Hayri E Balcioglu 
  
Lakshmi Balasubramaniam 
  
Tomita Vasilica Stirbat 
  
Bryant Doss 
  
Marc- Antoine Fardin 
  
René-Marc Mège 
  
Benoit Ladoux 
email: benoit.ladoux@ijm.fr
  
A subtle relationship between substrate stiffness and collective migration of cell clusters

The physical cues from the extracellular environment mediates cell signaling spatially and temporally. Cells respond to physical cues from their environment in a non-monotonic fashion. Despite our understanding of the role of substrate rigidity on single cell migration, how cells respond collectively to increasing extracellular matrix stiffness is not well established. Here we patterned multicellular epithelial Madin-Darby canine kidney (MDCK) islands on polyacrylamide gels of varying stiffness and studied their expansion. Our findings show that the MDCK islands expanded faster with increasing stiffness only up to an optimum stiffness, over which the expansion plateaued. We then focused on the expansion of the front of the assemblies and the formation of leader cells. We observed cell front destabilization only above substrate stiffness of a few kPas. The extension of multicellular finger-like structures at the edges of the colonies for intermediate and high stiffnesses from 6 to 60 kPa responded to higher substrate stiffness by increasing focal adhesion areas and actin cable assembly. Additionally, the number of leader cells at the finger-like protrusions increased with stiffness in correlation with an increase of the area of these multicellular protrusions. Consequently, the force profile along the epithelial fingers in the parallel and transverse directions of migration showed an unexpected relationship leading to a global force decrease with the increase of stiffness. Taken together, our findings show that epithelial cell colonies respond to substrate stiffness but in a non-trivial manner that may be of importance to understand morphogenesis and collective cell invasion during tumour progression.

Introduction

The mechanical properties of the cellular microenvironment play a major role in the regulation of biological processes including morphogenesis, tissue remodeling and repair, and tumour progression 1 . The adaptation of single cell to substrate stiffness has been well described in the past two decades, leading to the so-called "durotactic" motility, i.e. directional cell migration along a stiffness gradient 2 . Intense research was carried out to determine the impact of substrate stiffness on various cellular functions including cell fate 3,4 , cell spreading 5 and to understand the underlying molecular mechanical responses at the local scale of focal adhesions [6][7][8][9] and at the scale of the cytoskeleton [10][11][START_REF] Trichet | Proc. Natl. Acad. Sci[END_REF][START_REF] Gupta | [END_REF] . Such studies have been first performed in vitro at the single cell level 14 . Cells respond to the stiffness of their substrate and applied force by reinforcing their focal adhesions (FAs) that act as mechanosensors 6,7,9,[START_REF] Roca-Cusachs | Proc. Natl. Acad. Sci[END_REF] . The underlying mechanism involves a force-dependent stretching of some of the proteins inside FAs, leading to the unfolding of cryptic binding sites, which in turn can recruit other signaling molecules [START_REF] Del Rio | [END_REF] . This promotes further reinforcement of the FA and initiates a signalling cascade leading to a cellular response. Additionally, single cell responses to substrate stiffness also exhibit large-scale responses mediated by cytoskeleton rearrangement [11][START_REF] Trichet | Proc. Natl. Acad. Sci[END_REF][START_REF] Gupta | [END_REF] . The observation of local contractile units at early cell spreading functioning as rigidity sensors may be a way to reconcile local and global responses 9,17 . The interest of the scientific community to rigidity sensing has grown even more with the recent evidence of in vivo cell responses to their environmental stiffness 18 . Physiological and pathological cellular processes occur not only at the single cell level but often at the scale of cellular populations 19 . Collective cell migration has been shown to respond to physical properties of the environment in vivo and in vitro, including confinement 20,[START_REF] Vedula | Proc. Natl. Acad. Sci[END_REF] , curvature [START_REF] Klarlund | [END_REF]23 , guidance of anisotropic stiffness [START_REF] Saez | Proc. Natl. Acad. Sci[END_REF] , stiffness conditions [START_REF] Matte | [END_REF][26][27] and even to viscoelastic materials 28 . Recent experiments both in vitro and in vivo shed new light on the importance of environmental stiffness on collective cell behaviours. It has been shown that multicellular clusters in vitro can exhibit durotactic behaviours whereas individual cells failed to do so under similar conditions 29 and that matrix stiffening initiates an epithelial-tomesenchymal transition in neural crest cells in vivo and triggers their collective migration 27 . Along this line, not only substrate stiffness but also adhesiveness through the amount of extra-cellular matrix (ECM) presented to cells revealed various behaviours of epithelial cell assemblies together with particular actin organizations 30 . The epithelial clusters can transition between 2D epithelial monolayers and 3D spheroidal aggregates, in a This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins way reminiscent of the dewetting transition in fluids. For epithelial clusters, this transition is dictated by the competition between contractility and active intercellular stresses and can be tuned by substrate stiffness through an adaptation of Ecadherin expression 31 . Indeed, at a molecular level, the organization of epithelial cell clusters is affected by changes in cell-matrix interactions through FAs but also by changes in cellcell interactions, for which cadherin-based adhesions have been shown to be mechanosensitive [32][33][34] . Finally, from a mechanical point of view, the study from Sunyer et al. 29 showing the durotatic behaviour of epithelial cell monolayers reported that the cohesion of epithelial monolayers relied on the emergence of large-scale force transmission over the entire migrating monolayer. This promoted the idea of extending the mechanical observations made at the single cell scale to multicelular scales. However, other studies reported that the mechanical contribution of the edge of the monolayer can play a pivotal role by locally regulating the migration of epithelial tissues. This includes the formation of leader cells described as single mechanical entities 35 , the changes in force patterns depending on tissue curvature 23 as well as the role of cryptic lamellipodia in the bulk 36,37 . Overall, the contribution of cell edges and the mechanical expansion of epithelial tissues in relation with substrate stiffness remains unclear as well as the length scales over which the mechanical information are integrated. Here, we investigate the emerging behaviours of expanding epithelial MDCK colonies in response to changes in substrate stiffness by analysing cell shape changes, cytoskeleton organization, tissue flows and traction forces.

Materials and methods

Cell culture

MDCK stain II WT cells (ATCC® CCL-34™), MDCK-H1-GFP (stable cell line transfected with H1-GFP) and MDCK-GFP actin (stable cell line transfected with GFP actin) cells, which were previously described 38,39 , were cultured in DMEM medium (invitrogen) supplemented with 10% fetal bovine serum (invitrogen) and 1% penicillin/streptomycin (invitrogen) and grown at 37 °C and 5% CO2. For live imaging, DMEM was replaced with low glucose Leibovitz (Sigma-Aldrich).

Sample preparation

35 mm glass bottom dishes (Ibidi) were treated with 5% (3-Aminopropyl) triethoxysilane (Sigma) in ethanol for 5 minutes and activated with 30 minutes incubation with 0.5% Glutaraldehyde in MQ, washed with MQ and left to dry. 18 mm coverslips were treated with O2 plasma for 30 minutes, and incubated with PLL-g-PEG (0.1 mg/ml PLL(20)-g[3.5]-PEG(2), SuSoS, dissolved in phosphate-buffered saline (PBS)), washed with MQ and left to dry. Polyacrylamide gels of varying stiffnesses (0.4kPa, 6.5kPa, 9.4kPa, 21kPa, 33kPa and 61kPa) were made using varying concentrations of 40% acrylamide/bis-acrylamide, 37.5:1 (2.7% crosslinker) solution (Bio-RAD) (Table 1), together with 1/1000 total volume TEMED (Bio-RAD) and 1/100 total volume 10% ammonium persulfate (Bio-RAD) and 1:100 carboxylated fluorescent beads (100 nm, Invitrogen). 25 μL of this solution was pipetted at the middle of the dish, and an 18 mm coverslip was placed on top of the gel to polymerize. After 20 minutes polymerization 1 mL of 10 mM HEPES pH 7.5 was added and the gel was left to rehydrate for 10 minutes before the removal of 18 mm coverslips. Fibronectin (Roche, 0.1 mg/mL in PBS) crosslinking to polyacrylamide gels was obtained by Sulfo-SANPAH (sulfosuccinimidyl 6-(40-azido-20-nitrophenylamino) hexanoate, Sigma). Such high concentration of fibronectin was used to ensure saturated densities of fibronectin on all substrates. For the fabrication of migration blocks, silicon wafers with desired patterns were made using SU-8 photoresist for soft lithography. To form migration stamps, first a negative mould of PDMS (Sylgard 184, Dow Corning) at 1:10 mixture ratio (curing agent: silicone elastomer) was moulded onto silanised wafers and cured at 80°C for 2 hours. 24x50 cm glass slides were cleaned with 70% EtOH, the PDMS moulds were placed on the glass slides, Plasma treated for 5 minutes, and then trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma) treated for 2 hours. 1:5 (curing agent: silicone elastomer) PDMS was moulded between the negative PDMS mould and glass and baked 2 hours at 130°C, treated with 0.2% pluoronic (F127, Sigma) for 1 hour, rinsed with MQ and left to dry.

Quantification of substrate rigidity using AFM

Young's moduli of polyacrylamide gels were measured by atomic force microscopy. Briefly, gels were prepared as described and indented using a JPK Nanowizard II (JPK Instruments, Germany) and LRCH-500 (Team Nanotec, Germany) probe. The spring constant was calibrated with the thermal tuning method and the probe geometry was provided by the manufacturer. Force-indentation curves were fit using the Hertz contact model and two independent mixtures for each gel were tested and averaged.

Live cell imaging

The migration blocks were placed on gels and incubated with complete media for 1 hour in the incubator. 500,000 cells in 3 mL of media was pipetted onto the substrates, and placed in the incubator overnight for cell attachment and the confluent circular monolayer formation within the PDMS stencil. The migration block was then removed, the gels were washed with PBS to remove excess cells, and medium was replaced with Leibovitz medium to obtain 350±72 (mean±SD) cells in discs of 300 μm diameter on all stiffnesses. The expansion of MDCK HI-GFP islands were imaged every 15 minutes for 24 hours on an Olympus IX81 inverted microscope with temperature and CO2 controls using a LUCPLFLN20X 0.45NA air objective. The Subsequently, the dishes were treated with SDS to kill the cells for acquisition of bead reference images.

Immunofluorescent stainings

Wild-type MDCK islands, 16 hours after the removal of migration blocks, were fixed with 4% PFA in 1X PBS for 10 minutes, permeabilised with 0.5% Triton X-100 in 1X PBS for 10 minutes, then incubated with blocking buffer, 5% BSA in PBS, for 30 minutes. Antibodies targeting paxillin (Y113, abcam, ab32084) or vimentin (abcam, ab8069) were used together with Alexa-488 conjugated secondary antibody targeting rabbit (Invitrogen, A11008) and mouse IgGs (Invitrogen, A11001), respectively. Actin cytoskeleton was visualized after staining with Alexa-568 labelled Phalloidin (Invitrogen, A12380). All antibodies were diluted in the blocking buffer. Between each step, the samples were rinsed 3 times with 1X PBS. Imaging was carried on with the Nikon spinning disc unit introduced in live cell imaging section, using CFI Plan Apochromat λ 100X 1.45NA oil immersion objective (Nikon), by taking the maximum intensity projection of 20 μm thick z-stacks consisting of 51 planes, which covered the full thickness of the monolayer on all stiffnesses except for 0.4kPa.

Image Analysis

Expansion areas were determined with an edge enhancement algorithm. Background images generated by Gaussian filtering bright field images, were subtracted from the original images, which were then put though Gaussian smoothing, and manually thresholded to obtain the areas of cell collectives. The quantification of leader cells at 16 hours was conducted manually by looking at images and counting the number of cells with prominent lamellipodia; cells where more than 50% of their free edge was a lamellipodium per island. Particle Image Velocimetry was calculated from consecutive bright field images with PIVlab 40 . Radial component was defined as the dot product of the velocity vector with the unit vector pointing away from the centre of the island. The radial organization distance of velocity was calculated with linear fitting to the radial ratio of the velocity at distances of 50 to 200 μm from the boundary per island. Only fits where the conditions: a<0, 0.3<b<1 and R 2 > 0.25 using equation y=ax +b were considered. Nuclei were detected the same way as bright field analysis, with an additional watershed algorithm to segment individual nuclei. From nuclei images, cell regions were assigned by Voronoi segmentation. Cell-matrix adhesions were identified using two Gaussian filtered images of the paxillin image, one with size of 5 pixels, another with 15 pixels (pixel size of 0.11 μm). Adhesions were defined as the 5 pixels filtered signal that was more than 1.2 times 15 pixels filtered signal and had an area larger than 0.18 μm 2 and those that belonged to the manually defined leader cell were quantified. For quantification of fluorescent intensity of actin and vimentin from the boundary, the boundary was obtained from a tissue mask defined as the signal that is 1/3 rd of the standard deviation more than the mean intensity of respective signals. The fluorescent intensity of vimentin under this mask was normalized to the mean intensity in the monolayer and quantified as a function of distance from its boundary. For bulk actin cable intensity, average actin fluorescent intensity under this mask within 1-5 μm from the boundary, excluding the region of leader cell manually defined, was divided to the average actin intensity of the monolayer. The order parameter corresponding to vimentin cytoskeleton was calculated using a custom-built MATLAB program, as previously described [START_REF] Gupta | [END_REF] . Briefly, the local orientation of vimentin at each pixel was calculated from the local structure tensor of the corresponding image. The order parameter is calculated as S=cos2θ, where θ is defined as the angle between the local orientation and the mean orientation angle of the vimentin structure, and averaged weighted by the fluorescent intensity of the image. For analysis of the lamellipodial actin flow, three lines of 200 pixels (37.2 μm) x 1 pixel (0.186 μm) per leading front were manually drawn, with about 30% of the line corresponding to the cell free region and kymographs were generated. The retrograde flow rate was calculated by manually obtaining the slope of the backward flowing actin from these kymographs. For calculation of the frequency and duration of lamellipodial retractions, the kymograph image was turned into a binary image with a threshold set at three tenths of the pixel intensities, resulting in a binary image where 70% of the image was allocated as foreground, and the frequency and duration of the events where the leading edge defined by this mask retracted more than 5 pixels (0.93 μm) were analysed.

For traction force calculations, bead displacements (with respect to its resting state images after SDS treatment) acquired during experiments were measured with PIVlab 40 and converted to cell traction forces with an ImageJ plugin 41 . A PIV interrogation window of size 64x64 pixel with an overlap of 50% was chosen for the detection of bead movement. The images were manually reoriented so that the direction of migration would be along the vertical axis while the direction perpendicular to the lamellipodial movement is along the horizontal direction. Temporal cross-correlation between magnitude of the traction forces perpendicular to the direction of migration (|Tx(t,x)|) and actin intensity (Iactin(t,x)) as a function of τ (delay from |Tx(t,x)| to Iactin(t,x)) and x (location in the horizontal axis) was calculated following the formula:

∑ (|T |(τ + t, x) -< |T |(t, x) > )(I (t, x)-< I (t, x) > ) ∑ (|T |(t, x)-< |T |(t, x) > ) ∑ (I (t, x)-< I (t, x) > ) 2

Results

Multicellular islands reach a maximum expansion at an intermediate stiffness

Previous works on collective cell migration on compliant substrates have been carried out with model wound assays, Please do not adjust margins Please do not adjust margins where a cell free area was created next to a confluent layer through removal of a rectangular migration block 29,[START_REF] Poujade | Proc. Natl. Acad. Sci[END_REF] . These works studied the migration of cells along a straight frontier at the long axis of the rectangle, and ignored expansion at the short axis, due to the semi-infinite approximation and high crowding of the cells. Here, we have seeded MDCK cells in 300 μm diameter islands by using PDMS migration blocks with circular openings and followed their expansion across several hours (Figure 1A). The circular symmetry allowed for the characterization of the behaviour of the whole island in an unbiased and reproducible fashion. Using this method, and live cell imaging, we studied the expansion of such islands on

Please do not adjust margins Please do not adjust margins polyacrylamide gels of varying stiffness for 20 hours following the removal of the stencil (Figure 1B, movie S1-3). All islands showed steady increase in their area (Figure 1C) and looking into the rate of area increase has shown that the islands gradually increased their expansion rate with increasing stiffness, 1270±200 (mean ± SEM), 4240±490, 7440±870, 9880±380 and 11580±470 μm 2 /h for 0.4, 6.5, 9.4, 21 and 33 kPa respectively, and dropped to 8520±370 μm 2 /h for 61k Pa (Figure 1D). Of note is that, even though cell numbers increased for all stiffnesses and at similar rates for stiffnesses higher than 0.4 kPa (Figure 1E), the cell density only showed a downward trend for stiffnesses 9.4 kPa and higher (Figure 1F), suggesting the extension of the island edge was high enough to lead to a decreasing cell density overall only on stiffnesses higher than a certain threshold. Furthermore, studying the evolution of island circularity over time has shown that, for stiffnesses above 0.4 kPa the circularity of the cell monolayer gradually decreased with time (Figure 1G, movie S1-3).

Quantifying the circularity at 16 hours has shown that the lowest circularity was observed at 33 kPa (Figure 1H). The temporal evolution of island area and circularity we observed for low to intermediate stiffnesses is reminiscent of reported collective cell behavior on substrates with varying amounts of ECM [START_REF] Ravasio | [END_REF] . Thus, cell behavior on substrates with low ECM density show similarities to that on soft substrates, i.e. lower expansion rate and higher circularity [START_REF] Ravasio | [END_REF] , suggesting a similar mechanism. Yet the highest expansion rate and lowest circularity, which we observed at an intermediate stiffness, was reported for highest ECM concentration. We next focused on this non-monotonic expansion over the range of stiffness tested.

The decrease in expansion speed on stiffest substrate is due to reduced directionality and cohesion Since leader cells have been implicated in playing an important role in collective cell migration 35,44 , we started by quantifying the number of leader cells as a function of substrate stiffness. We define leader cells as cells at the edge of islands that have "prominent lamellipodia". These "cells with prominent lamellipodia" were manually identified as cells where more than 50% of their free edge was a lamellipodium (Figure 2A, red asterisk). We did not observe leader cells with lamellipodial protrusions on the soft matrices (0.4 kPa, Figure 2A, top panel) showing that soft surfaces prevent the extension of cellular protrusions from the colony as previously reported for single cell 5 . The number of leader cells per mm of perimeter increased with increasing stiffness, reaching the maximum value of 7.1 per mm at 21 kPa, and reduced gradually for higher stiffness (Figure 2C, movie S2,3). Similar numbers of leader cells per mm and its inverse relation with increasing stiffness have been reported previously 44 . Here, we additionally report that, at low stiffnesses, there is also a direct relation between the number of leader cells per mm and stiffness, indicating an optimal stiffness for leader cell formation.

Leader cell formation has been shown to be associated with the polarization of follower cells in the direction of the leader 45 . Since the expansion of cellular colonies depends on leader cell formation, we then studied the flows in the islands with Particle Image Velocimetry (PIV) [START_REF] Vedula | Proc. Natl. Acad. Sci[END_REF] (Figure 2B) and observed monotonic increase in tissue velocity with increasing stiffness up to 8.7±0.2 μm/hr (mean ± SEM) for 61 kPa(Figure 2D) , which is in agreement with the values observed by others in expansion studies [START_REF] Ravasio | [END_REF]46,47 . Interestingly the radial component of the velocity, relating to the island expansion, reached a maximum value around 33 kPa (Figure 2E). Both the cell speed (Figure 2F) and the radial component of the velocity (Figure 2G) showed a maximum for 33 kPa (Figure 2H,I) in the region close to the boundary of the monolayer (50-100 μm). It should be noted that the decay of the velocity at the edge (0-50 μm) is a previously reported artefact of the PIV analysis 48,49 . Further investigation into the spatial evolution of the PIV radial ratio, relating the radial component of the velocity (Figure 2G) to velocity magnitude (figure 2F), as a function of distance from the boundary, showed that the distance of radial organization of velocity gradually increased with increasing stiffness from 102±2 μm (mean±SEM) to 187±14 μm from 0.4 kPa to 33 kPa but dropped to 145±6 μm at 61 kPa (Figure 2J). This corresponded to an organization of 7.1±0.3 cells from the boundary on 0.4kPa, increasing with increasing stiffness up to 10.3±0.8 cells on 33kPa before dropping to 7.7±0.3 cells for 61kPa (Figure 2K). Together this shows that, with increasing stiffness in addition to the number of leader cells, the radial directionality in the monolayer increases until an intermediate stiffness, where increasing the stiffness further has the opposite effect.

Border cells take the lead in directing island expansion on all stiffnesses

To further investigate the relationship between substrate stiffness and MDCK colonies expansion, we studied the organization and the dynamics of peripheral and bulk cells. To do so, we performed a Voronoi segmentation based on the localization of the nuclei, to be able to study individual cells within colonies (Figure 3A). It should be noted that only a small percentage of peripheral cells are identified as leader cells (Figure 3B, 0±0%, 7.7±0.5%, 13.8±1.4% 18.5±0.8%, 15.4±0.6%, 12.7±0.5% mean ± SEM for 0.4, 6.5, 9.4, 21, 33 and 65 kPa respectively), and the stiffness dependence of this percentage was similar to the number of leader cells per mm perimeter (Figure 2C). Expanding our focus from leader cells to all the peripheral cells, we observed that independently of the stiffness, the average cell area was much higher at the boundary than in the bulk (Figure 3C). Moreover, the area of peripheral cells (n=1, corresponding to cells at the edge of the monolayer) increased with stiffness up to a plateau at 9.4 kPa, even showing a slight decrease on 61 kPa, whereas the area of cells in the rest of the monolayer (n=2+) increased with increasing stiffness until 9.4 kPa, plateaued till 21 kPa, showed a slight decrease at 33 kPa and increased again on 61kPa (Figure 3C). This suggests that the expansion of cellular colonies as a function of substrate stiffness is locally dictated by border cells. We then performed similar analysis for cell velocities. Consistent with velocity radial organization Please do not adjust margins Please do not adjust margins spanning up to 10 rows of cells from the boundary (Figure 2K), the enhanced cell speed at the periphery, unlike cell size, was not limited to the boundary cells, but spanned multiple cell layers from the boundary. Therefore, we divided our analysis on cell velocities between the first three rows of cells from the boundary and the rest of the bulk. The cellular velocities of the first 3 rows of cells at the periphery of the islands increased with increasing stiffness from 3.6 μm/h to 9.9 μm/h until 33 kPa and it then appeared to saturate above this value (Figure 3D). For all stiffnesses, we consistently observed a large difference in velocities between the first 3 rows of cells and the bulk even though the bulk velocity displayed an increase with increasing stiffness. The stiffness dependence of boundary cells possibly relates to formation of finger-like structures, which do not appear on very soft substrates (0.4kPa). These can be seen as a local sensor of multicellular assemblies, like flipodia at the single cell level 50 . Moreover, our findings revealed that MDCK colonies respond to substrate stiffness up to values around 20-30 kPa as shown by the monotonic increase of cell spreading and

Please do not adjust margins Please do not adjust margins velocity of border cells up to this range of rigidities. Taken together, these results show that the spreading and migration of epithelial colonies is largely dictated by border cells on all rigidities.

The cytoskeletal organization dictates collective cell migration

Previous studies have shown that migration fingers form at the boundary of cell monolayers, behind leader cells which have prominent FAs 35,[START_REF] Poujade | Proc. Natl. Acad. Sci[END_REF] . In these fingers, high traction forces generated by the leader cells, through regulation of RhoA activity, are conveyed to the monolayer by pluricellular peripheral acto-myosin contractile structures 35 . We thus further investigated the effect of substrate stiffness on the leader cell FAs, and the multicellular actin cable formation in our model (Figure 4A). The FAs formed by the leader cells gradually increased in size from 0.4±0.8 μm 2 to 0.6±0.6 μm 2 with increasing stiffness from 0.4 kPa to 33 kPa and did not increase further in size on 61 kPa (Figure 4B). Yet, the actin filament spatial organization in the migration fingers did not show a dependence on substrate stiffness (data not shown).

Studying instead the multicellular actin cables by quantifying the actin intensity at the finger boundary excluding the leader cell showed that the actin cable intensity followed a similar significant evolution to FA size (Figure 4C). These findings indicated that not the general actin organization but the formation of FAs and multicellular actin cable in these fingers were stiffness dependent in a similar manner to the monolayer expansion rates. We then wondered if intermediate filaments might play a role in stiffness dependent multicellular organization of these migration fingers. Since vimentin expression is known to be involved in changes of epithelial phenotypes 51,52 , we studied the spatial organization of the vimentin filaments in our model (Figure 4D). In order to capture the full extent of vimentin organization, we took maximum intensity projections of 20 μm thick z-stacks, which, despite the thickness of the monolayer increasing with decreasing stiffness (data not shown), were able to capture the full thickness of the monolayer on all stiffnesses except for on 0.4 kPa. Studying the vimentin immunostaining intensity as a function of distance from the boundary indicated that the amount of vimentin decreased away from the boundary on all stiffnesses (Figure 4E). We then looked into the organization of these vimentin structures by quantifying the local orientation of vimentin cables (Figure 4F) and relating this local orientation to overall orientation of vimentin in the migration finger to obtain a vimentin order parameter, S=cos2θ, where θ is the angle between the local orientation and the mean orientation angle of the vimentin structure, averaged weighted by the fluorescent intensity (Figure 4F). We found that the vimentin organization increased with increasing stiffness until 33 kPa, and showed a sudden decrease on 61 kPa (Figure 4G). These data show that, in addition to the FAs of the leader cell and the multicellular actin cable at the boundary, the organization of the vimentin filaments in the migration fingers also becomes more prominent with increasing stiffness up to 33 kPa. Previous studies 7,53,54 performed at the single cell level showed that the increase of substrate stiffness and FA size were associated with reduced actin flows at the cell boundary as a result of an increase of frictional forces within the cell cytoplasm. Since we observed larger FAs underneath the leader cells and more prominent surrounding actin cables in the subsequent finger-like structure with increasing stiffness, we followed the same rationale as the one used for single cell studies. We thus analysed actin retrograde flows in the leader cells as a function of substrate stiffness and focused on the protrusion -retraction dynamics of the lamellipodia (Figure This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins 5A). We chose two representative rigidities, 6.5 and 33 kPa, which exhibited large differences regarding the previous data we analysed. On softer substrates (6.5 kPa), the actin retrograde flow in the lamellipodial protrusions was indeed faster (Figure 5B) with more frequent retractions as observed in single cell 5 (Figure 5C,D). Thus, our result showed that even at the local scale of the leader cells, the impact of substrate stiffness can be perceived. This reinforced the concept of the role of finger-like structures and leader cells as a local mechanical sensor of epithelial expansion.

Traction forces are decoupled from the migration behaviour

To further determine the role of the mechanical regulation of colony expansion and leader cell formation by substrate stiffness, we quantified the traction forces in our system. We focused on migration fingers of islands of MDCK cells stably expressing GFP-actin seeded on gels with red fluorescent
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Please do not adjust margins Please do not adjust margins beads, imaged every 4 minutes from 15 hours to 17 hours after the removal of the migration block (Figure 6A). The 0.4 kPa gels were not tested in this experiment since no cells with prominent lamellipodia were observed (Figure 2C). We studied the traction forces applied by these migration fingers (Figure 6B,C). Quantifying the forces applied perpendicular to the direction of motion (Tx, Figure 6B, C, first column) showed that, similar to what has been reported on single stiffness of 7.8 kPa before 35 , a force dipole exists in this direction that persisted for all stiffnesses tested. This force dipole is reminiscent of the emergence of actin cables (Figure 4A) on the lateral edges of finger-like protrusions. However, the force dipole amplitude reduced with increasing stiffness (Figure 6D). Similarly, forces in the direction of the movement (Ty, Figure 6B, C, second column), while pointing inward on all stiffnesses, also decreased with increasing stiffness (Figure 6E). Consequently, the magnitude of the forces under the migration tip (Tmagnitude, Figure 6B, C, third column) decreased with increasing stiffness (Figure 6F). We then wondered how the force dipole would relate to the emergence of the actin cable. To study this, we looked into the temporal evolution of the magnitude of force in the x-direction (Tx_magnitude, relating to the magnitude of the force dipole), and actin intensity on 6.5kPa and 33kPa substrates (Figure 6G) and their temporal cross-correlation (Figure 6H). We observed that the force build-up precedes the actin reinforcement on both 6.5kPa and 33kPa substrates, but the subsequent actin reinforcement leads to a reduction in forces only on 33kPa substrates (Figure 6H). These results could be attributed to changes in the shape of the multicellular protrusions as a function of substrate stiffness, where the release of local dipole tension along the width of the migration fingers would allow the migration finger to expand laterally, facilitating the migration of the rest of the monolayer. Indeed, on high stiffness, we observed more spread fingers with multiple leader cells at their front whereas a single leader cell was usually observed on softer surfaces. This journal is © The Royal Society of Chemistry 20xx
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Conclusions

The influence of the properties of the environment on the behaviour of cells was first established at a single-cell level. Of these external properties, the rigidity of the substrate is now well understood to be of critical importance 55,56 . In this context, durotaxis-which usually describes the preferential migration of cells toward stiffer substrates-has been a very formative concept 2 . Nevertheless, even at the single-cell level, the homeostasis between the cell and its substrate is not completely understood. For instance, gradients of rigidity can be counterbalanced by gradients of ECM proteins 57 , or neurons can even exhibit preferential migration from rigid to soft 58 . Such extreme discrepancy is understood as stemming from the softness characterising the physiological environment of neurons in vivo. Rather than systematically preferring stiffer substrates, cells most probably associate with substrates with an optimal stiffness depending on cell type. The relationship between stiffness and cell responses may depend on the type of cell and the type of response. For instance, how motile single-cell speed may depend on substrate stiffness may be different from the relationship between spreading area and stiffness for less motile cells 59,60 .

For collections of cells, the problem remains. A previous study on migration of large and dense monolayers has shown a front velocity increasing with substrate stiffness 61 then levelling off for substrates above 35 kPa. In their study, the authors also noticed that a few hundred micrometers behind the leading edge, the directed movement was higher at an intermediate stiffness.

Here we have studied the expansion of MDCK cell islands consisting of 350±72 cells seeded in circular patterns of 300 μm diameter on substrates of varying rigidity and demonstrated highest expansion rates on substrates of intermediate stiffness. Thus, for monolayers, there also seems to be an optimum stiffness. How does the behaviour of the monolayer change for stiffness below and above this optimum is what we investigated by studying cells at the boundary of the island or within it.

For single cells, actin-rich formations at the cell edge-typically lamellipodia and filopodia-are not only essential for locomotion, but also as tools for cells to sense their environment. Early on, it has been shown that the dynamics of lamellipodia and their characteristic periodic contractions are qualitatively different on soft, intermediate and stiff substrates 2 . For single cells at low stiffness, lamellipodia protrusions are reduced or absent. We find a similar phenotype for cells at the boundary of islands on soft substrates. As for single cells, the reduced protrusions are accompanied by a high retrograde flow. For intermediate stiffness, the lamellipodia of single cells do not show periodic contractions and protrusions are impaired by large ruffling events. Here, we also find ruffling events, but they do not seem to impair the motility of the collective, since the speed of the island edge is highest under these conditions. Finally, at high stiffness, we observe a decrease in the number of cells with lamellipodia at the island edge, concomitant with the decrease in island expansion speed. Similar impairment of single cell migration at high stiffness has also been reported 60 .

When the velocities of all cells within an island are integrated over, we do not see a clear optimum at intermediate stiffness.

The speed keeps increasing, even if less steeply, up to the maximum stiffness of 61 kPa that we tested. Nonetheless, the radial expansion and the radial velocity both exhibit an optimum. Somehow, the increased motion of cells in island is not efficiently translated into motion of the island edge at the highest substrate stiffness. Our experiments suggest that this may be connected to the differences in the formation of finger-like protrusions at the edge. These finger protrusions have been reported before, and have been associated with the concept of leader cells 35,62,63 . Rather than being smooth, the edge of an island typically presents one or more fingers extending outward, a few cells wide and led by one or a few large cells with high lamellipodium activity. Generally, we find that cells are larger at the periphery of the island, where they are also faster. As the substrate stiffness increases, both the size of the cells at the edge and their speed increase up to the optimum. In contradiction to previous reports, which described an inverse relationship between the number of leader cells and the substrate stiffness 44 , we observe the highest number of leader cells on intermediate stiffnesses. On softer substrates, there are fewer fingers at the edge, as reflected by a higher circularity of the islands.

Building on the analogy between single cells and epithelial islands, the finger like protrusions of islands may serve a purpose similar to filopodia for single cells. Like filopodia, the finger protrusion may be used to explore the microenvironment, increasing the efficiency of the global migration of the epithelium front. The traction force microscopy we performed on the fingers revealed that, not unlike filopodia, the fingers are used to exert forces on the substrate, with a characteristic force pattern. Surprisingly, we found that the intensity of these forces are higher on soft substrates. Both the intensity of the force parallel to the finger long axis, and that of the force dipole perpendicular to it are Please do not adjust margins Please do not adjust margins smaller for stiffer substrates. On stiffer substrates, the fingers are wider, often more than a couple cells wide. For such large fingers, the curvature of the tip may bring counter-balancing forces yielding a force readout smaller than those for soft substrates, even if the force exerted by each single cell may be higher. Nevertheless, our experiments show that at the scale of the monolayer, high forces applied on soft substrates do not translate to higher expansion. It has been recognized for some time that a higher substrate stiffness lead to a higher friction, which in this context can act both in favor of motion or to slow it down 64 . Indeed, leader cells on intermediate stiffness, when compared to 6.5 kPa, have less retrograde actin activity, suggesting higher induction of molecular clutch mechanism 54 , subsequently translating to a higher expansion speed of the monolayer on this stiffness.

Differential mechanosensing machineries have been described depending on the relevant length scale 65 . While for single cells, the cytoskeleton has been shown to be the dominant sensing mechanism [START_REF] Trichet | Proc. Natl. Acad. Sci[END_REF] , for long scale sensing of cell collectives, a cohesive monolayer is essential 29 and in this aspect the cellcell adhesions take a central role 29,[66][67][68] . Most surprisingly, our experiments have shown that, if the size of the FAs does increase with stiffness, following the optimum in the island expansion speed, this does not translate into larger forces on the substrate at the scale of the finger-like protrusions. Some of the forces may be redistributed among cells. The cytokeleton has an important role both for leader cell and monolayer mechanosensing. With increasing stiffness higher pMLC levels and larger FAs in expanding monolayers have been reported 61 . For single cells, highest levels of actin organization was observed at an intermediate stiffness 10,69 For the monolayers we study here, the actin organization is not significantly impacted by the stiffness of the substrate. In addition to FAs and the actin cytoskeleton, the intermediate filaments have also been shown to be important for tissue integrity 70 and collective migration 71 . In this study we show that the dependence of vimentin organization on substrate stiffness closely follows the relation of the expansion speed and its radial organization. This implicates that higher organization of vimentin filaments might facilitate collective cell migration through maintaining tissue integrity and cohesiveness.

Our findings here all point towards the most optimal conditions for expansion being achieved at an intermediate stiffness, where it is stiff enough for cell matrix adhesions to stabilize and overcome the monolayer tension, and soft enough for the flows in the bulk to not impair the cohesiveness and the movement of the leading edge. This biphasic dependence of collective cell behavior on stiffness has already been demonstrated for in vitro organ bud formation 72 , embryonic cardiomyocytes function 73 and tumor cell invasion 74,75 . The impact of the biphasic mechanosensing on epithelial cell mechanical memory 76 , in vivo durotaxis 27 and tissue homeostasis through extrusion 38 remains to be tested.

Experiments performed on 3D cell aggregates of hundreds of microns diameter has shown that cell aggregates, which expand collectively on soft and stiff substrates, expand with higher speed as single cells on intermediate stiffness. The aggregate goes through a so called liquid-gas-liquid transitions as stiffness increases 77,78 , resulting in lower cohesiveness for intermediate stiffnesses 79 inducing symmetry breaking and aggregate migration [START_REF] Beaune | Proc. Natl. Acad. Sci[END_REF] . With our 2D MDCK islands, we did not observe any cells breaking away from the islands, but we did observe a higher number of finger-like protrusions and leaders at intermediate stiffness. This suggests that in our case the cell-cell contact for intermediate stiffness was strong enough to maintain long-scale cohesive behavior. In 3D collagen cultures of tumor cells that showed such cohesive migration, branching morphology reminiscent of 2D migration fingers have been observed [START_REF] Truong | [END_REF] , and distant mechanical signalling related to such structures has been reported 82 . Additionally, high stiffness has been shown to induce tumor invasiveness and such protrusions also in vivo 83,84 . Future studies in the field will most likely shine some new light on the biphasic relation to stiffness of cohesiveness and the role of finger-like protrusions.

In conclusion, in this study, we show that even though cell speed within expending epithelial monolayer increases monotonously with increasing stiffness, the expansion of monolayer is hindered at high stiffness, possibly due to a loss of organization in the monolayer and a reduction in number of leader cells. Additionally on soft substrates, even though high forces were applied at the leading front of the monolayer, this did not translate to faster expansion. This was possibly due to the failure in the formation of stable cell-matrix adhesions at these high tensions on soft substrates to support the migration of the monolayer, as evident from higher incidence and speed of actin retractions. Altogether, our findings highlight the tug of war between cell-cell and cell-matrix adhesions, and similar to theoretical predictions of the molecular clutch model, indicate a goldilocks condition where cell-matrix adhesions are stable enough to support the monolayer expansion, but not too stable to impair the actin flow and thereby the collective movement. It remains to be established how our result would be altered by different initial conditions. Even regardless of the substrate stiffness, the initial density of the island or its geometry are known to have an impact on the expansion of the monolayer 85,86 . To that end, a few recent experiments on the spreading of cell aggregates 77,79,[START_REF] Beaune | Proc. Natl. Acad. Sci[END_REF] and on photo-activation of the substrate around islands of various shapes 46 are paving the way toward a broader understanding of the homeostasis between cell collectives and their substrate.
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Table 1 -

 1 Polyacrylamide gel stiffness. The concentration of acrylamide and bisacrylamide used and the stiffness of the resulting polyacrylamide gel.

	Acrylamide%	3	5	5.75	7.2	9	12
	Bis-acrylamide%	0.2	0.34	0.39	0.49	0.61	0.81
	Stiffness (kPa)	0.4	6.5	9.4	21	33	61

Table 2 -

 2 Experiment statistics. The number of data points (and independent experimental replicas) presented in indicated figures per stiffness.

	Stiffness (kPa)	0.4	6.5	9.4	21	33	61
	Figure 1C, E-H	11 (2) 30 (2) 16 (2) 53 (3) 36	
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