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INTRODUCTION 

Bones are subjected to a variety of mechanical loads during daily activities. In the 19th 

century, Julius Wolff proposed that bones adapt their mass and three dimensional structure 

to the loading conditions in order to optimize their load bearing capacity, and that this 

process is driven by mechanical stress1. For the past centuries an increasing number of 

theorical and experimental results reveal that osteocytes are the pivotal cells orchestrating 

this biomechanical regulation of bone mass and structure, which is accomplished by the 

process of bone remodeling2-5. 

Osteocytes are terminally differentiated cells of the osteogenic lineage that are derived 

from mesenchymal precursor cells. A number of molecules have been identified as 

important markers of osteocytes, such as matrix extracellular phosphoglycoprotein (MEPE)6,  

sclerostin7, dentin matrix protein-1 (DMP-1)8, and phex protein8. The osteocytes are the 

most abundant cells in adult bone, and are constantly spaced throughout the mineralized 

matrix. Mature osteocytes have a characteristic dendritic cell shape, with processes 

radiating from the cell body through the canaliculi in different directions. These processes 

form an intercellular network through gap and adherent junctions with surrounding 

osteocytes, the cells lining the bone surface and bone marrow. Through this unique three 

dimensional network, osteocytes are anatomically placed in a prime position not only to 

sense deformations driven by stresses placed upon bone, but also to respond with passage 

of signals to the neighboring cells9. 
For more than a decade now it is known that the osteocytes are very sensitive to stress 

applied to intact bone tissue10-16. Computer simulation models have shown that 

mechanosensors lying at the surface of bone, as osteoblasts and bone lining cells do, would 

be less sensitive to changes in the loading pattern than the osteocytes, lying within the 

calcified matrix3. Interestingly targeted ablation of osteocytes in mice disturbs the adaptation 

of bone to mechanical loading16. 

 

OSTEOCYTES AS KEY PLAYERS IN THE PROCESS OF BONE MECHANO-
TRANSDUCTION  

It is currently believed that when bones are loaded, the resulting deformation will drive the 

thin layer of interstitial fluid surrounding the network of osteocytes to flow from regions under 

high pressure to regions under low pressure17,18. This flow of fluid is sensed by the 

osteocytes which in turn produce signaling molecules that can regulate bone resorption 

through the osteoclasts, and bone formation through the osteoblasts, leading to adequate 

bone remodeling17,18. This concept is known as the fluid flow hypothesis. Evidence has been 

increasing for the flow of canalicular interstitial fluid as the likely factor that informs the 
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osteocytes about the level of bone loading2,5,17,18. Nevertheless, Vatsa and colleagues19,20 

proposed that if osteocytes could sense matrix strains directly, the cell shape, cytoskeletal 

alignment and distribution of adhesion sites in osteocytes in situ would bear alignment to the 

mechanical loading patterns. Indeed it was shown that the cell shape and distribution of 

actin and paxillin staining in osteocytes of mouse tibiae and calvariae were orientated 

accordingly to the respective mechanical loading patterns applied in these bones, 

suggesting that osteocytes might be able to directly sense matrix strains in bone19,20.  In 

accordance with these results, Wang and colleagues21 developed a theorical model that 

predicts that integrin-based attachment complexes along the osteocyte cell processes would 

amplify small tissue-level strains. It was shown that osteocyte cell processes are directly 

attached to 21. The theoretical 

model predicts that the tensile forces acting on these integrins are <15 pN. Axial strains 

caused by actin microfilaments on fixed integrin attachments are an order of magnitude 

larger than the radial strains in the previously proposed strain-amplification theory21. In vitro 

experiments indicated that membrane strains of this order are large enough to open stretch-

activated cation channels21, thus theories regarding shear stress within lacunae and 

osteocyte signaling need further investigation. 

 

OSTEOCYTE STRUCTURES INVOLVED IN MECHANOSENSING: CELL PROCESSES, CELL 
BODY, AND CILIA 

Up to now it has not been determined which of the osteocyte cell parts are most important 

for the function of the osteocyte as mechanosensor. It has been suggested that fluid flow 

over dendritic processes in the lacunar-canalicular porosity can induce strains in the actin 

filament bundles of the cytoskeleton that are more than an order of magnitude larger than 

tissue level strains22. Vatsa and colleagues23, developed a method which enabled the 

quantification of mechanically induced intracellular nitric oxide (NO) production of the cell 

body and the cell process in single MLO-Y4 osteocytes using DAR-4M AM chromophore23. 

NO released by nitric oxide synthase (NOS) is a known early mediator of the response of 

osteocytes to mechanical loading and it mediates the induction of bone formation by 

mechanical loading in vivo24,25. In single osteocytes, mechanical stimulation of both cell body 

and cell process resulted in up-regulation of intracellular NO production23. These results 

indicate that both cell body and cell process might play a role in mechanosensing and 

mechanotransduction in bone23. In addition it was shown that a mechanically stimulated 

single osteocyte can communicate the information of the local mechanical stimulus to the 

other cells in the vicinity independent of intercellular connections, suggesting that this 

communication occurs via extracellular soluble factors9. Furthermore, an alternative 
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mechanosensing structure has been proposed, i.e. osteocytes project a single cilia from 

their cell surface26. This structure can translate fluid flow stimuli into a cellular response, 

indicating that primary cilia might act as a mechanosensitive structure within the osteocyte27.  

 

THE ROLE OF THE CYTOSKELETON IN MECHANOSENSING 

Lately evidence is emerging highlighting the crucial role of the cytoskeleton as a structure 

that is highly responsive to external physical and chemical stimuli. The cytoskeleton is 

involved in processes such as mechanosensing and largely determines the material 

properties of the cell (i.e. stiffness). It is known that the effect of stresses applied at different 

rates at an object is largely determined by the material properties of that object. Low 

magnitude (<10 ) and high frequence (10-100 Hz) loading can stimulate bone growth and 

inhibit disuse osteoporosis, while high loading rates have been shown to increase bone 

mass and strength after jumping exercises in middle-age osteopenic ovariectomized rats28. 

For bone cells, Bacabac and colleagues29-31, have shown that the production of signaling 

molecules in response to an in vitro fluid shear stress (at 5 and 9 Hz) and vibration stress (5-

100 Hz) correlated with the applied stress-rate29-31. The faster the stress was applied, the 

stronger the observed response of the cells32, suggesting that the bone cellular response to 

loading and mechanical properties of the cell are related, which implies that the response of 

bone cells to loading is related to cytoskeletal properties. The same group developed a 

novel application of two-particle microrheology, for which a 3D in vitro system was devised 

to quantify the forces induced by cells on attached fibronectin-coated probes (4 microns). 

The frequency at which the cells generate forces on the beads is related to the metabolic 

activity of the cell33. With this device and using NO production as a read-out, the material 

properties of round suspended MLO-Y4 osteocytes and flat adherent MLO-Y4 osteocytes 

was characterized. Osteocytes with round-suspended morphology required lower force 

stimulation in order to show an increase in NO production, even though they were an order-

of-magnitude more elastic compared to flat-adherent cells34. Apparently, elastic osteocytes 

seem to require less mechanical forces in order to respond than stiffer cells34. In contrast, 

flat adherent MLO-Y4 osteocytes, primary chicken osteocytes, MC3T3-E1 osteoblasts, and 

primary chicken osteoblasts all showed a similar elastic modulus of less than 1 kPa33. This 

indicates that differences in mechanosensitivity between osteocytes and osteoblasts might 

not only be directly related to the elasticity of the cell, but also to other cell specific 

properties i.e. presence of receptors or ion-channels in the membrane, or to how cells 

change their material properties in relation to deformation.    
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KEY SIGNALING MOLECULES IN MECHANOTRANSDUCTION: NO, PROSTAGLANDINS, 
AND WNT 

An important step in the chain of events leading to adaption of bone to mechanical loading is 

the transduction of physical stimuli into biochemical factors that can alter the activity of the 

osteoblasts and osteoclasts. An important early response to mechanical loading is the influx 

of calcium ions. The calcium release may occur directly via mechanosensitive ion channels 

in the plasma membrane which induce release of calcium from internal stores18,35-39. 

Calcium release can also occur indirectly via the opening of hemichannels (un-apposed 

haves of gap junctions) that result in release of ATP and NAD+, which in turn raise the 

intracellular calcium levels amplifying the wave propagation of calcium40,41. The rise in 

intracellular calcium concentration is necessary for activation of calcium/calmodulin 

dependent proteins such as nitric oxide synthase (NOS). The activation of phospholipase A2 

results a.o. in the stimulation of arachidonic acid production and prostaglandin E2 (PGE2) 

release mediated by the enzyme cyclooxygenase (COX)37. It has been shown in vitro that 

pulsating fluid flow (PFF) stimulates within minutes the release of NO and prostaglandins 

PGE2 and PGI2 from osteocytes, while osteoblasts were less responsive and 

osteoprogenitor cells were the least responsive42-44. Moreover, COX-2, one of the known 

isoforms of COX, can be induced by mechanical loading in vitro [45]. Again, osteocytes were 

much more responsive than osteoblasts and osteoprogenitor cells. After a 15-min treatment 

with PFF, osteocytes exhibited a three-fold increase of COX-2 mRNA expression while the 

other two cell populations showed no increase46. Moreover, in osteocytes the induction of 

COX-2 was sustained up to 1h after mechanical loading was ceased. These results suggest 

that as bone cells mature, they increase their capacity to produce prostaglandins in 

response to fluid flow47, either by direct response to load, or by increased expression of 

COX-2 after cessation of the mechanical stimuli. Because induction of COX-2 is a crucial 

step in the induction of bone formation by mechanical loading in vivo47, these results provide 

direct experimental support for the concept that osteocytes, the long-living terminal 

tissue.  

Another family of molecules that very recently has been identified as mediator of the 

adaptive response of bone to mechanical loading is the Wnt family of proteins. Wnts belong 

to a family of secreted glycoproteins and have been associated with the adaptative response 

of bone to mechanical loading48-50. Inactivating mutations in the human low density 

lipoprotein (LDL) receptor-related protein 5 (LRP5) were shown to cause osteoporosis, while 

gain-of-function mutations in the LRP5 co-receptor increased Wnt signaling resulting in 

higher bone mass48-50.  Although evidence is accumulating that Wnts are involved in the 
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regulation of bone mechanical adaptation, it is unknown which cells produce Wnts in 

response to mechanical loading. Santos and colleagues51 have shown that 1h of pulsating 

fluid flow (0.7±0.3Pa, 5Hz) up-regulated mRNA expression of Wnt3a as well as the Wnt 

antagonist SFRP4 in MLO-Y4 osteocytes at 1h to 3h after cessation of the fluid flow stimulus 

(Figure 1). These results suggest that osteocytes in vitro are able to respond to fluid shear 

stress by modulation of mRNA expression of molecules involved Wnt signaling. Importantly, 

PFF also up-regulated gene expression of known Wnt target genes such as connexin 43, c-

jun, and CD44 in MLO-Y4 osteocytes indicating that mechanical loading activated the 

canonical Wnt signaling pathway (Figure 1).  

 

 
 
Figure 1. Mechanical loading by pulsating fluid flow up-regulates gene expression of Wnts, 
Wnt antagonist and Wnt target genes in MLO-Y4 osteocytes.  One hour of PFF followed by 
3h of post-incubation without PFF (PI) up-regulated mRNA expression levels of Wnt3a and 
the antagonist SFRP4. One hour of PFF followed by 1 to 3h of post-incubation without PFF 
increased mRNA expression of the target genes connexin-43, c-jun and CD44. Values were 
normalized for GAPDH, PBGD, HPRT and 18s and expressed as mean  SEM of PFF-
treated-over-control ratios of three to six independent cultures. PFF, pulsating fluid flow; Co, 
control; SFRP4, secreted frizzled related protein 4; Gja1, connexin-43; CD44, CD44 antigen; 
PI, postincubation without PFF. Significant effect of PFF, *p<0.05; **p<0.01. 
 

The response to PFF was different in MC3T3-E1 osteoblasts (Figure 2), i.e. the 

expression of most Wnt-related genes, including Wnt5a and c-jun, was down-regulated in 

response to PFF which underscores the specificity of the mechano-response of osteocytes 

in terms of Wnt expression. Mechanical loading might thus lead to Wnt production by 

osteocytes thereby driving the mechanical adaptation of bone51.  
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Figure 2. Mechanical loading by pulsating fluid flow down-regulates gene expression of 
Wnts and Wnt target genes in MC3T3-E1 osteoblasts. One hour of PFF followed by 0.5h of 
post-incubation without PFF (PI) down-regulated mRNA expression levels of Wnt5a and the 
target gene c-jun. Values were normalized for GAPDH, PBGD, HPRT and 18s and 
expressed as mean  SEM of PFF-treated-over-control ratios of three to six independent 
cultures. PFF, pulsating fluid flow; Co, control; SFRP4, secreted frizzled related protein 4; 
Gja1, connexin-43; CD44, CD44 antigen; PI, postincubation without PFF. Significant effect 
of PFF, *p<0.05; **p<0.01. 
 
 
OSTEOCYTES AS CONDUCTORS OF BONE REMODELING AND ORCHESTRATORS OF 
OSTEOBLAST AND OSTEOCLAST ACTIVITY 

The final step of the mechanical signal transduction pathway towards bone remodeling is the 

transmission of molecules produced by osteocytes to the effector cells, i.e. osteoblasts and 

osteoclasts. Considering the close physical proximity of osteocytes to local osteoblasts and 

periosteal fibroblasts, it is highly plausible that soluble factors produced by osteocytes act in 

a paracrine manner to affect these cells. Thus soluble mediators may regulate the properties 

of neighboring bone cell populations including their proliferation and differentiation. It has 

been shown that treatment of osteocytes with mechanical loading by PFF produce the most 

potent conditioned medium that inhibits osteoblast proliferation and stimulates alkaline 

phosphatase activity as compared to conditioned medium produced by osteoblasts and 

periosteal fibroblasts52. In addition, the fact that the osteocyte conditioned medium regulates 

the properties of both osteoblasts and periosteal fibroblasts in a conserved NO-dependent 

mechanism lends support to the hypothesis that the osteocyte is an orchestrator of different 

cell populations in bone in response to mechanical loading52. Tan and colleagues53 have 

shown that osteocytes subjected to mechanical loading by PFF inhibit osteoclast formation 

and resorption via soluble factors. The release of these factors was at least partially 
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dependent on activation of an NO pathway in osteocytes as a response to fluid flow. The 

osteocyte appeared to be more responsive to fluid flow than the osteoblast and periosteal 

fibroblast regarding the production of soluble factors affecting osteoclast formation and bone 

resorption. This suggests a regulatory role for osteocytes in osteoclast formation and bone 

resorption during bone remodelling such as occurs after application of a mechanical load53. 

 

CONCLUSIONS 

Understanding the role of osteocytes in bone mechanosensation and the consequence for 

bone metabolism and turnover is of vital importance. During the last decade molecular 

mechanisms and pathways involved in osteocyte mechanosensation have been identified 

and expanded significantly. It remains to be determined what makes osteocytes more 

responsive to shear stress than osteoblasts and what role the cell body, cell processes, and 

even cilia may play in this response.    
The osteocyte likely orchestrates bone remodeling in the adult skeleton by directing 

both osteoblast and osteoclast function. New discoveries with regards to the cellular 

mechanisms underlying the process of mechanical adaptation of bone may lead to potential 

therapeutic targets in the treatment of diseases involving impaired bone turnover e.g. 

osteoporosis or osteopetrosis. 
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ABSTRACT 

Strain-derived flow of interstitial fluid activates signal transduction pathways in osteocytes 

that regulate bone mechanical adaptation. Wnts are involved in this process, but whether 

mechanical loading modulates Wnt signaling in osteocytes is unclear. We assessed 

whether mechanical stimulation by pulsating fluid flow (PFF) leads to functional Wnt 

production, and whether nitric oxide (NO) is important for activation of the canonical Wnt 

signaling pathway in MLO-Y4 osteocytes. MC3T3-E1 osteoblasts were studied as a positive 

control for the MLO-Y4 osteocyte response to mechanical loading. MLO-Y4 osteocytes and 

MC3T3-E1 osteoblasts were submitted to 1h PFF (0.7±0.3 Pa, 5 Hz), and post-incubated 

(PI) without PFF for 0.5-3h. Gene expression of proteins related to the Wnt canonical and 

non-canonical pathways were studied using real-time PCR. In MLO-Y4 osteocytes, PFF up-

regulated gene expression of Wnt3a, c-jun, connexin 43, and CD44 at 1-3h PI. In MC3T3-

E1 osteoblasts, PFF down-regulated gene expression of Wnt5a and c-jun at 0.5-3h PI. In 

MLO-Y4 osteocytes, gene expression of PFF-induced Wnt target genes was suppressed by 

the Wnt antagonist sFRP4, suggesting that loading activates the Wnt canonical pathway 

through functional Wnt production. The NO inhibitor L-NAME suppressed the effect of PFF 

on gene expression of Wnt target genes, suggesting that NO might play a role in PFF-

induced Wnt production. The response to PFF differed in MC3T3-E1 osteoblasts. Since Wnt 

signaling is important for bone mass regulation, osteocytes might orchestrate loading-

induced bone remodeling through, amongst others, Wnts. 

 

Key words Bone adaptation; Fluid shear stress; Wnt signaling; Osteocytes; Osteoblasts. 
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INTRODUCTION 

Bone is a living tissue that is capable to adapt its mass and structure in response to 

mechanical loading. The mechanical adaptation of bone is a cellular process and thus 

requires a biological system that senses the mechanical loading and communicates this 

information to the actor cells, the osteoblasts and osteoclasts, via the secretion of signaling 

molecules1. In the last decade an increasing number of studies emphasize the role of 

osteocytes as the professional mechanosensory cells of bone and the lacuno-canalicular 

porosity as the structure that mediates mechanosensing2-7. When bones are loaded, the 

resulting deformation drives the thin layer of interstitial fluid surrounding the osteocytes 

within the calcified bone matrix to flow from regions under high pressure to regions under 

low pressure1,4. This flow of fluid exerts a shear stress on the cells, which is sensed by the 

osteocytes2,5,7. As a response to shear stress, osteocytes produce signaling molecules, 

such as nitric oxide (NO), which is known to play a role in the transduction of a mechanical 

stimulus into a biological response in bone1,8-10.  

The Wnt family of secreted glycoproteins plays a major role in bone homeostasis11-16. 

The Wnt canonical signaling pathway affects cellular function by regulating -catenin levels 

and its subcellular localization17. In the absence of Wnts, the -catenin levels in the 

cytoplasm are in a steady state18. Any -catenin molecule not bridging cadherins to the 

actin cytoskeleton is located to the -catenin destruction complex, which includes 

adenomatous polyposis coli (APC), and glycogen synthase kinase 3  proteins17,18. The Wnt 

canonical pathway is activated when a Wnt molecule binds to the cell surface receptor 

complexes consisting of human low density lipoprotein (LDL) receptor-related protein 5/6 

(LRP5/6) and frizzled transmembrane proteins (Fzd)17,18. This binding leads to the 

dissociation of the destruction complex, thus to increased intracellular levels of -catenin, 

which results in -catenin stabilization, accumulation, and subsequent nuclear translocation 

leading to Wnt target gene activation17-19. Known Wnt canonical target genes are c-jun, c-

fos, cyclin D1, connexin 43 and CD4420-22. Connexin 43, cyclin D1, and c-jun have been 

shown to be up-regulated after mechanical loading in osteoblasts from TOPGAL transgenic 

mice, and in tibiae isolated from Lrp5 G171V trangenic mice20,21. The gene CD44 codes for 

a molecule highly expressed in osteocytes compared to other cells of the osteoblastic 

lineage23, and is up-regulated by exogenous Wnt3a in CH10T1/2 pluripotent mesenchymal 

cells24. The non-canonical Wnt/calcium pathway is still poorly understood, but binding of 

Wnt ligands to the frizzled receptor has been shown to result in intracellular calcium release 

via G-proteins independently of -catenin translocation to the nuclei25.  
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The Wnt family of secreted glycoproteins is likely involved in bone mechanical 

adaptation through the canonical pathway26,27. Mechanical loading increases bone 

formation more in transgenic mice over-expressing the LRP5 receptor compared to wild 

type mice16. Furthermore, loading stimulates expression of Wnt inducible secreted protein-2 

(WISP2), the Wnt antagonists secreted Frizzled Related Protein 1 and 4 (SFRP1, SFRP4), 

cyclin D1, and connexin 43 in trangenic mice over-expressing LRP5 when compared to 

wild-type mice21. Experiments with calvarial osteoblasts from TOPGAL transgenic mice also 

revealed that mechanical loading activates the Wnt canonical signaling pathway through -

catenin nuclear translocation20. Furthermore, mechanical loading induces nuclear 

translocation of -catenin in osteoblast-like cells in vitro 28, and in osteocytes in vivo within 

4h after loading of mouse ulnae29. Nevertheless it is unknown whether the reported 

activations of the canonical Wnt signaling are due to production of Wnts or due to a direct 

effect of mechanical loading on -catenin. 

The role of Wnt signaling pathways in the mechanical adaptation of bone has been 

studied predominantly in osteoblasts but not in osteocytes, although osteocytes are 

generally considered as the bone mechanosensitive cells par excellence2,13,20,21,29,30. It is 

still unclear however whether osteocytes can produce Wnts in response to mechanical 

loading. Therefore the aim of the present study was to assess whether mechanical 

stimulation by means of pulsating fluid flow (PFF) affects Wnt production in MLO-Y4 

osteocytes. MC3T3-E1 osteoblasts were used as a positive control for PFF-induced Wnt 

production by MLO-Y4 osteocytes.  

 



Chapter 4 

57 
 

MATERIALS AND METHODS 

 

Bone cell cultures 

MLO-Y4 osteocytes were cultured up to near-confluency in 75 cm2 cell culture flasks (Nunc, 

Roskilde, enmark) in - -MEM, Gibco, Paisley, UK) containing 

5% fetal bovine serum (FBS, Gibco), 5% calf serum (CS, Gibco), penicillin (10 g/ml, 

Sigma, St. Louis, MO, USA), streptomycin (10 g/ml, Gibco), gentamycin (50 g/ml, Gibco), 

and fungizone (50 g/ml, Gibco). MC3T3-E1 osteoblasts were cultured up to near-

confluency in 75 cm2 cell culture flasks (Nunc, Roskilde, Denmark) in -MEM containing 

10% FBS, -glycerophosphate disodium salt hydrate (10 mM, Sigma), l-glutamine (300 

g/ml, Merck, Darmstadt, Germany), ascorbate (50 g/ml, Merck), gentamycine (50 g/ml), 

and fungizone (1.25 g/ml). MLO-Y4 osteocytes and MC3T3-E1 osteoblasts were 

harvested after reaching subconfluency, and seeded at 2x105 cells per polylysine-coated 

(50 mg/ml poly-L-lysine hydrobromide, Sigma) glass slide (5 cm2), and incubated overnight 

to promote cell attachment in -MEM containing 2% serum at 37°C with 5% CO2 in air, prior 

to pulsating fluid flow (PFF) treatment.  

 

Pulsating fluid flow (PFF)  

PFF was generated by pumping 13 ml of culture medium, using a roller pump, through a 

parallel-plate flow chamber as described previously3,31,32. The glass slide containing the 

cells served as the bottom of the culture chamber. Cells were subjected to 5 Hz pulse with a 

mean fluid shear stress of 0.7 Pa, pulse amplitude of 0.3 Pa, and a peak shear stress rate 

of 8. Pa/sec. The flow regime used to stimulate the cells was based on the work by 

Bacabac et al.3, who calculated that the frequency spectra of the forces acting on the 

human hip reached 1-3 Hz for walking and 8-9 Hz for running cycles . In addition, the value 

of 0.7 Pa used for shear stress was based on outcome of the theorical model proposed by 

Weinbaum et al.6, who calculated that the shear stress acting on the osteocyte during 

normal daily activities will be between 0.8 and 3 Pa. Static cultures were kept in a petri dish 

under similar conditions as experimental cultures. Medium samples were taken at 5-60 min 

of PFF or control treatment and assayed for NO concentrations. After 1h PFF or static 

control treatment, cells were post-incubated without PFF for 0.5-3h in 2.5 ml of fresh 

medium, in the presence and absence of 0.5 ng/ml of secreted frizzled related protein 4 

(sFRP4, R&D Systems, Minneapolis, MN, USA). Inhibition of nitric oxide (NO) was 

performed by incubating the cells with 1.0 mM of the nitric oxide synthase inhibitor N 

omega-nitro-L-arginine-methyl ester9 (L-NAME, Sigma) for 30 min prior to PFF. After 1h of 
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PFF or control treatment, cells where further incubated for 1 and 3h in 2.5 ml of fresh 

medium. At the end of each post-incubation, cells were lysed for total RNA isolation. 

 

Nitric oxide (NO) 

NO production was measured as nitrite in the medium using Griess reagent containing 1% 

sulfanilamide, 0.1% naphtylethelene-diamine-dihydrochloride and 2.5 M H3PO4. Serial 

NaNO2 dilutions in non-conditioned medium were used as standard curve. The absorbance 

was measured at 540 nm. 

 

Cytotoxicity assay 

Cell death was assessed using ToxiLight  Bioassay Kit (Cambrex Bio Science Verviers, 

Liege, Belgium). The luminescence intensity was linearly related to the number of dead 

cells. 

 

Analysis of gene expression 

Gene expression of proteins related to the Wnt canonical pathway (Wnt3a, SFRP4, LRP5, 

LRP6, -catenin, APC), the non-canonical pathways (Fzd6, Wnt5a), and housekeeping 

genes (18S, PBGD, HRPT) was studied using real time PCR (Primers are listed in Table 1). 

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

-1 g of total 

RNA in a 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 reactions were performed using 

LightCycler® 

instructions in a LightCycler 480 (Roche Diagnostics). Gene expression values were 

normalized for house keeping genes. Gene expression of Wnt target genes connexin 43, 

CD44, cyclin D1, and c-jun was analysed using TaqMan® Gene Expression assays 

(TaqMan®, Applied Biosystems) in an ABI Prism 7700 DNA sequence detector (Applied 

Biosystems). Gene expression values of Wnt target genes were normalized for mouse 

GAPDH. 
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Table 1. Primer sets used for real-time PCR. 

Target gene Oligonucleotide sequence Product 
length 

18s forward 5' GTAACCCGTTGAACCCCATT 3' 151 bp 
18s Reverse 5' CCATCCAATCGGTAGTAGCG 3' 

Hprt forward 5' CCTAAGATGAGCGCAAGTTGAA 3'   85 bp 
Hprt reverse 5' CCACAGGACTAGAACACCTGCTAA 3' 

PBGD forward 5' AGTGATGAAAGATGGGCAACT 3' 122 bp 
PBGD reverse 5' TCTGGACCATCTTCTTGCTGA 3' 

Wnt3a forward 5' CTCCTCTGCAGCCTGAAGC 3' 252 bp 
Wnt3a reverse 5' GTGGACGGTGGTGCAGTT 3' 
Wnt5a forward 5' GTGGTCGCTAGGTATGAATAA 3' 283 bp 
Wnt5a reverse 5' CGCGTATGTGAAGGCCGTC 3' 
SFRP4 forward 5' GAACATCACGCGGATGCC 3' 246 bp 
SFRP4 reverse 5' CAGCTGTGGTTGTACATCTTC 3' 
LRP5 forward 5' GCATGGCCGTTGACTGGAT 3' 176 bp 
LRP5 reverse 5' CCACTCGGTCCAGTAGATGTA 3' 
LRP6 forward 5' CAGCACCACAGGCCACCAA 3' 227 bp 
LRP6 reverse 5' TCGAGACATTCCTGGAAGAG 3' 
Fzd6 forward 5' TCAGCGGCTTGTATCTTGTG 3' 214 bp 
Fzd6 reverse 5'ACAGCAGAGATGCCAACAATTA 3' 

-catenin forward 5' TGGTTGCCTTGCTCAACA 3' 197 bp 
-catenin reverse 5'TAGCACCTTCAGCACTCT 3' 

APC forward 5' GCGAGAAGTTGGAAGTGTGA 3' 244 bp 
APC reverse 5' GCTGGACACATTCCGTAATATC 3' 
c-jun forward 5' GGATCAAGGCGGAGAGGAA 3' 232 bp 
c-jun reverse 5' TGCAACTGCTGCGTTAGCAT 3' 

APC, adenomatous polyposis coli ; SFRP4, secreted frizzled related protein 4; LRP5, human low 
density lipoprotein (LDL) receptor-related protein 5; LRP6, human low density lipoprotein (LDL) 
receptor-related protein 6; Fzd6, frizzled 6. 
 

 

Statistical analysis 

-test for single group mean was used for the PFF experiments. 

-test for unequal variances (Aspin-Welch test) was used for comparing 

the effect of sFRP4 and L-Name treatment on PFF stimulated MLO-Y4 osteocytes and 

MC3T3-E1 osteoblasts with static cultures. Differences were considered significant if p< 

0.05. 
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RESULTS  

In order to establish if MLO-Y4 osteocytes and MC3T3-E1 osteoblasts are likely able to 

produce Wnts and/or Wnt antagonists, basal gene expression levels of different Wnt 

signaling components were determined by real time PCR (Table 2). Messenger RNA 

expression of Wnt3a and the Wnt antagonist SFRP4 was observed in both osteocytes and 

osteoblasts. Wnt5a gene expression was quantifiable in MC3T3-E1 osteoblasts, but not in 

MLO-Y4 osteocytes. Furthermore, mRNA levels of the individual components of the Wnt 

signaling pathway, such as the co-receptors LRP5 and LRP6, the receptor Fzd6, and the 

downstream molecules APC and -catenin, were present in MLO-Y4 osteocytes and 

MC3T3-E1 osteoblasts (Table 2). MLO-Y4 osteocytes exhibited higher gene expression of 

LRP5 (66-fold), Fzd6 (2.9-fold), and -catenin (161-fold) compared to MC3T3-E1 

osteoblasts, while MC3T3-E1 osteoblasts showed increased gene expression of LRP6 (3.6-

fold) and APC (1.9-fold) compared to MLO-Y4 osteocytes. These data indicate that both 

MLO-Y4 osteocytes and MC3T3-E1 osteoblasts have the genetic machinery to respond to 

Wnts. 

 

Table 2. Basal gene expression of different Wnt signaling components in MLO-Y4 
osteocytes and MC3T3-E1 osteoblasts.  
 

Relative  
gene expression MLO-Y4 MC3T3-E1 

Wnt3a 88.5  72.6 63.7  26.4 

Wnt5a n.q. 3873.5  615.6 

SFRP4 2601.9  811.2 775.9  311.5 

LRP6 36.1  15.5 130.0  41.4 

LRP5 19.8  19.6 0.3  0.10 

Fzd6 13.5  2.4 4.6  1.0 

APC 91.9  36.4 181.3  47.1 

-catenin 4.4  2.5 0.03  0.01 

MLO-Y4 osteocytes and MC3T3-E1 osteoblasts were cultured overnight on glass slides, 
and mRNA was collected for gene expression analysis. Relative gene expression values 
were normalized for the three house keeping genes 18s, PBGD and HRPT, and expressed 
as mean  SEM of three experiments. APC, adenomatous polyposis coli; SFRP4, secreted 
frizzled related protein 4; LRP5, human low density lipoprotein (LDL) receptor-related 
protein 5; LRP6, human low density lipoprotein (LDL) receptor-related protein 6; Fzd6, 
frizzled 6;  n.q., not quantifiable. 
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Application of PFF for 1h to MLO-Y4 osteocytes and MC3T3-E1 osteoblasts did not result in 

visible changes in cell shape or alignment of the cells in a particular orientation (data not 

shown). No cells were removed by the fluid flow treatment, as assessed by visually 

inspecting the cultures before and after PFF treatment, and cell death did not occur as 

determined by the cytotoxicity assay (1h PFF: 1079  12, control: 845  70; 3h post-

incubation after 1h PFF: 1018  75, control 912  54; mean  SEM in arbitrary units of 

luminescence). 

To assess whether PFF affects gene expression of proteins involved in the canonical 

as well as non-canonical Wnt signaling pathway, MLO-Y4 osteocytes were treated for 1h 

with PFF or kept under static culture conditions (control) (Figure 1A).  

 

 
 

Figure 1. PFF induces differential gene expression of Wnts, Wnt receptors and antagonists 
in MLO-Y4 osteocytes and MC3T3-E1 osteoblasts. (A) In MLO-Y4 osteocytes 1h PFF 
followed by 1h post-incubation without PFF (PI) up-regulates -catenin and APC gene 
expression. One hour PFF followed by 3h PI up-regulates gene expression of Wnt3a and 
SFRP4, and down-regulates LRP5 gene expression. (B) In MC3T3-E1 osteoblasts, 1h PFF 
followed by 0.5h PI decreases gene expression of Wnt5a and -catenin. One hour PFF 
followed by 3h PI down-regulates gene expression of LRP6, -catenin, and APC. Values 
are mean  SEM of PFF-over-control ratios of 3 independent cultures. PFF, pulsating fluid 
flow; Co, control. Significant effect of PFF, *p<0.05; **p<0.01. 
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Initially, at 0.5h of post-incubation without PFF (PI), mechanical loading did not change 

gene expression of Wnt3a (p=0.071) or APC (p=0.076). At 1h PI, PFF up-regulated gene 

expression of -catenin by 1.3-fold, APC by 1.2-fold, and no changes were observed in 

gene expression of Wnt3a (p=0.1). At 3h PI, PFF up-regulated gene expression of Wnt3a 

and the antagonist SFRP4 by 1.5-fold and 1.4-fold, respectively. At the receptor level, PFF 

down-regulated gene expression of LRP5 by 9.1-fold at 3h PI (Figure 1A). PFF did not 

affect gene expression of the co-receptor LRP6 or the receptor Fzd6 (data not shown). At 

6h PI, PFF down-regulated -catenin mRNA levels by 5-fold (data not shown). We also 

determined whether MC3T3-E1 osteoblasts respond to PFF with changes in gene 

expression of proteins involved in Wnt signaling pathways (Figure 1B). In contrast to MLO-

Y4 osteocytes, PFF down-regulated gene expression of Wnt5a by 1.7-fold and -catenin by 

5-fold at 0.5h PI in MC3T3-E1 osteoblasts. At 1h PI, gene expression of APC was down-

regulated by 1.3-fold. The PFF-induced down-regulation of APC was maintained up to 3h PI 

(1.7-fold decrease). At this time point gene expression of co-receptor LRP6 and -catenin 

was also down-regulated by 2.5-fold and 20-fold, respectively (Figure 1B). PFF did not 

affect gene expression of Wnt3a, the receptors Fzd6 and LRP5, or the inhibitor SFRP4 in 

MC3T3-E1 osteoblasts (data not shown).  
To determine if PFF induces the activation of the Wnt canonical pathway, we analyzed 

gene expression of known Wnt target genes in both MLO-Y4 osteocytes (Figure 2A) and 

MC3T3-E1 osteoblasts (Figure 2B). One and 3h PI were chosen based on observed 

differences in gene expression of Wnt related proteins at these time-points (see Figures 1A 

and 1B). In MLO-Y4 osteocytes, 1h of PFF followed by 1h PI up-regulated gene expression 

of connexin 43 by 1.5-fold and c-jun by 1.2-fold (Figure 2A). PFF did not affect gene 

expression of cyclin D1 (p=0.08). At 3h PI, PFF up-regulated gene expression of connexin 

43 by 1.3-fold, CD44 by 1.2-fold, and c-jun by 1.3-fold. In MC3T3-E1 osteoblasts, 1h of PFF 

followed by 3h PI down-regulated gene expression of c-jun by 1.35-fold (Figure 2B). There 

were no significant changes in gene expression of connexin 43, CD44 and cyclin D1. 
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Figure 2. PFF treatment up-regulates Wnt target genes in MLO-Y4 osteocytes but not in 
MC3T3-E1 osteoblasts. (A) In MLO-Y4 osteocytes, 1h PFF followed by 1h post-incubation 
without PFF (PI) increases gene expression of connexin 43 and c-jun, while 1h PFF 
followed by 3h PI up-regulates gene expression of CD44, connexin 43 and c-jun. (B) In 
MC3T3-E1 osteoblasts, 1h PFF followed by 3h PI decreases c-jun gene expression. Values 
are mean  SEM of PFF-over-control ratios of 3-11 independent cultures. PFF, pulsating 
fluid flow; Co, control; Gja1, connexin 43; CCND1, cyclin D1. Significant effect of PFF, 
*p<0.05; **p<0.01. 
 

To determine whether the activation of the Wnt pathway was due to the production of 

functional Wnt protein and not a direct effect of PFF on -catenin nuclearization, MLO-Y4 

osteocytes and MC3T3-E1 osteoblasts were post-incubated for 3h after PFF in the 

presence of the Wnt antagonist sFRP4. The time point of 3h was chosen based on the 

observed up-regulation of Wnt3a at 3h PI  in MLO-Y4 osteocytes (see Figure 1), and based 

on the observed differences in gene expression of the Wnt target genes (see Figure 2).  

 

 
 

Figure 3. PFF treatment followed by post-incubation with sFRP4 protein, down-regulates 
Wnt target genes in MLO-Y4 osteocytes, but does not affect expression of the Wnt target 
genes in MC3T3-E1 osteoblasts. (A) In MLO-Y4 osteocytes, 1h PFF followed by 3h post-
incubation without PFF (PI) in the presence of sFRP4 down-regulates gene expression of 
connexin 43, CD44 and c-jun. (B) In MC3T3-E1 osteoblasts, 3h PI in the presence of the 
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Wnt antagonist sFRP4 does not change gene expression of connexin 43, CD44, cyclin D1, 
and c-jun. Values are mean  SEM of PFF-over-control ratios of 3-11 independent cultures. 
PFF, pulsating fluid flow; Co, control; Gja1, connexin 43; CCND1, cyclin D1; SFRP4, 
secreted Frizzled related protein 4.  
 
In MLO-Y4 osteocytes, sFRP4 significantly decreased PFF-induced gene expression of the 

target genes CD44, connexin 43, and c-jun at 3h PI (Figure 3A). In MC3T3-E1 osteoblasts, 

1h of PFF followed by 3h PI in the presence of sFRP4 (Figure 3B) did not alter gene 

expression of CD44, connexin 43, and c-jun when compared to the effect of PFF alone. 

NO is one of the known early signaling molecules mediating the anabolic response of 

bone to mechanical loading in vivo9.  

 

 
 

Figure 4. The NO inhibitor, L-NAME, suppresses up-regulation of Wnt target genes in MLO-
Y4 osteocytes. PFF stimulates NO production already within 5 min in MLO-Y4 osteocytes 
(A), and in MC3T3-E1 osteoblasts (B), and the stimulatory effect is abolished in the 
presence of L-Name (A and B). (C) In MLO-Y4 osteocytes, pre-incubation with L-NAME for 
30 min, followed by 1h of PFF treatment, and 1 and 3h of post-incubation without PFF (PI), 
down-regulates gene expression of connexin 43, cyclin D1, and c-jun. (D) In MC3T3-E1 
osteoblasts, pre-incubation with L-NAME for 30 min does not alter gene expression of the 
Wnt target genes. Values are mean  SEM of PFF-over-control ratios of 3-11 independent 
cultures. PFF, pulsating fluid flow; Co, control; Gja1, connexin 43; CCND1, cyclin D1; L-
Name, N omega-nitro-L-arginine-methyl ester.  
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To determine if PFF induced a similar NO response in MLO-Y4 osteocytes and 

MC3T3-E1 osteoblasts, NO release into the medium was monitored after 5 to 60 min of 

treatment with PFF or under static control conditions (Figures 4A and 4B). PFF significantly 

increased NO production at 5 min in MLO-Y4 osteocytes by 4.6-fold, and in MC3T3-E1 

osteoblasts by 3.4-fold (Figures 4A and 4B). The stimulatory effect continued up to 60 min 

in both cell types (Figures 4A and 4B). PFF-induced NO production was abolished in the 

presence of the NO inhibitor  L-Name (Figures 4A and 4B).To determine whether NO is 

involved in the mechanical loading-derived Wnt production, MLO-Y4 osteocytes and 

MC3T3-E1 osteoblasts were treated with the NO inhibitor L-NAME for 30 min prior to PFF 

(Figures 4C and 4D). In MLO-Y4 osteocytes pre-incubated with L-NAME (Figure 4C), 1h of 

PFF no longer increased gene expression of the Wnt target genes connexin 43, cyclin D1, 

or c-jun at 3h PI (Figure 4C). In MC3T3-E1 osteoblasts, L-NAME did not change PFF-

induced gene expression of CD44, connexin 43, or cyclin D1 (Figure 4D). 
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DISCUSSION 

Components of the Wnt signaling pathway are likely involved in the adaptive response of 

bone to mechanical loading14,16,20,21,27-30. Bones of mice with a constitutively active LRP5/6 

co-receptor show an increased anabolic response to mechanical loading14. In addition, 

bones from mice with a deletion of the Wnt inhibitor Frzb (Sfrp3) show increased bone mass 

which develops with age, and enhanced sensitivity to mechanical loads33. Stretching 

induces up-regulation of the Wnt target gene cyclin D1 in cultured mouse osteoblasts, and 

this induction is prevented by soluble Fzd4, indicating stimulation of Wnt production by 

mechanical loading20. Moreover, steady fluid shear stress enhances gene expression of 

Wnt1 and Wnt3a as well as LRP5 and -catenin in osteoblasts derived from C57BL/6J 

mice. Up-regulation of Wnt10b gene expression was observed after mechanical loading in 

mouse osteoblast explant cultures21. Taken together, these data show that members of the 

Wnt family of proteins can be involved in the regulation of the anabolic response of bone to 

mechanical loading. Unfortunately, none of these experiments elucidate whether 

osteocytes, which are considered the mechanosensors of bone2, produce Wnts upon 

mechanical stimulation, thereby driving adaptive bone formation in vivo. There is indirect 

evidence that osteocytes can produce and respond to Wnts in vivo, as a specific loss-of-

function of -catenin in osteocytes led to severe bone loss and osteoporosis in young mice, 

suggesting a previously underestimated role for the canonical Wnt signaling in osteocytes in 

control of bone homeostasis34. It has also been shown that mechanical loading can induce 

-catenin translocation in osteocytes29. However it is unclear whether this observation is 

due to a direct effect of mechanical loading on -catenin or due to mechanical loading-

induced Wnt production by osteocytes. Theoretically osteocytes in vivo should be able to 

produce Wnt protein in response to mechanical loading, since they have been shown to be 

able to express Wnt3a, Wnt5a and Wnt5b, and Wnt1124. Thus, osteocytes may produce 

Wnts upon mechanical stimulation, thereby driving adaptive bone formation. 

Due to the lack of available models to specifically study primary osteocytes, we have 

used the MLO-Y4 cell line as an model to study whether mechanical loading leads to 

functional Wnt production by osteocytes. We have determined gene expression of known 

osteocyte specific markers, i.e. DMP1, PHEX, and MEPE in MLO-Y4 cells. We have found 

that in MLO-Y4 osteocytes, gene expression of DMP1, PHEX, and MEPE after 

normalization for the house keeping gene GAPDH is respectively 0.17, 0.22 and 0.02 (data 

not shown). In addition, our MLO-Y4 cells show basal gene expression of connexin 43, 

which is 8.9-fold higher than in MC3T3-E1 osteoblasts, gene expression of CD44, which is 

similar to MC3T3-E1 osteoblasts (1.4-fold), and gene expression of collagen type I, which is 

not detectable (data not shown), demonstrating the osteocytic phenotype of the MLO-Y4 
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cells used in this study. MLO-Y4 cells thus seem to be an adequate model for mimicking 

osteocytes in vivo. 

We found in MLO-Y4 osteocytes, that mechanical loading by PFF up-regulated gene 

expression of Wnt3a at 3h PI, showing that the activation of the Wnt canonical pathway 

could be due to PFF-induced Wnt production. To assess whether the Wnt pathway in MLO-

Y4 osteocytes and MC3T3-E1 osteoblasts was activated by PFF-induced functional Wnt 

production, we measured the expression of known Wnt target genes after PFF treatment in 

the presence or absence of the Wnt inhibitor sFRP4. We have chosen the target genes 

connexin 43, cyclin D1, and c-jun, as indicators of the activation of the Wnt canonical 

pathway, since they have been shown to be up-regulated after mechanical loading in 

osteoblasts from TOPGAL transgenic mice, and in tibiae isolated from Lrp5 1G171V 

transgenic mice20,21. We also measured CD44, a molecule highly expressed in osteocytes 

compared to other cells of the osteoblastic lineage23, that is up-regulated by exogenous 

Wnt3a in C3H10T1/2 pluripotent mesenchymal cells24. In MLO-Y4 osteocytes, we found 

that in the absence of sFRP4, PFF up-regulated gene expression of connexin 43 and c-jun 

at 1h PI, and CD44, connexin 43, and c-jun at 3h PI. When sFRP4 was added during the 

post-incubation period of 3h, gene expression of the target genes CD44, connexin 43 and c-

jun was no longer up-regulated by PFF, indicating that the observed up-regulation of target 

genes was driven by a PFF-induced Wnt production, and not a direct effect of PFF on, for 

instance, -catenin.   

The up-regulation of the target genes connexin 43 and c-jun at 1h PI precedes the 

PFF-induced Wnt3a gene expression. We have not measured gene expression for other 

Wnt proteins known to be up-regulated after mechanical loading in osteoblasts, i.e. Wnt6, 

Wnt7b, Wnt9b, Wnt10a/b, Wnt11, and Wnt1620,21, which could explain the observed up-

regulation of the Wnt target genes at 1h of post-incubation, and therefore we cannot 

exclude that other Wnts than Wnt3a are produced by PFF-stimulated MLO-Y4 osteocytes. 

Case et al.35 have shown in the pre-osteoblastic cell line CIMC-4 that mechanical loading 

induced translocation of -catenin and up-regulation of WISP-2 and COX2 gene expression 

even in the presence of the canonical Wnt antagonist Dkk1. These results suggest that 

mechanical loading directly affected the Wnt canonical pathway, independent of Wnts in 

CIMC-4 cells. Therefore our observation that the Wnt target genes are activated at 1h PI 

could also be explained by mechanical loading-induced -catenin internalization in a Wnt-

protein independent manner. 

It was shown that osteoblasts from chicken calvariae respond less to mechanical 

loading in terms of prostaglandin production compared to osteocytes, suggesting that less 

differentiated cells are less responsive to the same mechanical stimuli1. McGarry et al.36 
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showed that MC3T3-E1 osteoblasts, and in particular MLO-Y4 osteocytes, respond to fluid 

shear stress with enhanced nitric oxide and prostaglandin E2 release, indicating that 

MC3T3-E1 osteoblasts behave as more mature cells in terms of mechanical loading-

induced NO and PGE2 production as osteoblasts from chicken calvariae. The MC3T3-E1 

osteoblasts used in the present study show a clear PFF-induced NO response (Figure 4), 

suggesting that the response to mechanical loading in MC3T3-E1 osteoblasts is not 

comparable to the behavior of pre-osteoblastic cells but of more mature osteoblasts.  

In contrast to MLO-Y4 osteocytes in the absence of sFRP4 treatment, PFF down-regulated 

the target gene c-jun in MC3T3-E1 osteoblasts at 3h PI, and this effect was abolished when 

sFRP4 was added to the post-incubation medium for 3h. In Mc3T3-E1 osteoblasts, PFF did 

not induce any significant changes in gene expression of the Wnt target genes connexin 43, 

CD44 and cyclin D1. Therefore, the Wnt canonical pathway is likely not activated by the 

mechanical loading regime applied in our experiments to MC3T3-E1 osteoblasts. This 

suggests that MLO-Y4 osteocytes respond to fluid shear stress with modulation of target-

cell activity through the production of Wnts, but MC3T3-E1 osteoblasts do not. Our results 

reinforce the idea that fully differentiated cells of the osteogenic lineage i.e. MLO-Y4 

osteocytes, have the ability to fully respond to mechanical loading in terms of Wnt 

production.  

 MC3T3-E1 osteoblasts were used as a positive control for PFF-induced Wnt 

production by MLO-Y4 osteocytes. However we found that in MC3T3-E1 osteoblasts, PFF 

did not stimulate any of the Wnt related genes studied, but down-regulated Wnt5a, LRP6, -

catenin, and c-jun gene expression. Our results are very similar to the findings by Lau et 

al.30 in C3H osteoblasts, where mechanical loading down-regulated Wnt5a gene expression 

by 7.1 fold and -catenin gene expression by 1.1 fold. Yet, we did not observe up-regulation 

of Wnt genes as described by Lau et al.30 in B6 mice, even though MC3T3-E1 cells were 

originally derived from B6 mice. These results are puzzling and warrant further research. In 

contrast, MC3T3-E1 osteoblasts treated with Wnt3a and subjected to 3400 microstrain for 

5h show a synergistic up-regulation of Wnt10B, SFRP1, cyclin D1, and FzD2 gene 

expression, while Wnt3a alone has no effect21. Norvell at al.28 have shown that in MC3T3-

E1 osteoblast-like cells, mechanical loading induced nuclear translocation of -catenin. 

These results might not be contradictory, i.e. the cell deforming effects of fluid shear stress 

and strain might be qualitatively different since shear stress is not a physiologic stimulus for 

osteoblasts whereas strain might be36. Therefore differences in mechanical stimulation 

might explain differences in Wnt-related gene expression.  

Interestingly, we found that two cell types belonging to the osteogenic lineage, i.e. 

MC3T3-E1 osteoblasts and MLO-Y4 osteocytes, respond similarly to PFF in terms of NO 
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production, but differently in terms of Wnt-related gene expression. To determine if NO 

could be a mediator of the events leading to PFF-induced Wnt production, MLO-Y4 

osteocytes and MC3T3-E1 were pre-incubated for 30 min in the presence of the NO 

inhibitor L-NAME, submitted to 1h of PFF, and post-incubated for 1 and 3h without PFF. We 

found that L-NAME inhibited PFF-induced gene expression of Wnt target genes connexin 

43, cyclin D1 and c-jun in MLO-Y4 osteocytes, indicating that in these cells the activation of 

the Wnt pathway is dependent on NO production. These results suggest that NO is likely 

involved in Wnt signaling activation in MLO-Y4 osteocytes.  

Wnts are involved in bone mechanical adaptation, but hitherto it is unknown which 

cells are involved in mediating the Wnt response to mechanical loading. The present study 

shows that MLO-Y4 osteocytes are able to respond to fluid shear stress in vitro by 

modulating expression of Wnts, and activation of Wnt responsive genes. Thus mechanical 

stimulation by pulsating fluid flow leads to functional Wnt production, and nitric oxide (NO) is 

important for activation of the canonical Wnt signaling pathway in MLO-Y4 osteocytes. 

Since Wnt signaling is important for bone mass accrual, regulation and maintenance, our 

results explain how load might lead to Wnt production by osteocytes thereby driving the 

mechanical adaptation of bone. 
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ABSTRACT 

Bone mechanotransduction is vital for skeletal integrity. Osteocytes are thought to be the 

cellular structures that sense physical forces and transform these signals into a biological 

response. 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. We assessed 

whether nitric oxide, focal adhesion kinase, and/or the phosphatidyl inositol-3 kinase/Akt 

signaling pathway mediate loading-induced -catenin pathway activation in MLO-Y4 

osteocytes. We found that mechanical stimulation by pulsating fluid flow (PFF, 0.7±0.3 Pa, 5 

Hz) for 30 min induced -catenin stabilization and activation of the Wnt/ -catenin signaling 

pathway. The PFF-induced stabilization of -catenin and activation of the -catenin signaling 

pathway was abolished by adding focal kinase inhibitor FAK inhibitor-14 (50 M), or 

phosphatidyl inositol-3 kinase inhibitor LY-294002 (50 M). Addition of nitric oxide synthase 

inhibitor L-NAME (1.0 mM) also abolished PFF-induced stabilization of -catenin. This 

suggests that mechanical loading activates the -catenin signaling pathway by a mechanism 

involving nitric oxide, focal adhesion kinase, and the Akt signaling pathway. These data 

provide a framework for understanding the role of -catenin in mechanical adaptation of 

bone. 

 

Key words  Akt signaling pathway; -Catenin signaling pathway; Fluid shear stress; Focal 

adhesion kinase; Nitric oxide; Osteocytes.  
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INTRODUCTION 

Bones are subjected to a variety of mechanical loadings during daily activity. Within 

physiological limits, bones adapt their mass and structure to the loading conditions in order 

to efficiently bear the prevailing mechanical loads1. Osteocytes are generally thought to be 

the bone cells that sense these variations in mechanical forces acting on bone2-5.  

Osteocytes are terminally differentiated bone cells that are distributed throughout the 

bone and connected to each other via cytoplasmatic processes that reside within canaliculi 

in the mineralized bone, thereby forming a network of connected cells. When bones are 

loaded, the resulting bone deformation causes the interstitial fluid present around the 

osteocytes to stream through the lacuno-canalicular network from regions under high 

pressure to regions under low pressure2-4. This flow of fluid is sensed by the osteocytes2,4,6. 

They convert the physical stimulus into a biological response by secreting signaling 

molecules that modulate the behavior of the bone forming cells, the osteoblasts, and/or the 

bone resorbing cells, the osteoclasts7-10. New signaling pathways have been identified as 

key players in the overall process of bone adaptation to mechanical loading. One of these 

signaling pathways is the -catenin signaling pathway11-13. This pathway affects cellular 

function by regulating -catenin levels and its subcellular localization14-16. In the absence of 

any stimulus, cellular -catenin levels are controlled by a destruction complex that contains 

amongst others glycogen synthase kinase 3  (GSK-3 )11-16. Binding of a Wnt molecule to 

the cell surface receptor complex consisting of human low density lipoprotein (LDL) 

receptor-related protein 5/6 (LRP5/6) and frizzled transmembrane proteins leads to the 

phosphorylation of GSK-3  and inactivation of the destruction complex14-17, followed by 

stabilization of intracellular -catenin levels, accumulation of -catenin in the cytoplasm, and 

translocation of -catenin to the nucleus, where it initiates target gene activation17-22.  

Little and colleagues (2002) were the first to show that mechanical adaptation of bone 

involves the Wnt/ -catenin pathway, and specifically the LRP5 membrane receptor12. It has 

also been reported the mechanical stimulation increases Wnt secretion13. On the other 

hand, mechanical loading induces nuclear translocation of -catenin in osteoblasts in vitro 

independent of Wnt production or signaling through the LRP5 receptor18-20. Loading-induced 

nuclear translocation of -catenin independent of Wnt production is likely mediated by Akt21, 

that in turn phosphorylates GSK-3 18,19,22. Akt activation is strictly dependent on the 

upstream kinase phosphatidyl inositol-3 kinase (PI3K), but Akt activity can be controlled in 

either a stimulus-dependent manner or a cell type-dependent manner23-28. Akt activation due 

to PI3K occurs through binding of growth factors to the receptor tirosine kinases or via 

integrins23,28. The integrin-mediated activation of Akt occurs by ligand-independent mediated 
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cell adhesion or by PI3K activation through binding to focal adhesion kinase (FAK)24. Focal 

adhesions are prime candidate structures for converting extracellular mechanical signals 

such as fluid shear stress into a biological response through the activation of cytoplasmatic 

signaling molecules29. FAK is necessary for bone regeneration in adult mice30, but no data is 

available on whether FAK is involved in the process leading to -catenin stabilization in 

osteocytes after mechanical loading. 

Nitric oxide (NO) is an early signaling molecule that mediates the anabolic response of 

bone to mechanical loading in vivo9. We have shown earlier that NO is likely involved in the 

cascade of events leading to the activation of the -catenin signaling pathway after 

mechanical loading by pulsating fluid flow (PFF) in osteocytes31. However it is unknown 

whether PFF-induced NO production affects -catenin stabilization. 

We have reported earlier that mechanical loading activates the -catenin pathway in 

osteocytes by up-regulating -catenin target genes31. At early time points this up-regulation 

of -catenin target genes is likely dependent on -catenin stabilization but independent of 

Wnt production, while at later time points the -catenin target gene up-regulation is caused 

by the expression of Wnts31. Not much data is available on which signaling pathways are 

activated by mechanical loading resulting in the activation of the -catenin pathway 

independent of Wnt production31. It has been reported that fluid shear stress and 

prostaglandin E2 activate -catenin signaling in MLO-Y4 osteocytes and 2T3 osteoblasts 

through an increase in GSK-3  phosphorylation, which results in  -catenin stabilization and 

thus activation of the -catenin signaling pathway21. However these studies did not elucidate 

which other molecules are involved in activation of the -catenin pathway. We hypothesize 

that mechanical loading induces stabilization of -catenin by a mechanism that involves NO, 

focal adhesion kinase FAK, and the PI3K/Akt signaling pathway. 
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MATERIALS AND METHODS 

 

Bone cell culture 

MLO-Y4 osteocytes were cultured in - -MEM, Gibco, Paisley, 

UK) supplemented with 5% fetal bovine serum (FBS, Gibco), 5% calf serum (CS, Gibco), 

penicillin (10 g/ml, Sigma, St. Louis, MO, USA), streptomycin (10 g/ml, Gibco), 

gentamycin (50 g/ml, Gibco), and fungizone (50 g/ml, Gibco). The MLO-Y4 cells were 

kindly provided by Dr. L.F. Bonewald (University of Missouri-Kansas City, USA). MLO-Y4 

osteocytes were harvested after reaching subconfluency, and seeded at 2.75x105 cells per 

collagen-coated (rat tail collagen type 1, 0.15 mg/ml, Sigma) glass slide (5 cm2), and 

incubated overnight to promote cell attachment.  

 

Pulsating fluid flow (PFF)  

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

earlier7. Fluid shear stress of 0.7  0.3 Pa at 5 Hz was induced for 30 min on the monolayer 

of cells by circulating 13 ml of -MEM medium containing 0.1% bovine serum albumin (BSA) 

plus supplements as described above, and passing this medium through the parallel flow 

chamber with a roller pump. Static control cultures 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. For the experiments using L-NAME, Fak inhibitor-14, and LY-294002, MLO-Y4 cells 

were incubated for 1 h prior to fluid flow experiments with 50 M PI3-kinase activity inhibitor 

LY-29400219 (Enzo Life sciences BVBA, Zandhoven, Belgium), 10 M FAK activity inhibitor 

FAK inhibitor-1432 (Tocris Biosciences, Bristol, UK), or 1.0 mM nitric oxide synthase inhibitor 

N omega-nitro-L-arginine-methyl ester9 (L-NAME, Sigma). Medium samples were taken at 5, 

10, 15, and 30 min of PFF or control treatment, and assayed for NO concentrations as 

described below. After 30 min of PFF or control treatment, cells were lysed for -catenin 

quantification, analysis of Akt phosphorylation levels, and expression of -catenin target 

genes. 

 

Nitric oxide (NO) 

NO production was measured as nitrite (NO2
-) accumulation in conditioned medium using 

Griess reagent, as described earlier31. 
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-catenin quantification 

To determine total -catenin concentration present in cell lysates, a Total -catenin Enzyme 

Immunometric Assay Kit (Assay Designs Inc., Ann Arbor, MI, USA) was used. Immediately 

after PFF treatment, MLO-Y4 cells were washed with PBS, and the cell lysate was collected 

with RIPA cell lysis buffer containing 0.5 L/ml of protease inhibitor cocktail (Sigma) and 1 

mM of phenylmethanesulfonyl fluoride (Sigma). -catenin quantification was performed 

according to the manufactur  

 

Akt phosphorylation detection 

For IR detection of phosphorylated and non-phosphorylated Akt, blots were incubated with 

Anti-Phospho-Protein Specific Antibody (CASETM Kit for AKT S473, SABiosciences, 

Frederick, MD, USA), Anti-Pan-Protein Specific Antibody  (CASETM Kit for AKT S473, 

SABiosciences), and mouse monoclonal anti- -actin (Sigma) primary antibodies overnight at 

4°C in TBS, 0.05% Tween-20 supplemented with 1% BSA as blocking buffer, followed by 

incubation with IR-labeled secondary antibodies (LI-COR Biosciences, Cambridge, UK) for 

60 minutes. Blots were imaged with Odyssey IR imager (LI-COR Biosciences) in 700 and 

800 nm channels respectively in a single scan at 169 m resolution. For two-color detection, 

primary antibodies were from different types of host animal. Secondary antibodies were from 

the same host species. 

 

Analysis of gene expression 

Gene expression of -catenin target genes connexin 43, CD44, cyclin D1, and c-jun was 

studied using real time PCR as described previously31. Gene expression values were 

normalized for mouse GAPDH. 

 

Statistical analysis 

Data were obtained from 4 independent experiments. For statistical analysis, PFF- treated-

over-control ratios of total -catenin concentrations and gene expression of -catenin target 

-

-test single group mean and 

compared to 1. Differences were considered significant if p< 0.05. 
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RESULTS  

To assess whether mechanical loading by PFF modulates -catenin levels in MLO-Y4 

osteocytes, cells were treated with PFF or kept under static culture conditions (control) 

(Figure 1).  

 

Figure 1. PFF induces accumulation of total -catenin. In MLO-Y4 osteocytes 30 min of PFF 
stabilized total -catenin concentration. Values are mean  SEM of 4 independent cultures. 
PFF, pulsating fluid flow; Co, static control. Significant effect of PFF, **p<0.01.  
 

Application of PFF for 30 min to MLO-Y4 osteocytes did not result in visible changes in cell 

shape or alignment of the cells in a particular orientation (data not shown). No cells were 

removed by the fluid flow treatment, as assessed by visually inspecting the cultures before 

and after PFF treatment. Thirty minutes PFF treatment were sufficient to significantly up-

regulate total -catenin protein by 1.7-fold compared with static controls (Figure 1), 

indicating that fluid shear stress inhibits -catenin degradation in MLO-Y4 osteocytes. 

To test whether PFF-induced NO production modulates total -catenin content, MLO-

Y4 osteocytes were submitted to 30 min PFF in the presence of the NO inhibitor L-NAME 

(Figure 2). PFF significantly increased NO production at 5 and 10 min by 2.3 and 1.9-fold, 

respectively (Figure 2A). The PFF-induced NO production was abolished in the presence of 

L-NAME, which also inhibited the PFF-induced increase in total -catenin concentration 

(Figure 2B), suggesting that PFF-induced NO production is involved in the stabilization of 

total -catenin. 
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Figure 2. PFF-induced accumulation of total -catenin is mediated by NO in MLO-Y4 
osteocytes. (A) PFF stimulates NO production within 5 min. The stimulatory effect is 
abolished in the presence of L-NAME. (B) Pre-incubation with L-NAME for 1 h followed by 
30 min of PFF abolished the PFF-induced stabilization of total -catenin concentration. 
Values are mean  SEM of PFF-over-control ratios of 4 independent cultures. PFF, 
pulsating fluid flow; Co, static control; L-Name, N omega-nitro-L-arginine-methyl ester. . 
Significant effect of PFF, *p<0.05.  
 

To determine whether the mechanical loading induced-up-regulation of total -catenin 

and consequent activation of the -catenin signaling pathway is mediated by PI3K/Akt, 

MLO-Y4 osteocytes were submitted to 30 min PFF treatment in the presence of the PI3K 

inhibitor LY-294002 (Figure 3). In MLO-Y4 osteocytes, 30 min PFF treatment increased the 

levels of phosphorylated Akt protein in comparison to static control cultures, but pre-

treatment with LY-294002 for 1 h prior to PFF treatment abolished the PFF-induced effect 

on Akt phosphorylation (Figure 3A). Pre-treatment of osteocytes for 1 h with LY-294002 

followed by 30 min static incubation did not affect total -catenin concentration, but LY-

294002 decreased the PFF-induced up-regulation of total -catenin by 1.7-fold (Figure 3B). 

Thirty minutes PFF up-regulated the target genes CD44, connexin 43, cyclin D1, and c-fos 

by 1.7, 3.2, 2.4, and 1.9-fold, respectively. Pre-treatment with LY-294002 abolished the PFF-

induced up-regulation of CD44, connexin 43, cyclin D1, and c-fos, indicating that PI3K/Akt is 

involved in stabilization of -catenin and activation of the -catenin pathway in response to 

PFF (Figure 3).  
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Figure 3. PFF-induced of the Wnt/ -catenin pathway is mediated by PI3K in MLO-Y4 
osteocytes. (A) The PI3K inhibitor LY-294002 reduces the levels of phosphorylated Akt. (B) 
Pre-incubation with the PI3K inhibitor LY294002 followed by 30 min of PFF abolished the 
PFF-induced stabilization of total -catenin concentration. (C) Pre-incubation with the PI3K 
inhibitor LY294002 followed by 30 min of PFF abolished the PFF-induced up-regulation of 
the Wnt target genes CD44, connexin43, cyclinD1, c-fos. Values are mean  SEM of 4 
independent cultures. PFF, pulsating fluid flow; Co, static control; LY294002, PI3K inhibitor; 
Gja, connexin 43. *Significant effect of PFF or LY294002, p<0.05. 

 

To assess whether the PFF-induced changes in total -catenin and consequent 

activation of the -catenin signaling pathway are due to FAK activation of the PI3K/Akt 

pathway, MLO-Y4 osteocytes were submitted to 30 min PFF in the presence of FAK 

inhibitor-14 (Figure 4). Pre-treatment of MLO-Y4 osteocytes with FAK inhibitor-14 for 1 h 

prior to PFF experiments, abolished the PFF-induced effect on Akt phosphorylation (Figure 

4A). Pre-treatment of MLO-Y4 osteocytes with FAK inhibitor-14 for 1 h followed by 30 min 

static incubation did not affect total -catenin concentration, but FAK inhibitor-14 decreased 

the PFF-induced up-regulation of total -catenin by 2.6-fold (Figure 4B).  
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Figure 4. PFF-induced of the Wnt/ -catenin pathway is mediated by FAK in MLO-Y4 
osteocytes. (A) FAK inhibitor 14 reduces the levels of phosphorylated Akt. (B) Pre-
incubation with the FAK inhibitor-14 followed by 30 min of PFF abolished the PFF-induced 
stabilization of total -catenin concentration. (C) Pre-incubation with FAK inhibitor 14 
followed by 30 min of PFF abolished the PFF-induced up-regulation of the Wnt target genes 
CD44, connexin43, cyclinD1, c-fos. Values are mean  SEM of 4 independent cultures. PFF, 
pulsating fluid flow; Co, static control; FAK inhibitor 14, Focal adhesion kinase inhibitor-14; 
Gja, connexin 43. Significant effect of PFF, *p<0.05, **p,0.01; Significant effect of FAK 
inhibitor 14, *p<0.05, **p,0.01, ***p<0.001. 
 

Pre-treatment of osteocytes for 1h with FAK inhibitor-14 followed by 30 min PFF down-

regulated gene expression of CD44 by 1.3-fold but did not affect connexin 43, cyclin D1 and 

c-fos gene expression. Pre-treatment with FAK inhibitor-14 abolished the PFF-induced up-

regulation of CD44, connexin 43, cyclin D1, and c-fos, suggesting that FAK promotes -

catenin stabilization and -catenin pathway activation in response to PFF via activation of 

the PI3K/Akt pathway (Figure 4). 



Chapter 5 

85 

 

DISCUSSION 

Activation of the Wnt/ -catenin signaling pathway has been shown to be essential for the 

adaptative response of bone to mechanical loading11-13,18-20, but the role of the activation of 

this pathway in osteocytes upon mechanical stimulation is not fully understood. We and 

others have shown that mechanical loading induces -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-fos11,19-21,31. Mechanical loading immediately activates 

-catenin independent of Wnt production, and in a later stage it activates -catenin by 

stimulation of Wnt expression11,19-21,31. In this study we aimed to understand what upstream 

events resulted in the stabilization of -catenin by mechanical loading independent of Wnt 

production in osteocytes. First, we showed that mechanical loading by PFF indeed results in 

stabilization of -catenin and activation of the -catenin pathway in osteocytes. We used the 

well established osteocyte cell line MLO-Y4, and measured total -catenin increase as an 

indication of -catenin stabilization, as well as gene expression of -catenin target genes as 

an indication of activation of -catenin signaling pathway. We found that short treatment by 

30 min PFF induces an increase in total -catenin concentration, and an up-regulation of the 

target genes CD44, connexin43, cyclin D1, and c-fos indicating that PFF leads to activation 

of the -catenin signaling pathway in MLO-Y4 osteocytes. Our results are in accordance 

with previously reported observations showing that fluid shear stress treatment of MLO-Y4 

osteocytes results in -catenin nuclear translocation and changes in expression of -catenin 

target genes21,31. We have reported earlier that activation of the -catenin signaling pathway 

through PFF-induced Wnt production occurs mainly at 1 to 3 h after ceasing 1 h PFF 

treatment in MLO-Y4 osteocytes31. Therefore the -catenin stabilization observed 

immediately after ceasing 30 min PFF treatment likely occurred independent of Wnt binding 

to the LRP5/6 receptor. Our results are in accordance with other studies using the pre-

osteoblastic cell line CIMC-4, showing that pre-treatment with the Wnt antagonist dickopf 1, 

which disrupts Wnt signaling by binding to the Wnt receptor LRP5, does not prevent strain-

induced nuclear translocation of -catenin and up-regulation of the -catenin target genes 

WISP-2 and COX219. This suggests that mechanical stimulation directly affects -catenin 

without involvement of Wnt molecules19. 

It has been proposed that any pathway that activates Akt could lead to stabilization of 

-catenin through the phosphorylation of GSK-3 21,33. Therefore we focused on molecules 

that are involved in the bone response to mechanical loading and could lead to -catenin 

stabilization, i.e. NO, PI3K, and FAK9,23,24,28,29. We have shown, for the first time, that 

inhibition of PFF-induced NO production with L-NAME results in inhibition of PFF-induced 
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stabilization of -catenin. NO is produced when L-arginine is converted to L-citruline in the 

presence of nitric oxide synthase (NOS) enzyme, molecular oxygen, NADPH, and other co-

factors34. The mechanism by which NO could mediate -catenin stabilization is unknown, 

but similar observations have been reported by others, i.e. NO derived from the inducible 

NO synthase (iNOS) positively correlates with up-regulation of the -catenin target gene 

WISP in cancer cell lines35. Furthermore the NO donor DETA-NONOate elevates WISP-1 

mRNA and protein expression through a -catenin-dependent but Wnt-independent pathway 

in human colonic epithelial cell lines, suggesting a possible role for NO in stabilization of -

catenin35. Our observations do not elucidate the exact mechanism whereby PFF-induced 

NO production leads to -catenin stabilization; this warrants further investigation. 
We found that inhibition of PI3K with LY-294002 results in inhibition of PFF-induced 

stabilization of -catenin and PFF-induced activation of the -catenin pathway in MLO-Y4 

osteocytes. This indicates that PI3K is involved in the signaling pathway that leads to 

stabilization of -catenin in osteocytes in response to PFF. PI3K is required for the activation 

of Akt. Fluid shear stress-stimulated  Akt phosphorylation and activation of down-stream Akt 

signaling pathways in human endothelial cells is mediated by PI3K23. Thus it is likely that 

PFF-induced stabilization of -catenin occurs via PI3K phosphorylation of Akt. Our results 

are in agreement with the findings by Norvell et al.20, showing that 1 h of fluid shear stress 

induces a transient but significant increase in phosphorylation of both GSK-3  and Akt in 

osteoblasts. In contrast, 2% strain for 15 min induces Akt activation independent of PI3K in 

the pre-osteoblastic cell line CIMC-419. These differences could be explained by the fact that 

osteoblasts and osteocytes do not respond similarly to mechanical loading, or by the 

differences in mechanical load regimes applied.  

Akt activation might be controlled differently depending on the stimulus and the cell 

type24. The response of osteoblasts with disrupted FAK signaling to mechanical loading by 

oscillatory fluid flow is impaired, indicating that FAK is essential for mechanotransduction in 

osteoblasts29. It is unknown whether FAK has a similar role in osteocyte 

mechanotransduction. We found that PFF-induced stabilization of -catenin and consequent 

activation of the -catenin pathway was mediated by FAK in osteocytes. Chen et al. (1996) 

proposed that FAK activation by integrin binding is followed by binding of PI3K to 

phosphorylated Tyr 397 in FAK, which results in PI3K and Akt activation28. Activation of the 

PI3K/Akt signaling pathway leads to inhibition of GSK-3  and -catenin stabilization. We 

show that inhibition of FAK results in a decrease in phosphorylated Akt, indicating that PFF-

activation of PI3K/Akt likely occurs via FAK activation. Therefore it is possible that 

mechanical loading activates FAK in osteocytes in an integrin-dependent manner, and that 
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this activation is followed by phosphorylation of Akt resulting in -catenin stabilization and -

catenin pathway activation. Future research is needed to show that mechanical loading 

leads to integrin-dependent activation of FAK in osteocytes. 

 

CONCLUSION 

In conclusion, our results show that PFF induces -catenin stabilization and activation of the 

-catenin signaling pathway by a mechanism mediated by NO, FAK, and Akt in osteocytes. 

These data provide a framework for understanding the role of -catenin in mechanical 

adaptation of bone. Recognition of the missing links in the mechanistic model that explains 

this activation will be the focus of future work.  
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ABSTRACT 

Human adipose tissue-derived mesenchymal stem cells (hASCs) constitute an interesting 

cellular source for bone tissue engineering applications. Wnts, e.g. Wnt5a, are likely 

important regulators of osteogenic differentiation of stem cells, but the role of Wnt5a in 

hASCs lineage commitment and the mechanisms activated upon Wnt5a binding are 

unknown. We examined whether Wnt5a induces osteogenic and/or adipogenic 

differentiation of hASCs. hASCs were incubated 7 days with or without Wnt5a, ROCK-

activity inhibitor Y27632, or Wnt3a. Cells were lysed for total RNA isolation, DNA content, 

and alkaline phosphatase (ALP) activity. Mineralized nodule formation, and gene expression 

of osteogenic markers osteocalcin and RUNX2, and adipogenic markers PPAR  and aP2, 

was analysed. hASCs were incubated with Wnt5a or Wnt3a to determine activation of 

canonical and/or non-canonical Wnt signaling pathways, and Protein Kinase C activity 

(PKC), total -catenin content, and gene expression of connexin 43 and cyclin D1 were 

quantified. Wnt5a increased ALP activity and RUNX2 and osteocalcin gene expression, and 

down-regulated adipogenic markers through ROCK activity. Wnt5a also induced mineralized 

nodule formation. Wnt3a only enhanced RUNX2 and osteocalcin gene expression, but did 

not induce osteogenic differentiation. Wnt5a activated the non-canonical Wnt signaling 

pathway by increasing PKC activity, while Wnt3a mildly activated the Wnt canonical pathway 

by increasing total -catenin content and connexin 43 and cyclin D1 gene expression. Our 

data illustrates the importance of Wnt5a as stimulator of hASCs osteogenic differentiation, 

and shows that changes in actin cytoskeleton controlled by ROCK are determinant for 

Wnt5a-induced osteogenic differentiation of hASCs. 
  

 
Key words: Adipogenic differentiation; Bone tissue engineering; Cytoskeleton; Human 

adipose tissue-derived mesenchymal stem cells; Osteogenic differentiation; ROCK; Wnt5a. 
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INTRODUCTION 

The identification of a stem cell source, as well as the factors that control osteogenic 

differentiation of these cells is vital for successful bone tissue engineering. Human adipose 

tissue-derived stem cells (hASCs) 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 cells1-4. Human ASCs can differentiate 

along the osteogenic lineage when provided with the appropriate stimulus such as growth 

factors2-10.  

Wnts are attractive growth factors for use in bone tissue engineering, since they are 

not only involved in mesenchymal stem cell (MSC) lineage commitment, proliferation, and 

apoptosis, but they also play a role in the regulation of bone mass in adult bone11-15. Wnt5a, 

one of the 19 different known Wnt members, strongly stimulates osteogenic differentiation of 

human MSCs11,16-19. However, currently there is no data available on whether Wnt5a also 

affects hASC lineage commitment, nor which molecular pathways are activated in response 

to Wnt5a stimulation.  

Wnt5a signals through the two classes of Wnt pathways, known as the canonical and 

non-canonical Wnt signaling pathways13,16,20-22. Wnt5a binding to the frizzled-4 or 5 receptor 

and to the cell surface co-receptor LRP5/6 activates the Wnt canonical pathway by 

regulating -catenin levels, which results in -catenin nuclear translocation and subsequent 

activation of Wnt canonical target genes14-16. Wnt5a also signals in a -catenin independent 

manner through the non-canonical Wnt signaling pathway13. This pathway is still poorly 

understood, but binding of Wnt5a to the frizzled receptor results in intracellular calcium 

release via activation of G-proteins that trigger calcium-dependent kinases, i.e. calcium 

calmodulin-dependent kinase II (CaMKII) and/or Protein Kinase C (PKC)20-22. Wnt5a can 

also affect cytoskeletal organization via small GTPase Rho and Rho-associated kinase 

ROCK (ROCK)18,23,24. ROCK mediates amongst others actin cytoskeletal tension and stress 

fiber formation, and is involved in osteogenic differentiation of MSCs25-27. We hypothesized 

that Wnt5a induces osteogenic differentiation of hASCs, and that this occurs via ROCK-

mediated changes in the cytoskeleton.  

We quantified changes in the osteogenic markers alkaline phosphatase (ALP) activity, 

gene expression of runt related protein 2 (RUNX2) and osteocalcin as an indication of 

osteogenic differentiation, while changes in gene expression of the adipogenic markers 

peroxisome proliferator activator receptor  (PPAR ) and transcription factor apetala 2 (aP2) 

were quantified as an indication for adipogenic differentiation. 
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MATERIALS AND METHODS 

 
Donors 

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 adipose tissue-derived mesenchymal stem cells (hASCs) were isolated as described 

earlier with minor modifications2,4,7,28.  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 phosphate-buffered saline (PBS) containing 1% bovine serum albumin (Sigma-

Aldrich, St. Louis, MO, USA) under intermittent shaking, washed with D

-glucose (D-MEM-glucose, Bio Whittaker, Cambrex, Verviers, Belgium) 

containing 10% fetal bovine serum (FBS; Gibco, Paisley, UK) and centrifuged for 10 min at 

600g. The resulting cell pellet containing the hASCs 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 isolation, 4x106 cells were resuspended in a mixture (1:1) of D-MEM and 

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. 

 

hASC 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 earlier28,29. Briefly cells were incubated with either 

phycoerythrin (PE)-labeled ant-CD166/ALCAM (BD Biosciences, Pharmigen, San Diego, 
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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 

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 hASC 

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

described earlier3. 

 

hASCs culture 

Single cell suspensions of cryopreserved hASCs were seeded at 4-12x104 cells/cm2 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 80-90% 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 were from passage 4 or less. 

 

hASCs differentiation and ROCK inhibition 

hASCs were seeded at 5x103 cells/cm2 in culture medium26,31, left to adhere for 24 h, and 

then incubated with 50 ng/ml recombinant mouse Wnt5a11,17 (rmWnt5a; R&D systems, 

Minneapolis, MN, USA), and/or 10µM Y27632 (32) (Sigma, USA) or 50 ng/ml recombinant 

mouse Wnt3a12 (rmWnt3a; R&D systems) 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, DNA quantification, 

and ALP activity.  

For determination of mineralized nodules, cells obtained from 4 donors were seeded at 

5x103 cells/cm2 in cell culture medium supplemented with 10 mM -glycerol phosphate 

(Sigma) and 50 g/ml ascorbic acid (Sigma), left to adhere for 24 h, and then incubated with 

or without 50 ng/ml rmWnt5a for 28 days, with medium refreshment every 3 days. At day 28 

cells were fixated with 4% (w/v) formaldehyde (buffered in PBS, pH 7.4) and formation of 

mineralized nodules was monitored by alizarin red S staining. 

 

Alizarin red S staining  

After fixation, cells were washed with PBS, and 58 mM alizarin red S solution (in water, pH 
4.1; Sigma) was applied for 5 min. Cells were then washed twice with water, and staining 
was visualized. 
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Total DNA content and alkaline phosphatase (ALP) activity 

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

min in ice cold water, and centrifuged for 10 min at 2000 rpm at 4 C. The supernantants 
were immediately analyzed for ALP activity and total DNA content. Total DNA content was 
quantified using the Cyquant Cell Proliferation Assay (Molecular Probes, Eugene, OR, USA) 

method as described by Lowry (33), and values were expressed per amount of protein 
which was determined using a BCA Protein assay Reagent kit (Pierce, Rockford, IL, USA). 

 

Analysis of gene expression 

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

-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 osteocalcin, 

RUNX2, PPAR , aP2, cyclin D1, connexin 43, ROCK1, SFRP4, Wnt5, and GAPDH as 

housekeeping gene (Inventoried TaqMan Gene Expression assays from Applied 

Biosystems). Real time PCR reactions were performed using Taq-Man® Gene Expression 

assays (TaqMan®, Applied Biosystems) in an ABI Prism 7700 DNA sequence detector 

(Applied Biosystems).  

 

Activation of Wnt canonical and non-canonical signaling pathways 

To determine whether Wnt5a and/or Wnt3a activated the Wnt canonical and/or non-

canonical pathway, hASCs were seeded at 5x103 cells/cm2 in culture medium, and left to 

adhere for 24 h. Cell cultures were incubated for 15 min or 1 h with or without 50 ng/ml 

Wnt5a or Wnt3a, and then lysed for quantification of PKC kinase activity using an assay kit. 

Alternatively, some cell cultures were incubated for 15 min or 3 h with or without Wnt5a or 

Wnt3a, and then lysed for total -catenin quantification using an assay kit (see below) or for 

mRNA isolation as described above.  

 

Protein Kinase C (PKC) activity 

To determine PKC activity, a non-radioactive PKC Activity assay kit (Assay Designs Inc., 

Ann Arbor, MI, USA) was used. hASCs were washed with ice-cold PBS, and incubated for 

10 min with 300 l cell lysis buffer containing 50 mM HEPES at pH 7.5, 100 mM NaCl, 1 mM 
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EDTA, 100 M sodium vanadate, 1% NP-40, 1 mM dithiothreitol, and 100 mM protease 

inhibitor cocktail (Sigma). After incubation, cells were scraped and the cell lysate was 

collected in a pre-chilled 1.5 mL microcentrifuge tube and centrifuged at 13x104 rpm for 15 

min at 4°C. The supernantant fraction was transferred to a pre-chilled 1.5 mL 

protocol.  

 

Total -catenin quantification 

To determine total -catenin, a Total -catenin Enzyme Immunometric Assay Kit (Assay 

Designs Inc., Ann Arbor, MI, USA) was used. hASCs were treated with 50 ng/ml rmWnt3a, 

50 ng/ml rmWnt5a or 20 mM lithium chloride (LiCl) for 15 min or 3 h. Immediately after Wnt 

and LiCl treatment, hASCs were washed with PBS and the cell lysate was collected with 

RIPA cell lysis buffer (Assay Designs Inc.), 0.5 L/ml protease inhibitor cocktail (Sigma), 1 

mM phenylmethanesulfonyl fluoride (PMSF, Sigma), and assayed according to the 

 

 

Actin filament staining and quantification 

After incubation for 1 or 4 days with 50 ng/ml rmWnt5a and/or 10µM Y27632, hASCs were 

washed with PBS, permeabilized with 0.1% Triton-X100 (Serva electrophoresis, Heidelberg, 

Germany) for 10 min, incubated with Alexa 488 (InVitrogen) for 1 h at 37°C, and washed 

again with PBS. Quantification of actin content was performed using a fluorescent phalloidin 

binding assay as described by Pritchard and Guilak34. 

 

Statistical analysis 

Data were obtained from 4-8 independent experiments. Differences between groups were 

-test for paired groups after logarithmic transformation in 

order to obtain normally distributed data. Differences were considered significant if p<0.05. 

Treated-over-

two tailed t-test for single group mean and compared to 1. Differences were considered 

significant if p<0.05.  Treated-over-control ratios of actin filament quantification data were 

-test for single group mean and compared to 

1. The Wilcoxon single rank test for group median was used in order to confirm statistical 

significance. All data were evaluated using SPSS version 11 software package (SPSS, Inc., 

Chicago, Il, USA) and Kyplot 2.0. 
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RESULTS 

To evaluate the effect of Wnt5a on hASC cell number, the total amount of DNA at day 1, 4, 

and 7 was quantified (Fig. 1A). The total DNA content significantly increased over time in 

untreated control cultures and in Wnt5a-treated cultures (Fig. 1A). Treatment with Wnt5a did 

not affect the total DNA content when compared to control cultures (Fig. 1A). Wnt5a 

increased ALP activity by 2.1 fold at day 4 (Fig. 1B). It up-regulated RUNX2 gene 

expression by 1.8 fold at day 4, and by 1.3 fold at day 7 (Fig. 1C). Wnt5a up-regulated 

osteocalcin gene expression by 1.5 fold at day 4 (Fig. 1D). To determine the effect of Wnt5a 

on formation of mineralized nodules, alizarin red S staining was performed at day 28 (Fig. 

1E). Wnt5a enhanced mineralized nodule formation compared to untreated cultures. Taken 

together, these results suggest that Wnt5a stimulates osteogenic differentiation of hASCs. 

 

 
 

Figure 1. Wnt5a induces osteogenic differentiation of hASCs. (A) Total DNA content per 
well was increased over time in control and in Wnt5a treated cultures. Wnt5a did not affect 
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proliferation when compared to untreated controls. (B) Wnt5a increased ALP activity. (C) 
Wnt5a increased RUNX2 gene expression. (D) Wnt5a increased osteocalcin gene 
expression. (E) Wnt5a enhanced formation of mineralized nodules as visualized by alizarin 
red S staining. Values are mean  SEM, of 8 different donors. ALP, alkaline phosphatase 
activity; RUNX2, runt related protein 2. Significant effect of Wnt5a, *p<0.05;**p<0.01.  

 

Next we investigated whether the canonical and/or the non-canonical Wnt signaling 

pathways are activated by Wnt5a (Figure 2). Treatment with Wnt5a for 3 h up-regulated 

gene expression of the non-canonical protein ROCK1 by 1.6-fold (Figure 2A). 

 

 
 

Figure 2. Wnt5a increases F-actin content and PKC activity but does not change total -
catenin content. (A) Wnt5a up-regulated gene expression of the non-canonical protein 
ROCK1. (B) Wnt5a for 1 to 4 days increased F-actin content. (C) Wnt5a up-regulated 
activity of the non-canonical protein PKC. (D) Wnt5a did not affect total -catenin content, 
while treatment with LiCl significantly increased total -catenin content. (E) Wnt5a down-
regulated gene expression of the canonical target gene connexin 43. Values are mean  
SEM of Wnt5a treated-over-control ratios (T/C, of 8 different donors), dashed line, T/C=1 (no 
effect). ROCK, RhoA kinase 1; PKC, Protein Kinase C; LiCl, lithium chloride. Significant 
effect of Wnt5a, *p<0.05; **p<0.01.  
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Since ROCK mediates actin cytoskeletal tension and stress fiber formation26,27, we also 

measured F-actin content as an indirect indication that treatment with Wnt5a could activate 

ROCK. Indeed, Wnt5a increased F-actin content by 1.5 and 1.3-fold at day 1 and 4, 

respectively (Figure 2B).  Stimulation with Wnt5a for 1 h up-regulated the activity of the non-

canonical protein PKC by 5.7-fold (Figure 2C). To determine whether Wnt5a activates the 

canonical Wnt signaling, changes in total -catenin content were quantified. Treatment with 

Wnt5a did not affect total -catenin content at any time point (Figure 2D), but 3 h of 

treatment with lithium chloride, a known activator of the canonical Wnt signaling pathway, 

up-regulated total -catenin content by 1.3-fold (Figure 2D). In addition, treatment with 

Wnt5a for 15 min down-regulated gene expression of the canonical target gene connexin 43 

by 0.6-fold (Figure 2E). Thus Wnt5a failed to activate the Wnt canonical signaling pathway, 

but it activated the non-canonical Wnt signaling pathway as demonstrated by the increase in 

PKC activity and F-actin content.  

 

 
 

Figure 3. Wnt5a induces osteogenic differentiation of hASCs via ROCK. (A) Wnt5a alone or 
in combination with Y27632 did not affect proliferation when compared to untreated controls. 
(B) Wnt5a for 4 days increased ALP activity. (C) Wnt5a for 4 and 7 days increased RUNX2 
gene expression. (D) Wnt5a for 4 days increased osteocalcin gene expression. Y27632 
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alone or in combination with Wnt5a had no significant effect on osteogenic markers but 
down-regulated the osteogenic potential of Wnt5a. Values are mean  SEM of Wnt5a, 
Y27632, or Y27632+Wnt5a-treated-over-control ratios (T/C, of 4-8 different donors), dashed 
line, T/C=1 (no effect). ROCK, RhoA kinase 1; ALP, alkaline phosphatase activity; RUNX2, 
runt related protein 2. Significant effect of Wnt5a, Y27632, or Y27632+Wnt5a, *p<0.05; 
**p<0.01. 

 

Since ROCK is relevant for osteogenic commitment of human MSCs25,26, we 

determined whether Wnt5a-induced osteogenic differentiation occurred via ROCK by using 

the ROCK activity inhibitor Y27632 (Figure 3). The total amount of DNA significantly 

increased over time in control cultures and in Wnt5a-treated cultures (Figure 3A). Y27632 

alone or in combination with Wnt5a did not affect total DNA content compared to untreated 

control cultures (Figure 3A). At day 4, Wnt5a increased ALP activity by 2.4 fold (Figure 3B). 

Y27632 alone did not affect ALP activity, but it down-regulated Wnt5a-stimulated ALP 

activity at day 4 (Figure 3B). At day 4, Wnt5a up-regulated RUNX2 and osteocalcin gene 

expression by 1.8 fold (Figure 3C,D). Y27632 alone did not affect RUNX2 or osteocalcin 

gene expression, but it down-regulated the effect of Wnt5a on RUNX2 and osteocalcin gene 

expression (Figure 3C,D). At day 7, Y27632 did not affect the Wnt5a effect on RUNX2 gene 

expression. Thus, in hASCs Wnt5a-induced changes in osteogenic markers via activation of 

ROCK. 

We also determined whether Wnt5a-induced osteogenic differentiation involved 

inhibition of adipogenesis, and whether this was mediated by ROCK activity (Figure 4). 

 

 
 

Figure 4. Wnt5a suppresses adipogenic differentiation of hASCs via ROCK. (A) Wnt5a 
down-regulated PPAR  gene expression. (B) Wnt5a down-regulated aP2 gene expression, 
while Y27632 alone or in combination with Wnt5a had no significant effect on adipogenic 
markers, but increased the adipogenic potential of Wnt5a. Values are mean  SEM of 
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Wnt5a, Y27632, or Y27632+Wnt5a-treated-over-control ratios (T/C,  of 4-8 different donors), 
dashed line, T/C=1 (no effect). PPAR , peroxisome proliferator activator receptor ; aP2, 
transcription factor apetala 2. Significant effect of Wnt5a, Y27632, or Y27632+Wnt5a, 
*p<0.05; **p<0.01. 
 

At day 1, Wnt5a down-regulated gene expression of PPAR  and aP2 by 2.7 fold and 1.4 

fold, respectively (Figure 4A,B). Although at day 1, Y27632 alone increased PPAR  gene 

expression this value did not reach significance (p= 0.09). Y27632 alone did not have any 

effect on aP2 gene expression. Y27632 reversed the inhibitory effect of Wnt5a on PPAR  

and aP2 gene expression (Figure 4A,B). These results indicate that in hASCs, Wnt5a via 

ROCK not only increases osteogenic differentiation by directly modulating osteogenic 

markers, but is also able to repress adipogenic differentiation by down-regulating adipogenic 

markers. 

Other Wnts than Wnt5a, eg. Wnt3a, have been suggested to suppress adipogenic 

differentiation and stimulate osteogenic differentiation via the canonical Wnt signaling 

pathway by repressing PPAR  expression in porcine ASCs12. We investigated whether 

Wnt3a has similar effects in hASCs (Figure 5).  

 

 
 

Figure 5. Wnt3a does not suppress adipogenic differentiation nor induce osteogenic 
differentiation of hASCs. (A) Total DNA content per well was increased over time in control 
and in Wnt3a-treated cultures. Wnt3a did not affect proliferation when compared to 
untreated controls. (B) Wnt3a did not affect PPAR  gene expression. (C) Wnt3a did not 
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affect aP2 gene expression. (D) Wnt3a up-regulated RUNX2 gene expression at day 4. (E) 
Wnt3a up-regulated osteocalcin gene expression at day 1, but down-regulated osteocalcin 
gene expression at day 4. (F) Wnt3a did not affect ALP activity. Values are mean  SEM of 
Wnt3a treated-over-control ratios (T/C, of 8 different donors), dashed line, T/C=1 (no effect). 
PPAR , peroxisome proliferator activator receptor ; aP2, transcription factor apetala 2; 
RUNX2, runt related protein 2; ALP, alkaline phosphatase activity Significant effect of Wnt3a 
*p<0.05; **p<0.01; ***p,0.001.   

 

The total DNA content significantly increased over time in untreated control cultures and in 

Wnt3a-treated cultures (Figure 5A). Wnt3a did not affect total DNA content compared to 

control cultures (Figure 5A). Wnt3a did not affect PPAR  nor AP2 gene expression (Figure 

5B,C). It up-regulated RUNX2 gene expression by 1.9-fold at day 4 (Figure 5D), which is 

indicative of osteogenic differentiation. Although Wnt3a stimulated osteocalcin gene 

expression by 2.2-fold at day 1 (Figure 5E), it down-regulated osteocalcin gene expression 

by 1.9-fold at day 4 (Figure 5E), and did not alter ALP activity (Figure 5F). Therefore Wnt3a 

likely did not induce osteogenic differentiation of hASCs even though it transiently up-

regulated the osteogenic markers RUNX2 and osteocalcin at day 1 and 4, respectively.  

Osteocalcin transcription involves interaction of PKC-dependent pathways (30), and 

Wnt3a can activate non-canonical Wnt signaling through PKC (18). To assess whether 

Wnt3a could activate the canonical or the non-canonical Wnt signaling pathways, hASCs 

were incubated with Wnt3a for 15 min or 1 h to determine PKC activity, and for 15 min and 3 

h to determine total -catenin content and gene expression of canonical target genes cyclin 

D1 and connexin 43.  

 

Figure 6. Wnt3a affects total -catenin content and gene expression of canonical target 
genes but not PKC activity. (A) Wnt3a increased total -catenin content.  
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(B) Wnt3a up-regulated gene expression of the canonical target genes connexin 43, and (C) 
cyclin D1. (D) Wnt3a did not affect PKC activity. Values are mean SEM of Wnt3a treated-
over-control ratios (T/C; 6 different donors), dashed line, T/C=1 (no effect). PKC, Protein 
Kinase C. Significant effect of Wnt3a, *p<0.05. 

 

Stimulation for 3 h with Wnt3a increased total -catenin content by 1.1 fold (Fig. 6A) and up-
regulated cyclin D1 gene expression by 1.1 fold (Fig. 6B). Stimulation with Wnt3a for 15 min 
up-regulated gene expression of connexin 43 by 1.3 fold (Fig. 6C), but did not affect PKC 
activity at any time point (Fig. 6D).  
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DISCUSSION 

Our results show that stimulation with Wnt5a increased ALP activity, and gene expression of 

RUNX2 and osteocalcin, and inhibited gene expression of adipogenic marker PPAR . Wnt5a 

also enhanced the formation of mineralized nodules suggesting that Wnt5a induces 

osteogenic differentiation of hASCs. Although the observed changes in both ALP activity 

and gene expression of the osteogenic markers studied were mild and transient, the time 

course of the osteogenic marker up-regulation mimics the behavior of differentiating cells in 
vivo6. Mild up-regulation of RUNX2 and osteocalcin have been associated with bone matrix 

formation in vitro and in vivo6. Our results are in accordance with data showing that in adult 

bone marrow MSCs, treatment with Wnt5a did not affect proliferation but increased the 

number of colony forming-osteoblast relative to control conditions, enhanced ALP activity 

and promoted osteogenesis via direct regulation of RUNX2 and osteocalcin gene 

expression11,17. In addition, gene profiles of Wnt5a knock-out mice revealed that genes 

involved in osteoblastic differentiation, eg. RUNX2, osterix, and ALP, were down-regulated 

compared to wild-type mice19, indicating that Wnt5a stimulates ALP activity as well as 

RUNX2 and osteocalcin gene expression in vitro and in vivo. Our findings thus corroborate 

with observations suggesting an important role for Wnt5a in osteogenic differentiation of 

stem cells of different origin11,17.  

 It has been suggested that Wnt5a activates the non-canonical Wnt signaling pathway 

as well as the canonical pathways depending on the availability of the Frizzled receptors13. 

We found that Wnt5a activated the non-canonical Wnt signaling pathway, but failed to 

activate the Wnt canonical pathway in hASCs. Our results underscore the findings by others 

showing that treatment of bone marrow MSCs with Wnt5a did not alter basal gene 

expression levels of cyclin D1 and c-myc, and did not activate TOP flash transcriptional 

activity in the Wnt responsive receptor promoter assay system11,17. Moreover in a cell line 

derived from mouse bone marrow stromal cells, Wnt5a rapidly inhibited canonical Wnt 

signaling and did not trigger -catenin/TCF canonical Wnt signaling13,31,32. This suggests that 

Wnt5a fails to induce -catenin translocation to the nucleus, thereby failing to activate the 

expression of Wnt canonical target genes in MSCs. Thus, in stem cells of mesenchymal 

origin, Wnt5a-mediated osteogenic differentiation does not seem to occur in a -catenin 

dependent manner, but rather seems to depend on the activation of the Wnt non-canonical 

pathway.  

An important component of the Wnt non-canonical signaling pathway is the Rho family 

of small GTPases Rho18,24. This pathway is of specific interest as the Rho family of small 

GTPases has been implicated in cytoskeletal changes associated to stem cell lineage 

commitment25,26. Wnt5a modulates cytoskeletal organization via the Wnt non-canonical 
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pathway through the activity of ROCK18,24. We found that Wnt5a-induced osteogenic 

differentiation of hASCs occurs through ROCK (Figure 7). It remains to be elucidated 

whether not only ROCK, but also calcium changes via e.g. CaMKII and PKC mediate the 

effects of Wnt5a on expression of osteogenic and adipogenic differentiation markers, as we 

show that Wnt5a increases PKC activity in hASCs, and since Wnt5a attenuates PPAR  

induced adipogenesis via CaMKII and PKC in mouse bone marrow MSCs37. 

 

 
 

Figure 7. Wnt5a regulation of hASCs osteogenic differentiation. In hASCs, the binding of 
Wnt5a induces increased PKC activity and ROCK activation. ROCK control of actin 
cytoskeletal is at least partially responsible for up-regulation of ALP activity and gene 
expression of osteogenic markers RUNX2 and osteocalcin, and down-regulation of gene 
expression of adipogenic markers PPAR  and aP2, resulting in osteogenic differentiation.  
 

Canonical Wnts have been shown to inhibit adipogenic differentiation of hASC38, and 

stimulate osteogenic differentiation of pig-derived ASCs12.  We investigated the role of 

Wnt3a on osteogenic differentiation of hASCs, and found that Wnt3a did not affect hASCs 

lineage commitment. These results are in accordance with several studies showing no effect 

of Wnt3a on osteogenic differentiation of bone marrow stem cells39-41. Wnt10b, another 

canonical Wnt, has been shown to maintain pre-adipocytes in an undifferentiated state42. On 

the other hand Wnt3a increases cell number and decreases ALP activity in bone marrow 

stem cells39-41. In the pre-adipocyte cell line 3T3-L1, Wnt10b inhibits the adipogenic 

transcription factor PPAR 42. We did not observe such an effect of Wnt3a on hASCs. The 

Wnt3a concentration we used has been reported to be sufficient to activate the Wnt 
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canonical pathway in bone marrow MSCs9,39,40. Treatment of hASCs with 50 ng/ml of Wnt3a 

for 3 h induced a significant up-regulation of total -catenin, but the concentration used was 

likely not sufficient to elicit osteogenic differentiation or increased proliferation of hASCs. 

Although hASCs express cell surface receptors for Wnts i.e., Fzd6 and LRP6 (data not 

shown), we only observed a very mild activation of the Wnt canonical pathway and a 

transient up-regulation of osteocalcin and RUNX2 gene expression by Wnt3a in hASCs. The 

activation of osteocalcin gene transcription involves PKC-dependent pathways35. However, 

we found that Wnt3a does not alter PKC activity in hASCs. If not via PKC, the question 

arises how did Wnt3a affected osteocalcin and RUNX2 gene expression; the explanation 

might be sought in the finding that Wnt3a up-regulated Wnt5a gene expression (data not 

shown), and that Wnt5a is able to modulate RUNX2 and osteocalcin gene expression. 

Further studies are needed to elucidate whether Wnt3a affects expression of osteogenic 

markers in hASCs by modulating Wnt5a protein levels. 

The essential first step towards the development of a successful tissue engineering 

approach for improved bone healing is finding the proper source of stem cells1,2. Second, it 

will be vital to unravel which signaling pathways enhance the differentiation of the stem cell 

into a functional adult cell type. hASCs have been described as a convenient source of 

MSCs, that will readily undergo osteogenic differentiation when provided with appropriate 

stimuli, and thus have great potential for bone tissue engineering2,5,6. The osteogenic 

stimulus for hASCs could be provided by Wnt5a, which is the dominant Wnt expressed 

during osteoblastic differentiation of human bone marrow aspirates in vivo and in vitro, and 

which induces osteogenic differentiation of bone marrow MSCs7,13,15. Although Wnt5a 

seems to be important for osteogenic differentiation of MSCs derived from bone marrow, the 

role of Wnt5a in lineage commitment of MSCs from human adipose tissue remained to be 

elucidated. Our results indicate that, Wnt5a induces osteogenic differentiation in hASCs, 

which coincides with a down-regulation of adipogenic markers, by modulating changes in 

the cytoskeleton through the activity of ROCK. In contrast, Wnt3a did not stimulate 

osteogenic differentiation of hASCs. Understanding the factors that promote stem cell 

lineage commitment is essential in order to finally transcend the perpetual trial and error 

stage in tissue engineering research. Our study provides relevant insight in the Wnt 

mechanisms that can lead to hASCs osteogenic differentiation. Understanding the cellular 

mechanisms that regulate stem cell differentiation, will undoubtedly contribute to new 

perspectives for bone tissue engineering approaches. 
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