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Abstract

During cancer progression, malignant cells in the tumour invade surrounding tissues. This 

transformation of adherent cells to a motile phenotype has been associated with the epithelial 

mesenchymal transition (EMT). Here, we show that EMT-activated cells migrate through 

micropillar arrays as a collectively advancing front that scatters individual cells. Individual cells 

with few neighbours dispersed with fast, straight trajectories, whereas cells that encountered many 

neighbours migrated collectively with epithelial biomarkers. We modelled these emergent 

dynamics using a physical analogy to solidification phase transitions in binary mixtures, and 

validated it using drug perturbations, which revealed that individually migrating cells exhibit 

diminished chemosensitivity. Our measurements also indicate a degree of phenotypic plasticity as 

cells interconvert between individual and collective migration. The study of multicellular 

behaviours with single-cell resolution should enable further quantitative insights into 

heterogeneous tumour invasion.

Introduction

Heterogeneous tumour populations with differential capabilities for invasion, metastasis and 

therapeutic resistance often thwart existing anticancer treatments.1 One signature of 

malignant behaviour is the dissemination of individual cells from a tumour front.2 It has 

been hypothesized that these invasive cells arise from a coordinated program of phenotypic 
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changes known as the epithelial-mesenchymal transition (EMT).3,4 During EMT, cells lose 

epithelial characteristics associated with collective invasion (strong cell-cell contacts and 

limited motility) while acquiring mesenchymal traits associated with individual invasion 

(weakened cell-cell contacts, increased motility and elongated spindle-like morphologies).5 

Furthermore, EMT is associated with enhancements in drug resistance and anti-apoptosis 

pathways.6 EMT thus represents a significant therapeutic challenge by generating a 

mesenchymal subpopulation with a distinct fitness advantage in hostile microenvironments. 

This subpopulation may play a disproportionate role in driving metastasis, drug resistance 

and systemic tumour relapse.

The emergence of complex invasion behaviours associated with malignant tumour 

heterogeneity has been technically challenging to measure using existing assays.7,8 For 

instance, histological analysis only provides a static snapshot of tumour pathology.9 

Intravital imaging in small animal models has revealed qualitative transitions from collective 

to individual invasion,10-12 but this is a low-throughput, resource-intensive technique. In 

comparison, in vitro assays have the potential for increased experimental control and higher-

throughput measurements.13,14 Nevertheless, existing approaches are insufficient to 

characterize heterogeneous populations,8 and are specialized for either the individual 

migration of cells in Boyden chambers15 or the collective migration of multicellular sheets 

in wound healing assays.16-21 More recently, microfluidic devices have been developed to 

study individual cell migration in the presence of well-controlled chemokine gradients22 and 

3D assays have explored the role of extracellular matrix architectures.23 In the context of 

EMT, these myriad in vitro migration assays have probed how the activation of pathways 

such as Snail24-26 or YAP27 affect migration in separate populations. However, existing 

assays cannot resolve heterogeneity within the same population. In order to construct an 

integrative, multiscale description of these complex phenomena, it is necessary to measure 

the activities of all the single cells that comprise the population.28

Here, we show that cells that have undergone EMT migrate through engineered 

microenvironments as a collectively advancing front from which individually migrating 

cells scattered. These dynamics were measured using automated tracking, enabling single 

cell resolution. Our measurements indicate that individually migrating cells display faster 

and straighter trajectories, enabling efficient dispersal away from their collectively 

advancing counterparts. Moreover, a collectively migrating subpopulation arose over the 

course of the experiment from cells that also overexpressed epithelial biomarkers. These 

complex phenomena were quantitatively modelled using a physical analogy with the 

solidification of binary mixtures. These behaviours were further perturbed using small 

molecule inhibitors, revealing that individually migrating cells exhibited diminished 

chemosensitivity compared to their collectively migrating counterparts.

Results

Cancer cell migration was characterized in enclosed microenvironments consisting of an 

array of polydimethylsiloxane (PDMS) micropillars coated with fibronectin (Fig. 1A). This 

architecture was designed to mechanically confine cells between micropillars, a bottom 

“floor” and a top “ceiling.” In this geometry, the periodic disruption of cell-cell interactions 
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and enhancement of cell-surface interactions promoted individual cell scattering from a 

collectively advancing front. These microfabricated devices were also highly reproducible, 

allowing parallel measurements of multiple conditions simultaneously in a multiwell plate 

format.29 Cell nuclei were fluorescently labelled prior to experiments and cell plating into 

these devices. Their subsequent motion was imaged using time-lapse optical microscopy and 

tracked using the LAP algorithm, which accounts for division events by considering both 

daughter cells as new cells30 (Fig. 1B). Quantitative descriptors of migration were 

determined for each cell by averaging over their entire lifetime, which is representative of 

their overall behaviour, although transient dynamic are observed (Note SN1, Fig. S1-S4). 

These single cell descriptors were then classified using a Gaussian mixture model and 

independently assessed using principle component analysis (PCA), yielding qualitatively 

similar results (Note SN2). This functional classification of migration was further 

corroborated by immunostaining for biomarker expression.

Profiling Collective and Individual Migration

One metric to classify collective or individual migration was based on the average number 

of nearest neighbours N (within one lattice spacing) encountered during its trajectory (Fig. 

1C). Since the micropillars were arrayed as a regular lattice, the cell nuclei were 

approximately localized to discrete locations on a grid. In this geometry, each cell could 

have at most eight nearest neighbours. A baseline for collective migration was first 

established using a homogeneous population of mammary epithelial cells (MCF-10A) 

(Video S1). These cells expressed high levels of the epithelial biomarker E-cadherin (Fig. 

1D) and cells tended to move with many nearest neighbours in a multicellular sheet, with a 

median of N ~ 4.5±1.3 (Fig. 1G). Next, a baseline for individual migration was established 

using a homogeneous population of breast adenocarcinoma cells (MDA-MB-231). These 

cells expressed high levels of the mesenchymal marker vimentin (Fig. 1E) and cells tended 

to move with few nearest neighbours, with a median of N ~ 1.1±0.8 (Fig. 1H). Based on this 

metric, collective and individual migration phenotypes could be quantitatively distinguished 

by a threshold of N ~ 2.5 nearest neighbours.

Next, EMT was rapidly induced in MCF-10A through a Snail-6SA (Snail) expression 

construct using a fused estrogen receptor (ER) response element.25 Treatment with 

tamoxifen (4-OHT) for 72 h resulted in complete phenotypic changes for the entire 

population, including elongated, spindle-like morphologies, down regulation of epithelial 

biomarkers (E-cadherin, P- cadherin, etc.) and up regulation of mesenchymal biomarkers 

(vimentin, fibronectin, serpin, etc.), consistent with EMT (Fig. S5).31 This approach allows 

consistent induction of EMT, compared to model systems based on prolonged exposure to 

growth factors or ectopic Snail 1. Nevertheless, while this MCF-10A Snail population 

initially displayed >95% mesenchymal biomarker expression and minimal epithelial 

biomarker expression, their dynamic migration behaviours over the course of the experiment 

(Video S2) were not consistent with the homogeneous migration behaviours observed with 

the purely epithelial MCF-10A or purely mesenchymal MDA-MB-231. Instead, the single 

cell migration dynamics were highly heterogeneous, with over half of the cells displaying 

transitions between collective migration (with many neighbours) and individual migration 

(with no neighbours) (Note SN1, Fig. S3). Other cells maintained a collective or individual 
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migration phenotype throughout the experiment. To account for these transient periods of 

collective migration, the cut-off for the number of neighbours averaged over the lifetime of 

the trajectory was set higher at N ~ 2.5 rather than N ~ 1. For simplicity, always collectively 

and mostly collectively migrating cells were grouped together (N > 2.5), while always 

individually and mostly individually migrating cells were also grouped together (N < 2.5). 

This classification of two subpopulations was consistent with the biomarker expression at 

the conclusion of the experiment (60 h), with an epithelial subpopulation located towards the 

rear that highly expressed E-cadherin (Fig. 1F, left) and a mesenchymal subpopulation 

advancing towards the front that highly expressed vimentin (Fig. 1F, right). Overall, the 

distribution of lifetime averaged nearest neighbours N for MCF-10A Snail was much 

broader than those observed for MCF-10A or MDA-MB-231, with a wide distribution both 

spanning above and below N ~ 2.5 (Fig. 1I).

To classify these distinct collective or individual migration behaviours, a systematic 

comparison of the purely epithelial population (MCF-10A), the induced EMT population 

(MCF-10A Snail) and purely mesenchymal population (MDA-MB-231) was performed 

(Fig. 2, S6-9). For each population, the statistical distributions of four quantitative metrics 

were considered: (A) final Y position in the direction of migration; (B) lifetime-averaged 

number of nearest neighbours N; (C) lifetime-averaged velocity and (D) path straightness 

(displacement/integrated distance).

First, the distance migrated into the device (Final Y) was compared to the lifetime averaged 

nearest neighbours N (Fig. 2A). The purely epithelial population (MCF-10A) migrated ~400 

μm with many neighbours (N > 2.5), indicative of collective migration. In contrast, the 

induced EMT population (MCF-10A Snail) was characterized by two subpopulations with 

distinct migration behaviours. One subpopulation was localized towards the rear, only 

advancing ~250 μm through collective migration (N > 2.5). A second subpopulation was 

localized towards the front, advancing to the end of the device (600 μm) through individual 

migration (N < 2.5). Finally, the purely mesenchymal population (MDA-MB-231) advanced 

to the end of the device (600 μm) through individual migration (N < 2.5).

Next, the lifetime-averaged velocity was compared to the lifetime averaged nearest 

neighbours N (Fig. 2B). The purely epithelial population (MCF-10A) migrated collectively 

with a median velocity of 3.3±2.5 μm/h. The induced EMT population (MCF-10A Snail) 

was characterized by a slower collectively migrating subpopulation (median velocity of ~ 

2.9±2.4 μm/h), as well as a faster individually migrating subpopulation (median velocity 

~5.8±4.9 μm/h). Finally, the purely mesenchymal population (MDA-MB-231) migrated 

individually with a faster median velocity of 5.5±3.6 μm/h. These differences correspond to 

a roughly two-fold increase in median velocity between collective and individual migration. 

This use of a median may be misleading as a measure of migration since it includes cells 

whose motion is hindered due to local crowding effects.18,19 Indeed, single cell migration 

velocities are highest at the invasion front and decrease with distance inward (Fig. S10), in 

agreement with wound-healing assays.18 Nevertheless, similar trends are observed for the 

fastest moving cells at the periphery (95th percentile). For the induced EMT population 

(MCF-10A Snail), this corresponds to a slower collective migration velocity of 7.8 μm/h, 

compared to a faster individual migration velocity of 15.3 μm/h.
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Finally, the straightness index (Fig. 2C) was compared to the lifetime averaged nearest 

neighbours N. The purely epithelial population (MCF-10A) migrated collectively with a 

median straightness index of 0.34±0.22, corresponding to more tortuous trajectories. In 

comparison, the induced EMT population (MCF-10A Snail) was characterized by a 

collectively migrating subpopulation with more tortuous trajectories (0.27±0.21), compared 

to an individually migrating subpopulation with straighter trajectories (0.42±0.24). This 

difference represents a 50% longer route for a collectively migrating cell compared to an 

individually migrating cell. Similarly, the purely mesenchymal population (MDA-MB-231) 

migrated individually with straighter trajectories (0.44±0.24).

These systematic comparisons reveal that, over the course of the experiment, the induced 

EMT population (MCF-10A Snail) displays heterogeneous migration behaviours that 

represent a superposition of those observed in the collective migration of epithelial cells 

(MCF-10A) and the individual migration of mesenchymal cells (MDA-MB-231) (Fig. S6-9 

and Note SN2). Classification of these distinct migration behaviours in the induced EMT 

population (MCF-10A Snail) using a Gaussian mixture model revealed that 16% of the total 

population migrated individually, while the remaining 84% migrated collectively. This 

profiling was then verified against immunofluorescent staining for 848 total cells at the 

completion of the experiment (Fig. S11), revealing 92% agreement between individual 

migration and vimentin, as well as 94% agreement between collective migration and E-

cadherin (Table S1). Discrepancies were observed for cells located more than one lattice 

spacing away from their neighbours, perhaps in the process of breaking away.

These concurrent differences in migration behaviour promote the dispersion of individually 

migrating cells from a collectively advancing front (Video S2). In particular, individually 

migrating cells (MCF-10A Snail) utilize enhanced velocities and straighter trajectories for 

deep incursions into new territory (Fig. 2D). These differences between collective and 

individual migration were corroborated by principal component analysis (Note SN2), which 

grouped final Y position, velocity and straightness index for individual migration as well as 

a second grouping of lifetime-averaged nearest neighbours for collective migration (Fig. 

S12). These groupings indicate correlated differences between collective and individual 

migration phenotype that would not be captured with any of these parameters alone.

This scattering behaviour is strongly enhanced by the use of regularly spaced micropillars in 

enclosed geometries, which restricts the extent of cell-cell contact and increases the density 

of aligned actin stress fibers (Fig. S13), as observed elsewhere using channels of varying 

width.32,33 Scattering occurs optimally at a pillar spacing of 10 μm, which represents a 

characteristic “pore size” just large enough for one cell (nucleus) to proceed at a time.34 As 

the spacing is increased further, there is reduced individual scattering (N < 1) and more 

collective, multicellular “strand” migration (N ~ 2), analogous to those observed 

elsewhere,17 as well as differences in the relative proportions of collective and individual/

strand subpopulations (Fig. S14). The complete absence of these pillars in 2D wound 

healing assays results in minimal mesenchymal scattering and increased reversion to 

epithelial phenotype (MET) (Fig. S15). Indeed, the migration behaviour of individually 

scattered cells in micropillars was the opposite of those observed in 2D wound-healing 

assays, where individually scattered (epithelial) cells displayed decreased straightness and 
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were eventually recaptured by the collectively advancing front.21 In general, the differences 

in migratory behaviours between the induced EMT population (MCF-10A Snail) and the 

epithelial population (MCF-10A), including enhanced speed and straightness, are 

qualitatively consistent with measurements in 2D geometries, including cells at low density 

and wound healing assays, as well as with different ECM proteins (Fig. S16, 17). Overall, 

this individual scattering from a collectively migrating front occurs even after blocking 

proliferation with mitomycin C (Fig. S18, 19), albeit with slower speeds and reduced cell 

densities, consistent with previous wound healing experiments.16-18 This is likely a 

consequence of the relatively slow proliferation rate (division ~48 h) of induced EMT cells 

(MCF-10A Snail) (Fig. S20).

Binary Mixture Solidification Model

The dispersion of individually migrating cells from a collectively advancing front was then 

visualized by immunostaining (Fig. 3A). Prior to plating, Snail was induced for 72 h in the 

entire population, leading to elongated morphologies, high expression of mesenchymal 

biomarkers (vimentin) and low expression of epithelial biomarkers (E-cadherin) (Fig. S5). 

These cells were then plated into the loading area immediately adjacent to the micropillars 

(y < 0 μm). Immediately after plating (6 h), cells had just begun to advance into the 

micropillars (y > 0 μm). At this time point, all cells overexpressed vimentin and displayed 

elongated morphologies. At subsequent times (i.e. 18 h), individually migrating cells 

travelled deeper into the device (y > 100 μm) and continued to express vimentin with 

elongated morphologies. However, a dense, slower moving subpopulation of collectively 

advancing cells (y < 100 μm) was also observed at 18 h with increased E-cadherin and 

diminished vimentin. From 24 h through 48 h, the individually migrating cells traversed 

through the total length of the device (~600 μm) while maintaining vimentin and elongated 

morphologies. Nevertheless, the collectively migrating cells mostly expressed E-cadherin 

with limited expression of vimentin.

An examination of cells in the loading area (y < 0 μm) at 6 h also reveals initially high 

vimentin expression, minimal E-cadherin expression and elongated morphologies (Fig. 3A). 

Subsequently at 12 h and 18 h, more cells in the loading area display increased epithelial E-

cadherin expression, reduced vimentin expression and more compact morphologies. By 24 

h, most cells in the loading area primarily display E-cadherin. This behaviour suggests that 

the MCF-10A Snail cells display some phenotypic plasticity, whereby microenvironmental 

conditions such as enhanced cell-cell contact can modulate EMT phenotype (Fig. S21). This 

scenario has analogies with the physics of macrosegregation during the unidirectional 

solidification of a binary mixture.34 In this phenomenon, a solidification front advances and 

rejects excess solute ahead of it. This occurs as a consequence of differences in solubility of 

a molecular species between solid and melt phases. The solute accumulates ahead of the 

moving interface and may be transported away by diffusive processes. This physical 

scenario thus occurs as the competition of two physical mechanisms: the rejection of solute 

at a moving interface and the transport of solute away from the moving interface. During 

this process, the rejection of solute across the interface causes a cooling of the interface until 

it again exceeds the maximum concentration of allowed solute. These mechanisms 
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correspond to the detachment of individual cells from a collectively migrating phase and the 

subsequent dispersal of individual cells by migrating away from the interface.

Based on this physical analogy, a minimal model was developed to capture essential 

elements of the experimental results. This scenario of binary mixture solidification in a 

semi-infinite domain is analytically tractable using a similarity solution (Note SN4) and 

exhibits two features:35 1) The position of the interfacial front moves diffusively with the 

square root of time, 2) the transient distribution of rejected solute is distributed as a 

complimentary error function. A comparison of the experimentally measured distributions of 

individual and collectively invading subpopulations (Fig. 3B) after EMT (MCF-10A Snail) 

with a best fit to the analytical model (Fig. 3C, S22) shows reasonable agreement (R2 = 

0.90). The propagation of the collectively advancing front is well described by a square root 

of time dependence, with a collective migration coefficient DC = 306 μm2. The rejection of 

individually migration cells away from this front is also well described by a complimentary 

error function with an individual migration coefficient DI = 545 μm2. A third fitting 

parameter C0 = 622 depends on the differential solubility of the solute in solid and melt 

phase.

In a biological context, this model suggests that the scattering of individually migrating cells 

from a collectively advancing front occurs in part due to phenotypic plasticity as cells 

interconvert from individual to collective migration. Nevertheless, although some cells are 

incorporated into the collective sheet, other cells are released at the interface. This 

corresponds to a scenario of intermediate solubility where both phenotypic interconversion 

and segregation occur. The extent of this individual scattering varies with pillar spacing, 

indicating that phenotypic plasticity occurs, rather than pure segregation (Fig. S13, 14). 

Nevertheless, one difference with the physical model can be observed from the 

immunofluorescence measurements (Figure 3A), where the cells not only altered their 

functional phenotype from individual to collective migration, but also altered biomarker 

expression and morphology from mesenchymal to epithelial.

Differential Drug Sensitivity of Migrating Cancer Cells

To further validate this multiscale analysis, collective and individual migration behaviours 

were perturbed using a panel of small molecule drug compounds. Previously, a genome-

wide screen implicated the Rsk effectors in multiple downstream pathways of epithelial 

invasion.36 Inhibitors of this pathway, including the Rsk inhibitor BID1870, the MEK 

inhibitor MEK inhibitor U0126 and Rsk inhibitor FMKMEA were applied to an induced 

EMT population (MCF-10A Snail), a purely mesenchymal population (MDA-MB-231) and 

a purely epithelial population (MCF-10A).

The individual and collective migration coefficients were extracted from the best fits to the 

solidification model (Fig. 4A). Relative to control, BID-1870 and U0126 also had only 

slight effects on the individually invading subpopulation, but a ~30-40% reduction of 

collective migration. However, FMKMEA was responsible for a roughly 2-fold reduction in 

both individual and collective migration. The size of individual and collective 

subpopulations was used as a measure of proliferation rate (Fig. 4B, S22-25). Relative to the 
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control, BID-1870 and U0126 only slightly affected the size of the individually invading 

subpopulation (< 20%), and caused a larger reduction in the size of the collectively invading 

subpopulation (20-30%). In contrast, FMKMEA led to a ~40% reduction in the size of both 

the individually migrating and collectively migrating subpopulations.

One additional metric addressed both migration and proliferation through a net flux of cells, 

accounting for both the number of cells as well as their respective speeds (Fig. 4C). These 

combined scores for the induced EMT population (MCF-10A Snail) were calculated 

separately for the individually and collectively migrating subpopulations, based on the 

classification of their respective behaviours. In contrast, the purely mesenchymal population 

(MDA-MB-231) only migrated individually and the epithelial population (MCF-10A) only 

migrated collectively, so the combined score was computed for the entire population.

The application of BID1870 and U0126 led to only a slight decrease in combined score 

(~10%) for the individually migrating EMT subpopulation (MCF-10A Snail), indicating 

minimal sensitivity (Fig. 4C). In contrast, the collectively migrating EMT subpopulation 

(MCF-10A Snail) displayed a roughly 2-fold decrease in combined score with BID1870 and 

U0126, corresponding to increased sensitivity. This is qualitatively consistent from 

immunostaining of these conditions, where individual migration is comparable between 

control and drug conditions, but collective migration shows some reduction. Migration was 

suppressed further for the homogeneous mesenchymal population (MDA-MB-231) and 

epithelial population (MCF-10A), where net migration decreased 3-5 fold.

The Rsk inhibitor FMKMEA37 caused a significant decrease in combined score for both the 

individually and collectively migrating EMT subpopulations, with a 2.5-fold reduction in 

migration score (Fig. 4C). This is qualitatively consistent with the immunostaining (Fig. 

4D), where both the individual and collective migration are strongly diminished relative to 

control and qualitatively consistent with principal component analysis (Note SN3, Fig. S26). 

FMKMEA also led to a strong suppression of combined score for the homogeneous 

mesenchymal population (MDA-MB-231) and epithelial population (MCF-10A), where net 

migration decreased 3-5 fold, although this was comparable to the effect of BID1870 and 

U0126.

These analyses reveal that the overall decreases in net flux caused by Rsk inhibitors (Fig. 

4C) is a consequence of a slowdown in migration speed (Fig. 4A) as well as proliferation 

rate (Fig. 4B). FMKMEA is highly effective since it results in reduced numbers and speeds 

for both collective and individually invading subpopulations (Video S3). In contrast, 

BID1870 and U0126 are less effective for highly invasive cells; resulting in reduced 

numbers and speed only for collectively migrating cells, but not for the individually 

migrating cells (Video S4).

Discussion

We report spatiotemporal measurements of collectively advancing fronts that scatter 

individually migration cells. This complex phenomenon has been associated with the 

activation of EMT pathways as well as invasion and dissemination of malignant tumours in 
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vivo. Our approach utilized automated image analysis to resolve migration dynamics with 

single cell resolution within populations of tens of thousands. Based on their behaviours, 

cells were profiled into distinct collective or individual migration phenotypes, in good 

agreement with epithelial or mesenchymal biomarker expression. We find that individually 

migrating cells disperse efficiently because of concurrent differences in behaviour such as 

enhanced velocity and straighter trajectories.

The single cell dynamics were then linked to emergent multicellular behaviours by 

examining overall motion at the level of subpopulations. The dynamics of a collectively 

migrating subpopulation that rejects an individually migrating subpopulation were captured 

using a physical model based on the solidification of a binary mixture. As a consequence of 

this rejection, the interface between collectively and individually migrating subpopulations 

slows down (as the square root of time). Essentially, as the two subpopulations become 

increasingly dispersed and segregated, the forward motion of the collective front is impeded 

by the presence of the individually migrating cells. This is accounted for in the model, since 

the motion of the solidification front is limited by the rejection of solute and their transport 

away. This behaviour is not observed in an intact epithelial layer, where there is nothing 

ahead of the collective front that would impede its motion, allowing it to migrate forward at 

constant speed.17,18,20,21 Overall, this model captures the complex behaviours that may 

occur at a tumour invasion front.

Another essential feature of this model is the competition between a “sorting” mechanism 

and interconversion between collective and individual migration phenotypes, which captures 

the possibility of phenotypic plasticity during epithelial-mesenchymal and mesenchymal-

epithelial transitions (EMT-MET).38 If the first mechanism is dominant, this model 

simplifies to the case of epithelial and mesenchymal subpopulations that display minimal 

phenotypic plasticity. In such a scenario, an initially random mixture of different 

subpopulations would self-segregate over time and the respective numbers of each 

subpopulation would remain conserved. This is qualitatively consistent with experimental 

studies of “cell sorting” based on the differential adhesion hypothesis.39 Nevertheless, the 

induced EMT (MCF-10A Snail) population in these experiments initially displayed >95% 

mesenchymal phenotype, including N-cadherin, Fibronectin, vimentin, etc. as well as 

reduced expression of E-cadherin and occlusion,31 but only ~16% were observed to migrate 

individually at the end. This mismatch between initial and final phenotypes for migratory 

behaviours and biomarker expression is consistent with an intermediate level of phenotypic 

plasticity, since some MCF-10A Snail cells migrated individually, while other MCF- 10A 

Snail cells reverted to epithelial phenotype and migrated collectively. Indeed, cells may 

display dynamic behaviours of initially collective migration transitioning to individual 

migration and vice-versa (Note SN1, Fig. S1-S5). The conversion to epithelial, collective 

phenotype is further supported by decreased vimentin and increased E-cadherin expression 

with increasing cell density (Fig.S11 and Table S1). Moreover, this behaviour can be 

“tuned” from individual scattering to multicellular strands by altering pillar spacing, further 

indicative of phenotypic plasticity of migration. These behaviours could arise from relative 

differences in Snail expression that modulate phenotypic plasticity, either permitting 

reversion to an epithelial, collective migration phenotype or maintaining a mesenchymal, 
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individual migration phenotype that scatters due to “cell sorting.” A possible therapeutic 

strategy for suppressing individual invasion and dissemination could then be based on 

suppressing migration-associated pathways as well as enhancing a reverse mesenchymal to 

epithelial transition.6

It should be noted that there are several approximations in this model. First, there is the 

assumption of a sharp interfacial front, which appears rougher and more “diffuse” in the 

experimental data. These behaviours have been addressed in the fluid mechanics literature 

by including an intermediate “mushy zone.”40 However, solving this full system is 

mathematically cumbersome and may not add additional biological or physical insight. 

Future extensions of this model could incorporate interfacial instabilities that drive dendritic 

outgrowths and microsegregation during evaporation or solidification. These behaviours are 

qualitatively similar to the multicellular strand or finger invasion in malignant tumour 

histology, as well as viscous fingering in porous media.41 This effective “surface tension” 

could account for differences in pillar spacing and address the complexities of the in vivo 

tumour microenvironment. A second approximation of this analysis is the assumption that 

differences across single cells in the population are essentially captured by two distinct 

functional subpopulations.28 This approximation appears sufficient to explain the 

experimentally observed collective and individual migration behaviours, but undervalues the 

contributions of single cell outliers with exceptional phenotypes. Future work could utilize a 

multiscale approach where collective migration is coarse-grained as a subpopulation but 

individual migration is treated with single cell resolution.

Overall, this model establishes a convenient framework that is sufficient for quantitative 

comparisons of therapeutic perturbations on the migration and growth of heterogeneous 

populations. The Rsk inhibitor FMKMEA was highly effective for suppressing cancer cell 

migration, causing a significant decrease in migration and proliferation for both collective 

and individually migrating subpopulations. This widespread effectiveness may arise from 

the specific and irreversible binding of FMKMEA.37 It should be noted that the Snail 

construct was designed to be extremely stable, residing exclusively in the nucleus to trigger 

EMT,25 which may be responsible for the diminished chemosensitivity compared to other 

cell lines. The Rsk effector has been further implicated in affecting cell growth and survival, 

which makes it a promising therapeutic target.42

Finally, the use of microfabricated environments enables precise measurements of complex 

migration dynamics under well-controlled experimental conditions. Previous work has 

observed that EMT enhances individual scattering through integrin-dependent actomyosin 

contraction on cell-cell junctions in 2D.43 In this work, scattering is enhanced by the use of 

micropillars that periodically disrupt cell-cell contact, enhancing individual scattering and 

further maintaining this phenotype by limiting cell-cell contact. This detachment phenomena 

may thus have analogies with droplet breakup and curvature-based interfacial 

instabilities44,45 such as those a microfluidic orifice.46 Furthermore, since the overall length 

of the cell exceeds the pillar spacing, these regularly spaced pillars delineate a straight path 

that guides individually migrating cells in directionally persistent motion, analogous to 

experiments in confined channels.29,39,47
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Overall, these enclosed geometries and architectures can be rationally designed, 

complimenting measurements in 3D where mechanics, microstructure and molecular signals 

exhibit complex, nonlinear couplings.23 One advantage of in vitro assays such as this one is 

the capability for sampling rare events while interrogating an extraordinary range of 

experimental conditions, including combinatorial screening of cancer cell lines and patient 

samples against potential therapeutic compounds.48 These capabilities compliment existing 

migration assays in vitro and in vivo. Ultimately, this integration of engineered 

microenvironments with single cell measurements will enable quantitative insights into 

tumour heterogeneity during metastasis.

Methods

For complete methods, see Supplementary Note SN5

Cell Culture

MCF-10A cells were cultured as described.26 MDA-MB-231 cells were cultured in DMEM 

(Invitrogen) with 10% fetal bovine serum (FBS) and 1% penicillin-streptavidin. To generate 

a potent reversible EMT-inducing stimulus in MCF-10A cells, a Snail-1 retroviral 

expression construct was used, with a fused estrogen receptor (ER) response element and a 

six amino acid substitution that confers constitutive activity through resistance to the 

inactivating GSK3b phosphorylation.25 Infection of non-transformed, immortalized 

mammary epithelial MCF10A cells with ER-Snail 6SA, followed by treatment with 

tamoxifen (4-OHT), triggered morphological and biomarker characteristics of EMT.26 For 

imaging and visualization, cells were labelled by incubation with nuclear-staining 1:500 10 

mg/mL Hoechst 33258 (Invitrogen) in MCF-10A growth media for 1 h at 37°C.

Device Fabrication

Polydimethylsiloxane (SYLGARD 184; Dow Corning) devices were fabricated using 

standard soft lithography techniques and bonded to 24-well glass bottom plates (MatTek), as 

described.29 Devices were immediately functionalized with 100 ng/mL fibronectin (Sigma), 

rinsed and then stored in phosphate buffered saline (PBS) at 4°C until use.

Migration Assay

Prior to use, devices were prefilled with growth media for at least one hour. Approximately 

30,000 cells were loaded into each device. Each well was then filled with growth media. 

Additional solutions include 10 μM BID-1870 (Stemgent), 10 μM U0126 (EMD 

Biosciences) and 10 μM FMK-MEA (a gift from J. Taunton, UCSF) and 5 ug/mL CDH1.

Time-Lapse Microscopy

Fluorescently-labelled cells were imaged using an inverted microscope (Nikon TiE) under 

environmentally controlled conditions (37° C and 5% CO2, humidified). Each device in the 

multiwall plate was scanned every 15 minutes using a 10X (NA 0.45) long-working distance 

objective, while maintaining a consistent focus (Perfect Focus System, Nikon Elements). 

Fluorescence illumination was provided by a light-guide-coupled mercury lamp illumination 

source with built-in shutter (Nikon Intensilight). Emission spectra were captured using 
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DAPI (Chroma 31000v2), FITC (Nikon 96320) and TRITC (Nikon 96305) filter sets. All 

images were acquired with 12-bit resolution using a cooled-CCD camera (Photometrics 

CoolSnap HQ2). Care was taken to ensure that all images were recorded with identical 

acquisition parameters (exposure time, camera gain/gamma control and microscope aperture 

settings).

Automated Cell Tracking

Cell detection was accomplished using the DAPI fluorescent signals of cellular nuclei. 

Time-lapse images in the DAPI channel were run though a pipeline developed in Cell 

Profiler version 10415 (Broad Institute). The resultant intensities and spatial positions of the 

detected nuclei were loaded into u-track,30 a MATLAB based multi-particle tracking 

software, to determine the trajectory of each object.

Migration Analysis

Quantitative metrics were computed for each cell trajectory using custom MATLAB code. 

Only cell trajectories longer than 12 time frames (4 hrs) were considered. The number of 

nearest neighbours was computed for each segmented object in each time frame by counting 

the other segmented objects within a 28 μm search radius (one lattice spacing). This value 

was then averaged over the lifetime of each cell trajectory. The velocity vi (i = x, y) was 

calculated from the position xi at time τ and (τ-4), respectively as: vi = [xi(τ) – xi(τ – 4)] / 4. 

Since images were taken every 15 min, this corresponded to the average velocity every hour, 

which was chosen to reduce motions due to nuclei shape changes rather than cell migration. 

Note that cells were restricted to move on a square lattice, so that lifetime averaged 

velocities were were computed as vr = |vx| + |vy|, tather than . The straightness 

index (directional persistence) was computed as the ratio of the distance between initial and 

final positions for each cell, divided by the integrated distance travelled. 

. Statistical distributions were checked for significance using two-

sample Kolmogorov-Smirnov tests as well as n-way ANOVA in MATLAB.

Classification of Collective or Individual Migration

Lifetime-averaged single cell migration metrics were normalized by the maximum value and 

clustered into distinct collective or individual migration phenotypes using a Gaussian 

mixture model in MATLAB (gmdistribution.fit). These migratory phenotypes were checked 

visually against biomarker expression using immunofluorescent staining.

Immunofluorescent Staining

After time-lapse microscopy, immunofluorescent staining was performed to verify 

biomarker expression. Briefly, cells were fixed for 1 hour at 4° C with 4% formaldehyde in 

1X PBS and blocked with 10% goat serum in PBS for 2 hours. Cells were then incubated 

overnight at 4° C with primary antibodies: 1:500 250 µg/mL E-cadherin (BD Biosciences), 

1:200 vimentin (Cell Signaling) and 1:600 phalloidin (Life Technologies) with 1% milk in 

1X PBS. Cells were then incubated for 1 hour at room temperature in the dark with 

appropriately matched secondary antibodies: 1:500 2mg/mL Alexa Fluor 488 (Invitrogen), 
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1:500 2 mg/mL Alexa Fluor 555 (Invitrogen) and 1:500 2 mg/mL Alexa Fluor 647 

(Invitrogen) in 1X PBS with 1% milk. Finally, 1:500 10 mg/mL Hoechst 33258 (Invitrogen) 

in PBS was added for half an hour at room temperature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Epithelial and mesenchymal cells migrate collectively and individually within enclosed 
micropillar arrays
(A) Cells invaded an enclosed array of fibronectin-coated PDMS micropillars with height, 

diameter and spacing of 10 μm. (B) Cell migration was automatically tracked from time-

lapse microscopy by segmenting fluorescently labelled nuclei. (C) A representative metric 

for collective or individual migration is based on the lifetime-average number of nearest 

neighbours within one pillar spacing. Immunofluorescent staining reveals biomarker 

expression associated with (D) epithelial phenotype (E-cadherin, green) in MCF-10A, (E) 
mesenchymal phenotype (vimentin, red) in MDA-MB-231, (F) both epithelial (E-cadherin, 

green) and mesenchymal phenotypes (vimentin, red) in MCF-10A Snail. Histograms of the 

number of lifetime averaged nearest neighbours per cell indicate (G) collective migration in 

MCF-10A, (H) individual migration in MDA-MB-231, and (I) collective and individual 

migration in MCF-10A Snail.
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Fig. 2. Differences in migratory behaviour associated with collective or individual migration 
phenotypes were classified using a Gaussian mixture model
The lifetime-averaged nearest neighbours of the migrating cells are compared to (A) the 

final Y position in the device, (B) averaged velocity, and (C) path straightness. Overall, at 

the completion of the experiment, individually migrating cells are observed to the front with 

collectively migrating cells at the rear. (D) Single cell tracking reveals that individually 

migrating cells scatter effectively due to increases in speed and straighter trajectories, 

relative to collectively migrating cells.
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Fig. 3. The dynamics of individual scattering from a collectively migrating front can be 
understood as a dispersion phenomenon from a moving interface
(A) Immunofluorescent staining of the pillar region (0 < y) reveals individually migrating 

mesenchymal cells detaching from a collectively migrating epithelial front. Cells in the rear 

loading region (y < 0) exhibit phenotypic plasticity and undergo a mesenchymal to epithelial 

transition (MET) over 24 h. (B) The measured spatial distributions of individual and 

collectively migrating cells are plotted as a function of time, showing an interface that 

propagates outward as the square root of time. (C) A solidification model for binary 

mixtures shows quantitative agreement with experimental data.
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Fig. 4. Perturbation of invasion behaviours in different cell lines with different Rsk pathway 
inhibitors
The individually migrating subpopulation of MCF-10A Snail displays low sensitivity to 

generic Rsk inhibitors, whereas the collectively migrating subpopulation of MCF-10A Snail 

shows higher sensitivity. Both subpopulations display sensitivity to FMKMEA. Unlike 

MCF-10A Snail, MCF-10A and MDA-MB-231 cell lines display sensitivity to all Rsk 

inhibitors tested. (A) Relative invasion based on based on best fits to the solidification 

model (dispersion coefficients). (B) Relative proliferation based on differences in 

subpopulation size. Error bars are standard error of the mean. * p < 0.05, ** p < 0.01, *** p 

< 10-3. (C) Combined scores incorporating invasion and proliferation. (D) Immunostaining 

of induced EMT population (MCF-10A Snail) indicates heterogeneous sensitivity of 

collective and individually invading subpopulations.
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