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Abstract 

Mechanical forces play an important role in regulating tissue development and homeostasis in 

multiple cell types including bone, joint, epithelial and vascular cells and are also implicated in the 

development of diseases e.g. osteoporosis, cardiovascular disease and osteoarthritis. Defining the 

mechanisms by which cells sense and respond to mechanical forces therefore has important 

implications for our understanding of tissue function in health and disease and may lead to the 

identification of targets for therapeutic intervention. Mechanoactivation of the Wnt signalling 

pathway was first identified in osteoblasts with a key role for β-catenin in loading-induced 

osteogenesis. Since then, mechanoregulation of the Wnt pathway has also been observed in stem 

cells, epithelium, chondrocytes and vascular and lymphatic endothelium. Wnt can signal through 

both canonical and non-canonical pathways and evidence suggests that both can mediate responses 

to mechanical strain, stretch and shear stress. This review will discuss our current understanding of 

the activation of the Wnt pathway in response to mechanical forces. 

 

Introduction 

Cells within the body are continuously exposed to a range of mechanical forces, e.g. cyclic stretch 

(1), strain (2,3) and shear stress (4) that are known to exert powerful effects on cell function in 

health and disease, thus pathways that transmit mechanical forces into biochemical signals are of 

significant interest. The Wnt pathway has long been recognised as an important mechanosignalling 

pathway in bone and evidence of its role in other mechanosensitive cells and tissues has become 

apparent in recent years. This review will provide a brief overview of canonical and non-canonical 

Wnt pathways and will summarise our current understanding of the mechanisms by which 

mechanosignalling through Wnt pathways regulates the function of bone, joint, epithelial and 

endothelial cells that are all continuously exposed to mechanical forces. Interestingly, there is little 

evidence of Wnt pathways being involved in mechanotransduction in skeletal and vascular smooth 

muscle cells, despite their regulation by mechanical forces (1) and this remains an interesting and 

important area for future research. 
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The Wnt pathway is an ancient and highly conserved signalling pathway that regulates a diverse set 

of cellular functions including proliferation, survival and differentiation and plays an important 

physiological role in embryonic development, stem cell differentiation, wound healing and 

angiogenesis (5). Wnt signalling is also implicated in several pathologies including cardiovascular 

disease (6), diabetes (7), osteoporosis (8), osteoarthritis (9), glaucoma (10)  and cancer (11). The Wnt 

signalling pathway has been reviewed extensively elsewhere (5,12) and will be summarised here 

(see also Figure 1). The Wnt pathway is highly complex due to the presence of multiple glycoprotein 

Wnt ligands, Frizzled (Fzd) G-protein coupled receptors, lipoprotein receptor-related protein (Lrp) 

co-receptors and endogenous regulators that can combine in multiple combinations to regulate Wnt 

signalling (13).  

 

Wnt signalling pathways 

The canonical pathway is generally considered to act via stabilisation of cytosolic β-catenin. Under 

‘resting’ conditions β-catenin is rapidly degraded due to its interaction with a destruction complex 

comprised of adenomatosis polyposis coli (APC), axin, casein kinase-1 (CK1) and glycogen synthase 

kinase-3β (GSK3β) that phosphorylate β-catenin, targeting it for ubiquitin-mediated proteasomal 

degradation (see Figure 1a). The binding of a Wnt ligand to a Fzd receptor results in the formation of 

a complex with an Lrp5/6 co-receptor that causes the recruitment of Dishevelled (Dvl). 

Phosphorylation of Lrp5/6 by Dvl leads to interaction with Axin thus disrupting and inhibiting the 

destruction complex (see Figure 1b). This results in β-catenin becoming activated 

(dephosphorylated) allowing it to translocate to the nucleus where it interacts with transcription 

factors e.g. T-cell factor (TCF)/lymphoid enhancer factor (LEF) to regulate gene expression (5,12). 

Several non-canonical Wnt pathways have also been identified that require the interaction of Wnt 

with Fzd receptors but function independently of Lrp5/6 and β-catenin (see Figure 1c). The best 

described are the Wnt/planar cell polarity (PCP) pathway that activates RhoA, Rac and JNK, and the 

Wnt/Ca2+ pathway that activate phospholipase C (14). Fzd receptors can also be activated by non-

Wnt ligands e.g. Norrin and R-spondin-1 and several endogenous inhibitors also regulate Wnt 

signalling. Dickkopf-related protein-1 (DKK-1) and sclerostin (Sost) block the interaction between Fzd 

and Lrp5/6 thus inhibiting canonical Wnt signalling. Wnt inhibitory factors (WIFs) and secreted Fzd-

related proteins (sFRP) also act to prevent Wnts from binding to Fzd on the cell surface. Recent 

studies have also highlighted an emerging role for regulation by microRNAs which adds further 

complexity (15). 

 

Mechanical regulation of the Wnt pathway in bone 

The mechanical environment plays a critical role in bone  development and homeostasis (16). 

Mechanical forces are also implicated in the pathogenesis of osteoporosis, a disease that is 

characterised by a loss of bone strength and increased risk of fracture. Bone mass increases in 

response to increased loading and decreases in response to reduced loading (17) thus the 

mechanisms by which bone cells sense and respond to mechanical forces are of significant interest. 

The importance of Wnt signalling in regulating bone metabolism is apparent from the number of 

polymorphisms identified in Wnt pathway components that are associated with defects in bone 
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mineral density (18). Numerous experimental studies have confirmed that Wnt pathways play a key 

role in mechanosignalling in bone. Wnt signalling and nuclear localisation/activation of β-catenin is 

increased in osteoblasts in response to mechanical loading in vivo (19,20) and in vitro following 

application of cyclic strain (21,22)  or shear stress (23–26) and is associated with the increased 

expression of osteogenic genes. Evidence also suggests that loss of bone strength in aged mice is 

associated with a failure to sustain Wnt activity in response to repeated mechanical loading (27). 

Furthermore, osteocyte-specific deletion of β-catenin results in severe bone loss and an 

osteoporotic phenotype (28) whilst targeted deletion of a single β-catenin allele in osteocytes 

abolishes the osteogenic response to mechanical loading positioning β-catenin as a key regulator of 

mechanosignalling in bone (29). Interestingly, the osteogenic effects of β-catenin in response to 

mechanical loading are attenuated when oestrogen receptor-α is absent or inhibited which may 

account for the increased prevalence of osteoporosis in post-menopausal women (20). 

Although the importance of β-catenin activation in mediating responses to mechanical loading is 

clear, the precise mechanosignalling events are still uncertain with several different signalling 

pathways proposed. Loading of the mouse tibia using a 4-point bending method increased the 

expression of Wnt10B, sFRP1, sFRP2, DKK-1 and Fzd2 (19) although it is not clear whether other Wnt 

pathway components were mechanically regulated since an ad hoc PCR approach was used rather 

than microarray or RNAseq analysis. Several genome-wide association studies in humans have 

identified genetic variations within the Wnt16 locus that are associated with defects in bone mineral 

density and osteoporosis (30–33) whilst transgenic mouse models have demonstrated that loss of 

Wnt16 reduces the formation of periosteal bone in response to mechanical loading (34) and 

increases the risk of osteoporosis (33). Wnt16 expression was also shown to be increased in cultured 

osteoblastic cells in response to shear stress for 30 min and in vivo in response to 4-point bending 

and axial compression of the mouse tibia (34) suggesting an important role for Wnt16 in 

mechanosignalling in bone.  

Additionally, a critical role for Lrp5 in bone mechanosignalling has also been identified, further 

supporting the hypothesis that a canonical Wnt pathway mediates responses to mechanical loading 

in bone. Lrp5-/- mice have severely impaired osteogenic responses to axial loading of the ulna (35) 

whilst loss of function mutations in the Lrp5 locus are associated with osteoporosis in humans (36). 

Interestingly, acute responses to shear stress (e.g. MAPK activation) remain intact in Lrp5-/- mice 

suggesting that loss of Lrp5 does not cause global defects in mechanosignalling but specifically alters 

osteogenic responses driven by the Wnt pathway. The osteogenic response to mechanical loading 

also requires the down-regulation of Sclerostin, an endogenous inhibitor of Lrp5/6 (37), confirming 

the importance of the canonical Wnt pathway. Transgenic mice that constitutively over-express 

Sclerostin in osteocytes exhibited significantly reduced periosteal bone formation in response to 

axial loading which was associated with a failure to up-regulate Wnt target genes suggesting that 

down-regulation of Sclerostin is a key step in Wnt-mediated mechanosignalling (37). 

There is some evidence that Wnt-independent pathways may be also be activated in response to 

acute exposure to mechanical forces. Exposures of osteoblasts to laminar shear stress for 1 h causes 

β-catenin to dissociate from N-cadherin whereby it can translocate to the nucleus (24). The same 

study also reported  increased phosphorylation (inhibition) of GSK3β in response to acute shear 

stress which may also promote the nuclear translocation of β-catenin (24). The authors did not 

assess the mechanisms of GSK3β inhibition but reported activation of Akt over the same time course 
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and speculate that this may inhibit GSK3β, however Wnt signalling cannot be ruled out. In another 

study, exposure of osteoblasts to laminar shear stress for 30 min resulted in mechanoactivation of β-

catenin that was dependent on the activation of eNOS suggesting a role for eNOS/NO in early 

mechanosignalling (38). The authors propose that NO may promote stabilisation of β-catenin 

independently of Wnt and Fzd signalling in the initial response to mechanical forces, as has been 

shown in static endothelial cells where NO, via cGMP, activates cGMP-dependent protein kinase 

(PKG) that phosphorylates and inhibits GSK3β (39). These data raise the possibility that rapid 

mechanoactivation of β-catenin may be mediated by Wnt independent pathways whereas canonical 

Wnt signalling is important for sustained responses to mechanical force (38). Mechanosensitive 

Wnt/β-catenin pathways in bone are summarised in Figure 2 and Table 1. 

 

Mechanical regulation of Wnt signalling in mesenchymal stem cells 

Following the discovery that mechanical forces play a critical role in the development of bone, 

attention has also been directed to understand the mechanical regulation of human mesenchymal 

stem cells (hMSC) that play a role in osteogenesis. Exposure of hMSCs to oscillatory shear stress 

causes the rapid activation of β-catenin along with increased expression of Wnt5A, receptor tyrosine 

kinase-like orphan receptor-2 (Ror2) and the osteogenic gene, runt-related transcription factor-2 

(Runx2). Mechanical up-regulation of Runx2 was inhibited following knockdown of Wnt5a suggesting 

a direct link between Wnt5a and Runx2 although, interestingly, β-catenin activation occurred 

independently of Wnt5a induction. Instead, oscillatory shear stress resulted in the dissociation of β-

catenin from N-cadherin (40). N-cadherin can inhibit β-catenin activity in un-loaded osteocytes 

forming a complex with Lrp5 and Axin2 that promotes β-catenin degradation (41). It is possible that 

mechanical forces induce a conformational change in N-cadherin that disrupts this complex leading 

to activation of β-catenin. It is unclear whether this is a general response to shear stress since only 

one flow condition was assessed and compared to static conditions. 

As well as promoting osteogenesis, mechanical forces acting via β-catenin further direct the lineage 

specification of hMSCs by inhibiting adipogenesis (42). These effects appear to be mediated by 

inhibition of GSK3β but are independent of Wnt-Fzd signalling, although the mechanism by which 

mechanical loading inhibits GSK3β is unclear (43). Interestingly, one study found that β-catenin was 

inhibited in hMSCs following acute exposure to oscillatory shear stress although these analyses were 

performed on cells from a single donor and so may not be indicative of a typical response to shear 

stress (44). The functional outcome of Wnt signalling in osteogenic cells can also vary depending on 

the differentiation state of the stem cells being studied and endogenous Wnt activity/expression 

(45,46) and requires further consideration when describing mechanoactivation of Wnt pathways in 

these and other mechanoresponsive cells. 

Recent evidence demonstrates that β-catenin can be directly activated by mechanical forces in 

hMSCs using functionalised magnetic nanoparticles (MNPs) coated with an anti-Fzd2 antibody (47). 

This was not associated with any alterations in Lrp5/6 phosphorylation and was not affected by co-

treatment with DKK-1 suggesting a non-canonical mechanism. A subsequent study by the same 

group reveals that direct mechanical activation of Fzd2 leads to receptor clustering and can promote 

osteogenesis and bone formation (48). Mechanosensitive Wnt/β-catenin pathways in MSC are 

summarised in Figure 3 and Table 1. 
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Mechanical regulation of Wnt signalling in joints 

Mechanical forces are also important in the development and maintenance of joints and are 

believed to be linked to the degeneration of the joint in osteoarthritis, a disorder of the joint 

associated with degeneration of articular cartilage and re-modelling of the surrounding bone 

(49,50). Canonical Wnt/β-catenin signalling is required for the formation of synovial joints during 

skeletogenesis in the developing mouse embryo (51) and in mouse models where muscle 

contraction is absent, the formation of joints is disrupted (52). This is associated with reduced 

transcriptional activity of β-catenin suggesting a mechanistic link (52). The potential importance of 

Wnt signalling in the mechanical regulation of joint development was underscored by a microarray 

analysis of humeri from splotch mutants that lack limb skeletal muscle and hence display abnormal 

joint development due to loss of mechanical forces. Gene ontology analysis of differentially 

expressed transcripts revealed significant enrichment of genes associated with Wnt signalling (53). 

Furthermore, recent studies in zebrafish demonstrate that mechanical activation of Wnt/β-catenin 

in response to high strain is important in the development of the lower jaw and that immobilisation 

of the joint leads to reduced β-catenin activity (54). In zebrafish lacking Wnt16 the migration and 

proliferation of chondrocytes in response to mechanical force is attenuated suggesting that Wnt16 

and β-catenin play a key role in mechanosignalling in the developing joint (54). Mechanosensitive 

Wnt/β-catenin pathways in chondrocytes are summarised in Figure 4 and Table 1. 

The mechanosignalling mechanisms that drive osteoarthritis are poorly defined although it is known 

that polymorphisms in the FrzB gene are associated with osteoarthritis of the hip (55) and the 

expression of both Wnt16 and β-catenin is increased in articular cartilage from osteoarthritis  

patients (56). Furthermore, inhibition of Wnt/β-catenin via intra-articular injection of a Wnt pathway 

inhibitor appears to reduce the severity of osteoarthritis in a mouse model of the disease (9). 

Although these data suggest that Wnt/β-catenin plays a role in the pathogenesis of osteoarthritis, 

their role in transducing mechanical signals associated with disease progression remains unclear 

since Wnt pathways have been shown to be increased in response to injury and inflammation (56). 

 

Mechanical regulation of Wnt signalling in the vasculature 

Evidence has also begun to emerge over the last few years to suggest that Wnt signalling may play 

an important role in mechanotransduction in the vasculature. Endothelial cells that line the blood 

vessels are continuously exposed to the mechanical drag exerted by the flowing blood (known as 

shear stress) and it is widely recognised that shear stress plays a crucial role in determining 

endothelial phenotype (57). Moreover, mechanical forces play a critical role in the development of 

atherosclerosis. Lesions develop at areas of high curvature, branching and bifurcation where blood 

flow is ‘disturbed’ whereas vessels exposed to uniform flow with high shear stress are spared (58–

60). The mechanisms by which endothelial cells sense and respond to shear stress are therefore of 

great importance in understanding the development of cardiovascular disease. 

The first evidence that β-catenin may play a role in endothelial mechanosensing came to light 

following the identification of the junctional mechanosensory complex comprised of platelet 
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endothelial cell adhesion molecule-1 (PECAM-1), vascular-endothelial (VE)-cadherin and vascular 

endothelial growth factor receptor-2 (VEGFR2) (61). The interaction between VEGFR2 and VE-

cadherin is indirect and is facilitated by β-catenin, furthermore, deletion of β-catenin blocked the 

activation of integrins in response to acute application of shear stress or force. Although these data 

suggest a mechanosensory role for β-catenin in response to acute application of mechanical force to 

single cells, its role in mechanotransduction under conditions of sustained shear stress in confluent 

endothelial monolayers remains to be defined although several independent studies have shown 

that β-catenin activation (nuclear translocation) is increased in response to atherogenic flow 

patterns (62–64). Recently, a role for Wnt signalling in mechanosensing by primary cilia has also 

emerged (64). Dvl2 was shown to localise to primary cilia in endothelial cells exposed to very low 

wall shear stress (but not high shear stress) although the role  of Wnt and β-catenin in cilia-mediated 

mechanosignalling was not studied (64).   

Microarray analysis of atheroprone and protected regions of the pig aorta revealed that the 

expression of Fzd4 and Fzd5 is increased in endothelial cells exposed to ‘disturbed’ flow. These data 

suggest that the Wnt pathway may be regulated by mechanical forces, although they may also be 

increased secondary to other mechanically activated pathways. Interestingly,  the expression of Lrp6 

is increased in cells exposed to uniform flow (65) suggesting that different Wnt pathways may be 

active under different flow conditions.  Nuclear accumulation of β-catenin has also been observed in 

an atheroprone region of the mouse aorta, in the absence of lesions, suggesting flow-dependent 

regulation. This was confirmed in vitro by exposing cultured endothelium to an atherogenic wave 

form (62). Subsequent analysis determined that β-catenin activation occurred as a consequence of 

PECAM-1 mediated inactivation of GSK3β suggesting that flow-dependent regulation of β-catenin 

may be independent of Wnt signalling, although this was not studied directly (62).  

Increased nuclear translocation and transcriptional activity of β-catenin can also be induced 

following short-term exposure to oscillatory shear stress (63) which was associated with elevated 

expression of angiopoietin-2 (Ang-2). Laminar shear stress also increased the expression of Ang-2 

although to a much smaller degree (63). The shear-dependent increased in Ang-2 was reduced in the 

presence of the Wnt inhibitor IWR-1. Parallel studies revealed that Wnt3-dependent increases in 

Ang2 expression were inhibited by DKK-1 suggesting activation via a canonical mechanism although 

these experiments were performed under static conditions, thus it is unclear which Wnt pathway(s) 

are activated in response to mechanical force (63). Oscillatory shear stress also promotes nuclear 

translocation of β-catenin in lymphatic endothelium and has been shown to be required for 

formation of lymphatic valves and for lymphatic vascular patterning in mice (66).  

Non-canonical Wnts also play a role in flow-mediated vessel remodelling although it is not clear if 

these responses require β-catenin. Conditional inhibition of Wnt signalling using a tamoxifen-

inducible Cre to knockout Wls (a chaperone protein required for Wnt secretion), resulted in 

significantly reduced vascular density compared to littermate controls with evidence of increased 

vascular regression (67). This was attributed to loss of non-canonical Wnt signalling since vessel 

regression was phenocopied in mice with an endothelial specific inactivation of Wnt5a and global 

knockout of Wnt11 (67). Analysis of cultured cells exposed to laminar shear stress for 4h suggests 

that loss of Wnt5a and Wnt11 increases the sensitivity of cells to shear stress leading to increased 

polarisation. Interestingly, typical transcriptional responses to shear stress (i.e. induction of Krüppel-

like factor-2 and -4) were not altered following deletion of Wnt5a and Wnt11 suggesting that Wnts 
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act only to modulate the threshold for flow-induced polarisation (67). Mechanosensitive Wnt/β-

catenin pathways in endothelial cells are summarised in Figure 5 and Table 1. 

 

Mechanical regulation of Wnt signalling in epithelial cells. 

Mechanotransduction in epithelial cells has gained traction recently following the discovery that 

tumour cells and tumour-adjacent cells are exposed to a range of mechanical insults that can 

increase malignant transformation promoting tumour growth and metastasis (68).  Several studies 

have suggested a role for β-catenin in mechanosignalling in quiescent epithelium and within the 

tumour microenvironment, for example increased tension or matrix stiffness has been shown to 

increase β-catenin stabilisation in epithelial cells in a Rho-associated protein kinase (ROCK)-

dependent manner via activation of focal adhesion kinase, Akt and GSK3β (69,70). Similarly, 

mechanical strain activates β-catenin in quiescent epithelium causing cell cycle re-entry via an E-

cadherin dependent mechanism (71). This may be arise as a consequence of conformational changes 

within the interacting site of β-catenin and E-cadherin leading to release of β-catenin (72). In 

tumour-adjacent cells, increased mechanical strain leads to the activation of β-catenin and increased 

expression of β-catenin target genes that drive proliferation, resulting in increased tumour mass 

(73). Interestingly, in cells where β-catenin is constitutively activated i.e. SW480 colon cancer cells, 

laminar shear stress has been shown to reduce β-catenin activation through an α6β4-integrin 

dependent mechanism (74). The functional relevance of this finding in response to tumour 

progression where other mechanical forces may dominate is unclear although it may indicate that 

mechanosignalling may differ in cells with mutations in the Wnt/β-catenin pathway. There is 

currently no evidence of mechanoactivation of canonical Wnt signalling pathways in epithelial cells 

and warrants further study considering its important role in mechanosignalling in other cell types. 

Mechanosensitive Wnt/β-catenin pathways in epithelial cells are summarised in Figure 6 and Table 

1. 

 

Summary  

 Wnt/β-catenin signalling pathways are activated in a number of mechanoresponsive cells 

(summarised in Table 1), playing an important role in regulating cell phenotype. They are also 

implicated in several mechanically-driven diseases. 

 

 Mechanoactivation of the canonical Wnt pathway and stabilisation of β-catenin appears to play 

an important role in signalling in all mechanosensitive cells suggesting the presence of a 

common mechanosignalling mechanism. 

 

 Non-canonical Wnt pathways are also regulated by mechanical forces and may play a role in 

determining cell function/fate alongside canonical pathways. Similarly, β-catenin can be 

activated independently of Wnt signalling via its interaction with cadherins which may further 

dictate cellular responses to mechanical force. 
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 Wnt/β-catenin pathways are highly complex and context-dependent. The precise signalling 

mechanisms involved in the mechanoactivation of canonical and/or non-canonical pathways 

appears to depend on the type and duration of mechanical force, the cell type and underlying 

cellular factors. 

 

 Future studies into the mechanoactivation of Wnt/β-catenin pathways should address temporal 

effects (acute vs. sustained force) and whether pathways are differentially activated by different 

magnitudes or types of force (e.g. low vs. high shear stress) instead of comparing responses to 

unphysiological static conditions. 

 

 Better understanding of the precise signalling mechanisms involved in the mechanoactivation of 

Wnt/β-catenin pathways may provide valuable targets for future treatment or prevention of 

mechanically-driven diseases. 
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Figure Legends 

Figure 1. Canonical and non-canonical Wnt signalling pathways 

(A) In the ‘resting’ or ‘off’ state, β-catenin is phosphorylated by a destruction complex consisting of 

APC, CK1, axin and GSK3β that targets it for ubiquitin-mediated proteasomal degradation. Activation 

of the Wnt pathway is inhibited by endogenous mediators including WIF and sFRPs that reduce Wnt-

Frizzled binding, and DKK-1 and sclerostin that prevent binding of Lrp co-receptors to Frizzled. (B) 

Binding of a Wnt ligand to a Frizzled receptor triggers the recruitment of Lrp5/6(1) leading to 

recruitment of dishevelled (Dvl)(2) which phosphorylates and activates Lrp(3). Once activated, Lrp6 

binds to axin(4) triggering the dismantling of the destruction complex. Dephosphorylated (active) β-

catenin then accumulates and translocates to the nucleus where it binds to other transcription 

factors to regulate gene expression. (C) Non-canonical pathways also require the interaction of Wnt 

with Frizzled receptors but are independent of β-catenin activity. The Wnt/Ca2+ pathway requires 

activation of PLC to raise intracellular Ca2+ levels following Wnt-Frizzled interaction but does not 

require Lrp, dishevelled or other Wnt pathway components. In contrast, the Wnt/JNK pathway 

requires recruitment of dishevelled in response to Wnt-Frizzled binding that activates Rac and RhoA 

which regulate JNK activation.   

 

Figure 2. Wnt/β-catenin signalling in osteocytes 

(A) Osteocytes and osteoblasts respond to acute and chronic application of mechanical forces such 

as shear stress, stretch and increased mechanical loading by activating canonical Wnt signalling. 

Several Wnts have been shown to activate the pathway with strong evidence that Wnt16 plays an 

important role. The resulting increase in the nuclear accumulation of β-catenin promotes the 

expression of osteogenic genes. A reduction in sclerostin levels is also necessary for functional 

activation of the Wnt pathway in response to chronic mechanical loading. (B) Osteocytes also rapidly 

activate β-catenin in response to acute shear stress via Wnt independent pathways. Acute exposure 

to pulsatile shear stress triggers the release of β-catenin from N-cadherin which can then translocate 

to the nucleus. Acute exposure to shear stress also inhibits GSK3β, via activation of FAK, Akt and 

eNOS leading to the phosphorylation and inhibition of GSK3β, resulting in the stabilisation of β-

catenin. 

 

Figure 3. Wnt/β-catenin signalling in mesenchymal stem cells 

(A) Acute exposure of human mesenchymal stem cells to oscillatory shear stress leads to the release 

of β-catenin from N-cadherin alongside elevation of Wnt5a that also increases β-catenin via 

activation of Ror2 and RhoA. Increased stabilisation of β-catenin leads to increased expression of 

osteogenic genes. (B) Frizzled-2 responds directly to the application of force applied through 

magnetic beads leading to activation of β-catenin and increased expression of osteogenic genes. 

 

Figure 4. Wnt/β-catenin signalling in chondrocytes 

In chondrocytes, increased expression of Wnt4, Wnt9a, Wnt14 and Wnt16 in response to muscle 

contraction (mechanical force) leads to stabilisation of β-catenin which plays a critical role in the 

development of the joint. 
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Figure 5. Wnt/β-catenin signalling in endothelial cells 

(A) Acute exposure of endothelial cells to laminar shear stress leads to the rapid activation of a 

mechanosensory complex comprised of VE-cadherin, PECAM-1 and VEGFR2 that requires the 

presence of β-catenin to activate integrins. (B) Exposure to laminar shear stress for 4h leads to 

increases in Wnt5a and Wnt11 that control flow-dependent polarisation. (C) Wnts can also be 

increased following application of oscillatory shear stress leading to stabilisation of β-catenin via the 

canonical Wnt signalling pathway resulting in increased expression of angiopoietin-2 that can 

promote vascular repair. (D) Atheroprone flow acts on PECAM-1 to inhibit GSK3β leading to 

stabilisation of β-catenin with a consequent increase in the expression of fibronectin and IL-8.  

 

Figure 6. Wnt/β-catenin signalling in epithelial cells 

(A) In epithelial cells, exposure to mechanical strain triggers the release of β-catenin from E-cadherin 

leading to accumulation in the nucleus and increased expression of genes that promote 

proliferation. (B) Increased substrate stiffness or tension leads to the activation of FAK that inhibits 

GSK3β (via Akt activation) leading to the stabilisation of β-catenin and increased expression of 

proliferative genes. 

 

 

 

Table 1. Mechanoactivation of Wnt/β-catenin pathways. A summary of the mechanisms by which 

Wnt/β-catenin pathways are activated in the following mechanoresponsive cells; endothelial cells 

(EC), epithelial cells (EpC), osteocytes and/or osteoblasts (OST), chondrocytes (CND), mesenchymal 

stem cells (MSC). 

 

 

 

Mechanoactivation of Wnt/β-catenin in response to 
mechanical forces 

Loading  
(strain, tension) 

Shear stress 
(laminar, oscillatory) 

Evidence of canonical Wnt signalling OST, CND OST, EC 

Evidence of non-canonical Wnt signalling  MSC, EC 

Evidence of cadherin-mediated signalling EC, EpC OST, EC 

Evidence of Wnt and cadherin-independent signalling OST, MSC, EpC OST, MSC, EpC 
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