXVII, alpha 1 Collagen Transition of cartilage to bone 485.4 A 1453191_at
13 Cpe Carboxypeptidase E Exopeptidase Processes prohormones to their mature form 459.6 A 1415949_at
14 Nkain1 Na+/K+ transporting atpase interacting 1 Membrane protein Activates Na+/K+ ATPase 398.0 A 1449553_at
15 Slc45a3 Solute carrier family 45, member 3 Membrane protein Unknown (used as a prostate marker) 392.2 A 1426663_s_at
16 Akr1c18 Aldo-keto reductase family 1, member C18 Aldo-keto reductase Sex steroid conversion 372.8 A 1419136_at
17 Itgb7 Integrin beta 7 Integrin Cell adhesion 366.9 A 1418741_at
18 Galnt6 Galactosamine N-acetylgalactosaminyltransferase 6 Transferase Mucin-type O-linked protein glycosylation 333.1 A 1427424_at
19 Flnc Filamin C Filamin Cross-link/stabilise actin filaments 326.5 A 1449073_at
20 Cyp2s1 Cytochrome P450, family 2, subfamily s, polypeptide 1 Cytochrome P450 Metabolism/detoxification 325.5 A 1428283_at
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Table 7.5. Top 20 genes highly expressed in the macrophage and highly downregulated by RANKL 

 

 

 

 

 

 

 

Gene # Gene Full gene name Type of gene Gene function OC count MAC count OC/MAC Affy Position
1 Igf1 Insulin-like growth factor 1 Growth factor Growth 83 4146 -50.0 1452014_a_at
2 Cx3cr1 Chemokine CX3C receptor 1 Chemokine receptor Chemotaxis 111 4008 -36.2 1450020_at

3 Igfbp4 Insulin-like growth factor binding protein 4 IGF1 regulator Growth 65 2176 -33.5 1423756_s_at
4 Cybb Cytochrome b-245, beta polypeptide Subunit of NADPH oxidase ROS generation 139 3709 -26.6 1436778_at
5 C5ar1 Complement component 5a receptor 1 Membrane receptor Complement cascade 32 835 -26.4 1439902_at
6 Alox5ap Arachidonate 5-lipoxygenase activating protein Membrane protein Leukotriene synthesis 92 2100 -22.8 1452016_at
7 Ms4a6d Membrane-spanning 4-domains, subfamily a, member 6d Cell surface receptor B cell differentiation 70 1452 -20.6 1419598_at
8 Dab2 Disabled homolog 2 drosophila Apaptor protein Endocytosis 173 3369 -19.4 1420498_a_at
9 Fads2 Fatty acid desaturase 2 Fatty acid desaturase Introducion of c=c bonds in saturated FAs 79 1422 -18.1 1419031_at
10 Rhoq Ras homolog gene family, member q RhoGTPase Cytoskeletal rearrangments 96 1718 -18.0 1427918_a_at
11 Pid1 Phosphotyrosine interaction domain containing 1 Cytoplasmic protein Cell proliferation 297 4953 -16.7 1436999_at
12 Cd36 CD36 antigen Antigen Phagocytosis 208 3439 -16.5 1423166_at
13 Pld4 Phospholipase d family, member 4 Unknown Unknown 100 1597 -16.0 1433678_at
14 Gpr84 G protein-coupled receptor 84 Macrophage receptor Inflammation 85 1354 -15.9 1420591_at
15 Clec4d C-type lectin domain family 4, member d Monocytye/Mac receptor Endocytosis 254 3935 -15.5 1420804_s_at
16 Dck Deoxycytidine kinase Kinase Nucleotide synthesis 146 1851 -12.7 1439012_a_at
17 Cd14 CD14 antigen Antigen Innate immune system 668 7550 -11.3 1417268_at
18 Tlr2 Toll-like receptor 2 Monocyte/Mac Receptor Innate immune system 257 2784 -10.8 1419132_at
19 Lyz2 Lysozyme 2 Immune enzyme Lyses bacterial cell wall 1015 9305 -9.2 1423547_at
20 Lyz1 Lysozyme 1 Immune enzyme Lyses bacterial cell wall 1302 11544 -8.9 1439426_x_at
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Table 7.6. Top 20 genes turned off by RANKL 

 

 

 

 

 

Gene # Gene Full gene name Type of gene Gene function OC count MAC count Affy Position
1 P2ry6 Pyrimidinergic receptor P2Y, G-protein coupled, 6 GPCR UDP-dependent inflammation A 1273 1425214_at
2 Igh-6 Immunoglobulin heavy chain 6 Heavy chain of IgM B-cell differentiation A 1137 1427351_s_at
3 Tlr7 Toll-like receptor 7 Toll-like receptor Activator of innate immune system A 877 1422010_at
4 Stap1 Signal transducing adaptor family member 1 Adaptor protein Monocyte differentiation A 835 1421098_at
5 Tlr13 Toll-like receptor 13 Toll-like receptor Unknown A 746 1457753_at
6 Fli1 Friend leukemia integration 1 Transcription factor Lymphocyte development A 673 1433512_at
7 Il1rl1 Interleukin 1 receptor-like 1 Receptor Inflammation A 587 1425145_at
8 Rnase4 Ribonuclease, RNase A family 4 RNase Cleaves RNA A 579 1422603_at
9 Ryk Receptor-like tyrosine kinase Wnt receptor Activation of canonical Wnt pathway A 542 1451789_a_at
10 Tnfsf9 Tumor necrosis factor ligand superfamily member 9 Ligand Dentritic cell maturation A 524 1422924_at
11 Timeless Timeless homolog (Drosophila) Protein binder Embryonic development A 520 1417586_at
12 Ifi27 Interferon, alpha-inducible protein 27 Inflammatory protein Inflammation A 519 1426278_at
13 Blm Bloom syndrome homolog (human) DNA helicase Maintenance of genomic integrity A 510 1448953_at
14 Slc2a6 Solute carrier family 2 member a6 Solute carrier Glucose uptake A 504 1434015_at
15 Fcgr1 Fc receptor, IgG, high affinity I IgG Receptor Immune activation A 481 1417876_at
16 Rbmx RNA binding motif protein, X chromosome RNA-binding protein Various A 478 1416354_at
17 Sgol1 shugoshin-like 1 (S. pombe) Structural protein Maintaining paired centrioles together in mitosis A 470 1418919_at
18 Fgd2 FYVE, RhoGEF and PH domain containing 2 RhoGEF Cytoskeletal reorganisation A 470 1419515_at
19 Oas3 2'-5' oligoadenylate synthetase 3 dsRNA binding protein Innate antiviral response (degrades viral/cellular RNA) A 469 1425374_at
20 Med22 mediator complex subunit 22 Unknown Unknown A 461 1421528_a_at
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7.4 Discussion___________________________ 

7.4.1  KNOWN OSTEOCLAST GENES 

 

The osteoclast is regarded as the sole bone-resorbing cell and is the basis for much research 

concerning bone-related disorders. Many genes have already been associated to either osteoclast 

differentiation and/or function. In a bid to identify osteoclast genes on a large scale, this project 

utilised the Affymetrix Mouse 430 2.0 array which probes the full mouse genome. RNA for the 

Affymetrix array was derived from RAW264.7 cells treated with or without RANKL for 72 

hours. In this array, 28 known osteoclast genes were identified and qualified that the RNA and 

gene array used were successful in identifying osteoclast genes.  

 

Many of the osteoclast genes indentified herein have been extensively studied before and shown 

to be upregulated such as the proteases TRAP, CTSK, MMP9; the proteins responsible for pH 

control (acidification of the resorption lacunae and pH homeostasis of the osteoclast) 

ATP6V0D2, CAR2, CLCN7; chemokine receptors and ligands CCL9, CCR1, CCR5; 

transcription factors, FOSL2, JUNDM2, C-MYC, NFATC1, C-SRC, adhesion proteins, 

ITGAV (α chain of vitronectin receptor), ITGB3 (β chain of vitronectin receptor) and receptors 

DC STAMP, TGFBR1, CTR, OSCAR. On the other hand, many of the previously identified 

osteoclast genes revealed herein are rather novel or less studied genes: OC STAMP (osteoclast 

stimulatory transmembrane protein) identified in May this year (2008) is a positively-regulating 

osteoclastogenic protein with similarity to DC STAMP (Yang et al, 2008), ZFP216 (Zinc finger 

protein 216) which interestingly is upregulated by RANKL but potently inhibits 

osteoclastogenesis (Hishiya et al, 2005), NHEDC2 which forms a member of the ubiquitously 

expressed sodium hydrogen exchanger (NHE) proteins (exchange 1 Na+ for 1 H+ ion) which play 

a major role in controlling the intracellular pH of nearly all animal cells (Giannakou & Dow, 

2001). In the osteoclast, NHEDC2 was only just reported as a gene required for OC 

differentiation and survival (Lee et al, 2008). MST1R (aka RON or STK) is a tyrosine kinase 

receptor that is part of the hepatocyte growth factor (HGF) receptor family. MSTR1 can 

stimulate osteoclast activity but not proliferation (Kurihara et al, 1998). CD200 was shown as a 

positive regulator of osteoclast formation (via binding its receptor CD200R) both in vitro and in 
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vivo (CD200-/- mice possess increased bone mass) (Cui et al, 2007). SLC6A4 (solute carrier 

6A4) also known as 5HTT, HTT, OCD1, SERT, hSERT is a serotonin transporter. It functions as 

an integral membrane protein that transports serotonin from synaptic spaces into presynaptic 

neurons. In the osteoclast, SLC64A binds to serotonin (5HT) and potentiates differentiation 

(Battaglino et al, 2004). WRCH1 is a small GTPase that positively regulates osteoclastogenesis 

as described in chapter 2 of this thesis. Finally, MAFB (v-maf musculoaponeurotic fibrosarcoma 

oncogene family, protein B) is a gene that is significantly downregulated by RANKL. The 

overexpression of MAFB in bone marrow macrophages treated with RANKL significantly 

inhibits osteoclast formation by inhibiting DNA-binding ability of c-Fos, Mitf, and NFATc1 

(Kim K et al, 2007). 
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7.4.2  vATPases 

The osteoclast vATPase is a multi-subunit protein proton pump required for acidification of the 

resorption lacunae. The subunits are categorised into Vo and V1 groups depending on whether 

they are intramembranous or extracellular respectively. The acidic environment created by the 

vATPase pump is mandatory for resorption to take place proving an especially important role of 

the vATPase pump in the osteoclast (for review, refer to Xu et al, 2007). In the context of this 

role, targeted deletion of the a3 vATPase subunit in mice (upregulated by RANKL in this array, 

Table 7.2) leads to the loss of extracellular acidification by osteoclasts with a concomitant 

osteopetrotic phenotype (Li et al, 1999). Targeted deletion of another vATPase subunit, 

ATP6VoD2, also leads to osteopetrosis but not by inhibiting vATPase activity but by inhibiting 

osteoclast fusion showing that the vATPase plays a role in more than acidification (Lee et al, 

2006).  

 

There is no doubt that the vATPase plays an important role in the osteoclast and that it forms a 

potential pharmaceutical target for treatment of osteoclast-related disorders, however, there are 

no reports to date indicating the expression of the all vATPase subunits found in the osteoclast. 

Here, the global expression of vATPase subunits is reported in Table 7.2. In this table, it can be 

seen that there was concurrence of the two aforementioned subunits that have already been 

described in the osteoclast – a3 subunit and the ATP6VoD2 subunit. The D2 subunit was highly 

expressed and upregulated by RANKL (158 fold) while the a3 subunit, only modestly 

upregulated by 3 fold, was highly expressed in the osteoclast (the mRNA quantity almost 1/3 of 

TRAP). Three subunits were found not to be expressed in the osteoclast or the macrophage 

(Atp6v0a4, Atp6v1b1 and Atp6v1c2). On the other hand 17 subunits were found to be expressed 

in the osteoclast and the macrophage, 10 subunits (Atp6v0b, Atp6v0c, Atp6v0d1, Atp6v0e1, 

Atp6v1a, Atp6v1b2 Atp6v1c1, Atp6v1f, Atp6v1g1 and Atp6v1h) were highly expressed and 6 

subunits (Atp6v0a1, Atp6v0a2, Atp6v0e2, Atp6v1e1, Atp6v1e2 and Atp6v1g2) were lowly 

expressed by both the osteoclast and macrophage. In addition, Atp6ap1 and Atp6ap2, both 

vATPase accessory subunits whose association to the vATPase is established were also highly 

expressed in both the osteoclast and macrophage.  
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Of the 19 newly identified vATPase genes expressed in the osteoclast, only one (Atp6v1b2) has 

been localised to the osteoclast membrane but still with no allocated function (Lee et al, 1996). 

All others (Atp6v0a1, Atp6v0a2, Atp6v0b, Atp6v0c, Atp6v0d1, Atp6v0e1, Atp6v0e2, Atp6v1a, 

Atp6v1b2 Atp6v1c1, Atp6v1e1, Atp6v1e2, Atp6v1f, Atp6v1g1, Atp6v1g2 and Atp6v1h) have 

not been linked to the osteoclast opening up many potential genes that could partake in the 

function of the osteoclast vATPase proton pump. In particular, Atp6v1d was specifically 

upregulated by RANKL (7.2 fold) revealing a potential osteoclast-biased vATPase gene. 

 

Together, the analysis of the expression of the vATPase subunits in the osteoclast has revealed 

that indeed many subunits other than a3 and D2 are expressed by the osteoclast. All these genes 

form novel genes for study of the vATPase function in the osteoclast with particular emphasis on 

Atp6v1d which was increased more than 7 fold on RANKL stimulation. 
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7.4.3   TOP 20 GENES HIGHLY EXPRESSED AND 

UPREGULATED BY RANKL 

 

The first 20 genes chosen in order of both highly expressed in the osteoclast and upregulated by 

RANKL are classified into Table 7.3. These genes can be thought of as gain-of-function genes 

(i.e. genes gained by the osteoclast for differentiation and/or function). 

 

Gene #1 - Prdm1 (PR domain containing 1, with ZNF domain) is an immune gene upregulated 

55.1 fold by RANKL has not yet been linked to bone. Though the function of Prdm1 is far from 

fully revealed, it is known that is a transcriptional repressor* that binds the GAAAG sequence 

(Kuo et al, 2004) and that under the control of Vav proteins, it initiates the differentiation of 

activated B cells into plasma cells (Ig-producing cells) (Stephenson et al, 2006). It is known that 

Vav3, a Vav protein member, is required for osteoclast actin cytoskeleton organisation, 

polarisation, spreading and resorptive activity by signalling downstream of the MCSF receptor 

and αvβ3 integrin (Faccio et al, 2005). This exposes a potential link between the highly 

expressed RANKL regulated Prdm1 and Vav which plays an active role in the osteoclast as 

proposed below.  

 

MCSF 

c-FMS Vav3

αvβ3 

RANKL 

Rac

Prdm1

Cytoskeletal 
rearrangements

?

Figure 7.4. Proposed regulation of Vav3 of Prdm1 in the osteoclast. Prdm1 is upregulated by 

RANKL as is αvβ3. Both αvβ3 and MCSF can activate Vav3 via the MCSF receptor (c-FMS) which 

controls cytoskeletal organisation via Rac. Vav proteins have been shown to activate Prdm1; here it is 

proposed that Vav3 regulates Prdm1 in the osteoclast to a yet-to-be characterised function. 

*Transcriptional repressors are proteins that bind to specific sites on DNA and prevent transcription of nearby genes 

(http://www.sci.sdsu.edu/~smaloy/MicrobialGenetics/topics/regulation/repressors.html) 
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Gene #2 - Ndst1 (N-deacetylase/N-sulfotransferase heparan glucosaminyl 1) catalyses the 

biosynthesis of heparan sulphate (Hu et al, 2007). Heparan sulphate is a polysaccharide that 

interacts with protein ligands (both cell surface and extracellular matrix proteins) to form 

“heparan sulphate proteoglycans” that regulate embryonic development and adult physiology. 

During polymerisation of monosaccharides into a heparan sulphate chain, the first modification 

enzyme is Ndst1, which introduces N-sulphate groups into the growing polymer (Presto et al, 

2006).  Ndst1 has no reported role in the osteoclast. However, herein it is upregulated by 

RANKL 32 fold. Furthermore, Ndst1 has been linked to the development of the skull (Pallerla et 

al, 2007) and Ndst-1-/- mice suffer from delayed endochondrial bone formation, a process 

thought to be by negative modulation of BMP and its downstream PTHrP signalling (Hu et al, 

2007). Ndst1-derived heparan sulphate proteoglycans are also essential for growth activity of 

multiple myeloma cells (via EGF-family ligands) (Mahtouk et al, 2006). The actions of Ndst1 on 

bone may thus occur via the osteoclast where is it highly expressed and upregulated by RANKL. 

In addition, osteoclasts may induce myeloma cell growth via Ndst1 via production of heparan 

sulphate proteoglycans in the extracellular matrix. Ndst1 is thus a strong putative osteoclast 

gene. 

 

Gene #3 – Lnx1 (Ligand of numb-protein X 1), functions as an E3 ubiquitin ligase. E3 ubiquitin 

ligases or simply ubiquitin ligases, are proteins that covalently bind ubiquitin residues to lysine 

amino acids of a target protein via an isopeptide bond. Sequential addition of ubiquitin to the 

same lysine residue (polyubiquitination) marks proteins for degradation by the proteasome. (Nie 

et al, 2002). Mono-ubiquitination, rather than marking proteins for degradation, has a cell-

regulatory role by interacting with proteins that harbour ubiquitin-binding domains (Raiborg et 

al, 2006).  

 

Lnx1 is not yet linked to the osteoclast. However herein Lnx1 is upregulated 31.3 fold by 

RANKL. In addition, Lnx1 has been shown to interact with c-Src, a tyrosine kinase required for 

podosome and actin-ring formation in the osteoclast. The C-terminus of c-Src is a ligand for PDZ 

domains, and as such Lnx1 binds to c-Src via multiple PDZ domains. Furthermore, c-Src 

phosphorylates Lnx1 and Lnx1 ubiquitinates c-Src showing a definite association of Lnx1 with 

c-Src (Weiss et al, 2007). In the osteoclast, where c-Src plays such an important role in 
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controlling actin dynamics by phosphorylating multiple proteins, Lnx1 could be another one of 

these c-Src target proteins. 

 

Gene #4 – Del1 (Developmentally-regulated endothelial cell locus 1 protein) is a novel 

extracellular matrix protein (Hidai et al, 1998) that is not linked to bone or the osteoclast. 

However, here, Del1 is upregulated 28 fold by RANKL. By others, it has been shown that Del1 

contains three Notch-like epidermal growth factor repeats, two discoidin domains and but most 

importantly an RGD motif*. This RGD motif is responsible for its interaction with the αvβ3 

receptor where it promotes adhesion and migration of endothelial cells and thus was identified as 

new ligand for the αvβ3 receptor (Hidai et al, 1998., Penta et al, 1999). The αvβ3 receptor, 

made up of the alpha V and beta 3 proteins, is an important receptor for osteoclast 

differentiation, adhesion and actin dynamics. As such, Del1, a ligand for αvβ3 receptor and 

upregulated by RANKL could take part in osteoclast regulation. Further strengthening this view, 

osteoclasts form podosomes, which can be regulated by the αvβ3 receptor (Chellaiah & Hruska, 

2003). Podosomes are almost identical to focal complexes and Del1 was reported to induce the 

clustering of alphavbeta3, the formation of focal complexes, and recruitment of talin and 

vinculin into these complexes (Penta et al, 1999., Rezaee et al, 2002). In summary, Del1 is 

potentially a RANKL-upregulated protein that regulates podosomes via binding to the αvβ3 

receptor. 

 

 

Gene #5 – Scin (Scinderin) is a Ca2+–dependent protein that rearranges the cytoskeleton by 

severing actin filaments and causing cortical F-actin disassembly (Trifaró et al, 2000). Here Scin 

is upregulated by RANKL almost 26 fold. The function of Scin has not yet been linked to the 

osteoclast however, the actin-severing activity of Scin leads to a change in cell morphology and 

an increase in cell volume in chondrocytes (Nurminsky et al, 2007) and the necessary changes in 

actin for secretion other cell types (Lejen et al, 2002). Furthermore, the activity of Scin has 

shown to be mediated by Erk1/2 and p38 kinase pathways (Nurminsky et al, 2007). Since the 

osteoclast is modulated by Erk1/2 and p38 kinases and undergoes significant F-actin 

reorganisation in order to multinucleate, spread, migrate, secrete, adhere to and resorb the bone 

matrix, these events could in part be mediated by Scin in the osteoclast. 

*RGD: Arginyl-glycyl-aspartic acid. All or most alpha-V integrins recognise the sequence RGD as found in variety of 
ligands such as vitronectin, fibronectin, osteopontin, bone sialoprotein, thrombospondin, fibrinogen, von Willebrand factor, 
tenascin, and agrin. http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=193210. In particular, αvβ3 (the vitronectin 
receptor) is used by the osteoclast for adherence by binding vitronectin ligand (usually referred to just as vitronectin). 
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Gene #6 - Eeig1 (Early estrogen-induced gene 1 protein) has only been studied by one group 

where it was indentified by microarray as a novel estrogen-responsive gene in the breast cancer 

cell line MCF-7. This gene was induced along with E2IG4, IGFBP4, SLC2A1, XBP1 and 

B4GALT1, and AFG3L1 (Wang et al, 2004). Here, Eeig1 was upregulated by RANKL in 

osteoclasts by 21.5 fold. Not only is this the first report of Eeig1 in the osteoclast, it is also the 

second regarding Eeig1 in general, which remains to be fully characterised. Interestingly, the 

osteoclast expresses estrogen receptors (Denger et al, 2008) and one of the estrogen-responsive 

genes found in MCF-7 cells, IGFBP4 is highly downregulated by RANKL (-33.5 fold) as shown 

here in Table 7.3. If estrogen can upregulate IGFBP4 via the estrogen receptor, that is found in 

the osteoclast, then RANKL must be the dominant signalling cascade since it overrides IGFBP4 

induction, in fact highly downregulates it. 

 

Gene #7 - Ifi202b (Interferon activated gene 202B) encodes a protein called p202 (Panchanathan 

et al, 2008) that is IFN-inducible and is a candidate gene for lupus (systemic lupus 

erythematosus is an autoimmune disorder characterised by organ self-destruction due to 

autoantibodies). Overexpression of Ifi202b enhances LPS-induced NFkB promoter activity in the 

RAW264.7 cell line. In dendritic cells, Ifi202b also activates NFkB (Yamauchi et al, 2007) 

whiles its constitutive expression in hematopoietic cells negatively regulates cell proliferation 

(Ludlow et al, 2008). These studies suggest that Ifi202b is an activator of NFkB, in the myeloid 

lineage. The osteoclast, also of myeloid lineage is dependent on NFkB activation for 

differentiation and function which is mainly provided by RANKL signalling. Here Ifi202b is 

upregulated 21 fold by RANKL in osteoclasts. The osteoclast has not been linked to Ifi202b, 

however here, a potential positive autoloop feedback exists between NFkB and Ifi202b since in 

the osteoclast RANKL activates NFkB, and also upregulates Ifi202b which in turn can also 

activate NFkB activity. 

 

 

 

 

 

 

NFkB                    Ifi202b

RANKL 
   

   
   

   
 

Figure 5.5. Proposed positive feedback loop 
between NFkB and Ifi202b in the osteoclast. 
Both NFkB and Ifi202b are activated by RANKL. 
Ifi202b can in itself promote NFkB activation, and 
as such an autoloop between NFkB and Ifi202b 
potentially exists. 
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Gene #8 – Xpr1 (Xenotropic and polytropic retrovirus receptor 1) encodes a protein receptor 

that allows both xenotropic and polytropic murine leukemia viruses to enter a cell (Battini et al, 

1999 & Yan et al, 2007). So far there are only 6 reports on this gene (the first in 1999) and none 

have linked Xpr1 to the osteoclast or bone. Here, Xpr1 is upregulated 15.4 fold by RANKL and 

is moderately highly expressed (~25% TRAP mRNA expression). Further studies are needed 

generally on this gene to establish its role but the findings herein suggest the osteoclast as a good 

candidate for study of this gene. 

 

Gene #9 - Slc37a2 (Solute carrier family 37 glycerol-3-phosphate transporter, member 2) is 

reported only once in literature. In this report, it is described as a macrophage-enriched putative 

sugar transporter that is expressed RAW264.7 cells and increases 46 fold during macrophage 

differentiation from human monocytes. The function of Slc37a2 is purely sceptical, partaking in 

the metabolism of the macrophage but there is evidence to suggest it induces the formation of 

large intracellular vacuoles (Kim et al, 2007). The single publication on Slc37a2 reveals no link 

of the osteoclast or bone to Slc37a2. Here, Slc37a2 is upregulated 13.2 fold in osteoclasts by 

RANKL to a high expression level (~75% TRAP mRNA expression) and thus suggests a 

potential role of this poorly-studied gene in the osteoclast. 

 

Gene #10 - Bhlhb2 (Basic helix-loop-helix domain containing, class B2) is also known as (CR8; 

Dec1; Clast5; Sharp2; Stra13; Stra14; C130042M06Rik). Bhlhb2 is a homodimeric transcription 

factor that binds with high affinity to the consensus sequence CACGTC (St-Pierre et al, 2002). 

Though it has not been linked to the osteoclast, it has a definite role in differentiation of the 

chondrocyte. It is upregulated during chondrocyte differentiation in ATDC5 chondrocyte cell 

line precursors and growth plate chondrocytes in vitro and growth plate cartilage in vivo. Its 

forced expression in ATDC5 cells also causes chondrocyte differentiation showing that this 

transcription factor could be the master regulator of chondrocyte differentiation in a manner 

similar to NFATc1 in the osteoclast (Shen et al, 2002). Further evidence for this is that TGFβ, 

bone morphogenetic protein-2 or insulin, all of which induce the expression of Bhlhb2, also 

induce chondrocyte differentiation. In addition, overexpression in non-differentiated 

mesenchymal cells induced cartilage matrix accumulation with concomitant increases in mRNA 

chondrocyte markers and in growth plates in vivo, overexpression of Bhlhb2 enhanced 
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chondrocyte activity (Shen et al, 2002). In breast cancer cells, TGFβ can also induce the 

expression of Bhlhb2 as seen in chondrocytes. However in these cells (breast cancer cells), 

Bhlhb2 is described as an antiapoptotic transcription factor (Ehata et al, 2007).  

 

Here Bhlhb2 is shown to be upregulated in osteoclasts by RANKL 11.6 fold to an expression 

level almost equal to 25% of TRAP; a high level. As a transcription factor, this gene could not be 

secreted into the bone environment for effects on the chondrocyte but must remain within the 

osteoclast to promote its effects. Thus the effects of this transcription factor are limited to the 

osteoclast and as with breast cancer cells, could be antiapoptotic. In line with this, TGFβ, that 

can upregulate Bhlhb2 in both chondrocytes and breast cancer cells, also binds to and modulates 

the osteoclast by enhancing osteoclast survival (Fuller et al, 2000).  

 

Gene #11 - Slc6a8 (Solute carrier family 6 neurotransmitter transporter, creatine, member 8) is a 

creatine transporter required for uptake of creatine into cells (Rosenberg et al, 2006). Creatine 

binds phosphate to produce phosphocreatine which can buffer the decrease in the ATP:ADP ratio 

created by high-energy demand sates by donating its phosphate to ADP thereby creating ATP. 

Not surprisingly, the splice variant of Slc6a8, Slc6a8C (splice variant C) is found in high-energy 

tissues such as the brain, kidney, heart, small intestines and skeletal muscle (Martínez-Muñoz et 

al, 2008). In the osteoclast, there are no reports of Slc6a8. Here, Slc6a8 is upregulated almost 10 

fold by RANKL to a high level of expression (~ 30% TRAP mRNA) in osteoclasts. The 

osteoclast is a high-energy cell and may require Slc6a8 for the transport of creatine into the cell 

for its high-energy activity. 
 

Gene #12 - Myo1d (Myosin ID) is a member of the myosin superfamily. Myosins are molecular 

motors that upon interaction with actin filaments, create mechanical force mostly in the form of 

movement by converting energy from ATP hydrolysis (Mooseker & Cheney, 1995). There are a 

variety of functions of myosins including membrane trafficking, cell movements, and signal 

transduction (Mermall et al, 1998). Myo1d belongs to a myosin I subclass that is regulated by 

Ca2+/calmodulin and polymerised actin (Bähler et al, 1994., Huber et al, 2000) and it functions 

in endocytosis by promoting endosome trafficking (Huber et al, 2000). Myo1d has not been 

linked to the osteoclast but herein Myo1d is upregulated 9.3 fold to 20% expression of TRAP 
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mRNA. Since it is upregulated during osteoclastogenesis to a high level, a potential role for 

Myo1d exists in the osteoclast where it is likely to be involved in the extensive endocytic activity 

of the osteoclast (after resorption, the osteoclast endocytoses bone matrix proteins through the 

ruffled border) and other processes linked to Myo1d such as signalling and cell movement. 

 

Gene #13 - Tmem65 (Transmembrane protein 65) is a transmembrane protein of unknown 

function. There are no publications on this gene apart from when it was first discovered in a 

global analysis of genes (Gerhard et al, 2001). Herein, Tmem65 is upregulated 9 fold by 

RANKL during osteoclast formation to an expression level almost equal to 20% of TRAP 

mRNA in the osteoclast. More work on this gene is needed in general to identify its role, in 

which the osteoclast could serve as a candidate cell.  

 

Gene #14 - Plxnd1 (Plexin D1) is the receptor for Sema3E (Chauvet et al, 2007). It is expressed 

in the central nervous system, endothelium, osteoblasts and other bone tissues. Furthermore, 

Plxnd1 is involved in axial skeletogenesis and in mice deficient in Plxnd1, axial patterning 

defects are seen including malformation of vertebral bodies and rib bones, and altered cartilage 

development (Kanda et al, 2007). Here Plxnd1 is upregulated 8.6 fold by RANKL and is highly 

expressed (22% of TRAP mRNA). Since the report by Kanda et al., (2007) did not specify where 

Plxnd1 was expressed in bone except for osteoblasts, it could very well be expressed in 

osteoclasts as suggested by data herein, and as such the osteoclast could also be responsible for 

the defects seen in the axial skeletal morphology in Plxnd1-deficient mice. 

 

Gene #15 - Ndg2 (Nur77 downstream gene 2) like Ndg1, is a gene that is down stream of Nur77. 

Nur77 expression leads to apoptosis and some of this apoptotic signalling is attributed to Ngd1. 

However, the function of Ndg2 remains unknown although its expression has been found in the 

mitochondria (Rajpal et al, 2003). Here, Ndg2 is highly expressed in osteoclasts (38% of TRAP 

mRNA) and upregulated 8.1 fold by RANKL during osteoclast formation suggesting that this 

novel gene could partake in osteoclast formation and/or function.  
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Gene #16 - Hsd3b7 (Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-

isomerase 7) is an enzyme bound to the endoplasmic reticulum required for the production of 

bile acids from cholesterol (Cheng et al, 2003). In order to produce bile acids in the correct 

stereo format, Hsd3b7 catalyses the inversion of the 3beta-hydroxyl group of cholesterol to the 

3alpha-hydroxyl (a stereoisomer) (Shea et al, 2007). Given its role in bile acid production, it is 

not surprising that this gene has not been linked to bone or the osteoclast. However herein, it is 

upregulated during osteoclast formation 7.2 fold to a high level (20% of TRAP mRNA). Though 

Hsd3b7 is mostly linked to epimerisation of cholesterol to form bile salts in the correct 

stereochemistry, it could be that this enzyme participates in stereo-inversion of other molecules 

in the osteoclast (i.e. converting beta-glucose to alpha-glucose) or another function altogether. 

 

Gene #17 - Prr13 (Proline rich 13) is a poorly-studied gene with only two publications known to 

date. Its association so far is to inhibition of apoptosis usually mediated by taxanes. Taxanes are 

anti cancer drugs that disrupt the microtubule network by binding to and stabilising polymerised 

beta-tubulin and thereby prevent the disassembly of the tubulin minus end. This causes an 

overload of microtubules within the taxane-treated cell and mitotic failure (Lih et al, 2006). 

Signalling wise, the major target of Prr13 is Tsp-1 (thrombospondin-1), where it serves to 

downregulate Tsp-1. It is interesting that Prr13 downregulates Tsp-1, and that Tsp-1 usually 

associates with CD47 and CD36, the latter also downregulated by RANKL as seen in Table 7.5) 

(Lih et al, 2006). In bone, Prr13 has no reported role, but herein Prr13 is upregulated by RANKL 

during osteoclastogenesis 7.2 fold to a high level (33% of TRAP mRNA). Prr13 is thus a 

candidate gene of the osteoclast. Furthermore, the osteoclast could be used to study the function 

of Prr13 outside the context of taxane-resistance in cancer.  

 

Gene #18 - Tgm2 (Transglutaminase 2, C polypeptide) is a protein that increases cell adhesion 

and decreases cell migration. It is externalised (found on the outside surface of the cell) where it 

promotes cell adhesion and also secreted in the extracellular matrix (Balklava et al, 2002). In 

addition to cell adhesion, Tgm2 also influences cell morphology, causing cells in which it is 

expressed to flatten (Gentile et al, 1992). Tgm2 has not been linked to the osteoclast, however, 

herein, Tgm2 is upregulated almost 7 fold by RANKL during osteoclastogenesis to a high level 

(20% of TRAP mRNA). It is possible that Tgm2 contributes amongst many other proteins to the 
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increases in cell adhesion and changes in cell morphology seen in the osteoclast when it 

undergoes differentiation and forms the osteoclast sealing zone or actin ring. Assessing if this 

protein colocalises with podosomes in the osteoclast could give relatively fast insight into its 

potential function in the osteoclast. 

 

Gene #19 - IL-1ra (Interleukin 1 receptor antagonist) is natural blocker of IL-1, an 

inflammatory cytokine. Endogenous and exogenous IL-1 potentiates osteoclastogenesis and 

blockade of IL-1 signalling either via means of complete gene deletion of its receptor (IL-1r) or 

use of IL-1ra as a receptor antagonist, causes a significant decrease in osteoclast formation 

(Cameron et al, 1992). Furthermore, the introduction of IL-1ra to rats suffering from adjuvant-

induced arthritis mediated some protection from inflammation and bone damage (Fernandes et 

al, 2008). Herein, it is shown that IL-1ra is upregulated by RANKL during osteoclastogenesis to 

a high level of expression (22% of TRAP mRNA). This RANKL-dependent upregulation has not 

been reported and shows that the osteoclast may already secrete IL-1ra to negatively regulate 

osteoclastogenesis, and may serve as important information for current trials using IL-1ra for the 

treatment of arthritis. 

 

Gene #20 - Bcar3 (Breast cancer anti-estrogen resistance 3) is is responsible for enhancing cell 

migration by activating Cdc42, and Rho but not Rac (Cai et al, 2003., Schrecengost et al, 2007). 

In line with the activation of Cdc42, its overexpression causes the filopodia formation (Cai et al, 

2003). Bcar3 also induces the activation of autophosphorylation and kinase activity of PAK1 

(Cai et al, 2003) which is known to regulate the osteoclast actin ring (Razzouk et al, 1999). In 

addition, Bcar3 associates with p130Cas and HEF1 (Cai et al, 2003., Schrecengost et al, 2007), 

both of which regulate the osteoclast. In particular, when phosphorylated by Src, p130Cas is 

localised to the osteoclast actin ring where it induces cell adhesion-induced actin reorganisation 

associated with osteoclast activation (Nakamura et al, 1998) while HEF1 is associated with 

paxillin and FAK (focal adhesion kinase) (podosome-associated proteins which regulate the 

osteoclast actin ring) (Zhang et al, 2002).  

 

Bcar3 has not been reported in the osteoclast but here, Bcar3 is upregulated ~ 6 fold by RANKL 

during osteoclast formation to a high level (30% of TRAP mRNA). The demonstrated function 
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of Bcar3 (cell migration) and its association with known osteoclast F actin ring regulators in the 

osteoclast (Cdc42, p130Cas and HEF1) in combination with its expression in the osteoclast as 

shown here, suggests Bcar3 could make up a piece of the puzzle in the regulation of actin 

dynamics in the osteoclast. 
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7.4.4   TOP 20 GENES TURNED ON BY RANKL 

 

The first 20 genes that were highest expressed in the osteoclast and induced into 

expression (turned on) by RANKL were classified into Table 7.4. Since these genes were not 

expressed in the macrophage, but induced into expression by RANKL in during 

osteoclastogenesis, these genes can be thought of as gain-of-function genes (i.e. genes gained by 

the osteoclast for differentiation and/or function). It is important to note however, that the 

sensitivity of the Affymetrix probe set, though sensitive to 1:100 000 transcripts, is susceptible to 

false negative errors when compared to QPCR, which can detect single mRNA copies of a gene 

amongst millions of other gene mRNAs in a sample. As such, these genes portrayed here to be 

induced into expression by RANKL, could very well be expressed, albeit at a very low level, in 

the macrophage.  

 

Gene #1 - Serpinb6b (Serine or cysteine peptidase inhibitor, clade B, member 6b) is a gene of 

unknown function and has only been studied once where it was simply reported as “expressed in 

adult gonads” (Charron et al, 2006). Herein, on RANKL stimulation, Serpinb6b is induced into 

expression in osteoclasts to ~12% of TRAP mRNA levels. This gene is thus a candidate for the 

further analyses in osteoclast. 

 

Gene #2 - Pde4dip (Phosphodiesterase 4D interacting protein myomegalin) is a gene implied in 

the subcellular targeting of cAMP-signalling components, required for intact intracellular 

signalling. It is believed to bind to microtubules and by this virtue, anchor cAMP components to 

the golgi/centrosome, where Pde4dip is expressed (Verde et al, 2001). Herein, this novel protein 

is turned on by RANKL during osteoclastogenesis to a medium level of expression (12% of 

TRAP mRNA) and thus could partake in osteoclast differentiation and/or function. 

 

Gene #3 - Apbb1 (Amyloid beta A4 precursor protein-binding, family B, member 1) is an 

adaptor protein (Ermekova et al, 1997) linked to the processing of the beta-amyloid precursor 

protein and is linked to the pathogenesis of Alzheimer’s disease though its mechanism remains 

unknown apart that it could regulate transcription (Wiley et al, 2007). By associating with other 
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proteins Apbb1, has also been implicated in the induction of apoptosis (Lee et al, 2007) and 

possibly in the regulation of the actin cytoskeleton (Ermekova et al, 1997). On the other hand, 

Apbb1 has not been linked to the osteoclast or bone. However, in this investigation, Apbb1 is 

expressed by stimulation of RANKL during osteoclast formation to a level that is comparative to 

10% the expression of TRAP in the osteoclast. This finding suggests a role for Apbb1, perhaps 

unrelated to Alzheimer’s, exists in the osteoclast. 

 

Gene #4 - Trp53inp2 (Transformation-related protein 53 inducible nuclear protein 2) is a 

poorly-characterised gene that is implicated in craniofacial development (Bennetts et al, 2006) 

and is expressed in sections of the developing nervous system in the embryo (Bennetts et al, 

2007). Its function is unknown but based on limited homology with Trp53inp1, it could induce 

apoptosis via interaction with p53 (Bennetts et al, 2007). Trp53inp2 is not linked to the 

osteoclast or bone. However herein, Trp53inp2 is expressed on RANKL stimulation (~9% levels 

of TRAP) when osteoclasts are formed. This suggests Trp53inp2 could participate in the 

developing osteoclast. 
 

Gene #5 - Adrbk2 (Adrenergic receptor kinase, beta 2) also known as GRK2, is a member of 

the GRK family of enzymes which are GPCR kinases responsible for GPCR receptor 

desensitisation by phosphorylation of GPCR proteins (Spurney et al, 2002). Inhibition of the 

GRK family specifically in osteoblasts shows a change in bone homeostasis that is overall 

anabolic by increasing BMD, trabecular volume and bone remodelling (thus including increased 

osteoclast activity) (Spurney et al, 2002). However, specific overexpression of Adrbk2/GRK2 in 

the osteoblasts shows the opposite effect and is associated with a reduction in osteoblasts, bone 

formation, BMD, osteoclast activity and bone turnover (Wang et al, 2005). In the investigation 

herein, Adrbk2 is specifically induced by RANKL in osteoclasts (~9% levels of TRAP). As 

such, Adrbk2 is expressed in both osteoblasts and osteoclasts, the two cells responsible for 

mediating bone modelling.  Since the role of Adrbk2 is established in the osteoblast but not the 

osteoclast, targeted overexpression of Adrbk2 in osteoclasts could yield insight of this gene’s 

function in the osteoclast in vivo.  
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Gene #6 - Cabc1 (Chaperone, ABC1 activity of bc1 complex like S. Pombe) encodes a protein 

that is localised to the mitochondria where it induces apoptosis of cells through p53 (Iiizumi et 

al, 2002). Cabc1 is also a putative kinase that bears significant homology with the yeast ABC1 

gene which is involved in ubiquinone (coenzymeQ) synthesis, a protein that enhances the 

generation of energy (ATP) in the mitochondria. In humans, mutation of this gene yields a severe 

reduction in ubiquinone synthesis manifested by a respiratory phenotype (progressive 

neurological disorders, cerebellar atrophy and seizures) (Mollet et al, 2008). Despite reports of 

its ABC1 homologue in humans and yeast, Cabc1 itself remains a poorly-characterised gene with 

only 2-3 reports classified in the NCBI PubMed database in which there is no description of its 

link to the osteoclast or bone. Herein, Cabc1 is specifically expressed during osteoclastogenesis 

by RANKL stimulation (to levels equal to ~8% of TRAP). This suggests that Cabc1 could play a 

role in the osteoclast, and based on literature, this could be through induction of apoptosis and/or 

energy production through increased ubiquinone levels.  

 

Gene #7 - Acy1 (Aminoacylase 1). Between 80 and 90% of cytosolic mammalian proteins are 

modified by N-terminal acetylation. During intracellular protein catabolism, Acy1 catalyses the 

breakdown of N-acetylated amino acids to their respective free amino acids (non-N-terminal 

acetylated).  This serves in the salvage of amino acids and for this purpose, Acy1 is highest 

expressed in kidney cells (Lindner et al, 2008). Acy1 has not been linked to the osteoclast or 

bone however, herein, Acy1 is induced into expression by RANKL during osteoclast formation 

to levels comparative to 8% of TRAP mRNA. In the context of the role of the osteoclast whereby 

it degrades organic bone and as such ingests many degraded bone proteins, Acy1 could 

participate in the recycling/salvage of these amino acids.   

 

Gene #8 - Nckap1 (NCK-associated protein 1). Actin nucleation is the initial step of actin 

polymerisation where actin monomers (G actin) are combined to form a new actin filament (F 

actin). Actin nucleation is responsible for all cytoskeletal changes such as filopodia, lamellipods 

and stress fibres and requires the ARP2/3 complex made from 7 protein subunits (Arp2, Arp3, 

ARPC1, ARPC2, ARPC3, ARPC4, and ARPC5). These protein subunits can be activated by 

many other proteins including ActA, WASP, N-WASP, Scar/WAVE, myosin I, CARMIL/Acan 

125, Cortactin, Abp1p and Pan1p/Eps15 (for review, refer to Welch & Mullins, 2002). Of these 
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proteins, WAVE1 or WAVE2 (members of the WAVE family) have been shown to relay the 

signals from the Rac GTPase to the Arp2/3 complex and activate actin nucleation (Cory & 

Ridley, 2002, Eden et al, 2002 and Innocenti et al, 2004). Nckap1 can regulate this Rac-to-

WAVE1-to-Arp2/3 signalling by forming complexes with WAVE1 (in the form of Nckap1-

PIR121-Abi2-HSPC300) where in negatively regulates actin nucleation (Eden et al, 2002). In 

contrast, Nckap1 positively regulates Rac-to-WAVE2-to-Arp2/3 signalling and therefore actin 

nucleation by forming the Nckap1-PIR121-Abi1- WAVE2- complex (Innocenti et al, 2004).  

 

To sum the above, Nckap1 reveals itself as an adaptor protein which can regulate actin 

nucleation. In this investigation Nckap1 is expressed on RANKL stimulation in the developing 

osteoclast. Amongst the others found in this investigation, Nckap1 is thus another cytoskeletal-

related protein that could participate in the myriad of cytoskeletal-related changes the osteoclast 

undergoes in order for it multinucleate, migrate, adhere, form the sealing zone and resorb.  

 

Gene #9 – Hbegf (Heparin-binding EGF-like growth factor) is an epidermal growth factor 

(EGF) ligand expressed in the bone marrow environment that on binding to heparan sulphate 

proteoglycans, can promote the growth of multiple myeloma cells (Krampera et al, 2005). Hbegf 

has a direct effect on the bone microenvironment via its promotion of mesenchymal cell 

proliferation and as such preventing differentiation of adipocytes, osteoblasts and chondrocytes 

(Krampera et al, 2005). In this investigation, Hbegf is expressed in response to RANKL in 

developing osteoclasts comparative to that of 8% of TRAP at the transcript level. This brings this 

gene further into attention with respects to it promotion of multiple myeloma as now there is 

evidence to suggest the osteoclast itself, which is responsible for the bone lesions in multiple 

myeloma and also found in the bone microenvironment, could utilise this gene to promote 

multiple myeloma. This gene may purposefully inhibit the differentiation of mesenchymal cell 

into anabolic cells in order to favour a lytic environment via the osteoclast. 

 

Gene #10 – SELP (Selectin platelet) is also known as CD62. It is a cell adhesion molecule of the 

selectin family that binds to its ligand PSGL-1. Interestingly, SELP and PSGL-1 are both 

expressed on platelets, endothelial cells, and leukocytes and this receptor-ligand combination 

contributes the pathogenesis of atherosclerotic lesions. Elevated levels of SELP on inflamed 
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endothelial cells call platelets and leukocytes (including monocytes and neutrophils) to the 

endothelium. Leukocytes produce cytokines which provides a chemotactic gradient for further 

leukocytes to migrate to the site of inflammation, which as mentioned above, also express PSGL-

1. This in turn calls more platelets to the site which can themselves tether more leukocytes to the 

target endothelium. What escalades is a snow-balling hypercoagulable inflammatory 

environment which causes the atherothrombotic process and eventually vessel occlusion (Bedard 

et al, 2008).  

 

As mentioned above, SELP is linked to inflammation and found on many cell types including 

monocytes, an osteoclast precursor. However, SELP has yet to be linked to the osteoclast or 

bone. Herein, SELP is expressed specifically by RANKL during osteoclastogenesis (~7% of 

TRAP mRNA) by Affymetrix assay. Furthermore, SELP is upregulated more than 2000 fold by 

RANKL as validated by QPCR. The strong presence of this “leukocyte-calling” adhesion 

molecule may facilitate the process of recruiting osteoclast precursors to sites of inflammation in 

the bone environment and thus facilitate bone resorption. The specificity of this putative 

chemotactic gene in the osteoclast and its potential role opens up simple experiments (such as 

neutralising antibodies during osteoclast formation) which could serve as therapeutic 

manipulation of bone resorption in vivo. 

 

Gene #11 – Akap6 (A kinase PRKA anchor protein 6). A-Kinase anchoring proteins (AKAPs) 

are functionally-related proteins that share the ability to bind cAMP-dependent PKA (protein 

kinase A) (Smith et al, 2006). Akap6 (aka mAKAP) encodes two is forms, mAKAPα and 

mAKAPβ, the latter has been shown to participate in cardiomyocyte hypertrophy by maintaining 

the activation of NFATc. In fact, blocking Akap6 results in NFAT deactivation (Bauman et al, 

2007 and Dodge-Kafka & Kapiloff, 2006). During the hypertrophy of cardiomyocytes, NFATc 

activation is required. This NFATc activation is very similar to the way NFATc in the osteoclast 

is activated; increased transient calcium activates calcineurin which dephosphorylates NFATc 

(Dodge-Kafka & Kapiloff, 2006). Akap6 has not been linked to the osteoclast or bone. However, 

as seen in this investigation, Akap6 is expressed in the osteoclast in response to RANKL. It is 

possible that Akap6 activates NFATc1 in the osteoclast in a similar manner that it does in the 

cardiomyocyte.  



Chapter 7                                                 RANKL array                                                  187       

 

Gene #12 – Col27a1 (Collagen, type XXVII, alpha 1) is a newly-characterised gene that encodes 

a proalpha chain of type XXVII collagen and joins a family of another 42 genes. It is abundant in 

cartilaginous tissues where it makes up 1.15% of all collagen transcripts. It has been suggested 

that Col27a1-encoded type XXVII collagen mediates a role during the calcification of cartilage 

and the transition of cartilage to bone during the formation of the skeleton (Hjorten et al, 2007). 

In this investigation, Col27a1 is expressed by the osteoclast when differentiated from 

macrophages treated with RANKL. Though it is mainly the role of the osteoblast and 

chondrocyte to produce collagen, here the osteoclast expresses type XXVII, which maybe 

secreted into the bone environment providing insight into an anabolic role of the osteoclast. 

 

Gene #13– Cpe (Carboxypeptidase E). Cpe is a carboxypeptidase is an exopeptidase that 

processes prohormone precursors to their mature form such as pro-insulin to insulin (Singh et al, 

2006). It can also serve to transport peptides for secretion via vesicles within the cell by using the 

microtubule network (Park et al, 2008) and has been linked to diabetes via regulating the 

saturated fatty acid palmitate (Jeffrey et al, 2008). Cpe has recently been reported as an 

osteoclast-related gene in an osteoclast gene array (Yang et al, 2008). However, Cpe has never 

actually been reported in the osteoclast before and as such should merely be a novel gene found 

in the osteoclast. On communication with the authors of this paper, they admitted this gene in 

fact was not a known osteoclast gene and the paper disclosed very little information of Cpe.  

 

In this investigation, Cpe is expressed in response to RANKL stimulation during 

osteoclastogenesis. These results corroborate with the findings of Yang et al., (2008). However, 

Cpe has no proven role in the osteoclast and needs further investigation to ascertain exactly if 

this gene is of importance in the osteoclast.  

 
Gene #14 – Nkain1 (Na+/K+ transporting ATPase interacting 1) is new gene that has been 

reported only once in literature where its protein product, can interact with the beta1 subunit of 

the Na,K-ATPase and supposedly increase sodium conductance (Gorokhova et al, 2007). The 

latter report infers that gene may mediate the activity of the sodium-potassium pump, a 

multisubunit protein responsible for maintaining cell potential by expelling 3 sodium ions in 
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exchange for 2 potassium ions. Nkain1 has not been linked to the osteoclast or bone. However, 

herein, Nkain1 is expressed in the osteoclast during RANKL stimulation. With the limited 

knowledge on Nkain1, it is difficult to speculate its role in the osteoclast. However, if indeed 

Nkain1 is responsible for regulating membrane potential via the sodium potassium pump, then it 

could play a role in the osteoclast by stabilising the osteoclast membrane which is susceptible to 

the many ions found both the intracellular and extracellular environment. 

 

Gene #15 – Slc45a3 (Solute carrier family 45, member 3) also known as prostein or P501S, is a 

putative plasma membrane protein (Xu et al, 2001) which has recently been identified as a 

specific prostate tissue marker and as such could serve as the identification of prostate cancer 

metastases (Sheridan et al, 2007). The function of Slc45a3 is unknown. In addition, Slc45a3 has 

not been linked to the osteoclast or bone. However herein, Slc45a3 is expressed specifically by 

RANKL during osteoclastogenesis. If this gene is indeed translated in the osteoclast, then it 

longer is specific to prostate cells and one should be careful when testing for prostate tissue in 

vivo by direct labelling (i.e. immunohistochemistry, but not by blood collection), because if the 

cancer is in bone, it may well be osteoclasts expressing Slc45a3 rather than prostate cells – a 

false positive.  

 

Gene #16 – Akr1c18 (Aldo-keto reductase family 1, member C18) also known as 20alpha-HSD 

(20alpha-hydroxysteroid dehydrogenase), converts steroids including sex steroids to different 

forms. This may result in activation or inactivation. For example, Akr1c18 catalyses the 

conversion of progesterone to its inactive form (20alpha-dihydroprogesterone) (Jayasekara et al, 

2005) and of inactive androstenedione to active testosterone (Ishida et al, 2002). Akr1c18 also 

functions as an 11-deoxycorticosterone-catabolising enzyme (Hershkovitz et al, 2007). In bone 

cells, it has been proposed that Akr1c18 is expressed in osteoblasts (Ishida et al, 2002). 

However, Akr1c18 has not been linked to the osteoclast. In investigation herein, Akr1c18 is 

expressed on RANKL stimulation during osteoclastogenesis. This shows there is a potential role 

of this gene in the osteoclast. 

 

Gene #17 – Itgb7 (Integrin beta 7) forms part of the alpha4beta7, an integrin expressed by T-

cells for homing to tissues that express the cell adhesion molecule MAdCAM. MAdCAM is 
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expressed in the gut especially in endothelial cells and within lamina propria. Under 

inflammatory conditions, MAdCAM is highly upregulated thereby leading to the migration of 

Itgb7+ T-cells to these intestinal tissues (Harriman et al, 2008., Arthos et al, 2008). MAdCAM is 

also expressed in bone where it participates in the recruitement of Itgb7+ haemapoitic 

progenitors into bone marrow (Katayama et al, 2004) however, it has not been linked to the 

osteoclast. Herein, it is shown that Itgb7 is indeed specifically expressed in osteoclasts 

undergoing differentiation from macrophage precursors in response to RANKL. As discussed 

above, the bone marrow environment expresses MAdCAM, the cognate molecule of Itgb7. As 

such, it is possible that a Itgb7-MAdCAM homing system exists calling osteoclasts to sites of 

bone marrow, where they could resorb bone. 

 

Gene #18 – Galnt6 (Galactosamine N-acetylgalactosaminyltransferase 6) is a new protein with 

only one report in the NCBI PubMed database. It is the 6th member of the GalNAc-transferase 

family which share the function for initiating O-glycosylation of proteins. Galnt6 is also a 

candidate for synthesis of oncofetal fibronectin which requires O-glycosylation (Bennett et al, 

1999). Galnt6 has no described role in the osteoclast or bone but herein, Galnt6 is expressed in 

osteoclasts during RANKL-mediated osteoclastogenesis. This gene may partake in the O-

glycosylation of proteins in the osteoclast. 

 

Gene #19 – Flnc (Filamin C) belongs to the filamin family of proteins composed of filamin A, B 

and C. This family is also referred to as actin-binding proteins since they bind to and crosslink 

actin filaments thereby stabilising actin networks of actin filaments which they then attach to cell 

membranes (Zhang et al, 2007). Filamins are regulated by calpains (a family of calcium-

dependent proteases) which cleave filamins. m-calpain (calpain 1) and µ-calpain (calpain 2) are 

both constitutively expressed while calpain 3 is specifically expressed in muscle cells (Guyon et 

al, 2003). In a similar fashion, filamins A and B are constitutively expressed but filamin C is 

specifically expressed in muscle cells (Thompson et al, 2000). Experiments have shown that 

calpain 3 can cleave filamin C leading to the loss of filamin C interaction with sarcoglycans 

(Guyon et al, 2003) proving that as expected, calpain 3 can cleave filamin C. The function of 

filamin C has been linked to cell spreading (Zhang et al, 2007) and proposed to partake in the 

myoblast fusion process (Guyon et al, 2003). In addition, filamin C binds to and is inhibited by 
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Cbl-associated protein (CAP), an adaptor protein that interacts with signalling but importantly 

cytoskeletal proteins (Zhang et al, 2007).  

Although filamin C has not been linked to the osteoclast, its family member filamin A is 

expressed in the osteoclast where it is cleaved by m and/or µ-calpains (Marzia et al, 2006). Here, 

it is shown that filamin C is specifically expressed in osteoclast differentiated from RANKL-

treated macrophages. In addition, the probe set for calpain 3 “1433681_x_at” also showed that 

calpain 3 was expressed in the osteoclast but not the macrophage albeit a low level (47 

fluorescent hits in OC). It is then highly possible that the “calpain 3 – filamin C” interactions 

regulate the osteoclast cytoskeleton as shown in the myocyte and by closely-related family 

members (i.e. filaminA-calpain1,2) in the osteoclast. 

 

Gene #20 – Cyp2s1 (Cytochrome P450, family 2, subfamily s, polypeptide 1) is a member of the 

cytochrome P450 (CYP) superfamily of genes comprised of over 100 members in the mouse and 

almost 60 members in human (exclude many pseudogenes). CYPs are usually highest expressed 

in the liver where they execute their role of detoxification by metabolising several types of 

compounds such as steroids, retinoids, bile acids, xenobiotics, eicosanoids (Hanzawa et al, 2007 

and Saarikoski et al, 2007). Many are inducible and Cyp2s1, a rather novel gene implicated in 

the metabolism of toxic and carcinogenic compounds, is induced by coal tar (Saarikoski et al, 

2007). Cyp2s1 has not been linked to the osteoclast or bone but herein, Cyp2s1 is specifically 

induced by RANKL during osteoclastogenesis. This may indicate a role for the metabolism of 

certain compounds in the osteoclast. 
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7.4.5   TOP 20 GENES HIGHLY EXPRESSED IN THE 

MACROPHAGE AND HIGHLY DOWNREGULATED BY 

RANKL 

 

Genes that were both highly expressed in the macrophage and highly downregulated in 

response to RANKL were identified and categorised into Table 7.5. These genes can be 

considered as loss-of-function genes, or simply genes less required in the osteoclast. As the 

macrophage is an immune cell, as it differentiates into the bone-resorbing osteoclast, it would be 

expected that many immune/macrophage-specific genes are lost or downregulated. As such, it 

was hypothesised that many immune genes would be downregulated by RANKL and thus some 

of these found in Table 7.5.  

 

Gene #1– Igf1 (Insulin-like growth factor 1). Insulin-like growth factors (IGFs) make up a 

family of proteins (IGF1, IGF2 and somatomedin B) that regulate mammalian growth and 

development (Rotwein, 1986., Rosenfeld, 2003). The IGF2 family is ubiquitous providing an 

essential role in mammalian physiology and are regulated by binding proteins known as IGF-

binding proteins. IGF1 is perhaps best known to mediate the growth-promoting effects of growth 

hormone (i.e. growth hormone signals via IGF1) (Le Roith, 2003). In addition, IGF1 has been 

shown to regulate bone mineralisation via the osteoblast; mice harbouring osteoblast-specific 

Igf1 receptor (Igf1r) develop less bone, less trabeculae and an increase in trabecular spacing 

which correlated with a significant decrease in osteoblast-mediated mineralisation (Zhang et al, 

2002). In addition to the positive response of osteoblasts to IGF1, IGF1 is the most produced 

growth factor in the osteoblast and when laying down bone, osteoblasts secrete this IGF1 into the 

bone matrix. This embedded IGF1, has been shown to potently activate osteoblasts once released 

from the matrix following osteoclastic resorption combined with a cathepsin K inhibitor (which 

inhibits the degradation of IGF1 and other proteins) (Fuller et al, 2008).  

 

In the osteoclast, the role of IGF1 and its receptor is not as well defined as in the osteoblast. 

Experiments indicate that bone marrow cells derived from IGF1-/- mice harbour more or less 50 

percent less osteoclasts than WT litter mates (Wang et al, 2006). However the osteoclasts (both 
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WT and IGF1-/-) in this report did not resemble usual osteoclasts questioning whether the finding 

was in fact genuine. Additionally, IGF1 receptor is found in the rabbit osteoclast at about 6000 

per cell and on addition of IGF1, was not found to influence the osteoclast genes MMP9 or 

TRAP. However, when serum-starved, IGF1 was found to inhibit apoptosis (by nuclear 

fragmentation assays) (Hou et al, 1997).  

 

In this investigation the expression of IGF1 in the macrophage is very high (comparative to 52% 

of TRAP in the osteoclast) suggesting a role of IGF1 in the macrophage. However, on RANKL 

stimulation, IGF1 is the most highly downregulated gene (by 50 fold) identified herein. 

Furthermore, also in this investigation other IGF1-related proteins were downregulated by 

RANKL. In particular, IGFBP4 (gene #3), a negative regulator IGF1, was significantly 

downregulated by RANKL and the 4 probe sets for Igf1r (IGF1 receptor) in this investigation 

revealed that Igf1r is not at all expressed at least within the detection limits of the Affymetrix 

probe sets. Though the downregulation of IGFBP4 would positively regulate IGF1, these results, 

collectively show that proteins of the IGF1 system are especially strongly downregulated and 

suggest a specific “turning down” of the IGF1 axis in the osteoclast. This may explain why there 

is little evidence so far to suggest IGF1 is important in the osteoclast.  

 

Gene #2 – Cx3cr1 (Chemokine CX3C receptor 1) is a chemokine receptor that binds to the 

chemokine ligand Cx3cl1. Although Cx3cr1 is not a defined negatively-regulated gene in the 

osteoclast, there is increasing evidence that Cx3cr1 is in fact down regulated in osteoclasts 

derived from both bone marrow cells (Lean et al, 2002) and RAW264.7 cells (Saitoh et al, 2007) 

treated with RANKL. Results herein agree with these studies and in fact show a very strong 

downregulation (32 fold) of Cx3cr1 by RANKL. Not only is the downregulation strong, but 

Cx3cr1 is very highly expressed in the macrophage (similar to ½ the expression of TRAP in 

osteoclasts) implying that a macrophage-specific function is significantly reduced in the 

osteoclast, or simply not required. This function is likely to be monocyte and T-cell 

chemoattraction mediated by interaction of Cx3cl1 with Cx3cr1 (Bazan et al, 1997). Supporting 

this is that RAW264.7 cells treated with Cx3cl1 increase in migration, while when additionally 

treated with RANKL, migration in not induced (Saitoh et al, 2007). Interestingly, Cx3cl1, the 

ligand for Cx3cr1, is absent in both the bone marrow-derived macrophage and osteoclast when 
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the cells are differentiated on plastic. However, when incubated on bone, Cx3cl1 is induced in 

both macrophages and osteoclasts (Lean et al, 2002) showing that there is at least some specific 

induction of these genes on bone, albeit reduced by RANKL in the osteoclast. In summary, 

Cx3cr1 is strongly downregulated by RANKL in osteoclasts and most likely serves to decrease 

the migration of osteoclasts in response to immune stimuli in line with the hypothesis herein, that 

macrophages lose immune genes as they differentiate into osteoclasts.  

 

Gene #3 – Igfbp4 (Insulin-like growth factor binding protein 4) belongs to a group of 6 proteins 

in the insulin-like growth factor binding protein (IGFBP) family. All these proteins negatively 

regulate IGFs by binding to them with high affinity and preventing their association with 

receptors. Igfbp4 inhibits IGF1 and is generally a negative regulator of bone. Mice 

overexpressing Igfbp4 in osteoblasts leads to a decrease in bone volume, supposedly due to a 

decrease in IGF1-mediated osteoblast activity (refer to Conover, 2008 for a review on IGFBPs in 

bone). Herein, IGFBP4 highly expressed in the macrophage, is downregulated 33.5 fold by 

RANKL when osteoclasts are formed. As discussed with gene #1 (IGF1), also downregulated by 

RANKL, it is likely that the IGF1 axis is downregulated as a whole in the osteoclast, though this 

purpose it unknown.   

 

Gene #4 – Cybb (Cytochrome b-245, beta polypeptide). The NADPH oxidase (nicotinamide 

adenine dinucleotide phosphate-oxidase) is a membrane-bound enzyme complex that consists of 

six subunits: 

 

(1) a RhoGTPase (usually Rac1 or Rac2)  

and five phagocytic oxidase or simply “phox” units 

(2) p91-phox 

(3) p22phox 

(4) p40phox 

(5) p47phox 

(6) p67phox 
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The function of the NADPH oxidase in phagocytes such as macrophages is to transfer electrons 

to produce superoxide in phagosomes which degrade bacteria, fungi and other foreign species. 

Cybb (aka p91-phox or NOX2) a subunit of the NADPH oxidase complex, plays an established 

role in host defence (Krause, 2004). In this investigation, Cybb is highly expressed in 

macrophages however, on addition of RANKL, Cybb is downregulated almost 27 fold. These 

results are supportive of the “loss of immune genes” expected as macrophages differentiate into 

osteoclasts. However, even though Cybb is strongly downregulated by RANKL, there is 

evidence to suggest that Cybb is still expressed in osteoclasts and that it’s functional NADPH 

complex is capable of generating reactive oxygen species (Yang et al, 1998). However, no one 

has compared whether the osteoclast can produce more or less reactive oxygen species than 

macrophages. Results herein suggest this immune function in the osteoclast would be 

comparatively severely reduced.  

 

Gene #5 – C5ar1 (Complement component 5a receptor 1) is a receptor for C5a, a component of 

the complement cascade innate immune system. It is expressed ubiquitously but especially on 

immune cells such as T cells, neutrophils and macrophages (Monk et al, 2007). Interaction of 

C5a with C5ar1 causes many reactions including mast cell degranulation, vasodilation, smooth 

muscle contraction, and recruitment of immune cells to the site of inflammation (Frank & Fries, 

1991). In this investigation, C5ar1 is downregulated 26.4 fold by RANKL as macrophages 

differentiate into osteoclasts. The clear role of C5ar1 as an immune gene, which is highly 

downregulated by RANKL, supports the hypothesis herein, that as macrophages (immune cells) 

differentiate into osteoclasts (non-immune cells), immune functions are reduced or lost.  

 

Gene #6 – Alox5ap (Arachidonate 5-lipoxygenase activating protein). Leukotrienes are 

chemical messengers primarily produced by leukocytes of either the granulocytic or 

mononuclear lineage (Evans et al, 2008). The function of leukotrienes is to promote 

inflammation by calling and activating almost all subgroups of leukocytes to sites of 

inflammation (Peters-Golden & Henderson). In the first phase of leukotriene synthesis, 

arachidonic acid is oxidised by 5-lipoxygenase 5-lipoxygenase-activating protein (FLAP aka 

Alox5ap) (Evans et al, 2008). In this investigation, Alox5ap was highly expressed in 

macrophages but strongly downregulated (by 22.8 fold) by RANKL during osteoclastogenesis. 
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This shows that another immune gene is downregulated as macrophages differentiate into 

osteoclasts further strengthening the hypothesis herein, that macrophages lose immune functions 

as they differentiate into osteoclasts. 

 

Gene #7 – Ms4a6d (Membrane-spanning 4-domains, subfamily a, member 6d). Ms4a6d is part 

the "membrane-spanning four-domains, subfamily A" superfamily comprised of at least 21 

members. Their family members share similar structure (four transmembrane domains) with 

amino acid identities of 25-40%. In particular, the conservation of Ms4a6d with CD20, the high-

affinity IgE receptor beta chain and Htm4 (signal transducing proteins) suggest that Ms4a6d is 

involved in signal transduction (Liang & Tedder, 2001., Ishibashi et al, 2001) and in fact this has 

proven to be the case in B cells (Kim et al, 2003). In this investigation, Ms4a6d is highly 

expressed in macrophages and this expression is considerably reduced (by 20.6 fold) as 

macrophages differentiate into osteoclasts. These results demonstrate a novel gene negatively 

regulated by RANKL during osteoclastogenesis. 

 

Gene #8 – Dab2 (Disabled homolog 2 drosophila). Dab2 is a molecule involved in endocytosis 

and cell signalling. In addition it has been shown to bind myosin VI where it was proposed to 

mediate at least in part, the link between the actin cytoskeleton and receptors undergoing 

endocytosis (Morris et al, 2002). In macrophages, Dab2 augments macrophage spreading and 

adhesion (Rosenbauer et al, 2002). In this investigation, Dab2 is highly expressed in the 

macrophage but is highly downregulated (19.4 fold) on stimulation of macrophages with 

RANKL. This leads to an important question; “why then would this gene be turned down in the 

osteoclast if it regulates spreading and migration, both processes inherent to the osteoclast?” The 

answer is most likely that these processes are compensated for by various other genes in the 

osteoclast (such as CCR1 and its chemokine ligands for migration and DAP12 for cell 

spreading).  

  

 Gene #9 – Fads2 (Fatty acid desaturase 2). Saturated fatty acids are thought of as having all 

possible carbon bonds bound to hydrogen, or saturated by hydrogen. Unsaturation, the process of 

introducing double bonds between defined carbons (Δ5, Δ6 or Δ9 carbons) of a fatty acid, is 

initiated by fatty acid desaturases (Guillou et al, 2004). Fads2, a specific desaturase, plays a 
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major role in the biosynthesis of polyunsaturated fatty acids (Guillou et al, 2004) and introduces 

doubles bone at the Δ6 carbon (hence the alias of Fasd2 named “Δ6-desaturase”) (Sjögren et al, 

2008). Fads2 has been linked to fatty acid metabolism disorders such as cardiovascular disease 

(Malerba et al, 2008) and hyperhomocysteinemia (Devlin et al, 2007). In this thesis, it is found 

that Fads2 is strongly downregulated (18.1 fold) by RANKL during osteoclastogenesis. 

Interestingly, others have shown that osteoclasts are inhibited by desaturated fatty acids (Rahman 

et al, 2008., Sun et al, 2003). As such, the osteoclast may downregulate this desaturase (Fads2) 

to promote osteoclast function. 

 

Gene #10 – Rhoq (Ras homolog gene family, member q) is a member of Rho GTPase family. It 

is located primarily in vesicular structures (Michaelson et al, 2001) and is proposed to partake in 

the 3 major parts of exocytosis: loading of the cargo, tethering to the plasma membrane, and 

triggering vesicle fusion (Kawase et al, 2006). In this report, Rhoq is downloaded 18 fold as 

macrophages differentiate into osteoclasts. In fact, there seems a specific temporal regulation of 

Rhoq in response to RANKL with a specific downregulation of Rhoq as osteoclasts fuse 

followed by normalisation of Rhoq once osteoclasts have completely formed (Brazier et al, 

2006). These findings suggest a specific downregulation of Rhoq during osteoclast formation 

and may advocate that osteoclasts re-evaluate their vesicular trafficking while undergoing 

osteoclastogenesis. 

 

Gene #11 – Pid1 (Phosphotyrosine interaction domain containing 1) is novel gene that has 

recently been characterised by Wang et al., (2006). They showed that in the human, Pid1 (aka 

NYGGF4) was found to be expressed at high levels in obese patients. This gene was thus 

isolated, characterised and yielded a cDNA of 1527 base pairs containing an open reading frame 

of 753 nucleotides with a predicted protein of 250 amino acids. The gene was primarily 

expressed in adipose tissue, heart and skeletal muscle while its cellular localisation was the 

cytoplasm. Overexpression of Pid1 in a murine preadipocyte cell line (3T3-L1) caused an 

increase of cells in the S1 cycle phase and increased the proliferation of these cells but without 

affecting their differentiative potential. The authors suggested that Pid1 was a candidate for 

promoting cell growth, and adipogenesis. In the investigation herein, Pid1 is highly expressed in 

macrophages but on RANKL stimulation, Pid1 is downregulated almost 17 fold. These results 
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suggest that Pid1 may play a role in the macrophage and that this role is toned down in 

osteoclasts when differentiated with RANKL.  

 

Gene #12 – Cd36 (CD36 antigen). Phagocytosis of apoptotic cells by macrophages is induced 

by the vitronectin receptor (αvβ3) or the receptor for phosphatidylserine (phosphatidylserine is 

exposed on the cell surface of apoptotic cells). This process coordinates with the Cd36 antigen 

and phagocytosis of apoptotic cells is blocked by anti-Cd36 antibodies (Fadok et al, 1998) and 

shows that the Cd36 antigen promotes an immune function. In line with this, in a study 

comparing the difference between macrophage polykaryons (multinucleated giant cells often 

associated to sites of inflammation, especially granulomas) and osteoclasts, Cd36 (and Cd14 

amongst others) was retained in the macrophage polykaryons but lost in osteoclasts (Athanasou 

& Quinn, 1990). On the other hand, human osteoclastomas were found to express Cd36 and it 

was suggested that Cd36 could mediate the osteoclastogenic effects of thrombospondin-1 (a gene 

highly expressed by platelets) (Carron et al, 2000). However, the latter study did try to detect 

Cd36 in non-malignant-derived osteoclasts. Malignant tissues are renowned to express many 

genes artefactual to normal tissues. If Cd36 is one of these, it may not be present at all in the 

genuine osteoclast questioning any possible interaction of thrombospondin-1 with Cd36. 

Furthermore, they did not block the promoting effects of thrombospondin-1 through the use of a 

Cd36 antibody and as such, it is possible that the thrombospondin-1 may bind another receptor 

on the osteoclast to promote osteoclastogenesis.  

 

Herein, Cd36 is highly expressed in the macrophage, but strongly downregulated (16.5 fold) by 

RANKL as macrophages differentiate into osteoclasts (but remaining at modest level of 

expression). These results in part agree with Athanasou & Quinn., (1990) that osteoclasts 

strongly downregulate the Cd36 antigen compared to cells of macrophage origin. On the other 

hand they also show that despite Cd36 being strongly downregulated, its remains expressed in 

the osteoclast. As such, Cd36 is indeed expressed in the osteoclast of non-malignant origin and 

accordingly, thrombospondin-1 may indeed enhance osteoclastogenesis through Cd36 as 

suggested by Carron et al, 2000.   
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Gene #13 – Pld4 (Phospholipase d family, member 4) is a completely novel gene. There are no 

reports to date on this gene and the two articles related to this gene (via NCBI nucleotide search, 

supplementary material) are mis-referenced. The only information for this gene is available via 

the Swissprot server where the gene is described as belonging to the phospholipase D (PLD) 

family and that it contains 2 PLD phosphodiesterase domains 

(http://expasy.org/uniprot/Q8BG07). However, these claims have not been verified at the protein 

level and is the reason why, herein, this gene was classified as completely novel. During the 

search for RANKL-dependent genes, it was foun herein that Pld4 is highly expressed in the 

macrophage but on stimulation with RANKL to produce osteoclasts, downregulated by 16 fold. 

These results demonstrate a completely novel gene is downregulated in the osteoclast.  

 

Gene #14 – Gpr84 (G protein-coupled receptor 84) is a G protein-coupled receptor that was 

only recently characterised. It is expressed specifically in macrophages and neural tissues, and is 

strongly upregulated in inflammatory responses mediated by lipopolysaccharide (Lattin et al, 

2008). Furthermore, in microglia (cells responsible for immune defence in the central nervous 

system), Gpr84 is upregulated in response to endotoxin or autoimmune encephalomyelitis 

(Bouchard et al, 2007). These studies thus indicate a role for Gpr84 in the inflammatory 

response. Herein, it is found that Gpr84 is downregulated almost 16 fold by RANKL as 

osteoclasts differentiate from macrophages. The originating expression of Gpr84 in macrophages 

is high (comparative to almost 20 percent of TRAP in osteoclasts) confirming its expression in 

the macrophage. Furthermore, these results suggest that an immune-related gene, is 

downregulated as macrophages differentiate into osteoclasts which supports the hypothesis 

herein. 

 

Gene #15 – Clec4d (C-type lectin domain family 4, member d). Cell surface lectins or C-type 

lectins recognise carbohydrates found on pathogens and activate the immune system (McGreal et 

al, 2005). Also known as Clecsf8, Clec4d is a C-type lectin that acts as an endocytic receptor on 

monocytes and macrophages (Arce et al, 2004) but its role remains to be determined. In the 

investigation herein, Clec4d is highly expressed in the macrophage (comparative to 50% of 

TRAP in the osteoclast) but strongly repressed (-15.5 fold) by RANKL when macrophages 

undergo differentiation into osteoclasts. Interestingly, many other C-type lectin family members 
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followed the same expression pattern as Clec4d: Clec4e (probe set 1420330_at), Clec5a (probe 

set 1421366_at) and Clec4a3 (probe set 1429954_at) were all moderate-highly expressed in the 

macrophage but then downregulated strongly by RANKL (by 11, 16 and 21 fold respectively). 

Together these results indicate that the recognition of carbohydrates on pathogens as carried out 

by C-type lectins is strongly repressed as macrophages differentiate into osteoclasts and strongly 

support the hypothesis herein – the macrophage loses immune functions as it differentiates into a 

non-immune cell, the osteoclast.   

 

Gene #16 – Dck (Deoxycytidine kinase) is an essential gene required for the production of 

nucleotide precursors required for DNA synthesis. The role of Dck is simple; it adds a phosphate 

to DNA nucleosides to produce monophosphate forms (i.e. deoxyadenosine to deoxyadenosine-

monophosphate) (Sabini et al, 2008). It is important in the salvage of nucleosides used for DNA 

synthesis (Soriano et al, 2007). In cells starved of serum (thus forced into G0/G1 arrest) followed 

by resupplementation of serum (in order to progress back into proliferation), the activities of Dck 

and Dgk (which plays the same role as Dck) were upregulated 3 fold as cells began to proliferate 

(Fyrberg et al, 2007). These results make sense as cells that proliferate require more nucleotide 

precursors for DNA synthesis. In the investigation herein, Dck is highly expressed in the 

macrophage but considerably downregulated (almost 13 fold) by RANKL as macrophages 

differentiate into osteoclasts. These results suggest Dck function is lowered in osteoclasts and is 

logical (according to Fyrberg et al., (2007)) since proliferation of osteoclast precursors is 

lowered/inhibited and thereby also a decrease nucleotide precursor synthesis is expected, as cells 

differentiate.  

 

Gene #17 – Cd14 (CD14 antigen) is found in soluble form in the serum or is expressed by 

myeloid cells. Its function on the cells that express it is to activate the immune system and in 

particular by binding to lipopolysaccharide (like Gpr84, gene #14 in Table) (Ulevitch et al, 1995, 

Leung et al, 2005 and Dobrovolskaia & Vogel, 2002). Cd14 is also a typical marker of 

monocytes/macrophages and is used to identify monocytes/macrophages for use as osteoclast 

precursors. Interestingly, macrophage polykaryons continue to express Cd14 while closely-

related osteoclasts, do not (Athanasou and Quinn, 1990).  
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In this investigation, the transcript levels of Cd14 were determined in both macrophages and 

osteoclasts differentiated from macrophages using RANKL. As expected, Cd14 was very highly 

expressed in the macrophage (and equalled TRAP expression in the osteoclast at the mRNA 

level). In contrast, osteoclasts differentiated from macrophages possessed 11.3 fold less Cd14 

than macrophages. These results partially agree with Athanasou and Quinn., (1990) and show 

that Cd14 is indeed downregulated compared to cells of macrophage origin. In addition, these 

results support the hypothesis herein, that immune genes (in this case Cd14) are lost or 

downregulated as macrophages differentiate into osteoclasts. 
 

Gene #18 – Tlr2 (Toll-like receptor 2) belongs to the family of Toll-like receptors (TLRs). TLRs 

receptors recognise pathogen-associated molecules such as bacterial lipoproteins, 

peptidoglycans, and Staphylococcus aureus lipoteichoic acid. Monocytes and macrophages 

express both Tlr2 and Tlr4 and following TLR engagement, macrophages produce 

proinflammatory cytokines such as IL-1β, IL-6, and TNF-α . In periodontal disease, there is an 

increase of Tlr2 expression in inflammatory disease. Tlr2 expression is also linked to monocytes 

from serum of arthritic patients (Ukai et al, 2008). Not surprisingly, osteoclast-like cells were 

produced from macrophages that expressed Tlr2 and derived from a periodontal disease-like 

environment. These osteoclast-like cells were shown to be in response to TNFα  but not RANKL 

(Ukai et al, 2008) and questions as to whether these cells were really osteoclasts, rather than 

multinucleated giant cells (macrophage polykaryons). In fact, treatment of Tlr2 with its ligands 

in during osteoclastogenesis blocked osteoclast formation (Takami et al, 2002). The authors 

conducting this work showed that activation of Tlr2 maintained the phagocytic activity of 

macrophages and thus kept these cells in the macrophage lineage rather than into osteoclasts.  

 

In the investigation herein, Tlr2 is highly expressed in the macrophage but strongly 

downregulated by RANKL (almost 11 fold). This suggests that the immune role of Tlr2, is 

repressed as osteoclasts differentiate from macrophages and supports the hypothesis herein that 

immune genes are downregulated as macrophages differentiate into osteoclasts. However, it is 

important to note that there is residual expression of Tlr2 in the osteoclast and as such, its 

inhibitory effects on osteoclast formation could still exist. 
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Gene #19 (Lyz2) and Gene #20 (Lyz1). Lyz2 and Lyz1 are gene abbreviations for lysozyme 2 

and lysozyme 1 respectively. Murine Lyz2 (aka lysozyme M) and Lyz1 (aka lysozyme P) are 

highly homologous to the human Lyz gene but Lyz1 seems to be an alternatively spliced 

(shorter) variant of Lyz2 (by alignments using Japan ClutsalW, executed by Sebastien Stephens 

(2008)). However, Lyz2 and Lyz1 are expressed by two distinct genes and thus not splice 

variants. On the other hand, it is important to note that these genes are in fact gene duplicates 

(Hammer et al, 1987). The functions of lysozymes are immune-related and specifically 

antimicrobial (Markart et al, 2004). In this investigation, Lyz2 and Lyz1 were the highest 

expressed genes in the macrophage (comparative to 1.2 and 1.5 times the expression of TRAP 

transcripts in the osteoclast). For this reason and the fact that both genes share similar function 

and arose from gene duplication, both are discussed together here. 

 

Lysozymes promote their antimicrobial action by binding to and degrading peptidoglycans, the 

major constituents of the bacterial cell wall. As such, lysozymes in effect “lyse” bacteria leading 

to the death of bacteria (Höltje, 1996). Lyz1 and Lyz2 have been shown to kill gram-negative 

bacteria in the lung (Markart et al, 2004) and accordingly are important genes expressed by the 

macrophage in order to maintain innate immune defence. 

 

As mentioned above, Lyz1 and Lyz2 were the two highest expressed genes in the macrophage as 

shown in the array carried out in this thesis. However, these genes were both highly 

downregulated (8.9 and 9.2 fold) respectively as macrophages differentiated into osteoclasts 

upon RANKL stimulation. These results strongly suggest that as macrophages differentiate into 

osteoclasts, immune function will be lost and thus supports the hypothesis herein.  
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7.4.6   TOP 20 GENES TURNED OFF BY RANKL  

 

Genes that were expressed in the macrophage but downregulated by RANKL to transcript 

levels that were undetectable by Affymetrix array were categorised into Table 7.6. The first 20 

genes were ordered on the basis of highest expression in the macrophage so that genes fitting this 

category were more likely to be significant findings. These top 20 genes “turned off” by RANKL 

as macrophages differentiate into osteoclasts were considered as loss-of-function genes. In line 

with the hypothesis set out in section 6.5 (genes highly downregulated by RANKL), it was 

hypothesised here these loss-of-function genes would likely be immune genes as macrophages 

differentiate into osteoclasts. All genes that were expressed in the macrophage harboured 

“present” calls by Affymetrix. In contrast, these genes were “absent” calls by Affymetrix in the 

osteoclast.  

 

Gene #1 – P2ry6 (Pyrimidinergic receptor P2Y, G-protein coupled, 6) belongs to the P2Y 

receptor family which are G-protein coupled receptors activated by extracellular nucleotides. The 

P2Y6 receptor (aka P2ry6) is expressed in macrophages where it selectively activated by UDP 

resulting in the enhancement of certain proinflammatory cytokine release (interleukin-6 and 

macrophage-inflammatory protein-2, but not TNFα) (Bar et al, 2008., Lattin et al, 2008). In the 

RANKL array prepared in this thesis, P2ry6 is turned off by RANKL as macrophages 

differentiate in osteoclasts. Given the immune-reglated role of P2ry6 in the macrophage, these 

results support the hypothesis herein, that macrophages lose immune-related genes as they 

differentiate into osteoclasts. The immune-role of P2ry6 is most likely not needed in the 

osteoclast. 

 

Gene #2 – Igh-6 (Immunoglobulin heavy chain 6) is a gene that encodes the immunoglobulin 

mu chain (aka Igh-6, Igm, muH, IGHM, Igh-M and muHC (μHC)) which makes up the heavy 

chain component of the IgM antibody (made up from pairs of heavy chains and light chains). 

Mature B cells produce IgM and thus heavy and light chains. In contrast, pre-B cells only 

express the mu heavy chain, Igh-6. It has been shown that Igh-6 is mandatory in the 

differentiation of B cells; if Igh-6 is absent, so are B cells (Kitamura et al, 1991., Mårtensson et 

al, 2007). Thus not only does Igh-6 participate in the production of IgM in the mature B cell, but 
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it also controls B cell differentiation. In the investigation herein, Igh-6 is specifically turned off 

by RANKL as macrophages differentiate into osteoclasts. The specific role of this gene in the B 

cell combined with the fact that macrophages do not produce antibodies including IgM questions 

whether this finding is in fact true. QPCR validation in macrophages of many types should be 

initiated to verify this finding. However, if this finding is true, then it would suggest that another 

immune gene is downregulated by RANKL as macrophages differentiate into osteoclasts 

confirming the hypothesis herein.  

 

Gene #3 – Tlr7 (Toll-like receptor 7) belongs to the toll-like receptor (TLR) family of proteins. 

TLRs are regarded as activators of the innate immune system especially in response to viral 

pathogens. In particular, Tlr7 is a natural receptor for single-stranded RNA (and thus certain 

RNA viruses) and interestingly is expressed on the surface of intracellular endosome membranes 

(Schön et al, 2008). Herein, Tlr7 is expressed in the macrophage but turned off in RANKL 

macrophage-derived osteoclasts. Tlr7, an immune gene is most likely not needed in the 

osteoclast and this supports the hypothesis herein, that macrophages lose immune-related genes 

as they differentiate into osteoclasts. 

 

Gene #4 – Stap1 (Signal transducing adaptor family member 1) also known as BRDG1 is an 

adaptor protein of unknown function expressed specifically in undifferentiated monocytes (i.e. 

differentiation of Stap1 is strongly reduced as monocytes differentiate) (Masuhara et al, 2000). 

In the investigation herein, Stap1 is expressed in monocytes/macrophages of the RAW264.7 cell 

line but not detected in osteoclasts derived from RAW264.7 cells treated with RANKL. This 

result supports the findings of Masuhara et al, 2000 that as monocytes differentiate, they 

downregulate the expression of Stap1, and in the case of osteoclasts as shown herein, lose the 

expression of Stap1 altogether. Further research is required on this gene to establish its role 

which could then be associated, if significant, in a negative fashion to the osteoclast.  

 

Gene #5 – Tlr13 (Toll-like receptor 13) also known as Gm713, is a novel gene without a 

reported function and lacking a human homologue. Tlr13 is most homologous to Tlr3. (Tabeta et 

al, 2004). As such, the function of Tlr13 is most likely immune-related since; (1) it belongs to 

the toll-like receptor family (which are viral-responsive receptors mediating innate immunity) 
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and (2) its similar structure to Tlr3 which specifically recognises dsRNA and in response induces 

the activation of NFkB and the production of type I interferons (Alexopoulou et al, 2001). For a 

review on Toll-like receptors, see Jin & Lee., (2008).  

 

In this investigation, Tlr13 makes up 1 of 4 TLRs downregulated in response to RANKL as 

macrophages differentiate into osteoclasts (gene #18 Table 7.5, gene #3 Table 7.6 and though not 

included in the top 20 tables, Tlr4 (1418162_at) is also downregulated 5.25 fold by RANKL) 

The function as mentioned above of TLRs is to activate the innate immune system in response to 

viral pathogens. Though the function of Tlr13 remains to be determined, it is likely that it 

exhibits functions similar to its counterparts within the Tlr family. Evidence in this investigation 

points to the general downregulation of TLRs in response to RANKL. It is important to note that 

of all genes upregulated by RANKL (>500 genes), none were of the toll-like receptor family. 

Collectively, these results suggest that TLRs which in general function as immune related genes, 

including Tlr13, are downregulated during RANKL-stimulated osteoclastogenesis from 

macrophages.  This supports the “loss of immune gene” hypothesis as macrophages differentiate 

in osteoclasts. 

 

Gene #6 – Fli1 (Friend leukemia integration 1) also known as EWSR2, EWS, Fli-1 or Sic1, 

belongs to the family of Ets transcription factors. It is a gene lethal knock out, implicated in the 

development of lymphocytes (Nowling & Gilkeson, 2006) especially B cells (Zhang et al, 2008) 

and its induced expression in transgenic mice causes leukemia (Torchia et al, 2007). The latter is 

to no surprise since Fli1 was initially discovered as a oncogene site for retroviral integration of 

Friend virus-induced erythroleukemias (the virus integrates near/in the Fli1 gene and activates 

Fli1) (Zhang et al, 1993). There is also evidence to suggest that Fli1 regulates the development 

of monocytes (Masuya et al, 2005). In the investigation herein, Fli1 was turned off by RANKL 

as macrophages had differentiated into osteoclasts. This proto-oncogene, which under normal 

circusmtances regulates differentiation of myeloid cells, is most likely not needed in the 

osteoclast which is terminally differentiated. 

 

Gene #7 – Il1rl1 (Interleukin 1 receptor-like 1) also known as ST2, belongs to the IL-1 receptor 

(IL-1r) family of proteins (Moulin et al, 2007). Il1rl1 is a specific marker of Th2 T cells and 
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regulates their development and function. Th (T helper) cells are generally categorised into Th1 

or Th2 immune responses depending on the cytokines they preferentially produce. Th1 cells 

mainly secrete IFN-γ and IL-2 while Th2 cells produce mostly IL-4, IL-5 and IL-13. On top of 

promoting the development and function of Th2 cells, Il1rl1 also negatively regulates the 

proinflammatory function of macrophages. Il1rl1 is expressed as a cell surface receptor or as a 

soluble protein and in either form can downregulate macrophage-secreted TNF, IL-6 and IL-12 

(Trajkovic et al, 2004).  

 

In this investigation, Il1rl1 is specifically turned off by RANKL as macrophages differentiate 

into osteoclasts. Il1rl1 has an immunomodulatory role in the macrophage (immunosuppression) 

which is suspected to operate through the downregulation of Tlr4 (Trajkovic et al, 2004). It is 

important to note that Tlr4 which was discussed earlier (see gene #5) though not in the top 20 

genes, was also found to be to be turned off by RANKL in osteoclasts herein. The results herein 

suggest that RANKL negatively regulates a common immune regulatory pathway (Il1rl1 and 

Tlr4) and supports the “loss of immune genes” hypothesis herein as macrophages differentiate 

into osteoclasts. 

 

Gene #8 – Rnase4 (Ribonuclease, RNase A family 4) belongs to the ribonuclease A (RNase A) 

superfamily and like all members of this family, mediates the cleavage of RNA (Dyer & 

Rosenberg, 2005., Shapiro et al, 1986). Members of the RNase A family have been implicated in 

many functions including repressing the infectivity of viruses, killing systemic pathogens 

(antibacterial, anti-parasitic) and promoting the growth of blood vessels (Dyer & Rosenberg, 

2005., Egesten et al, 1997). Rnase4 is expressed and secreted by monocytes suggesting that 

Rnase4 may participate in the processing of immunological challenges (Egesten et al, 1997).  

 

In the investigation herein, Rnase4 was expressed in macrophages but lost completely as these 

cells differentiated into osteoclasts in response to RANKL. Though Rnase4 is little studied, there 

is evidence to suggest it is involved in the immune system, which is lost in the osteoclast as 

shown herein. Thus, these results support the hypothesis herein; immune-related genes are lost as 

macrophages differentiate into osteoclasts. 
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Gene #9 – Ryk (Receptor-like tyrosine kinase) is a receptor for Wnt ligands Wnt5, Wnt1 and 

Wnt 3a amongst others. Ryk thus contributes to the canonical Wnt signaling pathway. In mice 

lacking Ryk, craniofacial defects (cleft palate, shortened limbs) are seen but at this stage, the 

function of Ryk is thought to be in axon guidance (for review on Ryk in Wnt signalling, see 

Hendrickx & Leyns., (2008)). However, given the craniofacial defects seen in Ryk-KO mice, this 

gene is likely to participate in many other processes. In particular, the conical Wnt signalling 

cascade is prevalent in the osteoblast and the osteocyte where it regulates differentiation, 

proliferation, activity and apoptosis (Piters et al, 2008). Thus it is possible that Ryk regulates 

craniofacial development via Wnt signalling in these these cells. In the investigation herein, Ryk 

is turned off by RANKL during osteoclastogenesis from macrophages. Ryk as discussed above is 

a developmental gene and is likely to be important in osteoblast/osteocyte signalling. Given this 

and the results herein, it is likely that Ryk is not needed in the osteoclast. 

 

Gene #10 – Tnfsf9 (Tumor necrosis factor ligand superfamily member 9) also known as CD137 

ligand (CD137L), Ly631 or 4-1BBL, belongs to the tumour necrosis factor ligand family (the 

same family TNFα and RANKL belong to). Tnfsf9 activates the differentiation of immature 

dendritic cells to mature dendritic cells capable of migratiing to lymph nodes and antigen 

presentation to T cells, thereby activating the adaptive immune system (Lippert et al, 2008). 

Tnfsf9 also directly promotes potent costimulatory signals to T cells and enhances both T cell 

and monocyte survival. As expected CD137, the receptor of Tnfsf9, is expressed on T cells but 

also on activated natural killer cells. In contrast, Tnfsf9 is expressed by a variety of antigen-

presenting cells such as including dendritic cells, activated B cells, and monocytes (Lynch, 

2008). These studies show that Tnfsf9 is a gene of the immune system. In the RANKL array 

herein, Tnfsf9 was turned off as macrophages differentiated into osteoclasts in response to 

RANKL. The results herein suggest that the immune role of Tnfsf9 is no longer needed in the 

osteoclast and supports the current hypothesis herein, that as macrophages differentiate into 

osteoclasts, immune genes are lost.  

 

Gene #11 – Timeless (Timeless homolog (Drosophila)) also known as Tim (mTim for murine 

Tim, dTim for Drosophila Tim) or Debt69, was named due to its homology with the Drosophila 

Timeless gene, which is involved in regulating the Drosophila circadian rhythm (Gotter, 2003). 
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However the mammalian Timeless gene, including murine Timeless, has no established role in 

circadian function and its deletion results in embryonic lethality suggesting a role in 

development (Gotter, 2003., Gotter et al, 2007). Mammalian Timeless is constitutively bound 

and positively regulated by Timeless interacting protein (TIPIN) and it is shown that together, 

these act as replisome proteins. In effect, they associated with the endogenous replication fork 

where they enhance DNA replication (Gotter et al, 2007). In addition, the mammalian Timeless-

TIPIN complex in response to UV light initiates growth arrest of cells as part of a stress response 

(Gotter et al, 2007).   

 

In this investigation, murine Timeless was rendered expressionless on the treatment of 

macrophages with RANKL during osteoclastogenesis. Furthermore, its constitutive binding 

partner, TIPIN, highly expressed in the macrophage (comparative to 25% of TRAP mRNA in the 

osteoclast) was also downregulated (by 6.5 fold) in the osteoclast from the same differentiation 

system (1426612_at, fluorescence hits: 2131 (MAC) and 331 (OC)). This shows that a 

replisome-associated complex that can positively regulate DNA replication is strongly repressed 

in the osteoclast compared to the macrophage. This is expected in the osteoclast; a terminally 

differentiated cell that no longer undergoes DNA replication. However this result maybe 

misleading for the following reason: The macrophages used in herein, the RAW264.7 cell line, 

for the differentiation of osteoclasts, is a cancerous cell line that constantly replicates and thus 

requires DNA replication machinery. This machinery could include the Timeless-TIPIN 

complex. Looking at another probe set 203046_s_at (the human Timeless gene), it can be seen 

that this gene is well expressed in cancer cells and stem cells but not significantly in non-

replicating cells (https://biogps.gnf.org/#goto=genereport&id=8914). As such, it is likely that 

any factor that can differentiate the RAW264.7 cell line into terminally differentiated non-

replicating cells, will also downregulate strongly the Timeless-TIPIN complex. Investigators 

should treat Timeless and TIPIN with caution if investigating their role in the osteoclast. 

 

Gene #12 – Ifi27 (Interferon, alpha-inducible protein 27) also known as ISG12a, is a novel gene 

that is known to be one of the highest genes induced by IFNα (Rosebeck & Leaman, 2008). It is 

induced in inflamed tissues such as those found in skin cells of psoriasis (Suomela et al 2004), 

SLE-induced arthritis (Nzeusseu et al, 2007), in immune system cells (activated T cells (Ojala et 
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al, 2007)) and has been shown to localise to the mitochondria where it enhances cell apoptosis 

(Rosebeck & Leaman, 2008). In the investigation herein, Ifi27 is turned off by RANKL. Though 

its expression and function remains unclear, this gene is responsive to a major immune cytokine 

(IFNα) suggesting it is an inflammatory protein. As such, it is likely that the inflammatory role 

of Ifi27 is no longer needed in the osteoclast and this confirms the hypothesis herein – immune 

genes are downregulated as macrophages differentiate into osteoclasts.  

 

Gene #13 – Blm (Bloom syndrome homolog (human)) is a gene that encodes a DNA helicase 

responsible for maintaining genomic integrity. In particular, it is a 3'-5' helicase which 

normalises DNA double-strand breaks and stalled replication forks (Slupianek et al, 2005). 

When mutated, Blm is responsible for Bloom’s syndrome, a genetic disease characterised by 

increased cancer and immunodeficiency which has been related partly to a deficiency in 

development, maintenance, and function of T cells (Babbe et al, 2007). In the RANKL array 

herein, it was found that Blm was turned off in response to RANKL during osteoclast formation 

from macrophages. This suggests that osteoclasts make do without the Blm helicase and it is 

likely, that osteoclasts, which have a short lives do not require this protein.  

 

Gene #14 –Slc2a6 (Solute carrier family 2 member a6) belongs to the GLUT family of integral 

membrane proteins which are responsible for the transport of glucose across the cell membrane 

(Simpson et al, 2008). Slc2a6, also known as GLUT9, is expressed very early (already at the 

single-cell embryo stage, Carayannopoulos et al, 2004) and in mature tissues such as kidney, 

liver, placenta, lung, blood leukocytes, heart (Phay et al, 2000) and cartilage (Mobasheri et al, 

2002). In cells Slc2a6 is localised as expected in the plasma membrane (Takanaga et al, 2008) 

where it facilitates glucose transport (Carayannopoulos et al, 2004., Takanaga et al, 2008).  

 

In this investigation, Slc2a6 is specifically downregulated by RANKL to undetectable levels as o 

RAW264.7 monocyte/macrophages differentiate into osteoclasts. Glucose is inherent to cellular 

metabolism in most cell types and especially osteoclasts where it participates in the high energy 

production required for bone resorption (Williams et al, 1997) and positively regulates 

osteoclastogenesis (Larsen et al, 2005). As such it would make sense that the glucose transporter 

Slc2a6, would be upregulated. However as seen herein this is not the case. Slc2a6 is obviously 
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replaced by other GLUT family members in the osteoclast or by other glucose transport 

mechanisms altogether.  

 

Gene #15 – Fcgr1 (IgG high affinity Fc receptor 1) belongs to the family of Fcgamma receptors 

which as their full name implies bind IgG (Nimmerjahn et al, 2008., Boross et al, 2008). In 

humans, Fcgamma receptors initiate a number of immunoregulatory processes of both the innate 

and adaptive immune system such as activating innate effector cells, antigen presentation, 

maturation of dendritic cells, regulation of B-cell activation and plasma-cell survival. Moreover, 

their altered function has been linked to a number of inflammatory diseases in particular arthritis 

and systemic lupus erythematosus (Boross et al, 2008, Nimmerjahn et al, 2008, refer to latter for 

review). Further investigations into arthritis of the Fcgamma receptors have shown that 

FcgammaRI (Fcgr1) and FcgammaRIII did not participate in the pathogenesis of destructive 

arthritis implying that other members of the family (FcgammaRII and FcgammaRIV) are 

responsible for this where the authors suggested FcgammaRIV (Boross et al, 2008).  

 

In this investigation, Fcgr1 was turned off as osteoclasts differentiated from macrophages treated 

with RANKL. Since the function of Fcgr1 is primarily one of immunoregulation in nature, the 

gene downregulation of Fcgr1 in osteoclasts is likely to be a loss of function of immune function. 

This result supports the hypothesis herein, that macrophages lose associated immune functions as 

they differentiate into osteoclasts. 

 

Gene #16 – Rbmx (RNA binding motif protein, X chromosome) is a an RNA-binding protein 

(Delbridge et al, 1997) of multiple functions; it is necessary for normal development (Dichmann 

et al, 2008), regulates the response of a high fructose diet in metabolic syndrome (by regulating 

transcription of the sterol regulatory element (SRE)-binding protein-1c (SREBP-1c) (Takemoto 

et al, 2007) and increases the release/shedding of  TNFR1 by constitutive release of exosome-

like vesicles/proteolytic cleavage of TNFR1 ectodomains (Adamik et al, 2008). 

 

In this investigation, it was found that Rbmx was downregulated by RANKL to undetectable 

levels during osteoclastogenesis from monocytes/macrophages. Though the function of Rbmx is 

varied, as discussed above it positively regulates TNFR1. TNFR1 along with TNFR1 are 
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responsible for initiating the actions of the major inflammatory cytokine TNFα. However, 

TNFR1 and TNFR2 initiate different responses – TNFR1 initiates mostly inflammatory 

responses while TNFR2 is thought to mediate angiogenesis and repair (see Wertz et al, 2008 for 

review). Despite their differences, the role of TNFR1 and TNFR2 in the immune system is clear. 

Thus combining this knowledge with the results herein suggests that monocytes/macrophages 

lose an immunoregulatory role when differentiating into osteoclasts which supports the 

hypothesis herein.  

 

Gene #17 – Sgol1 (shugoshin-like 1 (S. pombe)) and its splice variant sSgol1 are implicated in 

the regulation of mitosis. These genes have been respectively described as “glues” during mitosis 

for maintaining sister chromatid cohesion and centrioles paired (for review, refer to Tsang & 

Dynlacht, 2008). In this investigation, Sgol1 is turned off by RANKL during osteoclastogenesis 

from cells of the macrophage lineage. As a terminally differentiated cell, the osteoclast does not 

proliferate nor engage in mitosis and accordingly would not require Sgol1. On the other hand, 

the cell line RAW264.7 cells which are constantly undergoing mitosis, or proliferating 

haematopoietic precursors of the myeloid lineage both of which are osteoclast precursors are 

likely to require Sgol1. 

 

Gene #18 – Fgd2 (FYVE, RhoGEF and PH domain containing 2) belongs to the family of FGD 

guanine nucleotide exchange factors (GEFs). Particularly, Fgd2 is a GEF for CDC42 and like 

other GEFs, it facilitates the exchange of GDP bound by RhoGTPases (in this case CDC42) for 

GTP, thereby activating the GTPase (Bauer et al, 2007 and Nakanishi et al, 2008). Fgd2 is a 

rather novel gene with less than 10 publications to its name within the NCBI PubMed database. 

 

CDC42 is a rather ubiquitous RhoGTPase and accordingly is not induced or enhanced by 

RANKL. However, it remains that CDC42 is highly expressed in the osteoclast and plays part in 

the regulation of the osteoclast’s actin dynamics (see chapter 3). The control of actin dynamics 

by RhoGTPases is not as simple as upregulating and downregulating their expression, but more 

by cycles of activation and inactivation which are operated by “GEFs” and “GTPase activating 

proteins” respectively. In this investigation, the CDC42-specific GEF “Fgd2” was turned off in a 

RANKL-specific manner as osteoclasts differentiated from macrophages. This specific gene 
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silencing may contribute to the dynamic regulation of CDC42 (by inhibiting CDC42) in the 

developing osteoclast.  

 

Gene #19 – Oas3 (2'-5' oligoadenylate synthetase 3) belongs to the OAS family of proteins. This 

family of enzymes has three members OAS1-3 and each member is encoded by a separate gene. 

The function of OASs is antiviral – they bind to dsRNA structures (as found in RNA viral 

genomes) and induce degradation of the RNA. This degradation is not direct but necessitates 

polymerised ATP molecules (termed 2’-5’ oligoadenylates) which are produced by OASs. These 

oligoadenylates then activate RNAseL (another enzyme) which non-specifically degrades RNA. 

As such the viral RNA is destroyed but also the cellular RNA; which puts a hold to endogenous 

protein synthesis of the affected cell (Bonnevie-Nielsen et al, 2005 and for review Justesen et al, 

2000). In the investigation herein, Oas3 was expressed in macrophages but not osteoclasts. Oas3, 

participating in innate antiviral responses, is most likely not required in the osteoclast. This 

supports the hypothesis herein – macrophages lose immune functions as they differentiate into 

osteoclasts. 

 

Gene #20 – Med22 (mediator complex subunit 22) is also known as Surf5, is little described. It 

is known that Med22 is ubiquitously expressed (Garson et al, 1996), that it belongs to the soluble 

fraction of the cytoplasm (Garson et al, 1995) and like other members of the surfeit locus (6 

members to date), functions as a house-keeping gene (Williams et al, 1988., Magoulas & Fried, 

2000) but whose distinct function is unknown. In the RANKL array herein, it is found that 

Med22 is turned off by RANKL in osteoclasts differentiated from macrophages. The 

signification of such a finding is difficult to interpret and thus further work is needed in order to 

determine if this gene indeed, plays a negative role in the osteoclast. 
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7.4.7     ALL GENES UPREGULATED BY RANKL  

 

During the indentification of RANKL-dependent genes during this investigation, more than 230 

genes were found upregulated and over 300 genes turned on by RANKL during 

osteoclastogenesis. The “top 20” genes were discussed for each group, however, this leaves out 

many other potential genes of the osteoclast. As such, to reveal these other genes, all genes that 

were upregulated by RANKL and “blast OK” were tabulated in Table 7.7. Genes were listed in 

alphabectical order and osteoclast markers were highlighted yellow. Genes that were “turned on” 

by RANKL were not included. 

 

 

 

 

 

 

 

 

 



Chapter 7                                                 RANKL array                                                  213       

 

Table 7. All genes upregulated by RANKL. Known osteoclast genes are highlighted in yellow. All probe sets were blasted for specificity. 

Gene name Full gene name OC MAC OC/MAC Position
LYRM5 Lyr motif containing 5 861 282 3.0535 1418996_a_at
1110008P14 Riken cDNA 1110008p14 gene 1070 240 4.4536 1423947_at
1110008P14RIK Riken cDNA 1110008p14 gene 983 292 3.3652 1459890_s_at
1110032E23RIK Riken cDNA 1110032e23 gene 807 178 4.5214 1416805_at
1500003O03RIK Riken cDNA 1500003O03 gene 1684 326 5.1722 1450007_at
2310014D11RIK Riken cDNA 2310014D11 gene 487 87 5.6261 1428914_at
3110043O21RIK Riken cDNA 3110043o21 gene 1070 347 3.0800 1428468_at
6720401G13RIK Riken cDNA 6720401g13 gene 593 175 3.3963 1435744_at
A230106M15RIK Riken cDNA a230106m15 gene 551 83 6.6167 1454662_at
ACAA2 Acetyl-coenzyme a acyltransferase 2 mitochondrial 3-oxoacyl-coenzyme a thiolase 589 184 3.2097 1455061_a_at
AK1 Adenylate kinase 1 332 65 5.0863 1422184_a_at
AMACR Alpha-methylacyl-coa racemase 401 60 6.6669 1417208_at
ANPEP Alanyl membrane aminopeptidase CD13 440 93 4.7457 1421424_a_at
ANXA4 Annexin A4 2303 705 3.2671 1424176_a_at
APH1C Anterior pharynx defective 1c homolog c. Elegans 527 105 5.0165 1429466_s_at
ATP6I Atpase, H+ transporting, lysosomal I 3073 970 3.1694 1420635_a_at
ATP6V0D2 Atpase, H+ transporting, lysosomal V0 subunit D2 V-atpase Osteoclast-specific vacuolar ATP synthase 5179 33 157.7167 1444176_at
ATP6V0D2 Atpase, H+ transporting, lysosomal V0 subunit D2 V-atpase Osteoclast-specific vacuolar ATP synthase 4859 41 117.7662 1434798_at
ATP6V1B2 Atpase, H+ transporting, lysosomal V1 subunit B2 4056 1078 3.7605 1419883_s_at
ATP6V1B2 Atpase, H+ transporting, lysosomal V1 subunit B2 6959 2310 3.0128 1415814_at
ATP6V1C1 Atpase, H+ transporting, lysosomal V1 subunit C1 2974 987 3.0136 1419546_at
ATP6V1D Atpase, H+ transporting, lysosomal 34kd, V1 subunit D 2892 511 5.6620 1438993_a_at
ATP6V1D Atpase, H+ transporting, lysosomal 34kd, V1 subunit D 2533 353 7.1736 1416951_a_at
BCAR3 Breast cancer anti-estrogen resistance 3 219 23 9.4471 1440739_at
BCAR3 Breast cancer anti-estrogen resistance 3 2344 396 5.9166 1415936_at
BDH1 3-hydroxybutyrate dehydrogenase, type 1 636 107 5.9440 1452257_at
C77080 Expressed sequence c77080 944 103 9.1531 1433775_at
CAR2 Carbonic anhydrase 2 1996 434 4.5933 1448752_at
CCL9 Chemokine C-C ligand 9 6864 1693 4.0541 1448898_at
CCR1 Chemokine C-C receptor 1 3154 464 6.7972 1416952_at
CCR1 Chemokine C-C receptor 1 2447 26 93.5844 1419609_at
CD109 Cd109 antigen 1675 504 3.3260 1425658_at
CD83 Cd83 antigen 549 93 5.9213 1416111_at
CDGAP Cdc42 gtpase-activating protein 787 258 3.0492 1455164_at
CENPO Centromere protein O 357 36 9.8068 1421960_at
CENTD3 Centaurin, delta 3 216 49 4.4309 1451282_at
CKB Creatine kinase, brain 5794 1562 3.7095 1455106_a_at
CKMT1 Creatine kinase, mitochondrial 1, ubiquitous 147 23 6.4720 1432418_a_at
CLCN7 Chloride channel 7 Note: colocalises to ruffled border in OC 2274 243 9.3486 1452702_at
CLCN7 Chloride channel 7 Note: colocalises to ruffled border in OC 852 139 6.1523 1450408_at
CLCN7 Chloride channel 7 Note: colocalises to ruffled border in OC 292 58 5.0116 1425821_at
CLEC4A2 C-type lectin domain family 4, member a2 1041 271 3.8366 1425407_s_at
CLEC4A2 C-type lectin domain family 4, member a2 879 208 4.2284 1422013_at
C-MYC Myelocytomatosis oncogene 653 49 13.2709 1424942_a_at
CPEB4 Cytoplasmic polyadenylation element binding protein 4 1475 270 5.4710 1420617_at
CPEB4 Cytoplasmic polyadenylation element binding protein 4 106 25 4.2902 1449931_at
CSF2RB2 Colony stimulating factor 2 receptor, beta 2, low-affinity granulocyte-macrophage 619 101 6.1285 1449360_at
CTSK Cathepsin K 7894 114 69.2449 1450652_at
CYP4V3 Cytochrome P450, family 4, subfamily v, polypeptide 3 466 77 6.0233 1417071_s_at
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Table 7 continued. All genes upregulated by RANKL. Known osteoclast genes are highlighted in yellow. All probe sets were blasted for specificity. 

Gene name Full gene name OC MAC OC/MAC Position
DEL1 Developmentally-regulated endothelial locus-1 694 17 39.7226 1425622_at
DEL1 Developmentally-regulated endothelial locus-1 1389 50 28.0326 1433474_at
DMXL1 Dmx-like 1 676 130 5.1850 1424672_at
DOCK5 Dedicator of cytokinesis 5 886 103 8.6170 1425747_at
DOCK5 Dedicator of cytokinesis 5 854 169 5.0438 1430291_at
DOCK5 Dedicator of cytokinesis 5 594 77 7.7334 1439129_at
DTWD2 DTW domain containing 2 141 30 4.6935 1441178_at
DTX4 Deltex 4 homolog Drosophila 1618 495 3.2711 1436545_at
DTX4 Deltex 4 homolog Drosophila 976 313 3.1224 1455711_at
DUSP4 Dual specificity phosphatase 4 1037 300 3.4592 1428834_at
EEIG1 Early estrogen-induced gene 1 protein 1300 60 21.4917 1426893_at
EEIG1 Early estrogen-induced gene 1 protein 2736 230 11.9022 1426894_s_at
EFR3B EFR3 homolog B (S. Cerevisiae) 183 29 6.3468 1435123_at
EG622976 Predicted gene, EG622976 38 7 5.1398 1441887_x_at
ENO3 Enolase 3, beta muscle 923 226 4.0799 1417951_at
EPN2 Epsin 2 321 77 4.1420 1427226_at
EXT1 Exostoses multiple 466 64 7.2418 1417730_at
FARP2 FERM, rhogef and pleckstrin domain protein 2) 66 16 4.2252 1440799_s_at
FBLIM1 Filamin binding LIM protein 1 693 118 5.8769 1449141_at
FBLIM1 Filamin binding LIM protein 1 387 59 6.5668 1418569_at
FGD6 FYVE, rhogef and PH domain containing 6 477 95 5.0330 1419322_at
FOSL2 Fos-like antigen 2 aka Fra-2 3553 273 13.0201 1437247_at
FOSL2 Fos-like antigen 2 aka Fra-2 447 82 5.4579 1422931_at
GALM Galactose mutarotase 298 61 4.8920 1452583_s_at
GALNT6 Udp-n-acetyl-alpha-d-galactosamine:polypeptide n-acetylgalactosaminyltransferase 6 813 180 4.5259 1434399_at
GEFT RhoA/RAC/CDC42 exchange factor 112 25 4.5095 1419978_s_at
GFPT1 Glutamine fructose-6-phosphate transaminase 1 716 237 3.0276 1449268_at
GNPTAB N-acetylglucosamine-1-phosphate transferase, alpha and beta subunits 1972 553 3.5662 1456620_at
GNPTAB N-acetylglucosamine-1-phosphate transferase, alpha and beta subunits 1216 296 4.1086 1452461_a_at
GPCR568 G protein-coupled receptor 68 527 168 3.1449 1455000_at
GPNMB Glycoprotein transmembrane nmb 9493 2696 3.5209 1448303_at
GPR137B G protein-coupled receptor 137B aka Tm7sf1 transmembrane 7 superfamily member 1 4847 1595 3.0385 1450882_s_at
GPR137B G protein-coupled receptor 137B aka Tm7sf1 transmembrane 7 superfamily member 1 3058 974 3.1400 1450881_s_at
HAGH Hydroxyacyl glutathione hydrolase 1526 254 6.0109 1424171_a_at
HAGH Hydroxyacyl glutathione hydrolase 1469 350 4.2017 1424172_at
HIST1H1C Histone cluster 1, h1c 2352 590 3.9882 1416101_a_at
HIST1H2BC Histone cluster 1, h2bc 1329 168 7.9109 1418072_at
HIST1H2BP Histone cluster 1, h2bp 1730 336 5.1468 1452540_a_at
HIST1H3D Histone cluster 1, h3d 120 25 4.7572 1427864_at
HIST2H2AA2 Histone cluster 2, h2aa2 629 97 6.4891 1418367_x_at
HIST2H2BE Histone cluster 2, h2be 579 104 5.5937 1447854_s_at
HIST2H2BE Histone cluster 2, h2be 237 56 4.2089 1455095_at
HIST2H3C1 Histone cluster 2, H3c1 313 42 7.4482 1442051_at
HSD3B7 Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 7 1538 213 7.2263 1416968_a_at
HYAL1 Hyaluronoglucosaminidase 1 180 33 5.5135 1449954_at
IFI202B Interferon activated gene 202B 3975 189 21.0481 1457666_s_at
IFI202B Interferon activated gene 202B 2814 130 21.6653 1421551_s_at
IL1RA Interleukin 1 receptor antagonist 2443 471 5.1870 1451798_at
IL1RA Interleukin 1 receptor antagonist 1793 287 6.2573 1423017_a_at
IL1RA Interleukin 1 receptor antagonist 968 118 8.1710 1425663_at
ITFG3 Integrin alpha fg-gap repeat containing 3 957 212 4.5233 1434387_at
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Table 7 continued. All genes upregulated by RANKL. Known osteoclast genes are highlighted in yellow. All probe sets were blasted for specificity. 
Gene name Full gene name OC MAC OC/MAC Position
ITGAV Alpha chain of VNR aka cd51 1418 220 6.4351 1421198_at
ITGAV Alpha chain of VNR aka cd51 401 36 11.2710 1432296_a_at
JAG1 Jagged 1 146 33 4.3694 1421106_at
JARID1B Jumonji, AT rich interactive domain 1B Rbp2 like 255 51 5.0467 1427143_at
JUNDM2 Jun dimerization protein 2 4072 459 8.8629 1450350_a_at
KIDINS220 Kinase D-interacting substrate of 220 kda 2978 902 3.3026 1433852_at
KIDINS220 Kinase D-interacting substrate of 220 kda 159 33 4.8380 1430449_at
KLHL12 Kelch-like 12 Drosophila 765 103 7.4018 1435786_at
KLHL12 Kelch-like 12 Drosophila 349 82 4.2702 1429351_at
KLHL24 Kelch-like 24 Drosophila 192 47 4.1039 1451793_at
LNX1 Ligand of numb-protein x 1 1031 33 31.2703 1455825_s_at
LNX1 Ligand of numb-protein x 1 351 27 13.0446 1450251_a_at
LNX2 Ligand of numb-protein x 2 907 248 3.6560 1460249_at
LPCAT1 Lysophosphatidylcholine acyltransferase 1 4182 1374 3.0440 1424459_at
LPCAT1 Lysophosphatidylcholine acyltransferase 1 1467 353 4.1599 1451359_at
LRP10 Low-density lipoprotein receptor-related protein 10 1530 471 3.2511 1416836_at
MALAT1 Metastasis associated lung adenocarcinoma transcript 1 732 100 7.3159 1427285_s_at
MALAT1 Metastasis associated lung adenocarcinoma transcript 1 3598 689 5.2244 1429060_at
MAP4K3 Mitogen-activated protein kinase kinase kinase kinase 3 779 188 4.1546 1426759_at
MFGE8 Milk fat globule-EGF factor 8 protein 1470 423 3.4799 1420911_a_at
MFSD9 Major facilitator superfamily domain containing 9 139 32 4.3087 1460619_at
MICALL1 Microtubule associated monoxygenase, calponin and lim domain containing-like 1 687 218 3.1523 1460556_at
MID1 Midline 1 163 26 6.2902 1440342_at
MUSTN1 Musculoskeletal, embryonic nuclear protein 1 335 24 14.2372 1427201_at
MYO1D Myosin ID 1588 171 9.2664 1435463_s_at
NAT6 N-acetyltransferase 6 606 93 6.5067 1419213_at
NCOA4 Nuclear receptor coactivator 4 1490 435 3.4246 1450006_at
NDG2 Nur77 downstream gene 2 2989 370 8.0692 1436990_s_at
NDG2 Nur77 downstream gene 2 2268 413 5.4862 1433720_s_at
NDRG4 N-myc downstream regulated gene 4 1032 234 4.4201 1436188_a_at
NDST1 N-deacetylase/N-sulfotransferase heparan glucosaminyl 1 300 23 13.2817 1428367_at
NDST1 N-deacetylase/N-sulfotransferase heparan glucosaminyl 1 1885 59 32.0284 1460436_at
NFATC1 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 4049 397 10.1922 1417621_at
NFATC1 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 2466 263 9.3924 1425761_a_at
NFATC1 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 379 41 9.2928 1447084_at
NUB1 Negative regulator of ubiquitin-like proteins 1 498 150 3.3150 1452777_a_at
NUDT22 Nudix nucleoside diphosphate linked moiety x-type motif 22 1045 170 6.1444 1460358_s_at
NUDT22 Nudix nucleoside diphosphate linked moiety x-type motif 22 1004 118 8.5338 1451329_at
OBFC2A Oligonucleotide/oligosaccharide-binding fold containing 2A 192 46 4.1495 1430623_s_at
PDGFB Platelet derived growth factor, B polypeptide 2354 570 4.1287 1450414_at
PDGFB Platelet derived growth factor, B polypeptide 587 126 4.6440 1450413_at
PEX10 Peroxisome biogenesis factor 10 473 134 3.5167 1456646_at
PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 172 28 6.1047 1422092_at
PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 534 99 5.3819 1429486_at
PIK3CB Phosphatidylinositol 3-kinase, catalytic, beta polypeptide 500 147 3.4074 1453069_at
PIP5K1B Phosphatidylinositol-4-phosphate 5-kinase, type 1 beta 1410 324 4.3528 1421833_at
PIP5K1B Phosphatidylinositol-4-phosphate 5-kinase, type 1 beta 1200 272 4.4048 1421834_at
PIP5K1B Phosphatidylinositol-4-phosphate 5-kinase, type 1 beta 1074 225 4.7770 1450389_s_at
PITPNM1 Phosphatidylinositol membrane-associated 1 751 240 3.1341 1437724_x_at
PLAU Plasminogen activator, urokinase 1011 310 3.2649 1422138_at
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Gene name Full gene name OC MAC OC/MAC Position
PLCB4 Phospholipase C, beta 4 391 84 4.6721 1425338_at
PLEKHN1 Pleckstrin homology domain containing, family n member 1 567 168 3.3802 1452329_at
PLXND1 Plexin D1 1736 201 8.6493 1451475_at
PNKD Paroxysmal nonkinesiogenic dyskinesia 141 30 4.6579 1418746_at
PPP2R2A Protein phosphatase 2 regulatory subunit B alpha 250 61 4.0669 1437869_at
PRDM1 Pr domain containing 1, with znf domain 1113 20 55.1199 1420425_at
PRNP Prion protein 759 231 3.2896 1448233_at
PRR13 Proline rich 13 2715 376 7.2121 1423686_a_at
PSTPIP1 Proline-serine-threonine phosphatase-interacting protein 1 1536 286 5.3625 1424560_at
PTPN8 Protein tyrosine phosphatase, non-receptor type 8 2920 575 5.0793 1417995_at
PTPRE Protein tyrosine phosphatase, receptor type, e 724 199 3.6493 1418540_a_at
RAI14 Retinoic acid induced 14 1818 382 4.7640 1417400_at
RAI14 Retinoic acid induced 14 430 77 5.5521 1417401_at
RAI14 Retinoic acid induced 14 377 72 5.2630 1441030_at
RASAL2 RAS protein activator like 2 1579 227 6.9645 1436910_at
RCAN1 Regulator of calcineurin 1 452 80 5.6182 1416601_a_at
RCAN1 Regulator of calcineurin 1 1159 274 4.2253 1416600_a_at
RILPL1 Rab interacting lysosomal protein-like 1 305 64 4.7921 1450449_a_at
RILPL1 Rab interacting lysosomal protein-like 1 394 42 9.3577 1447852_x_at
RILPL2 Rab interacting lysosomal protein-like 2 1378 388 3.5546 1423134_at
RNF19B Ring finger protein 19b 1175 166 7.0812 1435226_at
RNF19B Ring finger protein 19b 800 134 5.9657 1432478_a_at
RNF24 Ring finger protein 24 568 165 3.4312 1436101_at
RP23-18J13 BAC clone rp23-18j13 558 167 3.3469 1456655_at
RP23-18J13 BAC clone RP23-18J13 400 91 4.3706 1440011_at
RP23-386L9 BAC clone RP23-386L9 2013 536 3.7549 1457266_at
RP23-457P12 BAC clone RP23-457P12 434 103 4.2056 1446946_at
RP24-127G9 BAC clone RP24-127G9 725 238 3.0514 1445574_at
RP24-241C15 BAC clone RP24-241C15 69 17 4.0709 1436968_x_at
RP24-90K19 BAC clone RP24-90K19 626 106 5.9334 1442833_at
SCIN Scinderin 572 22 25.9170 1450276_a_at
SDC1 Syndecan 1 940 213 4.4172 1437279_x_at
SEMA4D Sema domain, immunoglobulin domain Ig, transmembrane domain TM and short cytoplasmic domain, semaphorin 2938 965 3.0451 1420824_at
SFT2D2 Sft2 domain containing 2 785 171 4.5771 1425027_s_at
SFT2D2 Sft2 domain containing 2 666 206 3.2367 1435142_at
SFT2D2 Sft2 domain containing 2 433 102 4.2569 1425026_at
SGPL1 Sphingosine phosphate lyase 1 609 176 3.4598 1415893_at
SLC12A5 Solute carrier family 12, member 5 96 24 4.0190 1451674_at
SLC16A7 Solute carrier family 16 monocarboxylic acid transporters, member 7 330 78 4.2351 1448502_at
SLC37A2 Solute carrier family 37 glycerol-3-phosphate transporter, member 2 5762 437 13.1993 1452492_a_at
SLC4A2 Solute carrier family 4 anion exchanger, member 2 2352 457 5.1450 1416637_at
SLC6A8 Solute carrier family 6 neurotransmitter transporter, creatine, member 8 2425 250 9.6968 1448596_at
SLC6A8 Solute carrier family 6 neurotransmitter transporter, creatine, member 8 1469 249 5.9115 1417116_at
SMPD1 Sphingomyelin phosphodiesterase 1, acid lysosomal 1237 231 5.3570 1448621_a_at
SQSTM1 Sequestosome 1 74 18 4.1107 1444021_at
SRGAP3 Slit-robo rho gtpase activating protein 3 596 74 8.0210 1424588_at
ST6GALNAC4 St6 alpha-n-acetyl-neuraminyl-2,3-beta-galactosyl-1,3-n-acetylgalactosaminide alpha-2,6-sialyltransferase 4 841 232 3.6227 1418075_at
ST6GALNAC4 St6 alpha-n-acetyl-neuraminyl-2,3-beta-galactosyl-1,3-n-acetylgalactosaminide alpha-2,6-sialyltransferase 4 615 147 4.1786 1418074_at
STAP2 Signal transducing adaptor family member 2 175 24 7.2939 1424148_a_at

Table 7 continued. All genes upregulated by RANKL. Known osteoclast genes are highlighted in yellow. All probe sets were blasted for specificity. 
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Table 7 continued. All genes upregulated by RANKL. Known osteoclast genes are highlighted in yellow. All probe sets were blasted for specificity. 

Gene name Full gene name OC MAC OC/MAC Position
SYK Spleen tyrosine kinase 530 141 3.7587 1418262_at
SYK Spleen tyrosine kinase 775 208 3.7269 1418261_at
TBC1D24 TBC1 domain family, member 24 552 113 4.8967 1448028_at
TBC1D2B TBC1 domain family, member 2b 934 213 4.3853 1428508_at
TCP11L2 T-complex 11 mouse like 2 697 102 6.8228 1454646_at
TFRC Transferrin receptor CD71 525 121 4.3392 1422967_a_at
TFRC Transferrin receptor CD71 2163 563 3.8413 1422966_a_at
TGFBR1 Transforming growth factor, beta receptor 1 5124 593 8.6425 1420895_at
TGFBR1 Transforming growth factor, beta receptor 1 704 26 27.3012 1420894_at
TGFBR1 Transforming growth factor, beta receptor 1 464 38 12.2663 1420893_a_at
TGM2 Transglutaminase 2, C polypeptide 1901 342 5.5631 1433428_x_at
TGM2 Transglutaminase 2, C polypeptide 1589 229 6.9343 1417500_a_at
TGM2 Transglutaminase 2, C polypeptide 1399 220 6.3678 1437277_x_at
TGM2 Transglutaminase 2, C polypeptide 1166 216 5.3929 1455900_x_at
TIAF2 TGF-beta1-induced anti-apoptotic factor 2 515 79 6.4887 1426071_at
TM7SF4 DC STAMP (may function as chemokine receptor) 1569 102 15.3139 1431970_at
TMEM65 Transmembrane protein 65 1455 164 8.8898 1452942_at
TMEM86B Transmembrane protein 86B 76 14 5.2884 1431659_at
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3 868 138 6.2685 1433699_at
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3 236 51 4.5916 1450829_at
TRAF1 Tnf receptor-associated factor 1 269 40 6.6688 1423602_at
VEGFC Vascular endothelial growth factor C 133 11 12.0680 1439766_x_at
XPR1 Xenotropic and polytropic retrovirus receptor 1 1382 82 16.8184 1426993_at
XPR1 Xenotropic and polytropic retrovirus receptor 1 5555 749 7.4149 1426992_at
XPR1 Xenotropic and polytropic retrovirus receptor 1 2298 217 10.6083 1452271_at
XPR1 Xenotropic and polytropic retrovirus receptor 1 1811 118 15.4043 1450130_at
XPR1 Xenotropic and polytropic retrovirus receptor 1 1194 77 15.4907 1426053_a_at
XPR1 Xenotropic and polytropic retrovirus receptor 1 773 86 9.0381 1437958_at
ZFP216 Zinc finger protein 216 4689 1234 3.7989 1416085_s_at
ZFP216 Zinc finger protein 216 717 226 3.1736 1416084_at
ZFP462 Zinc finger protein 462 277 35 7.8544 1439106_at
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7.4.8     ALL GENES DOWNREGULATED BY RANKL  

 

All genes that were downregulated by RANKL and whose probe sets blasted to a specific 

gene were tabulated in Table 7.8 in alphabetical order. Suggested negative osteoclast markers are 

noted in yellow. An especially interesting gene is Calcrl. Calcrl is a receptor that bears homology 

with the calcitonin receptor and though it is downregulated herein, in bone marrow macrophage-

derived osteoclasts, this protein is seemingly unchanged (Granholm et al, 2008).  However due 

to the function of CTR in the osteoclast, CTR’s use to negatively control osteoclast diseases in 

humans and CTR’s immense potential for further modulation in better treating osteoclast 

diseases, it would be well-worth further pursuing the function of Calcrl in the osteoclast first by 

establishing if it is responsive to calcitonin and whether its effects are positive or negative on the 

osteoclast.  

 

Another interesting finding is the downregulation of NFATc2. It and NFATc1 are 

thought to be functionally redundant in the immune system. However in the osteoclast, it is 

known that NFATc1 is a major transcription factor (where both its expression and activity are 

increased) and that its deletion ablates osteoclast formation. In spite of this, the defective 

osteoclastogenesis due to deletion of NFATc1 can be rescued by the ectopic expression of 

NFATc2 (Asagiri et al, 2005).  It is interesting that the RANKL expression profile specifically 

upregulates NFATc1, but downregulates its redundant partner, NFATc2. 
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Gene name Full gene name OC MAC OC/MAC fold Position
0610010K14Rik RIKEN cDNA 0610010K14 gene 50 267 0.1881 -5.3154 1428679_s_at
1110034A24Rik RIKEN cDNA 1110034A24 gene 29 204 0.1438 -6.9540 1453183_at
1190002N15Rik RIKEN cDNA 1190002N15 gene 26 190 0.1353 -7.3927 1433581_at
1200002N14Rik RIKEN cDNA 1200002N14 gene 174 2429 0.0718 -13.9366 1424524_at
17H6S56E-5 DNA segment, Chr 17, human D6S56E 5 253 2090 0.1211 -8.2547 1417821_at
1810014B01Rik RIKEN cDNA 1810014B01 gene 39 198 0.1966 -5.0875 1430991_at
2210010L05Rik RIKEN cDNA 2210010L05 gene 15 100 0.1465 -6.8259 1424464_s_at
2310008H04Rik RIKEN cDNA 2310008H04 gene 70 356 0.1973 -5.0676 1451171_at
2610039C10Rik RIKEN cDNA 2610039C10 gene 60 319 0.1875 -5.3333 1428483_a_at
2610201A13Rik RIKEN cDNA 2610201A13 gene 57 275 0.2084 -4.7974 1439516_at
2700094K13Rik RIKEN cDNA 2700094K13 gene 131 965 0.1362 -7.3428 1436349_at
2810048G17Rik RIKEN cDNA 2810048G17 gene 70 338 0.2054 -4.8685 1417218_at
2810055G20Rik RIKEN cDNA 2810055G20 gene 92 409 0.2255 -4.4345 1445363_at
2810417H13Rik RIKEN cDNA 2810417H13 gene 792 3642 0.2174 -4.5995 1419153_at
2810433K01Rik RIKEN cDNA 2810433K01 gene 33 206 0.1604 -6.2360 1450496_a_at
4632434I11Rik RIKEN cDNA 4632434L11 gene 24 149 0.1615 -6.1929 1434240_at
4732429D16Rik RIKEN cDNA 4732429D16 gene 94 430 0.2191 -4.5637 1424832_at
4921513D23Rik RIKEN cDNA 4921513D23 gene 20 92 0.2149 -4.6523 1455381_at
4930428B01Rik RIKEN cDNA 4930428B01 gene 39 211 0.1850 -5.4044 1430516_at
4930579G24Rik RIKEN cDNA 4930579G24 gene 76 588 0.1294 -7.7265 1429364_at
4933404O12Rik RIKEN cDNA 4933404O12 gene 95 482 0.1974 -5.0656 1435827_at
5430427O19Rik RIKEN cDNA 5430427O19 gene 30 268 0.1103 -9.0694 1430373_at
5730494M16Rik RIKEN cDNA 5730494M16 gene 46 291 0.1594 -6.2749 1441960_x_at
6030408C04Rik RIKEN cDNA 6030408C04 gene 40 229 0.1764 -5.6690 1434700_at
6330503K22Rik RIKEN cDNA 6330503K22 gene 27 204 0.1337 -7.4776 1455218_at
6430706D22Rik RIKEN cDNA 6430706D22 gene 376 1579 0.2380 -4.2018 1433685_a_at
6720460F02Rik RIKEN cDNA 6720460F02 gene 91 581 0.1574 -6.3531 1452073_at
9030418K01Rik RIKEN cDNA 9030418K01 gene 83 348 0.2381 -4.1994 1452952_at
Abcb1b ATP-binding cassette, sub-family B (MDR/TAP), member 1B 110 755 0.1459 -6.8550 1418872_at
Adam17 A disintegrin and metallopeptidase domain 17 224 988 0.2262 -4.4206 1421857_at
Adam17 A disintegrin and metallopeptidase domain 17 424 2226 0.1904 -5.2511 1421858_at
Add3 Adducin 3 (gamma) 54 287 0.1870 -5.3468 1426574_a_at
Add3 Adducin 3 (gamma) 83 556 0.1493 -6.6982 1423298_at
Adrb2 Adrenergic receptor, beta 2 13 259 0.0483 -20.6979 1437302_at
AI451617 Expressed sequence AI451617 27 125 0.2143 -4.6661 1456494_a_at
Aida Axin interactor, dorsalization associated 101 557 0.1820 -5.4936 1423870_at
Ak3l1 Adenylate kinase 3 alpha-like 1 108 740 0.1453 -6.8824 1450387_s_at
Akna AT-hook transcription factor 51 270 0.1877 -5.3271 1427325_s_at
Akna AT-hook transcription factor 31 164 0.1880 -5.3202 1452393_at
Alox5ap Arachidonate 5-lipoxygenase activating protein 92 2100 0.0439 -22.8016 1452016_at
Als2cr4 Amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 4 55 238 0.2289 -4.3683 1435661_at
Ankrd44 Ankyrin repeat domain 44 117 509 0.2298 -4.3515 1434856_at
Ankrd57 Ankyrin repeat domain 57 51 210 0.2420 -4.1315 1454736_at
Anln Anillin, actin binding protein scraps homolog, Drosophila 325 2210 0.1471 -6.7983 1433543_at
Anxa3 Annexin A3 169 766 0.2206 -4.5321 1460330_at
Ap1s2 Adaptor-related protein complex 1, sigma 2 subunit 95 395 0.2396 -4.1733 1447903_x_at
Apobec1 Apolipoprotein B editing complex 1 534 2917 0.1831 -5.4628 1451755_a_at
App Amyloid beta (A4) precursor protein 305 1238 0.2465 -4.0574 1420621_a_at
Arl6 ADP-ribosylation factor-like 6 34 187 0.1817 -5.5047 1417331_a_at
Arrb2 Arrestin, beta 2 282 1645 0.1712 -5.8406 1426239_s_at
Arrb2 Arrestin, beta 2 299 1688 0.1774 -5.6372 1451987_at

Table 8. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 
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Gene name Full gene name OC MAC OC/MAC fold Position
Asf1a ASF1 anti-silencing function 1 homolog A (S. cerevisiae) 174 705 0.2468 -4.0523 1423511_at
Asf1b ASF1 anti-silencing function 1 homolog B (S. cerevisiae) 197 1174 0.1683 -5.9424 1423714_at
Aspm Asp (abnormal spindle)-like, microcephaly associated (Drosophila) aka Calmbp1 178 823 0.2163 -4.6238 1422814_at
Aspm Asp (abnormal spindle)-like, microcephaly associated (Drosophila) aka Calmbp1 47 361 0.1300 -7.6919 1458560_at
Atad2 ATPase family, AAA domain containing 2 306 1515 0.2017 -4.9578 1436174_at
Atp2a2 ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 104 439 0.2367 -4.2250 1452363_a_at
Atp7a ATPase, Cu++ transporting, alpha polypeptide 71 311 0.2298 -4.3524 1418774_a_at
Atp8b2 ATPase, class I, type 8B, member 2 181 1139 0.1590 -6.2894 1434026_at
Atp8b4 ATPase, class I, type 8B, member 4 81 842 0.0968 -10.3313 1439814_at
Aurkb Aurora kinase B aka Stk5 204 970 0.2099 -4.7633 1424128_x_at
Aurkb Aurora kinase B aka Stk5 89 805 0.1107 -9.0317 1451246_s_at
B3galnt2 UDP-GalNAc:betaGlcNAc beta 1,3-galactosaminyltransferase, polypeptide 2 51 311 0.1630 -6.1331 1454842_a_at
B4galt6 UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 6 50 753 0.0668 -14.9670 1460329_at
B4galt6 UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 6 72 736 0.0981 -10.1955 1435758_at
B4galt6 UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 6 59 366 0.1603 -6.2378 1450913_at
BC005512 cDNA sequence BC005512 252 1148 0.2196 -4.5541 1435628_x_at
BC005512 cDNA sequence BC005512 589 2376 0.2477 -4.0366 1426936_at
BC005537 cDNA sequence BC005537 153 912 0.1678 -5.9600 1423154_at
BC013712 cDNA sequence BC013712 36 619 0.0578 -17.3131 1427041_at
BC039210 cDNA sequence BC039210 255 1122 0.2275 -4.3953 1439387_x_at
BC052328 cDNA sequence BC052328 131 601 0.2175 -4.5971 1435375_at
BC055324 cDNA sequence BC055324 24 193 0.1224 -8.1677 1437186_at
Bcl6 B-cell leukemia/lymphoma 6 97 419 0.2326 -4.2988 1421818_at
Bcl9 B-cell CLL/lymphoma 9 67 340 0.1981 -5.0478 1451574_at
Bin1 Bridging integrator 1 113 494 0.2288 -4.3713 1425532_a_at
Birc5 Baculoviral IAP repeat-containing 5 216 1884 0.1144 -8.7412 1424278_a_at
Blmh Bleomycin hydrolase 242 1134 0.2135 -4.6837 1438961_s_at
Bub1 Budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae) 26 110 0.2325 -4.3009 1438571_at
Bub1 Budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae) 285 1779 0.1599 -6.2522 1424046_at
Bub1b Budding uninhibited by benzimidazoles 1 homolog, beta (S. cerevisiae) 342 1472 0.2321 -4.3077 1416961_at
Bub1b Budding uninhibited by benzimidazoles 1 homolog, beta (S. cerevisiae) 197 1308 0.1509 -6.6290 1447363_s_at
C130026I21Rik RIKEN cDNA C130026I21 gene 90 520 0.1732 -5.7749 1425078_x_at
C130098B18Rik RIKEN cDNA C130098B18 gene 40 193 0.2096 -4.7717 1446354_at
C230052I12Rik RIKEN cDNA C230052I12 gene 87 382 0.2282 -4.3829 1454779_s_at
C330027C09Rik RIKEN cDNA C330027C09 gene 126 506 0.2486 -4.0227 1449699_s_at
C3ar1 Complement component 3a receptor 1 103 616 0.1679 -5.9560 1442082_at
C3ar1 Complement component 3a receptor 1 100 543 0.1849 -5.4091 1419483_at
C530009I05 Clone C530009I05 25 119 0.2096 -4.7711 1438643_at
C530043G21Rik RIKEN cDNA C530043G21 gene 145 632 0.2294 -4.3600 1451668_at
C5ar1 Complement component 5a receptor 1 32 835 0.0379 -26.3890 1439902_at
Calcrl Calcitonin receptor-like receptor 62 977 0.0631 -15.8565 1425814_a_at
Camk1d Calcium/calmodulin-dependent protein kinase ID 69 335 0.2065 -4.8429 1452050_at
Casc5 Cancer susceptibility candidate 5 34 218 0.1540 -6.4941 1438833_at
Casp1 Caspase 1 142 649 0.2190 -4.5652 1449265_at
Casp8ap2 Caspase 8 associated protein 2 162 710 0.2283 -4.3793 1449217_at
Cbx3 Chromobox homolog 3 (Drosophila HP1 gamma) 358 1565 0.2288 -4.3698 1439421_x_at
Cbx3 Chromobox homolog 3 (Drosophila HP1 gamma) 501 2529 0.1981 -5.0475 1416884_at

Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 
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Gene name Full gene name OC MAC OC/MAC fold Position
Cbx5 Chromobox homolog 5 (Drosophila HP1a) 287 1438 0.1996 -5.0108 1454636_at
Cbx6 Chromobox homolog 6 88 571 0.1543 -6.4796 1424407_s_at
Cbx6 Chromobox homolog 6 62 362 0.1714 -5.8345 1429290_at
Ccdc106 Coiled-coil domain containing 106 45 215 0.2079 -4.8108 1426097_a_at
Ccdc109b Coiled-coil domain containing 109B 133 612 0.2164 -4.6204 1418778_at
Ccdc123 Coiled-coil domain containing 123 70 299 0.2324 -4.3034 1421948_a_at
Ccdc5 Coiled-coil domain containing 5 159 689 0.2300 -4.3473 1424955_at
Ccna2 Cyclin A2 291 2033 0.1432 -6.9844 1417910_at
Ccna2 Cyclin A2 380 1952 0.1948 -5.1329 1417911_at
Ccnb1 Cyclin B1 309 1333 0.2321 -4.3083 1416076_at
Ccnb1 Cyclin B1 205 1277 0.1607 -6.2242 1419943_s_at
Ccnb2 Cyclin B2 323 1509 0.2139 -4.6742 1450920_at
Ccnd1 Cyclin D1 667 3885 0.1716 -5.8264 1417420_at
Ccnd1 Cyclin D1 552 3221 0.1714 -5.8336 1448698_at
Ccnd1 Cyclin D1 369 2078 0.1778 -5.6245 1417419_at
Ccne1 Cyclin E1 69 606 0.1132 -8.8324 1441910_x_at
Ccne2 Cyclin E2 46 421 0.1104 -9.0542 1422535_at
Cd14 CD14 antigen 668 7550 0.0885 -11.3007 1417268_at
Cd24a CD24a antigen 12 307 0.0375 -26.6526 1448182_a_at
Cd302 CD302 antigen 47 361 0.1300 -7.6945 1448919_at
Cd36 CD36 antigen 502 4878 0.1029 -9.7228 1450883_a_at
Cd36 CD36 antigen 208 3439 0.0606 -16.5100 1423166_at
Cd52 CD52 antigen 423 2747 0.1539 -6.4966 1460218_at
Cdc20 Cell division cycle 20 homolog (S. Cerevisiae) 463 1890 0.2451 -4.0799 1416664_at
Cdc20 Cell division cycle 20 homolog (S. Cerevisiae) 728 3301 0.2204 -4.5366 1439377_x_at
Cdc25c Cell division cycle 25 homolog C (S. pombe) 37 176 0.2116 -4.7263 1456077_x_at
Cdc2a Cell division cycle 2 homolog A (S. Pombe) 466 2220 0.2097 -4.7679 1448314_at
Cdc42ep3 CDC42 effector protein (Rho GTPase binding) 3 75 333 0.2256 -4.4330 1450700_at
Cdc42se1 CDC42 small effector 1 aka Spec1 428 1864 0.2296 -4.3559 1428131_a_at
Cdc42se1 CDC42 small effector 1 aka Spec1 180 785 0.2297 -4.3529 1428132_at
Cdc6 Cell division cycle 6 homolog S. cerevisiae 68 825 0.0822 -12.1608 1417019_a_at
Cdc7 Cell division cycle 7 (S. cerevisiae), aka muCdc7 64 328 0.1948 -5.1323 1426002_a_at
Cdca2 Cell division cycle associated 2 139 773 0.1797 -5.5635 1437251_at
Cdca3 Cell division cycle associated 3 188 843 0.2237 -4.4710 1452040_a_at
Cdca4 Cell division cycle associated 4 256 1048 0.2443 -4.0927 1423682_a_at
Cdca5 Cell division cycle associated 5 140 868 0.1610 -6.2098 1416802_a_at
Cdca8 Cell division cycle associated 8 87 601 0.1447 -6.9117 1428480_at
Cdca8 Cell division cycle associated 8 294 1878 0.1567 -6.3835 1436847_s_at
Cdca8 Cell division cycle associated 8 165 1682 0.0983 -10.1781 1428481_s_at
Cdkn2c Cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) 167 688 0.2427 -4.1196 1416868_at
Cdkn3 Cyclin-dependent kinase inhibitor 3 67 351 0.1918 -5.2136 1430574_at
Cebpa CCAAT/enhancer binding protein (C/EBP), alpha 75 722 0.1041 -9.6059 1418982_at
Cebpb CCAAT/enhancer binding protein (C/EBP), beta 312 1617 0.1929 -5.1852 1418901_at
Cebpb CCAAT/enhancer binding protein (C/EBP), beta 92 491 0.1874 -5.3354 1427844_a_at
Cenpa Centromere protein A 184 984 0.1875 -5.3346 1450842_a_at
Cenpb Centromere protein B 231 963 0.2396 -4.1729 1426051_a_at
Cenpe Centromere protein E 160 878 0.1823 -5.4869 1435005_at
Cenpe Centromere protein E 70 382 0.1845 -5.4190 1439040_at
Cenpf Centromere protein F 204 1040 0.1962 -5.0966 1427161_at

Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 
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Cenph Centromere protein H 43 196 0.2192 -4.5628 1422016_a_at
Cenpk Centromere protein K aka Solt 49 227 0.2141 -4.6716 1418264_at
Cenpl Centromere protein L 70 330 0.2129 -4.6972 1429326_at
Cenpm Centromere protein M 53 355 0.1505 -6.6429 1418184_at
Cenpn Centromere protein N 158 683 0.2307 -4.3337 1427105_at
Cenpn Centromere protein N 113 472 0.2396 -4.1738 1452305_s_at
Cenpp Centromere protein P 16 130 0.1197 -8.3508 1432361_a_at
Centa1 Centaurin, alpha 1 81 384 0.2121 -4.7146 1433556_at
Cep290 Centrosomal protein 290 20 89 0.2265 -4.4151 1425642_at
Cep55 Centrosomal protein 55 203 1229 0.1650 -6.0611 1452242_at
Cep55 Centrosomal protein 55 25 116 0.2182 -4.5824 1453683_a_at
Cep78 Centrosomal protein 78 61 314 0.1941 -5.1510 1436352_at
Cfh Complement component factor h 45 218 0.2051 -4.8746 1423153_x_at
Cfh Complement component factor h 45 201 0.2254 -4.4372 1450876_at
Chaf1b Chromatin assembly factor 1, subunit B (p60) 95 446 0.2122 -4.7115 1423877_at
Chml Choroideremia-like 52 243 0.2144 -4.6637 1435926_at
Chtf18 CTF18, chromosome transmission fidelity factor 18 homolog (S. cerevisiae) 37 158 0.2327 -4.2979 1452098_at
Ckap2 Cytoskeleton associated protein 2 140 711 0.1970 -5.0749 1434748_at
Cks1b CDC28 protein kinase 1b 390 1918 0.2035 -4.9130 1448441_at
Clec4a3 C-type lectin domain family 4, member a3 15 312 0.0483 -20.7189 1429954_at
Clec4d C-type lectin domain family 4, member d 254 3935 0.0646 -15.4842 1420804_s_at
Clec4e C-type lectin domain family 4, member e 65 1052 0.0622 -16.0824 1420330_at
Clec5a C-type lectin domain family 5, member a 129 1472 0.0876 -11.4175 1421366_at
clone RP23-31C13 RP23-31C13 59 288 0.2045 -4.8904 1434699_at
clone RP23-320O9 RP23-320O9 15 165 0.0904 -11.0641 1438431_at
clone RP23-349H13 Clone RP23-349H13 106 581 0.1817 -5.5031 1443534_at
Clspn Claspin homolog (Xenopus laevis) 158 745 0.2121 -4.7154 1456280_at
Cnnm3 Cyclin M3 47 191 0.2443 -4.0926 1458330_x_at
Cnpy4 Canopy 4 homolog (zebrafish) 61 282 0.2147 -4.6569 1428325_at
Col18a1 Collagen, type XVIII, alpha 1 61 331 0.1846 -5.4181 1418237_s_at
Coro1a Coronin, actin binding protein 1A 725 3953 0.1834 -5.4517 1416246_a_at
Coro1a Coronin, actin binding protein 1A 463 2694 0.1719 -5.8169 1455269_a_at
Creld2 Cysteine-rich with EGF-like domains 2 238 1201 0.1984 -5.0399 1452754_at
Crip1 Cysteine-rich protein 1 intestinal 466 3276 0.1422 -7.0334 1416326_at
Ctdspl2 CTD (carboxy-terminal domain, RNA polymerase II, polypeptide A) small phosphatase like 2 30 198 0.1499 -6.6703 1436914_at
Ctsc Cathepsin C 539 3025 0.1783 -5.6078 1416382_at
Cugbp2 CUG triplet repeat, RNA binding protein 2 156 802 0.1946 -5.1378 1450069_a_at
Cugbp2 CUG triplet repeat, RNA binding protein 2 79 514 0.1537 -6.5042 1423895_a_at
Cugbp2 CUG triplet repeat, RNA binding protein 2 223 1871 0.1192 -8.3902 1451154_a_at
Cx3cr1 Chemokine C-X3-C receptor 1 111 4008 0.0276 -36.2086 1450020_at
Cxcl16 Chemokine C-X-C motif ligand 16 73 1059 0.0687 -14.5585 1418718_at
Cybb Cytochrome b-245, beta polypeptide 62 1084 0.0570 -17.5435 1422978_at
Cybb Cytochrome b-245, beta polypeptide 139 3709 0.0376 -26.6175 1436778_at
Cybb Cytochrome b-245, beta polypeptide 64 1843 0.0346 -28.8706 1436779_at
Cysltr1 Cysteinyl leukotriene receptor 1 39 237 0.1653 -6.0500 1418944_at
D17H6S56E-5 DNA segment, Chr 17, human D6S56E 5 445 2198 0.2023 -4.9436 1417822_at
D19Ertd386e DNA segment, Chr 19, ERATO Doi 386, expressed 32 139 0.2275 -4.3959 1434965_at
D1Ertd622e DNA segment, Chr 1, ERATO Doi 622, expressed 243 1112 0.2190 -4.5667 1417471_s_at
D2Ertd750e DNA segment, Chr 2, ERATO Doi 750, expressed 155 733 0.2115 -4.7279 1420081_s_at
D2Ertd750e DNA segment, Chr 2, ERATO Doi 750, expressed 55 432 0.1269 -7.8799 1423463_a_at

Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 
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Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 

Gene name Full gene name OC MAC OC/MAC fold Position
Dab2 Disabled homolog 2 Drosophila 173 3369 0.0515 -19.4331 1420498_a_at
Dab2 Disabled homolog 2 Drosophila 31 577 0.0531 -18.8478 1423805_at
Daglb Diacylglycerol lipase, beta 57 286 0.2007 -4.9829 1451970_at
Dbf4 DBF4 homolog (S. cerevisiae) 219 1019 0.2148 -4.6558 1418334_at
Dck Deoxycytidine kinase 146 1851 0.0789 -12.6791 1439012_a_at
Dck Deoxycytidine kinase 72 753 0.0956 -10.4581 1449176_a_at
Ddx26b DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 26B 86 535 0.1606 -6.2261 1426832_at
Dek DEK oncogene (DNA binding) 969 4077 0.2376 -4.2081 1452659_at
Depdc1a DEP domain containing 1a 40 316 0.1278 -7.8232 1424292_at
Diap2 Diaphanous homolog 2 (Drosophila) 19 126 0.1481 -6.7541 1427564_at
Dlgap5 Discs, large (Drosophila) homolog-associated protein 5 86 381 0.2257 -4.4301 1455730_at
Dna2 DNA replication helicase 2 homolog (yeast) 233 1194 0.1955 -5.1163 1452210_at
Dnajc3 DnaJ (Hsp40) homolog, subfamily C, member 3 34 209 0.1647 -6.0723 1449373_at
Dnajc9 DnaJ (Hsp40) homolog, subfamily C, member 9 115 673 0.1711 -5.8460 1426473_at
Dock2 Dedicator of cyto-kinesis 2 231 1051 0.2198 -4.5502 1422808_s_at
Dtl Denticleless homolog (drosophila) 103 465 0.2208 -4.5282 1434695_at
Dtl Denticleless homolog (drosophila) 77 381 0.2021 -4.9471 1439520_at
Dtl Denticleless homolog (drosophila) 71 319 0.2223 -4.4980 1456652_at
Dtl Denticleless homolog (drosophila) 30 138 0.2146 -4.6604 1453753_at
Dtnbp1 Dystrobrevin binding protein 1 115 481 0.2403 -4.1618 1431619_a_at
Dut Deoxyuridine triphosphatase 190 856 0.2216 -4.5131 1419270_a_at
E2f2 E2F transcription factor 2 24 186 0.1278 -7.8259 1455790_at
E2f7 E2F transcription factor 7 58 316 0.1824 -5.4831 1437187_at
E2f8 E2F transcription factor 8 68 574 0.1179 -8.4802 1436186_at
E330016A19Rik RIKEN cDNA E330016A19 gene 123 858 0.1432 -6.9841 1440299_at
E330016A19Rik RIKEN cDNA E330016A19 gene 57 488 0.1173 -8.5253 1453202_at
Ect2 Ect2 oncogene 219 1158 0.1895 -5.2773 1419513_a_at
Eepd1 Endonuclease/exonuclease/phosphatase family domain containing 1 81 404 0.1999 -5.0020 1417877_at
Eid1 EP300 interacting inhibitor of differentiation 1 323 1616 0.2001 -4.9979 1416614_at
Eid1 EP300 interacting inhibitor of differentiation 1 219 981 0.2237 -4.4708 1448406_at
Eid1 EP300 interacting inhibitor of differentiation 1 387 1690 0.2288 -4.3709 1448405_a_at
Eml4 Echinoderm microtubule associated protein like 4 30 125 0.2386 -4.1905 1447838_x_at
Emr1 EGF-like module containing, mucin-like, hormone receptor-like sequence 1 97 1240 0.0784 -12.7488 1451161_a_at
Endod1 Endonuclease domain containing 1 46 247 0.1879 -5.3221 1433796_at
Endod1 Endonuclease domain containing 1 22 371 0.0586 -17.0748 1426541_a_at
Enoph1 Enolase-phosphatase 1 195 973 0.2001 -4.9968 1437327_x_at
Enoph1 Enolase-phosphatase 1 61 389 0.1558 -6.4170 1423705_at
Ephx1 Epoxide hydrolase 1, microsomal 66 267 0.2485 -4.0234 1422438_at
Eps8 Epidermal growth factor receptor pathway substrate 8 98 748 0.1312 -7.6239 1422823_at
Eps8 Epidermal growth factor receptor pathway substrate 8 95 543 0.1754 -5.6997 1422824_s_at
Erap1 Endoplasmic reticulum aminopeptidase 1 109 556 0.1963 -5.0940 1416942_at
Erap1 Endoplasmic reticulum aminopeptidase 1 17 150 0.1132 -8.8376 1439068_at
Ercc6l Excision repair cross-complementing rodent repair deficiency complementation group 6 - like 86 489 0.1763 -5.6709 1424766_at
Esco2 Establishment of cohesion 1 homolog 2 (s. Cerevisiae) 53 307 0.1725 -5.7960 1428304_at
Ethe1 Ethylmalonic encephalopathy 1 69 354 0.1955 -5.1149 1417203_at
Ets2 E26 avian leukemia oncogene 2, 3' domain 147 787 0.1861 -5.3730 1416268_at
Exo1 Exonuclease 1 72 429 0.1686 -5.9309 1418026_at
Exo1 Exonuclease 1 30 155 0.1947 -5.1369 1418027_at
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Exod1 Exonuclease domain containing 1 46 185 0.2499 -4.0015 1435390_at
Exod1 Exonuclease domain containing 1 28 152 0.1850 -5.4050 1438172_x_at
Exosc8 Exosome component 8 272 1415 0.1919 -5.2104 1428291_at
Ezh2 Enhancer of zeste homolog 2 (drosophila) 229 1321 0.1733 -5.7705 1416544_at
Ezr Ezrin 100 514 0.1936 -5.1646 1450850_at
Fads2 Fatty acid desaturase 2 109 822 0.1330 -7.5184 1449325_at
Fads2 Fatty acid desaturase 2 79 1422 0.0554 -18.0550 1419031_at
Fbxl10 F-box and leucine-rich repeat protein 10 261 1335 0.1959 -5.1042 1459861_s_at
Fbxl10 F-box and leucine-rich repeat protein 10 152 674 0.2258 -4.4291 1452198_at
Fbxl14 F-box and leucine-rich repeat protein 14 103 525 0.1960 -5.1016 1417407_at
Fbxo5 F-box protein 5 180 1163 0.1545 -6.4727 1429499_at
Fcgr2b Fc receptor, IgG, low affinity Iib 40 225 0.1797 -5.5639 1455332_x_at
Fcgr2b Fc receptor, IgG, low affinity Iib 30 344 0.0886 -11.2844 1435477_s_at
Fen1 Flap structure specific endonuclease 1 455 1908 0.2385 -4.1922 1436454_x_at
Fignl1 Fidgetin-like 1 137 665 0.2061 -4.8526 1422430_at
Fkbp5 FK506 binding protein 5 107 581 0.1833 -5.4556 1416125_at
Foxm1 Forkhead box M1 105 476 0.2211 -4.5220 1448834_at
Fyn Fyn proto-oncogene (one of 9 members of the Src family) 116 531 0.2193 -4.5606 1417558_at
G6pdx Glucose-6-phosphate dehydrogenase X-linked 715 3605 0.1984 -5.0410 1448354_at
Gas7 Growth arrest specific 7 175 860 0.2029 -4.9282 1457270_at
Gas7 Growth arrest specific 7 64 349 0.1844 -5.4231 1417859_at
Gatm Glycine amidinotransferase (L-arginine:glycine amidinotransferase) 57 566 0.1016 -9.8466 1423569_at
Gda Guanine deaminase 71 509 0.1396 -7.1620 1435748_at
Gda Guanine deaminase 29 326 0.0886 -11.2930 1435749_at
Ggh Gamma-glutamyl hydrolase 28 130 0.2184 -4.5794 1419595_a_at
Ggta1 Glycoprotein galactosyltransferase alpha 1, 3 40 783 0.0513 -19.4856 1418483_a_at
Gins1 GINS complex subunit 1 (Psf1 homolog) 81 424 0.1915 -5.2211 1452598_at
Gja1 Gap junction protein, alpha 1 70 494 0.1426 -7.0126 1437992_x_at
Gja1 Gap junction protein, alpha 1 43 353 0.1230 -8.1282 1415800_at
Gja1 Gap junction protein, alpha 1 42 289 0.1442 -6.9371 1438945_x_at
Glrx Glutaredoxin 145 601 0.2416 -4.1397 1416593_at
Glrx Glutaredoxin 160 917 0.1747 -5.7245 1416592_at
Glul Glutamate-ammonia ligase (glutamine synthetase) 106 533 0.1987 -5.0336 1426236_a_at
Glul Glutamate-ammonia ligase (glutamine synthetase), aka glns 58 258 0.2263 -4.4183 1426235_a_at
Gm885 Gene model 885 42 322 0.1305 -7.6645 1445687_at
Gpr65 G-protein coupled receptor 65 12 324 0.0384 -26.0562 1449175_at
Gpr84 G protein-coupled receptor 84 85 1354 0.0630 -15.8846 1420591_at
Gsg2 Germ cell-specific gene 2 59 359 0.1646 -6.0771 1450886_at
Gtf2h4 General transcription factor ii h, polypeptide 4 82 561 0.1453 -6.8831 1437163_x_at
Gtf2h4 General transcription factor ii h, polypeptide 4 79 507 0.1567 -6.3804 1448585_at
Gtf2h4 General transcription factor ii h, polypeptide 4 45 247 0.1817 -5.5039 1417093_a_at
Gyk Glycerol kinase 147 659 0.2234 -4.4759 1422704_at
Gyk Glycerol kinase 67 335 0.1994 -5.0159 1422703_at
Hck Hemopoietic cell kinase 157 1214 0.1294 -7.7281 1449455_at
Hdac9 Histone deacetylase 9 29 162 0.1796 -5.5678 1434572_at
Hells Helicase, lymphoid specific 227 1384 0.1643 -6.0870 1417541_at
Herpud1 Homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 284 1359 0.2090 -4.7851 1448185_at
Hhex Hematopoietically expressed homeobox 133 829 0.1608 -6.2183 1423319_at
Hirip3 HIRA interacting protein 3 287 1744 0.1644 -6.0814 1434936_at

Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 
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Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 

Gene name Full gene name OC MAC OC/MAC fold Position
Hmg1l1 High-mobility group nonhistone chromosomal protein 1-like 1 702 2847 0.2467 -4.0541 1439463_x_at
Hmgb1 High mobility group box 1 720 3446 0.2088 -4.7891 1425048_a_at
Hmgb1 High mobility group box 1 351 1732 0.2028 -4.9308 1416176_at
Hmgb2 High mobility group box 2 610 2800 0.2178 -4.5912 1452534_a_at
Hmgn2 High mobility group nucleosomal binding domain 2 1088 4831 0.2253 -4.4394 1433507_a_at
Hmmr Hyaluronan mediated motility receptor (rhamm) 221 1151 0.1916 -5.2186 1425815_a_at
Hmmr Hyaluronan mediated motility receptor (rhamm) 95 408 0.2333 -4.2860 1427541_x_at
Hmmr Hyaluronan mediated motility receptor (rhamm) 34 156 0.2147 -4.6579 1429871_at
Hnrnpab Heterogeneous nuclear ribonucleoprotein a/b 244 1019 0.2394 -4.1774 1448144_at
Hspa1b Heat shock protein 1b, aka hsp70-1 52 353 0.1461 -6.8427 1452318_a_at
Hspa1b Heat shock protein 1b, aka hsp70-1 52 239 0.2168 -4.6117 1427127_x_at
Hsph1 Heat shock 105kda/110kda protein 1 444 1921 0.2313 -4.3238 1425993_a_at
Hsph1 Heat shock 105kda/110kda protein 1 aka hsp105 313 1409 0.2221 -4.5023 1423566_a_at
Hus1 Hus1 homolog (s. Pombe) 66 452 0.1455 -6.8706 1418308_at
Ier3 Immediate early response 3 147 896 0.1637 -6.1088 1419647_a_at
Ifi203 Interferon activated gene 203 284 1146 0.2476 -4.0396 1452231_x_at
Ifi203 Interferon activated gene 203 192 931 0.2067 -4.8371 1426906_at
Ifi203 Interferon activated gene 203 105 420 0.2498 -4.0040 1451567_a_at
ifi44 Interferon-induced protein 44 71 548 0.1299 -7.6971 1423555_a_at
Ifitm6 Interferon induced transmembrane protein 6 132 682 0.1936 -5.1647 1440865_at
Ifnar2 Interferon alpha and beta receptor 2 51 307 0.1654 -6.0452 1440169_x_at
Ifnar2 Interferon alpha and beta receptor 2 36 324 0.1112 -8.9897 1427691_a_at
Ift57 Intraflagellar transport 57 homolog (chlamydomonas) 42 318 0.1309 -7.6389 1418929_at
Ift74 Intraflagellar transport 74 homolog (chlamydomonas) 36 215 0.1696 -5.8958 1418942_at
Igf1 Insulin-like growth factor 1 24 1734 0.0140 -71.6315 1434413_at
Igf1 Insulin-like growth factor 1 83 4146 0.0200 -49.9950 1452014_a_at
Igf1 Insulin-like growth factor 1 46 1849 0.0246 -40.5911 1437401_at
Igf1 Insulin-like growth factor 1 59 1002 0.0592 -16.8994 1419519_at
Igfbp4 Insulin-like growth factor binding protein 4 163 2591 0.0630 -15.8783 1437405_a_at
Igfbp4 Insulin-like growth factor binding protein 4 65 2176 0.0298 -33.5267 1423756_s_at
Igfbp4 Insulin-like growth factor binding protein 4 99 1184 0.0833 -12.0090 1423757_x_at
Ikzf1 IKAROS family zinc finger 1 180 933 0.1928 -5.1858 1436312_at
Il17ra Interleukin 17 receptor a 166 974 0.1701 -5.8784 1420905_at
Il17ra Interleukin 17 receptor a 121 562 0.2153 -4.6448 1420904_at
Il18 Interleukin 18 77 333 0.2308 -4.3333 1417932_at
Il6ra Interleukin 6 receptor, alpha 57 267 0.2136 -4.6809 1452416_at
Ilf2 Interleukin enhancer binding factor 2 103 491 0.2094 -4.7752 1417948_s_at
Incenp Inner centromere protein 727 3685 0.1972 -5.0705 1439436_x_at
Incenp Inner centromere protein 290 1340 0.2165 -4.6179 1423092_at
Ipo9 Importin 9 131 571 0.2297 -4.3541 1424466_at
Iqgap3 IQ motif containing GTPase activating protein 3 159 729 0.2176 -4.5966 1434850_at
Irf8 Interferon regulatory factor 8 79 1036 0.0767 -13.0314 1416714_at
Itgam Integrin alpha M 119 484 0.2468 -4.0517 1422046_at
Itgb5 Integrin beta 5 148 737 0.2007 -4.9837 1417533_a_at
Itgb5 Integrin beta 5 55 318 0.1715 -5.8300 1456195_x_at
Kank2 KN motif and ankyrin repeat domains 2 49 298 0.1647 -6.0714 1460559_at
Kbtbd7 Kelch repeat and BTB (POZ) domain containing 7 43 217 0.1973 -5.0675 1452700_s_at
Kif11 Kinesin family member 11 111 666 0.1671 -5.9860 1435306_a_at
Kif11 Kinesin family member 11 125 565 0.2213 -4.5187 1452314_at
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Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 

Gene name Full gene name OC MAC OC/MAC fold Position
Kif20a Kinesin family member 20A 133 632 0.2102 -4.7563 1449207_a_at
Kif20b Kinesin family member 20B 33 156 0.2140 -4.6735 1440924_at
Kif22 Kinesin family member 22 111 643 0.1724 -5.8005 1451128_s_at
Kif22 Kinesin family member 22 67 276 0.2411 -4.1474 1423813_at
Kif23 Kinesin family member 23 252 1290 0.1953 -5.1205 1455990_at
Kif2c Kinesin family member 2C 144 689 0.2093 -4.7767 1437611_x_at
Kif4 Kinesin family member 4 104 429 0.2430 -4.1153 1450692_at
Klf4 Kruppel-like factor 4 gut 37 805 0.0459 -21.7746 1417394_at
Kras v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 224 1034 0.2164 -4.6206 1451979_at
Lamp2 Lysosomal-associated membrane protein 2 387 1656 0.2336 -4.2809 1428094_at
Lbr Lamin b receptor 606 2678 0.2262 -4.4205 1415829_at
Lgals3bp Lectin, galactoside-binding, soluble, 3 binding protein aka ppicap 204 1186 0.1723 -5.8055 1448380_at
Lgals9 Lectin, galactose binding, soluble 9 37 688 0.0545 -18.3559 1421217_a_at
Lgmn Legumain 655 2927 0.2239 -4.4669 1448883_at
Lig1 Ligase i, dna, atp-dependent 340 1571 0.2161 -4.6265 1416641_at
Lmnb1 Lamin b1 149 772 0.1932 -5.1759 1423520_at
LOC100041490 Similar to high mobility group box 2 452 2531 0.1786 -5.5990 1437313_x_at
LOC100044115 Similar to ras and rab interactor 2 41 515 0.0792 -12.6264 1426368_at
LOC100044725 Hypothetical protein loc100044725 41 277 0.1493 -6.6957 1433582_at
LOC100047616 Similar to adenylate kinase 4 59 617 0.0963 -10.3881 1421830_at
LOC100048150 Similar to crooked legs cg14938-pb 12 88 0.1378 -7.2586 1438757_at
LOC100048346 Similar to ubiquitin specific protease ubp43 25 201 0.1229 -8.1348 1418191_at
LOC72520 Hypothetical gene loc72520 199 807 0.2472 -4.0460 1428670_at
Lrrc8c Leucine rich repeat containing 8 family, member c 58 236 0.2477 -4.0369 1455398_at
Lsm5 LSM5 homolog, U6 small nuclear RNA associated (S. cerevisiae) 261 1258 0.2078 -4.8119 1418656_at
Lsm6 LSM6 homolog, U6 small nuclear RNA associated (S. cerevisiae) 24 139 0.1715 -5.8309 1437108_at
Lsp1 Lymphocyte specific 1 76 609 0.1240 -8.0627 1417756_a_at
Ly6e Lymphocyte antigen 6 complex, locus e 28 165 0.1672 -5.9823 1439773_at
Ly86 Lymphocyte antigen 86 290 2871 0.1011 -9.8945 1422903_at
Lyl1 Lymphoblastomic leukemia 97 1055 0.0916 -10.9153 1419120_at
Lyz1 Lysozyme 1 1302 11544 0.1128 -8.8691 1439426_x_at
Lyz1 Lysozyme 1 1963 10422 0.1883 -5.3097 1436996_x_at
Lyz2 Lysozyme 2 1015 9305 0.1090 -9.1710 1423547_at
Mad2l1 MAD2 (mitotic arrest deficient, homolog)-like 1 (yeast) 208 1401 0.1481 -6.7503 1422460_at
Man1a Mannosidase 1, alpha 52 329 0.1583 -6.3178 1417111_at
Man2a2 Mannosidase 2, alpha 2 169 878 0.1922 -5.2036 1435203_at
Map3k5 Mitogen-activated protein kinase kinase kinase 5 77 352 0.2179 -4.5897 1439830_at
Map3k7 Mitogen-activated protein kinase kinase kinase 7 39 177 0.2186 -4.5747 1419988_at
Mastl Microtubule associated serine/threonine kinase-like 28 163 0.1749 -5.7183 1423524_at
Mbc2 Membrane bound c2 domain containing protein 131 1023 0.1282 -7.8008 1451099_at
Mbd4 Methyl-cpg binding domain protein 4 28 215 0.1279 -7.8202 1449490_at
Mboat1 Membrane bound o-acyltransferase domain containing 1 93 416 0.2227 -4.4910 1435323_a_at
Mcm10 Minichromosome maintenance deficient 10 (S. cerevisiae) 131 579 0.2262 -4.4210 1433408_a_at
Mcm3 Minichromosome maintenance deficient 3 (S. cerevisiae) 434 2626 0.1652 -6.0529 1420028_s_at
Mcm3 Minichromosome maintenance deficient 3 (S. cerevisiae) 190 1246 0.1527 -6.5507 1449705_x_at
Mcm3 Minichromosome maintenance deficient 3 (S. cerevisiae) 165 1036 0.1589 -6.2931 1426652_at
Mcm3 Minichromosome maintenance deficient 3 (S. cerevisiae) 192 841 0.2281 -4.3833 1426653_at
Mcm5 Minichromosome maintenance deficient 5, cell division cycle 46 (S. cerevisiae) 630 2905 0.2168 -4.6135 1436808_x_at
Mcm5 Minichromosome maintenance deficient 5, cell division cycle 46 (S. cerevisiae) 335 1920 0.1747 -5.7253 1415945_at
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Mdm1 Transformed mouse 3t3 cell double minute 1 52 284 0.1824 -5.4825 1451053_a_at
Med14 Mediator complex subunit 14 134 554 0.2422 -4.1293 1437632_at
Mef2c Myocyte enhancer factor 2c 182 1123 0.1623 -6.1632 1424852_at
Mef2c Myocyte enhancer factor 2c 150 926 0.1618 -6.1821 1421028_a_at
Mef2c Myocyte enhancer factor 2c 258 1832 0.1410 -7.0940 1421027_a_at
Mef2c Myocyte enhancer factor 2c 92 796 0.1152 -8.6801 1451507_at
Mef2c Myocyte enhancer factor 2c 102 752 0.1357 -7.3675 1451506_at
Melk Maternal embryonic leucine zipper kinase 87 466 0.1878 -5.3256 1416558_at
Metrn Meteorin, glial cell differentiation regulator 64 408 0.1566 -6.3848 1427100_at
Mki67 Antigen identified by monoclonal antibody ki 67 895 4173 0.2145 -4.6613 1426817_at
Mlf1ip Myeloid leukemia factor 1 interacting protein 46 199 0.2305 -4.3382 1428518_at
Mmd Monocyte to macrophage differentiation-associated 38 226 0.1697 -5.8924 1423489_at
Mpeg1 Macrophage expressed gene 1 369 2800 0.1317 -7.5918 1427076_at
Mpzl1 Myelin protein zero-like 1 25 130 0.1927 -5.1896 1428167_a_at
Ms4a6c Membrane-spanning 4-domains, subfamily a, member 6c 49 717 0.0678 -14.7475 1450234_at
Ms4a6d Membrane-spanning 4-domains, subfamily a, member 6d 70 1452 0.0484 -20.6449 1419598_at
Ms4a6d Membrane-spanning 4-domains, subfamily a, member 6d 70 1308 0.0538 -18.5959 1419599_s_at
Msh6 Muts homolog 6 (e. Coli) aka gtmbp 216 1200 0.1798 -5.5629 1416915_at
Msr1 Macrophage scavenger receptor 1 389 2430 0.1602 -6.2417 1448061_at
Msr1 Macrophage scavenger receptor 1 391 2002 0.1953 -5.1206 1422062_at
Mthfd1l Methylenetetrahydrofolate dehydrogenase (nadp+ dependent) 1-like 224 1297 0.1724 -5.7989 1456653_a_at
Mum1 Melanoma associated antigen (mutated) 1 131 624 0.2093 -4.7784 1416536_at
Mybl2 Myeloblastosis oncogene-like 2 32 133 0.2416 -4.1395 1454946_at
Mycbp c-Myc binding protein 79 318 0.2494 -4.0096 1452608_at
Mycn c-Myc myelocytomatosis viral related oncogene, neuroblastoma derived avian 350 2055 0.1705 -5.8641 1417155_at
N4bp1 NEDD4 binding protein 1 120 500 0.2400 -4.1665 1446957_s_at
Nab2 Ngfi-A binding protein 2 111 478 0.2332 -4.2880 1417930_at
Nap1l1 Nucleosome assembly protein 1-like 1 182 855 0.2132 -4.6906 1420477_at
Nasp Nuclear autoantigenic sperm protein (histone-binding) 283 1204 0.2350 -4.2557 1416042_s_at
Nav2 Neuron navigator 2 68 361 0.1872 -5.3413 1435981_at
Ncapd2 Non-smc condensin i complex, subunit d2 240 1018 0.2361 -4.2348 1423847_at
Ncapg On-smc condensin i complex, subunit g 120 656 0.1832 -5.4573 1429171_a_at
Ncapg On-smc condensin i complex, subunit g 80 323 0.2491 -4.0148 1429172_a_at
Ncapg2 Non-smc condensin ii complex, subunit g2 aka luzp5 123 789 0.1557 -6.4217 1417926_at
Ncbp2 Nuclear cap binding protein subunit 2 99 411 0.2410 -4.1495 1423045_at
Ncf1 Neutrophil cytosolic factor 1 240 1339 0.1789 -5.5882 1451767_at
Ncf1 Neutrophil cytosolic factor 1 528 3148 0.1677 -5.9636 1456772_at
Ncl Nucleolin 195 1070 0.1822 -5.4888 1415772_at
Nek2 NIMA (never in mitosis gene a)-related expressed kinase 2 224 1253 0.1790 -5.5868 1437580_s_at
Nek2 NIMA (never in mitosis gene a)-related expressed kinase 2 78 386 0.2020 -4.9511 1417299_at
Nfatc2 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 2 54 320 0.1677 -5.9629 1439205_at
Niban Niban protein 67 359 0.1876 -5.3296 1422567_at
Nmi N-myc (and STAT) interactor 65 278 0.2329 -4.2936 1425719_a_at
Nolc1 Nucleolar and coiled-body phosphoprotein 1 104 444 0.2335 -4.2821 1428870_at
Nrp1 Neuropilin 1 39 284 0.1382 -7.2384 1448943_at
Nsl1 NSL1, MIND kinetochore complex component, homolog (S. cerevisiae) 22 156 0.1425 -7.0158 1455852_at
Nsmce4a Non-SMC element 4 homolog A (S. cerevisiae) 173 896 0.1932 -5.1755 1428213_at
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Nt5dc2 5'-(nucleotidase domain containing 2) 56 595 0.0944 -10.5961 1424882_a_at
Nudt4 Nudix (nucleoside diphosphate linked moiety X)-type motif 4 131 766 0.1710 -5.8471 1418505_at
Nuf2 NUF2, NDC80 kinetochore complex component, homolog (S. cerevisiae) 144 740 0.1945 -5.1407 1430811_a_at
Nup210 Nucleoporin 210 118 841 0.1399 -7.1460 1417585_at
Nusap1 Nucleolar and spindle associated protein 1 250 1252 0.1998 -5.0047 1416309_at
Oas2 2'-5' oligoadenylate synthetase 2, aka oasl11 115 473 0.2424 -4.1257 1425065_at
Olfm1 Olfactomedin 1 507 2498 0.2031 -4.9233 1455796_x_at
Osbpl1a Oxysterol binding protein-like 1a 38 166 0.2302 -4.3448 1460192_at
Parp1 Poly (adp-ribose) polymerase family, member 1 aka adprt1 323 1470 0.2195 -4.5552 1435368_a_at
Parp1 Poly adp-ribose polymerase family, member 1 395 2076 0.1904 -5.2527 1422503_s_at
Parp14 Poly (adp-ribose) polymerase family, member 14 50 381 0.1301 -7.6879 1451564_at
Parp9 Poly (adp-ribose) polymerase family, member 9 102 551 0.1849 -5.4090 1416897_at
Pbk PDZ binding kinase 213 1516 0.1402 -7.1308 1448627_s_at
Pdia5 Protein disulfide isomerase associated 5 72 293 0.2468 -4.0516 1424650_at
Pf4 Platelet factor 4 73 306 0.2396 -4.1736 1448995_at
Pgm2l1 Phosphoglucomutase 2-like 1 37 159 0.2345 -4.2641 1452841_at
Phf17 PHD finger protein 17 27 110 0.2490 -4.0167 1452179_at
Phyhipl Phytanoyl-coa hydroxylase interacting protein-like 35 579 0.0610 -16.3821 1448557_at
Pid1 Phosphotyrosine interaction domain containing 1 (aka 5033414K04Rik) 297 4953 0.0600 -16.6781 1436999_at
Pik3cg Phosphoinositide-3-kinase, catalytic, gamma polypeptide 163 1150 0.1420 -7.0404 1422707_at
Pip5k1a Phosphatidylinositol-4-phosphate 5-kinase, type 1 alpha 84 400 0.2101 -4.7586 1426009_a_at
Pla2g4a Phospholipase A2, group IVA cytosolic, calcium-dependent 455 2383 0.1911 -5.2324 1448558_a_at
Pld4 Phospholipase D family, member 4 100 1597 0.0626 -15.9635 1433678_at
Plk1 Polo-like kinase 1 (Drosophila) 223 1007 0.2210 -4.5249 1448191_at
Plk4 Polo-like kinase 4 (Drosophila) 143 838 0.1710 -5.8463 1419838_s_at
Plk4 Polo-like kinase 4 (Drosophila) 122 654 0.1866 -5.3584 1426580_at
Plscr3 Phospholipid scramblase 3 93 389 0.2391 -4.1819 1449020_at
Plxnc1 Plexin C1 26 268 0.0985 -10.1477 1423213_at
Pmp22 Peripheral myelin protein 131 1080 0.1217 -8.2177 1417133_at
Pnn Pinin, desmosome associated protein 90 474 0.1899 -5.2667 1450938_at
Pola1 Polymerase (DNA directed), alpha 1 158 709 0.2227 -4.4910 1419397_at
Pold1 Polymerase (DNA directed), delta 1, catalytic subunit 133 582 0.2279 -4.3885 1456055_x_at
Pole Polymerase (DNA directed), epsilon 132 668 0.1977 -5.0587 1448650_a_at
Pole2 Polymerase (DNA directed), epsilon 2 (p59 subunit) 132 608 0.2179 -4.5886 1427094_at
Ppih Peptidyl prolyl isomerase H 63 350 0.1812 -5.5201 1431506_s_at
Ppil5 Peptidylprolyl isomerase (cyclophilin) like 5 47 329 0.1429 -6.9959 1452458_s_at
Ppt1 Palmitoyl-protein thioesterase 1 211 1009 0.2093 -4.7779 1422467_at
Prc1 Protein regulator of cytokinesis 1 294 1304 0.2252 -4.4395 1423775_s_at
Prc1 Protein regulator of cytokinesis 1 208 1295 0.1606 -6.2250 1423774_a_at
Prdx4 Peroxiredoxin 77 464 0.1652 -6.0523 1416166_a_at
Prim1 DNA primase, p49 subunit 142 792 0.1794 -5.5753 1418369_at
Prim1 DNA primase, p49 subunit 31 441 0.0695 -14.3785 1449061_a_at
Prkacb Protein kinase, camp dependent, catalytic, beta 245 1082 0.2261 -4.4221 1420611_at
Prkar2b Protein kinase, camp dependent regulatory, type II beta 51 218 0.2360 -4.2365 1456475_s_at
Prkar2b Protein kinase, camp dependent regulatory, type II beta 36 208 0.1757 -5.6923 1430640_a_at
Prkd3 Protein kinase D3 86 394 0.2191 -4.5640 1428229_at
Prkd3 Protein kinase D3 84 366 0.2303 -4.3417 1428230_at
Pros1 Protein S (alpha) 46 315 0.1471 -6.7987 1426246_at
Prpf38a PRP38 pre-mRNA processing factor 38 (yeast) domain containing A 18 81 0.2232 -4.4796 1444087_at
Prps2 Phosphoribosyl pyrophosphate synthetase 2 295 1288 0.2292 -4.3630 1454843_at

Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 
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Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 

Gene name Full gene name OC MAC OC/MAC fold Position
Psat1 Phosphoserine aminotransferase 1 968 4036 0.2400 -4.1674 1451064_a_at
Psmb10 Proteasome (prosome, macropain) subunit, beta type 10 133 847 0.1569 -6.3728 1448632_at
Psmb8 Proteasome (prosome, macropain) subunit, beta type 8 145 758 0.1919 -5.2124 1422962_a_at
Psmg4 Proteasome (prosome, macropain) assembly chaperone 4 97 406 0.2396 -4.1733 1435431_at
Ptger4 Prostaglandin e receptor 4 (subtype ep4) 102 685 0.1486 -6.7298 1424208_at
Ptp4a3 Protein tyrosine phosphatase 4a3 95 566 0.1680 -5.9518 1418181_at
Pttg1 Pituitary tumor-transforming 1 279 1287 0.2167 -4.6137 1424105_a_at
Pttg1 Pituitary tumor-transforming 1 975 4089 0.2384 -4.1947 1438390_s_at
Pvrl3 Poliovirus receptor-related 3 103 599 0.1723 -5.8036 1448673_at
Pvrl3 Poliovirus receptor-related 3 60 364 0.1637 -6.1099 1423331_a_at
Rab32 RAB32, member RAS oncogene family 128 699 0.1830 -5.4648 1416527_at
Racgap1 Rac GTPase-activating protein 1 102 580 0.1759 -5.6844 1421546_a_at
Rad51 RAD51 homolog S. cerevisiae 130 967 0.1340 -7.4617 1418281_at
Rad51ap1 RAD51 associated protein 1 84 397 0.2126 -4.7033 1448899_s_at
Rad51ap1 RAD51 associated protein 1 67 546 0.1229 -8.1395 1417938_at
Rad54l RAD54 like (S. cerevisiae) 269 1137 0.2368 -4.2221 1450862_at
Raet1a Retinoic acid early transcript 1, alpha 176 715 0.2468 -4.0511 1420603_s_at
Rapgef5 Rap guanine nucleotide exchange factor (GEF) 5 67 279 0.2406 -4.1556 1455137_at
Rasgrp3 Ras, guanyl releasing protein 3 117 1373 0.0850 -11.7649 1438030_at
Rassf2 Ras association (RalGDS/AF-6) domain family member 2 37 257 0.1422 -7.0316 1428392_at
Rassf4 Ras association (RalGDS/AF-6) domain family member 4 147 607 0.2422 -4.1292 1444009_at
Rassf4 Ras association (RalGDS/AF-6) domain family member 4 139 1332 0.1040 -9.6188 1439622_at
Rbl1 Retinoblastoma-like 1 (p107) aka p107 245 1222 0.2006 -4.9848 1424156_at
Rbm14 RNA binding motif protein 14 312 1426 0.2187 -4.5721 1436979_x_at
Rbpj Recombination signal binding protein for immunoglobulin kappa J region 114 491 0.2325 -4.3010 1418114_at
Rcbtb2 Regulator of chromosome condensation (RCC1) and BTB (POZ) domain containing protein 2 86 414 0.2079 -4.8101 1416389_a_at
Rdh10 Retinol dehydrogenase 10 (all-trans) 40 208 0.1940 -5.1555 1426968_a_at
Rfc4 Replication factor C (activator 1) 4 105 507 0.2075 -4.8187 1424321_at
Rfc4 Replication factor C (activator 1) 4 54 417 0.1292 -7.7392 1438161_s_at
Rfc5 Replication factor C (activator 1) 5 155 1034 0.1498 -6.6762 1452917_at
Rgs2 Regulator of G-protein signaling 2 163 728 0.2242 -4.4599 1419248_at
Rgs2 Regulator of G-protein signaling 2 78 329 0.2355 -4.2454 1447830_s_at
Rhoq Ras homolog gene family, member Q 96 1718 0.0557 -17.9527 1427918_a_at
Rmi1 RMI1, recq mediated genome instability 1, homolog (S. Cerevisiae) 31 226 0.1368 -7.3108 1428625_a_at
Rnf141 Ring finger protein 141 70 306 0.2289 -4.3686 1433655_at
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RP23-113K14 Clone RP23-113K14 132 568 0.2317 -4.3162 1441677_at
RP23-130O4 Clone RP23-130O4 107 772 0.1392 -7.1817 1435409_at
RP23-141H24 Clone RP23-141H24 28 114 0.2466 -4.0549 1436654_at
RP23-19G21 Clone RP23-19G21 27 344 0.0783 -12.7637 1440284_at
RP23-303J2 Clone RP23-303J2 26 105 0.2451 -4.0797 1444342_at
RP23-336O18 Clone RP23-336O18 30 141 0.2124 -4.7086 1456223_at
RP23-378D16 Clone RP23-378D16 32 264 0.1208 -8.2810 1443230_at
RP23-394E10 Clone RP23-394E10 23 229 0.1009 -9.9088 1446540_at
RP23-77K13 Clone RP23-77K13 127 1039 0.1226 -8.1541 1435144_at
RP23-77K13 Clone RP23-77K13 41 240 0.1702 -5.8755 1442233_at
RP24-104I1 Predicted gene, EG667823 47 193 0.2419 -4.1336 1443858_at
RP24-124J24 Clone RP24-124J24 73 1194 0.0609 -16.4175 1440790_x_at
RP24-151D4 Clone RP24-151D 335 2572 0.1301 -7.6836 1439616_at
RP24-337F7 Clone RP24-337F7 60 247 0.2430 -4.1154 1447527_at
RP24-417N13 Clone RP24-417N13 60 695 0.0866 -11.5489 1421408_at
RP24-456H22 Clone RP24-456H22 40 229 0.1737 -5.7572 1439252_at
RP24-512A14 Clone RP24-512A14 32 532 0.0609 -16.4318 1436570_at
RP24-95L18 Clone RP24-95L18 522 2617 0.1994 -5.0160 1456319_at
Rp2h Retinitis pigmentosa 2 homolog (human) 55 384 0.1429 -6.9973 1454816_at
Rpa2 Replication protein A2 91 687 0.1326 -7.5392 1416433_at
Rpe Ribulose-5-phosphate-3-epimerase 36 184 0.1956 -5.1115 1455602_x_at
RPS6KA3 Ribosomal protein S6 kinase, 90kda, polypeptide 3 184 802 0.2291 -4.3653 1455206_at
Rps6ka5 Ribosomal protein S6 kinase, polypeptide 5 36 165 0.2207 -4.5307 1431050_at
Rrm1 Ribonucleotide reductase M1 519 2668 0.1944 -5.1428 1415878_at
Rrm2 Ribonucleotide reductase M2 610 3204 0.1904 -5.2517 1434437_x_at
Rrm2 Ribonucleotide reductase M2 383 2322 0.1649 -6.0643 1448226_at
Rtp4 Receptor transporter protein 4 33 576 0.0571 -17.4983 1418580_at
Samd9l Sterile alpha motif domain containing 9-like 87 377 0.2310 -4.3289 1460603_at
Sash1 SAM and SH3 domain containing 1 247 1289 0.1919 -5.2115 1448005_at
Sbk1 SH3-binding kinase 1 22 107 0.2023 -4.9428 1451190_a_at
Scarb2 Scavenger receptor class B, member 2 123 613 0.2009 -4.9780 1454704_at
Scoc Short coiled-coil protein 168 711 0.2368 -4.2223 1416267_at
Scyl3 SCY1-like 3 (S. Cerevisiae) 38 287 0.1338 -7.4714 1434365_a_at
Sdf2l1 Stromal cell-derived factor 2-like 1 323 1496 0.2158 -4.6339 1418206_at
Selm Selenoprotein M 49 243 0.2010 -4.9755 1424394_at
Sema4a Sema immunoglobulin transmembrane domain and short cytoplasmic domain, (semaphorin) 4A 233 1248 0.1864 -5.3643 1448110_at
Sept6 Septin 6 33 166 0.1980 -5.0506 1424181_at
Sepw1 Selenoprotein W, muscle 1 165 796 0.2075 -4.8181 1460561_x_at
Serinc3 Serine incorporator 3 15 104 0.1397 -7.1574 1448847_at
Serinc3 Serine incorporator 3 505 2072 0.2437 -4.1026 1456080_a_at
Serinc3 Serine incorporator 3 131 1101 0.1194 -8.3742 1434548_at
Serinc3 Serine incorporator 3 47 529 0.0894 -11.1795 1417816_s_at
Serpinf1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 21 110 0.1943 -5.1470 1416168_at
Sfrs14 Splicing factor, arginine/serine-rich 14 83 344 0.2396 -4.1744 1435798_a_at
Sgk1 Serum/glucocorticoid regulated kinase 1 29 139 0.2073 -4.8233 1416041_at
Sgpp1 Sphingosine-1-phosphate phosphatase 1 97 543 0.1791 -5.5823 1420822_s_at
Sgpp1 Sphingosine-1-phosphate phosphatase 1 40 263 0.1535 -6.5148 1420821_at
Sh3bp5 SH3-domain binding protein 5 (BTK-associated) 72 406 0.1779 -5.6216 1421923_at
Shcbp1 Shc SH2-domain binding protein 1 133 970 0.1374 -7.2757 1416299_at
Siva1 SIVA1, apoptosis-inducing factor 227 1340 0.1698 -5.8898 1452020_a_at
Siva1 SIVA1, apoptosis-inducing factor 117 685 0.1705 -5.8655 1426323_x_at
Siva1 SIVA1, apoptosis-inducing factor 123 555 0.2225 -4.4947 1418377_a_at
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Skp2 S-phase kinase-associated protein 2 (p45) 219 1010 0.2173 -4.6013 1418969_at
Skp2 S-phase kinase-associated protein 2 (p45) 160 703 0.2276 -4.3938 1437033_a_at
Skp2 S-phase kinase-associated protein 2 (p45) 104 465 0.2245 -4.4544 1436000_a_at
Skp2 S-phase kinase-associated protein 2 (p45) 175 733 0.2388 -4.1868 1460247_a_at
Slbp Stem-loop binding protein 344 1640 0.2097 -4.7678 1460168_at
Slc16a10 Solute carrier family 16 (monocarboxylic acid transporters), member 10 274 1482 0.1848 -5.4099 1436368_at
Slc16a10 Solute carrier family 16 (monocarboxylic acid transporters), member 10 122 689 0.1772 -5.6430 1434592_at
Slc19a2 Solute carrier family 19 (thiamine transporter), member 2 224 1069 0.2091 -4.7815 1417902_at
Slc19a2 Solute carrier family 19 (thiamine transporter), member 2 106 507 0.2101 -4.7604 1441315_s_at
Slc20a1 Solute carrier family 20, member 1 21 96 0.2213 -4.5196 1438824_at
Slc24a6 Solute carrier family 24 (sodium/potassium/calcium exchanger), member 6 113 455 0.2487 -4.0210 1417811_at
Slc2a3 Solute carrier family 2 (facilitated glucose transporter), member 3 131 842 0.1550 -6.4522 1437052_s_at
Slc39a14 Solute carrier family 39 (zinc transporter), member 14 181 761 0.2381 -4.2004 1427035_at
Slc7a5 Solute carrier family 7 cationic amino acid transporter, y+ system, member 5 166 1758 0.0944 -10.5978 1418326_at
Slfn3 Schlafen 3 34 218 0.1576 -6.3459 1450322_s_at
Slfn4 Schlafen 4 340 1720 0.1977 -5.0579 1427102_at
Smc2 Structural maintenance of chromosomes 2 75 468 0.1608 -6.2192 1429658_a_at
Smc2 Structural maintenance of chromosomes 2 38 249 0.1509 -6.6274 1429660_s_at
Smc2 Structural maintenance of chromosomes 2 446 2344 0.1902 -5.2572 1448635_at
Smc4 Structural maintenance of chromosomes 4 224 930 0.2413 -4.1437 1427276_at
Smpdl3b Sphingomyelin phosphodiesterase, acid-like 3B 94 1063 0.0886 -11.2870 1417300_at
Snrpa1 Small nuclear ribonucleoprotein polypeptide A' 241 1239 0.1944 -5.1446 1417352_s_at
Socs5 Suppressor of cytokine signaling 5 71 318 0.2249 -4.4462 1423350_at
Spag5 Sperm associated antigen 5 67 463 0.1448 -6.9045 1433893_s_at
Spag5 Sperm associated antigen 5, aka s17 44 187 0.2328 -4.2952 1427498_a_at
Spata13 Spermatogenesis associated 13 92 397 0.2325 -4.3015 1437865_at
Spc25 SPC25, NDC80 kinetochore complex component, homolog (S. Cerevisiae) 92 730 0.1255 -7.9681 1424118_a_at
Spnb2 Spectrin beta 2 88 1082 0.0814 -12.2828 1452143_at
Ssh2 Slingshot homolog 2 (Drosophila) 120 822 0.1455 -6.8726 1456153_at
Ssh2 Slingshot homolog 2 (Drosophila) 141 671 0.2096 -4.7710 1455078_at
Stil Scl/Tal1 interrupting locus 79 347 0.2291 -4.3655 1427707_a_at
Stmn1 Stathmin 1 701 4306 0.1628 -6.1439 1415849_s_at
Stom Stomatin 242 2296 0.1056 -9.4675 1419097_a_at
Stom Stomatin 266 2177 0.1221 -8.1927 1438910_a_at
Stom Stomatin 107 520 0.2066 -4.8400 1449341_a_at
Stom Stomatin 70 499 0.1411 -7.0895 1419099_x_at
Syce2 Synaptonemal complex central element protein 2 607 2450 0.2478 -4.0355 1429270_a_at
Tacc3 Transforming, acidic coiled-coil containing protein 3 87 548 0.1582 -6.3227 1417450_a_at
Tbl2 Transducin (beta)-like 2 92 384 0.2405 -4.1578 1434224_at
Tcf19 Transcription factor 19 168 991 0.1693 -5.9061 1423809_at
Tcof1 Treacher Collins Franceschetti syndrome 1, homolog 96 412 0.2333 -4.2856 1423601_s_at
Tfdp1 Transcription factor Dp 1 606 2462 0.2459 -4.0662 1423241_a_at
Thap7 THAP domain containing 7 131 555 0.2359 -4.2392 1452069_a_at
Tipin Timeless interacting protein 331 2131 0.1552 -6.4452 1426612_at
Tk1 Thymidine kinase 1 203 1137 0.1787 -5.5951 1416258_at
Tlr2 Toll-like receptor 2 257 2784 0.0924 -10.8191 1419132_at
Tlr4 Toll-like receptor 4 119 624 0.1903 -5.2540 1418162_at
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Tm6sf1 Transmembrane 6 superfamily member 1 159 1181 0.1346 -7.4271 1451353_at
Tm6sf1 Transmembrane 6 superfamily member 1 85 952 0.0895 -11.1732 1424443_at
Tmem107 Transmembrane protein 107 78 522 0.1491 -6.7085 1429058_at
Tmem109 Transmembrane protein 109 419 2002 0.2092 -4.7797 1437008_x_at
Tmem109 Transmembrane protein 109 404 1692 0.2388 -4.1874 1456057_x_at
Tmem157 Transmembrane protein 157 202 844 0.2396 -4.1741 1419170_at
Tmem176a Transmembrane protein 176A 32 287 0.1101 -9.0864 1425603_at
Tmem176b Transmembrane protein 176B 603 3761 0.1603 -6.2397 1418004_a_at
Tmem26 Transmembrane protein 26 64 259 0.2492 -4.0122 1434583_at
Tmem43 Transmembrane protein 43 88 666 0.1315 -7.6022 1426434_at
Tmem50b Transmembrane protein 50B 170 818 0.2076 -4.8166 1423707_at
Tmem97 Transmembrane protein 97 146 586 0.2487 -4.0210 1416376_at
Tmpo Thymopoietin 671 2863 0.2343 -4.2686 1452036_a_at
Top2a Topoisomerase II alpha 52 366 0.1426 -7.0119 1442454_at
Top2a Topoisomerase II alpha 734 3724 0.1971 -5.0740 1454694_a_at
Tpst1 Protein-tyrosine sulfotransferase 1 139 635 0.2181 -4.5844 1421733_a_at
Tpx2 TPX2, microtubule-associated protein homolog Xenopus laevis 258 1661 0.1554 -6.4355 1428104_at
Traip TRAF-interacting protein 37 195 0.1899 -5.2660 1420707_a_at
Trappc5 Trafficking protein particle complex 5 109 436 0.2496 -4.0065 1418233_a_at
Trem2 Triggering receptor expressed on myeloid cells 2 175 1176 0.1491 -6.7091 1421792_s_at
Trim30 Tripartite motif-containing 30 50 358 0.1406 -7.1124 1417961_a_at
Trim30 Tripartite motif-containing 30 56 238 0.2360 -4.2380 1451860_a_at
Trim59 Tripartite motif-containing 59 70 727 0.0957 -10.4484 1416118_at
Trip13 Thyroid hormone receptor interactor 13 170 899 0.1893 -5.2813 1429295_s_at
Tsga10 Testis specific 10 22 98 0.2289 -4.3694 1436045_at
Tspan13 Tetraspanin 13 25 119 0.2070 -4.8318 1418643_at
Tssc4 Tumor-suppressing subchromosomal transferable fragment 4 49 217 0.2265 -4.4153 1427661_a_at
Ttk Ttk protein kinase 93 618 0.1502 -6.6573 1449171_at
Tubb2a Tubulin, beta 2a 60 435 0.1385 -7.2208 1427347_s_at
Tubb2c Tubulin, beta 2c 860 3548 0.2424 -4.1250 1423642_at
Tubgcp6 Tubulin, gamma complex associated protein 6 26 116 0.2248 -4.4475 1435090_at
Tyms Thymidylate synthase 90 480 0.1876 -5.3307 1424991_s_at
Ugt1a9 UDP glucuronosyltransferase 1 family, polypeptide A9 228 1451 0.1573 -6.3577 1424783_a_at
Ugt1a9 UDP glucuronosyltransferase 1 family, polypeptide A9 361 2476 0.1460 -6.8503 1426260_a_at
Ugt1a9 UDP glucuronosyltransferase 1 family, polypeptide A9 88 988 0.0893 -11.2036 1426261_s_at
Uhrf1 Ubiquitin-like, containing PHD and RING finger domains, 1 248 1597 0.1553 -6.4386 1415810_at
Uhrf1 Ubiquitin-like, containing PHD and RING finger domains, 1 120 576 0.2080 -4.8074 1415811_at
Usp1 Ubiquitin specific peptdiase 1 576 2330 0.2470 -4.0478 1451080_at
Usp1 Ubiquitin specific peptdiase 1 213 853 0.2497 -4.0052 1423674_at
Usp1 Ubiquitin specific peptdiase 1 146 659 0.2209 -4.5274 1423675_at
Wdhd1 WD repeat and HMG-box DNA binding protein 1 161 654 0.2466 -4.0552 1435114_at
Wdr48 WD repeat domain 48 78 471 0.1652 -6.0550 1443836_x_at
Wdr51b WD repeat domain 51B 46 220 0.2112 -4.7352 1429325_at
Wdr67 WD repeat domain 67 82 355 0.2319 -4.3121 1434241_at
Ywhaq Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta polypeptide 350 1656 0.2115 -4.7285 1460621_x_at
Zdhhc14 Zinc finger, DHHC domain containing 14 135 597 0.2268 -4.4094 1438619_x_at
Zdhhc14 Zinc finger, DHHC domain containing 14 97 507 0.1904 -5.2526 1437614_x_at
Zdhhc14 Zinc finger, DHHC domain containing 14 36 186 0.1936 -5.1660 1423668_at
Zfp715 Zinc finger protein 715 75 460 0.1630 -6.1339 1434461_at
Zw10 ZW10 homolog (Drosophila), centromere/kinetochore protein 206 1110 0.1852 -5.3995 1424891_a_at
Zwilch Zwilch, kinetochore associated, homolog (Drosophila) 136 690 0.1972 -5.0699 1416757_at

Table 8 continued. All genes downregulated by RANKL. Proposed negativive osteoclast markers are highlighted in yellow. All probe sets were blast “ok” 
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7.5 CONCLUSION_____________________________ 

The osteoclast is a remarkable cell undergoing major structural organisation as it 

differentiates from mononuclear cells into multinuclear large cells. These structural changes are 

not limited to differentiation and are in fact very dynamic as the osteoclast migrates to, adheres 

to, seals to and resorbs bone in a cyclic process. Each of these steps represent a different 

functional state accompanied by a distinct structural organisation. As such, one would expect a 

large number of genes specific to these events, however even though many genes have been 

identified in the osteoclast, the findings are a far cry from explaining the complex intricate nature 

of the osteoclast. Thus to advance our understanding of this cell, this thesis chapter sort to 

identify all genes dependent on RANKL within the limitations of the Affymetrix array and the 

methodologies used to choose genes of interest. 1370 genes were identified and interestingly, 

only 28 had been already attributed to the osteoclast. This confirmed the first hypothesis in this 

chapter; many more genes than currently reported are specifically regulated by the osteoclast.  

  

Of 1370 genes found, many other conclusions could be drawn. However, because this can 

be subjective in many respects and the large number of genes, it was decided to select three 

categories in which genes “stood out”. The three categories were cytoskeletal, immune and 

electron transport related genes. These fit in with the many functions of the osteoclast which 

requires cytoskeletal reorganisation, loss of immune genes no longer required and of course the 

necessary genes needed for the high energy demands of the osteoclast. The number of immune 

genes downregulated or lost (>20) confirmed the second hypothesis of this chapter; 

monocytes/macrophages lose immune functions as they differentiate into osteoclasts. 

 

Special mention – 3 osteoclast genes linked to multiple myeloma 

 

Epidermal growth factors (EGFs) contribute to the pathology of multiple myeloma 

(MM). In order to potentiate their role in MM, EGFs bind a family of ligands known as EGF-

ligands. Many EGF-ligands exist, however of particular interest is HB-EGF that is expressed in 

the bone marrow-environment where it potentiates the growth of MM cells. HB-EGF (like other 
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EGFs) must bind to heparan-sulphate proteoglycans in order to promote multiple myeloma cell 

growth (Krampera et al, 2005).  

 

In this investigation, Ndst1, Hbegf and Syndecan1* were upregulated by RANKL and 

have been shown elsewhere to positively regulate cells of MM. Ndst1 promotes the synthesis of 

heparan-sulphate proteoglycans, and is known to potentiate MM cell growth via binding to EGF-

ligands (Mahtouk et al, 2006). Ndst1 could further promote MM by supplying heparan-sulphate 

proteoglycans to HB-EGF. Lastly, Syndecan1-1, the main heparan-sulphate proteoglycan present 

on MM cells, is thought to concentrate EGF-ligands at the cell membrane where it promotes MM 

(Krampera et al, 2005). 

 

It is interesting and should be respected with respects to their potential, that of the 40 

genes described in Tables 7.3 and 7.4 (genes upregulated or induced by RANKL respectively), 

two of them Ndst1, Hbegf are promoters of multiple myeloma and that another gene 

(Syndecan1) though not listed in this chapter as the “top” osteoclast genes, are linked to MM. In 

MM, the osteoclast is a target due its osteolytic effects, but here, it is shown that the osteoclast 

could also potentiate multiple myeloma directly by 3 genes, Ndst1, Hbegf and Syndecan1.  

 

 

 

 

IGF1, CD36, CD71 and CCR2 - Comparing the osteoclast to the 

osteoblast 

 

In vivo, there is striking coupling of the osteoclast to the osteoblast. This is mostly due to 

the promotion of osteoclastogenesis by osteoblasts providing the necessary cytokines for 

osteoclast formation. However, osteoclasts and osteoblasts also respond to many common 

factors. For example, MCSF simulates osteoclastogenesis but inhibits osteoblast formation 

(Gyda et al, 2001). TGFβ binds both to the osteoclast and osteoblast but in the osteoblast, TGFβ 

reduces RANKL expression and thus inhibits osteoclastogenesis from osteoblast-osteoclast 

*Due to not falling within the top 20 genes upregulated or expressed in the osteoclast by RANKL, Syndecan1 
was not shown in Tables 3 or 4 but it is upregulated 4.4 fold by RANKL (MAC count 213, OC count 940) to a 
moderately high level (~12% of TRAP).  
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coculture. However, in a pure osteoclast precursor culture, TGFβ increases osteoclast formation 

(Quinn et al, 2001). In this investigation, four genes were chosen that displayed either the same 

or opposite expression when comparing osteoclasts to osteoblasts. These genes were IGF1, 

CD36, CD71 and CCR2. 

 

IGF1 as shown in this investigation was the most downregulated gene in the osteoclast 

(Table 7.5). However, in the osteoblast, IGF1 is oppositely-regulated and highly expressed 

during osteoblast formation (Roman-Roman et al, 2003) which is expected since the osteoblast 

synthesises IGF1 in large amounts. This gene distinguishes heavily the functions of the 

osteoclast and osteoblast. CD36 was also differentially regulated in the osteoblast compared to 

the osteoclast. While in the osteoclast where CD36 is highly downregulated as seen in this 

investigation, it is highly upregulated in the osteoblast (Roman-Roman et al, 2003) and shows 

that CD36 may play a role other than immune in origin. CD71 (transferrin receptor) was 

upregulated in both the osteoclast (1422966_a_at, OC/MAC = 3.8 fold, OC counts = 2163) and 

the osteoblast (Roman-Roman et al, 2003) suggesting that both cells require an increase in iron. 

Last but not least, CCR2, the chemokine receptor for CCL2, was downregulated/turned off in 

both the osteoclast (see chapter 1) and the osteoblast (Roman-Roman et al, 2003). This suggests 

that in mature cell of the bone remodelling environment, the CCL2-CCR2 axis is not required, 

the major conclusion of chapter 4 in this thesis. 

 

Although the study was very fruitful, it had several limitations. First, the RAW264.7 cells 

used for generating osteoclasts, are a cell line derived from infection of BalbC macrophages with 

the Abelson murine leukemia virus. There are always concerns with using cell lines for gathering 

data when compared to primary cells. However to remedy this, investigators could verify 

findings of their choice by QPCR, which was done for a few genes herein. Perhaps the biggest 

downfall of using the RAW264.7 cell line is that it does continue to produce virus particles 

which themselves could have an effect on gene expression, though this was not known at the 

time it was used (Hartely et al, 2008).  
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8.0    CONCLUSION ______________________________ 
 

Bone-related diseases are often viewed as bones themselves – benign. However, bone is more than 

just some white stick you throw at your dog. It is a complex endocrine organ regulating calcium, 

phosphate, mineral, pH homeostasis, fat metabolism (and more) while bone-related diseases are often 

found secondary to metastatic tumours causing immense pain amongst other bone diseases such as 

osteoporosis which result in death proceeding hip fractures in the majority of cases. The above 

representing perhaps only “a drop in an Olympic pool” of the complexity of bone homeostasis and 

metabolism brings us to one of the major bone regulators – the osteoclast. The osteoclast is a 

multinucleated cell capable of secreting protons and enzymes through its specialised membrane, the 

ruffled border, thus acidifying the bone matrix onto which it has adhered and “eating” this matrix away. 

The latter process termed “resorption” is a major target by pharmaceutical means which aims to decrease 

or stop altogether resorption. This is important because in essence, where disorders lead to loss of bone, 

the osteoclast is often the end point, and the mediator of bone destruction. Current treatments of bone 

destruction today exist, such as bisphosphonates which integrate within the skeleton and “kill” osteoclasts 

which eventually ingest them. However these treatments are a long way from being optimal and in most 

cases prevention by consuming 1000 mg of calcium daily is far more effective. Thus better treatments are 

needed and for this much commitment has been given to understanding the osteoclast. However, much 

more remains to be learnt about this cell. As such, the goal of this thesis was to better characterise the 

osteoclast. For this, four different projects were undertaken; analysis in the osteoclast of (1) the 

chemokine MCP-1, (2) the RhoGTPase family, (3) DMSO and (4) genes dependent on RANKL (by 

array).  

 

In the last 5 years and especially very recently, MCP-1 has been a major focus as a modulator of 

the bone environment by calling in cancer cells to bone (Lu et al, 2009) and said to be secreted by both 

the osteoclast and the osteoblast (Kim et al, 2006., Li et al, 2009). However, following literature reviews 

of MCP-1 and results attained in our laboratory, it was hypothesised that MCP-1 was not vitally important 

for osteoclastogenesis or function. Experiments were constructed in order to analyse MCP-1 in the 

osteoclast and established that MCP-1 was not upregulated by RANKL in both human and mouse 

transcriptional assays. Furthermore, MCP-1 was in fact highly downregulated by RANKL during the 

fusion of murine preosteoclasts. Dr Takeshi Miyamoto who also studied MCP-1 in the osteoclast 
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(Miyamoto et al, 2009) confirmed that RANKL does downregulate MCP-1 during osteoclastogenesis 

(personal communication, 14th September 2009) but did not reveal this result in his publication. This 

shows that at least at the transcriptional level, RANKL does not induce MCP-1. This disagrees with Kim 

et al, 2006, however results are further supported herein as shown by supernatant assays, where RANKL 

also downregulated MCP-1 expression at the protein level in murine osteoclasts. Of course it could be 

possible that human osteoclasts themselves secrete increased amounts of MCP-1, which is quite different 

to murine MCP-1 (~ 50% homology). However, this was not studied herein and represents a limitation 

that could easily be overcome by measuring the supernatant concentrations of MCP-1 in human 

osteoclasts derived from TNFα, RANKL or both. 

 

MCP-1 has been shown to be a fusogene of osteoclast-like cells (Kim et al, 2006) however could 

not be repeated by others (Li et al, 2007). Nevertheless, if MCP-1 could really induce fusion of osteoclast-

like cells in the bone milieu, then this could potentially have severe repercussions regarding bone 

destruction and would introduce a far more complex signalling system than actually known. The effect of 

MCP-1 alone (including MCSF as a macrophage survival factor) was thus studied, however showed that 

in both human and murine systems, MCP-1 alone (i.e. without a fusogene such as RANKL or TNFα) 

could not induce multinucleated giant cells from osteoclast precursors. Results by Kim et al, 2006 are 

likely to be due to contamination of other cells containing fusogenes such as T cells, which are found in 

high numbers in peripheral blood, the latter the source of osteoclast precursors used by Kim.  

 

 At the time experiments were conducted for this thesis, mice harbouring gene knockouts of MCP-

1 or CCR2 had never been studied. Thus these mice were used in order shed light onto the importance of 

the MCP-1/CCR2 axis in the osteoclast. Disapprovingly, neither genotype appeared to have any 

significant differences in their bone mineral densities when controlled to wild-type mice of the same sex, 

age and background nor did they show any gross skeletal abnormalities (normal bone development, bone 

mineral densities and tooth eruption). In addition, differentiation of bone marrow cells extracted from 

MCP-1 or CCR2 gene knockouts into osteoclasts ascertained no difference in osteoclastogenic potential 

when compared to wild-type control ex vivo differentiations. In essence these results show that MCP-

1/CCR2 has no affect on whole body BMD and ex vivo osteoclastogenic potential. However the above 

results need to be analysed carefully: 
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 First, there is evidence that single knock outs of either MCP-1 or CCR2 have no effect on 

macrophage migration, but that the double MCP-1/CCR2 KO animal results in virtual absence of blood-

borne macrophage recruitment (Schilling et al, 2009). This warrants the investigation of this double KO 

in osteoclast experiments which could potentially reveal a role for the MCP-1/CCR2 axis.  

 

Secondly, there were major limitations in what type of parameters were collated. Whole body 

bone mineral densities are really a gross method to analyse for a bone phenotype and μCT/pQCT or 

histomorphometry which are much more refined could possibly detect a significant difference in bone 

phenotypes where BMD analyses could not. Interestingly, while this thesis was put together, Binder et al, 

2009 used μCT and histomorphometry to analyse the single MCP-1 and CCR2 KO mice and showed that 

indeed there are less osteoclasts both in vivo and in vitro with increased bone mass due to defective 

osteoclast differentiation confirming the limitation of analysing these mice by whole BMD alone. Not 

only did these more refined methodologies permit to find a difference between wild type mice and knock 

outs, but also between MCP-1 and CCR2 knock outs whereby MCP-1 KO mice showed a less severe 

phenotype than CCR2 KO mice which they suggested could be explained that another chemokine could 

rescue MCP-1 (i.e. MCP-3 which binds CCR2). This allowed them to then further analyse the phenotypes 

where they concluded that CCR2 in macrophages increases the expression of RANK thus enhancing 

RANKL-mediated osteoclastogenesis and that it lack of CCR2 leads to resistance to ovariectomy induced 

bone loss.  

 

It is difficult to dispute the findings of Binder et al, 2009: a Nature paper, and it is not the 

intention here. However it must be pointed to that they did not show that CCR2 was expressed or could be 

modulated in the mature osteoclast. In fact, they are careful to always mention “preosteoclast” which 

when analysed, means simply macrophage in their paper. This thesis aimed to study the osteoclast with 

respects to MCP-1, and not the macrophage, and showed that MCP-1/CCR2 could not modulate the 

osteoclast. Thus these findings can complement what is now known in the field – that CCR2 can 

modulate osteoclast precursors, but not osteoclasts themselves.  

 

The next part of this thesis was to study the effect of DMSO on osteoclast differentiation and 

function. Since DMSO is known to regulate the differentiation of many different cell types, it was 

hypothesised that DMSO could modulate osteoclastogenesis. Thus simple dose-response experiments 
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were devised and evaluated the role of DMSO in osteoclast formation. It was found that not only did 

DMSO affect osteoclastogenesis, but also that of the osteoblast. Specifically, DMSO potently dose-

dependently enhanced osteoclast and osteoblast differentiation when normal cultures were substituted 

DMSO where Maximal effects occurred at with 0.35% and 0.55% respectively. It is vitally important to 

stress that in both cell types, DMSO alone could not induce differentiation and has a total dependence on 

RANKL and osteogenic media for osteoclasts and osteoblasts respectively. This is of course quite 

different to many other cells whose differentiation can indeed be induced by DMSO alone in standard 

media (Friend et al, 1971., Collins et al, 1978., Siracký et al, 1985., Joshi et al, 1985., Edwards et al, 

1983., Cheung et al, 2006). 

 

Increased differentiation paralleled an increase in alkaline phosphatase activity (> 2 fold) and 

mineralisation in DMSO-derived osteoblasts which are standard parameters associated to osteoblast 

function. These osteoblasts also expressed Bone Sialoprotein and Osteocalcin which are hallmarks of 

osteoblasts. These osteoblasts were very osteoblast-like in nature, however there is no explanation as why 

alkaline phosphatase and mineralization activities of DMSO osteoblasts could not be caught up by control 

osteoblasts. Thus DMSO osteoblasts inherently display super osteoblastic properties. This is not the first 

study of DMSO osteoblasts.  However we see major flaws in the small article by Cheung et al., 2006. 

They claimed that DMSO alone could induce osteoblast differentiation but this could not be repeated 

herein. In addition, Cheung used 1% DMSO which in our hands was toxic to osteoblasts.   

 

Switching back to osteoclasts, although DMSO-osteoclasts expressed classical osteoclasts genes 

such as TRAP, CTSK, c-Src and NFATc1, none of these genes seemed significantly affected. This would 

logically point to the DMSO osteoclast being incapable of super function, however, DMSO increased 

osteoclast fusion (by >10 times), size (by > 2.5 times), TRAP activity and bone resorbing activity. As 

such, like osteoblasts, osteoclasts became “super” when treated with DMSO. The results of these DMSO 

studies exemplified that DMSO can genuinely augment both osteoblast and osteoclast differentiation and 

function.  

 

The most interesting part of this DMSO study is that even though DMSO has been studied for 40 

years, no one has reported its effects in osteoclasts. With DMSO used to solubilise so many drugs used in 

osteoclast research today, it is a surprise no one has caught this effect or failed to report it. It is important 
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to note that at even 0.1% DMSO, which is easily surpassed when using DMSO-drugs in culture has a 

significant effect on osteoclast differentiation and function. Although one can control to DMSO only, if 

the effect is small, this small effect could easily be masked by the potent positive osteoclastic effect by 

DMSO rendering a study to a false negative. What comes out of this is that investigators should be 

cautious when using DMSO in osteoclastic cultures. 

 

As it stands today, the mechanism by which DMSO works is still poorly understood. In this study, 

the mechanism is not known at all. This is perhaps the greatest limitation of this study and represents a lot 

of future work in order to unlock the DMSO pathway in bone cells. However, knowledge that DMSO 

could potentially mask experimental effects as suggested herein, is a valuable addition to the bone 

research field. 

 

The third part of this thesis examined the family of RhoGTPases in the osteoclast. The expression 

of all 22 RhoGTPases was analysed and of these, only one standout gene was found; Wrch-1. Wrch-1 was 

upregulated by RANKL more than 300 fold in RAW264.7 cells ~100 fold in primary murine bone 

marrow cell-derived osteoclasts. This finding was significant since at the time, very little was known 

about Wrch-1 and certainly not linked to the osteoclast. Furthermore, Wrch-1 is a special member of the 

RhoGTPase family since its minute GTPase activity makes it essentially a dominant active protein that is 

likely not to be regulated by GEFs and thus more by its mRNA copy numbers. As such, in order to try and 

better understand how this highly upregulated Wrch-1 could operate in the osteoclast, experiments were 

constructed to decrease the levels of Wrch-1 mRNA. Knockdown of Wrch-1 by shRNA caused a decrease 

in osteoclast formation showing that this novel gene participates grossly in osteoclast differentiation 

which was as far as results in this thesis could show.  

 

Further studies into Wrch-1 have now shown that Wrch-1 localizes to podosomes (and focal 

adhesions) (Ory et al, 2007., Chuang et al, 2007) and thus that this protein could potentially effect 

osteoclast podosome homeostasis. This was confirmed by Brazier et al, 2009 who showed that Wrch-1 is 

needed for macrophage (osteoclast precursors) migration and that by associating with beta3 integrin tails 

(but not fibronectin), it negatively regulated adhesion and formation of the podosome belt. These results 

confirmed the findings of this thesis: that Wrch-1 participates in osteoclast formation. Furthermore, this 

has permitted the field to further understand the nature of the Wrch-1 protein. 
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The last part of this thesis tried to identify as many genes as possible within the mouse genome 

that are dependent on RANKL using microarray technology and QPCR. There 1370 genes dependent on 

RANKL and of these, only 28 had been already attributed to the osteoclast. These 28 genes were almost 

all classical osteoclast genes (i.e. TRAP, NFATc1) and thus validated the specificity of the array. Of the 

1370 genes found, many conclusions could be drawn but it was chosen to only discuss the top 20 genes 

that were a) upregulated, b) turned on, c) downregulated and d) turned off. All vATPase genes were also 

studied as a group. Selecting a smaller number of genes permitted one to narrow down onto the numerous 

genes found. It does not however mean that the genes not discussed are not potentially important. In fact, 

all genes that were upregulated and downregulated were reported in table format in order to allow others 

to initiate further studies into these RANKL-regulated genes.  

 

As a whole, the general theme that evolved from the “top 20” showed that RANKL-modulated 

genes represent three categories; cytoskeletal, immune and electron transport-related genes. These 

categories make “sense”. First, there is no doubt that the osteoclast requires significant cytoskeleton 

changes as it fuses from tiny monocytes/macrophages into large spread out cells (at least on plastic and 

glass).  Secondly, since monocytes/macrophages are immune cells and that there is no evidence that the 

osteoclast is an immune cell, the osteoclast does not require or requires less immune genes than its 

immune precursor cells. Lastly, the osteoclast is a highly active cell implying its direct need of energy 

which could be maintained through RANKL-modulated electron transport genes. The results from the 

array showed that many more genes than currently reported are specifically regulated by the osteoclast 

and that monocytes/macrophages lose immune functions as they differentiate into osteoclasts. 

 

To conclude on an overall basis, this thesis has furthered the current understanding of the 

osteoclast with regards to the MCP-1/CCR2 axis, RhoGTPases, differentiation and its vulnerability to 

DMSO and the numerous genes that could evoke the control of osteoclast differentiation and function. 
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