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Abstract 14 

Mechanical forces exerted on neural crest cells control their collective migration and 15 

differentiation. This Perspective discusses our current understanding of neural crest 16 

mechanotransduction during cell migration and differentiation. Additionally, we 17 

describe proteins that have mechanosensitive functions in other systems, such as 18 

mechanosensitive G protein-coupled receptors, mechanosensitive ion channels, cell-19 

cell adhesion and cell-matrix interacting proteins; and highlight that these same 20 

proteins have in the past been studied in neural crest development from a purely 21 

signalling point of view. We propose that future studies elucidate the 22 

mechanosensitive functions these receptors may play in neural crest development and 23 

integrate this with their known molecular role. 24 

 25 
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 39 
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Introduction: 41 

The mechanics of embryonic development 42 

Embryonic development is accompanied by growth, movement, and tissue re-43 

arrangement, generating mechanical forces that the cells can sense. Supracellular 44 

forces in vertebrate development emerge from very early stages. For example, tissue 45 

compaction in mouse embryos initiates at the 8-cell stage (Ziomek and Johnson, 46 

1980). Tissue compaction is driven by cell-cell contact expansion (Li et al., 2009; 47 

Turlier and Maître, 2015) and pulsed actomyosin contractility (Maître et al., 2015), 48 

which altogether impact the adhesion and surface tension at a cell and tissue level 49 

(Turlier and Maître, 2015; Özgüç et al., 2022). The forces generated during tissue 50 

compaction in mouse embryos are required for lineage segregation and blastocyst 51 

formation (Stephenson, Yamanaka and Rossant, 2010; Chan et al., 2019). In zebrafish 52 

embryos, patterns of compaction-extension are distributed along the dorsal and 53 

ventral hemispheres (Bhattacharya et al., 2021) and drive the dynamic re-distribution 54 

of cells during convergent extension and epiboly (Yin et al., 2008; Bhattacharya et al., 55 

2021; Thomson, Muresan and Steventon, 2021). 56 

 57 

Tissue mobilisation and re-arrangement during vertebrate body axis elongation is 58 

another example in which there are drastic changes to tissue-scale mechanical 59 

properties. In zebrafish, a fluid-like behaviour is detected in the anterior mesodermal 60 

progenitor zone during body axis elongation (Mongera et al., 2018; Banavar et al., 61 

2021). Tissue fluidity is accompanied by persistent supracellular stresses, guiding 62 

tissue movement (Mongera et al., 2018). In contrast, the posterior presomitic 63 

mesoderm undergoes a jamming transition (from a fluid to a solid behaviour), which is 64 

required to maintain an organised tissue architecture and support the coordinated 65 

movement of the migrating mesodermal progenitor zone (Mongera et al., 2018). 66 

Jamming during body axis elongation is regulated by the assembly/disassembly of N-67 

cadherin adhesion proteins (Mongera et al., 2018). However, in airway epithelial cells, 68 

during branching morphogenesis, the mechanism of unjamming transition relies on 69 

increased cell propulsion forces, independent of cell-cell adhesions (Mitchel et al., 70 

2020). Further research is required to understand the mechanisms driving changes in 71 

tissue topology during development, including jamming-unjamming transitions. 72 

In recent years, mechanical forces have been identified as a trigger and guidance cue 73 

for the collective migration and differentiation of neural crest (NC) cells (Barriga et al., 74 
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2018; Zhu et al., 2019; Shellard and Mayor, 2021), thereby positioning the NC as a 75 

great model for biomechanical studies. Specifically, higher cell density of the head 76 

mesoderm in Xenopus embryos leads to tissue stiffening, which can be detected by 77 

NC cells, triggering the initiation of collective NC migration (Barriga et al., 2018). 78 

Furthermore, Xenopus NC cells establish their migratory path by following a self-79 

generated stiffness gradient across the adjacent placodal tissue (Shellard and Mayor, 80 

2021). In addition to cell migration, NC differentiation in mice is affected by the stiffness 81 

of the substrate, with stiff substrates favouring smooth muscle differentiation as 82 

opposed to glial differentiation in soft matrices (Li et al., 2011; Zhu et al., 2019). In 83 

summary, mechanical stimuli drive collective migration and differentiation of NC cells. 84 

However, the mechanism by which the NC senses the mechanical forces is not fully 85 

understood. This Perspective explores the different families of plasma membrane 86 

mechanosensors and discusses their potential role in NC mechanotransduction. 87 

 88 

Plasma membrane mechanosensors are transmembrane proteins that can be 89 

activated or modified by physical forces (Le Roux et al., 2019) and transform a 90 

mechanical force into a biochemical response through mechanotransduction 91 

(Tschumperlin, 2011). Forces applied to cell-cell and cell-matrix proteins, such as 92 

cadherins and integrins, can be transduced to the cytoskeleton via catenin and focal 93 

adhesion proteins, respectively (Leckband and de Rooij, 2014; Sun, Guo and Fässler, 94 

2016). Transmembrane receptors, such as mechanosensitive G-protein coupled 95 

receptors (GPCR) and mechanosensitive (MS) ion channels, control the traffic of a 96 

myriad of molecules to the cell, including ions (Coste et al., 2010), hormones (Wang 97 

et al., 2015; Xu et al., 2019), metabolites (Tan et al., 2017), and neurotransmitters 98 

(Betke, Wells and Hamm, 2012).  99 

 100 

The mechanism by which mechanosensitive GPCRs and most MS ion channels detect 101 

and transduce forces is poorly understood. However, research in this field is rapidly 102 

growing. In recent years, several GPCRs and ion channels have been identified as 103 

mechanosensitive (O‘Neil and Heller, 2005; Coste et al., 2010; Storch, Mederos y 104 

Schnitzler and Gudermann, 2012). Interestingly, several mechanosensitive GPCRs 105 

and ion channels have been previously studied in the NC, and are known to be 106 

essential for NC formation, migration, or differentiation (Clouthier et al., 1998; Ruest 107 

and Clouthier, 2009; Schuurs-Hoeijmakers et al., 2012; Hutson et al., 2017; Camargo-108 
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Sosa et al., 2019; Canales Coutiño and Mayor, 2021b). Nonetheless, at the time these 109 

GPCRs and ion channels were studied in the NC, there was no evidence of their role 110 

as mechanosensors.  111 

 112 

This Perspective discusses the four families of plasma membrane mechanosensors: 113 

GPCRs, MS ion channels, cell-cell adhesion, and cell-matrix interacting proteins. We 114 

highlight mechanosensitive GPCRs and ion channels required for NC development. 115 

We discuss how their recently discovered role as mechanosensors might affect what 116 

we know about the activation of these receptors in the NC. Additionally, we discuss 117 

how the expression of several mechanosensitive GPCRs and ion channels in the NC 118 

might expand our knowledge of NC mechanosensitivity and its response to 119 

mechanical forces during embryonic development. 120 

 121 

The mechanics of the neural crest 122 

The neural crest (NC) is a multipotent embryonic cell population specified at the border 123 

of the neural plate in vertebrates (Mayor and Theveneau, 2013). At the onset of cell 124 

migration, the NC undergoes an epithelial to mesenchymal transition (EMT), which 125 

initiates their collective migration in a directional path (Shellard and Mayor, 2019). 126 

Once they reach their target tissue, NC cells differentiate into a subset of specialised 127 

cells, including the connective tissue that forms the jaw and other facial structures, 128 

heart outflow tract, dorsal root ganglia, and melanocytes, among others (Szabó and 129 

Mayor, 2018). Defects in NC formation, migration, or differentiation lead to craniofacial 130 

defects and several other developmental diseases collectively termed 131 

neurocristopathies (Bolande, 1974).   132 

 133 

In recent years, the effect of mechanical forces on NC development has begun to be 134 

unravelled. An in vivo study on Xenopus embryos described the impact of head 135 

mesoderm cell density and stiffening on cranial NC migration (Barriga et al., 2018). 136 

Barriga et al. measured the apparent elasticity of the head mesoderm, the tissue 137 

adjacent to the NC, by in vivo atomic force microscopy (iAFM) at different 138 

developmental stages. In non-migratory NC, the mesoderm has an apparent soft 139 

stiffness (50 Pa) (Figure 1A). At later stages, the elasticity of the mesoderm increases 140 

(150 Pa) due to a rise in cell density. NC cells adjacent to the mesoderm can sense 141 

and respond to the mechanical force generated by mesoderm stiffening via focal 142 
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adhesion proteins, triggering epithelial to mesenchymal transition (EMT) and NC 143 

collective migration (Figure 1A’). Failure of mesoderm stiffening completely abrogates 144 

the initiation of NC migration (Barriga et al., 2018). A role for substrate stiffness has 145 

also been shown for the migration on enteric NC in chicken and mouse embryos 146 

(Chevalier et al., 2016), which indicates that enteric NC is also mechanosensitive; 147 

however, their mechanism of action might defer from cranial NC.  148 

 149 

Although the initiation of NC migration is triggered by an increase in tissue stiffening, 150 

its direction of migration in Xenopus embryos is partly established by attractive signals 151 

from placode cells, the tissue ventrally adjacent to the cephalic NC (Figure 1A-A’). 152 

Placode cells release chemoattractants that NC follow as they migrate (Theveneau et 153 

al., 2013). However, a recent study has shown that a mechanical cue from the 154 

placodes also contributes to NC directional migration (Shellard and Mayor, 2021). NC 155 

cells dynamically soften the adjacent placode cells during migration via N-cadherin 156 

interaction; thereby, NC cells self-generate a stiffness gradient that they follow during 157 

embryonic development (Shellard and Mayor, 2021). Generation of ectopic stiffness 158 

gradients or the absence of a stiffness gradient (e.g., constant stiffness level) results 159 

in erratic NC migration in vivo (Shellard and Mayor, 2021). 160 

 161 

NC directional migration is also established by negative signals from the lateral 162 

tissues, which release several Rac1 inhibitor proteins, e.g., semaphorins, ephrins, and 163 

Slit/Robo (Theveneau and Mayor, 2012). Rac1 inhibition leads to a collapse in actin-164 

based protrusions, blocking the invasion of NC cells into nearby lateral tissues 165 

(Bajanca et al., 2019). A recent study shows that in addition to extracellular repellents, 166 

NC cells regulate Rac1 activity via the mechanosensitive ion channel Piezo1 (Canales 167 

Coutiño and Mayor, 2021b). Piezo1 knockdown in migratory NC cells abrogates 168 

inhibitory semaphorin 3A and 3F signals, leading to uncontrolled NC cell invasion in 169 

vitro and in vivo (Canales Coutiño and Mayor, 2021b), indicating that a precise level 170 

of Piezo1 activity is required for normal NC migration. Therefore, coordination between 171 

biochemical signals (released from adjacent tissues) and extracellular forces (sensed 172 

by mechanosensitive receptors in the NC) control organised collective behaviour 173 

during NC migration. 174 

 175 
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Additionally, studies on human multipotent neural crest stem cells (NCSCs), derived 176 

from induced pluripotent stem cells (iPSC), indicate that mechanical forces can also 177 

regulate NC cell differentiation. iPSC-NCSCs cultured on stiff hydrogels (1 GPa) 178 

differentiate into smooth muscle cells after three days, whereas NCSCs cultured on 179 

soft hydrogels (15 kPa) differentiated into Schwann cells (Figure 1B) (Li et al., 2019). 180 

Moreover, mechanical strain can suppress the differentiation of NCSCs into Schwann 181 

glial cells (Li et al., 2011, 2012). The same differentiation pattern was observed when 182 

polymer-embedded NCSC grafts were implanted into rat carotid arteries. After three 183 

months of implantation, NCSCs differentiated into smooth muscle cells near the stiffer-184 

outer surface of the polymer grafts; in contrast, NCSCs differentiated into glial cells in 185 

the softer hydrogel (Li et al., 2019). Overall, these studies consistently show a 186 

preference for smooth muscle over glial cell differentiation when NCSCs are cultured 187 

on stiff substrates. 188 

  189 

Cell types derived from NC stem cells are also responsive to substrate stiffness, which 190 

affects their differentiation and gene expression patterns. Boundary cap neural crest 191 

stem cells preferentially differentiate into astroglia when grown in 1 kPa gels (Han, 192 

Baltriukienė and Kozlova, 2020). However, cell differentiation is inhibited in both softer 193 

(0.5 kPa) and stiffer (7 kPa) gels (Han, Baltriukienė and Kozlova, 2020), suggesting a 194 

specific window of substrate stiffness is required for the differentiation of boundary cap 195 

neural crest stem cells. Epidermal NC cells show differential gene expression when 196 

cultured on hydrogels of different stiffness; NC cells grown on 1 kPa gels preferentially 197 

express the NC marker SOX-10, while softer gels enhance the expression of glial cell 198 

line-derived neurotrophic factor, neurotrophin-3, and vascular endothelial growth 199 

factor (Pandamooz et al., 2020). 200 

 201 

In summary, the NC is a mechanosensitive tissue, and mechanical signals coordinate 202 

NC migration and differentiation during embryonic development. However, little is 203 

known about how NC cells detect these forces and transform them into biochemical 204 

signals through mechanotransduction. With the field of mechanobiology rapidly 205 

growing, several transmembrane receptors that were previously thought to be 206 

exclusively activated by chemical signals are now known to be mechanosensitive. 207 

Several of these cell membrane mechanoreceptors are expressed in NC cells and 208 

have been studied in the context of NC migration and differentiation. Loss of some of 209 
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these receptors in the NC leads to craniofacial defects, indicating that their activity is 210 

required for normal embryonic development. In the following sections, we describe 211 

these mechanosensors, emphasising their mechanical activation, which has not been 212 

explored in the neural crest to date. 213 

 214 

Cell membrane mechanosensors 215 

The cell plasma membrane constitutes the limit between the cell contents and the 216 

extracellular space. Cell integrity, trafficking, and communication with neighbours are 217 

regulated through the plasma membrane (Gonzalez  Jr. and Scheller, 1999; Grecco, 218 

Schmick and Bastiaens, 2011). Plasma membrane receptors sense changes in the 219 

extracellular composition. Transmembrane proteins that are sensitive to mechanical 220 

forces are essential for mechanotransduction, and these include members of the 221 

GPCRs, MS ion channels, cell-cell and cell-matrix adhesion proteins (Figure 2A).  222 

 223 

Several GPCRs and MS ion channels that are now identified as mechanosensitive can 224 

be simultaneously activated by ligands, temperature, or many different stimuli (Storch, 225 

Mederos y Schnitzler and Gudermann, 2012; Hutson et al., 2017). As the number and 226 

diversity of mechanosensitive proteins increase, the definition of a mechanosensor 227 

can become blurred. Here, a mechanosensitive receptor or channel is considered if: i) 228 

there is evidence of conformational changes upon cell membrane deformations in the 229 

presence of a mechanical force, ii) a detectable biochemical response is generated 230 

upon mechanical force in the absence of a ligand or non-mechanical stimuli, iii) 231 

expression of the mechanosensor confers mechanosensitivity (points i and ii) to non-232 

responsive cells. However, several MS ion channels are referred to as indirectly 233 

mechanosensitive. These channels are not activated when a force is applied to them; 234 

instead, they are activated downstream of another mechanosensitive receptor; we will 235 

discuss them in section 2.2. 236 

 237 

G-protein coupled receptors  238 

G-protein coupled receptors (GPCRs) form the most diverse family of transmembrane 239 

channels and are the most common target for drug treatments (Rosenbaum, 240 

Rasmussen and Kobilka, 2009; Sriram and Insel, 2018). GPCRs mediate most cellular 241 

responses to hormones (Wang et al., 2015; Xu et al., 2019), metabolites (Tan et al., 242 

2017), neurotransmitters (Betke, Wells and Hamm, 2012), and other signals. 243 
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Additionally, GPCRs have been identified as sensitive to voltage (Ben-Chaim et al., 244 

2006) and mechanical forces (Storch, Mederos y Schnitzler and Gudermann, 2012). 245 

GPCRs propagate extracellular signals into cells by coupling with heterotrimeric 246 

guanine-nucleotide-binding regulatory proteins (G proteins) (Milligan and Kostenis, 247 

2006), which are formed by α, β and γ subunits (Kim et al., 2020). G proteins of α 248 

subunits are the most widely studied and are divided into four groups according to 249 

their structural and functional similarities: Gαs, Gαi/o, Gαq/11, and Gα12/13 (Mizuno 250 

and Itoh, 2009; Syrovatkina et al., 2016).  251 

 252 

Receptors coupled to the Gαq/11 (G(q/11)) subunit have been described as 253 

mechanosensitive and are activated by membrane stretch in a ligand-independent 254 

manner (Mederos y Schnitzler et al., 2008). The mechanism of mechanical activation 255 

has been attributed to the cytoplasmic C-terminal helix 8 (H8) of G(q/11) receptors, 256 

which undergo specific patterns of conformational change upon mechanical stimuli 257 

(Erdogmus et al., 2019). Transfer of H8 to non-responsive GPCRs confers 258 

mechanosensitivity, while removing H8 precludes mechanosensitivity (Erdogmus et 259 

al., 2019). However, it is unclear whether this is the only mechanism by which GPCRs 260 

respond to mechanical stimuli. 261 

 262 

Mechanical activation of GPCRs leads to a canonical G(q/11) response involving 263 

phospholipase C (PLC) activity (Drissi et al., 1998). PLC catalyses the conversion of 264 

phosphatidylinositol 4,5-bisphosphate (IP2) into the Ca2+-mobilizing second 265 

messenger inositol 1,4,5-trisphosphate (IP3), and the protein kinase-activating second 266 

messenger diacylglycerol (DAG) (Harden et al., 2011) (Figure 2B). Therefore, the 267 

activation of mechanosensitive GPCRs indirectly leads to the regulation of Ca2+ levels 268 

via PLC-mediated MS ion channel activation (Figure 2B). Additionally, DAG signalling 269 

activates protein kinase C (PKC) (Figure 2B), which triggers several signalling 270 

cascades by phosphorylating serine and threonine residues in many target proteins 271 

(reviewed in Newton, 2018) 272 

 273 

Examples of mechanosensitive G(q/11) GPCRs include endothelin (ETA) receptors 274 

(Mederos y Schnitzler et al., 2008), sphingosine 1-phosphate receptors (S1PR) (Jung 275 

et al., 2012), and parathyroid hormone 1 receptors (PTH1R) (Zhang, Frangos and 276 

Chachisvilis, 2009). The expression and function of these receptors have been 277 
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described for NC cells, and NC-derived cells. Loss of PTH1R impairs differentiation 278 

into osteogenic cells (Liu et al., 2020). Aberrant PTH1R expression is associated with 279 

several jaw malformations and diseases (Houpis et al., 2010; Richman, 2019). Mice 280 

deficient in ETA receptors show severe craniofacial deformities and defects in the 281 

cardiovascular outflow tract (Clouthier et al., 1998). Similarly, several studies found 282 

that knockdown of ETA, specifically within NC tissue in zebrafish, leads to fusions 283 

between upper and lower jaw cartilages (Ruest and Clouthier, 2009; Clouthier, Garcia 284 

and Schilling, 2010; Camargo-Sosa et al., 2019). Furthermore, ETA inhibition in 285 

Xenopus embryos interferes with early NC formation (Bonano et al., 2008). S1PR 286 

receptors are found expressed in mouse migratory neural crest cells (Meng and Lee, 287 

2009). They are also detected in neural crest derivatives such as enteric neurons and 288 

branchial arches (Meng and Lee, 2009). Craniofacial defects are observed in zebrafish 289 

harbouring mutations in S1PR (Balczerski et al., 2012).  290 

 291 

In conclusion, although many mechanosensitive GPCRs have been demonstrated to 292 

play important roles in neural crest development, whether they are activated by 293 

mechanics in the neural crest remains to be investigated. 294 

 295 

Mechanosensitive Ion channels  296 

Mechanosensitive (MS) ion channels include a wide variety of ion-permeable 297 

transmembrane channels that can be activated by mechanical forces (Canales 298 

Coutiño and Mayor, 2021a). Members of the TRP superfamily and Piezo1 channels 299 

are the most characterised MS ion channels in eukaryotic cells. They allow the entry 300 

of divalent ions, such as Ca2+ and Mg2+, into the cell from the extracellular space in 301 

response to membrane deformations (Coste et al., 2010). TRP channels can be 302 

activated by different stimuli such as temperature (Feng, 2014), chemicals (Putney  Jr, 303 

1999), pH changes (Holzer, 2009), low cation levels (store-operated) (Ong, de Souza 304 

and Ambudkar, 2016) and mechanical stress (Liu and Montell, 2015). In contrast, 305 

Piezo1 channels are the only mechanosensitive ion channels known to be activated 306 

exclusively by mechanical forces (Coste et al., 2010).  307 

 308 

Studies of Piezo1 channels have linked the effect of mechanical forces on several 309 

biological processes, including cell proliferation (Gudipaty et al., 2017), cell extrusion 310 

(Eisenhoffer et al., 2012), cell differentiation (Pathak et al., 2014), axon guidance 311 
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(Koser et al., 2016), and cell migration (McHugh et al., 2012), among others. Migratory 312 

NC cells in Xenopus embryos express Piezo1 and require precise control of Piezo1 313 

activity for normal NC migration (Canales Coutiño and Mayor, 2021b). In vitro, 314 

activation of Piezo1 leads to inhibition of NC migration, while inhibition of Piezo1 315 

increases the speed of cell migration via Rac1 activation (Canales Coutiño and Mayor, 316 

2021b). Accordingly, inhibition of Piezo1 in Xenopus migratory NC cells in vivo leads 317 

to invasion of the NC cells into the adjacent tissue (Canales Coutiño and Mayor, 318 

2021b); this suggests that a precise level of Piezo1 activation is required at the border 319 

of the NC tissue to prevent invasion. As Piezo1 is exclusively activated by mechanical 320 

forces (Saotome et al., 2018; Lin et al., 2019), stresses generated between the NC 321 

and adjacent tissues could be the mechanical force required for Piezo1 activation in 322 

the NC migratory cells, since increased tension and stresses are detected at tissue 323 

boundaries across different models and species (reviewed in Heer and Martin, 2017). 324 

 325 

Mechanosensitive TRP channels have two main mechanisms of mechanical 326 

activation. i) Mechanosensitive TRP channels, such as TRPC6, TRPV2 and TRPV4, 327 

can be activated directly by stretch and tension applied to the lipid bilayer (Muraki et 328 

al., 2003; Dyachenko et al., 2009; Mamenko et al., 2015; Lee et al., 2017) (Figure 2C). 329 

ii) TRP channels can be activated downstream from mechanosensitive G-protein 330 

coupled receptors that signal through phospholipase C (PLC) (Drissi et al., 1998) 331 

(Figure 2B). TRPV4 and TRPM7 are two examples of mechanosensitive TRP 332 

channels that have been previously studied in NC and embryonic development. 333 

Interestingly, members of the TRP family of MS ion channels contain IP3 binding 334 

domains that lead to channel activation (Putney  Jr, 1999). 335 

 336 

TRPV4 is the most characterised TRP member, and it can be activated by osmotic 337 

pressure and shear stress, leading to an influx of Ca2+ ions into the cell (Liedtke et al., 338 

2000; Gao et al., 2011; Mamenko et al., 2015). Additionally, ankyrin repeats located 339 

in the N-terminus of TRPV4 directly interact with the actin filaments (F-actin) of the 340 

cytoskeleton (Liedtke et al., 2000). Therefore, TRPV4-mediated mechanotransduction 341 

depends on Ca2+ signalling and binding to the actin cytoskeleton. In zebrafish 342 

embryos, cranial NC migration is regulated by TRPV4, in cooperation with PACS, a 343 

membrane traffic regulator (Youker et al., 2009; Schuurs-Hoeijmakers et al., 2012). 344 

Knockdown of TRPV4 and PACS in zebrafish embryos leads to NC migration defects 345 
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and craniofacial deformations (Schuurs-Hoeijmakers et al., 2012). Additionally, 346 

specific overactivation of TRPV4 in cranial and cardiovascular NC in chick and 347 

zebrafish embryos leads to severe developmental defects (Hutson et al., 2017). It 348 

indicates that a threshold of TRPV4 activity is required for normal NC development 349 

and that TRPV4 activity is needed for both cranial and cardiac NC tissue. 350 

 351 

TRPM7 was identified as mechanosensitive in mesenchymal stromal cells (Liu et al., 352 

2015), HeLa cells (Numata, Shimizu and Okada, 2007) and rat odontoblasts (Won et 353 

al., 2018). TRPM7 is part of a subfamily of ion channels that acts as a bifunctional 354 

channel. In addition to their permeability to divalent ions, TRPM7 channels contain 355 

kinase domains in their C-terminal segment and act as enzymatic regulators (Runnels, 356 

Yue and Clapham, 2001). The kinase domain of TRPM7 induces phosphorylation of 357 

many downstream targets, including annexin A1 (Dorovkov, Kostyukova and 358 

Ryazanov, 2011), calpain II (Su et al., 2010), myosin II (Clark et al., 2008), and SMAD2 359 

(Zhong et al., 2018). Moreover, unlike other families of MS ion channels, which prefer 360 

Ca2+ regulation, TRPM7 has a higher sensitivity to Mg2+ (Zou et al., 2019). Thereby, 361 

TRPM7 increase the diversity of biological responses of MS ion channels. TRPM7 362 

expression is required for embryonic development (Jin et al., 2008, 2012). Knockdown 363 

of TRPM7 specifically within trunk NC in mice results in blockage of melanocyte and 364 

dorsal root ganglion neuron differentiation (Jin et al., 2012), indicating a role for 365 

TRPM7 in trunk NC differentiation.  366 

 367 

In summary, the role of several mechanosensitive ion channels on different aspects 368 

of NC development has been unequivocally established.  Furthermore, it has been 369 

demonstrated that Piezo1, which is specifically activated by mechanics, is required for 370 

NC migration.  It is expected that future studies will demonstrate the mechanical role 371 

of other mechanosensitive channels on NC development. 372 

 373 

Cell adhesion proteins  374 

Cell adhesion proteins allow cell anchorage to neighbour cells and the extracellular 375 

matrix (ECM). Changes in tissue tension, cell contractility, ECM stiffness and 376 

composition can be sensed and transmitted through adhesion proteins. 377 

Mechanotransduction via adhesion proteins leads to cytoskeletal re-arrangement via  378 
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physical interactions formed with the actin cytoskeleton, the recruitment of actin-379 

binding proteins, such as vinculin, or the activation of the Rho family of small GTPases 380 

mediated by guanosine exchange factors (GEFs). 381 

 382 

Cell-cell adhesion 383 

Cell-cell adhesions allow for tissue integrity and communication. NC cells establish 384 

multiple cell-cell adhesions, including cadherin based and connexin junctions (Monier-385 

Gavelle and Duband, 1995; Xu et al., 2001; Kuriyama et al., 2014; Scarpa et al., 2015). 386 

The cadherin-catenin proteins are the most characterised cell-cell adhesion 387 

mechanosensors. Cadherins are transmembrane proteins that form homotypic 388 

interactions necessary for cell-cell adhesion. Intracellularly, cadherin binds to p120 389 

catenin, β-catenin, and other proteins to form the adherens junction (AJ) complex 390 

(Figure 2A, D). AJs formed with E-cadherin, N-cadherin, or VE-cadherin have been 391 

established as mechanosensors in different experimental models (Coon et al., 2015; 392 

Bays et al., 2017; Labernadie et al., 2017).  393 

 394 

The AJ forms a link to the cortical actin filaments (F-actin) through α-catenin (Drees et 395 

al., 2005), which ultimately connects the cytoskeleton of two neighbouring cells (Figure 396 

2D). Vinculin recruitment by β and α-catenins stabilise AJ binding to F-actin and can 397 

further potentiate cadherin-mediated mechanotransduction (Peng et al., 2010; Yao et 398 

al., 2014) (Figure 2D). Additionally, AJs can sense intrinsic forces generated by 399 

actomyosin contractility and transfer them to neighbouring cells (Rauzi et al., 2008; 400 

Martin et al., 2010). Ultimately, AJs can further propagate cell-generated forces over 401 

long distances within a tissue (Barry, Wang and Leckband, 2015). Moreover, AJ 402 

strength and rigidity can modify the mechanical properties of a tissue by altering its 403 

stiffness, which neighbouring tissues can sense via cell-matrix adhesions (Ganz et al., 404 

2006; Tsai and Kam, 2009). 405 

 406 

At the onset of NC cell migration, a cadherin switch from E-cadherin to N-cadherin is 407 

required to initiate epithelial to mesenchymal transition (EMT), which triggers NC 408 

migration (Duband et al., 1995; Scarpa et al., 2015). The loss of E-cadherin also leads 409 

to re-distribution of forces, repolarisation of actin protrusions, and contact inhibition of 410 

locomotion (Scarpa et al., 2015), which contributes to NC directional collective 411 

behaviour. Additionally, cell-cell adhesion remodelling of the placode cells by NC cells 412 
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is required for modifying the mechanical properties of the placode tissue, allowing for 413 

a stiffness gradient of the placodes and collective durotaxis of NC cells (Shellard and 414 

Mayor, 2021). Changes in the mechanical properties of tissues adjacent to the NC are 415 

detected by cell-matrix interactions. 416 

 417 

Cell-matrix adhesion 418 

Cells bind to the extracellular matrix through integrin proteins. Intracellularly, integrins 419 

connect to the actin cytoskeleton by focal adhesion (FA) proteins, such as talin, 420 

paxillin, and vinculin. The integrin/FA complex provides an important channel for cell 421 

communication with its microenvironment. FAs are one the most widely studied 422 

cellular mechanosensors, able to detect mechanical stimuli from the ECM and 423 

transform them to downstream biochemical signalling. There are three main 424 

mechanisms triggered by FA-mediated mechanotransduction. i) signalling proteins, 425 

such as kinases and phosphatases, are recruited to the FA complex; some examples 426 

include Src, focal adhesion kinase (FAK), integrin-linked kinase (ILK), and receptor-427 

like tyrosine phosphatase α (RPTP-α) (Figure 2E) (Cary and Guan, 1999; Mitra and 428 

Schlaepfer, 2006). ii) structural FA proteins, such as talin, paxillin, vinculin and zyxin, 429 

directly link integrin proteins to the actin cytoskeleton in a similar fashion to cell-cell 430 

adhesion proteins (Figure 2E) (Thompson et al., 2014; Legerstee et al., 2019). iii) the 431 

small Rho GTPases: RhoA, Rac and CDC42 can be activated downstream of FAs 432 

through GEFs (Scales and Parsons, 2011) (Figure 2E).  433 

 434 

Communication of the ECM to the cytoskeleton of the cell through the integrin-FA 435 

complex is essential for NC attachment to the ECM, establishment of contact inhibition 436 

of locomotion and for collective migration in vivo (Desban and Duband, 1997; Testaz, 437 

Delannet and Duband, 1999; Roycroft et al., 2018). Furthermore, as mentioned in 438 

section 2, mechanotransduction by FA proteins is required to trigger EMT and initiate 439 

NC migration in vivo (Barriga et al., 2018). Additionally, FA proteins are necessary for 440 

NC cells to probe the stiffening of the placode cells during migration, thereby migrating 441 

following a durotaxis gradient in vivo (Shellard and Mayor, 2021).  442 

 443 

FA proteins have been shown to co-localise with Piezo1 in HEK293 (Jetta et al., 2021) 444 

and Drosophila gliomas (Chen et al., 2018), suggesting a potential interaction 445 

between the two mechanosensors. It remains to be explored whether FA proteins 446 
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interact with Piezo1 in NC cells. It is also unknown how the different simultaneous 447 

mechanical forces are detected and discerned throughout NC development and 448 

whether the other mechanosensitive proteins expressed in NC cells have an active 449 

role in detecting forces and mechanotransduction of NC cells during embryonic 450 

development. 451 

 452 

Concluding remarks 453 

The expression and functionality of several cell membrane mechanosensors are 454 

required in NC cells during development, and their loss leads to craniofacial 455 

malformations and other developmental defects (Clouthier et al., 1998; Ruest and 456 

Clouthier, 2009; Balczerski et al., 2012). A functional role of the mechanosensitive ion 457 

channel Piezo1 in NC migration in vivo (Canales Coutiño and Mayor, 2021b) indicates 458 

that NC cells can detect mechanical forces via receptors other than cadherins and 459 

integrins. Specifically, in the case of GPRCs and MS ion channels, their activation and 460 

function during NC development have only been studied from a biochemical point of 461 

view. However, it is now known that receptors such as ETA, S1PR, PTH1R, and 462 

channels TRPV4 and TRPM7 can be activated by mechanical forces in the absence 463 

of ligands or other stimuli (Liedtke et al., 2000; Mederos y Schnitzler et al., 2008; Jung 464 

et al., 2012). It remains to be investigated whether these proteins have a functional 465 

mechanosensory role in the NC. Given that processes such as NC differentiation and 466 

migration in vivo are regulated by mechanical stimuli (Barriga et al., 2018; Li et al., 467 

2019; Shellard and Mayor, 2021), we hypothesize that mechanical forces could 468 

activate these transmembrane proteins during NC development. It is likely that many 469 

developmental processes, including neural crest formation, migration and 470 

differentiation, are initiated and regulated by cell membrane mechanosensors. Future 471 

research should explore how specific mechanical signals are detected and transduced 472 

by the NC at different stages during development. These processes are likely to be 473 

conserved in other developmental contexts. 474 

  475 
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Figure legends 887 

Figure 1. Effect of mechanical forces on neural crest cells. (A-A’) Illustration of sagittal 888 

sections of Xenopus laevis embryos at a non-migratory NC stage (stage 13) (A) and at the 889 

onset of NC cell migration (stage 20) (A’). As the mesoderm proliferates during embryonic 890 

development, the apparent elasticity of the tissue increases. Non-migratory NC cells 891 

adjacent to the mesoderm sense the increase in mesoderm stiffness through focal adhesion 892 

(FA) proteins, which triggers epithelial to mesenchymal transition (EMT) and NC collective 893 

migration. Additionally, migratory neural crest cells sense a stiffness gradient across the 894 

placode tissue and direct their migration via durotaxis (B) Neural crest stem cells (NCSC) 895 

derived from induced pluripotent stem cells (iPSC) cultured on gels of different stiffness 896 

undergo specific cell differentiation patterns. NCSC cultured on stiff gels (1 GPa) 897 

differentiate into smooth muscle cells after 3 days. NCSC cultured on soft gels (15 kPa) 898 

differentiate into Schwann glial cells after 3 days. 899 

 900 

Figure 2. Cell membrane mechanosensors expressed by neural crest cells. (A) 901 

Illustration of two migratory neural crest (NC) cells which are forming cell-cell and cell-matrix 902 

contacts. Each mechanosensor is specified by a red star and a number, which are described 903 

in more detail in (B-E). (B) Mechanosensitive G-protein coupled receptors (GPCR). Upon 904 

mechanical activation, GPCRs activate phospholipase C (PLC) signalling. PLC mediates i) 905 

the conversion of IP2 to IP3, which can activate mechanosensitive ion channels and lead to 906 

increased Ca2+ levels; ii) the conversion of IP2 into membrane bound diacyl glycerol (DAG), 907 

which activates proteinase kinase C (PKC) and signalling downstream of this enzyme. (C) 908 

Mechanosensitive (MS) ion channels. Mechanical activation of TRP and Piezo1 channels 909 

allows entry of Ca2+ and Mg2+ ions and to the activation of signalling Ca2+/Mg2+-dependant 910 

signalling pathways. (D) Cadherin based cell-cell adhesions. Cell membrane tension by 911 

intrinsic actomyosin contractility or extracellular forces can be detected by cadherin-based 912 

junctions, which leads to actin remodelling via α-catenin unfolding and/or vinculin 913 

recruitment. (E) Integrin-focal adhesion complex. Forces exerted by the extracellular matrix 914 

are sensed by integrins proteins and propagated by focal adhesions (FA). 915 

Mechanotransduction via FA proteins leads to: i) the recruitment of signalling kinases (Src 916 

and FAK), ii) modification of stress fibres via vinculin binding, iii) small GTPase activation 917 

through guanosine exchange factors (GEFs). 918 

 919 
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