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ABSTRACT 28 

 29 

 30 

Three decades after the beginning of the study of the Wnt signaling pathway, major contributions have been made to 31 

elucidate the molecular mechanisms that regulate this signaling pathway and its role in development, homeostasis 32 

and disease. However, there is still a lack of understanding about the relationships between Wnt signaling and cell-33 

extracellular matrix (ECM) adhesion. Data gathered in the last years is helping to uncover these relationships.  34 

Several ECM proteins are able to regulate components of the Wnt pathway during development and disease, and 35 

their misregulation leads to changes in Wnt signaling. Fibronectin, a major ECM protein, regulates non-canonical 36 

Wnt signaling during embryogenesis in Xenopus and in muscle regeneration in mouse, whereas it modulates 37 

canonical Wnt signaling through modulation of β-catenin. Integrins, which act as Fibronectin receptors, also 38 

modulate Wnt activity, and Syndecan-4, an heparan sulphate proteoglycan, is able to regulate canonical and non-39 

canonical Wnt pathways, notably during embryogenesis. Other secreted ECM proteins have been recently associated 40 

to the regulation of Wnt signaling, albeit molecular mechanisms are still unclear. Wnt signaling, in particular the 41 

non-canonical Wnt pathway, plays a role in the regulation of the ECM assembly, whereas Wnt/β-catenin signaling 42 

regulates the expression of genes encoding ECM proteins and modulates focal adhesion dynamics, through the 43 

direct involvement of Wnt components. This evidence indicates that Wnt signaling and cell-ECM adhesion are two 44 

closely related processes, and alterations in this cross-talk might be involved in disease. 45 

 46 
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INTRODUCTION 55 

  56 

 Three decades since the beginning of the study of the Wnt (Wingless, Int1) signaling pathway have been 57 

celebrated, and a full account of the history behind the discoveries that led to the description of this signaling 58 

pathway has been published recently [1]. The Wnt family constitutes a large number of cysteine-rich secreted 59 

glycoproteins that regulate a variety of cellular processes such as development, homeostasis, regeneration, stem cell 60 

pluripotency, cell polarity and migration, [2,3]. The Wnt ligands bind to Frizzled receptors and activate signaling 61 

pathways in a context-dependent manner, depending on the availability of co-receptors. These co-receptors 62 

determine the specific intracellular proteins that will transduce the signal and the concomitant cellular events that 63 

will be elicited [3].  64 

 65 

 At least two main Wnt signaling pathways can be defined, depending on the ability to stabilize the β-catenin 66 

protein. The ‘canonical’ Wnt pathway, often referred as ‘Wnt/β-catenin pathway’, involves the binding of some 67 

members of Wnt ligands to Frizzled receptors and LRP5/6 co-receptors at the cell membrane, leading to the 68 

formation of multiprotein complexes known as ‘signalosomes’ [4]. This event leads to the mobilization of several 69 

intracellular proteins, including Axin and GSK3β [5]. Axin, APC and GSK3β, in absence of Wnt ligands, form a 70 

complex responsible of the degradation of the β-catenin protein by phosphorylation and ubiquitination; the Wnt 71 

stimuli induces the translocation of this complex to the plasma membrane, where becomes ‘saturated’ with 72 

phosphorylated β-catenin [6]. Newly synthesized β-catenin translocates to the nucleus and activates the transcription 73 

of target genes, together with members of the TCF/Lef family of transcription factors [7]. Several proteins regulate 74 

the Wnt/β-catenin signaling in the extracellular space, including the Dickkopf family of Wnt/β-catenin inhibitors 75 

and the R-Spondin family of Wnt/β-catenin agonists [reviewed in 8]. 76 

 77 

  A second branch of the Wnt signaling pathway, commonly defined as the ‘non-canonical Wnt pathway’, is 78 

independent from β-catenin stabilization, and rather involves several alternating and overlapping pathways [9]. The 79 

non-canonical Wnt signaling is involved in embryonic development, specially the ‘Wnt/PCP’ pathway [10]. The 80 

non-canonical Wnt pathway involves the interaction of a second group of Wnt ligands to Frizzled receptors, together 81 
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with several co-receptors, including Strabismus/Vangl2, Ryk, Ror2, Ptk7 [reviewed in ref. 3]. In addition, Glypican-82 

4 [11] and Syndecan-4 [12], two proteins belonging to the family of cell-surface heparan sulphate proteoglycans 83 

(HSPG) [13], also act as co-receptors for the non-canonical Wnt signaling [3, 11, 12]. The non-canonical Wnt 84 

pathway activates several intracellular proteins, including small GTPases Rho and Rac, JNK, CaMK and others 85 

[reviewed in 14]. Another non-canonical Wnt pathway involves the release and mobilization of intracellular calcium 86 

[9,14]. All these diverse (canonical and non-canonical) pathways, share some proteins, specially the Frizzled family 87 

of receptors, and Dishevelled, a scaffolding protein which binds to Frizzled receptors [15]. Dishevelled is involved 88 

in the scaffolding of intracelullar proteins playing functions in the Wnt pathway. For example, Dishevelled interacts 89 

with Axin, and together form large assemblies that can interact with the receptors at the cell membrane [4,16]. In 90 

turn, Axin binds to LRP5/6 [17], and this event allows LRP6 phosphorylation by GSK3β and CK1γ [18,19]. 91 

Dishevelled also interacts with the clathrin adaptor AP-2, and this interaction regulates the non-canonical Wnt 92 

signaling [20,21], and interacts with Daam-1, also regulating non-canonical Wnt signaling [22]. Hence, Dishevelled 93 

is a key component along the Wnt signaling axis. Adding another layer of complexity, Wnt ligands that activate the 94 

non-canonical pathway, most notably Wnt5a, are also able to activate the Wnt/β-catenin pathway, depending on the 95 

availability of specific proteins or receptor/co-receptor pairs [23,24]. 96 

 97 

 Great effort has been made in the last years to elucidate the molecular mechanisms regulating the Wnt 98 

signaling, and also to understand how a specific branch is activated by specific Wnt ligands. However, two main 99 

challenges remain in this area: a) to understand how this pathway becomes altered during pathological conditions, 100 

and b) how the pathway is regulated in vivo. In this review, we will summarize and analyze recent data involving the 101 

regulation of this important signaling pathway by cell-extracellular matrix (ECM) adhesion proteins. Recent reviews 102 

have been published regarding the regulation of the Wnt pathway by cell-cell adhesion proteins [25,26]. Also, the 103 

role of some secreted ECM proteins, such as Matrix Metalloproteinases (MMPs), has been reviewed recently [27] 104 

and will not be covered in this review.  105 

 106 

 107 

 108 
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1. Regulation of the Wnt pathway by cell-ECM adhesion proteins  109 

 110 

 The ECM is composed by several proteins, including Fibronectin (FN), Collagen, Tenascin, Elastin and 111 

HSPGs [28,29]. Cell-ECM adhesion structures are small, discrete regions in close contact to the substratum, with 112 

actin filament bundles connecting the ECM and the cytoskeleton. A diverse array of cell-ECM structures are defined 113 

by their size, components, structure and distribution, including nascent adhesions, focal complexes, focal adhesions 114 

(FA) and fibrillar adhesions, in a process of maturation [30-32]. Although several proteins are present at these cell-115 

matrix structures, a few of them are present at the cell membrane and directly interact with the ECM. They include 116 

members of the integrin family of ECM receptors [33]. Integrins are present as heterodimers, comprising one alpha 117 

(α) and one beta (β) subunit. Integrin heterodimers interact with Fibronectin, a secreted protein that assembles into 118 

long, fibrillar oligomers, as well as with other ECM proteins [33,34]. Several proteins regulate this process; among 119 

them Syndecan-4 (SDC4) has emerged as a key protein regulating integrin turnover [35,36]. Both integrins and 120 

SDC4 interact, via its cytoplasmic domains, with an array of intracellular components, including α-actinin, syntenin, 121 

synactin, PKCα and several others [for a complete list of interactions, see reviews 37, 38 and 39]. In this sense, cell-122 

matrix adhesions, and specially FAs, emerge as “signaling hubs”, since they comprises several proteins with diverse 123 

functions. Large-scale studies have analyzed these structures, often referred as “adhesomes”, and they comprise 124 

hundreds of proteins, all of them potentially capable to regulate signaling events inside the cell [38]. 125 

 126 

 A relationship between cell adhesion and Wnt signaling has been acknowledged for a long time; however, it 127 

was mainly focused in cell-cell adhesion, due to the multifunctional role of β-catenin in both biological events. β-128 

catenin is involved in the regulation of cell-cell contacts by interacting with cadherins, proteins that strongly 129 

regulates Wnt signaling [25,26]. However, the relationship between cell-ECM adhesion and Wnt signaling is less 130 

studied, although several lines of evidence suggest that regulation of Wnt signaling by cell-ECM adhesion structures 131 

may be a highly relevant biological process. These evidences arise mainly from studies of Wnt signaling in 132 

development, notably from reports on Xenopus laevis embryos, and from studies in mammalian cells to address the 133 

molecular mechanisms of diseases, such as cancer and fibrosis. Importantly, independent work from several groups 134 

has shown in the last ten years that main proteins involved in FAs -Integrins, SDC4 and Fibronectin- are involved in 135 
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the regulation of Wnt signaling through several mechanisms. 136 

 137 

1.1. Syndecan-4 as an important modulator of Wnt signaling. 138 

 139 

 SDC4 is an HSPG from the Syndecan family of type I transmembrane proteoglycans, which is involved in 140 

the physiology of focal adhesions. Early studies showed that SDC4 colocalized with focal adhesions [40], and more 141 

recent evidence show that SDC4 is required for β1-integrin turnover [35]; this process is dependent upon SDC4 142 

phosphorylation by Src [36]. Although SDC4 is not typically found in large ‘adhesome’ screenings, a plausible 143 

explanation argued recently relates this observation to the large size of the SDC4 extracellular domain [39]. 144 

 145 

 SDC4 heparan sulphate chains bind to FN through its heparin binding domains (HBD) [41]. However, the 146 

core protein of SDC4 can also possibly exert its functions in a GAG-independent fashion, due to a conserved 147 

domain present on its extracellular domain, involved in the interaction with β1-integrin [42]. Engagement of SDC4 148 

to FN activates Rac, regulating directional and persistent cell migration [43].  149 

  150 

 Our group showed that SDC4 regulates non-canonical Wnt signaling in Xenopus laevis development, 151 

providing a first evidence regarding the specific involvement of this FA component on Wnt signaling [12]. During 152 

Xenopus laevis early development, sdc4 is present in mesoderm and neuroectoderm, two tissues that will undergo 153 

convergent and extension (CE) movements, a process that is highly regulated by the non-canonical Wnt pathway 154 

[10]. Manipulation of Xenopus SDC4 (xSDC4) levels impairs CE movements, an effect which is rescued by a form 155 

of Dishevelled lacking the DIX domain involved in Wnt/β-catenin signaling, indicating that xSDC4 regulates CE 156 

movements through the non-canonical Wnt pathway [12]. Another group also showed that SDC4 regulates another 157 

process, neural crest migration, by a non-canonical Wnt pathway involving Rho and Rac [44].  158 

 159 

A molecular mechanisms to link SDC4 and non-canonical Wnt signaling was provided by a recent work 160 

showing that SDC4 binds R-Spondin 3. R-Spondin 3 is a member of the family of R-Spondin secreted proteins that 161 

synergize with Wnt ligands to enhance Wnt/β-catenin signaling [8]; however, the binding of R-Spondin 3 to SDC4 162 



 

 7 

induces activation of the non-canonical Wnt signaling in Xenopus laevis, by a clathrin pathway, in a Dishevelled-163 

dependent fashion, to activate JNK [45]. There is a second mechanism involving regulation of the Wnt pathway by 164 

SDC4. Wnt5a, a prototypical non-canonical Wnt ligand, induces SDC4 ubiquitination and degradation, also in a 165 

Dishevelled-dependent manner [46]. This effect is observed in Xenopus embryos and in mammalian cells. 166 

Furthermore, SDC4 induces Dishevelled translocation to the cell membrane, and SDC4 itself is able to interact with 167 

Dishevelled in HEK293 cells [12]. It seems likely that SDC4 regulation of non-canonical Wnt pathway may involve 168 

interactions with several ligands and intracellular partners. 169 

 170 

The data mentioned above indicates that SDC4 regulates non-canonical Wnt signaling in Xenopus laevis. 171 

Recent evidence shows that SDC4 can also regulate non-canonical Wnt signaling in mice. Bentzinger and coworkers 172 

reported that SDC4 form a complex with Frizzled-7, to transduce the signal initiated by Wnt7a and FN, through a 173 

non-canonical pathway, in satellite cells [47]. In addition, a recent work from our laboratory shows that SDC4 174 

interacts genetically with Vangl2 to regulate neural tube closure [48]. Furthermore, SDC4 knockout mice, after 175 

detailed examination, also exhibit defects associated with alterations of the non-canonical Wnt pathway, including 176 

loss of orientation in the sensory hair cells from the inner ear, a hallmark of non-canonical Wnt deregulation [49]. 177 

Genetic interaction between SDC4 and Vangl2 induces an increase in occurrence of spina bifida in mice [48], 178 

revealing the importance of SDC4 regulation of the pathway and its possible clinical relevance. Of note, regulation 179 

of Wnt signaling by SDC4 may not be limited to the non-canonical pathway, since binding of SDC4 to Dishevelled 180 

may also influence the Wnt/β-catenin pathway. In addition, HSPG chains in SDC4 may bind Wnt ligands and 181 

modulate Wnt signaling. It has been reported that, in low serum conditions, HSPG maintain Wnt3a solubility, 182 

preventing its aggregation and stabilizing Wnt activity [50], supporting the notion that HSPG chains, like the GAG 183 

chains present in SDC4, may modulate alternative Wnt pathways.  184 

 185 

 Collectively, these data suggest that SDC4 may be a relevant modulator of the Wnt signaling. Although other 186 

HSPG may also regulate Wnt signaling, the established role of SDC4 in cell-matrix adhesion opens the possibility 187 

that cell-ECM adhesion may impinge in Wnt signaling pathways (see Figure 1). 188 

 189 
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1.2. Fibronectin in Wnt signaling 190 

 191 

 Integrins and FN are among the main proteins present in cell-matrix adhesion structures. It is known that both 192 

proteins are involved in regulation of non-canonical Wnt signaling, in a great extent due to studies performed in 193 

Xenopus laevis embryos. At the onset of the gastrulation during Xenopus development, a group of mesodermal cells 194 

from the dorsal marginal zone, at the tip of the dorsal blastopore, begin to migrate along a substrate composed by a 195 

layer of FN [51,52]; this migration along the inner roof of the blastocoele is supported by the expression of 196 

Integrins. The non-canonical Wnt pathway regulates convergence and extension (CE), the collective movements that 197 

allow the massive rearrangements of cells during gastrulation [10]. FN and Integrins plays a role in regulating non-198 

canonical Wnt signaling in the tissues involved in CE movements, suggesting a cross-talk between cell adhesion and 199 

Wnt signaling.  200 

 201 

 Blockage of FN fibrillogenesis in Xenopus by using blocking antibodies or antisense morpholinos, impairs 202 

CE movements [53,54]. FN is permissive to the localization of Dishevelled at the plasma membrane [53], and also 203 

regulates polarized cell division and polarized cell protrusions, processes regulated by the Wnt pathway [53-55]. 204 

Concomitantly, the impairment of FN function, either by knockdown using morpholinos or by blockage of FN 205 

fibrillogenesis using antibodies, induces severe changes in gastrulation, slowing CE and dorsal axis extension [54]. 206 

It has been proposed that the main function of FN during mesodermal migration is the control of cell protrusive 207 

activity [56], event that is regulated by the non-canonical Wnt pathway [57]. However, later studies showed that 208 

morphogenetic movements are sensitive to the physical state of FN; fibrillar FN is required for oriented cell division 209 

and protrusive activity, but dispensable for CE movements, establishing a differential role of FN, depending on its 210 

assembly state [55]. Furthermore, the main approach to study FN requirement on morphogenetic movements 211 

consisted in the use of blocking antibodies, usually targeting the CCBD (central cell binding domain) of FN, which 212 

contains the RGD site for binding to integrin. Hence, FN seems to regulate gastrulation movements through 213 

mechanisms dependent on both cell adhesion and FN assembly, and additional interactions mediate mesodermal cell 214 

adhesion to the blastocoel cell roof. It must be noted, however, that a mechanistic explanation for FN regulation of 215 

morphogenetic movement through regulation of non-canonical Wnt signaling is still missing in this model system. 216 
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 217 

 A possible mechanism to explain the regulation of the non-canonical Wnt pathway by FN is provided by 218 

studies in mammalian cells. Recently, it was demonstrated a novel function for FN during satellite cell biology [47]. 219 

FN, together with Wnt7a, binds to a receptor complex composed by SDC4 and Frizzled-7 (FZD7); this event 220 

induces Wnt7a signaling, through a non-canonical pathway, regulating the symmetric division of satellite stem cells. 221 

Furthermore, the authors show that, after muscle injury, FN expression is induced, indicative of a transient fibrosis. 222 

In vivo experiments demonstrated that FN is required for satellite stem cell maintenance and expansion in muscle 223 

tissue. These results support a model whereby FN regulates the non-canonical Wnt pathway through binding of Wnt 224 

ligands to a receptor complex, activating intracellular cascades leading to changes in cell behaviour.  225 

  Whether the mechanisms described in mammals also are present during Xenopus gastrulation is unknown; 226 

however, it seems plausible that SDC4 and FZD7 can contribute to the effects of FN upon non-canonical Wnt 227 

signaling in Xenopus, considering the data previously discussed [12]. 228 

It has also been observed that FN can modulate β-catenin activity through a pathway involving Src kinase 229 

in Natural Killer (NK) cells, to promote NK survival [58]. In NK cells, FN binds to CD11b receptor, which then 230 

binds and activates Src. This event leads to the interaction between Src and β-catenin, which triggers β-catenin 231 

phosphorylation at Ser675, and nuclear translocation of β-catenin. Independent work shows that phosphorylation of 232 

β-catenin at Ser675 promotes β-catenin transcriptional activity [59]. However, whether the regulation of β-catenin 233 

by FN in NK cells results in increased Wnt/β-catenin signaling is not addressed by Zheng and coworkers, but 234 

provides a potential mechanism to regulate this pathway by the ECM.  235 

 FN has more than 50 splice variants [60]. One of these variants, the embryonic EDA (EIIIA), is expressed 236 

during wound healing. Primary dermal fibroblasts from wounds have increased active β-catenin, which correlates 237 

with increased TCF reporter activity in these cells when cultured on FN [61]. However, β-catenin activity is 238 

decreased in cells in wounds from Fn Eda -/- mice, and the defective phenotype observed in these animals could be 239 

rescued with pharmacological activation of β-catenin. Collectively, these data indicates that FN can regulate Wnt 240 

signaling by diverse mechanisms, depending on the cell type, availability of receptors/co-receptors, and Wnt 241 

ligands.  242 

 243 
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1.3. Integrins in Wnt signaling 244 

 245 

 Several Integrins are also able to regulate Wnt signaling, through mechanisms that are also diverse, 246 

depending on the presence of other ECM proteins and the cell type. For example, the increase of the transcriptional 247 

activity of β-catenin induced by FN in primary dermal fibroblasts is dependent on β1-integrin [61], since lack of β1-248 

integrin abrogates the activation of β-catenin induced by FN, indicating that a β1-integrin-mediated pathway is able 249 

to regulate β-catenin activity. One mechanism is provided by a work showing that Grb2, a protein with multiple 250 

adaptor functions, regulates Wnt/β-catenin signaling by binding to Dishevelled [62]. When cells are plated upon 251 

Collagen, Grb2 and Dvl2 strongly synergize to activate the Wnt/β-catenin pathway. In line with these results, a 252 

dominant negative form of Grb2 abrogates Wnt signaling. FAK overexpression cooperates with Wnt3a to enhance 253 

Wnt signaling, suggesting a role of FAK in the regulation of the pathway by Grb2. Of note, Grb2 acts downstream 254 

β-catenin to enhance the Wnt/β-catenin signaling, and requires JNK and Rac, two cytoplasmic proteins involved in 255 

non-canonical Wnt signaling. These evidences suggest that β1-integrin may activate alternative pathways to 256 

modulate Wnt signaling at the nuclear level. 257 

 258 

 A second mechanism by which Integrins can regulate the Wnt/β-catenin pathway could involve regulation of 259 

β-catenin levels through cross-talk with other signaling pathways. For example, in epithelial cells expressing α3β1-260 

integrin, which bind to Laminin, a complex between phosphorylated Smad2 and phosphorylated β-catenin at Tyr654 261 

is formed in response to TGFβ1; this event depends on the turnover of α3-integrin together with the TGFβR1 and E-262 

Cadherin [63]. A third mechanism may involve direct regulation of components of the Wnt pathway. Such a 263 

mechanism is provided by a report showing that β1-integrin engagement to Collagen Type I induces GSK3β 264 

phosphorylation and promotes nuclear translocation of β-catenin and an increase of Wnt/β-catenin signaling [64]. 265 

However, authors do not provide a molecular mechanism linking β1-integrin engagement and GSK3β inactivation. 266 

 267 

 Another mechanism, which is supported by several studies, links β1-integrin to Wnt/β-catenin signalling, 268 

through the Integrin-linked kinase (ILK) protein. Early studies showed that overexpression of ILK in epithelial cells 269 

results in translocation of β-catenin to the nucleus [65] and inhibitory GSK3β phosphorylation [66]. Furthermore, 270 
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ILK co-immunoprecipitates with APC and GSK3β, and its activity is required for the activation of the Wnt/β-271 

catenin pathway by Wnt3a in several cell lines, including the commonly used HEK293 and L-Cells [67]. Of interest, 272 

ILK also interacts with Dishevelled [68]. However, it is not completely clear whether the kinase activity of ILK is 273 

required for the regulation of β-catenin activity, since GSK3β phosphorylation is not altered in Ilk -/- fibroblasts 274 

[69]. Furthermore, mutations in ILK to disrupt its kinase activity result in loss of interactions with additional 275 

partners [70]. Also, regulation of E-Cadherin levels can also explain part of the effects of ILK. It is possible that ILK 276 

may function in specific cell types, when subjected to changes in the surrounding ECM environment. 277 

 278 

  The evidence mentioned so far suggests that β1-integrin activates Wnt/β-catenin signaling through regulation 279 

of intracellular components, such as GSK3β phosphorylation via ILK activity, direct interaction between ILK and 280 

components of the pathway, and cross-talk with other intracellular signaling proteins (TGFβ1/Smad2). Less 281 

information is available regarding a role of integrins in the regulation of the non-canonical Wnt pathway. Binding of 282 

FN to β1-integrin is permissive to the translocation of Dishevelled to the membrane in explants from the dorsal 283 

marginal zone from Xenopus embryos [53]. Furthermore, β1-integrin regulates proper protrusive activity in cells 284 

undergoing mediolateral intercalation movements in Xenopus, in a process requiring ligation to FN, event that 285 

promotes polarized protrusions by suppressing random protrusions [54]. However, direct regulation of non-286 

canonical Wnt signaling in this system is still speculative. Data gathered from studies in mammalian cells is also 287 

scarce. It is known that, during epithelial-mesenchymal transition (EMT), MDCK cells increase the expression of 288 

Wnt5a together with several integrins heterodimers; this event is also characterized by a decrease in Wnt/β-catenin 289 

activity [71]. Whether increased Integrin expression and increase of non-canonical Wnt signaling mediated by 290 

Wnt5a are two related processes, is unknown. However, considering that increased migration and invasiveness is a 291 

hallmark of EMT, it is interesting that Frizzled-2 (FZD2) localizes at adjacent puncta with β1-integrin, and that 292 

FZD2, APC and Dishevelled colocalize with focal adhesions, and stimulate focal adhesion dynamic in response to 293 

Wnt5a [72], suggesting that β1-integrin is related with focal adhesion turnover through the non-canonical Wnt 294 

pathway. Also, these results suggest that β1-integrin can regulate Wnt/β-catenin or non-canonical Wnt signaling, 295 

depending on the cell type (ephitelial versus mesenchymal). In summary, FN and Integrins regulate Wnt signaling 296 

through several mechanisms, including regulation of intracellular Wnt components, cross-talk with other signaling 297 
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pathways, and direct regulation of β-catenin activity by regulation of GSK3β or other kinases (Figure 1). 298 

 299 

1.4. Other ECM molecules 300 

 301 

 Collagen is a family of ECM secreted proteins. More than 40 genes encode for proteins that can form at least 302 

28 different Collagen subtypes [73]. Several integrins act as receptors for Collagen, through binding to multiple 303 

domains [73]. Two recent studies from independent groups have shown that Collagen Type I (Col1) regulates the 304 

activity of β-catenin. In pancreatic cancer cell lines, Col1 binding to β1-integrin activates Src, inducing FAK 305 

activation, association of FAK with the E-Cadherin complex, and translocation to the nucleus of β-catenin and 306 

increased TCF/Lef activity, by a mechanism independent of GSK3β [74]. These effects are not observed in cells 307 

cultured on Fibronectin, ruling out that increased adhesion, instead of features found in Col1, induce β-catenin 308 

activation. A second group observed a similar phenomenon in gastric carcinoma cells, where Col1 also promoted E-309 

Cadherin/β-catenin disassembly, β-catenin phosphorylation and increase of cyclin-D1 (a transcriptional target of β-310 

catenin) mRNA [75].  311 

 312 

 How Col1 exactly induces β-catenin activation through Integrins is unknown. An interesting discovery, 313 

however, is provided by two recent articles [76,77], showing that Collagen XVIII (Col18) harbors a CRD domain, 314 

with identity to the CRD domain found in Frizzled receptors, and also found in other Wnt receptors [3], providing a 315 

second mechanism by which Collagens can potentially regulate the Wnt signaling. In this case, an amino-terminal 316 

end variant of Col18, termed V3C18, is presented at the cell membrane, proteolytically processed, releasing a 317 

soluble protein containing a CRD module (FZC18), which binds Wnt3a and attenuates the Wnt/β-catenin pathway 318 

[76]. The authors find a negative correlation between the processed form of V3C18, FZC18, and Wnt/β-catenin 319 

signaling, since liver tumors, but not normal samples, were positive for FZC18. Later, the same group demonstrated 320 

that FZC18 also binds Frizzled-1 and Frizzled-8, reduces sensitivity to Wnt3a in HEK293T cells, and binds Wnt3a 321 

in a cell-free system [77]. 322 

 323 

 Less known is the role of other ECM components in the regulation of Wnt signaling. For example, the role of 324 
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Laminin, a key component of the ECM, is less studied. A recent work reported that Laminin-511, a major α5-325 

containing Laminin isoform expressed in developing and adult organs, inhibits Wnt/β-catenin signaling. In the 326 

intestinal tissue lacking lama5, the gene encoding for the α5 subunit of Laminin, the expression of Wnt target genes 327 

was increased, and culture of cells on Laminin-511 repressed TCF activity [78]. Although a mechanism is not 328 

provided, authors suggest that Integrins may mediate the inhibitory effect of Laminin-511. In this direction, the 329 

finding that Wnt/β-catenin signaling is decreased in α3β1-integrin (a receptor for Laminin-5) null duct epithelial 330 

cells, further supports a role of Laminin in regulating the Wnt signaling [79]. Of note, in kidneys from lama5 null 331 

embryos, there is a loss of wnt7b expression, as well as in kidneys from α3-integrin embryos [79]. Another family of 332 

proteins from the ECM is comprised by the Tenascins. Tenascin-C (TN-C) was the first member of the family 333 

described [31]. TN-C expression correlates with nuclear β-catenin in colorectal tumor cells, and is also expressed in 334 

these cells [80]. TN-C inhibits Wnt/β-catenin signaling in oligodendrocytes cultured on plates coated with TN-5 335 

[81]. However, in MCF-7 cells, TN-C induced the mobilization of β-catenin from the membrane to the cytosol, as 336 

well as E-Cadherin [82], although Wnt/β-catenin signaling was not evaluated. In T98G glioblastoma cells, in 337 

addition, TN-C decreases Dkk1 (Dickkopf-1, a canonical Wnt inhibitor) levels, and Wnt/β-catenin signaling is 338 

increased [83]. Collectively, these data indicates that TN-C can have opposite effects upon Wnt/β-catenin signaling, 339 

depending on the cell type. Periostin (POSTN) is an ECM molecule involved in several biological processes, 340 

including tissue regeneration and homeostasis, and cancer invasion [84], and may also regulate Wnt/β-catenin 341 

signaling, since it has been shown that Postn deficiency impairs β-catenin activity [85], evaluated by the reporter 342 

TOPGAL mice. This function of POSTN likely involves the inhibition of Sclerostin (SOST), a known negative 343 

Wnt/β-catenin regulator [86], in response to parathyroid hormone (PTH), since defects in the Postn -/- mice are 344 

partially rescued by blocking antibodies for SOST, and Sost downregulation induced by PTH and mediated by 345 

POSTN, is lost in Postn -/- mice.  Since POSTN interacts with Fibronectin and TN-C [see 84], it is a possible that 346 

the simultaneous presence of different secreted ECM proteins may regulate Wnt signaling by different mechanisms.     347 

 348 

 In summary, recent literature has expanded our view regarding the link between cell-ECM adhesion 349 

molecules and Wnt signaling. Although more attention has been devoted to cell-cell adhesion and Wnt signaling, 350 

particularly due to the role of β-catenin in both biological processes, now it is clear that cell-cell and cell-matrix 351 
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adhesion can even share molecules and mechanisms to regulate Wnt signaling. For example, most data regarding 352 

regulation of Wnt/β-catenin signaling by Integrins and Collagen-I point to the role of release of the ‘membrane’ pool 353 

of β-catenin through regulation via ILK; however, the function of FN and SDC4, mainly in the non-canonical Wnt 354 

pathway, seems to involve direct interaction and regulation of Wnt components, such as FZD7, Wnt ligands or 355 

Dishevelled, pointing also to a more direct effects of ECM components upon specific Wnt transducers (Figure 1).  356 

 357 

2. Regulation of ECM proteins by Wnt signaling 358 

 359 

2.1. ECM biosynthesis 360 

 361 

 Wnt signaling can play an important role in regulating the ECM. In particular, the Wnt/β-catenin pathway 362 

seems to directly activate ECM biosynthesis, since several Wnt target genes encode for ECM components and 363 

proteins involve in ECM regulation. Perhaps the most prominent case is FN, because it is involved in the regulation 364 

of both Wnt pathways, providing a ‘feedback loop’. Two independent studies showed that the Wnt/β-catenin 365 

pathway induces Fn expression. In the work of Gradl and coworkers [87], it was shown that Fn is induced in 366 

fibroblasts, but not in kidney epithelial cells, where the Fn promoter is silenced, and regulatory elements in the Fn 367 

promoter were identified [87]. A second report showed that, in fibroblast-like synoviocytes, Fn expression is 368 

induced under transfection of Wnt-1 [88].  369 

 370 

 Fibrotic diseases are characterized by an excessive production of several ECM components, including FN 371 

and Collagens, including Collagen Type I [89]. The Wnt/β-catenin pathway is involved in fibrotic disorders, as 372 

several reports have demonstrated [for a recent review, see 90]. In several diseases, including idiopathic pulmonary 373 

fibrosis, liver fibrosis, systemic sclerosis and renal fibrosis, there is a correlation with increase of Wnt/β-catenin 374 

signaling or expression of canonical Wnt proteins [90]. Wnt/β-catenin activation promotes Renal Interstitial 375 

Fibrosis, ureteral obstructive injury induce Wnt/β-catenin activation in renal tubular epithelial cells, inducing Fn 376 

expression, and treatment with the Wnt inhibitor Dkk1 decreased FN and Col1 expression and deposition [91]. Also, 377 

in mice expressing stabilized β-catenin in fibroblasts, there is a fibrotic response characterized by accumulation of 378 
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Collagen and differentiation of fibroblast into myofibroblasts, and increased nuclear β-catenin is observed in 379 

fibroblasts from Systemic Sclerosis (SSc) skin biopsies [92].  380 

 381 

 Other reports also show similar effects of Wnt/β-catenin activation and a fibrotic response [90]. The 382 

involvement of Wnt/β-catenin signaling in fibrosis seems to be mediated by the TGFβ1 pathway. For example, in a 383 

recent report, the inactivation of β-catenin transcriptional activity impaired the TGFβ1-induced expression of several 384 

ECM genes, such as Fn and Col1, by a Smad-independent mechanism, in human kidney tubular epithelial cells [93]. 385 

At the mechanistical level, decreased Dkk1 expression is observed in biopsies from SSc patients, while Wnt1 and 386 

Wnt10b are upregulated [94]. A transgenic mouse overexpressing Dkk1 is resistant to pharmacological induction of 387 

fibrosis, and stimulation of dermal fibroblasts with TGFβ reduced Dkk1 expression via the p38 mitogen-activated 388 

kinase [94]. In addition, the inhibition of β-catenin markedly inhibited TGFβ1-induced expression of ECM genes 389 

and FN production, in airway smooth muscle cells [95]. In summary, increased Wnt/β-catenin seems to be a 390 

hallmark of several fibrotic disorders, and this pathway may mediate the profibrotic signals elicited by TGFβ 391 

through Smad-independent mechanisms, that include reduction of Wnt/β-catenin antagonist Dkk1. It must be noted, 392 

however, that the non-canonical Wnt ligand, Wnt5a, has also been related to the TGFβ-induced fibrosis in airway 393 

smooth muscle cells in a very recent report [96]. It is evident that more research is needed to reconcile all the recent 394 

data, including apparently opposite results, to understand the complex molecular mechanisms relating the Wnt 395 

signaling to the ECM synthesis and misregulation in fibrotic disorders.  396 

 397 

2.2. ECM assembly 398 

 399 

 Regulation of ECM proteins by the Wnt pathway is not limited to fibrosis. Genes associated with the non-400 

canonical (Wnt/PCP) Wnt pathway, including Xpk (prickle), Xstbm (strabismus) and Xfzd7 (frizzled-7), regulates the 401 

matrix deposition during the development of Xenopus laevis [97]. As mentioned previously, the migration of 402 

mesodermal cells proceeds upon a layer of FN, which is deposited at the beginning of the gastrulation [52]. 403 

However, when Xpk, Xstbm and Xfzd7 are overexpressed, FN disorganization and random assembly of fibrils is 404 

observed. These results unveiled a previously unknown function of these PCP genes in providing molecular cues for 405 
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the polarized assembly of FN fibrils along the surface of the mesoderm. FN fibrils are required for cell polarization; 406 

however, the incubation of explants from embryos over-expressing Xstbm and Xfzd7, in an exogenous FN matrix, 407 

does not rescue the defects in mediolateral cell polarization, evaluated by random versus polarized cell protrusive 408 

activity. These results hallmark the role of FN discussed previously in regulating Wnt signaling.  409 

A second report employed animal cap explants from Xenopus embryos to study the effect of the non-410 

canonical Wnt ligand Wnt11 on FN assembly; explants from embryos expressing a dominant negative Wnt11 411 

(dnWnt11) failed to assembly FN fibrils across the surface of the explant [98]. FN fibril assembly was rescued in 412 

dnWnt11-expressing embryos when a Dishevelled mutant, lacking the DIX domain involved in Wnt/β-catenin 413 

signaling, was coinjected, which indicates that the effect of Wnt11 is mediated through the non-canonical Wnt 414 

pathway.  415 

  416 

2.3. Focal adhesion dynamics 417 

 418 

 A third layer of regulation is provided by the direct role of Wnt proteins in cell-matrix adhesion events, and 419 

where the most studied is Dishevelled. Dishevelled directly participates in FA biology. Dishevelled is present in 420 

focal adhesions, where colocalizes and interacts with Actin, Paxillin and ILK [68]. Dishevelled translocates to the 421 

membrane in response to SDC4 overexpression, and co-immunoprecipitation with SDC4 is enhanced by FN [12]. 422 

Furthermore, Dishevelled, together with APC, directly contributes to focal adhesion turnover induced by Wnt5a 423 

[72]. Dishevelled localizes at focal adhesions in early steps of cell adhesion, interacts with APC and, in response to 424 

Wnt5a, both Dishevelled and APC localizes at the cell periphery. Furthermore, Dishevelled regulates focal adhesion 425 

dynamics in response to Wn5a, and localizes in close proximity to β1-integrin. Based on co-immunoprecipitation 426 

and microscopy assays, the authors propose a model for the regulation of focal adhesion turnover, where 427 

Dishevelled binds to FAK, and APC binds to Paxillin; Frizzled-2 (FZD2), which interacts with α2-integrin, also 428 

localizes at the focal adhesion, and the FZD2/Dishevelled/FAK complex, together with the Integrin/Paxillin/APC 429 

complex, promote focal adhesion dynamics [72]. 430 

 431 

 432 
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2.4. Mechanisms of ECM-Wnt cross-regulation. 433 

 434 

 How the different lines of investigation and types of ECM regulation by Wnt proteins can be reconciled in a 435 

specific model remains an open question. We may speculate that Wnt signaling differentially regulates ECM 436 

biosynthesis and cell adhesion depending on the expression of specific Wnt ligands, receptors and co-receptors at 437 

the plasma membrane and intracellular modulators. When ‘canonical’ Wnt proteins are present, ECM biosynthesis 438 

may be favoured, through changes in gene expression; however, failure of cells in controlling canonical Wnt activity 439 

may result in fibrotic disorders. Such a failure may be due to the lack of specific receptors mediating hypothetic 440 

inhibitory signals from ECM proteins. In this scenario, proper ‘negative feedback loops’ should be a key regulatory 441 

mechanism to avoid pathological responses induced by ECM biosynthesis (see Figure 1).  442 

 Since non-canonical Wnt signaling has been more linked to cell behaviour instead of gene expression, this 443 

pathway may control proper ECM assembly during development, rather than controlling ECM biosynthesis, 444 

especially for FN [97,98]. Focal adhesion dynamic at the cell membrane, induced by Wnt5a and other non-canonical 445 

components, can regulate the availability of integrins and other ECM receptors, essential for proper FN assembly. 446 

Assembled FN matrices may promote cell migration and polarized protrusive activity, which involve recycling of 447 

ECM receptors, sustaining a continuous cycle. Since focal adhesion dynamic is mediated by shared components of 448 

the Wnt pathway, such as APC, Dishevelled and Frizzled receptors, it is likely that only one Wnt pathway can 449 

operate in ECM regulation at a given time. Specific features may depend on the cell type, developmental stage, or 450 

even activating mutations of the Wnt/β-catenin pathway.  451 

      452 

  The knowledge gathered in the last years strongly suggests that Wnt signaling regulates several aspects of 453 

ECM biology, such as ECM biosynthesis, with implications in pathology and aging, focal adhesion turnover, and 454 

ECM organization during development. This also indicates that the Wnt pathway and the ECM are two biological 455 

processes in continuous interaction, and it is possible that some key steps of this mutual cross-talk may be 456 

interrupted in disease. 457 

 458 

 459 
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3. Matrix elasticity and Wnt signaling 460 

 461 

 Evidence accumulated recently shows that cells can respond to physical changes in their surrounding ECM, 462 

and mechanical cues can direct specific responses, including differentiation to specific lineages, in stem cells 463 

[reviewed in 99]. The manipulation of matrix stiffness, to mimic the elasticities found in normal tissues, regulate the 464 

fate decision of human mesenchymal stem cells (hMSC). Culture of hMSC in softer matrices (0.1-1 kPa), that 465 

mimic the elasticity found in brain tissue, induced hMSC differentiation into neurons, whereas culture in stiffer 466 

matrices, mimicking muscle (8-17 kPa) and collagenous bone (25-40 kPa) induced differentiation of hMSCs into 467 

myogenic and osteogenic phenotypes, without the addition of differentiation factors [100]. This feature of MSC may 468 

be shared with committed cells, because muscle stem cells cultured in soft substrates, with an elasticity similar to the 469 

muscle, underwent self-renewal and were more efficient in terms of muscle regeneration when were transplanted 470 

into mice [101]. Topological changes, cell shape and mechanical forces are also involved in stem cell fate decision 471 

[100]. However, molecular mechanisms linking matrix stiffness to cell fate decision and signaling events are just 472 

starting to emerge. The Wnt pathway, involved in cell fate decisions during embryogenesis, may provide a 473 

mechanism to explain the behaviour of stem cells in response to changes in matrix stiffness. A recent report related 474 

changes in matrix stiffness and Wnt signaling, via regulation of Dickkopf expression [102]. Barbolina and 475 

colleagues used endothelial ovarian cancer (EOCs), which anchor to a collagen matrix during metastasis, and 476 

matrices with different elasticities, and 2D versus 3D cultures. The authors found that dkk1 expression was strongly 477 

down-regulated in 3D cultures. Furthermore, 3D-Col1 cultures induced β-catenin translocation to the nucleus and 478 

increased transcriptional activity. Expression of Membrane type-I matrix metalloproteinase (MT1-MMP) was 479 

upregulated in these cultures, providing a mechanism to explain increased invasiveness of EOCs. However, since 480 

dkk1 itself is a Wnt -induced target gene [103,104], regulation of Dkk1 may also represent a secondary response that 481 

follows a first wave of Wnt regulation by the ECM matrix. Changes in matrix rigidity may also be involved in TGF-482 

β1 induced Wnt activation in calcific aortic valve disease, since myofibroblasts exhibited increased nuclear β-483 

catenin in response to TGF-β1, when cultured in substrates of increasing stiffness [105]. 484 

  485 

 Matrix elasticity influences cell-matrix adhesion distribution, structure and dynamics [106]. Hence, ECM 486 
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proteins are bona-fide proteins to explain changes in cellular events inducing different transcriptional programs 487 

leading to differentiation. Future studies may help to unveil molecular mechanisms linking ECM proteins to Wnt 488 

signaling in response to changes in matrix elasticity. Some recent results shed light into possible mechanisms. 489 

Murikipudi and colleagues reported that endothelial cells (ECs) cultured in stiff 3D matrices, expressed less 490 

perlecan and biglycan (two HSPG), Fn, itga5 (α5-integrin), itgb1 (β1-integrin) and collagen-IV, and increased 491 

expression of elastin and tissue inhibitors of matrix metalloproteinases (timp1 and timp2), compared with softer 3D 492 

matrices, affecting ECs growth [107]. A second mechanism is provided by the recent discovery of YAP and TAZ as 493 

mediators of mechanic cues, regulating signaling pathways [108]. Although the role of YAP and TAZ is beyond the 494 

scope of this review (for a recent review see ref. 109), it must be highlighted that recent evidence shows that these 495 

transcription factors exerts their effects as mechanotransducers in a Hippo-independent fashion [108]. Furthermore, 496 

YAP/TAZ mediate Wnt/β-catenin signaling by Hippo-independent mechanisms [110,111] and involving direct 497 

interaction with Wnt components, such as the β-TrCP ubiquitin ligase present at the β-catenin destruction complex 498 

[110], and β-catenin itself [112]. Also, a cross-talk between the Hippo and Wnt pathways is reported [113, 114]. 499 

These evidences support the interesting possibility that matrix elasticity and ECM proteins may induce signaling 500 

events through a novel Wnt/YAP/TAZ pathway, and current efforts of several groups are helping to uncover this 501 

new relationship between mechanical cues, signaling pathways and cell behaviour.    502 

 503 

 Therefore, the study of matrix stiffness and its relationship with Wnt signaling may help to understand 504 

pathological processes and to develop new therapeutic strategies. Since changes in matrix elasticity are commonly 505 

observed in cancer [114], further research on matrix-ECM cross-talk will help to increase the array of tools to 506 

address clinical challenges. Of note, some recent articles shed light into the possible mechanisms linking ECM 507 

proteins, Wnt and cancer.  Two relevant articles show that cancer cells produce ECM proteins, and these proteins 508 

play a role in the tumorigenic process. Oskarsson and colleagues [115] showed that breast cancer cells produce TN-509 

C, which behaves as a metastatic molecule to facilitate the colonization of the lung by these cells, and that TN-C 510 

induces the expression of LGR5, a receptor for the R-Spondin family of agonists of the Wnt/β-catenin pathway 511 

[116]. Although the study by Oskarsson and colleagues does not fully address the regulation of the Wnt pathway by 512 

TN-C in this scenario, it seems likely that TN-C may sensitize breast cancer cells to low levels of R-Spondin 513 
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ligands. In fact, R-Spondin gene fusions have been associated with colon cancer [117], and R-Spondin2 is required 514 

for lung morphogenesis [118], suggesting that circulating R-Spondin may activate Wnt/β-catenin signaling in breast 515 

cancer cells with increased LGR5 expression induced by secreted TN-C. A second study shows that POSTN is 516 

required by cancer stem cells to initiate lung colonization [119]. POSTN is a stromal niche component, and its 517 

expression by fibroblasts is induced by infiltrating cancer cells, and is required for the cancer stem cell maintenance. 518 

At the mechanistic level, POSTN binds Wnt ligands (Wnt3a and Wnt1), increasing Wnt/β-catenin signaling. It must 519 

be noted that the studies by Oskarsson [115] and Malanchi [119] does not address the relevance of matrix stiffness, 520 

it seems reasonable that changes in matrix stiffness may increase local concentrations of ECM proteins or sensitize 521 

cells to mechanical stimulus, by regulating Integrin activity. Nonetheless, these works show how ECM proteins may 522 

be involved in the establishment of tumours through regulation of Wnt signaling, and future studies relating these 523 

and other ECM proteins to matrix stiffness will be of great value to unveil new therapeutic avenues for cancer 524 

treatment. 525 

 526 

4. Concluding remarks 527 

 528 

 A new picture is emerging in the last years, with the increasing number of studies linking cell-ECM adhesion 529 

and Wnt signaling. Several molecules that regulate Wnt signaling are also ECM components and Wnt signaling 530 

regulates the expression of several ECM genes. At the same time, the attachment of cells to the matrix induces 531 

changes in intracellular proteins that play functions in Wnt signaling. Subtle differences in matrix stiffness or 532 

composition may regulate Wnt signaling. Considering the complexity of the processes involved, it is not surprising 533 

this level of cross-regulation between seemingly separate biological events, and impairment of any of the steps 534 

involved may underlie the establishment of pathological conditions. Therefore, appropriate understanding of the 535 

molecular mechanisms relating cell-matrix adhesion and Wnt signaling is required. Careful consideration must be 536 

given to focal adhesion components, since some of them participate in Wnt signaling and cell adhesion. Turnover of 537 

focal adhesion proteins may be the critical point relating both biological processes. Internalization and recycling of 538 

adhesion receptors proceed through the same pathways employed by Wnt signaling, providing another crossroad.  539 

 Future work on this topic will allow to understand the molecular basis of Wnt signaling, cell-matrix adhesion, 540 
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and the processes impaired in fibrotic and carcinogenic disorders, providing alternatives for therapeutic strategies 541 

that will be valuable in the near future.  542 

 543 
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FIGURE LEGENDS 594 

 595 

Figure 1. Cross-talk between cell-matrix adhesion proteins and Wnt signaling. 596 

 597 

(1) Secreted proteins present in the Extracellular Matrix bind to receptors at the cell surface. (2) Fibronectin binds to 598 

Syndecan-4 and regulates non-canonical Wnt signaling, although the exact mechanisms are unknown and likely 599 

involve other secreted proteins, such as R-Spondin 3, and non-canonical Wnt ligands such as Wnt5a or Wnt7, in a 600 

Dishevelled-dependent manner. FN and Collagen also binds to α5β1-integrin, which regulates ILK function. (3) 601 

ILK, in turns, is able to directly inhibit GSK3β, inducing its phosphorylation, and also interacts with components 602 

from the Wnt/β-catenin pathway, possibly titrating such proteins from the signalosomes. (4) Collagen and Laminin 603 

are also able to bind to other integrins, such as α3β1 in epithelial cells, to activate intracellular cascades leading to 604 

disruption of E-Cadherin/β-catenin complexes, increasing β-catenin levels. (5) β-catenin can also interact with 605 

Smad2 phosphorylated after activation by TGFβ1. (6) Nuclear β-catenin can then activate the transcription of Wnt 606 

target genes. (7) Some of the Wnt target genes can also play a role in fine-tuning the cell-matrix adhesion and Wnt 607 

crosstalk. These genes include fibronectin and dickkopf-1. FN and Dkk1 can regulate Wnt signaling, providing a 608 

feedback loop mechanism. (8) Secreted ECM proteins may also be able to bind to Wnt proteins; for example, the 609 

FZC18 protein, derived from a cryptic CRD domain found in Collagen-18, can bind Wnt proteins and regulate Wnt 610 

signaling. (9) Focal adhesions (FA) formed by Syndecan-4 and α5β1-integrin, may potentially sequester proteins 611 

from the Wnt pathway, such as Dishevelled, that regulates FA dynamics, and Frizzled-7, regulating Wnt signaling. 612 

SDC4 also regulate the non-canonical Wnt pathway, through specific mechanisms [12, 45, 47, 48]. (10) Members of 613 

the Glypican family of HSPG, bind Wnt proteins through cystein-rich domains, and may regulate Wnt signaling 614 

depending on its localization in specific plasma membrane (PM) microdomains, as reported recently for Glypican-4 615 

[120]. For simplicity, other components and regulatory pathways, such as calcium [121], are omitted. Also, some 616 

interaction partners are omitted, and some interactions are depicted as direct. COL, Collagen; DVL, Dishevelled; 617 

FZD7, Frizzled-7; FN, Fibronectin; GPC4, Glypican-4; ILK, Integrin-linked kinase; LAM, Laminin; SDC4, 618 

Syndecan-4.  619 

 620 



 

 24 

References 621 

 622 

[1] Nusse R, Varmus H. Three decades of Wnts: a personal perspective on how a scientific field developed. EMBO 623 

J 2012; 31: 2670–84. 624 

 625 

[2] Clevers H, Nusse R. Wnt/β-catenin Signaling and Disease. Cell 2012; 149: 1192–205. 626 

 627 

[3] Niehrs C. The complex world of WNT receptor signalling. Nat Rev Mol Cell Biol 2012; 13: 767–79. 628 

 629 

[4] Bilic J, Huang Y, Davidson G, Zimmermann T, Cruciat C, Bienz M, et al. Wnt induces LRP6 signalosomes and 630 

promotes dishevelled-dependent LRP6 phosphorylation. Science 2007; 316: 1619–22. 631 

 632 

[5] Zeng X, Huang H, Tamai K, Zhang X, Harada Y, Yokota C, et al. Initiation of Wnt signaling: control of Wnt 633 

coreceptor Lrp6 phosphorylation/activation via frizzled, dishevelled and axin functions. Development 2008; 135: 634 

367–75. 635 

 636 

[6] Li V, Ng S, Boersema P, Low T, Karthaus W, Gerlach J, et al. Wnt Signaling through Inhibition of β-catenin 637 

Degradation in an Intact Axin1 Complex. Cell 2012; 149: 1245–56. 638 

 639 

[7] Archbold H, Yang Y, Chen L, Cadigan K. How do they do Wnt they do?: regulation of transcription by the 640 

Wnt/β-catenin pathway. Acta Physiol (Oxf) 2012; 204: 74–109. 641 



 

 25 

 642 

[8] Cruciat C, Niehrs C. Secreted and Transmembrane Wnt Inhibitors and Activators. Cold Spring Harbor 643 

Perspectives in Biology 2012. doi10.1101/cshperspect.a015081. 644 

 645 

[9] Kikuchi A, Yamamoto H, Sato A, Matsumoto S. New insights into the mechanism of Wnt signaling pathway 646 

activation. International Review Of Cell and Molecular Biology 2011; 291: 21–71. 647 

 648 

[10] Wallingford J. Planar cell polarity and the developmental control of cell behavior in vertebrate embryos. Annu. 649 

Rev. Cell. Dev. Biol. 2012; 28: 627–53. 650 

 651 

[11] Ohkawara B, Yamamoto T, Tada M, Ueno N. Role of glypican 4 in the regulation of convergent extension 652 

movements during gastrulation in Xenopus laevis. Development 2003; 130: 2129–38. 653 

 654 

[12] Muñoz R, Moreno M, Oliva C, Orbenes C, Larraín J. Syndecan-4 regulates non-canonical Wnt signalling and is 655 

essential for convergent and extension movements in Xenopus embryos. Nat Cell Biol 2006; 8: 492–500. 656 

 657 

[13] Couchman J. Transmembrane signaling proteoglycans. Annu. Rev. Cell. Dev. Biol. 2010; 26: 89–114. 658 

 659 

[14] Kikuchi A, Yamamoto H, Sato A, Matsumoto S. Wnt5a: its signalling, functions and implication in diseases. 660 

Acta Physiol (Oxf) 2012; 204: 17–33. 661 

 662 



 

 26 

[15] Gao C, Chen Y. Dishevelled: The hub of Wnt signaling. Cellular Signalling 2010; 22: 717–27. 663 

 664 

[16] Schwarz-Romond T, Metcalfe C, Bienz M. Dynamic recruitment of axin by Dishevelled protein assemblies. 665 

Journal of Cell Science 2007; 120: 2402–12. 666 

 667 

[17] Mao J, Wang J, Liu B, Pan W, Farr G, Flynn C, et al. Low-density lipoprotein receptor-related protein-5 binds 668 

to Axin and regulates the canonical Wnt signaling pathway. Mol Cell 2001; 7: 801–9. 669 

 670 

[18] Davidson G, Wu W, Shen J, Bilic J, Fenger U, Stannek P, et al. Casein kinase 1 gamma couples Wnt receptor 671 

activation to cytoplasmic signal transduction. Nature 2005; 438: 867–72. 672 

 673 

[19] Zeng X, Tamai K, Doble B, Li S, Huang H, Habas R, et al. A dual-kinase mechanism for Wnt co-receptor 674 

phosphorylation and activation. Nature 2005; 438: 873–7. 675 

 676 

[20] Yu A, Rual J, Tamai K, Harada Y, Vidal M, He X, et al. Association of Dishevelled with the clathrin AP-2 677 

adaptor is required for Frizzled endocytosis and planar cell polarity signaling. Developmental Cell 2007; 12: 129–678 

41. 679 

 680 

[21] Yu A, Xing Y, Harrison S, Kirchhausen T. Structural analysis of the interaction between Dishevelled2 and 681 

clathrin AP-2 adaptor, a critical step in noncanonical Wnt signaling. Structure 2010; 18: 1311–20. 682 

 683 

[22] Habas R, Kato Y, He X. Wnt/Frizzled activation of Rho regulates vertebrate gastrulation and requires a novel 684 



 

 27 

Formin homology protein Daam1. Cell 2001; 107: 843–54. 685 

 686 

[23] He X, Saint-Jeannet J, Wang Y, Nathans J, Dawid I, Varmus H. A member of the Frizzled protein family 687 

mediating axis induction by Wnt-5A. Science 1997; 275: 1652–4. 688 

 689 

[24] Mikels A, Nusse R. Purified Wnt5a protein activates or inhibits beta-catenin-TCF signaling depending on 690 

receptor context. Plos Biol 2006; 4:e115. 691 

 692 

[25] Heuberger J, Birchmeier W. Interplay of cadherin-mediated cell adhesion and canonical Wnt signaling. Cold 693 

Spring Harbor Perspectives in Biology 2010; 2:a002915. 694 

 695 

[26] Valenta T, Hausmann G, Basler K. The many faces and functions of β-catenin. EMBO J 2012; 31: 2714–36. 696 

 697 

[27] Neth P, Ries C, Karow M, Egea V, Ilmer M, Jochum M. The Wnt signal transduction pathway in stem cells and 698 

cancer cells: influence on cellular invasion. Stem Cell Rev 2007; 3: 18–29. 699 

 700 

[28] Bosman F, Stamenkovic I. Functional structure and composition of the extracellular matrix. J. Pathol. 2003; 701 

200: 423–8. 702 

 703 

[29] Rozario T, Desimone D. The extracellular matrix in development and morphogenesis: a dynamic view. 704 

Developmental Biology 2010; 341: 126–40. 705 



 

 28 

 706 

[30] Dubash A, Menold M, Samson T, Boulter E, García-Mata R, Doughman R, et al. Chapter 1. Focal adhesions: 707 

new angles on an old structure. International Review Of Cell and Molecular Biology 2009; 277: 1–65. 708 

 709 

[31] Gardel M, Schneider I, Aratyn-Schaus Y, Waterman C. Mechanical integration of actin and adhesion dynamics 710 

in cell migration. Annu. Rev. Cell. Dev. Biol. 2010; 26: 315–33. 711 

 712 

[32] Hanein D, Horwitz A. The structure of cell-matrix adhesions: the new frontier. Current Opinion in Cell Biology 713 

2012; 24: 134–40. 714 

 715 

[33] Shattil S, Kim C, Ginsberg M. The final steps of integrin activation: the end game. Nat Rev Mol Cell Biol 716 

2010; 11: 288–300. 717 

 718 

[34] Mao Y, Schwarzbauer J. Fibronectin fibrillogenesis, a cell-mediated matrix assembly process. Matrix Biol 719 

2005; 24: 389–99 720 

 721 

[35] Bass M, Williamson R, Nunan R, Humphries J, Byron A, Morgan M, et al. A Syndecan-4 Hair Trigger Initiates 722 

Wound Healing through Caveolin- and RhoG-Regulated Integrin Endocytosis. Developmental Cell 2011; 21: 681–723 

93. 724 

 725 

[36] Morgan M, Hamidi H, Bass M, Warwood S, Ballestrem C, Humphries M. Syndecan-4 Phosphorylation Is a 726 

Control Point for Integrin Recycling. Dev Cell 2013; doi10.1016/j.devcel.2013.01.027 727 



 

 29 

 728 

[37] Geiger B, Spatz J, Bershadsky A. Environmental sensing through focal adhesions. Nat Rev Mol Cell Biol 2009; 729 

10: 21–33. 730 

 731 

[38] Zaidel-Bar R, Itzkovitz S, Ma’ayan A, Iyengar R, Geiger B. Functional atlas of the integrin adhesome. Nat Cell 732 

Biol 2007; 9: 858–67. 733 

 734 

[39] Roper J, Williamson R, Bass M. Syndecan and integrin interactomes: large complexes in small spaces. Current 735 

Opinion in Structural Biology 2012;22:583–90. 736 

 737 

[40] Woods A, Couchman J. Syndecan 4 heparan sulfate proteoglycan is a selectively enriched and widespread focal 738 

adhesion component. Mol Biol Cell 1994;5:183–92. 739 

 740 

[41] Morgan M, Humphries M, Bass M. Synergistic control of cell adhesion by integrins and syndecans. Nat Rev 741 

Mol Cell Biol 2007;8:957–69. 742 

 743 

[42] Whiteford J, Couchman J. A conserved NXIP motif is required for cell adhesion properties of the syndecan-4 744 

ectodomain. J Biol Chem 2006; 281: 32156–63. 745 

 746 

[43] Bass M, Roach K, Morgan M, Mostafavi-Pour Z, Schoen T, Muramatsu T, et al. Syndecan-4-dependent Rac1 747 

regulation determines directional migration in response to the extracellular matrix. The Journal of Cell Biology 748 

2007; 177: 527–38. 749 



 

 30 

 750 

[44] Matthews H, Marchant L, Carmona-Fontaine C, Kuriyama S, Larraín J, Holt M, et al. Directional migration of 751 

neural crest cells in vivo is regulated by Syndecan-4/Rac1 and non-canonical Wnt signaling/RhoA. Development 752 

2008; 135: 1771–80. 753 

 754 

[45] Ohkawara B, Glinka A, Niehrs C. Rspo3 Binds Syndecan 4 and Induces Wnt/PCP Signaling via Clathrin-755 

Mediated Endocytosis to Promote Morphogenesis. Developmental Cell 2011;20:303–14. 756 

 757 

[46] Carvallo L, Muñoz R, Bustos F, Escobedo N, Carrasco H, Olivares G, et al. Non-canonical Wnt signaling 758 

induces ubiquitination and degradation of Syndecan4. J Biol Chem 2010; 285: 29546–55. 759 

 760 

[47] Bentzinger C, Wang Y, Von Maltzahn J, Soleimani V, Yin H, Rudnicki M. Fibronectin regulates Wnt7a 761 

signaling and satellite cell expansion. Cell Stem Cell 2013; 12: 75–87. 762 

 763 

[48] Escobedo N, Contreras O, Muñoz R, Farías M, Carrasco H, Hill C, et al. Syndecan 4 interacts genetically with 764 

Vangl2 to regulate neural tube closure and planar cell polarity. Development 2013; 140, 3008-3017. 765 

 766 

[49] Montcouquiol M, Crenshaw E, Kelley M. Noncanonical Wnt signaling and neural polarity. Annu. Rev. 767 

Neurosci. 2006; 29: 363–86. 768 

 769 

[50] Fuerer C, Habib S, Nusse R. A study on the interactions between heparan sulfate proteoglycans and Wnt 770 

proteins. Dev. Dyn. 2010; 239: 184–90. 771 



 

 31 

 772 

[51] Winklbauer R, Stoltz C. Fibronectin fibril growth in the extracellular matrix of the Xenopus embryo. Journal of 773 

Cell Science 1995; 108: 1575–86. 774 

 775 

[52] Davidson L, Keller R, Desimone D. Assembly and remodeling of the fibrillar fibronectin extracellular matrix 776 

during gastrulation and neurulation inXenopus laevis. Dev. Dyn. 2004; 231: 888–95. 777 

 778 

[53] Marsden M, DeSimone D. Regulation of cell polarity, radial intercalation and epiboly in Xenopus: novel roles 779 

for integrin and fibronectin. Development 2001; 128: 3635–47. 780 

 781 

[54] Davidson L, Marsden M, Keller R, Desimone D. Integrin alpha5beta1 and fibronectin regulate polarized cell 782 

protrusions required for Xenopus convergence and extension. Curr Biol 2006; 16: 833–44. 783 

 784 

[55] Rozario T, Dzamba B, Weber G, Davidson L, Desimone D. The physical state of fibronectin matrix 785 

differentially regulates morphogenetic movements in vivo. Developmental Biology 2009; 327: 386–98. 786 

 787 

[56] Winklbauer R, Keller R. Fibronectin, mesoderm migration, and gastrulation in Xenopus. Developmental 788 

Biology 1996; 177: 413–26. 789 

 790 

[57] Keller R. Shaping the vertebrate body plan by polarized embryonic cell movements. Science 2002;298:1950–4. 791 

 792 



 

 32 

[58] Zhang T, Liu S, Yang P, Han C, Wang J, Liu J, et al. Fibronectin maintains survival of mouse natural killer 793 

(NK) cells via CD11b/Src/beta-catenin pathway. Blood 2009; 114: 4081–8. 794 

 795 

[59] Taurin S, Sandbo N, Qin Y, Browning D, Dulin N. Phosphorylation of beta-catenin by cyclic AMP-dependent 796 

protein kinase. J Biol Chem 2006; 281: 9971–6. 797 

 798 

[60] White E, Baralle F, Muro A. New insights into form and function of fibronectin splice variants. J. Pathol. 2008; 799 

216: 1–14. 800 

 801 

[61] Bielefeld K, Amini-Nik S, Whetstone H, Poon R, Youn A, Wang J, et al. Fibronectin and beta-catenin act in a 802 

regulatory loop in dermal fibroblasts to modulate cutaneous healing. J Biol Chem 2011; 286: 27687–97. 803 

 804 

[62] Crampton S, Wu B, Park E, Kim J, Solomon C, Waterman M, et al. Integration of the beta-catenin-dependent 805 

Wnt pathway with integrin signaling through the adaptor molecule Grb2. PLoS ONE 2009; 4:e7841. 806 

 807 

[63] Kim Y, Kugler M, Wei Y, Kim K, Li X, Brumwell A, et al. Integrin alpha3beta1-dependent beta-catenin 808 

phosphorylation links epithelial Smad signaling to cell contacts. J Cell Biol 2009; 184: 309–22. 809 

 810 

[64] Burkhalter R, Symowicz J, Hudson L, Gottardi C, Stack M. Integrin regulation of beta-catenin signaling in 811 

ovarian carcinoma. J Biol Chem 2011; 286: 23467–75. 812 

 813 

[65] Novak A, Hsu S, Leung-Hagesteijn C, Radeva G, Papkoff J, Montesano R, et al. Cell adhesion and the integrin-814 



 

 33 

linked kinase regulate the LEF-1 and beta-catenin signaling pathways. Proc Natl Acad Sci USA 1998;95:4374–9. 815 

 816 

[66] Delcommenne M, Tan C, Gray V, Rue L, Woodgett J, Dedhar S. Phosphoinositide-3-OH kinase-dependent 817 

regulation of glycogen synthase kinase 3 and protein kinase B/AKT by the integrin-linked kinase. Proc Natl Acad 818 

Sci USA 1998; 95: 11211–6. 819 

 820 

[67] Oloumi A, Syam S, Dedhar S. Modulation of Wnt3a-mediated nuclear beta-catenin accumulation and activation 821 

by integrin-linked kinase in mammalian cells. Oncogene 2006; 25: 7747–57. 822 

 823 

[68] Torres M, Nelson W. Colocalization and redistribution of dishevelled and actin during Wnt-induced 824 

mesenchymal morphogenesis. The Journal of Cell Biology 2000; 149: 1433–42. 825 

 826 

[69] Sakai T, Li S, Docheva D, Grashoff C, Sakai K, Kostka G, et al. Integrin-linked kinase (ILK) is required for 827 

polarizing the epiblast, cell adhesion, and controlling actin accumulation. Genes Dev 2003; 17: 926–40. 828 

 829 

[70] Legate K, Montañez E, Kudlacek O, Fässler R. ILK, PINCH and parvin: the tIPP of integrin signalling. Nat 830 

Rev Mol Cell Biol 2006; 7: 20–31. 831 

 832 

[71] Chen Y, Mathias R, Mathivanan S, Kapp E, Moritz R, Zhu H, et al. Proteomics profiling of Madin-Darby 833 

canine kidney plasma membranes reveals Wnt-5a involvement during oncogenic H-Ras/TGF-beta-mediated 834 

epithelial-mesenchymal transition. Mol Cell Proteomics 2011; 10:M110.001131. 835 

 836 



 

 34 

[72] Matsumoto S, Fumoto K, Okamoto T, Kaibuchi K, Kikuchi A. Binding of APC and dishevelled mediates 837 

Wnt5a-regulated focal adhesion dynamics in migrating cells. EMBO J 2010; 29: 1192–204. 838 

 839 

[73] Heino J. The collagen family members as cell adhesion proteins. Bioessays 2007; 29: 1001–10. 840 

 841 

[74] Koenig A, Mueller C, Hasel C, Adler G, Menke A. Collagen type I induces disruption of E-cadherin-mediated 842 

cell-cell contacts and promotes proliferation of pancreatic carcinoma cells. Cancer Res 2006; 66: 4662–71. 843 

 844 

[75] Li A, Zhou T, Guo L, Si J. Collagen type I regulates beta-catenin tyrosine phosphorylation and nuclear 845 

translocation to promote migration and proliferation of gastric carcinoma cells. Oncol Rep 2010; 23: 1247–55. 846 

 847 

[76] Quélard D, Lavergne E, Hendaoui I, Elamaa H, Tiirola U, Heljasvaara R, et al. A cryptic frizzled module in cell 848 

surface collagen 18 inhibits Wnt/beta-catenin signaling. PLoS ONE 2008; 3:e1878. 849 

 850 

[77] Hendaoui I, Lavergne E, Lee H, Hong S, Kim H, Parent C, et al. Inhibition of Wnt/β-catenin signaling by a 851 

soluble collagen-derived frizzled domain interacting with Wnt3a and the receptors frizzled 1 and 8. PLoS ONE 852 

2012; 7:e30601. 853 

 854 

[78] Ritié L, Spenlé C, Lacroute J, Bolcato-Bellemin A, Lefebvre O, Bole-Feysot C, et al. Abnormal Wnt and 855 

PI3Kinase signaling in the malformed intestine of lama5 deficient mice. PLoS ONE 2012; 7:e37710. 856 

 857 

[79] Liu Y, Chattopadhyay N, Qin S, Szekeres C, Vasylyeva T, Mahoney Z, et al. Coordinate integrin and c-Met 858 



 

 35 

signaling regulate Wnt gene expression during epithelial morphogenesis. Development 2009; 136: 843–53. 859 

 860 

[80] Beiter K, Hiendlmeyer E, Brabletz T, Hlubek F, Haynl A, Knoll C, et al. beta-Catenin regulates the expression 861 

of tenascin-C in human colorectal tumors. Oncogene 2005; 24: 8200–4. 862 

 863 

[81] Kakinuma Y, Saito F, Osawa S, Miura M. A mechanism of impaired mobility of oligodendrocyte progenitor 864 

cells by tenascin C through modification of wnt signaling. FEBS Lett 2004; 568: 60–4. 865 

 866 

[82] Nagaharu K, Zhang X, Yoshida T, Katoh D, Hanamura N, Kozuka Y, et al. Tenascin C induces epithelial-867 

mesenchymal transition-like change accompanied by SRC activation and focal adhesion kinase phosphorylation in 868 

human breast cancer cells. The American Journal of Pathology 2011; 178: 754–63. 869 

 870 

[83] Ruiz C, Huang W, Hegi M, Lange K, Hamou M, Fluri E, et al. Growth promoting signaling by tenascin-C. 871 

Cancer Res 2004; 64: 7377–85. 872 

 873 

[84] Kudo A. Periostin in fibrillogenesis for tissue regeneration: periostin actions inside and outside the cell. Cell 874 

Mol Life Sci 2011; 68: 3201–7. 875 

 876 

[85] Bonnet N, Conway S, Ferrari S. Regulation of beta catenin signaling and parathyroid hormone anabolic effects 877 

in bone by the matricellular protein periostin. Proc Natl Acad Sci USA 2012; 109: 15048–53. 878 

 879 

[86] Semënov M, Tamai K, He X. SOST is a ligand for LRP5/LRP6 and a Wnt signaling inhibitor. J Biol Chem 880 



 

 36 

2005; 280: 26770–5. 881 

 882 

[87] Gradl D, Kühl M, Wedlich D. The Wnt/Wg signal transducer beta-catenin controls fibronectin expression. 883 

Molecular and Cellular Biology 1999; 19: 5576–87. 884 

 885 

[88] Sen M, Reifert J, Lauterbach K, Wolf V, Rubin J, Corr M, et al. Regulation of fibronectin and 886 

metalloproteinase expression by Wnt signaling in rheumatoid arthritis synoviocytes. Arthritis Rheum 2002; 46: 887 

2867–77. 888 

 889 

[89] Wight T, Potter-Perigo S. The extracellular matrix: an active or passive player in fibrosis? AJP: Gastrointestinal 890 

and Liver Physiology 2011; 301: G950–5. 891 

 892 

[90] Guo Y, Xiao L, Sun L, Liu F. Wnt/beta-catenin signaling: a promising new target for fibrosis diseases. Physiol 893 

Res 2012; 61: 337–46. 894 

 895 

[91] He W, Dai C, Li Y, Zeng G, Monga S, Liu Y. Wnt/beta-catenin signaling promotes renal interstitial fibrosis. J 896 

Am Soc Nephrol 2009;20:765–76. 897 

 898 

[92] Beyer C, Schramm A, Akhmetshina A, Dees C, Kireva T, Gelse K, et al. β-catenin is a central mediator of pro-899 

fibrotic Wnt signaling in systemic sclerosis. Ann Rheum Dis 2012; 71: 761–7. 900 

 901 

[93] Hao S, He W, Li Y, Ding H, Hou Y, Nie J, et al. Targeted inhibition of β-catenin/CBP signaling ameliorates 902 



 

 37 

renal interstitial fibrosis. J Am Soc Nephrol 2011; 22: 1642–53. 903 

 904 

[94] Akhmetshina A, Palumbo K, Dees C, Bergmann C, Venalis P, Zerr P, et al. Activation of canonical Wnt 905 

signalling is required for TGF-β-mediated fibrosis. Nat Comms 2012; 3: 735. 906 

 907 

[95] Baarsma H, Menzen M, Halayko A, Meurs H, Kerstjens H, Gosens R. β-catenin signaling is required for TGF-908 

β1-induced extracellular matrix production by airway smooth muscle cells. Am J Physiol Lung Cell Mol Physiol 909 

2011; 301: L956–65. 910 

 911 

[96] Kumawat K, Menzen M, Bos I, Baarsma H, Borger P, Roth M, et al. Noncanonical WNT-5A signaling 912 

regulates TGF-β-induced extracellular matrix production by airway smooth muscle cells. The FASEB Journal 2012; 913 

doi10.1096/fj.12-217539 914 

 915 

[97] Goto T, Davidson L, Asashima M, Keller R. Planar cell polarity genes regulate polarized extracellular matrix 916 

deposition during frog gastrulation. Curr Biol 2005; 15: 787–93. 917 

 918 

[98] Dzamba B, Jakab K, Marsden M, Schwartz M, Desimone D. Cadherin adhesion, tissue tension, and 919 

noncanonical Wnt signaling regulate fibronectin matrix organization. Developmental Cell 2009; 16: 421–32. 920 

 921 

[99] Li D, Zhou J, Chowdhury F, Cheng J, Wang N, Wang F. Role of mechanical factors in fate decisions of stem 922 

cells. Regenerative Medicine 2011; 6: 229–40. 923 

 924 



 

 38 

[100] Engler A, Sen S, Sweeney H, Discher D. Matrix elasticity directs stem cell lineage specification. Cell 2006; 925 

126: 677–89. 926 

 927 

[101] Gilbert P, Havenstrite K, Magnusson K, Sacco A, Leonardi N, Kraft P, et al. Substrate elasticity regulates 928 

skeletal muscle stem cell self-renewal in culture. Science 2010; 329: 1078–81. 929 

 930 

[102] Barbolina M, Liu Y, Gurler H, Kim M, Kajdacsy-Balla A, Rooper L, et al. Matrix rigidity activates Wnt 931 

signaling through down-regulation of Dickkopf-1 protein. J Biol Chem 2013; 288: 141–51. 932 

 933 

[103] Niida A, Hiroko T, Kasai M, Furukawa Y, Nakamura Y, Suzuki Y, et al. DKK1, a negative regulator of Wnt 934 

signaling, is a target of the beta-catenin/TCF pathway. Oncogene 2004; 23: 8520–6. 935 

 936 

[104] González-Sancho J, Aguilera O, García J, Pendás-Franco N, Peña C, Cal S, et al. The Wnt antagonist 937 

DICKKOPF-1 gene is a downstream target of beta-catenin/TCF and is downregulated in human colon cancer. 938 

Oncogene 2005; 24: 1098–103. 939 

 940 

[105] Chen J, Chen W, Sider K, Yip C, Simmons C. β-catenin mediates mechanically regulated, transforming 941 

growth factor-β1-induced myofibroblast differentiation of aortic valve interstitial cells. Arterioscler Thromb Vasc 942 

Biol 2011; 31: 590–7. 943 

 944 

[106] Discher D, Janmey P, Wang Y. Tissue cells feel and respond to the stiffness of their substrate. Science 2005; 945 

310: 1139–43. 946 



 

 39 

 947 

[107] Murikipudi S, Methe H, Edelman E. The effect of substrate modulus on the growth and function of matrix-948 

embedded endothelial cells. Biomaterials 2013; 34: 677–84. 949 

 950 

[108] Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, et al. Role of YAP/TAZ in 951 

mechanotransduction. Nature 2011; 474: 179–83. 952 

 953 

[109] Halder G, Dupont S, Piccolo S. Transduction of mechanical and cytoskeletal cues by YAP and TAZ. Nat Rev 954 

Mol Cell Biol 2012; 13: 591–600. 955 

 956 

[110] Azzolin L, Zanconato F, Bresolin S, Forcato M, Basso G, Bicciato S, et al. Role of TAZ as mediator of Wnt 957 

signaling. Cell 2012; 151: 1443–56. 958 

 959 

[111] Varelas X, Miller B, Sopko R, Song S, Gregorieff A, Fellouse F, et al. The Hippo pathway regulates 960 

Wnt/beta-catenin signaling. Developmental Cell 2010;18:579–91. 961 

 962 

[112] Imajo M, Miyatake K, Iimura A, Miyamoto A, Nishida E. A molecular mechanism that links Hippo signalling 963 

to the inhibition of Wnt/β-catenin signalling. EMBO J 2012;31:1109–22. 964 

 965 

[113] Rosenbluh J, Nijhawan D, Cox A, Li X, Neal J, Schafer E, et al. β-catenin-driven cancers require a YAP1 966 

transcriptional complex for survival and tumorigenesis. Cell 2012; 151: 1457–73. 967 

 968 



 

 40 

[114] Yu H, Mouw J, Weaver V. Forcing form and function: biomechanical regulation of tumor evolution. Trends in 969 

Cell Biology 2011; 21: 47–56. 970 

 971 

[115] Oskarsson T, Acharyya S, Zhang X, Vanharanta S, Tavazoie S, Morris P, et al. Breast cancer cells produce 972 

tenascin C as a metastatic niche component to colonize the lungs. Nature Medicine 2011; 17: 867–74. 973 

 974 

[116] De Lau W, Barker N, Low T, Koo B, Li V, Teunissen H, et al. Lgr5 homologues associate with Wnt receptors 975 

and mediate R-spondin signalling. Nature 2011; 476: 293–7. 976 

 977 

[117] Seshagiri S, Stawiski E, Durinck S, Modrusan Z, Storm E, Conboy C, et al. Recurrent R-spondin fusions in 978 

colon cancer. Nature 2012; 488: 660–4. 979 

 980 

[118] Bell S, Schreiner C, Wert S, Mucenski M, Scott W, Whitsett J. R-spondin 2 is required for normal laryngeal-981 

tracheal, lung and limb morphogenesis. Development 2008; 135: 1049–58. 982 

 983 

[119] Malanchi I, Santamaria-Martínez A, Susanto E, Peng H, Lehr H, Delaloye J, et al. Interactions between cancer 984 

stem cells and their niche govern metastatic colonization. Nature 2012; 481: 85–9. 985 

 986 

[120] Sakane H, Yamamoto H, Matsumoto S, Sato A, Kikuchi A. Localization of glypican-4 in different membrane 987 

microdomains is involved in the regulation of Wnt signaling. Journal of Cell Science 2012; 125: 449–60. 988 

 989 

[121] Leitinger B, McDowall A, Stanley P, Hogg N. The regulation of integrin function by Ca(2+). Biochim 990 



 

 41 

Biophys Acta 2000; 1498: 91–8. 991 



APC

ILK

AXIN

Wnt3a

SDC4

FN

INTEGRIN

DEP

PDZ
DIX

GSK3β

CK1γ
LR

P
5/

6
DEP

PDZ
DIX

DEP

PDZ

DIX

TGFβR

TGFβ

LR
P

5/
6

α5β1

α3β1

COL

FZC18

β-catenin
GSK3β

- P
β-cateninSmad2P -

FZD7
LAM

ILK
GSK3β

- P

DEP
PDZ

DIX

DVL

DVL
AXIN

β-catenin
β-catenin

β-catenin

β-cateninTCF

Src
Smad2

FAK
Regulation of
E-Cadherin/
β-catenin 

complexes

β-cateninSmad2P -
mRNAs

NUCLEUS

β-catenin
α-catenin

E-Cadherin

β-catenin

CYTOPLASM

EXTRACELLULAR MATRIX Wnt3a

FN

Non-canonical
Wnt signaling

Wnt5a

Wnt/β-catenin 
signaling

E-Cadherin

1 2

3

4

5

7

8

6

Dkk1

9

Focal Adhesion

GPC4

Wnt5a Wnt3a

PM 
microdomains

10

Figure 1


