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MMP9 shapes cell mechanics to enable
collective invasion in cancer
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Sudikshaa Vijayakumar1 & Shamik Sen1,2

Cooperation among phenotypically distinct sub-populations within a tumor plays a key role in cancer
progression. In this study, we investigated how proteolytic heterogeneity supports collective cancer
invasion. In invasive MDA-MB-231 breast cancer cells which exhibit considerable variability in MMP9
expression, we show that MMP9 knockdown cells are notably smaller and softer than control cells. A
computationalmodel revealed that the invasiveness ofmixed clusters containing both proteolytic and
non-proteolytic cells depends on cell-cell adhesion, with non-proteolytic cell invasion requiring close
proximity toproteolytic neighbors.Whenweassignednon-proteolytic cells the samesize andstiffness
as proteolytic ones, the overall invasiveness declined–highlighting that small size and deformability of
non-proteolytic cells are essential for sustained collective invasion. We validated these predictions
experimentally using spheroid invasion assays showing that mixed spheroids of control and MMP9
knockdown cells are the most invasive. Together, our findings demonstrate that interplay between
MMP9 expression and biophysical properties enables collective invasion through enrichment of and
matrix degradation by high MMP9 expressing cells at the invasive front, and squeezing of low MMP9
expressing cells through the remodeled matrix.

Intratumor heterogeneity in phenotypic and genotypic factors, such as
gene expression, cell biophysical properties, and metastatic potential,
have all been linked to cancer progression. Changes in cellular properties
due to genetic, microenvironmental factors and other reversible changes
lead to intra-tumor phenotypic and functional heterogeneity1. The
coexistence of heterogeneous sub-populations within the same tumor
raises the possibility of cooperation between them2. Such cooperation, as
documented between poorly invasive melanoma and proteolytically
active melanoma cells3, may be beneficial for tumor growth, treatment
resistance and collective invasion4.

Two important biophysical characteristics of cells that have been
demonstrated to influence cancer invasion and metastasis include cell size
and cell/nuclear deformability5–7. Research has indicated that softer and
smaller cells, such as cancer stem cells (CSCs), can have an advantage in
invasion through the tumor stroma8,9. Interestingly, studies have also shown
that cellular populationswithmore heterogeneity have a greater tendency to
form secondary tumors, indicating that phenotypic heterogeneity may be a
majormediator of metastasis10. However, the degree of heterogeneity in cell
deformability and size within these heterogeneous cell clusters, and their
relative contributions to collective cancer invasion, remain incompletely
understood.

The invasion of cancer cells into the surrounding stromal tissue is the
first stage of metastasis. For epithelial malignancies, this invasion neces-
sitates breaching of the basement membrane (BM). After breaching the
BM, cells move through a dense network of stromal extracellular matrix
(ECM), which is mainly made up of fibrillar collagen I11. A successful
cancer invasion is often associated with the ability of the cell to remodel
the BM and stromal ECM components. This is achieved by matrix
metalloproteinases (MMPs), a group of enzymes that can mediate ECM
remodeling by degrading the major ECM components12. Degradation of
collagen is a sequential process; though collagendegradation is initiatedby
collagenases such as MMP1413, once degradation is initiated, collagen
fibrils are further cleaved by gelatinases into smaller peptides14. While
solubleMMPs such asMMP2andMMP9are classified as gelatinases, they
are capable of degrading non-fibrillar collagen15,16. Moreover, MMP9 has
also been shown to degrade native collagen fibrils17. Interestingly, matrix
stiffening—a hallmark of several epithelial cancers18, has been shown to
drive increased activity of soluble MMP9 in invasive cancer cell lines19.
Notably, metastatic MDA-MB-231 and HT-1080 cell lines exhibit a 100-
fold higher expression of MMP9 compared to non-invasive cells, with no
change in MMP2 expression20. Upon activation by MMP14, soluble
MMPs secreted at sites of invadopodia, diffuse into the surrounding
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matrix and degrade the matrix thereby creating paths permissive of
migration21.

Interestingly, using a zebrafish-melanoma xenograftmodel, Hurlstone
and co-workers showed that intrinsically invasive cells possessing protease
activity co-invadewith sub-populations of less invasive cells, a phenomenon
referred to as ‘cooperative invasion’3. Inhibition of proteolytic activity has
been shown to induce cell rounding and cell/nuclear softening, with nuclear
softening sustaining protease-independent cell migration22. Therefore,
‘cooperative invasion’ may be enabled by MMP-dependent tuning of cell
biophysical properties leading to enrichment ofmore invasive cells, i.e., high
MMP expressing cells, at the invasive front. In this study, we address this
possibility using a combination of experiments and computational mod-
eling.We first document heterogeneity inMMP9 expression inMDA-MB-
231 breast cancer cells, with MMP9 expression modulating cell size and
cytoskeletal organization. Using a computational model of a heterogeneous
cell cluster comprised of proteolytic cellsmimickingMMP9-expressing cells
andnon-proteolytic cellsmimickingMMP9knockdowncells,we then show
that cell-cell adhesion dictates the relative invasiveness of proteolytic and
non-proteolytic cells, with non-proteolytic cells undergoing extensive
deformation. Dramatic drop in population-level invasiveness was observed
when size and deformability of non-proteolytic cells were set to that of
proteolytic cells. Spheroid invasion experiments revealed highest invasive-
ness of spheroids containing control and knockdown cells. Collectively, our
findings suggest MMP9-dependent tuning of cell biophysical properties is
critical for sustaining invasiveness of a proteolytically heterogeneous
population.

Results
MMP9 expression dictates cell biophysical properties
To study the importance of proteolytic heterogeneity in cancer invasion,
heterogeneity in MMP9 expression was assessed in less migratory MCF-7
cells and highly invasive MDA-MB-231 breast cancer cells23 using FACS.
Consistent with the differences in baseline motility of the two cell lines,
compared to MCF-7 cells where only 42% of the population was MMP9
positive, 99% of MDA-MB-231 cells were MMP9 positive (Supplementary
Fig. 1). However, considerable heterogeneity in MMP9 expression was
observed in MDA-MB-231 cells (hereafter referred to as MDA cells)
(Fig. 1A). Biophysical profiling of MMP9 high and MMP9 low expressing
cells FACS sorted from MDA cells revealed increased spreading and inva-
siveness in MMP9 high cells (Supplementary Fig. 2, Supplementary Movie
1). EMT profiling of these sub-populations revealed increased vimentin
expression in MMP9 high cells (Supplementary Fig. 2D). E-cadherin levels
remained unaltered between MMP9 high and MMP9 low cells.

To directly probe the extent to which MMP9 expression and/or its
activity modulates cell biophysical properties, control and MMP9
knockdown stable cell lines were generated using lentiviral transduction
(referred to as CTL and KD cells, respectively). In addition, KD cells
were stably transfected with catalytically inactive MMP9 mutant
(E402A) construct to generate ΔCat (referred to as DC) cells, which are
incapable of matrix remodeling (Fig. 1B). While westerns of total cell
lysates from KD cells revealed substantial reduction in MMP9 expres-
sion at the population level, FACS profiling revealed low MMP9
expression in 20% of the population (Fig. 1C, Supplementary Fig. 3).
While MMP9 expression was restored in DC cells, there was con-
siderable heterogeneity in MMP9 expression at the single cell level
(Supplementary Fig. 3). However, in gelatin zymography experiments,
MMP9 activity was substantially lower in both KD and DC cells
(Fig. 1C). Interestingly, cell proliferation was reduced in both KD and
DC cells (Supplementary Fig. 4A). Further, vimentin expression was
reduced in both KD and DC cells (Supplementary Fig. 4B). When
seeded on top of 3D collagen gels, in comparison to CTL and DC cells
which exhibited well spreadmorphologies, KD cells weremore rounded
(Fig. 1D, E). Further, cell stiffness measurements using AFM revealed
substantial cortical softening inKD cells compared to CTL cells (Fig. 1F,
G). In comparison, cortical stiffness of DC cells was comparable to that

of CTL cells. Collectively, these results suggest that cell size and
deformability are dictated by MMP9 expression.

Biophysical heterogeneity between proteolytic and non-
proteolytic cells dictates population-level invasiveness
Heterogeneity in MMP9 expression combined with prominent cell
rounding and softening observed upon MMP9 knockdown suggests that
variation in MMP9 expression is intimately tied to heterogeneity in cell
biophysical properties, specifically size and deformability. To assess the
combinatorial influence of functional and biophysical heterogeneity on
cancer invasion, we made use of our previously established Cellular Potts
Model (CPM)-based formalism24 usingwhichwe recently demonstrated the
importance of biophysical heterogeneity in enhancing cancer invasiveness9.
In thismodel, we track scattering of a cell cluster positioned at the center of a
rectangular grid (at time t = 0) surrounded by randomly positioned ECM
fibers of varying lengths (Fig. 2A). For this study, the cell cluster comprised
of a mix of proteolytic (green) and non-proteolytic cells (red), with their
relative proportions varying from 0% to 100%. Simulations were performed
with a combination of proteolytic and non-proteolytic cells positioned
randomly in the cluster to avoid any positional bias (Fig. 2B, Supplementary
Fig. 5A). The size of the proteolytic cells (Ap) and non-proteolytic cells (Akd)
were taken as the average size of CTL cells and KD cells determined
experimentally, i.e.,Ap = 856 μm2,Anp = 400 μm2 (Fig. 1E). Cell scattering is
enabled by matrix degradation mediated by MMP9 secreted by proteolytic
cells thereby generating paths formigration.MMP9 secretion, diffusion and
degradation were modeled using reaction diffusion kinetics integrated into
the CPM formalism (see Computational Method section for details).

Our simulation framework consists of ‘cell’ pixels, ‘matrix’ (i.e., ECM)
pixels and ‘fluid’ pixels. Spatiotemporal evolution of the system achieved by
random movement of neighboring ‘cell’ pixels of two different cells, or
between neighboring ‘cell’ and ‘fluid’ pixels, is based on the total system
energy (Equation 1, Computational Method section). ‘Matrix’ pixels do not
participate in this update, but are degraded by MMPs as outlined above;
upon degradation, ‘matrix’ pixels are converted to ‘fluid’ pixels. The total
system energy has four components; the first component is dependent on
the adhesion energies between cell-cell (Jcc), cell-matrix (Jcm = 16kBT/L) and
cell-fluid (Jcf = 32kBT/L) pixels, with Jcc varied to mimic collective cell
migration (Jcc = 1kBT/L), single cell migration (Jcc = 40kBT/L) and inter-
mediate cell-cell adhesion (Jcc=16kBT/L). The second and third terms in the
energy equation correspond to energetic penalties associated with devia-
tions of cell size/perimeter from their preferred values, and depend on bulk
stiffness (λa) and line tension (λp) of the cells. To mimic experimental
observations, proteolytic cells were assigned λa/λp values twice as that of
non-proteolytic cells, i.e., λa

p ¼ 1 E=L4; λa
np ¼ 0:5 E=L4; λp

p ¼ 0:5 E=L2

and λp
np ¼ 0:25 E=L2. The last term corresponds to the intrinsicmotility of

cells, with proteolytic cells being more motile than non-proteolytic cells, as
observed experimentally19.

Simulations performed for varying proportion of proteolytic cells and
varying cell-cell adhesion (Jcc) were analyzed to determine both individual
and population-level invasiveness (Fig. 2C). For all values of Jcc, increase in
the percentage of proteolytic cells (p) led to increased scattering. Though
quantification of individual cell translocation (D), i.e., end-to-end displace-
ment, revealed statistically significant increasewith p, therewas considerable
heterogeneity within each sub-population (Fig. 2D, Supplementary Fig. 5B).
The population-averaged net displacement (�D) was insensitive to Jcc, and
exhibited a sigmoidal dependence on the proportion of proteolytic cells with
a saturating trend beyond 55%proteolytic fraction (Supplementary Fig. 5C).
Toprobe the relative contributions of proteolytic andnon-proteolytic cells to
population-level invasiveness, translocation of the two sub-populationswere
quantified.While proteolytic andnon-proteolytic cells exhibited comparable
migrationat Jcc=1,proteolytic cellsmigratedmore thannon-proteolytic cells
for Jcc = {16, 40} (Fig. 2E, Supplementary Fig. 5D).

To study the extent to which differences in cell stiffness observed
between CTL and KD cells influenced population-level invasiveness,
simulations were performed by keeping the properties of the proteolytic
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cells fixed and varying λnp/λp, i.e., the ratio of deformability (area and
perimeter constraints) of non-proteolytic cells to that of proteolytic cells.
Softening the non-proteolytic cells relative to proteolytic cells led to
increased population-level invasiveness at Jcc = {16, 40} (Fig. 2F, Sup-
plementary Fig. 6A). In line with this, when �D was fit using the equation
�D ¼ �Dp0 þ ð�Dp100 � �Dp0Þ pn

ðpnþKnÞ (�Dp0 and �Dp100 represent the values of �D

corresponding to p = 0% and p = 100%, respectively), the half-saturation
value (K) was found to reduce with softening of non-proteolytic cells,
with the cooperativity index (n) exhibiting no particular trend (Supple-
mentary Fig. 6B).

Next, to probe the importance of spatial positioning of proteolytic and
non-proteolytic cells on population-level invasiveness, we performed

https://doi.org/10.1038/s41540-025-00601-2 Article

npj Systems Biology and Applications |          (2025) 11:120 3

www.nature.com/npjsba


simulations by spatially arranging the proteolytic and non-proteolytic cells
into inner and outer core as depicted in Supplementary Fig. 7A. For these set
of simulations, the population-averaged net displacement of the proteolytic
cellswhenplaced in the outer corewere significantly higher compared to the
non-proteolytic cells (Supplementary Fig. 7B).

While insightful, all the above simulations were performed with
varying proportions of proteolytic and non-proteolytic cells. To more clo-
sely mimic the heterogeneity in MMP9 expression observed in MDA-MB-
231 cells, simulations were performed for Jcc = 40 of a population consisting
of three sub-populations (Lo, Med and Hi) with varying MMP secretion
rates (λMMP) (Supplementary Fig. 5E). The relative proportion of the three
sub-populations were based on the average (μMMP9) and the standard
deviation (σMMP9) in MMP9 expression determined from FACS data
(Fig. 1A). While Lo sub-population correspond to cells possessing MMP9
expression less than (μMMP9 − σMMP9), Hi sub-population correspond to
cells with MMP9 expression greater than (μMMP9 + σMMP9). The inter-
mediateMMP9expressing cellswere categorized asMMP9Medcells. Based
on this characterization, the population comprised on 11% Lo, 70% Med
and 19% Hi cells (Supplementary Fig. 5E). MMP9 Lo and MMP9 Hi cells
were assumed tohave size anddeformability same as that of non-proteolytic
and proteolytic cells, respectively. Properties of MMPMed cells was chosen
as average of the proteolytic and non-proteolytic cells. Invasiveness of the
heterogeneous population was compared with homogenous populations of
non-proteolytic, Lo, Med and Hi cells, respectively. Among the homo-
geneous populations, invasiveness increased with increase in MMP secre-
tion rate with MMP Hi cells being most invasiveness (Supplementary
Fig. 5F). Remarkably, invasiveness of the heterogeneous population which
consisted of 70% Med cells was more than the MMP9 Hi population.
For Jcc = 1 and Jcc = 16, invasiveness of heterogeneous population was
comparable to the homogeneous Hi population, but more than the
homogeneous Lo and Med populations. Taken together, these results sug-
gest that biophysical heterogeneity, the proportion of proteolytic cells, and
the spatial positioning of proteolytic and non-proteolytic cells collectively
regulate population-level invasiveness.

Deformability, initial position and proteolytic neighbors dictate
invasiveness of non-proteolytic cells
Though increase in the fraction of proteolytic cells (i.e., p) led to increase in
population-level invasiveness, considerable heterogeneity in displacements
of both proteolytic and non-proteolytic cells was observed for each simu-
lation condition. To uncover the factors underlying such large variation in
invasiveness of individual cells, the contributions of cell shape (quantifiedby
cell circularity, C), initial spatial position within the cell cluster (Ri) and the
number of proteolytic neighbors (Np) to individual cell invasiveness, we
performed t-distributed stochastic neighbor embedding (t-SNE) analysis.
For all values of Jcc, increase in p led to increase in the proportion of cells
exhibiting increased invasiveness (Fig. 3A, B, Supplementary Fig. 8). Non-
proteolytic cells that were more invasive were positioned at the outer per-
iphery of the cell cluster and/or had higher number of neighboring pro-
teolytic cells. Importantly, for all values of Jcc, lower circularity of non-
proteolytic cells in comparison to control cells suggests that non-proteolytic
cells underwent greater deformation, with the difference being most pro-
minent at Jcc = 1 (Fig. 3C). Plotting cell circularity as a function of cell
displacement revealed greaterdeformationofnon-proteolytic cells for lower

proteolytic cell fraction, particularly for the cells exhibiting low displace-
ment (Fig. 3D, Supplementary Fig. 9A). These cells undergoing large
deformations were placed somewhat towards the periphery of the cell
cluster, i.e., (60 ≤ Ri ≤ 80)μm (Fig. 3E, Supplementary Fig. 9B).

To probe for possible coordination in movement between proteolytic
and non-proteolytic cells, proteolytic and non-proteolytic cells within
individual cell clusters were numbered (Fig. 4A) and the spatiotemporal
evolution of pairs of ‘closely spaced’ proteolytic and non-proteolytic cells
(i and j respectively) trackedbymeasuring the intercellular distance (dij) and
the cosine of the angle between their directions of motion (cosθ) (Fig. 4B).
Given the sizesof proteolytic andnon-proteolytic cells, the distance between
the cell centroids of a pair of cells in their undeformed state was approxi-
mated to be 28 μm by assuming each cell as a circle and estimating their
radius. Since non-proteolytic cells undergo extensive deformation during
the simulations, these cells were assumed to closely follow neighboring
proteolytic cells if dij ≤ (1.5 × 28 ≈ 45)μm over a period of 600 MCS (i.e., a
third of the total simulation duration) and cosθ ≈ 1. Indeed, for each con-
dition (i.e., p = {29, 57, 71}%), pairs of cells were identified (e.g., Jcc = 1: cell
pairs (30, 38), (40, 41) and (62, 64) respectively; Jcc = 16: cell pairs (49, 66),
(23, 24) and (14, 22) respectively; Jcc = 40: cell-pairs (38, 47), (10, 11) and
(2, 7) respectively)whichwere closely located throughout thedurationof the
simulations and moved in the same direction indicative of coordinated
movement, with the non-proteolytic cells exhibiting more deformation
(i.e., lower circularity) compared to the proteolytic cells for greater fraction
of time (Fig. 4C, Supplementary Fig. 10A). In contrast, for several cell pairs
that were initially closely spaced (e.g., Jcc = 1: cell pairs (8, 14), (7, 33) and
(12, 20) respectively; Jcc = 16: cell pairs (52, 61), (44, 67) and (1, 7) respec-
tively; Jcc = 40: cell-pairs (18, 47), (35, 44) and (23, 24) respectively), gradual
increase in intercellular distance with timewas observedwith no directional
coordination (Supplementary Fig. 10B). In addition to highlighting
increased deformation of non-proteolytic cells, these results suggest that a
fraction of non-proteolytic cells follow paths created by neighboring pro-
teolytic cells.

Small sizeandsoftnessofnon-proteolytic cells sustain collective
invasion
Thus far, our simulationswere performedby assumingnon-proteolytic cells
to be smaller and softer than compared to proteolytic cells, i.e., we assumed
non-proteolytic cells to have properties similiar to that of MMP9 knock-
down cells (i.e., KD cells). However, in contrast toKD cells, DC cells–which
express catalytically inactive MMP9 are also non-proteolytic, but compar-
able in size anddeformability to thoseof control cells. To assess the impact of
differences in biophysical properties between proteolytic and non-
proteolytic cells on population-level invasiveness, simulations were per-
formed by varying the size/deformability of non-proteolytic cells (red, pink
and blue combinations) compared to the earlier simulations (black points)
that mimic our experimental observations (Fig. 5A). For the first set (red
points), both proteolytic and non-proteolytic cells were assumed to have
same deformability (i.e., λa

p ¼ λa
np ¼ 1 E=L4; λp

p ¼ λp
np ¼ 0:5 E=L2),

but their cell sizes were different (i.e.,Ap = 856 μm2,Anp = 400 μm2). For the
second set (pink points), both proteolytic and non-proteolytic cells were
assumed to have same size (i.e., Ap = Anp = 856 μm2), but their deform-
abilities were distinct (i.e., λa

p ¼ 1 E=L4; λa
np ¼ 0:5 E=L4; λp

p ¼ 0:5 E=L2

and λp
np ¼ 0:25E=L2). For the third set (blue points), both proteolytic and

Fig. 1 | Effect ofMMP9perturbations on cell spreading and cell stiffness ofMDA-
MB-231 breast cancer cells. A Representative MMP9 expression in MDA-MB-231
breast cancer cells assessed using FACS. B Establishment of MDA-MB-231 cells
stably transfected with non-targeting sequence (CTL), MMP9 knockdown sequence
(KD), and shKD cells expressing catalytically inactive MMP9 ΔCat(DC): Schematic
representation of structure of full length MMP9 and catalytically inactive
MMP9ΔCat (DC). C Gelatin zymography and western blotting using cell secreted
conditionedmedia (CM) of CTL, KD, andDC cells. Equal volume of cell lysates were
loaded and GAPDH used as loading control.D Representative Lectin/DAPI stained
images of CTL, KD, and DC cells seeded on top of 3D collagen gels. EQuantification

of cell spreading of CTL, KD and DC cells on Col gels (n≥106 cells per condition
across N = 3 independent experiments). Scale Bar = 10 μm. Stars denote statistical
significance: *** p value < 0.001. One-way ANOVA with Tukey’s test was used for
comparing means. F Representative force-indentation curves obtained by indenting
CTL, KD, andDC cells with a pyramidal AFM probe were fitted withHertzmodel to
estimate cortical stiffness.GQuantification of cell cortical stiffness of CTL, KD, and
DC cells on Col gels (n≥37 cells per condition across N = 3 independent experi-
ments). Stars denote statistical significance: * p value <0.05, ns: not significant. One-
way ANOVA with Tukey’s test was used for comparing means.
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non-proteolytic cells were assumed to be of same size and deformability, i.e.,
Ap =Anp = 856 μm2 and λa

p ¼ λa
np ¼ 1 E=L4. For ease of reference, the

four simulation conditions are referred to as HCHD (i.e., heterogeneity in
cell size and deformability, or, proteolytic and non-proteolytic cells differ in
both cell size and deformability), HCSD (i.e., heterogeneity in cell size only,
or, proteolytic and non-proteolytic cells differ in cell size only, but possess

same deformability), SCHD (i.e., heterogeneity in deformability only, or,
proteolytic and non-proteolytic cells differ in deformability only, but are of
same size), and SCSD (i.e., proteolytic and non-proteolytic cells possess
same cell size and deformability).

In comparison to HCHD condition, population-level invasiveness
dropped for all the three conditions (i.e., HCSD, SCHD and SCSD
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conditions) for most combinations of Jcc and p, with maximum drop
observed for SCSD condition at Jcc = 40 (Fig. 5B). Though proteolytic cells
exhibited greater displacements compared to non-proteolytic cells for most
of the conditions (Supplementary Fig. 11), when proteolytic and non-
proteolytic cells were deformable to the same extent, i.e., HCSD and SCSD
conditions, proteolytic cells underwent more deformation compared to
non-proteolytic cells (Fig. 5C). Furthermore, quantification of the radial
position of individual cells at the end of the simulations (Rend) from the
initial center of the cell cluster (at t = 0) revealed significant drop in the
extent of cell scattering of non-proteolytic cells for SCSD conditions
(Fig. 5D). Collectively, these results suggest that biophysical heterogeneity
between proteolytic and non-proteolytic cells is essential for sustaining
invasiveness of a proteolytically heterogeneous cell cluster.

Heterospheroids comprised of control and knockdown cells are
maximally invasive
To correlate our simulationpredictionswith experiments, spheroid invasion
experiments were performedwith homospheroids containing CTL, KD and
DC cells alone, or heterospheroids formed by combining CTL cells with KD
cells orwithDC cells in 1:1 ratio. For ease of referencing, the homospheroids
are referred to as CTL, KD and DC spheroids, respectively, and hetero-
spheroids referred to as CTL-KD and CTL-DC spheroids, respectively
(Fig. 6A). Considerable variation in sizes of homospheroids and hetero-
spheroids were observed with no statistically significant difference (Fig. 6B).

For studying spheroid invasion, homospheroids and heterospheroids
were implanted in 3D collagen gels onDay 0 and cell scattering was tracked
over a period of 2 days (Fig. 6C, Supplementary Movies 2, 3). For tracking
invasion of heterospheroids, the two cell-types were transfected with two
different fluorophores (GFP and RFP). At Day 2, minimal cell death was
observed in the spheroid cores of CTL, KD and DC spheroids (Supple-
mentary Fig. 12A). It was not possible to probe cell death in heterospheroids
as one of the cell-types was RFP-tagged. Cell proliferation rates both in the
spheroid cores and outside the core regions were comparable in both
homospheroids and heterospheroids (Supplementary Fig. 12B). In spite of
no difference in cell death and cell proliferation, imaging ofDay 2 spheroids
revealed substantial differences in the extent of outward scattering of the
spheroids, with highest scattering observed in CTL-KD spheroids and
lowest in KD and DC spheroids (Fig. 6C).

To gain further insight into the observed differences in invasiveness
of different spheroids, invasion was quantified by drawing circles cir-
cumscribing the spheroids atDay 0 (designated at Zone 0 orZ0), and then
drawing concentric circles of width 200 μm, designated as zones Z1, Z2
and Z3, respectively (Fig. 6D). Outward scattering/invasion of cells from
the spheroidswas quantified by counting the number of cells in each zone
at Day 1 and Day 2 for the different conditions. Normalized cell scat-
tering was quantified by first determining the zone-wise distribution of
cells for a given condition (i.e., nZi

; i ¼ f1; 2; 3g, corresponding to the
number of cells in zone Zi), and dividing by the total number of cells
scattered (i.e., nZ1

þ nZ2
þ nZ3

) by the corresponding number observed
for CTL spheroids onDay 1 (representative calculation shown in detail in

Supplementary Fig. 13). Comparison of normalized cell scattering
revealed lowest invasiveness for KD and DC spheroids (Fig. 6E). In
comparison, fastest invasion was observed for CTL-KD spheroids, with
nearly twice asmany cells inZ1 compared to that of CTL cells. Increase in
both CTL and KD cells were detected in outer zones at Day 2. Invasion of
CTL-DC spheroids was comparable to that of CTL spheroids. Closeup
time-lapse images of CTL-KD and CTL-DC heterospheroid scattering
revealed enrichment of proteolytic cells at the invasive front in case of
CTL-KD spheroids (Supplementary Movies 2, 3). Collectively, these
results suggest that enrichment of andmatrix remodeling by CTL cells at
the invasive front, and squeezing of KD cells through the surrounding
remodeled matrix collectively contributes to the highest invasiveness of
CTL-KD spheroids.

Discussion
How does phenotypic heterogeneity drive cancer invasion? In this study, we
addressed this question by first establishing a close relationship between
MMP9 expression and cell biophysical properties in mesenchymal MDA-
MB-231 cells. We show that MMP9 expression regulates cell spreading and
cytoskeletal organization independent of its activity. By recapitulating these
experimental observations in simulationswith varying cell-cell adhesion (i.e.,
Jcc), we show proteolytic cells migrate more than non-proteolytic cells at
moderate and low cell-cell adhesion, with softening of non-proteolytic cells
further increasingpopulation-level invasiveness forp<60%.Population-level
invasivenesswas suppressedwhennon-proteolytic cellswere either similar in
size to proteolytic cells, or possessed similar deformability. Remarkably,
spheroids formed by combining CTL cells with KD cells were maximally
invasive. In contrast, bothKDandDCspheroids exhibitedminimal invasion.
Based on these findings, we propose a model wherein inverse correlation
between MMP9 expression and cell mechanics facilitates collective invasion
of a proteolytically heterogeneous cell cluster through enrichment of and
matrix degradationbyhighMMP9cells at the invasive front and squeezing of
low MMP9 cells through the remodeled matrix (Fig. 7).

MMPs represent a class of proteases associated with matrix
remodeling12.Of these,MMP9has been implicatedwith cancermetastasis15.
MMP9 molecules, packaged in exosomes25, and secreted via protrusive
structures such as invadopodia21, diffuse into the surrounding matrix and
mediate matrix degradation thereby enabling mesenchymal or ‘path gen-
erating’mode of invasion.Matrix stiffening implicated inmultiple epithelial
cancers is associated with increased MMP9 secretion19, with inhibition in
MMP activity leading to cell rounding and cell/nuclear softening 22. While
we observed similar cell rounding and softening in KD cells, cytoskeletal
organization remained unaltered in DC cells, suggesting that MMP9 pro-
teolytic activity is not essential for sustaining cell spreading and migration.
Recently, in an independent study, we demonstrated the presence of two
integrin β1 binding sites onMMP9, with one of the binding sites mediating
co-trafficking ofMMP9 and integrin β1 to the cellmembrane, and the other
stabilizing integrin β1 on the cell membrane21. Thus, loss of cytoskeletal
organization inKDcellsmaybe a consequenceof loss of focal adhesions that
are necessary for anchoring the cytoskeleton.

Fig. 2 | Computational model of cancer invasion by a phenotypically and func-
tionally heterogeneous cell cluster. A Schematic of model. Cancer invasion was
simulated by studying scattering of a cell cluster consisting of a combination of
proteolytic (green) and non-proteolytic (red) cells. At the start of simulations, the
cell cluster is positioned at the center of a 1 × 1 mm2 2D space mimicking the
extracellular matrix (ECM). The ECM comprises of randomly positioned ECM
fibers (blue helical lines); the white space corresponds to the interstitial fluid. ECM
degradation is mediated by MMP9 molecules secreted by proteolytic cells, which
diffuse into the surrounding ECManddegrade ECMfibers. Upon degradation, ECM
gets converted to interstitial fluid. B Representative images of cell clusters showing
the spatial distribution of proteolytic and non-proteolytic cells for varying %age of
proteolytic cells (p).C Pattern of cell scattering at the end of 1800MCS for varying p
and varying extent of cell-cell adhesion (Jcc). D Quantification of end-to-end dis-
placement (D) at varying p and Jcc = {16, 40}(n = 690 cells per condition pooled from

N = 10 independent simulations). Stars denote statistical significance:
*** p value < 0.001. One-way ANOVA with Tukey’s post hoc test was used for
comparing means. E Quantification of displacements of proteolytic and non-
proteolytic cells at varying p and Jcc = {16, 40}(N = 3). Stars denote statistical sig-
nificance: ns: non-significant, *p value < 0.05, *** p value < 0.001. One-way
ANOVA with Tukey’s post-hoc test was used for comparing means. F Comparison
of population-averaged displacement (�D) as a function of p and Jcc = {16, 40} for two
different combinations of properties (λa, λp) of proteolytic and non-proteolytic cells.
Black squares: λa

np ¼ 0:5λa
p ¼ 0:5E=L4; λp

np ¼ 0:5λp
p ¼ 0:25 E=L2; Red circles:

λa
np ¼ 0:5λa

p ¼ 0:5 E=L4; λp
np ¼ 0:5λp

p ¼ 0:25E=L2; Blue triangles:
λa

np ¼ 0:25λa
p ¼ 0:25E=L4; λp

np ¼ 0:25λp
p ¼ 0:125 E=L2. Error bars represent ±

SEM. Stars denote statistical significance: ns: non-significant, ** p value <0.01,
*** p value <0.001, **** p value <0.0001. ttest was used for comparing means.
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Fig. 3 | Parameters involved in co-operative collective migration. A Cell dis-
placement (D), cell circularity (C), initial position (Ri), and the number of proteolytic
neighbors (Np) were used for t-SNE analysis. B tSNE-based 2D-embedding of
simulation data corresponding to Jcc=1 and varying proteolytic fraction (p) based on
cell-type (i.e., non-proteolytic or proteolytic),D, C, Ri, andNp. Red/blue dotted lines
correspond to non-proteolytic/proteolytic cells exhibiting high D. C Box plot of
time-averaged circularity (�C) of non-proteolytic and proteolytic cells for varying p
across three adhesion energies (n = 690 cells per condition pooled from N = 10

independent simulations). Stars denote statistical significance: *** p value <0.001.
One-way ANOVAwith Tukey’s post hoc test was used for comparingmeans.D Plot
of �C of non-proteolytic and proteolytic cells as a function of displacement for varying
p and Jcc = 1 (n = 690 cells per condition pooled from N = 10 independent simu-
lations). E Plot of �C of non-proteolytic and proteolytic cells as a function of Ri for
varying p and Jcc = 1 (n = 690 cells per condition pooled from N = 10 independent
simulations).
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Epithelial to mesenchymal transition (EMT), associated with the
activation of core transcription factors including Zeb, Twist, Snail and
Slug, drives cancer progression through loss of cell-cell adhesions and
gain of migration-associated traits. Though EMT was originally

characterized as a binary process based on expression of the epithelial
(E) marker E-cadherin and the mesenchymal (M) marker vimentin, a
plethora of studies has established that EMT corresponds to a spectrum
of states with varying levels of epithelial andmesenchymal markers26–28.

Fig. 4 | Spatiotemporal evolution of proteolytic and non-proteolytic cells during
invasion. ARepresentation of positioning of proteolytic and non-proteolytic cells in
spheroids of different compositions. B Vectorial representation of cos θ and

intercellular distance (di,j) between a pair of proteolytic and non-proteolytic cells.
C Time evolution of cos θ, dij, and circularity of pairs of proteolytic and non-
proteolytic cells during invasion.
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The intermediate states, also referred to as partial EMT (pEMT) or
hybrid E/M states, have been associated with increasedmetastasis, poor
survival and therapeutic resistance. By combining scRNAseq, bulk
RNAseq and spatial transcriptomics data, a recent study demonstrated
that while luminal breast cancers are homogeneous and possess epi-
thelial traits, basal and TNBC tumors correspond to pEMT state with

the presence of cells exhibiting mixed (i.e., E/M) gene signature and the
coexistence of both epithelial and mesenchymal cell states29. Here, we
document considerable heterogeneity in expression of the mesenchy-
mal marker MMP9 in MDA-MB-231 cells. Such heterogeneity may
arise spatially within the tumor depending on EMT inducing factors
such as TGFβ secreted by stromal cells30.
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Cell rounding and softening observed in KD cells, but not in DC cells,
suggests that MMP9 expression influences cell biophysical properties.
Tuning of MMP9 expression can thus give rise to cells of varying size and
deformability, which is essential for cooperative invasion as demonstrated
clearly in our simulations wherein differences in both cell size and cell
deformability between proteolytic and non-proteolytic cells was important
for population-level invasiveness. Despite no measurable difference in cell
death and cell proliferation rates, CTL-KD spheroids were more invasive
compared to CTL-DC spheroids. Increased invasiveness of CTL-KD
spheroids was associated with increased scattering of CTL cells across all
zones, with increase in zone-wise distribution from Day 1 to Day 2. Thus,
the combination of simulations and experiments thus suggest that bio-
physical heterogeneity imparts more fluidity to the entire population
resulting in increased invasiveness. Inability of KD spheroids to invade
despite KD cells being softer highlights the importance of matrix
degradation.

Due to fast proliferation of cancer cells, tumors grow under nutrient
deprived and hypoxic conditions. In addition, matrix stiffening leads to
collapse of blood vessels further limiting nutrient availability and increasing
resistance to invasion. Invasion is an energy demanding process with higher
ATP:ADP ratio in dense 3D collagenmatrices reflective of increased energy
requirement; in comparison, ATP:ADP ratio is less when cells migrate
through aligned collagen matrices where steric hindrance is limited31–33.
ATP generation is mediated by a combination of glycolysis and oxidative
phosphorylation34, with glycolysis essential for sustaining confined migra-
tion ofMDA-MB-231 cells35. Since extracellular acidification in glycolysis is
associated with MMP activation, cancer cells preferably invade in a pro-
teolyticmanner36,37. However, upon inhibition ofMMP activity, cancer cells
switch to an amoeboidal mode of migration38,39. Amoeboidal migration is
sustained by cell and nuclear softening enabling cells to squeeze through
pre-existing pores in the matrix22. Interestingly, recent studies have estab-
lishedamoeboidalmodeofmigration tobemore energy-efficient that canbe
sustained by very low levels of oxidative phosphorylation40,41. Thus, MMP9
expression may be spatiotemporally modulated depending on oxygen and
nutrient availability.Given the pros and cons of the twomodes ofmigration,
heterogeneity in MMP9 expression may enable cell clusters to invade
optimally under varying conditions with MMP9 expression tuned dyna-
mically depending on nutrient availability. Thus, highest invasiveness of
CTL-KD spheroids may thus be partly attributed to reduction in overall
energy requirement of the spheroids due to the presence of softer KD cells
with very low energy demand.

The CPM framework has been successfully employed to recapitulate
several aspects of cancer invasion observed experimentally9,42,43. Our
experiments reveal a positive association between MMP9 expression and
expression of the mesenchymal marker vimentin. In our simulations, we
recapitulate different extents of EMT by varying Jcc, with Jcc = 1 corre-
sponding to epithelial state, Jcc = 40 corresponding to mesenchymal state,
and Jcc = 16 corresponding to pEMT state. Insensitivity of population-level
invasiveness to cell-cell adhesion may be attributed to the lack of positional
bias given to proteolytic cells and the extent of cell-cell rearrangements. This
is evident at Jcc = 1 where both proteolytic and non-proteolytic cells
exhibited comparable invasiveness; in comparison, with loss of cell-cell
adhesion (i.e., at Jcc = {16, 40}), proteolytic cells exhibited greater

displacements than non-proteolytic cells. Consistent with leader-follower
behavior of cells documented experimentally13, non-proteolytic cells exhi-
biting increased invasiveness were preferentially placed at the periphery of
the cell cluster, and followed paths generated by neighboring proteolytic
cells. Across all conditions, lower circularity of non-proteolytic cells irre-
spective of their initial position is indicative of their increased deformation
mediated partly by stiffer proteolytic cells. Consequently, when non-
proteolytic cells were set to be as large as or as stiff as proteolytic cells, the
difference in circularities of the two cell typeswere reduced or lost leading to
dramatic drop in population-level invasiveness.

In our simulations, when proteolytic cells were assumed to be twice as
stiff as non-proteolytic cells as observed experimentally, population-level
invasiveness exhibited a saturating trend for p ≈ 60%. When non-
proteolytic cells were made softer (i.e., 1

4
th and 1

8
th as that of proteolytic

cells), for Jcc = {16, 40}, population-level invasiveness for p < 60% increased,
but remained unaltered at higher values of p. In contrast, for Jcc = 1,
population-level invasivenesswas insensitive to softeningof non-proteolytic
cells. These results suggest that cell-cell adhesion dictates the sensitivity of
invasion efficiency to biophysical heterogeneity.

In conclusion, our study has unearthed a strong coupling between
MMP9 expression and cell mechanics, and illustrates how this crosstalk
between functional heterogeneity (i.e., MMP9 expression) and biophy-
sical heterogeneity drives collective cancer invasion. Our simulations
predict that optimal invasiveness is sustained by a threshold proportion
of proteolytic cells which in turn depends on the extent of biophysical
heterogeneity. However, in addition to differences in cell size and
deformability, other factors such as the cell surface glycocalyx that
modulates cell size44 are also likely to influence collective invasion. The
impact of microenvironmental factors such as nutrient/oxygen avail-
ability on spatiotemporal modulation of MMP9 expression and its
impact on invasion needs to be ascertained. Future studies with cell lines
exhibiting different extents of EMTwill help to establish the generality of
our findings, and also validate our predictions.

Methods
Experimental methods
Cell culture and generation of cell lines. MCF-7 and MDA-MB-231
cells were obtained fromNational Center for Cell Science (NCCS), Pune.
Cells were cultured on 60 mm petri dishes (Tarsons, Cat # 960020) in
media containing high glucose Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, Invitrogen, Cat # 12800-017) supplemented with 10%
Fetal Bovine Serum (FBS, Gibco, Invitrogen, Cat # 10270106) and 1%
antibiotic and antimycotic solution (HiMedia, Cat # A002). They were
incubated at 37∘C, in presence of 5% CO2. At 80% confluency, cells were
trypsinised by using 0.25% trypsin (HiMedia, Cat # TCL070) and pas-
saged onto new dish. Cell proliferation and MMP9 heterogeneity were
assessed in MCF-7 and MDA-MB-231 cells using fluorescence activated
cell sorting (FACS) (BD FACS Aria Fusion). Cells at 60-70% confluence
were trypsinized, fixed with 4% paraformaldehyde (PFA) and permea-
bilized with 97% ice-cold methanol. The pellets were resuspended in
FACS buffer containing 1% FBS in phosphate-buffered saline (PBS). The
samples were divided into tubes for unstained controls and stained
samples. Staining was performed using Ki-67 (CST Cat # 9129, 1:400

Fig. 5 | Invasiveness of proteolytically heterogeneous cell cluster for different
combinations of cell size and deformability. A Simulations were performed for 4
conditions corresponding to varying combinations of cell size and deformability of
proteolytic and non-proteolytic cells. These include heterogeneity in both cell size
and deformability (HCHD, black points), heterogeneity in cell size but same
deformability (HCSD, red points), heterogeneity in deformability but same cell size
(SCHD, pink points), and same cell size and deformability (SCSD, blue points).
B Quantification of average displacement (�D) for HCDC, HCSD, SCHD and SCSD
conditions at varying p and Jcc= {1, 16, 40} (n=690 cells per condition pooled fromN
= 10 independent simulations). Stars denote statistical significance: ** p value <0.01,
*** p value <0.001, **** p value <0.0001. One-way ANOVA with Tukey’s post-hoc

test was used for comparing means for each combination of p and Jcc. C Box plot of
time-averaged circularity (�C) of non-proteolytic and proteolytic cells for HCDC,
HCSD, SCHD, and SCSD conditions at varying p and Jcc = 40 (n = 690 cells per
condition pooled from N = 10 independent simulations).. Stars denote statistical
significance: ns: non-significant, **** p value <0.0001. One-way ANOVA with
Tukey’s post hoc test was used for comparing means.D Box-plot of radial scattering
(Rend) of proteolytic and non-proteolytic cells for HCDC, HCSD, SCHD and SCSD
conditions at varying p and Jcc = 40 (n = 690 cells per condition pooled from N = 10
independent simulations). Stars denote statistical significance: ns: non-significant,
** p value <0.01, *** p value <0.001, **** p value <0.0001. One-way ANOVA with
Tukey’s post-hoc test was used for comparing means.
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dilution) and APC-conjugated MMP9 antibody (Invitrogen, Cat #
MA545511, 1:200 dilution) for one hour at 4 ∘C in the dark.

To generate MMP9 knockdown MDA-MB-231 cells, we used lenti-
virus mediated delivery of anti-MMP9 shRNA construct (Sigma Aldrich,
TRCN0000051441, sequence CAGTTTCCATTCATCTTCCAA). Briefly,
5 × 104 cells seeded in 96well plates were transducedwith lentiviral particles

containing either MMP9-shRNA (Multiplicity of infection (MOI) of 5) or
scrambled shRNA in serum free DMEM containing 8 μg/mL of polybrene
(Merck, TR-1003-G). After 24 h of transduction, cells were treated with
4 μg/mL of puromycin (HiMedia, Cat # CMS8861) and incubated for
2–4 days to select for successfully transduced cells (hereafter referred to as
shMMP9 cells). MMP9 knockdown was verified using qPCR and western
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blotting. Scrambled shRNA(SigmaAldrich,Cat #SHC016) transduced cells
were used as shRNA control (shCTL) cells.

For generating fluorescently labeled shCTL and shMMP9 cells, we
subcloned eGFP (Addgene plasmid # 13031) and mRFP (Addgene
plasmid # 13032) ORF into lentiviral vector pLenti (Addgene plasmid #
39481) using EcoRI andXbaI restriction sites (see Fig. S1 for detailedmap
of the cloning vector). To generate catalytically inactive MMP9
(MMP9 Δcat), site directed mutagenesis (SDM) was performed by
introducing a point mutation of glutamic acid (E) at amino acid position
402 to alanine (A). Briefly, we used the following mutagenesis primer
pairs, forward: GCGGCGCATGCGTTCGGCCAC, Reverse: CAC-
GAGGAACAAACTGTATCCTTGGTC, to amplify full MMP9-eGFP-
pLenti plasmid (98∘C for 3 mins; then 34 cycles of 98 ∘C for 30 s-68 ∘C for
30 s-72 ∘C for 3 min, finally 72 ∘C for 10 min and put on hold at 4∘C) using
Phusion High Fidelity Polymerase (Invitrogen, Cat # F530S). Subse-
quently, the PCR product was used in Kinase-Ligase-DpnI (KLD) reac-
tion using KLD Mixture (NEB, Cat # M0554S) according to the
manufacturer’s protocol. The clone was verified by DNA sequencing.

Lentiviral particleswere produced by transfectingHEK293T cells with
pLenti MMP9Δcat plasmids, lentiviral packaging plasmid psPAX2
(Addgene plasmid # 12260) and viral envelope expressing plasmid pMD2.G
(Addgene plasmid # 12259) in 4:3:1 ratio with the help of 25 kDa linear
polyethylenimine (PEI, Polysciences, Cat # 23966) solution. The DNA to
PEI ratio was 1:3. Cells were incubated for 48 h, followed by harvesting the
conditioned media that contains the viral particles. shMMP9 cells expres-
sing MMP9 Δcat plasmid (hereafter referred to as Δcat cells) were trans-
duced as described above, with successfully transduced cells sorted using
flow cytometry.

Cell experiments on collagen gels. 3D collagen gels were fabricated by
mixing rat tail Collagen type-I solution (Corning Cat. # 354249) with 10x
PBS and ice cold DMEM. Next, the pH of the solution was adjusted by

adding 1N NaOH solution22. Further, the gels were transferred to CO2

incubator maintained at 37 ∘C and incubated for 1 h, to complete the
gelation process. After 24 h of cell seeding on top of 3D collagen gels
(1.2 mg/ml), cells were fixed with 4% paraformaldehyde (PFA) for
15 min. After washing cells thrice with 1x PBS, cells were stained with
Wheat Germ Agglutinin (WGA) conjugated with Alexa flour 647
(Invitrogen, Cat #W32466) at 1:500 dilution in PBS overnight. Next day,
after washing with 1x PBS, cells were incubated with DAPI (Sigma
Aldrich Cat # D9542) at 1:2000 dilution in PBS for 15 min. Fluorescence
images were acquired on an inverted microscope (Olympus IX83) at 60x
oil immersion objective and the spread area manually quantified using
Fiji-ImageJ software. For single cell invasion measurements, after six
hours of cell seeding inside 3D collagen gels, live cell three-dimensional
(3D)motilitywas recorded over 12 h at 20-min intervals in a live chamber
(TokaiHit) using an IX83 Olympus microscope. Analysis of cell spread
area and cell motility was performed using Fiji-ImageJ software. Cell
deformability was measured using Atomic Force Microscope (AFM)
using pyramidal probes (10 kHz, Asylum Research, Cat # TR400PB). For
themeasurement of cortical stiffness of the cells, first 500 nm indentation
data was fitted with Hertz model as done previously 22,45.

For spheroid invasion experiments, spheroidswere generatedusing the
hanging drop method by mixing 104 cells with 10 μL DMEM media with
6.25 μg/mL collagen-I solution (Corning, Cat # 354249) and incubation for
48 h at 37 ∘C in 5% CO2. For experiments, spheroids were mixed with
precursor 3D collagen solution and incubated at 37 ∘C for gelation and
encapsulation of the spheroids. Cell invasion was monitored at day 0 (D0,
the daywhen spheroidswere seeded), day 1 (D1) andday 2 (D2) in spinning
disk confocalmicroscope (Yokogawa Electric Corporation, CSU-X1) at 10x
magnification and at identical exposure and gain settings. Z-stacks were
captured, and the images were analysed in Fiji-ImageJ software. Invasion
was quantified by measuring the number of invading cells from the
spheroid core.

Fig. 6 | 3D invasiveness of homospheroids and heterospheroids. A Representative
images of homospheroids and heterospheroids formed using CTL, KD, andDC cells
alone, or by combining CTL cells individually with KD and DC cells.
B Quantification of homospheroid and heterospheroid sizes (N≥4 independent
experiments). Bar denotes statistical significance (* p value < 0.05). One-way
ANOVA with Tukey’s post-hoc test was used for comparing means.
CRepresentative images ofDay 2 spheroids stained withHoechst and quantification
of cell scattering in homospheroids and heterospheroids (Mean ± SEM, N = 3
independent experiments). Bar denotes statistical significance (**p < 0.01,
***p < 0.001, ns: non-significant). One-way ANOVAwith Tukey’s post hoc test was

used for comparing means. D Representative images of spheroid invasion over a
period of 2 days after implantation in 3D collagen gels. Circles were drawn cir-
cumscribing the spheroids at Day 0 (designated at Zone 0 or Z0), and then drawing
concentric circles of width 200 μm, designated as zones Z1, Z2 and Z3, respectively.
E Quantification of zone-wise cell scattering of CTL, KD, DC, CTL-KD, and CTL-
DC spheroids at Day 1 and Day 2 (Mean ± SEM, N ≥ 5 independent experiments).
Bar denotes statistical significance for comparison in Z1 (**p < 0.01, ***p < 0.001,
****p < 0.0001, ns: non-significant). Two-way ANOVA with Tukey’s post hoc test
was used for comparing means.

Fig. 7 | Schematic of collective invasion of a pro-
teolytically heterogeneous cell cluster. Differences
in biophysical properties enables enrichment of high
MMP9 expressing cells at the invasion front and
squeezing of softer cells possessing lower MMP9
levels. Collective invasion is driven by high MMP9
expressing cells with low MMP9 expressing cells
following behind.
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For assessing cell viability in spheroids at Day 2 (D2), spheroids were
stained with Propidium Iodide (PI) (BD Biosciences, Cat # 556463), and
imaging was performed using a laser scanning confocal microscope (Carl
Zeiss, LSM 780). Subsequently, spheroids were fixed with 4% PFA for
30min at room temperature. After washing the cells three times with 1x
PBS, permeabilization was performed with 0.2% Triton-X for 15min, fol-
lowed by blockingwith 5% FBS in PBS for 2 h. Next, spheroids were stained
with an anti-Ki67 antibody (CST, Cat # 9129) overnight. The following day,
after rinsing with PBS three times, cells were incubated with secondary
antibody for 3 h (Invitrogen, Cat # A-21244) followed by DAPI (Hoechst
33,342 Merck, Cat # B2261) staining for 30min at room temperature.
Finally, spheroids were imaged using the laser scanning confocal
microscope.

Gelatin zymography. For assessing proteolytic activity of shCTL,
shMMP9 and Δcat cells, 1 × 106 cells were cultured on 35 mm tissue
culture dishes in complete media for 6 h after which media was replaced
with serum free DMEM. After 24 h of incubation in serum free DMEM,
cell secreted conditionedmedia (CM)was collected. Equal volume of CM
was mixed with 6x non reducing loading buffer (G-Biosciences, Cat #
786-701) and run in 7.5% SDS PAGE copolymerised with 1mg/ml gelatin
B (SRL, Cat # 83740). Upon completion of the run, gels were washed with
renaturation buffer (2.5% Triton X-100 in water) for 1 h. After this, gels
were equilibrated with 1x developing buffer (50 mM Tris-base, 50 mM
Tris-HCL, 0.2 mMNaCl, 5 mMCaCl2, distilled H2O and pH adjusted to
7.8-8) for 1hr at room temperature. Next, gels were incubated for 24 h at
37 ∘C. Following this, the gels were stained for one hour with staining
solution (0.5% Coomassie Brilliant Blue R-250 (SRL, Cat # 93473), fol-
lowed by de-staining (de-staining solution constitutes 10%methanol, 5%
acetic acid in dH2O), until white degradation spots were visible. The gel
images were captured using the Bio-Rad ChemiDocTM MP Imaging
System.

Western blotting. Western blotting of whole cell lysates and CM were
performed. To make whole cell lysate, we used RIPA buffer (Sigma
Aldrich, Cat # R0278) with 1% protease inhibitor and 1% phosphatase
inhibitor. The protein concentrations of the whole cell lysate were
determined by Lowry AssayMethod46. Equal amount of proteins per lane
were run under denaturing condition in 10% SDS PAGE. For CM, equal
volumewas loaded per lane. After the run, proteins were transferred onto
0.22 mum PVDF membranes (Bio-Rad, Cat # 1620177) in ice cold
conditions. Next, the blots were blocked using 1% gelatin solution (SRL,
Cat # 83740) in 1x TBST (20 mM Tris., 150 mM NaCl., 0.1% Tween 20)
for 1hr followed by overnight incubation with anti-MMP9 Recombinant
Rabbit Monoclonal Antibody (Invitrogen, Cat # MA5-32705) and anti-
GAPDH Rabbit Polyclonal Antibody (Cell Signaling, Cat # 2118). Next,
the blots were incubated with anti-rabbit HRP conjugated secondary
antibody (Invitrogen, Cat # 31460). All these primary and secondary
antibodies were diluted at 1:1000 and 1:10000 respectively in 1x TBST
containing 0.1% gelatin. Finally, the blots were developed using ECL-
HRP substrate (Advansta, Cat # K-12045-D20) in Bio-Rad
ChemiDocTMMP Imaging System.

Computational methods
In order to study the combined effect of phenotypic and functional het-
erogeneity on cancer invasion, we adapted our previously published
2-dimensional (2D) Cellular Potts Model (CPM) that has been utilized for
studying different biophysical aspects of cancer invasion9,24,47. The model
consists of a cell cluster initially positionedat the center of a twodimensional
ECM lattice (1mm× 1mm size) populated with ECM fibers of 2 μm in
thickness and 30–40 μm in length, with the remaining empty space corre-
sponding to interstitial fluid. Thus, the simulation lattice comprised of ‘cell’
pixels, ‘matrix’ pixels and ‘fluid pixels’. The cell cluster of 69 cells comprised
of varying proportion of proteolytically active (p) and non-proteolytic (np)
cells, with cell sizes set to the average cell size of shCTL and shMMP9 cells

determined experimentally, i.e., Ap = 856μm2 and Anp = 400μm2. Since
matrix remodeling ismediated by solubleMMP9 secreted by proteolytically
active cells, reaction-diffusion kinetics of MMP9 was incorporated into the
CPM model using the equation ∂MMP9ðx;tÞ

∂t ¼ D:∇2MMP9ðx; tÞ �
δ ×MMP9ðx; tÞ whereMMP9(x, t) represents the concentration of MMP9
molecules at point x and time t. D (1:0 × 10�9 cm2 sec�1) and δ
(0:002 sec�1) represent the diffusion coefficient and the degradation rate of
MMP9, respectively. Since MMP9 activity is dictated by ECM ligand
density19,48, the number of MMP9 molecules secreted by a proteolytically
active cell was assumed to be 0:1 sec�1 at the site of cell-fiber contact.

Spatiotemporal evolution of the simulation lattice was based on
minimization of total energy of the system (E) achieved by randomly
choosing a pair of neighboring ‘source’ and ‘target’ pixels that do not belong
to the same cell, andwere either ‘cell’or ‘fluid’pixels. ‘Matrix’pixelswere not
updated in these Monte Carlo updates. One Monte Carlo step (MCS)
corresponds to repeating this exerciseM times whereM corresponds to the
total number of lattice pixels that can be evolved irrespective of whether the
moves were accepted or not. An attempt to copy the ‘source’ pixel to the
‘target’ pixel was based on Monte Carlo acceptance probability (~p)
depending on the change in the system energy (ΔE) due to the proposed
change. While proposed changes were always accepted (i.e., ~p ¼ 1) for
ΔE ≤ 0, for ΔE > 0, ~p ¼ e�ΔE=kBTm where kB represents the Boltzmann
constant, and Tm represents noise in the system and was set to 0.01T. The
system energy for a given configuration (E) is given by the expression

E ¼
X

8 i;j and σðiÞ≠σðjÞJτðσðiÞÞ;τðσðjÞÞ þ
X

8σλaðaðσÞ � a0Þ2

þ
X

8σλpðpðσÞ � p0Þ2 þ wðσÞ
ð1Þ

where σ(i) represents the ID of pixel i and τ(σ) represents the type of cell.
The first term in the energy expression (i.e., Jτ1 ;τ2 ) represents the
boundary energy per unit length between cells of type τ1 and τ2, and
represents the adhesion energy between different types of pixels. The
adhesion energy between two neighboring cell pixels, i.e., (Jcc) was varied
to mimic different extents of cell-cell adhesion with Jcc = 1kBT/L
mimicking collective cell migration, Jcc = 40kBT/L mimicking single cell
migration and Jcc = 16kBT/L representing intermediate level of adhesion
indicative of a partial epithelial to mesenchymal (EMT) phenotype. Cell-
matrix (Jcm), cell-fluid (Jcf), matrix-fluid (Jmf) and fluid-fluid (Jff) adhesion
energies were held constant, i.e., Jcm = 16kBT/L, Jcf = 32kBT/L, Jmf = Jff =
35kBT/L. The second and third terms in the energy equation represent
the energy associated with changes in cell size and cell perimeter from
their preferred area (a0) /perimeter (p0), with the area constraint (λa)
representing bulk cell stiffness and the perimeter constraint (λp)
indicative of line tension. The target perimeter (p0) of a cell of target
cell size (a0) was computed using the formula 2

ffiffiffiffiffiffiffi
πa0

p
. Based on AFM

experimental data where shCTL cells were found to be nearly twice as
stiff as shMMP9 cells, for most of the simulations, the following values of
λa and λp were assumed for proteolytic (λa

p; λp
p) and non-proteolytic

(λa
np; λp

np) cells: λa
p ¼ 1 E=L4; λa

np ¼ 0:5 E=L4; λp
p ¼ 0:5 E=L2 and

λp
np ¼ 0:25E=L2. In simulations where these properties were changed,

it is explicitly mentioned. The fourth term of the energy equation
corresponds to active motility of the cell due to its inherent polarization
and is given by the expression wðσÞ ¼ �μ0p̂, where μ0 represents
strength of motility and p̂ represents the polarity vector. While μ0 was
assumed to be 50kBT/L for proteolytic cells, and 30kBT/L for non-
proteolytic cells, p̂ at a given time was computed by taking the average of
previous ten displacement vectors24.

Simulation implementation, visualization and data analysis. The
complete simulation framework was implemented in CompuCell3D
(CC3D)49 with post-processing performed in python to implement
custom routines. Detailed description of the simulation implementation
is provided in Supplementary text. For visualization, *.vtk files were
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generated and visualized in CC3D. Cell translocation was quantified
based on cell centroid using custom written scripts in RStudio.

Data availability
CC3D code, PIFF file for the lattice fibers, and the simulation project
folder for all combinations of proteolytic and non-proteolytic cells have
been deposited in GitHub (https://github.com/shamiks123/MMP9_
Heterogeneity).
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