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GENERAL INTRODUCTION 

One of the most common public health problems in the industrialized societies are skeletal 

injuries associated with low back pain1,2. Due to ageing of the population and higher survival 

rates for cancer and heart diseases, costs for skeletal disorders and injuries are by far the 
3. 

Although the exact reasons for low back pain are not completely understood, it has been 

suggested that genetic, environmental, and psychosocial factors are determinant for the 

onset of the clinical problem4-6.  

The main anatomical structure implicated in low back pain is the intervertebral disc7. 

Dehydration of the intervertebral disc leads to a decrease in disc height with degeneration of 

the facet joints, that causes pressure on the nerve roots responsible for pain. Degeneration 

of the intervertebral disc not only alters disc height, but also affects the mechanics of the 

spinal column, possibly adversely affecting the behavior of other spinal structures such as 

muscles and ligaments3. The medical treatments used currently are mainly conservative and 

palliative, and focus on the reduction of pain rather than on the repair of the degenerated 

disc3. Given this context, an increased demand for cost-effective treatments for disc 

degeneration injuries that aim for the regeneration of the disc, rather than the prevention of 

pain, are needed3.  

Skeletal tissue engineering or skeletal regenerative medicine is a biologically promising 

approach and could be an alternative to conservative treatments. Regenerative medicine, 

once categorized as a subfield of Biomaterials, is defined as a multidisciplinary field that 

allies the combination of cells, materials, and suitable biochemical and physico-chemical 

factors to ons, with major focus 

on the use of stem cells to achieve this goal. In practice it is associated with applications that 

repair or replace damaged parts and/or whole organs and tissues.  Human adipose tissue-

derived mesenchymal stem cells (hASCs) can be harvested with minimally invasive 

techniques and in a clinically relevant yield8.  Human ASCs have been recognized as an 

efficient source of autologous adult stem cells due to their easy accessibility, minimal 

morbidity upon harvesting, high yields of extraction from adipose tissue isolates, and high 

proliferation rates when compared to bone marrow mesenchymal stem cells. Human ASCs 

thus represent an excellent clinical alternative to bone marrow cells8-11.  Helder et al. (2007), 

have proposed a model of a low-cost, one-step surgical procedure that maintains the 

advantages of tissue engineering, for intervertebral disc regeneration and/or spinal fusion8. 

The spinal fusion procedure aims to immobilize the vertebrae by placing a bone graft in the 

area usually occupied by the intervertebral disc, to induce the formation of a bony bridge or 
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fusion in between the endplates of the vertebrae. The model uses off-the-shelf bioresorbable 

materials and easily accessible autologous mesenchymal stem cells from adipose tissue.  

In the one-step procedure model8, the use of hASCs is of fundamental importance 

since it allows the harvesting, isolation, induction, and seeding of the stem cells on the 

injectable scaffold in a feasible time period in the clinical setting. From the clinical point of 

view the process is finished when the surgery is finished, but from the biological point of 

view the challenge starts. After injection in a skeletal defect, the cell-scaffold construct must 

integrate with its environment, i.e. the cell scaffold-construct must attach to the defect 

surface and vascularise, the stem cells need to differentiate, and finally the scaffold needs to 

be resorbed. Currently, most research in the stem cell field focuses on these aspects, and a 

large number of publications report on the improvement of the intrinsic characteristics of the 

stem cells and scaffold materials. However, an aspect which is often overlooked in bone 

tissue engineering research using stem cells is that the cell-scaffold complex needs to 

interact with its surroundings to fully integrate with its environment. Before hASCs can be 

successfully employed for the recreation of bone tissue in vivo, it is important to realize that 

the behavior of any transplanted stem cell will be strongly affected by its micro-environment. 

Any cell-based tissue engineering approach will never transcend the trial-and-error stage 

without at least some understanding of the interactions between native and transplanted 

cells. Therefore, understanding whether and how the molecular cues from the host 

importance for any successful tissue engineered approach. 

A closer look at the micro-environment surrounding of the hASCs after implantation 

indicates that hASCs used for bone tissue engineering purposes are in close contact with 

many cell types, such as endothelial cells from sprouting blood vessels, immune cells, bone 

marrow cells, and obviously native bone. The osteocytes are the most abundant cells in 

adult bone constituting approximately 90-95% of all bone cells12. Osteocytes are terminally 

differentiated cells of the osteogenic lineage with long cytoplasmatic extensions called 

processes which radiate from the cell body and provide the cells with their typical dendritic 

shape12. These processes form an intercellular network through gap junctions as well as 

adherent junctions with the surrounding osteocytes, bone lining cells and bone marrow12. 

The resulting three dimensional network has an anatomically exceptional position enabling 

not only to sense deformations resulting from musculoskeletal loads, but also to respond to 

this stimulus with the production of signaling molecules that will affect the neighbouring cells, 

i.e. osteoblasts and osteoclasts, in a process known as bone remodelling13-20. This 

intercellular communication is of fundamental importance for the process of physiological 

bone regeneration. It is therefore likely that osteocytes from the host bone will modulate the 
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behaviour of hASCs that have been transplanted in a bone defect. In chapter 2, the role of 

osteocytes in bone mechanotransduction is reviewed. 

This thesis focuses on the understanding of the effect of the host bone environment on 

the substitution of a tissue engineering construct containing hASCs for spinal fusion by new, 

healthy bone. The aim was to identify molecules involved in intercellular communication 

between the osteocytes in the host bone and the hASCs. Since the osteocytes have the 

unique ability to translate physical stimuli into a biological response, we also aimed to 

assess whether loading affects this intercellular communication.  

In this thesis the following scientific questions were addressed: 

1. How do osteocytes in the host bone tissue react to mechanical stimulation with 

regard to the expression of genes encoding for signaling molecules and the release of 

such molecules?  

2. What are the molecular mechanisms leading to the release of signaling molecules in 

response to loading?  

3. What is the influence of signaling molecules on the differentiation of hASCs? 

4. Which molecular mechanisms are activated in undifferentiated hASCs upon 

stimulation with these signaling molecules? 

 

To seek answers to these questions we first identified possible signaling molecules that 

are important in the physiological response of bone to mechanical loading, and that likely 

have relevant roles in stem cell lineage commitment. Bone morphogenic proteins (BMPs) 

and Wnts have been identified as key signaling molecules which are fundamental for the 

process of bone remodelling, and at the same time, are involved in signaling transduction 

pathways that regulate stem cell differentiation, proliferation, and apoptosis. Therefore, 

BMPs and Wnts constitute prime targets of signaling molecules that can potentially modulate 

the behaviour of undifferentiated hASCs. 

BMPs, named originally for their ability to promote ectopic bone formation21, are a 

family of genetically conserved secreted signaling molecules belonging to the transforming 

growth factor-  superfamily of polypeptides. They stimulate a number of cell types including 

undifferentiated mesenchymal stem cells, bone marrow stromal cells, and pre-osteoblasts 

into both osteochondrogenic and osteoblast precursor cells22. BMPs were originally detected 

in bone and cartilage, and are central regulators of osteoblast differentiation in vivo23. 

Together with other growth factors and collagenous and non-collagenous proteins, BMPs 

are part of the osteoblast and osteocyte extracellular matrix24.  

Knippenberg et al. (2006) have shown that short treatment with BMP2 was sufficient to 

induce commitment of ASCs towards the osteogenic lineage25. Cheline et al. (2002) on the 
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other hand have shown that BMP7 is able to selectively enhance mechanically stimulated 

bone formation by increasing the differentiation of bone lining cells, fibroblasts, and/or other 

committed cells to osteoblasts rather than increase proliferation of putative stem cells26. 

Thus, both BMP2 and BMP7 produced by the surrounding bone cells could in theory affect 

the differentiation of hASCs, i.e. BMP2 by promoting the commitment of ASC towards the 

osteogenic lineage, and BMP7 by enhancing the expression of late osteogenic markers in 

already committed cells. There is some data available suggesting that BMP signaling is part 

of the osteoblastic anabolic response to loading27, but there is no data available on the 

effects of mechanical loading on osteocytes with regards to BMP production. Therefore, in 

chapter 3, we tested whether osteocytes respond to mechanical loading with the production 

of BMPs, and if so what molecular mechanisms are responsible for this production. 

The Wnt family of secreted glycoproteins has been identified as an important 

component of bone mass regulation and maintenance, and seems to be involved in a wide 

variety of decisions associated with osteogenesis28-34. Wnts are also important for the 

anabolic response of bone to mechanical loading29-34. Wnts signal via two pathways known 

as the Wnt canonical signaling pathway and the Wnt non-canonical signaling pathway. The 

Wnt canonical pathway, also known as the Wnt/ -catenin pathway, is regulated by 

cytoplasmatic -catenin levels. In the absence of Wnts, intracellular -catenin levels are 

controlled by a degradation complex that contains amongst others adenomatous polyposis 

coli (APC), and glycogen synthase kinase 3  proteins (GSk-3 )35,36. Activation of the Wnt 

canonical pathway occurs when Wnt ligands bind to low density lipoprotein (LDL) receptor-

related protein 5/6 (LRP5/6) and to frizzled transmembrane proteins (Fzd)35-38. This binding 

disrupts the -catenin degradation complex, which allows accumulation of stabilized -

catenin, followed by nuclear translocation, which ultimately results in activation of Wnt target 

genes35-38. The non-canonical Wnt/calcium pathway is still poorly understood, but binding of 

Wnt ligands to frizzled receptors results in the release of intracellular calcium via G-proteins 

independently of -catenin translocation to the nucleus38. This increase of calcium activates 

calcium dependent kinases, i.e. calcium calmodulin-dependent kinase II (CaMKII) and/or 

Protein Kinase C (PKC)39,40, but can also induce cytoskeletal re-organization via small 

GTPase Rho and Rho-associated kinase ROCK (ROCK), that mediate actin cytoskeletal 

tension and stress fiber formation40-43. 

Although several studies show that activation of the Wnt canonical pathway is an 

integral part of the mechanotransduction response in normal bone tissue, the cellular 

mechanisms involved in these processes are currently still unclear44. One of the problems is 

that most studies have used osteoblasts, which have some mechanosensory characteristics, 

but these cells are not the mechanosensor cells in bone13-19. These studies provide some 
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insight in the overall signal transduction pathway, but they do not answer how a fully 

differentiated and mechanosensitive bone cell would respond to a physiological mechanical 

stimulus. Therefore, in chapter 4 we assessed whether mechanical stimulation by pulsating 

fluid flow (PFF) could lead to functional Wnt production in the MLO-Y4 osteocyte cell line. In 
vitro data obtained using osteoblast cell lines revealed that mechanical loading induces 

nuclear translocation of -catenin in osteoblasts independent of Wnt production or signaling 

through the LRP5 co-receptor44-48. This suggests that there is another molecular mechanism 

that activates the Wnt canonical pathway, which does not involve secretion of Wnts. 

Therefore, in chapter 5 we aimed to better understand the molecular events that lead to 

loading-induced nuclear translocation of -catenin in a Wnt independent manner. To seek an 

answer to this question we focused on the Akt and focal adhesion (FAK) signaling pathways, 

since both signaling pathways have been suggested to be mechano-responsive. Akt in 

particular controls the cytoplasmatic levels of -catenin by inhibiting GSK-3 , one of the 

molecules that is part of the -catenin degradation complex44-47,49. 

After we determined that osteocytes produce Wnts in response to mechanical loading, 

we investigated the influence of these signaling molecules on undifferentiated hASCs 

(chapter 6). Theoretically, both Wnt3a, a canonical Wnt, and Wnt5a, mainly associated with 

the non-canonical Wnt pathway, can induce osteogenic differentiation of mesenchymal stem 

cells. Wnt-induced osteogenic differentiation rather seems to depend on the donor species 

and the tissue from which the stem cells were retrieved. Therefore in chapter 6 we examined 

whether Wnt3a and/or Wnt5a promote osteogenic differentiation of hASCs. We were 

especially interested in the effects of Wnt5a, since Wnt5a affects the Rho family of small 

GTPases Rho, and its effector molecule ROCK50-53. This pathway is of special interest as 

ROCK has been implicated in promoting cytoskeletal changes that are of crucial importance 

to cell lineage commitment. Since Wnt5a can modulate the activity of ROCK via the Wnt 

non-canonical pathway 50-53, we hypothesized that Wnt5a induces osteogenic differentiation 

of hASCs via cytoskeletal re-arrangement through the activity of ROCK. 

Once the molecular mechanisms that lead to production of BMPs and Wnts in 

osteocytes as a response to a physiological mechanical stimulus were elucidated, the next 

logical step was to investigate whether the molecules produced at physiological 

concentrations by the osteocytes could indeed influence the lineage commitment of hASCs. 

Therefore, in chapter 7 we mimicked the in vivo micro-environment of hASCs after 

implantation by culturing hASCs in conditioned medium from osteocytes that had been 

subjected to mechanical loading. 

Finally, in chapter 8 we discuss how our results provide new insight in the molecular 

mechanisms that are activated upon mechanical loading in host bone osteocytes, which 
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might be of fundamental importance for osteogenic commitment of hASCs used in bone 

tissue engineering.  

 

 

 

 

 



General Introduction 

16 
 

REFERENCES 

1.  Maniadakis N, Gray A. The economic burden of back pain in the UK. Pain 2000;84:95
103. 

2. van Tulder MW, Koes BW, Bouter LM. A cost-of-illness study of back pain in The 
Netherlands. Pain 1995;62:233 40. 

3. Urban JP, Roberts S. Degeneration of the intervertebral disc. Arthr Res Ther 
2003;5:120 30. 

4. Hoogendoorn WE, van Poppel MNM, Bongers PM, Koes BW, Bouter LM. Systematic 
review of psychosocial factors at work and private life as risk factors for back pain. 
Spine 2000;25:2114-25. 

5. Paassilta P, Lohiniva J, Goring HH, Perala M, Raina SS, Karppinen J, Hakala M, Palm 
T, Kroger H, Kaitila I, Vanharanta H, Ott J, Ala-Kokko L. Identification of a novel 
common genetic risk factor for lumbar disk disease. JAMA 2001;285:1886-8. 

6. Pincus T, Burton AK, Vogel S, Field AP. A systematic review of psychological factors 
as predictors of chronicity/disability in prospective cohorts of low back pain. Spine 
2002;27:109-20. 

7. Luoma K, Riihimaki H, Luukkonen R, Raininko R, Viikari-Juntura E, Lamminen A. Low 
back pain in relation to lumbar disc degeneration. Spine 2000;25:487 92. 

8. Helder MN, Knippenberg M, Klein-Nulend J, Wuisman PIJM. Stem cells from adipose 
tissue allow challenging new concepts for regenerative medicine. Tissue Eng 
2007;13:1799-808.  

9. Knippenberg M, Helder MN, de Blieck-Hogervorst JMA, Wuisman PIJM, Klein-Nulend 
J. Prostaglandins differently affect osteogenic differentiation of hAT-MSCS. Tissue Eng 
2007;13:2495-503. 

10. Oedayrajsingh-Varma MJ, van Ham SM, Knippenberg M, Helder MN, Klein-Nulend J, 
Schouten TE, Ritt MJ, van Milligen FJ. Adipose tissue-derived mesenchymal stem cell 
yield and growth characteristics are affected by the tissue-harvesting procedure. 
Cytotherapy 2006;8:166-77. 

11. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, Alfonso ZC, Fraser JK, 
Benhaim P, Hendrick MH. Human adipose tissue is a source of multipotent stem cells. 
Mol Biol Cell 2002;13:4279-95. 

12. Kamioka H, Honjo T, Takano-Yamamoto T. A three dimensional distribution of 
osteocyte processes revealed by combination of confocal laser microscopy and 
differential interference contrast microscopy. Bone 2001;28:145-9. 

13. Burger EH, Klein-Nulend J. Mechanotransduction in bone--role of the lacuno-
canalicular network. FASEB J 1999;13 Suppl:S101-12. 

14. Burger EH, Klein-Nulend J, Smit TH. Strain-derived canalicular fluid flow regulates 
osteoclast activity in a remodelling osteon--a proposal. J Biomech 2003;36:1453-9. 

15. Cowin SC, Moss-Salentijn L, Moss ML. Candidates for the mechanosensory system in 
bone. J Biomech Eng 1991;113:191-7. 

16. Klein-Nulend J, Semeins CM, Ajubi NE, Nijweide PJ, Burger EH. Pulsating fluid flow 
increases nitric oxide (NO) synthesis by osteocytes but not periosteal fibroblasts--
correlation with prostaglandin upregulation. Biochem Biophys Res Commun 
1995;217:640-8. 



Chapter 1 

17 
 

17. Weinbaum S, Cowin SC, Zeng Y. A model for the excitation of osteocytes by 
mechanical loading-induced bone fluid shear stresses. J Biomech 1994;27:339-60. 

18. Smit TH, Burger EH, Huyghe JM. A case for strain-induced fluid flow as a regulator of 
BMU-coupling and osteonal alignment. J Bone Miner Res 2002;17:2021-9.  

19. Klein-Nulend J, van der Plas A, Semeins CM, Ajubi NE, Frangos JA, Nijweide PJ, 
Burger EH. Sensitivity of osteocytes to biomechanical stress in vitro. FASEB J 
1995;9:441-5. 

20. Tan SD, de Vries TJ, Kuijpers-Jagtman AM, Semeins CM, Everts V, Klein-Nulend J. 
Osteocytes subjected to fluid flow inhibit osteoclast formation and bone resorption. 
Bone 2007;41:745-51. 

21. Wozney JM. The bone morphogenetic protein family and osteogenesis. Mol Reprod 
Dev 1992;32,160-7. 

22. Wan M, Cau X. BMP signaling in skeletal development. Biochem Biophys Res 
Commun 2005;328:651-7. 

23. Nomura S, Takano-Yamamoto T. Molecular events caused by mechanical stress in 
bone. Matrix Biology 2000;19:91-6. 

24. Mukherjee A. Rotwein P. Akt promotes BMP-2 mediated osteoblast differentiation and 
bone development. J Cell Science 2009;122,716-26. 

25. Knippenberg M, Helder MN, Zandieh Doulabi B, Wuisman PIJM, Klein-Nulend J. 
Osteogenesis by BMP-2 and BMP-7 in adipose cells. Biochem Biophys Res Commun 
2006;342:902-8. 

26. Cheline AJ, Reddi AH, Martin RB. Bone morphogenic protein-7 selectively enhances 
mechanically induced bone formation. Bone 2002;31:570-4. 

27. Lau KH, Kapur S, Kesavan C, Baylink DJ. Up-regulation of the Wnt, estrogen receptor, 
insulin-like growth factor-I, and bone morphogenetic protein pathways in C57BL/6J 
osteoblasts as opposed to C3H/HeJ osteoblasts in part contributes to the differential 
anabolic response to fluid shear. J Biol Chem 2006;281:9576-88. 

28. Kim JB, Leucht P, Lam K, Luppen C, Ten Berge D, Nusse R, Helms JA. Bone 
regeneration is regulated by Wnt signaling. J Bone Miner Res 2007;22:1913-23. 

29. Babij P, Zhao W, Small C, Kharode Y, Yaworsky PJ, Bouxsein ML, Bodine PV, 
Robinson JA, Bhat B, Marzolf J, Moran RA, Bex F. High bone mass in mice expressing 
a mutant LRP5 gene. J Bone Miner Res 2003;18:960-74. 

30. Bodine PV, Billiard J, Moran RA, Ponce-de-Leon H, Mclarney S, Mangine A, Scrimo 
MJ, Bhat RA, Stauffer B, Green J, Stein GS, Lian JB, Komm BS. The Wnt antagonist 
secreted frizzled-related protein-1 controls osteoblast and osteocyte apoptosis. J Cell 
Biochem 2005;96:1212-30. 

31. Clement-Lacroix P, Ai M, Morvan F, Roman-Roman S, Vayssiere B, Belleville C, 
Estrera K, Warman ML, Baron R, Rawadi G. Lrp5-independent activation of Wnt 
signaling by lithium chloride increases bone formation and bone mass in mice. Proc 
Natl Acad Sci USA 2005;102:17406-11. 

32. Johnson ML, Harnish K, Nusse R, Van HW. LRP5 and Wnt signaling: a union made for 
bone. J Bone Miner Res 2004;19:1749-57. 

33. Liedert A, Kaspar D, Blakytny R, Claes L, Ignatius A. Signal transduction pathways 
involved in mechanotransduction in bone cells. Biochem Biophys Res Commun 
2006;349:1-5. 



General Introduction 

18 
 

34. Sawakami K, Robling AG, Ai M, Pitner ND, Liu D, Warden SJ, Li J, Maye P, Rowe DW, 
Duncan Rl, Warman ML, Turner CH. The Wnt co-receptor LRP5 is essential for 
skeletal mechanotransduction but not for the anabolic bone response to parathyroid 
hormone treatment. J Biol Chem 2006;281:23698-711. 

35. Robinson JA, Chetterjee-Kishore M, Yaworsky PJ, Cullen DM, Zhao W, Li C, Kharode 
Y, Sauter L, Babij P, Brown EL, Hill AA, Akhter MP, Johnson ML, Recker RR, Komm 
BS, Bex FJ. Wnt -catenin pathway is a normal physiological response to mechanical 
loading in bone. J Biol Chem 2006;281:31720-8. 

36. Staal FJ, Noort MM, Strous GJ, Clevers HC. Wnt signals are transmitted through N-
terminally dephosphorylated beta-catenin. EMBO Rep 2002;3:63-8. 

37. Hinoi T, Yamamoto H, Kishida M, Takada S, Kishida S, Kikuchi A. Complex formation 
of adenomatous polyposis coli gene product and axin facilitates glycogen synthase 
kinase-3 beta-dependent phosphorylation of beta-catenin and down-regulates beta-
catenin. J Biol Chem 2000;275:34399-406. 

38. Mao J, Wang J, Liu B, Pan W, Farr GH 3rd, Flynn C, Yuan H, Takada S, Kimelman D, 
Li L, Wu D. Low-density lipoprotein receptor-related protein-5 binds to Axin and 
regulates the canonical Wnt signaling pathway. Mol Cell 2001;7:801-9. 

39. Miller JR, Hocking AM, Brown JD, Moon RT. Mechanism and function of signal 
transduction by the Wnt/beta-catenin and Wnt/Ca2+ pathways. Oncogene 
1999;18:7860-72.  

40. Tu X, Joeng KS, Nakayama KI, Rajagopal J, Carroll TJ, McMahon AP, Long F. Non-
canonical Wnt signaling through G protein linked PKC activation promotes bone 
formation. Developmental Cell 2007;12:113-27. 

41. Liu L, Rubin B, Bodine PV, Billiard J. Wnt5a induces homodimerization and activation 
of Ror2 receptor tyrosine kinase. J Cell Biochem 2008; 105: 497-502;  

42. Huelsken J, Behrens J. The Wnt signaling pathway Review. J Cell Sci 2002;115:3977-
8. 

43. Zhu S, Liu L, Gong Z, Low BC. RhoA acts downstream of Wnt5 and Wnt11 to regulate 
convergence and extension movements by involving effectors Rho Kinase and 
Diaphanous: Use of the zebrafish as an in vivo model for GTPase signaling. Cell Sign 
2006;18:359-72. 

44. Robling  AG, Niziolek PJ, Baldridge LA, Condon KW, Allen MR, Alam I, Mantila SM, 
Gluhak-Heinrich J, Bellido TM, Harris SE, Turner CH. Mechanical stimulation of bone 
in vivo reduces osteocyte expression of SOST/sclerostin. J Biol Chem 2008;283:5866-
75. 

45. Castellone MD, Teramoto H, Williams BO, Druey KM, Gutkind JS. Prostaglandin E2 
promotes colon cancer cell growth through Gs-axis-beta-catenin signaling axis. 
Science 2005;310,1504-10. 

46. Haq S, Michael A, Andreucci M, Bhattacharya K, Dotto P, Walters B, Woodgett J, Kilter 
H, Force T. Stabilization of beta-catenin by a Wnt-independent mechanism regulates 
cardiomyocyte growth. Proc Nat Acad Sci USA 2003;100,4610-5.  

47. Case N, Ma M, Sen B, Xie Z, Gross TS, Rubin. -catenin levels influence rapid 
mechanical responses in osteoblasts. J Biol Biochem 2008;283: 29196-205. 

48. Norvell SM, Alvarez M, Bidwell JP, Pavalko FM. Fluid shear stress induces beta-
catenin signaling in osteoblasts. Calcif Tissue Int 2004;75:396-404. 



Chapter 1 

19 
 

49. 
for fluid shear stress-induced mecahnotransduction in osteoblasts. J Bone Min Res 
2009;24:411-24. 

50. Guo J, Jin J, Cooper LF. Dissection of sets of genes that control the character of 
Wnt5a-deficient mouse calvarial cells. Bone 2008;43:961-71. 

51. Arnsdorf AJ, Tummala P, Kwon RY, Jacobs CR. Mechanically induced osteogenic 
differentiation - the role of RhoA, ROCKII and cytoskeletal dynamics. J Cell  Sci 
2008;122:546-53. 

52. Mcbeath R, Pirone DM, Nelson CM, Bhadriraju K, Cehn CS. Cell shape, cytoskeletal 
tension, and RhoA regulate stem cell lineage commitment. Develop Cell 2004;6:483-
95. 

53. Riddick N, Ohtani K, Surks HK. Targeting by myosin phosphatase-RhoA interacting 
protein mediates RhoA/ROCK regulation of myosin phosphatase. J Cell Biochem 
2008;103:1158-70. 

 

 

 



20  
  

  



CHAPTER 7 

EFFECT OF CONDITIONED MEDIA FROM OSTEOCYTES 

SUBJECTED TO MECHANICAL LOADING ON 

DIFFERENTIATION OF HUMAN ADIPOSE STEM CELLS  

INVOLVEMENT OF WNTS 
 

 

 

Ana Santos, Astrid D. Bakker, Jolanda M.A. de Blieck-Hogervorst, 

Jenneke Klein-Nulend 

 

Department of Oral Cell Biology, Academic Centre for Dentistry Amsterdam (ACTA), 

University of Amsterdam and VU University Amsterdam, Research Institute MOVE, 

Amsterdam, The Netherlands. 



Osteocytes and stem cell differentiation 
 

116 
 

ABSTRACT 

A promising strategy for repairing bone defects and/or spinal fusion involves the use of 

human adipose tissue-derived mesenchymal stem cells (hASCs). In vivo bone regeneration 

is coordinated by the osteocytes that sense mechanical deformations placed upon bone and 

secrete signaling molecules such as Wnts, that affect osteoblasts and/or osteoclasts. The 

osteocytes present in the surrounding microenvironment of implanted hASCs likely affect 

growth and/or differentiation of hASCs. Here we tested whether mechanical stimulation of 

human primary bone cells affects cell lineage commitment of hASCs, and whether this effect 

is mediated by Wnts.  

We found that mechanical loading by pulsating fluid flow (PFF) increases gene 

expression of Wnt10b by 2.5-fold, and Wnt5a by 5.3 at 6 h of post-incubation without PFF 

(PI) and 3.5-fold at 24 h PI. Culture of hASCs with conditioned medium from human primary 

bone cells kept under static control conditions (Stat CM) up-regulated transcription factor 

apetala 2 (aP2) gene expression. This stimulatory effect was suppressed when conditioned 

medium from PFF-stimulated human primary bone cells (PFF CM) was added. PFF CM 

transiently increased the osteogenic markers alkaline phosphatase activity and RUNX2 

gene expression in hASCs but these values did not reach significance. Inhibition of Wnts 

present in PFF CM with secreted frizzled receptor 3 (sFRP3) resulted in inhibition of aP2 

gene expression, suggesting that PFF-induced Wnt production inhibits gene expression of 

aP2.  

Understanding the role of the microenvironment is paramount for developing 

successful tissue engineered bone regeneration. Our results show that human primary bone 

cells produce Wnts in response to mechanical loading, which might affect hASC 

differentiation. These findings warrant further research to understand the precise role of the 

microenvironment in the regulation of hASCs cell lineage commitment. 

 
Key words Bone tissue engineering; Fluid shear stress; Osteocytes; Wnt10b, Wnt5a, 

Human adipose tissue-derived mesenchymal stem cells; Osteogenic differentiation. 
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INTRODUCTION 

A promising tissue engineering strategy for repairing bone defects and/or spinal fusion 

involves the use of adipose tissue-derived mesenchymal stem cells (ASCs)1-7. hASCs have 

been recognized as an efficient source of autologous adult stem cells due to their easy 

accessibility, minimal morbidity upon harvesting, high extraction yields from adipose tissue 

isolates, and high proliferation rates when compared to bone marrow mesenchymal stem 

cells1-7. hASCs thus represent an excellent clinical alternative to other possible sources of 

stem cells such as bone marrow1-7. These cells acquire a bone cell-like phenotype when 

cultured in the presence of stimulatory factors such as growth factors2,6-8. Nevertheless, 

most studies performed so far have not considered that stem cells for tissue regeneration 

have to fully integrate with the microenvironment in vivo.  

Bone regeneration is a tightly regulated process that involves the coordinated action of 

the bone forming cells, the osteoblasts, and the bone resorbing cells, the osteoclasts, that 

collaborate in so-called basic multicellular units9,10. It is generally assumed that the 

coordinated cooperation of the osteoblasts and osteoclasts during bone remodeling is 

orchestrated by the osteocytes11-17. Osteocytes are the most abundant cells in bone and 

have an exceptional location compared to other cells present in bone18. They are regularly 

spaced throughout the matrix and connected to each other as well as to the bone surface 

and to other cells via long processes18. This ensures osteocytes not only access to oxygen 

and nutrients, but also contact with other neighbouring cells18. Osteocytes have the capacity 

to respond to mechanical signals. It is currently believed that osteocytes do not directly 

sense the loading-induced strain of the bone matrix, but rather respond to strain-induced 

flow of interstitial fluid along the osteocytic network11,15-17. The mechanically stimulated 

osteocytes then secrete signaling molecules that affect the activity of osteoblasts and/or 

osteoclasts, initiating the activation of signaling pathways that allow the bone effector cells to 

effectively remodel bone19-21. It is likely that hASCs after implantation into a bone defect will 

also receive signals from the osteocytes that may modulate their proliferation and 

differentiation. 

Wnts are signaling molecules that are produced by osteocytes, and affect hASC 

differentiation into the osteogenic lineage22-24. The Wnt family of secreted glycoproteins has 

been identified as an important component of bone mass regulation and maintenance, and 

seems to be involved in a wide variety of decisions associated with osteogenesis25,26. Wnts 

are also important for the anabolic response of bone to mechanical loading27-29. Wnts signal 

via two pathways known as the Wnt canonical pathway and the Wnt non-canonical signaling 

pathway. Activation of the Wnt canonical pathway occurs when a Wnt ligand binds to the cell 

surface receptor complexes consisting of human low density lipoprotein (LDL) receptor-
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related protein 5/6 (LRP5/6) and frizzled transmembrane proteins (Fzd)30-32. This binding 

leads to -catenin stabilization, accumulation, and subsequent nuclear translocation 

resulting in activation of Wnt target genes30-32. In the non-canonical Wnt/calcium pathway, 

binding of Wnt ligands to the frizzled receptor results in intracellular calcium release via G-

proteins independent of -catenin translocation to the nucleus33. Activation of the different 

Wnt signaling pathways seems to be dependent on the availability of the frizzled receptor. 

However it is currently accepted that canonical Wnts such as Wnt3a and Wnt10b activate 

primarily the Wnt canonical pathway, while non-canonical Wnts such as Wnt5a activate the 

Wnt non-canonical pathway27,33. 

We have shown earlier that mouse MLO-Y4 osteocytes produce Wnts in response to 

mechanical loading of physiological magnitude in vitro22. We also showed earlier that 

exogenous Wnts, i.e. Wnt5a, induce osteogenic differentiation of ASCs23. Therefore the aim 

of the present study was to assess whether mechanical stimulation of human primary bone 

cells affects cell lineage commitment of hASCs, and whether this effect is mediated by Wnts. 
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MATERIALS AND METHODS 

 

Primary human bone cells 

Trabecular bone samples (surgical waste) from seven female and two male donors (mean 

age: 43, SD 24; range 18-84 years) were taken from the proximal femur shaft during hip 

replacement surgery for cox-arthrosis. The protocol was approved by the Ethical Review 

Board of the VU University Medical Center and all subjects gave informed consent. 

Trabecular bone biopsies were placed in sterile phosphate buffered saline (PBS), 

chopped into small fragments, and washed extensively with PBS. Bone fragments were then 

incubated with collagenase II (2 mg/ml; Sigma) in DMEM (Gibco) at 37°C in a shaking water 

bath to remove all adhering cells from the bone chip surfaces. Bone fragments were then 

washed with medium containing 10% fetal bovine serum (FBS; Gibco) and transferred to 25-

cm2 flasks (Nunc, Roskilde, Denmark). To obtain bone outgrowth cells, bone fragments were 

cultured in DMEM supplemented with 100 U/ml penicillin (Sigma), 50 µg/ml streptomycin 

sulfate (Gibco), 50 µg/ml gentamicin (Gibco), 1.25 µg/ml fungizone (Gibco), 100 µg/ml 

ascorbate (Merck), and 10% FBS. After reaching subconfluency, outgrowth bone cells were 

harvested  and seeded at a density of  5 x 105 cells per polylysine-coated (50 µg/ml; poly-L-

lysine hydrobromide, mol wt 15-30 x 104; Sigma) glass slide (5 cm2), and incubated 

overnight to promote cell attachment at 37°C with 5% CO2 in air. After overnight incubation, 

cells were used for pulsating fluid flow experiments as described below. 

 

Mechanical loading by pulsating fluid flow (PFF) 

PFF was generated using a flow apparatus containing a parallel flow chamber as described 

earlier17,33,34. In short, fluid shear stress of 0.7  0.3 Pa at 5 Hz was induced for 1 h on the 

monolayer of human primary bone cells by circulating 13 ml of D-MEM medium (Gibco) 

containing 10% FBS plus antibiotics. Fluid shear stress was achieved by passing the 

medium through the parallel plate flow chamber with a roller pump14,17. Static control 

cultures (control) were kept in a petri dish under similar conditions as the experimental 

cultures, i.e. at 37°C in a humidified atmosphere of 5% CO2 in air. After 1 h of PFF or control 

treatment, human primary bone cells were post-incubated without PFF (PI) for 1-6 h in 2.5 

ml fresh medium with or without 5 ng/ml secreted frizzled related protein 3 (sFRP3, R&D 

Systems, Minneapolis, MN, USA). Then, cells were lysed for total RNA isolation and DNA 

quantification, and the conditioned medium was collected for hASC differentiation studies as 

described below.  
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Donors of human ASCs 

Human subcutaneous adipose tissue was obtained as waste material after elective 

tumescent liposuction or resection from 8 caucasian healthy female donors (age 31-66, 

mean age 50.2 years, SD=11.8) operated on at the Department of Plastic Surgery of the VU 

University Medical Center Amsterdam, The Netherlands. The human Ethical Committee of 

the VU University Medical Center Amsterdam approved the retrieval of human specimens, 

and informed consent was obtained. 

 

hASCs isolation and storage 

Human ASCs were isolated as described earlier with minor modifications2,4,5,7.  In short, the 

harvested tissue was enzymatically digested for 45 min at 37°C with 0.1% collagenase A 

(Roche Diagnostics GmbH, Mannheim, Germany) in PBS containing 1% bovine serum 

albumin (Sigma-Aldrich, St. Louis, MO, USA) under intermittent shaking, washed with 

um-glucose (D-MEM-glucose, Bio Whittaker, Cambrex, 

Verviers, Belgium) containing 10% FBS (Gibco, Paisley, UK) and centrifuged for 10 min at 

600g. The resulting cell pellet containing the ASCs was resuspended in PBS, filtered 

through a 200 m mesh (Brau/Beldico s.a-n.v, Marche-en-Famenne, Belgium) to remove 

debris, and subjected to a Ficoll density centrifugation step (Lymphoprep, =1.077 g/ml, 

Osmolarity 208  15 mOsm; Axis-shield, Oslo, Norway) to remove contaminating 

erythrocytes. 

After cell isolation, 4x106 cells were resuspended in a mixture (1:1) of D-MEM and 

cryoprotective medium (Freezing Medium, BioWhita

conditions in a Cryosave (HCL Cryogenics BV, Hedel, The Netherlands), and stored in the 

vapor phase of liquid nitrogen according to standard practice in the Department of Pathology 

of the VU University Medical Center Amsterdam, and following the guidelines of the current 

Good Manufactoring Practice. 

 

hASCs characterization  

Human ASCs at passage 1 were analyzed for the expression of the mesenchymal stem 

cells surface markers CD105/endoglin and CD166/ALCAM by fluorescence-activated cell 

sorting (FACS) as described earlier7,35. Briefly cells were incubated with either phycoerythrin 

(PE)-labeled ant-CD166/ALCAM (BD Biosciences, Pharmigen, San Diego, CA, USA), or 

with anti-CD105/endoglin monoclonal antibodies (Abcam, Cambridge, UK) and with a 

secondary fluoroisothiocyanine (FITC)-conjugated antibody against CD105/Endoglin 

(Biotrend, Cologne, Germany), and expression of CD105/endoglin and CD166/ALCAM was 
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assessed with FACSScan (BD Biosciences). Approximately 58% of hASCs at passage 1 

was positive for the mesenchymal stem cell marker CD105/endoglin and 59% was positive 

for the mesenchymal stem cell marker CD166/ALCAM (30). More than 60% of the ASC 

population showed the marker profile CD31-CD34+CD45-CD90+CD105+CD166+ as 

described earlier3. 

 

hASCs culture 

hASCs were seeded at 4 x104 to 12x104 cells/cm2 in 25-cm2 flasks (Nunc) in D-MEM 

supplemented with 10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin (Gibco), and 1.8 

g/ml amphotericin B (Fungizone, Bristol-Meyers Squibb Company, New York, NY, USA). 

The medium was changed every 3 days. When reaching 80% confluency, cells were 

harvested by incubation with 0.5 mM EDTA/0.05% trypsin (Gibco) for 5 min at 37°C, and 

replated at 5x105 cells/75 cm2 flask. All cells used for experiments were from passage 4 or 

less. 

 

hASCs culture with conditioned medium from human primary bone cells 

hASCs were seeded at 5x103 cells/cm2 in hASC fresh medium, and left to adhere for 24 h. 

Then the medium was replaced by 1) hASCs fresh medium, 2) human primary bone cells 

fresh medium, 3) conditioned medium from static human primary bone cells with or without 5 

ng/ml sFRP3, or 4) conditioned medium from PFF-stimulated human primary bone cells with 

or without 5 ng/ml of sFRP3, for 1, 4, or 7 days, with medium refreshment every 3 days. At 

day 1, 4, and 7, cells were lysed for total RNA isolation, and DNA and ALP activity 

quantification.  

 

Total DNA content and alkaline phosphatase (ALP) activity 

hASCs were lysed with 0.5 ml ice cold Milli-Q water, harvested on ice, sonicated for 10 min, 

and centrifuged for 10 min at 2000 rpm at room temperature. The cell layer was analysed for 

total DNA content and ALP activity. Total DNA content was quantified using the Cyquant 

Cell Proliferation Assay (Molecular Probes, Eugene, OR, USA) according to the 

by Lowry36, and values were expressed per amount of protein which was determined using a 

BCA Protein assay Reagent kit (Pierce, Rockford, IL, USA). 
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Analysis of gene expression 

Total RNA was isolated using TRIzol  reagent (InVitrogen, Carlsbad, CA, USA) according to 

uctions. cDNA synthesis was performed using 0.5-1 g of total RNA 

in 20 l reaction mixture consisting of 5 units of Transcriptor Reverse Transcriptase (Roche 

Diagnostics, Mannheim, Germany), 0.08 A260 units of random primers (Roche Diagnostics), 

1 mM of each dNTP (InVitrogen), and 1x concentrated Transcriptor RT reaction buffer 

(Roche Diagnostics). Real time PCR was used to determine the expression of Wnt5a, 

Wnt10b, and rho-associated kinase Rock in human primary bone cells after PFF, and gene 

expression of osteocalcin, RUNX2, PPAR , aP2 in hASCs (all from Inventoried TaqMan 

Gene Expression assays, Applied Biosystems). GAPDH was used as housekeeping gene 

(Inventoried TaqMan Gene Expression assays, Applied Biosystems). Real time PCR 

reactions were performed using TaqMan® Gene Expression assays (TaqMan®, Applied 

Biosystems) in an ABI Prism 7700 DNA sequence detector (Applied Biosystems).  

 

Statistical analysis 

Data were obtained from 5-8 independent experiments. PFF-over-control ratios of real time 

PCR data we -test for single group mean 

and compared to 1. D -test 

for paired groups after logarithmic transformation to obtain normally distributed data. 

Differences were considered significant if p<0.05. 
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RESULTS 

To evaluate whether soluble factor produced by primary human bone cells induce cell 

lineage commitment of hASCs, hASCs were cultured for 1, 4, and 7 days in the presence of 

conditioned medium from human primary bone cells kept under static control conditions 

(Stat CM, Figure 1).  

 

 
 

Figure 1. Static conditioned medium from human primary bone cells does not induce hASCs 
lineage commitment. (A) Total DNA content was increased over time in hASCs medium. 
Total DNA content was increased in Static CM at day 1 and 4, but down-regulated at day 7 
in treated cultures. Stat CM did not affect proliferation when compared to untreated controls. 
(B) Stat CM did not affect ALP activity when compared to hASCs medium. (C) Stat CM did 
not affect RUNX2, osteocalcin and PPAR  gene expression but up-regulated aP2 gene 
expression. Values are mean  SEM, of 5 different donors and Stat CM-treated-over-hASCs 
ratios (T/C,  of 5 different donors), dashed line, T/C=1 (no effect). Stat CM, static conditioned 
medium from human primary bone cells; ALP, alkaline phosphatase activity; RUNX2, runt 
related protein 2; PPAR , peroxisome proliferator activator receptor ; aP2, transcription 
factor apetala 2. Significant effect of Stat CM, *p<0.05.  
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To evaluate the effect of Stat CM on hASC number, the total DNA content at day 1, 4, 

and 7 was quantified (Figure 1A). The DNA content of hASCs cultured with hASC culture 

medium increased during 7 days of culture. Stat CM significantly up-regulated total DNA 

content between day 1 and day  4 by 4.1-fold, but it  down-regulated total DNA content by 

1.5-fold between day 4 and 7 (Figure 1A). Stat CM did not affect total DNA content when 

compared to hASCs culture medium. Stat CM did not change ALP activity when compared 

to hASCs culture medium (Figure 1B). Stat CM also did not affect RUNX2, osteocalcin, and 

PPAR  gene expression when compared to hASCs culture medium, but it up-regulated aP2 

gene expression at day 1 and 7 by 2.8 and 4.3-fold, respectively (Figure 1C). These results 

suggest that Stat CM inhibits cell proliferation at day 7, and does not affect osteogenic 

differentiation of hASCs, while it up-regulates gene expression of the adipogenic marker 

aP2. 

To establish whether human primary bone cells produce Wnts in response to 

mechanical loading, cells were subjected to 1h mechanical loading by PFF or kept under 

static culture conditions (Stat). Subsequently cells were post-incubated (PI) without PFF for 

1 to 24 h. After each post-incubation period, cells were lysed and gene expression of 

Wnt10b and Wnt5a was quantified (Figure 2).  

 

 
 

Figure 2. PFF induces up-regulation of Wnts in human primary bone cells. (A) In human 
primary bone cells 1 h PFF followed by 1h post-incubation without PFF (PI) up-regulates 
Wnt10b gene expression. (B) In human primary bone cells, 1h PFF followed by 6 and 24 h 
PI up-regulates gene expression of Wnt5a. Values are mean  SEM of PFF-over-Stat ratios 
of 5 independent cultures. PFF, pulsating fluid flow; Stat, static control. Significant effect of 
PFF, *p<0.05. 

 

Application of PFF for 1 h to human primary bone cells did not result in visible changes 

in cell shape or alignment of the cells in a particular orientation (data not shown). No cells 
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were removed by the fluid flow treatment, as assessed by visually inspecting the cultures 

before and after PFF treatment, and by quantifying DNA content (DNA content: Stat, 

33.4 3.8 ng/ml; PFF, 32.5 3.6 ng/ml; p=0.5). One hour PFF increased gene expression of 

the canonical Wnt10b by 2.5-fold (Figure 2A), but this value did not reach significance 

(p=0.2). At 1 h PI, mechanical loading significantly up-regulated gene expression of Wnt10b 

by 2.5-fold (p=0.03). Although the increase in Wnt10b gene expression was sustained up to 

3h PI (3.4-fold), this value did not reach significance (p=0.3). At 6 h PI, gene expression of 

Wnt10b returned to basal levels. One hour PFF did not change gene expression of non-

canonical Wnt5a (Figure 2B), but at 6 h PI treatment PFF up-regulated gene expression of 

Wnt5a by 5.3-fold (p=0.03). The PFF-induced up-regulation of Wnt5a was maintained up to 

24 h PI (3.5-fold, p=0.03). Thus in human primary bone cells, mechanical loading by PFF 

up-regulated Wnt10b and Wnt5a. 

To determine whether soluble factors present in conditioned medium from PFF-

stimulated human primary bone cells affect hASC differentiation, hASCs were cultured up to 

7 days with conditioned media from PFF-stimulated human primary bone cells (PFF CM).  

 

 
 

Figure 3. PFF conditioned medium from human primary bone cells does not induce hASCs 
lineage commitment. (A) PFF CM had no effect on total DNA content when compared to 
Stat CM. (B) PFF CM increased ALP activity when compared to Stat CM. (C) PFF CM 
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increased RUNX2 gene expression. At day 1, PFF CM did not affect gene expression of 
osteocalcin, nor did affect gene expression of PPAR  and aP2. At day 7, PFF CM decreased 
gene expression of osteocalcin by 1.6 fold, and gene expression of aP2 by 1.4 fold when 
compared to Stat CM. Values are mean  SEM, of PFFCM-treated-over-Stat CM ratios (T/C,  
of 5 different donors), dashed line, T/C=1 (no effect). PFF CM, PFF stimulated conditioned 
medium from human primary bone cells; Stat CM, static conditioned medium from human 
primary bone cells; ALP, alkaline phosphatase activity; RUNX2, runt related protein 2; 
PPAR , peroxisome proliferator activator receptor ; aP2, transcription factor apetala 2.  

 

PFF CM had no effect on total DNA content when compared to Stat CM (Figure 3A). PFF 

CM increased ALP activity at day 4 by 1.5-fold, and at day 7 by 1.4-fold when compared to 

Stat CM, but these values did not reach significance (p=0.1 and p=0.07, Figure 3B). At day 

1, PFF CM increased gene expression of RUNX2 by 2-fold when compared to Stat CM, but 

this value did not reach significance (p=0.2, Figure 3C). At day 1, PFF CM did not affect 

gene expression of the osteogenic marker osteocalcin, nor did it affect gene expression of 

the adipogenic markers PPAR  and aP2 (Figure 3C). At day 7, PFF CM decreased gene 

expression of osteocalcin by 1.6-fold (p=0.3), and gene expression of aP2 by 1.4-fold 

(p=0.09) when compared to Stat CM (Figure 3C). Our results suggest that PFF CM likely 

does not induce osteogenic or adipogenic differentiation of hASCs even though it transiently 

increased the osteogenic markers ALP activity and RUNX2 and decreased the adipogenic 

marker aP2. 

To establish whether Wnts present in conditioned medium from PFF-stimulated human 

primary bone cells affect hASC differentiation, hASCs were cultured up to 7 days with 

conditioned media from PFF-stimulated human primary bone cells in the presence of sFRP3 

(PFF+sFRP3 CM) or with conditioned medium from static human primary bone cells in the 

presence of sFRP3 (Stat+sFRP3). PFF+sFRP3 CM did not affect total DNA content nor did 

it affect ALP activity when compared to Stat+sFRP3 CM (Figure 4A,B). At day 1, 

PFF+sFRP3 CM increased gene expression of RUNX2 by 1.9-fold when compared to Stat 

CM, but this value did not reach significance (p=0.1, Figure 4C). Over the 7 days of culture, 

PFF+sFRP3 CM did not affect gene expression of the osteogenic marker osteocalcin, nor 

did it affect gene expression of the adipogenic markers PPAR  and aP2 (Figure 4C). Our 

results suggest that PFF-induced Wnt production inhibits expression of aP2 at day 7, but 

does not affect osteogenic differentiation of hASCs. 
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Figure 4. PFF-induced Wnt production from mechanically stimulated human primary bone 
cells does not induce hASCs lineage commitment. (A) PFF+sFRP3 CM had no effect on 
total DNA content when compared to Stat+sFRP3 CM. (B) At day 4 and 7, PFF+sFRP3 CM 
increased ALP activity when compared to Stat+sFRP3 CM. (C) PFF+sFRP3 CM increased 
RUNX2 gene expression. PFF+sFRP3 CM had no effect gene expression of osteocalcin, 
PPAR  and aP2. Values are mean SEM, of PFF+sFRP3 CM-treated-over-Stat+sFRP3 CM 
ratios (T/C, of 5 different donors), dashed line, T/C=1 (no effect). sFRP3, secreted frizzled 
related protein; PFF+sFRP3 CM, PFF stimulated conditioned medium in the presence of 
sFRP3 from human primary bone cells; Stat+sFRP3 CM, static conditioned medium in the 
presence of sFRP3 from human primary bone cells; ALP, alkaline phosphatase activity; 
RUNX2, runt related protein 2; PPAR , peroxisome proliferator activator receptor ; aP2, 
transcription factor apetala 2.  
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DISCUSSION 

Regenerative medicine is defined as a multidisciplinary field that associates the combination 

of cells, materials and suitable factors to improve, 

biological functions, with major focus on the use of stem cells to achieve this goal. In 

practice, stem cells that are placed in a bone defect are expected to mimic developmental 

processes leading to the regeneration of functional bone tissue. Understanding the 

molecular and cellular pathways that occur naturally in the microenvironment where the 

stem cells are expected to regenerate bone is of key importance for a successful bone 

tissue engineering approach. Loading-induced bone formation in vivo is orchestrated by the 

osteocytes, the bone mechanosensor cells11-17, via the secretion of signaling molecules to 

the effector bone forming cells, the osteoblasts19-21. It is likely that osteocytes locally produce 

signaling molecules such as Wnts that contribute to the modulation of stem cell proliferation 

and/or differentiation. Therefore, we aimed to investigate whether mechanical loading affects 

osteogenic differentiation of hASCs and whether this effect is mediated by Wnts.  

We have used human primary bone cells obtained as outgrowth from collagenase-

stripped bone pieces to study whether human osteocytes in vitro produce soluble factors 

that could mediate hASCs lineage commitment. Although the exact nature of the outgrowth 

cells is not completely understood, human primary bone cells express alkaline phosphatise, 

cfba-I37, and osteocalcin38. In addition, these cells respond to mechanical loading with 

production of COX-239, indicating that these bone cell cultures have an osteocyte like 

phenotype, since mechanical loading induces increased gene expression of COX-2 in 

chicken osteocytes but not osteoblasts in vitro40. Furthermore, outgrowth cells express 

detectable levels of MEPE and SOST (unpublished observations), which are known specific 

markers of osteocytes41-43.  

We found that Stat CM did not significantly affect osteogenic differentiation of hASCs. 

Although gene expression of the adipogenic marker aP2 was up-regulated at day 1 and 7, 

Stat CM did not clearly affect adipogenic differentiation of hASCs since Stat CM did not 

affect PPAR  gene expression. It has been reported previously that osteoblast-derived 

soluble factors induce expression of early osteogenic markers in pre-committed bone 

marrow and in commercially available human mesenchymal stem cells44,45. Furthermore, 

Heino and colleagues showed that conditioned medium from MLO-Y4 osteocytes stimulates 

differentiation of stem cells into osteoblasts, suggesting that soluble factors derived from 

osteocytes can induce differentiation of stem cells, even in the absence of mechanical 

stimuli46.  However, the stem cells in these studies were pre-treated with vitamin D and 

dexamethasone, two known stimulators of mesenchymal stem cell pre-commitment. We 

have not pre-treated hASCs with such stimulatory factors, and our results might therefore be 
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explained by a pre-commitment of hASCs to the osteogenic lineage, which is a requirement 

for these cells to respond to secreted soluble factors derived from other cells. 

An increasing body of evidence suggests that the Wnt signaling pathway is involved in 

bone regeneration in vivo25,26. We have shown previously that mechanical loading up-

regulates Wnt3a and activates the Wnt signaling pathway in a Wnt-dependent manner in 

MLO-Y4 osteocytes, indicating that osteocytes produce Wnts in response to mechanical 

loading22. Furthermore we have reported that Wnts, namely Wnt 5a, induce osteogenic 

differentiation of hASCs23. Our results show that a mechanical loading regime by PFF 

significantly increased gene expression of Wnt10b and Wnt5a in human primary bone cells, 

suggesting that these cells respond to mechanical loading with up-regulation of gene 

expression of both canonical and non-canonical Wnts. Interestingly, we previously found 

that PFF up-regulates Wnt3a gene expression, while basal expression of Wnt5a was not 

detectable in MLO-Y4 osteocytes22. PFF up-regulated Wnt5a in human primary bone cells, 

but we were unable to detect Wnt3a expression. This suggests that different species likely 

produce a specific intrinsic set of Wnt ligands, indicating that extrapolations between 

different species argue for caution.    

We investigated whether soluble factors present in conditioned medium from 

mechanically stimulated human primary bone cells affect cell lineage commitment of hASCs, 

and whether Wnts belong to these soluble factors. We found that PFF CM marginally 

increased the osteogenic markers ALP activity and RUNX2 gene expression when 

compared to Stat CM, and down-regulated the effect of Stat CM on aP2 gene expression. 

PFF CM did not clearly stimulate osteogenic differentiation of hASCs. It has been reported 

that PFF conditioned medium from fetal chicken calvarial osteocytes strongly inhibits bone 

cell proliferation and stimulates osteoblast differentiation via soluble factors21,47, such as 

prostaglandins48. Knippenberg et al. (2007) showed that prostaglandins differently affect 

osteogenic differentiation of hASCs suggesting that PFF-CM containing increased 

prostaglandin concentrations could affect osteogenic differentiation of hASCs2. We were 

unable to show such effects. One explanation might be that the PFF CM was diluted 1:1 

(vol:vol) with fresh hASCs medium, thereby possibly diluting the soluble factors to 

concentrations that do not elicit effects in hASCs. 

 Although we found that human primary bone cells produce Wnt5a and Wnt10b in 

response to mechanical loading, and we reported earlier that Wnt5a induces osteogenic 

differentiation of hASCs, we were unable to demonstrate a stimulatory effect of mechanically 

stimulated osteocytes conditioned medium on osteogenic differentiation of hASCs. 

Furthermore, the marginally increase in ALP activity and RUNX2 gene expression observed 

after addition of PFF CM to hASCs seemed to be independent of Wnt production. The 
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question arises, why Wnts present in the conditioned medium of PFF-stimulated human 

primary bone cells did not have an effect on osteogenic differentiation of hASCs? One 

possible explanation might be that the concentration of 50 ng/ml of commercially available 

Wnt5a used to induce osteogenic differentiation of hASCs in vitro was not sufficient, since it 

is unlikely that human primary bone cells respond to 1 h PFF with such a high concentration 

of Wnts. Since Wnts have a short half-life, and because the Wnt concentration present in 

PFF-CM is likely lower than 50 ng/ml, this may explain why we did not observe an effect of 

Wnts on hASC differentiation. Another explanation might be sought in the finding that cell-to-

cell contact seems essential for osteoblast control of lineage commitment of mesenchymal 

stem cells via Wnts49. Cell-to-cell contact is also pre-requisite for increased ALP activity in 

osteoblasts after stimulation with mechanical loading-induced production of soluble factors 

from osteocytes47. We did not allow cell-to-cell contact in our experimental set up, since in 

the in vivo microenvironment hASCs will not be in close vicinity with osteocytes. Therefore 

we cannot predict whether promoting cell-to-cell contact causes PFF CM to stimulate 

osteogenic differentiation of hASCs. 

Understanding the role of the microenvironment is paramount for developing 

successful tissue engineering approaches for bone regeneration. Our results show that 

human primary bone cells are able to produce Wnts in response to mechanical loading of 

physiological magnitude. However, we were unable to confirm our hypothesis that 

mechanically stimulated osteocytes direct hASCs lineage commitment via secretion of Wnts. 

The in vitro model used might have been inadequate since we might have failed to provide 

hASCs with optimal concentrations of PFF-induced soluble factors. An in vitro co-culture 

experimental set-up that allows passage of secreted soluble factors during mechanical 

loading to flow from mechanically stimulated osteocytes to static hASCs seems an excellent 

alternative to study the role of the bone microenvironment on osteogenic differentiation of 

stem cells for tissue engineered regeneration of bone. 
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GENERAL DISCUSSION 

Bone tissue engineering is an emerging interdisciplinary field that applies the principles of 

biology and engineering in order to develop viable structures for the purpose of restoring 

and maintaining the function of human tissues such as bone1,2. This new cross-disciplinary 

field makes use of stem cells, such as human adipose-tissue derived mesenchymal stem 

cells (hASCs), and naturally-derived or synthetic materials that can be fashioned into 

 1,2. When the scaffolds are implanted in the body - as a temporary structure - they 

provide a template that allows the bod  own cells to grow and form new functional tissues 

while the scaffold is gradually resorbed1,2. Helder et al. (2007) have proposed an innovative 

surgical concept using the advantages of tissue engineering for intervertebral disc 

regeneration and or/spinal fusion2. one-step surgical procedure , it is of fundamental 

importance that the harvesting, isolation, induction, and seeding of stem cells on a 

(injectable) scaffold occurs in a short time period in the clinical setting2. hASCs provide such 

a stem cell source2. Once ASCs are implanted at the site where bone needs to be 

regenerated, the attachment of the hASCs-scaffold construct to the defect surface, bone 

formation, and integration of the newly generated bone with the surrounding bone 

microenvironment are needed to provide normal, functional bone. hASCs promote new bone 

formation in the bone defect either by becoming bone-like cells or by attracting cells and/or 

secreting cellular factors that contribute to bone formation. Thus hASCs have to closely 

interact with their surroundings. Reciprocally, signaling factors released from the 

surrounding bone microenvironment will likely influence and modulate the behavior of 

implanted hASCs. Therefore for successful bone tissue engineering it is of fundamental 

importance to identify possible factors released by the host neighboring bone cells that 

modulate the behavior of implanted hASCs, but also to understand the molecular and 

biological events that occur in vivo and lead to the secretion of such signaling molecules.  

In this thesis we focus on the identification of signaling molecules produced by the host 

bone environment that affect hASCs, with emphasis on the effect of these signaling 

molecules on hASCs lineage commitment. 

 

Mechanotransduction and bone remodelling 

Bone is a dynamic tissue that continuously remodels throughout life. The process of bone 

remodelling is directly linked with the major function of the skeleton to provide mechanical 

support in order to bear the force of gravity and to support muscle forces during movement3. 

This mechanical performance is secured by the constant adaptation of bone to its 

mechanical loading environment4-7. It is well known that loading increases whereas 

unloading decreases bone mass, bone mineral content, and bone matrix protein production4-
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7. It is currently believed that this process of mechanical adaptation is governed by the 

osteocytes that regulate the local balance between bone resorption by osteoclasts and bone 

formation by osteoblasts8-11. Osteocytes possess a refined mechanosensory apparatus that 

allows the sensing of mechanical loads on bone5,7-9. Thus far it has not been unequivocally 

established how mechanical loading is transduced into a signal for the osteocytes (for a 

review see Klein-Nulend and Bonewald, 2008)10. The application of forces on bone during 

movement results in several potential cell stimuli10. These include changes in hydrostatic 

pressure, direct cell strain, fluid flow, and electric fields resulting from electrokinetic effects 

accompanying fluid flow10. Increasing evidence indicates the flow of canalicular interstitial 

fluid as the likely stress-derived factor that informs the osteocytes about the magnitude of 

bone loading5-8,10-15. According to the bone fluid flow theory, bone deformation induces a 

flow of interstitial fluid through the osteocytic canalicular network5,8,10-15. This strain-induced 

interstitial fluid flow initiates both electrokinetic (streaming potentials-derived) and 

mechanical signals (fluid flow-derived) that are sensed by the osteocytes6,8,9,12. Osteocytes 

respond to mechanical stimulation with the release of intercellular signal molecules such as 

nitric oxide (NO) and prostaglandins (PGs), which affect neighboring cells, i.e. other 

osteocytes, (pre)osteoblasts, (pre)osteoclasts, and/or lining cells16-18. After the release of 

such signaling molecules, bone remodeling proceeds via the effector cells, i.e. osteoblasts 

and osteoclasts, which collaborate in basic multicellular units (BMU)19.  

 

Signaling molecules 

Bone morphogenetic proteins (BMPs) represent a class of key proteins for the regulation of 

cell-cell communication, cell differentiation, and morphogenesis of several organs20,21. BMPs 

are among the most studied growth factors due to their relevance in bone regeneration20. 

Thus far it is unclear what role BMPs, specifically BMP2 and BMP7, play in the process of 

bone mechanotransduction. In chapter 3, we show that mechanical loading by pulsating fluid 

flow significantly increased BMP7 gene and protein expression in human osteocytes, 

indicating that up-regulation of BMP7 represents a physiological response to mechanical 

loading of bone. The mechanical loading-induced up-regulation of BMP7 in osteocytes is 

likely mediated by the vitamin D nuclear receptor. Future research needs to fully uncover the 

pathways by which mechanical loading leads to the activation of the vitamin D receptor, and 

to determine the role of this receptor in the process of bone mechanotransduction.  

We found that basal levels of BMP2 protein were significantly higher than basal levels 

of BMP7 protein, but basal BMP2 levels were not altered in response to mechanical loading 

in primary human bone cells. BMP2 is essential for the recruitment of bone marrow cells and 

initial cell lineage commitment22, while BMP7 has a relevant role in the maturation process 
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of pre-osteoblasts in bone23. Our findings suggest that osteocytes constitutively express 

BMP2 to likely maintain the influx of bone marrow cells and the commitment of pre-

osteoblasts. BMP7 on the other hand is specifically produced during mechanically-induced 

bone remodelling to promote pre-osteoblast growth and differentiation (Figure 1).  
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Figure 1. Mechanical loading stimulates the production of BMP7 but not BMP2, in 
osteocytes. Basal levels of BMP2 protein were significantly higher than those of BMP7 
protein. BMP2 is essential for the recruitment of bone marrow cells and initial cell lineage 
commitment, while BMP7 plays a key role in the maturation process of pre-osteoblasts in 
bone. Our findings suggest that osteocytes constitutively express BMP2 to maintain the 
influx of bone marrow cells, and stimulate osteogenic differentiation of these cells. BMP7 on 
the other hand is specifically produced during mechanically-induced bone remodelling to 
promote pre-osteoblast growth and differentiation. +, stimulating effect; =, no effect. 

 

The process of bone remodelling also involves the action of the bone resorbing cells, 

the osteoclasts. Thus far, the function of BMP signaling in osteoclasts remains largely 

unknown. Osteoclasts express BMPs during bone remodelling in human and rat bone24. 

BMP-2 expression is detected in osteoclasts during periosteum-induced ectopic bone 

formation25, and BMP7 expression is detected in osteoclasts during fracture repair26, and in 

osteoclasts of the alveolar bone27. The precise role of BMPs in osteoclastogenesis and 

osteoclast activity is still unclear, but a recent report revealed that osteoblast-dependent 

osteoclastogenesis is decreased in osteoblastic specific BMP receptor IA (BMPR-IA) knock 

out mice28. BMP7 signals via BMPR-IA29, thus the up-regulation of BMP7 in osteocytes in 

response to mechanical loading (chapter 3) indicates that osteocytes might control 

osteoclastogenesis via loading induced-BMP production. 
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Another class of key proteins essential for the adaptative response of bone to 

mechanical loading are Wnts and the Wnt/ -catenin signaling pathway 30-32. The Wnt/ -

catenin signaling pathway has been identified as one of the signaling pathways that is 

activated in response to mechanical loading31,32, but the molecular events that lead to an 

activation of this pathway in osteocytes are not well understood. In chapters 4, 5, and 7, we 

show that osteocytes respond to mechanical loading by pulsating fluid flow with the 

activation of the Wnt/ -catenin pathway and Wnt production. We demonstrate that the 

activation of the Wnt/ -catenin pathway occurs via a concerted mechanism (Figure 2).  
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Figure 2. Mechanical loading activates the Wnt/ -catenin pathway via a concerted 
mechanism in osteocytes. Mechanical loading activates focal adhesion kinase (FAK) and 
the Akt signaling pathway, which results in -catenin stabilization, followed by translocation 
of -catenin to the nucleus, and expression of -catenin target genes. After induction of Wnt 
production by mechanical loading, the Wnt signal is propagated resulting in re-activation of 
the Wnt/ -catenin signaling pathway. 

 

Mechanical loading results in increased production of nitric oxide (NO) as well as in  

activation of focal adhesion kinase (FAK) and the Akt signaling pathway, which results in -

catenin stabilization, followed by translocation of -catenin to the nucleus, and expression of 

-catenin target genes such as CD44, connexin 43, cyclin D1, and c-fos (chapter 5). The 

propagation of this signal occurs after induction of Wnt production by mechanical loading 
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(chapter 4 and 6), which results in re-activation of the Wnt/ -catenin signaling pathway 

(chapter 4). If Wnts and the Wnt/ -catenin signaling pathway are indeed key elements for 

the adaptative response of bone to mechanical loading30-32, the question then arises how 

mechanosensitive osteocytes do orchestrate the process of bone remodelling via Wnts and 

the Wnt/ -catenin pathway. Wnts not only regulate osteoblast maturation and activity33,34, 

they also control osteoblast and osteocyte apoptosis35, and suppress the osteoclastogenesis 

stimulating factor called cytokine receptor activator of NF- B ligand (RANKL)33,36. Cellular 

levels of the Wnt inhibitor sclerostin, a protein product of the SOST gene and a mature 

osteocyte-specific marker, are reduced in osteocytes after mechanical stimulation of bone in 
vivo37. Sclerostin regulates osteoclast activity by promoting osteoblast-mediated inhibition of 

osteoclast differentiation via increased osteoprotegerin (OPG), a decoy receptor of 

RANKL33. Thus mechanically-induced Wnt production and regulation of the Wnt antagonist 

sclerostin seem to be involved in bone remodelling. As mentioned earlier, mechanosensitive 

osteocytes control bone remodelling by tightly coordinating the action of osteoblasts and 

osteoclasts that collaborate in basic multicellular units (BMU)19. It has been proposed that 

activation of osteoclasts and osteoblasts during coupled bone remodelling is correlated with 

opposite strain distributions in the surrounding bone tissue. Unloading creates an area of 

decreased bone strain and produces stasis of extra-cellular fluid in the tip of the cutting cone 

of a tunnelling osteon. This field of low strain leads to osteocytic disuse, and (continued) 

attraction of osteoclasts. In contrast, around the resting zone and the closing cone, loading 

creates areas of high bone strain and enhances extra-cellular fluid flow, which activates 

osteocytes to recruit osteoblasts. We hypothesise that in the areas of insufficient strain-

induced fluid flow, the osteocytes are unable to produce Wnts and/or reduce circulating 

levels of sclerostin. Therefore osteocytes cannot promote osteoblast activity nor prevent 

osteoclastogenesis. Furthermore the lack of flow-induced Wnt production might promote 

local osteocyte apoptosis, since Wnts are involved in the prevention of osteocyte cell death. 

As a consequence, osteoclasts are recruited and start their bone digging activity in the 

principal mechanical loading direction, since apoptosis provides a trigger for osteoclastic 

bone resorption. In contrast, around the closing cone the local strain fields during normal 

loading are high as well as fluid flow through the lacuno-canalicular network. Osteocytes 

around the closing cone respond to this fluid flow by producing Wnts that likely stimulate 

osteoblast activity and prevent osteocyte apoptosis. Hindrance of osteocyte apoptosis and 

diminished sclerostin production by osteocytes due to enhanced fluid flow will likely result in 

prevention of osteoclastogenesis and inhibition of osteoclast activity.  

In summary, we have shown that both BMP and Wnt signaling pathways are involved 

in the response of osteocytes to mechanical loading. It has been suggested that these two 
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signaling pathways cross-interact during bone formation and remodelling38-40, but no data is 

available on whether these interactions occur during the process of bone 

mechanotransduction41. The recent development of animal models such as the SOST42 and 

the BMP receptor I conditional knock out mice28, combined with the use of Wnt reporter 
constructs (TOPGAL and TOPFLASH-luciferase) and Wnt expression constructs will allow 

us to understand not only the precise mechanism by which osteocytes control bone 

remodelling through mechanically-induced Wnt and BMP production, but also whether there 

is cross-talk between these two pathways during the process of bone mechanical 

adaptation. 

Having demonstrated that secretion of BMPs and Wnts is part of the physiological 

response of osteocytes to mechanical loading, and given the possibility that signaling 

molecules produced by the host bone environment might modulate the behavior of 

implanted hASC, we next studied the effect of these signaling molecules on hASCs lineage 

commitment. 

 

BMPs, Wnts and hASCs osteogenic differentiation 

Intercellular communication between osteocytes and other bone cells is necessary for 

coordinated bone remodelling16-18. Within the local bone environment, secreted signaling 

molecules reside in the interstitial fluid flowing over the cell surface. This fluid flow can act 

directly on the same bone cell that produced the signaling molecules43, and/or on 

neighboring cells via cell-to-cell interaction44, and/or on distant cells by travelling through the 

canaliculi45,46. Therefore cues from osteocytes resident in the host bone environment will 

likely modulate the behavior of neighboring cells, which could include implanted hASCs. 

Since we found that osteocytes respond to mechanical loading with increased production of 

BMPs (chapter 3) and Wnts (chapter 4 and 7), we investigated the influence of these 

signaling molecules on osteogenic differentiation of hASCs.  

The effects of BMP2 and BMP7 on osteogenic commitment of ASCs have been 

reported earlier47. It was shown that short treatment of 15 min with BMP2 was sufficient to 

induce commitment of hASCs towards the osteogenic lineage, whereas BMP7 stimulated a 

chondrogenic phenotype47. In bone, BMPs function as growth regulatory factors, which are 

stored in the bone matrix and are involved in bone marrow stem cell and osteoblast 

differentiation in an autocrine/paracrine manner22,23,48. BMP2 seems essential for the initial 

commitment of stem cells22, whereas BMP7 is fundamental for stimulation of pre-osteoblast 

differentiation23. Local BMP2 production by osteocytes in the surrounding calcified bone 

could thus be relevant during the initial osteogenic differentiation stage of hASCs48,49, while 

mechanical loading-induced BMP7 production might be determinant for osteogenic 
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maturation of hASCs48,49, once hASCs are implanted in vivo for bone tissue engineering 

purposes.   

Wnts are involved in mesenchymal stem cell (MSC) lineage commitment, proliferation, 

and apoptosis50. Wnts seem to be important for osteogenic differentiation of MSCs derived 

from bone marrow51, but the role of these molecules in lineage commitment of MSCs from 

human adipose tissue remains to be elucidated. Therefore we hypothesized that Wnts are 

important regulators of hASCs lineage commitment. In chapter 6 we examined whether 

Wnt3a and/or Wnt5a promotes osteogenic differentiation of hASCs. We show that Wnt3a 

failed to induce osteogenic differentiation of hASCs, although it activated the Wnt canonical 

pathway in these cells. In contrast, Wnt5a induced osteogenic differentiation of hASCs via 

the Wnt non-canonical pathway. An important component of the Wnt non-canonical 

signaling pathway is the member of the Rho family of small GTPases, ROCK52-55. This 

pathway is of specific interest as this family of small GTPases has been implicated in 

cytoskeletal changes associated with osteogenic lineage commitment of stem cells54. We 

show that Wnt5a induces osteogenic differentiation of hASCs via the Wnt non-canonical 

pathway by modulating cytoskeletal organization through the activity of ROCK. Thus hASCs 

have the potential to differentiate along the osteogenic lineage when stimulated with Wnt5a.  

Having demonstrated that mechanically stimulated osteocytes produce Wnts and 

BMPs, and provided that hASCs differentiate along the osteogenic lineage when stimulated 

with BMPs47 or Wnts (chapter 6), we hypothesized that mechanically stimulated osteocytes 

promote osteogenic differentiation of hASCs via secretion of BMPs and/or Wnts (chapter 7). 

To test our hypothesis, we cultured hASCs with conditioned medium from PFF-stimulated 

osteocytes. Unfortunately, in our experimental set up the conditioned medium from PFF-

stimulated osteocytes did not clearly affect hASCs lineage commitment. Our results were 

somewhat unexpected, since it has been shown earlier that conditioned medium obtained 

from mechanically stimulated osteocytes regulates proliferation and differentiation of less 

differentiated cells of the osteogenic lineage17, and affects the capacity of bone marrow cells 

to induce osteoclastogenesis16. However in our experiment we were forced to dilute the 

conditioned medium from PFF-stimulated osteocytes 1:1 (vol:vol) with fresh medium, while 

pure conditioned medium was used in the earlier studies16,17. Therefore we might have 

diluted soluble factors produced by the osteocytes to concentrations that do not elicit effects 

in hASCs. It has been shown that 10 ng/ml of commercially available BMP2 and BMP747, 

and 50 ng/ml of commercially available Wnt5a (chapter 6) are required to induce osteogenic 

differentiation of hASCs in vitro. It is unlikely that one single episode of 1 h PFF in vitro 

results in the production of such high concentrations of BMPs (chapter 3) or Wnts, which 

might explain why we did not observe a clear effect of BMPs or Wnts on hASC 
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differentiation. On the other hand, these signaling factors, particularly BMPs might 

accumulate and reach threshold levels sufficient to affect hASCs in vivo. 

 

Future perspectives  

Our co-culture results (chapter 7) clearly demonstrate the growing need of better 

experimental and analysis tools. More realistic in vitro models, such as 3D culture systems 

allowing functional analysis of interactions between mechanically stimulated osteocytes and 

other cells, i.e. osteoblasts, osteoclasts, and hASCs, are required. For instance, the 

development of a parallel plate flow chamber containing an integrated membrane allowing 

the passage of soluble factors from mechanically stimulated cells to cells growing in an 

environment devoid of mechanical stimuli, would help to solve important questions related to 

the process of mechanotransduction and intercellular communication. Such a system, in 

combination with the use of BMP/Wnt reporter constructs, might contribute to a better 

understanding of the basic mechanisms by which osteocytes control bone remodelling and 

potentially affect hASCs differentiation. In addition, improved methods to non-invasively 

image both cells and soluble factors (Wnts and BMPs) in (conditional) knock out animals, 

such as the SOST and BMPRIA mice, would provide a basic understanding of the spatial 

and temporal distribution of cells and growth factors recruited during the process of bone 

remodelling. Such in vivo models would also permit to study how soluble factors affect other 

vital processes for tissue engineering. A big challenge in tissue engineering is to ensure 

angiogenesis within the scaffold construct in a timely fashion. Cells without a blood supply 

will die and mass inflammation will occur. Recent reports illustrate important functions for 

BMP and Wnt signaling in vascular growth in vivo and in vitro57,58. It is an attractive 

possibility that BMPs and Wnts produced by bone cells in the surrounding bone 

microenvironment promote blood vessel formation and growth, since it indicates that the 

surrounding bone microenvironment would guarantee, in a self-sustained system, the influx 

of growth factors necessary for hASC survival. Future studies are required to assess 

whether locally produced BMPs and Wnts can indeed promote blood vessel ingrowth in the 

hASCs-scaffold construct. 

 In vivo imaging systems would allow the elucidation of our hypothesis that growth 

factors produced by osteocytes in bone surrounding a tissue engineering construct affect 

bone formation in that construct. We have conducted our studies under the assumption that 

cells within bone surrounding the bone defect maintain their capability to perform as normal, 

healthy bone cells. These cells might as well behave as if they are involved in the process of 

fracture healing59,60. 
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Conclusion 

In the past decade, a large number of studies have been reported on improving intrinsic 

characteristics of stem cells and scaffold materials for bone tissue engineering. A frequently 

overlooked aspect in bone tissue engineering research using stem cells is the interaction of 

the cell-scaffold complex with its surroundings in order to allow a full integration with its 

environment. Thus the understanding whether and how the molecular cues from the host 

bone can influence stem cell properties after implantation is of primary interest given the 

potential use of these cells in the development of therapeutic approaches in bone 

regenerative medicine. In this thesis, we have identified Wnts and BMPs as signaling 

molecules secreted by osteocytes in response to physiological mechanical loading. We 

propose novel molecular mechanisms that lead to the release of these signaling molecules 

after loading. In addition, we show that Wnts and BMPs promote osteogenic differentiation 

of hASCs indicating that physiological mechanical loading on osteocytes may provide a local 

osteogenic stimulus for hASCs.  

The results described in this thesis contribute to the clarification of the interactions 

between bone cells and hASCs, which might be of fundamental importance for the 

development of stem cell-based therapeutic strategies.  A better understanding of the 

mechanotransduction pathways and their regulating factors in the host bone cells is 

necessary for the development of future approaches for bone tissue engineering. 
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GENERAL ABSTRACT 

Bone tissue engineering is an emerging interdisciplinary field that applies the principles of 

biology and engineering to develop viable structures for restoring and maintaining the 

function of human tissues such as bone. This new cross-disciplinary field makes use of stem 

cells, such as human adipose tissue-derived mesenchymal stem cells (hASCs), and 

naturally-derived or synthetic materials that ca . When a 

scaffold is implanted in the body - as a temporary structure - it provides a template that 

gradually resorbed. Recently, we have proposed an innovative surgical concept using the 

advantages of tissue engineering for intervertebral disc regeneration and or/spinal fusion. In 

-

isolation, induction, and seeding of stem cells on a (injectable) scaffold occurs within a short 

time period in the clinical setting. hASCs provide such a stem cell source. Once ASCs are 

implanted at the site where bone needs to be regenerated, the attachment of the hASCs-

scaffold construct to the defect surface, bone formation, and integration of the newly 

generated bone with the surrounding bone microenvironment are needed to provide normal, 

functional bone. hASCs promote new bone formation in the bone defect either by becoming 

bone-like cells or by attracting cells and/or secreting cellular factors that contribute to bone 

formation. Thus hASCs have to closely interact with their surroundings. On the other hand, 

signaling factors released from the surrounding bone microenvironment will likely influence 

and modulate the behavior of implanted hASCs. For successful bone tissue engineering it is 

therefore not only of fundamental importance to identify possible factors released by the 

host neighboring bone cells that modulate the behavior of implanted hASCs, but also to 

understand the molecular and biological events that occur in vivo and lead to the secretion 

of such signaling molecules.  

This thesis focuses on the understanding of the effect of the host bone environment on 

the substitution of a tissue engineering construct containing hASCs for spinal fusion by new, 

healthy bone. The aim was to identify molecules involved in intercellular communication 

between the osteocytes in the host bone and the implanted hASCs. Since the osteocytes 

have the unique ability to translate physical stimuli into a biological response, we also aimed 

to assess whether loading affects this intercellular communication. 

In this thesis the following scientific questions were addressed: 

 
1. How do osteocytes in the host bone tissue react to mechanical stimulation with 

regard to the expression of genes encoding for signaling molecules and the release 

of such molecules?  
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2. What are the molecular mechanisms leading to the release of signaling molecules in 

response to loading?  

3. What is the influence of signaling molecules on the differentiation of hASCs? 

4. Which molecular mechanisms are activated in undifferentiated hASCs upon 

stimulation with these signaling molecules? 

 
To seek answers to these questions we first identified possible signaling molecules that 

are important in the physiological response of bone to mechanical loading, and that likely 

have relevant roles in stem cell lineage commitment. Bone morphogenic proteins (BMPs) 

and Wnts have been identified as key signaling molecules which are fundamental for the 

process of bone remodelling, and at the same time, are involved in signaling transduction 

pathways that regulate stem cell differentiation, proliferation, and apoptosis. Therefore, 

BMPs and Wnts constitute prime targets of signaling molecules that can potentially 

modulate the behaviour of undifferentiated hASCs. 

BMPs represent a class of key proteins for the regulation of cell-cell communication, 

cell differentiation, and morphogenesis of several organs. BMPs are among the most 

studied growth factors due to their relevance in bone regeneration. Thus far it is unclear 

what role BMPs, specifically BMP2 and BMP7, play in the process of bone 

mechanotransduction. In chapter 3, we show that mechanical loading by pulsating fluid flow 

significantly increased BMP7 gene and protein expression in human osteocytes, indicating 

that up-regulation of BMP7 represents a physiological response to mechanical loading of 

bone. The mechanical loading-induced up-regulation of BMP7 in osteocytes is likely 

mediated by the vitamin D nuclear receptor. Future research needs to fully uncover the 

pathways by which mechanical loading leads to the activation of the vitamin D receptor, and 

to determine the role of this receptor in the process of bone mechanotransduction.  

We found that basal levels of BMP2 protein were significantly higher than basal levels 

of BMP7 protein, but basal BMP2 levels were not altered in response to mechanical loading 

in primary human bone cells. BMP2 is essential for the recruitment of bone marrow cells and 

initial cell lineage commitment, while BMP7 has a relevant role in the maturation process of 

pre-osteoblasts in bone. Our findings suggest that osteocytes constitutively express BMP2 

to likely maintain the influx of bone marrow cells and the commitment of pre-osteoblasts. 

BMP7 on the other hand is specifically produced during mechanically-induced bone 

remodelling to promote pre-osteoblast growth and differentiation.  

 The Wnt/ -catenin signaling pathway has been identified as one of the signaling 

pathways that is activated in response to mechanical loading, but the molecular events that 

lead to an activation of this pathway in osteocytes are not well understood. In chapters 4, 5, 

and 7, we show that osteocytes respond to mechanical loading by pulsating fluid flow with 
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the activation of the Wnt/ -catenin pathway and Wnt production. We demonstrate that the 

activation of the Wnt/ -catenin pathway occurs via a concerted mechanism. Mechanical 

loading results in increased production of nitric oxide (NO) as well as in  activation of focal 

adhesion kinase (FAK) and the Akt signaling pathway, which results in -catenin 

stabilization, followed by translocation of -catenin to the nucleus, and expression of -

catenin target genes such as CD44, connexin 43, cyclin D1, and c-fos (chapter 5). The 

propagation of this signal occurs after induction of Wnt production by mechanical loading 

(chapter 4 and 6), which results in re-activation of the Wnt/ -catenin signaling pathway 

(chapter 4). 

Wnts are involved in mesenchymal stem cell (MSC) lineage commitment, proliferation, 

and apoptosis. Wnts seem to be important for osteogenic differentiation of MSCs derived 

from bone marrow, but the role of these molecules in lineage commitment of MSCs from 

human adipose tissue remains to be elucidated. Therefore we hypothesized that Wnts are 

important regulators of hASCs lineage commitment. In chapter 6 we examined whether 

Wnt3a and/or Wnt5a promotes osteogenic differentiation of hASCs. We show that Wnt3a 

failed to induce osteogenic differentiation of hASCs, although it activated the Wnt canonical 

pathway in these cells. In contrast, Wnt5a induced osteogenic differentiation of hASCs via 

the Wnt non-canonical pathway. An important component of the Wnt non-canonical 

signaling pathway is the member of the Rho family of small GTPases, ROCK. This pathway 

is of specific interest as this family of small GTPases has been implicated in cytoskeletal 

changes associated with osteogenic lineage commitment of stem cells. We show that Wnt5a 

induces osteogenic differentiation of hASCs via the Wnt non-canonical pathway by 

modulating cytoskeletal organization through the activity of ROCK. Thus hASCs have the 

potential to differentiate along the osteogenic lineage when stimulated with Wnt5a.  

Having demonstrated that mechanically stimulated osteocytes produce Wnts and 

BMPs, and provided that hASCs differentiate along the osteogenic lineage when stimulated 

with BMPs or Wnts (chapter 6), we hypothesized that mechanically stimulated osteocytes 

promote osteogenic differentiation of hASCs via secretion of BMPs and/or Wnts (chapter 7). 

To test our hypothesis, we cultured hASCs with conditioned medium from PFF-stimulated 

osteocytes. Unfortunately, in our experimental set up the conditioned medium from PFF-

stimulated osteocytes did not clearly affect hASCs lineage commitment. Our results were 

somewhat unexpected. It is possible that we have diluted soluble factors produced by the 

osteocytes to concentrations that do not elicit effects in hASCs. It has been shown that 10 

ng/ml of commercially available BMP2 and BMP7, and 50 ng/ml of commercially available 

Wnt5a (chapter 6) are required to induce osteogenic differentiation of hASCs in vitro. It is 

unlikely that one single episode of 1 h PFF in vitro results in the production of such high 
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concentrations of BMPs (chapter 3) or Wnts, which might explain why we did not observe a 

clear effect of BMPs or Wnts on hASC differentiation. On the other hand, these signaling 

factors, in particularly BMPs, might accumulate and reach threshold levels sufficient to affect 

hASCs in vivo.  

 

Conclusion 

In this thesis, we have identified Wnts and BMPs as signaling molecules secreted by 

osteocytes in response to physiological mechanical loading. We propose novel molecular 

mechanisms that lead to the release of these signaling molecules after loading. In addition, 

we show that Wnts and BMPs promote osteogenic differentiation of hASCs indicating that 

physiological mechanical loading on osteocytes may provide a local osteogenic stimulus for 

hASCs.  

The results described in this thesis contribute to the clarification of the interactions 

between bone cells and hASCs, which might be of fundamental importance for the 

development of stem cell-based therapeutic strategies.  A better understanding of the 

mechanotransduction pathways and their regulating factors in the host bone cells is 

necessary for the development of future approaches for bone tissue engineering. 
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ALGEMENE SAMENVATTING 

Het onderzoeksveld van bot tissue engineering is een opkomend interdisciplinair 

onderzoeksveld, waarin principes uit de biologie en uit engineering worden toegepast 

gericht op de ontwikkeling van levensvatbare structuren voor het herstel en onderhoud van 

de functie van menselijk weefsel zoals bot. Binnen dit nieuwe interdisciplinaire 

onderzoeksveld wordt gebruik gemaakt van stamcellen, zoals uit menselijk vetweefsel 

verkregen mesenchymale stamcellen (hASCs), en op natuurlijke wijze of synthetische wijze 

verkregen materialen welke gevormd kunnen worden tot scaffolds. Wanneer een scaffold 
wordt geïmplanteerd in het lichaam (als een tijdelijke structuur) voorziet het in een sjabloon 

dat de lichaamseigen cellen in staat stelt te groeien en nieuw functioneel weefsel te vormen 

terwijl de scaffold geleidelijk wordt geresorbeerd. Recentelijk hebben wij een innovatief 

chirurgisch concept voorgesteld waarin de voordelen van tissue engineering voor het 

regenereren van de tussenwervelschijf en/of wervelfusie worden gebruikt. In deze één-staps 

chirurgische procedure is het van fundamenteel belang dat het oogsten, isoleren, installeren 

en het zaaien van stamcellen op een injecteerbare scaffold in een klinische setting 

plaatsvindt en binnen een korte tijdspanne. hASCs bieden een dergelijke bron van 

stamcellen. Zodra ASCs zijn geïmplanteerd op de locatie waar bot moet worden 

geregenereerd, is de aanhechting van het hASCs-scaffold construct aan het oppervlak van 

het defect nodig, alsmede botvorming en integratie van het nieuw geregenereerde bot met 

de micro-omgeving van het omgevende bot om normaal functioneel bot te geven. hASCs 

bevorderen de vorming van nieuw botweefsel in het botdefect door botachtige cellen te 

worden of door cellen aan te trekken en/of afscheiding van cellulaire factoren die bijdragen 

aan botvorming. hASCs moeten dus intensief interacteren met hun omgeving. Aan de 

andere kant zullen signaalfactoren die worden afgegeven door de omliggende bot micro-

omgeving waarschijnlijk het gedrag van de geïmplanteerde hASCs beïnvloeden en 

moduleren. Van fundamenteel belang voor succesvolle engineering van botweefsel is niet 

alleen het identificeren van mogelijke factoren die worden afgegeven door de nabij-gelegen 

gastheerbotcellen, die het gedrag van de geïmplanteerde hASCs moduleren, maar ook om 

inzicht te verkrijgen in de moleculaire en biologische gebeurtenissen die optreden in vivo en 

die leiden tot het afscheiden van zulke signaalmoleculen.   

Dit proefschrift richt zich op het verkrijgen van inzicht in het effect van de 

gastheerbotomgeving op de vervanging van een tissue engineering construct met hASCs 

voor wervelfusie door nieuw en gezond bot. De doelstelling was om moleculen te 

identificeren die betrokken zijn bij intercellulaire communicatie tussen osteocyten in het 

gastheerbot en de geïmplanteerde hASCs. Omdat de osteocyten over het unieke vermogen 
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beschikken om fysieke stimuli te vertalen in een biologische reactie, hebben we ons ook 

gericht op het vaststellen of belasting intercelcommunicatie beïnvloedt. 

In dit proefschrift worden de volgende wetenschappelijke vragen aan de orde gesteld: 

1. Hoe reageren osteocyten in het gastheerbot op mechanische stimulatie met 

betrekking tot de expressie van genen die coderen voor signaalmoleculen en de 

afgifte van dergelijke moleculen?  

2. Wat zijn de moleculaire mechanismen die leiden tot de afgifte van 

signaalmoleculen in reactie op belasting? 

3. Wat is de invloed van signaalmoleculen op de differentiatie van hASCs? 

4. Welke moleculaire mechanismen worden geactiveerd in ongedifferentieerde 

hASCs na stimulatie met deze signaalmoleculen? 

Om antwoorden te vinden op deze vragen hebben we eerst mogelijke signaalmoleculen 

geïdentificeerd, die van belang zijn in de fysiologische reactie van bot op mechanische 

belasting en die waarschijnlijk een relevante rol spelen in stamcel lineage commitering. 

Bone morphogenic proteins (BMPs) en Wnts zijn geïdentificeerd als signaalmoleculen die 

een sleutelrol spelen en die fundamenteel zijn voor het proces van bot remodellering. 
Tegelijkertijd zijn zij betrokken bij signaaltransductieroutes die stamceldifferentiatie,              

-proliferatie en -apoptose reguleren. Het is om deze reden dat BMPs en Wnts zich 

opwerpen als primaire doelwitten van signaalmoleculen die in potentie het gedrag van 

ongedifferentieerde hASCs kunnen moduleren. 

BMPs vertegenwoordigen een klasse van zeer belangrijke eiwitten voor het reguleren 

van cel-cel communicatie, celdifferentiatie en morfogenese van verscheidene organen. 

BMPs zijn veel bestudeerde groeifactoren vanwege hun relevantie in botregeneratie. 

Totnogtoe is het onduidelijk welke rol BMPs, specifiek BMP2 en BMP7, spelen in het proces 

van botmechanotransductie. In hoofdstuk 3 laten wij zien dat mechanische belasting door 

middel van pulserende vloeistofstroom BMP7 gen- en eiwitexpressie in menselijke 

osteocyten verhoogde. Dit wijst er op dat opregulatie van BMP7 een fysiologische respons 

van bot op mechanische belasting betreft. De door mechanische belasting geïnduceerde 

opregulatie van BMP7 in osteocyten is waarschijnlijk gemedieerd door de nucleaire receptor 

van vitamine D. Toekomstig onderzoek moet volledig aan het licht brengen waardoor de 

mechanische belasting tot de activering van de vitamine D receptor leidt en bepalen wat de 

rol van deze receptor tijdens het proces van bot mechanotransductie is. 

Wij hebben gevonden dat de basale niveaus van BMP2 eiwit beduidend hoger waren 

dan basale niveaus van BMP7 eiwit, maar de basale BMP2 niveaus werden niet veranderd 

in reactie op mechanische belasting in primaire menselijke botcellen. BMP2 is essentieel 

voor de rekrutering van beenmergcellen en initiële cel lineage commitering, terwijl BMP7 
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een relevante rol in het rijpingsproces van pre-osteoblasten in bot heeft. Onze bevindingen 

suggereren dat osteocyten constitutief BMP2 tot expressie brengen, waarschijnlijk om de 

toevloed van beenmergcellen en de commitering van pre-osteoblasten te beheren. BMP7, 

van de andere kant, wordt speciaal geproduceerd tijdens mechanisch geïnduceerde bot 

remodellering om pre-osteoblastgroei en -differentiatie te bevorderen. 

De Wnt/ -catenin signaaltransductie route is geïdentificeerd als één van de 

signaaltransductie routes die in reactie op mechanische belasting wordt geactiveerd, maar 

de moleculaire gebeurtenissen die tot activering van deze route in osteocyten leiden worden 

nog niet goed begrepen. In hoofdstukken 4, 5, en 7 tonen wij aan dat osteocyten reageren 

op mechanische belasting door middel van pulserende vloeistofstroom met de activering 

van de Wnt/ -catenin route en Wnt-productie. Wij laten zien dat de activering van Wnt/ -

catenin route plaatsvindt via een gezamenlijk mechanisme. De mechanische belasting 

resulteert in verhoogde productie van stikstofoxide (NO) evenals in activering van focal 

adhesion kinase (FAK) en de Akt signaaltransductie route, hetgeen resulteert in -catenin 

stabilisatie, gevolgd door translocatie van -catenin naar de nucleus, en expressie van -

catenin doelwitgenen zoals CD44, connexin 43, cyclin D1, en c-fos (hoofdstuk 5). De 

propagatie van dit signaal vindt plaats na inducering van Wnt-productie ten gevolge van 

mechanische belasting (hoofdstuk 4 en 6), die in reactivering van de Wnt/ -catenin 

signaaltransductie route resulteert (hoofdstuk 4). 

Wnts zijn betrokken bij de lineage commitering, proliferatie en apoptose van 

mesenchymale stamcellen. Wnts lijken belangrijk voor osteogene differentiatie van MSCs 

die uit beenmerg worden verkregen, maar de rol van deze moleculen in lineage commitering 

van MSCs van menselijk vetweefsel moet nog nader worden opgehelderd. Daarom 

veronderstelden wij dat Wnts belangrijke regulatoren van hASCs lineage commitering zijn. 

In hoofdstuk 6 onderzochten wij of Wnt3a en/of Wnt5a osteogene differentiatie van hASCs 

bevordert. Wij tonen aan dat Wnt3a er niet in slaagde om osteogene differentiatie van 

hASCs te induceren, hoewel het de Wnt canonieke route in deze cellen activeerde. Ter 

vergelijking, Wnt5a induceerde osteogene differentiatie van hASCs via de Wnt niet-

canonieke route. Een belangrijke component van de Wnt niet canonieke route is het lid van 

de Rho familie van kleine GTPases, ROCK. Deze route is van specifiek belang aangezien 

deze familie van kleine GTPases betrokken is bij cytoskelet veranderingen die worden 

geassocieerd met osteogene lineage commitering van stamcellen. Wij tonen aan dat Wnt5a 

osteogene differentiatie van hASCs via de Wnt niet canonieke route induceert door de 

organisatie van het cytoskelet te moduleren middels de activiteit van ROCK. Aldus hebben 

hASCs het potentieel om langs de osteogene lineage te differentiëren wanneer 

gestimuleerd met Wnt5a. 
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Nu we hebben laten zien dat mechanisch gestimuleerde osteocyten Wnts en BMPs 

produceren en er van uitgaande dat hASCs differentiëren langs de osteogene lineage 

wanneer gestimuleerd met BMPs of Wnts (hoofdstuk 6), veronderstellen we dat mechanisch 

gestimuleerde osteocyten, via afscheiding van BMPs en/of Wnts, osteogene differentiatie 

van hASCs bevorderen (hoofdstuk 7). 

Om onze hypothese te testen hebben we hASCs gekweekt met een geconditioneerd 

medium van PFF-gestimuleerde osteocyten. Helaas beïnvloedde het geconditioneerde 

medium van PFF-gestimuleerde osteocyten niet overduidelijk hASCs lineage commitering in 

onze experimentele set up. Onze resultaten waren enigszins onverwacht. Het is mogelijk 

dat we oplosbare factoren, geproduceerd door de osteocyten, hebben verdund tot 

concentraties die geen effecten teweegbrengen in hASCs. Het is aangetoond dat 10 ng/ml 

van commercieel beschikbare BMP2 en BMP7 en 50 ng/ml van commercieel beschikbare 

Wnt5a (hoofdstuk 6) nodig zijn om osteogene differentiatie in vitro te induceren. Het is 

onwaarschijnlijk dat een enkele episode van 1 uur PFF in vitro resulteert in de productie van 

dergelijk hoge concentraties van BMPs (hoofdstuk 3) of Wnts, hetgeen kan verklaren 

waarom we geen duidelijk effect van BMPs of Wnts op differentiatie van hASC 

observeerden. Aan de andere kant kunnen deze signaalfactoren, in het bijzonder BMPs, 

accumuleren en drempelniveaus bereiken die voldoende zijn om hASCs in vivo te 

beïnvloeden. 

 

Conclusie 
In dit proefschrift hebben we Wnts en BMPs geïdentificeerd als signaalmoleculen die 

worden afgescheiden door osteocyten in reactie op fysiologische mechanische belasting. 

We stellen nieuwe moleculaire mechanismen voor die na belasting leiden tot het afscheiden 

van deze signaalmoleculen. Bovendien laten we zien dat Wnts en BMPs osteogene 

differentiatie van hASCs bevorderen, hetgeen indiceert dat fysiologische mechanische 

belasting van osteocyten een lokale osteogene stimulus voor hASCs kan verschaffen.  

De resultaten die zijn beschreven in dit proefschrift dragen bij aan de opheldering 

van de interacties tussen botcellen en hASCs, die van fundamenteel belang kunnen zijn 

voor de ontwikkeling van stamcel-gebaseerde therapeutische strategieën. Een beter begrip 

van de mechanotransductie routes en hun regulerende factoren in de gastheerbotcellen is 

noodzakelijk voor de ontwikkeling van de toekomstige aanpak voor bot tissue engineering.  
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