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ABSTRACT 
Physical processes ultimately drive morphogenetic cell movements.  Two proposals are that 1) cells 

migrate toward stiffer tissue (durotaxis) and that 2) the extent of cell rearrangements reflects liquid-

solid tissue phase.  It is unclear whether and how these concepts are related.  Here, we identify 

fibronectin-dependent tissue stiffness as a control variable that underlies and unifies these 

phenomena in vivo.  In murine limb bud mesoderm, cells are either caged, move directionally by 

durotaxis or intercalate as a function of their location along a stiffness gradient.  A unifying stiffness-

phase transition model that is based on a Landau equation accurately predicts cell diffusivity upon 

loss or gain of fibronectin.  Fibronectin is regulated by a WNT5A-YAP positive feedback pathway that 

controls cell movements, tissue shape and skeletal pattern.  The results identify a key determinant of 

phase transition and show how durotaxis emerges in a mixed phase environment in vivo. 

 
INTRODUCTION 
Although cell division underlies growth, morphogenesis involves fundamentally physical processes 

that form the embryo.  Cell movements, rather than the spatial distributions of cell divisions, underlie 

the shapes of various embryonic structures1,2.  Long-range coordination of morphogenetic cell 

movements shapes embryonic structures such as the main body axis3, the face2, limbs4, skin5, and 

other organ primordia6.  Biochemical cues such as morphogens, chemoattractants and cell polarity 

pathways6,7 do not fully explain long-range cell coordination in vivo, in part because of the short 

range8 and noisy nature9 of diffusible ligand gradients.  Physical cues such as tissue stiffness 

represent strong candidate mechanisms because they can be rapidly communicated among hundreds 

or thousands of cells4,10.  Likely a combination of mechanisms fully explains morphogenesis11. 

 

Liquid-solid phase transition is a relatively recent and potentially useful physical framework to 

describe cell and tissue movements12,13.  The concept is based, in part, on the physics of foams to 

explain the frequency of cell rearrangements and has been assessed as a function of cellular 

parameters3,12,14,15.  This paradigm has been applied to describe elongation of the zebrafish tail bud3, 

vertebrate digit primordia16, and the mandibular arch of the mouse embryo4.  In the theoretical case of 

confluent cells, tissue phase can be determined by cell geometries14 although most tissues are not 

confluent.  Jamming is another type of phase transition in which cell packing correlates with structural 

tissue integrity and unjammed cells rearrange in a manner that morphs tissue.  However, mechanistic 

explanations for this phenomenon are incomplete.  Jamming correlates with the degree of cell-cell 

proximity (connectivity)12 or adhesion3 in zebrafish.  In contrast to particulate (multicellular)12 or 

continuum (bulk tissue)3 models that have been used to describe phase transition, tissues typically 

contain both cells and substrates that profoundly impact material properties.  The contribution of 

tissue substrate to tissue phase has not been studied.  Moreover, although tissue stiffness 
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corresponds to cell jamming3, the relationship between material tissue properties and tissue phase 

remains unclear. 

 

Durotaxis is another, distinct, hypothesis that has been used to explain the directional movement of 

cells.  As has been shown primarily in vitro17, cells preferentially move toward stiffer substrate.  

Evidence for durotaxis in vivo was shown during neural crest cell migration in Xenopus11,18 and in 

correlative findings in our previous work on the mouse limb bud4.  However, the relationship between 

material tissue properties and the orientation of cell movements remains unclear.  Experiments that 

supported durotaxis in Xenopus involved epithelial dissection and exposed-surface indentation 

methods to measure subsurface stiffness gradients, and manipulation of stiffness by mechanical 

means in vivo and perturbation in vitro, thereby introducing confounding variables such as altered 

tissue integrity and uncertain cellular resolution in vivo11,18.  Nonetheless, durotaxis is an important 

consideration, especially in a mixed phase environment in which a stiffness gradient would be 

expected to interpolate between liquid and solid states, a possibility that has not been explored. 

 

Here, we manipulated tissue stiffness in vivo by performing conditional loss and gain of function 

experiments using a floxed fibronectin (Fn) and a knock-in Fn overexpression strain that we 

generated.  Using live light sheet time-lapse imaging of embryos harbouring a transgenic far-red 

nuclear reporter (H2B-miRFP70319), we identified a range of cell movement types that vary as a 

function of FN-dependent stiffness.  Cells in the stiffest and softest regions of limb bud mesoderm 

exhibited caged or rearranging behaviours, respectively, with low directional persistence (a measure 

of directional constancy).  In the intervening region where a stiffness gradient dominates, cells moved 

in a coordinated, durotactic manner with high persistence.  Starting with a Landau theory for second 

order phase transitions, we constructed a model with a term describing the coupling of cellular 

diffusion to a stiffness gradient.  This stiffness-phase transition model accurately predicted cell 

diffusivity as a function of stiffness upon loss and gain of fibronectin in vivo.  Using additional mutants, 

we showed that FN is downstream of a WNT5A-YAP pathway and feeds-back to promote YAP 

nuclear translocation and Wnt5a expression.  The results identify extracellular matrix abundance as a 

determinant of phase transition and show how durotaxis emerges in a mixed phase environment in 

vivo.  They demonstrate how stiffness affects tissue shape and subsequent skeletal pattern. 

 
RESULTS 
Modes of mesodermal cell movements vary as a function of tissue stiffness  
To obtain a 3D tissue stiffness map, we utilised a 3D magnetic tweezer system that we developed 

previously4.  By generating a uniform magnetic field gradient within the work-space, magnetic beads 

injected in the E9.25 mouse limb bud were actuated with identical forces (Figure 1A).  Local tissue 
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stiffness was quantified by fitting the bead displacement-time curve using a Zener model with a serial 

dashpot.  To merge tissue stiffness maps obtained from different embryos while avoiding data 

skewing by sub-somite staging differences in limb bud morphologies, we performed 3D limb bud 

shape registration using a customised program20 (Methods, Figures S1A–S1C and Movie S1).  As 

before4, we confirmed that the 21 somite (som., ~E9.25) mouse limb bud exhibited an 

anteroproximally biased mesodermal stiffness gradient (Figures 1B and S1D). 

 

We examined the relation between tissue stiffness and cell movements by performing live, time-lapse 

light sheet microscopy2,4 of embryos harbouring a transgenic far-red nuclear reporter H2B-

miRFP70319.  The resulting movies revealed previously unattainable detail due to our ability to identify 

and track nearly every nucleus deep within mesoderm with minimal phototoxicity.  After correcting for 

embryo drift by tracking fluorescent beads implanted in the agarose cylinder immediately surrounding 

the embryo, we observed that large-scale cell movements flowed toward and around the stiff core 

(Methods, Figure 1C and Movie S2). 

 

To understand the basis of the cell movement pattern, we examined various parameters.  The spatial 

distributions of the mesodermal cell-cell adhesion protein N-cadherin and motor protein phospho-

myosin light chain (pMLC) and mean cortical tension as estimated by a transgenic vinculin tension 

sensor2 were spatially uniform within mesoderm (Figure S1E-G).  Therefore, the coordinated cell 

movement pattern we observed is not readily explained by candidate mechanisms such as cell sorting 

or spatially biased cellular forces.  We focused further on the potential role of mesodermal stiffness.  

 

To characterise mesodermal cell movements quantitatively, we calculated cell migration persistence.  

Persistence is defined as the magnitude of the overall (start-to-finish) cell displacement vector divided 

by the total length of the displacement trajectory ranging from 0 (random motion) to 1 (straight-line 

motion)21 (Figures 1D and S2A).  By registering the tissue stiffness map to the persistence map to 

examine spatial correlation between the two parameters, we identified a continuum of cell movement 

types that we categorised into three distinct zones.  In the stiff core (Zone 1) where effective stiffness 

was greater than 1.5e-3 as well as in the soft region furthest from the stiff core (Zone 3), cells 

exhibited low migration persistence.  In contrast, cells immediately surrounding the stiff core where a 

stiffness gradient was present (Zone 2) migrated with high persistence (Figure 1E).  By performing 3D 

limb bud shape registration, we quantitatively compared the persistence maps measured from 

different embryos and found the mean standard deviation to be around 10%, indicating that the spatial 

pattern of cell migration persistence was fairly consistent across different embryos (Methods and 

Figures S2B-S2D). 
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To better define the nature of local cell movements in the three zones, we performed live imaging 

using a transgenic mTmG cell membrane reporter at higher resolution and rendered cells in 4D 

(Figures 1F-1H and Movies S3-S5).  Zonal categorisation was useful for our analysis because it was 

based on the predominant type of cell movement in each zone.  Cells within the stiff core (Zone 1) 

were least elongated and maintained a stable configuration over time without exchanging neighbours.  

In Zone 2 where a stiffness gradient dominated, cells exhibited collective movement toward the 

anteroproximal core.  Lastly, in the soft zone (Zone 3), cells displayed abundant protrusive activity 

and underwent frequent neighbour exchanges.  The most basic configuration of rearrangement 

involved a single cell intercalating into or out of a group of surrounding neighbours that is akin to a 3D 

T1 exchange we encountered previously in the mandibular arch2.  In-between zones, we identified 

intermediate cell behaviours such as durotactic movements encountering caged cells (Movie S6).  

Based on these observations, we propose that mesodermal cells transition between 1) caged 

behaviour in a stiff environment, 2) durotactic movement along a stiffness gradient, and 3) 

rearrangements in a comparatively soft tissue (Figure 1I). 

 
Fibronectin is necessary and sufficient for morphogenetic cell movements 

Fibronectin is a key component of extracellular matrix (ECM) that determines embryonic tissue 

stiffness and has been proposed to underlie durotaxis4,18,22,23.  Unlike other ECM components we 

previously examined, fibronectin exhibits a spatial distribution that corresponds to mesodermal 

stiffness gradient4.  To test whether the relation between tissue stiffness and cell movements is 

causative in vivo, we genetically manipulated fibronectin expression.  Fn-null mouse embryos develop 

normally until E8.0 and exhibit severe malformation of mesoderm-derived structures by E8.524.  In our 

study, conditional deletion of homozygous floxed Fn25 in mesoderm using T-Cre (T-Cre;Fnf/f) resulted 

in embryos that were progressively smaller compared to their control between E9.5 and E10.5 

(Figures S3A and S3B).  We confirmed the effective depletion of FN in mutant limb buds by 

immunostaining (Figures S3C and S3D).  Cell proliferation and apoptosis that were examined by 

pHH3 immunostaining and LysoTracker staining, respectively, were similar between T-Cre;Fnf/f and 

wild-type limb buds in ectoderm and mesoderm at 24 som. (~E9.5) (Figures S3E and S3F).  At 34 

som. (~E10.5), a significant reduction in proliferation and an increase in apoptosis were identified in 

conditional mutants (Figures S3F and S3G).  

 

To examine the effect of fibronectin loss prior to cell proliferation and apoptosis effects, tissue 

stiffness mapping was performed at 20 som. in embryos that harboured a cell membrane label (T-

Cre;Fnf/f;mTmG).  Compared to controls, conditional mutants exhibited softer mesoderm that lacked a 

spatial stiffness bias (Figures 2A and S4A).  By live light sheet imaging of T-Cre;Fnf/f;H2B-miRFP703 
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embryos, the collective pattern of mesodermal cell movements was grossly disrupted with cells in the 

bulk of the limb bud exhibiting complex, interweaving trajectories (Figure 2B and Movie S7).  

Correspondingly, cell migration persistence was low throughout the limb bud (Figures 2C and S4B).  

Time-lapse evaluation of cell membrane-rendered groups of T-Cre;Fnf/f;mTmG cells confirmed wide-

spread intercellular rearrangements that we previously observed only in Zone 3 of WT limb buds 

(Figures 2D, 2E and Movie S8).  

 

Using optical projection tomography (OPT), we found that T-Cre;Fnf/f limb buds developed more 

symmetrically than those of WT littermates.  Mutant limb buds lacked spatial biases such as an 

anterior peak that normally develops between 20 and 25 som. and a relatively narrow dorsoventral 

axis (Figures 2F, S4C and S4D).  The short AP axis is consistent with previous findings in Fn-null 

embryos24 and the wide DV axis resembles that of Wnt5a mutants4,26.  Together, these results 

indicate that fibronectin is necessary to establish a mesodermal stiffness gradient that regionalises 

and orients morphogenetic cell movements that shape the limb bud. 

 
To test the effect of excessive fibronectin, we knocked-in a conditional and fluorescently tagged Fn 

transgene to the Rosa26 locus (R26-CAG-loxP-STOP-loxP-Fn-mScarlet, herein referred to as R26-

Fn-mScarlet) using an efficient method of transgenesis 2C-HR-CRISPR19 (Methods, Figures 3A and 

S5A).  Overexpression of Fn throughout mesoderm using T-Cre abrogated the normally biased FN 

domain by immunostaining (Figures S5B and S5C) as well as the stiffness gradient by magnetic 

tweezers measurement, resulting in stiffer tissue throughout the limb bud (Figures 3B and S5D).  Live 

imaging revealed markedly diminished cell movements as indicated by short migration trajectories 

with low persistence (Figures 3C, 3D, S5E and Movie S9).  Accordingly, cells were relatively spherical 

and in stable configurations that lacked neighbour exchange throughout mesoderm (Figures 3E, 3F 

and Movie S10).  Therefore, excessive fibronectin is sufficient to stiffen tissue in a manner that cages 

cell movements. 

 

Unlike Fn mutants, T-Cre;R26-Fn-mScarlet embryos survived until E14.5, permitting assessment of 

skeletal pattern by cartilage staining.  Interestingly, transgenic limbs were disproportionately short with 

marked radial and first digit hypoplasia (Figure 3G).  This dysplasia implies that early morphogenetic 

movements that generate nuanced tissue shape are fundamentally important for pattern formation.  In 

this case, loss of early anterior tissue bias corresponds to reduction of anterior structures. 
 

Tissue stiffness predicts the mode of cell movements 
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The preceding data demonstrate that limb bud mesoderm is a mixed-phase environment.  This 

context is distinct to previously described embryonic tissues such as the zebrafish tail bud and during 

epiboly in which parameters such as cell packing density3 or cell-cell connectivity12, respectively, 

define solid and liquid phases at a transitional critical point.  In contrast, mammalian mesoderm 

exhibits a transitional durotactic zone between solid and liquid phases as a function of local ECM-

dependent tissue stiffness.  We considered whether rigidity phase transition and durotaxis in this 

context can be described by a unified mathematical model.  

 

We propose a minimal mathematical description for a stiffness-driven liquid-solid phase transition that 

includes a description of durotaxis in the intermediate interpolating region within mixed phase 

mesoderm.  Starting with a modified Landau theory for second order phase transitions27, we add a 

term describing the coupling of cellular diffusion to a stiffness gradient (stiffness phase transition 

model),  

𝐸 = 𝑎(𝐾 − 𝐾!)𝐷" + 𝑏𝐷# − 𝑐𝐷,,⃗ ∙ ∇,,⃗ 𝐾  

where a, b, and c are positive coefficients.  In this equation, the first two terms represent the standard 

Landau phenomenological description for a phase transition with our postulate that there is a fluid to 

solid transition driven by tissue stiffness, K, above a critical threshold, Kc.  As in previous works28, 

particle self-diffusivity D (Methods and Figure S6A) is an order parameter for the transition.  Diffusivity 

measures the particle spreading rate in the medium and is an important metric to distinguish the state 

of matter.  It is defined as magnitude of the displacement vector divided by six times the time duration 

(Methods).  The last term in the equation predicts a tilting of the diffusion potential in the direction of 

the stiffness gradient, resulting in durotaxis (Figure 4A).  Our theoretical model suggests that for a 

zero-stiffness gradient, one would expect the diffusivity to simply transition from a nonzero value at 

low stiffness (rearranging state) toward zero as stiffness increases (caged state).  This postulate is 

given by a simple sigmoid-type interpolation with the width defining the sharpness of the transition.  A 

real wild-type limb bud, however, does not exhibit uniform stiffness but rather a region of higher 

stiffness surrounded by a region of lower stiffness with an intermediate region interpolating between 

the two.  It is more akin to a mixed phase situation rather than an equilibrium thermodynamic limit.  

The interpolating region necessarily has a nonzero stiffness gradient, and so will have some 

additional dynamics (durotaxis state) and a greater magnitude of diffusivity (Figure 4A). 

 

An empirical cell diffusivity map of the WT limb bud shows a similar pattern compared to cell migration 

persistence.  The stiff and soft zones both exhibit low diffusivity whereas the stiffness gradient zone 

has high diffusivity (Figure 4B) in agreement with our stiffness-phase transition model.  By registering 

the WT cell diffusivity map and tissue stiffness map, we obtained the relation between diffusivity and 
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stiffness allowing us to calibrate the stiffness-phase transition model.  The gradient of the stiffness 

roughly follows a Gaussian in the wild-type limb bud (Figures S6B and S6C), so we assumed that 

diffusivity would likewise diverge from the simple interpolation with a Gaussian line-shape.  As such, 

we fit a sigmoid plus a Gaussian to arrive at our full expected form as shown in Figure 4C.  To test the 

predictive ability of the model, we calculated cell diffusivity maps of Fn conditional loss (T-Cre;Fnf/f) 

and overexpression (T-Cre;R26-Fn-mScarlet embryos) (Figures 4D and 4E) and registered them with 

tissue stiffness maps.  T-Cre;Fnf/f and T-Cre;R26-Fn-mScarlet embryos both abolished tissue stiffness 

gradient in limb bud mesoderm lowering cell diffusivity with T-Cre;R26-Fn-mScarlet (i.e., stiffening) 

being more significant.  Therefore, the relationship between diffusivity and stiffness in T-Cre;Fnf/f and 

FN overexpressing limb buds follows the prediction of our stiffness-phase transition model (Figures 

4F and G).  Rigidity phase transition and durotaxis co-exist along a continuum in murine mesoderm. 

 
Fibronectin is regulated by a feed-forward mechanism involving WNT5A and YAP  

Our previous work showed that Wnt5a is required for FN expression in the early mouse limb bud4.  To 

identify the relevant signalling pathway, we examined pathway components (Figure S7A).  The 

effectors TCF/Lef and the co-activator β-catenin exhibited no spatial-bias in distribution in WT limb 

buds nor a difference in expression levels between WT and Wnt5a-/- limb buds (Figures S7B-S7E), 

suggesting that canonical WNT signalling does not drive FN expression.  Similar results were 

observed for key noncanonical signalling components VANGL2 and c-JUN N-terminal kinase (JNK) 

as shown in Figures S7F-S7I.  

 

Alternative effectors of WNT5A include YAP/TAZ29, although evidence for that pathway in vivo is 

lacking.  It has also been shown that Fn is a downstream target of YAP in vitro30.  The expression 

domain of YAP, but not of phospho-YAP that is retained in the cytoplasm 36, colocalised with the FN 

domain (Figures 5A-5C, S8A)).  We identified a strong correlation between YAP nuclear/cytoplasmic 

ratio and FN intensity among individual cells (Methods, Figures 5B and S8B).  Next, we examined 

whether YAP is necessary for FN by performing conditional knockout of floxed Yap/Taz using T-Cre.  

In Yap/Taz mutant limb buds, FN immunostain intensity was broadly diminished (Figures 5D and 5E) 

and limb bud shapes resembled those of Fn conditional knockouts with greater severity at 20 and 25 

som. stages (Figure 5F).  These data suggest YAP is an upstream regulator of FN in vivo. 

 

Various in vitro studies have shown that YAP is translocated to the nucleus on a stiff substrate31–33.  

We found that, in T-Cre;Fnf/f limb buds, YAP nuclear/cytoplasmic ratio was diminished and its 

colocalisation with fibronectin was disrupted (Figures 5G-5I).  In Wnt5a mutants, both YAP and FN 

were diminished (Figures 6A-6C).  The Wnt5a expression domain and level of expression, however, 

were unaffected in Yap-CKO limb buds, indicating an upstream role of Wnt5a for YAP activation 
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(Figures 6D and 6E).  Interestingly, in T-Cre;Fnf/f limb buds Wnt5a expression level, but not its 

expression domain, was downregulated by quantitative RT-PCR (Figure 6F).  Therefore, FN feeds 

back to promote nuclear translocation of YAP and expression of Wnt5a (Figure 6G).  

 
DISCUSSION 
Our data show that control of morphogenetic cell movements is achieved by tuning fibronectin-

dependent tissue stiffness.  They imply the location of a stiffness gradient organises cell movements, 

tissue shape and subsequent skeletal pattern.  In contrast to the proximally stiff, distally soft limb bud, 

the murine mandibular arch exhibits distally-biased stiffness where cells are caged and proximal soft 

mesenchyme where cells intercalate2,23.  Stiff regions promote structural stability whereas soft regions 

permit deformability and elongation, resulting in different 3D mesodermal tissue shapes depending on 

stiffness geometry.  
 

Our stiffness-phase transition model unifies two concepts that were previously considered separately.  

Durotaxis takes place in an interpolating region in mixed phase tissue.  It will be interesting to 

determine whether transitions in cell behaviour along this continuum occur at stiffness thresholds that 

are absolute or relative.  Examination of tissues or embryos that are substantially larger or smaller 

than the limb bud with different tissue properties will be instructive in this regard and potentially useful 

for tissue engineering applications.  

 

We used the term durotaxis to explain our results because that term accurately reflects our stiffness 

measurements.  An alternative interpretation of our fibronectin data is that cells moved up a gradient 

of integrin-fibronectin binding sites (haptotaxis).  Unlike in vitro environments in which substrate 

stiffness and binding site density can be modified separately by altering polymer concentration or 

ECM protein coating, ECM-dependent stiffness and binding site density are not readily distinguishable 

in vivo.  Previous inactivation of a fibronectin binding motif (RGD of FN-III) for a5b1/an integrins did 

not compromise FN matrix assembly34 and resulted in a less severe phenotype than Fn null 

embryos24.  However, there were marked mesodermal anomalies including hypoplasia of the limb bud, 

raising the possibility that cells can’t migrate effectively in the absence of ECM binding sites despite 

the presence of a matrix.  We infer that durotaxis and haptotaxis are inherently coupled or 

interdependent in vivo.  

 

Previous studies have shown that both WNT ligands and YAP are capable of driving fibronectin 

expression35,36.  In limb bud mesoderm YAP acts as a downstream effector of Wnt5a to regulate 

fibronectin expression which in turn promotes nuclear translocation of YAP and Wnt5a expression. 

Fibronectin feedback can be transcriptional, post-transcriptional or combined.  Since nuclear shuttling 
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of YAP has long been shown to respond to changes in environmental stiffness in vitro, 

mechanotransduction represents an obvious candidate mechanism31–33.  Dynamic changes in YAP 

location during development were recently confirmed using an endogenous YAP reporter37.  Interplay 

between biochemical and mechanical signals likely controls a wide range of developmental events. 

 

Our work identifies a fundamental layer of morphogenetic regulation by revealing that durotaxis 

interpolates within mixed phase tissue.  This principle may be widely applicable but regulated by 

different ECM components or control variables in other contexts.  Identifying key control variables that 

underlie phase behaviour can potentially advance our morphogenetic understanding of congenital 

malformations and tissue engineering strategies in which form is critically important for function. 

 
MATERIALS AND METHODS 
Mouse strains  

Analysis was performed using the following mouse strains: pCX-NLS-Cre38, mTmG39 [The Jackson 

Laboratory: Gt(ROSA)26Sortm4(ACTB-tdTomato-EGFP)Luo/J)], R26-CAG-H2B-miRFP70319 [The Jackson 

Laboratory: Gt(ROSA)26Sorem1.1(CAG-RFP*)Jrt/J], T-Cre40, Fn1 flox25 [The Jackson Laboratory: B6;129-

Fn1tm1Ref/J], Rosa26-CAG-LSL-Fn-mScarlet (R26-Fn-mScarlet)-see below, Yap flox;Taz flox41 [The 

Jackson Laboratory: Wwtr1tm1Hmc Yap1tm1Hmc/WranJ], Wnt5a+/−42 and TCF/Lef:H2B-GFP43. To generate 

conditional mutant embryos, flox/flox females carrying the appropriate fluorescent reporter were bred 

to flox/+; Cre males. All strains were outbred to CD1 except for Fn1 flox, which is C57BL/6J 

background. All animal experiments were performed in accordance with protocols approved by the 

Animal Care Committee of the Hospital for Sick Children Research Institute. 
 
Generation of Rosa26-CAG-LSL-Fn-mScarlet mouse line 
The Fn-mScarlet transgene was designed according to a previous publication demonstrating normal 

expression and secretion of Fn-GFP fusion protein44. The coding sequence of a bright red 

fluorescence protein mScarlet was placed between the FN-III domains 3 and 4 within the full-length 

cDNA sequence of the longest isoform of mouse Fn1. The full length Fn-mScarlet cDNA was 

synthesized by Epoch Inc and then inserted into the MluI restriction site of the pR26 CAG AsisL/MluI 

plasmid (Addgene 74268, kind gift from Ralph Kuehn)45. The mouseline was generated by 2C-HR-

CRISPR following our published protocol19,46,47. A positive founder was outcrossed for 3 generations 

to remove any potential off-target modification from CRISPR genome editing before breeding to 

establish desired genotypes. The Rosa26-CAG-LSL-Fn-mScarlet are homozygous viable, healthy, 

and fertile. The mouse line is maintained by breeding homozygous mice. 

 

3D Tissue stiffness mapping 
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3D tissue stiffness mapping was conducted using a 3D magnetic device that we developed previously. 

Briefly, functionalised magnetic beads (Dynabead M280) were microinjected into the limb bud field 

using a microinjector (CellTram 4r Oil; Eppendor) at anterior, middle, and posterior regions. Multiple 

depositions were made during one penetration and withdrawal of the needle to distribute the magnetic 

beads at different depths within the limb bud. The embryo with magnetic beads injected was placed 

into the customized imaging chamber and immobilised by DMEM without phenol red containing 12.5% 

rat serum and 1% low-melt agarose (Invitrogen). The temperature of the imaging chamber was 

maintained at 37 °C with 5% CO2. Prior to stiffness mapping, a Z scan was taken to record the bead 

locations within the limb bud. Magnetic beads were then actuated by the magnetic device and bead 

displacements were recorded by spinning-disk confocal microscopy at the highest frame rate. The 

bead displacement (in the direction of the magnetic force) was tracked with subpixel resolution and 

fitted using Zener model with a serial dashpot in MATLAB to extract the stiffness value. The tissue 

stiffness mapping dataset was rendered in 3D using a customised python program. 

 
3D Limb bud registration 
Our 3D limb bud registration was inspired by previous work on segmentation of the full lower limb in 

computed tomography (CT) and construction of an average embryo from multiple reconstructed 

embryos. The 3D point cloud of mouse limb bud to be registered (source) was first aligned with the 

reference (target) in AP and DV axes by translation and rotation. The centroid of the source was then 

merged with the target. An iterative closest point (ICP) based non-rigid registration algorithm was 

applied until reaching a shape difference below 5%. The shape difference is defined as  

𝑉$%&& = 11 −
𝑉'()*!+
𝑉,-*.+,

1 

where Vsource and Vtarget are the volumes of source and target, respectively. 

 

Live, time-lapse light-sheet microscopy 

Three-dimensional time-lapse microscopy was performed on a Zeiss Lightsheet Z.1 microscope. 

Embryos were suspended in a solution of DMEM without phenol red containing 12.5% filtered rat 

serum, 1% low-melt agarose (Invitrogen), and 2% fluorescent beads (1:500, diameter: 500 nm; 

Sigma-Aldrich) that were used for drift-compensation in a glass capillary tube. Once the agarose 

solidified, the capillary was submerged into an imaging chamber containing DMEM without phenol red, 

and the agarose plug was partially extruded from the glass capillary tube until the portion containing 

the embryo was completely outside of the capillary. The temperature of the imaging chamber was 

maintained at 37 °C with 5% CO2. Images were acquired using a 20×/0.7 objective with dual-side 

illumination, and a z-interval of 0.5μm. Images were acquired for 3 to 4 h with 5 min intervals. 
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Cell migration tracking and analysis 
The light-sheet time-lapse dataset was rendered in Imaris (Bitplane). The positions of cell nuclei and 

fluorescent beads were tracked over time using an autoregressive motion algorithm. Ectodermal and 

mesodermal cells were separated based on mean thresholding of fluorescence intensity. Cells 

undergoing division (based on the morphology of the cell nuclei) were excluded from cell migration 

tracking. The tracking dataset was then imported into MATLAB (MathWorks), and drift compensation 

was performed by translation and rotation based on the displacement of fluorescent beads. Cell 

migration metrics were calculated using the drift-compensated dataset. Cell migration persistence P 

was calculated by dividing vector length by the length of the trajectory 

𝑃 =
4𝑑4

∑ 𝑑%/
%01

 

As in previous works28, we defined particle self diffusivity D as 

𝐷 =
4𝑑4

"

6Δ𝑡
 

 

where t is the time in mins.  

 

To evaluate the cross-embryo difference of the calculated metrics, multiple limb bud datasets were 

registered to the reference. For each cell in the reference dataset, the closest cell was searched in 

other limb bud datasets within the distance of 20 μm. The standard deviation of each metric was 

calculated among the cells from different embryos at the proximity of reference location. 

 
Fluorescence lifetime imaging microscopy 
Fluorescence lifetime microscopy (FLIM) was performed on a Nikon A1R Si laser scanning confocal 

microscope equipped with PicoHarp 300 TCSPC module and a 440 nm pulsed diode laser 

(Picoquant). Data were acquired with a 40×/1.25 water immersion objective with a pixel dwell time of 

12.1 µs/pixel, 512×512 resolution, and a repetition rate of 20 MHz. Fluorescence emission of mTFP1 

was collected through a 482/35 bandpass filter. Embryos were prepared in 50/50 rat serum/DMEM 

and imaged in a humidified chamber at 37 °C in 5% CO2. Lifetime analysis was performed using 

FLIMvivo48. 

 

Optical projection tomography 
Mouse embryos were harvested and fixed in 4% paraformaldehyde overnight at 4 °C. Optical 

projection tomography was performed using a system that was custom-built and is fully described 
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elsewhere49. Three-dimensional datasets were reconstructed from auto-fluorescence projection 

images acquired during a 25-min scan period at an isotropic voxel size of 4.5μm. The limb bud 

structure was segmented from the embryo and rendered in MeshLab. 

 
Immunofluorescence 
Cryosection immunofluorescent staining of embryos was performed as previously described4. 

Dissected mouse embryos were fixed overnight in 4% paraformaldehyde in PBS followed by three 

washes for 5 min in PBS. Fixed embryos were embedded in 7.5% gelatin/15% sucrose and sectioned 

into 10-μm slices using a Leica CM1800 cryostat. Sections were washed twice for 5 min. in Milli-Q 

and once for 5 min in PBS, permeabilised in 0.1% Triton X-100 in PBS for 20 min, and blocked in 5% 

normal donkey serum (in 0.05% Triton X-100 in PBS) for 1 h. Sections were incubated in primary 

antibody overnight at 4 °C followed by four 10-min washes in 0.05% Triton X-100 in PBS, then 

incubated in secondary antibody (1:1,000) for 1 h at room temperature. Finally, sections were washed 

three times for 5 min in 0.05% Triton X-100 in PBS and twice for 5 min in PBS. Images were acquired 

using a Nikon A1R Si Point Scanning Confocal microscope at 20× or 40× magnification, and analysis 

was performed using ImageJ. 

 

Whole-mount immunofluorescence 
Whole-mount immunofluorescent staining of embryos was performed as previously described2. Briefly, 

mouse embryos were collected and fixed overnight in 4% PFA in PBS followed by 3 washes in PBS. 

Embryos were permeabilised in 0.1% Triton X-100 in PBS for 20 min and blocked in 5% normal 

donkey serum (in 0.05% Triton X-100 in PBS) for 1 h. Embryos were incubated in primary antibody for 

5 h at room temperature, followed by overnight incubation at 4 °C. Embryos were washed 4×20 min 

with 0.05% Triton X-100 in PBS and incubated in secondary antibody for 3-5 h at room temperature. 

Embryos were washed 4×20 min, followed by a final wash overnight at 4 °C, and stored in PBS. 

Images were acquired using a Nikon A1R Si Point Scanning Confocal microscope at 20× or 40× 

magnification, and analysis was performed using Imaris (Bitplane). 

 

Apoptosis detection 
LysoTracker Red DND-99 (ThermoFisher Lot L7528) was diluted to 2μM in DMEM containing 50% rat 

serum. Embryos were placed in media and incubated in a roller culture apparatus for 1 h. The 

temperature was maintained at 37 °C with 5% CO2. Embryos were washed three times with PBS 

after staining to remove LysoTracker surplus then fixed overnight in 4% paraformaldehyde in PBS 

followed by three washes for 5 min. in PBS. Images were acquired using a Nikon A1R Si Point 

Scanning Confocal microscope at 20X magnification, and analysis was performed using ImageJ. 
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Whole-mount skeleton staining 
Dissected E13.5 mouse embryos in glass scintillation vials were fixed overnight in 70% ethanol at 

4 °C. The 70% ethanol was removed and replaced with 95% ethanol for 1 h at room temperature. The 

embryos were then permeabilized by acetone for 1 h followed by Alcian blue colorimetric reaction for 

1 h at room temperature. The embryos were kept in 1% KOH overnight at 4 °C for clearing. Finally, 

embryos were transferred to 50 % glycerol:50 % (1 %) KOH solution for 2 h at room temperature and 

kept in 100 % glycerol for long term storage. For imaging, embryos were transferred to a solution 

containing 45% sucrose and 40% urea for better imaging quality. The images were captured using 

Leica stereo microscope MSV269. 

 
Whole-mount in-situ hybridisation 
Whole mount in situ hybridisation was performed after fixation in 4% paraformaldehyde followed by 

dehydration through a methanol series. Embryos were bleached then underwent digestion in 

proteinase K, hybridization with probe in formamide, SSC, SDS and heparin, treatment with anti-

Digoxygenin-AP, and colorimetric reaction. Wildtype and mutant littermate embryos were processed 

identically in the same assay for comparison. The images were captured using Leica stereo-

microscope MSV269. 

 

Antibodies 
Primary antibodies included fibronectin (1:100; Abcam Lot ab2413), pHH3 (1:250; Cell Signaling Lot 

9706), N-cadherin (1:200; BD Biosciences Lot 610920), beta-catenin (1:200; Abcam Lot ab59430), 

Vangl2 (1:200; Sigma Lot HPA027043), p-SAPK/JNK (1:200; Cell Signaling Lot 9255), YAP (1:200; 

Abcam Lot ab56701) and phosphor-YAP (1:200; Cell Signaling Lot 4911). Secondary antibodies were 

purchased from Abcam and used at 1:1,000 dilutions: Goat Anti Mouse IgG AF 488 (ab150113), Goat 

Anti Rabbit IgG AF 488 (ab150077), Goat Anti Rabbit IgG AF 568 (ab175471). 

 
Primers 
Primers used in this study included 

R26 Fn-mScarlet gt Fwd: GTACAACATCACTATCTATGCTGTGGA 

R26 Fn-mScarlet gt Rev: CGTCCTCGAAGTTCATCACGC 

R26 WT Fwd: CGTGCAAGTTGAGTCCATCCGCC 

R26 WT Rev: ACTCCGAGGCGGATCACAAGCA 

Wnt5a Fwd: CTCGGGTGGCGACTTCCTCTCCG 

Wnt5a Rev: CTATAACAACCTGGGCGAAGGAG 
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Data Availability 
The data that support the findings of this study are available at https://figshare.com/articles/dataset/ 

Durotaxis_bridges_phase_transition_as_a_function_of_tissue_stiffness_in_vivo. 

 
Code Availability 
All custom codes used in this paper are available at https://github.com/MinZhuUOTSickKids/ 

Durotaxis-bridges-phase-transition-as-a-function-of-tissue-stiffness-in-vivo. 
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FIGURE LEGENDS 
Figure 1. Zonal cell movements correspond to three-dimensional tissue stiffness map. (A) 

Schematic depicting 3D tissue stiffness mapping. (B) Three-dimensional rendering of the 20 som. 

stage pCX-NLS-Cre;mTmG limb bud stiffness map (n=5). (C) H2B-miRFP703 21 som. limb bud three-

dimensional mesodermal cell movement trajectories tracked by light sheet live imaging (unit: μm, 

duration: 3 h). Each dot denotes the last time point of tracking. (D) Schematic describing the definition 

of cell migration persistence. (E) H2B-miRFP703 21 som. limb bud three-dimensional mesodermal 

cell migration persistence map overlaid with tissue stiffness map. Grey shade represents the volume 

mesh of effective stiffness value > 1.5e-3. (F) A representative z-section image of 21 som. T-

Cre;mTmG. (G) Three-dimensional cell membrane rendering of 21 som. T-Cre;mTmG overlaid with 

tissue stiffness map. Grey shade represents the volume mesh of effective stiffness value > 1.5e-3. (H) 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 6, 2023. ; https://doi.org/10.1101/2023.01.05.522913doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.05.522913
http://creativecommons.org/licenses/by-nc/4.0/


 16 

Time-lapse local cell membrane rendering within the three zones defined in F suggesting caged, 

durotaxis and rearranging behaviours. (I) Proposed zonal cell behaviours as a function of tissue 

stiffness. 

 

Figure 2. Loss of fibronectin downregulates tissue stiffness and leads to a broadly rearranging 
state. (A) Three-dimensional rendering of the 20 som. stage T-Cre;Fnf/f;mTmG limb buds stiffness 

map (n=3). (B) T-Cre;Fnf/f;H2B-miRFP703 20 som. limb bud three-dimensional mesodermal cell 

movement trajectories tracked by light sheet live imaging (unit: μm, duration: 3 h). Each dot denotes 

the last time point of tracking. (C) T-Cre;Fnf/f;H2B-miRFP703 20 som. limb bud three-dimensional 

mesodermal cell migration persistence map. (D) Three-dimensional cell membrane of T-

Cre;Fnf/f;mTmG limb bud rendered from light sheet live imaging. (E) Local cell membrane rendering in 

the dashed square shown in D suggesting a rearranging state. (F) Limb bud shape change from 20 to 

25 som. stage Fnf/+ and T-Cre;Fnf/f embryos reconstructed from optical projection tomography. 

Dashed circle indicates the location of anteriorly biased peak of the Fnf/+ limb buds. 

 

Figure 3. Fibronectin overexpression upregulates tissue stiffness and leads to a broadly caged 
state. (A) Conditional Rosa26 fibronectin mScarlet knock-in mouse strain. (B) Three-dimensional 

rendering of the 20 som. stage T-Cre;R26-Fn-mScarlet;mTmG limb buds stiffness map (n=3). (C) T-

Cre;R26-Fn-mScarlet;H2B-miRFP703 20 som. limb bud three-dimensional mesodermal cell 

movement trajectories tracked by light sheet live imaging (unit: μm, duration: 3 h). Each dot denotes 

the last time point of tracking. (D) T-Cre;R26-Fn-mScarlet;H2B-miRFP703 20 som. limb bud three-

dimensional mesodermal cell migration persistence map. (E) Three-dimensional cell membrane of T-

Cre;R26-Fn-mScarlet;mTmG limb bud rendered from light sheet live imaging. (F) Local cell 

membrane rendering suggesting a caged state. (G) E13.75 skeletal staining of mouse forelimb. Black 

and red dashed lines represent the distal extents of forearm and digits in T-Cre;R26-Fn-mScarlet 

homo, respectively. Arrow indicates first digit hypoplasia. 

 

Figure 4. Prediction of cell behaviours from tissue stiffness map. (A) Landau phase diagram as a 

function of tissue stiffness. (B) H2B-miRFP703 21 som. limb bud three-dimensional mesodermal cell 

diffusivity map overlaid with tissue stiffness map. Grey shading represents the volume mesh of 

effective stiffness value > 1.5e-3. (C) Cell diffusivity as a function of tissue stiffness. (D) T-

Cre;Fnf/f;H2B-miRFP703 20 som. limb bud three-dimensional mesodermal cell diffusivity map. (E) T-

Cre;R26-Fn-mScarlet;H2B-miRFP703 20 som. limb bud three-dimensional mesodermal cell diffusivity 

map. (F and G) T-Cre;Fnf/f;H2B-miRFP703 and T-Cre;R26-Fn-mScarlet;H2B-miRFP703 limb bud 
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mesodermal cell diffusivity follows the stiffness-phase transition model prediction (two-tailed paired 

Student’s t-test). n.s, not significant. 

 
Figure 5. YAP regulates fibronectin expression via a feedback mechanism. (A) Transverse 

sections of 21 som. CD1 embryos at forelimb anterior and posterior regions. Sections were stained 

with DAPI (cyan) anti-YAP (green) and anti-fibronectin antibody (red). (B) Relative fibronectin 

fluorescence intensity vs. YAP nuclear/cytoplasmic ratio of 20~21 som. CD1 embryos (n=3) at 

forelimb anterior region. PCC: Pearson correlation coefficient. (C) YAP nuclear/cytoplasmic ratio of 

20~21 som. CD1 embryos (n=3) at forelimb anterior and posterior regions (two-tailed unpaired 

Student’s t-test, ****P < 0.0001). (D) Transverse sections of 20 som. T-Cre;Yapf/f;Tazf/+ embryos at 

forelimb anterior and posterior regions. Sections were stained with DAPI (cyan) anti-YAP (green) and 

anti-fibronectin antibody (red). (E) Relative fibronectin fluorescence intensity in 20~21 som. 

Yapf/+;Tazf/+ (n=5) vs. T-Cre;Yapf/f;Tazf/+ (n=3) embryos at forelimb anterior and posterior regions (two-

tailed unpaired Student’s t-test, **P < 0.01). (F) Limb bud shape change from 20 to 25 som. stage T-

Cre;Yapf/f;Tazf/+ embryos reconstructed from optical projection tomography. (G) Transverse sections 

of 20 som. T-Cre;Fnf/f embryos at forelimb anterior and posterior regions. Sections were stained with 

DAPI (cyan) anti-YAP (green) and anti-fibronectin antibody (red). (H) Relative fibronectin fluorescence 

intensity vs. YAP nuclear/cytoplasmic ratio in 20~21 som. T-Cre;Fnf/f embryos (n=3) at forelimb 

anterior region. (I) YAP nuclear/cytoplasmic ratio of 20~21 som. Fnf/+ (n=3) vs. T-Cre;Fnf/f (n=3) 

embryos at forelimb anterior and posterior regions (two-tailed unpaired Student’s t-test, ****P < 

0.0001). n.s, not significant. Error bars indicate s.d.. 

 

Figure 6. Fibronectin scaffold stiffness orchestrates distinct cell movements via a feedback 
mechanism involving Wnt5a-YAP. (A) Transverse sections of 21 som. Wnt5a-/- embryos at forelimb 

anterior and posterior regions. Sections were stained with DAPI (cyan) anti-YAP (green) and anti-

fibronectin antibody (red). (B) Relative fibronectin fluorescence intensity vs. YAP nuclear/cytoplasmic 

ratio of 20~21 som. Wnt5a-/- embryos (n=3) at forelimb anterior region. PCC: Pearson correlation 

coefficient. (C) YAP nuclear/cytoplasmic ratio of 20~21 som. Wnt5a+/- (n=3) vs. Wnt5a-/- (n=3) 

embryos at forelimb anterior and posterior regions (two-tailed unpaired Student’s t-test, ****P < 

0.0001). (D) Coronal views of Wnt5a expression domain in E9.25 CD1, T-Cre;Yapf/f;Tazf/+ and T-

Cre;Fnf/f forelimbs. (E and F) Wnt5a mRNA level in T-Cre;Yapf/f;Tazf/+ and T-Cre;Fnf/f forelimbs 

comparing to Yapf/+;Tazf/+ and Fnf/+ , respectively (two-tailed unpaired Student’s t-test, **P < 0.01). n.s, 

not significant. Error bars indicate s.d.. (G) Schematic model representing the WNT5A-YAP-FN 

feedback signalling pathway establishes the tissue stiffness that orchestrates cell movements to drive 

limb bud shape change and affect cartilage formation.  
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SUPPLEMENTARY MOVIE LEGENDS 
Movie S1 
Three-dimensional limb bud shape registration using a customised MATLAB program. 

 

Movie S2 
Three-dimensional rendering and time lapse movie of a 21 somite H2B-miRFP703 (WT) transgenic 

embryonic limb bud imaged by light sheet microscopy. The view is dorsal, anterior is to the left, and 

distal is upwards. Any movement of the whole embryo within the imaging chamber is not confounding 

here as fluorescent beads were embedded in agarose immediately surrounding the embryo to allow 

for drift compensation. In this whole limb bud view, cells within the stiff anteroproximal core are 

relatively static whereas surrounding cells move toward that core. 

 

Movie S3 
Local cell membrane rendering and time lapse movie of a 21 somite T-Cre;mTmG (WT) transgenic 

embryonic limb bud within the stiff core. Although individual cell membranes fluctuate to some degree, 

cell neighbour relationships remain fixed, reflecting a caged state. 

 

Movie S4 
Local cell membrane rendering and time lapse movie of a 21 somite T-Cre;mTmG (WT) transgenic 

embryonic limb bud within the stiffness gradient between stiff and soft regions.  The elongated nature 

and coordinated movement of cells are distinct within this zone. Note that drift compensation has 

been performed and displacements reflect actual cell movements within mesoderm although the 

background has been blacked out to permit 3D visualisation of cell membranes. 

 

Movie S5 
Local cell membrane rendering and time lapse movie of a 21 somite T-Cre;mTmG (WT) transgenic 

embryonic limb bud in the soft zone. Cell shape fluctuations are robust and the blue cell intercalates 

down into a group of surrounding cells, a process that reflects a 3D version of a T1 intercalation. 

 

Movie S6 
Local cell membrane rendering and time lapse movie of a 21 somite T-Cre;mTmG (WT) transgenic 

embryonic limb bud at the junction of the stiff core and the stiffness gradient. The white cell exhibits 

directional movement that halts as it encounters caged cells. 
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Movie S7 
Three-dimensional rendering and time lapse movie of a 20 somite T-Cre;Fnf/f;H2B-miRFP703 

transgenic embryonic limb bud imaged by light sheet microscopy. The view is dorsal, anterior is to the 

left, and distal is upwards.  In the absence of FN, cells move globally but lack coordination.  

 

Movie S8 
Local cell membrane rendering and time lapse movie of a 20 somite T-Cre;Fnf/f;mTmG transgenic 

embryonic limb bud within the normally stiff zone. In the absence of FN, cells that normally are caged 

exhibit robust shape fluctuations and the green cell intercalates then withdraws from between the red, 

white and blue cells. This type of intercellular movement is normally seen only in the soft region. 

 
Movie S9 
Three-dimensional rendering and time lapse movie of a 20 somite T-Cre;R26-Fn-mScarlet;H2B-

miRFP703 transgenic embryonic limb bud imaged by light sheet microscopy. The view is dorsal, 

anterior is to the left, and distal is upwards. In the presence of excessive FN, cells are globally 

relatively static and uncoordinated. 

 
Movie S10 
Local cell membrane rendering and time lapse movie of 20 somite T-Cre;R26-Fn-mScarlet;mTmG 

transgenic embryonic limb bud within the normally soft zone. In the presence of excessive FN, cell 

intercalations or directional movements are absent. 
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