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SUMMARY
The coordinated movement of cell collectives is essential for normal epithelial tissue development, mainte-
nance, and cancer progression. Here, we report on a minimal 3D extracellular matrix (ECM) system wherein
both invasive collective migration (ICM) and rotational collective migration (RCM) arise spontaneously from
individually seeded epithelial cells of mammary and hepatic origin, regardless of whether they express adhe-
rens junctions, and lead to ductal-like and acinar-like structures, respectively. Quantitative microscopy and
cellular Potts modeling reveal that initial differences in cell protrusion dynamics andmatrix-remodeling local-
ization generate RCM and ICM behavior in confining 3D ECM. Matrix-remodeling activity by matrix metallo-
proteinases (MMPs) is localized to the base of protrusions in cells that initiate ICM, whereas RCM does not
require MMPs and is associated with ITGb1-mediated remodeling localized globally around the cell body.
Further analysis in vitro and in vivo supports the concept that distinct matrix-remodeling strategies encode
collective migration behaviors and tissue structure.
INTRODUCTION

Exocrine organs, such as the mammary, salivary, and digestive

glands, are composed of suprastructural networks of terminal

acini connected to secretory ducts. During glandular morpho-

genesis, epithelial cells undergo collective migration to develop

these core tissue subunits, which are described according to

their shapes, ranging from spherical acinus structures to cylindri-

cal ductal structures. Specific collective migration behaviors

give rise to these distinct shapes: acini are developed by a

persistent coordination of rotational movement, whereas ducts

are developed by invasive collective movements, such as

sprouting or branching.1–3 Furthermore, morphogenic pro-

cesses such as lactation and involution of the mammary gland

require rapid transformations between these cylindrical ducts

and spherical acinus structures, which require epithelial cells

to switch between modes of invasive (invasive collective migra-

tion [ICM]) and rotational collective migration (RCM), respec-

tively4,5 (Figure 1A). Similar transformations are conserved in

developmental programs such as Drosophila egg tissue elonga-

tion, where switching from RCM to ICM is a part of normal matu-

ration.6–9 Neoplastic epithelial cells can also mimic and aber-

rantly activate collective migration programs during cancer

progression. A prominent manifestation is the hijacking of ICM
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by neoplastic cells, which can result in relatively normal-appear-

ing epithelial duct architectures with or without expression of

cell-cell adherens junctions.3 RCM has not been observed in

neoplastic epithelial cells, which has been attributed to their

loss of E-cadherin-based adherens junctions.1,2 Yet, micro-

glandular adenomas and acinar cell carcinomas of the breast,

salivary gland, and pancreas are characterized by a spherical

morphology, wherein cancer cells arrange radially around a cen-

tral lumen and exhibit indolent clinical behavior, which suggests

that it is conceivable and possibly favorable for neoplastic cells

to undergo RCM.10–12 Along these lines, we previously observed

that within a population of triple-negative breast cancer cells,

some cells are capable of forming structures resembling

rounded acinus-like morphologies, and others form elongated

ductal-likemorphologies when seeded in confining, high-density

collagen type I.13–17

While collective movements are diverse and complex, their

emergence is thought to arise from the interplay of cell-cell

and cell-matrix interactions that is dependent on the position

of cells within the collective, as well as the constraints imposed

on the cells by the extracellular environment. Our current under-

standing emphasizes that ICM and RCM programs are initiated

by establishing a collective front-rear polarity through coordina-

tion of the actin cytoskeleton.7,18,19 RCM in normal epithelial
rch 24, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. RCM and ICM emerge in confining ECM

(A) Cross-sectional schematic of mammary gland development. Created with BioRender.com.

(B) Cells seeded sparsely as single cells in high-density collagen type I (6 mg mL�1) form clonal structures resembling either elongated ductal-like structures or

rounded acinus-like structures over the course of 7 days.

(C) Bright-field images taken 7 days after seeding. Orange arrows indicate ductal-like structures, and blue arrows indicate acinus-like structures. Scale

bar, 100 mm.

(D) Actin cytoskeleton substructure labeled in green and nuclei labeled in blue in acinus-like and ductal-like structures. Scale bar, 25 mm.

(E) E-cadherin expression in MDA-MB-231 in either acinus-like or ductal-like structures. Scale bar, 50 mm.

(F) Frequencies of ductal-like and acinus-likemorphologies at 7 days inMDA-MB-231 cell lines. A circularity threshold of <0.6 for ductal-like phenotypes and >0.8

for acinus-like phenotypes was applied at 7 days (n = 342 multicellular structures).

(G) Cell cluster circularity from days 2 to 7 after seeding. A circularity threshold of <0.6 for ductal-like phenotypes and >0.8 for acinus-like phenotypes is sufficient

to distinguish these phenotypes at early time points (n = 10 acinus-like structures and n = 10 ductal-like structures).

(H) Time-lapse images of circular 2-cell clusters of MDA-MB-231 cells undergoing persistent active rotations. Scale bar, 7 mm.

(I) Polar plot of example trajectories of rotational migration that persists for cells in 2-, 3-, and 4-cell clusters.

(J) Angular speed per cellular track of rotational MDA-MB-231 cells in 2-cell clusters (n = 18 individual cells, n = 9 cell clusters).

(K) Cell persistence ratio per cellular track for MDA-MB-231 rotational (n = 9 cell clusters) and invasive 2-cell clusters (n = 10 cell clusters).

(L) Time-lapse images of elongated 2-cell clusters of MDA-MB-231 cells undergoing collective invasion. Scale bar, 20 mm.

(M) Polar plot of example trajectories of invasive migration that persists for cells in 2-, 3-, and 4-cell clusters.

(N) Rectilinear speed per cellular track of invasive and rotational MDA-MB-231 cells in 2-cell clusters (n = 20 individual cells, n = 10 cell clusters). All error bars

represent standard deviation from the mean.

Statistical significance is indicated as ns, not significant, (*) p % 0.05, (**) p % 0.01, (***) p % 0.001, and (****) p % 0.0001.

ll
OPEN ACCESS Article

Please cite this article in press as: Ranamukhaarachchi et al., Global versus local matrix remodeling drives rotational versus invasive collective migration
of epithelial cells, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.11.021
cells requires strong intercellular cadherin junctions for polarity

and movement initiation, while ICM can be orchestrated by

polarized cells of higher junctional fluidity.18,20 Collective move-

ments also respond to contractile stresses from the matrix. Inva-

sive ductal cells seeded in 3D collagen I sense and reinforce

anisotropic stress from the extracellular matrix (ECM) during

elongation but will initiate rotational migration to establish termi-

nal acini when tension anisotropy is decreased due to gel

detachment.5 Movement within a physically confining ECM

also requires active transformation of the surrounding matrix

through proteolytic degradation or physical disruption. Proteo-

lytic remodeling, specifically, has been well-studied in the

context of ICM, where cells generate macroscopic holes in the

matrix by proteolytic removal using matrix metalloproteinases

(MMPs), like membrane type 1-MMP (MT1-MMP/MMP-14).21

Physical remodeling, which occurs through the bundling or

breakage of the matrix, has been observed in protease-indepen-

dent, collectively invasive, and rotational cells, but whether it

plays a direct role in shaping the core glandular subunits remains
2 Developmental Cell 60, 1–14, March 24, 2025
largely undefined.5,22 In this study, we use computational

modeling and experiments to determine how cell-cell and cell-

matrix interactions converge to direct ductal versus acinus

morphogenesis in both normal and neoplastic epithelial cells.

RESULTS

RCM and ICM emerge in confining ECM
Neoplastic MDA-MB-231 cells seeded sparsely as single cells in

high-density collagen type I (6 mg mL�1) form clonal structures

resembling either cylindrical duct-like structures or spherical

acinus-like structures over the course of 7 days (Figures 1B–

1D).13–17 We first explored whether ICM and RCM behaviors

contributed to the formation of these two structure types. RCM

of MDA-MB-231 cells would be particularly surprising given

that they do not express junctional E-cadherin (Figure 1E), and

previous work has suggested an inability for neoplastic cells to

undergo collective coherent angular rotations due to an absence

of E-cadherin junctions.1,2,5,18,23 To link the structures formed at

http://BioRender.com
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7 days to early cell migration behaviors, we imaged cells after�1

cell division cycle from day 2 through day 7 and quantified differ-

ences in cluster circularity. By applying a circularity threshold of

<0.6 for ductal-like phenotypes and >0.8 for acinus-like pheno-

types, we found that we could distinguish the phenotypes as

early as �36 h based on cellular shapes (Figure 1F). Elongated

cells remained elongated, and circular cells remained circular

as cells divided and structures formed (Figure 1G).

In cell lines stably expressing GFP-tagged LifeAct (to visualize

the actin cytoskeleton) and mCherry-tagged H2B (to visualize

nuclei), we tracked circular and elongated cells every hour for

10 h at the 2-cell stage. Live imaging of circular MDA-MB-231

cells revealed rotations in �80%. Rotations persisted as cells

divided and entered 3- and 4- cell clusters (Figures 1H–1J; Video

S1). These cells did not exhibit a directional bias and occasion-

ally switched chirality. To exclude the possibility that rotational

cells were simply undergoing directionless oscillations, we

measured the migration coherence using a previously estab-

lished cell persistence ratio.18 This metric quantified the propor-

tion of time that cells migrated consistently in a clockwise (CW)

or counterclockwise (CCW) radial direction such that a value of

0 or 1 indicated no directionality or completely CW/CCW,

respectively. This analysis confirmed that rotational cells

migrated coherently (Figure 1K). On the other hand, elongated

cells collectively invaded, which continued through the 3- and

4-cell stages (Figures 1L–1N; Video S2). The paths of invasively

migrating cells were not directionally cohesive. Leader cells

intercalated often while continuously progressing the invasion

front, as has been previously observed with the MDA-MB-231

cell line.24 The non-cohesive migration of these collectively

invading cells is reminiscent of prior observations of reduced

next-neighbor coordination in multicellular movements when

E-cadherin expression is diminished.25 We also measured the

rectilinear persistence ratio for invasive cells, which quantified

the proportion of time cells migrated consistently without chang-

ing direction (<90� from previous direction). Invasive cells

changed direction more often than rotational cells (Figure 1K).

This established that neoplastic cells have the capacity to un-

dergo ICM and RCM to establish ductal-like and acinus-like tis-

sue structures in a confining ECM.

RCM and ICM do not require adherens junctions and are
associated with laminin deposition
Observation of coherent angular rotations in neoplastic cells that

lack any cadherin-based junctions (Figure 2A) contradicts previ-

ous reports. So, we next assessed the generality of our findings.

First, we asked whether confining normal epithelial cells with

proper E-cadherin junctions as well as other neoplastic epithelial

cells without such cadherin junctions could produce both ductal-

like and acinus-like structures. We cultured normal mammary

epithelial cells, MCF-10As (Figure 2B), which have high junc-

tional E-cadherin expression (Figure 2C), and malignant hepato-

carcinoma cells, SK-HEP-1s (Figure 2D), which lack junctional

cadherin expression (Figures 2E and 2F), in high-density

collagen I. After 7 days in culture, we found that both cell lines

were able to form the two phenotypes with varying frequencies

(Figures 2G and 2H). In comparison to MDA-MB-231, which pre-

dominantly formed the ductal-like phenotype (Figure 1F), SK-

HEP-1 and MCF-10A predominantly formed the acinus-like
phenotype (Figures 2I and 2J). RCM and ICM behaviors were

conserved in the SK-HEP-1 cells (Figures 2K–2M; Video S3),

and have been previously observed in MCF-10A cells.1,2,26–28

However, previous observations of ICM by MCF10a cells show

it is directed by leader cells with E-cadherin-based cell-cell junc-

tions,28 which is distinct from the intercalating ICM pattern we

observe in the neoplastic cells lacking cadherins junctions. Inter-

estingly, a few of the MDA-MB-231 cells undergoing RCM

matured into a hollow or toroidal acinus morphology with a

distinct lumen structure (Figure 2N). Altogether, these data

demonstrate that both normal and malignant epithelial cells

can undergo both RCM and ICM with and without cadherin-

based cell-cell adhesions. Therefore, adherens junctions are

not essential for the emergence of RCM and ICM behaviors in

the context of 3D confinement.

We also asked whether the assembly of an endogenous lam-

inin-rich basement membrane was associated with either migra-

tion phenotype. Laminin-332 is an isoform highly expressed in

epithelial basement membranes.29 Immunostaining analyses of

laminin-332 in the neoplastic MDA-MB-231s at 2 and 7 days af-

ter seeding revealed that both acinus-like and ductal-like struc-

tures deposit laminin over the course of a week (Figures 2O and

2P). This suggests that laminin deposition is not a unique charac-

teristic of either migration phenotype and also indicates that

neoplastic cells can deposit laminin.

A cellular Potts model predicts that RCM and ICM can
arise solely from differences in local versus global
matrix remodeling
Next, we sought to gain a deeper understanding of how cells of

the same type in the same confining conditions can spontane-

ously undergo RCM or ICM. Given the multitude of cell-cell

and cell-ECM interactions at play in collective migration, we first

took amathematical modeling approach. Specifically, we sought

a modeling framework with which we could ask how cell polari-

zation, cell-cell adhesion, and matrix remodeling can each

contribute to the emergence of RCM and ICM in confining

ECM conditions. The cellular Potts model (CPM) is a computa-

tional modeling framework that is particularly versatile in its abil-

ity to represent various biological phenomena and incorporate

them to examine emergent multicellular behaviors.30 To model

cell dynamics, the CPM relies on minimization of the overall en-

ergy of the system using the Hamiltonian (H), and in its earliest

application, it was used to simulate cell sorting by assuming dif-

ferential adhesion between different cell types.30,31 We built

upon these previously described models by incorporating addi-

tional terms for cell motility, cell-ECM interactions, and prolifer-

ation (see STAR Methods for details) (Figure 3A). Notably, we

created a cell polarization vector (P) to model the polarization

of the actin cytoskeleton, where a cell’s orientation and propul-

sion intensity are dependent on the rate of production (k+) and

the rate of degradation (k�) of the polarization vector. The rela-

tionship between the two rates, k+/k�, is defined as the polariza-

tion persistence (g), which determines how quickly the direction

of the polarization vector is updated. We also defined a matrix-

remodeling agent (E) that is active either locally (kl) in the direc-

tion of the polarization vector or globally (kg) over the whole-

cell body. For kl remodeling, each individual cell only releases

the agent locally at the tip of the cell, as determined by the
Developmental Cell 60, 1–14, March 24, 2025 3
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Figure 2. RCM and ICM do not require adherens junctions and are associated with laminin deposition

(A) Pan-cadherin staining of MDA-MB-231 in either acinus-like or ductal-like structures. Scale bar, 25 mm.

(B) Actin cytoskeleton staining of MCF-10A acinus-like and ductal-like structures. Scale bar, 25 mm.

(C) E-cadherin staining of MCF-10A cells in both ductal-like and acinus-like phenotypes. Scale bar, 25 mm.

(D) Actin cytoskeleton staining in SK-HEP-1 acinus-like and ductal-like structures. Scale bar, 25 mm.

(E) E-cadherin staining of SK-HEP-1 cells in both ductal-like and acinus-like phenotypes. Scale bar, 25 mm.

(F) Pan-cadherin staining of SK-HEP-1 in either acinus-like or ductal-like structures. Scale bar, 25 mm. (G and H) Bright-field images taken 7 days after seeding for

(G) MCF-10A cells and (H) SK-HEP-1 cells. Orange arrows indicate ductal-like structures, and blue arrows indicate acinus-like structures. Scale bar, 100 mm.

(I and J) Frequencies of ductal-like and acinus-like morphologies at 7 days in (I) MCF-10A (n = 167multicellular structures) and (J) SK-HEP-1 (n = 165 multicellular

structures) cell lines.

(K) Average angular speed per cellular track of rotational SK-HEP-1 cells in 2-cell clusters (n = 10 individual cells, n = 5 cell clusters).

(L) Average rectilinear speed per cellular track of invasive and rotational SK-HEP-1 cells in 2-cell clusters (n = 10 individual cells, n = 5 cell clusters).

(M) Cell persistence ratio per cellular track for SK-HEP-1 rotational and invasive 2-cell clusters (n = 10 individual cells per group, n = 5 cell clusters per group).

(N) A hollow acinus morphology with a distinct lumen structure formed by MDA-MB-231 cells. Scale bar, 25 mm. (O and P) Laminin-332 is deposited along the

periphery of both (O) acinus-like and (P) ductal-like structures through 7 days. Scale bar, 10 mm. All error bars represent standard deviation from the mean.

Statistical significance is indicated as ns, not significant, (*) p % 0.05, (**) p % 0.01, (***) p % 0.001, and (****) p % 0.0001.
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direction of P, and only when the cell element is in contact with

an ECM element. In remodeling with kg, the agent release is

non-directional and over the whole-cell body.

Current dogma suggests that cells require cytoskeletal polar-

ization for ICM and RCM.18,19 So, we first asked whether varying

polarization persistence while holding all other parameters con-

stant could give rise to both collective behaviors. For this initial

simulation, cell-cell (Jc,c) and cell-ECM (Jc,e) adhesion strengths

were set equal, but below the cell-medium interfacial tension

(Jc,m) because setting Jc,m > Jc,c and Jc,m > Jc,e is important

for matching the initial circular cell morphology observed in

experimental settings.15 To account for differences in matrix-re-
4 Developmental Cell 60, 1–14, March 24, 2025
modeling agent (E) flux due to distinct spatial patterns of release,

globally versus locally, we set initial values of kg and kl constants

at a ratio of 1:10 to maintain an equivalent total concentration.

Our simulations found that in conditions of high polarization

persistence (k+ > k�), where the polarization vector degrades

slowly, cells migrated linearly and adopted predominantly an

ICM behavior (Figure 3B; Video S4A). Conversely, in conditions

of lowered gwhen degradation (k+ < k�) of the polarization vector
dominates, cells changed direction quickly and established

RCM. However, the polarization persistence and local matrix-

remodeling parameters are coupled, so increasing polarization

persistence also increases localized accumulation of the
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matrix-remodeling agent at the tip of the cell. To assess whether

varying polarization persistence in the absence of local matrix

degradation could still give rise to both collective behaviors,

we set kl = 0 and kg = 50 to maintain only global production of

matrix-remodeling agent (E). Conducting a parameter sweep of

g, we found that only RCM could be replicated when kl was

turned off (Figure 3C; Video S4B). In conditions of high g, we

now observed that cells failed to exhibit ICM and instead formed

rounded acinus-like structures. This suggests that high polariza-

tion persistence can give rise to ICM, but only in the presence of

localized matrix remodeling. Conversely, RCM arises at a rela-

tively lower polarization persistence and does not require local-

ized matrix remodeling.

Given these observations, we further investigated how

differences in matrix remodeling play a role in directing ICM

and RCM behaviors. Holding g constant at a moderate value

(g = 1,000), we systematically varied matrix-remodeling param-

eters (kg and kl) and held all other parameters constant. In con-

ditions of high kg and low kl, cells underwent RCM and formed

acinus-like morphologies over the course of 7-day simulations

(Figure 3D; Video S4C). By contrast, when local remodeling

took precedence (kl > 50%), the cells degraded the matrix in

the direction of the polarization vector and cellularmotion, result-

ing in ICM behavior and ductal-like morphologies. Quantification

of protrusion dynamics (see STAR Methods for details) from

these simulations showed that ICM cells exhibit increased pro-

trusion lifetime as a result of the increased local matrix remodel-

ing (kl), in comparison to RCM cells (Figure 3E). Together, these

simulations predict that ICM and RCM rely on distinct modes of

matrix remodeling and that switching from invasive to RCM re-

quires a shift from local to global matrix remodeling. These

findings also suggest that increasing the localization of matrix

remodeling can increase protrusion lifetime.

Lastly, we sought to validate our experimental observation

that strong cell-cell junctional strength is not essential for coor-

dinating ICM and RCM. We selected conditions of global (kg)

and local (kl) remodeling that induced either ICM or RCM and

systematically varied the cell-cell adhesion strength (Jc,c) param-

eter within the conditions of each respective migration behavior.

In agreement with our experimental findings, we found that vary-

ing Jc,c while holding cell-ECM strength (Jc,m) and other param-

eters constant still gives rise to ICM and RCM (Figures 3F and

3G; Video S4D). The results of our 7-day CPM simulations can
Figure 3. A cellular Potts model predicts that RCM and ICM can arise

(A) Schematic representation of the cell-cell and cell-ECM interaction terms inco

vector.

(B) Simulated 7-day phenotypes of increasing polarization persistence (g) in the pr

direction of the polarization vector.

(C) Simulated 7-day phenotypes of increasing polarization persistence (g) in the

(D) Simulated 7-day phenotypes of increasing global (left) or local (right) matrix r

(E) Quantification of protrusion lifetime from simulations of constant kg and kl value

behaviors (n = 20 multicellular structures). (F and G) Simulated 7-day phenotypes

rise to either (F) ICM or (G) RCM behaviors. Error bars represent standard dev

circularity and (I) angular velocities as functions of global degradation percentag

resenting a range of low to high values, respectively. Lines labeled b–d corresp

diagram representing left to right across each respective panel. (J and K) Phase

functions of global degradation versus cell-cell adhesion space using a color sca

Lines f and g correspond to (F) and (G), respectively, with arrow directions on th

Statistical significance is indicated as ns, not significant, (*) p % 0.05, (**) p % 0.
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be summarized in phase diagrams where cell cluster circularity

and angular velocities are shown using a color scale, with blue

to yellow representing a range of low to high values, respectively.

The angular velocity was calculated by finding the angular dis-

tance (angle, in radian) traveled by individual cells per hour

with respect to the center of mass of the cluster. Figures 3H

and 3I span the global degradation percentage versus polariza-

tion persistence space. Lines labeled b-d correspond to respec-

tive simulations of Figures 3B–3D. These phase diagrams show

that ICM behavior requires low global degradation. Figures 3J–

3K show results in global degradation versus cell-cell adhesion

space, with lines f and g corresponding to Figures 3F and 3G,

respectively. They show that strong cell-cell junctional strength

is not essential for coordinating ICM and RCM and that ICM is

only possible for low relative global degradation rates, indepen-

dent of the value of the cell-cell adhesion strength (Jc,c) param-

eter. In summary, we found that our CPMmodel reliably captures

the migrational shaping of acinus-like and ductal-like morphol-

ogies through RCM and ICM and predicts that distinct modes

of matrix remodeling direct RCM and ICM behaviors in

confinement.

Localization of matrix remodeling and polarization
distinguish the initiation of RCM and ICM
To assess the relevance of our model predictions, we character-

ized the cell-matrix interactions underlying RCMand ICMby per-

forming 3D time-lapse microscopy using a previously estab-

lished integrated biophysical imaging platform.13,32 In this

system, MDA-MB-231 cells with stable expression of mCherry-

LifeAct were generated to visualize F-actin-rich protrusions

and give three readouts of cell protrusion dynamics: protrusion

lifetime, maximum protrusion length, and protrusion rate. Blue

fluorescent traction force beads were embedded in the collagen

matrix to enable readout of three cell traction measurements:

percent (%) bead movers, the maximum bead displacement,

and the instantaneous bead speed. Green fluorescent dye-

quenched (DQ)-collagen, an indicator of matrix remodeling,

was incorporated to providemeasurement of pericellular remod-

eling (DQ intensity) and remodeling localization (perimeter re-

modeling [%]). Focusing on the time frame where collective

cell migration is initiated, time-lapse microscopy was conducted

roughly 36 h after seeding in dense collagen, when migrating

cells were in early �2–4 cell clusters and could be distinguished
solely from differences in local versus global matrix remodeling

rporated into the CPM. White arrows indicate the direction of the polarization

esence of local (kl) and global (kg) matrix remodeling. White arrows indicate the

absence of kl.

emodeling at constant g.

s that give rise to either RCM (kg = 90%, kl = 10%) or ICM (kg = 10%, kl = 90%)

of increasing cell-cell adhesion (Jc,c), given constant kg and kl values that give

iation from the mean. (H and I) Phase diagrams summarizing (H) cell cluster

e versus polarization persistence using a color scale, with blue to yellow rep-

ond to respective simulations of (B)–(D), with arrow directions on the phase

diagrams summarizing (J) cell cluster circularity and (K) angular velocities as

le, with blue to yellow representing a range of low to high values, respectively.

e phase diagram representing left to right across each respective panel.

01, (***) p % 0.001, and (****) p % 0.0001.
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Figure 4. Localization of matrix remodeling and polarization distinguishes the initiation of RCM and ICM

(A) PCA plot of biophysical metrics. Blue data points represent rotational cells and orange represent invasive cells.

(B) Micrographs of MDA-MB-231 cells with stable expression of mCherry-LifeAct, blue fluorescent traction force beads, and green fluorescence of DQ-collagen I

incorporated in the surrounding collagen matrix. Scale bar, 10 mm. (C and D) Quantification of (C) % pericellular matrix remodeling and (D) pericellular matrix-

remodeling intensity, as measured by DQ-collagen I. (E–G) Quantification of (E) maximum protrusion length, (F) average protrusion lifetime, and (G) protrusion

formation rate, as measured by mCherry-LifeAct. (H–J) Quantification of (H) average maximum bead displacement, (I) average % moving beads, and (J) bead

speed, as measured by traction force beads. For all plots, n = 10 rotationally migrating cell clusters and n = 10 invasively migrating cell clusters. All error bars

represent standard deviation from the mean.

Statistical significance is indicated as ns, not significant, (*) p % 0.05, (**) p % 0.01, (***) p % 0.001, and (****) p % 0.0001.
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by circularity (Figure 1F). Mapping these eight biophysical mea-

surements into 2D space using principal-component analysis

(PCA) separated and clustered the two phenotypes, indicating

that our multiplexed biophysical analysis platform captured un-

derlying differences in cell-ECM interactions between RCM

and ICM (Figure 4A).

A closer look revealed that DQ-collagen signal was localized

primarily to the base of protrusions in �60% of invasive cells,

while rotationally migrating cells exhibited a global pattern

of DQ signal with significantly higher perimeter remodeling

(Figures 4B, 4C, S1A, and S1B). Interestingly, there was no

appreciable difference in the pericellular DQ intensity, as

measured by the average background-normalized DQ fluores-

cence intensity within a 5 mm band along the periphery of the

cell structures (Figure 4D). These findings are consistent

with model predictions that show that differences in matrix-re-

modeling localization produce divergent modes of collective

cell migration (Figure 3D). Comparison of protrusion dynamics

showed that invasively migrating cells produced longer,

longer-lived protrusions at a higher rate than rotationally

migrating cells, which were instead characterized by short,
shorter-lived protrusions produced at a lower rate

(Figures 4E–4G; Videos S5 and S6; Figures S1A and S1B).

This matched quantifications of protrusion lifetime from simu-

lated ICM and RCM cells with high or low localization of matrix

remodeling, respectively (Figure 3E). While bead tracking re-

vealed no appreciable differences in terms of maximum bead

displacement and bead speed, the invasive phenotype was

characterized by having higher % bead movers (Figures 4H–

4J). This suggests that the invasive phenotype may have

greater traction than the rotational phenotype. Overall, this

experimental evidence agrees with model predictions that

implicate matrix-remodeling localization, protrusion length,

and protrusion lifetime as key factors that are differentially co-

ordinated to achieve ICM versus RCM behaviors. More specif-

ically, our cells may occupy CPM-simulated states along line

d in Figures 3H and 3I, based on circularity, angular velocity,

and protrusion lifetime measurements. The invasive phenotype

is propagated by elongated cells with longer-lived protrusions

and localized matrix remodeling, while the rotational phenotype

is propagated by rounded cells with shorter-lived protrusions

and global matrix remodeling.
Developmental Cell 60, 1–14, March 24, 2025 7
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ICM but not RCM-associated matrix remodeling is
dependent on MMPs
Having established that the formation of acinus-like and ductal-

like morphologies originates from distinct patterns of matrix re-

modeling, we next explored the underlying mechanistic differ-

ences regulating these modes. Matrix remodeling is known to

occur through both proteolytic and physical mechanisms,

and prior work has suggested that DQ-collagen I may be a

readout of both.5,21,22,33 Migration tracking at the 2-cell stage

revealed that MMP inhibitor (MMPi)-treated cells maintained a

rounded shape andmigrated rotationally with no appreciable dif-

ferences in angular speed and persistence to the control rota-

tional cells (Figures 5A–5G; Video S7).

As a functional readout of MMP inhibition, we compared the

DQ intensity and perimeter localization patterns between control

invasive, control rotational, and MMPi rotational cells. Surpris-

ingly, MMPi-treated cells generated pericellular DQ signals of

greater intensity than invasive control cells (Figure 5H) with ama-

trix remodeling pattern similar to control rotational cells (Fig-

ure 5I). Further investigation using an antibody specific to

MMP-cleaved collagen I (Col 3=4) showed that control invasive

cells exhibited higher MMP-dependent remodeling than control

rotational cells. As expected, MMPi-treated rotational cells

exhibited significantly less MMP-dependent remodeling

(Figures 5J and 5K). These data indicate that ICM, but not

RCM, is dependent on local MMP-dependent proteolytic matrix

remodeling. It is important to note that DQ-collagen I is not as

sensitive as the Col 3=4 antibody for detecting MMP-cleaved

collagen I (Figure S2).

MT1-MMP is a membrane-tethered MMP that is trafficked to

protrusions at the cell’s advancing front in order to drive inva-

sion in normal and neoplastic cells.21,34–36 We next asked

whether MT1-MMP may be localized differently between the

RCM and ICM cells given their differences in matrix-remodeling

localization and MMP-dependent remodeling (Figure 4C). Im-

munostaining analysis revealed an increase in localization of

MT1-MMP to the ends of protrusion in ICM cells, whereas

RCM cells exhibited a global pattern of MT1-MMP along the

pericellular membrane, as measured by signal distribution

skewness (Figures 5L and 5M). Interestingly, the localization

of MT1-MMP to the ends of protrusions in ICM cells is distinct

from their DQ-collagen I signal, which localized primarily to the

base of protrusions (Figures 4B and 4C). Trafficking of MT1-

MMP to sites of invasive protrusions is known to be mediated

by integrin beta 1 (ITGb1) localization.21,37 As such, we next

asked whether ITGb1 localization in ICM and RCM cells mimics

the distribution of MT1-MMP. Immunostaining analysis of ICM

cells revealed slightly more focalized ITGb1 near protrusion

tips, whereas RCM cells showed more of a global distribution

of ITGb1 (Figures 5L and 5N).

We next asked whether inhibition of MMP activity may alter

MT1-MMP and ITGb1 localization since MMPi treatment en-

riched for RCM. Signal distribution analysis of MT1-MMP and

ITGb1 immunostaining revealed that MMPi-treated cells were

unable to focalize MT1-MMP or ITGb1 and instead exhibited a

global staining pattern for both proteins similar to vehicle-treated

rotational cells (Figures 5L–5N). Local ITGb1 and MT1-MMP ac-

tivity is known to facilitate the formation of invasive protru-

sions,21,37 so we next characterized actin-based protrusion dy-
8 Developmental Cell 60, 1–14, March 24, 2025
namics in these cells. MMPi-treated rotational cells exhibited

significantly lower protrusion length, lifetime, and rate compared

with control ICM cells but were similar to control RCM cells

(Figures 5O–5Q). This leads us to speculate that in confining con-

ditions, localized MMP-mediated matrix-remodeling activity

promotes increased protrusion length, lifetime, and actin polari-

zation, which exerts positive feedback on MT1-MMP and ITGb1

trafficking and focalization. However, MMPs have recently been

shown to mediate cleavage of numerous intracellular protein tar-

gets involved in cytoskeletal regulation, including alpha-actinin,

talin, and pericentrin.38–41 As such, treatment of cells with

MMPi could have direct effects on the cytoskeleton. To investi-

gate whether the reduced protrusion dynamics and global ma-

trix-remodeling pattern observed in MMPi-treated cells could

be driven by direct effects on cytoskeletal protein abundance,

we conducted western blot analysis of the known intracellular

protein targets of MMPs. No significant changes in abundance

were observed in MMPi-treated cells relative to the vehicle con-

trol condition (Figure S3). Thus, these data demonstrate that

ICM, but not RCM, is dependent on local MMP-dependent pro-

teolytic matrix remodeling and that proteolytic remodeling activ-

ity feeds back on actin cytoskeleton activities as well as MT1-

MMP and ITGb1 trafficking.

RCM relies on ITGb1
Given that MMPi-treated cells underwent RCM and main-

tained the ability to significantly remodel the matrix in an

isotropic manner, we hypothesized that RCM may rely on

physical mechanisms of remodeling. Tracking of bead dis-

placements showed that control and MMPi RCM cells main-

tained comparable traction (Figures 5R–5T). This suggested

that RCM MMPi cells were physically contracting the matrix

(Video S8; Figure S1C) and led us to hypothesize that global

remodeling during RCM may be mediated by adhesion-based

traction forces on the matrix. ITGb1 is the canonical cell adhe-

sion receptor for collagen I. To assess the relevance of ITGb1

to remodeling by rotational cells, we performed ITGb1 deletion

using CRISPR-Cas9 in the MDA-MB-231 cell line (crITGb1;

Figure 6A). Similar to previous ITGb1-blocking studies, we

found that crITGb1 promoted a rounded phenotype and

enrichment of acinus-like structures 7 days after seeding (Fig-

ure 6B).42 To identify whether adhesion was necessary for

RCM, we tracked crITGb1 cells every hour for 10 h at the

2-cell stage and found that rotational migration was abro-

gated, as cells failed to undergo coherent rotations (Figure 6C;

Video S9). To determine whether adhesion contributes to peri-

cellular matrix remodeling, we analyzed pericellular DQ inten-

sity 48 h after seeding. This showed that crITGb1 cells had

significantly diminished pericellular matrix remodeling

compared with wild-type (WT) vehicle and WT MMPi cells

(Figures 6D and 6E). Inhibiting MMPs in crITGb1 did not

further diminish matrix-remodeling signal. Given that DQ-

collagen I signal does not fully capture MMP-cleaved collagen

signal, and ITGb1 is a known regulator of MT1-MMP,37 we

next assessed whether crITGb1 may have indirectly affected

matrix remodeling through regulation of MT1-MMP expres-

sion.43 Western blot analysis of MT1-MMP in crITGb1 cells

showed no appreciable changes in abundance relative to

the WT control (Figure 6F). Analysis of MMP-cleaved matrix
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Figure 5. ICM but not RCM is dependent on MMP-mediated matrix remodeling

(A and B) Frequencies of ductal-like and acinus-like morphologies at 7 days in vehicle- and MMPi-treated (A) MDA-MB-231 (n = 217 multicellular structures and

n = 192 multicellular structures for vehicle and MMP-treated conditions, respectively) and (B) SK-HEP-1 cell lines (n = 207 multicellular structures and n = 220

multicellular structures for vehicle andMMP-treated conditions, respectively). (C and D) Average angular speed per cellular track of vehicle- andMMPi-treated (C)

MDA-MB-231 (n = 18 individual cells, n = 9 cell clusters per treatment condition) and (D) SK-HEP-1 cells in 2-cell clusters (n = 8 individual cells, n = 4 cell clusters

per treatment condition). (E and F) Cell persistence ratio per cellular track for vehicle- andMMPi-treated (E)MDA-MB-231 (n = 18 individual cells, n= 9 cell clusters

per treatment condition) and (F) SK-HEP-1 cells in 2- cell clusters (n = 8 individual cells, n = 4 cell clusters per treatment condition).

(G) Time-lapse images of circular 2-cell clusters of SK-HEP-1MMPi-treated cells reveals persistent rotational migration. Scale bar, 10 mm. (H and I) Quantification

of (H) pericellular matrix-remodeling intensity and (I) % pericellular matrix remodeling, as measured by DQ-collagen I.

(J) Quantification of MMP-dependent remodeling, using the collagen 3=4 antibody specific to MMP-cleaved collagen I (n = 15 cells per condition were analyzed

from three independent biological replicates).

(K) Representative fluorescent micrographs show matrix remodeling of vehicle-treated invasive and rotational and MMPi-treated rotational MDA-MB-231 cells,

as measured by DQ-collagen I and collagen 3=4 antibody. Scale bar, 10 mm.

(L) Representative fluorescent micrographs showMT1-MMP and ITGb1 signal distribution in vehicle-treated invasive and rotational and MMPi-treated rotational

MDA-MB-231 cells. Scale bar, 25 mm. (M and N) Quantification of (M) MT1-MMP and (N) ITGb1 signal distribution along pericellular membranes of vehicle-treated

invasive and rotational and MMPi-treated rotational MDA-MB-231 cells, as quantified by MT1-MMP signal distribution skewness (n = 14–15 cells per condition

were analyzed from three independent biological replicates). (O–Q) Quantification of (O) maximum protrusion length, (P) average protrusion lifetime, and

(Q) protrusion formation rate, as measured by mCherry-LifeAct. (R–T) Quantification of (R) average maximum bead displacement, (S) average %moving beads,

and (T) bead speed, as measured by traction force beads. For graphs (H, I, and O–T) n = 9–10 cells were analyzed per condition. All error bars represent standard

deviation from the mean.

Statistical significance is indicated as ns, not significant, (*) p % 0.05, (**) p % 0.01, (***) p % 0.001, and (****) p % 0.0001.
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Figure 6. RCM relies on ITGb1
(A) Western blot assessment of ITGb1 depletion in MDA-MB-231 cell line.

(B) Frequencies of ductal-like and acinus-like morphologies at 7 days in WT and crITGb1 MDA-MB-231 cells (n = 139 multicellular structures and n = 141

multicellular structures for WT and crITGb1 cell lines, respectively).

(C) Polar plots of rounded 2-cell clusters of MDA-MB-231 crITGb1 cells (n = 6 individual cells, n = 3 cell clusters), and color indicates cluster pair.

(D) Representative fluorescent micrographs show matrix-remodeling localization at 48 h of rounded WT and crITGb1 MDA-MB-231 cells, as measured by

DQ-collagen I. Scale bar, 10 mm.

(E) Quantification of pericellular matrix-remodeling intensity, as measured by DQ-collagen I (n = 15 cells for all WT conditions, n = 25 for all crITGb1 conditions).

(F) Western blot assessment MT1-MMP expression in MDA-MB-231 WT and crITGb1 cells. Values on blot indicate quantified relative MT1-MMP expression.

(G) Quantification of MMP-dependent remodeling, using the collagen 3=4 antibody specific toMMP-cleaved collagen I. n = 15 cells for all WT conditions, n = 25 for

all crITGb1 conditions. All error bars represent standard deviation from the mean. (H and I) Histology of whole-mount mammary glands from 6.5-week-old mice

treated daily with (H) vehicle or (I) GM-6001 broad-spectrum MMP inhibitor from 3.5 weeks old reveals increased lateral budding in GM6001-treated mammary

glands. Scale bar, 1 mm. Image reproduced with permission:ª2003Wiseman et al.44 Originally published in Journal of Cell Biology. https://doi.org/10.1083/jcb.

200302090 as Figures 2a and 2b.

(J) Histology of mammary tissue fromwild-type control (left column) and Col1a1tm1Jae (right column) mice showing increased prevalence of spheroid structures

(arrows) in Col1a1tm1Jae mammary tissue. Collagen surrounding the mammary duct is detected with H&E, trichrome, and picrosirius red staining. Images taken

from Provenzano et al.46 Figures 3a and 3c and Supplementary Figures 2a and 2b, which was published in BMCMedicine in 2006 with a Creative Commons CC

BY license (https://doi.org/10.1186/1741-7015-4-38).

Statistical significance is indicated as ns, not significant, (*) p % 0.05, (**) p % 0.01, (***) p % 0.001, and (****) p % 0.0001.

ll
OPEN ACCESS Article

10 Developmental Cell 60, 1–14, March 24, 2025

Please cite this article in press as: Ranamukhaarachchi et al., Global versus local matrix remodeling drives rotational versus invasive collective migration
of epithelial cells, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.11.021

https://doi.org/10.1083/jcb.200302090
https://doi.org/10.1083/jcb.200302090
https://doi.org/10.1186/1741-7015-4-38


ll
OPEN ACCESSArticle

Please cite this article in press as: Ranamukhaarachchi et al., Global versus local matrix remodeling drives rotational versus invasive collective migration
of epithelial cells, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.11.021
remodeling also confirmed that crITGb1 cells could generate

similar levels of MMP-cleaved collagen to WT cells (Fig-

ure 6G). Altogether, this suggests that rotational migration is

dependent on ITGb1-based adhesion to the matrix, and this

adhesion may give rise to physical remodeling as a result of

rotational movements. However, we cannot exclude the pos-

sibility that ITGb1 plays a role in mediating the secretion of

non-MMP enzymes that could potentially participate in matrix

remodeling.

Acinus-like structures develop in virgin mouse
mammary tissue upon inhibition of MMP-mediated ECM
remodeling
To test the in vivo relevance of our findings, we analyzed tissue

histology from previously published studies wherein the mam-

mary glands of virgin mice were treated with the broad-spectrum

MMP inhibitor GM6001 (Figures 6H and 6I). In MMP-inhibitor-

treated tissues, mammary ducts showed less invasion than con-

trols, but also spherical acinus-like structures appeared along-

side the primary ducts (Figure 6I).44 This tissue architecture

was distinct from mammary tissues of control virgin mice, which

displayed a normally sparse and isolated ductal epithelium

within large areas of mammary fat pad (Figure 6H).

Since MMPs can have additional functions other than matrix

remodeling, we also asked whether an in vivo model of

reduced collagen degradation would yield similar results. The

Col1a1tm1Jae mouse produces collagen type I that is resistant

to degradation by MMPs due to a mutation in a collagen cleav-

age site.45 Degradation-resistant collagen should functionally

mimic the effect of inhibiting MMP activity on matrix remodeling

more specifically. In histological sections of Col1a1tm1Jae mam-

mary tissues, we observed an altered mammary architecture

that is similar to MMP-inhibited mammary glands: spherical

lobular-like structures appeared near ducts (Figure 6J).46 These

findings are also synergistic with our previous work, which

showed that the formation of spherical acinus-like structures

emerged spontaneously in low-density Col1 hydrogels that

were made less degradable by macromolecular crowding-

induced changes to fibril architecture.14 These data provide ev-

idence connecting our in vitro findings and model system to

in vivo behaviors and settings.

DISCUSSION

Our study suggests that early differences in the localization and

mechanism of matrix remodeling dictate cell shape and cyto-

skeletal polarization, which are inherited across cell divisions

to give rise to different collective migration behaviors. Localized

remodeling driven by enzymatic cleavage dependent on MMPs

gives rise to long protrusions that are long-lived and results in

ICM. Global remodeling mediated by ITGb1 limits protrusion

length and lifetime and results in RCM. Inhibition of MMP-medi-

ated matrix cleavage does not abrogate collective migration but

instead biases cells toward global remodeling and RCM while

promoting global localization of ITGb1 and MT1-MMP. It is inter-

esting to consider the effect of adhesion distribution on overall

adhesion strength. Our observations of differences in spatial dis-

tribution of ITGb1 suggest that RCM cells may be more isotropi-

cally adhesive, whereas ICM cells may be more anisotropically
adhesive. Additionally, the adherence of ICM cells to the matrix

at fewer sites may contribute to ITGb1 and MT1-MMP being en-

riched at those locations to promote local MMP-dependent pro-

teolytic remodeling. If fewer sites of adhesion translate to less

overall adhesion strength, then our findings would be consistent

with previous work showing that less adhesive cells are more

invasive47 and that reducing adhesion with an ITGb1 blocking

antibody can promote more persistent invasive migration and

an association between protrusion length and DQ matrix degra-

dation.32 However, since blocking MMP activity globalizes ma-

trix remodeling, MT1-MMP, and ITGb1, the initial creation of

space in the matrix for a protrusion to extend into may be the

initial step that provides feedback on both integrin and MT1-

MMP activity. This feedback may determine the dominance of

global physical or local proteolytic remodeling activity in driving

RCM versus ICM behaviors. Additional studies to temporally

apply key perturbations, such as MMP inhibition and ITGb1

blocking, may lend further insight into the initiating steps of these

distinct collective behaviors.

Our analysis shows that RCM and ICM collective migration

behaviors are conserved across both normal and neoplastic

epithelial cells with and without cadherin-based cell-cell junc-

tions when embedded within a confining ECM. This shifts the

current paradigm, which holds that the initiation of RCM behav-

iors requires adherens junctions. Our findings suggest that

many of the mechanisms governing normal epithelial collective

migration may be hijacked by neoplastic epithelial cells when

presented with appropriate matrix cues. Coherent rotational

migration of normal mammary acini has been linked to the

establishment of apical-basal polarity through the assembly

of an endogenous laminin-rich basement membrane.2 Like-

wise, ICM of normal myoepithelial cells during branching

morphogenesis of the mammary gland involves degradation

of the existing ECM and the secretion of new basement mem-

brane components to form a secondary ECM around new

branches.48 We found laminin-332 deposition in development

of both acinus-like and ductal-like structure, suggesting that

basement membrane assembly is not a unique characteristic

of either migration phenotype and indicating that neoplastic

cells can deposit laminin. This finding contradicts a previous

report that attributes the inability of neoplastic cells to undergo

RCM to their failure to deposit a laminin-rich basement mem-

brane.2 Additionally, the ability of collectively invasive cells to

deposit basement membrane proteins seemingly defies the

fundamental definition of cancer invasion as a breach of the

basement membrane. However, this may reflect the ability of

some invasive carcinomas to display a continuous basement

membrane in vivo.49

Interestingly, previous studies have also indicated that

neoplastic epithelial cells are unable to establish lumen-like hol-

lowness, unlike normal MCF10a cells.1,2,50,51 Our observations

of MDA-MB-231 cells maturing into a hollow acinus morphology

suggest that cancer cells can mimic normal acinus formation

through confinement-induced RCM, which may relate to rare

acinar cell carcinomas.10,11

Our CPM provided a powerful computational framework to

explore how each cell-cell and cell-ECM interaction contributed

to the emergence of RCM and ICM in confining ECM conditions.

Additional statespredictedby simulationsmaybe experimentally
Developmental Cell 60, 1–14, March 24, 2025 11



ll
OPEN ACCESS Article

Please cite this article in press as: Ranamukhaarachchi et al., Global versus local matrix remodeling drives rotational versus invasive collective migration
of epithelial cells, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.11.021
valid with adequate exploration and tuning of the parameter

space. The CPMmay also be a useful tool for applications in tis-

sue engineering, such as controlled organoid patterning, by

providing a framework to predict and guide collective cell behav-

iors through careful tuning of matrix and cell parameters.

Our findings highlight that the mechanisms governing collec-

tive cell migration are context dependent, and heterogeneity of

collective migration phenotypes can be driven by divergent ma-

trix-remodeling strategies that emerge in response to physical

confinement.

Limitations of the study
Our study identifies two distinct matrix-remodelingmodes adop-

ted by epithelial cells in confining 3D environments that drive

RCM and ICM. Matrix remodeling is a context-dependent

behavior that is expected to be influenced by the extent of 3D

ECM confinement as well as cell andmatrix type. It will be impor-

tant to further investigate these factors and to better define

confinement with both ECM and cellular contributions. Since

MMP inhibition promoted global localization of MT1-MMP and

ITGb1 and resulted in RCM, it will also be important to under-

stand how MMP activity feeds back on the trafficking of these

membrane proteins. Additionally, our study did not address

how ECM confinement and remodeling factors into the ability

of acinar and ductal-like structures to form lumens that produce

and conduct fluid, respectively. As this is necessary for tissue

function, it will be an important question to follow up on in future

studies.

Our analysis of tissue histology from previously published

studies reveals an increase in the presence of acinus-like struc-

tures in vivowith inhibition of MMP-dependent ECM remodeling.

Further studies are needed to confirm whether these structures

are formed by RCM behaviors. It will also be important to inves-

tigate the contribution of RCM and global matrix remodeling to

the pathology of acinar cell carcinomas. This may illuminate

novel methods to specifically target this rare subtype found in

exocrine gland cancers.
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and Schulz, R. (2007). Matrix metalloproteinase-2 degrades the cytoskel-

etal protein alpha-actinin in peroxynitrite mediated myocardial injury.

J. Mol. Cell. Cardiol. 43, 429–436. https://doi.org/10.1016/j.yjmcc.2007.

07.055.

41. Jobin, P.G., Butler, G.S., and Overall, C.M. (2017). New intracellular activ-

ities of matrix metalloproteinases shine in the moonlight. Biochim.

Biophys. Acta Mol. Cell Res. 1864, 2043–2055. https://doi.org/10.1016/j.

bbamcr.2017.05.013.

42. Levental, K.R., Yu, H., Kass, L., Lakins, J.N., Egeblad, M., Erler, J.T., Fong,

S.F.T., Csiszar, K., Giaccia, A., Weninger, W., et al. (2009). Matrix cross-

linking forces tumor progression by enhancing integrin signaling. Cell

139, 891–906. https://doi.org/10.1016/j.cell.2009.10.027.

43. Mori, H., Lo, A.T., Inman, J.L., Alcaraz, J., Ghajar, C.M., Mott, J.D., Nelson,

C.M., Chen, C.S., Zhang, H., Bascom, J.L., et al. (2013). Transmembrane/

cytoplasmic, rather than catalytic, domains of Mmp14 signal to MAPK

activation and mammary branching morphogenesis via binding to integrin

b1. Development 140, 343–352. https://doi.org/10.1242/dev.084236.
14 Developmental Cell 60, 1–14, March 24, 2025
44. Wiseman, B.S., Sternlicht, M.D., Lund, L.R., Alexander, C.M., Mott, J.,

Bissell, M.J., Soloway, P., Itohara, S., and Werb, Z. (2003). Site-specific

inductive and inhibitory activities of MMP-2 andMMP-3 orchestrate mam-

mary gland branching morphogenesis. J. Cell Biol. 162, 1123–1133.

https://doi.org/10.1083/jcb.200302090.

45. Liu, X., Wu, H., Byrne, M., Jeffrey, J., Krane, S., and Jaenisch, R. (1995). A

targeted mutation at the known collagenase cleavage site in mouse type I

collagen impairs tissue remodeling. J. Cell Biol. 130, 227–237. https://doi.

org/10.1083/jcb.130.1.227.

46. Provenzano, P.P., Eliceiri, K.W., Campbell, J.M., Inman, D.R., White, J.G.,

and Keely, P.J. (2006). Collagen reorganization at the tumor-stromal inter-

face facilitates local invasion. BMC Med. 4, 38. https://doi.org/10.1186/

1741-7015-4-38.

47. Fuhrmann, A., Banisadr, A., Beri, P., Tlsty, T.D., and Engler, A.J. (2017).

Metastatic State of Cancer Cells May Be Indicated by Adhesion

Strength. Biophys. J. 112, 736–745. https://doi.org/10.1016/j.bpj.2016.

12.038.

48. Gudjonsson, T., Rønnov-Jessen, L., Villadsen, R., Rank, F., Bissell, M.J.,

and Petersen, O.W. (2002). Normal and tumor-derived myoepithelial cells

differ in their ability to interact with luminal breast epithelial cells for polarity

and basement membrane deposition. J. Cell Sci. 115, 39–50. https://doi.

org/10.1242/jcs.115.1.39.

49. Rakha, E.A., Gandhi, N., Climent, F., van Deurzen, C.H.M., Haider, S.A.,

Dunk, L., Lee, A.H.S., Macmillan, D., and Ellis, I.O. (2011). Encapsulated

papillary carcinoma of the breast: an invasive tumor with excellent prog-

nosis. Am. J. Surg. Pathol. 35, 1093–1103. https://doi.org/10.1097/PAS.

0b013e31821b3f65.

50. Ahmed, K.M. (2017). Three-Dimensional Culture. In Encyclopedia of

Cancer, M. Schwab, ed. (Springer), pp. 4511–4518. https://doi.org/10.

1007/978-3-662-46875-3_7138.

51. Chin, A.S., Worley, K.E., Ray, P., Kaur, G., Fan, J., and Wan, L.Q. (2018).

Epithelial Cell Chirality Revealed by Three-Dimensional Spontaneous

Rotation. Proc. Natl. Acad. Sci. USA 115, 12188–12193. https://doi.org/

10.1073/pnas.1805932115.

52. Wu, P.-H., Giri, A., Sun, S.X., and Wirtz, D. (2014). Three-dimensional cell

migration does not follow a random walk. Proc. Natl. Acad. Sci. U. S. A.

111, 3949–3954. https://doi.org/10.1073/pnas.1318967111.

53. Wyckoff, J.B., Pinner, S.E., Gschmeissner, S., Condeelis, J.S., and Sahai,

E. (2006). ROCK- andmyosin-dependent matrix deformation enables pro-

tease-independent tumor-cell invasion in vivo. Curr. Biol. 16, 1515–1523.

https://doi.org/10.1016/j.cub.2006.05.065.

54. Hall, M.S., Alisafaei, F., Ban, E., Feng, X., Hui, C.-Y., Shenoy, V.B., andWu,

M. (2016). Fibrous nonlinear elasticity enables positive mechanical feed-

back between cells and ECMs. Proc. Natl. Acad. Sci. USA 113, 14043–

14048. https://doi.org/10.1073/pnas.1613058113.

https://doi.org/10.1038/s41467-019-12930-y
https://doi.org/10.1083/jcb.149.6.1309
https://doi.org/10.1083/jcb.149.6.1309
https://doi.org/10.1016/j.cellsig.2021.109984
https://doi.org/10.1016/j.cellsig.2021.109984
https://doi.org/10.1242/jcs.239152
https://doi.org/10.1160/TH13-03-0248
https://doi.org/10.1160/TH13-03-0248
https://doi.org/10.1074/jbc.M502779200
https://doi.org/10.1074/jbc.M502779200
https://doi.org/10.1016/j.yjmcc.2007.07.055
https://doi.org/10.1016/j.yjmcc.2007.07.055
https://doi.org/10.1016/j.bbamcr.2017.05.013
https://doi.org/10.1016/j.bbamcr.2017.05.013
https://doi.org/10.1016/j.cell.2009.10.027
https://doi.org/10.1242/dev.084236
https://doi.org/10.1083/jcb.200302090
https://doi.org/10.1083/jcb.130.1.227
https://doi.org/10.1083/jcb.130.1.227
https://doi.org/10.1186/1741-7015-4-38
https://doi.org/10.1186/1741-7015-4-38
https://doi.org/10.1016/j.bpj.2016.12.038
https://doi.org/10.1016/j.bpj.2016.12.038
https://doi.org/10.1242/jcs.115.1.39
https://doi.org/10.1242/jcs.115.1.39
https://doi.org/10.1097/PAS.0b013e31821b3f65
https://doi.org/10.1097/PAS.0b013e31821b3f65
https://doi.org/10.1007/978-3-662-46875-3_7138
https://doi.org/10.1007/978-3-662-46875-3_7138
https://doi.org/10.1073/pnas.1805932115
https://doi.org/10.1073/pnas.1805932115
https://doi.org/10.1073/pnas.1318967111
https://doi.org/10.1016/j.cub.2006.05.065
https://doi.org/10.1073/pnas.1613058113


ll
OPEN ACCESSArticle

Please cite this article in press as: Ranamukhaarachchi et al., Global versus local matrix remodeling drives rotational versus invasive collective migration
of epithelial cells, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.11.021
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor� Plus 405 Phalloidin Invitrogen A30104

Alexa Fluor� 488 Phalloidin Cell Signaling Technologies 8878S

Alexa Fluor� Plus 647 Phalloidin Invitrogen A30107

Alexa Fluor� 647 Phalloidin Invitrogen A22287

Anti-rabbit IgG (H+L), F(ab’)2 Fragment

(Alexa Fluor� 488 Conjugate)

Cell Signaling Technologies 4412S; RRID: AB_1904025

Anti-mouse IgG (H+L), F(ab’)2 Fragment

(Alexa Fluor� 594 Conjugate)

Cell Signaling Technologies 8890S; RRID: AB_2714182

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technologies 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked antibody Cell Signaling Technologies 7076; RRID: AB_330924

Goat anti-Mouse IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 546

Invitrogen A11003; RRID: AB_2534071

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody,

Alexa Fluor� 546

Invitrogen A11035; RRID: AB_2534093

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody,

Alexa Fluor� 647

Invitrogen A21245; RRID: AB_2535813

Mouse monoclonal Anti-Talin 1 and 2 antibody [8D4] Abcam Ab11188; RRID: AB_297828

Rabbit polyclonal Anti-a-actinin Cell Signaling Technologies 3134; RRID: AB_2223798

Rabbit monoclonal Anti-GAPDH [14C10] Cell Signaling Technologies 2118; RRID: AB_561053

Rabbit polyclonal Anti-Pericentrin Sigma-Aldrich ABT59; RRID: AB_10947564

Rabbit monoclonal anti-MMP-14 [EP1264Y] Abcam ab51074; RRID: AB_881234

Rabbit polyclonal Anti-Collagen Type 1 (3/4 fragment) Adipogen AG-25T-0116-C025; RRID: AB_3668951

Rabbit polyclonal Anti-Integrin b1 Cell Signaling Technologies 4706; RRID: AB_823544

Mouse monoclonal PE Anti-human

CD29 Antibody [TS2/16]

Biolegend 303003; RRID: AB_314319

Mouse monoclonal Anti-Laminin-5, g2 chain [D4B5] Sigma-Aldrich MAB19562; RRID: AB_94454

Rabbit monoclonal Anti-Pan-Cadherin [EPR1792Y] Abcam ab51034; RRID: AB_868609

Mouse monoclonal anti-E-cadherin [SHE78-7] Invitrogen 13-5700; RRID: AB_2533022

Bacterial and Virus Strains

DH5a chemically competent cells Thermo Fisher Cat#18258012

Chemicals, Peptides, and Recombinant Proteins

DMEM, high glucose, pyruvate Gibco 11995065

Fetal Bovine Serum Corning MT35010CV

Gentamicin Thermo Fisher Scientific 15750060

DMEM/F12 Invitrogen 11330032

Horse Serum Invitrogen 16050-122

Animal-Free Recombinant Human EGF Peprotech AF-100-15

Hydrocortisone Sigma-Aldrich H0888

Cholera Toxin, Vibrio cholerae,

Type Inaba 569B, Azide Free

Sigma-Aldrich 227036

Insulin from bovine pancreas Sigma-Aldrich I1882

Polybrene Sigma-Aldrich TR-1003-G

DMSO Sigma-Aldrich D2650

Marimastat Abcam ab141276

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DAPI Thermo Fisher Scientific 62248

Collagen I Corning CB354249

DQ Collagen I Invitrogen D12060

HI-FBS Gibco A3840001

Paraformaldehyde Aqueous Solution Electron Microscopy Services 15710-S

Bovine Serum Albumin (BSA) Sigma-Aldrich A3858-50g

Blue fluorescent 1mm polystyrene microsphere Invitrogen F13080

PBS, pH 7.4 Thermo Fisher Scientific 10010023

Collagenase Sigma-Aldrich C0130

Halt Protease and Phosphatase

Inhibitor Cocktail (100X)

Thermo Fisher Scientific 78440

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific 89900

Pierce Micro BCA Protein Assay Kit Thermo Fisher Scientific 23235

4x Bolt LDS Sample Buffer Invitrogen B0007

NuPAGE Sample Reducing Agent (10X) Invitrogen NP0009

Clarity Western ECL Substrate Bio-Rad 1705061

Critical Commercial Assays

Lipofectamine 3000 Thermo Fisher L3000008

BD Influx BD UC San Diego Human Embryonic

Stem Cell Core Facility (hESCCF)

Nikon TiE inverted microscope Nikon MEA53100

Leica TCS SP8 inverted confocal microscope Leica UC San Diego School of Medicine

Microscopy Core

Experimental Models: Cell Lines

MDA-MB-231 ATCC HTB-26

Lenti-X 293T Takara 632180

SK-HEP-1 ATCC HTB-52

MCF-10A ATCC CRL-10317

Recombinant DNA

pHIV-H2BmRFP Addgene RRID: Addgene_18982

Dendra2-Lifeact-7 Addgene RRID: Addgene_54694

mCherry-LifeAct-7 Addgene RRID: Addgene_54491

psPAX2 Addgene RRID: Addgene_12260

pMD2.G Addgene RRID: Addgene_12259

lentiCRISPR v2 Addgene RRID: Addgene_52961

Software and Algorithms

Fiji/ImageJ 2 NIH RRID:SCR_002285

MATLAB R2022a Mathworks, Inc. RRID:SCR_001622

Metamorph Molecular Devices RRID:SCR_002368

NIS-Elements Nikon RRID:SCR_014329

Prism 9 Graphpad RRID:SCR_002798

Bitplane Imaris Oxford Instruments RRID:SCR_007370

Cell trajectory and random walk analysis Wu et al.52 https://doi.org/10.1073/pnas.1318967111

Cellular Potts Model https://github.com/Rappel-lab/

Potts_model_2023

ZENODO https://doi.org/10.5281/

zenodo.13346008
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and cell transfection
MDA-MB-231 triple negative breast cancer cells were purchased from ATCC and SK-HEP-1 hepatocellular carcinoma cells were

provided by Jason Sicklick at UC San Diego. All MDA-MB-231 and SK-HEP-1 cell lines were cultured in high glucose Dubecco’s
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modified Eagle’s medium (DMEM, Gibco), supplemented with 10% fetal bovine serum (FBS, Corning) and 0.1% gentamicin (Thermo

Fisher Scientific). MCF-10A breast epithelial cells (ATCC) weremaintained in DMEM/F12medium (Invitrogen) supplemented with 5%

horse serum (Invitrogen), 20 ng/mL epidermal growth factor (Peprotech), 0.5 mg/mL hydrocortisone (Sigma-Aldrich), 100 ng/mL

cholera toxin (Sigma-Aldrich), 10 mg/mL insulin (Sigma-Aldrich), and 0.1% gentamicin (Thermo Fisher Scientific). All cell lines were

maintained at 37�C and 5% CO2 in a humidified environment.

To generate cells that express H2B-mCherry (pHIV-H2BmRFP, Addgene #18982), LifeAct-GFP (Dendra2-Lifeact-7, Addgene

#54694) andmCherry-LifeAct (mCherry-LifeAct-7, Addgene #54491), we generated viral particles by transfecting plasmids into lentiX

293T cells (Clontech) along with the psPAX2 packaging vector (Addgene #12260) and the pMD2.G envelope vector (Addgene

#12259). Viral particles were collected by removing culture medium 24 and 48 hours after transfection and filtering through a

0.45 mm filter. Transduced cells were treated with 10 mg/mL Polybrene reagent (Sigma-Aldrich) and a titration of viral particles for

24 hours. Fluorescent cells with the appropriate expression levels of H2B-mCherry, LifeAct-GFP and mCherry-LifeAct were

expanded for FACS sorting. For positive selection via FACS, cells were centrifuged at 1400 rpm for 4 minutes before resuspending

in FACS buffer (1% BSA, 0.5 mM EDTA in PBS). Samples were sorted at the stem cell core of Sanford Consortium of Regenerative

Medicine (La Jolla, CA) on a BD Influx cell sorter (BD Biosciences). Fluorescent samples were compared to unstained WT controls of

each respective cell line.

METHOD DETAILS

Treatment with pharmacological inhibitors
Matrix metalloproteinases were inhibited using broad-spectrum MMP inhibitor Marimastat (Abcam) at a concentration of 1mM. As a

vehicle control, cells were treated with 0.01% (v/v) dimethyl sulfoxide (DMSO, Sigma-Aldrich). Media supplemented with pharmaco-

logical inhibitors was refreshed daily.

CRISPR-Cas9 mediated gene suppression of ITGb1
Genetic knockdown of ITGb1 was performed as described previously.15 In brief, small guide RNAs targeting the ITGb1 gene were

cloned into lentiCRISPR v2 plasmid (Addgene #52961) following instructions from Feng Zhang, the plasmid supplier. The sg_RNA

sequences were obtained from the GECKO human library A, and were as followed: ITGB1 sg_RNA1 (50-TGCTGTGTGTTTGCT

CAAAC-30), ITGB1 sg_RNA2 (50-ATCTCCAGCAAAGTGAAACC-30). For this study, we used the sg_RNA1. The lentiCRISPR v2 vec-

tors containing the cloned sgRNAwere verified by sequencing andwere used to generate viral particles via transfection into lentiX293

T cells (Clonetech) along with packaging expressing plasmid (psPAX2, Addgene #12260) and envelope expressing plasmid

(pMD2.G, Addgene #12259). After 48h of transfection, viral particles were collected and purified by filtering with a 0.45 mm filter.

MDA-MB-231 cells were transducedwith viral particles and polybrene. Following overnight incubation, media was changed and cells

were left in normal growth media (DMEM supplemented with 10% FBS and 0.1% gentamicin) for 24-48h. Subsequently, media was

changed to selection media containing 2.5 mg/mL puromycin for at least 7d.

To select for knockout cells, MDA-MB-231 ITGb1 sg_RNA1 cells were expanded in a tissue culture to �80% confluency and har-

vested. Cells were centrifuged at 350xg and 4�C for 5 minutes before resuspending in 2% HI-FBS in PBS. Cells were incubated for

20 minutes at 4�C with PE anti-human CD-29, followed by 2x 2%HI-FBS/PBS washes. Samples were sorted at the stem cell core of

Sanford Consortium of RegenerativeMedicine (La Jolla, CA) on a BD Influx cell sorter (BDBiosciences, Franklin Lakes, NJ) and gated

using unstained negative and stained MDA WT positive controls.

3D culture in high density collagen I matrices
Cells suspended in culture medium were embedded in 3D collagen I matrices by mixing with 10x reconstitution buffer (1:1 v/v) and

high concentration, rat tail acid extracted type I collagen (Corning) to a final collagen I concentration of 6 mg/mL and final seeding

density of 100,000 cells/mL. The pHwas adjusted using 1N sodium hydroxide, and themixturewas added to 48-well culture plates at

a final volume of 200 mL. The mixture was polymerized by incubating at 37�C for 30 min, and an equal volume of culture media was

added to the top of the gels. For labeling of remodeled collagen, dye-quenched (DQ) collagen type I (Thermo Fisher Scientific) was

mixed into collagen hydrogels at a final working concentration of 100 mg/mL, prior to pH neutralization and gel polymerization. ForWT

7 day phenotype studies, media was replenished every other day. For 7 day phenotype studies using pharmacological inhibitors,

media was replenished every day.

7 day phenotype structure quantification
Following 7 days in 3D culture, cell structures were imaged at 10x magnification using a Nikon Ti-Eclipse Epifluorescent Inverted Mi-

croscope. For each biological replicate (n=3), three fields of view (FOV) were selected and z-stacks from the bottom to the top of the

collagen gel (50 mm step-size) were taken under brightfield illumination. Images were exported as.tif files and opened in ImageJ (NIH)

for analysis. Structures that were at least 100 mm away from the top and bottom of the gel were selected, manually traced using the

‘‘Freehand selections’’ tool, and their circularity was determined using the ‘‘Shape descriptors’’ measurement output. For each FOV,

aminimum of 25 structures were traced. A circularity threshold of <0.6 and >0.8 was set to define ductal-like phenotypes and acinus-

like phenotypes, respectively.
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For long-term phenotype tracking, collagen gels were prepared in triplicate as described above. After 2 days in culture, cell

structures were imaged at 10x magnification using a Nikon Ti-Eclipse Epifluorescent Inverted Microscope. Five fields of view

(FOV) at least 100 mm away from the top and bottom were selected across the three biological replicates. The same FOVs

were imaged daily until 7 days after seeding. Structures were manually traced and their circularity was determined in ImageJ

(NIH), as described above.

Immunofluorescence staining
Cells embedded in 3D collagen I matrices were washed twice with 1x phosphate buffered saline (PBS, Gibco) briefly and fixed with

4%paraformaldehyde (ElectronMicroscopy Services) diluted in 1x PBS for 30min at room temperature. Prior to fixation, the collagen

gels were washed three timeswith 1x PBS for 5min each, followed by three, 5min rinses with 100mMglycine solution prepared in 1x

PBS. Subsequently, the collagen gels were scooped, transferred to 24-well culture plates and blocked overnight at 4�Cwith a 1x PBS

solution containing 1% w/v bovine serum albumin (BSA, Sigma-Aldrich), 2.5% v/v goat serum, 2.5% v/v FBS (Corning), and varying

concentrations of Triton-X-100 (0.02-0.2% v/v, Thermo Fisher Scientific). After blocking, gels were three times with 1x PBS for 5 min.

Primary antibody was diluted in antibody dilution buffer, which is composed of 1x PBS with 1% w/v BSA (Sigma Aldrich), 2.5% v/v

goat serum, 2.5% v/v FBS (Corning), and 0.02% v/v Triton-X-100 (Thermo Fisher Scientific). Collagen hydrogels were covered with

diluted primary antibodies and incubated for 2 days at 4�C. Following primary antibody incubation, gels werewashed three timeswith

1x PBS, 15 min each. Subsequently, hydrogels were incubated with diluted secondary antibodies for 1 day at 4�C. After secondary
antibody labeling, the gels were washed three times with 1x PBS, 15 min each. For F-actin visualization, gels were incubated in phal-

loidin diluted in 1x PBS for 1-2 h at room temperature, protected from light with aluminum foil. Samples were washed with 1x PBS

three times for 15 min each. To stain cell nuclei, DAPI (Thermo Fisher Scientific) was added for 10 min. All steps were done with con-

stant agitation on an orbital shaker. Primary and secondary antibodies used for immunofluorescence staining are listed in the key

resources table.

Biophysical gel 3D culture

MDA-MB-231 mCherry-LifeAct cells were suspended in culture medium (WT - complete DMEM, Vehicle - 0.01% DMSO in com-

plete DMEM, MMPi - 1 mM Marimastat in complete DMEM) and were mixed 1:1 v/v with 1x reconstitution buffer to achieve a

final concentration of 100,000 cells/mL. Next, 1 mm diameter, blue carboxylated microspheres (Thermo Fisher Scientific) were

added to the cell-buffer mixture at a final concentration 1:50 (v/v) of the final gel volume (200 mL). Dye-quenched (DQ) collagen

type I (Thermo Fisher Scientific) was added to the cell-buffer solution at a final working concentration of 100 mg/mL. Lastly, the

cell-buffer solution was mixed into high concentration, rat tail acid extracted type I collagen (Corning) to reach the desired final

collagen concentration of 6 mg/mL. Subsequently, the pH was adjusted to 7.0 using 1 N sodium hydroxide and the cell-gel so-

lution was added to custom made PDMS wells mounted on 35mm, glass bottom dishes (FluoroDish, World Precision Instru-

ments) following thorough mixing. Collagen gels were polymerized at 37�C in a humidified incubator for at least 30 min prior

to covering the gel with culture medium.

Biophysical imaging of cell-ECM interactions

After 33-39 hours in culture, cells were transferred to a Tokai Hit stage-top incubator on a Nikon Ti-Eclipse Epifluorescent Inverted

Microscope. Multichannel z-stacks with an axial displacement of 37 mm (1 mm step size) were acquired every 2 minutes for 2 hours

using an oil-immersion 40x objective (NA 1.5). For each time interval, z-stacks through the cell body were taken in three channels

(blue, green, and red), to visualize the fluorescent beads, DQ collagen, and mCherry-LifeAct, respectively. The acquired images

had dimensions of 1024 x 1022 pixels and were captured under 2x2 binning, resulting in a pixel size of 3.03 mm. Invasive and rota-

tional cells at the �2-4-cell stage whose primary axis of spreading was along the XY plane were selected for quantitation.

Biophysical imaging preprocessing

Maximum intensity projections (MIPs) of the z-stacks were generated for each time point to generate 2D time series for each channel

of the cell selected for analysis. Biophysical imaging analysis multichannel z-stacks and MIPs were saved as.tif files and opened in

ImageJ (NIH) for processing and analysis. Unless stated otherwise, image processing was done by performing background subtrac-

tion on multichannel z-stacks using a 40 pixel rolling ball algorithm followed by a 2 pixel median filter in ImageJ.

Quantification of protrusion dynamics

For cell protrusion dynamics analysis, protrusions were manually tracked in ImageJ using MIP time series of the mCherry-LifeAct

expressing cells. In order to determine the time duration or protrusion lifetime, each protrusion was tracked frame-by-frame from

initial protrusion extension to complete protrusion retraction. Protrusions longer than 2 mm were included in analysis and a pro-

trusion was considered fully retracted when their length dropped below this threshold. The mean maximum protrusion length

and time duration of the protrusion (ie. ‘‘protrusion lifetime’’) was calculated for each cell. The number of protrusions greater

than 2 mm observed over the course of the 2 hr imaging period was used to determine the ‘‘protrusion rate’’. For cells that did

not form any protrusions greater than 2 mm in length during imaging, the mean maximum protrusion length and protrusion lifetime

were both zero.

Quantification of DQ matrix remodeling

In order to quantify the degree of collagen remodeling, multichannel z-stacks were first cropped to a 165mm x 165mm field of view

binary masks of the cell body were first generated using Otsu’s thresholding method. Next, the fluorescence intensity of a 5 mm

band surrounding the cell was measured in the green DQ channel at each time frame for each slice of the z-stack. The total fluores-

cence intensity (integrated density) values were summed and divided by the total area of the band in order to get mean fluorescence
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intensity. This value was divided by themean fluorescence intensity of the background to get the signal/ background ratio, referred to

as DQ Intensity.

To determine the localization ofmatrix remodeling, z-stacks of the DQ andmCherry LifeAct channels at the first time point (t = 1/61)

were processed and analyzed in ImageJ. First, pseudo-flat field correction was done on the DQ channel to correct for uneven illu-

mination and the resulting imagewas cropped to a 165mmx 165mmfield of view. Background subtraction on the croppedDQ channel

z-stack was then performed using a 100 pixel rolling ball algorithm followed by a 2 pixel median filter. After processing, MIPs of the

DQ channel were generated and then binarized by manual thresholding using the Otsu method in order to distinguish signal from

background. Next, 1 mmbands along the cell perimeter were generated fromMIPs of themCherry LifeAct channel. Lastly, the percent

of the band area covered by DQ signal was determined using the ‘‘Area Fraction" measurement in ImageJ. This measurement is

referred to as the ‘‘Perimeter Remodeling (%)’’.

For quantifying matrix remodeling on confocal images, the phalloidin channel was used to define the cell body for each slice of the

z-stack. For the confocal dataset, a 3 mm band was used due to reduced scattering of out-of-plane light. Quantification of DQ inten-

sity was conducted as described above.

Quantification of cell contractility

Uncropped MIP images of the blue channel were used to visualize traction force bead dynamics in ImageJ. After template matching

and slice alignment to correct for drift, the images were cropped to a 162.5mm x 162.5mm field of view. Bead tracking was done on

cropped MIPs of the blue channel using the Mosaic plugin in ImageJ, as previously described.13,32 The resulting table containing XY

coordinates for each bead in the field of view for each timepoint was saved and analyzed using a custom MATLAB script that iden-

tifies beads that moved during time-lapse imaging. First, a filter was applied to only analyze the trajectories of beads that were

tracked at all time points. After filtering, the displacement at each time point from the initial point was determined for each bead.

In order to distinguish beads that were actively being pulled from thosemoving due to Brownianmotion, amoving standard deviation

approach was employed. The trajectories of beads not removed by filtering were measured resulting in the ‘‘mean instantaneous

bead speed’’ and ‘‘mean maximum displacement’’. The ‘‘% movers’’ metric corresponds to the percent of total beads in the field

of view that satisfy this criteria. Example bead displacement plots were generated by plotting the initial and final XY tracking coor-

dinates of beads identified as movers.

Imaging for migrational tracking
MDA-MB-231 H2B-LifeAct, SK-HEP-1 H2B-LifeAct and MDA-MB-231 crITGb1 H2B-LifeAct cells were embedded in a 200mL

6 mg/mL Collagen I gel with 100,000 cells in a glass bottom 48-well plate, polymerized for 30 min at 37�C, and 200mL of culture

medium was added on top. Following 24 hours of culture, the plate was transferred to a microscope stage top incubator on a

Nikon Ti-E inverted microscope and z-stacks with an axial displacement of 35 mm (1.5 mm stepsize) were acquired at 40x

magnification every 1 hour for 18-24 hours. Invasive and rotational cells at the two-cell stage were selected for speed quanti-

fication and all dividing cells were excluded, as determined by the H2B-mCherry channel. Given the presence of dividing cells,

we quantified 10 hours of consecutive frames for speed and cell persistence calculations. Migrational tracking was conducted

within the Bitplane Imaris software. First, background subtraction was performed on both the LifeAct-GFP and H2B-mCherry

channels by setting threshold values to 5 and 10, respectively, using the built-in image processing plugin. Nuclei tracking

was conducted using the Imaris object tracking plugin. Center of mass for calculating angular velocities was determined by

generating a reference frame using the surface rendering of the LifeAct-GFP channel. The positions of all tracked cells over

time were then exported as Excel sheets and analyzed for speed and cell persistence ratios. Invasive speeds were automati-

cally calculated by the Imaris software. Angular speeds for rotational cells were calculated from the XY coordinates of nuclei

relative to the LifeAct center of mass.

Cell persistence ratio, modified from the previously described metric to describe both rectilinear and angular migration, can be

represented as the following equation18:

Sn = frame
0

1 if vector in same direction as previous frame; 0 if direction changes

n

We redefine the metric here to quantify the likelihood that a cell’s angular or rectilinear velocity vector remained in the same direc-

tion between consecutive imaging frames over the course of the 10 hours that rectilinear or angular speeds were calculated. Briefly,

for rotational migration, we quantified the proportion of time that cells migrated consistently in a clockwise (CW) or counterclockwise

(CCW) radial direction such that a value of 0 indicated directionless, oscillatory motion and a value of 1 indicates CW/CCW motion

without a change in direction. A similar rectilinear persistence ratio for invasive cells is quantified as the proportion of time cells

migrated consistently without changing direction (<90º from previous direction), using the formula for calculating the angle between

two rectilinear vectors: cosðqÞ = vi,vf
jvikvf j where vi and vf represent the initial and final velocity vectors.

Confocal microscopy
Immunostained confocal images were acquired using a Leica SP8 inverted confocal microscope. The microscope was equipped

with a 40x water immersion objective, unless indicated otherwise. Samples were excited at the appropriate excitation wavelength

for the fluorophore(s) of interest.
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Cellular Potts model simulations
The CPM relies on minimization of an energy term, the Hamiltonian (H), to model cell dynamics on a connected square lattice. Our

Hamiltonian consists of four terms: contact energy, a cell size constraint, actin polarization, ECM confinement:

H = Hcontact +Hsize +Hpolarization +HECM confinement
Hcontact =
X

i;j neighbors

JtðsiÞ;tðsjÞ
�
1 � dsi ;sj

�

Hsize = laðaðscellÞ � AÞ2
Hpolarization = � lpP,
X
i;jescell

ri;j
HECM confinement = lECMP,
X
i;jescell

Si;j

The coupling strength (J) of the contact energy term is dependent on the types (t(s)) of interacting lattice sites, where Jc,c models

cell-cell adhesion strength, Jc,e represents cell-ECM adhesion strength and Jc,m corresponds to cell-medium interfacial tension.

The cell size constraint accounts for the energy cost for a cell to deviate from its optimal size, where A is the target cell area and

a(si) is the area of the cell with label i. The cell polarization vector (P) models polarization of the actin cytoskeleton, and is governed

by:

dPx

dt
= k+

vx
jvj
�
1 � jPjÞ � k�Px
dPy

dt
= k+

vy
jvj
�
1 � jPjÞ � k�Py

These equations simulate the positive feedback between cell motion (v) and actin polarization dynamics, where a cell’s orientation

and propulsion intensity is dependent on rate of production (k+) and the rate of degradation (k-) of the polarization vector (P). We can

also define the polarization persistence, g=k+/k-, as the ratio between the two rates to determine how quickly the direction of the

polarization vector is updated. To capture ECM remodeling, we incorporated the fact that remodeling can occur through both pro-

teolytic cleavage and physical disruption.5,22,53,54 Consistently, we incorporated a matrix-remodeling agent (E) that can be produced

either locally or globally, given by:

dE

dt
= DV2E + kgdsi;j ;scell + kldsi;j ;scell;tip � kdE � krES
dS

dt
= � krES
scell;tip = scellX

"
Pi;j R 0:99 3 max

 X
ci;j

ri;j ,P

!#

where D is the diffusion coefficient, d is the kronecker delta, kg and kl are the respective rates of global and local agent production, kd
is the auto-degradation rate of the agent and kr is the reaction rate of the agent with the ECM. For local remodeling, each individual

cell only releases the agent locally at the tip of the cell, as determined by the direction of the polarization vector (P) and only when the

cell element is in contact with an ECM element. In the mode of global remodeling, the agent release is non-directional and over the

whole cell body. We capture physical confinement by the ECM as an ECM penetration penalty where the penetration cost is propor-

tional to the concentration of the ECM (S) and the parameter that indicates the strength of the ECM (lECM). Lastly, we simulated

proliferation by modeling cell growth followed by division. Cells grow to a target size A(t) increased by the growth rate G(t) as a func-

tion of time. As the number of cells in a 2D cross-section actually corresponds to a larger number of cells in 3D, we incorporated a
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term, k >1, in our proliferationmodel to account for the differences between experiment and simulation. This simulated cell growth be

summarized as:

dAðtÞ
dt

= GðtÞ = G0

kt

We then employed a stochastic approach to model division such that when the cell area exceeds a threshold value (Athres = pA-

max, with p equals 0.85 in our model), it divides into two smaller cells with a fixed probability at each simulation step.

The circularity in phase diagrams was calculated as 4*pi*area/perimeter^2, where the area and perimeter were determined from

the bounding area that envelops the 2-cell cluster (using MATLAB alphaShape function). The angular velocity was calculated by

finding the angular distance (angle, in radian) traveled by individual cells per unit time with respect to the center of mass of the cluster.

The unit of the angular speed is radian per hour (rad/h).

Quantification of simulated protrusions

The simulated protrusion dynamic is quantified based on the polarization vector (P) of each cell. Specifically, we track the evolution of

a polarization vector by recording its magnitude and direction. We assume that when the direction of the polarization vector deviates

more than a certain threshold (Dq = 2.5�), a new protrusionwill form and the old protrusionwill cease. Thus, the protrusion lifetime (t) is

calculated as the time elapsed between the formation and cessation of a protrusion. In addition, we can approximate the simulated

protrusion length (l) to be the product of the polarization vector magnitude and the protrusion lifetime (i.e. l = |P|,t in arbitrary units). To
mimic the incapability to experimentallymeasure protrusions that are too tiny, we define a length threshold (4 A.U.) and exclude these

tiny protrusions from the protrusion population.

MMP-cleaved Collagen Quantification
MDA-MB-231WT andMDA-MB-231 crITGb1 cells were embedded in a 200mL 6mg/mL Collagen I gel at a seeding density of 50,000

cells and treated immediately with 0.01% DMSO (Vehicle) or 1uM Marimastat (MMPi) for 48h. Immunostained z-stack confocal im-

ages were acquired using a Leica SP8 inverted confocal microscope. Quantification of collagen 3=4 R.F.U. was conducted as

following in ImageJ. First, z-stack images were projected using the sum intensity method. Second, an ROI around signal region

was drawn. Third, the sum of pixel intensity (integrated density) within a structure was measured. Fourth, the average background

signal intensity wasmeasured using an ROI of the same area to that of the signal region. Fifth, we normalized the pixel intensity within

a structure to the background signal intensity using the following:

3=4 Collagen Intensity = Integrated Density � ðArea of Structure � Average Fluorescence of backgroundÞ

Immunostaining Distribution Quantification
MDA-MB-231WT andMDA-MB-231 crITGb1 cells were embedded in a 200mL 6mg/mL Collagen I gel at a seeding density of 50,000

cells and treated immediately with 0.01% DMSO (Vehicle) or 1uM Marimastat (MMPi) for 48h. Immunostained z-stack confocal im-

ages were acquired using a Leica SP8 inverted confocal microscope equipped with a 40x oil immersion lens. Quantification of MT1-

MMP signal distribution skewness was conducted as follows in ImageJ. First z-stacks of theMT1-MMP channel were duplicated and

one of the stacks was processed using a gaussian blur (s=2). MIPs of both z-stacks of the MT1-MMP channel were generated. The

unprocessed MIP was binarized by thresholding using the Li method in order to create an along the perimeter of the collective cell

structure. A 1mm band along this pericellular membrane was created and the skewness in the distribution of MT1-MMP signal within

the band was measured using the ‘‘Skewness’’ measurement in ImageJ. For quantification of ITGb1 signal distribution skewness,

z-stacks of the channel were processed using a gaussian blur (s=2) and a MIP of the processed channel was generated. The

same 1mm band used to quantify MT1-MMP distribution along the pericellular membrane was used to measure the skewness in

the distribution of ITGb1 signal.

Western blot analysis
MDA-MB-231WT andMDA-MB-231 crITGb1 cells were embedded in a 400mL 6mg/mL rat tail acid extracted type collagen I gel at a

seeding density of 500,000 cells/mL. Following neutralization with 1 N sodium hydroxide, the mixture was cast into a 24-well plate,

and polymerized at 37�C for 30min. Following polymerization, an equal volume of culture media was added to the top of the gel. After

24h and 48h in culture, the 3D collagen I gels were digested using 10 mg/mL collagenase (Sigma-Aldrich) at 37�C for 20 min, and

filtered through a 35mm filter. After washing once with 1x PBS, cells were lysed using 200mL RIPA lysis buffer (Thermo Fisher Scien-

tific) supplemented with 1x Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). Cell lysates were kept on ice,

vortexed every 5 min for a total of 30 min, and stored long-term at -20�C. Protein content was determined using a Pierce Micro BCA

Protein Assay Kit (Thermo Fisher Scientific), according to themanufacturer’s instructions. Sampleswere prepared bymixing 12-20mg

of protein lysates with 4x Bolt LDS Sample Buffer (Invitrogen) and 10x NuPAGE Sample Reducing Agent (Invitrogen). Samples were

then boiled at 95�C for 5min and resolved on 10-12%SDS-PAGE gels with appropriate running buffer. Following gel electrophoresis,

protein was transferred onto a 0.45mm PVDF membrane (Millipore) and blocked with 5% BSA in 1x TBST for 1h at RT. Membranes

were then incubated overnight at 4�C with appropriate primary antibodies. Membranes were washed three times with 1x TBST for

5min, and then incubated with the appropriate HRP-conjugated secondary antibody for 1h at room temperature. After washing three

times with 1x TBST, the signal was developed by incubating the membranes in Clarity ECL Western Blotting Substrate (Biorad).
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Densitometry quantification was performed using ImageJ software (NIH). Primary and secondary antibodies used for Western blot-

ting are listed below.

QUANTIFICATION AND STATISTICAL ANALYSIS

Principal component analysis (PCA) and all statistical tests were performed using Graphpad Prism. PCA analysis of the biophysical

imaging data was performed by z-normalizing the eight cell-ECMmeasurements for rotational and invasive cells analyzed in the wild-

type dataset using the Graphpad Prism PCA tool. Student t-tests were used to perform the means of two populations. One-way

ANOVA analyses followed by Tukey post-hoc tests for multiple comparisons were performed to compare the mean of three or

more populations. Statistical significance is indicated as *, **, ***, **** for p % 0.05, p % 0.01, p % 0.001, p%0.0001. See figure cap-

tions for the number of replicates analyzed.
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