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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. 




